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Uniform propagation of chaos for a class of
nonlinear diffusions

Pierre Del Moral* & Julian Tugaut'

Abstract

We are interested in nonlinear diffusions in which the own law inter-
venes in the drift. This kind of diffusions corresponds to the hydrodynam-
ical limit of some particle system. One also talks about propagation of
chaos. It is well known, for McKean-Vlasov diffusions, that such a propa-
gation of chaos holds on finite time interval. However, it has been proved
that the lack of convexity of the external force implies that there is no
uniform propagation of chaos if the diffusion coefficient is small enough.
We here aim to establish a uniform propagation of chaos even if the ex-
ternal force is not convex, with a diffusion coefficient sufficiently large.
The idea consists in combining the propagation of chaos on a finite time
interval with a functional inequality, already used by Bolley, Gentil and
Guillin, see [BGG12a, BGG12b].

Key words and phrases: Nonlinear diffusions ; Propagation of chaos ;
Feynman-Kac ; McKean-Vlasov models ; Functional inequality
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Introduction

We are interested in some nonlinear processes in R? defined by an equation
in which the own law of the process intervenes in the drift. In this work, we
consider a diffusion of the form

{ Xt:XO‘i‘UBt_fgb(Msts)dsa (I)
:U’S:[’(XS)7

where b is a function from P (R?) xR? to R? and {B ; t > 0} is a d-dimensional

Wiener process. The assumptions are detailed subsequently. Let us just say that
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b(u, z) does only depend on z and on some finite number of moments of p. The
infinitesimal generator of Diffusion (I) therefore is

0.2
Apr= S A=V Ab(p, )u} .

The associated semi-group is denoted by (P),~,. In other words, one has j; =
woP:. We notice that Xy, us, P, and A depend on 0. We do not write it for
simplifying the reading.

An example of such diffusion is the McKean-Vlasov one:

X, = Xo+ 0B, — /Otvv (X,)ds — /Ot (VF « L (XS))(XS)ds, (11)

where V' and F' respectively are called the confinement and the interaction
potentials. The notation x is used for denoting the convolution.

This equation is nonlinear in the sense of McKean, see [McK67, McK66].

It is well known, see [McK67|, that the law L (X;) is absolutely continuous
with respect to the Lebesgue measure for all ¢ > 0, provided some regularity
hypotheses on V' and F'. Moreover, its density, which is denoted by wu;, satisfies
the so-called granular media equation,

2

%ut =V. {(;Vut + (VV+VF*ut)ut} )

The setting of this work is restricted to the McKean-Vlasov case. However, we
could apply to more general hypotheses. Let us notice that we do not assume
any convex properties on the confinement potential nor on the interaction one.
Under easily checked assumptions, Diffusion (II) corresponds to the hydrody-
namical limit of the following particle system

X! =X\ +oBl - [ [VV (X3) + X0 ¥ VF (X - X‘z)} o

Xi = Xg+0Bi - [y [VV (Xi) + L)L, £VF (Xi - Xi)] ds, (111)

XN = XY+ oBY — i [VV (x2) + £, FVF (XY - X3)] ds,

{Bf it > 0} being N independent d-dimensional Wiener processes. We also as-
sume that {Xé ;1 €N *} is a family of independent random variables, identically
distributed with common law £ (Xj) (and independent from the Brownian mo-
tions). The particles therefore are excheangeable. We notice that X}, --- , X}V
depends on N and on o. We do not write it for simplifying the reading. We
here focus on the first diffusion. By /Ltl ’N, we denote the law at time ¢ of the
diffusion X1!.
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One says, in this work, that simple propagation of chaos holds on interval [0; T
with T > 0 if we have the limit

lim su W(LN; P): lim su W(LN; )zO
N—>+000§t£T 2 | My Mol N—>+oo0§t£¢p 2 | My Ht )

W, standing for the Wasserstein distance (see Definition 1.1). This means that
X1 is a good approximation of Diffusion (I) as N goes to infinity.

Such limit (with another distance) has been investigated for the special case
of the McKean-Vlasov diffusion, see [BRTV98, BAZ99, Mal01, Mal03, Szn91].
Indeed, it is a consequence of the classical coupling result,

E{HX X1H2} N
su — < A—,
tgg ! ¢ - N
with A\, K > 0. Uniform propagation of chaos, that is

i W(l’N- P): li W(LN- ):o
i supWa (5 poP) = (i supWo (15 pu :

has been proved if both confinement potential V' and interaction potential F'
are convex, see [CGMOS8|. The particularity here is that the coupling between
the two diffusions is not necessary made with the same Brownian motions.

A consequence of the uniform propagation of chaos for the nonlinear diffu-
sion is the uniqueness of the invariant probability u” and the weak conver-
gence toward this measure. However, without convex properties, it is proved
in [HT10, Tugl3b, Tugl2] that there is non-uniqueness of the invariant prob-
abilities under simple assumptions, provided that the diffusion coefficient o is
sufficiently small.

But, as pointed out in [Tugl3b], if o is large enough, we have a unique invariant
probability. The question thus is: does uniform propagation of chaos holds if o
is sufficiently large? Also, can we reciprocally use the convergence toward the
unique invariant probability to obtain this uniform propagation of chaos?

We positively answer to the two questions by using the simple propagation of
chaos and a so-called W J-inequality already used in [AGS08, BGG12b].

To the best of our knowledge, the first uniform propagations of chaos estimates
for mean field particle models have been developed in [DMMO0] and in [DMGO1]
in the context of Feynman-Kac interaction jump models. Further results in
this direction can be found in [DMR11] as well as in the research monographs
[DM13, DM04], including exponential concentration inequalities w.r.t. the time
horizon, and contraction inequalities w.r.t. several classes of relative entropy
criteria.

