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Abstract

In this thesis we consider the mean field limit of N-particle system induced both from social
science application and from physical background. Based on establishing the ordinary differ-
ential equation of characteristics for transport equation, we handle the non-Lipschitz force in

the non-linear partial differential equation, which is also a Vlasov-type equation.

The first part of the thesis is to review different kinds of kinetic particle systems to their corre-
sponding Vlasov-related equations. We will summerize the literatures to date and give a whole
picture of what the mean field limit is all about through very concrete examples and models
done so far. Followed by the review, we will in the chapters to come present some novel ideas

and methods that we used to tackle those problems during the years of research.

Further for the particle model, we investigate a two-dimensional pedestrian flow system and
illustrate the probabilistic method in detailed steps to show that the N-particle pedestrian flow
system can be represented by the one particle density function when N approaches infinity,
which is so-called mean field equation. As regard to the wellposedness of the mean field equa-
tion, the weak solution is also presented with a more general setting for the equation, or in
other words, for the non-Lipschitz force. Last but not least, we focus on the well-known rela-
tivistic Vlasov-Maxwell and present both the non-relativistic limit and mean field limit for the
corresponding particle relativistic Vlasov-Maxwell model, which converges to what we know as

the Vlasov-Poisson equation, with all the analysis in the last chapter.
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Zusammenfassung

In dieser Arbeit betrachten wir die mean field limit des N-Partikelsystems, die sowohl aus
sozialwissenschaftlichen Anwendungen als auch aus physikalischen Griinden induziert wird.
Basierend auf der Festlegung der gewdhnlichen Differentialgleichung der Characteristics fiir die
Transportgleichung, behandeln wir die Nicht-Lipschitz-Kraft in der nichtlinearen partiellen Dif-

ferentialgleichung, die ebenfalls eine Vlasov-Gleichung ist.

Der erste Teil der Arbeit ist die Uberpriifung verschiedener Arten von kinetischen Partikel-
systemen zu ihren entsprechenden Vlasov-bezogenen Gleichungen. Wir werden die bisherigen
Literaturen zusammenfassen und anhand sehr konkreter Beispiele und bisheriger Modelle ein
Gesamtbild davon vermitteln, worum es bei der mean field limit geht. Nach der Uberpriifung
werden wir in den folgenden Kapiteln einige neue Ideen und Methoden vorstellen, mit denen

wir diese Probleme in den Jahren der Forschung angegangen sind.

Weiterhin untersuchen wir fiir das Partikelmodell ein zweidimensionales Fulsgingerstromungssys-
tem und veranschaulichen die probabilistische Methode in detaillierten Schritten, um zu zeigen,

dass das N-Partikel-Fufsgdngerstromungssystem durch die One-Particle-Density-Funktion dargestellt
werden kann, wenn sich N der Unendlichkeit néhert, was eine sogenannte mean field Gleichung

ist. Hinsichtlich der Wellposedness der mean field Gleichung wird der schwachen Losung auch
eine allgemeinere Einstellung fiir die Gleichung, also fiir die Nicht-Lipschitz-Kraft, gegeben.
Letztens konzentrieren wir uns auf den bekannten relativistischen Vlasov-Maxwell und prasen-
tieren sowohl die nicht-relativistische Grenze als auch die mean field limit fiir das entsprechende
partikelrelativistische Vlasov-Maxwell-Modell, das mit der gesamten Analyse im letzten Kapitel

zu dem konvergiert, was wir als Vlasov-Poisson-Gleichung kennen.
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Chapter 1

Introduction

Collective behaviour of a large number of interacting individuals is a very ubiquitous and
yet an important phenomenon, such as animal behaviours (flocking, swarming), pedestrian
flow and many other social and natural sciences. Modelling these collective behaviours is no
doubt an essential task and mathematically challenging research topic. Most of the literatures
up to date follow the strategy of so-called mean field limit, which is from the Newtonian
motion equations of particle description to its corresponding one-particle density equation.
This limiting process is actually from microscopic level to mesoscopic level. One can also go
further to the hydrodynamic limit, which is marcoscopic level.

Nature and human societies offer many examples of self-organized behavior. Ants form colonies,
birds fly in flocks, mobile networks coordinate a rendezvous, and human opinions evolve into
parties. These are simple examples of collective dynamics that tend to self-organize into large-
scale clusters of colonies, flocks, parties, etc. [113].

In the following sections, we will review and investigate different kinds of microscopic particle

models and their corresponding mesoscopic descriptions.

1.1 Background

Modeling the collective behaviour of a large number of interacting individuals is a very chal-
lenging problem in animal behaviour, pedestrian flow, cell adhesion and chemotaxis problems,
and many other biological applications, see for instance |6, 12, 13, 94] and the literature therein
[17].

Consider a system of identical point particles. If the total number of particles is large enough,
the state of the system at the time ¢ can be then described in the statistic sense by the
distribution function f = f(¢, x,v) in the one particle phase space, which represents the density
of particles located at the position z € R™ with velocity v € R™ at the time ¢. Due to the

practical application, we consider the dimension n = 2 or n = 3. Mean field equation is
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best understood by getting acquainted with the most famous examples of such equations listed
below.

1.2 Vlasov-type Equations

Vlasov-Poisson

The Vlasov-Poisson system reads

atfp +uv- fop + Ep : Vvfp = 07

1 T —y
E(t,x) = — t d
o)== [ ot =5 an (1.2.)

pp(t,y) = /R3 fo(t,y,v) dv,

with the initial data f,(0,z,v) = fo(z,v).

The Cauchy problem for the Vlasov-Poisson system has been the focus of countless works in the
past few decades. For the Vlasov-Poisson system, global existence and uniqueness of classical
solutions were obtained by Ukai and Okabe [119] in two dimensions. The three dimensional
case is more delicate; global weak solutions with finite energy were first built by Arsenev [5].
Global existence and, in some cases, uniqueness, of more regular solutions were then separately
established by Lion and Perthame [84] and by Pfaffelmoser [98| with different techniques. In
both works the main issue consists in controlling the large plasma velocities for all time in order
to propagate regularity properties of the solutions. In Lion and Perthame’s work [84], this is

achieved by constructing weak solutions with finite velocity moments of order higher than three

// [o|™ f(t, z,v) dzdv < oo, m > 3,
R3 xR3

which. by Sobolev embeddings, implies further bounds on the spatial density and on the electric
field. In particular, if the solution admits finite moments of order m > 6 then the electric field
is uniformly bounded and uniqueness holds under some additional regularity assumptions on
the initial density. On the other hand, the theory of DiPerna and Lions [40] ensures that such
solutions are constant along the trajectories of a "generalized flow" defined in a weak sense.
In contrast with the Eulerian approach of [84], the strategy of [98] relies on a careful analysis
of the characteristics to control the growth of the velocity support and thereby obtain global
existence and uniqueness of classical compactly supported solutions, which moreover propagate
the regularity of the initial density [37].

We refer to the further improvements and developments by Schaeffer [107], Wollman [125],
Castella [21], Loeper [85], Chen and Zhang [24]. Moreover, Gasser, Jabin and Perthame [45]

10
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established propagation of the velocity moments for m > 2 with an additional assumption on
the space moments, and in [105], Salort proved existence and uniqueness of weak solutions
even if m < 6. Finally, Pallard [92]| recently combined Eulerian and Lagrangian points of view
to establish existence of solutions propagating velocity moments for m > 2 and obtained an

explicit polynomial in time bound on the moments [37].

Vlasov-Maxwell

The time evolution of the magnetized plasma when each charged particle is accelerated by
Lorentz force which comes from the electromagnetic field created by all the other particles [50]

is described by the relativistic Vlasov-Maxwell system:

8tfm + O szm + (Em + Cil'& X Bm) : vam = 07
atEm =cV X Bm - jma V. Em = Pm, (122)
OB, =—-cVxE,, V-B,=0,

where v =

v
— pn(t,x) = m(t,z,v)dv and j,,(t,z) = Ufm(t,z,v)dv. The
e putd) = [ ha(ta) o nd juta) = [ ofalta

parameter c is the speed of light, (E,,, B,,) is the electro-magnetic field, and the distribution
function f,,(t,z,v) > 0 describes the density of particles with position € R*® and velocity

v € R%. The initial data

fm(07$>v) = fO(x7U>7
En(0,2) = Ey(x), (1.2.3)
B.(0,x) = By(z),

satisfy the compatibility conditions V - Eq(x) = po(z) = / fo(z,v)dv, V - By(x) = 0.

Local existence and uniqueness of classical solutions to thisﬂﬁlitial value problem for smooth and
compactly supported data was established in [47]. These solutions can be extended globally
in time provided the momentum support can be controlled, which has been done for data
which are small [48] or close to neutral [46] or close to spherically symmetric [102]. Worthy of
mentioning is that different approaches to the results in [47] were recently given in [9, 73|. In
order to obtain the global solution, DiPerna and Lions weakened the solution concept to weak
solutions. We refer to [39].

As was shown in [106] using an integral representation for the electric and magnetic field due
to Glassey and Strauss [47|, the solutions of relativistic Vlasov-Maxwell system converge in

pointwise sense to solutions of the non-relativistic Vlasov-Poisson system (below) at the rate

11
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of 1/c as ¢ tends to infinity. The Vlasov-Poisson system reads

atfp+v‘vxfp+Ep'vvfp:07
1 T—y
E,(t,z) = — ty)——=d
p(t @) = o /Rspp(,y)u_mg Y, (1.2.4)

pp(t,y) = /]1{3 fo(t,y,v) dv,

with the initial data f,(0,z,v) = fo(x,v). We note that there are global existence results for
classical solutions of the Vlasov-Poisson system [84, 98, 107].

However a more interesting and challenging question to consider is what the corresponding
particle model of relativistic Vlasov-Maxwell equation is and whether we can rigorously in
mathematics prove the mean filed limit (or in the large N limit). Up to our knowledge and
at the time of this writing, taking both the mean filed limit and the non-relativistic limit
(or classical limit) of Vlasov-Maxwell system together into account is rare in all literatures.
Separately speaking of the mean field limit, Braun and Hepp [11] and Dobrushin [41] have
proposed rigorous derivations of a system analogous to the Vlasov-Poisson system with a twice
differentiable mollification of the Coulomb potential. Hauray and Jabin [63] have succeeded
in treating the case of singular potentials, but not including the Coulomb singularity yet.
Until recently, Lazarovici and Pickl [81] gave a probabilisitic proof of the mean field limit and
propagation of chaos N-particle systems in three dimensions with Coulomb potential, which
provide us with a very constructive idea of method.

On the other hand, writing down the corresponding N-particle model of the non-relativistic
Vlasov-Maxwell system is a perplexing task because one needs to find the satisfying description
of the electromagnetic self-interaction within the theory of classical electrodynamics [43, 70,
110]. The problem of deriving a regularized variant of the Vlasov-Maxwell system from a
particle model was explicitly mentioned by Kiessling in [72]. Only after several years did Golse
[50] establish the mean field limit of a N-particle system towards a regularized variant of the
relativistic Vlasov-Maxwell system with the help of [43] by Elsken, Kiessling and Ricei.

In the present work, we want to combine the mean field limit and non-relativistic limit of the
regularized relativistic Vlasov-Maxwell particle model to Vlasov-Poisson equation. The method
we apply here is more or less along the line of [47, 50, 81| with the mollifications, the regu-
larization procedure of which somehow removes the difficulties caused by the electromagnetic
self-interaction forces. Unlike regularizing the Coulomb potential in the mean field limit es-
tablished in [11, 41|, the regularization of the self-interaction force in Vlasov-Maxwell system
is more difficult since the electromagnetic field involves both a scalar and vector potentials
[50]. The solutions of the relativistic Vlasov-Maxwell system, as was discussed by Glassey
and Strauss in [47], are closely related with the wave equation, namely with Kirchhoff formula,

which we also used in this paper. We would like to mention that there are other representations

12
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of the solutions of the relativistic Vlasov-Maxwell system, for example [9, 10|, but they are all

in fact equivalent.

Vlasov-Klein-Gordon

The relativistic Vlasov-Klein-Gordon describes a collisionless ensemble of particles moving at
relativistic speeds, coupled to a Klein-Gordon field. Let f = f(t,z,v) > 0 denote the density
of the particles in phase space, p = p(t,z) their density in space, and u = u(t,z) a scalar
Klein-Gordon field, where t € R,, o € R?® and v € R? are the time, position and velocity

respectively. The system reads

Oifkc+0-Vafke —Vau -V, fra =0,
Ofu— Au+u = —pke, (1.2.5)

,OKG(tay) = / fKG(t7y7U> dU?
R3

with the initial data frq(0,2,v) = fo(z,v), u(0,2) = uy(x) and Qu(0, z) = us(x).

The study of this system was first initiated in [77], where the existence of global weak solu-
tions for initial data with a size restriction was proven. This size restriction was necessary
because the energy of the system is indefinite so that conservation of energy does not lead to
a-priory bounds for general data |[78]. Rein in [78] proved local-in-time existence of classical
solutions and a continuation criterion which says that a solution can blow up only if the particle
momenta become large. They also show that the classical solutions are global in time in the

one-dimensional case.

Cucker-Smale Model

Flocking is a general phenomenon where autonomous agents reach a consensus based on the

limited environmental information and simple rules (mainly three basic rules):
1. Separation - avoid crowding neighbours (short range repulsion);
2. Alignment (re-orientation)- steer towards average heading of neighbours;
3. Cohesion - steer towards average position of neighbours (long range attraction).

There are parallels with the shoaling behavior of fish, the swarming behavior of insects, and
herd behavior of land animals. Mathematically, Cucker-Smale [31, 30] in 2007 postulated a

13
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model for the flocking of birds with the following system of ODEs:

d
Ty = U4,

% 7

d N

U= > mj(v; —vi)e(lz; — ail),
j=1

where N is the number of the particles while x;(t), v;(t) and m; denote respectively the position
and velocity of the i-th particle at the time ¢ with its mass. The function ¢ : [0, 00) — [0, 00)
is referred to as the communication weight, which is non-negative and non-increasing. The

corresponding Vlasov-type equation

Of +v-Vf+divy(F(f)f) =0, xcR*vecR?

FU(t0) = [ [ olly = ol)w =)0, w) dudy,

The literature on aggregation models associated with Vlasov-type equations is rich thus we
mention only a few examples of the most popular branches of the field. Here we find analysis
of time asymptotics (see e.g. [57]) and pattern formation (see e.g. [56, 115]) or analysis
of the models with additional forces that simulate various natural factors (see e.g. [20, 42|
deterministic forces or [29] - stochastic forces). The other variations of the model include
forcing particles to avoid collisions (see e.g. [27]) or to aggregate under the leadership of
certain individuals (see e.g. [28]). A well rounded analysis of a model that includes effects
of attraction, repulsion and alignment is presented in [14]. The story of the CS model should
probably begin with [120] by Vicsek et al., where a model of flocking with nonlocal interactions
was introduced and it is widely recognized to be up to some degree an inspiration for [31] .

Since 2007 the CS model with a regular communication weight of the form

Pes(8) = Lﬁa B>0,K>0
(1+)F
was extensively studied in the directions similar to those of more general aggregation models
(i.e. collision avoiding, flocking under leadership, asymptotics and pattern formation as well
as additional deterministic or stochastic forces - see [2, 19, 55, 59, 93, 108|). Particularly
interest- ing from our point of view is the case of passage from the particle system to the
kinetic equation, which in case of the regular communication weight was done for example in
[61] or [62]. For a more general overview of the passage from microscopic to mesoscopic and
macroscopic descriptions in aggregation models, we refer to [15, 34, 36]. In the paper [61] from
2009 the authors considered the CS model with the singular weight p(s) = s7%,s > 0, >

0 obtaining asymptotics for the particle system but even the basic question of existence of

14
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solutions remained open till later years. It turned out that system (1.2.6) possesses drastically
different qualitative properties depending on whether o € (0,1) or v € [1,00). More precisely
in [1] the authors observed that for o > 1 the trajectories of the particles exhibit a tendency
to avoid collisions, which they used to prove conditional existence and uniqueness of smooth
solutions to the particle system. On the other hand in [96] the author proved existence of so
called piecewise weak solutions to the particle system with a € (0,1) and gave an example
of solution that experienced not only collisions of the trajectories but also sticking (i.e. two
different trajectories could start to coincide at some point). This dichotomy is an effect of
integrability (or of the lack of thereof) of ¢ in a neighborhood of 0. It is also the reason why
the approach to the CS model should vary depending on « [89]. One of the latest contributions
to this topic is [16] where the authors showed local in-time well posedness for the kinetic
equation with a singular communication weight p(s) = s7*,s > 0, > 0 and with an optional
nonlinear dependence on the velocity in the definition of F'(f). They also presented a thorough
analysis of the asymptotics for this model. The other more recent addition is [97]|, where the
author proved existence and uniqueness of W'l strong solutions to the particle system with
a singular weight and o € (0,1). In the model with regular weight its purpose is to suppress
the distant interactions between particles. However from the modeling point of view it is
often convenient to also amplify the local interactions, which was done for example in [88]
by introducing a different nonsymmetric CS-type model known as the Mosch-Tadmor model.
Singular communication weight in the CS model can also be viewed as a less effective yet easier

to analyze way to emphasize the local interactions between particles.
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Chapter 2

Mean Field Kinetic Equation with

non-Lipschitz Force

In this chapter, we investigate a two-dimensional kinetic mean field equation with position
x € R? and velocity v € R?

