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Thesis Summary

ON THE DERIVATION OF NON-LOCAL DIFFUSION EQUATIONS IN CONFINED SPACES

Nonlocal diffusion equations are partial differential equations that model the
fractional diffusion phenomena observed, for instance, in plasma physics, and have
received a lot of attention in recent years. They involve fractional integro-differential
operators, such as the fractional Laplacian. Unlike classical derivatives, these are
nonlocal in the sense that the fractional derivative of a function at a point z will be
influenced by the behaviour of the function in the whole domain, even far away from
x. The purpose of this thesis is to understand how these nonlocal diffusion operators
interact with an external electric field or with spatial boundaries. To that end, we will
adopt a kinetic point of view on the diffusion process in order to have a more detailed
understanding of the phenomenon, and derive from kinetic equations with geometric

constraints the confined nonlocal diffusion equations.

The fractional Vlasov-Fokker-Planck equations are particularly adapted to
this purpose. Indeed, they already feature a fractional Laplacian but it acts solely on
the velocity of particles so it does not interact directly, at the kinetic scale, with the
spatial confinements we introduce. We present in this thesis a method we developed
to investigate the anomalous diffusion limit of these equations in such a way that
we can track the interaction as it arises through this limit in order to construct natural
macroscopic operators that are both non-local and adapted to the confinements we

consider.

We will first study the fractional Vlasov-Fokker-Planck equation set on the whole
space with an external electric field and show that its anomalous diffusion limit is

an advection-fractional diffusion equation if the field satisfies a precise scaling

property.

Then, we will set the kinetic equation in a bounded spatial domain and con-
sider, on the boundary of that domain, either absorption, specular reflection or
diffusive boundary conditions. We will investigate how each of these boundary con-
ditions affects the diffusion inside the domain in order to construct a new non-local
diffusion operator adapted to the boundary condition. Finally, we will estab-
lished fundamental properties of these new operators and prove the well-posedness of
the associated nonlocal diffusion equations.
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"La chaleur pénetre, comme la gravité, toutes les substances de
l'univers, ses rayons occupent toutes les parties de l’espace. Le but
de notre ouvrage est d’exposer les lois mathématiques que suit cet
élément. Cette théorie formera désormais une des branches les plus
importantes de la physique générale.”

— Joseph Fourier, 1822, Théorie Analytique de la Chaleur

The term diffusion means "to spread out", it is the movement of a quantity (mass,
heat, energy...) from a region of high concentration to regions of lower concentra-
tion. Diffusion phenomena are omnipresent in our everyday life and illustrate, in a
rather explicit manner, the tendency of any natural system to evolve toward a state
of equilibrium as expressed by the second law of thermodynamics which identifies this
equilibrium as the state of maximum entropy. It is therefore not surprising that un-
derstanding the mathematical laws underlying diffusion phenomena has been one of
the most fundamental and influential problems in the history of science as predicted

by Fourier in 1822 in the quote above translated here:

Heat, like gravity, penetrates every substance of the universe, its rays
occupy all parts of space. The object of our work is to set forth the math-
ematical laws which this element obeys. The theory of heat will hereafter

form one of the most important branches of general physics.

(translation by Alexander Freeman, 1878)



The purpose of this introduction is to present the crucial concepts and tools that
were developed throughout history to understand and model diffusion phenomena, and
the challenges we face today to model the peculiar diffusion processes observed in plas-
mas and turbulent fluids, especially when they are confined by an external force or in
a bounded domain. The governing principle which motivates our entire presentation
is the derivation of diffusion equations from "simple" mechanisms, and especially from

models of motion for microscopic particles.

The first part of our introduction is devoted to classical diffusion equations which
model for instance the diffusion of heat through a medium or the collective motion of
particles in a rarefied gas or a fluid, near equilibrium. This is the context in which most
of the key concepts in our understanding of diffusion phenomena were introduced. We
first present Fourier’s original derivation of the heat equation via the characterisation
of the heat flux through a surface with the celebrated Fourier law. We then adopt
a microscopic point of view and introduce the Brownian motion and the Langevin
equation to model the motion of particles in a fluid and show how to recover the heat
equation from these microscopic models. This leads us naturally to the kinetic theory
of gases and the mesoscopic description of a cloud of particles. We conclude with the
diffusion limit of those kinetic equations through which we recover both the Fourier
law and the heat equation.

In the second part of this introduction we discuss the non-local nature of the trans-
port and diffusion processes observed in plasmas and turbulent fluids, and the resulting
generalisation of the concepts introduced in the classical setting. In order to derive
the kinetic and macroscopic equations that model such phenomena, we start with a
microscopic point a view and see how we can generalise the Brownian motion into
Lévy flights that fit the anomalous behaviour of particles in turbulent fluids. We then
introduce the fractional heat equation as well as fractional kinetic models, in partic-
ular the fractional Vlasov-Fokker-Planck equation, and conclude with the anomalous
diffusion limit of the kinetic equations through which we can recover non-local diffu-

sion equations, highlighting the compatibility of these descriptions.

Finally, in the third part, we confine the diffusion processes, either with a "soft"
confinement via an external electric field, or with a "hard" confinement, restricting the
process to a bounded domain. After a brief overview of the confinement of classical

diffusion models we introduce the challenges that arise when we try to confine a non-
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local phenomena to a bounded domain, both from a microscopic and a macroscopic

point of view, and present some of the most recent results on the subject.

The object of Chapter II, Chapter III and Chapter V of this thesis is the derivation
of non-local diffusion equations in confined spaces from kinetic equations with a strong
non-local feature. More precisely, we will mainly focus on the fractional Vlasov-Fokker-
Planck equation because it has an explicit non-local operator which acts solely on the
velocities of particles, hence it does not conflict with the spatial confinement that
we introduce. We conclude this introduction with a statement of the results we will

present in the following chapters of this thesis and the resulting perspectives.
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I.1 Classical diffusion equations

We start this introduction with a rather historical — if not always chronological — pre-
sentation of how our understanding of classical diffusion evolved throughout history.
We begin with Fourier’s derivation of the heat equation via the characterisation of the
current density. Then, we explain how Brown’s observation of pollen grains suspended
in a fluid eventually led Einstein and Langevin (among others) to the mechanical ex-
planation of the diffusion process through molecular motions at the microscopic level.
This leads us to the introduction of the kinetic theory of gases and the mesoscopic
description of a cloud of particles. In particular, we show how Langevin’s approach
gives rise to the Fokker-Planck equation and we conclude this first part of the intro-
duction with the derivation of Fourier’s law and the heat equation as a limit of kinetic

equations.

I.1.1 The heat equation
I1.1.1.1 Fourier’s law and derivation of the heat equation

The oldest and most fundamental diffusion equation is the heat equation which de-
scribes the diffusion of heat through a medium. It was first derived by Fourier in 1822
in his seminal work "Théorie analytique de la chaleur” [Fou22|. In the first part of

this book, he explains, based on several elaborate experiments, that:

"Pour connaitre le flur actuel de la chaleur en un point p d’une droite tracée
dans un solide, dont les températures varient par l’action des molécules, 1l
faut diviser la différence des températures de deux points infiniment voisins
du point p par la distance de ces points. Le flux est proportionnel au quo-
tient. "

In order to know the actual flux of heat at a point p on a line drawn through
a solid, whose temperatures vary under the action of molecules, one must
divide the difference in temperature of two infinitely close neighbours of
the point p by the distance between those points. The flux is proportional
to the quotient.

This law, referred to as Fourier’s law, is the first step towards the derivation of the
heat equation. This relation has been derived in several other fields of physics where

diffusion phenomena may be observed, highlighting the ubiquity of Fourier’s approach.
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For instance, in 1827, Ohm established in his pioneer work [Ohm27| on electrodynam-
ics a similar relation, called Ohm’s law, which reads: the current through a conductor
between two points is directly proportional to the voltage across those two points. Fur-
thermore, another remarkable analogous relation — which will be particularly relevant
in the context of this thesis — is Fick’s law, derived by Fick in 1855 in the context of
fluid dynamics in his work "On liquid diffusion" [Fic55|, which states that:

"the transfer of salt and water occurring in a unit of time, between two
elements of space filled with differently concentrated solutions of the same
salt, must be, coeteris paribus, directly proportional to the difference of
concentration, and inversely proportional to the distance of the elements

from one another.”

To see how we can derive the heat equation from these laws, let us consider the context
of fluid mechanics. We introduce a function p(¢,z), called the particle density,
which describes the distribution of particles in a fluid in R? in the sense that in an
infinitesimal volume dz centred at x, there are p(t, z) dz particles at time ¢. Then, for

any times ¢; < t, and any ball B in R? the quantity:

/,O(tg,x) da — /,o(tl,x) da

B B

is equal to the amount of particles that entered the ball B between times t; and ¢,
minus the amount of particles that exited the ball during that same interval of time.
Fourier’s approach consists in equating this quantity with the number of particles that
went through the surface 0B of the ball between ¢; and t;. This leads naturally to
the notion of current density vector which represents the flux of particles through
a surface, similarly to the heat flux of Fourier. We define the current density J =
J(t, ) € RY by the following implicit relation: for any element of surface dS(z) centred

at x € OB and oriented by the unit normal vector n(z):
Ny —N_=J(t,x) -n(x)dS(z)dt

where N, is the number of particles that crossed the element of surface dS(x) in the

direction 4+n(x), between the time interval [¢,¢ + dt¢]. Thus, we have

/(p(tl,:c) — plta,x)) do = — /t 2 /J(t,x) -n(x)dS(z)dt. (L.1)

B
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Writing

to
pltrsa) = pltaa) = [ duplt,a) e
t

1

/:/J(tafc) -n(x)dS(x)dt = /: /Vm - J(t,x) da dt

0B B

and

we see that

/j /(&fﬂ(t,x) + V.- J(t,z))dedt = 0.

Since this is true for all sets of the form [t;, 5] x B where B is a ball in R?, this yields

the continuity equation
Op(t,z) +V, - J(t,z) = 0. (1.2)

This fundamental equation expresses the local conservation of mass, a basic property
that is naturally required for a diffusion model. However, this equation is not closed
since J is also unknown, and this is where Fourier’s law — or rather Fick’s law in this
context — comes into play. Indeed, as explained above, this law states that for any

time ¢ and position z in the fluid, there exists D > 0 such that
J(t,x) = =DV, p(t, x). (L.3)

Putting together (I1.2) and (I1.3) we get the diffusion equation
dp(t,x) =V, - (DVp(t,z)) = 0. (L4)

In the context of heat diffusion, D represents the thermal conductivity of the mate-
rial and it is therefore natural, if the material is homogeneous, to assume that D is

independent of x in which case we obtain the heat equation

Op(t,z) — DALp(t,x) = 0. (L.5)
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I.1.1.2 Analysis of the heat equation in R?

Fourier constructed solutions of the heat equation in [Fou22| through a method of
separation of variables and the development of Fourier series which allowed him to
generate solutions in terms of infinite trigonometric series. He also constructed solu-
tions in the form of integrals, developing the celebrated Fourier transform. Although
these methods are "perhaps the most powerful and most daunting aspects of Fourier’s
work" according to Narasimhan in his excellent review of the tremendous influence of
Fourier’s work [Nar99|, we give here some elements of a more modern analysis of the

heat equation set on the whole space R? which reads

{ Op — DAp =0 (t,z) €[0,7) x R* (1.6)

p(0,2) = pin() reR

for some initial condition py,.

[.1.1.2.1 Scaling invariance and fundamental solution

One of the most crucial characteristics of the heat equation, and the diffusion process
it models, is a particular scaling invariance which will be of importance throughout
the rest of this chapter. Consider a solution p of the heat equation and define, for any

a € R, the rescaled function p,:
pa(t,x) = a®p(a’t, ax). (L.7)
Then p, also satisfies (1.5), indeed :
Opa — DAp, = a’(a*9yp(a’t, ax) — Da*Ap(a’t, ax)) = 0.

Moreover, p, has the same mass as p. Indeed we mentioned before that the continuity
equation, and henceforth the heat equation, expresses the conservation of mass for the
particle density and this constant mass is the same for p, and p as can be seen easily
by an integration of the equation and simple change of variable.

The scaling invariance motivates the following construction of solutions to the heat

equation. In the one-dimensional case, if we choose a = 1/v/ Dt and defined a function
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pa like we did in (I.7) then we see that we can define G : R — R such that

plte) = Z=p( 5 o=) = 7=G(S=) = =G)

where we introduced the similarity variable

T UDt
The heat equation on p, then reduces to a second degree ODE on G:
2G" +yG' + G = (2G' +yG) = 0.

As a consequence, 2G’ + yG must constant and we will assume that this constant is 0

in order to find explicitly
Gly) =Ce /!

for some constant C' that we determine through the conservation of mass. Assuming

p 0 :

We have constructed the following normalised fundamental solution of the heat equa-

tion

O(t,x) = e Dt

and extending this construction to higher dimension leads to an important object in

the analysis of the heat equation:

Definition 1.1.1. The fundamental solution of the heat equation (also called heat
kernel) ® is defined on (0, +00) x R? as

1 ok
. (L8)

ol o) = (4w Dt)
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It is a Gaussian distribution centred around 0 with standard deviation +/ Dt and

it is a solution of

0@ — DA® =0 (t,r) € [0,T) x R?
O(0,x) = dp—o r € R?

where 0 is the Dirac delta function. It allows us to construct explicit solutions to the

global Cauchy problem for the heat equation as follows:

Theorem 1.1.1. If we consider p;, € S'(RY) then the associated heat equation (1.6)
has a unique solution p € C*°([0, +00); S'(R?)) given by the convolution of the initial
datum p;, and the heat kernel ®:

pltsa) = pon 8(t.2) = [ pinly)Blt, = 1) dy (19)

R4

We refer to [Tay11] for more details and the complete proof of this theorem. Note
however that the uniqueness is only asserted within the class C*([0, +00); S'(R?))
which entails bounds on the solution near infinity. If we look, instead, for solutions
in C1([0, +00); C*°(R?)) without any bounds on the growth at infinity, then we loose
the uniqueness as was thoroughly investigated in 1-dimension by Tychonoff [Tyc35|.
However, we can recover uniqueness of solution with an explicit extra constraint. For
instance, Tychonoff showed that there is a unique solution p in C1([0, +00); C*(R?))

whose derivatives at all orders are bounded by some M > 0:

d"p

< M.
ox™

Moreover, there is another extra condition, extremely relevant from a physical point
of view, that has received the attention P.Rosenbloom and D.Widder in [Wid44| and
[RW59| which is the non-negativity:

u(t,z) > 0. (I.10)

They were able to show in 1-dimension that this condition ensures uniqueness in
CL([0, +00); C3(RY)), and more precisely that the unique solution of the heat equation
(I.6) that is always non-negative is precisely the one given by the convolution with the
fundamental solution (1.9). This result was generalised by D.Aronson [Aro68| [Aro71]
to higher dimensions and for a large class of parabolic PDEs.

The literature on the heat equation is quite extensive and there are many more inter-
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esting results on the subject, we refer e.g. to [EvalO| or [Tayll| and references within

for more information.

I.1.2 Microscopic description of diffusion
I.1.2.1 The Brownian motion

A few years after Fourier’s derivation of the heat equation, while Ohm was applying
his approach to electrodynamics, another significant discovery was made by Scottish
botanist R. Brown [Bro28| when observing the behaviour of pollen grains suspended
in a liquid. He noticed that the grains were in a continuous motion that could not be
accounted for by currents in the fluid, which led to the first description of what is now
called the Brownian motion, illustrated in Figure I.1. Although the scientific com-
munity, at first, favoured the possibility that this motion was an evidence of life itself,
Brown went on to observe a similar behaviour in inorganic, hence non-living, particles
such as sand in a fluid, invalidating this possibility. The explanation for this behaviour
came with the development of Kinetic theory in the second half of the XIX* century,
which we will present in more detail in Section I.1.3. It describes the Brownian motion
as the result of an enormous amount of microscopic particles that constitute the fluid
colliding with the pollen grains which, although much bigger than the fluid particles,
are still small enough for their motion to be affected by these collisions.

When this explanation was put forward, it was far from being unequivocally accepted
by the whole scientific community, not only because the atomic theory — according to
which matter, for instance fluid, is made of a plethora of extremely small atoms and
molecules — was still the subject of controversy in the community but also because
the mathematical framework required to rigorously describe the motion observed by
Brown — for instance the notions of random walks and Markov processes — had not
yet been articulated. Indeed, those notions will only be properly defined in the early
XX century, in particular by Pearson, Lord Rayleigh and Markov as well as Weiner
and Lévy who defined in the 1920s the Wiener processes and the Lévy processes of
which the Brownian motion is an example.

It is precisely at the beginning of the XX century, while the formalisation of random
walks was in its beginning, that A. Einstein studied the Brownian motion from a phys-
ical point of view and was able, in 1905 [Ein05], to establish a link between Brownian
motion and diffusion processes. More precisely, he exhibited a relation between the
mean-square-displacement of Brownian particles and the diffusion coefficient of the

heat equation that governs the particle density function p(t, x).
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(a) (b)

Fig. 1.1 Illustration of Brownian motion with 1000 steps (a) and 10000 steps (b)

1.1.2.1.1 Diffusion approximation for Brownian motion

We consider p(t, z) the particle density defined in the previous section, in the one-
dimensional case: = € R, and introduce the probability density function A\(Az) for a
jump of length |Az| with Az € R (which of course had a rather imprecise definition
in Einstein’s paper since the notion of probability density was not yet invented). The
idea is to compute the particle density at time ¢ + At for some small At > 0 using
that fact that a particle can be at position x at time t + At only if it was at position
x — Ax at time t and made a jump of length Az. Einstein formulate this idea through

the following integral equation:

p(t+At,x) = /p(t, r — Az)A\(Az) dAz. (L.11)

R

If At is small enough then, in first approximation, we have
p(t+ At,x) = p(t, z) + Atop(t, x) + o(At)

and furthermore, if we assume that A\ "differs from zero for very small values of Ax

only" [Ein05| then it makes sense to write an expansion in orders of Az:

A 2
p(t,x + Ax) = p(t, ) + Az, p(t, x) + Txﬁimp(t, 7) + o(Az?).