The analysis of interaction jump particle models clearly differs from the more
traditional coupling analysis of the McKean-Vlasov diffusion models developed
in the present article. The common feature is to enter the stability properties of
the limiting nonlinear semigroup into the estimation of the propagation of chaos
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properties of the finite particle systems, to deduce L,-mean error estimates of

order 1/\/N6, for any 0 < § < 1 (cf. for instance theorem 2.11 in [DMMO00], at
the level of the empirical processes). In our context using these techniques, we
obtain a variance and a W2-estimate of order 1/N?, for some 0 < § < 1. We
underline that in the context of Feynman-Kac particle models, the order 1/N
can be obtained under stronger mixing conditions, using backward semigroup
techniques. Thus, we conjecture that this decay rate is also met in our context.

The existence problem of a solution to (II) is not investigated here. We thus
assume that there exists a unique strong solution (X¢),~,. Let us just mention
that it has been solved under simple assumptions. The method consists in ap-
plying a fixed point theorem, see [BRTV98, HIP0S§].

In a first section, we introduce the framework of the W .J-inequality and we es-
tablish some functional inequalities based on the work in [BGG12a, BGG12b].
In Section 2, we provide some results on the simple propagation of chaos. Fi-
nally, in last section, we prove the main result that is the uniform propagation
of chaos when the coefficient diffusion is sufficiently large. Before finishing the
introduction, we give the hypotheses of the paper and the main results.

Assumption (A): We say that the confinement potential V', the interaction
potential F' and the initial law 1o satisfy the set of assumptions (A) if

(A-1) V is a smooth function on R®.

(A-2) for all X\ > 0, there exists Ry > 0 such that V?V(z) > M4, for any
||z]] = Rx.

(A-3) there exists a convex function Vo and ¢ € R such that V(z) = Vo(x) —
I

5 .

(A-4) the gradient VV is slowly increasing: there exist m € N* and C' > 0 such
that |[VV (z)|| < C (1 + ||x||2m*1), for all z € R

(A-5) there exist a strictly convex function © such that O(y) > ©(0) = 0 for

all y € %Rd)and p € N such that the following limit holds for any y € RY:
. Viry

vgr—&{loo 2P _@(y>

(A-6) there exist an even polynomial and strictly convex function G on R

and a € R such that F(x) = Fo(z) — § l|z]|* with Fo(z) = G(||z||). And,

deg(G) =: 2n > 2.

(A-T) the following inequality holds: p > n.

(A-8) the 8¢*th moment of the measure g is finite with q := min {m,n}.

(A-9) the measure pg admits a C*°-continuous density ug with respect to the

Lebesgue measure. And, the entropy — [.q uo(x)log(ug(x))dx is finite.

Hypotheses (A-1)—(A-5) concern the confinement potential V' and mean that it
behaves like a polynomial function with degree at least four. Hypothesis (A-6)
states that the interaction between the particles is a polynomial function of the
distance.

The inequality p > n means that the potential F' is negligible with respect to
the potential V' at infinity. This is a technical assumption which will be used
in order to obtain the functional inequality. This hypothesis has already been
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assumed in [Tugl3b, Theorem 2.6] in order to characterize the exact number
of invariant probabilities in the small-noise. An example of couple of potentials
satisfying Hypotheses (A-1)-(A-7) is V(z) := % + % - L; and F(z) = %4 - %,
in the one-dimensional case

The last two hypotheses concern the law 9. Hypothesis (A-8) is required to
prove the existence of a solution to the nonlinear stochastic differential equation
(1), see [HIP08, BRTV98, CGMO0S8]. And, Hypothesis (A-9) is necessary to ap-
ply the result in [AGS08| which characterize the dissipation of the Wasserstein
distance. This hypothesis was also assumed in order to get the weak conver-
gence, see [Tugl3a]. We now give the main results of the paper. We remind the
reader that the Wasserstein distance is defined in Definition 1.1.

Theorem A: We assume that V, F' and po satisfy the set of Hypotheses (A).
Thus, there exists o¢ > 0 such that ¢ > o¢ implies Diffusion (II) admits a
unique invariant probability p®. Moreover, we have the following convergence
with exponential decay if o > o¢:

W (e ; p7) < exp[=C(a)t] Wa (o5 17) ,

C(o) being a positive constant.

Proposition B: We assume that V, F' and pg satisfy the set of Hypotheses
(A). Thus, even if the initial random variables are not independent, there is a
simple propagation of chaos of the form

(Nt; Htl,N) < e [Y(T)]

sup Ws < N )

0<t<T
for any T > 0, 1 being a nondecreasing function.

Theorem C: We assume that V, F and p satisfy the set of Hypotheses (A).
If o > 0. (where o. is defined in Theorem A), we have the uniform propagation
of chaos. In other words, we have the limit

lim supW ( ; 1’N):O.
N tzg 2 | Mt My

Moreover, we can compute the rate of convergence.
First case: The quantity C;/)((i;t goes to A € R [J{+o0} ast goes to infinity,

where 1 is defined in Proposition B. Thus, for all § > 0, we have:

1
lim NETOFT7™ 0 sup Wy (Mt ; u%’N> =0.
N—+o00 t>0

Second case: The quantity C;p((at;t goes to 0 as t goes to infinity. Thus, for all

6 >0, we have:

lim exp {C(a)w_l [;(1 ) log(N)] } sup W (ut; M}N) —0.

N—+o00

Remark D: In Proposition B and Theorem C, we assume that the initial
random variables are independent. However, the results hold even if they are
not independent.
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1 Functional inequality

Let us give the framework (definitions and basic propositions) of the current
work. We begin by introducing the Wasserstein distance.