Ouf +v-Vof + Vo [(Fx f)f+Vy- (Gf) = 0. (2.0.1)

This kind of equation has long been used to characterize social phenomena (or so-called social
fields [83] or social forces [66]) and industrial production, for example pedestrian flow model and
material low model. These models, due to a great increase in interest over the last few years,
have been developed and investigated from a numerical and theoretical point of view, see for
example [6, 7, 90| for a general overview. Highly inspired by fluid dynamics, pedestrian models
or material flow models can also be further extended to the applications of other behavioral
models including group dynamics |7], opinion formation [116], minimal travel times [38, 67| or
evacuation scenarios [100, 118]. On the other hand, model hierarchies for pedestrian models or
material flow models have been introduced in [33, 44, 52, 53|. Therein, macroscopic equations
are formally derived from a microscopic pedestrian Newtonian system. Depending on the
closure assumption, different non-local continuum models can occur, cf. [25]. However, from
an analytical point of view, there are still several open problems that need to be thoroughly
investigated as for instance the detailed derivation from the N-particle pedestrian Newtonian
system to its mean field limit or Vlasov equation, see [22]. Instead of the formal derivation
with the help of the BBGKY hierarchy [44, 111], the kinetic description has been rigorously
derived by a probabilistic method [8, 11, 63, 65, 99, 112].

In this chapter, we now aim to prove the global existence of the weak solution to the mean field

kinetic equation mentioned above, namely (2.0.1). In our equation, F'(z,v) denotes the total
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interaction force and has the similar structure as —, i.e.,

|z]

F(z,v) =V, V(z|,v) = 0,V(r,v)

x
x|’

where V(|z],v) is some (regular) potential. More precisely, F'(x,v) can be a composition of the

interaction force Fj,,(x) and the dissipative force Fyss(x,v), i.e.,
F(z,v) = (Fint(x) + Fgiss(x,v))H(x,v) (2.0.2)

and H(z,v) = Har(|z|) ~ﬁ2§(lv|), where Hyp(|z|) and 7:22]5;(|v|) are smooth functions with

compact support such that

0, |z|>2R, . 0, |v]> 2R,
Har(|z|) = and  Hyp(|v]) = -
1, |z| <R, 1, |v|<R.

In order to cover a realistic behavior of pedestrians or material flow, the functions Hyg(|z|) and
H,5(|v]) are used to express that the interaction force and the pedestrian velocity are of finite

range. So the total force is considered on a bounded domain.

The other term G(z, v) in the equation represents the desired velocity and direction acceleration
and can be further written as
G(z,v) = g(z) — v, (2.0.3)

where ||g||z~ is bounded by some constant.

Apparently, the proposed model equation involves a singularity comparable to the Coulomb
potential in 2-d, resulting from the total interaction force. That means this singularity, or
in other words the non-local term, needs extra care in the final limiting process. For more
information about the Coulomb potential and the Vlasov-Poisson system we refer to [98, 104,
107].

We now briefly explain our approach. In order to obtain the existence of the weak solution, we
consider an approximate problem (kinetic equation with cut-off) as a starting point and show
that the approximate problem has a weak solution, where the mean field characteristic flow is
of great importance. Unlike the 3-d Vlasov-Poisson equation [41, 84], the non-local operator in
(3.1.2) cannot be decoupled into an elliptic equation. Hence, the Calderon-Zygmund continuity
theorem [51] for second order elliptic equations is not applicable in this case and we have to
find an alternative way to fix the desired compactness arguments. The idea is now to use the
Aubin-Lions lemma [23, 109] and to argue that due to that compact embedding theorem, we
are able to pass the limit especially in the non-local term. We also remark that the result

obtained in the present paper plays a crucial role in the proof of the rigorous derivation of the
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mean field equation in [22].

2.1 Method of Characteristics

In this section, we first recall some basic knowledge from transport equation. As we all know,

the following transport equation
Ohf+v-V.f=0, z€eR"t>0
with initial data f(0,x) = fy(z) has the explicit solution formula

f(t,l‘) = fO(aj - tU),

which is a unique C'*-solution if the initial data is C*'-function. This solution formula is attained
by the characteristics with respect to the transport operator 0; + v - V.

Similarly, we consider the following mean field partial differential equation

Of+v-Vof +V, - [(Fxf)f]=0, ze€R"veR"t>0,
f(O,ZL‘,'U) = fO(Ivv)

Here the vector field F' can be, in some cases, time-dependent or non time-dependent, can also
depends on both the position variable x and velocity v or only depends on x. First we need
the following definition and theorem, which are typical and standard. One can further refer to
[51].

Definition 2.1.1. Let (z(t),v(t)) be the solution of the ordinary differential system

dx

_Zf =
% = //Rn . F(t,x —y,v —w)f(t,y,w) dydw
(l‘(O),?}(O)) = (v07 ffRnXRn F(O,ZL‘ —Y,v—= w)f<0ay>w) dydw)

The set
{(t,z(t),v(t)) [t € [0, T}

1s called the characteristic curve of the ordinary differential system passing through

(vo’//Rann F0,z —y,v—w)f(0,y,w) dydw)

at time t = 0.
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After defining the flow associated to the ordinary differential system of characteristic curves,

we are then able to use the flow to solve the mean field equation.

Theorem 2.1.1. Assume that the vector field F satisfies the condition
(H1) FeC([0,T] xR",R") and V,F,V,F e C([0,T] xR", M,(R))

(H2) there ezistsk > Osuch that
|F(t,z,v)| < k(1+ |z|+|v]), forall(t,x,v) € [0,T] x R" x R"
Then for each t € [0, T] and each (x,v) € xR™ x R", the ordinary differential system

do _

gt
_U:// F(t,x—y,v—w)f(t,y,w)dydw

(2(0),v(0)) = (vo, [ fgnpn F(0, 2 —y,v — w) f(0,y,w) dydw)
has a unique solution of class C* on [0,T].

The theorem can be easily proven by the standard argument of the Cauchy-Lipschitz theorem,
the assumption of which is guaranteed by the regular condition (H1). And the condition (H2)
is equally important to assure that the solution is global. We also mention that if we impose

further regularity on the vector field F', say
(H3)F € C*([0,T] x R*,R") and V,F,V,F € C*([0,T] x R", M,,(R)), for somek > 1,
the solution will then have a high regularity of class C**1 on [0, T].

Definition 2.1.2. Let (X1,%;) and (X3, 3s) be measurable spaces (meaning that 31 and 3o are
o-algebras of the subsets of X1 and X, respectively). Let T : X1 — X5 be a (X1, Xo)-measurable

map and p be a positive measure on (X1,%1). Then, the formula
v(B) == (T YB)), VBeEY,
defines a positive measure on (Xq,3s), denoted by
v =:TH#p,
and is referred to as the push-forward of the measure p under the map T.

Due to the property of the transport equation, we know that solving the equation (2.2.6) is
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equivalent to investigating the corresponding characteristic system, i.e.,

d
—Z(t, 20, = K (Z(t, z),2") p(t,dz"),
7 (t, 20, f10) o (Z(t, 20), ") u( ) (2.1.1)

Z(07 20, /’LO) = 20,

where
KN(z,2") = KN(z,v,2",0) i= (v, FN(z — 2/,0 = v') + GV (z,v))
and pu(t,-) is the push-forward of the measure 1. Here, for the sake of convenience, we use

z = (z,v) and Z as the four-dimensional vector.

The solvability of the cut-off problem can be then obtained via the standard argument using Ba-
nach Fixed-Point Theorem. For completeness, we present the proof in the following proposition

and theorem.

We denote P,(R"™ x R") as the set of Borel probability measures on R” x R" and P,(R™ x R")
is defined for each p > 0 by

P,(R" x R") := {u € P(R" x R")

/ (j2 + of)a(de, dv) < oo},
R xR"

Proposition 2.1.1. Assume that the interaction kernel K(z,2') € C(R*" x R?";R*") is Lips-
chitz continuous in z, uniformly in 2z’ (and conversely), i.e., there exists a constant L > 0 such
that

sup |K(z1,2") — K(22,2")| < L|z1 — 2],
Z’ERZ"
sup |K(z,21) — K(z,29)] < L|z1 — 29].

2z€R2n

For any given 2y = (x9,v9) € R™ x R™ and Borel probability measure py € P (R*™), there exists

a unique C-solution, denoted by
Ry >t~ Z(t, 2, pto) € R*™,

to the problem

d
—Z(t = K (Z(t " u(t,dz’
dt ( ,Zo,ﬂ()) won ( ( 720)7’2)/L< , Az )7 (212>
Z<Oa 20, H’O) = 20,
where p(t,-) is the push-forward of the measure pg, i.e., p(t,-) = Z(t, -, po)#o-
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Proof. Let py € P1(R*) and denote

/1::/ |v|po(dzx, dv).
R2n

1
For t* = —— et
o 2L+ r)

X = {Z(t, z) € C([0,t*]; C(R*™; R*™)) ’ sup s 1Z(t, 2)]

0<t<t* 2=(z,0)ekd 1+ [V]

be a Banach space equipped with the norm

Z(t, z
|Z]|x := sup  sup 12 >|
0<t<t* z=(z,v)€R* 1+ |U|

The assumption for the Lipschitz continuity of the kernel K (z, z’) actually implies that K grows

at most linearly at infinity, i.e.,
K (2, #) < L(zl +12]), 22 € B2

The map 7 : X — X, defined by

TZ(t, z):=z+ /Ot - K (Z(s,2),Z(s,¢)) po(d¢)ds,

constitutes a contraction which can be seen from the following estimates. For each Z, ZeX,

we have for 0 < s < ¢t*

zaﬂaaz@omwm—/

Rél

L[ (1205 = 20,20+ 12(5.0) = 206 9)) ol

Z -7
< L(]_ + |U| +14+ I{) sup | (S7Z) (372>’
z=(z,v)ER* 1+ |'U’

‘ R2n

IA

22
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Consequently, we get

~

ITZ(t,) = TZ(t, )|«

I/ R%K (5.2 2. N atdyds = [ [0 (2062, 206.0)) salacyis|
L||Z (t, MNa(2+ k)t
< §||Z(t, ') — Z(t,)|x.

IA

Then, by Banach Fixed-Point Theorem, there exists a unique Z* € X such that T2* = Z*,

ie.,

Z*(t,z) = z+/0 R4K(Z*(s,z),Z*(s,Q))yo(dC)ds. (2.1.3)

The interaction kernel is globally Lipschitz continuous, i.e., t* is a fixed constant, which implies
that the solution can be easily extended to all time ¢. Since Z* € C(Ry; C(R*";R*™)), K €
C(R?™ x R*R?") and o € P1(R?*™), the function

s | K (Z(5,20), 2°(5,€)) po(dC)

R4

is continuous on R, for all zy € R?*". Exploiting the integral equation (2.1.3) shows that the
function t — Z(t, 2) is C' in ¢ and satisfies

S (1, 2) = [ K(Z0(0:2). 20 (1,0)) ol o),

Z(O, Zo) = 20-

Substituting 2’ = Z*(t, () in the integral above leads to

K(Z%(t,20), Z°(t, Q) moldC) = |~ K(Z"(t,20),2) 2" (¢, ) #410(d"),

R2n R2n

which means that the function Z* is the solution to the problem (2.2.8). u

Theorem 2.1.2. Assume that the vector field F' = F(t,z,v) € R" satisfies assumptions (H1),
(H2) and (H3) with k = 1. Let fo € C'(R" x R™). Then the mean field differential equation

Ohf+v-Vof +V, - [(Fxf)f]=0, xze€R"veR"t>0,
f(O,:L‘,U) = fO(ZL‘,U)
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has a unique solution f € C([0,T] x R™ x R™) . The solution is given by the formula
ft,z,v) = fo(Z(t,-,") (z,v)J(0,t,2,v), Vte0,T],(r,v)€R" xR",

where J(0,t,x,v) is the Jacobian, i.e.,

J(0,4,2,v) = exp (/to div, (F % (s, Z(s,2,0))) ds).

In particular, f(t,-,-) € L*(R™ x R") for allt € [0,T] if fo € L'(R" x R™), and one has

//R f(t, 2, v) dudv = //R folae ) dado.

The result for the regular vector field is quite easy to understand and needs not so much
technical care. The following sections are devoted the non-Lipschitz force case, where detailed

handling will be step by step illustrated.

2.2 Mean Field Equation with Cut-off

We start with the definition of weak solution to the mean field equation (2.0.1).

Definition 2.2.1. Let fy(z,v) € L'(R* x R?) N L>®(R? x R?). A function f = f(t,z,v) is said
to be a weak solution to the kinetic mean field equation (3.1.2) with initial data fo, if there holds

//szmz f(t,z,v)p(x,v) dedy = //ngz Fol, v)p(, v) dady

+/0 //]RQXR? vf(s,x,v) - Vep(z,v) deduds
t
+/0 //IRQXRQ (F(z,v) * f(s,2,0)) f(5,2,0) - Vyo(z,v) dedvds

¢
+/ // G(z,v)f(s,z,v) - Vyp(z,v) dedods (2.2.1)
0 JJR2xR?
for all p(z,v) € Cg°(R? x R?) and t € R,..

Now, we present the main theorem of this paper. In the following, G(x,v) is given by (2.0.3)

while F'(z,v) is defined by (2.0.2).

Theorem 2.2.1. For F(z,v) = V.,V (|z],v) = 8TV(T,U)|:1:—| and G(z,v) = g(x) — v, assume
T

that 0,V (r,v),V,0,V (r,v) € L®(R? x R?) and g € L>(R* x R?). Let fo(x,v) be a nonnegative
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function in L*(R? x R?) N L®(R? x R?), |z|*fo(x,v) € L'(R? x R?), and

1
//2 ] §|v|2f0(x,v) drdv =: & < oc.
R%xR

Then, there exists a weak solution f € L>®(Ry; L'(R? x R?)) to the mean field equation (3.1.2)

with initial data fo. Moreover this solution satisfies
0 < f(t,z,v) < || follpomexreye”, for a.e.(v,v) € R* x R* ¢ >0 (2.2.2)

together with the mass conservation

//R?le? f(t 2, v) dedv = //RZXR2 fo(x,v) dedv =: M, (2.2.3)

and the kinetic energy bound

1
Et) = // —|w?f(t,z,v)dedv < C, YVt >0, (2.2.4)
R2xR2 2
where the constant C' is independent of t.

Under the assumptions above, the interaction force is bounded but not Lipschitz continuous in
x, we need to use the standard cut-off to over come this difficulty. Another difficulty in this
context is that the interaction force F'(z,v) not only depends on the position 2 but also on the
velocity v. This leads to a totally different structure compared to the Vlasov-Poisson equation,
where the WP theory for Poisson equations is generally used. The proof of Theorem 2.2.1 is
therefore not as straightforward und intuitive as one might expect and needs to be dedicately
handled step by step within the next sections. On the other hand, the self-generating force (or
desired velocity and direction acceleration) G(x,v) is not Lipschitz continuous, which requires
an additional work of mollification.

We briefly recall essential assumptions and properties, cf. [22], that are necessary for the

existence proof.

2.2.1 Notations and Preliminary Work

We consider the flow with cut-off of order N~ with arbitrary positive 6, i.e.,

/ x _
1% (|x|,v)m7{(x,v), lz| > N7°,

NV (||, v)aH (2, v), |z| < N7
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Then, the mean field cut-off equation becomes
Ouf™ + v Vaof U+ Vo [(FY 5 fN) Y]+ V, - (GVfY) =0, (2.2.6)
where we also take the cut-off of G(z,v) into consideration, i.e.,
GM(w,v) = j1 * g(a) —v

with j%(x) being the standard mollifier.
We also point out several properties for the interaction force FV(z,v) and the acceleration

G (z,v), namely
(a) FN(z,v) is bounded, i.e., |[FN(z,v)] < C.

