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ON SYSTEMS OF PARTICLES IN SINGULAR REPULSIVE
INTERACTION IN DIMENSION ONE:
LOG AND RIESZ GAS

BY Arnaup GuiLLiN, PrergE LE Bris & PrerrRE MoNMARCHE

AssTract. — In this article, we prove the first quantitative uniform in time propagation of chaos
for a class of systems of particles in singular repulsive interaction in dimension one that contains
the Dyson Brownian motion. We start by establishing existence and uniqueness for the Riesz
gases, before proving propagation of chaos with an original approach to the problem, namely
coupling with a Cauchy sequence type argument. We also give a general argument to turn a
result of weak propagation of chaos into a strong and uniform in time result using the long
time behavior and some bounds on moments, in particular enabling us to get a uniform in time
version of the result of Cépa-Lépingle [CLI7].

Résumic (Sur les systémes de particules en interaction singuliére répulsive en dimension 1 : log-
gaz et gaz de Riesz)

Dans cet article, nous prouvons le premier résultat de propagation du chaos quantitative
uniforme en temps pour une classe de systémes de particules en interaction singuliére répul-
sive en dimension 1 qui contient le mouvement brownien de Dyson. Nous commencgons par
établir I’existence et I'unicité des gaz de Riesz, avant de prouver la propagation du chaos par
une approche originale du probléme, a savoir un couplage avec un argument de type suite de
Cauchy. Nous donnons également un argument général pour transformer un résultat faible de
propagation du chaos en un résultat fort et uniforme en temps en utilisant le comportement
en temps long et certaines bornes sur les moments, ce qui nous permet en particulier d’obtenir
une version uniforme en temps du résultat de Cépa-Lépingle [CL97].
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1. INnTRODUCTION

We consider the one dimensional N-particle system in mean field interaction

(1.1) dX} =20y dB} - U (X})dt — %ZV’(XZ — X})dt,
J#i

where for all i € {1,..., N}, X} denotes the position in R of the i-th particle, (B?);
are independent Brownian motions, and o is a diffusion coefficient that may depend
on N. We denote Xiv = (th, e ,ng). We will refer to U as the confining potential
and V as the interaction potential, on which we will specify the assumptions later.
Finally, we denote by p¥ the law of (X},..., X}Y).

The goal of this article is to give various results concerning equation (1.1) in the case
where V is a singular repulsive interaction potential. The main motivating example
is the (generalized) Dyson Brownian motion

(1.2) dXi = \/%de — AX(dt + %Z ﬁdt

VL t
Equation (1.2) is satisfied, for A = 0, by the eigenvalues of an N x N Hermitian
matrix valued Brownian motion, as observed by Dyson in 1962 [Dys62]. For A > 0,
it corresponds to the eigenvalues of an N x N Hermitian matrix valued Ornstein-
Uhlenbeck process (see for instance [Cha92, RS93]).

The work of Wigner [Wigh5] is often considered to be the starting point of Random
Matrix Theory. The main observation is that, for a Wigner matrix (a symmetric N x N
matrix whose entries above the main diagonal are independent centered variables), the
empirical distribution of the eigenvalues converges weakly as N — oo to the standard
semi-circle distribution. We refer to [AGZ10] and references therein for a thorough
introduction on Random Matrix Theory.

The main result of this article concerns the limit, as N goes to infinity, of (1.1),
which can be considered as a dynamical version of the convergence of the eigenvalues
of a Wigner matrix. What we wish to prove is that in a system of N particles in
mean-field interaction, as N goes to infinity, two particles become more and more
statistically independent. Kac [Kac56] described this behavior as propagation of chaos,
and we refer to Sznitman [Szn91] for a landmark study of the phenomenon. The notion
of chaos refers to the independence, while propagation alludes to the fact that having
this property of independence at the limit at time 0 will be sufficient to ensure the
same independence at later time t.

This limit for the Dyson Brownian motion was recently studied in [BDLL22] using
a notion of spectral dominance, and obtained without convergence rate. Let us also
mention the work [HS19] which proves propagation of chaos in 1D in a kinetic setting
(i.e., each particle is represented by a position and a velocity) for a discontinuous
interaction corresponding to the sign of the difference of positions.

Throughout this article, we denote by ul¥ = % Zfil 1) X the empirical measure
at time t of the N particle system. As proved by Sznitman [Szn91], the convergence
of the empirical measure towards a constant random variable p, is equivalent to the
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(N SYSTEMS OF PARTICLES IN SINGULAR REPULSIVE INTERACTION IN DIMENSION ONE: LOG AND RiEsz Gas 86()

property of propagation of chaos. Very formally, this limit p, is a weak solution to the
non linear equation of McKean-Viasov type

(1.3) Onpy = 0x (U + V' 5 ) ) + 002,

where o is the limit (possibly 0) of oy as N — oo and = is the (space) convolution
operation. The stochastic differential equation associated to (1.3) is

(1 4) dXt =V 20 dBt - UI(Xt)dt - V/ *ﬁt(Xt)dt,
. py = Law(Xy),

and can also be seen as the formal limit of the stochastic differential equation (SDE)
(1.1), noticing > V/(Xi—X7) = V'«uN (X}). At this stage however, let us insist on
the fact that the objects and solutions of (1.3) and (1.4) can be ill defined, especially
when V' is singular.

As we aim at deriving quantitative propagation of chaos result, we need a distance.
For ;1 and v two probability measures on R?, denote by II (i, v) the set of couplings
of u and v, i.e., the set of probability measures I' on R x R with I'(A x R) = pu(A)
and I'(R x A) = v(A) for all Borel set A of R. We define the LP Wasserstein distance,
with p > 1, as

1/p
Wy ) =t  [lo =l iy
It is important to notice (see for instance [CP18, Rem.3.28 & 3.30]) that in dimen-
sion 1 the optimal coupling (i.e., the one realizing the infimum) for W,, p > 1, is
known as it is the monotone map. In particular, for two sets of points (z;);e1,... v}
and (y;)jeq1,....N}, assuming without loss of generality that x; <--- <y and
y1 < -+- < yn, and two measures i = + >, 0y, and v = % > ; 0y, one has

1
Wy (1, )" = N Z lzi — yil”.

There exists many ways of proving propagation of chaos, let us mention some.

— The main probabilistic tool, as used by McKean (see for instance [McK67]) and
then popularized by Sznitman [Szn91], is the coupling method. It consists in coupling
the solution of (1.1) with N independent copies (X;); of the solution (1.4). The goal
is to control the Wasserstein distance, which by definition can be written as

N
N —®N\ __ . T i
Wy (Pt ) Pt ) FGH(;?,%?N) E (; d(XtaXt))
Here, the notation Wy refers to the fact that the Wasserstein distance depends on an
underlying distance d. This is the only time we use this notation, not to be confused
with the LP? Wasserstein distance W, we use thereafter.

Instead of considering the minimum over all couplings, the key idea is to
construct a specific one, which will therefore provide an upper bound on the Wasser-
stein distance. Well known coupling methods include the synchronous coupling
[Szn91, CGMO8], or the more recent reflection coupling as suggested by Eberle
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870 A. GuiLLin, P. Le Bris & P. Moxmarcn#

[Ebel6, EGZ19, DEGZ20]. The main benefit of this method of proof is that it allows
for a better probabilistic understanding of the processes and gives quantitative speed
of convergence in the case of Lipschitz continuous interactions. However, to the
authors’ knowledge, coupling methods have not yet given results in the case of
singular interactions.

— Using tools from PDE analysis, and functional inequalities, in order to show
convergence of pY towards E?N , recent progress have been made using a modulated
energy [Serl8, Ser20, RS23], by considering the relative entropy of p with respect
to g [JW18] or by combining these two quantities into a modulated free energy
[BJW20]. These quantities have proved useful in showing propagation of chaos for
systems of particle in singular interaction by making full use of the regularity and
bounds on the moments of the limit equation (1.3).

— Another method, that lies somewhere in between the fields of probability and
PDE analysis, consists in proving the tightness or compactness of the set of empirical
measure, showing that the limit of any convergent subsequence satisfies (1.3), and
proving the uniqueness of the solution of (1.3). This has been for instance done for
singular interaction kernels, in the specific case of (1.2) [RS93, CL97, LLX20]. This
method, however, does not provide quantitative convergence rates.

Notice that all the methods described above rely on the properties of the limit
equation (1.3), because one needs to either give sense to the quantity V' * y; in (1.4)
(and maybe show some properties in order to carry out computations) to use coupling
methods, prove bounds and regularity on the solution in order to use PDE related
methods, or at the very least prove the uniqueness of the solution of (1.3). This study
of the limiting equation can be a quite challenging task.

In this article, we describe a method that relies only on the well posedness of
the system of particles (1.1) and which provides a quantitative (and in some cases
uniform in time) result of propagation of chaos. We make full use of the fact that in
dimension one the particles will stay ordered, and that as a consequence the interaction
we consider will be convex (See Remark 1.1 below). Using a coupling method, we
prove that by taking any independent sequence of empirical measures, it is a Cauchy
sequence. Then, independence ensures the fact that the limit measure is an almost
surely constant random variable. To the authors’ knowledge, such a method has not
been used before to prove propagation of chaos.

Let us now introduce our main assumptions. The condition on the interaction
potential is the following:

AssumptionN 1. — There exists a > 1 such that
(1.5) Vo € R*, V'(z) = —x/|z|*",
and we thus consider
1
z|7t fa>1
(1.6) V(iz)=< a—-1 =1 /

—1In(|z) fa=1
Notice that for all z € R*, V'(z) = —V'(—z), and V" (z) = o/ |z|**1.

JIEP. — M., 2023, tome 10



(N SYSTEMS OF PARTICLES IN SINGULAR REPULSIVE INTERACTION IN DIMENSION ONE: LOG AND RiEsz Gas 87]

Let us consider the open set
Oy = {X:(gcl,...,xN) e RN | —co <z < - <ay <oo}.

Remark 1.1. We highlight the main geometrical property we will use. Denote
Hint o RY - R the function given by

i#]
In this way the particle system (1.1) can be rewritten as the following Langevin
diffusion
dXt =V QO'N dBt - U(Xt)dt - VHint’a(Xt)dt,

where X, = (X},...,X}N) € RV, B is a Brownian motion in RY, and U : RN s RY
is the function given by U(z) = (U(4)),¢;cn-

Let X = (21,...,2n) € Oy and Y = (y1,...,yn) € On. We have, since v — V'(x)
is odd under Assumption 1,

(VHint,a(X) = VHin,o(Y)) - (X = Y)

N % - (@i = ya) (V' (@i = 25) = V'(yi = y;))

1<j#i<N
- % KKKN((”%‘ —y) — (zj —y;)) (V' (2 — ) = V'(y: — y5))
- % (@ — ;) — (y; — ;) (V' (@ — ;) = V' (i — y5))-

1< <i<N
Then, for ¢ > j, we have z; —z; > 0 and y; — y; > 0. Since the function V' given
by Assumption 1 is an increasing function on R¥, each term in the sum above is
non-negative. We thus obtain

(VHint,o(X) = VHine,o(Y)) - (X = Y) > 0.

The drift term appearing in the particle system seen as a Langevin diffusion in RY
is therefore the gradient of a convex function on Opy. This property will imply the
long time convergence of the particle system (see the proof of Theorem 3 thereafter),
and will be one of the main tool used to prove propagation of chaos (see the proof of
Lemma 3.1).

Consider U € €?(R), and make the following assumptions

AssumpTION 2. U’ is Lipschitz continuous, i.e., there exists Ly such that for all
x € R we have |[U"(x)| < Ly. This implies

Vo,y eR, |U'(z) - U'(y)| < Lulz —yl,
and JA>0, Vz €R, |U'(z)| < Ly|z| + A.

