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Abstract

In this thesis, we explore mean-field limit theory, focusing on the derivation of non-
linear (stochastic) partial differential equations from large systems of interacting stochastic
particles. Our goal is to provide a rigorous description of complex interacting systems through
their density functions as the number of particles becomes large. A process also known as
“propagation of chaos”.

We investigate systems with idiosyncratic noise and those influenced by idiosyncratic and
common noise, the latter being particularly relevant in fields like biology and finance. For both
types of systems, we demonstrate mean-field limit results, emphasizing the unique challenges
and differences in the techniques applicable to each setting. Our primary aim is to handle
interaction kernels with low regularity, extending beyond the classical Lipschitz theory..

In the absence of common noise, we focus on moderately interacting particle systems. We
illustrate how to combine and extend various techniques such as convergence in probability, the
relative entropy method, and the modulated energy method for singular interaction kernels.
This includes applications to attractive Keller—Segel models, opinion dynamics, and general
sub-Coulomb type kernels. Additionally, we establish well-posedness results for the underlying
diffusion-aggregation equations and stochastic differential equations.

When considering systems with common noise, we achieve new well-posedness results
for conditional McKean—Vlasov stochastic differential equations by solving the associated
stochastic partial differential equations and employing a dual argument. Furthermore, we
derive explicit bounds on the relative entropy between the conditional Liouville equation
and the stochastic Fokker-Planck equation with a bounded and square-integrable interaction
kernel. This extends well-known relative entropy results to the setting of common noise,
providing a novel conditional propagation of chaos result.

Our quantitative findings can serve as a foundation for further analysis of the effects of
common noise on interacting particle systems and their fluctuations. This work not only
advances theoretical understanding but also offers practical insights into the behavior of
complex systems under stochastic influence.
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Zusammenfassung

In dieser Dissertation erforschen wir den sogennanten “mean-field limit”, wobei der Schw-
erpunkt auf der Herleitung nichtlinearer (stochastischer) partieller Differentialgleichungen aus
stochastischen Interaktionsmodellen liegt. Unser Ziel ist es, dass wenn die Anzahl der Teilchen
im Interaktionmodell gro wird, dieses riguros durch eine Dichtefunktion zu beschreiben.
Dieser Prozess wird auch “propagation of chaos” genannt.

Wir untersuchen sowohl Systeme mit idiosynkratischem Rauschen als auch solche, die
zusétzlich durch ein gemeinsames Rauschen beeinflusst werden, wobei letzteres besonders in
Bereichen wie der Biologie und Finanzen relevant ist. Fiir beide Arten von Systemen unter-
suchen wir Grenzwertverhalten im Falle steigender Anzahl an Partikel, wobei wir die Heraus-
forderungen und Unterschiede in den Techniken fiir die unterschiedlichen Félle hervorheben
und vergeleichen. Unser primares Ziel ist es, mit Interaktionen niedriger Regularitdt umzuge-
hen, die iiber die klassische Lipschitz-Theorie hinausgehen.

Dabei konzentrieren wir uns in Abwesenheit vom gemeinsamen Rauchen auf das moderate
Regime. Wir veranschaulichen, wie verschiedene Konzepte wie die Konvergenz in Wahrschein-
lichkeit, die Methode der relativen Entropie und die modulierte Energiemethode fiir singulére
Interaktionen kombiniert und erweitert werden konnen. Dies umfasst Anwendungen auf at-
traktive Keller-Segel-Modelle, Meinungsdynamiken und allgemeine Sub-Coulomb Interaktio-
nen. Zusatzlich stellen wir Ergebnisse zur Existenz und Eindeutigkeit der zugrunde liegenden
Diffusions-Aggregations-Gleichungen und stochastischen Differentialgleichungen auf.

Beim Betrachten von Systemen mit gemeinsamem Rauschen erzielen wir neue Ergebnisse
zur Existenz und Eindeutigkeit fiir bedingte stochastische McKean-Vlasov Differentialgle-
ichungen, indem wir die zugehorigen stochastischen partiellen Differentialgleichungen losen
und ein duales Argument verwenden. Dariiber hinaus leiten wir explizite Schranken fiir die
relative Entropie zwischen der bedingten Liouville Gleichung und der stochastischen Fokker—
Planck Gleichung mit einem beschrankten und quadratisch integrierbaren Interaktionskern
ab. Dieses Abschatzung erweitert bekannte relative Entropie Ergebnisse auf das Setting des
gemeinsamen Rauschens und liefert ein neuartiges bedingtes “propagation of chaos” Resultat.

Unsere quantitativen Ergebnisse kénnen als Grundlage fiir weitere Analysen vom gemein-
samem Rauschen auf interagierende Teilchensysteme und deren Fluktuationen dienen. Diese
Dissertation fordert nicht nur das theoretische Verstdndnis, sondern bietet auch praktische
Einblicke in das Verhalten komplexer Systeme unter stochastischem Einfluss.
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Chapter 1
Introduction

In the 19th century, Boltzman [Bol70] proposed the idea of “Stosszahlensatz” or molecular
chaos, to elucidate how his famous kinetic equation could be derived from a particle system
governed by Newton’s laws of dynamics. During this process, he introduced a decreasing
quantity, directly linked to thermodynamic entropy in the equilibrium state, suggesting that
the solution drives towards Maxwell’s equilibrium [Max67]. However, the mathematical tools
to rigorously derive Boltzmann equation from interacting particle systems were not yet devel-
oped. Initially, significant contributions to this field came from physicists such as Jeans [Jeal5]
and Vlasov [Vla38]. This underscored the need for an axiomatic mathematical framework, a
concept famously advocated by David Hilbert at the International Congress of Mathematics
in Paris in 1900. It was not until the 1950s that mathematicians such as Kac and McKean
embarked on a concerted effort to formalize the concept molecular chaos. Inspired by Boltz-
man’s work, Kac [Kac56] introduced the idea that for time-evolving systems, chaos should be
propagated in time. Following Kac’s pioneering work, McKean [McKG67] extended the concept
of chaos introduced by Kac, broadening its applicability beyond Boltzmann’s kinetic theory
to include various classical equations in kinetic theory as well as diffusion equations.

One of the most significant contributions of McKean and Kac was the establishment of
a comprehensive mathematical framework to analyze the limiting behaviour of interacting
particles. Their approach integrated deterministic and probabilistic methods, involving a
large system of particles described by (stochastic) ordinary differential equations. In this
system each particle experiences the influence of all others through a weighted sum over
all interactions mediated by the interaction force k, capturing the microscopic interactions
between gas molecules. Intuitively, as the number of particles N becomes large, which is
reasonable for many systems such as gas molecules, the microscopic viewpoint transitions to
a macroscopic one, described by a density function. This limit procedure, now known as the
mean-field limit or the associated concept of propagation of chaos, captures the emergence of
collective behaviour from individual interactions.

In this thesis we will further contribute to the above concept of propagation of chaos
with respect to a variety of systems. The main goal will be to demonstrate that even if
the interaction k between the particles is non-smooth we can still expect that chaos should
propagate in time.

Given that our initial motivation is derived from kinetic equations, the density function is
expected to satisfy a (stochastic) partial differential equation, allowing us to explore properties
of the macroscopic system such as mass conservation, long-term behaviour, or steady states.
These are properties we cannot easily observe on the microscopic level. Hence, if we can
demonstrate that the microscopic and macroscopic viewpoints are connected, we can make
statements about the system without computing all particle interactions. Instead, we can
analyze the density, significantly reducing computational costs, making this procedure not



2 Introduction

only mathematically interesting but also practically valuable in modern numerics. Here,
the computational costs of computing interactions grow exponentially, making it easier to
simulate the density instead of the interacting particle system by solving the partial differential
equations with efficient numerical schemes.

Hence, it is not surprising that the importance of the connection between microscopic
and macroscopic systems gained significant recognition, motivating researchers to focus on
it. Thus, building upon the groundbreaking works of McKean [McK67] and Kac [Kach6],
Sznitman [Szn91] provided an essential comprehensive survey on propagation of chaos, offering
important applications and results on random measures. This seminal work serves as an
invaluable resource for researchers seeking to explore this topic.

From this point onward, the topic of propagation of chaos grew rapidly, including a
wide array of subjects and applications. These include animal herding or flocking [DCBC06),
TBL06, BCCIIl I[CCHI14, [CCHS19|, swarming models [CETV10], various Cucker—Smale mod-
els [HLO09, [CFRT10, [CZ21], [HZ22], and opinion dynamic models [Lor07, DMPWO09, [GPY17,
Hos20, BPCG24], such as the Hegselmann-Krause model [HK02, RD09, [DR10, WLECI7,
CSDH19]. Other notable applications include chemotaxis [KS70), [Hor04, [HP09, NP23], kinetic
equations [MM13], [CC21], optimal control [ACS23| [AMS23], neuroscience [BFFT12] [LS14],
mean-field games [CDL16L I(CD18| [LZ19, LLE23a], training of neural networks [MS02, MMN18,
SS20], and consensus based optimization |[GPY17, FKR21, [HQ22, [Tot22].

One of the main observations leading to the emergence of new results was tackling the
problem with a “top-to-bottom” approach. As we have seen, mean-field theory combines
stochastic analysis with partial differential equations, famously connected through It6’s and
Feynman—ZKac’s formulas [KS91]. In broad terms, the standard technique nowadays is to
guess the limiting partial differential equation and analyze its properties. As it turns out, in
most cases, these limiting equations exhibit better regularity than the underlying interacting
particle system. Hence, if one can solve the limiting equation with some additional regularity,
it can be used to overcome the difficulties in the interacting particle system and, consequently,
demonstrate propagation of chaos from a “top-to-bottom” approach. This is also the main
approach we are going to follow throughout this thesis.

However, by the superposition principle [BR20], we can identify to each parabolic par-
tial differential equation a stochastic process. Consequently, alongside the limiting density
emerges the McKean—Vlasov process or mean-field limit process. Similar to the law of large
numbers, we expect that for a large number of particles IV, each particle starts behaving like
the McKean—Vlasov process. Therefore, the mean-field limit can be viewed as a dynamic
version of the law of large numbers.

Moreover, we notice the interplay between partial differential equations and stochastic
analysis and how improvements in one area can influence the other. This theme will recur
throughout the thesis, where we will demonstrate results in the context of partial differential
equations that have implications for the stochastic analysis. Basically, in this context, these
two areas can be viewed as sides of the same coin.

Consequently, we will analyze the connection between classic quantities from the theory
of partial differential equations such as relative entropy, Fisher information, modulated en-
ergy, and modulated free energy within the framework of stochastic analysis. The goal is to
demonstrate the connections between these quantities and their implications for mean-field



limits, providing new methods for tackling singular interactions. Along the way, we will es-
tablish well-posedness results for the equations at hand. These results are significant in their
own right and have been extensively studied, such as the well-posedness of McKean—Vlasov
equations [HRW21| RZ21| [GHM22].

Moreover, we introduce another layer of complexity by adding stochastic perturbations,
known as environmental or common noise, to the interacting particle system, affecting all par-
ticles. We will highlight the major differences from the classical work by McKean [McK67],
Kac [Kach6], and Sznitman [Szn91] in this new setting. Moreover, we will transfer the men-
tioned quantities from the deterministic setting of partial differential equations into the sto-
chastic setting, providing innovative approaches to tackle mean-field limits with common
noise.

In the following we aim to recall fundamental concepts of mean-field limits and propaga-
tion of chaos. We start by presenting the historical concepts such as Kac’s chaos and defining
propagation of chaos. Then, we introduce our primary interacting particle system, which is
described by a stochastic differential equation. Next, we will demonstrate some established
results in scenarios where the interaction is sufficiently smooth. Additionally, we will discuss
the effect of common noise on these systems. This introduction will mirror the main results
presented in the upcoming chapters, offering insight into some of the ideas, terminology, and
techniques used in this thesis. Furthermore, we will explain the challenges that arise when
the interaction is non-smooth, highlighting the necessity of our contributions to the field.



4 Introduction

1.1. Notion of chaos

Let us now dive into the various interpretations of chaos. Broadly speaking, propagation
of chaos refers to the property that the convergence of measures within a specific topology at
initial time ¢t = 0 also holds for future times ¢ > 0. Throughout this chapter we will consider
E as a separable metric space. A measure p on the product space E is said to be symmetric
if, for any permutation ¢ : {1,..., N} — {1,..., N} and any measurable sets Aq,..., Ay, the
equality

(AL x o x AN) = p(Ayay X - Ayay))
holds. Furthermore, we write u < v, if u is absolutely continuous with respect to v [Kle20),
Definition 7.30]. We begin by examining interacting particle systems, which are described
by an exchangeable collection of N € N stochastic processes X' = (X},..., X}{¥) for t > 0.
Later on, we will find it convenient to represent the dynamics of such a system, X,{V , through
a system of stochastic differential equations (see Section [L.2).

In studying propagation of chaos, our focus shifts to the behaviour of the sequence
(Xg\’ ,N € N) as N — oo for ¢ > 0. Later, we will explore various quantities associated
with XV in the limit N — oco. For example, for a fixed r > 1 we can examine the law of
the first r particles (X},..., X7) or analyze their associated density. Notably, the law may
converge in the weak topology or within some Wasserstein distance. Additionally, the density
of the r-th marginal can converge almost everywhere or in some LP-space or in some other
topology. Thus, it is not surprising that there exist several notions to describe propagation
of chaos.

1.1.1. Kac’s chaos. In this section, we provide a brief overview of the foundational work on
propagation of chaos by Kac [Kach6] based on the works of Mischler, Mouhot, Hauray [MM13,
HM14]. Recall the original objective of Boltzmann, Kac, and McKean, which aimed to derive
Boltzmann kinetic equations from the collision of gas molecules. Specifically, they tried to
demonstrate that the particle description of a gas, under the assumption of binary collisions,
converges to the spatially homogeneous Boltzmann equation

8tf<t7v>:Q(f7f)(t7v)v ’UGRd, t=>0,

where v denotes the velocity, @ is the collision operator and f is a density function describing
the gas. In his seminal work [Kacb6], Kac established the following result [Kacb6, Basic
Theorem)]:

Consider dimension d = 1 and let ¢ be a symmetric function defined on the sphere S% in
RY| satisfying the Master equation

27
v .
Od(t,v1,...,UN) =N E /go(vl,...,vl-cos(Q)—i—vjsm(e),...,

1<i<j<N
—v;sin(f) +vjcos(d),...,vn) — ¢(t,v1,...,vN)d0,

where ¥ is a constant. Define the r-th contraction of ¢ as

N,y = o(t,v1,...,0N) d"HN_(TH)(er, C iy UN),

/U3+1+"'+”12V:N(”%+‘+”3)
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where (v1,...,vN5) € SN If, at the initial time ¢ = 0 and for r € N the function f satisfies
the Boltzmann property

1 mN 1 LN
Ngnoof <0 b v HNgnoof 0 UZ>

then f satisfies the Boltzmann property for ¢ > 0, i.e.

N—oo

s
r,N _ : 1,N .
lim f™ (¢, vl""’UT)_I |1N1£rclx>f (t,v;).
1=

It is noteworthy that this convergence perspective is rooted in the framework of partial dif-
ferential equations, without employing probability concepts. This is expected, as stochas-
tic analysis was in its infancy during this period, and probabilistic tools like, for instance,
Prokhorov’s theorem had just been developed. Moreover, in contemporary research, the
Boltzmann property has evolved into more modern forms of convergence suited for various
settings. For example, an interacting particle system can be Kac chaotic, Fisher informa-
tion chaotic, or entropy chaotic [HMI14]. These types will be discussed further in subsequent
sections.

1.1.2. Propagation of chaos. To analyze the convergence of an interacting particle sys-
tems X1V, let us introduce the empirical measure. This map is defined from the underlying
probability space (€2, F,P) into the space of measures P(E) on E and is given by

N
N 1
(1.1) pr (W) = N E 5X;’(w)7
i=1

where ¢, is the Dirac measure concentrated at the point x € E. The empirical measure
encodes the state of all particles and exhibits the typical law of large numbers scaling of
N~!. Understanding the convergence properties of this measure is central to the study of
propagation of chaos. Following [Szn91] we also require the concept of f-chaotic.

DEFINITION 1.1. Let f be a measure on some separable metric space E and (fN,N €
N) be a sequence of symmetric probability measures on EV. We say that (fN,N € N) is
f-chaotic, if for any finite number r > 1, and collection of bounded continuous functions
01, or € Cp(E) we have

r

(1.2) lim (¥, 010 @p, @1 @1) =[][(f 0

N—oo -
=1

In its core the property tells us that the r-th marginals of the symmetric probability
measures (f, N € N), which we will denote by f™, converge weakly to the product measure
denoted by f®" and hence becomes statistically independent.

As it turns out Sznitman [Szn91, Proposition 2.2] provides a useful characterization of
the property in Definition in terms of the empirical measure ((1.1)).

PROPOSITION 1.2. Let f be a measure on some separable metric space E and f~N be a
symmetric probability measure on a EN. Then, the following statements are equivalent:

(i) (fN,N €N) is f-chaotic.
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(ii) Condition (1.2) holds for r = 2. Thus, it suffices that the second marginal of fN
converges weakly towards the product measure f ® f.
(i) If XN .= (X1,..., XN) is distributed according to f~, i.e., Law (X*,..., XN) = f~

N

for all N € N, then the associated empirical measure ,uXN = % > dxi converges in
i=1

law towards the deterministic measure f.

We notice that the convergence in law of the measure-valued empirical measure may
not be easy to verify at first glance. Thus, we would like to refer to [Kall7, Chapter 4] for a
complete analysis on convergence of random measures and in particular [Kall7, Theorem 4.11]
for equivalent characterizations. Finally, we are ready to define propagation chaos in terms
of measures being chaotic.

DEFINITION 1.3 (Propagation of chaos for a particle system). Assume that at the time
t = 0 the sequence of joint distributions (féV,N € N) of Xév is fo-chaotic. Then, we say
propagation of chaos holds, if at any time t > 0 the sequence of joint distributions fY of XN
is fi-chaotic.

We contemplate the precise nature of (f;, ¢ > 0) and its characterization. Conceptually, as
the number of particles described by X1 increases, f should represent the density of the entire
system, given it has distribution fy at time ¢ = 0. In the setting of Boltzmann, f solves the
Boltzmann equation with initial distribution fp. In forthcoming discussions, particularly in
Section [1.3] we anticipate that for particle systems governed by classical stochastic differential
equations driven by independent Brownian motions, f solves a partial differential equation of
aggregation-diffusion type. However, this expectation may not universally hold. For instance,
substituting the Brownian motions with fractional Brownian motions [GLM24] retains the
anticipation of propagation of chaos, with f now defined as the law of the limiting McKean—
Vlasov stochastic differential equation (see Section . Additionally, if the system is an
abstract Markov process defined by its generator, one needs to pass to the limit inside the
associated martingale problem. The underlying theme is that we often “guess” the limiting
distribution f.

Subsequently, we have two options at our disposal. We can either pursue a “bottom-
to-top” approach, wherein we demonstrate that the system of interacting particles has a
solution, while simultaneously proving propagation of chaos and the existence of the limiting
object, or we can solve for the limiting object f ex nihilo. The latter approach, known as
the “top-to-bottom” method, exploits the fact that the limiting object often has a better
structure and becomes more regular through bootstrap arguments. Historically, many proofs
have utilized the “bottom-to-top” approach, employing compactness methods or BBGKY
hierarchies [Lan75l [Goll6, [GLM24]. However, it has emerged that the “top-to-bottom” ap-
proach is better suited for irregular kernels [LP17, [JTW18, [Ser20, Lac23|. In this thesis, we
primarily focus on this approach. For more details on particle systems described by stochastic
differential equations, we refer to Section [1.3

1.1.3. Chaos in Wasserstein distance. Because the notion of Kac’s chaos is a non-
quantitative property relying on the weak convergence of measure, many mathematician
prefer to work with the Wasserstein distance [BGG12, [CD18, [CC21) [PD22]. We start by
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defining the Wasserstein distance. Let (d) be the metric of the separable metric space E. For
1 <p<oolet pu,vePP(E). Then, we define the p-Wasserstein distance as

1
p
W)= it ([ awppaea),
mell(v,u) \ JExE

where II(v, u) is the convex non-empty set of all probability measures on E x E such that =
has marginals © and v.

For the convenience of the reader we present some simple but crucial facts about the
Wasserstein distance applied to the Dirac delta measure and the empirical measure. First,
for a point z € F and a measure 1 on E we have the equality

W60 1)P = /E d(z, y)P du(y).

Second, for z;,y; € F we have the inequality

LN R P
il il il )P
Wp<N > ey Z%) < 2 dlwi v,
i=1 =1 =1
where we used the natural coupling
1
m(@,y) = 5 2w
i=1
Hence, if we consider the empirical measure with respect to random variables X!, ..., X" and
Y1, ..., YN, we can estimate the Wasserstein distance with respect to the almost everywhere

average distance of the variables. Moreover, the concept of propagation of chaos can be
naturally extended to incorporate the Wasserstein distance.

DEFINITION 1.4 (Chaos in Wasserstein distance). Letp € N, let (fV, N € N) be a sequence
of symmetric measures on EN such that f~ € P,(EYN), and let f € P(E). The following
three notions of chaos in Wasserstein distance were introduced in [HM14]:

(i) Wasserstein Kac’s chaos: For all v € N and r-the marginal ™ of fV it holds that
lim W,(f~V, f&) =o0.
Ngnoo P(f 9 f )
(ii) Infinite dimensional Wasserstein chaos:
1- N RN =0.
(iii) Wasserstein empirical chaos: Suppose the EN _valued random variable X has dis-
tribution fV. Then,

lim W,(Law (,uXN), df) =0,

N—oo

where W, is a Wasserstein distance on P(P(E)) and ,uXN is the empirical measure
of XN,
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It is well known that convergence in Wasserstein distance implies the weak convergence of
measures [Vil03, Theorem 7.12]. Some advantages of considering the Wasserstein distance is
that explicit rates of convergence can be established with respect to a distance. In applications
one considers often the expected value of Wp(,uf(N , f) and tries to prove that it vanishes in the
limit [FG15) [CD18| [Hua24]. However, we need to guarantee that the measures lie in P,(E)
for p > 1.

1.1.4. Entropy and Fisher information chaotic. In this section, we present another
concept of propagation of chaos by considering the entropy of the system. Let f be a non-
negative measurable function on R? with mass one. We define the entropy by

(1.3) H(f) = y f(x)log(f(x)) dz.
Related to the entropy is the Fisher information, which is given by
V£(@)?
1.4 I(f) := / ———dx.
(14) ) re f(@)

Obviously, we consider only such f such that the integrals on the right-hand side are well-
defined. Notice that for a v € P(R¥) the Fisher information and entropy scale with the
number of particles N. To normalize the effect, we introduce the normalized versions of the
above quantities

1 1
IN(fNYY = =1(fN Ny = — N
N = T Y) AN (YY) = R,
where we integrate over R4 instead of R% in (T.3)), (1.4).
DEFINITION 1.5. Consider f € P(RY) and a sequence (fN,N > 2) of symmetric proba-

bility measures on R such that for some q > 0, the q-th moment My(f) := [ |z|9df\N
of the first marginal fN is uniformly bounded in N. We say that

i) the sequence (fN, N € N) is f-Fisher information chaotic if
Y — f weakly in P(RY), In(fN) = I(f), and I(f) < oo;
ii) the sequence (fN) is f-entropy chaotic if
FON — f weakly in P(RY), Hn (fV) = H(f), and H(f) < oo.

A remarkable result by Hauray and Mischler [HM14, Theorem 1.4] shows that under
certain assumptions all versions of chaotic are related.

THEOREM 1.6. Consider (fV,N € N) a sequence of symmetric probability measures in
P(RNY such that the q-th moment My(f1) is bounded for ¢ > 2, and f € P(RY).
In the list of assertions below, each one implies the assertion which follows:
(i) (fN,N € N) is f-Fisher information chaotic;
(ii) (fN,N € N) is f-Kac’s chaotic and I(fN) is bounded;
(iii) (fN,N € N) is f-entropy chaotic;
(iv) (fN,N € N) is f-Kac’s chaotic.
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At the end of the chapter we want to introduce the very important concept of relative
entropy. In this thesis it will play a crucial role in showing strong convergence of the marginals.
Thus, let E as always be a Polish space and u, v be two probability measures over E.

The relative entropy H(u|v) is defined by

du du
Fiog (SE)dv, <,
(1.5) H(plv) =1 Jp dv Og(du) Yoo RSV

00, otherwise.

Some properties of the relative entropy include that H(u | #) = 0 and the data processing
inequality

H(po f=H [vof™) <H(u|v)

for any measurable function f from E into another measurable space.

Instead of analysing the convergence properties of the entropy, one can compare the
interacting particle system to the limit system in the context of the entropy itself. This
comparison is achieved through the concept of relative entropy, which will be a significant
focus in this thesis. Specifically, we will investigate the relative entropy of the complete joint
distribution fV compared to the distribution of the limiting equation, as well as the relative
entropy of the marginals ™~ compared to the marginal distribution of the limiting equation.
Understanding, the relationship between the entropy of the complete joint distribution and
that of the marginals is clarified by the following lemma [DMMO01, Lemma 3.9].

LEMMA 1.7. Let N be a symmetric probability measure on EN and f € P(E). Then, the
following inequalities hold

(1.6) He(f7N) <2HN () and  H (2N | £O7) < 2N (FV | FEN).

It is also well-known that the relative entropy is connected with the total variation norm
by the Csiszar-Kullback—Pinsker inequality [Vil09, Chapter 22],

(1.7) 1" = 9" ey < V2rHAF7 | 97)-

By combining this inequality with the previous ones, we observe that the convergence of
the normalized relative entropy Hy ( NN ) of the full marginals is sufficient to demon-
strate convergence of the marginals L'. The convergence in the L'-norm, in turn, implies
the weak convergence of the associated measures and thus Kac’s chaos. In the upcoming
Chapters [3| and [5] we explore the explicit evolution of relative entropy for measure flows of
stochastic differential equations with non-vanishing diffusion coefficients in order to demon-
strate the convergence in L.

1.2. First order vs. second order systems

In this section, we distinguish between two classical systems commonly discussed in the
literature, namely first and second order systems of stochastic differential equations. Firstly,
let us delve into first order systems, often interpreted as the small mass limit of Langevin
equations in statistical physics [JW17]. We begin with N indistinguishable particles X}¥ =
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(X},..., X}N) described through the system of stochastic differential equations (SDE’s)

N
(1.8) dX} = % D k(Xi - X])dt+o(t, X])dB] + v(t, X})dW;, i=1,...,N,
j=1

where k represents the interaction force between particles, and o and v denote the diffusion
coefficients. The Brownian motions (B,i € N) are independent, modelling the idiosyncratic
noise, while the Brownian motion W is independent of each B’ and captures the environ-
mental/common noise in the system. The initial condition (X¢,i € N) is always chosen to be
ii.d. (independent and identically distributed) with sufficient regularity and independent of
all Brownian motions. At this moment we already choose sequences (B*,i € N), (X{¢,i € N)
since our primary focus lies on the limit N — oc.

If 0 = v = 0, then the system reduces to a deterministic dynamic. When we remove
the common noise ¥ = 0, we revert to the classical framework of McKean [McK67] and
Sznitman [Szn91]. In this thesis, we explore both variants: one without the common noise
v = 0 and one with common noise v # 0. The inclusion of noise in the model is significant
not just from a mathematical perspective of diffusion, but also from a modeling standpoint.
This is because we cannot anticipate animals, microorganisms, or opinions to interact with
each other or the environment in a deterministic manner.

For fundamental physical principles such as Newton’s laws of motion we also need to
introduce second-order systems. Thus, let (XN, VN) = (X},..., XN, VL,...,V;Y) be the
solution of the second order stochastic differential equation

dX{ = e(t, X{, Vi) dt,

dV} = % Zl (X} — X)) dt +o(t, X}, V) dB) + v(t, Xp, V) dW,
J:

(1.9)

fori=1,...,N. In contrast to the first order system, only the second equation of this system
exhibits the influence of stochastic fluctuations, leading to significant analytical ramifications.
In practical scenarios, simplifications often arise, where we set c(t, X}, V) = V!, and the
diffusion coefficients o, v become constant or even vanish. In the case of vanishing diffusion
coeflicients the system reduces to the classical deterministic Newton dynamic. Conceptually,
the pair (X}, V}!) represents the position X} of a particle at time ¢ as well as its velocity V.
It is worth noting that the domain of (X}, V) remains unbounded, even if the position X}
is bounded or situated on a periodic torus, due to the unbounded nature of the velocity V.
Furthermore, the natural connection to kinetic equations like the Vlasov—Poisson equation or
Boltzmann’s kinetic equation arises as they represent limiting equations of the system .
In this thesis, second-order systems will not be treated in detail. However, we assume that
with minor adjustments, similar results to those presented in the upcoming chapters can be
obtained for second-order systems.

In both cases the regularity of the interaction force kernel plays a crucial role. Therefore,
our primary focus lies on the interaction kernel k£ and how it affects the system, particularly
regarding the concept of propagation of chaos. As an illustration, we will present examples of
interaction kernels and their applications, which are relevant to both first and second-order
systems.

ExXaMPLE 1.8.
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(1)

(2)

(3)

(4)

Aggregation models often feature a potential structure k = —VW outside the di-
agonal, with an additional term V on the diagonal. This results in an stochastic
differential equation of the form

N
dX; = —% > VW(X] - X{)dt — VV(X]) dt + o(t, X}) dB] + v(t, X{) AW,

o
fori=1,...,N. Observe that we removed the self-interaction term from the sum
and instead obtained the additional term VV . These systems have been extensively
studied, see for instance [Mal0ll, BGV07, [(CCHI14|. For second-order models such
as the Cucker—Smale model and the related phenomena like swarming of fish or
flocking of birds, we refer to [CETV10, LLEK10, BCC11, MT11l, [CCH14, [ABCvB14l,
CCHS19, [CZ21].
Alignment models are frequently utilized to simulate phenomena such as the flocking
of birds, schools of fish, and swarms of insects. Pioneering works such as [VCBJT95,
CS07| laid the foundation for this rapidly expanding field, which is evident from the
substantial body of literature [BCCIIL [CCHI4l, [CCHS19, [CZ21]. One of the classical
models in this domain is the Cucker—Smale model [CSOT], defined by the system of
equations:

dX} = Vidt,
dVi = 20 k(X = XDV = Vi) de + o8, XL V) dBY -+ u(t XE V) dWs,
J:
foreachi=1,...,N. Here, the alignment arises in the evolution of the velocity. It

is well-documented that models with sufficiently regular interaction kernels k exhibit
flocking and alignment behaviour. However, such models lie beyond the scope of this
thesis, and interested readers are directed to [HLO09, (CZ21), BHK22| [HZ22] for more
detailed discussions.

Opinion dynamics models, such as the Hegselmann—Krause model or general bounded
confidence models [HK02, [Hos20, [CNP23| BPCG24], explore how opinions spread
within a network through interactions among its agents. These networks are charac-
terized by the bounded interaction force kernel, wherein agents disregard ideas that
lie beyond a certain distance from their own, thus falling outside their confidence
radius.

Interacting particle systems are widely used for optimization across fields such as
economics, physics, finance, and artificial intelligence. Consensus-based optimization
methods are commonly employed, featuring a particle system described by

AX] = ~A(X} — o) H(F(X}) — f(op)) dt + V20 |X{ —vf|dB, i=1,....N,

where \, o are constants and vy is the weighted mean with weight function given by

exp(—af(r)),

N . -1 N . .
o= (L em(-af(x)) Y Xiexp(-af(x))
=1 =1
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The mean-field scaling in this context is embedded within the weight function, and f
is the function we wish to minimize. An extensive body of literature exists on this
topic. For an overview of recent developments, see [Tot22], and for mathematical
analysis of the mean-field limit, we refer to [CCTTI1S8, [FKR21, [HQ22].

(5) One of the most crucial interaction kernels is the Coulomb kernel given by

x
k(z) = +£C(d, 8)W7 z e RY,
where 0 < s < d+ 2, C(d,s) is some constant depending on the dimension d, the
singularity strength s and physical parameters. The sign determines whether the
interaction is repulsive (+) [Ser20, INRS22, [dCRS23] or attractive (—) [BIJW23].
When s = d, the Poisson kernel is recovered. Such kernels are used in Vlasov-
Poisson systems [LP17] to describe electrons or in the field of chemotazis such as
Keller—Segel systems. Obuviously, the difficulty lies in the singularity of the kernel,
which can lead to collisions of particles and the breakdown of solutions [EJ17].
(6) From a fluid dynamics perspective, the Biot-Savart kernel

(—z2,71)

EE $€R2,

k(z) =
is of interest. Consequently, system (L.8|) becomes the vortex model, which is used to

approximate the two-dimensional Navier—Stokes equation in vorticity form [MP82,
Osa87, [FHM14) [JTW18§].

1.3. Categories of noise and interaction kernels

In the upcoming sections, we will explore various settings for the mean-field limit distin-
guished by the nature of noise present and irregularity of the interaction kernels. In each of
these settings we will provide unique insights into the different frameworks and the challenges
they pose, all while considering a simple interaction force except the last subsection, where
we talk about singular kernels. This offers a glimpse into the foundational concepts that will
be further developed and expanded upon in the main part of the thesis. Given that this thesis
is concerned with first-order systems, our analysis in this section will predominantly focus on
them.

1.3.1. Deterministic model. Let us provide a brief overview over the deterministic sce-
nario, corresponding to the case 0 = v = 0 in equation (|1.8]). This yields the system

N
| . .
(1.10) dXZ:NE k(X —X))at, i=1,....,N
j=1

with initial condition X§ = z for some points x{ € R?. In the absence of noise, the effects of
regularization by noise are absent, limiting the solution theory to ordinary differential equa-
tions, which generally exhibit inferior behaviour compared to stochastic differential equations.
Therefore, let us assume k € C'(RY), which implies that k is Lipschitz continuous, thus re-
sulting in a strong solution for system . But what is the mean-field limit of this system?
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We observe that the empirical measure MXN satisfies the following Cauchy problem

{atuf“f + V- (" (kxuE)) = 0,

(1.11) XN

Ht=0 = Mg -

This equation should be interpreted in a distributional sense and can be derived using the
method of characteristics for transport equations. Now, let uch — fo and, for the moment,
assume propagation of chaos holds. Taking the limit N — oo heuristically in equation ,
we observe that the limiting measure f should satisfies the same Cauchy problem but with ini-
tial condition fy, allowing us to describe the dynamics of the limiting measure. Therefore, the
strategy for proving propagation of chaos proceeds as follows: we establish the well-posedness

of the Cauchy problem and a stability estimate in the Wasserstein distance. Combining both,
we obtain the following theorem [Goll6, Theorem 1.4.4].

THEOREM 1.9. Suppose k € C1(RY), antisymmetric and the initial non-negative density
fo € LY(R?) has a first moment bound M (fy) < co. Then the Cauchy problem (T.11))

Ohf + V- (felk= fe)) =0,
fi=0 = fo,
has a unique weak solution fi(-) € L*(RY) NP(R?). Additionally, the stability estimate

Wi 1) < €T sup [Vh)] ) (™ o
zeR

holds, which implies propagation of chaos in the sense of Definition [I.1] and Proposition[1.3

For a literature review on regular kernel k, we refer to the end of the subsequent section, as
most results in the smooth case allow a degeneracy of the diffusion coefficients and, therefore,
are also applicable in the deterministic scenario.

1.3.2. Stochastic differential equations without common noise. In the stochastic
framework without common noise, the stochastic differential equation (1.8) with i.i.d. initial
condition (X{,7 =1,..., N) simplifies to

N
. 1 . . , .
(1.12) AxXj = -+ > k(Xi-X])dt+o(t,X])dB], i=1,...,N.
j=1
The drift can be rewritten as
N
(1.13) o SR = X) = ke (X)),
j=1

. . .. N
Assuming propagation of chaos, where the empirical measure pX" converges to some p;, we
can guess the limiting system of processes is given by

{de — —(k* p)(X}) + o(t, V) dB,

(1.14) .
Law(¥;) = pi,

i=1,...,N.

These equations, known as McKean—Vlasov stochastic differential equations, depend on the
measure of the solution itself. Moreover, Proposition suggests that the first marginal pt1 N
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of the system converges weakly to p, establishing a necessary connection between p
and Y}. Notably, if a solution exists, the processes Y and Y7 are independent and identically
distributed, reducing the analyze to a single equation. Consequently, the question regarding
the well-posedness of McKean—Vlasov SDEs naturally arises in the context of mean-field
theory, cf. [Wanl18, [RZ21], BR20, HRW21l, Wan23].

To further understand the relationship between p and Y}, it is instructive to examine the
associated partial differential equations. As we mentioned, partial differential equations can
be linked to stochastic differential equations through It6’s formula [KS91, Theorem 3.6].

THEOREM 1.10 (Ito’s formula). Let (2, F, (Fi,t > 0),P) be a complete filtered probability
space. Let (M}, ..., M), t > 0) be a d-dimensional local martingale with respect to (Fy,t > 0)
and ((A}, ..., Ad),t > 0) be a d-dimensional (F;,t > 0)-adapted process of finite variation
with Ay =0 for all i. Set

Xi =X+ A+ M, 0<t<oo
for all 1 < i < d, where (X&, .. .,Xg) is an Fg-measurable random vector. Additionally, let

@: [0,00) x RY = R? be continuously differentiable in the first variable and twice continuously
differentiable in the second variable, then

p(t, Xt) — (0, Xo)

~

t 4t
0 . l
/875([) Z/ (s, Xs)dM; + s) dA
(1.15) 5 =17 Pl
1 ¢ 52
d(M?, MIY, P-as. <t .
+22;/81’28$3 ) < S S>7 a.s., 0_ < 00
¢ 0

Applying this result to a smooth function ¢: R? — R and the empirical measure, we
obtain
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Suppose ¢ is bounded. By applying It6’s isometry we obtain

) C
< =
- N

Nt

1 i i i

B[ 2 [ Tetxtots xi)as,

=1 0
and consequently by taking the limit, we find

¢

(o) = [~ . p) + (T (5,105,926 ) ) s,
0

Hence, we assume that the limiting measure satisfies the following non-local, non-linear partial
differential equation

d
(1.16) Oipr =V - ((k*pr)pr) + Y 0 : i ([0(8, Jo(s, ')T](z‘,j)f’t>

J
be readily verified that the same equation must be satisfied by the law of the process (1.14)).

Consequently, if uniqueness in the sense of distribution holds, it follows that p; must be the
law of Y;, providing further justification for the inclusion of the second condition in ((1.14).

Armed with this insight, we can now demonstrate propagation of chaos in a simple setting
where k is Lipschitz continuous and o is smooth, employing the coupling technique by Sznit-
man [Szn91]. The approach involves establishing, initially, the existence of a unique strong
solution for the McKean—Vlasov stochastic differential equation through a fixed-point
argument. Subsequently, we can compare the trajectories of both processes in the L!(L>)-
norm. Specifically, one can demonstrate the following bound [Szn91, Theorem 1.4]

. . C
. iyt < =
(117) (s 16— 1) < 2,
which is an easy consequence of the Lipschitz continuity of the coefficients k£ and o.

We finish this section by providing some literature in the regular case, which in some
cases also covers the deterministic case. As mentioned in the begging of this theses, the
first mathematical foundation goes back to McKean [Kac56l [McK66]. For smooth interaction
kernels a variety of results have been achieved such as Gaussian fluctuations [BH77, [Dob79,
Tan84], well-posedness of the McKean—Vlasov equation [Szn91l [CD18] and approximation
algorithms [BT97]. Based on monotonicity and Lyapunov-type conditions on the kernel k,
Gértner [Gar88| demonstrated propagation of chaos and existence of martingale solutions to
the McKean—Vlasov using a compactness argument.

on [0, T] x RY, where [o(s,-)o (s, -)T](i, ) denotes the (i, j)-entry of the matrix. However, it can

1.3.3. Moderated interaction. In this section, we explore the scaling of interacting par-
ticle systems. We provide a brief overview based on [Oel85] and direct readers to this source
for more comprehensive details. Until now, we have primarily focused on weakly interacting

systems defined by equations (1.8)), (1.9), and (1.12)). A common characteristic of these sys-
tems is that the interaction k(X} — X7) is of order %, a natural occurrence in the context of
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the law of large numbers. Notably, our interaction kernel k remains independent of the num-
ber of particles, representing the regime of weakly interacting particles extensively studied in
literature [McK67, [Szn91l, [Gar88, [TW18| [Ser20)].

We now extend our analysis to particle systems where the interaction kernel k£ varies with
the number of particles N, denoted as k. This extension finds motivation in various partial
differential equations arising in biology, physics, and other research areas. These equations are
often local and depend on point evaluations, rather than on the whole density. Consequently,
we are, for instance, interested in scenarios where k& converges to the Dirac distribution as
N — o0, yielding

lim kN xp =
Jm K=

with the limiting term on the right-hand side being local. In the case of constant diffusion o,
the resulting limiting partial differential equation corresponds to the porous medium
equation.

Following [Oel85], we introduce the scaling of the interaction force kernel k as

kN (z) = NPR(NP/dy).

This scaling is measure preserving on R%. Notably, when 3 = 0, we recover the weak interac-
tion regime analyzed thus far.

For g = 1, we enter the strong interaction regime, where different particles only interact,
when their distance is of order N=/%_ yet the strength of their interaction is of order one. In
the mean-field limit, this regime yields the Poisson point process [Szn91].

Finally, for 8 € (0,1), we encounter the moderated regime. Here, the strength of the
interaction of each each particle is of order N~115¢ lying between the weak and strong
regimes, hence earning the name moderated regime. In particular, in terms of convergence to
the porous medium equation, this regime holds significant importance [Oel90]. Naturally, the
question arises how the mean-field limit changes under different regimes. Unfortunately, this
question is outside the scope of this thesis and we refer to the works of Oelschlager [Oel85,
Oel90]. Nevertheless, we will utilize this concept to derive propagation of chaos for singular
interaction kernels, in cases where the interacting particle system may not be well-defined.

1.3.4. Singular interaction kernels. In the case of singular interaction kernels, the stan-
dard coupling technique from Section is no longer viable. Thus, we need to develop a
different approach. Recently, prominent ideas have emerged, such as using modulated en-
ergy and relative entropy, along with their combination known as the modulated free energy
approach. In this section, we introduce these quantities, provide some initial connections be-
tween them, and discuss the current state of the art. Consider the interactive particle system
with additive noise

N
(1.18) dez%ZVg(Xf—Xf)dH—adBf, i=1,...,N,
j=1
where we imposed a potential structure k£ := —Vg and introduce an additional parameter

k € {—1,+1} to capture either the attractive K = 1 or the repulsive kK = —1 case. We can
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define the modulated energy as

|
(119) Ky (uX"|p) = QE(/ g(z —y) d(w*
0%\ JR2d\ 2=y}

N N

— p)(x) A — pt)(y)>7

where we denote the integrand of the modulated energy by

N N N
(i o)) = [ gle =) A0 @) = (@) 46 (@) - p)w)
R24\ {z=y}
Moreover, let us introduce the Liouville equation
N o? N N
8tpt (:rl,...,xN) :Tzaxixipt (xl,...,:):N)
i=1

Zl-

N N
(1.20) +H;8ri (pfv(xl,...,:r]v) > k(:ri—acj)),

N
o (1, aNn) = '1_[1/)0(1’1’)-
1=

By applying 1t6’s formula (1.15) one can verify that the law of the interacting particle sys-
tem ([1.18)) solves the Liouville equation. Analogously, we also need the N-th tensor product
p®N of equation (I.16), which satisfies

atpgN(xlv cee ,.’L'N)

9 N N
g
i=1 =1

Let us also recall the normalized relative entropy between p) and p?N

1 pN(xl a:N)
NpENY = — 1 St AR Nz, ... dzy,... dzy.
HN(pt ‘pt ) N RAN 0og (p;@N(.rl, o 71‘N) Pt (xlv 7$N) T, TN

Notice that we divide by IV to compensate for the growth of dimension in the limit N — oo.
To set the stage, let us recall the key inequality and summarize the steps of the relative
entropy method introduced by Jabin and Wang [JW18]. The first step is to compute the

evolution of the relative entropy ((1.21). Skipping the computations from Section the
evolution of the relative entropy is given by

H (PN p®N) = Ha (o) 105N

e Moot N pN
— e X [ [ Ak )~k epua) atos (%)

N
P
Vg, log <S>
! P

N
0_2

2
TN 4 1 pévdajl...dmNds.
1=
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However, we can deploy probabilistic arguments [Lac23, Lemma 4.4] to compute the
relative entropy. Using Girsanov transformation we find directly
2
> ds.

Let us compare the both expressions. We notice that we can derive the second expression
by applying the inequality ab < a?0%/2 + (20%)71b? to the first expression. However, it
is impossible to reverse this comparison. Therefore, the probabilistic argument hides the
dissipation information of the Brownian motion in the Girsanov transformation, which is not
recoverable. Although this method yields an equality instead of an inequality, it implies that
the dissipation term in equation can only be utilized in this manner and does not offer
additional benefits for further computation.

This computation also heavily depends on the diffusion coefficient o, which produces the
dissipation term. So, in the deterministic case o = 0, we lack the dissipation term, making
the above reasoning invalid. Instead, we can suppose more regularity on the solution p as
well as the concept of entropy solutions [JW18, Definition 2] for pN to handle the case o = 0.

The next step in the relative entropy method is to transform the measure of the term

K N t
o2 2, Lo

from the measure of the interacting particle system p¥ to the mean-field particle system p®V
by paying the price of an exponential term. This leads to

K N 1
_ v N7 fl
N2o2 z} °8 ( /RdN xp <N

with an error term that depends linearly on the relative entropy, which becomes negligible
after applying a Gronwall argument. A significant combinatorial result by Jabin and Wang
bounds the exponential term using an exponential law of large numbers, resulting in the

bound

N ot
K N s
(122)  Hn (V=) :HN(péV\pg‘?N)JrzUQN;/O E(‘k*(uf — ps) (X7)

2
pévdxl ...dzxnds

1 N
N Z(kj(z‘l — SL‘j) —kx Ps(mi))
=1

2
>p;®N dxy ... dCL‘N> ds

N
> k(i — x5) =k ps(a7)
j=1

sup Hv (o |6f™) < .
0<t<T

Here, the regularity of the kernel is crucial and is hidden in the constant C'. In their original
work, Jabin and Wang considered kernels k¥ € W1 on the torus covering the case of the
Biot—Savart kernel. An important extension of this method was introduced by Lacker [Lac23],
who further refined the estimate by using a BBGKY hierarchy in the relative entropy esti-
mate, improving the bound from C/N to C/N?2. Lacker also demonstrated the optimality
of this bound by presenting a counter example, showing that it cannot be further improved.
Previously, Jabin, Bresch, and Soler [BJS22] also used the BBGKY for the Vlasov—Poisson—
Fokker—Planck system for plasmas in dimension two.

Now, let us turn our attention to the other important expression: the modulated energy
K. This quantity is particularly useful because, for the Coulomb potential, the modulated
energy implies the weak convergence of the empirical measures [RS23]. We compute its
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evolution as follows

FN(MECN»P::) — Fn(p Xvao)

2“ / V(X! — X7) - Vg(Xi — X!)ds
2,,l1=1
YRE=
2% o [! ; ¢
t Z/O (g* div(Vg  psps) ) (X;) — 2%/0 (g# div(Vg x psps), ps) ds ds
=1
2K N t . ) )
Nz 2. [ Vorps(X) - Vg(Xi - X])ds
i j=1,i#5 79
t
+ 02/ / Ag(z —y)(dpX" = dp)®*(z,y) ds
(RD)2\{w=y}
Z/ / —y)(dpX" — dp)(y) - dBL.
Rd\{xz

Rearranging provides

FN(A@(N ) — Fn (1", po)

LSS [ (P06 = XD = Vg () - (Vo — XD — Vg = () s
1,5,1=1
jl;ﬁz

Z / g * div(Vg * psps), uX" — ps)

3,j=1
J#i

+ (Vg(XL— X1) = Vg ps(X1)) Vg ps(XL)) ds

t
o / /Rd " }Ag(w—y)(dqu ~ dpy)*(z,y) ds
r=y

XN . i
Z / /R d\{XZ —y)(dug — dps)(y) - dB;.

19
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Finally, we obtain

En(ut, pt) — Fn (1) po)

t
N N N
=2r<a/0 RdVg*(l@( —ps) - Vg (u) = ps)dul ds

t
N
+ 2%/ / Vg(z —y) - Vg ps(x)(dpd” — dps)**(2,y) ds
(1.23) 0 JRIxRC

t
v [f Agla - y)(dpX" = dp,)*(a, ) ds
0 J(R4)2\{z=y}
20 Nt N
+ == // Vg(X:—y)(dpX — dps)(y) dBL.
W[ L o0 )

Notice that after the multiplication with o =2 the first term is actually four times the relative
entropy if we ignore the scaling factor N, which immediately connects these two quantities.
The relationship between the relative entropy expressions and and their connec-
tion to estimates of the modulated free energy will hopefully be explored in future projects.
At present, it is unclear how to use this insight, though it has been briefly addressed in recent
works.