Since only small values of Az contribute to the integral above, we can perform this

expansion under the integral in (I.11). Moreover, since we assumed that A only depends
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on the length |Az| we have

(Az) = /Aa:)\(A:c) dAz =0

R

since the integrand is an odd function. Hence, if we only consider the highest order
term, (I.11) yields

AtOp(t, x) + o(At) = /(%ﬁﬁgxp(t, x) + O(A$2)) AMAz) dAz

R

so we recover in first approximation the heat equation

where

1

__< 1
- 2At

Az?) = — [ Ax®\(Az) dAx.
x°) QAt/:c)\( x)dAzx
R

D

Earlier in the same article [Ein05|, Einstein computed this diffusion coefficient D by
studying the particle density p when the system reaches thermodynamic equilibrium.
He wrote explicitly the conditions p must satisfy in order for the diffusion force and
the friction force in the fluid to perfectly balance each other (dynamic equilibrium)
and, furthermore, for the energy to be constant throughout the system (thermal equi-
librium). Introducing the temperature 7', the pressure P, the ideal gas constant R,
the number of particles N, the radius of the spherical particles considered r and the

viscosity of the fluid pu, he proved that the diffusion constant must be

pFT_L
N 6mrp

Together, the two formulae yield the following relation between the mean-square-

displacement (Az?) and the time step At:

RT 1
Az?)y = —
(A7) N 3mru

(1.12)

This formula was of particular interest to the scientific community because there was

good hope to be able to measure this mean-square-displacement and so from this
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relation it becomes possible to estimate not only the true size of atoms but also the
Avogadro number, i.e. the number of atoms in a mole. This was indeed eventually
obtained experimentally by Perrin in 1910 which allowed him to compute the Avogadro

number and thus consolidate the atomic theory.

Remark 1.1.2. Notice how (1.12) illustrates the scaling property of the heat equation

that we presented in (1.7). If one rescales the space and time steps by some a > 0 as
Az — alAz  and At — a®At

then the relation remains unchanged.

1.1.2.1.2 The Wiener process
The formal definition of a Wiener process, the stochastic description of the Brownian

motion, reads as follows

Definition 1.1.2. A Wiener process Wy is a stochastic process characterised by the

following conditions
i) Wo =0 almost surely
it) Wy has continuous paths, i.e. it is almost surely continuous with respect to t

iii) Wy has independent increments: for all 0 < s; < t; < sy < ty, the random
variables Wy, — Wy, and Wy, — W, are independent.

iv) Wy has stationary Gaussian increments: for allt,s > 0, Wy, s — Wy is normally

distributed with mean 0 and variance s
Wips = Wy ~ N<07 s)

where N (i1, 0%) denotes the normal distribution with expected value p and vari-

ance 0'2.

The first incomplete definition of such processes was given in 1900 by Bachelier
[Bac00|, a student of H. Poincaré, in the field of stock market speculations, without
any explicit mention of the Brownian motion. The rigorous proof of existence of such
processes as a limit of discrete random walks was established through several different
methods, first by Wiener in 1923 [Wie23| by introducing the Wiener measure on the

space of continuous functions on [0, 1], then by Wiener again [Wie24| using Fourier
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series, then in 1931 by Kolmogoroff [Kol93] who gave a rigorous version of Bachelier’s
argument based on Gaussian martingales, and also by Lévy in 1940 |Lév80] by an
interpolation argument. The proof of Lévy is very common in modern literature on
the subject, the idea is to build a process which satisfies i), #77) and v) on the set D,
of dyadic numbers in [0, 1]:

Dn:{zfn:ogkgz"}

then take the limit as n goes to infinity to get a continuous process on [0, 1], extend
it to [0, +00) and, finally, check that this extended limit, which is time-continuous by

construction, still satisfies ), 4ii) and iv).

1.1.2.2 The Langevin equation

The linear characterisation of the mean-square-displacement (1.12) was also derived,
three years after Einstein, by Langevin with a demonstration that was "infinitely more
simple by means of a method that is entirely different" [Lan08| to quote his own words.
Indeed, Langevin’s method differs drastically from Einstein’s because it is purely mi-
croscopic. Instead of using the Brownian motion to describe the evolution of the
particle density p, he uses it to describe the average motion of a particle (polen grain)
in a fluid as a result of external forces, building on the work of Smoluchowski [Smo16].
The starting point is Newton’s second law of motion applied to the position x(t) of a
particle in the fluid. Using Stokes’ formula according to which the viscosity force on

the particle is —67Tm“%, this yields

2
m% = —67m7“% +X (I.13)
where p is the viscosity of the fluid, r is the radius of the spherical particle and X is a
"complementary force that is indifferently positive and negative and its magnitude is
such that it maintains the agitation of the particle, which the viscous resistance would
stop without it".
Equation (I.13) is the first example of a wide class of stochastic differential equations
called the Langevin equation, although it is usually written for the velocity variable
v(t) = da/dt. In his paper, Langevin did not need to identify the process X precisely,
he only cared that its expected value E(X), or as he calls it "the average value of

the term Xz(t)", be zero which he justifies by the "irregularity of the complementary
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forces X" and is indeed satisfied for a Wiener process, c.f. i) in Definition 1.1.2.
Langevin multiplies the equation by z(t) to get

2

2
) = —37mrdd—xt + Xz (I.14)

m d?z? ( dx
_ J— m —_
2 dt? dt
and looks at what this equation entails when averaged over the vast number of particles
in the fluid. If the average motion Z satisfies (I.14) then Langevin recognizes the
kinetic energy in the second term on the left-hand-side which is given by the thermal
equilibrium relation as:
( dx) 2 RT
m(— | = —
dt 2N
where NV is the number of particles, R is the ideal gas constant and 7" is the temperature.
Introducing the mean-square-displacement z(t) = dz?/dt, he obtains:
m dz RT

5 + 3mprz(t) = N~

He then solves this ODE for z(¢) which reads, for some constant C, as

) RT 1
2(t) = —
N 3mur

_ 6mrur

+Ce m t

and he recovers Einstein’s formula (I1.12) in the "long-time" asymptotic. Note that the
coefficient in the exponential is of order 107® so the "long-time" is actually ¢ greater
than 10~% seconds.

Langevin’s work had tremendous influence over the subsequent development of kinetic
theory and stochastic calculus. Indeed, he makes the first step towards the notion of
Gaussian white noise with his force X, which he presents as a stochastic pertur-
bation of Newton’s second law of motion, hence introducing the stochastic equivalent
of Newton’s second law: the Langevin equation, making him the founder of the field
of Stochastic Differential Equations. The Langevin equation, and stochastic PDEs
in general, are now widely used to model non-deterministic phenomena, we refer to

[CKW96| for more information on the implications of Langevin’s work.
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I.1.3 Kinetic equations
1.1.3.1 Introduction to kinetic theory

Kinetic theory was first developed in the second half of the XIX** century. Although
the pioneer works of Bernouilli, Clausius, Kronig and several others had a strong im-
pact on its original development, the invention of kinetic theory is accredited to L.
Boltzmann and J.C. Maxwell

Kinetic theory embodies a link between the microscopic description of a fluid (gas,
plasma, or any large cloud of particles) where we describe the movement of a single
particle using Newton’s laws of motion — or, as we have seen above, the Brownian
motion or Langevin equations — and the macroscopic description of a fluid with mod-
els such as the heat equation, the Euler equation or the Navier-Stokes equation for
example. Indeed, as we have seen in the previous sections, when we derive the heat
equation from the Brownian motion, we used a Taylor expansion and only kept the
highest order terms, loosing all the information hidden in the lower order ones. One
of the purpose of kinetic equations is then to provide us with a scale of observation
which retains all the information of the microscopic description and, at the same time,
allows us to investigate macroscopic characteristics of the fluid. The first, and most

fundamental, illustration of this idea is the Maxwell-Boltzmann distribution:

3
M(v) = (2£T>§e%’; (1.15)
where m is a particle’s mass, 7" is the thermodynamic temperature and k is Boltz-
mann’s constant. It describes the distribution of the speeds of particles in idealised
gases at equilibrium and it connects the microscopic and macroscopic scales since its
variable v is inherently microscopic and it expresses how the velocities are distributed
in the whole macroscopic gas. It was heuristically derived by Maxwell in 1867 [Max67|
and Boltzmann proved in 1872 [Bol95] through his celebrated H-theorem that gases
should over time tend toward this distribution of velocities.

The key concept that led Maxwell and Boltzmann to the elaboration of kinetic theory
is the idea that all measurable quantities, i.e. all observable macroscopic characteris-
tics of a fluid, can be expressed in terms of microscopic averages. To illustrate this
idea, let us introduce the unknown of the kinetic equations we will consider: the prob-
ability density function f(¢,z,v). It depends on time t € [0,T") or [0, +00), position
x € Q C R? and velocity v € R%. For any fixed time ¢, the quantity f(¢,z,v)dzdv

represents the density of particles in an infinitesimal volume dz dv of the phase-space
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or, in other words, the density of particles in a volume dx centred at = € € and a
velocity v" in the neighbourhood dv of v. By the averaging of the distribution func-
tion f, we can recover macroscopic quantities such as the particle density p(t, z), the

macroscopic velocity u(t, z) or the local temperature T'(¢, z) as follows:

p(t,z) = /f(t,:p,v) dv, p(t,z)u(t,z) = /vf(t,x,v) dv,

R (1.16)
p(t, 2)|u(t,)|* + dp(t,z)T(t, x) = /|v\2f(t, z,v)dv.

R4

The evolution of the distribution function f is deduced from the microscopic descrip-

tion of the motion of particles as we will present now.

[.1.3.1.1 Collisionless setting

Let us start with the simplest situation, which is the collisionless setting. We look
at a cloud of particles where the particles do not interact with each other. In first
approximation, let us assume that there is no friction, or viscosity, phenomenon. In
this setting, a particle will move in a straight line with constant velocity. The position

and velocity of a particle (z(t), v(t)) will then satisfy 4% = v, 9 = 0. If we differentiate

the distribution f along those characteristic lines we have

d
= (t,z(t),v(t)) =0

which yields the free transport equation, also called Vlasov equation:
Ohf+v-V,.f=0. (L.17)
Given an initial condition
f(0,z,v) = fin(z,0) (I.18)
an explicit solution is
f(t,z,v) = fin(x — tv,v).

If there is a macroscopic force E acting on the particles then their trajectories will not

be straight lines anymore. Newton’s second law of motion states that m% = F which
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yields the kinetic equation (rename E := E/m):
Of+v-Vof +E-V,f=0.

In particular, F could be an external electric field: E = FE(t,x) independent of f, or
E could model the self-consistent electric field generated by the particles in which case

we get the celebrated Vlasov-Poisson equation

atf +U- va:f + E(t,l‘) : vvf =0,
E(t,z) = V.o(t, ), Ao = p(t,x).

These are just two examples of macroscopic forces, one can also consider a more com-
plex self-consistent electro-magnetic field given by a coupling with Maxwell’s equations
of electromagnetic. This model is particularly relevant, for instance, when considering
quasineutral plasmas and laser-plasma interactions. It has received a lot of attention,
we refer e.g. to [GS86], [BMPO3|, [BGP03| or [CLO6| for more information.

1.1.3.1.2 Collisional setting, the Boltzmann operator

Now, let us assume again that there are no macroscopic forces but let us consider
the collisional setting. In order to derive the kinetic equation that governs the evolu-
tion of f we need to model the collisions between particles. There are several ways
to model these collisions, we present here one of the most celebrated models: the
Boltzmann operator, and we devote Section 1.1.3.2 to another remarkable model: the
Fokker-Planck operator.
The Boltzmann collision operator was first derived heuristically by Maxwell in [Max67|
and then formalised by Boltzmann in 1872 [Bol95| using the following structural as-

sumptions:

1. Binary collisions: this comes down to assuming that the gas is dilute enough to
assume that the occurrence of a collision of 3 or more particles simultaneously

is rare enough to be neglected.

2. Localised collisions: we assume collision are brief events, localised both in time
and space, meaning that the duration of collision is assumed to be very small

with respect to the time scale that we consider.

3. Elastic collisions: momentum and kinetic energy are preserved in the collision

process. This assumption yields the following relations for the collision of two
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particles of velocity v" and v/ which acquire the velocities v and v, respectively
after collision:
{ v+l = v+,

[0 + L = ol + o

4. Microreversible collisions: we assume the microscopic dynamics are time-reversible
which means that the probability of a pair of velocity (v/,v]) to become (v, v,)

after collision is the same as the probability of (v, v,) to become (v, v.).

5. Boltzmann’s chaos assumption: we assume that the velocities of two particles
before collision are uncorrelated. This assumption is of great importance in the
field of kinetic theory and is the subject of many works, it implies an asymmetry
between past and future which plays a crucial role in one of the most fundamental
questions of kinetic theory: the loss of reversibility when we consider a large

number of reversible dynamics.

These assumptions were stated by Boltzmann in 1872 [Bol95] and allowed him to
formally derive the Boltzmann operator to model the collisions of particles at a kinetic
scale. Note that the rigorous derivation of the Boltzmann operator from Newton’s law
of motion is still an open problem although it has been proven for very small time,
smaller than the mean time of the first collision. From the elastic collision assumption,
we deduce the o-representation where o € SY~! denotes

v =l

T
k

with which the elastic relation can be written as

, vtue v —w
v = o

2 2
, Ut v — v
v, = —
2 2

Introducing the notation [ = f(t,z,v"), f. = f(t,z,v.) and f, = f(t,z,v)), the
Boltzmann operator then take the form

QUf. f) = / / B(Jv — v, cos0) (f'f. — f1.) dv. d6 (1.19)

R xSd—1

where B is the Boltzmann collision kernel and encodes the physics behind the collisions

process and cos @ is the scalar product =2 - o. The kernel B can be expressed in

V—Vx
|[v—vx |
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several different ways and we refer e.g. to [Cer88|, [FS02] and references within for
detailed examples. What remains invariant, whatever the kernel we consider, is that
the Boltzmann operator can formally be expressed as a difference of two terms:

Gain and Loss

Q(fa f)(t,x,v) - Q-i—(fa f)(t,x,v) - Q—(fa f)(t,x,v)

where the gain term (), represents the number of particles that had a velocity v’
and acquired the velocity v as a result of collisions and the loss term ()_ represents
the number of particles that had velocity v and lost it, to acquire another velocity
v' after collisions. Note however that in many cases both @), and ()_ are infinite
when written separately, which is why this formulation is formal. Nevertheless, it
motivates a simpler version of this collision operator: the linear Boltzmann operator,
which preserves this structure of gain and loss but through a linear interaction instead
of the bilinear operator written above. Considering a non-negative collision kernel

o = o(v,v'), the linear Boltzmann operator Lp reads

Lo(f) = / (a(v,v’) f =o', v) f) o’ (1.20)

R4

where o(v,v’) represents the probability for a particle with velocity v to acquire the
velocity v after collisions. Note that this operator is not to be confused with the
linearised Boltzmann operator, which is the linearisation of Q(f, f) around its equilib-
rium.

In this thesis, our focus does not lie in the study of the linear Boltzmann operator but
we will present a few results on a particularly simple version of this operator because of
their significant influence. This simple case is sometimes called the linear relaxation
operator and corresponds to the linear Boltzmann with o(v,v") = M(v) where M is

the local Maxwellian

L T
M(v) = (27T)d/26 2 (I.21)
which yields
L(v) = p(t,z)M(v) — f(t,x,v). (1.22)

Although quite simplistic, this operator conserves the relaxation property of the Boltz-

mann equation which is crucial in our analysis, as we will see in section 1.1.3.4. The
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kinetic equation associated with this operator takes the form of a balance between the

free-transport and collision. It reads
Of +v-Vaof =plt,x)M(v) = f(t,2,v) (1.23)
and is often called the Vlasov-linear relaxation equation.

1.1.3.2 The Fokker-Planck and Vlasov-Fokker-Planck equations

The Fokker-Planck equation was first derived by Fokker in 1914 [Fok14| and Planck
in 1917 [Plal7| to describe the evolution of the velocities of particles in a fluid. It was
independently discovered by Kolmogoroff in 1931 [Kol93| through a significantly dif-
ferent method, which is why it is sometimes referred to as the Kolmogoroff forward
equation, and it was applied by Smoluchowski [Smo16] to particle diffusion in which
case it is called the Smoluchowski equation.

The Fokker-Planck equation expresses a balance between a drift and a diffusion force,
much like the Langevin equation dissociates Stokes’ viscosity from the Brownian mo-
tion. We will show how it can be derived by a generalisation of Einstein’s diffusion
approximation. Note that we do not follow the original derivation of Fokker and
Planck but, instead, one based on the works of Kramers [Kra40|, Moyal [Moy49| and
Pawula [Paw67].