(b) FN(z,v) satisfies
|FN(:E,U) - FN(y7v)| < qN(l‘7U)|x - y|7

where ¢V has compact support in Byp X B,z with

1
O_+Ca ’Q?‘ZN_G,

¢" (z,v) = &
C-NY, lz| < N7°.

(c) V,F¥(x,v) is uniformly bounded in N.
(@) 1G¥(0) — GV () < C- N [z — .

Here, we use C' as a universal constant that might depend on all the given constants k,,, R, }N%, Yrs Ve
Furthermore, if there is a singularity in the velocity v in the interaction potential similar to

property (b), it can be treated by using the same method as above and the results also apply.

2.2.2 Mean Field Characteristic Flow with Cut-off

Before we start to prove the existence of the unique weak solution to the equation (2.2.6), we

need first the following definition.

Definition 2.2.2. Let (X1,%;) and (X2, X2) be measurable spaces (meaning that ¥y and o are
o-algebras of the subsets of Xy and Xo, respectively). Let T : X1 — X5 be a (X1, Xo)-measurable

map and p be a positive measure on (X1,%1). Then, the formula
v(B) = u(T YB)), VBeX,
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defines a positive measure on (Xq,3s), denoted by
v =:TH#p,
and is referred to as the push-forward of the measure p under the map T.

The definition is often used when it comes to solving mean field characteristic flow. For more
detailed information, we refer to [51]. Due to the property of the transport equation, we know

that solving the equation (2.2.6) is equivalent to investigating the corresponding characteristic

system, i.e.,
iZ(t, 20, p0) = | K (Z(t,2),2") u(t,dz"),
dt R4 (2.2.7)
Z(O7 205 MO) = 20,

where

KN(z,2") = KN(z,v,2",0) i= (v, FN(z — 2/,0 = v') + GV (z,v))

and pu(t,-) is the push-forward of the measure 1. Here, for the sake of convenience, we use
z = (z,v) and Z as the four-dimensional vector.
We denote P(R?) as the set of Borel probability measures on R* and P;(R*) is defined by

/R4 lv|p(dz, dv) < oo}

Proposition 2.2.1. Assume that the interaction kernel K(z,2') € C(R* x R*; R*) is Lipschitz

continuous in z, uniformly in 2’ (and conversely), i.e., there exists a constant L > 0 such that

Pi(RY) = { € P(RY)

sup |K(21,2") — K(22,2")| < L|21 — 2],
z/€R4

sup |K(z,21) — K(z,29)| < L|z1 — 23]
z€ER4

For any given zy = (wg,v9) € R? x R? and Borel probability measure jy € Py(R*), there erists

a unique Ct-solution, denoted by
Ry >t~ Z(t, 2, o) € R,

to the problem

d
—Z(t = K (Z(t "ot d2
dt (7207M0) R ( (720)7z>lu’(7 Z>7 (228)

Z(O,ZO,MO) = 20,

27



Qitao Yin

where u(t,-) is the push-forward of the measure o, i.e., u(t, ) = Z(t, -, o) #o-

This proposition is typically obtained via the standard argument using Banach Fixed-Point
Theorem, see [51].

With Proposition 2.2.1, we are now able to prove that there exists a unique weak solution to
the Vlasov equation with cut-off (2.2.6).

Theorem 2.2.2. Let F and G satisfy the same assumptions as in theorem 2.2.1 and fY be a

nonnegative compactly supported function in L*(R* x R?) N L>=(R? x R?) satisfying
HféVHLl(R?xR?) =My and [y (z,v) < | foll oo (R2 xR2),

1
// §]v|2fév(a:,v) drdv < &) < o0,
R2xR2

and

1
// “|xfN¥ (z,v) dedv < My < 0.
R2xR? 2

Then, there exists a unique weak solution f¥ € C*(R,; L'(R? x R?)) to the mean field cut-off
equation (2.2.6) with initial data f&, i.e., fN(t,z,v) satisfies

// O fN(t, z,v)0(x,v) dvdy = // vfN(t,z,v) - Vep(s,v) dedy
R2xR2 R2xR2
+// (FN(z,v) = fN(t,z,0)) [N (s,2,0) - Vop(z,v) dedv
R2xR?
+// G (z,v) N (t, 2,v) - Vyo(z,v) dedv (2.2.9)
R2xR2
for all p(z,v) € Cg°(R? x R?). Moreover this solution satisfies
lir% Nt x,0) = f¥(x,v), for a.e (z,v) € R? x R?,
—

0 < Nt 2,0) < || fo' | rexreye”,  for a.e. (z,v) € R* x R% ¢ >0 (2.2.10)

together with the mass conservation

// Nt 2,v) dedy = // Y (x,v) dodv =: M, (2.2.11)
R2 xR2 R2xR2

the kinetic energy bound

1
// §]U|2fN(t,x,v) dxdv < C, VYt>0, (2.2.12)
R2xR2

28



Qitao Yin

and the bound of second moment
1

// — |22 fN(t, 2, 0) dedv < Myt Vit >0, (2.2.13)
R2xR2 2

where the constant C' is independent of N and t.

Proof. Without loss of generality, we assume that My = 1. If we choose the interaction kernel
K as
KN(z,2') = KN(z,v,2/,0") == (v, FN(z — 2/, v = ') + GV (z,0)) ,

the mean field cut-off equation (2.2.6) can be put into the form

BN (t, 2) + div. ( (@ 2) / /R - KN(z, ) fN(t,z’)dz’) —0.

Notice that the non-linear non-local dynamical system that appears in Proposition 2.2.1 is
exactly the equation of characteristics for the mean field kinetic equation with cut-off (2.2.6),
which we refer to as the mean field characteristic flow (with cut-off). The existence and unique-
ness of the solution to (2.2.6) are therefore achieved as a direct result of the construction of the

mean field characteristic flow. By Proposition 2.2.1, there exists a unique map
Ry x R x Py(RY) 3 (£, 20, o) = Z™ (t, 20, o) € R*

such that t — ZN(t, 29, po) is the integral curve of the vector field

z»—>// KN (2,2 (t,d2)
R2xR2

passing through zy at time ¢ = 0, where u™ (t) := ZN(t, -, po)# 0. For the given initial data
I letting duo = f&dz results in

Ut 2) = 1 (ZV(t )7 (=) J(0.t,2), V>0,
where J(0,t, z) is the Jacobian, i.e.,
0
J(0,t,2) = exp (/ div, (FY * [N (s, 2% (s,2)) + GN(Z" (s,2))) d5>.
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Then we have

Y@ < 1A (2N 7(2) T(0,8,2)]
t
< HféVHL‘X’(RQXRQ) exp (/ HVUFN * fNHL"O(RQXRQ) ds + Ct)
0
t
< HféVHL‘X’(RQXRQ) exp (/(; HVUFNHL"O(RQXRQ)”fNHLl(R?'XRQ) ds + Ct)

< HféVHLOO(R?xRQ)eCta

where we have used the property of the acceleration GV (z,v), i.e., GV (z,v) = Ji* g(x) — v,
where j1 g(x) is a L*®-function. From the equation, (2.2.11) are straightforward. Property
(2.2.12) is left to be proven. For the kinetic energy estimate, we will again use the property of
the acceleration GV (z,v) and remark that v in GV (z,v) is critical in the estimate because it

serves as a damping term. We now choose {y, (z)¢,(v)} to be a smooth function which satisfies

and
V- (eal@)6u() | < nfa(a)anv)]|

Since ¢, (x)¢,(v) is monotone and converges to one for almost all x and v as ) goes to zero, we

have

// N(t, 2, 0) ey () by (v) dody — // N(t,x,v)dovdv, asn — 0.
R2xR2 R2xR2

The compact support of f& implies that f~ (¢, z,v) has compact support in (x,v) for any fixed

time ¢. By the definition of weak solution for test functions vy, (z)¢,(v), we have

i //ngz %?ﬂfN(t’ ,v) @y () Py (v) drdv
- //RR v (t 2, 0) - Vi (020 (2)d(v)) drdy
5 //RQXR2 (F¥(z,0) % fY (8 2,0)) £V (5,2,0) - Vo (P, ()6 (0)) dido

1

T3 //R2><R2 GN(z,v) [N (t,2,0) - Vo (v (2)dy(v)) dadv
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- %//Rmv VN (@, 0) by (V)0 - Vo (0 (2)) dadu

+//R2XRZU (FY(z,0) % fY(t,2,0)) [Nt 2,0)0,(x) ¢y (v) dudv

1

+§ //1R2><R2 UQ (FN(;L',’U) * fN(t,I‘,U)) fN(S,;L‘,U) -V, (@n(l‘)ﬁ%(v)) dedv

+//R2><R2U -G (x,0) f <t’xvv)§0n($)¢n(v) drdv
+% //R?sz V2GN (2, 0) [N (t, 2, 0) - Yy (0 () 6y (v) dadu

=: Z[j.

Jj=1

Next, we estimate the expressions /;,j = 1,...,5 individually. It is easy to see

1
ey
2 R2xRR2

1
< g [ PPl 0] ded

VNt 2, 0)dy(v)v - Vi (py(2)) ’ dxdv

Due to the fact that f&' is compactly supported, i.e., fV has also compact support for any
finite time ¢, I; converges to zero as n — 0 for fixed N. The same argument holds for I3 and

I5, i.e., I3 and I5 converge to zero as n — 0:

1
Bl < Ol s Pl [[ ) @), (o) dodo
R2 xRR2
1
< 5 ONP sl [ PP 0) dedo
1 .
Loz gealiysalis [[ 0t 0p, @60 duds
R2xR2

1
50 ([P0, 0 o) de

However, for the other integral estimates, we need some extra calculations. Using the properties
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of the desired velocity and direction acceleration G (x,v), we arrive at

o< 0P Pl [ (o e) PN e o) oy
R2xRR?
1
I [ (4 20t) 50 0)ee)o o) dode
I, < H]1 * g|| e //R?xR ( + ew ) Nz, 0) 0, (2) ¢ (v) drdo
—// V2 N (t, 2, 0) 0, () by (v) dady
R2 xR2

IN

Combining all the five terms, taking 7 to zero in the inequality above and setting € small enough

such that )

201Nz M er + Hlgllze)’
where the fact that Hj% % gl < ||g||z~ has been used, we end up with

1
// Nt z,v) dedv < C — // —0? fN(t, z,v) dedv,
R2 xRR?2 2 R2 xR2 2

where C does not depend on N. A direct computation shows that the kinetic energy is bounded

e<

uniformly in ¢ and N. The estimate for the second moment follows from

i// 2%t @, v) dedv = // |20, fN (8, 2, v) dadv
dt ) Jee e R2 xR2
= // z-vfN(t, x,v) dedy
R2 xR2
[ ol 10 )
R2 xR2
J[ e dao s
R2Z xR2

IN

IN

2.3 Compactness Arguments

In this section, we aim to achieve all the compactness arguments that are needed to pass the
limit and to obtain the desired weak formulation of the non-cut-off kinetic equation, namely to
prove the main result Theorem 2.2.1.

For given initial data fo, let fI¥ be a sequence of functions with compact support which are

w.lo.g. assumed to be in By, i.e., a ball of radius N centered at origin. Furthermore f¥
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satisfies

||fév - fOHLl(RQXRQ)mLOO(RQXR2) — 0, as N — oo.

Let fN(t,z,v) be the solution obtained from Theorem 2.2.2 with initial data f&¥(z,v). Then,

we know
0 < fNV(t,2,0) < || follemexrzye’, for ae. (z,v) € R? x R ¢ >0,

and for any fixed T > 0, there exists a subsequence of fV, still denoted by f~ for simplicity,
such that
P i L((0,T); L¥(R? x R2)).

Due to the tightness in the variable x and v of the sequence fV, implied from (2.2.12) and
(2.2.13), we conclude that f € L'(R? x R?). Moreover, we notice that the total mass is

preserved, i.e.,

// f(t,z,v)dedv = // [V (z,v) dedv =: M,.
R2 xR2 R2 xR2

By the definition of weak* convergence for characteristic functions x|u(4jsj<r € L*(R?* x R?), we

b
/// Xz|+oj<r f (L, 2, v) dedvdt
a R2 xR2
b
- lim/// X\x|+\v|<rfN(t,x,v)dmdvdt
N—o0 a R2 X R2 =

b
< lim / // N (t, 2, v) dedvdt = Mo(b — a).
N=eoo Jo S Jr2xR?

Letting » — oo and applying Fatou’s lemma yields

b
/ // f(t, x,v) dedvdt
a R2xR2
b
< h_m / // X|x\+|v|§rf(ta ZL’,’U) dxdudt
r—00 Ja R2 xR2

b
< lim / // N (t, 2, v) dedvdt = Mo(b — a).
N=oo Jo S JRr2xR?

By a similar argument for test functions of type x|s|+s/<r|v|?, we can show that

b
/ // |2 f(t, z,v) devdvdt < C(b— a)
a R2xR2
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by using
1
// —|v?fN(t, x,v) dedv < C(b—a), Vt>0.
R2xR2 2

Since the above two inequalities hold for all a < b € R, they also hold for a.e. t € R,.

Using all the estimates presented in Theorem 2.2.2, we are now ready to pass the limit in (2.2.6)

to the desired weak formulation of the non-cut-off kinetic equation

However, we need to take special care on the non-linear term, i.e., the consideration of the
function F'N x fN. In the following, we use the notation LP(L9) to denote LP(]0,T]; LY(R? x
R?)),1 < p,q < oco. It is obvious to see that

|F *f HLoo L1)

— H// // FN x—y,v_ )fN(t,y,w)dydw> dxde
RExR2 S JRE R L>=(j0,1))
R2XR2 RQXRQ Loo [0 T]

< C(IFlz, Mo, )

and

||FN*fN||L°°(L°°) = H// $—y,U— )fN<t7va) dyd’ll}”
R2 xR2 Leo(L
< C([F|z, Mo)-

Since V,F"V is bounded uniformly in N, we get

IV (FN % ) | poo o)

H// // Vo FV (2 —y,v —w) N (t,y,w )dydw) dxdv”
R2 xR? R2xR2 Loo(R,)

H// fN(t,y,w) // Vo FY(x —y,0—w) dxdv) dydw”
R2XR2 RQXR2 LOO(R+)

< C(IVoFlzr, Mo, R)
and
IV0 (FY 5 ) ooy = H//w V@ =y =) ) dydo|
< C(|IVoF L, M) -
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So far, we can conclude by interpolation that FV x f¥ and V,FN x f¥ are in L>°(L?). Further-

more, it holds
19 (7 ) lmay < € | (737 ) # 1Yy < 1V T V0> 1

where Yz - ﬁ € L" V1 < r < 2, and Young’s inequality have been used. Hence, we conclude
that £V * fV then belongs to L=(R; W?(R? x R?)). Since

2
// Nt x v)) dxdv < ||fN||Loo||U2fN||Loo(L1) < C(T),
R2xRR2
we can get for every ¢ € C5°(R? x R?) that

H // N(t, 2, v)Vap(x,v dxdv”
R2 ><R2 L=(Ry)

IIlelioo(Loo) oY ||EN(L1) Vel 22
C(D)|Vaepllre- (2.3.1)

VARV

Moreover, we have

H //RQXRQ GN(z,v) fN(t, 2,0)Vp(x,v) dxdeLoo(RJr)

< Ny gllw 1 gy - 1 Wy - V0l
W oy - 102V 2 ) - [l
< gllom - U Wy - 1M ey - [Vl
W gy - 102V 2 ) - [0l
< C(D)|Vopl|re. (2.3.2)

On the other hand, we know

H / /RR (FY o f2) (t 2, 0) - [ (2, 0)Vop(z, v) dedv

IFY 5 [N ooqroey - |V lpeerey - Vool 22
ClI Vel 2. (2.3.3)

L>(Ry)

VAN VAN
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Combining (2.3.1)-(2.3.3), it holds for every ¢ € C§° (R? x R?) that

O fN(t, z,v)p(x, v d:cde
H//]RQXR2 LG 2 v)elE,v) L(Ry)

IA

H //}R@xﬂ@? vfN(t, 2, v)Ve(z,v) dxdeLm(R”
+H //R2><R2 (FN * fN) (t,z,v) - fN(t, 2, 0)Vyp(z,v) dxdv”

L>(Ry)

+H //WXR2 GN(z,v) fN(t, 2,0) Voo (z,v) dmdeLwRH

< Clellwre,

which implies

H //R2X]R2 8t<(FN « Ut x, U))@(I, v) dxdv
- H //szmz Ouf™ (t, 2, 0)(F™ + @) (x,v) dudv

< OIFY s pls

- /[ Pew
R2 xRR?