Continuing with equation , we observe that the last integral is as a stochastic inte-
gral and vanishes in expectation. The second term presents the main challenge in estimation
and can be approached in several ways. The first approach in handling this term was pro-
posed by Serfaty and Duernickx [Ser20), Proposition 1.1] in the deterministic setting for the
repulsive Coulomb kernel. Their method involves renormalizing the quantity by expanding
Dirac measures into spheres with uniform measures and carefully obtaining an estimate on
the diagonal terms.

Additionally, it is worth noting that in the case of the repulsive Coulomb kernel (k = —1),
one can demonstrate that the modulated energy is non-negative. Therefore, we obtain the
following bound

t N N
/OE</Rd\Vg*(u§ — ps)?du >d3_FN(MéVaPO)

< 2/0t E(/Rdxw Vg(x —y) - Vg * ps(a)(dpl” — dps)®2(w,y)>

/
0

Hence, comparing it to the relative entropy representation , we actually found an upper
bound on the relative entropy. This provides a further connection between the relative entropy
and modulated energy. Unfortunately, a similar bound cannot be obtained in the attractive
case, which provides further insight into why the modulated energy method [Ser20] is currently
only applied to repulsive kernels.

ds

ds.

E(/ AW (2 — y)(dpX" = dpy)®(z, y)>
(R)2\ {z=y}
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Another significant extension is the combination of modulated energy and relative entropy,
which is referred to as modulated free energy

N
(1.24) Ex(p1pP™) = Kn (1 |oe) + Ha (o1 1077

This quantity is particularly useful for addressing the attractive Keller—Segel interaction kernel
(9(x) = Alog(|z|)). Bresch, Jabin, and Wang [BJW23| demonstrated propagation of chaos by
deriving crucial upper and lower bounds on the modulated free energy . The challenge
lies in establishing a lower bound on En because it is not immediately evident that Ey is
non-negative. Interestingly, their approach does not rely on the evolution of the quantity but
instead utilizes the specific structure of the kernel and the torus setting. Thus, the evolution
is major factor in establishing the upper bound, but plays no role in deriving the lower bound,
which is a fascinating observation, because Serfaty and Duernickx [Ser20), Corollary 3.5] use
the same strategy in their original work.
In general, we notice that the term

(1.25) E(/ Vg * (X" —pt)\Qdqu)
Ra

is crucial for deriving mean-field limits. This term plays a significant role in the relative
entropy method, the modulated energy method, and the coupling method. From our per-
spective, it is unavoidable in the estimation process. Regardless of the specific approach
chosen, an estimation involving the term is essential. Therefore, there should be a
fundamental connection between all the quantities discussed here. We will explore this con-
nection further in Chapter [3] aiming to enhance our understanding regarding the relationship
between these quantities. While we gained a solid grasp of the individual components dur-
ing our studies, assembling the full picture remains a tough challenge. This ongoing effort
presents an exciting avenue for future research.

Let us also highlight a challenge encountered in the analysis of mean-field limits with
singular interaction kernels that at the moment we swept under the rug: the issue of well-
posedness of the Liouville equation. This issue becomes particularly relevant for attractive
kernels or kernels in the repulsive super-Coulomb case, where the existence of solutions to the
associated Liouville equation is unclear. While some authors assert the existence of entropy
solutions [JW18| BJW23] in the Coulomb case on the torus, this remains an open problem to
the best of our knowledge. For example, in [dCRS23], it is suggested that such solutions may
exist for the repulsive case at the level of stochastic differential equations, but as of now, no
rigorous proof has been established [RS24].

Another important concept to tackle singular kernels is the convergence in probability
method introduced by Pickl and Lazarovici [LP17]. This concept is crucial to our thesis and
will be summarized in detail in Chapter 2] for bounded interaction kernel k. One can classify
this method between the interface of singular kernels and moderated interactions.

The idea is to regularize the interaction kernel k ~~ k® with a parameter €, which depends
on the number of particles ¢ = N~#. This regularization extends to both the interacting
particle system X¢ and the mean-field equation Y™V, creating an intermediate framework,
avoiding well-posedness issues at the particle level.
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FIGURE 1. Intermediate System

The goal of propagation of chaos in probability is to demonstrate the connection at the top
of Figure(l] But, instead of using an estimate in expectation as in the coupling method ,
we rely on convergence in probability. This means there exists a §(IN) > 0 with §(N) — 0 as
N — oo such that

P( sup | XN - YN >6(N)| -0, asN — .
te[0,7)
Consequently, the probability that the interacting particles X~ are further than §(N) away
from the mean-field particles Y vanishes as N — co. We can also demonstrate convergence
rates that depend on the number of particles. While the expectation based estimate (1.17))
achieves and optimal rate of 1/v/ N [Tan84], convergence in probability can achieve arbitrarily
fast convergence rates N 7. However, for the “bad set”
sup X7 = Y, og > 3(N)
t€[0,T)
the best achievable bound is §(N) = N~Y?*7 for any small > 0, which aligns with the
law of large numbers [Tan84]. As we will demonstrate in Chapter |3, this concept, under a
convolution structure of k°, implies convergence in relative entropy and modulated energy in
the intermediate regime, underscoring its strength. Further details can be found in Chapter 3]

Finally, it is worth noting that this approach is widely applied in singular models such as the
Keller—Segel model [HLL19, [FHST19).

1.3.5. Stochastic differential equations with common noise. To illustrate the ma-
jor differences between propagation of chaos with and without common noise, we consider
how common noise adds an additional layer of complexity to the analysis of propagation of
chaos. This type of noise affects the entire population, and thus, we cannot expect as in the
idiosyncratic case, the law of large numbers to negate its effects. As we discussed in Sec-
tion there are multiple approaches to derive the mean-field limiting equation. We also



1.3. Categories of noise and interaction kernels 23

showed that the empirical measure satisfies a stochastic differential equation with vanishing
quadratic variation as N — oo. Consequently, we predicted that the limiting measure p
satisfies a deterministic partial differential equation. Now, let us repeat this calculation with
the inclusion of common noise. Applying It6’s formula to the empirical measure, we
obtain

<
=
e
2
I
o —
|
<
hS)
=
*
=
v
2\

f;/ ),
=17

n % /t <Tr<(o(s, Yo(s, )T + (s, (s, .)T)v%(-)) : M§N> ds
0

+ (VT (s, ), 1XT) dws.

We notice that the stochastic term driven by the common noise W does not vanish! Therefore,
assuming /@(N converges in some topology to p such that all limiting procedures are well-
defined, we derive the following stochastic partial differential equation

dpe =V - ((k* pt)pe)) dt = V - (v(t, x) pr W)

d
1
(126) + 5 Z axzawj (([J(tvx)a(tax)T](i,j) + [l/(tv xi)y(t?xj)T](i,j))pt> de,
ij=1
where [A](; j) denotes the (i, j)-entry of a matrix A. Thus, the limiting measure p solves a

stochastic partial differential equation, implying that the measure p is no longer deterministic
but a truly random measure. This is a significant observation because it indicates that results
like Proposition are not applicable, making the analysis of such mean-field limits more
challenging. Furthermore, the “top-to-bottom” approach, which involves solving the limiting
equation first and then using the solution’s regularity properties to achieve propagation of
chaos, becomes more challenging. The difficulty arises because, in general, we cannot expect
to have the same regularity for solutions of the stochastic partial differential equation as
we do for the deterministic partial differential equation . In particular, it is challenging
to obtain uniform estimates in the probability space, whereas in the deterministic case, one
can simply use embedding theorems to guarantee bounded solutions.

Next, let us derive the stochastic partial differential equation from the point of view
of stochastic analysis. To do this, we introduce the conditional (or stochastic) McKean—Vlasov
equation

(1.27) { A, = = (k # pu(Y)) dt + o (8, Y/, o) AB] 4+ v(8, Yy ) WL,

where F}V is the o-algebra generated by the Brownian motion W and fyﬂ FW is the condi-
tional density of Y} given F/V. The second equality can be understood in an almost every-
where sense, meaning p is a measure on the space of continuous functions C ([0, 7]; R?) and a
version of the regular conditional law of Y given the filtration 7" generated by the Brownian
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motion W. Applying Itd’s formula ((1.15)) and taking the conditional expectation, we obtain

E <90(Xt) FY )
— 5 (X0 )
+% zd: E(/Ot (([a(t,x)o(t,Xﬁ)T](m)
7Y >

ij=1
t

}"tW) +E </ D o(X)v(s, X,) dB }"tW>
0

(0,0 )0 0 (5. X)) s

for smooth function ¢. Fubini’s theorem and the stochastic version of the conditional Fubini
theorem which we recalled in the Appendix, imply that the conditional law p of Y
given FW is actually a solution to the equation . Therefore, as before, there is an
interplay between the stochastic partial differential equation and the conditional McKean—
Vlasov equations. This relationship is explored in the significant work by Lacker, Shkolnikov,
and Zhang [LSZ23], where a superposition principle and mimicking theorems are derived
through a complex reduction of the problem to smooth coefficients. For a weak existence
result on conditional McKean—Vlasov equations we refer to [HvS21].

To distinguish between the settings with and without common noise, we will refer to the
concept of propagation of chaos in the presence of common noise as conditional propagation
of chaos. This emphasizes the difference between convergence towards the true distribution
and convergence towards the conditional distribution.

In comparison to the non common noise case, this field is not well studied and the literature
is sparse. While propagation of chaos for Lipschitz coefficients has been known at least since
Sznitman’s review [Szn91], the same result for common noise is rather new and can be found,
for instance, in Carmona’s and Delarue’s book [CDI8|, Chapter 2]. In the context of transport
noise was proven by Coghi and Flandoli [CF16] in 2016. Although this regular case can be
achieved through standard probabilistic arguments, it still took more than twenty years due
to the detailed considerations required. Flandoli and Coghi’s approach, inspired by [Goll6],
involves constructing a stochastic Liouville equation that maps the initial measure to the
solution of the stochastic Fokker—Planck equation. Utilizing sharp estimates in Kolmogorov’s
continuity theorem and properties of measure-valued solutions of the associated stochastic
Fokker—Planck equation, they ultimately demonstrate conditional propagation of chaos.

Additional relevant literature includes the work of Dawson and Vaillancourt [DV95], who
formulated a martingale problem and demonstrated the tightness of the empirical measure,
as well as the works of Kurtz and Xiong [KX99], and Coghi and Gess [CG19] on the existence
of stochastic non-linear Fokker—Planck equations under Lipschitz coefficients.

ftW> = E((k xp) - Vods

+E (/Ot V(X )o(s, Xg) dW,

1.3.6. Comments. In the above setting, we use a time-independent interaction k: R% — R?,
which expresses the drift term as a convolution with the empirical measure, as shown in equa-
tion (1.13). Thus, we can generalize the drift term to b(¢, X7, ;@(N) instead of a normalized
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sum. For instance, if b is Lipschitz continuous, the analysis does not change significantly, and
we expect all the previous results to hold true [CDI8, Theorem 2.12]. The analysis becomes
more complex when we involve techniques that use partial differential equations, particularly
for singular interaction kernels.

At this point, it is beneficial to have more structure on the measure dependency of b.
Typically, this is achieved by expressing the interaction through an integration of the empirical
measure with respect to some function

i N 7 i i N
b(taXtauz( ):b<t7Xt7/h(Xt7y) d,uz( (y))

By specifying the properties of the new functions l~), h, we observe that the difference from
the weighted sum lies in the transformation applied by b and h. Hence, if we restrict the
properties of b and h, we expect all methods to work analogously.

Similar, we can also include measure dependency on the diffusion coefficients, o,v by
adding a Lipschitz continuity in the Wasserstein distance

|U(ta linu‘) - U(tvyvﬂ)‘ + |1/(t,x,,u) - V(tvya ﬂ)’ < C(|LE - y‘ + W2(:U” ﬂ))
In this case the coupling technique still works on the space of probability measures with finite
second moment. However, even if the coefficients are elliptic it is no clear how to apply
the methods from Section since the associated equations are now also non-linear in the
diffusion.

1.4. Setting and notation

Since the complete thesis is based on the analysis of particle systems, we want to fix
the probabilistic framework, where particle systems ((1.8) are defined. Additionally, we need
to fix the space for the solution of our partial differential equations (PDE’s) and stochastic
partial differential equations (SPDE’s). For questions around measurability or completeness
and other useful results such as the Aubin—Lions lemma we refer to the Appendix. The
setting will be held as general as possible to include models with and without common noise,
multiplicative noise, additive noise and arbitrary dimensions. Later, we will reduce the setting
in each chapter of this thesis to necessary requirements for this section.

1.4.1. Probabilistic framework. In this thesis we will focus on a finite time interval [0, T']
with arbitrary 7" > 0, if not stated otherwise. To that end, let (2, F, (F;)t>0, P) be a complete
probability space with right-continuous and complete filtration (F;)s>0. Under a complete
probability space (2, F,P) we understand that all sets A € N with

N :={ACQ|AC B for some B € F with P(B) =0}

are measurable. A filtration (F;);>0 is complete if Fy contains all sets A € N and right
continuous if
Fo=Fip: =T
s>t
holds for ¢ > 0. Furthermore, let (B! = (B"',...,B"™),t > 0), i € N be a sequence
independent m-dimensional Brownian motions with respect to the filtration (F,¢ > 0), and
(W, = (W},...,W/™),t > 0) be another 7m-dimensional Brownian motions with respect to
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the same filtration (F;,t > 0), which is independent from (B, ¢ > 0) for all i € N. Moreover,
we denote by FW = (FV,t > 0) the augmented filtration generated by W and by PV the
predictable g-algebra Wlth respect to FW. More precisely, P" is the o-algebra on Q x [0, T]
generated by all FW-adapted and left-continuous processes. Analogously, we define FB and
PEB. Tt remains to construct the initial condition. Our interacting particle systems always
have initial distribution pp and are independent. Therefore, let ((;,7 € N) be a sequence of
i.i.d. random variables with distribution pg, independent of FV and FB. In the stochastic
differential equation , we set X§ = (' as the initial condition, which accomplishes the
desired set-up. This concludes the basic setting in order to define interacting particle systems

of the form ((1.8)), i.e.

N
dX} = — Z — X})dt +o(t, X})dB] + v(t, X})dW;, i=1,...,N

with i.i.d. initial condition (X¢,i € N). For a more detailed construction of independent
Brownian motions and augmented filtration we refer to [KS91, Chapter 2]. Moreover, for
weak and strong uniqueness as well as weak and strong existence of stochastic differential
equations and the martingale problem we refer to [KS91l, Chapter 5]. Additionally, we adopt
the convention that for constant diffusion coefficients o and/or v, we omit the associated
identity matrix, keeping in mind to ensure that the dimensions in the stochastic integrals are
well-defined. Finally, we use the notation X ~ p to represent that p is the law of random
variable X. We write Zx for the law of X and Zx 7 for the conditional law of X given the
filtration F.

1.4.2. Function spaces. For a vector z € R?, we write |z| for the standard Euclidean norm
and |z|s for the [*°-Euclidean norm. We denote by B(a,r) a ball with center a and radius
r with respect to the Euclidean norm. For an N-particle vector XV = (z1,...,zy) € R
we make the convenient that the [°°-norm is taken with respect to the dimension d, i.e.
IXN|s: = max(|z1],...,|rq]). We use the generic constant C for inequalities, which may
change from line to line.

For 1 < p < oo we denote by L”(Rd) the space of measurable functions whose p-
th power is Lebesgue integrable (with the usual modification for p = oo0) equipped with
the norm ||| 1»(gay, by L' (R4, |x|? dz) the space of all measurable functions f such that

Jga If (@)]]z]? dz < oo, by C°(R?) the space of all infinitely differentiable functions with com-
pact support on R%, and by S(R?) the space of all Schwartz functions, see [Yos80, Chapter 6]
for more details. Even though in most cases functions in LP?(R?) will be real-valued, we will
use the same notation for Rl-valued functions and replacing the absolute value in the defini-
tion by the Euclidean norm. A similar convenient hold for all other normed spaces implicitly
by replacing the absolute value with the norm. Additionally, the convolution operator x
is understood to act component-wise when one operand is vector-valued. For instance, for
k:R?* - R? and f: R% — R, the convolution k * f: R% — R? is defined component-wise.

For a smooth function f: [0,7] x R? R and a multi-index x with length || := ", &,
we denote the derivative with respect to 2 = z{* ---2? by 9" f(t,x) :== [, (%)mf(t,w),
where we write Oy, f or fy,(t, ) for B%i f(t,z). The gradient V and Laplace operator A always
act on the space variable . The derivative with respect to time we denote by 9, f(t,x) or
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% f(t,z). For f € S(R%) we define the Fourier transform F[u] and inverse Fourier transform
F~H[u] by

Flul(€) = /]Rd e 2T f(p)de  and  FHu](€) = /]Rd 2™ £ (1) da.

For u € S’(R?) we can also define the Fourier transformation by duality
(Flul, f) = (w, F[/]), | € SR
We denote the Bessel potential for each s € R and u € S’(R%) by
(1= A)* 2w = FH(1 + 4n?(€]*)* 2 Flu)]
and define the Bessel potential space H, for p € (1,00) and s € R by
HS :={ueSRY : (1-A)*uelP(RY)}

with norm

el ety = H(1 - A)snu‘ .

Applying [Tri83, Theorem 2.5.6] we can characterize the above Bessel potential spaces H
for 1 < p < 0o and m € N as Sobolev spaces

WmP(RY) = {u e LP(RY) : HuHWm,p(Rd) = Z HaHfHLP(]Rd) < oo},

KEA, |k|[<m

where 0"u is to be understood as weak derivatives [AF03|] and A is the set of all multi-indices.
The definition of WP (RY) extends in the natural way to p = co. Moreover, we will use the
following abbreviation H*(R%) := Hj(R9).

In general we will denote by (-,-) the dual paring and the inner product. If we want to
specify the space we write it as a subscript, for instance for the L?(R%) product we write
(") 2(ray- But in general it should be clear from context which dual paring we mean. Addi-
tionally, weak convergence is denoted by the symbol —. Again, whether it is weak convergence
of measures or weak convergence of functions in some normed spaces should be understood
from the context.

We also require Banach-valued LP-spaces as well as the stochastic version of them. Let
(Z,]]|l ;) be a Banach space. We denote by LP([0,T; Z) the space of all strongly measurable
functions u: [0,7] — Z such that

T 1
(/ Ju] d)” < o0, for 1 <p < oo,

0

HUHLP([O,T};Z) =
esssup [[u(t)]|, < oo, for p = oo.
t€[0,T]
The Banach space C(]0,T7]; Z) consists of all continuous functions u: [0,7] — Z, equipped
with the norm

max |[u(t < 00.
s [lu(t)

We also introduce another class of LP-spaces, which should serve as solution spaces for
our stochastic partial differential equations. For a filtration (F)i>0, 1 < p < oo and 0 <
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s <t < T we denote by S%([s,t]; Z) the set of Z-valued (F;)-adapted continuous processes
(Xu,u € [s,t]) such that

1

P
(E( sup ||Xu||§)> . pell o),
= ue[s,t]

sup sup || Xullz, p = o0,
weN uels,t]

1 X W5 (1s,:2)

is finite. Similar, L%-([s, t]; Z) denotes the set of Z-valued predictable processes (Xy, u € [s,])

such that
t :
((J1xag au))"s pe o),
= s

sup || Xl p = 00,
(w,u)EQX[s,t]

1 X0 22 (15,029

is finite. In most case Z will be the Bessel potential space Hp, as it is mainly used by
Krylov [Kryl0] in treating SPDEs. For a more detail introduction to the above function
spaces we refer to [Kry99) Section 3].

1.5. Structure of the thesis

We have tried to organize this thesis to follow a logical and natural flow. In Chapter [1} we
introduced the general framework of mean-field limits and propagation of chaos, showcasing
established results in the Lipschitz case. After the Introduction, the thesis mirrors the content
of Chapter [I] but shifts the focus to more complex kernels with lower regularity, specifically
those outside the Lipschitz regime.

The thesis is divided into two main parts: the first part deals with systems without
common noise (v = 0 in (1.8])), corresponding to Chapter 2| and Chapter The second
part addresses interacting particle systems with common noise (v # 0 in ), covered in
Chapter (4 and Chapter

Each subsequent chapter follows a consistent structure. First, the problem is introduced
along with the specific notation for that chapter. For instance, the interacting particle process
X, the McKean—Vlasov SDE Y;, and the associated Fokker—Planck equations p; are redefined
in each chapter according to its context. This approach is intended to prevent an overload of
indices within each chapter.

Thus, any notation, (stochastic) partial differential equations, and stochastic differential
equations introduced outside Section [1.4] are only valid within their respective chapters and
should not be considered valid outside of them.

Afterwards, we present our contributions to the research area and provide related lit-
erature to place our work within it. This supplements the literature already discussed in
Chapter [1l Finally, we prove the main results in each chapter, which constitutes the bulk of
the content. Therefore, I will only provide a brief overview of the content of each chapter and
its main results.

Chapter [2|is based on [CNP24] and includes results on the existence, uniqueness, and reg-
ularity for diffusion-aggregation equations with bounded force. Additionally, we demonstrate
a convergence of probability result for the moderated interaction particle system towards the
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McKean—Vlasov stochastic differential equation with an arbitrary rate, i.e.

IP’( sup ‘Xiv’s — Y,fv’a}oo > N_O‘> < C(y)N77, foreach N > N,
te[0,7

where ¢ = N77 is the regularization parameter, o € (0,1/2), v > 0, and XiV’E,YtN’E are the
particles system corresponding to the regularized kernel k°.

Chapter based on the work [PN24], serves as a natural continuation of Chapter [2l Here,
we utilize the convergence in probability to derive quantitative estimates on the modulated
energy and relative entropy. The key insight in this chapter is that, under a convolution
structure on the interaction kernel k* = V¢ x V¢ we can relate the relative entropy and the
modulated energy to a weighted L2-norm depending on the decomposition V¢. Consequently,
we transform the problem of relative entropy and modulated energy into one concerning an
L?-norm. Our main result is a quantitative inequality regarding the weighted L2-norm

T

2 o2 . 9

LZ(Rd)) - 8E</ va& * (IU"JSV’ - pZ)HLQ(Rd) dS)
0

2
< C(Tv 0,7, CBDG7 ”VEHHz(]Rd) ) ||kEHW1*°°(Rd))
— N2«
As a corollary, we demonstrate propagation of chaos for the attractive Keller—Segel model
and the opinion dynamics model in the moderated regime.

IE( sup HV‘E *uiv’e —VExpf
0<t<T

Now, we move into the setting of common noise. Chapter [4]is motivated by the analysis of
opinion dynamic models with a bounded confidence radius and is based on the work [CNP23].
In this context, the interaction kernel k& has bounded support. Without common noise and
with non-degenerate diffusion in the SDE ([1.3.2)), propagation of chaos is well established
using the techniques presented in Section However, when common noise is present, the
well-posedness of the non-linear stochastic Fokker—Planck equation and the conditional
McKean—Vlasov equation is not immediately clear.

Thus, the main result in Chapter [4] is the proof of strong existence and uniqueness for
the conditional McKean—Vlasov equation (1.27) in the case k € L'(R) N L?(R), as well as the
existence for the stochastic Fokker—Planck equation (1.26]) in the case k € L*(R). Addition-
ally, we will establish a conditional propagation of chaos result in the moderated regime with
a cut-off € of order log(NV).

Finally, in Chapter [5] we extend the relative entropy method pioneered by Jabin and
Wang [JWI18| to the setting of common noise. We will demonstrate that under suitable
conditions on the diffusion coefficients ¢ and v, we can estimate the relative entropy between
the conditional Liouville equation and the stochastic Fokker—Planck equation. More precisely,
we obtain

E< sup H(pmp;@N)) < Okl e )
0<t<T

for the non-normalized relative entropy H(p{v | p?N ) between the conditional Liouville equa-
tion p¥ and the N-th tensor product p&V of the the d-dimensional stochastic Fokker—Planck
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equation ([1.26]). Additionally, we extend Sznitman’s Proposition to include random lim-
iting measures, thereby demonstrating conditional propagation of chaos.

In the Appendix, we provide a compilation of relevant facts and inequalities widely ac-
knowledged in the stochastic analysis and partial differential equations community. Although
these are well-known, their inclusion here allows for easy reference, gathering essential details
into a single location.



Chapter 2

Mean-field limit via convergence in proba-
bility

The aim of this chapter is to present the concept of convergence in probability introduced
by Peter Pickl and Lazarovici [LP17] in an universal manner without any specific model
or kernel. This concept can be regarded as the basic building block for upcoming results.
The content of this chapter is taken from [CNP24], which in turn is inspired by the original
work [LP17].

2.1. Setting and method

In this section we introduce the problem setting, that is, the necessary notation, the
interacting particle systems as well as their associated PDEs, and outline the general method
implemented in the present chapter, following [LP17].

On the microscopic level, we model the system, as seen in the Section by an inter-
acting N-particle system XN (X1,...,XN), given by stochastic differential equations with
additive noise of the form

N
. N
(2.1) dX} = — Z — XAt +0dB!, i=1,...,N, X} ~ ®po
i=1

for ¢ > 0, starting from i.i.d. initial condition (X§,i € N) with X} ~ po, diffusion parameter
o > 0 and interaction kernel

k: R R
For convenience we also choose B’ to be a d-dimensional Brownian motion, meaning we set
m = d as defined in Section and simplify the notation o dB} by omitting writing the
identity matrix. In this chapter our main focus lies on non-smooth interaction kernels k,
which satisfy some local Lipschitz assumption.

Since we are interested in non Lipschitz continuous k, the classical coupling method
presented in the Section does not work, that is, comparing the particle (X/,¢ > 0) to
the solution (Y}, > 0) of the McKean—Vlasov stochastic differential equations (McKean—
Vlasov SDE) YV: = (Y,!,..., YY),

(2.2) {dni:_(k*ﬂt)(yz)dt‘}'ade, i=1,...,N, Y(])V:X(j)vv

— Law(Y;),
for t > 0, and, subsequently, showing the weak convergence of the empirical measure ;@(N —

pt as N — oo for all t > 0. Assuming that the law u of the solution (Y;',¢ > 0) possesses
a probability density p that satisfies an associated Fokker—Planck equation, we employ PDE

31
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theory to demonstrate propagation of chaos using a “top-to-bottom” approach. However, the
result at the end is the probability estimate

P ( sup \Xiv’s —Yiv’s\oo > N_O‘) < C(y)N™7, foreach N > Ny
t€[0,T]

for « € (0,1/2) and v > 0.

2.1.1. Approximated interacting particle systems. In order to apply the method of
convergence in probability, we need to change our particle systems to the intermediate level
(see Figure [1)). To introduce the regularized versions of and , we take a smooth
approximation (k%,e > 0) of k, which will be specified late on. The regularized microscopic

N-particle system Xiv’g = (th’s, cees XtN’E) is given by

N
. 1 , : 4 N
(2.3) dX)© = — S KE(X{T - XPT)dt+odB], i=1,...,N, X§°~  po,
j=1 =
and the regularized mean-field trajectories Y7 := (V;*%, ..., Y,") by
(2.4) AY;e = — (k% p5) (V5 dt + 0dBi, i=1,...,N, Y®=Xe

where pf := p°(t,-) denotes the probability density of any of the i.i.d. random variables Yfe
Moreover, for ¢ = 1,..., N, it is convenient to denote the regularized interaction force
Kg: RN 5 RY ag

N
1
(2.5) Kf(xl,...,x]v) = _N E ka(xi—xj), (.%'1,...,.1‘]\[) ERdN,
=1

and the mean-field interaction force Kifl :RIN 5 RY a5
(26) Ka,i(:nla“'?va) = _(kg*pi)(xl)7 (l’l,---,l’N) ERdNa
where pf is the law of Y;*.

2.1.2. Diffusion-aggregation equations. The associated probability densities of the par-
ticle systems, introduced in Subsection [2.1.1] satisfy non-linear, non-local partial differential
equations. Indeed, the particle system (2.2]) induces the non-linear diffusion-aggregation equa-
tion
@) Qep(t, ) = G Ap(t,x) + V- ((k+ p)(t, 2)p(t, ), ¥ (t,x) € [0,T] x R,

. p(x,()) = Po; V.Z‘ERd,

and the regularized particle system ([2.4)) the diffusion-aggregation equation
o) (D) = FAFCD) 4V () ) (k). V() € 0.T]x B
' p*(x,0) = po, Vo e R

Note that we use p; and pi for the solutions of the PDEs (2.7) and (2.8) as well as
for the probability densities of the particle systems (2.2) and (2.4)), respectively, since these
objects will coincide by the superposition principle, see [BR20]. Thus, if we can solve the
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PDE’s (2.7)), (2.8) the superposition principle provides weak solutions to the McKean—Vlasov
SDE’s (2:2) and (2.4)

2.1.3. Assumption on initial condition and interaction kernel. Throughout this chap-
ter we make the following assumptions on the interaction kernel k£ and the initial condition pg
of the interacting particle system.

ASSUMPTION 2.1. The interaction force kernel k: R® — R? satisfies
k € L (RY)
and the initial condition py: R — R fulfils
po € LY(RY) N L2 RY N LYRY, |22 dz), po >0, and / po(z)dx = 1.
R4

2.1.4. Outline of the method. The method of the chapter originated from the approach
of D. Lazarovici and P. Pickl, developed for the Vlasov—Poisson system in [LP17]. It is based
on the coupling method [Szn91] and a regularization of k to k. A key insight of D. Lazarovici
and P. Pickl is to prove the convergence in probability with an arbitrary large algebraic rate
and algebraic cut-off parameter ¢ ~ N=#, 5 > 0, instead of comparing the trajectories XV
and YV¢ in Wasserstein distance or in L?mnorm, as for instance done in [Szn91), [CCH14].
More precisely, for a € (0,1/2), 8 < « and arbitrary v > 0, we shall show that

P < sup [XVF—YNE| > N“) < C(y)N77, for each N > Np.
te[0,7)

To implement this strategy and to achieve the aforementioned result, we proceed as follows:

(1) We start with an analysis of the diffusion-aggregation equations and , that
is, we prove the well-posedness of the non-local, non-linear PDEs and ,
together with an L°([0, T; L*°(R?))-bound on the solution p¢, which is uniform in
€. These results can be obtained via standard PDE techniques such as a compactness
method, Aubin—Lions lemma, which provides strong convergence, and a Moser type
iteration, see Section [2.2] The uniform bound allows us to have a trade-off between
the irregularity of the interaction force kernel and the regularity of the solution p°.

(2) The main idea of D. Lazarovici and P. Pickl was to recognize that even though the
interaction force kernel is not globally Lipschitz continuous, the approximation k¢
satisfies a local Lipschitz bound of order e~ for |z — y| < 2, i.e.

(2.9) |k (2) = k5 (y)] < I (y)|z —yl.
Let us emphasize that the bound depends only on the point y. Hence, the above
inequality seems like a Taylor expansion around the point y, where the second order
term is missing. Consequently, the bound cannot be achieved by a simple application
of the mean-value theorem.

We will assume that the interaction force kernel k satisfies , see Assump-
tion below, and present various examples of such kernels in Section We refer
to [LP17, [CCS19, [HLL19] for further models with interaction force kernels satisfying
. In general, whether holds true, depends entirely on the interaction force
kernel of the considered model, in particular, on the order of discontinuity /singularity
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of the kernel. Hence, as rule of thumb, if the discontinuity/singularity is of order
=41 in a d-dimensional setting, then the local Lipschitz bound assumption can be
satisfied.

We need to derive a law of large numbers, see Section This allows us to treat
every involved object with regard to its expectation on a set with high probability,
which enables us to take advantage of the obtained regularity of p® in Step (1).
Unsurprisingly, we need i.i.d. objects to apply the derived law of large numbers. In
the present case these objects are going to be the processes (Y,*°,¢ > 0) for i € N.
Moreover, we would like to emphasize the importance of Step (2) at this moment and
the crucial fact that (°(y) only depends on the point y. Replacing in inequality
the point y with the process Y;*° and z with the process X, we see that [ on the
right-hand side of is depending on the i.i.d. process Y;"°. Consequently, we can
rely on the law of large numbers, Proposition [2.21

Finally, let us demonstrate how to apply the previous steps to derive propagation of
chaos in probability but leaving out the technical difficulties. To that end, for some
a € (0,1/2) and 6 > 0, we define an auxiliary process

JY := min <1,N‘1|X£V’€ — YV + N—5>.

This process seems to control the difference |Xiv < — YtN “|oo in the limit N — oo
with weight N®. Furthermore, the minimum is no restriction, since we only want to
show convergence to zero in probability, and we notice that, if N X — YV¢| is
too big, the process stays constant one and the time derivative is zero. Therefore,
we heuristically obtain

d N N _
—(NX = Y oo + N0
dt
SN sup |KE(X) - K7 (Y,")
i=1,...N ’
<N sup |KE(XP7) = KE(Y,9)[+ N sup |K7(Y,") — K5, (Y[")].
i=1,..,N i=1,...,N
The last term depends on the i.i.d. particles (Y,i =1,..., N) and can be estimated
via the law of large numbers, Proposition with a rate of N=9=%, For the first
term we can use the local Lipschitz bound (having in mind that the particles are
close because of the minimum in the process) to complete a Gronwall argument. As
mentioned before, the crucial point in this step is the fact that the local Lipschitz
bound only depends on the i.i.d. particles Yiv ° and not on the particles system Xiv’e.

N , :
This allows us to exchange the local Lipschitz bound + Y I5(Y,>® — Y;°) with its
j=1
conditional expectation I¢ x pf (V,®). Using the regularity properties, obtained from
the PDE analysis in Step (1), we can bound [k % p%| Lo (1o 1};1.00 (ay)- Hence, we
conclude that
d

GOV = Y o + N0 < CNAXTE = Yoo + NT0).
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Applying Gronwall’s lemma completes the proof. We remark that we implicitly used
the fact that the law of large numbers holds for large N € N and, consequently, the
above Gronwall inequality only holds in the limit N — oco. In the actual proof we
will use a version of the process JtN which is multiplied by an exponential, which
just leads to a rewriting of the above Gronwall argument.

The remaining of the chapter is devoted to establish Step (1)-(4) with all technical details
for bounded interaction force kernels.

Our contribution: In the present chapter we establish the approach of Lazarovici and
Pickl [LP17] in a general setting allowing for interacting particle systems and diffusion-
aggregation equations with bounded interaction force kernels which can be approximated
in a suitable manner by smooth kernels. One main objective is to provide a transparent road
map how to utilize this approach. To that end, we give a brief summary of the approach and
explain its core concepts.

The first contribution is to demonstrate the well-posedness of the diffusion-aggregation
equation , which is derived from the interacting particle system , for bounded interac-
tion force kernels k. The main challenge lies in the non-linearity in the transport term, which
is treated by a strong-weak convergence argument provided by Aubin’s lemma The
presented well-posedness result expands previous existence results regarding similar partial
differential equations, for instance, regarding bounded confidence models [Lor(7, [CJLW17]
used in social science.

The second contribution is to provide LP and L°°-estimates for the solution p through a
Moser iteration. Following [LP17], we introduce a uniform local Lipschitz assumption, see
Assumption below. For instance, we verify that models for the opinion formation of
interacting agents, such as the Hegselmann—Krause model [HK02], satisfy this uniform local
Lipschitz assumption. As a rule of thumb, Assumption is fulfilled by interaction force
kernels with jump/singularity that are at most the same order as the space dimension.

As third contribution, we establish propagation of chaos in probability supposing the local
Lipschitz assumption for the bounded interaction force kernel k. This is achieved by proving
a suitable law of large numbers, demonstrating the convergence of the regularized particle
system to the regularized mean-field system in a suitable topology and, subsequently, proving
the convergence of the regularized probability density p® to the probability density p as e — 0.

Related literature: The influential approach of Lazarovici and Pickl [LP17] deals with the
Vlasov—Poisson system, which is a second order system with a singular interaction force ker-
nel k. For the Vlasov—Poisson kernel, the underlying particle system is a priori not well-posed.
Therefore, a regularization k¢ of the kernel k is introduced in [LP17], where k° is a smooth ap-
proximation of the interaction force kernel k depending on the number of particles (e = N —B ),
such that the interacting particle system is well-posed. Nowadays, the aforementioned ap-
proach is widely used, for instance, for the Keller-Segel equation [HLL19, [LY19, FHST9],
the Cucker—Smale model with singular communication [HKPZI9] and the Vlasov—Poisson—
Fokker—Planck equation [CCS19, [HLP20l [CLPY20]. All of the above system have singular
interactions and therefore could collapse, as e.g. the Keller—Segel system [FJ17, Proposi-
tion 4]. Hence, an advantage of the method |[LP17] is that well-posedness of the underlying
particle system is not required since one works directly with the regularized/approximative
particle system using the kernel k° for which one can apply classical existence and uniqueness
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theorems for SDE’s. Moreover, the approach of Lazarovici and Pickl allows to show prop-
agation of chaos of the regularized particle systems to the regularized mean-field equation.
This acts as an intermediate result, as illustrated by the top arrow in Figure [1, However, the
remaining limit of the regularized mean-field equation to the mean-field equation (right arrow
of Figure [1)) is reduced to a convergence analysis on the PDE level. On the other hand, the
convergence of the regularized particle system to the non-regularized particles system (left
arrow of Figure [1)) only requires a stability analysis on the SDE level, which still is, at least
in general, a challenging task.

Let us also recall some literature for singular kernels, which do not tackle the problem with
the method of convergence in probability. For a more details we refer to the Section
and Chapter Motivated by various models arising especially in physics, which require
bounded measurable or even singular interaction force kernels, an enormous amount of work
has been dedicated to treat such irregular interaction force kernels. Initially, approaches to
treat such irregular kernels were often based on compactness methods in combination with the
martingale problems associated to the McKean—Vlasov SDEs, see e.g. [Oel84 [0sa87, [Gar88|,
FJ17,|GQ15]. More recently, even singular kernels, like the Coulomb potential z/|z|* for s > 0,
were investigated in the non-random setting [Ser20, [NRS22] (o = 0) as well as in a random
setting [JW18, BJW19, BJW23| [RS23] (¢ > 0). The aforementioned references introduced a
novel method called the modulated energy approach, see Section[I.3.4] Chapter [3]or Chapter 5]
in the case of common noise. Further results on propagation of chaos were proven for general
LP-interaction force kernels k for first and second order systems on the torus [BJW23|] and
on the whole space R? [HRZ24), [Han23, Lac23)|.

Organization of the chapter: In Section we introduce the notation, the interacting
particle systems and their associated diffusion-aggregation equations. Moreover, we present
a brief outline of the used method, building on the work of D. Lazarovici and P. Pickl [LP17].
The well-posedness and regularity properties of the diffusion-aggregation equations are es-
tablished in Section 2.2l In Section [2.3] we discuss the local Lipschitz assumption on the
approximative interaction force kernels and provide various examples. Section [2.4] contains
the law of large numbers and the propagation of chaos in probability is provided in Section 2.5

2.2. Well-posedness and uniform bounds for the diffusion-aggregation equations

In this section we prove well-posedness of the PDEs and , show the convergence
of the solutions (p°,& > 0) to p in the weak topology, and provide regularity results as well
as uniform bounds for (p®,e > 0) and p, which are required for propagation of chaos result
in probability established later in Section We start by introducing an assumption on the
approximation sequence (k%,& > 0) of interaction force kernels.

ASSUMPTION 2.2. Let (k®,e > 0) be a sequence, which satisfies the following:

(i) For each ¢ > 0 the interaction force kernel k%: R? — R? is twice continuously
differentiable;
(it) For each & >0 we have [[k®| poo ay < C'[|E| oo (ray < 00;
(i1i) We have lin% k* =k a.e.
E—

Under Assumptions the strong existence and uniqueness of (2.3) and (2.4]) follow
directly from the Lipschitz continuity of the approximation k°.
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For the non-linear, non-local PDE (2.8)) we notice that, by Young’s inequality, we obtain
the following L>°(R?)-bound

(2.10) | (K% p°) (&, )| < (K7 poo gy 198l L1 ey < C NIl oo (ay -

Hence, k° * p is uniformly bounded in € > 0 on [0,7] x R?. The same statement holds for
k * p. Consequently, the convolution term is bounded and we expect the existence of a weak

solution to the PDEs (2.7)) and (2.8)).
For the partial differential equations (2.7)) and (2.8)) we rely on the concept of weak

solutions, which we recall in the next definition.

DEFINITION 2.3 (Weak solutions). We say that the function p° € L*([0,T]; HY(R%)) N
L>([0,T]; L?(RY)) with %ps c L2([0,T); H-Y(RY)) is a weak solution of [2.8) if, for every
n € L2([0, T]; H'(RY)),

T
/ 6t,0t7 —1(Rd),H(R%) dt
(2.11) 0

//Rd < VoS (t, @) + (K + p)(¢, QU)PE(@CU)) -Vndzdt

and p(0,-) = po. Similarly, we define p € L*([0,T]; H(R%)) N L>=([0, T]; L?(RY)) with dyp €
L2([0,T]; HY(RY)) as a weak solution of [2.7) if ([2.11)) holds with the interaction force kernel

k instead of its approximation k°.

REMARK 2.4. Notice that p° € L2([0,T]; H'(R?)) with 0yp° € L*([0, T]; H1(R%)) implies
p° € CO([0,T]; L?(RY)), see [Eval(), Chapter 5.9]. The same statement holds for the solution
p-

By the regularity of the solution in Definition we can actually weaken the assumption
on 7 in equation ([2.11)) to n € C([0, T]; O (RY)).

REMARK 2.5. The divergence structure of the PDEs (2.7)) and (2.8]), respectively, implies
mass conservation/the normalisation condition

1= /Rd pi(x)dz = /Rd pi(xz)dz, te]0,T],

under Assumption[2.1. This is an immediate consequence by plugging in a cut-off sequence,
see [Brelll Lemma 8.4], which converges to the constant function 1 as a test function in (2.11)).

THEOREM 2.6. Suppose Assumption[2.1. Then, for each T > 0 and € > 0 there exists a
unique non-negative weak solution p° € L*([0,T]; H(R?)) N L>([0, T); L?(R%)) with %ps €
L2([0,T]; H-Y(RY)) to the regularized PDE (2.8) in the sense of Definition |2.9. Moreover,
the estimate

16°1] oo 0,72y + 11071 £2 0, 75111 (mtyy + 1060 | L2 (0,171 -1 ()
< C(T, ||kl poo ray ) 190l p2(ra)
holds for all € > 0.

(2.12)
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PROOF. Let us explain the main idea of the existence proof. We consider the associated
McKean—Vlasov process

AV = —(k % pf)(YE) dt + o dBL, Yo ~ po,
g = Law(Yf),
for the initial condition pg. Then, by [KS91, Chapter 5. Theorem 2.9] and the Lipschitz
continuity of the drift k° x p7, the aforementioned SDE has a unique strong solution and,

by |[Roml8, Proposition 3.1], it has a density (pf,¢ > 0). Now, fix pf and consider the
solution p° = (p7,t > 0) to the linearized parabolic PDE

O (1) = GAF(t2) + V- (K + pF)(t,2)5°(1,2)), ¥ () € [0,T] x RY,
p°(x,0) = po, Ve R

By standard second order parabolic PDE theory, we know that the aforementioned PDE is

well-posed and

d . _
apt € LQ([OaTLH 1(Rd))7
with the estimate (2.12). Applying the superposition principle [BR20, Theorem 4.1], we find
a weak solution to
dYF = —(k% * pf)(YF) dt + 0 dB}, Y ~po, t€[0,T),

with Law(Y;) = pf dz. Since strong uniqueness holds [HRZ24, Theorem 4.10] for the above
SDE, we have Y¢ = Y®©. By the Yamada—Watanabe theorem [KS91, Chapter 5, Proposi-
tion 3.20] this implies uniqueness in law and therefore

pide = pida, te[0,T],

p° € L([0,T]; HY(R%)) N L*([0, T]; L*(R?)),

in the sense of measures. Hence, pi = pf P-a.s. for all ¢ € [0,7] and p° has the desired
regularity. ([l

LEMMA 2.7. Suppose Assumption|2.1. Consider a solution p® of the regularized diffusion-
aggregation equation (2.8)) with initial condition po, which by Theorem exists. Then, we
have the following uniform bound

/ lz|?p% (¢, z) dz < C(T, ||kl| (RY) / |lz|? po(z) dz:
for all t > 0, which depend only upon fRd (1 + |z|?)po(z) dz and T. Therefore, the function
t—= fRd |z|2p° (t, z) dz is bounded in LOO([()’T];Rd)'

PROOF. The core idea is to use |z|? as a test function. To that end, we take a sequence
of radial antisymmetric functions (g,,n € N) with g, € C?(R%) for all n € N, such that g,
grows to |z|? as n — oco. More precisely, we choose the non-negative function

() || for |z| > %,
Xn(x) = 4 2
" —n3—‘9;| + n3|i‘ + %, for |x| < %,

and let ((,,n € N) be a sequence of compactly supported cut-off function defined by (,(x) =
¢(x/n), where ¢ is a smooth function with support in the ball of radius two and has value one
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in the unit ball. Notice that the derivatives of (,, have support in the annulus B(0,2n)\ B(0, n)
and satisfy the inequality |V™(,(x)| < Cn~™. Define g, := (,x2. We notice that the first
derivative of g, is bounded and |Vg,|> < Cg, for all n € N. Additionally we have

& 0,5, . 0 9 | 2 o 0
020 = 5 (200 g e(®) ) =2 0] + 2000 o)

Now, for || > 1/n we have

0 0 0 x 1 mlz

92950 = o el Tl P

Consequently, we applying Holder’s inequality for sums we obtain

d
2 1,2 9 ol
[A(x, (@) <2 +2d2 + 22 ;:1 |z;|* = 2d2 + 4.

For |z| < 1/n we have

0 0 =
Oazi 8951-)(”:6 _a$i

which implies

3 3
( — 4n3|z|?z; + 2nx1> = —8n%z? — 4n®|z|? + ﬁ,

9In? 3d
AGG @) = 16n%]a]® + —=lal® + 2x0 (@) ( — 8n°fef? - 4dn’|af* + 2”)

9 4 3d
§16++<8 +4d+”)
4 n
<cC

for a constant independent of n € N. Consequently, the Laplace operator of x? is bounded
uniformly in n € N. Then, for ¢ € C2°(0,T") we obtain

[ oo
/ /R< vette) Vgn@?)+Uf*pEWgn(:c)pE(t,x))eo(t)dxdt.

Furthermore, for t1,ty € [0,T] we have

/Rdgn($)pa(t1,$) dl’—/ gn(x)Pe(tQ,x) da

< lgnll 2y 107 (1, 1) = p°(t2, )|l L2 (Ra) -
R4

Therefore, p° € C([0,T]; L*(R?)) implies that ¢ — [zq gn(2)p°(t, x) dz is continuous for each
n € N. Then, the fundamental lemma of calculus of variations implies

[ an(orr(t.)da - / gu(@)po(a) da
/ / 5 ) Van(x) 4+ (k° % p°)(s,x) - Vgn(x)p®(s,z) dx ds.
R4
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We can use mass conservation, Sobolev embedding and (2.12)) to obtain
[ gnta)pt2) o
R4

t
< [ JaPmi@) o+ CT Il + [ [ si@)IVau(@) deds
0

o2 [t
+ 2/0 R[ ‘ACn<$)X721(f13) + 4V (z) - Vxn(z)xn(z) "’CnA(X?L(m))‘ 5 (s, ) dz ds

t
< [ JaPia) o+ CT Il mn + [ [ pi@gn(a) dods
0

o2 [T c 5 C o2 [T
S [ SRl Che@ik@ s+ G [ [ i deas

t
</R|x‘2p0(x)dx—|—CT\kH%m(Rd)—i—//de‘Z(x)gn(:v)dx—i—C.
0

Applying Gronwall’s lemma and Fatou’s lemma proves the lemma. O
LEMMA 2.8. Let (fn,n € N) be a sequence in L2([0, T]; H'(R?)). If the sequence satisfies

(1) 1l 2o, 105101 (mety) < C
(1) 10cfull L2o.7p; -1 (may) < €
(iii) sup fga |2*[fu(t, )] dz < C,
t€[0,T]
for some constant C' > 0, then (f,,n € N) is relative compact in LP([0,T]; LP(R?)) for all
pell2.