[.1.3.2.1 Derivation of the Fokker-Planck equation

We consider a velocity probability density W (¢, v) — equivalent of the particle density
p(t,xz) but for the velocities — which describes the velocity distribution in a fluid. In
order to generalise Einstein’s approach, we define a conditional transition probability
At + At,v|t,v") that a particle with velocity v" at time ¢ acquires a velocity v at time
t + At. The integral relation (I.11) then reads

W(t+ At,v) = /W(t, v — Av)A(t + At,v|t,v — Av) dAw. (1.24)
Rd

Remark 1.1.3. Note that the most general form of this equation would be to consider
that \ depends on the velocities at all the previous times t — kAt, 0 < k < t/At. We
implicitly assumed here that X has no memory in the sense that it only depends on
the velocity at times t. This is equivalent to assuming that a process with transition
probability \ satisfies the Markovian property. We refer to [Ris96, Section 1.2.4.1] for

more details.
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We introduce the notation M, (v — Av,t, At), n > 0 for the moments of the tran-

sition probability as a function Av defined as
M, (t, At,v) = /(Av)")\(t + At,v + Avlt,v) dAv. (1.25)
Rd

Assuming we know those moments, we can write the Taylor expansion of the integrand
in (I.24) as

W(t,v — Av)A(t + At,v|t,v — Av) = W(t,v — Av)A\(t + At,v — Av + Avlt,v — Av)

_ i CU noy Y [ )+ At o+ Avlt, )

n! don

and integrating with respect to Av (assuming the necessary convergence of the series
and the moments) this yields using (I.24) on the left-hand-side, and (1.25) on the
right-hand-side

W(t+ At,v) = i( - d%)" {MW(LU) .

n!
n=0

Now, we first notice that since X is a probability density, My(t, At,v) = [ AdAv = 1.
For the moments M,,, n > 1 we want to do a first order Taylor expansion with respect

to time, assuming At is small. Since we have obviously
AL, v[t,v") = Opmy

for all v, v/, the order 0 term in the Taylor expansion will be null for all M,,. Hence,

we define the expansion coefficients m,, (¢, v) by the implicit relation

M, (t, At,v)

n!

= m,(t,v)At + O(A#?).
Putting the n = 0 term on the left-hand-side and dividing by At this yields

Wt + At’ﬁi —W(tv) _ i( _ di) [t )W (1,0)] + O(A).

n=




24 Introduction

Finally, taking the limit as At goes to 0 we get the Kramers-Moyal equation for
W (t,v):

AW (t,0) = ;( - %)n[mn(t,v)W(t,v) .
Remark 1.1.4. It goes without saying that the derivation of the Kramers-Moyal equa-
tion that we just presented is quite formal and one would need to control the conver-
gence of the sums and integrals in order to make it rigorous but that is not our purpose
here. We refer to [Ris96, Chapter 4] for more details on this derivation, as well as the
original papers of Kramers [Kra40] and Moyal [Moy49].

In 1967, in an effort to justify the Fokker-Planck model, Pawula proved in [Paw67]
by a subtle use of the generalised Cauchy-Schwarz inequality on the family of moments

M, that given the assumption we made on A, there are only three possibilities:
e All moments of order n > 1 are null
e All moments of order n > 2 are null
e An infinite number of moments are not null

Pawula was able to make an explicit link between those three situations and the
underlying process described by the transition probability A. Indeed, he proved that
if the process is deterministic, i.e. no randomness: the particle moves right at every
time step At with speed m;(t,v), then we are in the first situation with a hyperbolic
transport equation:
OW (t,v) = =V, [my(t,0)W (t,v)]
{ W(0,v) = Win(v)

the solution of which if m; = ¢ constant is W (t,v) = W, (v — ct). Furthermore, if
the underlying process is governed by a Langevin equation then we are in the second
case and the moments m; and my represent the viscosity and the diffusion coeffi-
cients —u(t,v) and D(t,v) respectively and we obtain the general Fokker-Planck

equation

2

dv?

oW = a4 [/L’UW] +

i [DW]. (1.26)
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In this thesis we will focus on the case where the viscosity and diffusion coefficients pu

and D are constant in which case the Fokker-Planck equation reads
OW = puV, - (VW) + DAW. (1.27)

Remark 1.1.5. The third case of Pawula’s theorem may be useful in some cases, for
instance to model Generation and Recombination processes, see e.g. [Ris96, Section
1.4.5], but in those cases the transition probability must be allowed to take negative

values, at least for small times, which is not very relevant when modelling fluids.

1.1.3.2.2 Solutions of the Fokker-Planck equation in R?
Like the heat equation, the Fokker-Planck equation (1.27) is a linear parabolic PDE
and admits a Green function i.e. a fundamental solution ®pp defined on (0, +00) x R?

as

d
p ? s
(I)Fp(t,l‘) = <m) e 2D(-e ) (128)

which is solution of the Fokker-Planck equation with localised initial datum

0Ppp =V, (v@pp) + DA,Ppp =0 (t,v) € [0,T) x R?
(I)FP(O,U) = Op=0 NS Rd.

Analogously to the fundamental solution for the heat equation, ®rp allows us to con-
struct global solutions for the Fokker-Planck equation with initial condition W (0,v) =
Win(v) € 8'(R%) by a convolution in v

W(t,v) = Wi, * @pp(t,v).

I1.1.3.2.3 Derivation of the Vlasov-Fokker-Planck equation

Fokker and Planck’s approach can be extrapolated to define a collision operator at
the kinetic scale, which will actually be the main focus of all the results we present
in this thesis. The derivation of the kinetic Fokker-Planck equation differs from the
derivation of the kinetic Boltzmann equation in the same way that Langevin’s proof
of the linearity of the mean-square-displacement differs from Einstein’s. Instead of a
gain-loss approach, we take a microscopic point of view and describe the position and

velocity of a particle in the fluid by the random variables (z(¢), v(t)) whose evolution
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is governed by a free-transport/Langevin equation:

&= ul) (1.29)
0 =—pv(t)+ DBy

where B; is a Wiener process and the dot denotes the derivative in time. The first
equation describes the free-transport of particles as presented earlier in the collisionless
setting, and the second describes the evolution of the velocity as a balance between
a friction force and a Brownian motion. The associated kinetic equation is called the

Vlasov-Fokker-Planck equation, it reads
8tf+v~fo:uVU~(vf)+DAvf (1.30)

and we will systematically assume p = D = 1 without loss of generality for the math-
ematical analysis of the equation. This equation is also sometimes called the Kramers
equation in reference to Kramers’ work including the derivation of the Kramers-Moyal

equation, or also the Smoluchowski equation in the 1-dimensional case.

I1.1.3.3 Some properties of collision operators

In the rest of this section, we will focus on the linear relaxation and the Fokker-Planck
operator, right-hand-side of (1.23) and (1.30) respectively. Before we derive the heat
equation from the associated kinetic models, which is the subject of the following
section, we would like to present some fundamental properties that these operators
have in common. The first and most obvious property is the conservation of mass

which follows from
/ L(f)dv=0
Rd

where L is either the linear relaxation or the Fokker-Planck operator. Note that
this property follows directly from the definitions of our operators. Another crucial

property is the existence and uniqueness of an equilibrium:

Proposition 1.1.6. Let L be either the linear relaxation (1.22) or the Fokker-Planck

(1.27) operator, then there exists a unique normalised equilibrium M :

3 M(v) >0 on R?, /M(v) dv=1, L(M)=0
R4
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and this equilibrium is a local Maxwellian distribution

1

MO = Gy

e IvP/2, (1.31)

This should be interpreted in the light of Boltzmann’s H-theorem as an illustration
of the compatibility of our models of collision and the Maxwell-Boltzmann equilibrium
distribution of velocities. The third property which we will be central to the diffusion

limit and is common to both operator, is their dissipativity:

Proposition 1.1.7. For any f(x,v) regular enough, the dissipation D, defined as

o) = [[ 103

R4 x R4

where M is the equilibrium (1.31), satisfies

D(f) > C / / (F = (han)* S5 2 0 (1.32)

Rd xRd
for some constant C' independent of f, with (f) = [ fdv.

This is a crucial property of collision operators that is very useful for the physical
justification of a kinetic equation. Indeed, we see in (I1.32) that the dissipation controls
the distance between the probability density f and the velocity-equilibrium state of the
cloud of particle where the velocities are distributed according to the local Maxwellian
(I.21). As a consequence, proving that the dissipation decreases towards 0 entails the
convergence of the system towards a velocity-equilibrium state, in accordance with the
second law of thermodynamics.

Note that in the Fokker-Planck case, the dissipation takes the form of a homogeneous

H' norm in a weighted space:

Drp(f) = // ’Vv(%ﬂQdedv

Rd x R4

and since the weight is a local Maxwellian, we can use the Poincaré inequality to show
(I.32). In the linear-relaxation case, on the other hand, (I1.32) is actually an equality
and the proof does not involve the gradient.

The Cauchy problem for kinetic equations with either a linear Boltzmann operator,

including the linear-relaxation case (1.23), or a Fokker-Planck operator (1.30) with
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or without a Poisson potential have received a great deal of interest throughout the
years. We refer e.g. to the excellent books [Cer88| and [FS02| and references within for
the Boltzmann case, and to [Bou93| and [CS95] for the Vlasov-Poisson-Fokker-Planck
(VPFP) equation, as well as [VO90] where the authors construct global solutions by
generalising a fundamental solution argument for the VPFP system. In the context of
this thesis, the existence result that is the most relevant (although far from optimal)
is the following.

Theorem 1.1.8. Consider an initial condition f;, such that

fin € L2, (RY x RY) where M (v) is the equilibrium (1.31)

Then the Cauchy problem

{ of +v-Vof = L(f) (t,z,v) € [0,400) x R? x R? (1.33)

f(O,ZL',U) - fin(xav) (ZL‘,U) c Rd X Rd

where L is either a linear relaxzation operator (1.22) or a Fokker-Planck operator (1.27),
admits a weak solution f € C°([0, +00), L*(R? x RY)) which satisfies

f=0
f<t7 * ) S L?\J*1<Rd X Rd)

Note in particular that this notion of weak solution is physically relevant in the

sense that it entails finite mass, kinetic energy and entropy.

1.1.3.4 Diffusion limit of kinetic equations

Since we know that the particle density p can be obtained by averaging the kinetic
solution f of (1.33), as expressed in (I.16), it is only natural to wonder if we can
derive the equations that govern p from kinetic equations. This is the subject of this
section. For the Vlasov-Fokker-Planck equation, the answer to this question began
with the pioneer works [Wig61|, [LK74| and [HM75], was rigorously established in one-
dimension in [DMG87], extended to two and three dimensions for small time interval
in [PS00], long time interval in [Gou05] and to higher dimension in [EGM10].

The first thing we notice is that the unit of time and space that we implicitly used when
deriving the Langevin equation, which we used again to derive the kinetic equation,

is much smaller than the time and space scales that are naturally used for the heat
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equation. Indeed, the unit of time in the kinetic equation is linked to the time scale of
the collision process which is of the order of the average time between two consecutive
collisions of a particle, whereas in the macroscopic heat equation, a vast number of
collisions happen per unit of time. Same goes for the unit of distance which, at the
kinetic scale, is comparable to the mean-free-path: the average distance a particle
travels between two collisions, whereas at the the macroscopic scale there are about
102 particles in a "small" element of volume so the macroscopic unit of distance is
much greater than the mean-free-path. Hence, to derive macroscopic equations from
the kinetic ones we need to rescale time and space, and to that end we introduce
the Knudsen number ¢, named after Danish physicist Knudsen from the late XIX*

early XX century, formally defined as the ratio

. @ean—free—path . (1.34)
considered length scale

The Knudsen number formalises a continuum between the kinetic scale at € = 1 and

the macroscopic scale in the limit as € goes to 0. We rescale the space variable x as
¥ =cx (1.35)

and since our purpose is to derive a diffusion equation for p we will choose the rescaling
of time that agrees with the time linearity of the mean-square-displacement (1.12),

hence:
t' = &%, (1.36)

This is called a parabolic scaling. Investigating the asymptotic behaviour, as € goes to
0, of the resulting rescale kinetic equation and its rescaled solution f;, is usually called
taking the diffusion limit of the kinetic equation. Other rescaling limits can be
considered, such as the hyperbolic or hydrodynamical limit which allows e.g. to derive
the Euler or the Navier-Stokes equations from the Boltzmann equation, and we refer
to [MSRO3], [JLM09]| and references therein for more information on that topic.

With the parabolic scaling, the rescaled kinetic equations become

{ 828tf5 +ev-V,f. = L(fs) (tv Z, U) € [O’ +OO) xR xR (1.37)

f(0,2,0) = fin(z,0) (z,v) € R x R%.
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We split the study of the behaviour of f. as € goes to 0 in two steps. First, we establish
a priori estimates in order to prove existence of a limit for the sequence f. and then
we identify that limit.

1.1.3.4.1 A priori estimates

We are interested in a priori estimates that express the tendency of the system to
tend towards its velocity equilibrium. The particular choice of scaling (I1.35)-(1.36)
actually ensures that in the limit as € goes to 0 we will have reached the velocity-
equilibrium state but not the equilibrium with respect to the position variable. This
is the whole purpose of our analysis: determine the evolution of the particle density p
at a scale where the velocities of the particle can be assumed to be distributed by a
local Maxwellian.
From the dissipativity of the operator, the linearity of the kinetic equations and the
regularity of the solution stated in Theorem (I.1.8), we can derive the following bounds

on the density p. defined as

pe(t,x) = /fe(t,x,v) dv

and the energy functional &, sum of kinetic energy and log-entropy:
Kl
E(t) = // (7 +In f€> fodx dv.
Rd x R4

Theorem 1.1.9. Let f. be a solution of of (1.37) in the sense of Theorem 1.1.8, then
we have

i) f- is bounded in L>([0,400), L2, (R? x RY)) uniformly in e
i) p. is bounded in L>=([0, +oc), L*(R?)) uniformly in e
i) e = p Mgz, o= OC)
iv) & is bounded in L*>([0, +00)) uniformly in €.
These uniform controls yield the existence of a limit of f. in the following sense

Proposition 1.1.10. f. converges weak-+ in L>([0,+00), L2, (R* x R?)) towards
p(t,z)M(v) where p is the weak limit of p..
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1.1.3.4.2 Identifying the limit
In order to identify the limit, the idea of Poupaud and J.Soler in [PS00| was to follow
Fourier’s argument from a kinetic stand-point. They integrate the kinetic equation to

recover a kinetic version of the continuity equation (I1.2):
1 .
Op- + gvx 7. =0 (1.38)
where j. is the kinetic equivalent of the current density vector, defined as
Je(t,x) = /vfs(t,:c,v) dv.

Rd

From Fourier’s law, we expect j. to be related to the gradient of p., at least in the
limit as € goes to 0. Multiplying (I.37) by v, integrating and dividing by ¢, they find

an equation satisfied by j. (at least in the sense of distributions)

C
aﬁtjg—i—vx-/v@)vfedv = —?Lje.

Rd

where (7, is either 1 or d depending on the operator we consider. Moreover, they

introduce a function h. defined as

he(t,z,v) = é(zvv(\/f) +v\/?)

with which the second term on the left-hand-side can be expressed as

/v@vfgdv:es/he@)v\/ﬁdvjtpg[d.

R4 R4

d
2 —
//\he\ dedv = dté’e(t).

R4 x R4

Note that h. satisfies

Since the functional &£, will be constant when the system reaches its velocity-equilibrium

state, i.e. when ¢ goes to 0, we get

/v@vfedv—)pld.

R4
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and as a Consequence
C
?Ljs — —dV,p

which is exactly Fourier’s law. In other words, we have just justified Fourier’s law
from a kinetic point of view by expressing how, when the system reaches its velocity
equilibrium, the flux of particles through a unit of surface, j., converges towards the
gradient of temperature. Moreover, we see that the error between the kinetic flux
and the gradient of temperature can be measured by the kinetic energy and entropy
functional &..

Finally, taking the limit in the continuity equation yields the diffusion limit:
Theorem 1.1.11. The limit p(t,x) of p. satisfies the heat equation
Op = Ap (t,z) € [0, +00) x R

p(0,2) = pin(z) = /fm(a:,v) dv r € R
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I.2 Non-local diffusion equations

As we have seen in the previous section, one of the central results of Einstein’s theory —
as well as the Maxwell’s and Boltzmann’s work on kinetic theory and also the works of
Langevin, Fokker, Planck etc — is that the mean-square-displacement of the particles

scales linearly with time:
(Ax?) ~ DAt.

Despite the omnipresence of classical diffusion, which we characterise by this linearity,
it is not universal. In fact, many experimental measurements have exhibited mean-

square-displacements that scale as a fractional power law with time:
(Az?®) ~ DA™ (1.39)

with a > 0. This non-linearity changes drastically the diffusion phenomena and we
present in this section the associated models at the microscopic, the macroscopic and
the kinetic scale.

We start with a brief review of some physical experiments that illustrate non-linear
mean-square-displacements. Then, we introduce the mathematical tools used to model
such non-classical diffusion phenomena, both at a microscopic scale with a generalisa-
tion of Brownian motion and at a macroscopic scale with non-local diffusion operators
and the associated fractional functional spaces. Finally, we introduce kinetic equa-
tions associated with the anomalous diffusion phenomena and show how we can derive
macroscopic non-local diffusion equations from these kinetic models set in the whole

space R?, generalising the results we have obtained in the classical case.