< I el

< OF NNl

or, in other words,

10 5 f) | e -2

We then get Vp € Cg°(R? x R?)

FN s fN e 1=(]0, T]; W2()),

plr —y,v—w) dyde

L>(Ry)

L>(R4)

W12

= HFN * athHLoo(W—lz) S O

O(F™ x f) € L=([0, T); W(Q)),

where Q = suppy. According to Aubin-Lions compact embedding theorem, e.g. [109], [23],
there exists a subsequence and h € L>([0,T]; L*(Q2)) such that

FN s N — b in L>([0,T]; L*(Q)).
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It is not difficult to check that h = F' x f. Therefore we obtain the following estimates:

‘/;//RQXRQ< ((FN * fN)fN) (s,z,v)Vyp(x,v) — ((F * f)f)(s,m,v)Vmo(x,v)) dwdvds)
B ‘/;//Q (((FN « VYY) (s,2,0) Vop(a, v) — ((F * £)Y) (s, 2,0)Vep(z, )
+<(F>x<

f)fN)(Sa'ra V)Vyp(z,v) — ((F * f)f)(s,x, v)Vyp(x, v)) dxdvds‘

IN

‘/Ot//g (((FN * fN)fN) (8,2,0)Vyp(x,v) — ((F* f)fN)(s,a:,v)vao(x,v)> da:dvds)

—l—‘ /Ot//Q (((F * f)fN) (s,2,0)Vyp(x,v) — ((F * f)f) (s,x,v)vvw(x,u» drduds
= Ji+ Jo.

For the first term .J;, we have

dim Ty < B (| s Y = Fo e oo 1Y e IV ollz2 = 0,

while for the second term J, we use the fact that f¥ = f in L®(R,; L®(R? x R?)) for

Fx f-V,pe L' (L"), namely
N—o00

Finally, we have to examine the initial data. Since f" is the weak solution to the cut-off mean

field equation (2.2.6), it obviously satisfies

//R?xR2 SNz, v)p(x, v) dedo = //RQXR2 IV (2, 0)p(x, v) dadv

+ /Ot //R?xR? UfN(S? z,v) - Vyp(z,v) dedods
t
+/O //szw (FN(x,v) * fN(s,x,v)) fN(s,x,v) - Vop(z,v) dedvds

t
+/ // GN(z,v) fN(s,2,v) - Vyp(z,v) dedvds
0 JJR2xR2
for any test function ¢(z,v) € C§°(R?* x R?). We recall
||fév - f0||L1(R2xR2)me(R2xR2) — 0, as N — oo,

and that terms on the right (second till last) hand side are uniformly continuous in time t¢.

Then, taking limit ¢ — 07 on both sides of the above equation verifies the initial data.
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Chapter 3

Pedestrian Flow Model

The notable interest of pedestrian flow models can be dated back to four decades ago with a
considerable increase in interest since about year 2000. For a general recent overview we refer
to [6, 7, 25, 26, 33, 66, 67, 100] and the references therein. Pedestrian models share striking
analogies in classical physics such as gases and fluids, but are also applied to the description
of opinion formation [116], group dynamics or other social phenomena [90]. Pedestrian flow
models are an ideal starting point for the derivation of other or more general quantitative
behavioral models, since the relevant quantities of pedestrian motions are easily measured so
that corresponding models are comparable with empirical data [66]. The modelling presented
here is based on the idea that behavioral changes are guided by so-called social fields or social
forces, which have been suggested by Lewin [83]. Numerical simulations have been recently
carried out in [44] on the microscopic and macroscopic level using the finite particle method
(FPM). Some interesting spatiotemporal patterns are observed.

This chapter provides the detailed derivation from the N-particle (pedestrian) Newtonian sys-
tem to its mean field limit or Vlasov equation. Instead of the formal derivation with the help
of the BBGKY hierarchy, which can be found in [44, 111], we will rigorously derive the kinetic
description by a probabilistic method, which is inspired by Boers and Pickl [8], Hauray and
Jabin 63, 65|, Philipowski [99] and Sznitman [112] and all the references therein.

However, the proposed pedestrian model involves a singularity, which comes from the albeit
bounded interaction force and is similar to the one generated by the Coulomb potential in 2-d.
While the authors in [8] do not tackle the direct Coulomb potential in 3-d, i.e. they consider the
singularity that is a little weaker than for the Coulomb potential, we are capable to deal with
the singularity directly due to the compact support of the considered interaction force. Another
difficulty lies in the treatment of the dissipative terms since the interaction force depends not
only on the position x but also on the velocity v. This will lead to extra work on the estimates
and is up to our knowledge rarely done before.

We now briefly explain our approach. In order to obtain the convergence between the exact
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and the mean field dynamics, we mainly split the proof into two parts: Using the Newtonian
system with cut-off as a starting point, we show that the Newtonian and the intermediate system
(Vlasov flow with cut-off) are close to each other for N being large enough. The next step is
to show the intermediate system converges to the Vlasov flow without cut-off. Inbetween we

use characteristics as a bridge to connect the Newtonian system and the mean field dynamics.

Additionally, assuming stochastic initial data offers a way to rule out those deterministic dy-
namics that do not fit into the proper configuration of the Vlasov equation in the sense that
those particles have small probability to appear. In doing so, we obtain the convergence in
(probability) measure between the exact and the mean field dynamics. As a direct implication

of the convergence, we prove the propagation of chaos in terms of bounded Lipschitz distance.

This chapter is organized as follows: we start with the introduction of the pedestrian flow model
in Section 3.1. Then, in Section 3.2 some notations and preliminary work will be introduced.
In Section 3.3 we state the main results and present the corresponding proofs. Section 3.4 is
devoted to the propagation of chaos. At this point, we also refer to [112] for other classical

results with bounded Lipschitz continuity. Finally, we summarize our results.

3.1 Modeling of Pedestrian Flow

Following the pedestrian flow model originally introduced in [44], we consider a two-dimensional
interacting particle system with position z; € R? and velocity v; € R% 4 = 1,...,N. The

equations of motion read

(dIi
= Uy,
dt
) (3.1.1)
dv; 1
dZ T N—1 vy F(z; = ), 00 = v;) + G2, v3),
\ 73

where F'(x,v) denotes the total interaction force and G(z, v) the desired velocity and direction
acceleration. More precisely, F'(x,v) consists of the interaction force Fj,;(x) and the dissipative
force Fyiss(x,v), ie.,

F(z,v) = (F(x) + Faiss(x,0))H(z,v)
with

Fiu(z) = kn%(QR —z|) = 2Rkp— — K,

| ||
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FdiSS(xa U) = FCZSS<$’ U) + Féiss<x7 1))

and

H(x,v) = Har(l2]) - Hyp(|0]).

where Hyp(|7|) and ﬁQ #(|v]) are smooth functions with compact support that satisfy

0, |z|>2R, . 0, |v]> 2R,
Har(|z|) = and - Hyp(|v]) = -
1, |z|] <R, 1, |v|<R.

Here, F7.

n (z,v) and FL (x,v) are the normal dissipative force and the tangential friction force,

respectively. Moreover, k,, is the interaction constant and -,,7; are suitable positive friction

constants.

Remark 3.1.1. To obtain a realistic behavior of pedestrians, the functions Hagr(|x|) and ﬁQE(\vD
are used to express that the interaction force and the pedestrian velocity are of finite range.

Mathematically, the total force is considered on a bounded domain.

The desired velocity and direction acceleration is given by

1 Vo (z)

Gr.v) = Gla.v.p) = & (‘U(”)W - ) |

where

max jle—z;|<R

NE . depends on the time ¢ via the coupling to the positions z;. For a fixed time ¢, N
describes the maximal number of particles in a ball of radius R and is used here as a normal-
ization parameter. This means, we only scale the number of particles in this region in the sense

how compressed they are. ® is given by the solution of the eikonal equation
Ulp(z))|VO| =1 =0,

where U : [0,1] — [0, Unax] is a density-dependent velocity function. The reaction time 7" might
also depend on the density p.

The kinetic equation associated with this particle system describes the evolution of the (effective
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one particle) density f(t,z,v) as
hf4+v-Vuf + V- [(Fxf)f]+V,-(Gf)=0. (3.1.2)

See [44] for more details and the derivation of macroscopic models for different moment closures.

3.2 Notations and Preliminary Work

Now, we consider the pedestrian flow model (3.1.1) with cut-off of order N~¢ with 0 < 6 < i,

ie.,

(v, z) -0
2Rk,— — kpx + ——= (v — W)x — v | H(x,v), x| > N7,
FN(z,v) = ( ! | [ % = Ta)e =% ) i) =

(2Rk,N? — kn)z + N*(v,2) (v — W)z — wv) H(z,v), |z| < N7

In order to present the analytical results in Section 3.3 in a concise and clear manner, we restrict

to the following notations.

Definition 3.2.1. 1. Let (XN, V/N) be the trajectory on R which evolves according to the

Newtonian equation of motion with cut-off, i.e.,

d
%XtN ‘/;N7
(3.2.1)

d
EV;SN \I[N(XtNa‘/tN) +F(X1€N7V;€N)7

where UN (XN, VN) denotes the total interaction force with

(TN V), = g 2 FN @ =2 ol =),
Z#J

while T(XN, V,N) stands for the desired velocity and direction acceleration with

(DX, V), = Gl o).

’L ? Z

2. Let (Yiv,V?[) be the trajectory on R*N which evolves according to the Vlasov equation
OfN +v Vo fN+V, - [(FN« fN N+ V, - (GFY) =0, (3.2.2)
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1.€.,
d— —N
% t = Vt )
(3.2.3)
d—N —N,~N —N —N —N
%Vt = (Xt 7vt )+F(Xt th )v

%

ahere (T (X V), = [ [ V@Y = 0 = ) (g w) dyd and (XY T))
G(xN,vN) represent the total interaction force and the desired velocity and direction ac-

celeration, respectively.

If N is removed from the superscript, then (X;,V;) and (X, V) denote the particle configu-
rations driven by the force without cut-off. Analogically, if ¢ is removed from the subscript,
(X, V) and (X, V) represent the stochastic initial data, which are independent and identically
distributed. Note that we always consider the same initial data for both systems, that means
(X, V) =(X,V).

Remark 3.2.1. We also point out several facts for the interaction force FN(x,v) with cut-off

and the acceleration G(x,v). All the properties can be checked by direct computations.
(a) FN(z,v) is bounded, i.e., |FN(z,v)| < C.

(b) FN(x,v) satisfies the following property
|FY (2,0) = F¥(y,0)| < ¢" (2, 0)]z — y],
where ¢V has compact support in Bayp X B,z with

1
Cm—i_C? ‘.Z"ZN_Q,
Xz
¢~ (x,v) =

C-N? lz] < N~°.
(c) FN(z,v) is Lipschitz continuous in v.
(d) G(x,v) is bounded, i.e., |G(z,v)| < C.
In this context, we use C' as a universal constant that might depend on k,, R, ﬁ, Yny Ve -

Furthermore, if there is a singularity in the velocity v in the interaction potential similar to
Remark 3.2.1(b), i.e.,
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‘FN<x7U) - FN(‘raw)’ < ?ZVN(%UMU - w|7

where ¢"(z,v) has compact support in Bag X B, with

1
C|_’+Ca |U|ZN707
v
~N(

q (z,v):=

C-NY, lv] < N7,

it can be treated by using the same method as above and the results also apply.

3.3 Mean Field Limit

In this section, we present our key results in full detail. To show the desired convergence, our
method can be summarized as follows. First, we start from the Newtonian system with carefully
chosen cut-off and meanwhile introduce an intermediate system which involves convolution-
type interaction with cut-off, namely (3.2.2) and (3.2.3). Then, we show the convergence of
the intermediate system to the final mean field limit, where the law of large number comes into
play. The crucial point of this method is that we apply stochastic initial data or in other words
we consider a stochastic process. It enables us to use the tools from probability theory, which

helps to better understand the mean field process. The overall procedure can be summarized

as follows:
dx; d"cfv N
I = o = v;
cut-off
dv; 1 dvN 1
— = F(z; —zj,v; —vj) + G(zq,v4 L NN _ gV N _ N N N
dt Nfllz:, (@i A 3) (@i, vi) 2t N*l.z.F (z; T, v v )+ Gy, v;)
#J i#£]
lN%oo
ithout t-off
8if + v Vaf + Vo [(Fxf)f]+ Vo (Gf)=0 RO SR BN + v Vo fN + Vo (BN« fN) N+ V- (GFY) =0
~Lchauracteristics ~[characteristics
dz; =}
=Yg =v;
dt dt
dv;

awlN
dt

—N _N

= //F(fq -y, 0, —w)f(t,y,w) dydw + G(T;,7;) / FN@EN =y, 5N — w) N (t,y, w) dydw + @Y, wN)

I T
The following assumptions are used throughout this section.

Assumption 3.3.1. We assume that

(a) there exists a time t > 0 and a constant C' such that the solution f(t,z,v) of the Viasov
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equation (3.1.2) satisfies

sup
0<s<t

<C,

(e 9]

1
//m (s,y,v) dydv

(b) the function G(x,v) is Lipschitz continuous both in x and v, i.e., there exists a constant
L such that

\G(m,v) - G(.%/,’U/)| <L (’l’ o xll + ‘U - UIl)? V(l',U), (x/avl> S R,
Definition 3.3.1. Let a € (0, %) and Sy : R*™N x R — R be the stochastic process given by

S; = min {1,NO‘ sup

0<s<t

XNV - (x|
The set, where |Sy| =1, is defined as N, i.e.,

N = { ) sup

0<s<t

) - @] e (3.3.)
Here and in the following we use | - | as the supremum norm on R*". Note that

Eo(Star — St | Na) <0,

since S; takes the value of one for (X,V) € N,,.

Theorem 3.3.1. Let 6 € (0,7), a € (0,4), B € (o, 15%), v € (0,52 —0) and fN(t,z,v) be
the solution to the Viasov equation (3.2.2). Suppose that fN(t,x,v) satisfies Assumption 4.1(a)
and Assumption 4.1(b) holds for G(x,v). Then there exists a constant C' such that

P, (Sup ‘(X;V,V;N) - (Yf,vf)‘ > N—a) < Lt N

0<s<t
where n = min{1—a—48, 1—a—40—4~, B—a}. Furthermore, if f¥(t,z,v) € L*°((0, 00); L*(R?x
R?)) N L>((0,00); L°(R?* x R?)), it holds with a 6-independent convergence rate that

Py ( sup

0<s<t

XXV = (7] > N ) <),

where the convergence rate r(N) = max{N~(-e=48) Ne=8 N-(-a=4) ] N},

We remark that (¢, z,v) € L'(R?xR?) is automatically satisfied due to the mass conservation.
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With additional assumption on the initial condition f for the equations (3.1.2), (3.2.2) and on

the solution of the Vlasov equation without cut-off, we further extend our result to

Theorem 3.3.2. Let f(t,z,v) and f¥(t,z,v) be the solution to the Viasov equation (3.1.2) and
(3.2.2) respectively with the same initial data fo. Suppose that Assumption 4.1(b) is satisfied.
Moreover, V fy is integrable and f(t,z,v) € L>=((0,00); L®(R? x R?)). Then there holds

> N‘O‘> = 0.

The proofs of both theorems will be presented at the end of this section.

hm Py (sup (XN VN —(X,, V)

N—oo 0<s<t

The additional requirement on f (¢, x,v) stems from the existence and uniqueness of the solution

to the Vlasov equation, which will be shown in another independent work in the near future.

Definition 3.3.2. Let § € (o, :52%),v € (0,52 — 0). The sets N and N, are characterized by

N = { vy [V (X V) =R V| > N (3.3.2)

oo

N, = {(X,V): OO ARTAN TG AR >N—v}, (3.3.3)

o0

where QN(Y?I,V?[) and @N(Yi\[,vz\[) are understood in the sense of

N —N _ _
(QN(Xt Vi )i = Zq N ) fV UN)
lsﬁy

and correspondingly

@ (X, V) // Ny, o —w) V(¢ y,w) dydw.