PROOF. Let us denote by B(0, R) the ball with radius R and center 0. Then, by the
Rellich-Kondrachov theorem the embedding H'(B(0,R)) — L*(B(0,R)) is compact.
Hence, by Aubin-Lions lemma [Sho97, Chapter 3, Proposition 1.3], (f,,n € N) is relative
compact in L2([0,T]; L?>(B(0, R))). Since the above spaces is of finite measure, we obtain the
relative compactness of (f,,n € N) in LP([0,T]; LP(B(0, R))) for all p € [1,2]. Note that by
Cantor’s diagonal argument we can extract one subsequence (fy,,k € N) such that

klg](r)lo [ frie = PRIl Lo o,17:20 (BO.RY) = O-

for some limit point fr € LP([0,T]; LP(B(0,R))) and all p € [1,2], R € N. Furthermore,
using again a Cantor’s diagonal argument, we can assume that (fy,,k € N) converges almost
everywhere to fr in B(0, R). For x € R? we choose some R € N such that z € B(0, R) and
define f(z) := fr(x). This definition is well-defined, since for x € B(0, R) C Bp/ we have
fr = fr on B(0, R) by the local LP convergence of the sequence (fy,,k € N). Consequently,
the sequence (fp,,k € N) convergence almost everywhere to f on R?. It remains to prove
that f € LP([0,T]; LP(R?)) and f,, — f € LP([0,T]; LP(R%)) as k — oc. First, the uniform
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second moment estimate and the uniform L?(R?) bound in combination with Fatou’s lemma
imply f € LP([0,T]; LP(R%)) and

sup / 2|2 f(t, ) dz < sup sup / |22 fu(t,2) dz < C.

t€[0,T] JR4 neNte[0,T] JR?

Second, we find

e = Fllpa o,y ey

:/T/Rd | foi (8, ) — f(t,2)| da dt
// | fry (T, ) (t,x)\dxdt—i—]F/B(QR)c | fo, (t,2) — f(t,2)| dzdt

< // | fr,(t, ) — f(t,x)|dedt + = Sup// |a:| | fr, (8, ) — f(t,x)| dz dt.
) JBOR) 2 kenJ JB(0,R)

Taking k& — oo and then R — oo, we find a subsequence (f,,,k € N) which converges in
LY([0,T); LY(R)). The uniform LP(R%)-bound on (f,,n € N) and an interpolation inequal-
ity shows the relative compactness of (f,,n € N) in LP([0, T]; L?(R%)). O

In the next theorem, we show that the approximation sequence (p®,e > 0) converges in
the weak sense to a weak solution p of equation ([2.7)).

THEOREM 2.9. Suppose Assumption [2.1. Then, for each T > 0 there exists a subse-
quence (p°™,m € N) such that p°» — p as m — oo in L*([0,T]; H(R?)). Furthermore,
p € L2([0,T); HY(RY)) N L>([0, T]; L*(RY)) with dyp € L2([0, T); H~1(R%)) is the unique non-
negative weak solution of equation (2.7), which satisfies
121l oo (0,77 22Ray) + 1Pl 20,7955 Ry + 1080l L2 (0,771 ()

< C(T, ||k||Loo(Rd)) HPOHLQ(Rd) :
In addition, there exists a subsequence (p™,m € N) such that p°™ — p converges weakly as
m — oo in LY([0, T]; LY(RY)).

PRrROOF. From (2.12)), the Banach—Alaoglu theorem and the lower semi-continuity

we obtain (2.13]) and a subsequence (p*™, m € N) such that
pm —p in L*([0,T]; H'(RY)),
Oip™™ — Oy in L2([0,T); H'(RY)).

(2.13)

Moreover, we have p > 0 a.e. by Mazur’s lemma [Brelll Corollary 3.8]. Next, we notice
that the subsequence (p°™,m € N) fulfills Lemma Consequently, without renaming the
subsequence we conclude

(2.14) lim [|p"" — p”LP([O,T];LF(Rd)) =0

m—r0o0



42 Mean-field limit via convergence in probability

for all p € [1,2]. Hence, it remains to show that we can take the limit in (2.11). From the
above weak convergence it immediately follows

(Oepy™ M) g1 (ma), 11 (mey At _>/<8tpt777>H—1(Rd),H1(Rd) dt,

g Ot —

T
/ Vp(t,x) - Vn(t,z) de dt — / Vo(t,z) - Vn(t,z)dzdt
R4 Rd

for n € L%([0,T]; H*(R?)) as m — co. We write the non-linear term as

(2.15) / / Po (b, ) (K s pom) (8, 2) - Vit 2) de dt = 1) + I + I3 + 14
R4
with
T
// )(ES o pTm)(t, ) - Vi(t, o) de dt,
d
0 R
T
b= [ [ oen =1« p)t.a)- Ve, o) dsat
R4
0

/ p(k= x (p7 — p)) (&, ) - Vin(t, ) dz dt,

d

=

Ot — 5 O T—

/pk*p )(t,x) - Vn(t, z) dx dt.
Rd

For the first term I; we notice that it vanishes as m — oo. Indeed, since |[k*™ x p*m| <
C |||l oo (ay and V€ L2([0,T]; L*(R?)), we have (k" x p*) - Vn € L*([0,T]; L*(R?))
uniform in e, and, thus, p*» — p in L2([0, T]; L?*(R%)) implies

// p) (k5™ % p=) (t,x) - Vn(t,z)dedt — 0, as m — oo
Rd
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by Hoélder’s inequality. For the second term I we use Assumptions to find

//Rd (t, ) (™ — k) * p)(t,z) - V(t, o) da dt

- //Rd/Rd (t,2) (k™ — k) (x — y)p(t,y) - Vn(t, z) dy dz dt

IN

// / (pIVnD)(t, ) [[E5™ + | oo gay p(t, y) dy da dt
Rd JRA
0

T
< @+0) [ [ ] (o190Dt2) bl ey plt,3) dy
Rd JRd
0

The right-hand side is finite and, therefore, by the dominated convergence theorem and the
almost everywhere convergence of k* — k, the second term vanishes. For the third term I3
we apply Young’s inequality [LLO1, Theorem 4.2] and (2.14) to obtain

T
/ /R ) < (57 = p)(t,)) - Vit )
0

IN

/||p€’”— M @ay 15l oo ray 10V (E )l 1 (ray dE

IN

01l L2 0,712 ety 121 220,79 L2y 16l oo (e / 1" = p(t, ) L1 ey dt

— 0, asm — oo.

Consequently, taking the limit m — oo in ([2.15]), we discover

T T
Jim / / o (1, 2) (K5 % ) (4 3) - Vin(t, ) da it = / / ol % p)(t, ) - Vn(t, z) dar it
m—r00 Rd Rd

0
and therefore p is a weak solution. The uniqueness follows by simple L?-estimates; see for
instance [CJLWI17, Theorem 3.10] in the case of the Hegselmann—Krause model (notice that
the proof of the uniqueness also works for R and k € L>®(R%)). O

REMARK 2.10. The uniqueness of the solution p actually implies that any subsequence
convergences to the solution p.

LEMMA 2.11. Suppose Assumption. Then, for any T > 0 the weak solutions (p*,e > 0)
of (2.8) as well as the weak solution p of (2.7) with initial condition py are bounded in
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L>=([0,T]; LP(RY)) for p € [1,00). More precisely, we have, for all € > 0,

HPEHLW([O,T];LP(Rd)) ) HP”LOO([O,T};LP(RGZ)) < C(I% o,T, HkHLOO(Rd) ) ||P0||Lp(Rd) .

Proor. Without loss of generality we show the claim only for p and we also may assume
that p is a smooth solution. Otherwise we mollify the initial condition such that there exists
a sequence of smooth solutions, which converge weakly in L?([0,T]; H'(R%)) to p° for each
fix € > 0. Applying the lower semi-continuity for each ¢ > 0 first and then the convergence
result in Theorem [2.9] will prove the lemma.

Multiplying with ﬁ pP~1, integrating by parts over R? and using inequality (2-10)),
we obtain

1 d

2p— 1) dt Jan PP (t, x)dz

= P d )P (¢t x) dx
= )/Rddt (t,2)p" () d

P o - (o)t 2 aft 2N P12 1) di
T 2(p—1) /Rd<2Ap(t’ )+ V- (k= p)(t, x)p(t, )))pp (t,z)d

-3 /R =2 19p(t, ) P2t 2) = (k p)(t,2) - Vg (t,2) d

0—2 /2 2 /2 /o
:—p/Rd‘V(Pp )(t, )| d:L‘—/RdV(pp )t ) - (k% p)(t, 2)pP/2(t, ) da

0.2

<=2 [ V@Rt bl [ 907000 0) da
o2 52

R M L T L P e e R L

P 11| oo e
+ e () da

pH HLooRd
<—/ V(%) (¢, 2)|? da I

Pkl 7o
. —
<T5n [ s,

where we used Young’s inequality with € = in the sixth step. An application of

HkHLoo(Rd>p
Gronwall’s inequality leads to

[ P(02) 4 < C(p,0,T, [kl pga)) Nooll oy for all £ [0,7]

0

LEMMA 2.12. Suppose Assumption |2.1. Then, for each T > 0 there exists a constant C
such that, for all € > 0,

”IOEHLOO([O,T];LOO(Rd)) ) ||P||L<>o([0,T];Loo(Rd)) < C’(T, PO, HkHLOO(]Rd))
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holds for the weak solutions (p°,e > 0) of (2.8) and for the weak solution p of (12.7)).

PROOF. As previously, we will only show the claim for p and we can assume that p is
smooth.
Set pm, := max(p — m,0) for some fix strictly positive m € R and let p > 2. For the sake

of notational brevity we drop the depend of the involved on (¢, x). Multiplying (2.7]) by pfnfl
and integrating by parts, we obtain

1
d ppdx:/< Ap+ V- ((kxp)p >
pdt Rd Rd

=_ /Rd (p2_ )Vp V(pm)pb, 2 —(p— )V(pm)pﬁ{z (ke # p)pde

o2(p —
= — /Rd M|va|2pﬁ;2 —(p— 1)[)5,1_1(Pm)x(k*p)
+m( ( Jophy 2(k * p) da
- / IV (2|2 da 2(p—1) —1) V(p2/2) P2 - (k % p) da

R4
2m ( /2
+ V(b 2)ph Pt - (k + p) da.
p R4
Notice, that we can interchange the derivatives of p,, and p as long as we have big enough p
such that at least one p,, is present in the integrand. In the next step we estimate the last
two terms with Young’s inequality. More precisely, we get

1
2p=1) [ V(AR () da
<20 = 1) [Flieimay [ IVRDI P2 da
<9 1 02 /212 H ||%°O(Rd) /2 2d
<2p-1) [ TV + g

2

p—1)o? 2(p — 1) [[k|7,0 (ra

= )T [ v e+ ) / bl da
p Rd o Rd

and

2p—1) [ V(B2 mplf2 - (k+ p)da

Re P

1 _
<20 =1) [ IV m [l 2 o

m? ||k ”LOO(Rd

0.2
<2(p-1) [ TSVEANE )b da

-1 2 p— k 0o m
<ol 2)“ IV (p22)? da + D ”L (=% / 1022 e,
2]9 R4
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Furthermore, we can estimate

L vt1ae = [ Lncpemen o]+ sl da

< / ]l{mgpngrl} + |pg’l,‘ dz
Rd

1
[pdot [ olds
m Jrd Rd

1
AL
m Rd

IN

IN

Hence, we derive for the last term the following inequality
1 _
2(0-1) [ STALmA (e ) ds
R P
—1)o2 20p — 1) |k m
2p2 R4

2
2(p — 1) |[k[|7 o0 (ray m?
5 /Rd |pP,| da.

(2

g

Putting everything together we find

2(p — 1) k][ oo gty m
2

1d o?(p—1)
dep < - 2\ — 7 /2Y12 4
S e <= TR | S e+ -

J— 2 -
+<2(p D Ikl 20 1)||k||LooRd )/ | de,

o2

from which we can conclude that

d

— d

dt de?r?n .

2 2 ||| 7 oo (ay P (m? + 1) 2p° ||| o (ay m
o Loo(Rd) /d|an’d$+ Loo(RY)

< - /224
<3 Rdlv(P’é@ )7 da + = 2

By the Gagliardo—Nirenberg—Sobolev inequality [Leol7, Theorem 12.87] and [Nir59] on the

whole space as well as Young’s inequality with 7 = % we have

2d

A JlulZ2(za) < CansA? HU\Iﬁde) IVl 75 ey

(2.16)

o22+d)\"F 2 24d 02
< < 4d ) (CGNS)\2) 2 HUHLl Rd) Z ||V’U,||i2(Rd) ,
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where Cgng is the Gagliardo—Nirenberg—Sobolev constant dimension d. For u = p%Q, Ci =
2|[K|l m?+1) .
and A = 1/Cp we obtain

LOO(Rd)(
o2

Cup? / 1P| da
]Rd

d

c2(2+d)\ "2 2 2
< = 2+d 2+4d || p/2
<(T5?) praCemci e ae],

2
Tl [N

4d L1(R4) L2(Rd)

Consequently, we have

d 1 2
— [ phdr<— 02/ (P22 da + p*HiC (0, m, &l oo (R ) (/d P%QIdm)
R

dt R4 4 R4
2 2
2p || || o0 (may m
+ 2
o

Applying the above inequality (2.16]) with v = p%Q, A = p and rearranging the terms we
discover

o

which then implies

d
— d
dt /defn v
2 2+d /2 2 2 ||k’||%°°(Rd)m
<-p /]Rd |pﬁ1]dm+C(a,m,||kHLoo(Rd) )p </R Jis dw) +

< /| ]da:+ 03/2 2+dep/2‘

L2(R4) Li(R)’

o2
2
= —p? /Rd bl dz + C (o, m, [kl oo (gay )p?te < pb/? dw) + C(a,m, [kl oo gy )p°

for some non-negative constant C(c, m, ||k[| o gay)-
Let us define

w;(t) ::/ p%(t,m)dx and Sj:= sup w;(t),
R4 t€[0,T]

for j € N. Then, for p = 27 the above inequality can be written as
wj(t) < —2%w;(t) + 2% (C (o, m, ||k poo (ray ) 2YwF_1 (1) + C (o, m, [[El| oo ray ))
—2%w;(t) + 2% (C (0, m, | k|| oo (ay )27 71 + C (o, m, || Kl oo ey )) -

Mqreover, define u(z) := —227'30—1—227' (C(o,m, ||k”Loo(Rd) )2djSJ2,1+C(J,m, HkHLoo(Rd) ), €=
2% and A := C(o,m, 1]l 100 () )2%78% | +C(o,m, 15l oo () ). Then, u is globally Lipschitz
continuous in x and v = e vy + A(1 — e is a solution of the following ODE

dt
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Let us choose vy := [pa p%j dz > w(0). Then, we can apply the comparison principle to
obtain
w;(t) <wv(t) <e v+ A

< HPOHiJo:(le) + C(Uym7 HkHLOO(Rd) )2djSJ2_1 + C(U7m’ HkHLOO(Rd) )

It follows that

Sj = ts[%%] wj(t) < C<U7m7 Hk;HLOO(]Rd) ) max ( ”po”i]oz(le) 3 deSJZ—l + 1)'
€|0,

To complete the proof, we perform a version of Moser iteration technique to bound the L°°-
Sj
|Ipo||i]oZ(IRd)

norm. Let us assume for the moment that ||pgl| Leo(rey = 1. Let 5]- = . Because

a + b < 2max(a,b) the last inequality provides us with
85 < C(oym, 1K ooy ) max (1,2952 1, lpoll 2t )
< C(o,m, 1| Lo (may ) max (1, degf_l).
Adding on both sides § > 0 and taking the logarithm, we arrive at
log(S; + &) < max(log (C (o, m, &l oo (ray ) + ), 10g (C (o m, [|E| oo ra) )2957_1 +6))
< 2log (Sj-1 + 6) + djlog(2) + log (C (o, m, [|kl| oo (ray ) )
for some new constant C(a,m, ||k|| Loo(Rd) ) > 0. This implies
277 log (9; 4 0) — 27 log (Sj-1 +6) < 277djlog(2) +277C (o, m, ||kl o (ma) )

for j € N, where we used Lemmamto not subtract infinity, i.e. log(S’j_l +0) < oo. Adding
the above inequality over j = 1,...,J, we find

J
277 log (5] + 5) — log (30 + 5) = Z 277 log (gj + 5) — 270" D]og (S’jq + 5)
j=1

< Z 277 djlog(2) + 273‘0(077,% 1£ll oo () )
j=1

< C(o,m, k]l oo (may )

for a constant C' independent of J and § > 0. A straightforward way to see that the series is
absolutely convergent is to apply the ratio criterion from elementary analysis.

Now, we have So = sup ||p(, )| .1 (rd) = 1 by mass conservation. Therefore, taking the
te[0,7)
exponential function on both sides and letting § — 0, we discover
2—J 27 -1)2=7
SJ SCHPOH(LOO(RC)Z) S C(Jumap(]kaHLoo(Rd)) < 0.
On the other hand, we have

1
& S
S?]_J = | sup / p%,f (t,x)dx = sup </ p?r;] (t,z) d$> o
te[0,7] /R4 t€[0,T] R4
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Finally, we can take the limit J — oo to conclude

Sup || pm(t, )l ooy = Sup W (o (t, )| 20 gy < limsup sup || o (¢, )| o0
t€[0,T)] " Lo ®9) te[0,1] /= " L2 (R J—oo t€[0,T) " L2 (R

=limsup 3 < C(|Ik]l e (ga) - £0)-
J—o0
This finishes the case |po| 0 (gay = 1. In the case ||p[|foc(gay < 1 we immediately obtain the
inequality
S; < C(O‘, m, ||k:||Loo(Rd) ) max(1, 2djS]2_1)).

Thus, by the same steps we obtain
2= log(Sj) < C( HkHLoo(]Rd) ,,00).

Taking the exponential and the limit we arrive at an uniform bound for the > (R%)-norm of
p- U

2.3. Local Lipschitz bound

In this section we introduce a uniform Lipschitz assumption on the approximation se-
quence (k®,e > 0) and show that most bounded confidence models, as used in the theory of
opinion formation [Hos20], satisfy this assumption.

At first glance, we notice that even though the interaction force kernels k° is uniformly
bounded it is not uniformly Lipschitz continuous in €. Hence, the classical theory regarding
Lipschitz continuous interaction force kernels on mean-field limits cannot be applied directly
to the particles systems introduced in Subsection 2.1.1] Instead we need use the properties of
the convolution to derive uniform Lipschitz continuity of the mean-field force k°*p*. Following
e.g. [CG17,[LP17,[FHS19], we derive a Lipschitz bound for certain models in the case where the
trajectories X7 and Y;® are close in a suitable sense. This approach requires an approximation
with suitable properties and could not be generalized, so far, to arbitrary approximations.
The main reason lies in the derivative of the approximation k°. If the derivative would be
non-negative, then we could use a Taylor approximation, the properties of the solution p°
and the formula [[[VA®|  pf | oo (ray = [|k® * Vf || oo ey to obtain a local Lipschitz bound for
k® with estimates on the gradient Vp;. Unfortunately, in most cases a simple mollification
of k£ has a derivative becoming non-negative as well as non-positive. Therefore, we have to
postulate the following assumptions on the approximation sequence (k%,e > 0).

ASSUMPTION 2.13. The sequence (k®,e > 0) satisfies the following:
(i) There exists a family of functions (I, > 0) such that
5(z) — k()| < F(y)lz — g
for x,y € RY with |z — y| < 2¢;
(i)
ts[lé%] 15 PfHLoo(]Rd) < C(”kHLw(Rd))(”PO”Ll(Rd) + ||p0”L°°(Rd))7
€10,
where C(||k|| oo (ray) is some finite constant depending on the L>®(R¥)-norm of k.

REMARK 2.14. The constant 2 in Assumption [2.15 can be replaced by any positive con-
stant. For simplicity, we choose the most convenient one to avoid cumbersome notation.
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2.3.1. Exemplary interaction kernels. The particle systems, as introduced in Subsec-
tion can be used to model the opinion of interacting individuals, see e.g. [Hos20]. A
prominent class are given by so-called bounded confidence models, in which the interaction
is described by interaction force kernels of the form

kpcm(z) := l[O,R}(‘th(‘T)?

where h: R% — R? is a twice continuously differentiable function. To show that kg, satisfies
Assumption we introduce the following approximation sequence ( o € > 0) of the
indicator function Il[a’b](z) with a,b € R, a < b, such that the following properties hold for
each ¢ > 0:

o U;, € CE(RY),

o U, — Ly as € — 0 almost everywhere,

° supp( a,b) C [a—2e,b+ 2¢], Supp(dz a,b) [a —2e,a+4 2] U[b—2e,b+ 2¢],

e 0 < wi,b <1, iz/zib‘ < g for some constant C' > 0.
Since we want to take e — 0, we consider only the case where ¢ is small enough. In particular,

we can take the mollification of the indicator function of a set. We define the regularized
interaction force kernel

Koo (2 )ZwERR(IwD ()

which obviously satisfies Assumptions [2.2] That it also satisfies Assumption [2.13]is verified
in the following.

LEMMA 2.15 (Local Lipschitz bound for bounded confidence models). Consider the reg-
ularized interaction force kernel k$.,, with cut-off €. Let NBR. := B(—R,4e) U B(R,4¢)
( “neighbourhood of R”). Then, we have the following estimates:

(i) For each z,y € R? with |z — y| < 2¢ and
B, (y) i= Clpo,rt+3)(¥), vy € NBRE,
e Ce 1, y € NBR.,

1t holds that

‘kBCM( ) kJEBCM( )’ < lBCIW( )’37 - y’;
(ii) For each x,y € R™ with |z — y\ <e and

L;;,BC]V[ (yl’ s ’yN N Z lBCM y] (yl, B yN) € RdNa

it holds that
1K pond (%) = K pon ()] < 215 pen (9) 12 = Yloo,
where K; pcay i defined by with kgon -
PROOF. (i) Let |x — y| < 2e. By the mean value theorem, we have the bound
Ko (@) = Kgen ()] < [VE(2)]|2 — y|

for some z in the line segment between x and y. Let us distinguish between two cases.
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Case 1: y € NBR.. Using the bound
| VkGon(2)| < [V@F(12D)h(2)] + [0°(2)Vh(2)| < O™

for all z € R? for some constant C' > 0, which depends on the deterministic function h, it
follows

kG on (%) = kgon (y)] < C‘gil‘x —yl.

Case 2: y € NBRZ. Because z lies on the line segment between x,y, it follows for some
s € [0,1] that
lz—yl=ly—sz—y) -yl <[z -yl <2
and therefore |[R — z| > |R —y| — |z — y| > 4e — 2¢ = 2e. Analogously, | — R — z| >
| — R—y| — |z —y| > 2. Consequently, z is far enough away from the points R and —R such
that the derivative of the approximation ¢ vanishes. This implies

|VEGen (2)| < [0°(12))VA(2)| < |VR(2) |1 p-3,r3(y]) < CLi_p_3 r+3(|y]),

where we used |y| < |y — z| + |z| <2+ |z|. Together with the mean value theorem this proves
the second case.
(ii) We want to apply (i). For z,y € RN |z — y| < &, it follows

|K i, i son (%) — KlaBCM N_1 Z |Kpon (@i — 25) — Kpon (Yi — y5)]
J?él
S Z Upen(y yj )i — Ly — (yi — y])|

J#z
< 2L§,BCM(y)|x — Yoo

It is indeed justified to apply (i) since |z; — z; — (yi — y;j)| < 2|z — yloo < 2¢ for all ¢,j =
1 N. ([l

g ooy

REMARK 2.16. The second part of Lemmal[2.15 is a direct consequence of part one. Hence,
if (k%,e > 0) satisfies Assumption we have

K () = K5 (y)] < 2L (y) 2 = yloo

for z,y € RN with |z — y|oo < € and
N
L?(yh'"?yl\f Z y] (yl,...,yN) GRdN.

The convenient properties of the solutions (p°,e > 0) allow us to find a uniform bound of
the convolution term [° % pf. This will be the content of the following lemma.

LEMMA 2.17. Suppose Assumption and let us define

I’ii,BCM(yh CoHYN) = (l%CM * pf)(yz), (y1,.-.,yN) € RdN»
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the averaged version of L for i = 1,...,N. Then, there exists a constant C, depending on
the deterministic function h and pgy, such that

~Sup  sup HE;Z',BC]\/[HLOO(RGZN) < C( HPSHLl(Rd) + HngLOO(Rd) )7
i=1,...,N ¢t€[0,T]

where p§ is the solution of (2.8)) for the special interaction force kernel kpcy,.

PROOF. Leti € {1,...,N}and y = (y1,...,yn) € R¥. Then, by mass conservation and

Lemma we have
|[_’§,i,BCM(y)| = |(lEBCM * 07 ) (Yi)|

< /Rd l{z:yifzeNBRg}‘l%CM(yi — 2)pi(2)] dz
+ /Rd H{Z:yi_ZENBRs}“%OM(y — 2)pe(2)| dz

<C [ Il dz o+ Cete™ 5 ey
R4
< C( ||P§HL1(Rd) + ”PfHLw(Rd))
< C( HPOHLl(Rd) + ||P0||L00(Rd) )7
where C again depends on the deterministic function h. O

Consequently, we have shown that k* = v¢°h fulfills Assumption and (as previously
mentioned) Assumption which implies the following corollary.

COROLLARY 2.18. The interaction force kernel kpcy of the bounded confidence model
satisfies Assumptions and . The associated approzimation sequence (kEBCM, € > 0) 18
given by kg, (z) == @ZJE—R,R(m)h €r).

Another example of interest occurs in dimension d = 1. The interaction forces with h(z) :=
sgn(z), which corresponds to a uniform interaction, i.e., every particle in the interaction radius
has the same impact. Unfortunately, sgn(z) ¢ C?(R) and, hence, we cannot directly apply
Lemma However, the function sgn(z) has no effect on the discontinuities —R and R.
Therefore, if we can control the function around zero, we can obtain an analogue result to
Lemma [2.15] Indeed, we define

ky(2) == =1_go)(z) + 1o,r)(2), z€ER,
which can be appropriated by k7 (z) := 9°  4(2) + 9§ g(2). Defining
NBZR. := [-R — 4e, —R + 4¢] U [—4e,4e] U [R — 4¢e, R + 4¢]

as the neighbourhood of zero and R, we can perform the same steps as in Lemma to
prove the following lemma for k.

LEMMA 2.19 (Local Lipschitz bound for uniform kernel). Consider the regularized inter-
action force kernel kf, with cut-off €. Then, we have the following estimates:
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(i) For each x,y € R with |x — y| < 2e and

R 0, z € NBZR,
I5(2) == .
Ce™", 2z € NBZR,,
it holds that
kg (2) — kg (y)| <15 (y)lz —yl;

(ii) For each x,y € RN with |z — yloo <e and

L'LE',U<y17“’7yN Zlg y] (yla--'ayN)ERNa

it holds that
K7 (%) — Ky (y)] < 2L5 5 (y) |z — yleo-

COROLLARY 2.20. The interaction force kernel ky satisfies Assumptions[2.9 and[2.13 with
the associated approximation sequence (sz],s > O) given by k& (z) := Ve polz z) + V5.r(2 z).

PROOF. Apply Lemma 9| and similar computations as in proof of Lemma [2.17] to show
that Assumption [2.13]is fulﬁlled The verification of Assumption [2.2]follows immediately. O

2.4. Law of large numbers

The derivation of propagation of chaos is based on defining several exceptional sets where
the desired properties will not hold. Hence, we need to rely on the fact that the probability
measure of these sets is extremely small. This fact is the subject of the next proposition.

PROPOSITION 2.21 (Law of large numbers). Let 0 < «,d such that 0 < 6 + « < 1/2

and Zl, ..., ZN be independent random variables in R¢ such that Z' has density u’ for i =
,N. Let h = (hq,...,hq) : R* = R? be a bounded measurable function. Define H;(Z) :=

L h(Z' — Z7) and

N

MZ

EU

'7.
J

Sl

1<i<N

S :={ sup |Hi(Z) — E(H;(Z))| > N‘“”“)},

S = { sup |Hi(Z) — By (Hi(Z))| > N‘(‘”“)},
1<i<N

where B(_;y stands for the expectation with respect to every variable except 7t i.e

1 N

E(_i)(Hi(2)) := ¥ Z(h s ul)(Z;).
j=1
i

Then, for each vy > 0 there exists a constant C(v) > 0, which depends on ~,C, such that
P(S), P(S) < C(7)N "
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PRrOOF. We prove the statement for the set S. The estimate for the set S can be shown
similarly by replacing E(H;(Z)) with E_;(H;(Z)). First, we notice

P ( sup |H;(Z) —E(H(Z))| > N—(5+0¢)>
1<i<N

N d
<3N P(Hu(Z) - B(Hy(2))] = N0,

i=1 1=1
where H;; = N Z hi(Z' — Z7). Hence, it suffices to prove
J#%
P(|Hiy(Z) —B(Hiy(Z))| > N~CT) < C(7)N 7

foreach v >0,i=1,...,N,l=1,...,d. Let us assume ¢ = 1,] = 1, where we will omit the
index [ for more convenient notation, and for j = 2,..., N let us denote by ©; the independent
random variables ©; := h(Z' — Z7). Then, applying Chebyshev’s inequality to the function
x — 2™, we obtain

P(|H1(Z) — E(Hy(2))| = N~C+)) < N2CHIME(| Hy(Z) — E(H1(2))[*™)

2m

(2.17) o(s 1 N
+a)m . .
< N2(to)mE N1 ;_2:((% —E(8,))

The expectation on the right-hand side can be rewritten, using the multinomial formula, as

N

2m .

AT 2m _ a;

(o +x3+ -+ 2N) Z (a2,--.,azv>jl_[2$j ;

az+az+---+any=2m

where a = (az,as,...,ay) € N)'7! is a multi-index of length |a| = 2m. Consequently, using
the independence of (0,7 =2,...,N), we get

2m

LN
Elly 232(@3 -
]:

S D DI G )ﬂE((@j—E@m%)

az+az+--+an=2m ’ j=2

N
215) SEA D DU R ) | O CHIR!

as+az+--+an=2m T j=2
lajo<m

where |a|p the number of non-zero entries of the multi-index a. Otherwise, if |alp > m, then
there exists a j such that a; = 1 and the product vanish since E(©; — E(©,)) = 0. From the
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bound on A we have

IE((©; —E(©,))%)| =

/ (h(z1 = 23) — E(©,))%u (21)u (25) der dzy | < O,
Rd x R4
Using the facts

< 2m >§(2m)2m and 3 1< N*(@2m)k

92, AN az+az+--+any=2m
lalo=k
for 0 < k < m, we can estimate (2.18)) to arrive at
2m
| X
. ) —2m 2m ~2m
Bl |y 2@ -Be)| |~ > empe
Jj=2 ag+az+--+an=2m
lalo<m
m
_ C(m)N™
<N QmZNk:(2m)3m02m < o
k=1
for some constant C'(m). Hence, plugging it into (2.17)), we find
s N2(6+a)m+m
P(|H1(2) ~ B(H(Z))| = N-0)) < opm) 0"
Using the assumption 0 + o < 1/2 and choosing m such that m(—1 + 2(§ + «)) = 7 proves
the proposition. O

The law of large numbers provided in Proposition allows to show that the sets, where
the desired properties do not hold, are small in probability.

COROLLARY 2.22. Let0 < o, 6, 0 < a+6 < 1/2, e ~ N8 with 0 < B < a and define for
0 <t <T the following sets

B} = {|K°(Y,"") — K;(Y,"%)|oo < N~O+a)}
B} = {|L5(Y,"°) — L5 (Y"") | < 1},

where the mean-field particles are close under the kernel K¢ and Lf, which were defined in
Section and Remark|[2.16. Then, for each v > 0 there exists a C(y) > 0 such that

P((By)). P((B})) < C(y)N~7
for every 0 <t < T, where the constant C(v) is independent of t € [0,T].

PROOF. First, the random variables (Y;*°,i = 1,..., N) are i.i.d. and have a probability
density pi given by the solution of the regularized system ([2.8]). Moreover, we have

N
1
Kf(l‘b_..’x]\/) = _Nzke(l‘l —1’3), ('rla"'?xN) S Rde
7=1
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with k¢ bounded. We recall that we denote by E(_;) the expectation with respect to every
variable but the i-th. Therefore, we get

N
1 i ;
By (KF(Y,"79) = = D_E(R (Y, - ¥{9)
j=1

N
1 1,€ 1,€ T €
= 2 [ RO = et de =~ () = RE(YD)
j=1
forallt=1,...,N. As a result, we obtain
(Bi) = { sup |K7(Y,"%) =By (K7 (Y,"9)] > N(‘”a)}
1<i<N
and therefore, by Proposition [2.21
P((B))) < C(v)N~.

For the set B? we notice the function I N~ is bounded since ¢ ~ N ~# and, thus, we can
do similar steps as before with the set

(B2 = (N~ L5 (YY) = LE(Y) ) |oo > N7}
CANTYLE(Y) = LE(Y ) oo > N™CH))

This proves the corollary. O

2.5. Propagation of chaos in probability

In this section we are going to prove propagation of chaos for the particle system ([2.3). We
deploy a coupling method with the mean-field SDE (2.2]) and show convergence in probability
with an arbitrary algebraic rate N~ for v > 0. To that end, we present the main result,

N
which states that the trajectory of the N-particle system XV with Xév ~ ® po typically
i=1

remains close to the mean-field trajectory YV with same starting position Xév = YON during
any finite interval [0, T7].

THEOREM 2.23. Suppose Assumption . Let T >0, a € (O, %) and (k®,e > 0) satisfy

Assumptions and with € ~ N8 for 0 < 8 < a. Then, for every v > 0, there exists
a positive constant C(v) and Ny € N such that

IP’< sup ‘Xiv’g - Yiv’a‘oo > N°‘> < C(y)N™7, foreach N > Nj.
te(0,7

The constant C() depends on the initial density po, the final time T > 0, o and . The
natural number Ny also depends on pg, T and a.

To prove Theorem [2.23] we need the following auxiliary lemma.



2.5. Propagation of chaos in probability 57
LEMMA 2.24. [LP17, Lemma 8.1] For a function f: R — R we denote the right upper

Dini derivative by
D : +h) —
D} £(y) o= timsup LU I0)
h—0+

Let g € CYR?Y) and h(y) := sup g(s). Then, one has E;Fh(y) < max (0, d%g(y)) for all
0<s<y

y > 0.

PROOF OF THEOREM [2.23] For 7 > 0 and a € (0,1/2) and § = 3(1/2 — a) > 0 let us
define the auxiliary process

JY .= min (1, sup TS (No|XNe —yNe| 4 N‘S)) ,
0<s<t
where A > 0 is a constant, which will be defined later. In the first step we want to understand

how JtN helps us to control the maximum distance \Xiv - Yiv ’6]00. For 0 <t < T we have

(2.19) sup NY|X = Y| < sup XTI(NXDE = Yo + N70).
0<s<t 0<s<t

Hence, if J¥ < 1 we obtain sup N 0‘|X£\7’6 —YY “loo < JP < 1. Furthermore, we can assume
0<s<t

N > Ny such that JY = A=) N—6 < % with Ny depending on T, A\. As a result, we find

1
P( sup X" — Y, ZN“’> <P(JY >1) SIP’(J{FV—JéVE 2)

te[0,7)
T
(2.20) < 2E(JN — J) < 2E /DjJtN dt
0
T

0
where we used a more general fundamental theorem of calculus, see e.g. [HT06, Theorem 11],

in the last inequality. In the next step we want to estimate the Dini derivative Ej JN.
Applying Lemma we discover

— d
(2.21) D:_JtN < max (0, dtg(t))

with g(t) := 2T-D(N| XN — YN + N%). Computing the derivative, we find

(2:22) %g@) < AN N X Yoo+ N7 AN R (X)) = K (Y] ) oo

with K¢ and Fi defined as in (2.5) and (2.6, respectively. Next, let us introduce the set
Ay = {ﬁzr JN > 0} and notice that ([2.21]) implies 4; C {E:r JN < %g(t)}. Hence, we

discover

_ _ . d
B(D ) = BT 7 1a) + BDT 7 1) < B (a1
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In combination with we see that, in order to prove the theorem, it is enough to show
that E(%g(t)]lAt) is bounded by C(y)N~7 for some constant C'(y) > 0 and ¢ € [0, T].

At this moment let us recall the sets B}, B? from Section where the “good” properties
hold to further reduce the problem. We have

d d d
E (dtg(t)]lAt> =E (dtg(t)]lAthlth2> +E <dt9(t)1Atm(Bt1th2)C>

D ((ig(t)llAmBgmBg> + CN*(P((B})) +P((BY)°))

IN

IN

d _
E ((MQ(t)]lAthgmB,?) +C(y)NT,

where we used the fact that the interaction force approximation k° is uniformly bounded
in the first inequality and thus we have |$g(t)] < CN® with the help of (2:22). The last
inequality follows immediately from Corollary and relabeling ~. It is therefore enough to
prove that % g(t) < 0 holds under the event A, N B} N B?. This is equivalent to the inequality

€

(2.23) e)\(T—t)Na|K6(XiV7€) _ Ft (Y£V7E)|oo < )\eA(T—t) (Na|XiV’€ _ YtN7€|oo + N_(S).

We observe that on A; we have JY < 1. In fact, let J» > 1 and remember that J is an
non-decreasing function bounded by 1. Consequently, the right upper Dini derivative vanishes
and we are in the set Af. Together with (2.19)) this means

(2.24) Os<u12t |XNe —yNe| < N~
_S_

holds on A;. Splitting up the term on the left-hand side of (2.23)), we obtain
[KE(X) = K (Y] ) oo < [KE(X)) = KE(YL ) oo + [K=(Y) = K7 (Yoo
< LAY ) ool X0 = Y7 oo+ N7
< (CHLEY ) oo) X = Y, o + N0
< Clpo, T)(IX, = Y, ¥ o + N0,

where we used the local Lipschitz bound from Assumption inequality (2.24) and the
condition of event B} in the second inequality. Then, we applied the condition of B? in the

third inequality and finally Assumption [2.13]in the last inequality. Inserting this back into
the left-hand side of ([2.23)), we discover

ATONK(X]) = K (Y] oo < AT INCo0, D)X = Yo + N7CH)
= C(po, T)MTD(NYXN — Y| o + N79).
Choosing A = C(pg, T) provides ([2.23]) and concludes the proof. O

REMARK 2.25. The cut-off a € (0,1/2) was only used in Corollary to bound the set
B?. Hence, one possibility on improving the cut-off is to optimize Proposition in order
to handle more general cut-off functions.



2.5. Propagation of chaos in probability 59

From Theorem it immediately follows that the marginals of X}V and Y} converge
in the Wasserstein metric, see e.g. [CG1T, Corollary 2.2]. For the sake of completeness we
include the statement below.

COROLLARY 2.26. [CG17, Corollary 2.2.] Let the assumptions of Theorem hold.

Consider the probability density p?N’e of Yiv’e and piv’s the probability density of Xt’a. Then,
N,k,e
Pt

k > 1. Furthermore, the probability density piv’a converges weakly (in the sense of measures)

converges weakly (in the sense of measures) to p;?k’a as N — oo, (N) — 0 for each fized

to the same measure as pf@N’E as N — co. More precisely, there exists a positive constant C
and Ny € N such that

sup Wi(pr ™%, o), sup Walpy S, pi™) < Clpo, T, ) N
te[0,T)] t€[0,T7]

holds for each k > 1 and N > Ny, where Wy denotes the Wasserstein metric

k
1 . )
1% = inf R
1(:“‘7V) 71’611_[1%#,1/) /Rdx]Rd L g |$ Yy | 7'['((1}73/)

and TI(p, v) is the set of all probability measures on R? x R? with first marginal p and second
marginal v. The constant C(po,T,«) depends on the initial condition pg, the final time T
and a. Moreover, Ng € N is the same as in Theorem |2.25

Corollary implies the weak convergence in the sense of measures of the k-th mar-
ginal piv € £o the product measure p?k . Indeed, since piv ke converges weakly to p? k’s, it is
sufficient to show that p? ke converges weakly to pf@k. By the classic result [Szn91, Proposi-
tion 2.2] we can consider the special case k = 2, i.e pf ® pf converges weakly to p; ® p;. We
can further reduce it by applying [Patl3l Theorem 2.8], which tells us that it is enough to

show p; converges weakly to p.
LEMMA 2.27. Let T > 0 and suppose Assumption . Moreover, let (p°,e > 0) and p be
the weak solutions obtained in theorems[2.6 and[2.9. Then, one has

(2.25) sup /R (@) p()o(z) de| — 0

te[0,7

for all p € L®(RY). In particular, p; @ pi converges weakly to p; @ py for all t > 0 in the
sense of measures.

REMARK 2.28. Suppose the assumptions of Theorem [2.23 hold. Then, Lemma [2.27 to-
gether with the discussion before Lemma and Pmposition imply that, for allt € [0,T1,
1
1' - 5 i,e —
Ng)noo N ; Xy Pt
in law as measure valued random variables if e ~ N5,

PRrOOF OF LEMMA [2.27] First, we notice that the convergence is uniform in time. There-
fore, the strong convergence result from Lemma [2.8 cannot be applied. We start by show-

ing ([2.25) holds for ¢ € H'(RY). To that end, let us assume ¢ is in a dense subset and



60 Mean-field limit via convergence in probability

smooth enough, i.e. ¢ € C(?O(Rd). Now, let 0 < t1 < to < T. Then, the uniform bound on
%pi (see (2.12))) and integration by parts [Zei90, Theorem 23.23] implies

Lot [ 5@

Rd
to d
— ‘/<dtp§,¢> dt‘
i H*l(Rd),Hl(Rd)
d
< |t —t1|V2 | = pf Dl g1 (e
At o rsmrrey D

< Clta — 01| 6]l 1 ay -

Consequently, the sequence of function ¢ — [pq pf(2)¢(x)dz is equicontinuous. Using the
L>([0,T7]; L?(R%))-bound, we also get a uniform bound on the sequence. As a result, we can
apply the Arzela—Ascoli theorem to obtain a convergent subsequence, which depends on ¢

and will be denoted by (p*(¥),e(¢) € N) such that [ pi@¢dz — ((¢) in C([0,T]). By

the fundamental lemma of calculus of variation and the fact that pf((b) converges weakly in

L2([0,T); L*(R?)) we can identify the limit ((¢) = [ga pr¢ dz. Since ¢ was taken from a dense
subset of H'(R?), we can use a diagonal argument to obtain a subsequence, which will be not
renamed, such that, for ¢ € H'(R?),

(2.26) sup
t€[0,T

6190 = p@)te) de| —— 0

With another density argument and the uniform bound of (pf,e > 0) in L>=([0, T]; L?(R%))

we obtain for each ¢ € L2(RY) a subsequence (pi(d)), £(¢) € N) such that holds. Again,
since L%(R?) is separable we can use another diagonal argument to show that we can obtain
a subsequence (p;*,k € N) such that holds for all ¢ € L2(R?). Notice that this
subsequence is independent of the function ¢. Furthermore, the uniqueness of the limit
implies that actually holds for any sequence (pf(N) ,e(N) > 0) itself, where ¢(N) is
some sequence depending on N such that (V) — 0 as N — oc.

Next, for ¢ € L>°(R?), we apply Lemma and the fact that ¢(x)1y.<r) € L*(R%) to
find

sup / (p (z) — pe(x)) () da
te[0,7] | JRd
< /R () )L oy A
+ sup /(Pf(x)—pt(x))éf)(ﬂﬁ)ﬂﬂxzmdx
te[0, 7] | /R4
< sup (P (x) — pe(2))p(2) 1 {j2)<py do
tef0,7] | JRd
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1] e
F 2 sup [ (e + pula) ol o
t€[0,T] JR4
< sup | [ (6i() = ()o@ L iy e + Co0) [0l B>
tel0,T] | /R4
Letting ¢ — 0 and then R — oo, we obtain (2.25)) and the corollary is proven. O

2.6. Comments

The main inequality of Chapter [2]is given in Assumption [2.13] which resembles a Taylor
expansion around the point y without an error term. Much of the work by Pickl and Lazarovici
is built upon this foundational observation. An alternative, is presented by Prof. Chen’s idea
to perform an actual Taylor expansion. This approach is more natural and easier to follow.
Additionally, it eliminates the need for the Assumption [2.13] allowing the inclusion of more
models. However, the drawback is in estimating the Lipschitz bound (Lemma [2.17). In
Taylor’s approximation, the Lipschitz bound is equivalent to the first derivative. Our proof
transfers the local Lipschitz bound on the interacting particle system XV to the i.i.d. mean-
field particle system Y/ via the law of large numbers, and then utilizes the properties of the
mean-field solution. This corresponds to the “top-to-bottom” approach. Consequently, we
need to estimate

sup [V % pf (),

z€R4
if we want to follow Taylor’s approximation. Without additional structure on the interaction
kernel, we encounter difficulties and cannot proceed further with the known methods. The
main problem lies in the fact that, even though we have a convolution structure, we cannot
flip the derivative onto the solution, rendering the regularity we obtained from the mean-
field problem obsolete. Therefore, similar assumptions to ours are necessary to demonstrate
convergence in probability, and there appears to be no mathematical advantage gained.



Chapter 3

Quantitative estimates for the relative en-
tropy

Having established convergence probability for bounded kernels &k in Chapter [2], one can
ask the question whether the convergence of the same N particle system

N
) 1 ) . ) N
(3.1) dX} = -+ > k(X -X])dt+odBj, i=1,...,N, X}~ 20
j=1 a

with i.i.d. initial condition (Xé,z' =1,...,N), d-dimensional Brownian motion B, k: R?
R?, and o > 0, can be demonstrated in some stronger sense?

In this chapter we explore the relative entropy method [JWI§| and modulated energy
method [Ser20] by using our findings form Chapter [2[ about the convergence in probability.
The chapter should provide a more detailed view into the modulated energy and relative
entropy method, which we have already seen a glimpse of in Section We know from
Section that all this quantities are in a sense stronger than the notion of weak conver-
gence. We will describe the connection between the various forms of convergences and find
a remarkable relation to the earlier work by Oelschlédger [Oel87]. This provides new insights
into how to tackle singular interaction kernels. In particular, attractive Coulomb kernels.

It also works as a foundation for Chapter |5, where we will investigate the relative entropy
approach for interacting particle systems with common noise. Many concepts will reappear,
so it’s essential to understand them in the non-stochastic setting first, where the limiting
equations are deterministic rather than stochastic, as they are in Chapter

This chapter is based on [PN24].

3.1. Problem setting

The setting remains the same as in Chapter 2 For the sake of completeness, we briefly
recall it. We will primarily focus on the interacting particle systems and diffusion-aggregation
equations on an intermediate level. Therefore, we may temporarily set aside the issue of well-
posedness for the non-regularized systems. If we are interested in the non-regularized case, we
will always assume k € L>°(R?) in this chapter. Additionally, we will need to introduce the
Liouville equation, which is satisfied by the density of the interacting particle system itself.

3.1.1. Assumption on initial condition. The assumptions are similar to those in Chap-
ter However, since we are only at an intermediate level, we require only the following
assumptions on the initial condition py of the interacting particle system throughout this
chapter.

62
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ASSUMPTION 3.1. The initial condition po: R — R fulfills

(3.2) po € LY(RY) N L®(RY) N LYRY, |22 dx), po >0, and / po(z)dz = 1.
Rd

3.1.2. Interacting particle systems The N-particle system XJ¥ := (X},..., X}V) is given
by . The particle system (3.1) induces in the limiting case N — oo the following i.i.d.
sequence Y}V := (YV,!,...,V/N) of mean—ﬁeld particles

(3.3) AV} = —(kx p))(Y))dt + odB}, i=1,...,N, Y)Y =XV,

where p; := p(t, ) denotes the probability dens1ty of the i.i.d. random variable Y.
To introduce the regularized versions of (3.1)) and ( -, we take a smooth approximation
(k*,e > 0) of k and replace the drift term With its approximation. Hence, the regularized

microscopic N-particle system X< := (X%, ..., X") is given by
A 1 X , . 4 N
(3.4) AX;" =—— S OK(X{T - XPF)dt+odB], i=1,...,N, X§*~ 8 o,
i=1 -
and the regularized mean-field trajectories Y1 < := (V;*,...,Y;"%) by
(3.5) AY;e = — (k% p5) (Y 5)dt + 0 dBi, i=1,...,N, Y®=Xe,

where p := p°(t,-) denotes the probability density of the i.i.d. random variable Y;"*
In the following computations, we will encounter lengthy expressions, and to maintain
. . . . . . XN,s N75

clarity in notation, we abbreviate the empirical measure p; by p; .

