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Séminaire Laurent-Schwartz — EDP et applications
Institut des hautes études scientifiques, 2023-2024
Exposé n° XI, 1-11

Uniform in time mean field limits for 1D Riesz gases

Pierre Le Bris*

Abstract

This note is based on a talk given at the Séminaire Laurent Schwartz in February 2024. The goal is to
review a recent joint work with Arnaud Guillin (Université Clermont-Auvergne) and Pierre Monmarché
(Sorbonne Université) published in Journal de I’Ecole polytechnique - Mathématiques (2023) [GLM23].

Consider a one dimensional /V-particle system in singular repulsive mean field interaction. The main
motivating example is the (generalized) Dyson Brownian motion which holds importance in Random
Matrix Theory. We wish to show the convergence, as IV goes to infinity, of the empirical distribution of
the system towards the solution of a non linear PDE.

We describe a method that relies only on the well posedness of the system of particles and which
provides a quantitative (and in some cases uniform in time) result. 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. 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 is an almost surely
constant random variable which we then identify. This method requires in particular no study of the non
linear limit.
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1 Introduction

1.1 On propagation of chaos

Consider a system of NV interacting particles described by the following system of Stochastic Differential
Equations (SDEs)

N
. 1 ; ; ;
ax; = = YK - XPM)dt + VoondB], i€ {L,... N}, .0
j=1

*Institut des Hautes Etudes Scientifiques, Université Paris-Saclay, Office 1E9, Le Bois-Marie, 35 route de Chartres, CS 40001,
91893 Bures-sur-Yvette, France.
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Each particle is represented by a quantity X € R%, most likely its position, where X Z N denotes the position
at time ¢ of the i-th particle. K is a function (which we will call an interaction kernel), o is a diffusion
coefficient that may or may not depend on the total number of particles, and (B?); are independent Brownian
motions. We assume that the system is exchangeable, meaning that the joint law of the particles is invariant
by permutation of indices.

The main question we try and address is: what happens when [V, the total number of particles, goes to
infinity?

This is a classical problem in Statistical Physics which concerns itself with understanding how one can
go from a microscopic description of a system of particles, i.e. write the dynamics of each individual particle
such as in (1.1), to a mesoscopic description, i.e. an evolution equation for the statistical distribution of
particles. The aim is to reduce the study of a (very) large system to the study of a single object.

In doing so, we lose some information. In particular, the mesoscopic description gives the probability
distribution of one particle in the system, but we do not know a priori the joint law of two or more particles,
i.e. the correlations in the system.

The answer to this problem lies in a phenomenon named propagation of chaos by Kac [Kac56] (and then
generalized by McKean [McK66]) which states that, as N grows, two given particles become "more and
more" statistically independent. This can be intuitively understood by noticing that two given particles only
act on each other via a force of order % In fact, let’s rewrite the SDE system (1.1) in a way that emphasizes
the fact that particles only see each other through their common law. Denoting pf¥ := % ZZ]\L 10 X0V the
empirical measure, we may see that (1.1) is equivalent to

dX;N = K« pY (XN)dt + 20N dB;,

where * denotes the convolution operation: K x p(z) = [ K(z — y)u(dy). If the particles are indeed
expected to become independent in the limit N — oo, as well as identically distributed (since they are
exchangeable), we can guess that via some form of law of large numbers 1" will converge to a measure p,
the law of a typical particle in the limit. Hence, very formally, a natural candidate for limit SDE
dXt = K % ,(_)t(Xt)dt + v20dB;,
‘ Y (1.2)
pr = Law(X}),
where ¢ = lim oy. This non linear SDE is said to be of McKean-Vlasov type because of the non linearity
induced by the interaction with its own law. We may also consider its related Fokker-Planck equation

Opr(x) = =V - ((K * pr(2))p()) + o Apy(z). (1.3)

To come back to the initial motivation, (1.1) would thus be the microscopic point of view, while (1.3) would
be the mesoscopic point of view.

Let us denote pf N = Law (th N ,th ’N) the joint law of the subset of the first £ particles of the N

particle system (with the convention p}¥ = piv ’N) and ﬁ,‘?k = p ® -+ ® p; the non linear limit law p;
tensorized k times.