1.2.1 Motivations

We begin with the experiment of rotating annulus presented by T. Solomon, E. Weeks
and H. Swinney [SWS94| in 1994 and E. Weeks, J. Urbach and H. Swinney in 1996
[WUS96]. This experiment consists in a fast rotating annulus filled with fluid that
is being pumped in and out of the annulus through holes in the bottom in order to
generate a turbulent flow, as illustrated in Figure 1.2.

A camera on top of the annulus records the formation of turbulent eddies (small
whirlpools) inside the annulus and allows the tracking of tracer particles injected
into the fluid and the drawing of their orbits, as shown in Figure 1.3. Looking at

these orbits, we see that the trajectories of tracer particles consist of the succession
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video camera

. - |
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da dd d

Fig. 1.2 Schematic diagram of rotating annulus from [WUS96]. ri = 10.8cm, ry =
43.2cm, d = 8.1ecm and h = 20.3cm at ro. The bottom has a slope of 0.1. The annulus
rotates rapidly s filled with fluid being pumped in and out of the annulus through small
holes at the bottom.

of sticking times during which they stay trapped in an eddy, and flight times when
they travel along the edge of the annulus. As a consequence, the Brownian motion
is not adapted to the modelling of these trajectories. Instead, this motivates the de-
velopment of new stochastic processes adapted to these observations, as we present
in section 1.2.2. Weeks et al were able to show that the probability distributions of
the sticking times and the flight times have power law decays t™ and t™" respectively
for some ;1 and v positive. Depending on the balance between p and v, they observe
either sub-diffusion phenomena, which are slow diffusion processes with sub-linear
mean-square-displacement, i.e. a < 1 in (1.39), or super-diffusion phenomena which

are fast diffusion processes characterised by a power a > 1 in (1.39).

Another crucial example of non-local diffusion comes from the study of plasmas.

Indeed, it has been recognised that the natures of transport and diffusion processes
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Fig. 1.3 (Left) The Formation of eddies inside the rotating annulus [VIKHO08] (Right)
Typical orbits of tracer particles inside the annulus [SWS94].

that commonly occur in plasmas are dominated by turbulence with a significant non-
local component. Experiments with tracer particles cannot be done with plasmas,
in particular because of the extreme temperature required to maintain matter in a
plasma state. In fact, experiments with plasma are very challenging and have been
the subject of many works in the community of plasma physics since the beginning of
the development of confinement devices in the 50s and 60s using magnetic confinement
as for instance in Tokamaks and Stellarators, or inertial confinement like the NIF whose
purpose is to heat a small amount of hydrogen using laser-based inertia in order to
reach the plasma state. The theoretical study of turbulent plasma started in the 50s
as well but since the community mainly focused on an empirical, experimental and
computational approach to the problem, the theoretical framework stayed in its early
stages for a few decades, until research on the systematic and mathematical justifiable
modelling of turbulent plasma began again in the early 2000s as presented in Krommes’
remarkable review on the subject [Kro02] from 2002.

The initial difficulty if one wants to observe the non-local phenomena occurring in
plasmas, is to identify an observable quantity that characterises these phenomena. The
first answer to this problem comes from the work of Mandelbrot in 1965, although he
was concerned with a rather different field: Hydrology. A few years earlier, in 1956,
British hydrologist Hurst observed, after decades of measurements of yearly flows of
the Nile in Egypt [Hur52| that if you consider the range R(t) defined as

R(T)= max [X(t) — X(to)} — min [X(t) — X(to)}

to<t<to+T to<t<to+T
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where X (t) is the river’s level, and the standard deviation S given by

S = V{IXP) - ([X])?

where (-) is the mean value, then the mean value of the ratio R(T")/S grows as a power

law:

(52)-cr

for some constant H which, according to Hurst’s computation, is around 3/4. Fur-
thermore, Hurst goes on in [Hur56| to show that the same power-law growth can be
observed for the river’s discharges and runoffs, as well rainfalls, temperatures, pres-
sures and annual growths of tree rings, always with a constant H which varies between
1/2 and 1 and is usually around 3/4. In his seminal work [Man65], Mandelbrot es-
tablished a relation between Hurst’s exponent H and the self-similar property of the
Brownian motion. More precisely, Mandelbrot explains that if we consider the years
to be independent of each other and X (¢) to be a Wiener process, then, as was proven
by Feller in 1951 [Fel51] we have

(22)-cr

which is a consequence of the self-similar property of the Brownian motion, i.e. if
{X(t),t € R} is a Wiener process then for all a > 0

{X(at),t € R} £ {a'2X (1), t € R}

where 2 means the two process have the same finite-dimensional distributions. This
fundamental property of the Brownian motion, which results from its link with the
Normal distribution and expresses at the microscopic scale the scaling invariance of
the heat equation (I.7), can be recovered, for instance, through the autocovariance
identity of the Brownian motion: E[X (¢1)X (t2)] = min(¢y,t2) which yields

E[X (at))X (aty)] = min(aty, aty) = amin(ty, ty) = E[(al/QX(tl)) (al/QX(tg))] .

Mandelbrot arrives to the conclusion that, although the Brownian motion cannot be
used to model the quantity Hurst studied, we should be able to describe them by a

generalisation of the motion into a stochastic process {X (¢),t € R} with mean value
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zero and such that for some constant H > 0:
{X(at),t € R} £ {a"X(t),t € R}. (1.40)

We will present in the next section two of the most celebrated generalisations of the
Wiener process that satisfy this same self-similar property: the fractional Brownian
motion and the Lévy flights. These generalisations are widely used in the microscopic
description of non-local diffusion processes and, moreover, the Hurst exponent H an-
swers the question we asked above: it is a measurable quantity that characterises the
non-local nature of transport and diffusion in plasmas. There have been many ex-
periments concerned with determining Hurst’s exponent, often focusing on the edge
fluctuation of plasma under magnetic confinement, and we refer the reader e.g. to
[CHST96] [CVMP*98| or the review paper [Car97| as well as [WSLT01]|, [NGNRO04],
[SGL*04]| and [SVV04] and references within for further experimental results.

Non-local phenomena arise in many other fields and although we will not present

all of them for obvious reasons, here are some references for the interested reader:

e Sub-diffusive phenomena: charge carrier transport in amorphous semiconduc-
tors [GSGT96], nuclear magnetic resonance diffusometry in percolative [KMK97]
and porous systems [Kim97|, rouse or reptation dynamics in polymetric systems
[FKB*99], transport on fractal geometries [HMTWS85| [PBHR97], the diffusion
of a scalar tracer in an array of convection rolls [YPP89|, the dynamics of a bead
in a polymetric network [AMY96] [BS99].

e Super-diffusive phenomena: collective slip diffusion on solid surfaces [LL99|, lay-
ered velocity fields [MDM80] [ZKB91|, Richardson turbulent diffusion [Ric26]
[SWKS87|, bulk-surface exchange controlled dynamics in porous gasses [SKS95],
transport in micelle systems and in heterogeneous rocks [OBLU90|, quantum op-
tics [SSY99], single molecule spectroscopy [BS99|, bacteria motion [Nos83| and
also in the flight of an albatross [VABT96]

1.2.2 Microscopic description: Lévy flights

There are several ways to generalise the Wiener process in order to build a process
which is self-similar with index H > 0. The most celebrated generalisations, the frac-
tional Brownian motion and the Lévy flights, can be deduced from the Wiener process

by removing assumptions from Definition 1.1.2.
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The fractional Brownian motion, introduce by Kolmogoroff [Kol93] and studied by
Mandelbrot in [Man65|, satisfies assumptions i), i1) and iv) but not the independent
increments assumption ;) which will be weakened. This allows us to chose an auto-
covariance function, i.e. an expression for Cov(W,,, Wy,) = E[W,;,W,,], through which
we ensure that (1.40) is satisfied:

Definition 1.2.1. A fractional Brownian motion of self-similarity index H € (0, 1]

1s a stochastic process Wy who satisfies:
i) Wo =0 almost surely
it) Wy has continuous paths, i.e. it is almost surely continuous with respect to t

iii1) Wy has stationary increment: Wy — Wy ~ Wy — Wy , mean value 0 and auto-

covariance function:
1
Coo(Wiy, W) = 5 (22 -+ [1a2 — |12 — 12"

iv) Wy has Gaussian increments: for allt,s > 0, Wys — W, is normally distributed

with mean 0 and variance s
Wips = Wi~ N<07 s)

where N (i1, 0%) denotes the normal distribution with expected value p and vari-

ance o2,

This process has been widely studied and used for instance in the context of vortices
structures in turbulent fluid [Fla02] [FGO02| [Chol3|, and stochastic finance [Che01]
[EVDHO03] [Hu05|. As we can see in Figure 1.4, the fractional Brownian motion allows
for a more erratic motion, hence the self-similarity with H > 0 and the usefulness of
this motion for Mandelbrot’s modelling of weather related phenomena.

However, the fractional Brownian motion does not describe an alternation between
sticking times and flight times as we observed in the trajectories of particles inside a
turbulent flow earlier. The Lévy flights will be more adapted for that purpose. To
construct those, we will keep assumptions ¢) and 4ii) of the Wiener process, however
we forgo the Gaussian increments assumption in order to allow long flights, and we

weaken the continuity assumption:

Definition 1.2.2. Lévy flights, also called symmetric a-stable Lévy processes,

are stochastic process Ly satisfying, for index o € (0,2):
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Fig. 1.4 (a) Classical Brownian motion, 10000 steps (b) Fractional Brownian motion,
10000 steps

i) Lo =0 almost surely
ii) Ly is cadlag with respect to t, i.e. it is right-continuous and has left limits

iii) Ly has independent increments: for all 0 < s1 < t; < sy < ty, the random

variables Ly, — Lg, and L, — L, are independent.

iv) Ly has stationary symmetric Lévy increments: for allt,s >0, Lyys — Ly is Lévy
distributed

Liys — Ly ~ L4(s%,0,0)

where L, (0, B, 1) denotes the stable Lévy distribution with index cv, scale o, skew-
ness B and shift .

We refer to [ST94| for a complete definition and analysis of the Lévy distribution
L,(s1%,0,0), we just note here that the associated probability density function \(z)

decays as a polynomial:

1
~/ T 1. .
lzl>1 |x|dte

)

The Lévy flights are self-similar of index H = 1/a € (1/2,+00) and we see in Figure

[.5 that they describe precisely what we wanted: an succession of sticking times and
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flight times. We can also observe in Figure 1.5 the self-similar property of the process
by noticing that the unit of distance is much smaller in figure d) than in figure ¢) since
there are 10 times as many steps in figure d), which can be interpreted as a longer time
interval, and yet the long flights still appear to have the same order of length in both

picture, illustrating the invariance of the process under rescaling i.e. its self-similarity.

(a) (b)

Fig. 1.5 (a) Brownian motion 1000 steps (b) Brownian motion 10000 steps
(c¢) Lévy flight 1000 steps (d) Lévy fligth 10000 steps

Since Lévy flights are a particular case of Lévy processes, let us note that they are
infinitely divisible processes in the sense that for any ¢t and any integer n > 1, L; can
be expressed as the sum of n independent identically distribution random variables.

This is a consequence of having independent stationary increments: for n > 1 we can
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write explicitly:
Ly = Lt/n + [LQt/n - Lt/n] ++ [Lnt/n - L(nfl)t/n]

where, thanks to i) and iv), the [th/n — L(k,l)t/n] are independent identically dis-
tributed random variables. As a result, we can express its characteristic function ¢(¢, k)
by the Lévy-Khintchine formulation (see e.g. [DSU08|) and, given the properties of

this particular process, we actually have
ot k) = e "

which will be of significant importance for the macroscopic description of non-local

diffusion.

1.2.3 Macroscopic description: the fractional heat equation

One way to derive the macroscopic equation for the density p(t, x) of a cloud of particles
undergoing Lévy flights is to generalise Einstein’s integral conservation relation (I1.11)

to a general Lévy process L; as:
p(t+ At,x) — p(t,z) = E(p(t, x + Lat) — plt, x))

which still expresses the idea that the evolution of the particle density p can be derived
from the average displacement of the particles. The derivation of the macroscopic

equation is equivalent to identifying the limit operator A:

.1
A= Al}fl—{loKtE(p(t’ x4 Lag) — p(t,x)). (L.41)

This is the infinitesimal generator of the semigroup associated with the process L.

Namely, if we write T; for the semigroup associated with L;, defined as
Ttp(tv SL’) = E(p(t, T+ Lt))
then the operator A can be equivalently defined as the infinitesimal generator of T;

T, —1
Ap = hmu_
t—0 t
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Moreover, the characteristic function of the process L; is related to the semigroup 7;

via the Fourier transform (see e.g. [App09, Theorem 3.3.3]):

Tiplt, ) = F 7 (6(t, k)(t, ).

In the case of Lévy flights ¢(t, k) = e~ !*I* hence
F(Ttp(t7 ))(k) = e*ﬂk\“ﬁ(t’ k)

which yields

otk _
F(Aplt, ) (k) = lm ™2 j(1, k) = ~[K|"p(t, k).

t—0

The resulting diffusion equation, in Fourier variable, reads
atﬁ(ta k) = _‘k‘aﬁ(ta k) (I42>

This is the fractional heat equation in Fourier variables [ARMAGO00|, [VTPV11],
[CHS12], [BC16]|. It belongs to a wide class of PDE called non-local diffusion equa-
tions which model a variety of non-classical diffusion phenomena, including those we

are considering in this section.

1.2.3.0.1 Fractional Sobolev spaces and the fractional Laplace operator
In order to make sense of this equation in non-Fourier variable and define the frac-

tional Laplacian, the operator whose Fourier transform is (—A), we take a functional

analysis approach, in the spirit of [DPV12|, and introduce the fractional Sobolev space

in Fourier variable:

Definition 1.2.3. In Fourier variable, the fractional Sobolev space of order s €
(0,1): H*(R?), is the Hilbert space defined as

(R = {ue (R /(1 +[€l*)]a()?d < oo}, (1.43)

R4
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Note that, as is common in this framework, we have adopted the notation s for

the fractional order, which is related to the previous a of the Lévy flights as
!
5= —
2

and we will keep this notation here on in.
The non-Fourier version of this functional space is defined by the following proposition
from [DPV12, Section 3].

Proposition 1.2.1. Consider s € (0,1). The Hilbert space H*(RY) coincides with the
fractional Sobolev space H*(R?) defined as

2

H%R%::&LEL%R%:l[/l%%%:ﬂﬁaldxdy<cm}. (1.44)

d+2s
yl
Rd x R4

In particular, if we define the Gagliardo semi-norm [u]y:ra) as

mh%%:</ %%Eﬁ%ﬁdm@UQ (1.45)

R4 x R4
then we have

1
a(f) ‘2 dg = §Cd,s|:u]§{s(Rd) (146)

J1ee

R4

where the constant cq s s given by

1 — cos(z) -
Cds = (/W dZ) (147)

Rd

with z, the first coordinate of z € RY.

This proposition expresses the link between a multiplication by |£]** in Fourier

y|4t2. Let us give some details about this

variable and the singular kernel 1/|z —
relation which is crucial to understand non-local diffusion. We first notice, see [DPV12]

for details, that the constant c4 s satisfies for all £ € R4

1— )
(ca) Vel = / % »

R4
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Using this relation, we can prove the equivalence between the semi-norms (1.46) and

the equivalence of the functional spaces naturally follows. For u € H* (R%) we write

/ PO d = ca. [ s ace) P asdg

R xRd

o [l 1P
_ / ) 4z ag

R4 xR

and the key step is to recognise the Fourier transform of a translation operator in the

integrand on the right-hand-side. As a consequence, we have

ficpace s [] PG

Rd x R4
Cd,s u(z +-) —wu (')) 2
— Zds d
2 / )F( |Z|% L2(R4) o
Rd
and with the Plancherel formula this is
2
25 2d — CdS/H ) d
/|€| | g |Z|d+25 LQ(Rd) 4

Cd,s Ju(z) — u(y)?
= — ——————dxd
5 / z — y|d+es ray

RdxR4
with the change of variables y = z + x.
This characterisation of the fractional Sobolev spaces paves the way for the integral

definition of the fractional Laplacian:
Definition 1.2.4. For a function u € S(R?), the fractional Laplace operator
( — A)S is defined as

(— A)u(z) = cauPV. / - |d+23 (1.48)

where P.V. denote the Cauchy principal value. It is the inverse Fourier transform of

the multiplication by |€]*:

(- &) ul@) = F (Jga)). (1.49)
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The kernel 1/|z — y|?+2 is singular, hence the need for the principal value which

can be defined in this situation as

w(z) —uly) . u(z) — u(y)
P [ =y [ S
R4

ly—z|>e

and we see that in order for this integral to make sense we need some regularity
on u and that is why we have given the definition of ( — A)s as an operator from
the Schwartz functional space — i.e. the space of rapidly decaying smooth functions,
where this regularity requirement is obviously satisfied — into L?(R?). However, we can
broaden the domain of definition of ( — A)s by expressing its link with the fractional

Sobolev spaces:
Proposition 1.2.2. If u is in H*(RY) then

s/2

[u]zs(Rd) = QC;;H( — A) (1.50)

2
“HL?(Rd)'

As a consequence, the fractional Laplacian ( — A)S can naturally be defined as an
operator from H*(R%) into its dual space H*(R%). Note that the integral definition of
( — A)s emphasise the non-local nature of the operator since in order to determine
its action on a function u evaluated at a point € R? we integrate over the whole
space, hence the behaviour of u far away from x can influence the action of ( — A)S
at x: the operator is non-local.