3.1.3. Diffusion-aggregation equations and Liouville equations. The interacting par-
ticle system (3.1)) induces the following Liouville equation on RV,

M=

N N
8tp£V(XN) = %2 ;A%pé\/(xN) + Zlv ’ (pt (XN)% 1k(xi - xj))v

(3.6) i

N
) = T oo,

for XN = (21,...,2x5) € R¥. The system (3.3) induces the non-linear aggregation-diffusion
equation

57) {8tpt= CAp+ V- (pikx pr), V(tz)€[0,T] xR,

p(x,0) = po, Vz € R4 ’
The regularized particle system (3.4)) is associated to the Liouville equation

Dupp(XN) = ZA:& (XN)+ZV1~Z-< XN) % ZW —%)
(3.8)

PéV’E(XN) = H po(Ti),

=1
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and the regularized system (3.5)) to the aggregation-diffusion equation

59) {atpé = NG + V- (5K pf), VY (tx) €[0,T] xRY,
' (2,0)

= po, Ve RY

Analogously to Chapter |2 we use p; and p§ for the solutions of the PDEs (3.7) and (3.9)
as well as for the probability densities of the particle systems (3.3)) and (3.5)), respectively.
Furthermore, we require the marginal of the system of rank 1 <r < N,

(3.10) piv’r :/ piv(ml,...,:EN)meH... dzy.
RA(N—7)

We remark that the r-th martingale solves the following Liouville equation

2 T
o N O / A oN(p
t 2 zzl RA(N 1) ziPp (1,...,ZN)
LN

J=1

(3.11)

Similar to (3.10)), we denote by p,{v’r’e the r-th marginal of the approximated Liouville equation,
ie.

Nyre N,e
Pt _/ Pt ($17"'7$N)dmm+1”-de7
RA(N—m)

which solves (3.11)) with k¢ instead of k. Additionally, we define the chaotic law

r
pl(?TE( 1, ..,l‘m) ::pr(.ﬂ),
=1

which solves the following equation

®7’6(

(o, ...

.
7ZAI p?rs 1, "axr)“‘zvzi' ((k‘*pi)(fbi)p;@ne(l‘la--~al'7")>
i=1

with initial condition p§™* = p&".

For the partial differential equatlons (3.6 . and ( we rely on the concept
of weak solutions. For the PDE’s and 1.' we refer to Deﬁmtlon . For the Liouville
equation we define a weak solution in a similar fashion.

DEFINITION 3.2 (Weak solutions). Let ¢ > 0. A function p™* € L2([0,T]; H'(R¥N)) N
L([0,T]; L2(RN)) with 0;p™= € L2([0,T]; H~Y(R™)) is a weak solution of (3.8) if for every
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n € L2([0,T]; HY(R™)),

T
/<3tpfsv’€ﬂ7t> L(RaN) g1 (raN) A = Z//RW ( Vepr S (XN) - Vo (XY)
0 =179
1 al s N N N
(3.12) +NZI<: i —z)pr S (XNY ) - Ve (XN ) dXY de
J=1

and pNE(0,XN) = H po(w;). Similar, pN € L2([0,T); HY(R¥V)) N L>([0, T]; L2(R¥NY)) is a
solution of (3.6)), zf 8tp € L2([0,T]; H-Y(R™)) and (3.12) holds with the interaction force

kernel k instead of its approrimation k*.

REMARK 3.3. We note that the regqularity pN= € L2([0,T); HY(R™)) and time regularity
op™Ne € L2([0,T]; H- YR imply pNe € C([0,T]; L*(R™Y)) [Eval(, Chapter 5.9]. The
same statement holds for the solution p™ of the Liowville equation.

As in Section we can weaken the assumption on the test function 7 to the regularity
n € C([0,T]); C(R)). Also recall that mass conservation holds by Remark

We recall some general facts regarding the well-posedness of the interacting particle sys-
tems and Fokker—Planck equations, which will be used throughout the thesis. We may assume
that k° is bounded. First, we observe that we have a solution (,oiV “,t > 0) of the regularized
PDE in the sense of Definition which follows from the regularity of k°. In the case
k € L>=(R?), we obtain a solution (p}¥,t > 0) by the same methods as well. According to SDE
theory [HRZ24, Theorem 3.7 and Theorem 4.10], we also obtain strong solutions (XN’E t> O)

(YNE t > 0) to the regularized SDEs (3.4 . Slmllar in the case k € L“(Rd) the results
imply strong solutions of the particle system and McKean—Vlasov SDE , respec-
tively. Additionally, Section guarantees the well—posedness of PDE and in the
case k € L®(R%).

Consequently, our framework is well-defined in the case k € L>°(R?) and, in particular, the
empirical measure ,uf(N’S (w) given by with the associated interacting particle system (3.1))
is well-defined. Outside of k € L*>°(R%), we will only focus on the intermediate regime, where
well-posedness is not an issue, since the minimal requirement for k¢ is to be bounded.

Our contribution: We present a novel method to derive propagation of chaos in relative
entropy on the whole space for both non-conservative field and potential field possessing a
convolution structure. Inspired by Oelschlager [Oel87], the presented method is based on
the crucial observation that, under the convolution structure of the interaction kernel k, the
expectation of the mollified weighted L?-norm and the modulated energy (also as a weighted
L?-norm) can be estimated using the dynamics of the underlying systems in conjunction with
propagation of chaos in probability, as demonstrated in [LP17, [HLP20, [FHS19] and Chapter
The key contribution of the present work lies in the technique of combining propagation of
chaos in probability [LP17, [HLL19, [FHS19, [HKPZ19, [CCS19, [HLP20, [CLPY20, [CNP24] with
the underlying entropy structure from [JWI8| [Ser20] and the fluctuation estimates in [Oel87].
Consequently, we prove that convergence in probability, which is obtained by some type of
mollification technique, implies convergence in relative entropy for an algebraic cut-off N—7.
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This demonstrates that convergence in probability is actually a quite strong convergence
result on the intermediate level.

We emphasize that the main quantitative estimate, Theorem|[3.14] is presented in a general
manner, allowing its application to a wide range of kernels. We refer to Remark for more
details and to Section for some interesting examples from the fields of chemotaxis and
opinion dynamics. In particular, the method can be further applied in handling the attractive
and repulsive Coulomb interaction potential in dimension d > 2, which includes the Keller—
Segel model. Finally, we derive an estimate on the supremum norm in time of the relative
entropy between the law of the approximated particle system and the chaotic law of the
approximated mean-field SDE system of rate greater than 1/2. Moreover, the approximation
is of algebraic order, which is sharper than the logarithmic cut-off derived from the standard
coupling method [Szn91, LY19].

Based on the results from Chapter [2| we also provide convergence of the intermediate
system to the true mean-field limit for bounded interaction kernels k in the L'-norm. Conse-
quently, we prove the L'-convergence of the r-th marginal of the Liouville equation to the r-th
chaotic law of the non-linear diffusion-aggregation equation. This final convergence result is
only presented for bounded kernels since, in general, the existence for the linear Liouville
equation (3.6) on R is not given, see [BIJW19, Proposition 4.2] for the torus setting.

Related literature: Motivated by models, particularly from physics, with bounded measur-
able or even singular interaction force kernels, extensive efforts have been devoted to inves-
tigated propagation of chaos for particle systems with such kernels. Initially, approaches to
treat such irregular kernels were often based on compactness methods in combination with the
martingale problems associated to the McKean—Vlasov SDEs, see e.g. [Oel84] [0sa87, [Gar88,
FHM14, [GQI15 [FJ17, [LLY19]. For general singular LP-interaction force kernels k, propa-
gation of chaos was demonstrated for first and second order systems on the torus [BJW23]
and on the whole space R? [Han23| Lac23, [ARZ24]. Another approach is the convergence in
probability, which we discussed in Chapter

Significant contributions to the understanding of moderately interacting systems were
made by Oelschlager several decades ago, particularly in the context of deriving the porous
medium equation, as detailed in works such as [Oel84] [0el87]. Especially, for the fluctuation
analysis, a weighted L?-estimate with convergence rate o(IN -1/ 2) has been obtained. The con-
volution structure of the moderate interaction played an important role. In the estimates pro-
posed in [Oel87], the repulsive moderate interaction provides an essential quantity to absorb
the rests, which appear from an interacting effect. Related to the work by Oelschlager [Oel87],
Olivera, Richard, and Tomasevi¢ [ORT23] utilized the semigroup approach and an additional
cut-off to demonstrate LP-estimates for moderate interacting systems.

Our goal is to use the techniques introduced in by Oelschléger’s and extend them beyond
the porous medium equation. However, the novelty of our work is that we do not follow
directly the framework provided by [Oel87|, but generate a direct estimation method in a
general framework.

Additionally, our work distinguishes itself from the standard modulated energy and rela-
tive entropy approach [JW18, [BJW19, [Ser20, BJW23|, RS23|]. A drawback of the modulated
energy approach in combination with the relative entropy is the torus domain as well as the
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requirement of entropy solutions on the particle level (microscopic level), see [BIW19, Propo-
sition 4.2]. Such solutions are non-trivial outside the torus setting and in general not unique.
Recently, Wang and Feng extended some ideas from the torus setting to the 2D-viscous point
vortex model on the whole space R?. The idea is to show exponential decay of the solu-
tion [FW23 Theorem 4.4] to be able to apply the large deviation result in [JWI18]. Again
strict restrictions on the initial conditions such as exponential decay are necessary.

In the present chapter we manage to avoid the exponential law of large numbers/large
deviation principle [JW18| and the strict conditions on the initial condition by utilizing the
convergence in probability. We also treat general forces such as rotational fields or mag-
netic fields in physics. We manage to derive quantitative bounds on singular forces such as
attractive Coulomb interaction kernels on the whole space, which to our knowledge require
approximation techniques on the level of the Liouville equation by the nature of their sin-
gularities. The price we pay lies in the obtained convergence rate. While [JWIS] establish
convergence in the sense of the relative entropy of N~!, we achieve a rate of N~—1/2-7 for
some 9 > 0. Nevertheless, the convergence is faster than 1/2 and, therefore, we are optimistic
that this result can be used as a stepping stone for Gaussian fluctuation.

Organization of the chapter: In Section [3.1] we recall the interacting particle systems
and their associated diffusion-aggregation equations from Chapter [2| and give the necessary
assumption on the initial condition. In Section [3.2] we recall the main ingredients from Chap-
ter [2| as an assumption on which we rely for our main estimate in Theorem Then, the
main results are established in Section We provide the idea and the main estimate in
Section In Section [3.5] we demonstrate propagation of chaos in the case of bounded
interaction for the non-regularized systems by establishing the convergence of the approxi-
mated PDEs to the non-approximated counterparts. Finally, in Section we showcase the
applicability of the developed method by discussing, e.g. singular Keller—Segel models and
bounded confidence models.

3.2. Assumption of convergence in probability

The analysis of the entropy relies on the convergence of the particle system to the
particle system in probability, which we introduced in Chapter [2| At this point, we want
to follow a general approach and not limit ourselves to the results of Chapter Thus, we
introduce the following convergence in probability assumption.

ASSUMPTION 3.4. Let (Xiv’a,t > 0), (Yiv’a,t > 0) be given by (3.4), (3.5). Then for
a € (0,1/2), Ba € (0,0), B < Ba, € ~ N7P there exists an Ng € N such that for all N > Ny,
v > 0 we have

(3.13) IP’( sup  sup |XZ’E - Yti’s} > N_a> < C(y)N77,
0<t<T 1<i<N

where C () depends on the initial density po, the final time T > 0, o and ~.

This assumptions is satisfied by a variety of models [LP17, HLLI19, [FHS19, HKPZ19,
CCS19, HLP20, [ICLPY20]. In particular for bounded k or even singular kernels this assump-
tion is fulfilled, see Chapter
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Furthermore, we need the following law of large numbers result.

ASSUMPTION 3.5. Let (Y;N’E, t > 0) and p§ be given by (3.5). Assume further that 0 < 0,
0<a+d<1/2, e~ NP with B, € (0,a), B < Ba and define for 0 <t < T the following
sets

N
e = { o, SR =P — e ) 07)
J:

S N—(6+Oé) } .

Then, for each v > 0 there ezists a C(y) > 0 such that
(3.14) P((BY)) < C(y)N
for every 0 <t < T, where the constant C(v) is independent of t € [0,T].

We refer again to [LP17, [HLL19, [FHS19, [HKPZ19, [CCS19, HLP20, ICLPY20]. In partic-
ular, the assumption is satisfied for bounded forces k, which satisfy the local Lipschitz bound
as we have seen in Proposition

3.3. Main results

Let Jé(z) := E%J(f) and J: RY — R be a given mollification kernel, see Section
Let ¢ be a cut-off function, which satisfies |(| < 1, ( =1 on B(0,1) and ¢ = 0 on B(0,2)°
¢¢(x) = ((ex). We need the following assumptions on the regularized version of interaction
force separately to state the main result of this chapter. For concrete examples, such as the
Keller—Segel model, we refer to Section [3.6

DEFINITION 3.6. We say W& = (W7,...,W3), V¢ are admissible approxzimations, if W7 €
L2(RY) for alli=1,...,d and V¢ € H*(RY) with

(3.15) Wl Lo ray < Ce™*, [Vl g2 (ray < Ce™V

for some C > 0 and aw,ay > 0. Additionally, we say U¢,VE are strongly admissible approz-
imations, if U¢ € L*(RY) and V& € H*(RY) with

(3.16) 10 a2y < O™, V¥ oy < Ce™.
Notice that U¢ is R-valued and W¢ is R-valued.

In general we will consider two type of forces. First, k* = W¢ x V¢ and second k® =
V(U® x V&). The potential field structure of the latter one will be required for the definition
of the modulated energy (see Section . The assumption on k includes many different
forces, where no potential field is needed.

REMARK 3.7. Some typical examples for the above structure with k: R — R? are as
follows:

(1) The interaction force kernel k € L?>(RY). Then W¢ = k and VE = J¢ is just the
standard mollified version of k.

(2) If k € LP for p < oo, we can choose W& =k x J* and V& = J¢, which is also just a
mollification of k.

(3) If k € L>®(R?) we may choose W& = ((k x J¢) and VE = J¢, where (¢ is defined as
a cut-off function to guarantee integrability of the mollification k x J¢.
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The first main result of this chapter is propagation of chaos on the mollified level with
e=N"F:

THEOREM 3.8. Let p™V'¢ and p° be the non-negative solutions of and of respec-
tively. Assume that the convergence in probabz'lity, Assumption[3.4], and the law of large num-
bers, Assumptwn 3 hold for a € (1, 1). Let k* = We x Ve and W*¢ € L*(RY), Ve € H*(R?)
be admissible in the sense of Deﬁmtwn 3. 6| with rate aw ,ay. Then there exists a 51 € (0, By)
depending on awy,ay such that V3 € (0, 1), the following propagation of chaos result holds

for e = NP between and of .

. . 1
< 2Ms(p" 10§ @ pf) < AHn (o) Loy ™ ):o().

2
(317)  ||p? — pi @ i
N

11 (]RQd)

where p™V2€ is the 2-marginal density of p™=.

Furthermore, if k¢ = V(U® % V) with U¢, V¢ bemg admassible approximations with rate
ay,ay, then the estimate holds with B € (0 ﬂl) for some 61 > () If ay = ay and a,
is the same as in the previous case, then b1 = by and the estimate ) holds with the same
constants.

Moreover, if U,V are strongly admissible, then there exists B € (0,5,) such that
Vg € (0 Bg) the following estimate for regularized modulated energy holds with ¢ = N8

between and of .
,€ 1 € € € £ € (3
v (1) = ([ 07 Ve - ) 40 = o)) - D))

1
=o| — |.
(%)
REMARK 3.9. In obtaining the estimate for the modulated energy KCn, the proof has been
done with the identity

1 ~
Kn (o cpf™) = UQE(<U5*(uiv’e—pi),Ve*(uiV’s—pi)»,

where U(a:) = U(—x) is the reflection. Again choosing for instance W& = J¢ we may borrow
an additional factor from the mollification kernel J¢, which will weaken the convergence rate
estimate, or in other words, one has to choose even smaller 8 to achieve the order o(\/iﬁ).

The restriction o € (%, %) is in place to guarantee the order o(ﬁ). The convergence of the

relative entropy holds also without this restriction.

Additionally, for bounded force, we know from Chapter [2] that convergence in probability
holds for approximations (k°,e > 0), which satisfy a local Lipschitz bound. Additionally, we
have stability on the PDE level . Therefore, we can obtain a propagation of chaos result
without mollification.

THEOREM 3.10. Assume that k € L*°(R?) and the Assumption E 3.1 holds for initial
condition py. Additionally, suppose the Assumptions [3.4), [3.5 hold for the approzimation
k® = (C5(k* J%)) = J5. Then, for any fix r € N, we have the convergence of the r-th marginal
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of the Liouville equation (3.6)) to the aggregation-diffusion equation (3.7)) in the L*(R%)-norm,
i.e.
: Ny _  Q®r _
o™ = oz garyy = 0
REMARK 3.11. The theorem holds for more general approximation k* as long as the ap-

prozimation k* € L*(R?) and the convergence in probability holds.

Let us finish the section with an overview over the constants:
e a € (0,1/2) provides the rate on the distance of the particles in the convergence in

probability 4 |
sup |X)° - Y| > N~
1<i<N
and in the law of large numbers
N
ke Yi,e_yj,é —(k & Yi,s >N_(5+O‘) .
{f“’%v 2 K =X = (ke )R 2

e 3, € (0,) provides the maximum interval (0, 3,) for the cut-off parameter 3, for
which the convergence in probability and law of large numbers hold.

e (3 is the convergence rate of the approximated particles X;“,Y," such that e = N -8,

e (31, 32 provide the maximum intervals (0, 31), (0, 32) such that the relative entropy
and modulated energy converges with rate greater than 1/2, (see (3.17)).

3.4. Relative entropy method

This section is devoted to present the relative entropy method for the moderate interacting
problem and its connection to the L2-estimate proposed by Oelschliger [Oel87]. We derive
the smoothed L2-estimate for given force k (no requirement as a potential field), and the
smoothed modulated energy for potential field with convolution structure. Both lead to the
estimate of the relative entropy between p’V¢ and p@Ne.

The main idea is to use the assumption of convergence in probability (Assumption ,
the structure of the PDEs , and the law of large number (Assumption. Applying
the Csiszar—Kullback—Pinsker inequalityand the sub-additivity inequality (1.7)) we provide
an estimate on the L'(R%)-norm of the marginals p™™¢ and p®"¢ for fix r € N.

We emphasize that the method developed in Theorem [3.14] can be applied in different
settings. Indeed, since we are working on the approximation level, our assumptions are only
needed in the regularized setting. Hence, in general the assumptions on k, V and W itself
can be chosen more irregular, extending even to singular models. We refer to Remark
and the applications Section for more details.

3.4.1. Relative entropy and modulated energy. In this section we introduce our main
quantities the relative entropy and the modulated free energy. We then show the connection
between the L2-norm

2
€ N,e e
(3.18) B( v 6 =) )
. N,e| ®N,e N,e| ®N,e
the relative entropy Hn (pt |ps ) as well as the modulated free energy Kn (pt |ps )

This can be viewed as a combination of Oelschlager’s results on moderated interaction and
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fluctuations [Oel87] and the relative entropy method developed among others by Serfaty,
Jabin, Wang, Bresch and Lacker [JWI6l JWI8 BJWI9, BJW23| [Ser20, NRS22, [RS23|
BJW23|, [Lac23] for the mean-field setting. The aim is to demonstrate how both concepts
connect under the convolution assumption. Finally, we derive an estimate on the relative
entropy in terms of the above L?-norm.

Following [BJW19] we recall the relative entropy and modulated free energy from Sec-
tion The modulated free energy is given by

B (71 57 ) = T (09510 Ko (071 ),
where
Uy ( ®Na / 1 (piv’s(xl,...,xN))d
P. = = xl,...,xN og L1y 9y TN
t N p?Na(l'l,...,{L'N)

is the relative entropy introduced in [JW16] and if £k = V(U® % V) is a potential

K (pVe o2V o= 012E</de(U€ « V) (@ —y) dpgy = pf) (@) d(p - pi)(y))

is the modulated energy. We refer to [BJWI19] and the references therein for more details on
the modulated free energy.

Let us now explore some connections between the relative entropy and the structure
presented by Oelschléger [Oel87]. We start by rewriting the expectation of the free energy by
using our convolution structure. A straightforward calculation shows

1 .
(3.19) K (prclpe™e) = UQE<<UE s (g — pf), Ve (g — p§)>),

where U(z) = U(—z) is the reflection. Applying Young’s inequality we see that it is enough
to control a term of the form

2

L2(R4) >

for some function V¢, where we just write V¢ for simplicity and understand that we can
chose V& = U* in all calculations below. Hence, in order to estimate K N( | p®N€)
estimate the L2-difference between the convoluted empirical measure and the solution the law
of the mean-field limit . This will be accomplished in Theorem

But let us recall that our initial goal is to estimate the relative entropy Hy (pt “lp;
RN, 5)

(v« ¥ -0

we can

®N, a)

and not ICN( “|p; . Therefore, let us connect the relative entropy to the L?-norm of
Ve x (uiv’e — p§). First, we consider the case k* = W¢ x V&,
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LEMMA 3.12. Let W*, V¢ be admissible and k* = W x V. Then for the non-negative
solutions p™= of B.8) and p° of ([3.9), it holds Vt > 0 that
2
(XN

Hav (o910 ) /Z/ﬂw E(XN)

%
(3.20) < WE(/ <HV€ — )32 )ds>,

PROOF. Let us compute the time derivative of the relative entropy

xllg ®N

77'[N( P?NE)
1 Ne/vN PiV’E(XN) NN PiV’E(XN) @N,e N N
- XM log( L) ExNy = L ) g e (VY g
N Wap ( >og(p®Nva(xN))+atpt ) = e ey e )

» < ZAzzpt
+;vxi-<p Zka _xj>>1°g(m)

N N
N, N,
®N€ (XN) Zi mpy (XY) - ;V (K % pf) () p ™ (XN)) XY
M)\ [
Pt NN N
/RdN :L‘Z ®N a(xN) ) t (X ) dX

b (s — 2 3 Ve (N XY N
e Z/RdN (k: (x; —xj) — k° *pt(arz))pt (X)) - Vg, log(pf@N’a(XNde

ij=1
2 N NN 2
g P’ (X%) NN N
<_7 v, 1 (7) £(XN) dx
— AN — /RdN ;108 p?N,e<XN) t ( )
L X | N 5
€ 5 3 N, yN N
+02N;/R«W N;k (i — x5) = k% pi (i) | pp (X)X
2 N NN 2
9 pe - (XT) NN N
- ol (7) £(XN) dX
4N§/R Vel ey )| )
1
e ()]

For k¢ = W€ x V¢ we have further estimates

1 g £ 1 € £
T2 (0" (= D) ) = (G v - )
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2
LQ(Rd)>
®N,a) -0

Substituting the estimate into the first inequality, while recalling that Hy (p Po
proves the lemma. U]

2
L

< (v - 0

N,e
0

REMARK 3.13. Depending on the reqularity of V= and W€ one may choose to interchange
the roles in the estimate. Generally, one should choose the more reqular function to be V.
Indeed, in the above estimate we need only the L*-norm of W<, while later on in Theorem|[3.1]
we need the L®-norm as well as the L?>-norm of not only the function V¢ but also of its
derivatives. Moreover, if the force k® is a potential field, the last term has the following

structure
B( [vve s - o)
/’Lt pt L2(Rd) )

which will also be estimated by Theorem|5.14). Hence, we do not lose convergence rates in the

case k¢ = V(U x VE), but as already mentioned, we obtained an additional estimate on the

modulated energy Ky (Piv’s\pj?N’e) .

Consequently, by the above discussion, in order to control the relative entropy and the
modulated energy in the case k° is a potential field, we need to find an estimate for the L2-
norm ({3.18)), which was studied in the moderated regime by Oelschldger [Oel87] nearly forty
years ago.

3.4.2. L’-estimate. In this section we concentrate on estimating the rest term in the entropy
estimate (|3.20)).

We present the main theorem of the chapter, which is formulated for a function V¢, which
depends on €. This presentation is motivation by our case k* = W€ x V. We emphasize that
the function in the following theorem can be chosen independent of £, but than the estimate
has no connection to the modulated energy or the relative entropy (see Lemma .

THEOREM 3.14. Suppose (3.2), the convergence in probability, Assumption and the
law of large numbers, Assumption[3.5 hold both with rates 3, B, v specified therein. Then for
any Ve € H*(R?) the following L*-estimate holds

T

2 o2 9

LQ(Rd)> + 8E</ HVVE * (lué\ha - pi)HLZ(Rd) d5>
0

ClIVEIlzp gy (1 + 15| Zoo )

E< sup HVE*uiV’E—Va*pf
0<t<T

C 2 2 2 re[|2
< SV Iy + 192V ) +

N7
VA oo ety 1VEN 22 ray + 15 1 Foo ey IV VEN T2 Ray + 1VEN 72 Ray
+ N2«
N CHVVEH%?(Rd) (1 + IVA | oo ray) + IV VE 2y ([ V2V o gty 155 ] oo
Nets ’

where C' depends on T, o, v, Cpa-
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REMARK 3.15. The only ingredients we need for completing the proof of theorem are
the convergence in probability of the particle system XV to the mean-field limit YV as
well as the law of large numbers . But the convergence in probability and the law of large
numbers are known for a variety of interaction force kernels, see for instance [LP17, [FHS19,
HLL19, [HLP20]. Hence, this result can be extended for a variety of interaction force kernels.
We refer to Section for applicable models such as the case with Coulomb force. In the
case of d-dimensional kernels we notice, that our estimates become dimension dependent by
the choice of B and the approzimation VE and e ~ N7, Consequently, the rate of convergence
becomes dependent on the dimension of the problem.

REMARK 3.16. The results in Theorem state that ui\f’s is close to pf in the mollified
L?-norm. By propagation of chaos we expect that this quantity should be small since uiv’s —pf
should ideally vanish in the limit. The majority of work, which lies ahead, is to estimate this
L?-norm with a good rate. In the process we will also obtain an estimate on the derivative
Veox (,uiv"E — p§). This is no surprise, since the estimate follows the structure of the classic
a priori L*-estimate for the parabolic equation [NYWO06, Chapter 3]. As a result, we obtain
in the L2(P)-norm an L>=([0,T]; L?(R%))-bound and as usual an L?([0,T]; L?(R%))-bound for
the derivative. In combmatzon with Lemma [313 this will allow us to obtain a bound on the
relative entropy H( ]p®NE). Additionally, if the interaction force is a potential field we

obtain an estimate for ICN( | p®N E) by equality (3.19).

Let us start by describing the dynamic of the empirical measure ,uiv °. Applying It6’s
formula(|1.15]) to a sufficiently smooth function f, we obtain

1L
o) = = S0 R
=1

=1 7j=1
N U t
1 T ,€ % e 25
+N2;/VfX )dB{ + o Z;/AfX
i=17 i=1],

Taking the expectation and using the fact that we have a density of Xév’s, provides a weak

formulation of the Liouville equation (3.8). If we want to compare it to the mean-field law,

we need to make the crucial observation that the stochastic integral in the above equation

should vanish after taking the expectation. In other words, we have no term in the regularized

PDE , which corresponds to the stochastic integral. If the integrand is smooth enough

then obviously the stochastic integral vanishes. However, we need to compute the following
IE( sup HV‘E « e - VE

0<t< [ 2 (Rd)

Therefore, we need somehow transfer the naive approach to the more complex expected
value. Applying the above dynamic we prove the following lemma, which allows us to treat

the convolution V¢ x ,uiv ° as if the stochastic integral vanishes.
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LEMMA 3.17. Let /@CN’E(w) defined by (L.1) with the interacting particle system (3.4))
associated to it. Then, we have the following inequality

2
L2(R%) >

1 X A . . ,
> (Vf(y ~XD) D / VVE(y — X5) - k(X5 — XI) ds
=1 0

J=1

E< sup Hvs*ui\f —Vex

0<t<T

< 2E( sup /
0<t<T JR?

t
(;/AVE ”)ds>—ve*p§( )

2T
dy) o?Cepa

N IVVe|[72 ay -

PrOOF. We use [t6’s formula(l.15)), the dynamics (3.4)) and the Burkholder—Davis—Gundy
inequality (A.1) to find
2
L2(R4) )

E< sup (’Vf*uiv’f—va*pg
1 & :
LS ety - xi9) - Ve i)
i=1

0<t<T

2
dy)

1 X . 1 X ; . . .
¥ (vir-xp+ > [ oVt - xi e - xi) as
1= Jj=17

2
dy)
1 X N A A .
N2 (x4 g S [t X9 e - xds
J=1y

i=1
dy)

V'Vi(y — X0°)dB;

:E( sup
0<t<T JRd
:E< sup
0<t<T JR
t

t
2 X . .
+ T [aviy-xias—o [TV - xi9) dB;) Vi)
0

< 2E< sup /
0<t<T JRd

t
+ 2/VEA(y - X;°) d8> — Vs pi(y)
0

N 2
+202E< su / — d )
verer Jpd NZ: Y

It remains to estimate the last term by the Burkholder-Davis—Gundy (BDG) inequality (A.1)),
202]E< sup

2
Z / VTVeE(y — X9¥)dB! dy>
0<t<T

< 202/ ( sup Z/VTVE — X)dB!
Rd 0<t<T

o\w

2
)
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N

<202 [ E((5 3 [7vi-x9an) Yay
R i=1 T
0

2U2CBDG N i : 2
<——— [ E (y — Xg©
< (S [ xiras)a
i=17

2To*Cpa 2
SN IVVEIIT2Ra) -

Inserting this calculation into the previous inequality proves the lemma. O

PROOF OF THEOREM [3.14]. By Lemma [3.17] we can ignore the stochastic integral in the
processes (X%, e,t > 0), which determine the empirical measure ,uiv °. Hence, let us write

N t
; 1 . , ,
VR “(y) = <V5(y - X))+ / VVE(y — X2%) - k5(X2° — X7°) ds
. 0

for the convolution V¢ x Miv © after applying It6’s formula(1.15) but without the stochastic
integral. Then, we have

|veruls = ve s

2 2
L2(RD) [V= Ho =V pOHLQ(Rd)

t
=2 [V V) VIR = V) e
0

where we notice that for the initial time ¢ = 0, we have V¢ iuév =Vex uév by definition. Let
us remark that since all integrands are smooth enough we have V(Vgﬂ?,uiv F) = VVE?kMiV €.
Next, plugging in V#ul© and differentiate we obtain

OV, VR = V% 2 o)

(3 X STV - X 4 - X
i=1 j=1
+ Ll i AVE(-— Xbe) veEsule — Ve « p€>
2N i=1 s ’ ’ L2(R%)
_ <1 S LSOOV X k(X — X3, VRN s pe>
N i=1 N j=1 ’ ’ 2 ’ ’ L2(R4)

2
= TVVE N VRS = TV )
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Similar, p$ is a weak solution to our PDE (3.9, which implies
<BSV5 * pi), V6>T<,u,év’€ —Vex p§>L2(Rd)
2
= (v (G V(8 ) ) VR - V)

2
= — T (TVEx (p2), VYR = TV 5 p2) oy

L2(R9)

+ (VEr V- (K % p9)p2), VIR = VE % p5) 12 o).

Combing the last two calculations, we find

vaeg< N’E—VE* € 2
Hy Pt L2(RY)

= HV‘S * N{)V — Ve pOHiQ(Rd)

t
2
N 2/02<V(V€ * S =V ), V(VERULE = VE s p3) ooy ds

0
¢ y N
b [ (o X TVEC X R X3 Ve (V8 )
rd ij=1
Veiule — Ve« p§> ds.
L2(RY)

The goal is now to insert V¢ x ,uév ** back into the equation. Let us define the term

N 2 N 9 T
MY = <ZO\;Z/VT8$1V5(- —X;)dBZ,...,;Z/VTadeE(. _X;)dB;> .
=17 =17
Then, for the absorption term we have

t

2
= [ GOV ¥ =V ), DVERE V) e s

t0'2 N 2
[ IOV Vg s
0

2
+/J<VV6 s (e — *pi),MV€> ds
L2(R%)

t

t02 € N,e NI 02 € N,e e\ |[2
<= [ IV = 02 gy st [ T TV 2 e
0

2

L2(RY) ds
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t
- - / |9V ¥ = )y
t N S 2
02/ ;Z/AVE(-—Xi)dBu ds
0 =17 12(Rd)

and for the last term

N
1 . ) .
E| sup /< E VVE( = X0%) - kS (X0 — X2°) = V(VE * (k° % p2)p5),
(O<t<T N2 ( ) ( ) ( ( p )p)

i.j=1

Verule — Ve « p§> ds>
L?(R)

<( sw / (= Z VVE(- = XE) KX = X39) = T(V « (6 p)pt),

0<t<T

t
1 . ) .
+E< sup /‘<N2 Z VVE( — X59) k5 (X0° — X2°) — V(VE* (k% * pS)p),
0

N S
z —/VTVE(- —Xg)dBL> ds>.
N J L2(RY)

Applying Lemma and put together the above estimates we have shown

2
LQ(Rd) >

~ 2 QngcBDG
<E| su HVE* Ne _ye g pf ) - o
(ogth He P L2(RY) N

E( sup HV‘E*uiV — Ve
0<t<T

IVVE| 22 me)

2 702 2
< 2E(Oiltl£T ( [VE 5 16" = V5 pol| o ggay — 0/ 6 1YV (1 = D) 2y s

t
+ (5 Z VVE( = XE) - RE(XE - X39) — TV (K % )00).
0

o) o)

Vs pls —ve *p‘§>
L2(R4)
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+ 2E< sup / ‘<N2 Z VVE(— X09) k5 (X5F — XD°) — V(VE x (kF % p2)p),

0<t<T )
ds)

QTO'ZCBDG
L2(RY) d8> + N !\VV€IIi2(Rd) :

N S
% S / vIvE( - x1) ng>

L2(R9)

(3.21)

¢
+402E< sup /HMV6
0<t<T )

Now, we want to estimate each term on its own. We will split the fourth terms into fourth
separate lemmata to keep a readable structure. The theorem follows immediately by com-
bining Lemma and the inequalities (3.22)), (3.30)), (3.37) in the lemmata below. We will
summarize the estimate after we prove the following lemmata.

LEMMA 3.18 (Initial Value Inequality). Let the assumptions of Theorem hold true.
Then

2 2
(322) E( HVE * Mév —Vex pOHLQ(Rd) > < N ||V€H%2(Rd) :

Proor. We compute

E( va * :U(])V -V pOHip(Rd) >

= [ (Ve P = 27 <4 ) V7 o) + 1V )

-/, ;iE(wy - X3 V- X)) - ;ﬁ;lﬁs(vw—x@) VE % poly)

+ Ve po(y)|* dy

N?—N 2. 1 oo )
= [V m) 4 VP o) — 1V ¢ ) dy
1
=¥ (Va) x po(y) — [V = po(y)|* dy

2 2 2
< N( H’Va‘z * pOHLl(Rd) +[[V* = POHL?(Rd)) < N ||V€HL2(Rd) ”)OOHLl(]Rd) )

where we used the fact that the initial particles are i.i.d. and Young’s inequality for convolu-
tions in the last step. ]
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LEMMA 3.19 (Absorption Inequality). Let the assumptions of Theorem hold true.
Then

¢ N
1 ) ) .
E< sup / '<N2 Y " VVE( = X% ES(XET = XD°) = V(VE x (B + pf)pf),
0<t<T =1

7 2
VI =) [ T TV = e )
L

_ 16T IVE oo ety 1V 2y | AT IVEL2(ga)

— o2 N2a o2 N2(a+9d)
4||VVve 16| Ve)3
| HLQ(Rd)+ IVl Ze (may 1K 5 2]y ds
N20g2 No2 sllLoo(R?)
0
CyT
+ 0 (||V6||%2(Rd 1Ky + 19V )

2
- E(OiltlET/ HVV€ - *pi)HLQ(Rd) d8> .

PROOF. Before we begin the proof of this lemma, we will provide an overview of our
approach. Our main strategy is to utilize the convergence in probability of the particle X;*
to their mean-field limit Yf’e (Assumption in combination with the law of large numbers
(Assumption . This implies that the “bad set”, where the particles are apart is small in
probability with arbitrary algebraic convergence rate. Therefore, we may assume that Xti’8 is
close to Yti’e, and we formally replace the empirical measure of ( Z “i=1,...,N) with the
empirical measure associated with (Y;"%,i = 1,..., N). However, (Y,**,i = 1,. N ) has more
desirable properties. For instance, the particles are independent and have density pi € L' (R?)
and often even pf € L>(R?). This allows us to apply the law of large numbers (3.14)), which
ultimately proves the claim.

Let us start by splitting our probability space 2 into two sets. On one set BY the particles
are close to the mean-field particles in probability and “satisfy” the law of large numbers. The
other set we take as the complement (B¢)¢, which has small probability by inequalities (3.13])

and (3.14).

More precisely, we have

o . 7, s i, —(a+6
B¢ —{w € max ‘NZ;/CE(YS “(w) = Y (w)) — (k7 = p5) (Y E(W))’ <N~ )}
j:
(3.23) N {w e max | X508 (w) — Y (w)| < Na}

for some 6 > 0 such that 0 < a+ 6 < 1/2 and we have the estimate P((B¢)¢) < C(v)N~" for
all v > 0 by (3.13]) and (3.14)). Let us rewrite the last Lebesgue integral on the left-hand side
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of our claim as follows
(s / (€= S VA XY R - XE9) - Vw000,

0<t<T Py
ds)

Vs*uiv’s—VE*p§>
L2(R4)
su Vvé‘ X;,&‘ ke X;’a—Xg’e v VE % (kS % i i’
R T S ————

(]l(B‘S”) + ]l(Bg)°> d8>.

We are going to estimate each term by itself.
On the set BS: In order to estimate the first term above we let w € B and will not write
the indicator function. Then we have

Vs e =V p§>
L2RY)

N
% > (VYA = X0 (W) K (XE () = XE9(w)) = V(VF % (k% p5)05),
ij=1

Vs (e (w) = o))

L2(RY)
N
- % > (VA = XEE () - (B (X2 () = X9 (w)) = (Vi () = Y<(),
i,j=1

Vs (e (w) = p))

L2(R9)
1 & . . .
T N2 > <VVE<' — X (W) - k(Y9 (w) = Y5 (W) = V(VE (B % p5)05)),
i,j=1

VEx (e (@) = p2))
= I;(w) + If(w).
For the first term we obtain

IIsl(w)I

L2(Rd)

<V6(- = X0 () (k5 (X35 (w) = XI () = k(Y (w) = Yi<(w)),

TV (V) pz>>
LQ(Rd)

N
S <|<V€<- — X3 ()] ma [k (X3 () = X79(w)) — k(Y () = Y3 @)l
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TV (a2 () — p§|>
L2(RY)

IN

N
2 7 7, i,
N;<Hwaumd)rW(-—XS% I mas X0 — VN,

TV (uNF (w) - p§>r>
L2(Rd)

IN

N
2 ,
N Z TUIVE | ooy VEC = X5 @)L IVVE (1 (w) = p21) L2 (may

| N

*Z / Lo e i) Py

O-2N2a

+/ TV s (1 (w) — 5 ()| dy

(3.24)
16

2
2 2 g N, 2
< o IV ey IV ey + T [V 5 (2 (0) = 90 [
Here we used integration by parts in the first step, the property of the set B in the fourth
step. As always, we neglect the last term by absorbing it into the diffusion in our statement.
We treat the term I2(w) using the law of large numbers property of the second term in

B¢. For w € B we rewrite

N
@) = |3z 3 (VY — X)) - K V() — Y25 (@) — V(VE (K % p2)2)

i,j=1

“r ) = D) L

.
1 & . . .
= ’W > <Va(- — X% (W) (Y (w) — Y5 (w)) = Vo ((K° % p5)05)),
7,7=1

€ N, £
YV () = D) L
N

=z 2 (Vo X)) (R (Vi () — YP2() — (= pE) (Y2 ()
t,j=1

+(VE( = X3 (W) — V(- = YE (@) (K % p5) (Y (w))
V(= Y5 (@) (K % p) (Vi (w)) — Vo (K % p2)pl),
YV G = D))
(325) =12 (w)| + 12W)| + 1P W)
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For the first term I2!(w) we obtain
1 Y , 1 Y . , ,
Bl <5 <\V€(' - Xé’a(W))l‘N D KX (w) = Y (W) = (K # p) (Y (w)) .
i=1 j=1

|VV5*W5%w%—£M>

L2(R4)

N
]. o 5 1,€ € € €
< NZ ~ORDYE( — X (W), [VVE (' (W) = p2)]) L2 (me)

(326) < Ve + o [V (14 (0) = ) gy

where we used the property of the set B¢ in the second step and Young’s inequality.
Using the fact that we are still on the set B we obtain for the second term I2%(w) the
following estimate

122 (w)]

<4Mwwm%m@§i/“ﬁ(_Xm@»_w<—ymw»Wd
< o3 2 Jo Y o Yy s Y

2

+ E VY (e (w) = pi)(y)l2 dy

2

4”ke*ps”L°° (Rd) c ie ie ie
V (y =Y (w) +r(Yf (w) — X9 (w))) dr| dy

/WVW*w%w>pwwﬁm

4 ||k5 * PsHLoo (R9)
02 1<Z<N

1 N
'N;!@
02 € N,e € 2
5 |V ) = s )y

Rd

1
A 5 |
frd YZ&‘ XZ’E 2 c 2

o? 1<1<N‘ (w) & (w)] //Rd‘vv (2)[*dzdr

x |V (w) — Xi%(w)?

VA - V) 1) - X)) ayar

0,2
5 LTV ) = ) Py

4Hk€*p§HQL°°(Rd) en2 o? < Ne ENE:
(3.27) < N3 VYN ay + 75 1YV (157 (@) = 2D 2 -
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In the above calculations we used Young’s inequality in the first step, Jensen inequality in
the second estimate, the property of the set B in the third estimate.
In order to estimate the last term I23(w) in (3.25]) we use the independence of our mean-

field particles (Yti’s,i =1,...,N). Hence, we can no longer do the estimates pathwise and
need to take advantage of the expectation. First, applying Young’s inequality we find

2

13 (w)] < ig % f: VE(y = Y (@) (K p5) (Y5 (W) = Vo (K % p5)p3)) ()| dy
0% Jgpa N —

02 € N,e e\ (12
+ E va * (:U’s (w) - pS)HL2(Rd) .

As always, the last term is going to be absorbed. For the first term, we recall that our
statement has an supremum over all 0 < ¢t < T and an expectation. Hence, it is enough to

estimate
t A . N
—_— — € _VhLE e 5 1,€
E(oiltlgq*o/az /]Rd N2 ;V (y = Y5 (w)) (k7 * p5) (Y5 (w))
=V (K p5)p3)) (y)

2
dy)
’ 4
= E
/N2(72 /Rd < ,
0 —

N
NV — Vi (w)) (K % ) (Vi (w))
=1

2
> dy.
Let us denote for fix y € R?
Zy(y,w) = VE(y = Y5 (W) (K % p5) (Y5 (w) — VE s (K % p5)05) (1)-

Then we notice that
E(Z1) = E(VE(y — Y (K5 % p3) (Y2)) — Vo (K% % p2)p5)) ()

- /R VE(y — 2) (K % p2)(2)p5(2) dz — V2 5 ((° % p2)p5)) () = 0.

=V (K5 05)p3)) (W)

Furthermore, we have the random variables (Z!,i = 1,..., N) are pairwise independent.
Hence, if i # j we find
E(Z; - Z]) = E(Z;) - E(Z}) = 0.
We notice that we have

E( >

N
D V(Y = V(W) (k% p) (Y (w)) = VEx (K %)) (v)
1=1

)
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However, by using the trivial inequality (a + b)? < 2(a? + b?) and Young’s inequality for
convolution we obtain

/ E(Z:(y)?) dy
Rd

< 2E< IV VI () (k" % p) (YO (@) + [V (K % p2)02)) ()] dy)

< 2|1k * 5l oo mey IVE L2y + 2 1VE L2y 1K % 9251 Ry
= 41k * 5l oo oy IV Rty -

Hence, the estimate for I?? follows by the previous law of large numbers argument and is
obtained in the following

¢
E< sup /|123(w)|ds>
0<t<T

16||V ”2 d)
€ E £ 2 LR g (3
(328) < / |9V % (i () = D)oty + ) / A

By combining the estimates (3.26]), (3.27), (3.28)) with ( -, and ( - we obtain the

estimate on the set B¢

B s, [0+ 2D ds)
0<t<T
16T [V ey 1V g

0
<-Z / 9V % (1) — 2y s+ L)

~+

AT ||VE| 22 ge 4[|VVE|2ga 16HV HL2 Rd
(3.29) 5+ ( 2 ) /Hka A

o2 N2(a+9) N2ag2

It remains to obtain an estimate on the complement of BY'.
On the set (BY)°: Applying Young’s inequality, multlple Hoélder’s inequalities, the fact
that P((B%)¢) < C( )N~7, we obtain

(OE?ET/ ‘N2 = VVE(' — X () - k(X5 (w) = XL (w)) = VIV (K % pl)p3)),

Ve () = D), [ ds)

<0 3 5( [t

4,7

= X0 (W)A (X (w) = X5 (w) = Vo (K% % p3)p3)),
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ds>
T

1 & . , , )
D E(/]l(Bz)c(HVa(- — X% (w)k (X5 (w) = X5 ()| 2y
3,j=1 0

YV G = D))

IV (0 = ) e ) 0
T

1
0

T
/ ]l(B?)C< HVE(' - Xg’e(w))HiQ(Rd) ||k5||%oo(Rd)
0

_l’_

1) & 2
* (Nf’ (w) — ps>HL2(Rd) ds)

T
FVEI 2y 1B % 051 T oo ety 1051171 ey ) ds) + 2/E<1(Bg)c IV VeI 2 gy ) ds
0

T
<2 [ P((B2) (IVEUaqaty I sy + [TV ey ) d
0

T
< T (VI ey 5 Wy + 19Vl Fa ey ).

Combined with the estimate on the set BS , we obtained the result. O

LEMMA 3.20 (Stochastic Remaining Term Inequality). Let the assumptions of Theo-
rem hold true. Then

(s / (32 S V(- X R(KE XD~ (V8 8 ),

0<t<T —
3,j=1
d3>

5 /VTVE — XLydB! >
N L2(RY)

1

3
2073 C’ o2 - Cipal?
< T?DG IV a1V ey + 7 BBE 9V
(G IV
Natl L2(RY)

1 T
202 vve
o —BDG H N ”LQ(Rd)) / || k° *piHLOO(]Rd)S% ds.
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1
2C(v)Cq

T
o 2 3 1
TS Ve (I e ey 5T + 10 2l ey st ),
0

(3.30) +
PROOF. We carry out a similar strategy as in the previous Lemma Again, we want
to split © into a good and bad set. Remember the definition of set BY in (3.23)), we do the
estimates on B$ and its complement (B$)¢ separately.
On the set BY: Let w € B, then we insert the i.i.d. process Y N2 and split the estimate
further into two terms

N
=Y <WE<' — X0 (W) - B (XE () = XE5(w) = TV (K = p5)of),
ij=1

N S
g / Ty e ! !
=y -V V(-—Xu)dBu>
NS 12 (Rd)

N
=z 20 (VA XEE () (R (X0 ) — X37(w) — K O(w) — YI2(W))),

s

RS

3,j=1
N S
% /VTV€(~ Xi)ng>
=1 L2(R4)
1 X . A .
Tz <VVE<- = X0 (@) - KAV () = Y (@) = TV (k% p0)p)),
i,j=1

N S
% - / vIVE( - x1) ng>
= ITHw) + 112 (w).

Further, utilizing the property of the set BY and the Burkholder-Davis-Gundy inequal-

ity (A.1) we obtain

( sup /|II )1 Ba)dS)
0<t<T
<E</ N

— RV (W) -

L2(R9)

<\vv5 - X)) - (KX ) - X35(w)

> Lsg) d3>
L2(®e)

T N
1 , .
sm@( / N§j<uwnmm [TV = X ()] max X5 (w) - Vi< ()],
0

i,j=1

s

N
Z/ vTve( — x1)dB!
:0

; 1<i<N
i=1
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> LBg) d8>
L2(R9)
N

T
20 45 o ) e
< Ty [e({wve - xiEl
0

i=1
> )
[ 2(Rd)

20 ||VE® || 1 :
= 2T O 19V T
N2

N S
UZ/VTVE(- — x1ydBL

1 €
‘NZ/VTV (-—X!)dB!
=1 0

Na

20T'? C
(3.31) = NTEDG ||VVEHL2 (Rd) A (R4) >

where we have used the estimate

SRR ) )

N T 1 N S

i, il T ! l

SNZ// (IVVE(y — Xi5(w))[?)z ('NZ/V Ve(y — XL)dB,
-0 =17

Z/VTVE - XxYdB

\ =
[un

2\ 3
> dy ds

=

. C2 2
/ E(|VVe(y — X% (w))|?)z BDGE(Z/WW — X y2du> dyds
R

-0

< Cing Zi /T ([ Etvvs-xisppa)’
0

(/ (i/s\vw —xh ]2du> dy>2ds

(3.32)
1

1 3
= Cgpa HVVaHi?(Rd) T Ny

[N

This completes the estimate of I7!(w) on the set BY. Next, for w € BS we rewrite I12(w) in
the following way

I13(w)

N
D <Wa<' - X)) - K (VI (@) = Y95 () = V(VE (K % p))p0)),

i,j=1
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N S
g _ Tyre(. il I
N ; O/V VE( Xu)dBu>L2(Rd)
o N . . . .
=-z <VV5(- — Xt (W) - (B (Y (W) = Y5 (w)) — (A p) (Y5 (w)))
ij=1
+(VVE(C = X0 (w) = VVE( = Y5 (W) - (k° % p2) (Y4 (w)

+VVE( = YO W) - (K % pQ) (Y5 (w) = VVEx (K% % p5)p5)),

N S
1 / T l l>
— vTve(. — xL)dBl
Ly .