Goal. Our main objective is to show a result of the form:
Propagation of chaos:

Yk € N lim p5™ = p5% = vt >0, lim g™ = pP*
ey, N Po Po =Y JH Py Pt

Notice that this property yields "independence at the limit", as the joint law converges towards a tensorized
law. The chaos aspect of this property obviously refers to the independence, while the propagation alludes
to the fact that it will be sufficient to prove this convergence as /N goes to infinity at time ¢ = 0 for it to also
hold at later times ¢.
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Exp. n® XI— Uniform in time mean field limits for 1D Riesz gases

Equivalently, for an exchangeable system of particles, we may show
Mean field limit:

lim Mé\f =po = Vt>0, lim ,uiv = D¢
N—o0 N—oo
We do not at this stage specify the types of convergence.

Focuses. Given these objectives, we also focus on a few sub-goals.

First, we wish to obtain a quantitative convergence. Indeed, we always see one model as an approxima-
tion of the other. Either, as it was the historical motivation, we want to boil down (1.1) to the study of (1.3),
or, on the contrary, we already have a non linear equation similar to (1.3) which we want, for instance, to
numerically simulate and thus use (1.1) as a model which can be easily simulated via an Euler-Maruyama
scheme. In both cases, we wish to quantify the error made in the approximation.

Secondly, notice how we only mention a convergence as N — oo for each fixed time ¢t > 0. If one
wishes to study the stationary distribution of one model using the other, we need to be able to exchange
the limits in ¢ and in N. Hence we look for uniform in time propagation of chaos, i.e convergence in [NV
independent of £.

Finally, the case of singular kernel K holds importance because of the number of applications and links
with other research areas. Consider in dimensions d the kernel K (x) = MVg (z) where M is a constant
d x d matrix either antisymmetric (in which case we speak of a conservative system) or Ml = +£I (dissipative,
and resp. attractive or repulsive interactions), and assume there is s € [0, d[ such that

[ —log|z|, ifs=0,
9(z) = { e if s > 0.

Here, we speak of singularity since |K ()| T oo These type of interactions are often referred to as
z|—=0

Riesz interactions and have attracted a lot of attention recently. The specific case of s = d — 2 is known as
the Coulomb interaction. We refer to [CD22a, JW17, BJW19], and more specifically to the recent review
[Lew22] and references therein, but to name a few cases of interest :

e d>2s=d—2,M = TIyields an approximation of the second-order Newtonian dynamics,

e d=1,s = 0,M = —TI has links to random matrix theory (we refer to the classical book [AGZ10]).
This model will be the main concern of this note,

0 -1
10

d=2,s=0,M = ( ) corresponds to the 2D vortex model (see [JW18]),

e d=2,5=0,M = —I for the Ginzburg-Landau vortices (see for instance [SS12, Ser15]),
* d=2,5s=0,M = I corresponds to the Patlak-Keller-Segel model for chemotaxis in biology (see for
instance [BJW19]).

1.2 The Dyson Brownian Motion

We simplify the problem and now wonder what we can do in dimension 1. As mentioned above, there exists
a case of interest for 1D Riesz gases known as the (generalized) Dyson Brownian motion

WN 20 i,N 1 1
dxN = ,/Nng = AXPdt o g Wdt. (1.4)
JF



PIERRE LE BRIS

The dynamics above are satisfied, for A = 0, by the eigenvalues of an N x N symmetric matrix valued
Brownian motion, as observed by Dyson in 1962 [Dys62]. For A > 0, it correspond to the eigenvalues of an
N x N symmetric matrix valued Ornstein-Uhlenbeck process [Cha92].

Let us in fact give a short and informal justification of this claim which comes from the course at College
de France by Lions [Li022], the rigorous proof can be found in [AGZ10].

Consider the matrix

vawH w2 wY
DN _ 1 Wt2,1 \/§th’2 th,N
LT N
WtN,l WtN,z . \/QWtN,N

where the W% are one dimensional Brownian motions, W/ = W7 for all j # i and all Brownian motions
are independent (up to the symmetricity assumption). To compute the time evolution of its eigenvalues, we
do a Taylor expansion and write for a time increment h

b
VN

where AWH = Wt2+]h — Wt” (with a multiplicative constant if i = j). We diagonalize D;¥ thanks to

an orthogonal matrix O, denoting A\},..., \Y its eigenvalues. One can check that the law of the matrix