This first set of conditions will be used when establishing existence and uniqueness
of solutions of (1.1) as well as non uniform in time propagation of chaos. For further
results, for simplicity, the study will either be restricted to the convex case, namely:

JIP — M., 2023, tome 10
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AssumpTiON 3. U satisfies Assumption 2 and we have U'(0) = 0. Furthermore,
there is A > 0 such that

Vo,y € R, (U'(x) = U'(y))(z —y) = Mz —y)*.
...or to the quadratic case:

AssumpTioN 4. — There is X > 0 such that U is explicitly given by

va € R, U(x):%xQ.

We choose to use the same notation A in both Assumption 3 and Assumption 4 as
it serves the same purpose.

Notice Assumption 4 is strictly stronger than Assumption 3, which itself is strictly
stronger than Assumption 2.

We focus on the quadratic case as it is the main case of interest in the applications
we presented. But, since the main results in the case o = 1 hold true in the convex
case with little to no modification in the calculations, we distinguish this case. The
assumption U convex should also be sufficient in the case a > 1, but requires more
involved computations. We describe later in the proofs the key points that should be
modified (see for instance Remark B.1). Likewise, assuming U’(0) = 0 in Assumption 3
is purely technical.

We sum up the main results of the article in the following theorem.

Taeorem 1

(A) Under Assumption 1 and 2, for « = 1 and oy < 1/N or for a > 1, there
exists a unique strong solution to (1.1).

(B) Under Assumptions 1 and 3, denoting by ptl’N and pf’N the probability densities
on On of the particle systems with respective initial conditions p(l)’N and pS’N, we have

V=0, Walpr™, o) < e Waop N, oY),

(C) Under Assumptions 1 and 3 for « = 1 or under Assumptions 1 and 4 for

€ 11,2, let p¥ == + ZZ]\LI dx; be the empirical measure at time t of the solution

of (1.1). Assume there exists p, such that EW2(ud,py) — 0 as N — oco. With the

additional assumption on < 1/N for a = 1, there exist (pt)i>0 € C(RT, P2(R)), as

well as universal constants C1,Cy > 0 and a quantity C{¥ > 0 that depends on the

initial condition and such that C —0 as N — oo, such that for all N >1 and allt > 0,

E(W2(uy', 7)) < e7Cy + ﬁ

where (p,)¢ satisfies, for all functions f € C3(R) with bounded derivatives such that

£, f f'U, and f" are Lipschitz continuous and that f'U’ is bounded, the following
equation: Vt > 0,

[ s@ntin) = [ fapoas) - / t [ 7@ @, s

L (@) - f'O) & —y)_ .
’ 5/0 //{z;éy} |z —ylott Ps(dx)p.(dy)ds.

+ Chon,
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Remark that the statement (B), as well as functional inequalities such as Poincaré
or logarithmic Sobolev inequalities, has been obtained in [CL20] in the case @ = 1.
Furthermore, statement (C) extends the result of [BO19], in which similar systems
are studied using the theory of gradient flows and (non uniform in time) propagation
of chaos is obtained for o < 2 without convergence rate.

We split Theorem 1 above into the more precise Theorems 2, 3, 4 and 5 below.
The organization of the article is as follows:

— In Section 2 we prove various results concerning particle system (1.1). In Sec-
tion 2.1, we show that, for a > 1 with any diffusion coefficient oy or o = 1 with
on < 1/N, there exists a unique strong solution to (1.1) under Assumptions 1 and 2.
Furthermore, the particles stay in the same order at all time. See Theorem 2. In Sec-
tion 2.2, we show the long time convergence of the particle system under Assump-
tions 1 and 3. See Theorem 3. In Section 2.3, we prove bounds on the expectation of
interaction that will be useful later.

— Section 3 contains the main proofs of the article concerning the propagation
of chaos for (1.1) in the case o — 0. For clarity, we separate the case a = 1
(in Section 3.1) and « € ]1,2[ (in Section 3.2), as the former allows for a proof that
contains all the ideas with little technical difficulties, while the latter requires the
more precise bounds obtained in Section 2.3. See Theorem 4.

— In Section 4, we identify the equation satisfied by the limit p,. See Theorem 5.
In particular, we highlight an argument which intuitively suggests that a = 2 should
be the critical case for the well-posedness of the limit.

Finally, in Section 5, we show how one can turn a result of weak propagation of
chaos, such as the one obtained in [RS93, CL97, LLX20], into a strong and uniform
in time result by using the long time convergence and some bounds on the moments
of the particle system. See Theorem 6. This yields in particular strong uniform in
time propagation of chaos in the case of a = 1 and constant diffusion coefficient
on = o0 # 0 that Theorem 4 cannot deal with, though without a quantitative rate of
convergence, using the result of [CL97]. This Section 5 is independent of the previous
ones. The result of this section is summarized in the next corollary.

Corovrrary 1.1. — Under Assumptions 1 and 3, for a =1, oy = 0 € R, assume we
have for all N an initial condition (X}, ..., X)) with bounded fourth moments (i.e.,
E(+ Zfil | X{|*) < 0o) such that t — E(+ Zfil | X7 — X{[?) is continuous in t = 0
uniformly in N. Then we get strong uniform in time propagation of chaos, i.e.,

Ve>0, AN >0, Vt >0, Vo> N, E(Wa(u},p,)) <e.

We give in Appendix C some sufficient conditions for this assumption of continuity
for the initial conditions.

Norarions. — We try to keep coherent notations throughout the article, but as the
various objects and what they represent may become confusing, we list them here for
reference:

JIP — M., 2023, tome 10
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— P(X) is the set of probability measures on the set X, and P,(X) is the set of
probability measures on the set X with finite p-th moment,

— (XA, L XN or (XN, XYY when we need to insist on the total number
of particles, is the solution of the SDE defining our particle system. X; denotes the
position in R of the i-th particle,

- Oy = {X = (21,...,on) €ERYN | foo<:v1<~~<xN<oo} is the set in which
we prove the solutions are,

- = Zivzl dx; € P(R) is the empirical measure at time ¢ of the N particle
system. Notice that it is a random variable on the set P(R),

— &N € P(P(R)) is the law of ul¥,

— pN € P(Oy) is the joint law of (X}, ..., X}),

— p; € P(R) is the limit towards which p will converge,

— all the notations above used with ¢ = oo refer to the stationary distribution
(provided it exists),

— C(RT,Py(R)) is the space of continuous functions taking values in the space of
probability measures P»(R) endowed with the L? Wasserstein distance,

= 1N = (] )iz0 € C(RY, Po(R)) and 5 = (y)iz0 € C(RY, P2(R)),

— for a probability measure pu and a measurable function f, we may denote both

p(f) = [ fdp and EF(f(X)) == [ fdp.
2. EXISTENCE, UNIQUENESS AND LONG TIME BEHAVIOR OF THE PARTICLES
We start by gathering some technical results on the particle system.

2.1. EXISTENCE, UNIQUENESS AND NO COLLISIONS. — The goal of this subsection is to
prove the following result.

Turorem 2. — Consider N = 2, and —o00 < x1 < -+ < xny < 00. Under Assump-
tions 1 and 2,

—ifa > 1, for any on > 0, there exists a unique strong solution X = (X1,..., X)
to the stochastic differential equation (1.1) with initial condition X} = z1,...,

X = xn, which furthermore satisfies Xy € On for allt > 0, P-a.s.;
— the same result holds for « =1 and on < 1/N.

Remark 2.1. — In the case @« = 1 and oy = o > 0, the existence of a unique
strong solution has been written in [CL97, Th. 2.5], where the authors allow collisions
between particles and show that the system still satisfies X; € Oy i.e.,

—oo<Xt1<-~-<XtN<oo for all t > 0, P-a.s.

In the case @« = 1 and oy < 1/N, the proof of existence, uniqueness and absence
of collision has been done in [RS93] or in the more recent [LLX20]. For the sake of
completeness, and because it uses similar calculations, we also write the proof in this
case here.

JIEP. — M., 2023, tome 10



(N SYSTEMS OF PARTICLES IN SINGULAR REPULSIVE INTERACTION IN DIMENSION ONE: LOG AND RiEsz Gas 875

Denote the infinitesimal generator

N
LN f(ay,. . ay) = - ZU’(xi)aif(xl, TN

=1
ZV )0 f(x1,. .., xN) + oONAf(T1, ..., TN).
1#]
and consider, for X = (z1,...,zy5) € RV,

N
1 x?
Hinha(X) = ﬁZV(.ﬁi—xj), H,(X):= Hint,a(X)“"Z?,
i#£j i=1
where Hiyt, denotes the interaction potential. We prove the following Lyapunov
conditions for the particles system Let us begin with the case a > 1.

Lemma 2.1. Let N > 1. Under Assumptions 1 and 2, for a > 1, there exists
oNe DN« > 0 such that, for all X € Oy,

cNemg, (X)) < DV 4 oV H(X).

Under the additional Assumption 3, still for o > 1, there exists CN*, DN:® > 0 such
that, for all X € Oy,

cNemg, (X)) < DV — oV (X).

This lemma shows that, for a force U’ Lipschitz continuous, the energy does not
explode in finite time, which will provide us the existence of the solution of (1.1), and
the absence of collision between particles. For a potential U convex, it even yields a
uniform in time bound on the second moment of the particles, and on the expectation
of 1/|Xi — X7 |O[71 (even though we do not use this result to bound these moments,
as DM@ and CN'* depend rather badly on N).

Proof. — We compute:

LNeg (X)) = —f:(U’(xi)—F;]ZV’(a:i—xj )(xz—&-—ZV’ T; — T )
=1

j#i j;éz
+0N21+ ZV” i — )
i=1 j#i
N N
= U 5 S U )V i )
i=1 i=1 j#i
N
- izlev (r; —xj) + Non
i=1 j#i
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We have, under Assumptions 2 and 1,

N N NA2
21) =Y Ule)e <3 Lulail® + Ali] < <LU+ )Zw?
=1 =1
1 a 1 T, — X
(22) ZZU’ —ay) == ) (U (%) = U'2)) ———q
’L:l JFi j<i |J’.Z - m]'
Ly 1
SN ; |2y — o=t
1 1
(2:3) sz Vi P
N |z — aj]
i=1 j#i Jj<i

Let us now consider

IV Hing (X |_<Z( S Vi(as )2)1/2.

i=1 e

We follow the proof of [HM19, Lem.5.15]. Let j < 4, which implies z; < z;, and
denote

1 if xp < xy,

—1 otherwise.

e (X) = {
Then, considering n(X) = (n1(X),...,nn(X)), we have

VN |V Hiny o (X)| 2 €(X) -V Hio(X) = = S mi(X) 3V — 0)
k (#k

1 Ty — Ty
= -~ > (X)) = ne(X)) iTI(i“

k<t e

Notice that, for k < £, ng(X) # ne(X) if and only if 2 < x; < 24, in which case we
have 0, (X) —n¢(X) = 2 and (x, — x¢) < 0. Therefore, the sum above only contains
non positive terms. In particular, choosing k = j and ¢ = i, we get

2 1
N |z, — |

VN |V Hint,o(X)] 2
This holds for any j < 4, thus

N(N —1)
VN ———=|VH;, P )
2 | ta(X)] > N Z |; — x]|°‘

i.e., vHin a X 2
| t, ( )l ( —1\/>Z|£EZ*£L']|O‘
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We therefore have
N o
— Z( Z V —x; ) N
1

; N <
i=1 JFi
2
Z; 1)\/N> | — aj[?

For a > 1, thanks to Young’s inequality, there is a constant Cy such that
20’]\[0{ 1 4 2 1
N Ja; —alett (NQ(N - 1)\/JV> | — ]
Therefore, using this result along with (2.1) and (2.2), we prove the existence of two
nonnegative constants C' and D, possibly depending on N, such that

V// _ x]
J#i

Mz

N
Il
-

_( 4
_J}|a+1 N2(N—

2\2

< Cy.

LNH L (X) < D+ CHy(X).