= o (I3 (w) + 1P (w) + 1P (w).

For the first term I72!(w), applying the the property of the set BY, we find with the help of
the estimate ([3.32) for the stochastic term that

t
E( sup / ]Hfl(w)|ds>
0<t<T

0
T N

< E(/ % 2 <!VVE<- - X;"E(wﬁ“zlv ; E (Y95 (W) = Y5 (w) = (K % p3) (V) (w))
/ =

> 2 d d8>

)

N S
1
‘NZ/VTVE(- - XYy dB!,
0

I=1
T . N A 1 N 3
< N~(o+) / = / E(‘VVa(y—Xé’E(w))Z / VTW(y—Xi)dBi)dyds
N Jra NS
0 -0
(3.33)
1 3
—(« 3 € ER Capa T2 €
< N=OHDCE LG [VVE | agay T2 —5 = —BRC | UVE|12, 00

N% - Na+5+%
where we used Fubini’s theorem in the second step. For the term 1722(w) we first notice that
10, VE(y = X3°(w)) = 0y, VE(z = Y5 (w))]

1
- \ [ F0,VE i) - @)~ X)) - (55 ()~ XE@)ar
0
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and therefore by Minkowski’s inequality we obtain

[VVE( = XP5(w)) = VVE( = Y5 () (k2 5 p3) (Vi< ()]

1

d
. . 2
(Z\aw X;ﬁ(w))—ayiVE<z—Y;7E<w>>r?) 1K 5 5 o

§<;

IR o5l oo (ma)

1
2>2

/vay]. VE(y = Y (w) = r(Yi (W) = XEW))) - (V¥ (w) = XE(w)) dr

1
= / IV2VE(y = Y% (w) = r(YP(w) = XEW)))I[(YF (w) = XE(w))|dr

(& * o5l oo (may -
Consequently, we arrive at

I (w)|

N
‘Jif Z/VTW(- — X\ dB!,
=1

)

0
N 1
1 9 . ) )
< = € v . i, za za i€
3 [ 72V (- vis) = rxie) - 1) 07 - X an
=1 0
N
1
‘ Z/VTV‘E Xl>dB> (L PR
=17 L*(R?)

N
—Q 1 7 7 zz—:
S Hk5 * PZHL“’(Rd) N N Z < / ’V2V5<y _ )/'875(0,)) — T(XS7E( ) Y )‘dr

=1 0
1L g
=Y VTVE(-—Xi)dBi>
‘N 110/ 12 (k1)
152 o5 oo (Ra)

N 1
< ZH J172ve (v - visto) = rxie) - Yiewy) [ ar
=1 0

L2(R9)

N S
1 3
'HNE j/vTV (-—x\)dB,

L2(R%)
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< &% * o5l poo (may N~ HV2V€HL2 (Rd)

Te l
— x"dB
‘N /VV w) dB,

Y

L2(R4)

where we utilized the property of B¢ in the third step, followed by the application of Holder’s
inequality and Minkowski’s inequality. Consequently, applying the Burkholder—-Davis—Gundy

inequality (A.1]) we obtain

< sup /\II22 ]ds)
0<t<T

[v2ve||
<Am”“”E</Wﬁ*anqw>

Iv=ve|
Mﬁ“djme%mwm

.</Rd1@<l1 2)dy>éds

1 . T
CéDG Hvzv ”Lz(Rd) ke e
< e [

(/ (Z/\VVE - xb) 2olu> dy)éds

1
Cpa ”v2va||L2 R4 5
e mad NG P LY AL

1 L7
‘NZ/VTW(-—X{M

B! ds)
L2(R%)

XyaBt

For I123(w) we use again the Burkholder-Davis—Gundy (A.1)) inequality to estimate the
stochastic integral and by the law of large number argument, similar to the term I?? in
Lemma [3.19] we obtain

( sup /\IIZS ]ds)
0<t<T

N S
1
‘N > [V - xias,
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=

2 2
) dy) ds

1 _ 1o
§2C§DG/N Y201k 5 0S| oo () IVVE N L2y 52NV [V VE L gy ds

</RdE(’ i/VTVE - x\ydB},

1o

(3.35)

1 T
2C]%DG ”VVEH%Z(Rd) 1
< - JALEY S
0

This completes the estimate on the set B, namely

t

E( swp [ (1112 + uf§<w>|>n(33)ds)

0<t<T
0

1 3
20T Cp CopuT?
TJFBD IV V12 gy IV R[] oo (gay + O yatard IVVEI22ga)

N ( CEQ’,DG [v2v EHLQ(Rd) |

ot IVVE L2 (gay

1 T
2C HVV H d
(3.36) 4o 2C8DG L”“) J 1 5 il 5 s
0

On the set (BY)°: Using P((B$)¢) < C(y)N~7 for all v > 0 by Assumption the
Burkholder—Davis—Gundy inequality -, Holder’s inequality, we obtain

N
1 ! ] j € € £\ &
=( 2z / (R X TVEC = X)X — X9~ (V7 4 )

0<t<T )

s

N
Z—/VTVE(-—Xi)dBi>
=1 L2(RY)

N T
g
<37 2o //dE<ﬂ(Bg>c
ig=17 'R

H(Bsa)c dS)

=la

(VVE(y = X5 - k(X7 = XT9) = V(VE o (k2 p2)05)) ()
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B! ) dyds

1
TN [ VTVE(y - x))d

1 &y 2 N2
(/ E<‘N /VTVs(y—Xi)dBfL >dy> ds
R4
0

=1
20200 N [
g .
<2007 3 [ ([ B (1 U772 = XEP I
i:lo
N T L
T 0 D) ) d ) ([, (Z J19vE - xiEan) a) as
0
2C’ r
g
< 2007 vy [ B (e 19Vt IR
0

D=

1

IV 0 5 )0 ) ) o s
1
20(’7)013]3@,0' 2, 3 1
< NI HVVEHL?(Rd) <||k6||Loo(Rd) gTQ + / [[K= piHLOO(Rd) 52 ds)-
This completes the estimate on the set (BY)¢ and we have shown our Lemma. O

LEMMA 3.21 (Stochastic Integral Inequality). Under the assumptions of Theorem we
have the following L?-estimate for the stochastic integral,

t
2
(3.37) 40215:( sup / HM‘”

3
ds> <L |V2ve]|.
0<t<T J L2(Rd) N

with

s

N N T
o T i i o T i i
(NZ/V D, V(- —Xu)dBu,...,NZ vTo, ve(- - X )dB) .
0

i=1 i= 10
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PRroOOF. For j =1,...,d an application of the Burkholder-Davis—Gundy inequality (A.1]
implies

which implies

402E< sup HMVE

0§t<T

T% 9 2
o) S I

O

CONTINUATION OF THE PROOF OF THEOREM [3.14l We are ready to input the estimates
from above lemmata in the the inequality (3.21]). We find

2 02 [ € N,e 5
LQ(Rd) + gE / HV(V * lus T ps)HLQ(Rd) dS
0

16T (VA | Foo may 1VENT2may AT IVEN 22 gy

]E< sup HV6 s« VeV w pl
0<t<T

< N‘|Va||L2(Rd)+ o2 N2a T a2

4| VVeI[L2pay 16 va HLz Y [ e
(— e /) il o rey
Cc(y)T 2 2 2

+ 5 (HVEHLQ(W) 15 e ey + va%(Rd))

1 3
20’T C € B 02 €
NTBDG IVVE N ey I VA || o ey + NB%?HI 1YV 22y
2
N CéDGHV E!\L2<Rd> -
Notd L2(R4)

1 T
205 A%
20506 ITV VLR i o
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1 T
20(7)C]§DG0— €112 € 2, 3 € € L
+ TNt IVVE 72 may (Wf 700 ey 5172 +/Wf * P3|l oo (ma) 52 ds)-
0
T3
+ -
v |
The above estimate is the most general one we obtain. In the following we simplify it to
derive a usable estimates. In the process we may loose some convergence rate, depending on
the concrete problem at hand. Noticing that by mass conservation

2V e gy -

[ P§||L2(0,T;L°°(Rd)) < HkEHLOO(Rd) HpinLQ(O,T;Ll(Rd)) <T ||k€HLoo(Rd) )

by keeping all the N and € dependent terms and put all the other constants into a universal
constant C', which depends on T', o, v, Cgpg, we obtain

2 0.2 T . N _
L2(Rd)) + 8E</ va * (,U,S’ - ps)HLZ(Rd) dS)
0
C e . 2 C IV gy (14 15512 00 (gay)
< UV ey I8 Wz ety + V2V ) + o =

IVAE | oo ety 1VEN T2 ey + IR N F oo ety IV VE T2 ay + 11VE T2 ey
+ N2a
. CHVVEHQLQ(HW) (1 + IVE I oo ay) + 1V |2y [ V2V Lo gy 155 ] oo oy

No+s

IE( sup HV‘E*uiV’E—VE*pi
0<t<T

1

In the above estimates, o € (0, 5) and ¢ > 0 are also used and the theorem is proven. O

In the our main setting k& = W€ % V¢ we provide the following rough estimate.

COROLLARY 3.22. Let k* = W*¢ x V& and W*,VE be admissible with rates aw,ay. If
Theorem [3.14) holds, then

]E< sup HV‘€ s« e —VE kgl
0<t<T

2 02 [ € N, €
LQ(Rd) + gE / HVV * (ius T ps)HLQ(Rd) dS
0

< C n C n C n C
— N€2aW+4aV N2a€2aw+4av Na+%EaW+3aV N’y€2aw+4av .

PRrROOF. Estimating all norms of V¢ by ||[V|| ;2 Ry < Ce™* and using Young’s inequality
to find

1B oo ety + K] oo (may < 2IWE N Lo ay IVl g2 ey < Ce™ WV
Hence the right hand side of the main inequality in Theorem can be estimated by

C n C n C n C
Ne2awt+day N2ag2aw+day Na+ % caw+3ay N7e2aw+4ay
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Now, that we have proven our main estimate, we are ready to demonstrate the relative
entropy estimates by combining Theorem [3.14] and Lemma We start with the first main
result of this chapter

PROOF OF THEOREM [3.8. We combine the assumptions of Theorem and the results
from Lemma [3.12] Theorem [3.14] and Corollary to find a small 87 < [, so that for
0<B<pBi,e=NPandsmall 0 < A< 1

BN, c 1 >
7)< =o| —|.
P < N3+ <\/N
This allows us to demonstrate strong convergence in the L>([0,7]; L'(R%))-norm. Ap-

plying, inequalities ((1.6)) and (|1.7]), we obtain

HN (Piv’g

1
p5) < 4Hn (pp “lpf ") = O<\/N>‘

In the case k = V(U® % V¥) the estimate is derived analogously. The key is to
recognize that we actually derived an estimate on the gradient of V¢, which we have not
used so far. In the case of k* = V(U * V) we utilize it and as a result we obtain the
same convergence rates. The estimate for the modulated energy follows also directly from
equality , Young’s inequality and an application of Theorem for V¢ and U¢ under
the assumption that U¢, V¢ are strongly admissible. g

N,2,e

N717
Hpt 2Ha (py "

2
€ €
Py @ py L1 (E2)

3.4.3. Special choices of W* and VE. We present a series of corollaries for Theorem [3.14]
for different choices of V. In most applications we want to take a mollified sequence. In the
special case V¢ = J¢ we obtain the following corollary.

COROLLARY 3.23. Suppose Theorem[3.1) holds true. Let VE = J¢ be a mollification, then
for e = N=P with some 8 < B, and 1% oo (ray < €7, [IVE|| poo(ray < e~ %=L for some
ai > 0, then we obtain the following L?-estimate ,

2 U2E [ € N,e 3
L2(Rd) - ? / HVJ * (:us - ps)HLQ(Rd) ds
0

C C C
+ No+1/2—(d+2)8 + N2a—dB—(2ax+2)p + Notz—(d+2)8—(ax+1)B
C C
+ N2a—(d+2)6—axf + NN (d+2+2a5)8
C C C C
< + T + +
N20=df—(20;42)8  nratg—(d+2)—(ap+1)8  N2a—(d+2)f-arf ~ NvN((d+2)+2ar)B

JE*,uiV’E—Ja*pf

E( sup
0<t<T

< N2a—dB

for a constant C, which depends on T, o, v, Cppa. In particular if k € L™®(R?) and k* =
(C5(J% * k)) * J® the above estimate holds with e = N~% and ay, = 0.
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Proor. If V& = J¢, we obtains easily that

€ 1 —1 52 % :
17 = 20 |7 (14 |¢] )" 7119 ()
L2(R4)
=€2+ |71+ 16 27O
C
<

Therefore, we obtained with e = N7,

T
2 o2
E _E Je Ne _ ¢ d
(021£T L2(Rd)> + 5 <O/HV * (s ps)HL2(Rd) s>

< C C C C C

— N2a—dB + Na+1/2—(d+2)8 + N2a—dBc2a,+2 + Na+%*(d+2)5gak+1 + N2a—(d+2)Bcax
C

Ne(d+2)+2ax

— J xpf

+

The second claim follows by Young’s inequality and the scaling of the mollifier. More precisely,

C

€ _ 1 —1 2\ 1
Il ey = [ 71O+ 1PN, g, < 2

O

COROLLARY 3.24. Suppose Assumptions hold for o € (%,%) and suppose the

bounded force k has the approzimation k* = W*¢ x VE with W& = (°(k % J%) and V& = J°.
Then for e = N=8 and 8 < min <
that

(di4)’ 2(d1+4) (4o — 1),Ba>, there exists an 0 < A < 1 such

sup Hv (710"

= 1
t€[0,T] Nzt

for a constant C, which depends on T, o, v, CpG-

PROOF. Let us start by estimating HWEH%Q(RUZ) in inequality ((3.20)),

2
2 _
Wl T2 (ray = /d |C5 () |2 » k(z —y)J*(y) dy| do <4 [|k]| poo may = AN ||| poo gy
Now, applying Corollary - 3.23| to inequality (3.20) , keeping track of the powers, we obtain the
result. More precisely, notice that we have to ﬁrst fix a € (% I 2) then choose a 8 such that

the terms for 0 < 8 < 5 smaller than NC and then fix v such that the estimate holds. [

Next, we provide a similar corollary in the case the force k is a potential and has a
convolution structure.
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COROLLARY 3.25. Suppose Assumptions E hold for a € (4, 2) Let the force k be
given by a potential k = V(U x V) with U,V € Hz(R?) and its approximation is given by

kS = V(U x J%) % (V % J%)). Then for e = N=? and 8 < min ( 4,Ba), there exists a
0 < A< 1 such that

®N,e C
sup Hn(p; “|p; < :
t€[0,7) ( ! ) N3

C
sup ]/CN( ®N€)| < T
te[0,T] 2

for a constant C, which depends onT', o, v, Cpa.

PROOF. Since W € H%(Rd) we know that W % J° € L?(R?) and therefore we only need
to estimate the L?-norm for VV¢ = V(V  J¢) in inequality to obtain the convergence
rates. We emphasize that in Theorem we also obtained an estimate on the gradient Ve.
Consequently, we can use Theorem for the function V¢ = V x J¢. By the estimate

m C
17 sy = 2z |70+ 165 FLEN o < 2
m C
ijgHWm'l(Rd - H]: L+ 1672 [VJ](O]‘ L1(R%) = em+1
for any m > 0 we know that
Vol L2 @ay S NV lp2ay < €
C
IV ooy < WVl gy 1y by <
(3.39) 192V a1V 197N sy <
) L2(R%) HZ(RY) wzl(Rd) = 3
I ety < I3 gy 1V ey <
C

VRN oo ay < IWF L ay 1VE ey < =

Plugging in all estimates with e = N7 into Theorem and having equality (3.19) in mind
we obtain the rate of 8 and the estimate on the modulated energy. O

We have now shown in two cases how to derive explicit estimates on the relative entropy
Hn (pt ®N€) with the help of Theorem In general, if the function W¢, V¢ have low
regularity, we need to mollify them to make them admissible. Hence, we borrow the necessary
regularity from J and consequently, get higher rates of N in our estimates. Compare for
instance Corollary and Corollary Therefore the estimate by using the regularity of
the J¢ term, will lead to weaker convergence rates. The benefit is of course that one does not
require a potential field and the convolution structure of the potential.
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3.5. De-regularization of the high dimensional PDE and the limiting PDE

The goal of this section is to prove Theorem [3.10] i.e. the strong form of propagation of
chaos on the PDE level in the L'-norm. For the de-regularization of Liouville equation ({3.8)
we need k € L®°(RY). We take the following approximation k¢ = (¢*(k * J¢)) % J¢). We need

convergence results between p;, N.Le and piv 1 as well as p; and p;. The latter convergence was

shown as by-product in Theorem [2.9] More precisely,
(3.39) lim {[0° = pll 1o,y wety) = 0-

It remains to show that the approximated Liouville equation converges in entropy to the
Liouville equation. An application of inequality (1.7) implies also the L'-convergence.

LEMMA 3.26. Let k € L>®(R%), pN¢ be the solution of the reqularized Liouville equa-
tion (3.8) and pV the solution of the Liouville equation (3.6). Then, we have

2
sup ’HN( <1 o) Z// V., log <p3 > ax® ds
t€[0,7 =10 g Ps
< OT [|k]| 700 (gay Sup \/HN =) + 20 (10 (gay 15 = psll £ 0.7 21 (may)
T
+ / / |k(x1 — 20) — k(21 — 22) |2 ps (1) ps (22) dzy do ds.
0 R2d

In particular, the last term vanishes by dominated convergence.

N,e
Proor. We start by computing the time derivative of piv”g log (’);N). We have
t

My (2 | ) = Hao (o

t
d N,e N
[ b d
+/dSHN |ps) S
0

q
o\N
S —
<
8
)
=
<
8
o
0’
A/~

&
=
~

o
X
=
o
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pN,s 2
=V ilog( ° )
! pY

dX¥ ds

N N,e
1 e
+ N2 Z / (k(xi — xj) — k*(@; — xj))pgvazl log < N ) dx® ds
z,j:lo RAN s
2 X L PAGANE
<y [ [ oo (G )| axas
=1 0 AN S
X
toaya 2o [ ) - o as
=17 gun

Now, it is enough to show, that the last term vanishes for N — oo and consequently for
e — 0. We start by using the fact that the particle system (3.4) is exchangeable. We obtain

02N2 Z//|k i —x) = k(g — ) Pl (XN) dXN ds

4,j=170 pan

= 2N2 / ’k XZ Z)_kE(Xg—Xg>‘2)d3
».7 10

t
1
— 5 [ E(hCx! - x3) - (xR as
0

1
— 02/ / |k(z1 — x2) — k(21 — x2)|2pi,v’2’€(x1,x2) dzy dzg ds.
0 R2d

Hence, we obtained an expression in which the dimension does not change in the limit. By ap-
plying mass conservation, the Csiszar—-Kullback—Pinsker inequality ((1.7)) and inequality ([1.6))
we further estimate the term

/ / \k(z1 — 29) — k(21 — 22)|2p2?% (21, 22) dzzy dzo ds
0 R2d

— [ [ Ihtar = 22) — Ko Gar = m2) P (62 9 ) o1, 22)) o s
0 R2d

b [ Gos = 2) Koy = 225 @ ) 1, 22) s iy ds
0 R2d
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t
< O [k aay / 952 = 572 o gany ds + [ [ Ko = 2) = ¥ — )

0 R2d

(050) = pur i) + ) g5 (an) = pulon) + pulan)on(en) ) do oy s

N,e
< CT ||k (R, SUP \/HN 1 p8) + 20 |kl Foo may 105 = Psll L1 o 17:01 ety

t
+/ / |k(z1 — z2) — k(21 — :1:2)|2ps(a:1)ps(a:2) dzy dzs ds.
0 R2d

Plugging this estimate into our above entropy calculation and taking the supremum in time
proves the lemma. 0

Combing both implies the strong convergence on the PDE-level of any observable p™'" to

the law p®" in the L'(R")-norm.

PROOF OF THEOREM [B.10. For k € L>®(R%), let k¢ = (¢5(k * J?)) * J¢, therefore we take
We = (°(k® « J°) and V& = J¢ with ¢ = e(N) N—8. By assumption of the theorem
(see also Theorem , there exists a 5, € (0, 2) such that for all 8 < /3, the convergence
in probability, Assumption [3.4] and the law of large numbers, Assumptlon - 5| both hold.

Therefore we can apply the result from Corollary [3.24| for 0 < S < min 4, Ba

obtain the convergence of the relative entropy ’H(pt ] p®N5) to zero. We can even get

better convergence rate (3, since we are not interested in the order of convergence of the
relative entropy. Applying (1.7) and (1.6]), we obtain

N — P®THL1([0,T];L1(RM))

S HpN,r o pN,r,a

¥z

N,re ®r €

TL Ry T Irg HLl ([0,T);L1 (Ri"))

+ % - p®THL1([O,T];L1(RdT))

/\/2?"7’[ Nrs +\/27"H Nre ®rs +Hp®rs pg@r

dt
Il (Rdr)

®Na Rr,e r
/\/4rHN o) /1 (o | )+ o7 = i -

As mentioned the second term converges to zero. For the ﬁrst term we use the inequality
in Lemma together with the fact that the HN( a p ) converges to zero and the
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dominated convergence to obtain

T T
1
lim su ArHn ( Noe | M) dt < C(||k|| m)limsup [ ||pf — p¢ll? dt
p NPt 1Pt = Lo (Rd) » o b [P = Ptlifi(ray
—00
0 0

N—o0

T
< Ol ety . 7 s (155 = ey )
—00
0

=0.

where the last equality follows by (3.39). Consequently, it remains to show that the third
term vanishes, i.e.

(3.40) lim sup Hp?r’e — 7"

N—o0

LY([0,7]; L1 (R47))

Again this follows by (13.39) and an induction argument. Indeed let us assume r = 2, then by
mass conservation we have

®2,e ®2
Pt — Pt ‘

L([0,T; L (R24))

T
- //]Rg |(05 (1) — pe(w1))pi (v2) + pe(21) (Pt (v2) — pi(w2))| dz1 dwg dt
0

N—o0
<2|lp; = pell oy —— O,
which proves the initial case for the induction. Now, by the same argument one can prove
the induction step and therefore equation (3.40)). O

3.6. Application

We provide some examples for which Theorem can be shown with the same techniques
developed in Section [3.4] In particular we demonstrate the convergence in relative entropy in
the attractive Coulomb case on the whole space. Note that the rate of converges may vary
across these examples. As stated in Remark we only need the existence of approximated
PDE , the particle system , the convergence in probability of the particle system XV
to the mean-field limit Y” (Assumption (3.4)) and the law of large numbers (Assumption [3.5).
Since we are working on the regularized level, we can often assume the existence of the above
results.

Although the result in Theorem also works with rotational field, it worth to study
directly a convolution type of potential field to achieve better cut-off rate, in other words,
to allow bigger 8. For a given potential field, the challenging part is to find a convolution
structure for the potential described in Section[3.4 The first idea to obtain interesting kernels,
beside the Delta-Distribution, which was given in [Oel87], is to look at infinite divisible
distributions. Assume that k° is infinitely divisible. Then, there exists a V¢ such that
kf = Ve x Ve or k¥ = V(VE % V¢). Hence, if we can approximate the antiderivative of our
kernel by a infinitely divisible distribution (multiplied by a constant if necessary) we are able
to find candidates for interesting kernels.
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Another powerful tool is the Fourier analysis. On the Fourier side the equation k¢ =

Ve x W€ becomes
FW?) = F(VE)F(W?),

which can be explored. In particular for singular kernels we have representations of the Fourier
transforms, see for instance [Ste70]. Consequently, we can use this approach to obtain a wide
range of interesting examples used in biology or physics.

In the rest of the section we provide some fascinating examples for which the case of
convolution structure in Theorem .14 can be obtained.

3.6.1. Uniform bounded confidence model. Let V(z) = z'll[ z 2] (x) be a complex-
272

)

valued function. Then
VxV: R—=R,
0 if x > |R|,
r—=¢-—zz—R if —R<z<0,
r— R fo<z<R.
is a Lipschitz-continuous function with bounded support. Furthermore, we have
V(V*V)=—=1_go + Lio,p = kv ae.

Consequently, the uniform bounded confidence model, satisfies the assumption of Section [3.4]
with the usual mollification approximation. Also, it is well known that the indicator func-
tion Il[ s r] € H*(R) for all s < 1/2. We also have the convergence in probability by

2’2

Theorem Hence, we obtain the following proposition

PROPOSITION 3.27. Let ki be given above, then the first marginal (piv’l,t > 0) of the law
of the system XN converges to the law (ps,t > 0) of YV in the L*([0,T]; L*(R))-norm.

3.6.2. Parabolic-elliptic Keller—Segel system. In this subsection we provide an approx-
imation for the elliptic-parabolic Keller-Segel model [KS70] in R?. The underlying PDE is
given by

Opr = %Apt =V (xpiVer),
A = Pt

for x, o > 0. Decoupling the above system by setting ¢; = ®*p; with ® being the fundamental
solution of the Laplace equation we can formally derive the above equation from the particle
system (3.4)) with the interaction force kernel k = —V®. In particular, if d > 2 we have

_1 . >
d(z) = o lolg(\xl), X x #0, 1£ Z ; 2,
@Gy Eee v 70, ifd=3,

is the fundamental solution of the Laplace equation.
In the following we present two approaches to mollify our kernel. For the first approach,
let us define a mollification kernel Jxg, which satisfies Jxs > 0, [|[Jxs]| riray = 1 and

supp(Jrs) C B(0,1/2) and is infinitely differentiable. As always we set Jj o(z) = E%JKS(%)-
Then k* = —V(Jjg * ® * Jj o) satisfies all properties of [HLLI9, Theorem 2.1]. Hence,
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the convergence in probability Assumption the law of large numbers Assumption is
satisfied.

Hence, under consideration of Remark we can obtain a relative entropy convergence
results on the approximated d-dimensional attractive Keller—Segel system on the whole space
R?. We formulate the following proposition as combination of Lemma and Theorem

PROPOSITION 3.28. Let k® = —V(W¢ x V&) with W€ = J5 g * ®, VE = Jig. Let p™* be
the solution of the Liouville equation and p° be the solution to regularized Keller—Segel
equation, i.e. to the PDE . Then, there exists a B > 0 depending on the dimension d
such that for ¢ = e(N) = N there exists a A > 0 such that

sup Hy (in’E(N) | p?N’a(N)) < CON~.
te[0,7]

REMARK 3.29. By going through the proof of Theorem[3.14 one can obtain a convergence
rate and precise condition for 5. Furthermore, by inequality (L.7)) we have proven convergence
of the LY(R%)-norm of the marginals
lim Hpiv 2o i @ g

N—oo

(N)
‘ LY(RD)

It is also well-known that under additional assumptions on the initial condition pg and in the
(N) 71 (Ted
converges in L' (R®*). Hence,

e(N)

we have shown that in the sub-critical case the density of the two marginal pi\m’ converges
in L'(R%) to the solution of the Keller-Segel equation.

sub-critical regime x < 8m in the case d = 2 the density pi

In the case d > 3 we can obtain an even better approximation, which has a symmetric
convolution structure given by k¢ = —V (V¢ % V¢). Indeed, define the approximation of ® as
®° := J5. g % ® * J5g. Then, for c, = 7%/?T'(e/2) and

(3.41) V= emaa sy FUks)€)
we have
(3.42) PF = VExVE.

More precisely, for fix e > 0 we have Jj. ¢ € LP (R?) for all p > 1. Hence the Fourier transform
F(J5g) is well-defined and by the Hardy-Littlewood-Sobolev inequality [Ste70, Chapter 5,
Theorem 1], [LLOI, Corollary 5.10] ®¢ € L?(R?%) and the Fourier transform exists. Similar
|- [TYF(J55) () € L2(R?). A simple calculation shows

[ A 0RO 2 g

= [ lerF s 1
F(JE oo (Rd 24 F(J5 d
< IF sl <R>/BI(O)|£| “/Bl@c' (Ties) ()] dE < o0

since d > 2 and F(Jjg) is a Schwartz function. As a result, to verify (3.42)) we need to show
F(®°) = F(VF)?,
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where the right-hand is square integrable. Now, by [LLO1), Corollary 5.10] we have

C2

F(Vo?(©) = ca_sd(d — 2)N(B1(0))

€172 F (Jis)(€) = F(29)(6),

where the left-hand side is in L?(R?) by similar arguments as before. Therefore, is
proven and we can find an appropriate approximation for the Keller—Segel interaction kernel.
In particular, we can derive similar estimates to with the help of Fourier analysis
and the Hardy-Littlewood—Sobolev inequality [Ste70, Chapter 5. Theorem 1]. Clearly, this
estimates will now depend on the dimension d and therefore the convergence rate parameters
also depend on the dimension d.

PROPOSITION 3.30. Let d > 3 and k* = =V (W€ x V) with W, V¢ defined by the same
expression (3.41). Then the conclusion of Proposition holds. Additionally we have the
modulated energy estimate

up o (o1

pF) < ONT
te[0,T]

for some C' > 0, A > 0.

Another approach to approximate the Coulomb kernel k£ is by utilizing the following
approximation in dimension d > 3,

el 1 he(y)
(3.43) R O Arar =t
where
2
(3.44) he(y) = W exp ( — "ZL)

is the Weierstrass kernel. Indeed, we note first that the square root F %(hE) is well-defined
since the Fourier transform of a Gaussian is still a Gaussian or in other words the normal
distribution is infinitely divisible. More precisely, by [LLO1, Theorem 5.2] we have

FE)©) = exp ( — ter?leP).

Hence, similar to the first approximation, we obtain Proposition [3.30, By using the
Weierstrass kernel over an abstract mollification kernel we obtain explicit sharp convergence
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rates. For instance, using Plancherel theorem we obtain

C2

IS 2
IV = o= aegoy |V 06 P00 g

C2

d
- (eI Fr (R z)2da
= AT ST e 22 0 T F P

2

d
- 1 (2mig|¢| T Fa (b z)[?dz
" cg—2d(d — 2)A(B1(0)) /Rd;V H(2migile| T 2 (h7)(€)) (=) d

21y

d
" camad(d = 2)A(B1(0)) ; /Rd €6~ F2 (h7)(€)]* dg

_ 2mcey d -1 <_ 5 2) )
T ca_ad(d — 2)N(B1(0)) ;/}Rd &€ exp | — 2em”[€|7 ) [T d€

2
dg

&€ exp ( - 2w2r§|2>

21y d
- Cd_gd(d - 2))\(31 (0))6d/2 ZZ; /Rd

2mey 91 .12
s (A~ DN(B, ()20 /Rd exp(—47r [3 >\d§

_ 2 c—d/2
20-17d/21¢cy_o(d — 2)N(B1(0)) '

IN

REMARK 3.31. The above potential is attractive and therefore as far as we know reqular-
ization/approximation is necessary to obtain a solution of the underlying Liouville equation on
R?. Nevertheless, one can obtain tightness of the empirical measure in the super sub-critical
regime |[FJ17]. Our approach provides propagation of chaos of the intermediate system on
the level of the relative entropy. Hence, it can be used as a tool to develop further results on
propagation of chaos for the Keller—-Segel model without reqularization.

3.6.3. Parabolic-elliptic Keller—Segel system with Bessel potential. Let us recall the
parabolic-elliptic Keller-Segel model [KS70] in R? given by

opr = %QApt -V (ptVe),
Ct = ACt + Pt-

Again solving the second equation by setting
cr=(—A)""p=Gxpy

with the L' function G defined by

(3.45) G(z) = F (1 +4x°¢*) 7 (z) =

1 ’l“Q _n
W exXp —t— Tt t 2 dt,
0
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we can decouple the system and obtain an analogous result by using the following approxi-
mations of G,

(3.46) G*(z) = G x h®(x),
(3.47) G*(z) = G J*(x),

where h® is the Weierstrass kernel given by . Setting
V() = FHA +4n2le?) 2R (1)(9)) (@),
it can be shown similar to the elliptic-parabolic Keller—-Segel model that
G =VexV®,
Consequently, we obtain the analogous result.

PROPOSITION 3.32. Let k® = —VG® with G* defined by (3.45) (3.46) or (3.47) and suppose
the Assumptions and hold. Moreover, for this k% let p'° be the solution of the
Liouville equation and p® be the solution to regularized Keller—Segel equation, i.e. to
the PDE . Then, there exists a > 0 depending on the dimension d such that for
e =¢e(N) = NP there exists a X > 0 such that

N, N N, N ) k] -
sup Hu (pp N [ o7V 4 sup [Kon (o107 N) | < CNT
t€[0,T] te[0,T)

REMARK 3.33. By going through the proof of Theorem|3.14] one can obtain a convergence
rate and precise condition for 8. We also assumed the convergence probability, since we can
not reference a concrete result. Nevertheless, we think that this assumption should be true for
good enough initial condition.

3.7. Comments

The results obtained in this chapter are powerful, as they demonstrate the convergence
of the marginals in the L'-norm. In particular, we can utilize PDE methods to eliminate
the approximation on the mean-field limit side, as discussed in Remark Demonstrating
propagation of chaos on the side of interacting particle systems remains an open problem.
For instance, for the Keller—Segel model [FJ17], it is possible to show, using a compactness
method, that some subsequence converges in the very sub-critical regime, which solves the
non-regularized interacting particle system. However, we cannot show uniqueness of the limit,
leaving the problem unsolved.

This challenge seems insurmountable with classical PDE arguments since the correspond-
ing Liouville equation is linear and lacks the regularization properties of the convolution
operator. Known techniques, such as modulated free energy, appear to reach their limits
regarding the singularity of the interaction kernel. Therefore, a new method or quantity must
be developed to demonstrate not only the mean-field limit at the intermediate level (Figure (1
but the full mean-field limit for the whole space.

Improved regularity of the Fokker—Planck solution could be beneficial [FW23], but this is
far from trivial and does not address the solvability of the Liouville equation in cases of
singular interaction kernels.
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Finally, there are still open problems where the techniques developed in this setting could
be applied. For example, in fluctuation results, the quantitative nature of these techniques
could be very useful. Additionally, in large deviation theory [HHMT24], the use of relative
entropy is common, and these techniques could help lower the regularity assumptions on the
interaction kernel k. Furthermore, exploring the introduction of control parameters into the
equations presents an intriguing and promising direction for future research.



Chapter 4

Well-posedness for conditional McKean—
Vlasov equations

In this chapter our aim is to establish the well-posedness of the conditional McKean—
Vlasov system with non-Lipschitz kernel k, which where introduced in Section Our
motivation to study such systems is derived from the Hegselmann-Krause model [HK02]
(HK model), which belongs to the class of bounded confidence opinion dynamics. More
precisely, we are interested in a version of the HK model where the opinions XMHK .=
(xbLar  XNHEY of N agents are subject to idiosyncratic noises as well as common noise,
i.e., we consider for ¢ = 1,..., N the particle system

N
. 1 ; , . A .
(4.0) AXP = =5 T (X1 = XPU) At o (8, XM AB] v dWe, X5~ o,
=1

for t > 0, where X;"'* is the i-th agent’s opinion at time t, kux(z) := Lo g)(|z|)z is the
one-dimensional (non-Lipschitz) interaction force between the agents, o: [0,7] x R — R is
some smooth diffusion coefficients, v > 0 is a positive constant, and (Xé’HK,i € N) is the
ii.d. sequence of initial values independent of all Brownian motions with distribution po.
The local interaction kernel kjx represents the concept of bounded confidence in opinion
dynamics, indicating that opinions are influenced only within a certain range. In the above
HK model ([4.1]), the idiosyncratic noises B = ((Bf,t > 0),i € N) describe the individual
random effects on each agent’s opinion and the common noise (Wy,t > 0) captures external
effects on the agents’ opinions. In the mean-field limit we expect as in Section that the
opinion dynamic will follow the conditional McKean—Vlasov equation

(4.2) AV = —(kuk  po) (V") db + o (8, Y,"5) dB} + vdW,, Y = X,
pI¥ is the conditional density of Y, given F}V |

with the associated stochastic non-linear, non-local Fokker—Planck equation

2, 2 2
@3) g = (T Y S (b )oYt — v AW, 120,

Let us remark that equation is a non-local, non-linear stochastic partial differential
equation (SPDE), where the stochastic term is a consequence of the common noise W =
(Wi, t > 0). Indeed, as we have seen in Section if the number of agents tends to infinity
the effect of the idiosyncratic noises averages out, but the common noise does not.

Thus, our goal is to establish conditional propagation of chaos of the Hegselmann—Krause
model with common noise. More precisely, we show that regularized versions of the particle

109
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systems (|4.1))

N
. 1 . . . .
(4.4) dx;em"e = — D k(XS = XD At + o(t, XpST) AB] 4 v AW,
j=1

with same initial condition X" = X7"" converge in L2-norm to the conditional McKean—

Vlasov equation (4.2) with some cut-off parameter ¢ depending on the number of particles
N. In the proceeding, we require the intermediate problem. Thus, the regularized McKean—
Vlasov stochastic differential equation (4.3

(4.5) AY 5 = (ks * ) (5" ) dt 4 o (8, Y5 ) dB] + v AW,
' pi¥ isthe conditional density of Y, given F}V.

. ey .. i\, HK L, HK
with initial condition Yy"'" = X

conditional McKean—Vlasov equation

d2 2 4 2 d d
(4.6) ;™ = (Ut 5 ) pi’”) At + —— ((kase o7 ) ") At — v pp ™ AW,

for t > 0. The regularized systems allows us to estimate, for all 4, terms of the form
E(|X,; 5" =Y, ) and E(|Y,"*"" —Y,""*|) separately. The second term we can treat via
SPDE methods by studying the associated non-linear stochastic Fokker—Planck equations.
As a result, one can obtain conditional propagation of chaos for the system . Following
the method described above, various versions of propagation of chaos at an intermediate level
with a logarithmic cut-off have been demonstrated for a variety of models with general ker-
nels k. This includes the work of [LP17, [CGI7] on particle systems without common noise,
featuring non-Lipschitz, unbounded, and even singular interaction kernels.

Notice that even though the kernel is not Lipschitz continuous, it is bounded and inte-
grable, and therefore kyx € LP(R) for all p > 1. Thus, instead of analysing kyx, we assume
that the interaction kernel k satisfies some integrability condition and we focus on the inter-
acting system from Section with additive common noise. As a corollary, we will then
obtain the results for the HK model.

Obviously, we also have the associated regularized

4.1. Problem setting

In this subsection we introduce the interacting particle system with additive common
noise, its corresponding mean-field stochastic differential equation with its associated sto-
chastic Fokker—Planck equation. All of the systems are special one-dimensional cases of the
general SDE’s and SPDE’s from Section [1.3.5

4.1.1. Interacting particle system with common noise. Let us recall the interacting
particle system XV = (X},..., X}") from Section with common noise in one dimension
with additive common noise, which has the following dynamics

N
A 1 . , , . A
(47)  dXi=-+ > k(Xi-X])dt+o(t, X])dB] + vdW,, Xj~po,, i=1,...,N
j=1
for t € [0,7], where o: [0,T] x R +— R is the diffusion coefficient, v > 0 a constant and
interaction force k: R — R. The initial condition (X{,7 € N) is i.i.d. with distribution pg
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and independent to all Brownian motions. We point out, that the kernel k£ denotes a general
kernel. However, the kernel k,, always stands for the kernel in the Hegselmann—Krause
model.
For establishing conditional propagation of chaos for k € L'(R%) N L?(R%) we need to
introduce an approximation sequence. Let (k¢,¢ > 0) C C2°(R) satisfy
o ||k* — kl[L2®) — 0 as e — oo,
e supp(k®) C F for e > 0 and supp(d%ﬁk:g) C F for some compact set F C R,
e 0<EkE<C, |d%ck5\ < % for some constant C' > 0.
Notice that we can approximate the indicator function by smooth functions (¢°,& > 0)
satisfying

e lim ¢° = 1|_p p) almost everywhere,
e—0 ’

e supp(¥°) C [-R —2¢, R+ 2¢], supp(-:4°) C [-R — 26, —R+2¢] U [R — 2¢, R + 2¢],
e 0 <y <1, \%wsl < % for some constant C > 0.
Consequently, we can define
ki () = ().
Then, (k5 ,,e > 0) satisfies the above approximation properties. We denote the regularized
interacting particle system for the kernel k¢ by Xiv € = (th’a, e 7XtN ) and its dynamic is
given by

N
(48)  dX}T = > KX - X)) dt+ ot Xp7) dB] + v dW, X(T = X,
j=1

for t € [0,7] and 7 = 1,...,N. Although the interaction force kernel k is non-Lipschitz
continuous, the N-particle systems and possess unique strong solutions [HRZ24,
Theorem 3.7], as k° and k are both in L%(R).

Corresponding to the particle systems and , for ¢ € N, we obtain the system of
mean-field SDEs given by
{ AV} = —(k * p) (Vi) dt + o(t, V) dBi + vdW,, YJ = X},

(4.9) . o, . ot
pt is the conditional density of Y}’ given F;" ,

for t € [0,T], and the system of regularized mean-field SDEs is defined by
(4.10) AV = = (k% % pf) (V) dt + o, Y,5) dB} + vdWy, Yy = X7,
' pf is the conditional density of Y, given FV,

for t € [0,T], where p; denotes the conditional density of Y, given F}V, that is, for every
bounded continuous function ¢, p; satisfies

Be() | 7Y) = [ p@n()ds, Pac.

The same holds for the regularized conditional density pf of ¥,"° given FV. Let us remark
that pf, p; have no superscript ¢ since they are independent of ¢ € N. Indeed, in our case
the (regularized) mean-field particles are conditionally independent given 7" and identically
distributed, thus, the conditional density is the same for each 7 € N.
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4.1.2. Stochastic Fokker—Planck equations. Associated to the mean-field SDEs (4.9)
and (4.10), we have the stochastic Fokker—Planck equation, which reads as

d? jo? +12 d d
dps = ) (Tpt> dt + @((k * pg)pe) dt — V@Pt dW;

and the regularized stochastic Fokker—Planck equation reads as

(4.11)

d? jo? 4+ 12 d d
—5 (P50 dt+ (% p])pf) dt —v—pi aWs, t€ (0,7,

Let us note that we consistently use the same notations p, p* for the solutions of the
stochastic Fokker—Planck equations (4.11)) and (4.12)), as well as for the conditional densities of
the mean-field SDEs and ([4.10). As discussed in Section[L.3.5] and as we will demonstrate
in Theorem these notations are justified since they coincide under sufficient regularity
assumptions on the initial condition pg. Nevertheless, the meaning of p, p* will always be clear
from context. To establish the well-posedness of the stochastic Fokker—Planck equations
and , we will employ the function spaces introduced in Section m

(4.12) dpf =

4.1.3. Assumptions on initial condition and diffusion coefficients. We make the fol-
lowing assumptions on the diffusion coefficient o.

ASsuMPTION 4.1. Let T > 0 and o: [0,T] x R — R the diffusion coefficient, which
satisfies:
(i) Let 0 < py € L'(R) N L*(R) with || poll 1y = 1
(i) There exists a constant A > 0 such that

o?(t,x) > X

for allz € R and t € [0,T].

(iii) There exists a constant A > 0 such that for allt € [0,T] we have
3 .
dZ
-o(t, ) < A.
dz Lo (R)

o(t,) € C3(R) and  sup
te[0,7] ;=

Contribution: Our first contribution is to prove the well-posedness of the non-local, non-
linear stochastic Fokker—Planck equation . The main challenge in proving existence
and uniqueness results for is the non-linear term (k * p;)p; since this prevents us from
applying known results in the existing literature on SPDEs, such as those found in text-
books [Kry99) [LR15], which consider the well-studied case of linear SPDEs. In the case of
non-linear SPDEs, one needs to take advantage of the specific structure of the considered
SPDE to employ a fixed point argument, cf. e.g. the recent work [HQ2I]. In this line of
research, we establish local existence and uniqueness of a weak solution to the non-local,
non-linear Fokker—Planck equation . Additionally, we show global well-posedness of
the Fokker—Planck equation assuming a sufficiently large diffusion coefficient or a suf-
ficiently small L?-norm of the initial value. Moreover, in contrast to many recent works
like [CF16l, I(CG19, HvS21l [CDEM20, BCD21] on interacting particle systems with common
noise, we avoid the measure-valued setting and deal with the conditional McKean—Vlasov
SDE and the associated Fokker—Planck equations by directly analysing the densities.
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Our second contribution is to prove the existence of a unique strong solution to the
McKean—Vlasov stochastic differential equation , which is essential for showing condi-
tional propagation of chaos towards to limiting Fokker—Planck equation (4.11). To obtain
the well-posedness of the McKean—Vlasov SDE , a central insight is to introduce suit-
able stopping times to ensure sufficient temporary regularity such that a backward stochastic
partial differential equation (BSPDE) associated to possesses a classical solution, cf.
e.g. [DTZ13]. As a result, a duality argument in combination with the It6—Wentzell for-
mula allows us to deduce the existence of a unique strong solution to the McKean—Vlasov
equation .

Our third contribution is to establish conditional propagation of chaos for regularized
particle systems with common noise, which then implies the conditional propagation of
chaos for the HK model (4.1). Compared to Chapter [2] the cut-off will be logarithmic and
not algebraic.

Initially, all results are formulated in dimension one since this is essential to establish the
well-posedness of the McKean—Vlasov equation , see the BSPDE argument in Section
and in particular [DTZ13| Corollary 2.2]. For all other results, we provide corollaries providing
the multi-dimensional versions.

Related literature: For Lipschitz continuous interaction forces, conditional propagation
of chaos with transport type common noise has been showed by Coghi and Flandoli [CF16]
by utilizing sharp estimates in Kolmogorov’s continuity theorem and properties of measure-
valued solutions of the associated stochastic Fokker—Planck equation. In particular the ap-
proach is from an SDE level to an SPDE level [CE16, [CG19]. In contrast we first solve
the SPDE and then prove that the associated SDE’s are well-posed. For Lipschitz continu-
ous interaction force with multiplicative noise Carmona and Delarue [CD18, Theorem 2.12]
demonstrated conditional propagation of chaos by utilizing a coupling argument. Dawson
and Vaillancourt [DV95] also formulated a martingale problem and demonstrated tightness
of the empirical measure obtaining a qualitative result with no convergence rates.

For particle systems with common noise and non-Lipschitz interaction force k (as in our
case), to the best of our knowledge there exists no general theory on stochastic McKean—
Vlasov equations or on conditional propagation of chaos. In order to derive conditional
propagation of chaos for the interacting particle system , we essentially rely on the well-
posedness of the McKean—Vlasov SDE (4.9) and follow [Szn91] as well as [LP17] to prove that
(pt,t > 0) characterizes the measure of the mean-field limit.

We should also mention the work by Lacker, Shkolnikov, and Zhang [LSZ23|, which estab-
lishes a superposition principle between the stochastic Fokker—Planck equation and the
conditional McKean—Vlasov equation by reducing it to cases with smooth coefficients.
However, the uniqueness of the solution remains an open problem. As a result, only weak
existence in the context of stochastic differential equations has been demonstrated.

Organization of the chapter: In Section we provide some background information for
the HK model, which was our motivation for studying conditional propagation of chaos for
non-smooth interaction kernels. In Section the well-posedness of the stochastic Fokker—
Planck equation is established and in Section of the associated McKean—Vlasov
equation . The mean-field limit and conditional propagation of chaos of the HK model
with common noise are investigated in Section
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4.2. Hegselmann—Krause model

In general the theory of opinion dynamics, which has been well-studied since the 1950s,
has become a rapidly growing area of research over the last few decades. With the rapid
development of the internet and social networks, we have observed significant changes in
how opinion dynamics evolve and by what sources they are effected. For example, previous
generations were heavily influenced by their geographically nearest social group, but nowadays
social networks play a dominant role for expressing and sharing opinions, enabling more
people than ever to do so from anywhere in the world. Consequently, the significance of
the geographical distance as a factor in shaping public opinion diminishes. Instead, each
citizen has a personal filter bubble [Spol7], which affects and in the same time shifts with
the opinion. This phenomena is described by so called bounded confidence opinion dynamics.
For an overview of opinion dynamics we refer to the surveys [Lor07, [Hos20].