DLy =Dy + —= (AW™Y),

2,5

(Aw"7). ; is invariant by multiplication by an orthogonal matrix, so there exists a matrix (AW‘U ) ~ with
’ 17]

the same law as (AWi’j)Z. ; such that

A0 ... 0
0 AN ... 0 1 gy
OTDN,0 = t 4 <AW1J)
t+h o \/N irj
0 0 ... AN
Because OTDﬁF 5, O has the same eigenvalues as Di\_{_ »» We solve for X
X =\ 0 e 0
_\2 1 o
det 0 X=X ... 0 _ (AW”) —0
cu VN irj
0 0 X =AY

We expand the determinant and, just as one would do when proving Itd’s formula based on a Taylor expan-
sion, we keep the terms of order AW/ as Brownian increment, replace those of order (AW?/)?2 by the time
increment h, and discard the next order terms since they are negligible. The expansion of the determinant
yields

N N
4 2 ... 1 - 1 . . 2 .
IT{x-xi- [AWM) - Y =AW AW ] (X V- MAW“)
i=1 ( N El=1,k<l VN VN J#k N
+0 (h3/2> —0,
and thus, using the symmetry assumption and discarding the higher order terms,

N 2 — : 2
H(X_A;_\/;Aww)_]v S I <X—Ag—\/;AWJ»J‘):0.

i=1 kl=1k<lj£k,l
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Let us now look for X the first eigenvalue of Dﬁrh, which we denote )\% > and write )\tl ih = M+ pt+

V2/N AW, for some p! which we can see is of order h. Then, separating the case k = 1 from the rest,
we get

N
A 2 . o
1 1 1 \J il L1 _ 35
I H(M A=A [ (AW - A ))
N
_h IV | S E(AWLI_AWJ‘J)
N K H t t N

k=2  j£lkl
h & 2
1 1 J 1,1 AT G
+ NZ AH (u A =M AW AW”)) :
1=2 j#1,l
and, again simplifying the term of order greater than h (observe that ! is of order h), we get
N ' P ‘
ST (=) = 55 1T ().
j=2 1=2 j#1,l

. 1 _ ﬁ N 1 .
lep =523 s N We thus obtain

N
1 _ 1, h 1 2 =11 1
)‘t+h—At+NZ ) Wi = W),
=2

ol YN
hence the aforementioned dynamics.

1.3 Short review of methods

We thus now try and look for a method which would allow us to deal with a singular kernel and a vanishing
diffusion. We start by mentioning some classical methods of proof. The goal is not to do an exhaustive review
and the choice of methods we mention in what follows is motivated by the various comparisons we might
wish to do, and many results from this very active field of research are unfortunately left out. We instead
refer to the classical courses [Szn91, Mé196], and to the more recent reviews [JW17] and [CD22a, CD22b].

Coupling methods. Historically, one of the first tool used to show propagation of chaos is a probabilistic
tool, as used by McKean (see for instance [McK66]) and then popularized by Sznitman [Szn91],
known as a coupling method. It comes from the idea that a natural distance between probability
measures is the Wasserstein distance, strongly linked to the theory of optimal transport, and is based
on Dobrushin’s inequality in the deterministic case [Dob79]. The goal is to simultaneously construct
a solution of (1.1) and N independent copies of (1.2) (i.e constructing the Brownian motions). The
distance between these two solutions will yield an upper bound on the Wasserstein distance. Recently,
one of the biggest advance consists in the reflection coupling [Ebe16].

To the best of our knowledge, such methods still fail in dealing with singular kernels K. So far,
they may only deal with Lipschitz continuous interactions, or possibly discontinuous but bounded
interactions.

Furthermore, in the case of the Dyson Brownian motion, there should not be any Brownian motion in
the limit (1.2) (adapted to (1.4),i.e K(x) = 1/z and o = 0).

Hence, we do not hope to be able to use such a method.
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PDE approach. Using tools from PDE analysis, and functional inequalities, in order to show convergence
of pl¥ towards ﬁ?N , recent progress have been made using a modulated energy [Ser18, Ser20, RS23],
by considering the relative entropy of p}¥ with respect to ﬁfz)N [JW18] or by combining these two
quantities into a modulated free energy [BJW19]. These quantities have proven useful in showing
propagation of chaos for systems of particles in singular interaction by making full use of the regularity
of (1.2). Notice however that, in our case, there would not be any Laplacian term (1.3), which would
typically be the main regularizing term for the solution. The study of the non linear limit (1.3) can
however still be done, see [BDLL22], but we want to avoid this direction.