Let us now modify the various estimates under the additional Assumption 3. We may
replace the control (2.1) by

N N 22
(2.4) —;U (z:)z; < —zA;?
Then, instead of (2.2) and (2.3), we use the fact that there are Cy and Dy such that
(Ly +1) 1 n 2oy 1 B ( 4 )2 1
N |z — ot N |z; —aj|ot? N2(N —1)V/N/ |z; — x>

Dy

<Cny—————.
M e — gl

Combining this inequality with (2.4), we prove the existence of two nonnegative con-
stants C and D, possibly depending on N, such that
LNH L (X) < D~ CHy(X). O

Let us now consider the Coulomb case.

Lemma 2.2. Let N > 1. Under Assumptions 1 and 2, for o« =1 and oy < 1/N,
there exists CN-* DN-* > 0 such that, for all X € Oy,

LVeH (X)) < DN 4 oMo, (X).

Proof. — We compute:

N N
LVNYH (X)) = — ZU’(mi)xi - %ZZ U' (z)V' (s — ;)
i i 1 j#i
Zml z;—x;)+Noy— Z( ZV T —T; ) ZZV” T —xj).

i=1 j#i i=1 J#i i=1 j#i
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Let us consider

N
> (% S ar) TR L m
\xl — ]2 2 |y — )2 | 2

=1
N
1 Z 1 4 1 Z Ti—X; T — Tk
— ATO T 19 ATO 2
2 X X —IEjP N2 ik |$z —.’Ej|2 |3;z — Tk

distinct

and using the fact that for X € Oy and i < j we have x; < x;, we obtain

‘ . X 2

|2 _"EJP |z —l”k\ z; — zj[? | — x|

N =1 j<k
distinct J.k#i
—9 Z Ty — Tk Tj — Xy Tj — Tk T — Ty T — X4
B —37\ | —m\ \x-—x-\Q\x-—x|2 |z —w-|2|:c —x-|2
i<j<k J k 7 i i k k J k 7
9 1 1 1 1 1 1 )
Tj—TiTp— Ty Tj—T;Tp—T; Tp—T;Tp—T;
i<j<k J i Lk % 7 i Lk J k i Lk 7
1 1 1
=2 E (xp —zj—xp+a,+x; —x;) =0.

Ti—T; Tp —T; T — T
i<j<k " ik i vk J

Furthermore, the estimates (2.1), (2.2) and (2.3) still hold. We thus have

—i_v:U/(Ii)l'i<< )Z| \24—7

N
1
ZZ )+ 2V (@i = 25) < 5(Lu + DN ~1).
i=1 i
Therefore,
(Lu +1)(N—1)  NA? 1\ &
LN (X) < U - N (L f) 2
(X) 5 +—5— + Now + (Lv + 5 ;|x|
+22( )71
N N2/ |z — a2

1<J

Noticing that there exist constants C, D such that Zi\il |z;]> < CH,(X)+ D, we ob-
tain the result if o /N < 1/N2. O

Proof of Theorem 2. — For R > 0, define
=inf{t > 0| Hy(X:) > R}, 7:= lim 7g,
R—o0
and Tooy = inf{t > 0| X; € 00N }.
We have {T = 00} C {790, = oo}. Equation (1.1) with initial condition Xo =z € On

has a strong solution up to the stopping time 7. Let us show that Py (7 = 00) = 1.
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a > 1. 1td’s formula for the function f(¢,x) = e_CN’atHa(:c), using Lemma 2.1,
yields, for all R > 0 and ¢ > 0,

DN,a

N, T
]Em (eic (A R)Hoz(Xt/\TR)) < H(’(m) + W’

and thus, as H, > 0,

DN,a

RefCN,at]PJr(TR < t) < Ha(m) + N

We obtain, for all ¢t > 0,

=0.

Po(r <t) = lim Py(rp <t) < lim Ha() + ZN’Q/ O o
a = 1. There exists a constant Hy € R, possibly depending on N, such that
for all x € Oy, Ho(x) > Hy. Considering It6’s formula for the function f(¢,x) =
e=CMet (Huo(x) + Hp), using Lemma 2.2, yields, for all R > 0 and ¢ > 0,
N,« DN,a
E, (e—c CONTR) (H o (X ynrs) + Ho)) < Ho(x) + Ho + N
and thus, as H, + Hy > 0,

. DN

We obtain, for all t > 0,

N,« N,
Py(r <t) = Rh_{noopw(TR <t < Jim. Ho () +Iéo++HDO /C GOVt
We thus have, in both cases, V¢t > 0, P,(r > t) = 1. This implies the particle
system almost surely does not explode nor collide in finite time.
Uniqueness of the solution of (1.1) is a direct consequence of (2.5) in Theorem 3
below. 0

0.

2.2. LLONG TIME BEHAVIOR. In this section we study the long time behavior of the
particle system. Parts of the result will also allow us to conclude on the uniqueness
of the particle system.

An important tool is the convexity of the interaction (see Remark 1.1).

Tueorem 3. — Consider two solutions X andY of (1.1) driven by the same Brownian
motions.
— Under Assumptions 1 and 2, we have
N N
(2.5) XY <y (X - Y
i=1 i=1
This yields strong uniqueness of the solution of (1.1).
— Under Assumptions 1 and 2, denoting by pi’N and pf’N the laws on On of the
particle systems with respective initial conditions pé’N and pg’N, we have

(2.6) vt 20, Wo(pr™, ™) < elv™Wa (o™, oo ™).
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— Under Assumptions 1 and 3, we have
(2.7) V=0, Walpr™, o0 ™) < e MWalpg ™, g ).

Proof. — Let (X})i<i<y and (Y{)i<i<ny be two solutions of (1.1) driven by the
same set of Brownian motions (i.e., coupled using a synchronous coupling), such that
X< < XN and V! <--- < YN Using Itd’s formula,

(S0 - ¥R = -2 30 (D - U ) (X - Y

2] = ¥)) Y _(VI(X{ = X{) = V(Y = Y))dt,
i=1 i
with, since x — V’(x) is odd and increasing for z > 0 under Assumption 1,

=Y YOV - XD -V - Y))

1
N

1j#ISN

== > (=) = (X =Y (VX = XT) - V(Y - Y))
1<j<i<N

=5 2 ((Xi-Xx]) - =y))(V(X{ - X)) - V(Y] =) > 0.
1<j<i<N

Under Assumption 2, we obtain

N N N
d , , _ A _ B : .
(XY < 2L Y (X )N e, (e (X - V)?) = Kedt,
i=1 i=1 i=1
with K; < 0. We thus obtain
SOCX - V)R < RS (X - Vi)
i=1 i=1

This yields the results (2.5) and (2.6).
Under Assumption 3, similar calculations yield

N N
d i i i i
T (X =Y (X -y
i=1 i=1
and thus (2.7). O
2.3. SomeE moMENT BOUNDs. — The aim of this section is to provide some explicit

bounds on the second moment of the empirical measure, as well as on the expec-
tation of the interaction potential. These bounds will be useful later when proving
propagation of chaos. Let, for z € RY,

N
(23) w) = Y loil® = 5 Sl — )

i#j
The idea of considering this function comes from [LM20].
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Lemwva 2.3, Consider Assumptions 1 and 4. The function H satisfies
1
(2.9) Ve e RN, H(z)> 5 Z |zi|2 — N.

Given (X¢)r =2 0 a solution of (1.1), we have the uniform in time bound

1 C(a,N
(2.10) EH(X ;) < e *MEH(X ) + 1 (NaN + %)
as well as the following estimates:
2>\s i — ,]
(2.11)
(/ N 2 i Xl 3)
i>7
27t 2t
— -1
<2 (]EJ{(XO) 4N 2N0NGT> +C(a, N)ET7

i—J
(2.12)
(/ N2Z‘X1—Xj|a )

z>]

< 5 (]EJ{(XO) + N+ (2Noy +2\N)t) + C(a, N)t,

where
(N-1)/2 ifa=1,
Clon, N = N/(2 - a) if a €11,2],
2NIn N if a =2,

(1+1/(a—2) N1 ifa>2.

The proof relies on the computation of the time evolution of H(X) using Itd’s
formula. Using parts of the calculations of [LM20], as well as some technical results,
we obtain the various bounds. We postpone the proof of this lemma to Appendix B
for the sake of clarity.

3. LiMIT FOR LARGE NUMBER OF PARTICLES WITH VANISHING NOISE

Consider for a given N > 1 a solution X; = (X}, ..
prove the following theorem.

X)) of (1.1). Our goal is to

TarorEM 4. Consider a sequence of initial empirical measures (uéV)N>1 such that
there ezists py € P2(R) such that limy_,0 E (Wa(ud',p9)?) = 0. Under Assump-
tions 1 and 3 for a = 1 or under Assumptions 1 and 4 for a € |1,2[ (with the
additional assumption oy < 1/N for a = 1), there exist a deterministic family of
measures (py)t>0 € C(RT,P2(R)), as well as universal constants C1,Cy > 0 and a
quantity C{¥ > 0 that depends on the initial condition and such that C{¥ — 0 as
N — oo, such that, for all N > 1 and allt > 0,

Cy

E (WQ(:“ivypt)g) < 6_2)\tcév N(2 a)/a

+ Chon.
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In particular, notice that we require the diffusion coefficient o to go to 0 in order
to obtain the limit for the empirical measure.

Here, we do not identify the limit p,, we just prove its existence. The limit will be
studied in Section 4 later.

The proof of Theorem 4 is divided in two parts. First, we prove a property on
any sequence of independent empirical measures (uV)y which is similar to a Cauchy
property. Then, we use the independence of the random variables (") y to conclude
on the convergence towards a deterministic limit.

We will start by proving the Cauchy estimate in the case o = 1, as this will allow
us to describe the method in an easier case, before extending the result to a € ]1,2]
using much more cumbersome computations.

3.1. Tur case « = 1. — In this section, we prove the following lemma, which states
a sort of Cauchy property for the sequence of empirical measures:

Lemma 3.1. Consider Assumption 1 and Assumption 3, witha =1 and on < 1/N.
Let (uN)yen be any sequence of independent empirical measures, such that ul is the
empirical measure of the N particle system at time t. We have, for allt > 0 and all
N, M >1,

1

_ 1 1
(3.1) E(W, (uiv,uiwf) <e 2/\tIE(W2 (uév,uéw)2) + ﬁ(ﬁ + Vi +2(on + GM)>7

There also are constants C1,Cy,Cs > 0 independent of N and M such that

(3.2) E( sup W, (Miv,ui”)z)
s€[0,t]

1 1
< eclt(IE(Wg (uév,,uéw)Q) + Cy(opm +on) + CB(M + N)>

Proof. — For N, M > 1, let (Ei)ie{l,m,M} and (é’j)je{17.._,N} be two independent

families of Brownian motions, and consider z1 < -+ < zp and y; < -+ < YN
two sets of initial conditions. Denote by ()?i’M)ie{L__,’M} (resp. (?j’N)j€{17.__,N}) the
unique strong solution of (1.1) with initial conditions 27 < --- < a7 and Brownian
motions (Ei)ie{l,...,M} (resp. initial conditions y; < --- < yy and Brownian motions

(B”)jeqr...xy):

In order to compare the two sets ()?i’M)ie{L...,M} and (?j’N)je{l,...,M} despite
the difference in the number of particles, we consider N exact copies of the sys-
tem ()Z""M)ie{ly_“’M}, and M exact copies of (?j’N)je{l,_“7N}. We thus denote
(X")ieq1,...nmy and (Y?);cqr,... vy the resulting processes, numbered such that, for
allt > 0,

_Oo<Yt1:"':YtM<"'<YtM(N_1)+1=--~:YtNM<oo,
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Thus
1 M 1 NM 1 N 1 NM
_Mz(s)’z:,ﬂlzmz(st, MgV:NZ§?t1N:W25Yt7,
i=1 i=1 i=1 i=1
and
2 1 i 12
Wy (", ") :W;|Xt_yt|

By convention, and for the sake of clarity, consider V'(0) = 0. Then, for all ¢ €
{1,...,NM}, we have the following dynamics:

) . 1 ) , )
AX{ = ~U'(X})dt — 5= Z V'(X} — X])dt + 200 dB]

Ay} = ~U' (Y t——ZV —Y/)dt + 20N dBY,
where the Brownian motions (Bf); and (resp. (Bj%);) are such that for all k €
{1,...,M}, we have BNG:=D+t — ... — BNk — Bk (vesp. for all £ € {1,...,N},
we have B'MW-D+1 — ... — p/Mt — Bty Thus
d(X] Y2 = -2 (U’ Y)) (X} = Y))dt + 20 pdt + 20 ydt

—2(X; Z — V(Y = Y))dt

J
+2v20 0 (X} — Y))dB; — 2y/20n5(X] — Y})dB}',

and

2\/20nr 2#72
+ UMZXZ YiyaBi — Y27 ZXi Y)dBY

- (NT)Q DX =Y (VX = X)) = VI =Y.