Definition 1.1. For any probability measures on Rd, w and v, the Wasserstein
distance between p and v is

W (u ) = \find E{JIX -V},

where the infimum is taken over the random variables X and Y with law p and
v respectively. One can also write

Wz(u;V)—\/inf// |z — yl|* w(da, dy) ,
R4 xR

where the infimum runs over the probability measures on RY x R? with marginals
equal to p and v.

The Wasserstein distance can be characterized in the following way, thanks
to Brenier’s theorem, see [Bre91].

Proposition 1.2. Let p and v be two probability measures on RY. If s
absolutely continuous with respect to the Lebesgue measure, there exists a convex
function T from R? to R such that the following equality occurs for every bounded

test function g:
[ st = [ g(vr) utaa).
R4 R4

v=V1#pu,
and we have the following equality

W) (13 v) = W ke = V(@) ().

The key-idea of the paper is a so-called W .Jy, p-inequality. Let us present
the expression that we denote by Jy (v | p) if p is absolutely continuous with
respect to the Lebesgue measure:

Jvp (V] p) = Jvo (v| 1) (1.1)
w5 [ (VP2 = VP = 0): 2o~ (@ = ) uldotay) .

with Z(z,y) := V7(2) — V7(y) and

Then, we write

0.2

T (ar@) + ar (Vr@) ~2d)utdn) (12

Jvo (| p) = 5

+ / (VV (V7(z)) = VV(2); V7(z) — x) p(dz) ,
Rd
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where 7* denotes the Legendre transform of 7. Here, we have v = V7#u. We
now present the transportation inequality, already used in [AGS08, BGG12a,
BGG12b], on which the article is based.

Definition 1.3. Let p be a probability measure on R? absolutely continuous
with respect to the Lebesgue measure and C' > 0. We say that u satisfies a
W Iy, r(C)-inequality if the inequality

CW3 (v p) < Jvr (V]| 1) (1.3)

holds for any probability measure v on R?.

In the same way, we say that p satisfies a W.Jy,o(C)-inequality if we have
CW35 (v p) < Jvo (V] )

for any probability measure v on R?. In the following, we aim to establish
W Jy p-inequality for an invariant probability 7 of Diffusion (II). However, it
is well known that 7 is absolutely continuous with respect to the Lebesgue mea-
sure. Consequently, we can apply Brenier’s theorem. So, the W Jy, p-inequality
consists in obtaining an inequality on the convex function 7 from R? to R.

We now give a classical result which explains why a W Jy, p-inequality has con-
sequences on the long-time behavior of McKean-Vlasov diffusions (II). It is
similar to [BGG12b, Proposition 1.1]. See also [AGS08].

Proposition 1.4. Let V and F be two functions satisfying Hypotheses (A-1)-
(A-7). Let po and vy be two probability measures on R? absolutely continuous
with respect to the Lebesque measure. Set (Xy),ep, and (Yi),ep, two McKean-
Viasov diffusions (II) starting with law po and vy. By pg (respectively vy ), we
denote the law of X (respectively Yy ).

Therefore, we have the inequality

1d
5= W3 (e ve) < —Jvr (e | ) - (1.4)
2 dt

Consequently, if p? is an invariant probability of Diffusion (II) and if pu®
satisfies a WJy g (C)-inequality, by combining Ineq. (1.3) and Ineq. (1.4), we

obtain
1d

2.dt
for any po absolutely continuous with respect to the Lebesgue measure. This
leads to

W3 (e5 ) < —Jvir (v | pe) < —CW3 (g5 1)

Wo (pe; p7) < e "Wy (pos 1) -
This also establishes the uniqueness of the invariant probability.

Bolley, Gentil and Guillin suggested a method to obtain a W.Jy, p-inequality in
the non-convex case. But, we proceed in a slightly different way. We first use
their result which provides a W.Jy; ¢ (C7)-inequality. Then, we prove that C”
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goes to infinity as o goes to infinity. Finally, we remark that Jy g (1| p7) >
Jvgo (| p) — (max {a; 0} +9) W3 (5 u) for any measure p.

In the following, ;1 denotes an invariant probability of Diffusion (IT). We know
that such a measure exists, see [Tugl2, Proposition 2.1]. Moreover, the measure
satisfies the following implicit equation

exp {—%W"(m)}
Jea exp {=ZW7(y)} dy

with W7(x) := V(z) + F % p°(x). Let us now give a WJy, o-inequality on the
measure 4.

dx

u (de) =

Proposition 1.5. We assume that V', F and po satisfy the set of Hypotheses

(A). Thus, the measure p° satisfies a Wy, o (C7)-inequality where the constant
C? is defined by

C? :=max C°(R) >0

R>0
oy [JER) 0 gy K(R)3T—20 s mys(my)
with C7(R) := mm{g, 2t ° i3 g € ,
K(R) := inf V?Vy(z), I(R):= inf W (z
(R):= Il VW), I(R):= Inf W)

and S(R):= sup W9(x).
l|z]|<3R

The proof is left to the reader and consists in a simple adaptation of the proof
of [BGG12a, Proposition 3.4] that is to say [BGG12a, Section 5]. Let us mention
that we do not need to apply the whole set of assumptions. Indeed, to prove this
result, we simply use Hypotheses (A-1)-(A-2)-(A-6). More precisely, we need
the potential W7 to be Cl-continuous (which is an immediate consequence of
(A-1) and (A-6). We also need the function Vj to be convex at infinity, which
is proved by (A-2).
From Proposition 1.5, we also deduce the following corollary which is central in
the section.