Compactness/Tightness. 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 (1.2) (again, adapted to (1.4)), and proving the
uniqueness of the solution of (1.2). This has been for instance done for singular interaction kernels,
in the specific case of (1.4) [RS93, CL97]. This method, however, does not provide quantitative
convergence rates.

Large deviations principles. Finally, let us briefly mention some results on large deviations (LDP), which
are particularly sought-after, especially in the case of large random matrices. Pathwise propagation
of chaos and LDP for the empirical measures in a regular case are obtained in the pioneering article
[BAB90] based on a Girsanov’s transform and Varadhan’s lemma. Then, large deviations have been
obtained in the specific case of the Dyson Brownian motion (see for instance [Fon04, Gui0O4]). To the
best of our knowledge, apart from these results, establishing LDPs for general singular drifts remains
an open problem. Let us however mention the recent [HHMT24] which deals with a general class of
interaction (without, however, reaching the same singularity as the Dyson Brownian motion).

2 The approach

We consider, in a slightly more general setting, the 1D N-particle system in mean field interaction
A ‘ A 1 A .
dX"N = \2ondB! — U (XN )dt — ¥ S VXN = XY, 2.1)
JF
where
* the (B?); are independent Brownian motion,

o O'NN—>O,
— 00

* U is "nice" (think of U’ lipschitz continuous, or U convex, or even U’ (z) = Az),
* there exists « € [1,2[, such that for all z € R*, V'(z) = —x/|z|*"L.
We wish to prove the following result in Wasserstein-2 distance (denoted W5).

Theorem 1. Consider a sequence of initial empirical measures (uév )N>1 such that there exists py € P2(R)
such that limy_,o E (Wa(ud), po)?) = 0. Assuming U'(z) = Az, o € [1,2[and oy < 1/N if o = 1, there
exist a deterministic family of measures (p;)i>0 € C(R*, P2(R)), as well as universal constants C1,C > 0
and a quantity C'(])V > 0 that depends on the initial condition and such that C(])V — 0as N — oo, such that
forall N > 1andallt >0

&

N - —2M AN
E (Wa(ut', pi)?) < e 2MCp t Nye—aya T C20N-
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In particular, notice that we require the diffusion coefficient o to go to 0 in order to obtain the conver-
gence of the empirical measure.

Remark 2.1. This is a quantitative result and the constants C1, Cy above are explicit and independent of N
and t.

Furthermore, this is a uniform in time control thanks to the nonpositive power of the exponential e~
In fact, we obtain a slightly better result: we obtain generation of chaos. Indeed we do not require the
convergence of Cév (which is the term which depends on the initial condition) since, for t large enough, it
becomes negligible.

At

Remark 2.2. At this stage, we do not require a priori any property on p;. We in fact prove its existence as
the (deterministic) limit of the empirical measures, and only then obtain the PDE is should satisfy.

2.1 Well posedness of the particle system

We have the following result

Lemma 2.1. Consider N > 2, and —co < x1 < --- < xn < 0Q.

o Ifa > 1, for any o > 0, there exists a unique strong solution X = (X', ..., X") to the stochastic
differential equation (2.1) with initial condition X& =T1,..., Xév = x N, which furthermore satisfies
—c0 < X} << XN < ocforallt >0, P-as.

o The same result holds for « = 1 and oy < 1/N.

Notice that the fact that the problem is one-dimensional and that the interaction is “sufficiently” repulsive
implies that the particle stay ordered. This will be an important property we rely on.

Sketch of the proof. The idea is to consider the "energy" H(z1,...,2N) = 5k >iz; V(i — ;) and

show that this quantity does not (on average) increase along the flow of (X}, ..., X}¥);. This will en-
sure that there are a.s. no collisions between particles. Using 1t6’s formula to compute the time evolution of
H(X},...,X}N), we see that there is a competition between two terms:

A N2
* the term — ), (% > VI(XG - X7 )> , coming from the drift (2.1) which tends to decrease the
energy,

cand FF 0,50V (X — X7), coming from the Brownian motion which, in this case, may cause
the particles to collide.