We first compute:

D (X =YY (VX = X)) - V(Y - YY)

=2 (VX = X)) = VIO = Y)) (X =Y = (X = Y))
= SOV - XD = VIO = YD) (X - X = (5 = 7).

Remember that the function x — V’(x) is increasing for 2 > 0. Thus, all choices of
indexes i > j such that X} # X; (which therefore imply, by the choice of numbering,
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that X7 > X7) and Y}’ # Y yield nonnegative terms in the sum above. If X} = X7,
by convention, we have V'(X; — X{) =0, so

DX Y)Y (VX - X)) - V(Y= Y)

i j
SNoVIX - XDXT =X+ > V=YY - YY)
i>7 P>

(3.3) Vi il

M(M —1) N(N —1)
> - —1=- - .
> Z 1+ Z 1 N 5 M
1> 1>]
v/ =y/ Xi=x]

Since — (U'(X}) = U'(Y})) (X{ — V) < AM(X] — Y}')?, we thus obtain, for all ¢ > 0,

2
(3.4) Wa (1 )" < Wa (1), d")” 2A/ Wa (g, 1y")" ds
t 2 N(N —1) M(M —1)
M N)+2
+/0 ((NM)2< 2 Tt )+ ("M+UN)>dS

2 \4 2U]VI Z/ X’L Y? dB? 2 \4 20 Z/ Xl Yz B/l

Considering the expectation of the inequality above, and using Gronwall’s lemma
yields (3.1). Let us now take the supremum:

]E(sup Wz(uév7ﬂéw)2)<E(W2(H(])V7N(])VI)2)+( + )t+2(aM+aN)t

s€[0,t] M N
2V20Mm iy i i
+IE< NI ZI[JOPt]Z/O (XuYu)dBu>
2 20’]\[ § . . .
E - X! —Y!)dB, |.
(e g X ) v

We use Burkholder-Davis-Gundy inequality to show that there exists a constant Cgpg
such that

o[ )
o () 55

= CBDG]E(/O NM ; (X; - Ysi)2ds> +20mCapc

< Cepa

t
2
= CppcE (/ Wy (pd, 12" dS) + 20 Capa.
0
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Using the same control on the second local martingale, we get

1 1
E( sup Wo (Mﬁ«v’uy)Q) <E(W, (M(J)V’M(J)w)?) + (ﬁ + M)H— 2(om +on)t
s€0,t]

t
2
—|—QCBD0(O'M—|-UN)+QOBDG/ E(WQ (Mévvu'éw) )d57
0
and thus, denoting
1 1 1
G = (L L )
NM = 5E M+N+ (oa +onN)

we get

E( Sl[lp] Wy (Mi\r”uiw)?) + Cn,u < E(Ws (M(])V7M(])V[)2) +2Cgpa(om +on) +Cnom
s€[0,t

t
2
+QCBDG/ (E(W2 (lifqv’lii\/[) ) + CN’M) ds.
0
Gronwall’s lemma yields (3.2). O

Remark 3.1. — For A = 0, the proof above still yields a quantitative result of prop-
agation of chaos, though no longer uniform in time: considering (3.4), we get, for all
t>0,

2 2 1 1
EWs (1, 1t)” <EW: (1, )" + (5 + 77+ 2ow + o) .

Likewise, under Assumption 2 instead of Assumption 3, we get a similar (non uniform
in time) result

2 2 1 1 1
EWQ (ui\f“ui\/l) < 62LUt(EW2 (M(I)V,MS/I) + E<N + M +2(O’N +O’M)))
3.2. THE cask a € |1,2[. — Let us now show the proof of Lemma 3.1 can be extended
to other values of a. Notice that we use the assumption o = 1 to deal with (3.3). To
account for this quantity for o > 1, we now use the bound (2.11) and obtain, using
the definition of H given in (2.8), the following lemma.

Levmva 3.2, — Consider Assumptions 1 and 4, with o € |1,2[. Let (u™¥) yen be any
sequence of independent empirical measures, such that ul¥ is the empirical measure
of the N particle system at time t. We have, for allt > 0 and all N, M > 1,

(35) E(Wa (1 1)?)

3(a—1 3la—1
<o (8 (9 (")) + N (XF) + B (vE)
1 1/ 3a—2 1 1
+(om+on) + 5 (m +3AMa - 1)) (N<2—a>/a + M(a—oo/a)

3(a—1) oN oM )

o ( MEaja T NEaa
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Proof. — Consider a similar set up as the proof of Lemma 3.1, and define (XM,
(YtJ"N) (X2, (Y/); in the same manner. We compute, like previously:

2 2 2
a (e2W; (Y, 1)) = 2225 (i) dt + Wy (¥, )
= M Aydt + M dM,

where M, is a local martingale, and

9 ; ) : .
=
Y=Y/ > N VI Y)Y~ YY)+ 2(0u + o).
i>7
Xi=x7

Using Young’s inequality, we have, for all v > 0 and i > j,

SV N R S B
|| a || aye (L5 +1)
Hence,
1 1
(VMR 2 xj—xf
Y=Y/
Xi#X] o
1 _py(a—1) 1
g ,ya/(a 1) 7 Z + Z .
2 i o —1
(NM) « i>j |X Xj| i>g TJ +1)
Y=Y} Yi=Y{
X! #XJ

We calculate, since |(i —j)/N|+ 1> (i —j)/N:

> —< > e
i~ (IF+1) = (=9
Y=Y/ Yi=Y/ Nagie 1_|_z 1J M

1
and ;(Z—J 2 21: (Z—J Z Z jov
Ytizyg jl_ J]\/I+1

which implies using Lemma A.1

> N“lz (—1—{2_1JM>7Q<W
i>j (L%J +1) 2-a
Yy =Y/

Hence,

1 1 Z 1 < 1 1 1
(NM)? ay> < (Liijj + 1)0‘*1 SN2 Mol g2 — a)ye’
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We consider y*/(@=1) = 1/(M+9) for some yet unspecified § > 0. Thus

1 1 Z 1 - 1 MO+)(a=l) - ppdta=l)
(NM)Q O{’}/O‘ = (I_%J + 1)(171 = O[(2 _ OL)N270¢ Mafl 04(2 _ O[)NQ*OZ .
Y=Y/
Furthermore,
D A 3D 3 ) DN La e = R
i ila i iN+L o
(NM)2 i>] ‘Xt _Xg‘ (NM)2 i=0 j=0 k=1 ¢=1 |XtN+k _th " ‘
vi=y! _
Xi#X] o1 f:HNQ i—j+2
(VM) i=1 j=1 | X{ — X} |«
and thus
7a/(aq)(@*l) 1 Z L%J"“l <3(04*1) 1 LZ e
o (NMP & [xj-xjle T a MUIME LX) Xje
Yti:Ytj
Xi#X}

Using the same calculations to deal with
1 1

(NM)? Z Y7 - Yo
Xi=x7
Ytri#ytj

we obtain, by taking the expectation in It6’s formula, that for all ¢t > 0,
t
2 2 s
MNE(Ws (17, 17")") <E (WQ (5" ") ) +2(onm +0N)/ e ds
0

t 62)\3 1
+2/0 E(i(NM)Q g 7|X;._Xg|a71)ds

Y=Y}
t 2)\s
e 1
+2/ E( ,7.)613
o M(INM)? ; Y7 — Yot
Xi=Xx7J

N  M\2 ‘ 2\s 2 2As
<E(Wz(uo,uo))+2(aM+mv)/O e d5+/0 a@—aNzat 9

2—a)M?*-«
+6(a_1) 1 (62’\52 i—j )
M1+6 M?2 = |X;M XJ’M|a
+6(a 1) 1 ¢ (62’\52 i—j )
o N1+5 0 N2 = |Yz,N YJ7N|a )
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and we use (2.11) to get
t
B (e Wa (1), 1)) S E(W2 (', 1")°) + 200 +UN)/ e ds
0

t §(a—1) t 5(a—1)
2M 2N
+/ —62’\sd8+/ —™ds
0 a( 0 of

2 —a)N2—« a2 — a)M?2—«

M ot 2At—1
’L

M1+6 ( ((REM)0)) + M + 2Mon )
N) 22t et
J,

NH& (E ((FM);)) + NP 4+ 2Now )

6(a — 1) 2~ 1( 1 N 1)

al2—a) 2x \MS T NF

We now choose the coefficients § and . Consider

(2—a) InN ~ (2—-a)lnM
0= — d 6= .
a InM an « In N
In this way, we have both
_ _ n (2—a)(a—1) n
M(S(a 1) _ eé(a 1)In M _ e a In N :N—(Q—a)/oz
N27a N27oz N27o¢
N(a—1)
and e =M e,

and

(2—a) In N (2—a)
-~~~ InN

M= = M~ — — N—@=a)/a ynd. likewise, N~ = M—(2—)/a,

And thus
( 2/\WV2 (;u’iku’t ) ) E<W2 (No ) )2)

“ V(g a)/a]E< & XéM)Z +M<z B ()
( ou + o) 2—a (Feaye * srmare)
(3o * (;Ai>/a) N 6((3_;))<N(2 o + M(ziava))

1 1
20t
+3(a—1)e (N(Q—a)/a * M<2—a>/a>'

This yields the result. O
Lemma 3.3. — Consider Assumptions 1 and 4, with o € ] 2[. Let (u™)nen be any
sequence of independent empirical measures, such that ul¥ is the empirical measure

of the N particle system at time t. There exist positive constants C1,Co and C3 such
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that, for allt > 0 and all N,M > 1
2
(3.6) E( sup W, (4, u)°)
s€[0,t]

, EX(IX12) B (X))
< Ot <E(W2 (ﬂévaﬂéw) )+3(a7 1)( NC—a)/a + M(z(_a)/a )

1 1
+02(0'N +UIVI) +CS(N(2,Q)/Q + M(Qa)/oz))'

Proof. Consider a similar set up as the proof of Lemma 3.1, and define ()N( 5 M)“
(Y7N),, (X1)i, (Y{); in the same manner. With similar calculations, Ito’s formula
yields

Wa (Y1) < Wa (g ")’

+ (Z(UM +on)+ (22_ @) (N(Zfla)/a + M(;"‘)/“))t

6(a—1) i—j
+ aMN@EC—a)/a /O M2 Z |X1M XJ,M|a §

(a—1) 11—
OZNM(Z a)/a / N2 Z YZ N Y] N| ds
2\/2 2\/2
oM Z/ Xl Y’L dB’L ON Z/ Xl Y’L B/Z

Similarly as Lemma 3.1, we use Burkholder-Davis-Gundy inequality to show that
there exists a constant Cgpqg such that