Corollary 1.6. We assume that V, F' and po satisfy the set of Hypotheses (A).
Therefore, we have the following inequality:

(€7 —max {a; 0} = 9) W3 (5 1%) < Jvir (e | p7) - (1.5)

Particularly, if C° —max {«; 0} =0 > 0, Diffusion (II) admits a unique invariant
probability n° and we have

W (g5 17) < exp[—(C7 —max{a; 0} — ) t] Wy (uo; p7) (1.6)
for any t > 0.

Like with Proposition 1.5, we do not need the whole set of assumptions. We
assume V and F to verify (A-1)-(A-2)-(A-6). And, in order to apply Proposition
1.4, we assume that the initial law ug satisfy (A-8)-(A-9).
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Proof. By Proposition 1.5, we have
CoOW3 (uy 5 1%) < Jvyo (e | 1) - (1.7)

However, by definition, the quantity Jv g (p: | 1) is equal to
T | 1) = T (e | 1) =0 [ | IVou(o) = (o)
o (o8 (o8
=5 L e = T ~ = I (d)n )
R4 xR%

+ % /,/]RM <VFO (Z(z,y)) = VFo(z —y); Z(z,y) — (z —y)) p(dx)u(dy),

with Z(z,y) := V7(2)—V7(y). However, Fj is a convex function. Consequently,
we have

T (e | 17) 2 Jvoo (e | 1) =9 /R IVeu(x) = al[* u (dz)
} %// (Vi (@) — Viu(y) — (@ - y)|[* 1 (da)n” (dy)

> g0 (i | 1) = (max {3 0} +9) | | [[Vir(a) = ol ().
By Breniers’s theorem, we obtain

Jvir (e | 1) > Jvgo (pe | 17) = (max {a; 0} +9) W3 (g5 17)

which with (1.7) gives (1.5). Here, the convex function ¢ is defined by p; =:
Vi #117. The uniqueness of the stationary measure if C7 — a — ¢ > 0 and the
exponential decay in (1.6) are consequences of Proposition 1.4. O

Let us note that the inequality

¥ :=sup—-V?V < —a:=inf V2ZF < 0
Rd R4
implies the uniqueness of the stationary measure ;% and the exponential con-
vergence toward p° for any o > 0. Such a result has already been proven in
[CMVO03].

Reciprocally, the inequality
o :=inf VZF < —9 := inf V?V < 0
Rd Rd

is not sufficient to ensure the uniqueness and the convergence result. We need
also the center of mass to be fixed, see [Tugl3a, CMVO03].

Theorem 1.7. We assume that V', F' and o satisfy the set of Hypotheses (A).
Thus, there exists o. such that C° > a+19 for any o > o.. Consequently, if o is
large enough, Diffusion (1) admits a unique invariant probability u®. Moreover,
it satisfies the exponential decay (1.6).
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Proof. In order to prove it, we first admit the following limit

o—+00 0'2

1
tim 5 [l n7(d) <o, (1)
Rd

for any family {u”; o > 1} of invariant probabilities of Diffusion (IT). In a first
step, we prove that Limit (1.8) implies the statement of Theorem 1.7. In a
second step, we prove (1.8).

Step 1. We admit the limit (1.8). We remind the reader the following equality
W (z) =V (z)+ F«*p’(z).

Moreover, Hypothesis (A-6) on F' implies

[Fpt (@) < € (1+ [lal*") (1 + [l u“(dy)>

so that, for any R > 0, we have the limit

1
lim — sup [[Wo(z)||=0,
Jim s W)

thanks to Limit (1.8). Therefore, for any R > 0, the quantities exp [—%S(R)]
and exp [ % (I(R) — S(R))] go to 1 as o goes to infinity. We remind the reader
that I(R) and S(R) are defined in Proposition 1.5 by

I(R):= inf W9%2) and S(R):= sup W(x).
[lz][<2R ||lz]|<3R

We obtain the following limit for any R > 0:

K d_2d
lim C°(R) = ;R)min{l; 5 } ,

o—00 2d
where K (R) := ! iﬁliRV2V0(a:). By Assumption (A-2), the quantity K (R) goes
z||=Z
to infinity as R goes to infinity. We take Ry such that

d_ od
K(?)Ro)min{h 5 2d2 }>2(a+19).

Then, we take o, large enough such that C%(Rp) > 3 lime_,c C*(Ry) for any
o > .. Thus, we have the inequality

C7 > C7(Ro) > (a +9)

for any o > o.. Consequently, if Limit (1.8) is satisfied, the statement of the
theorem is proved.

Step 2. We now achieve the proof by establishing Limit (1.8). It is in this
step that we use the hypothesis p > n. We proceed a reducto ad absurdum. Let

10
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us assume the existence of a positive constant C' and an increasing sequence
(0k) ey Which goes to infinity such that for any £ € N, Diffusion (II) admits an
invariant probability p%* satisfying

(k)= [ el 57 (d) = O

In particular, we deduce that the sequence (12, (k)),cy goes to infinity as k goes
to infinity. Since p* is an invariant probability, we have

e llal P exp {= 2 V(@) + F s pot (@) da

Jga €xp {—f—f [V(x) + F * por (;v)]} dx

M2n k

I\J‘H

By making the transformation z := (12, (k))2" y, we obtain

o o | V(ea()iy)  Faepoe ((rn (k)20 y)
eX —— 5 + . d
fRd [yl p{ i’ [ (m2n (k)™ o (N E y

- CHEED) CHEED) 0
2 14 (772n(k))%y Fxpk (772n(k7))%y
Jos eXp{ i’ [ (2 (k)™ (1120 (K)) 7 Y
. — oL _p;n" 1 —p;n" . .
with oy 1= Tm (Man(k))” 2 < N (n2n(k))” 2 — 0 as k goes to infinity.