We have just given four equivalent definitions of the fractional Laplacian:

e as an integro-differential operator of fractional order (1.48),
e as the inverse Fourier transform of a multiplication by [£]** (1.49),
e as the infinitesimal generator of a symmetric 2s-stable Lévy process (1.41),

e as an operator that sends the Hilbert space H*(R?) into its dual space H ~*(R?)
(1.50).

We can also define (— A)S as a fractional power of the Laplace operator in the context
of functional calculus of sectorial operators, see [Hen81|, or a Dirichlet-to-Neumann
operator for an appropriate family of PDE on a half-space [CS07|, or via its relation
with Riesz potentials [CP16].

Fractional differential operators have been studied by scientists since the beginning of
differential calculus. Indeed, as soon as Leibniz and Newton founded differential calcu-

lus in the XVII* century, de 'Hépital wondered what would happen if the differential
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order was fractional which led some of the most celebrated mathematicians — includ-
ing Euler, Laplace, Lacroix, Abel, Fourier, Liouville, Riemann, Laurent, Hadamard,
Heavyside, Riesz and many others — to define various generalisations of classical deriva-
tives, study the physical and mathematical relevance of these operators and see if the
definitions are compatible with each other which, more often than not, was not the
case, as presented in [CT14].

The multitude of equivalent definitions of the fractional Laplacian illustrates the fact
that this operator arises naturally in many different fields of mathematics and, as
a consequence, it is not surprising that this operator has received a lot of attention
from the community, especially in recent years as the mathematical understanding of
confined plasma and turbulent fluid improves and the engineering challenges involved
in the confinement of plasma are closer and closer to their resolution.

The fractional Laplacian has many very interesting and useful properties. Although
we will not state all of them we refer to [BV16] and |Poz16] for a full review on the
subject.

As a linear operator on H*(R?), the fractional Laplacian is symmetric: for v and v in
H*(RY)

/u(—A)svdx:/v(—A)sudx. (151)

R4 R4

It actually realises the natural scalar product in the Hilbert space H*(R?) as illustrated
by (1.50). Moreover, it commutes with derivatives of integer order and with other
fractional Laplacians of any order. Futher, if we look at it as the infinitesimal generator
of a 2s-stable Lévy process, then it comes as no surprise that it is 2s-homogeneous in
the sense that for any A € R then

(= A) [u(Az)] = X (= A)’[u](\z) (1.52)

which expresses the self-similar property (1.40) of the underlying Lévy process.

Finally, let us mention that we can generalise the Poincaré inequality to a fractional
inequality using the fractional Laplacian, although the resulting inequalities are of
a very different nature since ( — A)S is a non-local operator. The generalisation
can be done in the same space where the classical Poincaré inequality holds, i.e. an
exponentially weighted L? space, see [MRS11]. However, in the context of fractional
kinetic equations which we are about to present, it is more natural to look for a

Poincaré inequality in a L? space with a polynomial weight. Such a generalisation was
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done in 2008 by I. Gentil and C. Imbert [GI0O8]. They took advantage of the relation
between the infinitesimal generator of a Lévy process and the measure associated with
the semigroup it generates in order to prove a modified logarithmic Sobolev inequality.
In the case of the fractional Laplacian, the measure p associated with the semigroup
is explicitly p(dz) = F(x)dzr with

2
~ _ e

F(e) = Ce 5 (L53)

where C'is a normalising constant. The modified logarithmic Sobolev inequality

reads, for the fractional Laplacian
Theorem 1.2.3. For all smooth positive functions u,

/ W2F(z) dz — ( / uF(x) daz)2 < / / (“‘f)_;ﬁgzymx) dz dy

R4 R4 RdxR4

A proof of this particular case of I. Gentil and C. Imbert’s result can be found in
Chapter II.

Remark 1.2.4. The fractional Laplacian is an example of a wider class of non-local

diffusion operators of the form

Au(z) = / (u() — uly)) K (z,y) dy

R4

for some singular kernel K, which are actually the object of study of I. Gentil and C.
Imbert in [GI08]. These non-local operators can also arise in the modelling of plasmas
of turbulent fluids when one considers more general Lévy processes in the microscopic

scale, instead of the particular case of the Lévy flights that we presented.

1.2.3.0.2 The fractional heat equation
We can now write the fractional heat equation in physical variables with initial

condition pj,:

{ Ohp+(—A)p=0 (t,z) € [0,400) x R (154

p(0,2) = pin(x) r € R

We have seen that we can derive this equation from a Lévy flight model for the motion

of particles. Note, however, that we did not derive this non-local equation from a
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generalisation of Fourier’s argument. To understand why, recall that the basic idea
behind Fourier’s law is that in order to exit a ball B a particle must interact with
its boundary, hence we can derive the evolution of the particle density in B from the
interaction between the particles and the boundary 0B as expressed in equation (I.1).
In the non-local framework, there seems to be a conceptual incompatibility between
the non-local behaviour of the process and the localised surface B. As a consequence,

generalizing Fourier’s approach to the non-local diffusion case is a challenging issue.

Nevertheless, the fractional heat equation retains some of the properties of the heat
equation. For instance, since the fractional Laplacian generates a semi-group, we have
a fundamental solution @, solution of the evolution equation with initial condition

Pin() = dy—0, whose Fourier transform reads
&, (t, k) = Ce tH*

where C' is a normalising constant. As usually, we can construct general solution of

(I.54) by convolution with the fundamental solution

p(t, ) = pin * Py(t, x).

Moreover, a simple energy bound shows that this is the unique weak solution of the

fractional heat equation in H*(RY): multiplying by p and integrating we have

d
T // p* dz + [plfe ey = 0.

R xRd

Since the equation is linear the difference between two weak solutions satisfies (I1.54)
with p;, = 0 and the energy bound ensure that this solution stays null for all times if
it is in H*(RY).

I.2.4 Kinetic equations with heavy tailed equilibrium

We will consider two kinetic descriptions of the non-local diffusion processes, general-
isations of the Vlasov-linear relaxation equation (1.23) and the Vlasov-Fokker-Planck
equation (1.30).

One of the most crucial differences between classical and non-local diffusion is the ve-
locity equilibrium distribution. This distribution is a local Maxwellian distribution in

the classical case. In the non-local case however, as a consequence of the high energy
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levels and the long flights in the microscopic motion, their is much higher concentra-
tion of high-velocity particles and the equilibrium is heavy tailed in the sense that
it decays as a polynomial for high velocities instead of the exponential decay of the

Maxwellian. If we denote by F(v) this normalised equilibrium, it satisfies

1
o[ /F(v) dv = 1. (L.55)

Y
o1 |v
Rd

The generalisation of the Vlasov-linear relaxation equation follows immediately, we
just replace the equilibrium in the collision operator by this heavy-tailed F' and the

kinetic equation becomes:

(L56)

Of+v-Vof=pF—f (t,x,v) € [0,00) x R? x RY,
f(0,2,0) = fin(z,v) (z,v) € R* x R?

where p(t,z) = [ fdv.
R4

To generalise the Fokker-Planck operator we introduce the Langevin equation with

{izv@) (157)

v =—v(t) + L*

a Lévy white noise:

where L?* is a symmetric 2s-stable Lévy process. Since the infinitesimal generator of
this process is the fractional Laplacian, the resulting kinetic equation is the fractional-

Vlasov-Fokker-Planck equation:

{ Of tv Vaf =Vur @)= (AT (bmv) €000 xRIXRT

f(0,2,v) = fin(z,v) (z,v) € R x R%.

Taking the Fourier transform in velocity of the fractional Fokker-Planck operator, the
right-hand-side above, it is simple to solve for its equilibrium and recover the distribu-
tion F', defined in Fourier variables in (1.53), which indeed satisfies (1.55).

As we did in the classical case, we are interested in the diffusion limit of these
equations. Introducing the Knudsen number ¢ and a scaling adapted to (I1.40) or
(I.52), namely

t = &%t ¥ =cex
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the resulting rescaled equations take the form

(L59)

%0, f. +ev-Vuf. = L(f.) (t,x,v) € [0,00) x R? x R?
f(0,2,0) = fin(z,0) (z,v) € R x RY.

where L is either one of the previous linear operators. Since the scaling differs from
the classical case, we call anomalous diffusion limit the study of the behaviour of
f- when € goes to 0. We will present separately the case of the Vlasov-linear relaxation
equation with heavy tailed equilibrium in section 1.2.4.1 and for the fractional Vlasov-
Fokker-Planck equation in section 1.2.4.2. Before that, however, let us notice that the
operators we consider both satisfy the dissipativity condition defined in Proposition
[.1.7 where the local Maxwellian M should be replaced by the heavy-tailed equilib-
rium F'. The proof of this dissipativity is very similar to the classical case for the
heavy-tailed relaxation operator and varies a little for the fractional Fokker-Planck
and requires using the modified logarithmic Sobolev inequality of Theorem 1.2.3. The
dissipativity of the operators ensures the system will converge to a state of velocity-
equilibrium as e goes to 0 and eventually leads to the following a priori convergence
result, common to both cases .

Proposition 1.2.5. Consider f;, in L%_, (R x R?) and the weak solution f. of (1.59)
in L=(0,T; L%, (R* x RY)) for some time T > 0. Then

fo — p(t,z)F(v) weak-* in L>=(0,T; L%, (R? x R%))

where p is the weak limit of p. = [ f. dv.
Rd

1.2.4.1 Anomalous diffusion limit of a Vlasov-linear relaxation equation

The anomalous diffusion limit of the Vlasov-linear relaxation equation (1.56) was first
derived in 2008 by A. Mellet, S. Mischler and C. Mouhot in [MMM11]| through a
Laplace-Fourier transform of the equation with respect to the time and space variables.
Their proof differs significantly from the classical case, in particular because the Fick
law (or Fourier law) fails so we cannot hope to derive the anomalous diffusion limit by
means of the current density. Instead, they approach consists in taking the Laplace-
Fourier transform of the equation which reads, with p the Laplace variable associated

with ¢, and k the Fourier variable of x:

528pf5 - 528fin + giv - kfe = p I — fe-
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Factorising appropriately and integrating with respect to v they get

Fv) €% fin
0. = d e ; d
P (/1+523p—|—5iv~k v)p+(/1+523p+€w-k !

R4 R4

and they were able to identify the limit of both terms to recover the fractional heat
equation. Although this method is remarkably efficient, the use of the Fourier trans-
form in the space variable is rather restrictive and forbids to look at space dependent
collision operator or, eventually, bounded domains. This led A. Mellet in 2010 to de-
velop a moment method for this anomalous diffusion limit in [Mel10] which we present
NnOw.

Instead of taking Fourier or Laplace transforms, Mellet’s method focuses on the weak
formulation of the kinetic equation and consists in choosing a particular sub-class of
test functions through an auxiliary problem. The idea behind this method is that
since we want, in the limit as € goes to 0, to identify p(t, z), we need to consider in the
weak formulation all test functions for ¢ and = but we can choose how the test function
depends on the velocity as long as it does not conflict with the convergence when ¢
tends to 0. Hence, we build an auxiliary problem through which we construct, from
Y € D([0,T) x R?Y), a test function ¢.(t,r,v) which depends on the velocity variable
in an appropriate way and such that ¢.(t,z,v) tends to 1(t,z) so that we can take
the limit in the weak formulation and recover the fractional heat equation on p.
Mellet’s moment method is fundamental to all the results we present in this thesis
so let us give more details on his auxiliary problem and the convergence of the weak

formulation.

1.2.4.1.1 Auxiliary problem
For a test function ¢ € D([0, +00) x R?) we construct ¢.(t, z,v) in L>®((0,4+00) x
R%; L2(R%)) as a solution of

e —ev - V0. = U(t, x). (1.60)

This equation is easily integrated and we have an explicit formula for ¢.:

+oo

be(t, x,v) = /e_zw(t,x + evz) dz.

0



52 Introduction

Futher, we see that ¢. is smooth, bounded in L* and also:

lpe(t, x,v) —(t, z)| = ’/ez [w(t,x +evz) — Y(t, :1:)] dz

< )0 [|9| oo ((0,4-00) xR
hence

¢e(t, z,v) = Y(t,x) uniformly with respect to t and x.
E—r

However, the convergence is not uniform in v but it is not an obstacle to the conver-

gence of the weak formulation because it satisfies

Lemma 1.2.6. Consider 1 € D([0,+00) x R?) and ¢. solution of (1.60). We have

/[(be(t, z,v) — ¢t 2)| F(v)dv — 0 uniformly with respect to t and x,

e—0
R4
/[@gba(t, z,v) — Opp(t, )| F(v) dv v 0 uniformly with respect to t and x.
E—
R4
Furthermore,

{ [@ell 2 ((0,4-00) xRaxR) < 191 L2 ((0,4-00)xR7)»
Hat(bEHL%((Ori’OO)XRdXRd) < ”aﬂ/}”L%((O,Jroo)x]Rd)-
1.2.4.1.2 Identifying the limit

The weak formulation of (I.56) on @ = [0,+00) x R? x RY) with test function
o(t,z,v) reads

/// lfe (g2s8tgz5 +ev-Vup— ¢) + nggb] dtdzdv = & / fin®(0, x,v) dz dv.
Q

R x R4
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Taking the solution ¢. of the auxiliary problem as test function, we see that we have

(since F' is normalised)

/ é/ [fa (20 Voo —02) + paFasa} dt dz d

_ // pe/[qbg(t,x,v)—w(t,:c)}F(v)dtd:cdv.

[0,4+00)xRd  Rd

Introducing the operator £° defined as

LE(Y) = 525/[¢5(t, z,v) — ¥t 2)| F(v) dv (L.61)

Rd

the weak formulation becomes

// </feat¢edv+p5£5(¢)) dtdz = / fin(2,0)0:(0,z,v)drdv.  (1.62)

[0,400) xR R4 R4 xRd

Note that this weak formulation does not identify f. as the solution of the heavy-tailed
Vlasov-linear relaxation equation (1.56) because it is only satisfied for a particular sub-
class of test functions. However, the solution of (I.56) does satisfy (1.62) for all ¢.
solution of (I.60) and the structure of a diffusion equation appears where £¢ is a kinetic
approximation of a non-local diffusion operator.

The rest of the proof consists in taking the limit as £ goes to zero in this formulation.
The convergence of the partial derivative with respect to time and the initial condition
follows from the a priori estimates and the bounds on ¢.. We focus on £°. From the

explicit expression of ¢. we have
+o0o
L) = 5_28//6_2 [W(t, x + evz) — ¥(t,x)| F(v) dz dv.
R O

The convergence of this operator towards the fractional Laplacian rests upon the
relation between F' and the singular kernel of ( — A)s. Indeed, we know that F(v) ~

Ko/|v|4t? for large v and some kg > 0, so the change of variable w = vz yields
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formally
+o00 |
€ —2s —z w
Lo() =22 //e (it +w) = o(t,2)] F () e
Rd O
M (€Z)d+2s 1

—2s —z
€’<\<-’15 //6 [?/)(t,l"FUJ) _w(t’x)]W|52|d dz dw

Rd O
+o0
t —(t
Zl//zlse—zw( ,.I‘—'—U)) w( ,SL’) dzdw
Rd 0

‘U} |d+25

— —/<;( — Ax)sw(t, x)

e—0
where the constant x is given by

—+o0
Ko _
K = /2’286 “dz.
Cd,s
0

The rigorous proof of this limit can be done by splitting the integral over v in two:

{|v] > C}U{|v| < C} and showing that the integral over small velocity vanishes while,
in the integral over large velocities, the equilibrium F' converges to the singular kernel
Ko/|v|™2. See [Mel10] for more details.

Put together, the limit of (1.62) identifies the limit p of f./F(v) as solution of

// p(0) — k(= AL) ¢) dtde = /pm@z)(o, ) dz

[0,400) xR4 R

for all ¢ € D([0, +00) x RY) and the uniqueness of weak solution of the fractional heat
equation in H?® ensure that p is this unique solution.

1.2.4.2 Anomalous diffusion limit of a fractional Vlasov-Fokker-Planck

equations

The anomalous diffusion limit of the fractional Vlasov-Fokker-Planck equation (I1.58)
was derived in 2012 by myself, A. Mellet and K. Trivisa [CMT12| . Although the

limit can be obtained through a Fourier method we will focus here a moment method

YErratum for [CMT12]: In the proof of [CMT12, Proposition 2.1] the Poincaré inequality of
[MRS11] does not hold, one needs to use instead the modified log-Sobolev inequality of [GI08]. The
results remains unchanged.
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for the same reasons as before. Building on Mellet’s idea, we want to construct a
particular sub-class of test functions in order to isolate the diffusion phenomena in
the weak formulation, creating an adapted kinetic approximation of the fractional
heat equation, and then take the limit in this approximation. However, this sub-class
of test functions will take a different form for the fractional Vlasov-Fokker-Planck
equation because we already have an explicit non-local operator in the collision model,
acting on the velocities. As a consequence, the purpose of the auxiliary problem will be
to identify a relevant relation between the position and the velocity variable through
which we can exhibit how the non-local phenomena in the behaviour of the velocities
of particles in the microscopic scale (c.f. the Langevin equation with Lévy white noise
(I.57)) results in non-local behaviour for the particle density p at the macroscopic

scale.