22001 /S i iy i . N | M\2
up X, —Y,)dB, | <2Cgpcom+CspcE| [Wa (ug ,ps" ) ds |,
( NM se[oﬂzi: 0( ) 0 ( )

and

E(sz" /XZ YY) B”)
NM Ot]

t
2
<2CBpgon + CBDGE(/Wz (AN dS)-
0
We now use (2.12) to obtain
E( sup W (uﬁvwi”)z)

s€[0,t]
N | M\?2 2 1 1
E (Wz (1o > 110") ) + (2(01\/1 +on)+ aZ—a) (N(Q_a)/a + M(Q—a)/(x))t
6(a—1
* OLM(NTQ{/( (EF(Xo) + M + (2Maa + M) 1) + Cla, M)t)
6(a—1
W( (EH(Yo) + N + (2Noy + N) )+C(a,N)t)

t
+2CBpg(O'N +O’M) +QCgng</ Wo (uév,ué\/l)Q dS),
0
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and thus ,
E(sil[lol,)t] Wy (Névaﬂiw) )
<E (W2 (Mé\’,ﬂéw)Q) n %E(%H{(XO)) + %E(%H(Y@)
+2Cgpa(on +oum) +3(a—1) (N(z_la)/a + M(ia)/a)
+ (Q(JM +on) +6(a— 1)<N(20_Ai)/a + M(;T—I\]a)/a)

6o — 4 1 1 A1 1 1 t
+ a(2 _ a) (N(Q—oz)/a + M(2—o¢)/a) + (a B )(N(Z—a)/oz + M(Q—a)/a)
t
+203DGE</ sup Wy (MiV’Mquds).
0 u€el0,s]

Denote

6a — 4 1 1
Conop (V. M, 0) = (5= + 3\ = 1) (F=ayra *+ Fa77m)

oM ON
+6(a—1) (N(Q—a)/a + NV (2—a)/a

Doeop(N, M, @) = E (W2 (1 1d")”) + 2Cpe(on +ox)
E (5H(Xo)) | E(xH(Y0))
+3(a - )( N/ A )a )

1 1
+ 3(0[ - 1)(N(2—o/)/o¢ + M(2—a)/a)’

such that, for the sake of conciseness, we have

) +2(opm +on),

2
E( sup Wy (ud, ud") ) < Dprop(N, M, )

s€0,t]
t
Corop(N, M,
+2C’Bng</ ( sup Wy (#g7ugf)2+l“l’(a))ds)_
0 “u€l0,s] 2CVBDG

Using Gronwall lemma on
Chorop(N, M, @)

2
t— E( sup Wy (Mivaﬂiw) ) + 2CBpa

s€[0,t]

we get, for all ¢ > 0,

Chorop(N, M, @)

N M 2)
E( sup Wa (pg', ps' )" ) + 2CBpa

s€0,t]
C N, M
< GQCBDGt(DprOp(N, M,a) + prop( ) 704))' O
2CBpa
3.3. Concrusion. — We now wish to prove that the Cauchy-like estimates (3.1) and
(3.5) are sufficient to conclude on the convergence, at any given ¢ > 0, of the empirical
measures.
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Lemma 3.4. For any sequence (u"™)nen of independent random measures in
?2 (R)} Zf
(3.7) Ve >0, AN 20, Vn,m > N, EW, (p", ™) <e,

then there exists a deterministic measure p € Py (R) such that

EWs (1", p) — 0 as n — co.
Proof. — Let us start by mentioning the result of [Bol08], which states that if (X, d) is
a complete metric space, then so is (P(X), W), where W is the Wasserstein distance

associated to d. Denote, for £ and ¢ two probability measures on the space P3(R)
and T the set of couplings of ¢ and (, the Wasserstein distance

(3-8) W, Q) = inf EWa(u,v).

The metric space (P1(P2(R)), W) is complete.
Let £" be the law of p™. The assumption (3.7) implies, since W(£™, &™) <
EWs (™, ™), that there exists a measure ¢ € P(P2(R)) such that

W(E™, () — 0 as n— oo.

Denote by #™ the optimal coupling between £ and ( for the Wasserstein distance
above. Considering 7! ® 72 ® - - -, there exists a sequence (p"),, of independent mea-
sures identically distributed according to ¢, such that

EWs (", p") — 0 as n — oo.

We now wish to prove that all p™ are almost surely equal. To do so, we will make
use of the assumption of independence of the sequence p™. We have

Ve >0, 3N >0, Vn = N, Vp>0, EW, (u", p"*?) <,
Ve>0, AN >0, Vn > N, EW, (u",p") <e.
Direct triangle inequalities using the two assertions above yield
Ve>0, IN 20, Vn > N, Vp >0, EW, (4", p"*?) <e¢,
VYe>0, AN >0, Vn> N, Vp >0, EW, (p”,p"“’) <e.
The fact that EWs (u™, p™) — 0 implies EW; (u™, p™) — 0. The dual formulation of
the L' Wasserstein distance yields

E sup [u"(¥)—p"(¥)] — 0.
HwHLipgl

Let f be a bounded Lipschitz continuous function. We have

(3.9) Efp™(f) = p"(f)] — 0.
In particular we get Eu™(f) — Ep(f), with p ~ (. Likewise,

(3.10) E|p"(f) = p"*(f)] — 0.

On the one hand, using the independence of the sequence,

E (1" (f)u" () =E W (F)E (" (f) — E(p(f)*
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On the other hand,
E (4" (N () = B((0" (1) + 0" () (1" (f) = 0" ()
() () = ) + 1) () = 07() )

Let us consider each term individually:

E (0" (1)) = E((o(1))?).

E (p"(f) (" (f) = p" () < I fllE " (f) = p™(f)] — 0 using (3.9),
E (1" (f) (0" () = ")) < F I 1T (f) = p" 1 (f)] — 0 using (3.9),
E (1" (f) (0" () = p"(1))) < I flloB " (F) = p™(f)] — 0 using (3.10).
Thus

E (1" (N () — E((0()?).
We have obtained

E (o(f))” = E((p(f))?),

which implies that for any bounded and Lipschitz continuous function f, p(f) is almost
surely constant. Let p; and py be two random variables with law (, considering two
random variables X ~ p; and Y ~ pso, we get for all Lipschitz continuous bounded
function h that Eh(X) = ER(Y). Let a < b be two real numbers. Consider

1 ifxela+1/m,b—1/m],

0 ifr<aorz>=b,

gm(z) = .
m(z—a) fa<z<a+1l/m,
mb—z) ifb—1/m<x<b.

By construction, (¢gm)men is an increasing sequence of bounded Lipschitz continu-
ous functions such that for all m, g, < Ty and for all € R, gy (z) — 1jq ()
as m — 0o. We thus have for all m € N the equality Eg,,(X) = Eg,,(Y) and,
by the monotone convergence theorem, Elj, 4((X) = El}4((Y). Then, again by the
monotone convergence theorem and by considering an increasing sequence of simple
functions, the equality Eh(X) = Eh(Y") holds true for all bounded measurable func-
tion h. The variables X and Y are thus equal in law, and p is therefore a deterministic
probability measure. |

Lemma 3.4 allows us to conclude on the convergence, at any given ¢t > 0, of the
sequence of empirical measures (uY)y towards p, where, at least formally, p is a
solution of the non linear limit equation (we refer to the next Section 4 for a more
rigorous identification of the equation satisfied by the limit p). However, a priori,
if the limit equation admits several solutions, nothing guarantees that the sequence
converges towards the same solution at two different times ¢; and to. To show this,
we now use the estimates (3.2) and (3.6) which, even though on their own do not
ensure uniform in time convergence because of the exponential term, show that on
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any time interval [0, T there is uniform convergence towards a unique solution of the
limit equation. This result, combined with the uniform in time pointwise convergence
given by Lemma 3.4, will yield the desired result. Denote C([0, T], P2(R)) the space of
continuous functions taking values in the space of probability measures Po(R) endowed
with the L? Wasserstein distance.

Lemma 3.5. — Let T > 0. For any sequence (u™)nen of independent random variables
(3.11) Ve >0, dN >0, Vn,m > N, E( sup Wsp (ﬂ?,y?)) < e,
t€[0,T

then there exists a deterministic measure (p¢)icjo,r) € C([0,T], P2(R)) such that

IE( sup Wy (,u;’,pt)> — 0 as n— 0.
t€[0,T)

Proof. — Let, for £ and ¢ two probability measures on the space €([0,T],P2(R))
and T" the set of couplings of £ and (, the Wasserstein distance be defined by

(3.12) Wo(6,Q) = inf E( sup Walu,m)).
(n)~T \¢elo,1]
Let £™ be the law of p™. By completeness, Assumption (3.11) implies that there exists
a probability measure ¢ on C([0, 7], P2(R)) such that
Ws(",() — 0 as n — oo.

Thus, there exists a sequence (p™),,, identically distributed according to ¢, such that

E sup Wy (uy,py) — 0 as n— oo.
te[0,7]

By the same proof as Lemma 3.4, we get that for all ¢ > 0, all p} are almost surely
equal, hence the result. O

/l. I])ENTIFIC/\TION OF THE LIMIT

The goal of this subsection is to identify, in a more rigorous way than the formal
calculations of the introduction, the limit p,, and more precisely the PDE it satisfies.
We prove the following theorem

Tueorem 5. — For o € ]1,2[ under Assumptions 1 and 4, or for o = 1 under As-
sumptions 1 and 2, both with oy — 0, the limit (p,)i>0, obtained in Theorem 4, of the
sequence of empirical measures ((ul)i>0)n>2 satisfies, for all functions f € C%(R)
with bounded derivatives such that f, ', f'U’, and f" are Lipschitz continuous and
that f'U’ is bounded, the following equation, for allt > 0,

[ s@ntin) = [ fapoas) - / t [ 7@ @, s
ol / //{#y} U@ =) a=) o

|z —ylott
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The proof of the theorem above consists in rigorously applying the dominated
convergence theorem in the PDE satisfied by the empirical measure.

To do so, let us first mention the following lemma, which is a consequence of
previous calculations.

Levva 4.1. — For o € 11,2[ and under Assumptions 1 and 4, for all t > 0, there
exists a constant Ciy such that for all N > 2, we have the following estimate:

t
1 N N
(41) E(/O //{'E;éy} |.’II _ y|(a—1)(a+2)/2a/’[’s (dx)/’(‘s (dy)d8> < Cing-

Proof. — Let (X},...,X}N); be the unique strong solution of (1.1), and ¥ the as-
sociated empirical measure. By definition,

t
1 N N
E(/O //{17&9} \x — y|(a—1)(a+2)/2a Hs (dx)ﬂs (dy)d5>

=2E ds |.
(/ N2Z |X1_XJ|(a 1)(a+2)/2c S)

i>7

Young’s inequality yields, for ¢ > j, for 8 > 0, v > 0, and p > 1 and ¢ > 1 such that
1/p+1/q=1,

1 < yp( (i—4)P )p 1 1
|Xti _ th|(a—1)(a+2)/2a = D ‘th _ th‘(a—l)(oz—}-Q)/?oz qv9 (i 7]‘)&1'
We choose
a—1 o —(a—1)/a
5:( Is" )’ p:a—l’ q=qa, ’YZN( 1)/
which yields
o — 1 — -
1 < ( 11 — 7 n Nl 1
|Xi— X7 |(e-D@+2)/20 =« N |Xi— X]|+2)/2 a (i—j)o-t

From Lemma A.1, we have

Y <N
(=gt " 2-a

i>7

Thus

d
/ N2 Z ‘XZ XJ|(a (a+2)/2c 5

(a—1) i—j 1 N N,
, ds ) + — —N?
(/ NQZ|X;‘_Xg\(a+2)/2 S>+N2 a 2-a

1>]

This yields the result using (2.12), as (a + 2)/2 € ]1,2[, and noticing that +EH}(Xo)
is bounded from above by the initial second moment, and is thus bounded uniformly
in N. |
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Proof of Theorem 5. As EW;(u,p,) — 0, we get, by the dual formulation of the
Wasserstein distance, that, for any Lipschitz continuous function g,

E / g(a)ul) (dr) — / 9(2)p,(dx).
Likewise, since

Wi @ p 7 ®@p) S Wilpg @ pf 7y @ pp ) + Wi(p, @ g, 7, ® py)

= inf E(X'-Y'+|X?-Y?)
(XX~ @uy
1 2 — N
VYO~p®u inf E(X' - Y+ |X2-V?)