Next, we will see that the measures of both sets N and N, can be arbitrarily small, i.e., the
probability of each set tends to 0 as N goes to infinity. We prove the following two lemmas:

Lemma 3.3.1. There exists a constant C' < oo such that
Po(N3) < CN-U=49),
Proof. First, we let the set N3 evolve along the characteristics of the Vlasov equation
Ny = {(X 70 ‘N[’\IJN(YiV,ViV) - N%N(7§V,V§V>\w >1}
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and consider the following fact

N
Nﬁ,t g @Néﬂw

=1

where
. 1
i . ) (=N =N\ . |8 N/(=N _—N —N B/ N . ¢N\/y =N —N
Bt ‘= (T;',0;) [N HZF (T — XU = ) NP(FY = f)(tz;,0;)] >1
1] oS
We therefore get
N
P:(N3+) SZ NPt(N,Bt>

where in the last step we use the symmetry argument in exchanging any two coordinates.

Using Markov inequality gives

4
Pt<Nﬁl,t) < E (NB';ZFN(QC{V_@VW?_@N) NP(FN « f)(t, x1avj1v)>

5\ 4 N 4
— (NN—l) E, (ZFN(#IV Vo) — o) — (N = 1) (FY = fN)(¢, xl,v{V)>

(3.3.4)

Let h; = F¥@N — 2,7 — ) / / FN@Y —y, o) —w) fY(¢,y, w) dydw. Then, cach term

J
in the expectation (3.3.4) takes the form of H A jj with Z —, k; = 4, and more importantly,
the expectation assumes the value of zero whenever there exists a j such that k; = 1. This can
be easily verified by integrating over the j-th variable first or, in other words, by acknowledging
the fact that Vj = 2,..., N, there holds

E, | FN (@Y —fjv,ﬁjlv—UN //FN ¥ —y, 7} —w)fN(t,y,w)dydw} = 0.

Then, we can simplify the estimate (3.3.4) to

N N 4
i+ > <2> hfnh;i].
j=2

2<m<n

N7\
P(Nj,) < |—— ] E
t('/\/-ﬁ,t) — (N_]_) t
Since IV is bounded and ||f||; = 1, we thus have for any fixed j
il <N -7 = [ IS E T =l ) dydu <
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Therefore |h;| is bounded to any power and we obtian
E, [hohy] <C and E, [h}] <C

and consequently

NB
N —1

(N -1V —2)
2

Py(Nj,) < ( )4- (0-(]\7— 1) +C- ) <C . N9,

By noticing the fact that
Po(Np) =Py (Npy) < NPy(N,) < N-C- N4 = 0. N0,

we obtain the desired result. ]

In fact, this result holds for any  if we change accordingly the power in the proof to be another

even number (depending on [3) greater than four.

Due to the singularity of V,F', which is also the motivation for the cut-off, we exploit a slightly

different technique as in Lemma 3.3.1 to prove

Lemma 3.3.2. There exists a constant C' < oo such that

where T(N) is the convergence rate, which is N~ 1n? N if fN € L®(R?xR?) or N~(1-40=47)

otherwise.

Proof. Let the set AV, evolve along the characteristics of the Vlasov equation
—N —N —N =N —N, N —N
Ny = {70 NN (R V) - NN (X V| > 1)

and consider the fact

N
N'y,t g @Néﬂt?
=1
where
i _N — 1 _ _N — _ N —
Ny,t = (xi\f,vg\f): N’YN_1ZqN(fo_‘rjvvva_U;V)_N’Y<qN*fN)(tafo7viv) >1
1#] 00
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Due to the symmetry in exchanging any two coordinates, we get

N
Pt(N%t) < Z]P)t(Nyi,t) = N]P)t(/\/«},t)-

=1

Using Markov inequality gives

N 4
1
Pt('/\/:yl,t) S Et (N’Y ' ZqN(TiV - Ej\f’@i\/ - E;V) - N’Y(qN * fN)(tJTiV7EiV)>

NY 4 N
=2

(3.3.5)

In order to avoid redundant complexity, we borrow the notation from Lemma 4.1 and also

define h; := ¢V (@ -7V, 5 — ) — N @Y -y, 7 —w)fN(t,y, w) dydw. With the same
J 1 J 1 7 1 1

argument as in Lemma 3.3.1, we simplify the estimate (3.3.5) to

N7 4 N N
PVl < (op) B Sn 3 o
j=2 2<m<n

On one hand, due to the cut-off, it is clear that

g™l < €'+ N°.

On the other hand, by taking out the L>®-norm of ¢" and using the integrability of fV, we

achieve
‘// @@ —y. 0 —w) Yty w)dydw) < C- N,
Therefore |h;| is bounded by C - N and it is now obvious to see that

E,[nj] <C-N* and E,[h2h)] <C-NY

and consequently

N7
N -1

PNy, < C < >4 (N‘“’ (V1) N
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By noticing the fact that
Po(N,) =Py (N,4) < N]P’t(/\/vl,t) < . N-(-10-47)

we complete the first part of the lemma.

Furthermore , if fN(t,z,v) € L>((0,00); L*(R? x R%)) N L>=((0, 00); L*°(R? x R?)), by applying
the inequality E [(X — E[X])?] < E[X?] for any random variable X, we have for any fixed j

E

2
(qN(fiV -z o) —ol) - // (@ -y, vy —w) Nt y,w) dydw) ]

_ N _NW2
< E, [(qN(x{V—a:;V,viV—v;V))}

// (/Lyw@ (C-N*+C)" fV(ty.w) dydw) FN(t 2, u) dzdu
+// </A—y|zz\/9 (C. |z i yl)2 Sty w) dydw) SN (¢, 2, u) dzdu.

We take out the L>-norm of f% in both terms. The integral left inside the first term is bounded
by a constant while in the second term the integral can be estimated by

IN

1 2
// (C. ) Nt y,w)dydw < C +2710In N < C -In N,
|z—y|>N—0 |Z - y|
where we use that ¢V has compact support. Therefore for any fixed j
E. [h]] < ||hsl|%E: [h5] < C - N*In N,

E; [h2,h2] < C-In® N,

Consequently

PN, < C- N]\Tl)4(N2elnN'(N—1)+ln2N-(N_l)Q(N_2>>

A
Q Q
3

¥

2
=
=

Thus it holds that
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Lemma 3.3.3. Let N,, Nz, N, be defined as in (5.3.1)-(3.3.3). Suppose that fN(t,z,v)
satisfies Assumption 3.8.1(a) and Assumption 3.53.1(b) holds for G(x,v). Then there exists a

constant C' < oo such that

(Ve V) + T V) = (VYR VD) + T V)| < Csin vN N
for all initial data (X,V) € (Ny UNz UN,)°.

Proof. Applying triangle inequality gives

—N —N ~—N —N —N —N
(v o v + T v ) = (V8 T RV |

—N —N ,~—N —N —N —N
A A I LA R A R e AR G IR N SR AR e AR S
< [T e v - e

=: || + |I2| + |I5] + | L4]-

[e.9]

Next, we estimate term by term.

e Since (X,V) ¢ N,
N

L] = V;N _Vt

< S(X, V)N~

e With the help of ¢"V which is defined in Remark 3.2.1 and the fact that FV is Lipschitz

continuous in v, we obtain

1 1
—ZFN(J:N—xN UN—UN)——ZFN@N—TN,EN—E;V)

N—14 L S Lo
7 i#]
< S V@ T )| (2 7+ 2 7). (3.3.6)
- N-1 Z; ¢ Joe J ? i i i
17]

Since (X, V) ¢ N,, it follows in particular for any 1 < i < N that

lzN —zZN| < N7 and | -7V < N7~

So together with (3.3.6), we have

(Y (XY, V0), = (B TD), | < 4] (@ V), | v

i
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On the other hand, because (X, V) ¢ N,, it follows

[CACARFINE

lo + N7 < C

and thus
L] = ‘\IIN(XtN, VN - xpN(Yjv,VjV)‘ < CS(X, V)N~

e Since (X, V) ¢ N3, it follows directly

1] = ‘\I/NXt,V) q/N(XjV,VjV)‘ < NP

o0

e Since G(z,v) under Assumption 3.3.1(b) is Lipschitz continuous, we have for each 1 <
i <N and (&, o)) = (X}, V), @00 = (X, , V),

’L ? 7

G, o) — GEY, o) < L |@N, o) — @5

107 171 107

Together with the fact that (X,V) ¢ N,, there holds

L] = [P, V) = PR V)| < LsiX v)Ne

Combining all the four terms, we end up with

(V0 (XY V) + T V) = (7 RV + D) | < OSUX VNN
for all (X,V) € (N, UNzUN,)“. m
Using Lemmas 3.3.1 - 3.3.3 we can now prove Theorem 4.1 and Theorem 4.2:

Proof of Theorem 3.3.1

From the definition of the Newtonian flow (3.2.1) and the characteristics of the Vlasov equation
(3.2.3), we know

(Xita Vida) = V) + (Y o0 (XY V) + DX, VY))dt + o(dt),

—N —N —N —N —N —N ,~N —N —N —N
(Xiyar Viga) = (X0, V) + (Ve U (X V) + T(X, V) ))dt + ofdl).

Thus
N —N
O Vi) = (K V)| <

—N —N —N —N N —N
+}(V2N7\IJN(XtN7V;,N) +F(XtN7‘/tN)> - <Vt 7\11 (Xt 7Vt )+F<Xt 7Vt ))‘Oodt+0(dt),

—N —N
XYV = (X7

o0
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ie.,

Sevar=i < | (VY 0N (XN V) + T V) = (V8 X V) + L V)| Nedivo(ar)

Taking the expectation over both sides yields

Eo [ Stvar — St Eo [Strat — St | No ]+ Eo [ Sear — St | NS

S EO[St+dt_St‘(NBUN'Y)\Na]+]E0[St+dt_st‘(NQUNBUN,Y)C]
< Eo[ —va‘oo’(Nﬁqu)\Na}N“dt
FE [[o¥ O V) TR T [ U\ e

+Eo [ [P, V) = DR V)| | We UN) \ NG | Ned
+Eo [ Siar — St | (Na UN UN,)] + o(dt)
= J1+J2+J3+J4+O(dt),

where in the second step we use Eo(S;1a — S;|Na) < 0 and decompose the set N into
(Ns UN,) \ N, and (N, UNzUN,) .

Since (X, V) ¢ N,, it follows

ho= Eo||w ((Nﬁu/\/ )\ N, | Nodt
< (Po(Ng) + Po(N,))dt.

Due to the definition of W%, WN, ' as well as the boundedness of FV, we obtain

T2 < (I [loo + [[FY * flloo) (Bo(Np) +Po(N)) N,
J3 < 2[|G||o (Po(N3) + Po(N5)) Ndt.

Thanks to Lemma 3.3.1 and Lemma 3.3.2, we get

J1—|—J2+J3 = [Nia‘i‘C] (PQ(Nﬁ)‘FPo(N»y))Nth
< C-max{F(N), N"U=4)INqt

where 7(V) is the convergence rate, which is N~0=4) In? N if fV € L®(R? xR?) or N~(1-40-47)

23



Qitao Yin

otherwise. On the other hand, Lemma 3.3.3 states that

J4 — H30[£%41ﬁ —'SE‘(/V; LJ/V% LJ/V;)C]
< (C-Eo[S N4 NP). Ndt + o(dt)

= C-Eg[S]dt+ NPdt + o(dt).
Therefore, we can determine the estimate

Eo [Strar) — Bo[Si] < Eo [Skyar — Si]
< C-Fo[S))dt + C - max{F(N)N*, N0~y No=BYat + o(dt).

Equivalently, we have

%Eo [S)] < C -Fo[S)] + C - max{F(N)N®, N-(1-a=48) ne=F

Gronwall’s inequality yields
Eo [S)] < €' - max{F(N)N®, N-(1ma=18) no=fy
The proof is completed by the following Markov inequality

0<s<t

P, (sup XYV =XV > N—a) =Py(S, = 1) < Eo[S)].

Proof of Theorem 3.3.2

Let N € N and

—N —N —
Wy = sup ‘(Xt Vi) — (X, V)

(X,V)eRN

With the same argument as in the proof of Theorem 3.3.1, it is not difficult to deduce

VXV 4 DX V) = (Ve WKL Vo) + DK V)| de -+ ofat).

J/

Wt+dt - Wt S

[\

=:D
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Furthermore, with the Lipschitz continuity of G(z,v), we get

D < W [TE V) - UE V| + P&V - 1%L V)
< CWH TRV S UELT)|
< C-W,+ sup ‘FN*f @), o)) — F*f(fi,m)
1<i<N
< C-Wy+ sup ‘FN*f @Y, o)) — FN x fN(z:,7:)
1<i<N
+ sup ‘FN*f (Jﬁz, ) PN *f(ﬂ%vz)
1<i<N
1<i<N

By using the integrability of VF | we estimate the second term by

sup ’FN*fN(fN, Z) FN s fN (T4, ;)

%
1<i<N

< IV LMW < C - Wi

Due to the integrability of V fj, the third term can be controlled by

sup ‘FN*f (T3, 05) — FN % f(T,0;)

1<i<N

< IFM Nl lFY = fll < ClIV fol i We.

In the estimates above, the reversibility of both particle trajectories is used. The last term is

straightforward to estimate

sup |FN s f(Z:,7;) — F * f(Zi,0)| < ||f||eo]|[F¥ = F|l1 < C - N7°.

1<i<N

Therefore we arrive at
Wivar — Wy < (C- Wi+ C - N™%)dt + o(dt),

or equivalently

d
EWtSC'Wt—FC-N’@.

Gronwall’s inequality gives
W, <C-N7°.

Together with Theorem 3.3.1, we complete the proof. ]
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3.4 Propagation of Chaos

We can clearly see as the direct byproduct of the results stated above that chaos indeed prop-
agates, which means the convergence of the one particle marginals of the N-particle system to
the solution of the Vlasov equation in the sense of bounded Lipschitz distance. We illustrate the
propagation of chaos also in two steps by using the Vlasov flow with cut-off as an intermediate

tool. We present the result in full detail under the conditions of Theorem 3.3.1.
Definition 3.4.1. For any two probability densities p, v : R* — R*, the bounded Lipschitz
distance is defined by

du(1,v) = sup
geL

/(u(a:,v) — V(a:,v))g(a:,v) dxdv|,

where L :={g: ||9lloc = |lg|lc = 1} and ||g||r denotes the global Lipschitz constant of g.

In order to simplify the notation, we also introduce hereafter (x; 4, v; —¢) and (T; ¢, T;—¢) to
be the position and velocity of the ¢-th particle at initial time, which evolves according to the

Newtonian and Vlasov flow with cut-off starting from (x;,v;) at time ¢, respectively.

Theorem 3.4.1. Let fY : R x R* = RT be the solution to (3.2.2), p; : R x R¥™ — RT be the

N -particle density of the Newtonian flow and the one-particle marginals ,ugl) be given by

ugl)(xl,vl) = /,ut(xl,vl,-~- , TN, UN) dTadvs . .. dryduy,

where

pe (21,01, -+ TN, ON) = po(X1—, U1 —ts -+ TN —ts UN—t)-

Assume that initially the one particle marginals converges to the initial probability density fi¥

in the sense of bounded Lipschitz distance, i.e.,
lim dy, (5, o) = 0.
N—o00

Then under the conditions of Theorem 3.3.1, there holds
lim dL(NzEl),ftN) = 0.
N—o00
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Proof. By definition, we have

dL(Mgl)aftN) = Sup

/ (uﬁl)(:vl,vl) - ftN(xlavl))g(fBlavl) dxydvy

geL
= Sup ‘ / (,ut(Il,Ul?"' L IN,UN) —
geL
N
H N (w4, vi))g(xl, v1) dxidvidxsdus . . . deva‘. (3.4.1)
i=1

Since both the Newtonian and Vlasov flow leave the measure invariant, then

(3.4.1) = sup ‘ /,uo(xl, V1, L N, ON)G(X1 01 ) dxyduy . deydoy

geL

N
_ / H fév(l‘z, Ui)g(zl,fhﬁl,ft) d.]?ld'Ul P dl'NdUN‘

i=1

/Mo(%; Vi, L, TN, UN) (Q(Il,—t, V1) — g(fl,—t,@1,—t)) dridvy ... drydoy

< sup
geL
N
+ suﬁp / (,uo(xb Vi, TN, UN) — H fo (s, Ui))g(fl,ftavl,ft) dridvy ... deydoy
9€ i=1

= M1 + Mg.
Further we decompose M; into M, + Mo, where

Mll = Ml

—N —N
{SUpogsgt’(Xévﬁsz)—(Xs 1vs )

o)

and
My = M,

~N N
{SUPogsgt‘(Xé\]stN)*(Xs 7Vs )

ooSN_a} .

Under Theorem 3.3.1, we know

XXV - T > v o

lim Py | sup
N—oo 0<s<t

o7
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By using the fact that ||g||cc = 1 , we thus obtain

M, < 2//Lo(x1,v1,~-- , TN, UN) driduy . .. deydoy

< 2P (sup

0<s<t
— 0, asN — oo.