1.2.4.2.1 Auxiliary problem

To build the auxiliary problem, we take advantage of the particular structure the
fractional Vlasov-Fokker-Planck equation exhibits when we take its Fourier transform
in position and velocity. Indeed, with Fourier variables p and & for x and v respectively,

the rescaled equation reads
e*O0uf: + (k=€) - Vefe = —¢|> .

which is a scalar-hyperbolic equation whose characteristic lines are given by the term
(ek — &) - Ve. This motivates the following auxiliary problem to construct ¢. from
Y € D([0, +00) x R?):

{ v Vot —v- Voo =0 (t,7,v) € [0,+00) x RY x R (1.63)

¢e(t, 2,0) = () (t, ) € [0, +00) x R
In this setting, we have an explicit solution for ¢. which is
¢(t, x,v) = P(t, x + ev).
which is smooth in all variables. Moreover

be(t, z,v) — (t,z)  in D([0, +00) x RY).

e—0

so it will does not conflict with the convergence of the associated weak formulation.
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1.2.4.2.2 Identifying the limit
The weak formulation of (I.58) on @ = [0, +00) x R x R? with test function ¢ reads

// f- (6238t<;5 +ev-Vep—v-Vyp— (= Av)s¢> dtdz dv
Q
- // fin®(0, z,v) dz dv.
R4 xR4
With the test function ¢. above, it becomes
// fe (5238t¢5 — ( — Av)sqﬁe) dtdzdv = % / fin®=(0,z,v) dx dv
Q R xRd

and since (— A)” is 2s-homogeneous (1.52) we have

(= A0 = (= A)[o(t,x+ev)] =e*(— A)[v(t, )] (z + ev).
Hence, the weak formulation can be written as
// fe (@@/}(t, vv) — (= A)[e(t, )] (x + 52}).) dtdzdv = / fin(0,x + ev) dz dv
Q R xR

and the rest of the proof consists in taking the limit as € goes to 0. Notice that
we cannot write explicitly an operator £° independent of v as we did in the linear
relaxation case to approximate the fractional Laplacian. Nevertheless, the strong

convergence of ¢. towards (¢, z) ensures that
// f(=A) [yt )] (x+ ev) dt de dv - ( // wdtdx> </F(v) dv)
e—
Q [0,7) xR Rd
so we recover the fractional heat equation in the limit
J[ vlow - (=a)v)atas = [pw.0)a
[0,+00) xR Rd

for all 1 € D([0, +00) x R?).
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I.3 Confining a diffusion process

Now that we have presented the different models of local and non-local diffusion phe-
nomena at the microscopic, the kinetic and the macroscopic scale and seen the relations
between them, we turn to the main focus of this thesis: the confinement of diffusion
processes.

We consider two types of confinement: "soft" confinement with an external electric
field and "hard" confinement with a bounded domain. Of course, there are other ways
to confine a diffusion process, for instance with a self-consistent electric field (given by
a Poisson equation), or we could also consider the free boundary problem which may
exhibit a confinement resulting from the balance of attracting and repulsing forces
inside the fluid.

We start this section with the electric field case, introducing the problem and giving
some results in the classical diffusion setting. Next, we consider bounded domains,
introduce the classical macroscopic boundary conditions for the heat equation, and
present some of the associated results before moving on to the kinetic boundary con-
ditions that Maxwell introduced in the late XIX* century. Then, building from the
classical diffusion limits, we show how we can recover the macroscopic boundary con-
ditions from the kinetic ones. Finally, we investigate the confinement of non-local
diffusion processes and look at this problem from both a microscopic and a macro-

scopic point of view, presenting some of the most recent results on that subject.

1.3.1 External electric field

Let us consider a rarefied gas, or a fluid, near equilibrium and subject to an external
electric field E(t,z) which derives from a electric potential ®: E = V,®. At the
microscopic scale, the field affects the velocity of the particles and hence modifies the
Langevin description (1.29) of the evolution of (z(t),v(t)) the position and velocity of
a given particle, which becomes

{ T =wv(t)
(1.64)
v = E(t,x) — pv(t) + DBy

where ¢ and D, the viscosity and diffusion constants, will be assumed equal to 1 from
now on, and B, is a Wiener process. We can see here that, for example, if the vector
is oriented towards the origin, then the field discourages particles from moving away

from the origin, hence the term "soft" confinement.
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The resulting kinetic equation is a linear Vlasov-Fokker-Planck with an electric field:

{8tf+v~vxf+E(t,:c)~va =V, (vf) +A,f (t,z,v) € [0,T) x R? x R?
f(O,IL',U) - fin(l‘av) ([L‘,'U) & Rd X Rd.
(1.65)

This equation can be interpreted as a perturbation of the linear Vlasov-Fokker-Planck
equation (1.30) in the sense that the collision operator is perturbed by the electric field

and becomes

LFP,Ef =V, - [(’U - E(t,l‘))f} + Avf

If the perturbation is "nice enough", namely if E is in L>°((0,T) x R?) — note that
E(t,z) € R? so that when we say E is in some functional space F we mean that if
we write FE(t,z) = (Ey(t,z), ..., E4(t,z)) then each of the component F;(t,x) is in F
— then it does not affect the fundamental properties of the equation and we can prove

similar existence and regularity results as in the unperturbed case, as was done for
instance in [BD95| or [EGM10]:

Proposition 1.3.1. Consider T > 0, E € L*((0,T) x R?) and f;, € L%, ,(R? x RY)
such that
fin >0 and // (14 |v]* + In fi) fin dz dv < 00
R X R4
then (1.65) has a weak solution f € C([0,T); L%, ,(R? x RY) that satisfies
f >0 and for allt €[0,7T) : // (14 v +1In f)fdrdv < co.
Rd xR4

Advection-diffusion limit
Let us derive the macroscopic equation on p that follows from this perturbed Vlasov-

Fokker-Planck equation. Since we are in the classical case, we use rescaling
t = et ¥ =cex

where ¢ is the Knudsen number (1.34). In order to investigate the limit as e goes to 0,

we need to know how E rescales with €. Since F derives from a potential ¢, we see
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that
E(’t,ex) = V,[®(e*, ex)] = eV, P(’, ex) = eE(t', 7). (1.66)
Hence, the rescaled kinetic equation reads

0, fe +ev-Vaofe+eE -V, f- =V, (vfo) + Aufe on [0,7) x R? x R

I.67
f:(0,2,v) = fin(z,v) on RY x R?. ( )

We can investigate the behaviour of f. as € goes to 0 by adapting the method developed
in Section 1.1.3.4 for the case without the electric field:

Proposition 1.3.2. Consider T' > 0 and f;, satisfying the assumption of Proposition
1.3.1. Then the solution of the rescaled equation (1.67) converges towards p(t,z) M (v)
weak-x in L>=([0,T); L2, , (RYxR?)) where M is the local Mazwellian equilibrium (1.31)
and p is the weak limit of p. = [ f. dv.

R4

We also retain uniform control on the energy
[o]?
E(t,z) = (7 +In f,g)fg dz dv.
R4 x R4

Details on this a priori estimates can be found in [PS00] or [EGM10|, and also in
Chapter II of this thesis. We focus here on identifying the limit. To that end, we

integrate the equation to derive the continuity equation for the density p.:
o .
atpe + gvxjs =0
where j. is now the current density
Je = / vf.dv.
R4

The a priori estimates ensure that % Jje converges, we want to identify its limit. Multi-

plying (1.67) by v/e and integrating we have in the sense of distributions

d
€0 j- + Vx/v Quf.dv —dE(t,x)p. = —gje.

Rd
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We know that the second term on the left-hand-side will tend to —V, - (pl;) and the
bounds on p. ensure that the third term on the left-hand-side will tend to —dFEp hence

d
gje — dVp+dE(t,x)p

and together with the continuity equation we get the advection-diffusion limit of the

Vlasov-Fokker-Planck equation with an external electric field:

{ Op — Vo (Vap+ E(t,2)p) =0 (t,x) € [0,T) x R (1.68)

p(0, ) = pin(7) z € R

As expected, this equation models the evolution of p under the effects of a diffusion

and an advection resulting from the electric field.

1.3.2 Bounded domains

We consider a bounded domain 2 C R? and consider a fluid confined in that domain.
We will always assume that €2 is smooth in the sense that there exists a smooth function
¢ : RY+— R such that

Q={zeR’: {(z)<0}and 00 = {z e R?: {(z) =0}

and we also assume that V,£(z) # 0 for all [{(x)] < 1 so that we can define the

outward normal vector n(z) = V,£(z)/|V.&(x)| everywhere on the boundary.

I.3.2.1 Macroscopic boundary conditions for classical diffusion equations

Let us consider the heat equation in €:

{ Op = Ap <t7 I) = [0’ T> x {2 (169)

p(0,2) = pin(x) x € Q.
In order to close this problem we need to describe how p behaves on the boundary.

There are two fundamental ways to do this, either impose the value of p on the bound-

ary, or the value of its normal derivative. We focus on the homogeneous conditions:
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e Homogeneous Dirichlet boundary condition
p(t,z) =0 (t,z) €10, T) x 99 (1.70)

¢ Homogeneous Neumann boundary condition
Vap(t,z)-n(z) =0 (t,z) € [0,T) x O9. (L.71)

We can build solutions to the initial-boundary-value problems (1.69)-(1.70) and (I1.69)-
(L.71) using the eigenvalues of the Laplacian and the associated orthonormal basis
of L*(Q), see e.g. |Eval(] or [Tayll]. Note that in the Neumann case, we have
conservation of mass since the boundary is reflective, as we can see easily by integrating
the equation, but that is not necessarily true in the Dirichlet case. In both cases, we
have uniqueness of solution, in H}(f2) for Dirichlet, and H'(Q) for Neumann. Indeed,

a simple energy estimate shows

d
= p(t, z)? do + /]prfd:c = 0.
0 S

Using the Poincaré inequality, it follows that the H'-norm decreases, hence the unique-
ness since the equation is linear. Moreover, the solutions satisfy a remarkable property:
the maximum principle, which illustrates the diffusive effect of the equation by the
fact that the maximum value of the p(t,z) can only be attained on the boundary or

by the initial value:

Proposition 1.3.3. Let p be a solution of (1.69) with either Dirichlet or Neumann
boundary condition in C([0,T) x Q) NC2((0,T) x Q) then

sup p(t, x) = max {sup p(0,2), sup_p(t,z)}
[0,T)xQ Q [0,T)x 00

and we refer to [Tayll] or [Eval(] for more a more detailed analysis of these
equations.
1.3.2.2 Kinetic boundary conditions

Let us consider the linear Vlasov-Fokker-Planck equation on 2:

. = . ’
{8tf+v Vof = V.- (vf) +Af (t2,0) € [0.T) x 2 x R (1.72)

f(0,2,v) = fin(z,v) (z,v) € Q x RY,
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Here again, we need to specify how f behaves on the boundary to which end we

introduce the oriented set:
Yi = {(x,v) € Z;4n(z) -v > 0} with & = 9Q x R? (1.73)

where n(z) is the outgoing normal vector and we denote by ~vf the trace of f on
R* x 9Q x R%. The boundary conditions then take the form of a balance between
the values of the traces of f on these oriented sets vy f := 1y, f. Maxwell identified
in [Max79] three fundamental interactions between the cloud of particles and the

boundary which give rise to the following boundary conditions:

e The absorption boundary condition : for all (z,v) € ¥_

v-f(t,z,v) =0 (L.74)

e The local-in-velocity reflection operator called specular reflection: for all (z,v) €
3

V-f(tz,v) =74 f (2, Ra(v)) (1.75)
where R, (v) = v — 2(n(z) - v)n(z) which is illustrated in Figure L6.

e The non-local in velocity reflection operator called diffusion : for all (z,v) € ¥_
VI t20) = M) [ eftnw)n(e) - uldo (1.76)
%

where M is the Gaussian equilibrium (1.31) with the normalising assumption

/M(w)|w -n(z)|dw = 1.

The first one models the absorption of the particles by the boundary, the second
expresses the reflection of the particle that bounces back with a reflected velocity
and the third is when the boundary diffuses back into the domain. For a reflective
boundary, the most physically relevant model for the interaction would be a linear

combination of specular reflection and diffusion, i.e. for some 6 € (0, 1):

v f(t,z,0) = Oy f (L2, Re(v)) + (1 — H)M(v)/ v f(t z,0)|n(z) - v|dv

2
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Fig. 1.6 Specular reflection operator

which is usually called the Maxwell reflection boundary condition.

The existence and regularity of solution, up to the boundary, of kinetic equation with
either one of the boundary conditions has been the subject of many works such as for
instance |Bar70]|, [Ces84|, [Ces85], [CCI1]|, [RW92|, [ACI3|, [AM9I4], [CS95], [Car98|
and more recently [Mis10].

We are interested in the diffusion limit of a rescaled Vlasov-Fokker-Planck equation
on a bounded domain and we notice that the three boundary conditions are invariant

by the classical rescaling (1.35)-(1.36) so we consider the rescaled kinetic equation

2 . — . ¢
{E &tfs +ev vmfe VU (Ufe) + Afe (t,l’,v) < [0’T> xR (177)

f(0,2,0) = fin(z,0) (z,v) € Q x R

with either (1.74), (I.75) or (1.76) on the boundary. The behaviour of f. as € goes
to 0 has been investigated in [CSV96|, [BCS97| and [WLL15a| amongst others. In
the reflective cases (1.75) and (1.76) we can actually see the macroscopic boundary
condition arise from the kinetic ones by looking at the scalar product of the current

density j. at a point x on the boundary and the normal vector n(x). We see that for
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specular reflections

i(t) n(e) = [0 nia) ot 4o ni)do

e e
= [etlont@)ldv = [y g Ra(w)o - n(a) do
e e
= [retlo n@)ldo— [ s w)Row) nfa) du
5 b
=0
since R, (w)-n(z) = —w-n(x) as a direct consequence of the definition of R,. Similarly

for diffusive boundary conditions:

(t) () = [ seoniz)dot [ M) n@)do [ oo (o) du

=0
thanks to the normalising assumption on M. Hence, we have in both cases
Je(t,x) -n(x) =0 Y(t,x) € [0,T) x 0.

Since we know that % je — Vaup, it follows that both the specular reflection and the
diffusion boundary conditions give rise to the homogeneous Neumann condition on p

in the diffusion limit.

1.3.2.3 Boundary conditions for non-local diffusion equations

If we consider the fractional heat equation on a domain {2

(L78)

{&p—(—A)S/):O (t,x) €10,T) x Q
$(0,2) = pinl) re

then it is not obvious, from a PDE point of view, what kind of boundary condition
we should consider in order to close this problem. Indeed, because of the non-local
nature of the fractional Laplacian, a Dirichlet or a Neumann boundary condition on
0f) would result in an ill-posed problem since these conditions are local in space.

The problem of confining of non-local diffusion processes arose first in the field of
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Probability theory with the issue of confining a stable Lévy process to a bounded
domain, which was the subject of many works such as [Sil74], [Kom95], [CK02] or
[BBCO3]. From a symmetric 2s-stable Lévy process L;, K Bogdan K. Burdzy and Z.
Q. Chen define in [BBCO03] three types of confined processes: the killed process LK,
the censored process L and the reflected process Li*.

To define these processes we manipulate the associated Dirichlet form. Dirichlet forms
are powerful tools, initially introduced in the field of Potential theory in the 1950s
it was discovered in the 1970s that they can be directly related to certain random
processes and, consequently, that they constitute a extremely useful link between
probabilistic and analytic considerations. They have received a lot of attention and
we refer for instance to [MMR92] for a comprehensive introduction of the subject. In
the case of a Lévy flight L;, the associated Dirichlet form is a pair (€, F) of a bilinear
form € and a dense subspace F of L?(R?) such that if A is the infinitesimal generator
of the semigroup associated with L; (c.f. Section 1.2.3) then for any u and v in L*(R9):

E(u,v) = (—Au,v)

where (:]-) is the scalar product on L*(R?), and F is the domain of definition of £. In
this particular case, using the results we presented as the beginning of Section 1.2.3,
we see immediately that the Dirichlet form associated with Lévy flights is (£, H*(R?))

where & is the scalar product on the homogeneous Sobolev space H s(R%)

RO/ CO R0 (UG K0 P

‘SL’ _ y|d+25

R4 xR

Now, the construction of the killed process L¥! is the most straightforward: we add a
coffin state 9 to R? and define the exit time

to =inf{t > 0: W, ¢ Q}.

The killed process L is then defined as

7l _ Ly t<tq
=
0 t>1tq.

It is exactly the Lévy flight killed upon leaving €. Its Dirichlet form (&4l FEl) is
simply the Dirichlet form of the Lévy flight restricted to functions that are 0 almost
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everywhere outside 2:

Fall = fu e HS(Rd u=0a.c. on R"\ Q}
Xl (y, v) —c // |x — y(ﬁgS) i) do dy + /u(x)v(a:)/m(x) dx

QxQ

where kq is the killing measure given by

1

RI\Q

To construct the censored process L{*™ we want to forbid any long flights ending outside
the domain and only kill the process if it reaches the boundary through a continuous
path, unlike the killed process who enters the coffin state any time it goes outside of
Q. This can be done by the Ikeda-Nagasawa-Watanabe piecing together procedure
[INW66], the idea is to check, at exit time tq, if the process left the domain as a result
of a continuous path, in which case we kill the process with the coffin state, or if it
left the domain as a result of a long flight in which case we start again with a new
Lévy process initiated at Ltg-2 at time tn. The resulting process is then confined to
the domain €2 and reads as a juxtaposition of killed processes as defined above. K.
Bogdan, K. Burdzy and Z.-Q. Chen gave an equivalent construction of this process
in [BBCO3| through a Dirichlet form argument and they showed that the associated
form (€, F&™) is

2
-F(Czen — H3<Q) = {u c L2 // |x _y|d+2 d.ﬁlﬁ‘dy < OO}

[

OQxQ

We can see, in this Dirichlet form, that forbidding any long flights ending outside
the domain comes down to reducing the domain of integration to {2, hence making
"impossible" any long jumps that would result in leaving the domain.