The original discrete-time Hegselsmann-Krause model [HK02] is given by

1 .
T 2 i 620 i=lon,
S e i)

where x;(t) is the opinion of agent ¢ at time ¢, A;(t) :== {1 < j < n: |z;(t)—x;(t)| < r;} denotes
the neighbour set of agent i at time ¢ and |.4;(t)] is the cardinality of the set. The convergence
and consensus properties of the discrete-time HK model were extensively studied in the past
years, see for instance [HKO02, Lor06, BBCN13, [KZPS12, INT12]. The main characteristic
feature of bounded confidence opinion models, like the HK model , is that the agents
interact only locally, which is modelled by the compactly supported interaction force in the
discrete-time HK model , ie. j € #(t), and, thus, opinions outside an agent’s moral
beliefs get ignored through this local interaction kernel. This phenomena is, e.g., observed in
case of liberal and conservative view points and their respective social media bubbles in the
USA [ENG™19, [GKMI7, [Spo17]. The discrete-time HK model is a fairly simple model
to describe opinion dynamics and by now there are numerous generalizations and variants of
the original HK model, for instance, the HK model with media literacy [XCW™20| or the HK
model with an opinion leader [WCB15]. For further extensions we refer to [DR10, [RD09].

An important class of extensions of the original HK model captures external random
effect in opinion dynamics, see e.g. [PTHGI13, [CSDH19], leading naturally to a system of N
stochastic processes representing the opinion evolution. In this case, following e.g. [GPY17],
the opinion dynamics XN = (X ii=1,...,N) of N agents are modelled by a system of
stochastic differential equations

(4.13) zi(t+1) =

A~

) 1 N . , . ) N
(4.14) dXZ:—NZkHK(XZ—Xt’)dt+a(t,X§)dB§, i=1,...,N, X{)M,@lpo,
=1 -

for t > 0, where X't” is the i-th agent’s opinion at time t, kg is the interaction force between
the agents, o is a smooth diffusion coefficient, ((Bf,t > 0),i € N) is a sequence of one-
dimensional independent Brownian motion and, as previously, pg is the initial distribution.
We note that the interaction force kyx has compact support turning the continuous-time
HK model into a bounded confidence model. The continuous-time HK model
has been a topic of active research in the past years, e.g., the convergence to a consensus
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is studied in [GPY17] and the phase transition was investigated in [WLECI17]. For a more
detailed discussion on different types of noises in HK models we refer to [CSDH19] and the
references therein.

Our goal is to take it a step further by incorporating common noise into the HK model,
which represents the influence of environmental shifts on opinions, resulting in the SDE formu-
lation . By incorporating common noise, we enhance the HK model to more accurately
reflect the stochastic nature of real-world scenarios.

4.3. Well-posedness of the stochastic Fokker—Planck equations

This section is dedicated to establishing the global existence and uniqueness of weak
solutions of the stochastic Fokker—Planck equations and under suitable conditions
on the initial condition and coefficients. As a special case we obtain existence and uniqueness
of weak solutions for the stochastic Fokker—Planck equations and for the HK model.
Before we start our analysis, we introduce the concept of weak solutions.

DEFINITION 4.2. For a general interaction force k € L*(R), a non-negative stochastic
process (pg,t > 0) is called a (weak) solution of the SPDE (4.11)) if

(pr,t € [0,T1]) € L3w ([0, T]; WH(R)) N SFw ([0, T]; L' (R) N L*(R))

and, for any ¢ € CX(R), p satisfies almost surely the equation, for all t € [0,T],

t
o2 +I/ d?
<pt790> L2(R) — pO')SD L2(R + Ps; ® ds
dJ;z 2
J L2(®)

t t
d
/< k* ps)ps, —— 90> d5+/ <ps, > dWs
) dx ) 12(R)

REMARK 4.3. A solution to the stochastic partial differential equation (4.12|) is defined
analogously by replacing k with k*.

(4.15)

REMARK 4.4. There are multiple solution concepts for SPDEs, see for example [LR15] for
strong solutions in general separable Hilbert spaces or [DPZ14] for mild solutions with respect
to a infinitesimal generator. In the present work, we use the concept presented in [Kry99].
This has the advantage that we can use Ito’s formula for LP-norms [Kryl0] as well as the
linear SPDE theory in [Kry99).
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REMARK 4.5. Under the assumption that for all t € [0,T], op € C*(R) we can rewrite
formally equation (4.15)) such that the leading coefficient is in non-divergence form, i.e.

(Pt <P>L2(JR)

= = — Pss 2( —— (o3 —Ps>
<po,s0>L2(R)+20/<(US+V )deP @ L2(R)+ dx(a +v )dwp @ .
d2 / d
+< 2(0 +v )/087 > /< k*ps P&‘P> ds
dzx dz L2(R)
0
/ d
—/V<ps,(,0> dWs.
SN

Hence, (pi,t > 0) solves the following SPDE

2 2 32
% —;V ddzptdt+ di(ot + %) dd pedt
2
+ %%(03 + ) pdt + %((k x py)pt) dt — u%pt dWy, te€][0,T].

In the next theorem we establish uniqueness and local existence of weak solutions to
the non-local stochastic Fokker—Planck equation . Furthermore, we are going to see in
Corollary that the existence will not depend on the L?-norm of the initial condition py,
allowing us to extend the local solution obtained in Theorem to a global solution on an
arbitrary interval [0, 7).

dpt =

THEOREM 4.6. Let Assumption hold and k € L?>(R). Then, there exists a T* > 0 and
a unique non-negative solution of the SPDE ({.11|) in the space

B := Low ([0, T*]; WH(R)) N S35 ([0, 7]; L' (R) N L*(R)).
Moreover, the solution p has the property of mass conservation
lotll iy =1, P-a.s.,
for all t € [0,T].
PROOF. Let us define the metric space
FTM .= {X € % ([0, T]; L*(R)) : HXHSOO (lo.11sL2()) < M}

for some constant M > ||polj2(ry, for instance M = 2||po;2(gy. The metric on FTM g
induced by the norm on S% ([0, T7; L%(R)). The solution map 7: FI'M — FT:M ig defined
as follows. For each ¢ € FT"M we define T(¢) as the solution of the following linear SPDE
o? +v? d?

d d
e ——prdt + —(0? + Vz)aptdt

d p—
Pt Az

(4.16) 2

d d d
+ iﬁ(gf +v%)p dt + @((k * G)pr) dt — Vgt dWi, ¢ €l0,T].
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The L?-bound on k and Holder’s inequality imply
(4.17) |k Ge(2)| < [kl 2y 1Gel L2 ry < KNl p2r) M

for all x € R, which allows us to check the conditions of the LP-theory of SPDEs [Kry99,
Theorem 5.1 and Theorem 7.1] for the case n = —1 therein. For instance, if we define for
q € WH2(R) the function

flat) = 5 (k= Gay),

then obviously f(0,-,-) € L%, ([0,T]; H~*(R)) and, since z/(1 + |2|2)1/2 is bounded, we can
apply the lifting property [Tri78, Theorem 2.3.8] to obtain

1f(a:t M p-r2m@) < Cl(k*C)aell 2wy < N5l 2wy M @l 2w -

By [Kry99, Remark 5.5] this is sufficient to verify [Kry99, Assumption 5.6]. The other as-
sumptions are proven similarly.
Hence, we can deduce that the linear SPDE (4.16)) admits a unique solution

o € L ((0.T): W (R)) 1 2 (0,7 LA(R)).

In the next step we want to demonstrate the non-negativity of the solution p¢ with the
regularity of the solution p¢. Let us denote by k,, the mollification of k and let

PO € Lo (10, T WH(R)) N S%w ([0, T]; L2(R))

be the solution of the SPDE (4.16) with (k,, * ¢)p¢ instead of (k * ¢)p¢. Then we can write
the SPDE in the form

2

dpg’ :a(t,x)@pf’ dt +b (t,x)apf’ dt +¢ (t,a:)pf’ dt—uapg’ dWr,

for ¢ € [0, T, with

of +1° d 1 d? d
a(t,z) == 5 b (t, x) = @(af+y2)—|—km*g, M (t,x) = 5@(034—1/2) +Ekm*<t'

Now, by Assumption the coefficients a™, b™, ¢" and the coefficient in the stochastic part
is bounded. Hence, by the maximum principle [Kry99, Theorem 5.12] the solution p&™ is
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non-negative. On the other hand, we have
2

H mx G)pf — (k% G)pf)

L%y ([0,TH=12(R))
2

L2 (0.7} L2 (R))

L2 R))
L? R))

m—oo
0

gcﬂkem—%ﬁ*emf

(G — B * GOl ery 1]

(G~ )y G2 [

< O — B gy M2 o]

L% ([0.TL%(R))

Consequently, by [Kry99, Theorem 5.7] we have

4‘ —0
L2y ([0,TW 12 (R))

lim Hpc’m —p
m—00
and therefore pg() > 0 for all ¢ € [0, 7] almost surely (by intersecting all sets of measure one,
where pS™ is non-negative).

The non-negativity of the solution p¢ and the divergence structure of the equation provides
us with the normalization condition/mass conservation, that is

|’100”L1(R) = 17 lP’—a.s.,

o]

for t € [0,T]. This follows immediately by plugging in a cut-off sequence (&,,n € N) for our
test function ¢ and taking the limit n — oo (see [Brelll, p. 212] for properties of the cut-off
sequence) Therefore, the map 7 (¢) = p¢ will be well-defined if we can obtain a bound on
the S ([0, T7; L?(R))-norm. For readability we will from now on drop the superscript ¢ in
the followmg. Applying 1t6’s formula [Kry10], we obtain

2 2
”PtHL?(R) - ||:00||L2(R)

t
d 2 2 d d2 2 2
= Sy 7 5 _Ms s7 5 U0g d
0
/ d d / d
_/<(0-3 +V2)p5,p5> ds — 2/< k*Cs Ps; ps> ds
) dz dz [2(R) ) dzx L2(R)

t
+v /Hps ds+21//<ps, ps> dW
L2(R) 2 dz L2(R)
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/ d d d?
2 2 2 2
= sy 1 . Ps S™{ o d
/<pdg%+u>mp+pdﬁwfuw>mms
0

t t
—2/<(k*§s)ps,dps> ds—/<a§dps,dps> ds
) dx L2(R) ) dx dx L2(R)

S,

t
2/< k*Cs Ps) ps> ds — A /Hps
) dz™"/ r2m)

d
L2(R)
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for 0 < ¢t < T, where we used the fact that psd%ﬂps = %%(pz) to get rid of the stochastic
integral. At this step, it is crucial that we only have additive common noise. Otherwise the
stochastic integral will not vanish and the above estimate will not achieve the L°°-bound in w.

For the first term we can use Assumption [4.1] and Young’s inequality to find

t
d d?
(4.18) Ps: Ly (0% —|—1/)d ps—l—psd2(0 +1?) ds
, L2(R)

t
d
p87d7p8+ps
z L2(R)
0
t
A / A
=7 dxps
0

L2(R)

=

ds

t
A2
ds + (A—FA)/HpsH%z(R) ds.
0

On the other hand, using (4.17) and Young’s inequality, we obtain

d d
k s)Pss s —Ps
‘<( *Cs)psy P >L2(R) o’

< Gl (o

>L2(R)
‘ d

Az’

< Nkl L2y M llpsll 2wy .

Il M2 A d
<O ol + 1 ||

2

After absorbing the terms, we find

t
2y M2 + A2
oo~ ool < (25— +4) [ lplage as
0
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For the rest of the proof we define the constant
1l 72y M2 + A

CONA, kM) = A

and conclude
(4'19) ”ptH%?(R) < HPOH%?(R) exp (C()\, Av k7 M)T)v

by Gronwall’s inequality. Choosing T* < In(M/ HpoH%z(R))C(A,A,k,M)_l, we have p €

FT'M and the map

T: FTM o FTOM 0 ¢y 6
is well-defined up to time 7.
The next step is to show that 7 is a contraction in a small time span (7' < T™) and,

therefore, has a fixed point. For ¢,{ € FT'M let p := T(¢),p := T(C) be the associated
solutions of the linear SPDE (4.16[). Then, we have

d(ps — pt)
o +v? d? _ 9 o, d L& 5 5 ~
=Ty A ——5(pt — pr) dt + (o} +v )d*(ﬂt pt) dt + 5@(% + ) (pr — pr) dt
d d d _
d <(k * Ct)ﬂt) dt — d7(<k * Ct)Pt) dt — Vd7<pt Pt) th, t e [O,T]

Applying It6’s formula [Kryl0] and multiple Young’s inequality again (see (4.18))), we obtain

~ 12
loe — PtHL2(R)

¢
d d d d _

2 2 ~
= - T FPs = 7 FPsy 7 FPs— 7 Ps d
O/<(US Ty )dxp ™ A’ >L2(R) °

t
~ d d
_2/<(k*Cs)ps_ (k*Cs)ﬁSa Ps — ﬁs> ds
/ dx dx L2(R)

ds
L2(R)

t
i N 4q d
! 20/ S R T B
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L 2
+A/ 4 d
4 dxps dxps

A2 -
as+ (5 +4) / s = pulldsqey ds

L2(R)
s — — Ps ds+ / s s
/ H O I 195 = ol
d d
s I 5_7~8 d
o Iodliage \dmp 5
t d d
k s_~8 s Ar S_7~S d
+ || HL2(R)/H/’ P e | d” " d” L2(R) ’
s 7 3 d s s
ol 0 ot
Hk\|L2<R>M P A‘ d d_|
(S S TE DY
C L2(R) 4 dwp dxp L2(R)
Hk\lm > Ald
M e Al +Hps—ﬁs ds
/ L2(R) 4 || dx dzx L2(R)

t 2 2
1kl z2@) M
g/;)c

0

Il M2y
< T% HC - CHZ;’W([&T];L?(R))

t
ds+/C’ (A Ak, M) Nlps — psll 2o ds
0

+C(>‘7A’k7M)/||pS _ﬁSH%Q(R) ds.
0

Gronwall’s inequality provide us with the estimate

N T ||kl gy M? T
lp = pllszs, (o.11:L2 () < T exp OO AR M) ¢~ CHSOO ([0,T];L2(R)) -

Now, choosing T™* such that

T ||| 2 gy M2 *
\/ | ‘Lj(m Aexp <T20(A,A,k,M)> <1

and T* < T*, we see that the map 7: FT"M — FT".M i5 a contraction and consequently we
obtain a fixed point p, which is a local weak solution up to the time 7% of the SPDE (4.11]). O
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We notice that in the proof of Theorem we only use Holder’s inequality, Young’s
convolution and product inequality. Hence, the statement of Theorem holds also for
arbitrary dimension. We state this observation in the following corollary.

COROLLARY 4.7. Suppose Assumption holds in th d-dimensional setting and k €
L*(RY). Then, there exists a small T* > 0 and a unique non-negative solution of the

SPDE (4.11)) in the space
B := L2 ([0,7%]); WHA(RY) N S ([0, T%]; L (RT) N L2(RY)).

The solution should be understood in the sense of Definition [{.4, where Definition is
modified for arbitrary dimension d in the obvious way, see also [Kry99, Definition 3.5].

REMARK 4.8. Following the steps of the proof of Theorem[{.6, we see that we can obtain
not only a local solution but a (global) solution for any T > 0 by requiring a small L?>-norm
on the initial condition pg. In particular, we can choose a constant M > 0 such that

T |k[|7 2 sy M T (k72 M? + A
_— — A 1
\/ 3 Aexp 5 \ + <

and then the condition

2 gy M2 + A2
\|po\|L2(R)gMexp<_T< o N

guarantees a unique non-negative solution of the SPDE (4.11)) on the interval [0,T].

Next, we establish another global existence and uniqueness result. We emphasize that in
the following result we do not need any further assumptions on py besides being in L'(R) N
L?(R). Instead, we impose a lower bound on the diffusion coefficient o. Hence, we require
a sufficiently high randomness in the stochastic Fokker—Planck equation. We also assert the
fact that the continuation of the solution (p;,t > 0) is a direct consequence of the L?-theory
of SPDEs.

COROLLARY 4.9. Let Assumption hold and k € L*(R) N L?(R). Furthermore, assume
that the diffusion coefficient o has a derivative %0’ with compact support [—L, L] and satisfies

d
2L% sup (02)
o<t<T || dT Lo (R)
q 2 1/2
(420) + (Cé’NS Hk”QLl(R) + 4L4 sup 7(0?) ) S )\,
o<t<r || dx L (R)

where X\ is the ellipticity constant in Assumption Cans is the constant given by the

Gagliardo—Nirenberg—Sobolev interpolation in one dimension [Leol7, Theorem 12.83], i.e.

Cens = (%)_1/4. Then, for each T' > 0 there exist unique global non-negative solutions of

the stochastic Fokker—Planck equations (4.11)) in the space B.
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PROOF. Let p be the solution given by Theorem Following the proof of Theorem
we apply Ito’s formula [Kry10] and obtain, for 0 <t < T*,

2
HPtHL2 (R) — HPOHL2
2

t t
d d d?
= — ds s, — (02 + 1?)—ps —— (02 + %) Yds
/ o 8 [ (o gt At ot 10
0 0
t
d
—2 (k % ps)ps, dips ds
Tl r2(r)

t
d | d d
ds—/<ﬂsd(03>adps> ds
L2(R) ) v T/ em)

Usaps
d
-2 <(k*p8)p87dp8> ds
Tl m)

-3
sdxps

o

A/H o B ) I Hd 05
2 dmps L2(R ogth dz 't Loo(R) Psllz2((-L.1)) || qp P .

1
+ 2 H(k *ps)pS”LZ(R) ds

0

A
< < — 24912 sup
2 0<t<T

Ut

v {1

t
1
3 1 ol ol ds

) [

3 [ Iy ey el ey s

0
L>°(R) )

A
= ( —Z 4212 sup
t
1502
st [ ds
L2(R) /

L2

A d
§<—+2L2 sup at
2 0<t<T

dl’ L2

t

d
L)

2 0<t<T
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We remark that we used integration by parts in the first step, Young’s and Hoélder’s inequal-
ity in the third step, Holder’s and Poincaré inequality [Leol7, Theorem 13.19] in the forth
step and Young’s inequality for convolutions in the fifth step. Let us recall the Gagliardo—
Nirenberg—Sobolev interpolation [Leol7, Theorem 12.83], which states that for u € L'(R) N
WLH2(R) we have

q4 |12

—u .
dl‘ LQ(R)

Consequently, applying this inequality on the last term in our estimate and having mass
conservation in mind we find

lull gy < Cans ull gy

2 2
HPtHL2(R) - HPOHLQ(R)

2

t
A d Clys k7 d
< (— 2121 sup || (o?) 1 Gens IHl@ HLl(R)) /‘ — ps ds.
2 o<t<T || AT Lo°(R) A 5 dz™ |l 2 m)
Hence, if
d , 2 1/2
2L7 sup d*(UtQ) + <Cé‘NS k]| 71 gy + 4L sup || ==(07) > <A
0<t<T x L (R) 0<t<T x L>°(R)
we discover
2
(4.21) lPllss, o222 () < lPollz2e) -

Since p € L%y ([0,T*]; W'2(R)), we may apply [Kry99, Theorem 7.1], which tells us that
p € C([0,T%], L*(R)), P-a.s., and

E(llpr-

As a result, we can take pp« as the new initial value and apply [Kry99, Theorem 5.1] in
combination with our above arguments in proof of Theorem [1.6] to obtain a solution on
[T*,2T*], since the estimate and the condition are independent of T%. Hence,
after finitely many steps we have a global solution p on [0,7]. The uniqueness and p € B
follows by repeating the inequalities derived in the contraction argument in Theorem [4.6] or
using the uniqueness of the SPDE presented in [Kry99, Theorem 5.1 and Corollary 5.11]. O

%2(11@)) < 0.

REMARK 4.10. In particular, for a constant diffusion o > 0 the condition (4.20) reads
simply as
2
Cans Ikl gy < 0,
which can be interpreted such that for a given integrable kernel k the system needs a certain

amount of idiosyncratic noise to stay alive for arbitrary T > 0. In other word, the diffusion
needs to be dominant.

Next, we are going to improve the regularity of the solution p by a bootstrap argument.

LEMMA 4.11. Let py € LY(R)NW22(R) with lpoll 1wy = 1. Moreover, let Assumption
hold and k € L*(R). Assume we have a solution

p € Low ([0, T]; WH(R)) N S%w ([0, TT; L' (R) N L2(R))
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of the SPDE (4.11)) on [0, T]. Then p has the following regularity
p € Lsw ([0, T); WH(R)) N S%w ([0, T], W>2(R)) N S5 ([0, T); L' (R) N L*(R)).

PROOF. Let us explore the following bootstrap argument. By assumptions we know
p € L%y ([0,T]; WH2(R)) N S5y ([0, T; L' (R) N L*(R)) and solves the SPDE

_ d? (03—1—1/2
 da? 2

Furthermore, %(k/f * py) = k° % d%c pt for the smooth approximation k¢ of k and consequently

d d
(4.22) dps pt> dt -+ — ((k % po)pe) dt — v—py AW},

the dominated convergence theorem implies d%:(k kpp) = k* d%; p¢ in the sense of distributions.

As a result
d d d
a((k * pt)pr) = <k‘ * dxﬂt) pr + (k * Pt)apt

is well-defined as a function in L!(R). Moreover, we find

d
ks —
< * dz Pt) Pt

d
ks —
¥ dxpt

<

d
——((k*pi)pr)
da 12(R)

d
+ H(k * Pt)d*/)t
L2(R) Tl w)
d

< P
> ‘ dxpt

[oell 2wy + 15 * ptll oo (m)
L>(R)

L2(R)
< &l 2wy 1ol wrzmy ol 2y + 1Bl L2y ¢l 2wy ot 2wy
< 2|kl 2wy llptllwr2ry ol 2wy -

which implies

| Lt o)

<2|k 00 . . .
o) 151l L2y ollss,, o.r1sz2y P12 o mwr 2
‘F

From the uniqueness of the SPDE (4.22)), pg € W2(R) and [Kry99, Theorem 5.1 and Theo-
rem 7.1] we obtain

p € L7w ([0, T]; W**(R)) N SFw ([0, T; WH2(R)).
With the same strategy and the discovered regularity of p one obtains

d? d? d d q2
@((k *p)pt) = (k * Mﬂt) Pt + 2<k * dxﬂt) T (K * Pt) g2l

and consequently

| 2

d

@((/ﬂ * pt)pt) e

< 2|kl 2wy lloellw2my lloel L2y + 2 11l 2Ry
L2(R)

L (R)
< 4Kl 2y loellwzemy 1ol 2wy -

where we used Gagliardo—Nirenberg—Sobolev inequality [Leol7, Theorem 7.41] in the last
step. Therefore, we have

| )

<4|k o ) . .
2 (oTym) 151l 2y 1Plls2s,, o.r15L2 @y 1PN 22, 00022 m)
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Again, from the uniqueness of the SPDE ([#.22)), po € W22(R) and [Kry99, Theorem 5.1,
Corollary 5.11, Theorem 7.1] we obtain

pE L_27:W([07 T]; W3’2(R)) N S_?»‘W([()? T], W2’2(R))'

As a consequence of Theorem Corollary and the fact that kg, k5, € LY(R) N
L?(R) for all € > 0, we obtain the following corollary.

COROLLARY 4.12. Let Assumption hold. Further, assume 0 < pg € LY(R)NL?(R) with
lpoll 1wy = 1. Then, for the HK kernel (ky i there ezists a T* > 0 and a unique non-negative

solution p"*, p="% of the SPDE (4.3) and (4.6]) in the space
B = L%w ([0, T WH(R)) N SFw ([0, T°]; L' (R) N L*(R))
Furthermore, if %Ut(l“) has compact support and inequality (4.20]) holds, then we can extend

pPE . pSHE 1o a global solution.

4.4. Well-posedness of the mean-field SDEs

In this section, we establish the existence of unique strong solutions for the mean-field
stochastic differential equations (SDEs) given by (4.9)) and (4.10). Analogous to the classical
theory of ordinary SDEs, the mean-field SDEs nd are related to the stochastic
Fokker—Planck equations (4.11) and (4.12)) in the same way that ordinary SDEs are connected
to deterministic Fokker—Planck equations.

Similar to Section [4.3] we prove the existence of strong solutions for general interaction
force k, i.e. for equation . We notice that in order to show well-posedness for , it
is enough to show the well-posedness for just one of the identically distributed SDE’s of the
system . Hence, in the following we will drop the superscript i. In order to guarantee
the well-posedness of the SPDE (4.11)) we make the assumption.

ASSUMPTION 4.13. Let 0 < pg € L'(R) N W22(R) with lpoll i gy = 1. For T > 0 there

exists a unique solution p in L;W([O, T); WH2(R)) of the SPDE ([4.11)) on the interval [0,T]
with

ol 22, oW 2@y + 10l 555, 0,701 @)nz2®y) < C

for some finite constant C' > 0.

REMARK 4.14. The existence of a unique solution to the SPDE (4.11)) in the above as-
sumption is satisfied, for instance, if the conditions stated in Remark [{.8, Theorem [{.4 or
Corollary[{.9 are satisfied.

THEOREM 4.15. Let Assumption as well as Assumption hold and k € L'(R) N
L3*(R). Then, the mean-field SDE ([4.9) has a unique strong solution (Y;,t € [0,T)) and p; is

the conditional density of Y; given F," for everyt € [0,T].

The idea to prove Theorem is to freeze the measure p; in the SDE (4.9) and use
a duality argument by introducing a dual backward stochastic partial differential equation
(BSPDE) in Lemma in order to prove that p; is the conditional density of Y; for given
7.
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PROOF. Let p be the unique solution of the SPDE (4.11) as in Assumption We
recall that by the regularity result presented in Lemma |4.11| we have
p € Low ([0, T]; WP*(R)) N SZw ([0, T), W2 (R)).

Step 1. Fix p in the mean-field SDE and notice that we are dealing with a standard
SDE with random coefficients. Hence, we can apply classical results if the drift coefficient kxp
is Lipschitz continuous. The regularity of the solution, Sobolev embedding theorem [Brelll
Theorem 8.8] and Morrey’s inequality [Leol7, Theorem 12.66] yields

sup sup |EFPO@:2) = (ki) (. y)]

0<t<T z,yeR |$ - yl
TFY

< sup [k pr(w)[p2z2m)
0<t<T

< 1Kl ) Oi?ETHPt(W)HWZ%R)

and

sup [(k + po)(w, 0)] < sup sup|(k « pi)(w, )|
0<t<T 0<t<T x€eR

< &l 21 m) oiltlET ot (@) llwr.2 () -

Furthermore, the maps w — sup ||p¢(w)ly22r) and w = sup ||p(w)|ly12R) are measur-
0<t<T 0<t<T

able. Therefore, standard results for the existence of SDEs with Lipschitz continuous drift,
see e.g. [KRZ99, Theorem 1.1] or [KHLN97, Theorem 2.2], imply that the following SDE has
a unique strong solution

{ AV, = —(k+ p) (V) dt + o(t, Yy) By + v dW,

(4.23) a
Yo~po.

Step 2. We are going to use a dual argument (see Lemma below) to show that p;
is the conditional density of Y; with respect to F}V. Hence, let T3 > 0 and (uy,t € [0,T1])
be the solution of the BSPDE below with terminal condition G € L>®(Q, Fr,, C°(R)).
Utilizing the dual equation from Lemma the dual analysis [Zho92l, Corollary 3.1] and
the fact that ug is .ng -measurable, we find

<p0a u0> = E(<Gv pT1>)'
On the other hand we can use the explicit representation of uy given by Lemma [£.17]to obtain
{po, uo) = /RUO(Z/)po(y) dy = E(uo(Yo)) = EE(G(Y 1) o(Fy",0(Y0)))) = E(G(Y7)).
Now, let G = ¢¢ with ¢ € C°(R) and £ € L*>(Q, Fr,). Consequently, we obtain
E(§<¢7 IOT1>) = E(§¢(?T1)) = E(ﬂE(gb(?Tl) "Fiwl/))v
which proves

<¢a PT1> = E(QS(?TJ | fi‘/“ll/)v P-a.e.,

and, therefore, pr, is the conditional density of Y7, given Fr,. Since T} is arbitrary, we have
proven the existence of a strong solution Y of the mean-field SDE (4.9).
O
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REMARK 4.16. If (4.9) has a strong solution with conditional density
p € Ly ([0, T*; WH2(R)) N S%w ([0, T%); L' (R) N L*(R)),

then the conditional density process of Y' is the solution to the SPDE . Indeed, if
we first apply Ité’s formula with a function ¢ € C°(R), then take the conditional
expectation with respect to the filtration FV and subsequently applying stochastic Fubini the-
orem we conclude that density process of Yy satisfies (4.15). By the uniqueness of the
SPDE ({4.11)) we obtain that p;, which is the solution constructed in Theorem |4.6, is the
conditional density of Y; given F}V for allt € [0,T].

In the following lemma, we close the gap in the above proof by demonstrating the existence
of a solution of the BSPDE (4.24)) and the explicit representation of wg.

LEMMA 4.17 (Dual BSPDE). Let Assumption and Assumption hold along with
k € LY(R) N L3 (R). Then, for every Ty € (0,T] and G € L>®(Q, Fr,,CX(R)) the following
BSPDE

2 2 2
dut = — (Wdut — (k‘ * pt)iut + udvt> dt + V¢ th, te [O,T],

(4.24) 2 dz? dz dz

ur, =G,
admits a unique solution
(u,0) € (Lw ([0, T); W**(R)) N S%w ([0, T]; WHA(R))) x Low ([0, T); WH(R)),
i.e. for any ¢ € C°(R) the equality

o2 4+ v? d? d d
(ut, ) r2r) = (G, ¥)r2®) + / < 5 gzt (K * ps)aus + VdﬂCvS?g0>L2(R) ds

T

- /<US» ‘10>L2(1R) dWs
t
holds for all t € [0,T] with probability one. Moreover, we have

(4.25) uo(Yo) = E(G(Yr,) | o(o(Yo), ")),
where (Yy,t € [0,T)) is the solution of the linearised SDE in the proof of Theorem .
PROOF. Recall, by Theorem we have
p € L3(0,T); WP2(R)) 1 S3((0, T); W22(R)).

Our approach is to verify the assumptions of the L2-theory (see for example [DQT12, Theo-
rem 5.5]) for BSPDEs. Let u1,us € W2(R), then

d d
ko pr)——ut — (k % pr)— <11k # pell poori ||~ (a1 —
s g = G G| < Wi | -l
d
< el ey | g o — ) .

< HkHLQ(]R) HPtHL2(R) [Jur — UQHWLQ(]R) :
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Now, by Theorem [[ot]l L2 (g) is uniformly bounded in (w,t) € 2 x [0,77] and the interpo-
lation theorem [AF03, Theorem 5.2] implies for all € > 0,

d d
ks o)~y — (K % pr)—
H( o) Ge )|

< ellur — uzllw22@ + Ok, lpllss, o2y 5(e) lur — u2ll L2 g

for some non-negative decreasing function x. Hence, Assumption 5.4 in [DQT12, Theorem 5.5]
is satisfied. The other assumptions are also easily verified. As a result we obtain a solution

(u,v) € (L%w ([0, T]; W*2(R)) N S%w ([0, T); L*(R))) x Liw ([0, T); WH*(R))

of the BSPDE ({4.24). Here, the fact that u € S?_.W([O,T];L2(R)) is a direct consequence
of [DM10, Theorem 2.2].
It remains to show that the equality (4.25)) holds. By the bound

E( sup HPtHIQ/VL?(R)) < o0
t<T}

given by p € 5%, ([0, T]; W'2(R)), we observe that there exists a set Q' with P(€?') = 1 and
for all w € ' we have

(4.26) sup || pe(w, ) [ly12r) < 00
t<Ty

Also, the map (w,?) = [|p¢(w, *)[y1.2(r) 15 predictable with respect to FW by the L2-SPDE
theory. Consequently, we can define for each m € N the stopping time

Tm(w) = inf{t € [0, T1] : [ pe(w, ) l[wr2 @) = m}

and 7, T 17 by (4.26]). Furthermore, let us define

F(t,x) := (k * pt)(x)(%ut(x) and Fy,(t,x) = F(t,x)]l(oﬁm](t),

and note that F,,, € L;W([O, T]; L?(R)) still satisfies all assumptions of the L2-BSPDE theory
( [IDQT12, Theorem 5.5]) and therefore there exists a solution

(™, v™) € (Liw ([0, TT; W**(R)) N S5 ([0, T); L*(R))) x Lw (0, T); WH*(R))

of the following BSPDE

2 2 32
+ d d
duf® = — <Ut ; v @ugn — Fn(t) + devln> dt + vy AWy,
up, = G,

for each m € N.



130 Well-posedness for conditional McKean—Vlasov equations

In the next step we want to obtain a L%EW ([0, T]; WH2(R))-bound for F,. The L?-estimate
follows directly from the above computations. For the weak derivative we compute

d d
H dz ((k " pt)dfﬂ”t) torm) L2(R)
d d
< H:H'(O,Tm] (k * dxpt> PP

i d d
* PR PR
dz pr dx u
Since p € S% ([0, T7; L%(R))), the last term behaves nicely. However, the first term would
be problematic because without the stopping time we do not have a similar L°°-estimate for
the derivative, i.e. p € S5, ([0, T]; W"2(R))). Hence, in order to overcome this problem we
introduced the stopping time 7, and, therefore, we discover
d d
’ E ((k * pt)dl‘Ut> ]]'(O,Tm]

d2

dz? it

+ H(’f * pt)

L2(R) L2(R)

< L(0,7)

. + Ikl L2y ol 550 0,772 )y N1utllvprze ) -

12, (0,71} L2(R))

d 2

aﬂt

d
oy

dx

2
dt)
L2(R)

Bl L2y ol sse o.rysa el 22, o miw22m)

L2(R)

T
< ukniz(R)E( / nm,m}(t)\
0

< Il 2 gy m* lull 2, o 2@y
+ Ikl o el s oysza@yy) Muellzz o yw22my) -
As a result, we obtain
L2, orysw ey < 00
for each m € N. Applying [DQT12, Theorem 5.5] again, we find
u -, w 9 ; ’ w ) ; ’ X w ) ; ’ .
(u™,0™) € (3w ([0, T W3(R)) N SHw ([0, T); WH2(R))) x Law ([0, T]; W22 (R))

The above regularity (p(m —2) > 1 with p = 2, m = 3) allows us to apply [DTZ13, Corol-
lary 2.2], which tells us that there exists a set of full measure €/ maybe different from €'
such that
o o 42 d
o +v
W (ta) =G(a) + [ T (5,) = Lo (5)(k % )5, 3) s 2)

t

Ty
d
+ Vd—vm(s, x)ds — /vm(s, x) dWs

x
t

holds for all (t,z) € [0,71] x R on €. We use the subscript m to indicate that even though
the set 2/ is independent of (¢, ) it still may depend on m € N.

Besides, to be precise, [Du20, Corollary 2.2] requires F, € L;W([O, T); W32(R)), which is
more regularity than we have. However, one can modify the proof of [Du20l, Corollary 2.2] to
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obtain the same result with F,,, € LZIW([O, T]; WH2(R)). The crucial part is that a mollifica-
tion of F}, with the standard mollifier converges in the supremum norm to F;,, which follows
from Morrey’s inequality even in our case Fy, € L%y ([0,T]; WH?(R)). For a similar result in
the SPDE setting we refer to [R0z90, Lemma 4.1].

Next, we want to apply an Ito—Wentzell type formula [YT13, Theorem 3.1] (with V =
u, X =Y therein). Hence, we need to verify the required assumption. First, we can view u,,
as a jointly continuous It6 process in (¢, x) by [DTZ13l Corollary 2.2] on the set €2). We also
recall that u™ € L% ([0, T]; W22*(R)), v™ € L3 ([0, T]; W2(R)), F,, € L% ([0, T]; L*(R))
and Y is a strong solution and therefore a continuous semimartingale.

Moreover, we note that p, d%:u are PV x B(R)-measurable and 7, is P"-measurable.
Hence, the same holds true for F),. Also as previously mentioned (k* p;) is bounded in x € R
for almost all (w,t) € Q x [0,77] and as we have seen in the proof of Theorem (Step 1)
is Lipschitz continuous for almost all (w,t) € Q x [0,T1]. Thus, all assumptions of [YT13,
Theorem 3.1] are fulfilled and we obtain

u% (?T1 )

R 7 o +v? d® d d .. o?+v: d®
=uo Vo) + [ | =g’ = (kxp) e+ vt = ———35u

d d —
+ L0, (8) (K % pt)aut - devf‘> (Yy)dt

1 1
d - - d
-l-/(v%"—i—u(lxu’t")(}/t) th—F/Ut(Yt)dxu;n(Yt) dBt
0 0

Ty T

— W (Vo) + / F(8, V) (Lo, (£) — 1)t + / <v;n +u;$u;n> (V) dW;
0

T
— d —
(427) +/O’t(yt)xugn(yt) dBt
0

With this formula at hand, let us introduce the filtration G; = o(o(Y), FV), t € [0,T]. Our
aim is to take the conditional expectation with respect to Gy on both sides of the equation
in order to cancel the stochastic integrals. We observe that G; C F; and the solution (Vt,t €
[0,7]) is predictable with respect to the filtration G. Moreover, B! and W are still per
definition Brownian motions under the filtration (F;,¢ € [0,7]). Hence, both stochastic
integrals are martingales with respect to the filtration (F;,t € [0,7]), if we can prove an
L?-bound on the integrands.
By Sobolev’s embedding or Morrey’s inequality and the bound on o; we have

ie) ) i) )
d
E dt | < AE —aut dt
dz *
0 0 L>(R)

4
Ut(Yt)EU?(Yt)
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Ty
< B ([ 1 ey o) < o,
0

which verifies that the second stochastic integral of (4.27)) is a martingale with respect to the
filtration . Hence, we discover

Ty T
E< [oTo£ur (v as| go> _ E(E( [ () g \fo> igo) ~0
0 0

Furthermore, we have the estimate

T1

o /]

d d ..
Yt u—xut (Yt) aut

2 2
dt) < 2E</va‘||Loo 42 dt)
Lo (®)

< 0E</HU?||§V1,2(R) + 22w dt)
0

< 00,

where we used Morrey’s inequality in the second step. Hence, the first stochastic integral
appearing in is also a martingale with respect to the filtration G starting at zero.
Taking the conditional expectation with respect to Gy in and having in mind that
Y = Yp, we obtain

T

E(f (V)| Go) = uf(Yo) + E(/F(t,Yt)(]l(oﬁm](t) —1)dt ’ go).
0

It remains to show that

(4.28) Jim (E(uf, (V) [ Go) — ug'(Y0)) = E(ur, (Y1) [ Go) — uo(Yo), P-ace.,
and

T
(4.29) n}@@l@( / F(t, V1) (10,0, (£) — 1) dt g0> —0, Pae

0
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We first show ([4.29). However, we prove L!-convergence, which then implies (4.29) along a
subsequence. We compute
Qo) >

Ty
< E(E(‘ O/F(t,Yt)(]l(O,Tm](t) “1)dt

Ty
E (’]E < 0/ F(£,77) (L, (6) — 1) dt

%))

T

</ [P (Y1) (10,7, (1) = 1] dt)

IN
&=
o

IN

Ty
E( JIFC ey om0~ 1 dt)

o

Ty
< E( J 1P sy @) - udt)

ex( ([
0

d d

o

d2

dzz

IN

+ H(’f * pt)

L2 (R)

) Lo () — 1] dt)
12(R)

T
d
cz( [ (2odia + | oo
0

T

([ Ul + lolaagey) om0 - 11t
0

L2 (R)

IN

) ol 1L 0 () — 1] dt)
12(R)

IN

where we used Morrey’s inequality in the fourth step and Hoélder’s inequality as well as
in the sixth step. Finally, p € L2, ([0,T]; WH2(R)), u € L%, ([0,T]; W*%(R)), dominated
convergence theorem and 7,,, T 11 tell us that the last term vanishes for m — oc.

Taking the above subsequence, which we do not rename, we demonstrate along a
further subsequence by proving L?-convergence of . Let us define @™ = u — ¢ and
0™ = v — 0™, which solve the following BSPDE

—m o +v? d® _
dui’ =~ T g2t

~ d
with terminal condition G = 0, free term

Fonlty2) = (k% p)(0, ) ot 2)(1 10,7, (1)) = Bt )(1 — 105,(0)
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and F, € L% ([0,T]; L*(R)). Hence, by [DQT12, Theorem 5.5] the solution of the BSPDE
is unique and by [DM10), Proposition 3.2 and Proposition 4.1, Step 1] satisfies the estimate

(1.30 B sup 7 o ) < €T
>41

w (0.T)5L2(R))

Consequently, using Jensen inequality, the Qo—measurablhty of up(Yp), Morrey’s inequality

and we find
E([E(u7, (Y1) |Go) — i (Yo)) — (E(ury (Yry) | Go) — uo(Y0))?)
< 2B(Jag, (Yr,)” + [ug'(Yo)[?)
< 2E(||ar, HiOO(]R) + {15 N 7 o ()

< (][, [[fy1.2s + 17 120

< 4E<t8up I |52 ry >

(/HlE o )

<or (/u Lo (OF 17,2l ge )

But F € L;W([O,T ]; L2(R)) and, therefore, an application of the dominated convergence
theorem proves ([4.28)) along a subsequence. As a result, the last inequality together with (4.29))

implies (4.25) for all w € Q:= [ Q) NQ. Hence, the lemma is proven. O
meN

Utilizing the same calculations, we obtain the same result for the regularized mean-field

SDE (i.10).

COROLLARY 4.18. Let Assumption as well as Assumption hold and k € L*(R) N
L3*(R). Then, for any € > 0 we obtain a unique strong solution (Y,,t € [0,T]) of the mean-
field SDE ([£.10)), and p§ is the conditional density of Y given F}V for every t € [0,T].

As an application of Theorem (4.15)) to the HK model, we obtain a solution to the non-
regularized and the regularized conditional mean-field SDEs (4.2]) and (4.5)), respectively.

COROLLARY 4.19. Let 0 < pg € L'(R) N W22(R) with [|pol| ;1 gy = 1. Suppose that for

T > 0 there exist unique solutions p"* and p="* in L2 w ([0, T]; WE2(R)) of the SPDEs ([4.3)
and ([4.6), respectively, on the interval [0, T with

o™ HLQM(OT] wi2(R)) T [p" Hs°° ([0,THLH (R)NL2(R)) = ¢ and
o™ N 2z, qorpwraay + 127" N, (o121 @)z2(R)) < C

for some finite constant C' > 0. Moreover, let the diffusion coefficient o: 0, 7] xR - R
satisfy Assumption . Then, for e > 0 there exists unique solution (Y**% t € [0,T]) and
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(YoHEE t € [0,T)) for the mean-field SDEs (4.2) and (4.5), respectively. Moreover, p; is the
conditional density of Y;Z’HK given FV and pf’HK is the conditional density of Yf’HK’E given
FYV, for every t € [0,T] and for all i € N.

REMARK 4.20. Because kyx € L*(R)NL>®(R) for the HK model, we can use Remark|4.1/}
to verify the estimates in Corollary[{.19

4.5. Mean-field limits of the interacting particle system with common noise

In this section we establish conditional propagation of chaos for the regularized interact-
ing particle system with common noise towards the mean-field stochastic differential
equations , respectively, the (non-regularized) stochastic Fokker—Planck equation .
To prove conditional propagation of chaos, we first derive estimates of the difference of the
regularized interacting particle system and the regularized mean-field SDE (4.10]) (see
Proposition as well as of the difference of the solutions to the regularized stochastic
Fokker—Planck equation (4.12)) and of the non-regularized stochastic Fokker—Planck equa-
tion (4.11)) (see Propositi. In particular the results hold for the HK model, where
kS () is the approximation of kyx(z) = 1_pg g)(z)z. As preparation, we need the following
auxiliary lemma.

LEMMA 4.21. Let (2, F,P) be a probability space, G C F a sub-c-algebra and X,Y con-
ditionally independent random variables with values in R given G. Moreover, let X have a
conditional density f: QxR — R such that f is GRB(R)/B(R) measurable and in L' (2 xR).
Then, for every bounded measurable function h: R x R — R, we have

(4.31) E(h(X,Y)|0(G,o(Y)))(w) = /R B Y (W) f(w, 2)dz, we S,

on a set Q' C Q of full probability.

PRrROOF. First, we notice that by the measurability statement of Fubini’s theorem, the
right-hand side of is 0(G,o(Y))-measurable. By the standard Lebesgue integral ap-
proximation technique we may assume h = 1 gy g/ (z, y) for some measurable sets B, B' € B(R)
in order to prove . Hence, we need to show

E(]lA]lng/(X,Y)):IE(ILA/RﬂBxB/(Z,Y(w))f(w,z)dz)

for all A € 0(G,0(Y)). Now, we reduce the problem again to A = C N C” with C € G and
C" = Y=Y B") for some B"” € B(R). Consequently, using the conditional independence we
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find
E(Lcnerlpxp (X,Y)) = E(LcE(Llerlpxp (X,Y)|G))
)

and the lemma is proven. ]

The next proposition provides an estimate of the difference of the regularized particle
system and the regularized mean-field SDE.

PROPOSITION 4.22. Suppose Assumption[{.1] and Assumption[{.13 hold. For each N € N,
let (Y5t €[0,T]),i=1,...,N) be the solutions to the reqularized mean-field SDEs (©.10),
as provided by Corollary and let (X/°,t € [0,T)),i = 1,...,N) be the solution to
reqularized interaction particle system (4.8). Then, for any € >0 and N € N we have

sup  sup E(\X}a — }/77812) < M exp <(C+A)T>7
tef0,1]i=1,...,N (N —1)e €
where C' is some finite generic constant.
PROOF. Applying Itd’s formula , we find
X =Y

Jj=1

¢ N
2,€ 2,€ 1 € 1, € £ & 2,€
= 2 (i - v (5 Yo RO - X+ (0 4 ) (09 ) s
0
t t

(4.32) +2 /(Xi’s = YI) o (s, X%) — (s, Y1) dBL + /(0(8, Xy7) —o(s,Y)%) ds.
0 0
Splitting the sum we have

(XET = XP%) + (K # p9) (YY)

Mz

j=1

1 N . .
Z *p5) (Y9F) = K5V = Y)¥)
j:l

N
1 , , A ,
o DRI = YP) KX - XT)
j=1
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— I+ 1§

For I3, we use the property of our approximation sequence to discover

N
1 , , . ,
151 < 5 DIV = Y99 = k(X5 = X29)

c XN 4 .
<N DI Y| 4 X -
e

and consequently

t
('Q/XZE YZ(C:IQdS
0

t N
C . , A .
) = /ZEUX?E = VPP X0 - YO ds

0
¢
[ sw B v as,
i=1,...,N

where we used Young’s inequality. Next, let us rewrite I such that

1 N N

. . . 1
n=+ D (K pD)(YiF) — K (Vi = YIF) = N >z,
j=1 j=1
with
Z7 ;= (k% pQ)(YF) — k5 (Y5 = Y)F)

7o) )

1 N N
= 52 2 O BE(Z 2| o (FY .o (YI9)).

Jj=11=1

for ¢ # j. Furthermore,

E(|I%) = E(E(XN:ZJ ZN:Z

j=1 =1

It easy to verify that (Ysi’g,i =1,...,N) are conditionally independent given 7 and by

S

Theorem have conditional density ps. Hence, we apply Lemma to obtain
E(k* (Y] = Y{9) [o(F) 0(Y],e))) = (k% p)(YS)

and therefore E(Z; ; | o(F}" Lo (V&) =0, since (k€ * p2)(YeF) is o(FW, 0(YeF))-measurable.
Consequently, for the Cross terms j # k one can verify that

E(Z:Z3 | o(FY,0(Ye))) = B(Z}; | o(FY o (YO E(Zi, | o(FY, 0(Y:F))) = 0

by the previous ﬁndlngs. Hence, we have

1 N
B = 5z B
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and using the boundedness of k%, the structure of our approximation and mass conservation,

we obtain

E(Z51%) =

E(|(k* # p2)(Y29) =

Combining all the above facts, we get

and

BV = YI9)1?) < 270
() 2|k 72 w)
= Ne

t t
E<2/(X§vf—ni=€)ffds> < (/\ Xic_y, ”12ds+/|11\2ds>
0 0

2 ||kl|72qmy T

E Xi,s
(| t Ne

< 7}/;’E|2)d8+

o

Moreover, using the Lipschitz continuity of our coefficients ¢ we obtain

E(/t(a(s,Xé’E)—a( Y))2ds

0

sup E | Xbe —

><A/ X’LE YZ€| <A/
i=1,....N

2002
B) S 15[ 72 Ry

YZ’EP).