For any y € R?, Hypothesis (A-7) implies

Foi s (2 (k)7 y)

lim - =0
k=00 (n2n (k)™

And, Assumption (A-5) yields

i V(<n2n<k>>2lny)_®()
f—+o00 (772n(k))% = P

the function © being strictly convex and such that ©(y) > ©(0) = 0 for any
y # 0. Consequently, by applying [Tugl2, Lemma A.2|, the right hand term in
(1.9) goes to 0 as k goes to infinity. Nevertheless, the left hand term is equal to
1. The initial assumption of Step 2 is absurd. This achieves the proof. O

Let us remark that Theorem 1.7 goes further than the results in [Tugl3b]
concerning the uniqueness of the invariant probability for sufficiently large o.
Moreover, it provides, with Corollary 1.6 a method for simulating a lower-bound
of the critical value above which there is a unique invariant probability. Never-
theless, this method needs more computation than those described in [Tugl3b].
Let us mention that the difference with the results obtained in [BGG12b] is that
the confinement potential V' is not assumed to be convex.

11
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2 Propagation of chaos

The other keystone of the uniform propagation of chaos is the simple propagation
of chaos. We here consider it with the Wasserstein distance. Let us define it
precisely.

Definition 2.1. One says that simple propagation of chaos holds if the inequal-
ity
lim sup Ws (MtQ /LLN> =0
N—=+00 4e[0;T] ¢
is true for any T > 0, where p; (resp. u%’N) is the law of Diffusion (II) (resp.
the law of the first particle in the system (III)).
Uniform propagation of chaos holds if we have the limit

lim  sup Wy (Nt? ,u%’N) =0. (2.1)
N—+oco teR+

We know that the uniform coupling limit

. 1|2
lim sup E HXt—Xt’ H =0
N—+oco t€R+

implies the uniqueness of the invariant probability of Diffusion (II) and the
convergence toward this stationary measure. But, what we call here uniform
propagation of chaos is weaker. However, let us prove that the limit (2.1) implies
the uniqueness of the invariant probability and the convergence in Wasserstein
distance toward this measure.

Proposition 2.2. We assume the uniform propagation of chaos, that is to say
(2.1). If V, F and uo satisfy the set of Hypotheses (A), McKean-Viasov diffusion
(I1) admits a unique invariant probability u°. Moreover, we have the limit

t_1}+mooW2(Mt; p?)=0.

Proof. We know that Diffusion (II) admits at least an invariant probability 17,
see [Tugl2, Proposition 2.1] or [BGG12b, Proposition A.1].

Hence, we have the inequality
Wo (5 17) =Wa (o Py s p” FPy)
<W, (uoPt; ui’N) + W, (ui’N; utl’N"’)
+ Wy (M%’Nﬁ ; Mapt) ;

where ;L%"N’” is the law at time t of the particle X! in the system (III) starting

QN

from (17)" " . Let € be a positive constant. Limit (2.1) implies the existence of

N such that

sup {Wz (uoPt; ui’N) + W, (ui’N’”; ,UUPt) } <

€
t>0 2

12
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N
Assumptions (A-2) and (A-6) imply that the potential on (Rd) defined by

N
1
N —
i=1 1<ij<N

is convex at infinity. Consequently, we can apply the results in [BBCGO08|. We
deduce the existence of a positive constant C'y such that Diffusion (III) satisfies
a Poincaré inequality with constant C'n. Consequently, for any € > 0, there
exists Ty > 0 such that

W, (ui’N; ui’N’”) < %
if t > Ty. This achieves the proof. O

In order to obtain the uniform propagation of chaos, we first need to prove
the simple propagation of chaos. It is a classical result. However, we will provide
the proof because we will need to establish a coupling result starting from non
i.i.d. random variables.

Proposition 2.3. We assume that V', F and po satisfy the set of Hypotheses
(A). Let X%,---, X be N random variables with common law pg. We do not
assume these variables to be independent. We consider the two following particle
systems:

t t
X;‘:X3+UB;'—/ vV (X)) ds—/ VF« L (X]) (X1)ds, (2.2)
0 0

and

t N
Z;?:X(§+UB;—/O VV(Zﬁ)ds—%Z/O VF(Z.—Z])ds,  (2.3)
j=1

B',...  BY being N independent Brownian motions (and independent from the
initial random variables). Then, for any T > 0, we have the following inequality:
i ]2 C(po)
sup E{ Xi—zi }SieXpQﬂ—&—ZaT, 2.4)
S || X7 = Zi]| (01 202N 2( )T (

where C(pg) is a positive function of [ga Ha:||8q2 po(dz).

Proof. By p¢, we denote the law L (th) ==L (XtN) By definition, for
any 1 <7 < N, we have

Zi - X} =— /t {VVv(Z)) - VV(X.)}ds
0

t N
7/0 %ZVF(Z;:fZg)fVF*MS(Xﬁ) ds.
j=1

13
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We apply Ito formula to Zf — X? with the function z ~ ||z||*. By introducing
the notation & (t) := ||ZZ Xti||2, we obtain

di(t) = —20 (i, t)dt — %Ag(i,t)dt

with  Aq(i,t) == (Z; — X}; VV(Z}) = VV (X}))
N

and  Ao(i,t) == <Z;’—X§’; > [VF(Zf —Z]) = VF s (XZ)]> :

Jj=1

By taking the sum on the integer ¢ running between 1 and N, we get

N 9 N N
Y &(t) = =201t — = >N (Ag(i,j, £) + As(i, J, t))dt

i=1 j=1
N

> AL,

i=1
Bo(i,j.) = (VF(Z} — Z]) = VF(X] - X}); Z{ - X} )

with Aq(t):

and  As(i,j,t) = <VF(XZ g)—VF*ut(Xf);Zf—X§>.