Finally, the reflected process is basically a censored process that is not killed upon
leaving the domain, instead it is reflected back inside the domain by juxtaposing cen-
sored processes. One of the fascinating results of K. Bogdan, K. Burdzy and Z.-Q.

Chen is that when 0 < s < 1/2, the reflected and the censored processes are essen-
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tially identical, which means that the probability of reaching the boundary through a
continuous path is 0. We will see in the chapters of this thesis that the case s = 1/2
is indeed critical in many situations.

The macroscopic confinement of non-local diffusion processes with PDE tools has re-
ceived more and more attention in recent years, often building from the probabilistic
point of view we just presented. Like at the microscopic scale, there are different ways
to add a boundary condition to the fractional heat equation in order to generalise the
homogeneous Dirichlet condition. The first method, which may seem the more natu-
ral from an Analysis of PDE point of view, is to impose the condition on the whole

complementary of the domain:
p(t,z) =0 (t,z) €10,T) x (R*\ Q).

This was the subject, for instance, of [FKV13| by M. Felsinger, M. Kassmann and P.
Voigt and also [ROS14] by X. Ros-Oton and J. Serra. They proved that the problem
with this boundary condition is well-posed and it actually corresponds to the killed
process W[ since it basically comes down to looking for a solution p of (I.78) in H*(R%)

such that p = 0 on the complementary of €.

Another way to generalise the homogeneous Dirichlet condition is to define a new
operator that does not involve the values of p outside the domain. This operator is
called the regional fractional Laplacian ( — AQ)S. It was introduced by Q.-Y. Guan
and Z.-M. Ma in [GMO6]| and it is defined (for a smooth convex domain) as

(—A@%@FHMPV/%%j%%@/

which corresponds to the censored process Wy ". Since this operator confines the
non-local behaviour inside the domain, it is actually compatible with local-in-position
boundary conditions such as (1.70) and (I.71). There has been a growing series of work
on that subject as for instance [GMO5|, [Gua06], [CKS09|, [MY15|, [Warl5|, [Warl6|.
Note that when considering reflective boundary conditions such as (1.71), the under-
lying process would be the reflected one. These papers show well-posedness of the

equation and some results on the regularity of the solution up to the boundary.

There is a another remarkable approach to the problem of finding a reflective

boundary condition for the fractional heat equation, which was presented by S. DiP-
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ierro, X. Ros-Oton and E. Valdinoci in [DROV17]. They propose a non-local Neumann
condition in the form of an operator N defined for z € R4\ Q as

/ e |d+25 . (1.80)

They prove in [DROV17| that the associated Neumann problem

( A)p f z €N
Nep=0 r € R\ Q

with f € L?(Q2), and the fractional heat equation (I.78) with (I.80) are both well-posed
and prove some properties on the solution of the heat equation like conservation of
mass, decreasing energy and convergence to a steady state in long-time. The proba-
bilistic interpretation of their operator is a variation on the censored process. Morally,
their process is a juxtaposition of killed processes in such a way that when the parti-
cles jumps at a point x outside €2, the process starts again from a point y inside the

domain where y is chosen randomly with probability distribution 1/|z — y|*+25.
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I.4 List of works presented in this thesis and perspec-

tives

In this thesis, we are interested in deriving confined non-local diffusion equations from

kinetic equations with a fractional Fokker-Planck collision operator.

Chapter II: Anomalous diffusion limit with an external electric field
based on [ASC16], joint work with P. Aceves-Sanchez

In this chapter, we consider the fractional Vlasov-Fokker-Planck equation with 1/2 <
s < 1 and an external field F(t,x):

{6tf+v-vxf+E.VUf:Vv-(vf)—(—Av)sf in [0,7) x R? x R?

f(0,2,v) = fin(z,v) in RY x R%

We first show a result of existence of weak solutions before introducing, in the spirit

of Section 1.2.4, the anomalous scaling
t=e*, ' =ex. (1.81)

We show that if E satisfies the precise scaling property (which can be thought of as a

fractional version of (1.66)):
E(e*t,ex) = > B, o)

then in the limit as € goes to 0, f. will tend to p(t, z) F'(v) where p satisfies a fractional

advection-diffusion equation

{ Op+ Ve (Ep)+(=A)p=0 (t,r) €[0,T) x R (182

p(0,2) = pin(x) r € R

We conclude the chapter by focusing on the critical cases s = 1/2 and s = 1 and show-
ing that, up to minor modifications, our method for deriving the fractional advection-

diffusion equations also works in the critical cases.

Perspectives
The results presented in this chapter can be interpreted as a first step towards the

anomalous diffusion limit of a Vlasov-Fokker-Planck equation with a Poisson potential.
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We present some of the difficulties that arise when we consider an electric field in the
kinetic equation and exhibit a sufficient (although a priori not optimal) regularity
needed for that field in order to take the diffusion limit.

Note in particular, that the scaling property (1.66) does not seem compatible, at first

sight, with a classical Poisson equation of the form
E(t,x) =V,®, —AD = p.

As a consequence, if we want to look at a self-consistent electric field generated by the
charged particles in a plasma and derive a fractional advection-diffusion equation — i.e.
if we want to generalise the results of [PS00|, [Gou05] or [EGM10]| to the fractional
case — then we should probably start by looking for a relevant generalisation of the

Poisson equation that ensures the appropriate scaling property for E.

Chapter III: Anomalous diffusion limit in bounded domains
based on [Ces16]

We consider the fractional Vlasov-Fokker-Planck equation on a smooth convex bounded

domain §2

Of+v-Vof =V, (vf)— (—A)f in[0,T)x QxR
f(0,z,v) = fin(x,v) in Q x R%

Since the non-local operator acts solely on the velocity variable, we can consider classi-
cal kinetic boundary condition on the spatial boundary 0€2. For instance, we consider

either absorption boundary condition
v-f(t,z,v) =0 on [0,7) x X_

where X = {(z,v) : x € IQ,v - n(z) < 0} as introduce in Section 1.3.2.2, or the

specular reflection boundary condition

v f(tx,0) =y f (¢ 2, Re(v)) on [0,T) x X_

where R, (v) = v —2v - n(z).
We establish the anomalous diffusion limit of these problems. Introducing an anoma-
lous scaling equivalent to (I1.81), we prove a priori estimates in both cases from which

we deduce the weak convergence of f. to p(t,z)F(v). In the absorption case, we
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identify p as the solution of the fractional heat equation with a Dirichlet boundary

condition extended to the whole complementary of the domain

Op+ (—2:)p=0 in [0,7) x ©
p(0, %) = pin() r e
p(t,z) =0 in [0,7) x (R*\ Q).

Note that in this PDE, the fractional Laplacian is to be understood as acting on the
extension of p by 0 outside the domain.

In the specular reflection case, we show that the boundary condition affects the diffu-
sion process of the macroscopic density inside the domain. We restrict our choice of
domains to the half-space or the ball in R? and, through careful analysis of the trajec-
tories of the free transport in those domains, we construct a new non-local diffusion
operator, which we call the specular diffusion operator and write (—A)Z,. If © is the
half-space RY := {z = (2/,24) € R xR : 24 > 0}, this operator is explicitly defined

as

(=Buple) = casPV- [ [o0) = 00)) (1o + gy )
Q

If Q is a ball, however, the definition of (—A)Z, involves a particular function n(z,v)
that we will construct later on and which is the focus of Appendix A. In both cases,
this operator models a non-local diffusion process where the probability of jumping
from x to y is not only a function of the length |z — y| but also of the length of all
the possible trajectories of the free transport equation that send x onto y. In the
half-space, there are exactly two such trajectories, the direct jump and the reflected
one, as expressed in the definition of (—A)3, above.

We prove some properties of this operator, define an associated generalisation of the
fractional Sobolev spaces and derive an integration by parts formula. We then look at

the associated evolution problem: the specular diffusion equation

dp— (—A)sp=0  [0,T)xQ
p(0,2) = pin() reQ

and prove that this problem is well-posed in the Hilbert space associated with the
operator. This results expresses the fact that the operator includes, in its definition,
the interaction between the macroscopic density p and the boundary, which is why we

don’t need any extra boundary condition to have existence and uniqueness of solution.
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Perspectives

The natural continuation of this work is the extension of the results to more general
domains. In the case of absorption boundary condition, a similar result has been es-
tablished for non-convex domains by P. Aceves-Sanchez and C. Schmeiser in [ASS17]
for a linear Boltzmann operator with a heavy tailed equilibrium. They proved that
the limit equation on the macroscopic density is a non-local diffusion equation where
the diffusion operator resembles the regional fractional Laplacian (see Section 1.3.2.3)
on the largest star-shaped domain included in 2 around the point x at which it is
evaluated, perturbed by a corrective term that one could compare with the killing
measure (1.79) modified to adapt to the star-shaped domain, and supplemented with
an homogeneous Dirichlet condition on the whole complementary of the domain. It is
still an open question whether the same operator would arise as limit of the fractional

Vlasov-Fokker-Planck equation although it is very likely.

In the specular reflection case, we have only been able to construct the specular diffu-
sion operator when the domain has special symmetry properties, such as the half-space,
the ball, the cube, the strip... In order to extend the construction to more general
domains, or at least to prove existence of this operator in more general domain, one
needs to show strong regularity results on the solution to the free transport equation
in such domains which, as far as we know, remains an open question even though it

has received a lot of attention.

From a stochastic point of view, we have seen in Section [.3.2.3 that in order to confine
Lévy flights to a bounded domain we need to prescribe what happens when a particle
leaves the domain as a result of a long flight. In the phenomenon described by the
specular diffusion operator, it seems that we should see the long flight as a trajectory
of the free transport equation with exponentially decreasing velocity and specularly
reflected upon hitting the boundary (see Appendix A) and the Lévy motion should
start again at the end-point of this trajectory. Such a Lévy process has not yet been
properly constructed, as far as we know, and it would be interesting to do so in order
to see if we can derive the specular diffusion operator as the infinitesimal generator of

that process.

Chapter IV: Diffusion limit in spatially bounded domains
based on [CH16], joint work with H. Hutridurga
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This is the only chapter where we look at classical diffusion phenomena. We consider
the (classical) Vlasov-Fokker-Planck equation on a smooth convex domain 2 with
specular reflection on the boundary

Of +v-Vuf =V, (vf)+ Af in [0,7) x Q x R
f(0,2,v) = fin(z,0) in Q x R
Vo f(t x,v) =7 f(t, 2, Ra(v)) in [0,7) x X_.

The purpose of this chapter is to show that the method we developed for the fractional
case in [CMT12] and [Ces16| also works, up to some minor changes, in the classical
case. We consider the classical rescaling

t =%t ¥ =cex

and show that the solution of the rescaled equation converges weakly to p(t,x) M (v)
where M is the gaussian equilibrium (1.31) and p is the unique weak solution of the
heat equation with homogeneous Neumann boundary condition (I.71). This result
was already known, as presented in Section 1.3.2.2, with a method articulated around
the current density j.. Here, our method is original and rests upon estimates on the
regularity of trajectories described by the free transport equation in a sphere with
specular reflections on the boundary.

Note that although we are only able to establish rigorously the diffusion limit in a
sphere (or a half-space), we can formally derive the limit in any strongly convex open
set () — meaning that the curvature of the boundary is bounded below by a positive
constant. Extending the rigorous proof only requires a better regularity result for the

free transport equation in such domains.

Chapter V: Anomalous diffusion limit with diffusive boundary

based on an ongoing project with A. Mellet and M. Puel

We consider the fractional Vlasov-Fokker-Planck equation on a smooth convex bounded

domain €2 with diffusive boundary condition under anomalous rescaling:
1 s
O fe+v-Vafe = g(vv (vfe) = (= A) fa) in [0,7) x Q x R
1:(0,2,0) = fin(z,v) in Q xR? (L.83)

7St v) = Bl f)(t 2, 0) on [0,T) x ..
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The operator B is defined as

Bl fI(t 2, 0) = coF(v) / v f (b 2w - ()] du (1.84)

ot

with the normalising constant ¢y given by

c0:< / F(v)\v~n(x)\dv)_l. (1.85)

vn(x)<0

where F' is the unique normalised heavy-tailed equilibrium of the fractional Fokker-
Planck operator.

We prove a priori estimates on f., similar to the ones established in Chapter III, that
ensure convergence to the kernel of the fractional Fokker-Planck operator, i.e. to a
function p(t,z)F'(v). Then, we introduce an auxiliary problem, in the spirit of Section
[.2.4.2 and Chapter III, with the purpose of defining a sub-class of test functions
for the weak formulation of (I.83) which will allow us to take the limit in this weak
formulation. However, this auxiliary problem differs from the ones we have studied
before because of the non-local nature of the boundary condition (I.76) and we are
still unable, so far, to give a complete and thorough construction of its solutions.

As a consequence, we will not give a rigorous proof of the anomalous diffusion limit
but instead we will identify formally the non-local diffusion equation that should be

satisfied by the limit p which is:

op+Lp] =0 in [0,7) x Q
p(0,2) = pin(x) in Q (1.86)
D> pl(t,x) -n(x) =0 on [0,T) x IQ

where L is a non-local operator acting on an extension of p outside {2 that we define
in the auxiliary problem, and D*~1! is such that L[p] = =V, - D*~1[g].

We conclude this chapter with an analysis of this non-local operator £, proving an
integration by parts formula, defining a associated Hilbert space H:,,(€2) in the spirit
of the space H3,(£2), and finally proving a Poincaré-type inequality for L.

The purpose of this chapter is two-fold. Firstly, it illustrates one of the most interesting
and surprising difference between classical and anomalous diffusion limits in bounded
domains which is the fact that the confined non-local diffusion equations we obtain

strongly depend on whether we consider specular reflection of diffusive boundary con-
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ditions, unlike the classical diffusion limits where we obtain the heat equation with
homogeneous Neumann boundary condition in both cases, see Section 1.2.4.2. This
difference highlights the strong relation that exists between the non-local diffusion
processes and the local-in-space confinement that we introduced, and the pertinence
of our method to derive confined non-local diffusion equation from kinetic models.

Secondly, it allows us to introduce the new non-local operator £ which differs from the
operators presented in Section 1.3.2.3. The confined stochastic processes constructed
in that section do not seem to correspond to the phenomena modelled by this operator
and in particular we do not know what the non-local boundary condition D?*~! entails
from a stochastic point of view. Nevertheless, the operator exhibits very promising
properties. In particular we have hope to establish well-posedness of the non-local dif-
fusion equation (I.86) in the Hilbert space H3,.(R?) through a Lax-Milgram argument,
in the spirit of the proof for the specular diffusion case, and moreover, the Poincaré-
type inequality should allow for well-posedness of the Neumann problem associated

with £ and the boundary operator D%,

Perspectives

Apart from completing the proof of this anomalous diffusion limit, the natural contin-
uation of Chapter III and this one is to consider Maxwell boundary conditions, i.e. a
linear convex combination of specular reflections (1.75) and diffusive boundary condi-
tion (I1.76). We see that the non-local diffusion equations we obtain in both cases are
significantly different, in particular we see that the non-local operator £ does not char-
acterise on its own the interaction between the particle density p and the boundary
0 and requires a boundary condition with the operator D*~!, unlike the specular
diffusion operator. As a consequence, it is not clear how we can conjugate both ap-
proaches to derive an anomalous diffusion limit for Maxwell boundary conditions, or

what the resulting non-local diffusion operator will look like.

Appendix A: Free transport equation in the unit ball
based on the appendiz of [Ces16] and [CH16]

In Appendix A, we have put together the appendices of [Ces16] and [CH16| concerning

the free transport equation in a ball with specular reflection on the boundary. We
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consider the unit ball 2 in R? and the trajectories (z(¢),v(t)) in that ball given by

o(t) = v(t) z(0) = i
0= —u(t) v(0) = vy (L.87)
If z(t) € 9Q then v(t") = Ry (v(t7))

where R is the specular reflection operator defined in (I1.75). We define the function 7
— crucial in the definition of the specular diffusion operator — which associates x;, and

v, with the end-point of the trajectory described above
N(Zin, Vin) = z(t = +00).

We proved in Chapter III that if € is strongly convex (which is true for the unit
ball) then 7 is well-defined, i.e. the end-point x(t = +o0) exists and is uniquely
determined by x;, and v;,. Moreover, we see by construction that 7 is constant along

the trajectories (z(t),v(t)) so differentiating along the trajectories we have

< [n(ate),v)]

=v-Vyn—0v-Vyn=0
t=0

and 7 satisfies the specular reflection boundary condition on 0€2. This entails a direct
link between the function 7 and the free-transport equation in a ball with specu-
lar reflection on the boundary. Indeed if we consider this equation with a velocity-

homogeneous initial datum v (x):

Ohf+v-V.f=0 (t,z,v) €]0,T) x Q x R?
f(O,SL’,’U) = w(ﬂf) (LU,U) & Q % Rd
y_ft,zv) =y f(t,x, Rev) (t,z,0) €[0,T) x 92 x {v:v-n(x) <0}

then, it is rather straightforward to see that a solution to this problem is

f(ta €, U) = ¢(n($> —t’U))

and we could also derive the solution of the free-transport equation with a non-
homogeneous initial condition with respect to velocity from the n function. Hence,
the regularity results of 7 informs us on how regularity propagates through the free
transport equation in a ball, which is a long-standing open problem.