Now, combining this with the estimate of I35, as well as the fact that the stochastic integral
in equation (4.32)) is a martingale (Assumption [4.1)), we obtain

sup E(|X}° — Y/
i=1,...,N

t
C .
/ sup E(| X/ — Y, |?)ds
€ 1=1,...,N
0
A Xzs Yi52 d QHkH%Q(R)T
+/1Si11p (1 _t’)S+T
/ e iy 2Kl T
/ sup E(| X< — Y, )ds+T.
0

Applying Gronwall’s inequality yields

sup  sup E(|X/F

te[0,T] i=1,...,N

which proves the proposition.

o il

2 |kll72) T o ((CHNT
Ne p 5 ’

0

In the next step we need to estimate the difference of the solutions to the regularized
mean-field SDEs and the non-regularized mean-field SDE. Recall that, by the stochastic
Fokker—Planck equations, it is sufficient to consider the associated solutions p® and p of the
SPDEs @ and . For more details regarding this observation we refer to the proof of

Theorem [4.15]
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PROPOSITION 4.23. Suppose Assumption and Assumption hold. Let p° and
p be the solutions to the regularized stochastic Fokker—Planck equation (4.12) and to the

non-reqularized stochastic Fokker—Planck equation (4.11)), respectively, which are provided by
Corollary[{.12. Then,

[p* = pHSOO ([0,T];L2(R))
< C()‘aAvT’ -l 2y Pl 55, o riz2 @y 19 s, oz 15T = Kll2ey

PROOF. To estimate the difference p; — p7, we notice that

d? [ o2 + 12 d
pi—pt=dx2< ! 5 (ﬁ—m)) dt+a((k€*p§)p§)dt
= s ppr) dt — =L (f = py)aw,

dr Pt)pt dz Pt — Pt t-

Performing similar computations as in the proof of Theorem [£.6] by using Young’s inequality,
we get

195 = Pl 72wy
t
d d
< _)\ 2 y 51 Ms = 1 i d
< /H W 4 . /< ( e R e >L2(R) s
0 0
t
d d
2 <<k6*p§> (k% po)pn ot > as
3 (| d d |? A2 |
< 24 ), d 2 s — o° 2 d
<Y 0/ [t ] 5 0/ s — pENEaqey s

t
d d
2 f <<k€ e 55005 — (k% pa)oms 5 — ps> ds.
) dx dx L2(R)

Rewriting the last term gives

(K % p2)05 — (k% ps)ps
— ((k° — k) * 9% + (k% p2)pE — (k% pu)p
— (k= — k) p2)0E + (b (55— po))o + (U % pi) (05— ps).
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Hence, for the last two terms we can use Young’s inequality, Young’s inequality for convolu-
tion, mass conservation and (4.17) to obtain

dx dx

4 d
d$ps dmps

<(k*ps)(p§ ps) + (kx (5 — ps))Ps, dps dpS>L2(R)

< HkHLQ(R) HPSHLQ(R) 105 — Ps”m(R)

L2(R)
d

€ £ d c
1kl 2wy 195 = psll 2@y NPEll Loy || 05 — g

L2 (R)
2

IN

(oW

&‘Q‘
=
wn M

L2(R)

IIkIILz HIOSHL?(R 195 = psll 2y + 1Kl 2y 1105 = psll 2y N5 N 2 y)
2

Do | > MH ~| >

IN

2
S 1k 105 = psllZay o2y + 105072 qry)-

L2(R)

Moreover,

d d
k* —k “Vps, . Ps
O e

d d
< 1K = B) % 2l ey 10 o |t = L
L (R) L2(R) dz dz L2(R)
<WH—mmanmermR\dpt-dm
< @ 75z Neslleey | 708 = e,
2 2 4
< 3 i = ] g 31 Ml e

where we used Young’s inequality for convolutions in the second inequality and Young’s
inequality for the last step. Consequently, combining the last two estimates with our previous
L?-norm inequality and absorbing the L?-norm of the derivatives we obtain

2
10F = pell 2wy
2
2|kl 2@ +1

< ZEE T [ oy + 16 ey + 82) 15 = pullaey s
0

t
1
3 [ 18 = bl 192 Lagey
0

2|kl 72w +1
s‘;>/mmmm+mwm +A%) 105 = pilfage ds

0
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T
+ = ||k — K| sup |51 %2 py -
3 | IZ2 () te[o,T]H illL2m)

Applying Gronwall’s inequality and using the uniform bound (4.19)), we obtain

5 2
sup |[|pf — Pt”L2(R)
t€[0,T]

T
S - kE o k 2 Sup pe’:‘ 4
3 | 122 (m) b 0% 22(R)

(2 1el22 ey + 1

St~

oalZagey + 165122 + A) ds)

T 2 4
<~ Ik — K| sup || pg ||
<3 L2(R) Sub et L2(R)

)

QT(”kH%Q(R) +1) 2
- exp ( 3 (Hp”s;ow([O,T];LQ(R)) + HPEHS;?W([O,T];LQ(R)) + A))-

After taking the supremum over w € {2, we arrive at
1" — pHsooW( [0,7);L2(R))
SCNAT Kl 2y » ||P||s - (0,722®)) 197 ||5 (0,72 @) 1F° = Ell 2wy
O

REMARK 4.24. Due to Proposition [{.23, we know that the solutions p® of the regularized
stochastic Fokker—Planck equations converges to the solution p of the non-regularized sto-

chastic Fokker—Planck equation as the interaction force kernels converge in the L>-norm for
e — 0.

Finally, we are in a position to state and prove the main theorem of this section.

THEOREM 4.25 (Conditional propagation of chaos). Suppose Assumption and As-
sumption hold. Let p be the solution of the stochastic Fokker—Planck equation (4.11) and
let us denote by

N 1Y
X — .
pe (W) = N ;5)(;’5(@

the empirical measure of the reqularized interaction system ((XZ’E, e>0),i=1,...,N) given
by (4.8). Then, we have, for all t € [0,T],

E([(1X", ¢) — (o1, 0)?)

< C<>\,A7T, 1l Loy » lpllnoe ) » ol L2 () HPHS (0.7 L2(®)) » 197 ||s<>° ([0,T);L2(R )))
11 (C+ AT ,
<N+N p(g) +Hk€k”L2(R))
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for any ¢ € CX(R) and a finite constant C. Consequently, we have for ¢ = log(N) the
convergence

lim E(|(uX", ¢) — (o1, )|?) = 0.

N—oo

ProoOF. We compute

=1 =1
+2E<<J1véso<ﬁf> - [sitme ) )
N 2
(D Btk ) — 079 )
+28( g i o)~ [ pitserar) )

(433) <2 sup E(lp(X;%) — o(Y;)?) +2E<< Zcp ) - / i(z )w(w)dx)2>,

i=1,....N
where we used Minkowski’s inequality in the third step. Now, by Proposition and

|o(X0%) = (V) < el 1 X" = Y1,

2||k T
we can estimate the first term by H<p||12,V1,OO(R) | ”]ffe(m exp <(C+€A)T>. For the second term

we write out the square to obtain

25 (vt - [ e an) (o079~ [ sreta))

2,J=1

N2 Z E( (Y7 )p(Y7) — w(%i’g)épf(y)w(y) dy

,j=1

~ o7 [ et dy+ ( [ siwew dy>>
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Now, using the fact that pf is the conditional distribution of Y€ with respect to F,}/V , we find

E(@(Kf’e) /R 05 () e(y) dy> =E<E<w(Yf’€) /]R pi () (y) dy| FY ))
~5( [ swetn A )

—5(( [ st dy))

Since (Yti’s,i =1,...,N) have identical conditional distributions given F}V, the same equal-
ity holds for j instead of i. Additionally, using the fact that Y,",Y;® are conditionally
independent for ¢ # j, we obtain

E((Y;%)p(Y79)) = E(B(p(Y ) (Y7 FY))
= E(E(p(Y;)|F ) E(e(Y79)F))

_ E(( [ s dy)2>

for the cross terms. Hence, the cross terms vanish and we can estimate the second term

in (4.33) by
Cliell Lo (wy)

]\272ﬁE((go(Yj’a)—/Rpi(y)@(y)dyf) < N

for some finite constant C'(||¢|| LOO(R)), which depends only on . Putting everything together,
we find

N 2 Hkuii’ R T C+AMNT Cllell oo m))
B ) = (1) < il — o enp (LERT ) 20O
1

1 cT
< .
—C<‘kHL2(R)7T7H¢’WLW)<N+ (N-l)&‘ eXp( - )>

Next, using Holder’s inequality and Proposition [4.23] we discover

E([{p5,0) — (ot ©)[7)

E(llol 22y 1f — pell72 ()

—~

IN

IN

lllZ2 gy 167 = PllSse ro,77522))

< H‘PH%?(R) C\ AT, HkHL?(R) ) HPHS;OW([QT];L?(R)) Hp6||S;OW([O,T];L2(R))) [k — k‘||%2(R) :
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Therefore, combining this estimate with the previous one we obtain
N
E([(u* @) = (ot ) )
XN € 2 e 2
< 2B(I(ui- o) — (o[> 0)I7) + 2E([(of, ©) — (pt, 0)|7)

< C’(A,A,T, ||k”L2(R) ) HQOHWLOQ(R) ) ||90HL2(R) ) HPHS;OW([O,T];L?(R)) ) HPEHS;OW([O,T];LQ(R)) )
1 1 (C+ANT 9
. (N + FgeXp <€> + ||k'E — k’”LQ(R)>

In conclusion, we can address the question of propagation of chaos for the HK model.

COROLLARY 4.26. Let the assumption of Theorem hold. Then for ¢ = log(N) and
© € CX(R) we have the following conditional propagation of chaos result for the HK model

0

XN,E,HK

i (] (g o) = (i 0) ) =0,
—00
where XN5HE s the interacting particle system associated to the kernel k5.

4.6. Comments

In comparison to the previous chapters, the convergence in probability approach is un-
fortunately not applicable here. One central component of this approach was compensating
for the irregularity of the interaction kernel k by leveraging the regularity of the solution p of
the Fokker—Planck, specifically using the L> bound in (¢, z) for the solution p. In the SPDE
setting, however, we need to replace this bound with an L* bound in (w,¢,z). The proba-
bility space 2, generally lacks a specific structure, making it unrealistic to expect techniques
from parabolic differential equations such as bootstrap arguments or embeddings to work.
Thus, we cannot produce a uniform bound in L*°(€Q) with the classical methods. Instead,
as demonstrated in Section [4.4] we had to employ a stopping time argument to perform a
bootstrap argument, which fortunately did not compromise the dual argument. However, this
line of reasoning cannot be reliably extended in general. Consequently, in the end, we cannot
achieve an algebraic-order cut-off and are instead confined to the less satisfying regime of a
logarithmic cut-off.

Moreover, it would be particularly beneficial to gain a deeper understanding of the stability
of SPDEs with respect to mollification and the appropriate topologies. This issue is closely
related to the challenges represented by the left and right arrows in Figure [l indicating
that we should not anticipate better results than those achieved in the deterministic case.
However, the impact of common noise is still not fully understood, especially when considering
different types of noise. For instance, it is known that transport-type noise can prevent blow-
up [FGL21]. This raises the question: does common noise actually help? This remains an
open question, and we anticipate that the coming years will bring significant advances and
insights in this area. Regarding the question of stability, we will explore this further in
Chapter



Chapter 5

Quantitative estimates for the relative en-
tropy with common noise

We prove a conditional propagation of chaos result for the interacting particle system

N
) 1 A ) ) A _
(5.1) X = -+ S TR(X] - X)) dt + o(t, X]) dB] + v(t, X]) AW,
j=1

driven by idiosyncratic noise (B, t > 0), i € N and common noise (W;,t > 0). The Brownian
motions (B, t > 0) are independent of each other, and (W, ¢ > 0) is independent of (B}, ¢ > 0)
for all 7. Details of the probabilistic setting are provided in Section For the interaction
kernel, we require k € L*(R?) N L>®(R%). Systems of the form are commonly utilized
in the field of mean-field games [CD18, Section 2.1] as well as mathematical finance [Ahul6),
DLR20, [HvS21l, .SZ23].

Our aim is to investigate the asymptotic behavior of the system (5.1) and to derive
conditional propagation of chaos. We develop the relative entropy method in the common
noise setting , extending the results from Section While relative entropy theory
is well-established in the absence of common noise [JW18| [BJW19], there is relatively little
literature addressing relative entropy in the case with common noise. The techniques that
relative entropy theory relies on—namely, the Liouville equation, the regularity of the mean-
field partial differential equation (PDE), and the exponential law of large numbers—need to
be adapted for the common noise setting.

The presence of common noise adds an extra layer of complexity to the problem. As we
have seen in Section the empirical distribution of particles at the limit evolves stochas-
tically according to a non-linear stochastic partial differential equation (SPDE). Moreover,
the associated Liouville equation must be modified to a conditional Liouville equation, which
also solves an SPDE. The work is based on the preprint [Nik24]

5.1. Problem Setting

The setting in this chapter is very general, corresponding to the framework outlined in
Section which involves a sequence of m dimensional Brownian motion (B*i € N) and a
m-dimensional common noise W. Recall that we write a vector in R4 as XV = (z1,...,2x) €
RN where z; = (ig,...,xid) € R?. For a standard vector in R%, we use the variable z € R,
For a matrix A € R*? we denote the («, 3) entry as [A](a,8)-

5.1.1. Interacting particle systems with common noise. In this subsection we in-
troduce the probabilistic setting, in particular, the N-particle system and the associated
McKean—Vlasov equation.

145
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We require also the following coefficients
k:RY—RY 0:]0,7]) x RE— R>*™ 12 [0,T] x RY i R&™,
We define the interacting particle system by

N
. 1 , . . A .
(5.2) A} = -+ D k(X] - X{)dt + o(t, X})dB} + v(t, X}) AW,
j=1
and the conditional McKean—Vlasov system by
(5.3) dY) = —(k* p(Yy)) dt + o(t,Y)) B} + v(t,Y}) AW,
' Pt =Lyj|Fy

where .iﬂyﬂ Fw is the conditional density of Y} given F}V. Tt is well-known that pathwise-
uniqueness implies that g}/ti‘ FW is independent of 7 € N.

5.1.2. Stochastic partial differential equations. Let us introduce the SPDE’s associated
to the SDE’s defined in , . From the interacting particle system we can derive
the stochastic Fokker-Planck equation in R solved by the conditional density p}¥ given the
filtration F}V. We call this SPDE the conditional Liouville equation, which is given by

' S, By (o)) i + ottt ) ) )

i,j=1a,f=1

N
(5.4) +ZV%-< Zk: >dt—ZV v(t, z;)pl dW),
=1

where §; ; = 1 if and only 1f 1 = j and otherwise zero. Analogously, we define the d-dimensional
non-linear SPDE

dpe =V - ((k* pt)pe)) dt = V - (vepe AWy)

9.5
(5.5) + = Z 8Zaazﬂ< 010 ]( B+ [VtVt ](a ﬁ)) > dt
76 1

associated to (5.3)). The provided equation represents the conditional density of a single
particle in the McKean—Vlasov SDE (5.3)). Extending this concept to cover N conditionally
independent particles, we introduce the SPDE

dp ®N = Z Z Ti, x] B( [U(tvxi)o'(t’xj)T](aﬂ) + [v(t, zi)v(t, ‘Tj)T](aaﬁ))p?N) dt
i,j=1a,5=1
N
(5.6) + Z Va, - (k% po) () pf™)) dt = Vo, - (v(t, zi)pf™ dW).
i=1
The notation ®NN is intentionally used, as it will become evident that if the d-dimensional
SPDE has a solution, then equation also possesses a solution in the form of a tensor
product.
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From the above equation we can deduce the following r-marginal SPDE of the interacting
particle system

T N
1
Ao = o (o D k(@i — )l | dapgy - doydt
P P /]R(NT)dv ' <N o (i — ) ) AR
N
— E A\ (/ v(t, ) pl deyyy - - - dey dW)

N d
1 T
t52 2 88( o ottt Ny

(5 o) oy

5.1.3. Assumptions on initial condition and diffusion coefficients. Throughout this
chapter we make the following assumption on our diffusion coefficients o, and the initial
condition pg.

ASSUMPTION 5.1.

(1) For each (i,1) € {1,...,d} x {1,...,m} we require o™ (t,-) € C*(R?) and for some
positive constant C' > 0 we have the following uniform estimate

ot )|

sup
0<t<T

C1(R%)

(2) For each (i,1) € {1,...,d} x {1,...,1m} we require Vi’i(t,-) € CY(RY) and for some
positive constant C' > 0 we have the following uniform estimate

il
sup ||[v"'(¢, - ‘ <C
0<t<T (&) CH(R4)
(8) The diffusion v is divergence free, i.e. for each [= 1,...,m we have

d
> 0,0t 2) =0, (t,2) €[0,T] x R™.
B=1
(4) For every o € {1,...,d} we have

d m
D 0y, > 0¥t 2)0M (t2) =0,, (t2) €[0,T] xR,
B=1 =1

d m
D 0y, Y vt 2Pt ) =0, (t,2) €[0,T] x RY.
B=1 =1

(5) o satisfies the ellipticity condition. For all A € R? we have
d

D 105(2)05(2) TTiamAats = SN
a,B=1
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(6) The initial condition py € L?(R?) satisfies the second moment estimate

/ 12|%po(2) dz < oo.
Rd

REMARK 5.2. Assumption is a standard assumption in the field of SPDFEs |[CF10,
HQ21], implying the non-randomness of the LP-norms. Condition is necessary for reduc-
ing the conditional Liouville equation from a Fokker—Planck equation |[BKRSI15| to a
SPDE in divergence structure. The same applies to the non-local SPDE . We require
the ellipticity condition for the existence of the SPDE’s [Roz90l, [Kry99], analogously to
the parabolic PDE theory.

A direct consequence of Assumption is the existence and strong uniqueness of the
interacting particle system (5.2)).

Our contribution: Our first contribution lies in proving the global well-posedness of the
stochastic partial differential equations associated with the particle systems. Since our kernel
k lies in L2(R?) N L>°(RY) it prevents us from directly applying established results in the
literature on SPDEs, such as those found in textbooks by Krylov [Kry99], Rozovsky [R0z90]
to our non-linear stochastic Fokker—Planck equation . Consequently, for our non-linear
SPDE , we resort to employing a Picard iteration method.

Our second contribution focuses on demonstrating the boundedness of the relative entropy
in R4V, To achieve this, we compute the evolution of the relative entropy using Ité’s formula.
A key insight lies in recognizing that, unlike in the classical setting where distributions are
directly compared in the relative entropy, we should instead compare the conditional distribu-
tion of the interacting particle system with the solution of the stochastic Fokker—Planck
equation .

However, defining the relative entropy for general random measures poses a challenge. To
the best of our knowledge, we could not find a reliable definition. But if we consider solutions
of the conditional Liouville equation and the stochastic Fokker—Planck equation
with sufficient regularity, we can provide a pointwise interpretation of the SPDE’s (5.4]), (5.6).
This enables us to apply It6’s formula to the SPDE’s, thereby deriving an expression for the
dynamics of the relative entropy. Subsequently, we can further analyze this expression by
employing methods known in the non-common case, such as the exponential law of large
numbers [JW18]. Notice, that in the absence of transport-type noise, we must address the
quadratic variations arising in the calculations. Consequently, we establish the boundedness
of the relative entropy for systems with smooth coefficients. By applying the sub-additivity
and the Csiszar-Kullback-Pinsker inequality, we obtain an estimate in the L'-norm between
the marginals of the Liouville equation and the stochastic Fokker—Planck equation, showing
a decay rate of N~1/2_ indicating that results from Jabin and Wang [JWI8| are applicable
even in the presence of common noise. Additionally, we recover the result from Jabin and
Wang [JW18] on the whole space in the case of vanishing common noise v = 0.

Finally, we demonstrate that in the case k € L2(R%) N L>®(R%) the conditional Liouville
equation and the stochastic Fokker—Planck equation can be approximated by the
associated SPDE’s with smooth coefficients. This type of stability result leads to the relative
entropy estimate, which seems to be novel. Additionally, we demonstrate conditional prop-
agation of chaos. To our best knowledge, this is the first result on conditional propagation
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of chaos for general bounded interaction kernels in the L'-norm. However, it is crucial to
exercise caution at this stage, as the standard equivalent characterization provided by Sznit-
man’s Proposition [1.2] cannot be directly applied due to the non-deterministic nature of our
limiting measure. Therefore, we need to replicate the proof in the setting of random measures.
Consequently, we extend the results for conditional propagation of chaos by Carmona and
Delarue [CDI8, Chapter 2] to the kernel k € L2(RY) N L*°(RY).

Related literatures: In contrast to interacting particle system, which are driven by id-
iosyncratic noise [Szn91l [TW18| [RS23| [GLM24], literature on common noise remains limited.
For systems with uniformly Lipschitz interaction forces, we know from Chapter 4] that Coghi
and Flandoli [CF16] established conditional propagation of chaos in the presence of common
noise. Dawson and Vaillancourt [DV95] also formulated a martingale problem and demon-
strated tightness of the empirical measure obtaining a qualitative result with no convergence
rates.

In a parallel effort to ours, Shao and Zhao [SZ24] recently presented a similar relative en-
tropy estimate for the stochastic two-dimensional Navier—Stokes equation driven by transport
noise, utilizing methods from [JW18|. Their approach necessitates the initial independence
of intensity and position, which introduces additional assumptions on the physical model.
While their work shares similarities with ours, such as the relative entropy estimate and uti-
lization of common noise, distinctions arise in the domain (torus vs RY) and the nature of
noise (transport noise vs. It6 noise). Moreover, the authors [SZ24] capitalized on the specific
structure of the Biot—Savart kernel, particularly its divergence-free property.

Rosenzweig [Ros20] addressed a related problem by establishing quantitative estimates for
the Biot—Savart kernel using the modulated energy method in a pathwise setting, a method
previously introduced by Serfaty [Ser20] in the deterministic setting for Coulomb kernels.
Challenges in this context stemmed from the commutator estimate for the second-order cor-
rection term. Although the modulated energy method naturally extends to systems with
transport noise, the pathwise extension in the case of relative entropy requires a pathwise
Radon—Nikodym derivative, posing challenges for random measures. Furthermore, Rosen-
zweig, Nguyen, and Serfaty [NRS22] obtained similar results for the repulsive Coulomb case
under transport noise.

In our work, the presence of idiosyncratic noise, dictated by the ellipticity of the diffusion
coeflicient o, plays a significant role. This aspect differentiates our approach from the previous
literature discussed. In our setting, the work by Huang, Qiu [HQ21] investigates the Keller—
Segel model with Bessel potential and the work of Chen, Promel and the author [CNP23]
demonstrates the existence and uniqueness of non-linear SPDEs and conditional McKean—
Vlasov equations. Other relevant literature includes the work of Kurtz, Xiong [KX99], Coghi
and Gess [CGI9] for the existence of stochastic non-linear Fokker—Planck equations under
non-linear Lipschitz coefficients.

A broad area where interacting particle systems of the form are studied is in mathe-
matical finance and mean-field games. For instance, Carmona, Delarue, and Lacker [CDLI6]
investigate mean-field games for Lipschitz drifts with common noise of the form ([5.1)), as do
Delarue, Lacker, and Ramanan [DLR20]. We refer to the references therein for more details.

Finally, let us mention the results of Jabin and Wang [JW1§], which serve as a foundational
reference in our work. We extend their results in the bounded kernel setting to include
common noise. Additionally, we require fewer assumptions on the regularity of the mean-field
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equation, which is a consequence of the stronger assumption on the interaction kernel k£ and
the ellipticity of the diffusion coefficient o. However, the focus on the entire space R? prevents
the inclusion of kernels in W1 (]Rd), as stability of stochastic partial differential equations
cannot be guaranteed using our methods.

Organization of the chapter: In Section we provide the definitions of the particle
systems and the associated SPDE’s along with the introduction of the relative entropy. In
Section the well-posedness of the Liouville equation and the stochastic Fokker—
Planck equation is established. In Section we compute the evolution of the relative
entropy in the setting of smooth coefficients. Finally, conditional propagation of chaos with
common noise for interaction kernel k € L2(R?)NL>(R?) is investigated in Section as well
as a stability estimate for the conditional Liouville equation and stochastic Fokker—Planck
equation.

5.2. Well-posedness of the stochastic Fokker—Planck and Liouville equations

In this section we demonstrate the existence and uniqueness of solutions to the linear
SPDE and the non-linear SPDE in the sense of Definition and Definition
Additionally, we provide some a priori bounds uniform in the probability space. We use
similar techniques to [CNP23] and for readers familiar with SPDE’s the results should not
come as a surprise. We provide now definitions to the SPDE’s , and .

DEFINITION 5.3. For a fix N € N a non-negative stochastic process (p{v,t > 0) 1s called
a (weak) solution of the SPDE (5.6)) with initial condition p§™ if

p" € Low ([0,T]; H' (R™)) N S%w (10, T); LN (RMY))
and, for any ¢ € CX(RIN), pN satisfies almost surely the equation, for all t € [0,T],
<in, ¢>L2(RdN)

¢ N
P) L2 (RANY — Z/< Z )P ,Vmiw> ds
0

i=1 j=1 L2(RIN)

I
>
S®

t
/<[U(37xi)0(3,$i)T](a 8)Ps ,8%/36%& > ds
0 LQ(RdN)

N a4 ¢
1
+ 3 Z Z /<[V(s,xi)u(s,xj)T](a 8)Ps ,8%[38%& > ds
] 0 L2(RIN)

N d m U
i
+§§ZO/< (s, :)pl ,8m,a<p>L2(RdN)Ws-

DEFINITION 5.4. A non-negative stochastic process (pi,t > 0) is a (weak) solution to the
SPDE (5.5) with initial condition po, if

(5.7) p € Low (0, T); H' (RY)) N S5y ([0, T L' (RY))
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and
t
<pt=(p>L2(]Rd) (po, ¥) L2(R4) /< k* ps)ps, Va, <P> ds
s L2(RY)
. t
+§ Z /<[0(5,2)0(57Z)T](a’ﬂ)ps,azﬁazago> o ds
a,B=17 L2(R4)
A
—}—5 Z /<[1/(s,z)u(S,z)T](a7B)ps,6Z58Za<p> - ds
d m ¢
+ ZZ/<VOC’Z(37Z)pS7aza(P> Wl
a=1 =10 LQ(Rd)
holds.

DEFINITION 5.5. For a fit N € N a non-negative stochastic process (pl?N,t > O) 1s called
a (weak) solution of the SPDE (5.4) with initial condition pg@N if

PPN € Low ([0,T]; HY(R™)) N S%w ([0, T]; L' (RY))
and, for any ¢ € CX(RM), p®N satisfies almost surely the equation, for all t € [0,T),

<P§®N, ‘:0>L2(RdN)

N t
= (05", ©) 2 many —Z/< ko ps) (i) ®N,Vx,~90> ds
=1 0

L2 (RdN)

N d !
1 T
#5303 [ (lotomots s Nt dunne)
(5.8) i=1 a,=1} L2(R4N)
| N ¢
R DD D K( VL TR S
i,j=la,8=1 L2(R4N)

1

MS'
o _

N d
—i—ZZ <1/ s xz)p®N,3xi,aS@> wt
i=1 a=1 L2(RIN)

We start by demonstrating the existence of the Liouville equation ([5.4)).

[

PROPOSITION 5.6. Suppose k € L>®(RY). Then, there ewists a non-negative solution
N e Lg_.w([O,T]; H'(RY)) of the SPDE (5.4) in the sense of Definition .
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N N
PROOF. Define f(t,u) = > Vg, (11, > k(zi — x])u> for u € HY(R). Then we find
i=1 j=1

=z

N
L (8wl g1 (gany < Z Z zi = xj)u < N K| poo (ray llull p2(gary

= L2(RN)
and by linearity
1 (Eow) = £ ) s gy < N bl o ey Tt — o1l 2 gy
for u,v € H'(R). Applying [Kry99, Theorem 5.1] proves the existence. It remains to show

that p" is non-negative. However, this is a direct consequence of the maximum principle for
SPDE’s, which was already applied in Theorem O

LEMMA 5.7 (A priori L?-estimate). Let k € L®(RY) and let the non-negative process
p € L2y ([0,T]; HY(R?)) satisfy the SPDE

dpr =V - ((kxuy)p))dt — V - (vppe dW)

d
1
#5200 (0l + oo )

a,B=1

where ug is a predictable with respect to FWV, L' -valued process, which satisfies the inequality
luell 1 (gay < 1, P-a.s. for allt > 0. Then

(5.9) ot L2ray) < C(T,d, 6, ||kl oo ray) lP0l L2(Ray ,  P-as.
for allt > 0.

PROOF. Let us compute the norm ||p;[|2(ra),

2 2
1oell72(ray — [P0l T2 (Ra

t
= 2// ((k % us)ps) - Vpsdzds
R4
0

d t
- Z //Rd 82,3 (([Usag](a,ﬁ) + [VSVE](a,ﬁ))pS>aZaps dzds

d
Z P
=1



5.2. Well-posedness of the stochastic Fokker—Planck and Liouville equations 153

By the divergence-free assumption of v we have

/Rd pszazﬁ V ps dZ = /]R ZVlB,lazﬁ ps

B=1 p=1
—— [ et
R Vs
=0

and therefore the stochastic integral vanishes. Again using the divergence-free assump-

tion we find

(5.10)

However, we also have

t
//d 82'[3 (([0'5 T](a B T [VSVST](a,ﬁ))ps>azaps dzds
A R

d

t
//Rdaqa([as s](aﬂ)+[ys ](aﬁ))ﬂsazapstdS
=0

d
>
a,B=1

a,f=1
d t
+ Z //Rd([O'SO'ST](a,B) + [I/s ](a 5))825p882aps dzds.
a,,B:l 0

Consequently, the last term containing v is exactly the term ([5.10) and therefore both terms
cancel. For the first term we use the uniform bound on the derivatives and Young’s inequality
to estimated it by

9 04 ([asag](aﬂ) + [usug](aﬁ)) P50z, ps dz ds
a,B=1

t
)
<€) [ Il + 5 190 lEsges) 0.
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Combining the last estimates and plugging them in the evolution of the L?-norm, we arrive
at

—

/R ((k *145)ps) - Vs dz ds + C(d,6) sl g

2 2
loel T2 may — lPollL2@may = — 2 g

t
// )8zgpsazapsdz+ ||Vp8||L2(]R'1 ds
0

p
?M& o

1

<2 / I s 2oty 106 22y s + C(d, 6) [l 2 gy ds
0
< 211K|2 ey + C(d,6)) / 10122 g s,
0

where we used the ellipticity condition in the last step. An application of Gronwall’s lemma
provides

pell72may < C(T,d, 6, ||kll o (ay) lp0l|72(ay »  P-as.
for all t > 0. ]

LEMMA 5.8. (A priori moment estimate) Suppose we are in the setting of Lemma .
Then the following moment estimate holds

2 2
5w ([ wlPas) ) < ol ([ miolePas)
0<t<T R4 R4

PROOF. The core idea is to use |z|? as a test function. To that end, we take a sequence
of radial non-negative anti-symmetric smooth functions (g,,n € N) with g, € C%(R?) for
all n € N, such that g, grows to |z|? as n — oo and |Vg,|? < Cg, and |Ag,| is uniformly

bounded in n € N. For instance one can choose

( ) |Z’, for ’Z‘ > %7
Z) =
Xn _ﬁg% +n 3|Z\ + &, forlz[ <1

and let ((,,n € N) be a sequence of compactly supported cut-off function defined by (,(x) =
¢(x/n), where ( is a smooth function with support in the ball of radius two and has value
one in the unit ball. The reader can verify that g, = x2(, satisfies the above properties.
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Plugging g,, as our test function, we obtain

(pt, gn>L2(Rd)

d m

t t
= (P0, 9n) L2 (re) — /< (K * us) ps,Vgn> ds+ ) /<V Ps: zagn> W
L2(R4) i1 L2(R4)

0 a=lj=

t

1

/< (o +1/ ps,Agn> ds.
2 ) L2(RY)

The first term, can be simply estimated by

t t
/< (k * uy) ps,Vgn> ds < CH]CH%OO(R(; —|—/ sy |V gnl?) [2(rd) ds
J L2(R4) J

t

< C k]2 + C / (Do ) 2ty .
0

For the other term we obtain

¢ t
/<(U§ + Vf)ps,Agn> ds < C// ps(z)deds < CT,
0 LR o E

where we used the uniform bound of |Ag,|. Now, we take the square and then the expectation
to arrive at

t
1
E(<Ptagn>%Z(Rd)) < (PO,gn>L2(Rd) +CT? ”kHioo(Rd) + CT? + Ct> /E(<psvgn>%2(]Rd)) ds
0

d m 12
(5.11) +E< > Z/ <v Ps, za.gn> W, >
a=1j_ L2(R4)
=10
Using the BDG-inequality to estimate the stochastic integral we arrive at
d m ! ) 2
2|3 [ () W)
a=1j_17% L2(RY)

" t
< Z ZE</<V§{JPSaazagn> <V§’lp87azggn> dS)
~ 3 L2(]Rd) L2(Rd)

a,B=1j—1
d
ds>

= C(HVHLOO(Rd)vm d) Z </‘ Ps; Oz Gn) 12 (R9)
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t
< Ol 0 0) B[ 0 9302 200,05
0

t

< C(HVHLOO(Rd) ,m, d) /E<<p879n>L2(Rd)> ds.
0

An application of Gronwall’s lemma proves
2

2
sup E(‘/ pie(2)|22 dz ) SC(T,G,I/,H]C”LOO(Rd))(/ ,00(2)|Z|2dz> .
0<t<T Rd R

Now, we can use this inequality to estimate the case, where the supremum is inside the
expectation. Till inequality [5.11] we follow the same steps but with the difference that the
supremum is now inside the expectation. We notice that we can apply Doob’s maximal
inequality to estimate the stochastic integral with the previous bound. Thus, obtaining the

bound
2 2
5w ([ mlPas) ) < ol ( [ molePas)
o<t<T R4 R4

We are ready to prove that the non-local d-dimensional SPDE (j5.5)) has a unique solution.

PROPOSITION 5.9 (Existence of d-dimensional SPDE p). Let k € L>(R?) N L>®(R%). Then
the SPDE (5.5) has a unique solution solution in the space L?EW([O,T]; H'(R?)) satisfying

0

(5.12) PNz, oy may) < C(T56, d, [1Kll 2 gay s 1ol oo ) llPoll L2y -

PROOF. Let us proof the existence by a Picard-Lindelof iteration. Let us define for n € N
the following SPDE

A = V- (= o)) AL — V- (g a1V
(5.13) 1 & n
#3300, ((oroT o + b ot )
a,B=1

with initial value pg and p® = pg. The initial value holds for all SPDE’s in this proof. Then
the SPDE is linear and by the estimate

(5.14) [V (G o0 s gy < [ 0% oy Il ey < B ety Nl e

for u € L3, ([0,T]; H! (R%)) we have a solution of the SPDE by [Kry99, Theorem 5.1] in the
case n = 1, therein. Furthermore, it is easy consequence of the divergence structure and the
maximum principle that p! is non-negative and satisfies mass conservation

HngLl(Rd) = HpO”Ll(Rd) =1, P-as.,

for t € [0,T]. A more detailed proof is given in [CNP23| in a similar setting. Hence, since p!
has measure one uniform in time and €2, we can derive, using the same arguments for each
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n € N, a non-negative solution that satisfies mass conservation and the uniform estimate
(5.15) HP"HL;W([U,T];HI(Rd)) < C(T,6,d) ||poll 2(ray

as provided by [Kry99, Theorem 5.1]. Additionally, p" satisfies the L?-bound (5.9)) uniform
in n € N. Let us consider the difference of the SPDE’s

d(pi — pp ")
=V ((k*pP 1) (pF — o) + (kx (o™ = pp=2)pp~ 1 dt — V- (n(pf — p ) dWy)

d
1 n n—
#5200 (0N + o) = 27
a,f=1

Applying It6’s formula [Kry10], we obtain

o' = p?_leL?(Rd)

=2 [ = ) = G (T = ) O = ) deds

d t
=3 [ o (o0l + bl = 07 0, = i) s

a,,B:lO Rd
mo U 5
+Z//Rd Y9, Pl = pi)| dads
=10 p=1
m d L
+QZZ// (P2 = P )02, W (p2 — pi™")) dw WL
d
=1 6110 R

Similar as before the stochastic integral vanishes by the divergence free assumption on v.
Again using the divergence-free assumption we find

2
dzds

(5.16) = f:
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However, we also have

d t
5 [ [0 (oo + barFliam) 62 = 27 o, (o8 = o) s

[0 ([0 + 0 ) 7 = 200,58 s

a,f=1
g ¢
p> //]Rd([USO-ST](a’B) + Vs J(0,8)) 025 (08 =PI )0z, (08 — pI71) dzds.
a,B=1 0

The last term with v is exactly the term (5.16)) and therefore both term cancel. For the first
term we use the uniform bound on the derivatives and Young’s inequality to estimated it by

t
J [0 (190 4 1 ) 0 = 200, 08 = )
0

d
a%gl
n n—1]|2 g n n—1y][2
é C(d, 5) Hps — Ps HL2(Rd) + 5 Hv(ps — Ps )HLQ(Rd) .
Combining the last estimates we arrive at
i

t
_2//Rd((k o (o — p) — (kx (00— o)) ) V(7 — p ) dzds
0

S

d t
= 30 [ o s = 0 )zl
a,B=17
t t
0 n n—1y[2 n n—112
+ 2/HV(/)S — Ps )HLQ(Rd) d8+0(d, 5)/Hps — Ps HLQ(Rd) ds
0 0
t t
< 45/ [k 05 e ey 165 = P2 gy s + € 5>/||P? = 25 2y ds
0

0
t
48 [ [ = )y 1 e
0

t t
< C(d,4, HkHLoo)/Hp? = P Y[y ds + 401K ] 72 ey / lon ™" = 2272 ey s,
0 0
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where we used the uniform L? bound (5.9) and ellipticity condition in the last step. Taking
expectation and using Gronwall’s lemma, we find

t
E( [} = o [ femey) < 40 15]72 @ €O(d"5’”k'L°°)T/E(Hp? = P La ) ds.
0
The standard Picard—Lindelof iteration implies that

—1(12
5 o Bt~ ) <

and therefore we can find a function p € LQIW([O, T); H'(R%)) such that
(5.17) hm lp" — P||L2 (j0.7);H1 (Re)) = 0-

Furthermore, p satisfies mass conservation and therefore by similar arguments as before there
exists a solution p of the linear SPDE

dpe =V - (k= pt)pe)) dt — V - (rpr AWy)

+5 Z 3za3zg( 0107 |(ayp) + [VtV?](a,ﬁ))ﬁt> dt,

aﬂl

which also satisfies the L?-bound ([5.9)) . Applying the inequality in [Kry99, Theorem 5.1] and
the L2-bound (5.9) we find

1h—p HL2 ([0, T} HL (RD)) = ||(k*(P—P"))P||L2 ([0,7]; L2 (R4))
<Clp-rp HL2 ([0.T]: L2 (R4))

n—oo
0.

Hence p = p and we have a solution to the non-linear SPDE (5.5)). The properties of p are a
direct consequence of the properties of p™ and the strong convergence in L?:W ([0, T]; HY(R?)).
O

REMARK 5.10. We cannot use the inequality provided by [Kry99, Theorem 5.1] directly
since our SPDE is non-linear. Therefore, we need to rely on a Gronwall argument and
estimate the L?(R%)-norm directly. We purposely choose this presentation of the existence
of the SPDE because we will need a stability result in Section which follows the
same idea. Alternatively, we could have verified the monotonicity conditions of Wei and
Réckner [LR15].

LEMMA 5.11. Let p; be a solution of the d- dimensional SPDE (5.5)) provided by Proposi-
tion . Then the tensor product p®~ (XV) = H p(x;) for XN = (z1,...,zn5) € R solves
the dN -dimensional SPDE in the sense of Deﬁmtwn
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PRroOOF. By the structure of the solution we immediately obtain the regularity necessary
in Deﬁnition Let ¢; € C°(R?) for i = 1,..., N) be smooth functions. Then for ¢ (XV) =
N
©(z;) we obtain
i=1
N

(0PN, @) paany = [ [(o1> 03) r2ma)-
=1

The right hand side is now a product of It6 processes. Hence applying the 1t6 formula (1.15))
to the function f(y) = y1y2 - --yn for y € RY we obtain

N
(H Pty Pi) 12 Rd>

i=1

N N
ZH (Pt ¢5) L2(R9) d<Pt»SOi>L2(]Rd)
i=1 #

1
+3 Z H<Pt»%0q>L2(Rd) d({pe, i) r2(rays (Pts P5) L2 (R4))-
=1 g

i#j q#j

Computing the quadratic variation we find

{(pt, %>L2(Rd)7 (pt: 90j>L2(Rd)>

d m !
(3 [ (ot
; L2(R4)

a=1 =1

d m !
S5 [ (e adnnnies) W)
, L2(Rd)

B=1j=1

d m X
_ Z Z/ <l/a,l(s,$i)ps,axi7a80i>
=10

<,,ﬁ,z(s,xj)ps,amjvﬁ<pj> ds,

L2(R) L2(Rd)
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Plugging in the dynamic (p, ¢), we find

N N
Z H<Pt7 <Pj>L2(Rd) d(pt, Spi>L2(Rd)
i=1 j£i

N t N
:ZO/H<pS7(pj>L2(Rd)<<(k*ps)(:ci)Ps,V90i>

j#i L2(R)

1
+ 5 Z <[J(S7 ')0(87 ')T](a,ﬁ)p& a:ci’ga:m,agpi>
L2(R4)

+
N | —
M&
S
»
&8

[V( ) ‘)V(Sa %’)T](a,ﬁ)ﬁ’s, axiﬁam,a@i> > ds
L2(R4)

a,B=1
N m LN ) )
153 D) 0y B ) (A e A R R
i=1a=1j_1 Y j#i L2(R?)
N
Putting the product into one integral over R as before we see that [ pi(x;) satisfies
i=1
N
equation (5.8) for ¢ € CZ(RXY) of the form ¢(XY) = [T ¢(z;). Because functions of this
i=1
form are dense in L?(R*) the claim follows by the regularity of p. O

REMARK 5.12. At the end of the section let us make some comments on the reqularity of
the interaction kernel k. First, we are concerned with the global existence of solutions, mean-
ing for arbitrary T > 0. Otherwise, the conditional propagation of chaos results seems not
powerful, since we assume our initial condition is independent and, therefore, the indepen-
dence should at least propagate for some small T > 0. Hence, to demonstrate global existence,
the map u — (k * u)p needs to be a continuous linear map. One way to enforce this is for
k xu to be uniformly bounded in the probability space and in the time variable, as discussed
in [HQ21,[CNP23]. Additionally, Itd’s formula for the LP-norms requires the condition p > 2.
Consequently, lacking concrete properties of k, we require k to belong to L¥' (RY), where p' is
the conjugated exponent.

Howewver, in order to apply the exponential law of large numbers [JW18, Theorem 3] in
Section we require a bounded force k. Therefore, the condition k € L?(R%) N L>(R?)
appears to be necessary and minimal.

5.3. Relative entropy method in the smooth case

In this section we assume that all coefficients o, v, k are smooth uniform in time. More
precisely, for all indices «, 3,1 we assume

(5.18) sup H[U(t,')UT@?')](a,ﬁ)ch(Rd)+ Sup Hym(t’ )H

+ 1kl goo ey < €
0<t<T 0<t<T )

(o5 (Rd
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for some constant C' > 0 and Assumption holds. The idea is to demonstrate the relative
entropy estimate in cases where p, p®V solve the SPDE’s , not in the weak sense
against a test function, but rather pointwise. The key to achieving this lies in the Sobolev
embedding, which mandates at least two derivatives to properly interpret the pointwise second
derivatives in the SPDE’s

PROPOSITION 5.13. For each N € N the solutions pl¥ and pY are smooth and there

exists versions, which have an Ito process representation.
Hence, there exists a set Q with P(Q) = 1 such that for all (t,X) € [0,T] x R we have

pN (w,t,XN)
N 1 1
= po(x) + ‘ /in . <N Z:k(xZ - xj)pN(w, S,XN)> ds
=17 j=1
N d m L A
— Z Z Z / Va’l(s, J:i)(?xiyapN (w, s, XN) WSZ
=1 a=1 iil 0
(N ¢
+ 3 Z Z /8% 20z, 4 <[a(s,xi)a(s,xi) ](aﬁ)p (w, S,XN)> ds
i=1 a,8=1}
LN t
+ 3 Z Z /&Cm&m ( + (s, 2)v (s, 25) J(a ﬂ)pN (w,s,XN)> ds
t,j=la,B=1]
and
p®N (w’ t, xN)
N ot
= po(x) + Z/le . ((k * p)(w,t,XN)p®N(w,s,XN)> ds
=17
N d m L A
— Z Z Z/Va’l(s,xi)axiyap(@]v (w, S,XN)Wé
=1 a=1]_

o

.00 5 ([l/(s, x;)v(s, xj)T](aﬁ)p@N (w, s, XN)> ds.

PrOOF. Let us fix N € N and choose a n € N such that n > 2 + %. We start with the
linear N-particle SPDE. Similar to the non-smooth case, we can obtain a solution

pN € L% ([0, T]; H' (RY)),
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which satisfies mass conservation. Since all coefficients are smooth we can write the SPDE’s
in non-divergence form. Therefore, we can apply [Kry99, Theorem 5.1 and Remark 5.6] in
the case p = 2 and n as above to obtain

p" € Low ([0,T]; H"(RY)).

The Ito representation, then immediately follows from the regularity and [Roz90, Theo-
rem 4.3(e)]. For the non-linear SPDE p®V we repeat the arguments with one slight modi-
fication. After obtaining the solution by the same steps as in Section we linearize the
equation by fixing p in the convolution k % p. Now, the coefficients are again smooth and for
arbitrary multi-index v we have

107 (k% o) 0 < Ikl eimiguey

by Young’s inequality and mass conservation of p. This provides a smooth solution p and
consequently, by the same argument as in Lemma we obtain a smooth solution p®V
which again has the Ito representation by [R0z90, Theorem 4.3(e)].

0

For each XV € R we obtain two process p; (XN ) and p®N (XN ) Consequently, we can
utilize It6’s formula to derive an evolution of the relative entropy

H(pl oY) = /R i (XY) log (M) dpy’ (XV).

To begin, we split the integrand xlog(x/y) of the relative entropy into two terms xlog(x)
and —z log(y). Subsequently, we apply [t6’s formula to each function separately and combine
them later.

LEMMA 5.14 (Itd’s formula for z log(z)). Let pi¥ be the smooth solution provided by Propo-
sition [5.15. Then,

dpy (X) log(pr') (XY)
N

= (log (o1 (XN)) + 1)(; Va, - Gf ﬁ:k‘(fvi - ﬂb‘j)piv(XN)> dt
>

1a=1]j
N

=1
N

ij=la,

m . 2
Z( > v @), . Jog (o7 (XN))> dt.

=1 i=1 a=1

Vf’l ()0 vi.0 Pt (XN) th

H'Mz
M

~;

1

+
l\DM—l

Orc 5 (I () )t

—_

“?M&

+
l\DM—l

M&

18 0, 5 ([Vt(wz)yt(%)T](a,ﬁ)PiV(XN)> dt)

(5.19) +
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In particular, we can choose a set @ C Q with P(Q) such that equality (5.19) holds for all
(t,xN) and the integrands on the right hand side of equality (5.19)) are product measurable in
(w,s,x).

PROOF. Let us fix XV € R, Then for almost all w and all ¢ > 0 we have

d(pf (XYY log(p) (X)) = (log(pt') (XN) + 1) dpy + Wd@i\’(xN)%

For the quadratic variation we obtain

N d @ )
Al (XN)) = d<zzzuavl<t,xi>am,apiv (xN)wz>

i=1 a=1j_;

N d m
= 30 20 2w u il (X)) (o (10)0e, Y (X))l
ij=1a,8=1 j—1
Consequently, combining the quadratic variation with the dynamic given in Proposition [5.13
we obtain

d(p (XN) log(p") (XN))

— (10 (o (X)) + 1) (iv . (le ik(m - xj)ng(xN)> at

=1

N d @ )
SN v @) 0, o (XN) AW,
1 d
+ 52 > 3@,(13@,5([Ut(%‘)at(ﬂ?z’)T](a,ﬁ)ﬂiV(XN))dt)
1 N d
T3 Z PR (IR T (XN))dt>

Z Z Z i)0x, .ot (XV)) (v O‘l(wj)axmpiv(XN))dt.

1] lo,8=1j—1
Now, we can rewrite the last term into

<ZZ (v (t, 2:)0n, . 1 (XN))> dt

2Pt

=1 i=1 a=1
Pt XN & ] N (N ?
- Z (Z Z v (t, 24) 0y, , Jog (py (X ))> dt.
i1 Ni=1a=1

Inserting it into the previous equation we obtain equation For the measurability state-
ment we just notice that the integrands are continuous in time and space R?. Therefore
we can apply Kolmogorov’s continuity criteria in (¢,2) to obtain a continuous version of the
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stochastic integral, which implies the continuity of the right hand side of equation and
consequently the product measurability. O

Similar, we obtain an expression for p; (XN ) log ( (XN ))

LEMMA 5.15 (Itd’s formula for zlog(y)). Let pP be the smooth solution provided by
Proposition |5.15. Then,

d(py’ (XV) log (" (X))

N(xM)) <§;vzi : (;I ik(mi — :cj)p{V(xN)> dt

j=1

I

—

9]
R

N d m
SN S U)o (XY W
i=1 a=1j_
Ly ga Or, s (o)) Ty 1Y (X)) dt
5 Zi,0 Ox; 5 \|Ot L) Ot \Ti) " |(a,) Pt
=1 o,[=1
N d
P2 By () i) (XN))dt>
ij=1a,=1
oY (XN)
T e———
N d m
=S @O P (XY) aW
i=1 a=1j_;
N d
£ e (o) o (X))
i=1 a,f=1
N d
#3303 B (o) ) (7)) )
1,j=1 a,5=1
N m
ot (XY) DT DT (v (@), Tog (pf) (X))
1,5=1 a,8=1 [—1
(yto" (2)0x; 5 log (p?N (XN))) dt
N Ny m N d R 2
(5.20) _ ”t(;) (Z vl (@), log (o (xN))> dt.