According to the definition of the function Fy in Hypothesis (A-6), it is convex.
This implies (z —y; VFy(xz —y)) > 0 for any x,y € R%. This inequality yields

1 N N N ' -
=17 =1

Indeed, we have
A2(ivj7 t) + AQ(jalat)
= <VF(Z§ ~Z]) = VF(X] - XxI); (Zi - X]) - (Z{ - Xg)>
- <VF0(Z,% — 7)) = VEy(X] - X{); (Z1 - X - (Z{ - Xg')>

_a<v(zz—zz>—(XZ—X£); (zi-x) - (2 - x7))

-(onaia -wns -3 (- 4) - (3 3)
ol 2)- ()

lle-a)- -

> - 2o<{||Z’ Xi| - X }

14



hal-00798813, version 2 - 3 Nov 2013

Consequently, we have

g NN 1 9 N
E{—NZZAQ(i,j,t)} = 2]E{—N Z (A2(i7j7t)+A2(j7i’t))}

i=1 j=1 1<ij<N

N
<403 ||Zi - x| (2.5)
i=1

By definition of ¥ in Assumption (A-3), for any x,y € R we have the inequality
(VV(z) = VV(y); z —y) > —0 ||z —y||*. This implies

N N
=2 A (i) <29 &(H). (2.6)
i=1 i=1

We now deal with the sum containing As(i,7,t). We apply Cauchy-Schwarz
inequality:

2

N
-E

iAgu,m] <{e[lz - xi|I})}’ { e [<p;t<t>;p:;<t>>]}
j=1 1 k=1

with  pi(t) == VF(X] — X{) = VF x py (X]) .

J

Let us prove that E [<p§(t), p}c(t)>] = 0 for any j # k. We use the following
conditioning:

E [(p}(t); pk(t))] = E{E [(pj(1); pi (D)) | X5,---, Xg']} -

We now condition by (X?) and by (X7)
E [{p§(t); pi(1))]

=E{E (00 B (o) | (X)gerer (XDgucy) ) | Xbo o X0}

However, we have

0<s<t 0<s<t’

E(VF (Xti_lek) | (Xg)ogsgt’(Xg)ogsgt’Xé"" ’Xév) = VIEx* (th) :

We deduce immediatly:

E (p}c(t) ‘ (Xz)ogsgt 9 (Xg)OSSSt 7X(%1 e 7X(§V) = Oa

so that . 4
E{(pj(t); pi(t)} =0,
for any j # k. And, if j = k, we have

'}

E{[py)"} :E{HVF (X0 = X7) = VF s (x])

15
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The diffusions X? and X7 are not independent but they are independent con-
ditionally to the initial random variables. However, according to Hypothesis
(A-6), we have F(z) = G (||x]|) where G is a polynomial function of degree 2n,
we have the following inequality:

E[[IVF(X, ~ i) = VF« u(X0)|P| < 0 (1+E [l %])

X; and Y; being two independent random variables with common law p; and
C is a positive constant. Then, we use the control of the moments obtained in
[HIP08, Theorem 2.13] and we obtain the following majoration:

SupE IVF(X, = Y)) = VF 5 pu(X)I | < Cluo).
t>

C(uo) being a function of the 8¢? moment of the law yy. Consequently, we have

E{|li | X8 X8} < Clo),

for any 1 < i,7 < N. By taking the expectation, we obtain

E{|lo}(0)]"} < Cluo),

for any 1 <1,j < N. Therefore, we deduce the following inequality:

N
B3 As(ini )| < /Cla)VNEE]. 27)
By combining (2.5), (2.6) and (2.7), we obtain

N
%ZE[& <2Z{19+2a Nad\all) “O VEG } (2.8)

However, the particles are exhangeables. Consequently, for any 1 < ¢ < N, we

have
FEE0) <20+ 20B(60) + X VEE®
By introducing 7;(t) := \/E{&;(¢)}, we obtain
’ _ C (o)
7 (t) < (¥ 4+ 2a) {Tl(t) + 7(19 " 20) \/N}

The application of Gronwall lemma yields

i ill? C(po) ox o
E{||zi - x| }giN(ﬂHa)Q p[2(9+20)t] .

We obtain (2.4) by taking the supremum for ¢ running between 0 and T'. O

16
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This result is not the classical propagation of chaos because the initial ran-
dom variables are not supposed to be independent. However, we have the same
inequality and this is one of the main tools of the proof of the main theorem.
Before giving the proof of the main theorem, we give the following result for
controlling the moments.

Proposition 2.4. We assume that the potentials V and F' and the probability
measure [ satisfy the set of Assumptions (A). Let Z}, -, Z& be N i.i.d. ran-
dom variables with common law py. We consider the following particle system:

N

t t
_ . . . 1 _ .
Zi=Zi+0oB! - / VV (25)ds — ~ > | VF(Zi-2Z])ds, (2.9)
0 , 0
Jj=1
B',... BN being N independent Brownian motions (and independent from the

initial random variables). Then, there exists a constant M (o) such that

 Jnax ggE{HZtH } < M), (2.10)

for any N € N.

The proof is classical and can be adapted from [CGMO8, Section 2.1] so it
is left to the reader. Let us just mention that the only hypotheses that we
need on the potentials V' and F are (A-1), (A-2), (A-4) and (A-6). Indeed,
these hypotheses are sufficient to ensure the convexity at infinity of the drift
V + F % py. About the law pg, we do need the initial entropy to be finite.