(X', X)~p,@up
(Y1 Y?)~p,®p,

A B Y B XY = 2 )
! ~Py Y2~pt

we get that, for any Lipschitz continuous function g,

B[ [ s — | [ otenpidnp .

Let us now consider a function f € €2(R) with bounded derivatives such that f, f/,
f'U" and f" are Lipschitz continuous and f'U’ is bounded. By Ito’s formula, we have

[ s tan) = [ sl an) - //f i (d)ds

//a @)y d:cds+/ me dB!

/// If(p)l(l y)uiv(dx)uév(dy)ds
{z#y}
= Io(N) = L(N) + I2(N) + I3(N) + Is(N).

Let us deal with each terms.

Iy(N). — Since we assume f to be Lipschitz continuous
Ely(N) = E /]R Fa)d (dz) —s /R F(@)7o ().
I;(N). — f'U’ being Lipschitz continuous, we have

/ F@U @ ) — [ 1@ @), o).
() U (z)uY (da:)| < ||f'U'||o and we have,

Furthermore, since f'U’ is
by dominated convergence,

EL(N //f o) (da) ds—/ B [ 1@ @l (da)ds
H/ /f z)p,(dz)ds.
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I;(N). Since we assume f” to be Lipschitz continuous,

El(N) = E /O t /]R on (@) (dz)ds = /O t UNE( /R @) (dx))ds

— 0 (by dominated convergence).
Is(N). — As f’ is bounded, I5(N) is a true martingale, and thus EI3(N) = 0.

I,(N). — Let, for R > 0, ¢ be a Lipschitz continuous function such that

1 if r <R,
¢r(z) = ¢ (2R—2)/R if R<xz <2R,
0 if > 2R.

We have

4 2 / //{x;ﬁy} | _/(yo?i(lx — y) Mév (dx)/x,év(dy)ds
_ (f'(z) = /() — ) . N (g .
_/0 //{#y} \x —y‘a+1 Or(|z — yl)pg (do)pg (dy)d

/ // \x - al(f 0 (1~ (e — g (e (dy)ds.

Let us now find the limit as R goes to 0 of the limit as N goes to infinity of the
expectation of the first term of (4.2). By Holder’s inequality,

/ J[ MR LWy ) ()
{ay} \x yl

" 1 N N (eyfat2
< Hf ||00}E 0 () |(E _ y‘(afl)(a+2)/2a M (d.’B)MS (dy)ds

t o N N (2—a)/(a+2)
‘ E( | [ ontle = atese= <dy>ds)
0

and since 0 < ¢p < 1,

t N N (2—a)/(a+2)
E( | [ ot =iy @y <dy>ds)
0

5 [ [ ontie — shu @ ay)is) e

b

We now use (4.1) to get

) - y) .
4 3 / //{z;ﬁy} |.’E _ |a+1 ¢R(|$ - y|)/’cs (d.T)MS (dy)ds

2—a)/(a+2)
<" O 2R ( / / ¢R<|x—y|>u§<dxmév<dy>ds) .
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We then use

// or(lx —yDud (do)py (dy)d ///{w U}us (dx) ™ (dy)ds
+/0 //{#y} or(lz — yl)ud (do)ud (dy)ds.

/ t / /{ ) s = -

Then ¢g(|2) < Lajcar < (2R/|x]) @22 Which implies

5( [ yl /{ , onlla =i o) ()

¢ 1
(a—1)(a+2)/2a N N
< (2R) ]E</0 //{zﬁﬁy} |z — y[(e-D(at2)/2a Wy (dx)pg (dy)d5>
< (2R)(oz—1)(01-‘-2)/20(61111t

First,

Thus,

(4.4) / // or(z — ) (dz)p (dy)ds < — + 2R)@-DE+D /20,

Thus, for the first term of (4.2), using (4.3) and ( 4), taking the limit as N — oo
and then as R — 0 yields

(4.5) Ilziinoz\}ijnooE/ //{#y} (f' (= x_/(|a)4)r(1x_y)

x dr(le —yDu (de)py (dy)ds = 0.

Let us find the limit as R goes to 0 of the limit as N goes to infinity of the
expectation of the second term of (4.2). Since YL WIE=v) (1 _ 4o (ja — y|)) is

|z —y|att

bounded and Lipschitz continuous, we have

/ // |x - ai(lm 9 (1~ (e — g ()i (dy)ds

- / // D)z —v) (1 = or(|z — y))p,s (dz)p,(dy)ds.

Iﬂc - yl“+1

We now want to use dominated convergence to consider the limit as R goes to 0.
We have

’ (f'(z) = f'(y)(x = y)(

|z — y[oF!

/ / / @ _xﬁ‘i £ Pa(dw)p,(dy)ds < oc.

1= dnlle = 3] < 11"l 2B

Let us show that
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Using (4.1), and Young’s inequality as o — 1 < (o — 1)(a + 2)/2c, we get

B [ [ aas

/ // |Jj _mﬁz 1 Hs (d.’E),UéV(dy)ds < éintv

where ém is a constant independent of N (depending on Ciy). The right-hand side

|a—1

being independent of N and R, and since 1 — ¢r(|z — y|)/|x —y is bounded and

Lipschitz continuous, we have, taking the limit as N — oo,

/ / / 1_|x¢f lTa_ly) o(da)p(dy)ds < Cin,

and by monotone convergence theorem

/ // |1‘ _zﬁ’i/y 1 ps(dx)ﬁs(dy)ds < 5int~
This implies

o y) (= —y)
(4.6) 11%13101\/11—%01@/ // |:c - y\““
x (1= ¢r(|z —y))pl (dz)ul (dy)ds

/ //{ 4} e x_/(|02(1£—y) Ps(dw)p,(dy)ds.
From (4.5) and (4.6), we obtain

Sy
EL(N) — / //{#y} |x_y|a+1 P, (d)p, (dy)ds.

Hence the result. O

Remark 4.1. — Notice how above we rely on the fact that %%]lm#y is

integrable with respect to p, ® p, for a Lipschitz continuous function f’. This amounts
to being able to prove

1 _ _
7Y

For the sake of the argument, let us assume that p, = 1jg 1j is the uniform distribution

on [0, 1]. Then
1
[0,1]x[0,1] |z — |

if and only if a@ < 2. Although this is no proof, this small estimate seems to indicate
that o = 2 is indeed a critical value.
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5. FROM WEAK PROPAGATION OF CHAOS TO STRONG UNIFORM IN TIME PROPAGATION
OF CHAOS

In this section, which is somewhat independent of the previous ones, we wish to
show how one could improve a result of weak propagation of chaos, as for instance
obtained in [RS93], [CL97] or [LLX20], into a result of strong and uniform in time
propagation of chaos. We consider (1.1) for any potentials U and V' and any diffusion
on, and assume there is a strong solution (X;); of (1.1). In this general framework,
we assume one has been able to prove the following assertions:

Assumprion 5 (Weak prop. of chaos). For an initial distribution py converging in
L? Wasserstein distance to a measure p,, and for all t > 0, the empirical measure
ply = ﬁ Zf\il §Xg converges weakly to a probability density p,.

Assumprion 6 (Bounded moments). Assume there is Cy = 0 such that, for all N
and all t >0,

1 N
14
]E<N ;:1 X7 ) < Co.

Assumprion 7 (Long time convergence). — Denoting by pi’N and ptz’N the probabil-
ity densities of the N particle systems in Oy with respective initial conditions pé’N
and pg’N, there exists A > 0 such that we have

Ve > 0,Wa (o, p2N) < e MW, (ph N, p2r).

Assumeriox 8 (Continuity in 0). — The function t — E(+ Zi\; | X7 — X{|?) is con-
tinuous in t = 0, uniformly in N, in the sense that

N
1 i 7
Ve >0, 30 >0, YOSt <d, YN >0, ]E<NZI|XtX0|2> <e.

Remark 5.1. These assumptions are satisfied in the case @« = 1. We have shown
in Theorem 3 the long time convergence of the particle system. In Appendix C we
prove continuity in 0 for a well chosen initial condition. To prove the bounded 4-th

moments, considering ¢ : (z1,...,oN8) — + ZZ]\LI |7;|4, we have
N N N N
4 1 1 43 12
s (i) S )5
el v e ) e e
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We get
3
NQZfomJ NQfom] N2Zx +xlm]+x
<t
< 6 2 2
\meﬁ i Zx
j<i
In this way,
1 & AN &
N,a 2) _ =~ |4
L ¢<6(2JN+1)(N;:EZ.> N;m
< 920N + 1)2 B %i ‘x.|4 since a2 < Az} n 3(1+20n)
= 2\ N & © T 3(1+ 20n) 4\
920y +1)°
= T 9\
2\ ¢

We thus obtain the uniform in time bound on the 4-th moment provided we have an
initial bound.

Our goal is to show

Tarorem 6. — Under Assumptions 5, 6, 7 and 8, we get strong uniform in time
propagation of chaos, i.e.,

Ve>0, IN >0, Vt >0, Vn > N, EW;(u,p,) <e

The outline of the proof is the following

— Using the weak propagation of chaos and the bounded moments, we get a strong
convergence in Wasserstein distance.

— Using the long time convergence of the particle system and the strong propaga-
tion of chaos, we get the long time convergence for the limiting process, as well as
strong propagation of chaos for the stationary measures.

— Thanks to the long time convergence of both the particle system and the limiting
process, and using the continuity in 0 of the particle system for the Wasserstein
distance, we get uniform continuity in time for the Wasserstein distance between the
empirical measure and the limiting process, this continuity being uniform in N.

— Finally, thanks to all the previous results, we get uniform in time propagation of
chaos.

The following result is the characterization of the Ws-convergence, as given in
[Vil09, Th.6.9].

Lemma 5.1 (Strong propagation of chaos). — Under Assumptions 5 and 6, we also
have the following convergence

(5-1) vtz 0, lim E(W (7)) = 0.
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Remark 5.2. We use here the assumption on the bounded 4-th moment of the
empirical measure, to have, by the Cauchy-Schwarz inequality for R > 0,

N 2

1 N 9 1 4 1/2 1 N 1/
5 2 X Lxizrye < (NZ|X1| ) (NZRIXZDR/z) :
=1 1=1

=1
1 N 22 1 N .4 1/2 1 N
25 Xt ) <B(H LT B(§ 3 tivions)

L 1 1/2
<Gy E(N > ]1X'i|>R/2) :
i=1

We have, by weak convergence since z +— 1> r/2 is a bounded upper semi continuous
function

1/2

limsup/]l‘w|>R/2du{V < /l\w\>R/2@t~

N—oc0

Then, since [ ]l‘m|>R/2d,u£V is a sequence of positive functions bounded by 1, we have
by Fatou’s lemma

limsup]E</ILx|>R/2duiv> < ]E(limsup/ILﬂ}R/gdu,{V)
N—o0 N—o0

and by dominated convergence
A Lgy>gyadpy = 0.
Therefore

N N
- 1 . . 1
Rhm hmsupIE(N ;_1 ]l|Xi|>R/2> < Igl_rgoE(hmsupN E ]l|Xi>R/2)

—00  N—s00 N —o0 i—1

< i
X Rh—I}éoE(/ ]lx>R/2dﬁt)

= lim ]]-\ac|>R/2dﬁt =0.

R—o0

This yields the necessary property to use [Vil09, Th.6.9]. In reality, any assumption
on a bounded p-th moment with p > 2 would have been sufficient, using Hélder’s
inequality instead of Cauchy-Schwarz’s.

Lemma 5.2 (Long time behavior of the limiting equation). — Under Assumptions 5, 6
and 7, consider ul¥ (resp. v} ) the empirical distribution of the solution (X}); with
initial distribution ug@N (resp. I/gaN) and weakly converging as N goes to infinity to [,
(resp. Uy ). We have

W2 (7, 71) < e X Wa(fig, o).