XV - (@] a)

On the other hand, due to the reversibility of both particle trajectories and ||g||;, = 1, we have

My, < /ﬂo(mla U1, XN, UN)}(xl,fta V1) — (fl,ftaﬂl,ft” dzidv; ... dvydoy
- EOH(XL—t) ‘/i,—t) - (71,—t7vl,—t)u
< [y [ sup

0<s<t
— 0, asN — oo.

e - @ |

In summary, M; converges to zero as N goes to infinity. Meanwhile it is also clear that M,
tends to zero as N — oo due to the assumption on the initial probability density. Combining

all the terms completes the proof. [ ]

Theorem 3.4.2. Let f; : R x R* — RT be the solution to (3.1.2), p; : R x R¥™ — R¥ be the

N -particle density of the Newtonian flow and the one-particle marginals uﬁl) be given by

Hﬁgl)(iﬁl,m) = /,ut(ivl,m,--- , TN, UN) dTadvs . .. dryduy,

where

Mt(CCl, U1, "+, TN, ’UN) = Mo(l'l,ft, Vl,—ty " s TN, —ts UN,ft)-

Assume that initially the one particle marginals converges to the initial probability density fo

in the sense of bounded Lipschitz distance, i.e.,

lim dp(u”, fo) = 0.
N—oo

Then under the conditions of Theorem 3.5.2, there holds
lim dy (", f,) = 0.
N—o0

Proof. By replacing f¥ with f; in the proof of Theorem 3.4.1 and using the conditions of
Theorem 3.3.2, one will directly get the desired result. But we emphasize that Theorem 3.4.2

actually implies the convergence of the solution of (3.2.2) to the solution of (3.1.2) in the sense
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of bounded Lipschitz distance. [

Note that if the initial one particle marginals converges in a certain rate to the initial probability

density in both theorems above, we can also achieve the convergence rate for any fixed time t.
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Chapter 4
From Vlasov-Maxwell to Vlasov-Poisson

The time evolution of plasmas is a very important topic of physics. In many cases, for exam-
ple when considering the plasma in a nuclear fusion reactor, the temperature of the particles
forming the plasma is sufficiently high to neglect quantum effects. Given that the number of
particles forming the plasma is very high, also a mean-field approximation for the internal elec-
tromagnetic forces of the system can be argued [50], thus the system is in good approximation

given by the relativistic Vlasov-Maxwell equations:

atfm +0- szm + (Em + 6_1@ X Bm) : vam = 07
OE,, =cV X By, — jm, V-E, = pm, (4.0.1)
0,B,, = -V x E,,, V-B, =0,

v

where 0 = Nipwr=rri pm(t,x) = /R3 fm(t,z,v)dv and j,(t,z) = /R3 0fm(t,x,v)dv. The

parameter c is the speed of light, (E,,, B,,) is the electro-magnetic field, and the distribution
function f,,(t,2,v) > 0 describes the density of particles with position 2 € R® and velocity

v € R®. Assuming that there are no external electromagnetic fields, the initial data

fm(07 €, U) - fO(xv U)?
En(0,2) = Eola), (4.0.2)
B.(0,x) = By(x),

satisfy the compatibility conditions V - Ey(x) = po(z) = / fo(z,v) dv, V - By(x) = 0.

Local existence and uniqueness of classical solutions to tﬁfs initial value problem for smooth
and compactly supported data was established in [47]. These solutions can be extended globally
in time provided the momentum support can be controlled assuming certain conditions on the

initial data, e.g. smallness [48] closeness to neutrality [46] or closeness to spherical symmetry
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[102]. It is worth to mention that different approaches to the results in [47] were given in
[9, 73]. In order to obtain global existence of solutions, DiPerna and Lions restricted the
solution concept to weak solutions. We refer to [39].

As was shown in [106] using an integral representation for the electric and magnetic field due
to Glassey and Strauss [47], the solutions of relativistic Vlasov-Maxwell system converge in the
pointwise sense to solutions of the non-relativistic Vlasov-Poisson system (below) at the rate

of 1/c as ¢ tends to infinity. The Vlasov-Poisson system reads

Ofp+v-Vaufp+ Ey-Vyfp,=0,
1 T —1y
E,(t = — ty)——=d
o) =3 [ ot T =T (103

pltn) = [ flt oo,

with the initial data f,(0,z,v) = fo(x,v). Here the indexes m and p in (4.0.1) and (4.0.3)
stand for Maxwell and Poisson respectively. We note that there are global existence results for
classical solutions of the Vlasov-Poisson system [84, 98, 107].

However a more interesting and challenging question is to consider what the corresponding
particle model of relativistic Vlasov-Maxwell equation might be and whether we can prove the
validity of the mean field description rigorously in the limit N — oco. Up to our knowledge and
at the time of this writing, taking both the mean filed limit and the non-relativistic limit (or
classical limit) of Vlasov-Maxwell system together into account is rare in the literatures. Con-
cerning the mean field limit, Braun and Hepp [11] and Dobrushin [41] have proposed rigorous
derivations of a system analogous to the Vlasov-Poisson system with a twice differentiable mol-
lification of the Coulomb potential. Hauray and Jabin [63] have succeeded in treating the case
of singular potentials, but not including the Coulomb singularity yet. Until recently, Lazarovici
and Pickl [81] gave a probabilisitic proof of the validity of the mean field limit and propagation
of chaos N-particle systems in three dimensions with Coulomb potential with N-dependent
cutoff, which provides us with a very constructive idea of method. Lazarovici generalized this
result including electromagnetic fields, proving the validity of the relativistic Vlasov-Maxwell
equation [80] considering charges of radius N—° with § < 1/12. In this chapter, similar ideas
are used in handling the mean field limit N — oo.

Writing down the corresponding N-particle model of the non-relativistic Vlasov-Maxwell system
is a perplexing task because one needs to find a suitable description for the electromagnetic
self-interaction within the theory of classical electrodynamics [43, 70, 110]. The problem of
deriving a regularized version of the Vlasov-Maxwell system from a particle model was explicitly
mentioned by Kiessling in [72]. Only after several years did Golse [50] establish the mean field
limit of a N-particle system towards a regularized version of the relativistic Vlasov-Maxwell
system with the help of [43] by Elsken, Kiessling and Ricci.
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In the present chapter, we want to combine the mean field limit and non-relativistic limit of the
regularized relativistic Vlasov-Maxwell particle model to Vlasov-Poisson equation. The method
we apply here is more or less along the line of [47, 50, 81] using a mollifier for regularization
removes the difficulties caused by the electromagnetic self-interaction forces. Unlike regularizing
the Coulomb potential in the mean field limit established in [11, 41], the regularization of the
self-interaction force in the Vlasov-Maxwell system is more difficult since the electromagnetic
field involves both a scalar and vector potentials [50]. The solutions of the relativistic Vlasov-
Maxwell system, as was discussed by Glassey and Strauss in [47|, are closely related to the
wave equation. This connection uses Kirchhoff’s formula, which we also used in this paper. We
would like to mention that there are other representations of the solutions of the relativistic

Vlasov-Maxwell system, for example [9, 10|, but they are all in fact equivalent.

This chapter is organized as follows: in Section 4.2, we prepare the regularization-procedure
of both, the relativistic Vlasov-Maxwell and the Vlasov-Poisson system, and provide estimates
between the solutions of these two systems. In Section 4.3, we introduce the particle model
of the relativistic Vlasov-Maxwell system and apply the probabilisitic method to carry out the
estimates between the characteristic equation of the particle model and that of the relativistic

Vlasov-Maxwell system. We summarize our results in Section 4.4.

4.1 Regularization of the Vlasov-Maxwell and the Vlasov-

Poisson Systems

Let x € C§° satisty

and define the regularizing sequence
YN (z) = N*y (N%2) .

The regularized version of the Vlasov-Maxwell System (VMN) with unknown (f~, BN EN) is
given by:

OfN +0-VofN 4+ (EN + o x BY) -V, fN =0,
OEp =V x By = XN w0y XN %4 G V- EN = N N x, ol (4.1.1)
O,BY = —cV x EY, V-BY =0,
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and initial data (IVMN)
I (0,2,0) = fo(w,v),
EN(0,2) = X" #0 XV %2 Eo(w), (4.1.2)
B (0,2) = X" %, X #; Bo(),

The regularized version of the Vlasov-Poisson System (VPN) with unknown (f,¥, E)) is given
by:
HfY +v-v fN+EN v fN
N N
E;(t2) = //Rg 7= F,X Mp ) M(2)py (ty — p — 2) dydpdz, (4.1.3)
py (t,y) = /3 Nt y,v) dv,
R

with the initial data f(0,z,v) = fo(z,v).

Theorem 4.1.1. Let fy be a nonnegative C*-function with compact support in R® and By be
in C3(R3) N WL (R3) N W2L(R?). Assume further that

1
HVxBoHLoo(Rﬁ) + ”BOHLOO(R3) < a2
and
dvdy.
B = g [ [ o=yl o
Then

1. There exists a T > 0 such that (VPN) with initial data f¥(0,2,v) = fo(z,v) admits a

unique C"-solution (f, E)') on the time interval [0,7).

2. There exists a T* > 0 (independent of ¢) such that for ¢ > 1, (VMN) with the initial con-
dition (IVMN) has a unique C"- solution (f, BN, ENY on the time interval [0,T*). Fur-
thermore there exists nondecreasing functions (independent of ¢ and N ) q(t) : [0,7*) — R
and H(t) : [0,7%) — R such that

=0, if |v|>q(t),
BN (t, )| oo 0,74 xr2) + 1By (£, )| oo o) ey < H (2).

3. LetT = min(T, T*), then for every T € [0, T) there exists a constant M (depending on T
and the initial data, but not on ¢) such that for ¢ > 1

M

If — f;];VHLOO([o,T)xRSxRS) + | EN — EN||L°° [0,T)xR3) T | B || oo fo, 1) xR3) < — c
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The proof of the Theorem involves many long and tedious calculations since it includes many
cut-offs and mollifications, however, no technical difficulties other than presented in the paper
[106] appear. Therefore we deliver the proof in the appendix at the end of the paper for those

readers who want to take a closer look at the details.

Remark 4.1.1. In the current setting, i.e., repulsive particle interactions, both T and T* can be
global. But in the attractive case, there might be lack of global existence of solutions. Therefore
both existence results we give are locally in time. The limits N — oo and ¢ — o0 in our paper

are taken in the time interval where both solutions exist.

We assume in Theorem 4.1.1 that f, has compact support, so let
qo = sup{|v| : there exists ¥ € R?¥such that fo(x,v) # 0}.

Further, we define the characteristic curves (x(t, zo, vo, to), v(t, o, vo, to)) (or in short (z(t),v(t)))
by

de

_ = U,

at (4.1.4)
i EN +c o x BY.

Therefore fY remains non-negative if fy is non-negative and that
sup{fN(t,z,v):x € R* v e R}t € [0,T%)} = || foll Lo (r3 xR3)-

We also define
po = sup{|z| : there existsv € R?such that fo(z,v) # 0}.

Hence fN(t,xz,v) =0, if |z| > po + tq(t).
Before we prove the Theorem, we write the second order form of Maxwell’s equation:

(@tEﬁ — AAEYN = N, XN 5, (VLN + 0,50,
OuBY — AABY = ox™ x, X\ %, V x jN,

B (0,) = XN 5, X" #, Eo,

By (0,2)) = x" #, X" #, By,

OEN(0,2) = ¢V x BR(0,2) — X #, XN %, jiy (0, 2),
k&ng,\f((),z) = —cV x EN(0,2).

(4.1.5)
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Proposition 4.1.1. Let Y(t,z) € D'(R x R3) satisfy

OnY — PAY = 0.~(0,0);

(4.1.6)
suppY C {(t,z) € Ry x R? || < ct},

1
then Y (t,z) = 47rtc>|i|5(|x| —ct).

The proof of this Proposition is standard. Y (¢, z) is called the fundamental solution of the wave

equation. Set YV =y %, ¥V %, Y, then the solutions of (4.1.5) are given in terms of

= atYN *z EO + YN *z (CV X BO - ijT\ZT(O’ )) - YN *tx (CQVPZ + atjqj—rvz)v

(4.1.7)
=0,Y N %, By — YN 5, Vx By + YN 5, V x .

Since it is not difficult to show that

/wx'm (ct =y —z|,y)d / /|w B (t — 7)%h(ct, x + c(t — T)w) dwd(cT),

we can also write the solutions of (4.1.5) in the form

EN:E . ddedyXN ) N(Z)(CQVypr]X_'_atj%)(t_c_wx_y|7y_p_z)
" * dne? |z — y| ’
Vy X jm(y—p—2t—ctz—y|) 418)
BY —Bo+—/// dpdady " ()Y ()~ ,
RO |z =yl
where
Ey = 8t/ —EN(O T+ ctw) dw + L OEN(0, z + ctw) dw,
jol=1 47 475 jl=1 (4.1.9)
By = 0, —BY(0, 2 + ctw) dv + — O, BY(0, x + ctw) dw.

jwj=1 47 wl=1
4.2 Combined Mean Field Limit and Non-relativistic Limit

4.2.1 Regularized Vlasov-Maxwell Particle System

The regularized Vlasov-Maxwell system is given by

OfN +0- Vo fN + (BN + o x BY) - v, fN =0,
OEYN =V x BY —xN s XV xo N, VEN = N Nk, ol (4.2.1)
OBY = —cV x EY, V-BY =0,
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where 0 =

\/ﬁ, ph(t,x) = . [t z,0) dv, G (L) = /R3 ofN(t,x,v)dv and the

frJr\Lf<va7U) = fo(x,v),
En]\ll(ov iIZ') = XN *z XN *z Eo(l'), (422)
B%(O,J}) = XN *z XN *z B()([L’),

initial data

satisfy the compatibility conditions V - Ey(z) = pX(0,2) = po(z), V- Bo(z) = 0.
We consider the corresponding interacting particle system with position x; € R? and velocity

v; ER3,i=1,...,N. The equations of the characteristics read

d ~ Vi
T = 0(V) = —F—,
dt ) V1t (4.2.3)

d
%Ui = En]\{(t, SL’@) + Cilf)(?)l) X Bﬁ(t,xl),

where

EN =0,YN 5, By + YN %, (¢V x By — 5¥(0,.)) = YV %, (VN + 9,57),

(4.2.4)
BY = 0,YN %, By — YN %, V x By + YN %,, V x jN.

In order to present the analytical results in Section 4.3 in a concise and clear manner, we restrict

to the following notations.

Definition 4.2.1. 1. For any 1 <14 < N (labeling the particle with position 5N € R3 and

velocity vi:N € R ) we denote the pair-interaction force by

N t
FnlqjN(t, :ran) = —— (@(U%;N(S))ﬁt + C2V1)YN(25 — s, xi;LN(t) — xinN(s)) ds,
J=Llj#i
1 X
ExN (2l ui) = —mj;ﬁ / Dk () x (903 (5)) %

and the mean-field force of the Vlasov system by

(e o) = Boxe 0Y ™ (tay) + (V% By — i (0,-)) 0 YV (8, 23,)
e o(vEN) x By . 0,Y N (8, 2N

—0(v=) x (V x Ep) %, YN (£, 25,

m
Here we point out that FLYN and FAN are indeed two interacting forces, which means they
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actually also depend on all the other particles.