3 Main results

In this paragraph, we prove the main results: there is uniform (with respect to
the time) propagation of chaos with sufficiently large o. In all this section, we
assume the following inequality (simple propagation of chaos):

7)]
o s (s oYY < ST
ogltlgT z(ut i )_ VN

for any 7' > 0. Here, the function v is nondecreasing. Let us remark that under
the set of assumptions (A), this inequality is satisfied thanks to the coupling
result obtained in Proposition 2.3,

1,N 2 C(MO)
_ ) < —— 7 e O+ .

In this case, we can write ¥ (T) = (¥ + 2a) T + log < ﬂig:;))'

17
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Theorem 3.1. We assume that the potentials V' and F and the probability
measure [ig satisfy the set of Assumptions (A). If o > o. (0. being defined in
Theorem 1.7), we have the uniform propagation of chaos:
lim sup Wy (ut; p%’N) =0. (3.1)
N¥»+oot20
Moreover, we can compute the rate of convergence. By C(o), we denote the
expression C° —max {a; 0} — 9 > 0.

First case: The quantity C;)(Z%t goes to A € R [J{+o0} ast goes to infinity.

Therefore, for all § > 0, we have:

lim Nzr7m 0 sup Wy (pt; ptl’N) =0. (3.2)
N—+oc0 t>0

Second case: The quantity C;}(('t;t goes to 0 as t goes to infinity. Thus, for all

6 >0, we have:

tim_exp { Cloyut [ 50— 0)1og)| fsup i () =0 (33)

N t>0

Proof. Step 1. Let t be a positive real. The idea is to consider the nonlinear
diffusion (II) starting with law z;"". Let T be a positive real.

Step 2. The triangular inequality implies
Wy (MT+t; u;’ft) <Wo (e s u7) + Wo (MU; /Ltl’NPT>
+ Wy (M;’NPT§ M%r’ivt) -
Step 3. We can bound easily the last term. By definition, we have:
2} 7
for any 1 <i < N. Here, the diffusions 2\1 and Z are defined like so
2:X§+0(BZ+S—B§) —/OSVV (Zﬁ) du—/oS [VF*E(@)} (Zz) du

and

s . N s — -~
Z;‘:XZ+0(Bf+s—Bf)_/O VV(Z;)du—%Z/O VF(ZZ—Zﬂ>du.
j=1

w3 (1 s i) <2 { |7 - 7

We notice that the diffusions (Z) and (2\;) depend on o, on ¢ and on
s>0 s>0

N. We do not write it for simplifying the reading. By applying the coupling ob-
tained in Proposition 2.3 and the uniform control of the moments in Proposition
(2.4), we obtain:
1,N . 1,N €xXp W(T)]
Wo (Nt Pr; MT.:,_,:) < T .

18
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The first term can be bounded like so:
Wa (ure; 4n%) < e COTHOW, (ug; p7) .
We proceed in a similar way with the second term
W (M"; N%’NPT) < e CTW, (/f’; M%’N)
< e CT (Wz (175 ) +Wo (/Lm s ))

< e OO, (17 5 o) + =W (s ™)
Consequently, we have:

W, (uT+t; u#ft) <e~Cl)Tyy, (ut; I "N) + 26~ COTHIW, (140 1°)
L e ()]
VN

We now take the supremum for ¢ running between (k — 1)7 and kT and we
obtain

sup W, (Mt3 ui’N) <e C@OT  qup Wy (ut; utl’N) (3.4)
KT<t<(k+1)T (k—1)T<t<kT

- exp [¢(T)]
+ 2 C(J)kTW : 7 4+
2 (/”'0 1% ) \/ﬁ
We denote A\ (T) := sup Wo (Mt; M%’N) and v := 2Ws (o ; p7). The
kT<t<(k+1)T
inequality (3.4) can be written in the following way:
_ - 7))
A(T) < e C(O‘)TA (T + e C(o)kT + eXp [7/}(
k(T) < k—1(T) + N
Step 4. By elementary computations, we have:
1 exp (1] Clo)kT

Me(T) < —c 00T JN

By taking T > %, the sequence (ke “(@*) _ is decreasing. Therefore, we
C(o)kT _ ,—C(o)T N

+ kye™

have sup ke~ Consequently, we deduce

E>0
7 1 ~

Wa (s 1N = sup () < SO 1 COT (35

sup 2(,uta:ut ) sup (1) < — e COT + ve (3.5)

Let € > 0 be arbitrarily small. We take 7' > L ¢z log (—7) that ye=¢@7T < 5

Then, by taking N large enough, we have %# < §. This implies

ﬂ
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sup Wy (Mt ; ui’N) < e if N is large enough. This proves Limit (3.1).
>0

Step 5. We now prove the rate of convergence result. Let § > 0 be arbitrarily
small.
Step 5.1. We look at the first case. Inequality (3.5) holds for any 7' > 0. We

take Ty = % (m 1og(N)). We immediately deduce ;——dwyry < 2 for
N large enough. We thus have:

11 $(Tn)
exp [t (T)] 1 ,&P [5 717x 108(N) C(@?}N]

<
VN 1 _eCl)Tn = VN

For N large enough, the quantity &E};’%)V is less than % +9 (1 + %) so that the

quantity w is less than N~ (20775~ 2) . We deduce

N2(1+11/A)_5ML
1 — e—¥(Tn) \/ﬁ

1
as N goes to infinity. The second term, ye~C(@)7TN s equal to YN~ Z0+1/% so

SN_% — 0,

Nm_éve_c(g)TN — ,.YN—(; — O7

as N goes to infinity. This achieves the proof of Limit (3.2).
Step 5.2. We now look at the second case. Here, we obtain

N3 -
sup W (jurs ™) < 1= i e GO T (-9 les)

tZO e—C(O’)TN
by taking T := ¢ =" (5 (1 — 0)log(N)). This implies Limit (3.3). O
t
The second case, that is to say when . ligrn @ = 400, does not hold with
—+o00

McKean-Vlasov diffusion. However, the current work aims to be applied for
more general diffusions.