In particular, we can choose a set Q@ C Q with P(Q) such that equality (5.19) holds for all
(t,z) and the integrands on the right hand side of equality (5.19) are product measurable in
(w,s,x).
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Proor. Applying Itd’s formula to xlog(y) we obtain
d(pr’ (X™) log (o (X))

N i’ (XN) QN (N
= log (p" (X™)) dpr" (X™) + S5 <5 d™ (XT)
Pt (X )
1 pl{V (XN)
d N XN RN XN . d QN XN
Computing the quadratic variation we find
N d m .
d{pPN (X)) = d<ZZZV°‘l (t,24)0, . Y (xN)th>
1la=1j]_1

> (W @) n, PN (XV)) (0 ()00, 0™ (X))

m

1 17

I
Mz
?M&

17-]

o~
—

d 2
> (xN)) d,

|
=
i Mz

(.

where we used the fact that d(W/, WZ> = §,7dt. Now, by similar arguments we obtain

d{pr’ (X)o7 (X))

o~

1

N d m N m X
- <Z S v @) e, oo YWE ST ST S v )0, L 0f (XN)W5>
i=1 a=1[=1 J=18=1i=1

m

= Z Z Z Vt xz Zi,0 P (XN))(Vta’[(xj)axj,ﬁpl?N(XN))dt'

1,j=1 a,f=1 [—=1

Consequently, we arrive at

d(pr’ (XV) log(p™ (X))

= log (p (va<;[2k i —)p XN)>dt

7=1

S0l (@), oY (XV) AW

Mz
M:“

s
Il
—
i

—

+
DN | =
M= T

O o0, 5 ([ot(xi)or(2:) (0 pypr (XN)) dt

@
Il
—
L
i
Il
—

Ou... 0, , (I (evn(ey) i)Y (X)) dt)

4
19
M=

s
&
Il
-
L
ki
—
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%N (XN)) <va ' ( ko pi) (i) Z@N(XN)> dt

N d m .
S ), o (XV) aW]
=1 a=1]_1
N d
1
320 D Oy ([or(@i)on(@i) iasof™ (XV)) dt
i=1 a,8=1
N d
1
+3 D D A (G A €2 e e (XN))dt>
1,7=1a,f=1
N d m
1 al ]
+W Z Z Z(Vt ’Z(CUi)a:cht (X)) (v l(%)aﬂfj,ﬂpi@N(xN))dt
Pt ( )m:m,ﬁ:l =1
N (xN mo, N 2
i (XY) < al N>
_ vy Iz Ti,0l (X ) dt
oy 2\ 21 2

For the last two term we find
N

d m
@@mzzz<m%MWWMmﬁwwd

ij=1a,f=1j=

d 2
> oy e )0, P (xN)> dt

=) Y Y S ()0, o (a2 () 0400, o 7 (K1)

1,5=1 a,8=1 [—1
N (yN) ™ d
pi (X i
—ﬁ)z@:ﬁmmmm<w0@
=1 i=1 a=1
which with the same measurability arguments as in Lemma implies our claim. O

In the next step we want to combine both Lemma [5.14] and Lemma (.15 We make a
crucial observation that the difference of the last term in equatlon and the last two

terms in equation (5.20)) creating a square, i.e.
7 N d
i (XY) 5

5 Z(Z v (@:)0s, , log (o] (XN))>2dt

=1 “i=la=1

Z: ﬁZ i v (22)8s, , Jog (o (XM)))

1i=1

()i, , g (57 (X))
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<§:Z’ﬁalrm )0z, ., log (pf (XN))>2dt

i=1 a=1
m , N d 2
z(zm it (o))
As a result we obtain the following dynamic
d(p" (X*) (log (1" (XN)) —log (o™ (X))
(B )

7j=1

(5.21)

|
hE
M a
M=
5,
T
o
D
=
’>?
=
Q.
=

|
M) =
MQ‘
>M31
B
§®

Q

3
”><\
Z
(o
=

N d

D D Oeialryy (loe(w)on(:) o gy o™ (X)) dt

1 N d T N
#5203 Oy (o) e (X)) )

9 f: <§: Ed: v ()0, og (M) ) i dt.

After integrating over R4V, the divergence free assumption of v and the stochastic Fubini
Theorem [Ver12] kills the stochastic integrals. Hence, applying Fubini’s theorem (everything
is product measurable) for the Lebesgue integrals we find

0= Lo (e (55 + ) (7 (5 5 e
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—_

N d
52 D Onade y ([0a(x)s(@) o g ed (XV))
=1 a,f=1

d

1a,8=1

N
_|_
1=

mza 3:]3 Vs(xi>ys($j)T](a,ﬁ))pév(XN))>

,

A (v ()
—%Z

Ti, xlg O'S(xi)as(xi)T}(a,ﬁ)p;@N(XN))

d
2.2
i=1 a,f=1
1 N d
23 5 ot )
i,J=1a,f=1
pN (XN) & i M) \N\2
—1-2;(;;1/ () xmlog< ®N(XN)>> dX™ ds.

We notice that the constant one in the first term vanishes by the divergence structure of the
equation and the integration over the whole domain R%. In the next step let us use the
cancellation property of o and v to rewrite the second order differential operator

,Z S o, W<<Zaal:@ :L‘JcS,J—I-lZlValfUz Bl(:vj))piv(XN)>

t,7=1a,8=1

N d
:%Z 2 axiﬂ((ZO'alxlg' (; 5lj+zyal$’ Bl($i)>8%,ﬁpév(xN)>'
i=1

i.j=1a,5=1

The same inequality holds if pV is replaced by p®V. Hence, if we only look at the terms
containing v we arrive at the following expression for the coefficient v,

- Z Z Z/ <®N>ZV))>8”“ (Val(g;z)yﬁz(g;j)awpé\/(xzv)> axN

2] laﬁ ll
- Z Z Z/dN B () xN xw<ngi(zi)yff(xj)awpgN(xN)> dx™
i,7=1 a,f=1 [—
N (xN
— Py (XY) a,l B, N\ 3y N
- _uzzla%:uz:/uwv « 108 <§®N(XN))VS (@i)v (272,505 (X) AX

(XN A A
+ = Z Z Z / <M(XN)))Vg,l(g;i)yf»l(a:j)awpgfv(xN) axy

z] lo,f=1[—
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N XN)
N(xN Oy 1 <p8(>
s (5

m

2 a)vB (a)0

s Z5,8

= —% i /RdN pa (XY) (i_v: Zd: vl (2,)ds, . log <p’?§\,((>;]jv)) ))2 ax®.

log () (X) X

Hence, we obtain exactly the same term as in the covariation calculations (5.21]) but with a
negative sign. Consequently, they vanish and we do not see any contribution of the common
noise v in the relative entropy. Let us summarize our result in the following proposition.

PROPOSITION 5.16. Let pY, p;?N be given by Proposz'tz'on. Then we have the following
representation of the relative entropy

P j=1

H(p |pPN) = /Ot /RdN glog <[§V(Z<>ZV))) Vo, - (;,ZN:M:B —xj)piv(XN))
N

(Y
B i=1 p’i?N((XN)) vxl (k * ps)($i)p§N (XN)>
; > 'Oév (XN) ) AT N (yN
) ’ Zz; a%:1 - pg@N(XN)>8xla (bs(lil)as(gcl) ](a,ﬂ)@m,ﬁps (X ))

L b3 péV(XN) T ®N (wN N
_52 > Mawi,a<[0s($i)as(w¢) J(a,8)02: 505 (X )) ax™ ds.

REMARK 5.17. This phenomenon seems maybe strange but it somehow shows that the
common noise has no effect on the expected relative entropy E(H (pﬂp?N)) as long as both
measures are conditioned on the common noise. This is a crucial observation. If both mea-
sures are viewed under the information of the common noise W, we expect that the particles
behave similar as in the classical mean-field limit setting and this phenomenon is exactly
reflected in the relative entropy.

From the representation we obtain the classical relative entropy bound.
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COROLLARY 5.18. Let p, p?N be given by Proposition . We have the following
relative entropy inequality

2

N b o N) pr (XY) N
H(p |pFN) < — 42//RdN ps (XV)| Ve, log m dX™ ds
=179
1 N ¢ | X 2
+5Z/p 'NZ x; — xj) — (k% ps)(2;)| XV ds.
=17 =1

PRrOOF. The proof is a standard entropy computation similar to the ones performed
in [LLF23bl [PN24]. Applying Young’s inequality and the exchangeability of the particles we

find
oo B (S5 )7 (5 e - vt )

N N
-2 gy e (1ot <X”>)dXN
i=1 FS$

_Z/prs (XY mlog( ®N((>§<]jv > <1 ik k:*ps)(a:l)> ax
<Z/ 4,05 (XM) |V, log ("N(XN))

PN (XN)
— Z k(xi —xj) — (k * ps)(x;)

2

2
dx™.

Using integration by parts and the ellipticity condition on ¢ we find
N d N
1 P (XY) T N (wN
2 Z /RdN log < 2N (XN) Oy o | [05(20)05(2i) "] (0,8) 01 6 P (X )

gz)N (XN)) i o ([08("Ti)as(xi)T](aﬂ)am,ﬁp;@N (XN)> dz
| N
= —5 Z:E

N XN)
N (xM)g,, 1 (p(>
20 2 000 (i

[os(@i)os(@i) (0,50 s Log (o2 (XV))
1 N d é\f XN
"33 2 oo ()

: [Us Zi)0s (‘ri)T](OA,ﬁ)aiUi,ﬁ log (p«(sg)N (XN)) dXN
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a,f=1

N (YN
pe (XY)
[06(2:)05(2:) ] 0, 5) O s 08 <p®N(XN)) ax

N N (yN 2
0 N (wN pa (X) N
< —— XY Ve, 1 —— || dX".
- QZ/RdeS ( ) ! Og<p§N(XN)
i=1
Combining both inequalities proves the corollary. O

THEOREM 5.19. In the smooth setting we have the following relative entropy bound between
the conditional law of the particles system p” and the the solution p® of the SPDE (5.6)),

(5.22) B s M) ) < O0 Il
0<t<T

where C (T, 6, HkHLoo(Rd)) depends on the finial time T', the ellipticity constant 6 and || k|| o

REMARK 5.20. The results demonstrate that in the smooth case, the relative entropy es-
timates presented by Jabin and Wang [JW18] hold even in the presence of common noise.
However, if our coefficients and interaction kernel are not smooth, we need to resort to
an approrimation argument. As discussed in Section this becomes achievable when
k€ L*(R%) N L®(RY). The challenging aspect lies in handling the non-linear SPDE .
Consequently, we have reformulated the inquiry about a quantitative relative entropy estimate
with common noise into a question concerning the stability of non-linear SPDFEs. It is fore-
seeable that other results derived from the work of Jabin and Wang [JW18| can be adapted to
the common noise setting by similar techniques.

PROOF OF THEOREMBG.19. The proof is basically an application of [JWI8, Theorem 3].
Let us define the following process

1

U(s,2,y) = m(kf(z —y) — k*ps(2))

and notice that ||| Loo(Rd) < é uniformly in time and the probability space 2. Then applying

Corollary and [JW18, Lemma 1] we find

E( sup H(piv\p?]v))

0<t<T
N T N 2

< ;Z/E(,oév(x]v)‘;] Zk(aﬁz —xj) — (k* ps)(xi) dx) ds
=17 j=1

|
[a—
>
4}
ES
Q,]:
=~
3
=
=
=
7 N
X
—
2
>
®®
Z
S~
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N
+ &;E(log </Rd (XN exp( Z Y(s,xi, xj, ¢(37$i,3€j2)> dg;)) ds.

J1,52=1

Additionally, we have the following cancellation property for all s € [0,T7],

/Rd ¢(5, Zay)ps(y) = 07 P-a.e..

At this moment we can repeat the proof of [JWI8, Theorem 3], since it is based on the
cancellation property and combinatorial arguments. Hence, it can be performed path-wise
and we arrive at

t

16¢ ||kl oo
(5.23) E( sup H(piv|p,é®N)) < 1ol ”L —— &) / E( N|p?N>)+Cds-

0<t<T
0

Finally, Gronwall’s lemma implies

16€ ||| 0 (gay T

sup E(H (o1 [p7")) < 5
0<t<T

for some positive constant C' > 0. Utilizing this estimate in ([5.23)) we arrive at

166 k]| o ) 7267

(5.24) E( sup H(p, |p;®N)) < 5

0<t<T

0

An application of the Csiszar—Kullback—Pinsker inequality and the sub-additivity property
proves the following L' estimate.

COROLLARY 5.21. In the setting of Theorem we obtain

<<
Ll(Rdr) - N

REMARK 5.22. We want to end this section with a small comment how to make the calcu-
lations completely rigours. Basically we need to avoid the singularity of the log function. We
accomplish that by replacing the function xlog(y) with (xz +¢)log(y +¢). This guarantees the
application of the It6’s formula and the vanishing of the stochastic integrals in all calculations.
Obviously we can not longer integrate over the whole space R . Therefore a multiplication
with a suitable cut-off function depending on some parameter é and than integrating over R
does the job. Finally we apply all estimates to the approximating system. Since all estimates
will be uniform in the parameters €, & everything will be well-defined and we can take the limit
by connecting € with € such that all appearing approximation terms vanish. Normally € needs
to vanish much faster than &, i.e. € = O(EL) for big enough L >0 as & — 0.

E( sup HpI’N — i
0<I<T
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5.4. Stability for the stochastic Fokker—Planck and Liouville equations

The goal of this section is to lower the smoothness assumptions made in Section and
obtain the estimate in Theorem in the case k € L2(R%) N L>°(R?). Our strategy consists
of mollifying the coefficients, applying Theorem [5.19 and then use the almost everywhere
convergence along a subsequence to conclude the relative entropy estimate. Hence, let us
consider a non-negative smooth function J' : R — R with compact support in the unit ball
and mass one. We replace the coefficients o, v, k by its mollified versions. More precisely, we
define for each index «, 3, [ and € > 0 the functions

(00()oT (Vg * I°(2) = / (00T ()](ap) T (2 — 9) dy,
]Rd

e 0@ = [ ) =)

b 75 = | k)T - ),

o) = [ )=

where J¢(z) = E%J 1(2). With abuse of notation, let us denote the mollified coefficients by

k2 (2), [o¢(2)of (z)]fa 8)’ [l/t(z)yg(z)]fa ) and the mollified initial condition by pj. Notice, that
the mollified functions also satisfy the regularity estimates in Assumption [5.1] uniformly in
e. Additionally, by the properties of mollifiers we have [o¢(z)o} (z)]fa 5); [ve(2)vft (z)]fa 5

converging to [0¢(2)07 (2)](a,8): [14(2)V (2)](a,5) uniformly on compact sets of R? and k<, p°

converge in the L?-norm towards k, po.
Let p™V:¢, pf be the solution to (5.4)), (5.5) with the mollified coefficients. In the next step

we demonstrate that the mollified solutions p™:¢, p¢ converge to p”, p.

LEMMA 5.23. Fiz N € N and let k € L2(R?) N L>®(R?). Then we have the following
convergence between p™ and pV,

lim HpN’E =0.

_'pNH 2

e0 L%y ([0, T H (RIN))
PROOF. We need to verify the stability assumptions of [Kry99, Theorem 5.7]. Since the

coefficients o, v are continuous uniform in time, the mollified versions convergence in the

supremums norm. Moreover, by the properties of mollification

: ON
(5.25) ling HPO —fo ‘ L2(RAN)

Indeed, for the case N = 2, we obtain

- /R2d |(p5(21) — po(x1))p5(x2) + po(x1)(ph(x2) — p§(x2))|* doy das

< 21106 = poll 2 (ray 1961l 2may + 21105 = poll L2 ray llPoll L2 ey

®2, Q2
0 _Po’

| -

<406 — poll 2 ray llpoll L2 (ray
— 0, ase—0.
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The dN-dimensional case follows by an induction argument. Hence, we only need to take
care of the drift term. Define

= gvxi . (;fék(g;z — xj)u>, fe(z,u) = iv“ - <Jb§:k€($z - %)U)

i=1 j=1

for u € L%, ([0,T]; H' (R4)) and observe that

N
£ _f||L2W([0T]H LRIN)) S &7 Z (K (@i — ;) k(xi_x]’))u”LQFW([0,T];L2(RdN))'

By the properties of mollification we can extract a subsequence, which we do not rename,
such that liII(l] k®* =k a.e. and
E—r

2
|(k° (i = @) = k(@i = 25))ul® < 2|kl 700 (gay ul.
Hence, by the dominated convergence theorem we obtain
lim [1£° = fliz2, oy mavy) =0

and we can apply [Kry99, Theorem 5.7.]. O

LEMMA 5.24. Let k € L*(RY)NL>®(RY). Then, there exists a sequence of smooth solutions
we have the following convergence between p* and p,

lim [lp% = pllzz (o701 (mety) = O-
PROOF. The proof is based on the evolution of the L?-norm similar to Proposition
By equation (5.17) we know that the Picard iteration (p",n € N) convergence. Hence, it is

sufficient to find a smooth approximation for p™* for each fixed n € N. Consequently, let p™*
be the solution of the Picard iteration with mollified coefficients

A" = V- (6 pf T )0 9)) dt = V- (v W)

d
1 n
+5 2 Onuus (0T + DEOA ) .
a,B=1
Then,
| PHL2 ([0,T];L2(R4)) <lp" = PHL2 ([0,7);L2(R4)) T [T pEHL?]__W([O,T];LZ(Rd))

(5.26) 117" = 0"z, (oryza e
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The first term vanishes in the limit for n — oo by (5.17)) and the second by similar arguments.
Notice that p®™ — p™ solves the following SPDE

d(pt" = p¥)

=V (K % pp)pr = (ke pp ™)) dt = V- (0 = w)p" + v (0™ = p}')) AW)
d

1 3
3 > On, rz,e< 000 oy + 4 W) Tias) — (0007 Jay8) + 69 N, P
a,B=1

T o0 o)+ [ 5) ) (P — pm) .

where the coefficients o€, %, o, v all satisfy Assumptions Indeed, the mollification pre-
serves the uniform bounds and the divergence free property. By the non-negativity of the
mollifier, the ellipticity

d d

S (060 @) e Aﬂ/ F@—1) 3 [0 ()]s eds dy > 61

a,f=1 a,f=1

also holds. Utilizing the linearity we can perform the same steps as in Proposition to
obtain

b 2 R 2
oy — P?Hm(Rd) - ”Pén - p6L||L2(Rd)
t
_2//Rd( # Pl Th)p — (kx p)pl) - V(o — pl) dzds
- Z //Rd T59s () O, 5 (P57 = P§) 0, o (P5° — pi) dzds
o f=17

/ V(03 — 7) ey s+ C(d,0) / 192 — 02 2 gy s

> / [ 10Ty + 1505 oy = [T + o) = s
a,B=17

m ot d ) 9
Z// O 6 ( _’{?’l)Ps dzds
=10 =1
m d L ) A
233 [ /R P = )0, (01 — ) dz AW
=1 5:10

At the moment we can ignore the last term, since it will vanish after taking the expectation.
For the penultimate term we use Lemma Let us start with the case d > 3 and denote by
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2* = 2d/(d — 2) the Sobolev exponent. Then for all R € N we find
¢

n d i il
]:E 8x B,I,E _ Byl 7 d d
(Z//]Rd Z z,ﬂ(Vs Vs )ps z ds
=10 A=1
Mmoo d ¢
_ ]E<// (wBhe — BT )2 +/ |(vBbe —uPhpr 2 dz ds>
[Z;ﬁ; o JBOR) PR
md 7 [
B7l7 i B’l
< ZZTC( leoll 2 ray ) [jvs = vs CL(B(0,R))

+cg( / Tl ey

77 Vﬂ}l

s

< ZZTC leoll L2 gay ) ¥

j=18=1

CH(B(0,R))

~E( / 621 Pl 1815 ey )

m d
<
= lz:g Hp0||L2 (R4) ) C1(B(0,R))
CTT T
+ n 2112
i O/E<Hﬂs|'| HLl(Rd)> Hﬂs”d” ([0.T):H (R))

m d
<33 T(Imlines)

where we used the interpolation inequality for LP spaces and Assumption [5.]] in the third
step, the Sobolev embedding in the fourth step and finally inequality 1-) and Lemma
in the last step. In the case d = 2 we obtain a similar estimate by using the Lq—bound
on p" [Leol7, Theorem 12.33] for all ¢ € [2,,00). Utilizing the same split of domains and
applying Lemma we obtain

B / [ 00Ty 4 1208 ) ~ o0 + ) i )

TZ(

a,f=1
+ C(po)TiR_Q.

yobe _ Bl

8
TYR™ @2
C'(B(0,R)) T Cloo, T)R=2,

a,B=1

S

The _ T
caoy |37 o 1707w 01(3(0,3))>
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Recall that [osasT]fa gy Is still elliptic and therefore

t
S / 0 s 0 = 92000, (27 = s =6 [ [0 = g dz s
0

a,f=1
Combing the last three inequalities we obtain

, 2
E( o™ = P72 (ra) )

t
0
§E<—2 / [ 19 = )P dzds + CloT R
Rd

t
—o [ [0 — e ) V(e ) s
0
m d R R \
Je Bl 4
+125521Tc Ieollzz Rd))’ % Nl oy T CL0- DR
d
T H < The e ‘
" et 1< g 01<B<0,R>>Jr 9305 Jop) ~ o0 R))))

We notice that by the mollification properties the last terms will vanish. The only difficulty
remaining is the drift term. Young’s inequality implies

- 2// Txpy )T = (kx plTNP) - V(py - pl) dzds
Rd

n—1,e n,e n— 3 6 n,e 3
// o (67 1) — (ke (o) 4 S0 — )2 = ds,
R4

Notice, that the last term can be absorbed by the diffusion. For the first term we obtain

t

1 77— n

5 [ L1052 e () P ds
0

J R R

—

2
<z
)

> O

+ ko py T (P = )P dzds

t

2C(p ) 5 n—1, n—1(2 7,6 n

< T Hk kHL2 Rd)—i_/Hp ! — Ps 1HL2(R‘1) d8+/"p57 _psH%2(Rd) ds s
0
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where we used Lemma and Young’s inequality for convolutions. Substituting this inequal-
ity and applying Gronwall’s lemma we find

t
(5.27) E(np?” —,o?niz(Rd)) < <A<u,a, R.e) + / E([loa P?_lui%R«i))dS)eCT»
0

where
A(v,0,R,¢)
mod ) )
de Bl — T3
-3 Tl 5 =] gy OO T

d m ) )
T ‘ Ble _ B H OTE 00T ’
+ Z < : Vg Vg C1(B(0,R)) + [G Os ](a,/j) [J Os ](a,ﬁ) C1(B(0,R))

+ )T R4 2T ke 4 1™ — e

Applying the inequality n times we arrive at

T]e CTy CTn

; 2 oCT € 2
E( lpr™ — p?||L2(Rd)> < A(v,0,R,¢)e g i + o 166 — poll72(ray »
= ! !

which implies

2 cT
SlelPE( lpg™ — ﬂ?”p(Rd)) < A(v,0,R,e)e“Te" + O — pOH%Q(Rd)
n

and finally the convergence
lim sup sup o™ ="Mz, o122 ey) = 05

by taking first ¢ — 0 in combination with (5.25) and the properties of mollifiers, and then
R — oo. Together with inequality (5.26)) and the subsequent comment, this implies

hmsup Hp - ,0||L2 ([0,T];L2(R4)) — =0.
Applying [Kry99, Theorem 5.1], the L2-bound m and k € L?(R%) we arrive at
hm 1 Sup 1% — PHL2 ([0, T} H (RY)) = hm LSup [k * (p° — P)PHL2 ([0,T];L2 (R4))
< C’hmsup |k (p° — p)||L2 ([0,T]: Lo (R%))
<C Hk‘HL?(Rd) hgljélp Ip° — p|’L2FW([O,T];L2(IRd))
=0.
]

Finally, we can present the analogous result to [JW18, Theorem 1] for bounded kernels.
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THEOREM 5.25. Let k € L2(RY)NL>®(RY), pV be a solution to the Liouville equation (5.4)
and p®N be a solution to the chaotic SPDE (5.6)). Then, we have the following relative entropy
bound

(5.2 B sup M) ) < OO K o)
0<t<T
for some non-negative constant C' depending on ||k| 100 ga)-
PROOF. By Lemma and Lemma we know there exists a subsequence, which we
do not rename such that p™¢ and p®N¢ converge almost everywhere on Qx [0, T] xR . Hence,

by the lower semicontinuity of the relative entropy, the estimate ||k ;00 gay < C & oo (ra)
and Theorem [5.19 our claim follows. t

As in the smooth case, we can also use the Csiszar—Kullback—Pinsker inequality and sub-
additivity property to prove L'-convergence of every r-marginal.

COROLLARY 5.26. In the setting of Theorem |5.25, we obtain

2 Cr
E| su H rN _per ><
<0§t£T P P L1 (Rdr) N

for every r € N.

5.5. Conditional propagation of chaos

At the moment it is unclear whether the convergence results in Section implies condi-
tional propagation of chaos in the sense of weak convergence of empirical measures. In this
section we will demonstrate some useful comparison results between the classical propagation
of chaos towards a deterministic measure and the conditional propagation of chaos in the
setting of common noise.

We demonstrate the following conditional exchangeability for the interacting particle sys-
tem (5.2), which is based on [CF16, Lemma 23] adjusted to our setting.

LEMMA 5.27. Lett > 0 and (X},i=1,...,N) be given by (5.2)). Then for any permutation
v:{1,...,N} = {1,..., N} the vector of random variables (X{,i =1,...,N) satisfies

9(1 9(2 Y(N
E(h(X), X2, ..., XMNFY = B(u(x]W, x7@ L x? M) FVY
for every h € Cp(R).
REMARK 5.28. In particular the condition ((5.30)) in Lemma is fulfilled with G = F}V.

PRrROOF. Consider the particle system without common noise. Then by [HRZ24] this
SDE has a strong solution. Thus, we know that the particle system must also have a
strong solution. Additionally, by the exchangeability of the initial condition, the Yamada—
Watanabe theorem tells us that strong uniqueness implies uniqueness in law and therefore we
obtain

Law (X}, X2,.... X)), (Wii=1,...,m)))

(1) 9(2) 9(N)

(5.29) ,
=Law ((X;", X7, .., X)), (Wi=1,...,m))).
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Now choose a cylinder set A € F}V, i.e.
A=W ) An) N0 Wy, )7 A) N )™ (Ae) N (W)™ (Aiy,)

for ri,...,rm € N, t;,, € [0,t] for i = 1,...,m, v = 1,...,max(r,...,r»). These cylinder
set are closed under intersections and generate the g-algebra F}V. For f € Cy(R*) we find

E(Lah(XE X2, ..., X)) = E(ah(x'D, x7? . x"Ny)

by the representation of A as the intersection of inverse images of W and the uniqueness of
laws ([5.29). Consequently, the conditional expectations must coincide. ]

Let us partially transfer the convergence results by Sznitman’s Proposition to the case
of random limiting measure.

LEMMA 5.29. Let (2, F,P) be a probability space and let G be a sub-o-algebra of F. Let
ZN = (ZN, . ZNNY be a RN -valued exchangeable vector of measurable variables and
AV e Lé(Ll(Rd)), N e Lé(Ll(RQd) be the conditional densities given the o-algebra G
of the random variables Z%N, (ZVN | Z2N) | respectively. Additionally, suppose there exists a
measurable function g € LG(L*(RY)) N LF (LY (R?)) such that

: 1,N 2,N _
Jin (7 = all sy + 15 = 99 0l 41y ) =0
and for any bounded continuous function h € Cy(R?) the equality
(5.30) E(h(Z"Y)|G) = E(h(Z%M)|G), foralli < N

holds. Then, the empirical measure converges to g in the sense of random measures equipped
with the topology of weak convergence. More precisely, for any bounded continuous function
¢ € R we have

N
1 d
— g 0z —
<Ni_1 Z’N790> Nooo <97§0>7
where the convergence is in the sense of distributions.

PROOF. Let ¢: R? — R be a bounded continuous function. We show L2-converges, which
then implies converges in distribution. Expanding the square we find

E<'<;, §;5zz',zv,s0> —{9.¢) 2)

N
= 2 O Ee(ZN)p(29N) 20 S B(p(7) g, ) + Ellg, #)?)
i,j=1 i=1

2 _
= Bz ) + B Mgz V)p(22M)

— 2E(E(p(Z"™M)|G){g, ¢)) + E((g,9)?).
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Notice that ¢ is bounded and therefore the first term vanishes. The factor of the second term
converges to one and for the expected value we obtain

E(o(Z"M)p(Z22N) = E((p, 9))] = [B(p(Z5M)p(Z257)|G) — E((, 9)°)]
= E{e @9, M) —E(¢ ® 0,9 ® g))|
< ol 172 = 091l un gy
— 0, as N — oo.

For the third term we find

EE(e(Z"™M)|G) (e, 9)) — E((@, 9)*)| = [E(({o, 1) = (0, 9)) {0, 9))]
< ||(10HL°°(Rd) Hfl’N - gHLb(Ll(Rd)) H<9079>||Lg°

< el 7o ey 90 e 1 ety 1 = 01y 12y
— 0, as N — oo.

Combining the two convergences proves the lemma. ([l

Combining Lemma Lemma and Theorem [5.25|we obtain conditional propagation
of chaos.

COROLLARY 5.30. Let k € L2(R%) N L>®(RY), then conditional propagation of chaos holds

for the interacting particle system (5.2)) towards the random measure with density p given by
the solution of the SPDE (5.5)).

5.6. Comments

At the conclusion of this thesis, it is fitting to reflect on the outcomes and implications of
our study.

The results in this chapter, while significant, appear somewhat unsatisfactory in that
the inclusion of common noise did not provide a regularizing effect or introduce new terms
in the relative entropy that originate from the common noise. Together with Lemma
our findings essentially extend the work of Jabin and Wang [JW18] to a bounded setting.
This raises an intriguing question about the utility of adding common noise to the system:
Does it influence the mean-field limit? Could transport noise have a different impact? These
questions remain open and validates further investigation.

One potential explanation is that the scaling in mean-field limits might be too strong. To
achieve term cancellation in the relative entropy, it is necessary to consider the conditional
Liouville equation rather than the original system. Remark indicates that we essentially
freeze the common noise in all calculations. Nonetheless, Lemma [5.29| shows that considering
this frozen scenario is sufficient to demonstrate propagation of chaos. At the beginning of
this project, we anticipated that including common noise in the relative entropy framework
would yield novel insights, freeing us from classical methods. However, we found ourselves
returning to these classical methods, perhaps due to our focus on the conditional Liouville
equation. Future research could explore not considering the conditional Liouville equation,
potentially revealing new and interesting phenomena.
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But what about fluctuations or large deviation principles? We know that relative entropy
is crucial in large deviation theory [HHMT24]. Understanding how our results contribute to
this context and how they can be applied is an interesting challenge. Comparing our findings
with large deviation principles, which were established by mean-field games, it still remains
unclear how to connect these results. Thus, deeper analysis of regularization by common
noise is necessary.

Our study also highlights the importance of SPDE stability. Often, a priori estimates can
be achieved, or, as demonstrated in this thesis, results can be proven at an intermediate level,
as shown by the top arrow of Figure [l However, the left arrow in Figure [1|is not well-studied
in the mean-field community. For example, Jabin and Wang [JWI18] avoid this by restricting
the domain to the torus and requiring so-called entropy solutions [JWI§|, Definition 2], but
uniqueness in this class is still lacking. From a probabilistic viewpoint, this suggests that
for the sequence (X¢,& > 0), we can show tightness and that it solves the limiting problem,
but not that the problem itself is uniquely solvable due to the lack of uniqueness in the
class of entropy solutions. This challenge restricts us to k € L?(R9) N L*°(R%) in this chapter,
preventing us from achieving the desired regularity k£ € W1 from Jabin and Wang [JW1§],
without additional assumptions and a torus setting.

Finally, throughout this thesis, we have explored mean-field limits, propagation of chaos,
PDEs, and SPDEs. However, when examining the limiting procedure, it appears that the
mean-field limit term introduced in Chapter [1|is always present, lurking behind various
methods. We have approached it from different perspectives: convergence in probability in
Chapter 2, and through relative entropy in Chapters[3|and[f] Each method has its advantages
depending on the specific kernel k, which we hope have been clearly presented. The ultimate
goal from our perspective, is to develop a unifying theory that integrates these approaches
and provides a comprehensive understanding of the quantity described in (|1.25]).



Chapter A
Miscellanea

For completion purposes we present some useful inequalities and embeddings, which are
needed throughout the thesis. Most of them are well-known. We refer to [LLO1, [Fol99, [AF03,
Eval0, [Emm13, Leol7] for the proofs. Additionally, we recall some stochastic inequalities and
the stochastic Fubini theorem. Finally, we demonstrate a nice result about relative entropy
and conditional densities in Section [A.6l

A.1. Inequalities

LEMMA A.1 (Young’s inequality with epsilon). Leta > 0,b>0,e>0,p>1,¢> 1 and

+=2=1. Then

1
q

S

aq
€ e rb?
ab < —aP + )
p q
THEOREM A.2 (Minkowski’s inequality). Let 1 < p < oo. Suppose that Q and Q' are
two spaces with o-finite measures . and v, respectively. Let f be a non-negative function on
Q x Q, which is yu x v measurable. Then

</Q< Q/f(x’y) d”(y)>p d“(f’“")y < / </Q fz,y)? du(w)>; dv(y).

The equation should be understood in the sense that the finiteness of the right-hand side implies
the finiteness of the left-hand side.

LeEMMA A.3 (Interpolation inequality). Let U C R? be a measurable set. Let 1 <p < q <
r < oo and

q D r 1/p—1/r
Moreover, suppose f € LP(U)NL"(U). Then f € LYU) and

1oy < U1 Go ) 11Tty -

THEOREM A.4 (Young’s Inequality for integrals). Let p,q,r > 1 and % + % + % =2. Let
f e LP(RY), ge LIRY) and h € L"(RY). Then

F(2)(g * h)(x) da / F(@)g(z — y)h(y) dy da
R4 Rd JRd

< C(p,q,m, d) ”fHLP(Rd) Hg”Lq(Rd) HhHLT(Rd) )

where C(p, q,r,d) is a constant which depends on the parameters p,q,r,d.

184
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COROLLARY A.5 (Young’s inequality for convolution). A special case of Theorem
above is the following inequality. For g € LY(R?) and h € L"(R?) we have
19 * hll Lo ray < C . ¢, 7, d) |9l aray 1]l - ray
with ¢+ 3 =1+ 5.

THEOREM A.6 (Hardy-Littlewood—Sobolev inequality). Let p,q > 1 and 0 < o < n with
%—i— 2 —i—% =2. Let f € LP(R?) and g € LY(RY). Then there exists a sharp constant C(d, o, p),
independent of f and g such that

f(@)lg
/n /n | " —Hy\ dedy < C(d,o,p) HfHLP(]Rd) HgHLq(Rd) ‘

Alternative the conditions on p,q,o,d can be rephrased as p,qg > 1, 1 < % + % < 2 and
—d(p=t 4ot
oc=d < > T ) .

THEOREM A.7 (Hardy-Littlewood—-Sobolev inequality (second version)). Let 0 < o < n,
l<p<g<ooando=d(l—1/p+1/q). Then we have the estimate

(.

THEOREM A.8 (Sobolev inequality). Let 1 < p < d and p* = 5 Then there exist a
constant C' = C(p,d) such that for all u € WHP(R?)

1

q
mf(y)

1
q
dy) < C,q) Il g -

||U”Lp*(Rd) <C HVUHLP(Rd)
holds true.

THEOREM A.9. Let U C R? be open with compact closure in R* and Lipschitz continuous
boundary. Let m,l € Ng and 1 < p,q < co. Then for m >1 and m — g >1— % the following
embeddings are continuous

WMP(U) — Wh(U).
Furthermore, if the inequalities on m, 1, p,q are strict, then the above embedding is compact.

THEOREM A.10 (Sobolev embedding in the case kp = d). Let k,n € N be such that n > m.
Then there exists a positive constant C = C(d, k) such that for every function u € WkP(R?)
with p = d/k

mil
ol oy < Ca'™ 5 [ullypn o
holds true for every q < p < co.

THEOREM A.11 (Morrey’s inequality in WHP(R?)). Let d € N and d < p < co. Then
WP(RY) — CO1=4/P(RY) and WP (R?) — L®(R?). Hence, for a function u € WP(R?) we

can find a representative u such that i = w a.e. and u € CO - d/p(Rd)
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THEOREM A.12 (Rellich-Kondrachov Compactness Theorem). Let U C RY be an open
set with compact closure in RY, Lipschitz continuous boundary, and 1 < p < co. Then the
following embedding

Wh2(U) — LP(U)
is compact. Furthermore, if 1 < p < d and p* = jfpp 18 the Sobolev expomnent, then the
embedding

WhP(U) — LYU)
is compact for each 1 < q < p*.

For the next theorem we need the following notation. Let r € [—o00, 0]\ {0} and for r < 0

we set [ := L—gJ and a := —[ — g € [0,1). For a function u : RY — R we define
||UHL7«(R¢1) lf r > 0,
lul, = Hvlu\m(w) if r<0anda=0,

Viu|coagey ifr<0and0<a <1,
provided that the right-hand side is well-defined.

THEOREM A.13 (Gagliardo—Nirenberg interpolation). Let 1 < p,q < oo, let 0 < 6 < 1

and let r be such that
1 1 0 1
1—-6(-——= - == —o0, 1].
(p d>+q y € (ool

Then there exists a constant C = C(n,p,q,0) such that
1-6 6
lul, <C HVUHLZD(Rd) HuHLq(Rd)

for every u € Lq(Rd) N Wl’p(Rd), with the exception that if p < d and g = co we assume that
u vanishes at infinity, while if p = d we take 0 < 0 < 1.

A.2. Mollification
For U C R open we introduce the following set
Uz :={z € U | dist(x,0U) > €}.
And for U = R we define R? := R%.
DEFINITION A.14. Define the standard mollifier J € C(RY) by
J(2) = {C’exp (M%J , if 2] < 1,
0, if |z| > 1,

the constant C' is selected such that [p4 J(z)dz = 1. For each ¢ > 0 let

JE(z) = iJ (i) .

en €
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The functions J. € C°(R?) satisfy
/ J(z)dz =1, supp(J°) C B(0,¢).
R4

DEerFINITION A.15. If f : U — R is locally integrable, we define the mollification of f as
fe(z):=(fxJ%)(2) forz € U..
In particular
ro= [ Fe-nfwa= [ Fwe-
U B(0,¢)

THEOREM A.16 (Universal mollification). Let U C R? be open, f € LP(U) for some
1<p<ocandhe L'(U) with [, hdx =1. Set f. = he * f with he(x) = e "h(x/e). Then
fe€ LPRY) and |\ fell, < (1Al 11,

fo — f strongly in LP(R%) as e — 0.
If h € C(U), then f. € C*(U;) and
D®fe = (D%he) = f.
REMARK A.17. In particular for h = J we obtain f. € C*°(Uy)
fe = f strongly in LP(U) ase — 0
fe—f P-a.s. onU.

DEFINITION A.18 (Cut-off function). Fiz a function ¢ € C2°(B(0,2)) such that ( =1 on
B(0,1) and 0 < < 1. Then

Cn(Z)¢:C(%>, n=12,...

is called a sequence of cut-off functions for R%. In addition, for a multi-index v we have the
following bound

197Gl < 107l w02 L0 2w B O
where |y ==y + ...+ Yn-

From the previous theorem we can guess that a function u € W1 (R%) is actually Lips-
chitz continuous. The next theorem shows us that even the converse is true.

THEOREM A.19. Let u € L] (R%). Then u has a representative that is bounded and

loc

Lipschitz continuous if and only if u € WH™(R?).

A.3. Gronwall’s inequalities and fundamental lemma of variations

LEMMA A.20 (Gronwall’s inequality integral version). Let I denote an interval on the real
line of the form [a,00),[a,b],[a,b) with a < b. Let u be a non-negative, absolutely continuous
function on I, which satisfies for a.e. t € I the differential inequality

) < et) + MBul?),
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where ¢, X are non-negative, summable functions on I. Then u satisfies
¢ t

u(t) < exp /)\(s) ds | | u(0)+ /c(s) ds

a a

for allt € I. In particular, if a, c are non-negative constant we obtain
u(t) < e (u(a) + (t — a)e).

LEMMA A.21 (Gronwall’s inequality integral version). Let I denote an interval on the real
line of the form [a,o0),[a,b],[a,b) with a < b. Let u be a non-negative, measurable function
such that for a.e.t €l

/t|u(5)| ds < 00

and
t

u(t) < ct) + / A(s)u(s)ds

a
for some measurable and bounded functions c,\: I — R with X > 0. Then for a.e.t €1

t

u(t) < c(t) + /exp(A(t) —A(s))A(s)c(s) ds
t
where A(t) := [A(z)dz. In particular, if c¢(t) = C and \(t) = A for some non-negative
constants C, A, athen
u(t) < Cexp(A(t — a)).
If in addition the function u is continuous, the statement holds for all t € I.

REMARK A.22. We will mostly use Gronwall’s lemma for the interval [0,T] with T > 0 to
show that u is bounded in some appropriate sense. The special case C' = 0 and u non-negative
provides us with u =0 a.e.

LEMMA A.23 (Comparison principle). Let u : J x R — R be a continuous and locally
Lipschitz in x, J = [0,T], p : J — R a continuous and almost everywhere differentiable
function, which satisfies the differential equation %p(t) < u(t,p(t)),t € J with p(0) < vp.
Furthermore, let v € C*(J,R) be the solution of the following differential equation

S5v(t) = ult,v(1)),
v(0) = vy,

which should exist on J. Then p(t) < v(t) for almost all t € J.
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A.4. Weak convergence and Aubin lemma

We encounter the use of weak convergence techniques to solve non-linear partial differential
equations. Therefore, we recall the most crucial results of weak convergence on normed spaces
in this section.

DEFINITION A.24. Let X be a normed space. We say a sequence (x,,n € N) converges
weakly to x, written

Ty — T,

2 (zy) = 2'(x) Vi’ e X/,
where X' denotes the dual space of X.
Since X’ separates points, the weak limit is unique.

LEMMA A.25 (Mazur’s lemma). Let X be a normed space, V. C X a closed convex subset
and (zn,n € N) a weak convergent sequence in V. with x, — x. Then x € V.

LEMMA A.26 (Mazur’s lemma second version). Assume that X is a normed space and
that (zn,mn € N) converges weakly to x as n — oo. Then there exists a sequence of convex
combinations (£,,n € N) defined by

Mn
Tpn = § QAp, kTn
k=n

mn
with an >0 and Y app =1 such that T, — x in the norm of X as n — oo.
k=n
THEOREM A.27 (Weak compactness). Let X be a reflexive Banach space and suppose the
sequence (zn,n € N) is bounded in X. Then there exists a subsequence (zn,,k € N) and
x € X such that

Ty, — T.

The next corollary is a special case of the above theorem for LP-spaces. An interesting
point is the fact that in contrast to previous theorem, which relies on the axiom of choice, we
do not need the axiom of choice for the following corollary.

THEOREM A.28 (Banach-Alaoglu). Let Q be measure space, pu a o-finite measure and
1 < p < oo. Then the following statements hold true.

(i) The space LP(Q) is reflexive.
(ii) Let (fn,n € N) be a bounded sequence in LP(2), then there exists a f in LP(Q) such
that

S = f
for a subsequence (fn,,k € N).
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(i1i) Let (fn,n € N) be a sequence and f, — f in LP(S2), then the LP-norm is weak lower
semicontinuous, i.e.

17 loqey <t [l ey
This also holds true for p =1, 00.
PRroor. Follows from Theorem and the characterization of the dual space of LP. [

LEMMA A.29. Let U C R be open and 1 < p < co. Suppose (fn,n € N) is a sequence in
WLP(U) which satisfies
(i) fn — fasn — oo in LP(U),
(i) % —giasn — oo in LP(U) fori=1,...,n.

Then f € WYP(U) and 0;f = g;.

PRrROOF. This is an easy consequence of the fact that C°(U) C LP(U) for all 1 < p < oo
and the characterization of the dual space. ]

LeEMMA A.30 (Products of weak and strong converging sequences). Let U C R be open
and 1 < p < co. Let (fn,n € N) be a sequence with f, € LP(U) and f € LP(U). Moreover,
let (gn,n € N) be a sequence with g, € LY(U), g € LYU) and 1/p+ 1/q = 1. Suppose

fo—f inLP(U)
gn — g in LY(U).
Then
fngn — fg in LI(U).

LEMMA A.31 (Aubin Lemma). Let (X, |-|x), (Y, |‘lly), (Z, ||| ;) be Banach spaces, such
that

X—>Y—7Z

where the first inclusion X — Y is compact. Let 1 < p < oo and (fn,n € N) a sequence of
functions with

(i) anHLp([QT};X) S Cl
.. fn <
() H 9 e (o,1052)

for some positive constants C1,Cy. Then (fn,n € N) is relatively compact in LP([0,T];Y).

Cy

A.5. Stochastic inequalities and Fubini’s theorem

THEOREM A.32 (Burkholder-Davis-Gundy inequality). Consider a continuous martin-
gale M which, along with its quadratic variation process (M), is bounded. For every stopping
time T, we have

(A1) E(M2") < CuE((M)T); m >0

for a suitable positive constant Cy,, which is universal (i.e., depend only on the number m,
not on the martingale M nor the stopping time ).
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THEOREM A.33 (It0 isometry). Let B be a Brownian motion on some probability space
(Q,F,P) and (X¢,t > 0) and adapted to the natural filtration of B. Then

E((/(]TXtdBt>2> :E(/OTXt?dt>

In the following we recall the stochastic Fubini theorem [HvS21l Lemma A.5] , which
is a central key in connecting the stochastic Fokker—Planck equation with the conditional
McKean—Vlasov equation.

for all'T > 0.

DEFINITION A.34 (Immersion and compatibility). . Let two filtrations F and G on a
probability space (2, F,P) be such that F C G. Then F is said to be immersed in G under
P if every square integrable F martingale is a G martingale. For two stochastic processes X
and Y defined on this probability space, X is said to be compatible with Y if FY is immersed
in FX5V .= FX v FY under P, where FX V FY s the smallest o-algebra containing both
FX FY.

THEOREM A.35 (Fubini-type theorem for conditional expectation and Itd integrals).
Given a probability space (Q, F,P), three filtrations F/ = (F})er, j = 1,2,3 and three pro-
cesses B, H, W satisfying the following conditions:

(1) F*C F2C F3 i, Vtel, F} CFZ C F.

(2) F'is immersed in F* under P.

(3) H is a bounded F?-predictable process.

(4) W and B are F* Brownian motions.

(5) W is Fl-adapted.

(6) For any s,t €I, s<t,0(B, — Bs:s<r<t)l (F}VvF?).
Then the following hold P-a.s. for allt € I:

(A.2) [ / H,dB,

(A.3) [

‘Ft:|: 5

} / [H,|Fi] dw,

We demonstrate that the relative entropy on laws can be estimated by the relative entropy
on the conditional laws. Consequently, demonstrating convergence in relative entropy on some
conditional laws is always a stronger statement, which justifies the use of the conditional

Liouville equation ([5.4)).

LEMMA A.36. Let (E,E) be a Banach space and X,Y be two (E,E)-valued random vari-
ables defined on some probability space (Q, F,P). Let G* for i = 1,2 be sub o-algebras of F.
Then, we have the following inequality

H(Zx|Ly) < E(H(ZLxig11Lyvig2))-

A.6. Conditional relative entropy
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Choosing G! or G% as the trivial o-algebra we obtain
H(Zx|24) < min (E(H( L0 | 90), BOU L4l 2y100) ).

PROOF. Let By(E) denote the set of bounded measurable functions. Using the variational
formula and Jensen inequality we obtain

Hxl2) = s (EW(X)) — log (Blexplv(1)

YEBL(E)

= o (B(x) - og (R 0)16%)

YEBL(E)
< (E(wangl» - Bllog(E(exp(())|")
:wesl;t}()E ( <E —log (E(GXP(¢(Y))\Q2))>>
(wﬁétp (EC0x)16") - o (Btexpv)I?) )

E(H(ZLx|g1)|%y62))-
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