Hence, when formally comparing the order of magnitude of these two terms, we end up trying to control
TV (x) ~ UWNW%H by — = (V'(2))? ~ %w% This can always be done if 2o > a + 1liea > 1.
If & = 1 we need to be careful with the constants, which is what yields the condition oy < 1/N. OJ

2.2 Cauchy-type estimate and conclusion

The proof of mean-field limit relies on a Cauchy-type control that we state below. We only write the simpli-
fied case a = 1 for the sake of conciseness.

Lemma 2.2. Let (1) yen be any sequence of independent empirical measures, such that i}y is the empiri-
cal measure of the N particle system at time t. For o = 1, U'(z) = A\x and oy = 0 /N, there exists C such
that we have for allt > 0 and all N, M > 1

E (W2 (MiNyﬂiV[f) < e MR <W2 (Mévvﬂé/[)z) + ¢

NAM

2.2)
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Remark 2.3. The same result (2.2) holds:
o for a € [1,2[, but with rate C/(N A M)2=®)/e,

e for U'(z) = 0 or U’ only Lipschitz continuous, though no longer uniform in time (i.e., the constant C
may depend on t),

e for E(supse[o’t] Wy (uév, ué”)Q), though, again, no longer uniform in time.

A priori, Lemma 2.2 only ensures the convergence of the law of the empirical measure and not of the
empirical measure itself. However, using the independence, Lemma 2.2 in fact yields the existence of a
(deterministic) p; such that

E (Wa(uy', pt)?) — 0,

with the same rate of convergence, which satisfies, for all f sufficiently regular and all ¢ > 0,
¢
[ 1@ntin) = [ s@mi@n - [ [ F@u@pas
1 [ fl@)=f)e—y)
sy [ [ IO, gy ayis.
0 {z#y}

‘J} _ y‘a+1

In particular, we do not rely on the study of the limit PDE, and only identify it after the proof of convergence.
Hence how we obtain uniform in time mean-field limit for 1D Riesz gases.

2.3 Proof of the Cauchy-type estimate

We now, in this last section, present the proof of Lemma 2.2.

The starting point is that, in dimension one, the optimal coupling in Wasserstein-2 distance between two
sets of points is known. Indeed, let z; < --- < zy and y; < --- < yn be two (ordered) sets of points which
define the empirical measures u~ = 3 SN 6y, and pY = + SV | 6, then

N
1
Wy (X, ¥ )2 = N > |z — il
=1

In our case, for N, M > 1, to define ;! and pilY, let (B%);cq1, ary and (B7)jeq1. . vy be two inde-
pendent families of Brownian motions, and consider 1 < --- < zps and y; < --- < yn two sets of initial
conditions. Denote by (Xi’M)ie{17...,M} (resp. (f/j’N)je{Lu_,N}) the unique strong solution of (2.1) with ini-
tial conditions z; < --- < zj; and Brownian motions (B*);c (1,...,p) (resp. initial conditions y; < - -+ < yn
and Brownian motions (B/J)je{l,...,N})-

In order to compare the two sets (Xi’M)ie{l,...,M} and (?j’N)je{17._.7M} despite the difference in the
number of particles, we consider N exact copies of the system (X “M )ie{l,..., Mmy» and M exact copies of
(Y7N)ieq1,.ny. Wedenote (X%);cq1, nary and (Y%)ieqr, vary the resulting processes, numbered such
that for all ¢ > 0

oo <Xl == XN <« xNMEDHL L XNV
oo <Yl == VM < < YMWEDT YN

Thus

1 M 1 NM 1 N 1NM
M_ Gi,M = ———r i N_—_— i, N = ——— i
A T e SN e T e
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and
2 1 D 12
Wa (1, 12") :WZ‘XZ—YH :
i=1

By convention, and for the sake of clarity, we assume V'(0) = 0.
. . . . . 2 .
We can now, using Itd’s formula, explicitly compute the time evolution of W, (M{V  uM ) . Direct calcu-

lations yield

a (W (i 1)) == 200, (¥, ") dt + 20 (;] + ]\14> dt + dM,

2 . . o i L i
—WW;(XE—W);<V(XZ—Xt)—V(YtZ—Yt))dt, (2.3)
where M, is a martingale which will disappear when considering the expectation. The first term is the
one which will yield the exponential term with negative exponent when using Gronwall’s lemma, and the
second comes from the diffusion via Itd’s term (and it is to deal with this term that we require the diffusion
coefficient o to vanish to 0). Finally, let us consider this last term. We have