Remark 3.2. According to Proposition 2.3, we have the simple propagation of
chaos on [0; T even if the initial random variables are not independent. Then,
the result of Theorem 3.1 holds even if the initial measure in Diffusion (II1) is
not M%QN. Indeed, the control of the moments obtained in Proposition 2.4 can
also be applied by using the same conditioning than previously.

This uniform propagation of chaos has a consequence on the interaction

particle system. Let us denote by (PtN ) +>o the semi-group associated to Dif-

N
fusion (III) on (Rd> . Let us precise the norm that we use. For any X =

N
(X1,---,Xn) € (R ) , we consider
| X
2. 112
|| ‘_N;”X’” .

20
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With this norm, we obtain the following result.

Corollary 3.3. We assume that the triples (V, F, ug) and (V, F,vp) satisfy the
set of Assumptions (A). Then, if o > o, (0. being defined in Theorem 1.7) for
any N € N* and t > 0, we have the inequality:

Wa (ug VP vV PY) < qe O 4 an(N),

with lim n(N) =0 and v := Wy (po; u%) + Wa (195 p%).

N—+o00

Proof. The triangular inequality gives us

WQ( ®N7)t1v7 ®NP£’V)§W2 (,LL Pt]\[?/j‘(g)NPt@N)
T PN TR 4, (VPN o V)

N
According to the definition of the norm that we use in (Rd) , for any proba-

bility measure on R, 1 and v, wwe have

N
W (o) = int S -

the infimum running over the random variables Xi,---, Xy and Y7, -+, Yy
such that £ (X;) = u, L(Y;) = v and X; (respectively Y;) is independent from
X, (respectively Y;) for any 1 <i# j < N. We deduce

W3 (05 v®N) = W3 (u; v)
According to the definition of the semi-group (F),, we have
Wo (u(?NPt@)N; VSQNP;@N) =Wy (uf@N ve ) Wo (e 5 1) -
Then, we apply Theorem 1.7 and we obtain
Wy (ug N PEN s vV PEN) < W (s p7) + Wa (w5 5°)
< e YW, (o5 17) + Wa (o5 p7)} -
Finally, we apply Theorem 3.1 to achieve the proof. U

We remind the reader that in [CGMO08, Theorem 3.2], the authors obtain a
uniform propagation of chaos of the form

K

1
supE{||Xe = X31°} < o

with 0 < p < 1. However, by using a method similar to the one of the proof of
Theorem 3.1, we obtain a better inequality with the Wasserstein distance.
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Corollary 3.4. Let us assume that V', F' and ug satisfy the set of Assumptions
(A) and that max {a; 9} < 0. For any o > 0, we have the following uniform
propagation of chaos result:

ngn Ni=9 sup W3 (,ut; M%’N) =0
o0 >0

forany 0 < § < 1.

Proof. By proceeding exactly like in [BRTV98, Lemma 5.4, there exists K > 0
such that the following inequality holds:

KT?

¥ (3.6)

sup E{[|x, - X!|'} <
0<t<T

for any T' > 0. Here, there are two differences with the proof in [BRTV9S|. First,
here, there is the presence of a confinement potential but since this potential
is convex, we can proceed similarly. And, in [BRTV9S], the initial random
variables are assumed to be independent. However, we need here to relax this
independence hypothesis (like in the proof of Theorem 3.1). We use the same
technic than the one in Proposition 2.3 by conditioning with respect to the
initial random variables and we have the result. Inequality (3.6) implies

exp [¢(T)]

sup Wy (.Ut ;ui’N> < N

0<t<T

with (7)) := £ log(K) + log(T).
Now, since o < 0 and ¥ < 0, any invariant probability p” satisfies a W.Jy, p-
inequality with a constant C'(c) > 0. Consequently, we have
C
im (o)t =
t— 400 ¢(t)

We apply Theorem 3.1 and we obtain the statement for any § > 0. O

The rate that we obtain is better. However, the coupling that we proceed
is not necessary with the same Brownian motions. Indeed, we do not obtain a
coupling between X and X!
In Theorem 3.1, we remark that the stationary measure plays a particular role
in the WJ-inequality. Consequently, we can obtain a better result if we start
from po = p?, the unique invariant probability.

Corollary 3.5. We assume that the potentials V and F satisfy the hypotheses
(A-1)-(A-7). If o > o, (0. being defined in Theorem 1.7), we have the following

uniform propagation of chaos result if we start from pg = p°:

K
sup Wy (ut,; ui’N) <
>0

K being a positive constant.
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Proof. Since the invariant probability u” satisfies Hypotheses (A-8) and (A-9),
we can apply Theorem 1.7. However, in the proof of Theorem 1.7, we obtained
Inequality (3.5):

T

sup W + e T,

s (ut; ui’N) o exp[p(T)] 1

— 1—eC¢T N

with v = 2Wy (g ; ©7) = 0. Therefore, we immediately obtain

sup Wy

o (ug; ,ul,N) < ep[P(T)] 1

t T 1l—e T N’
for any T > 0. O

We stress that the contraction which holds in Theorem 1.7 links the measure
e with the invariant probability p?. But we do not have any contraction
between pgP; and vy P;. Let us note that if we had the contraction inequality

Wo (15 ve) < e "Wy (o5 vo)

we would have the following uniform propagation of chaos

K
N
sup Wy (ut; I ) <<
t>0 N

K being a positive constant. However, to obtain such an inequality requires the
strictly uniform convexity of V', see [SVR05]. And, in this case, we directly have
the uniform propagation of chaos without using the convergence.
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