2. Let (XN(t),VN(t)) be the trajectory on RSN which evolves according to the Newtonian

equation of motion for the reqularized Vlasov-Maxwell system, i.e.,

d N Y N

%Vﬁ(t) = U (8 X (1), Vi (8) + U0 (1 X (1), Vi (8)) + Do (8, X (1), Vi (1),
(4.2.5)

where WEN (8, XN (t), V(1)) and 2N (¢, XN(t), VNV (t)) denote the total interaction force
with

(\IJI’N(t,XN(t) VN(t)))i = FLN (¢, 2N

N t
1 , A .
- (093 N 2 Ny o, N LGN
i [ R 6+ T = ) — ) .
(RN, X (1), V' (1), = FaN (8 2 oY)
N t
1 . . . .
= 7 2. /Oﬁ(v;;N(t))x(ﬁ(vﬁ,;N(s))xvxyN(t—s,x%N(t)—xz;lN(s))) ds
Jj=1,j#i

while TN (¢, XN (t), VN(t)) stands for the self-driven force with

(TN (XN (0, VN (1),
— FEN( 2N )

= By e YN (t,a)) + (eV x By — g (0,-)) %, YV (8, 277)
+e oYY x BY #, 0,Y N (8, 25N) — 6 (05) x (V x EY) %, YN (£, 25,

m

3. Let (Yﬁ(t),VfZ(t)) be the trajectory on RSN which evolves according to the reqularized

Vlasov-Mazwell equation
OfN +0-VofN + (BN + "o x BY) -V, fN =0, (4.2.6)
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d —nN ~ =N
(4.2.7)
SV =T (0 0) + Y (1 00, V) + TN K (6), V1),
where

(T (X0 (), = Fo (T5N) = (VN + 9gl) %, YN(,TEY)  (4.2.8)

t
= — / / dsdydv
RS Jo

CQV + @(U)as)f’rjr\z[(sﬂf;;’b]v - Y, U)YN(t - S, y)7
—2N, =N, . =N N
(\Ijm (t,Xm(t),Vm(t)))i = Fm (t,l’m » U, )

¢
= —// / dsdydv
RS Jo

DTN x D(v) x Vo fN (s, 72N —y 0)YN(t — s5,)(4.2.9)
1), = F (7N )

= EY s, 0YN(t,7N) + (eV x BY — jN(0,-)) %, YV (¢, 75N
+c 7 0(TEN) x BY *, 0,YN (¢, 70N

7 m

—0(0EN) x (V x EY) %, YN (t,75Y),

m

N
m

(TN (X0 (1), V

represent the total interaction forces and the self-driven force, respectively.

(X (t),V(t)) and (X (t), V(t)) without superscript N denote the particle configurations driven by
the force without cut-off. (X, V) and (X,V), without the argument ¢, stand for the stochastic
initial data, which are independent and identically distributed. Note that we always consider
the same initial data for both systems, that means (X,V) = (X,V). The following lemma

gives us and estimates on the interaction forces, which will be used in the limiting procedure.

Lemma 4.2.1. Let F;N(t,x) and Fi’LN(t,x,v) be defined as in (4.2.8) and (4.2.9). Then there

exists a constant M such that

—1,N
||Fm (t I)HLOC(OT]XR3 + ||F (t A U)HL"O(OT]XRSXR?’) < CM
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Proof. By definition, we know that

HF "t )| oo fo,17xm9)
_ (Vph + Ougi) *1.0 YN (t, )| oo (0,77 xR

- H//RG/ (*Va + (0)05) fin (5,2 =y, )YV (£ =5, y)dsdyde , (4.2.10)

Lo ([0,T]xR3)

where for s <t

1
YNt —s, = / —— (2| — et — )N (y —p — )N (p) d=d
( 0 S e (Iz] = et = s))x" (y —p — 2)x" (p) dzdp

ts
_ / / / T §(r— eft — s (y — p — 7)™ (p) drddp
R?) |w| 1 0 47TC

and

M
YNt — o < Npydp = —.
H ( S,Q)HL ([0,T]xR3) = Trc RSX (p) p dne

So

(4.2.10)

H4 ///Rgdpdydv/ ds/M 1

(t = $)(Va + D)) £ (5,7 = )X (y = p = elt = )y ()

< CM( sup |‘8tf7]7¥(t>'a')|’L°°(R3><R3)+ Sup ”fognv(ta'7')HL°°(]R3><]R3)>-
0<t<T 0<t<T

L ([0,T]xR3)

And similarly we have

||F t T,V ||L°°(OT]><R3><R3)

_ |- oy YN — ddd”
H //Ra/ ) X 9(2) % Vafm (8,2 =y, )V Sy)syZLOO[OTXR3><R3)
cM( sup ||V fN(t ,-,-)||L00(R3X]R3)>.

0<t<T

IN
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4.2.2 Regularized Vlasov-Poisson Particle Model

In this section, we consider the Vlasov-Poisson particle model and deduce estimates of the

distance between the solutions of Vlasov-Maxwell and Vlasov-Poisson

The regularization of the Vlasov-Poisson System (VPN) with unknown (f)Y, E}) is given by

OfY +v- VfN+EN VfN—
EN(t,x) /// dydpdz ‘3X MY (2)py (ty —p = 2), (4.2.11)

(1) = / Yy

with the initial data fzfv (z,v,0) = fo(x,v). Thus the corresponding Vlasov-Poisson equations

of characteristics read

d v n

EIL‘P:UP’

AN BNz g0 To Y ¥ o () | (4.2.12)
0 = 5 ydpdzx— |3>< p)X" (2)p, L,y —p —2).

Now we can compare the Vlasov-Maxwell and Vlasov-Poisson equations (or in other words
solutions) with respect to their characteristic curves, which requires a more detailed estimates

on these two solutions, namely f~ and fzfv . Using the results in section 4.3, we know that

”En]\mf + C_lA X BN IJ)VHLOO(R3) S HEﬁ — EéVHLoo(RB) =+ HC_lﬁ X B%HLOO(RS)
< ¢ 'M. (4.2.13)

We will next compare the N-particle Vlasov-Maxwell equation with the Vlasov-Poisson equa-
tion. Since the N-body system is subject to a regularized force it is most natural to introduce
that regularization also for the Vlasov-Poisson system. The translation of the one-body Vlasov-
Poisson system to an N-body dynamics is straight forward: each particle moves with the same
flow given by the Vlasov-Poisson equation. This allows now comparison with the N-body

characteristics coming from the N-particle Vlasov-Maxwell equation.

Definition 4.2.2. Let (Yi,v(t),vg(t)) be the trajectory on RSN which evolves according to the

reqularized Vlasov-Poisson equation
OfY +v-Vaof N +EY -V, fY =0, (4.2.14)
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1.€.,
d—nN —N
%Xp (t) = Vp (t)a
(4.2.15)
d—N N
SV ) =) (%) (1)
where

(W, (£, X, (1), = F (t,z;N) = EY (t f“V)

-/ dydpdzlﬂN S O Ly —p =)

4.2.3 Estimates for the Mean Field Limit

In this section, we present our key results in full detail. To show the desired convergence, our
method can be summarized as follows. First, we start from the Newtonian system with carefully
chosen cut-off and meanwhile introduce an intermediate system which involves convolution-type
interaction with cut-off. Then, we show the convergence of the intermediate system to the final
mean field limit, where the law of large number comes into play. The crucial point of this
method is that we apply stochastic initial data or in other words we consider a stochastic
process. This enables us to use tools from probability theory, which helps to better understand
the mean field process.

The following assumptions are used throughout this section.
Assumption 4.2.1. We assume that

(a) Eo and By are all Lipschitz continuous functions.

(b)ae( )56( 14a) and@@(O,#).

Definition 4.2.3. Let S, : R x R — R be the stochastic process given by

Sy = min{l,N“ sup

0<s<t

(X2 () V() = (Kon(s), Vnls)| D

The set, where |Sy| = 1, is defined as N, i.e.,

N, m {(X, V) : sup

0<s<t

(X2 () V() = (X (), Vinls)| > N‘O‘} L (42.16)
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Here and in the following we use | - |o as the supremum norm on R®Y. Note that
Eo(Sivar — Si [ Na) <0,

since S; takes the value of one for (X,V) € N,.

Theorem 4.2.1. Let fN(t,x,v) be a solution of the reqularized Vlasov-Mazwell equation (4.2.6).
Suppose that Assumptions 4.2.1 are satisfied. Then there exists a constant M such that

Py < sup

0<s<t

(X (5), V' () = (YZ(S),VZX(S))‘OO > Na> < Mt AN~ (1-a—45-160)

The proof of the theorem will be presented later in this section.

Definition 4.2.4. The sets N and N, are characterized by

N o= { (X, Vi) [0 (K000, Vou(0) = 0,7 (X0, V)

m

> N—ﬁ}, (4.2.17)

o0

N —2N (=N, . —N

N, = {(Xm,vm): P2y (Yﬁ(ﬂ,vm(t)) T (Xm(t),Vm(t))

> N*’Y} . (4.2.18)

o0

Next, we will see that the probability of both sets Nz and A, can be arbitrarily small, i.e., the
probability of each set tends to 0 as N goes to infinity. We prove the following two lemmas:

Lemma 4.2.2. There exists a constant M < oo such that

PO(NB) S MC4 . N_(1_4B_169).

Proof. First, we let the set N evolve along the characteristics of the regularized Vlasov-Maxwell

equation

N o= { (Kn(0). V(1)) : ‘N’B\I/i;N (X0, V(1) = N (X0, V(1) Lo > 1}

and consider the following fact

N
N,B,t - @Nﬁi,ta

i=1
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where

@ N (N0 + AV)YN(t — s, 28N () — 22N (s)) ds

> 1}.

N -1
J=1j#i

_Nﬁ // / (CQV + ﬁ(v)@s)fnjg(&f%v -, 'U)YN({; — s, y) dsdydv
RS JO

We therefore get
N
Z NIP)t (Nﬁ t)
where in the last step we use symmetry in exchanging any two coordinates.

Using Markov inequality gives

P,(N3,) < E (

- (NNB )4 (

m

'MZ &MZ

_1 N —j,N) _ (N — 1)F (t b N))

Let h; := FN( TN 7Ny F (t,T-N). Then, each term in the expectation (4.2.19) takes the
form of H o Wlth Z = 4, and more importantly, the expectation assumes the value
of zero whenever there ex1sts a j such that k; = 1. This can be easily verified by integrating
over the j-th variable first or, in other words, by acknowledging the fact that Vj =2,... N
there holds

Y

E, [FN( FLN _giNy _F (t,zw)} ~0.

Then, we can simplify the estimate (4.2.19) to

NB 4 N N 4
o £ (Y]
=2

PV < (5
2<m<n

Since
IEmN| Lo o,myxrey < MENY,
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and

—I1,N
175" (1 @) e qoimyersy < eM( sup [IFN (-, llioeqes sy + D [ Vaf N (t e, ) roeqsces) )
0<t<T 0<t<T

we thus have for any fixed j

byl < |FN (Y — 3| + | Fy (1Y)

m

< M <N40 + sup || (t, -, )l moxrs) + sup [[Vafo (¢, ')HLM(RSxRB)) :
0<t<T 0<t<T
Therefore |h;| is bounded to any power and we obtian

E, [h2,h2] < Mc*'N' and B, [h}] < Mc'N'
and consequently

Py(N3,)

(NN—ﬂ 1)4' (Mc“ ¥ = 1)+ et DN 2>)

< MC4N169 . N7(274,37169).

By noticing the fact that

Py(N3) Py (Nge) < NP,(N3,)

< N- Mc4 i N7(274B7169) _ MC4 . ]\[7(17457169)7
we obtain the desired result. ]

In fact, this result holds for any (3 if we change accordingly the power in the proof to be another

even number (depending on () greater than four. So with similar estimates we get

Lemma 4.2.3. There exists a constant M < oo such that

PO(N')/> < MC4 . N—(1—4’y—160)'

Lemma 4.2.4. Let N, N3, N, be defined as in (4.2.16)-(4.2.18). Suppose that [ (t,x,v) is

a solution of the regqularized Vlasov-Mazwell equation and Assumption 4.2.1 is satisfied. Then
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there exists a constant M < oo such that

(VO 0, 0 (0 X (0, VN (1) + WY (1, X0 (1), Vi () + T (8 X2 (0, VY (1))

=~ (V7000 0 (1 K@), Vo) + W0 (1, K (1), Vo (1) + T K (0, Vo) )|
< MS{(X, V)N 4 N

for all initial data (X,V) € (No UNz UN,)“.

Proof. Applying triangle inequality gives

(VO @), N (1 XN (1), Vi () + WEN (1, X (), VN (1) + T X2 (1), Vi (1))

(V70 T (X0, Vo) + W0 (1, X (1), Vo (1) + T K (0, Vo) )|

m

IN

VVN@©) = V()] + [N X80,V (1) = 0, (1. X0 (0, V)|
[ U2 XN W), V(1) = T (4. K00, V1)

[P X, VY ) = T o), Vo)

(VN ®) = VT @)|_+ [0 (0 X0 0, VY (0) = 0 (1, X0 (0), V(1)
(1, X (), V(1))
(1 X (1), V(1))
U (1K (0, Vo (0) = 0, (1. X,(0), V(1)
)]

‘ [e.9]

IN

—N —1,N

o
+ WL, X, (), V() - T,
N
N

XN
WEN (8, XN (1), V(1)) — WEN (1, X,
M, XN ),
—N

+ TN XN (), V() — TN (X (1), V
= |L| + L] + [Is] 4 |La| + [15] + | L6]-

Next, we estimate term by term.

e Since (X,V) ¢ N,
L] = (VY (1) = V(V(1)| < MS,(X, V)N

e With the fact that FL" is Lipschitz continuous in z, we denote L as the global Lipschitz
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constant for all the Lipschitz continuous functions in this paper. Thus we obtain

_1ZF1N 7,N ZFth—zN

i#] Z#J
1 N _ —i,N
< mZL 2)athN — N (4.2.20)
i#£]
Since (X, V) ¢ N,, it follows in particular for any 1 < i < N that

Y — i < v

So together with (4.2.20), we have

WY (XN (), VY () = WV X (), Va(h)| < 20N,

and thus

L] = [WEN (8, X000, VY () = WY (K000, Vin(0) | < MSU(X, V)N,

Similarly

L] = [WEN (8, X000, VY () = W2 (K000, Vin(0) | < MSI(X, V)N,

‘ o

Since (X, V) ¢ N, it follows directly

Tl = [0 (4, 00 (1), Vo (1) = . (K00, V)| < 7.
Since (X, V) ¢ N,, it follows directly
5| = [ W2 (& X0, Vo) = T (4, K (0), V()| < N2

Since Ej and By under Assumption 4.1(a) are Lipschitz continuous, we have for each 1 <
N

i <N, (abNobNy = (XN@), V.Y @), @), ohY) = ((ym(t),VZ(t)))i and together

m’m m ) Tm

with the fact that (X, V') ¢ N,, there holds

1g| = ‘rNth( D,V — TN XN, V)| < Ls(x, v)N-e

‘ o0
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Combining all the six terms, we end up with

(VO 0, 0 (0 X (0, VN (1) + WY (1, X0 (1), Vi () + T (1 X2 (0, VY (1))
=~ (V700 0 (1 K@), Vo) + W0 (1, K1), Vo (1) + T K (0, Vi) )|
< MS{(X, V)N 4 N

for all (X,V) € (No UNzUN,)e. u

Using all the Lemmas above we can now prove Theorem 4.2.1:

Proof of Theorem 4.2.1

From the definition of the Newtonian flow (4.2.5) and the characteristics of the Vlasov equation
(4.2.7), we know that

+ (V(VN(t)), LN, XN (), VI (6) + V2N (e, X0 (1), Vi (8) + T, XN (1), v,jj(t)))dt +o(dt),

and

(VT (0, 0 (X () + T (1, X (1), Vo (1)) + T (8,0 (0), Vo (8) )t + o).

Thus

XN+ de), VN (t 4 dt)) = (Kt + ), V(e + )| < | (XN (0), Vi (1) = (K (0), Vo (1)

[ (VO @), 5 (0 X (0, VY 1) + Y 1, X (1), V) <>>+FN<t 0 010)

o0 (e 9]

— (V7). 03 (0. X0 (0) + 00 (1. X (1), Vo (0) + T X0, Vo) )|t + o(d
Strat — St
< \(V(VJY ), WEN (&, XN (), V@) + 2N (¢, XN (), VI (1) + TN (2, XN( ) (t)))
(V70 T (X @) + T (1 X (1), V(1)) + TN X (8, Vou(0) )|t + (),
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Taking the expectation over both sides yields

Eo [ Strar — St
= Ko [Serar — St [ Na] 4 Eo [ Spvar — St | Ny ]
Eo [

< Sevar — St | (N UN)D) AN NG T+ Eo [ Serar — Si | (Na UN5 UN,)°]

< E[)vagj 1) = V(70| ‘(NﬁuN)\N}Nadt
FEo [ U3 X0, VN 0) - T (6 X )] | WaUNG) \ L | Mo
+Eo | [W2Y (0 XN (0, VY (0) = T (6 X000, V)| | (Vs UA) \ NG | Ve
+Eo [ [P0 X2 (0, VY () = T Koul), V@) | (Wa UM\, | v

‘I‘]EO [St+dt - St | (Na UNB UNry)c] + O(dt)
= Ji+Jo+ J3+ Jy+ J5 + o(dt),

where in the second step we use Eo(S;re — S;|N,) < 0 and decompose the set N¢ into
(N3 UN,)\ N, and (M, UNzUN,)“.

Since (X, V) ¢ N,, it follows

Bo= B[ |[VOVN®) = VVnm)| | WeUN) AN, | vt
< L(Bo(Nj) + o)) dt.