> -Y) Y (Vs - X)) - v - v9))

? J

= (v'(Xz —X{) - V(Y - Yt’d) ((Xf -Y) - (th - Ytj»

i>j
> (vt — 3 - v ) (- x0) - (3¢ -77).
1>7
Here, notice that we obtain summands of the form (V'(z) — V'(y))(z — y). Since V'(x) = —1/z is an

increasing function for positive x, it turns out that whenever X; > X/ and Y > Y/, the summand is
actually positive. So it only remains to control the cases in which X} = X7 or Y} =Y/

> (X =v) Y (Vi - x) - v - v9))

i j
> Y vig-x)(xi-x) Y vieR-v) (Y -YY)
i>jstYi=Y/ i>j st Xi=X]

D R D
i>jstYi=Y; i>j st Xi=X]
MM -1 N(N -1

_ MO, NNy,

In summary, since we consider ordered sets of points, most summands disappear and we only have to count
the number of repetitions. Hence, plugging this back into (2.3), taking the expectation and using Gronwall’s
lemma, we obtain the desired result

E (W2 (Mgvjugw)?) < e ME (Wz (uévauéw)z) +

Remark 2.4. For a € [1,2], we need to control quantities of the form

C
NAM’

t
1
E /Z iN 'Na‘lds ’
0 i XN - xd
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which can be done separately and are typically the type of quantities that are considered when proving
tightness of the empirical measures.

Remark 2.5. This is thus quite a quick proof. However, we do not expect this method to work in other
settings. It relies heavily on the geometry of the problem (the dimension one implies repulsive convex inter-
action, the particle stay in order, etc) and the fact that the noise disappears.

Acknowledgments

I would like to thank Arnaud Guillin and Pierre Monmarché, my PhD supervisors, for our collaboration on
the original article and for their support over the past few years.

This work has been (partially) supported by the Project EFI ANR-17-CE40-0030 of the French National
Research Agency.

I would also like to thank organizers of the Séminaire Laurent Schwartz for the kind invitation to present
this work.

References
[AGZ10] Greg W. Anderson, Alice Guionnet, and Ofer Zeitouni. An introduction to random matrices, volume 118
of Cambridge Studies in Advanced Mathematics. Cambridge University Press, Cambridge, 2010.

[BAB90]  Gérard Ben Arous and Marc Brunaud. Méthode de Laplace: étude variationnelle des fluctuations de
diffusions de type “champ moyen”. Stochastics Stochastics Rep., 31(1-4):79-144, 1990.

[BDLL22] Charles Bertucci, Mérouane Debbah, Jean-Michel Lasry, and Pierre-Louis Lions. A spectral dominance
approach to large random matrices. J. Math. Pures Appl. (9), 164:27-56, 2022.

[BJW19] Didier Bresch, Pierre-Emmanuel Jabin, and Zhenfu Wang. On mean-field limits and quantitative estimates
with a large class of singular kernels: application to the Patlak-Keller-Segel model. C. R. Math. Acad. Sci.
Paris, 357(9):708-720, 2019.

[CD22a]  Louis-Pierre Chaintron and Antoine Diez. Propagation of chaos: a review of models, methods and appli-
cations. I. Models and methods. Kinet. Relat. Models, 15(6):895-1015, 2022.

[CD22b]  Louis-Pierre Chaintron and Antoine Diez. Propagation of chaos: a review of models, methods and appli-
cations. II. Applications. Kinet. Relat. Models, 15(6):1017-1173, 2022.

[Cha92] Terence Chan. The Wigner semi-circle law and eigenvalues of matrix-valued diffusions. Probab. Theory
Related Fields, 93(2):249-272, 1992.

[CL97] Emmanuel Cépa and Dominique Lépingle. Diffusing particles with electrostatic repulsion. Probab. The-
ory Related Fields, 107(4):429-449, 1997.

[Dob79] Roland L. Dobrusin. Vlasov equations. Funktsional. Anal. i Prilozhen., 13(2):48-58, 96, 1979.

[Dys62] Freeman J. Dyson. A Brownian-motion model for the eigenvalues of a random matrix. J. Mathematical
Phys., 3:1191-1198, 1962.