Proof. — Denoting p%’N (resp. pf’N) the law in Oy the law of the N particle system
which yields N (resp. v). We have, under 7 the optimal coupling between p
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and pf’N for the L? Wasserstein distance,
W2 (ﬁt?vt) < ]ETrtN (WZ (ﬁta,uév) + W2 (M£V7Vi’v) + W2 (ViNavt)) .
Since
N N N N N | N\2\1/2 o 1 i i21/2
B (W (1)) < B (W Y ")) 7 =B (5 - )
i=1
1
= \/—NWQ(pi’N,pf’N),
and, by Assumption 7,
N

1/2
Waloh ) < Wb 5N < B (Y086 - 1))
i=1

= \/Ne*)‘tE(WQ (uév, l/év)),

(where this last expectation is taken for any coupling of p(l)’N and pg’N) we get, for
all N > 0,

W2 (ﬂt,fo < E(WQ (ﬁtmuﬂ{v)
e (W () ) + W, o) + Wa (oY) + Wa (¥, 72).

Recall from Lemma 5.1 E (Ws (fz,, #")) — 0 as N tends to infinity, thus using As-
sumptions 5 and 6. By taking the limit as N tends to infinity in the right-hand side
of the inequality above, we obtain

Wo (ﬁtavt) < ei)\tWQ(ﬁ(]aﬁO)' U

Recall from [Bol08] that the space of probability measures endowed with the
Wasserstein distance is a complete metric space. Thus, thanks to the Banach fixed
point theorem, the contraction of the Wasserstein distance for the non linear limit
yields the existence of a stationary distribution.

Lemma 5.3 (Propagation of chaos for the stationary distribution). — Under Assump-
tions 5, 6, and 7, denote by p, (resp. pX\ ) the stationary measure for the non linear
process (resp. for the particle system), and let pY be an empirical measure associated
to pX.. We have

E(Wg (uévo,ﬁoo)2) — 0 as N — oo.
Proof. — We have

W3 (P Po) < € MWa (Pg,Pc) s Wa (prs p2) < e Wa (pg', o) -
Let uY be an empirical measure associated to pY . We have, for all ¢ > 0, under m;
the optimal coupling between p and p¥ ,

E™ (Wa (1, 5.0)”) < 3E™ (Wy (u, uV)?)
2
+3E™ (Ws (1, 5,)7) + 3™ (Ws (5, 5c)?).-
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We consider an initial condition p, = 5., (and thus for all ¢ > 0, p, = p.,) and
X, ..., X}V iid initial condition (reordered) distributed according to p., (this way
E(W2(k5) s pos)) — 0). We get

E™ (Wa (1, 7oc)”) < BE™ (Wa (1, 1)) + 3E™ (W5 (7))

On one hand, since the optimal transport map for the W5 distance between two sets
of points in dimension one is the map that transports the first point to the first point,
the second to the the second, etc., when the two sets are ordered,

N

1 - , 1
B (Wa (. i)") = B 00 = V) = 5 W (2’
(5.2) =
< 672)\15 " N N2
X T 2(00 apoo) .

Then, there exists a constant Cy, depending on the uniform bounds on the second
moments of the non linear process and the empirical measure of the particle system
such that

E™ (W (1, 1)) < Coe™.
On the second hand, as 7, is a deterministic measure, we have
E™ (Ws (1, 5,)°) = E(Ws (u¥,5,)") — 0 as N — oo,
This yields
E(Ws (1, 7.0)7) < Coe™2 4 3E(W, (u,7,)°).

Consider ¢ > 0. There is t. such that for all ¢ > ¢. we have Cpoe 2N < £/2 and,
given t., there is a N, such that for all N > N, we have 3E(W2 (Mﬁ,ﬁtg)z) <e/2.In
this way,

Ve >0, IN. >0, VN > N., E(W, (1, 5..)°) <e,

ie.,
E(Wg (ulovo,ﬁoo)Q) — 0 as N — o0. g

Lemma 5.4 (Uniform continuity in ¢, uniformly in N). — Under Assumptions 5, 6, 7
and 8, the function t—E (W2 (,uiv, ﬁt)) s uniformly continuous in t, uniformly in N.

Proof. — Let us begin by showing the function ¢ — Wy (p,,5y) is continuous in ¢ = 0.
We have, for all N > 0,

Wa (51, 90) S E(Wa (B, 1t ) + Wa (1 1d") + Wa (1105 o))

Let € > 0. First, we have

N
1 _ .
E(W; (1, 1))") = E<N S OIx; - X8|2>,
=1
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and thus, by Assumption 8, there exists § > 0 such that, for all t < § and N > 0,

€
B (W, (1) < -
Then, let ¢t < . Using the strong propagation of chaos, there exists Ny > 0 and Ny > 0
such that for N = max(Ny, No)

E(Ws (ponff)) <5 and  E(Wa (4, 7)) <

w| ™

Hence,
Ve>0, 30 >0, Vt <46, Wa(p,,pg) <&,

and the continuity of the function ¢t — Wy (p,,5y) in t = 0.
Now, let ¢t > 0 and (¢, )nen a sequence converging to t. We have

B (W, (. 7,,)) B (W, (1 )|
B (W () + B (W3 (7, ,))|

_ 1 _ _
< e MiNtn) (WWQ(p\]Z—tn\vpéV) + W2(ﬂ|t7tn\7p0))a

<

where the expectation is taken under 71'iN¢n the optimal coupling between p,{\i and pN
and the last inequality comes from the fact that

Eeen (W (il i) < B (W (ulY, )*) 1

v /1 X 1/2 1
= RTttn [ — Xt _y? 2) - W N7 Ny
(200 =7) = )
We have
1 2 1
N N j ;
WPt 1000 )" < E<N DX - X5|2>-
i=1
The continuity in 0 of ¢ — Wy (p,,7y), and the continuity in 0 (uniform in N) of
t—E (% vazl | X} — X8|2) are therefore sufficient to yield the result. O

Lemva 5.5. — Under Assumptions 5, 6, 7 and 8, there exists a non-decreasing se-
quence (tn)N>o that goes to infinity such that, for all N >0,

(5.3) sup E(Ws (1),5,)) — 0 as N — oc.
s€[0,tn]

Proof. — By strong propagation of chaos,
(5.4) Ve>0,Vt>0,IN >0, Vn>2 N, EWa(u’,p,)) <e.

Denote g(t,N) = E (W2 (,uiv,ﬁt)). By Lemma 5.4, g is uniformly continuous in ¢,
uniformly in N. Let ¢ > 0 and ¢t > 0. There exists N; > 0 such that, for all n € N
and all z,y € [0, ],
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We also have
AN >0, Vn > N, Vi€ {0,..., N1}, ¢g(ti/N1,n) <

N ™

In this way,
AN >0, Vn > N, Vs €[0,t], g(s,n) <e.
Denoting f(t, N) = sup,cpo, E (W2 (1, p,)), we thus obtain
(5.5) Ve>0,Vt>0, AN >0, Vn 2 N, f(t,n)<e.
There exists a non-decreasing function ¢ : R +— N such that for all ¢ > 0 and all

n > ¢(t) we have f(t,n) < + and lim;_,o () = +oo. By convention ¢(0) = 0.
Consider tg = 0 and

ty =sup{t > tn_1 [t €~ ({0,1,...,N})}.

The sequence (tn)n>o thus defined is non-decreasing by construction. Because
limy s o0 ¢(t) = +00, the set ¢~ 1({0,1,..., N}) is non-empty and its supremum goes
to infinity as N goes to infinity. Therefore limy_, o, ty = +00 and ty # 0 eventually.

We have N > ¢(tn_1), and therefore by definition of ¢, we eventually get for N
sufficiently large

1
fltn-1,N) < .
tN-1
This concludes the proof. (|
We may now conclude.
Proof of Theorem 6. — We have, for uX¥ an empirical measure associated to pY , and

7V the optimal coupling between p¥ and plY
E™ (Ws (1, 7,)) SE™ (Ws (1, pX)) +E™ (Ws (1. Poc)) +E™ (W5 (B 1)

1
< e*”(ﬁwz (o, ) + W2 (B P0) ) + E (W2 (4, 7)) -

Since
e, (N N iN i c 2\’ 1/2
T W2 (0 ) <E<N;|X0 X2 | ) <267,
we obtain
(5.6) E (W2 (1,7,)) < C(t) + F(N),

where C is decreasing and goes to 0, and ftends to 0.
Let t > 0. If t < ¢t where ty is given in Lemma 5.5, we have using (5.3)

E (W2 (i, 7¢)) < S[HP}E(Wz(MiVﬁs))—W as N — oo,

s€[0,tn

and, if t > ty, using (5.6),
E (W2 (1,7,)) < C(t) + F(N) < Clty) + f(N) — 0 as N —» oo.

Those two bounds being independent of ¢, we obtain uniform in time propagation of
chaos. 0
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ApPPENDIX A. TECHNICAL RESULTS

Lemma A1, — We have the following inequality

P (S
YN > 1, Zia_l << 2N ifoa=2 (and N > 2),
=1 1+ 1/(a—2) ifa>2.
Proof. — Let fo :x — 1/2* L. For a > 1, f, is a non increasing function on |0, +o0],

and for all € [i,i+ 1], fa(i+ 1) < fo(z) < fo(i). This implies

1+1
fali+1) < / fal@)de < fali),

and thus
N 2—a .
1 7"
N — de if o€ [1,2], {2—11}0 if o€ 1,2,
a—1
Zfa(z)< o N = 1+[lnxﬁv if =2,
i= 1 _a1N
1 ful)+ [ e a2 e [2] rase
11
Hence,
N N279/(2 — a) if a € [1,2],
Zia—1< 1+InN if =2, O
i=1

1+1/(a—2)—1/(a =2)N*"2 ifa>2.

Lemma A2. — Let, for @ = (2;)icq1,... N}

1
Al) = ( ) .
(CU) ; T — X/ 1<i<N
There is a constant C such that for all N > 0 and for the set of points * =
(zi)ieq,...N}y with x; =i/N, we have |A(z)| < CN3/2.

Proof. — Throughout this proof, we denote by C' the various universal constants
appearing for the sake of conciseness. We have, for all 4
1 1 i N 1 -1, Ny
S N N N Y (),
g# ot J#i j=1 j=it+1 j=1 j=1
and thus
N—iq . o
Z 1 —NZJ-J 1/j if i < L%J’
7 T NS I Vi [N
We obtain

155

|A(:z:)|:<N2 Z(Nz_fl/j)QJrN? ﬁ: < i 1/j>2>1/2.

i=1 Nj=i i=14 [ MFL ) J=N—it+1
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The change of variable i=N+1—iin this last sum yields

= (v y (S ui)) "

i=1 Nj=i

There exists a universal constant C' such that, for all n > 0,

In(n) - C <Y 1/i <In(n) +C.
i=1
This yields, for ¢ > 2,
N—1i 2
1/j> < (In(N —4) —In(i — 1) + 2C)?,

J=

and, for i =1,

N—i 2

(Z l/j) < (In(N —i) +C)%.

Jj=t

In this way,
L5 1/2
|A(z)| < <2N2 (In(N —i) +C)* +2N? > (2(In(N — i) — In(i — 1))* + 802)> .
=2
Then
1—i/N

(In(N — i) — In(i — 1))% = 1n( )2 <2In(1 —i/N)2 + 2In((i — 1)/N)?,

(i—1)/N

and there is a universal constant, which we also denote by C, such that

(5]
1 2 1/2
N In(1—i/N)? < C+/ In(1 — z)%dr < C,
i=2 0
1 L5 1/2
and i In((i —1)/N)? < C+/ In(z)%de < C
1=2 0
And thus
A(x)| < (CN%)'2,
hence the result. O

ApreEnpix B. Proor or LEvma 2.3

Recall we work under Assumptions 1 and 4.