Due to the definition of WLN, TV w2V T2V and IV, we obtain

Jo + J3+ Jy < M(Po(Ns) + Po(N,)) Ndt.

Thanks to Lemma 4.2.2 and Lemma 4.2.3, we get

St dot Js+di < M(Po(N) + Po(N,)) Nodt
< MC4 . N7(17467169)N04dt.

On the other hand, Lemma 4.2.4 states that

J5 - EO [St—i-dt - St ‘ (Na UNﬂ UNV)C]
< (M -Eo[S] N+ N7P). N4t + o(dt)
M - By [S;] dt + N“Pdt + o(dt).
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Therefore, we can determine the estimate

Eo [Stvat] — Eo[S] < Eg [Siar — 54
< M -Eo[S]dt+ M-t N~Uma=48-160) g 4 o(dt).

Equivalently, we have

d
EEO[St] <M -Eo[Sy] + M -c*- N (1-a—45-160)

Gronwall’s inequality yields
Eo [Sy] < eMt. ¢t N—(1mamd5-166)

The proof is completed by the following Markov inequality

N —N

(X9 Vo)) = CON), V)| > 3] = Fa(S = 1) < Buls).

Py ( sup

0<s<t

4.2.4 Estimates for the Non-relativistic Limit

Due to the key estimate (4.2.13), it is easy to repeat the whole procedure in the previous

subsection to obtian

Theorem 4.2.2. Let fN(t,x,v) and flﬁv(t,x,v) be the solutions to the reqularized Vlasov-
Mazwell equation (4.2.6) and (4.2.14) respectively with the same initial data fy. Suppose that
Assumptions 4.2.1 are satisfied. Then there holds

Py < sup

0<s<t

(Xn(s). V(o)) =~ (X (). T )] > N—a) <o

Remark 4.2.1. We point out that the proof is straightforward when we use the flows of (4.2.7)
and (4.2.15).

4.2.5 Combined Limit

Now with all the estimates we achieved above, we take c = N", n € (O, %5_169). Then

Theorem 4.2.3. Let f)(t,x,v) and fN(t,xz,v) be the solutions to the regularized Vlasov-
Mazwell equation (4.2.6) and (4.2.14) respectively with the same initial data fy. Suppose that
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Assumption 4.2.1 is satisfied. Then there holds

lim P, (Sup (XN (s5), VN(s)) — (ij(s),vjf(s))‘oo > N‘“) ~ 0.

N—00,c—00 0<s<t
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Chapter 5

Appendix

Proof. 1. Using the same method as Kurth, R. in [79], it is easy to prove that (VPN) has a

unique C'-solution (f, E]') on the time interval [0,7 > 0).

2. The proof of existence of solutions of (VMN) is similar to Glassey, R., Strauss, W [47],
while the proof of existence of functions ¢(¢) and F(t) with the respective properties
follows the ideas of Jack Schaeffer as given in [106]. Therefore we omit the proof in this

manuscript.

3. Next we begin to prove the third part of the theorem. Similar to (A13) and (A14) in the

ly — x|’

Appendix of [106], we use the convenient notation v = z,y € R®. Then we obtain

EN(t,x)
PN N
— dvdpd ds N O A el
Bo— ot [, ot [ aSn o Gty —p =0

——/// dvdpdz/ dy
™ RO lx—y|<ct

St —c oz —yly—p—20v) (1 - c?0f)(v+c'0)
|z — y|? (1+c10-v)?

Nt ey — oy
2/// dvdpdz/ dyx™ (p)xN (2) n(t—c ’:UA yl,y —p—z,v) :
47TC R9 lz—y|<ct |;p — y|(1 + C_IU . V)2(1 + C_2|U‘2)§

x[(1+c_ 0-V)(EYN + ¢ x BN+ (0 -vv — 0)0 - BY

XN ()™ (2)

(o (BN + o x Bﬁ)}

(t—c=z—yl,y—p—2)

= Ey—E; — Ey — Es,
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and
X ¢10)
0+47rct///Rg vdp Z/Ix Vi XY ()XY (2) foly —p z,v)<1+c_1®.y)
/// dvdpdz/ dy
47Tc R lz—y|<ct
(p)X ( )fN(t—c 1|x—y| y—p—Zz, U)(l 2|@|2)(V><f))
|z —y|? (14+c 1o v)?
N(p_ ol — e
2/// d'Udde/ dyX () N() m( c |.TA y|7y P Z,'U)l
47TC RY lz—y|<ct 2 —y|(14 10 v)2(1 + c2|v]?)?
x[(l—kc_ bV X (Eﬁ+c_1v><Bn]\{)
—c (v x0) (0 +cev) - (BN + 7o x Bﬁ)]
(t—cz—yl.y—p—2)
= BO_’_BI_’_BQ—’—B?”
where means EN (t—c o —y|,y—p—2) and BN (t—c Yz —y|,y—p—2).
(t—cHa—yly—p—2)

In order to prove Theorem 4.1.1, we note that the core of the proof consists in comparing
the integral representation of (E[, BY) given above with the one of E given in (VPN)

that is
1 T —y
= — dvdydpdzxy™ (PN () N (ty —p — 2)———.
7T////W vdydpdzx"™ (p)x" (2)f, (t,y —p Z)\x—yP

To obtain uniform convergence, we will thoroughly calculate EY and BY. First, we

consider EN.

Lemma 5.0.1. (/106], Lemma 1) Let g be a continuous function of compact support on
R3, then there exists a constant M > 0 such that

r / lg(z + rw)| dw < M.

jwi=1

for all r > 0.

Note that for |v| < ¢(t), with ¢(t) > 1,



Qitao Yin

and .
— <2e7%( A+ (1)) < 4¢3 (1).

From the proposition and the above two inequalities, we get Vo € R3, t € [0, T

1 ¢ 20 - vd
_— dvdnd ds vV N —p— - - 7
‘47TCt ///}Rg vap Z/x ylmct SyX (p)X (Z)fO(y p Z,U) (1 + 071@ . I/)

—tq /// dvdpdzx™ (p)x™ (2) / dwet fo(z —p — 2+ ctw, v)
R9 |w|=1

2

<
and
1 N N o c vy
(th ///RJ dvdpdz /x_y|:ct dSyx" (p)x" (2) foly — p 270)—(1+0_1@_V)
< %tqg(t) /// dvdpdsz(p)XN(z)/ dwct fo(z —p — 2+ ctw, v)
RO |w|=1
< M@t)e?=0(c)

Hence Vo € R3, ¢t € [0, 7]

~ Admet ///Rg d"’dpdz/lx e ctdSyX XN (2) foly —p— 2z, 0)v + O(c™).

’ /// dvdpdz/ dy
am RO |z—y|<ct

As

Yo (2 )fN( e —yly—p—=z0v) [0*(v+c'd)
|z — y]? (L4 c 10 v)3e?

s _ || foll Loo (3 xR

S / (4¢° (1) 2P (1) (1 + ¢ g (1) =P EED gy
T ) yl<Potta(t)) [ol<a(t) |z —yl

< SEO0OP0 [ sy
- lyl<Po+tq(t) [z — yl?

M
< —
— C2 9

where we have in the last step used the fact that

1
sup / Ly < MRy (1)), (5.0.1)
ly| < Po+tq( |z —y|

T
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In the same way, we obtain

1
‘—/// dvdpdz/ dy
am RY |lz—y|<ct

N -1 U
Ny Ny dm(E— e —yl,y —p—2,v) v M
< -
X" (P)x™ (2) |z — y[? (1+c 1o -v)2el = ¢’
so we have
EQ t ZL‘
= /// dvdpdz/ dy
RO lz—yl<ct
ot —c e —yl,y—p—2z0) v -1
O
(p)X ( ) ’x—yP (1—|—Cil’f)'l/)2+ (C )

= /// dvdpdz/ dy
RY lz—y|<ct

Syt —c e —yly—p—
[z — yl?

() 20, 4o,

where the following estimate has been used

1

12¢70 v+ 2 (0 - v)? < M ,
(1+c10-v)?

(1+c10-v)? c ¢

_1‘:

Recalling Theorem 4.1.1 and |0| < ¢, we get

1
|Es| < 5 /// dvdpdz/ dy
dme RO lx—y|<ct

(4% () XN (XN (2)6H (t — o y\)fN<t_ : 1|$|x__yg|y e

M 1 ur
: _2/ —dy/ | foll oo (3 xm3)y dv < —.
¢ i<rreta 12 =Yl Jwi<ate c

Lemma 5.0.2. (/106], Lemma 2) Let g € C*(R3). Assume that Ag has compact support
forec>0andt >0,

Oy (t/ g(z + ctw) dw> = —/ B9(y) d
|w|=1 |z—y|>ct |.T - y|
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Now using this lemma, we estimate ;. We know

Ey = 8t/ —EN(Ox—l—ctw dw+—// dpdz/
wj=1 47 RS lw|=1

)N (2) (CV X Bo(x —p — z + ctw) —/ Ufo(x —p— 2+ ctw,v) dv) .
RB

From Lemma 5.0.1, we get

4 //RG dpdz/lw:l dwx™ (p)x" (2)(cV x Bo(x —p = 2 + ctw)

M
< —
47 ~ c

and by Lemma 5.0.2, we obtain

— //}R6 al]odz/w1 dwx™ (p)xN (2) /]RB Ufo(x —p— 2+ ctw,v) dv

47

M
=— // dpdz/ dwa(p)XN(z)/ vctfolx —p — 2 + ctw, v)dv| < —
47TC R6 |UJ|:1 R3 C
thus
Eo :@/ —EN(O T+ ctw) dw 4+ O(c™h).
|w|=1 47

Now in order to further calculate Ey, we set

T 4r ////Rl2 dvdydpdz™ (p)y™ (= )fO(y|$]i;|Z v)'

Note that Vg(z) = —EY(0,7) and Ag(x /// dvdpdzx™ (p)x™ (2) fo(z — p — z,v).
RO
Using Lemma 5.0.2, we get

8t/ —EN(O x + ctw) dw
|

wl 147T

= —at/ —Vg(x + ctw) dw
|

OJ| 147T

e L
= ——V///R9 dvdpdz/x . dy™ (p)x N (2 )fo(y|xlj;|z )
= ///Rg dvdde/lx - dy® () ()22 fO(in —py|_ 250)
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Recall that fy has compact support, so by the divergence theorem, we have

_/ / /Rg dvdpd: /|a: i dS,x"™ (p)x™ (2) Joly @p_—yf,v)v
N ///RQ dudpdz Ayxt WYy (XN(p)XN(Z) fols |;Ii;|z’v>)
- / / /Rg dvdpd: /|x e g™ (o) (2) 2L O(T;__pyr 2, 0)

. N N fO(y_p_Zav)V
/ / /R dvdpdz /| RO ——

///Rg dvdpdz/m " dyx™ ()X (= )fO(y’a;]in v)v O,

Therefore

ENtx

— ///R9 dvdpdz/lw o dyx™ (p)x (Z)ffx(t—c_llxlx—_y’z;l?é—p—z,v)y
_///R dvdpdz/|x o dyx™ (p)x™ (Z)fo(y ’;zi;;,v)y Lo

= ——//// dvdpdzdy
R12

fN(max{0,t —c Yz —y|},y —p— z,v)v
[z —y[?

XN (p)x N (z)
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From the representation of E) (¢, x) from (VPN), we have

|EN(t,2) — E) (t,2)]

_ M////R dvdpdzdy (PN ()

X (¥ (max{0, = ¢ = ylhy —p — 2,0) = [ Ly —p— 50) [+ O

— —l— —//// dvdpdzdy
C R12

| = [ ](max{0,t — ¢tz —yl},y —p— 2,0)
p)x" (2)

[z —yl?
//// dvdpdzdy
R12

()\fN(maX{Ut—C Ne—ylhy—p—2z0v) = fN(t,y —p—20)
[z — yl? '

IN

Recall that (f, E)) is a C'-solution of (VPN). Now since E) is C' and f; has compact
support, it follows that

g =sup{|v| : Jz € R®, 7€ [0,8]s.t. f)V(r,2,v) # 0}
is finite on [0, 7. Also @, f," is bounded on [0,7] x R®. Let

Q :=max{q(T),q, (T}

and
G(t) == sup{|fN (T, z,v) = fN(r,2,v)| : 2 € R®,v € R*and T € [0,¢]} .
Then
B (t,x) — B (t, )]
o e
< / / G(max{0,t — ¢ 2 |z —y|}) dudy
[y|<Po+TQ J |v|<Q |z —yl
—l—//// dvdpdzdy
R12
1 /t M
N N N
X (p)x(z)—— of (r,y—p—z,v)|dr+—
( ) ( )lx_y|2 max{O,t—c*l\x—y|}| e ( )| c
1 g — M
< G(t)MQ3/ —Qdy+MQ3/ Lﬁ”dyﬁr =
ly|l<Po+TQ lz —yl ly|<Po+TQ |z —y| C
M

C
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where we have used (5.0.1). Now we begin to estimate BY. Using Lemma 5.0.2, we get
for the first term B,

/[4Jw@w4£zﬁdd&mN@anway—p—Zﬂ»gEE%%%5

gi /// dvdpdzx™ (p)x™ (2)4¢* (t)c q(t) /|w:1 ctfolr —p— 2 + ctw,v) dw

M
/ / z)dpdz =
R6 C

Secondly we look into Bs.

|By| = ‘/// dvdpdz/ dy
dme RO lx—y|<ct

B =——
| 1| d7ct

(=l iy —pm 2 ) (L) )
|z —yl? (1+ct0-v)?
[ foll oo (ms xms) (49%(1))*24(¢)
< dvdpdz/ dyx™
47rc ///Rg lo—y|<ct ( ) ( ) ]1‘ yP
ly|<Po+TQ J |v|<Q |z =y c

where (5.0.1) has been used again. The last term B; can be shown to be O(c™?) in the
same way as E3. Now what is left is By. It is easy to calculate that 9,8y = —cV x Ey = 0.
Using Lemma 5.0.2 and Theorem 4.1.1, we get

8t/ BN(O T + ctw) dw’
lw|=1 47

//]]{6 dpdz/w » d“’_X p)x™(2)Bo(z —p — 2 + ctw)
< // dpdz4ﬁcth(p)xN(z)/ ct|Bo(z — p — 2z + ctw)| dw

|w[=1

//RG dpdz— (X" (2 )/w ICt‘VBO(x_p_Z—FthHdw

1
o
//RG e dpdz+//]R6 dpdz/w 147r (z)ctc2 dw

IN

Hence
Bn]\i = Bo + Bl + IBQ + B3 - O(C_l). (502)
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Combing (5.0.2) and (5.0.2), we know that
N N _ -1 N M
B —E, —c 0x B, | <MG(t)+—, t<T, (5.0.3)
c

for 0] < c.
It remains to estimate f, — f,¥. For ease of notation, we define g = f — f¥. It is not
difficult to calculate that

09 + 0+ Vag + (Ep + ¢ x By) - Vg
=(w=10) Vof) + (BN —EY —c "o x BY) -V, fY

0

(5.0.4)

v
214+ /14 c2v]?)

Note that both [V, f)| and |V, f,’| are bounded on [0,T] x R® and V. f(t,z,v) = 0 if
[v] > ¢Y(t). Hence

Vol + (BN —EN —c'ox BY) -V, fY

0ig +0-Vug+ (BN + ¢ 0 x BY) - Vg
M 1
< MBS - E, —c o x By (5.0.5)
M
<= +MG({), 0<t<T.
c
For any x € R?, v € R3¢t € [0, T, we define (z(t),v(t)) as in (4.1.4) and calculate

d
‘Eg(t,x(t),v(t))' = |0g+0-Veg+ (EY + ¢ x BY) - Vg (5.0.6)
M
< -+ MGE), 0<t<T (5.0.7)

Note that g(t,z(t),v(t))|i=0 = 0, so Vx,v,t, let (2(0),v(0)) be the corresponding initial
data of (4.1.4). Then

6.2, 0 = lo(t,2(6),0(6)) — 9(0,2(0), o(0))
| frotsate)oo s

< /Ot <¥ + MG(s)) ds

<——|—/MG Yds, 0<t<T.
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By the definition of g and G(t), we get

M
c

¢
G(t) < +M/ G(s)ds, 0<t<T.
0

Using the Gronwall’s inequality, we get

Therefore

M

[FAE féVHLoo([o,T)xRi%xRif) + |EN — E;];VHLOO([O,T)XR3) + Han\{HLOO([O,T)XRii) < .

for all ¢ > 1. This completes the proof of Theorem.
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