[Ebel6] Andreas Eberle. Reflection couplings and contraction rates for diffusions. Probab. Theory Related Fields,
166(3-4):851-886, 2016.

[Fon04] Joaquin Fontbona. Uniqueness for a weak nonlinear evolution equation and large deviations for diffusing
particles with electrostatic repulsion. Stochastic Process. Appl., 112(1):119-144, 2004.

[GLM23] Arnaud Guillin, Pierre Le Bris, and Pierre Monmarché. On systems of particles in singular repulsive
interaction in dimension one: log and Riesz gas. J. Ec. polytech. Math., 10:867-916, 2023.

[Gui04] Alice Guionnet. Large deviations and stochastic calculus for large random matrices. Probab. Surv., 1:72—
172, 2004.

XI-10



Exp. n® XI— Uniform in time mean field limits for 1D Riesz gases

[HHMT?24] Jasper Hoeksema, Thomas Holding, Mario Maurelli, and Oliver Tse. Large deviations for singularly

[JW17]

[JW18]

[Kac56]

[Lew22]

[Lio22]

[McK66]

[ME196]

[RS93]

[RS23]

[Ser15]

[Ser18]

[Ser20]

[SS12]

[Szn91]

interacting diffusions. Ann. Inst. Henri Poincaré Probab. Stat., 60(1):492-548, 2024.

Pierre-Emmanuel Jabin and Zhenfu Wang. Mean field limit for stochastic particle systems. In Active
particles. Vol. 1. Advances in theory, models, and applications, Model. Simul. Sci. Eng. Technol., pages
379-402. Birkhduser/Springer, Cham, 2017.

Pierre-Emmanuel Jabin and Zhenfu Wang. Quantitative estimates of propagation of chaos for stochastic
systems with W =1 kernels. Invent. Math., 214(1):523-591, 2018.

Mark Kac. Foundations of kinetic theory. In Proceedings of the Third Berkeley Symposium on Math-
ematical Statistics and Probability, 1954—1955, vol. III, pages 171-197. University of California Press,
Berkeley-Los Angeles, Calif., 1956.

Mathieu Lewin. Coulomb and Riesz gases: the known and the unknown. J. Math. Phys., 63(6):Paper No.
061101, 77, 2022.

Pierre-Louis Lions. Matrices aléatoires de grande taille et edp, 2022. matrices-aleatoires-de-
grande-taille-et-edp-2.

Henry P. McKean, Jr. A class of Markov processes associated with nonlinear parabolic equations. Proc.
Nat. Acad. Sci. U.S.A., 56:1907-1911, 1966.

Sylvie Méléard. Asymptotic behaviour of some interacting particle systems; McKean-Vlasov and Boltz-
mann models. In Probabilistic models for nonlinear partial differential equations (Montecatini Terme,
1995), volume 1627 of Lecture Notes in Math., pages 42-95. Springer, Berlin, 1996.

Leonard C. G. Rogers and Zhan Shi. Interacting Brownian particles and the Wigner law. Probab. Theory
Related Fields, 95(4):555-570, 1993.

Matthew Rosenzweig and Sylvia Serfaty. Global-in-time mean-field convergence for singular Riesz-type
diffusive flows. Ann. Appl. Probab., 33(2):754-798, 2023.

Sylvia Serfaty. Coulomb gases and Ginzburg-Landau vortices. Zurich Lectures in Advanced Mathematics.
European Mathematical Society (EMS), Ziirich, 2015.

Sylvia Serfaty. Systems of points with Coulomb interactions. In Proceedings of the International Congress
of Mathematicians—Rio de Janeiro 2018. Vol. 1. Plenary lectures, pages 935-977. World Sci. Publ.,
Hackensack, NJ, 2018.

Sylvia Serfaty. Mean field limit for Coulomb-type flows. Duke Math. J., 169(15):2887-2935, 2020. With
an appendix by Mitia Duerinckx and Serfaty.

Etienne Sandier and Sylvia Serfaty. From the Ginzburg-Landau model to vortex lattice problems. Comm.
Math. Phys., 313(3):635-743, 2012.

Alain-Sol Sznitman. Topics in propagation of chaos. In Ecole d’Eté de Probabilités de Saint-Flour
XIX—1989, volume 1464 of Lecture Notes in Math., pages 165-251. Springer, Berlin, 1991.

XI-11