Proving (2.9). — For z € RV, we have

1 1 1
H(z) :Z|$i|2* 27N2|xi*l"j| > Z|93i|2*27N _ .(2+§\l’z‘*fﬂj\2),

i#£j i#£j
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and thus

NN-1) 1
H(z) > Z|33i|2 N STVZ i) + a5

i i
N-1) N(N -1) 1
2 [ 2( - ( ) - 2 - i 2_ .
2; w1 N N 2 Z il = N
Hence the result. O

Time evolution of H(X4). We consider (X¢); = 0 a solution of (1.1) such that for
all t > 0 we have X} < --- < X}V. We apply Itd’s formula to get, as almost surely
Vvt >0, X, € Opn,

dH(X ) = =Y 20" (X}) Xjdt —2) % > VI(X} - X])dt + 2Noydt
i i 24

/ i i v
vy Svan S S
7 i i
1 Xi—X]\/1 o
PR ) (R V- xh)a

s Z(lzﬂﬁy
N i Nj;ﬁi ‘XZ_XtJ‘ "

We have
X VI - ) = S VK - X (i - X))
i J#i i>j
B 1
i>j |Xti*th|a71’
B D S (v (xi) — v (x))) (i = X7)
i N j#i |XZ—X£| N i>j |th_Xt]|
A i . A i .
:NZ‘Xt*XtJ‘:ﬁZ|Xt*XtJ‘-
1>7 i#j
Hence
dH(X,) = — 20\H(X )dt—iZ\Xi—XszZ;dt
)= t QN £ t N < »|Xi7X]'|a71
i#] i>j 17t t
1 Xi— X7 N1 : .
INoydt (7 g)(f 'XuXJ)
+aNowdt+ (5 2. o) (w 2V = XD

+2V20n Y X{dB} — V2o Z(% 3 Xg_XtJ.|)d35.

i i |th 7Xt]
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We now use the calculations of [LM20, Lem. 4.2] and write

1 Xg‘—Xg')(1 o
(3 ) (o vxi - xD)
LF L) 2
:fz(izﬂxizﬂ)
: N'i|XZ—X§\ N = | X = X |er?
X'L’ XZ
= 222 i sratl
N zﬂ;éz'X XJHX’ X{|
- X/ Xi-X!
DI T D DY P g
N i jFi ‘Xl_XJ| % jZ;éz |X thHXt_ ;
J#
and
PP PR
T A, |XZ XJI\XZ X{|o+t
e
-y = XX, XioX XioX
lje#\Xl X]HX’ X{lo+t X7 = X{] X — X] |t
j<t
Sy G ()
- i i i ™ i ol
i gl |X Xj||X X NXG - X > [ X = X
<t
Z X{)(xj - Xf)( 1 N 1 )
i<j<t |XZ X7||X7 - X{| N X=X X - X
(X - x)Hxt —Xf)( 1 N 1 )
|X] — X{[1 X} - X7 — Xile | X] = X{|e
(Xf—Xi)(Xf—XE)< 11 )
|1XF - X7||1XE - X3 N XF - x| X - X
D D EIAE S E—
B i i 1o i lla 1 iai i S
e 1 X — XY RO | X7 — X{| | X7 — X{|
+ ! + 1
|X€—Xj|0‘ | X{ — X[
j—i—1
i<j<t |X X | i<j |Xt _th|a
We therefore have
Xi— X} i
— T J _
YDEDPRIEE I ES SURETRSCEH I 1 putes i
J#i i>j

i jFi
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We now compute:

d (eMH(X,)) = 20 MFH(X,)dt + e*MdH (X, )

2 1 1 —
_ 2/\t( J
=e -
Z |X’L X'tj|a_1 {\72 Z |X'z X]‘a

i>7
A , .
(B.2) - m;p(g — X}|+2Noy )dt
+ 2oy e Z(2X7 = Z |Xl |)ng.

J#i
Proving (2.10) and (2.11) for« = 1. — Let a = 1. We get from (B.2):

(/ 262)\5 Z*] S)
IXl '

This first yields (2.10), and then (2.11) using (2.9), for o = 1.

EMEH(X ) < ]EG{(XO)+(N71+2N0N)

Proving (2.11) for a > 1. Let a > 1. Using Young’s inequality, we have, for all
v>0and:>j,

1 < ,ya/(afl) (Oé B 1) Z_j 1
|z|>—t a zlr ay(i—g)e?
Hence,
pla=1)1 1—7
1 <yo/e-ple =D 1 ,, 1
BT e e T S e L

We consider y*/(@=1) = 1/N, i.e., v* = 1/NO‘*1 so that

1 1 (a—1) i—7 NO‘*2 1
B3) — - <
( ) Z |Xz thla—l a N2 Z ‘Xz X]|(X o Z ( _,])

Z>j i>]

Let us now assume « € |1, 2[. Using Lemma A.1, we find

1 N 1—1 N -1 NN
;(2—3) :;; (i—34)~ ;“ :;J

= jo—1 2 -«
Hence,
1 Z (a—1) Z t—7 N
N & |xj - Xf\a iSTa W —|Xi - Xj= a2-a)’
and thus

e e e s e Y
X — Xﬂ|a1 N X - Xﬂ|a\ a N2 |Xj - X{|] a(2-a)

i>j i>7 i>7
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Using (B.2), we get

e2As
B.4) SNEH(X,) < EH(Xo) —*E/ L
(B4) NEH(X) 0 e e

1>

2N
o [ e (o + =2 Y
o a2 — «)
This yields

2>\s ’L—]
(/ N2 Z|X1 XJ|a >

1>]

<EH(Xo) — 2MEH(X,) + t 2’\5(2]\7 +A)d
< 0)—e ¢ o Nt ey

S EH(X () + Ne?M + (2N0N + a(jjfa)) (e 2; 1),

where we used (2.9) for this last inequality. This yields the desired result for « € |1, 2.
Let o = 2. Instead of the control (B.3), we have, by Lemma A.1,

1
D e S2VIN,
el Gal)

which then yields

t e2>\s Z—]
2[E — ———ds
[ % Z )

1>
62>\t -1 62>\t -1
a(EJ—C(XO)  Ne2X ZNUNi) L 4NN
Finally, let a > 2. By Lemma A.1,
1 1
D e < (1 + 72)]\[7
il ) o -
which then yields
o2\ i— o e 1
9 < a(B3(Xo)+ N 2N )
( Iz ;LXV el 5> a (Xo) + Ne** +2Non o
1 62At 1
2(1 7)1\7“ 1
L oA

Proving (2.10) for & > 1. — Using (B.4) for o > 1, we find

ZC(a,N)) e —1
2\ 7

C(a, N))

MEH(X,) < EH(X,) + <2N0N +

1
ie., EH(X,) < e MEH(Xo) + ~ (NUN +

A
We thus obtain the uniform in time bound.
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Proving (2.12). Using the previous calculations, we have
2 j—i
dH(X ) < —22AH(Xy)dt + 2 dt +2Noydt — — _—
- X
1>7 1<J
: 1« Xi—X)\
+2V30x Y X,dB} — 20y Z(* 3 fitj) :
i i N J#i | XE - X{|
as well as
2C (o, N) 2 i—j
B. dH(X ) < —20H(X)dt +2Nondt dt —
(B.5) (X+¢) (X¢)dt +2Noydt + alN2 — X} — X |
Xioxiy
+2V20n Y XidB] — 20N Z( Z v le) i
¢ A

Hence, from (B.5), we get

(NQ/ Z|XZZ__)‘7(J|Q s) <E9f(Xo)—E%(Xt)—/()tZ)\IEJ{(XS)ds

i 2C(0¢,N)>

+ (QNUN + t

2C(a, N
<EH(Xo) + N + (2)\N +2Noy + %)t

where we used (2.9) for this last inequality.
This concludes the proof.

Remark B.1. — One of the reasons we choose to focus on a quadratic potential U can
be found in (B.1): convexity is not sufficient to deal with this term and one should
instead use the Lipschitz condition to bound

U (X))« Xi— X}
Xi—Xi|.
X L <o

This is not surprising as a convex potential U would tend to bring the particles closer

together, thus increasing the interactions we are trying to bound.

If one wishes to work in the general convex case, the calculations should then
be adapted. First notice that assuming Ly < 2, where A would be the convexity
coefficient, would be sufficient as we would keep a non positive coefficient in front
of the sum »_, |Xi — X7| in (B.2). If Ly > 2, the function H should be however
modified to take into account this constant Ly. We do not address this question.

APPENDIX C. KESTABLISHING THE CONTINUITY IN TIME

In this section, we show the continuity in 0, uniform in N, of the function t —
E(+% Ef\il | X} — X{|?) (where we denote X; = (X},...,X}") the solution of (1.1)
with initial condition X¢ = (X¢,..., XJ) € On), under some assumptions on X.
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Lemma C.1. Under Assumptions 1 and 3, let X; = (X},..., X}N) be the solution
of (1.1) with (deterministic) initial condition xo = (z§,...,z8) € On. For a € [1,2],
there exists a constant Ceony (depending only on o and \) such that, for allt > 0 and
N e N,

N
1 i g2 |A(xo) |H(wo) | (1+on)|A(xo)| | H(xo)
E(N;|tho|)<ccont< N5/2 + N3/2 + N +1+0'N)t7

where

(C.1) Alz) = <_ > V@'~ x])) 1IN

J#i

Proof. — Ttd’s formula yields
t
(©2) Y1 —abf =2 [ S0 - ab)ds
i 0 i

¢ t
—%/ Z(ZV’<X§—Xi))(Xé—wé)+2NaNt+2\/HZ/ (X — 2i)dB.
0 5 Vi —Jo

We have, using the convexity of A,

=S (Do v - X)) (XE ) = AXL) - (X, @0) < |Alwo)|1 X — o,

i g
and thus
t
E(—;/O Z(; V(X! —Xg>)<xg —xé)ds>
i Ve

< WE (/Ot (Z(X;ﬁ - xf))Q) 1/2ds>.

%

Then

- 2V/N &

\/N 1 7 i
<Gt (;0@)2 + ;@co)?),

and thus, using (2.9),

(i —aip?)” < YNy av 2 (04X + ().

K2

In this way,

i
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We now use (2.10) to get that there exists a universal constant C, depending only
on «, such that

E(/Ot (200 x3)2)”2d8) <(3vN+ %H(wo) - NTUN + QCXN)t,

which finally yields

<_/ 3 ZV’ (Xi - XJ>(X’ i)d)

i jF

9A(o)| | 8lA(o)|[H (o) | 4[A(zo)lon | 2C|A(zo)|
<< N N3/2 TN TN )t'

We then have, using again (2.9),

—2/ ZU (X —ai)d :-2/ ZU’ de+2/ ZU Db ds
—2/\/ Z ds+2LU/ Z|XZ||x0|ds
—)\/Z ds+—/2|x0| ds

L2
< TU (H(xo) + N)t.

N

N

and thus
t . ) ) 12
B(-2 [ L oo - aias) < 2 ot(en) + M
05 ) A
Going back to (C.2), we obtain

1 o\ 2L (K
B( 01X - apl?) < 2R (T )y g

N A N
9|A(mo)| | 8|A(xo)|H(xo) | 4|A(zo)|on | 2C|A(mo)|
+ ( N3/2 + N5/2 + AN3/2 + AN3/2 )t’

hence,

B S - 4fP)

|A(xo) don  2C 2L% H(zo) = 8|A(mo)|H(zo) = 2LF
S( N3/2 (9 N +7) N N + N5/2 + h\ + 20N |t.
This yields the result. U
Remark C.1. — We thus have to assume the initial condition Xy = (Xé)i is such

that |A(Xo)| < N3/2 and H(X ) < N, and still satisfies W (', 5y) — 0 as N — oo.
As shown in Lemma A.2, for a = 1 and pg = 1| 4], such a choice is possible.
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