This appendix is indeed concerned with the regularity of  with respect to the velocity
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variable. We show that in the unit ball,  has an explicit formulation as a function of
Tin, Vin and the number k of reflections on the boundary undergone by the trajectory
from (x;,,vi,), which is always finite when 2 is strongly convex. Through careful
manipulations of the explicit expression and elaborate differential computations, we

are able to show the following regularity results:

Lemma 1.4.1. Consider the unit ball ). The associated function n defined above

satisfies
IV, (z,v)||€ L®(2 x RY) (1.88)
and for all ¢ € D1(Q) defined as

Dr(Q) = {¢ € C*([0,T) x Q) s.t. Y(T,-) =0 and Yz € O : Vy1b(t,z) - n(z) =0}

we have
HD?, [w(n(x, v))] H € Lip (2 % RY) (1.89)
for any p < 3 where ||-|| is a matriz norm. Moreover,
sup || D; [w(n(x,v))} H € L*°(Q) (1.90)
vERT

for any 6 > 0 and finally, if we write v = rd with r € RT and 0 € S*! then

sup
r>0

A[w(n(x, -))} (7“0)’ e L=((0,T); LA(Q x S471)). (1.91)

Results (1.88), (1.89) and (1.90) come from the appendix of [Ces16] and are tailor-made
in order to prove convergence of the weak formulation of the fractional Vlasov-Fokker-
Planck equation with a well-chosen test function. Although we do not pretend that
these results are optimal, our method of proof fails to ensure the bound (1.90) for
0 = 0 and we have strong doubts that any better regularity could be obtained.

Result (1.91) comes from the appendix of [CH16] and is, once again, custom-made
for the proof of the diffusion limit of the Vlasov-Fokker-Planck equation. Note that,
although we still do not claim optimality, our proof fails to give a result uniformly in
v hence the necessity to take the supremum only with respect to the norm r = |v|. If
we took the supremum in v, the Laplacian would belong to L?>~°(€) for any § > 0 like

the second derivative above.
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Perspectives

There are two naturally continuation of this analysis. The first is to obtain a more
general regularity result of 1 in the unit ball, such as regularity with respect to the
position variable x and up to the boundary. This regularity issues have been inves-
tigate through energy estimates in [GKTT17| by Y. Guo, C. Kim, D. Tonon and A.
Trescases. Together with A. Trescases, we are currently trying to combine these two
approaches in order to derive optimal regularity in the particular case of the unit ball.
The second natural continuation is to extend the results to more general domains.
The fact is that the explicit formula for 7, upon which all our analysis rests, only
holds in a ball and there is a strong possibility that explicit formulae cannot be obtain
in more general domains, especially ones without any particular symmetries. This
is a long-standing open problem, on which we are working. Note that deriving such
results would allow, almost immediately, to derive the specular diffusion equation in

general domains through a very minor modification of the method presented in [Ces16].
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II.1 Introduction

II.1.1 The fractional Vlasov-Fokker-Planck equation

In this chapter we investigate the long-time/small mean-free-path asymptotic be-

haviour in the low-field case of the solution of a Vlasov equation with a fractional
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Fokker-Planck operator (VFFP) equation

Of+v-Vof + E-V,f =V, -(vf)— (= A,)°f in[0,00) x R xR (Ila)
f(0,z,v) = f™(x,v) in R* x RY,  (IL.1b)

where s € [1/2,1]. This equation describes the evolution of the density of an ensemble
of particles denoted as f(t,z,v) in phase space, where t > 0, z € R? and v € R?
stand for, respectively, time, position and velocity. The operator ( — A)S denotes the
fractional Laplacian and is defined by (IL.5). Let us recall that, at a microscopic level,

equation (II.1a)-(IL.1b) is related to the Langevin equation

o,
4
—~
~
SN—
Il

—v(t)dt + Edt + dL?*, (I1.2)

where L?* is a Lévy process with generator —( — A)® and (z(t), v(t)) describe the po-
sition and velocity of a single particle (see [JR11] and [Ris96]). Therefore, this models
describes the position and velocity of a particle that is affected by three mechanisms:
a dragging force, an acceleration and a pure jump process.

In the particular case when s = 1 the fractional operator ( — A)s takes the form of
a Laplace operator —A and (II.1a)-(I1.1b) reduces to the usual Vlasov-Fokker-Planck
equation. In this case the Fokker-Planck operator is known to have an equilibrium
distribution function given by a Maxwellian M(v) = Cexp (—|v|?) where C' > 0
is a normalization constant. The Vlasov-Fokker-Planck equation has been used in
the modeling of many physical phenomena, in particular, for the description of the
evolution of plasmas |Ris96]. However, there are some settings in which particles may
have long jumps and an 2s-stable distribution process is more suitable to describe the
phenomenon, see for instance [SLDT01|. The classical Vlasov-Fokker-Planck equation
for a given external field is related to the Vlasov-Poisson-Fokker-Planck system (VPEFP)
in the case in which the electric field is self-consistent. Questions such as existence of
solutions, hydrodynamic limits and long time behaviour for the VPFP system has been
extensively studied by many authors, see for instance [BD95|, [Pfa92], and [GNPS05].
In particular, in [EGM10] the low field limit is studied for the VPFP system and a
Drift-Diffusion-Poisson system is obtained in a rigorous manner.

Let us note that, although it is classical in the framework of kinetic theory to consider
a self-consistence electric fields that expresses how particles repulse one another, one
can also, in the VPFP system, consider the case in which particles are attracted by

each other and this model is used in the description of galactic dynamics.
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In the rest of the chapter we shall need the following notation: The fractional (or
Lévy) Fokker-Planck operator denoted by £° and defined as

LF = ur (o) — (— A, (13

In order to investigate the asymptotic behaviour of the system, we introduce the
Knudsen number ¢ which represent the ratio between the mean-free-path and the
observation length scale. In the case when E = 0 it was observed in [CMT12] that the
time rescaling ¢’ — €27t and introducing a factor 1/¢ in front of £* is the appropriate
scaling at which diffusion will be observed in the limit as € goes to zero. Moreover,

we introduce the factor 1/g%72

in front of the force field term E corresponding to
a low-field limit scaling since we shall consider the case 1/2 < s < 1 and thus the
scaling of the collision operator 1/¢ is much greater than the scaling of the electric
field 1/%72%. We shall study in this paper the asymptotic behaviour as € tends to zero

of the solutions of following rescaled VLFP equation

2195 4 v Vo f + ¥ 2E(Lx) - Vo ff = %(vv ()= (- Av)sf>. (I1.4)

I1.1.2 Preliminaries on the Fractional Fokker-Planck operator

In this chapter we denote by f or F (f) the Fourier transform of f and define it as

F = [ e pa)d

There are several equivalent definitions of the fractional Laplacian in the whole domain
(see [Kwalb] or [DPV12]). It can be defined via a Fourier multiplier as

F((=2)°() (k) = WFF() (b

On the other hand, assuming that f is a rapidly decaying function we can define the

fractional Laplacian in terms of a hypersingular integral as

() = f(w)

(= A (f)(w) = cas PV, T (I1.5)

Rd |U —
where P.V. denotes the Cauchy principal value and the constant ¢4 ¢ is given by
2s d+2s
22T (45)

=2 1.6
s = ST (—s) | (IL6)
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and T'(-) denotes the Gamma function. In [DPV12] it is proven that for any d > 1,
cas — 0 as s — 1. Thus (IL.5) does not make sense if we take s = 1. However, we
have the following result.

Proposition I1.1.1. Let d > 1. Then for any f € C°(R?) we have

lim (—A)°f = —Af.

s—1

For an account of the properties of the fractional Laplacian consult [DPV12], [V14],
[Ste70] or [Lan72|. Let us note that due to its dependence on the whole domain,
the fractional Laplacian is a nonlocal operator and it has the scaling property ( —
A) (f)(v) = A2 (= A,)" f(A), for any A > 0 where fy(v) = f(Av). Since it will be
useful later on in our analysis, we also mention that since the fractional Laplacian is

an integro-differential operator it satisfies:

/(—A)Sfdv:().

In [BKO3] it is proved that the Lévy-Fokker-Planck operator £° defined by (I1.3) has
a unique normalized equilibrium distribution that we shall denote F' (which depends

on s). Therefore, the Fourier transformation of F' denoted as F and defined as

ﬁ(f) = /Rd e U (v) do,

satisfies

§-VeF +[¢"F =o.
Thus yielding

F(g) = elél™/2, (IL7)
In the jargon of stochastic analysis, random variables having a characteristic function
of the form (I1.7) are called symmetric 2s-stable random variables, consult [App09].
Using the notation of [BJO7]| let us note that setting t = 1/2s, x = v, and y = 0, we
obtain the identity F'(v) = p(1/2s,v,0). Thus Lemma 3 of [BJO7]| states that there
exists €1 = Cy(d, s) > 0 such that

1 1 1 1
ot < Fl)<C I1.8
1 (28‘U|d+25 A (28)d/25) — (’U) — 1(28‘U|d+25 A (28)d/2s)’ ( )
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for all v € R, where a A b denotes the minimum between a and b. On the other hand,

Lemma 5 of [BJO7] states the existence of a positive constant Cy = Cy(d, s) such that

B (e 05097 < (9.0 < el

A(25)@+2/2) (119
C, \ 25[v]#H2T2s (2s) (IL.9)

2$|,U|d+2+25

1I1.1.3 Main results

As usually in the framework of fractional Vlasov-Fokker-Planck equations, we use the

following definition of weak solutions:

Definition IL.1.1. Consider f™ in L*(R% x RY) and E € (W>([0,T) x R%))*. We
say that f is a weak solution of (I1.1a)-(IL.1b) if, for any ¢ € C=([0,T) x R% x R?)

///f(at¢+v-vm¢+ (E(t,z) —v) - V6 — (_A)s(b) Ao
i (I1.10)
+ // f™(z,v)9(0,z,v)drv =0

R4 x R4

where Qr := [0, T) x R? x R, Section 2 of this chapter is devoted to a well-posedness
result for the fractional Vlasov-Fokker-Planck with an external electric field F in the

following sense.

Theorem II1.1.2. For [ in L*(R? x RY) and E € (Wh([0,T) x Rd))d there exists
a unique weak solution f of (IL.1a)-(IL.1b) in the sense of Definition II.1.1 and it

satisfies

f(t,z,v) >0 on Qr, (IL.11a)
fex = {f € LX(Qr) : |f(t’x|’”) - {f;x’w” e L*(Qr x Rd)}. (IL.11D)
v —w| 2

Remark IL.1.3. The assumption E € (W->([0,T) x Rd))d in Theorem II.1.2 is not
optimal in the sense that we could replace it by E € (L>([0,T) x Rd))d or maybe
it could be replaced by even weaker assumptions on E, however, finding the optimal

reqularity of E is out of the scope of this chapter.

The proof of this existence result relies on using the Lax-Milgram theorem for a well
chosen associated problem, in the spirit of the proof in [Deg86] and in [Car98| for

the existence of weak solutions of the Vlasov-Fokker-Planck equation. The proof of
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positivity (II.11a) is given in details as it involves the non-local nature of the fractional
operator and, therefore, differs from the classical proof.
In Section 3, we consider the electric field as a perturbation of the fractional Fokker-

Planck operator and as such we introduce 7;:

Tf) =V, - [(v . 528—1E(t,x))f} —(=A)F

We prove existence and uniqueness of a normalized equilibrium F. for this perturbed
operator in Proposition 11.3.1. Then, following the strategy introduced in [ASS17], we
investigate the decay properties of this equilibrium and its convergence to the equilib-
rium of the unperturbed operator, F', as € goes to 0, in Proposition I1.3.2. Finally, we
prove that 7; is dissipative with regards to the quadratic entropy, Proposition 11.3.3,
which allows us to establish uniform boundedness results for f., the solution of the
rescaled equation (IL.4)-(IL.1b), as well as its macroscopic density p. = [ f. dv and its
distance to the kernel of 7. we which write r. defined by the expansion f. = p.F.+&°r..
In the last section, we turn to the proof of our main result which is the anomalous
advection-diffusion limit of our kinetic model. We follow the method introduced in
[CMT12| which consist in choosing a test function ¢.(¢,x,v) which is solution, for
some 1) € C([0,T) x R?) of the auxiliary problem:

eV Ve —v- V0. =0 in [0,00) x RY x R?,
Pe(t,2,0) = ¢(t, x) in [0, 00) x R4,

and show that the weak formulation of our problem, (II1.14), with such test functions
converges to the weak formulation of the advection fractional diffusion equation. We
first prove this convergence in the non-critical case, i.e. when 1/2 < s < 1 and then we
turn to the critical cases s = 1/2 and s = 1. The outline of the proof remains the same
in both critical cases but a few differences appear. For s = 1, although the nature of
the collision operator changes noticeably since it becomes local, the only difference in
the proof is a technical one in the study of the dissipative property of the perturbed
operator whereas, in the case s = 1/2, we show that the equilibrium of the perturbed
operator is independent of £ and as such it stays perturbed by the electric field E(¢, x)

even in the macroscopic limit. In all cases, our main result reads:

Theorem II.1.4. Let s be in (1/2,1] and f. be the weak solution of (I11.4)-(IL.1b)
in the sense of Definition II.1.1 on [0,T) x R? x R? for some T > 0 and with
fmoe L%_l(v) (R? x RY) N LL(R? x RY). Then, f. converges weak-x to p(t,z) F(v)
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in L>(0,T; LZF,I(U) (R? x RY)), where p is the solution in the distributional sense of

op+V - (Ep)+ (—A)Sp:() in [0,T) x RY,

p(0,x) = p™(x) in RY. (11.12)

where p™ = [ f™dv. In the case s = 1/2 the same anomalous advection-diffusion

limit holds but instead of F(v) the equilibrium distribution of velocity becomes
Fp(t,z,v) = F(v— E(t,z)) (I1.13)

The advection fractional-diffusion equation (I1.12) describes the evolution of the macro-
scopic density p under the effect of a drift, consequence of the kinetic electric field,
and a fractional diffusion phenomenon. The regularity of the solutions of this type
of equations has been studied for instance in [Silll], [Sil12], and [DI06]. We refer
the interested reader to those articles and references within for more details on this

macroscopic model.

I11.2 Existence of solution

We recall that, throughout this paper, for any T > 0 we write Q7 = [0,T) x R? x R?
and C°(Qr) the set of smooth function compactly supported in Q7. This section
is devoted to the proof of the following result of existence and regularity of weak
solutions:

Theorem I1.2.1. Consider f™ in L*(R? x RY). There exists a unique weak solution
f of (I.1a)-(I1.1b) on Qr in the sense that for any ¢ € C°(Qr):

///f(at¢+v-vm¢+ (E(t,z) —v) - Vo6 — (_A)s(b) .
Qr

+ // f™(z,v)9(0,z,v)drv =0 -

R4 xR

and this solution satisfies:

f(t,z,v) >0 on Qr,
fex = {feL2 '|f(t’x’”)_":(+€;x Ol ¢ 20y de)}. (IL.15)

v — w]
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Remark I1.2.2. Note that this definition of X is equivalent to saying that it is the
set of functions which are in L*([0,T) x RY) with respect to time and position and in
H*(RY) with respect to velocity.

Proof. We follow the method in [Deg86| and in [Car98| for the proof of existence and
uniqueness of solutions to the linear Vlasov-Fokker-Planck equation. The first part
of the proof consists in solving our linear problem in a variational setting, applying
the well-known Lax-Milgram theorem of functional analysis. We consider the Hilbert

space X provided with the norm

2

12 = (HfH%%QT) + QCd,iH(_A);fH%Q(QT)) (11.16)

where cq; is defined in (I1.6). We refer the reader to [DPV12] for properties of this

functional space. Let us denote T the transport operator, given by
Tf=0f+v-Vof = (v—E(t,2)) - V,f.

We define the Hilbert space ) as:
y:{fEX:TfEX’} (I1.17)

where X' is the dual of X'. (-,-)x s stands for the dual relation between X and its
dual. Y is provided with the norm:

15 = 1A% + [T f1 (I1.18)
In order to apply the Lax-Milgram theorem we consider the associated problem

Of +ev-Vof +eEt,x) V,f + eQSt( — A)str A =0 (t,z,v) € Qr
(0, z,v) = f™(z,v) (z,v) € R? x R?
(I1.19)
which comes formally by deriving (IL.1a) for f = e~ A f (¢, 2, e ') and f"(z,v) =
f™(z,e"tv) for some A > 0. A weak solution of (I1.19) is a function f € X such that
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for any ¢ in C°(Qr):

///( — fOp— e fu-Vap — e FE(, x) - Voo + e F(— A) 6+ Aﬁ;ﬁ) At de do
Qr

_ // F6(0, 2, v) da dv = 0.

R x R4

(I1.20)
We first prove existence of a solution in X" of equation (I1.19) and we will prove after-
wards how this implies existence of a solution of the fractional Vlasov-Fokker-Planck
equation with the electric field E.
We know that CX(Qr) is a subspace of X with a continuous injection (see, e.g.
[DPV12]) and we define the prehilbertian norm:

=lol% + —|I¢(0,-,-)Hiz(md>-

Now, we can introduce the bilinear form a : X x C*(Qr) — R as:

ol7.0) = [[ [ (=F00=eFo- Tt B 0)- V.62 F(= 5)"6+7F6) dedi do
Qr

and the continuous bounded linear operator L on C2°(Qr) given by:
== // 7 (z,0)$(0, 2, v) dz dv.
RdxRd

To find a solution f in X of equation (I1.20) is equivalent to finding a solution f in X
of a(f,¢) = L(¢) for any ¢ € C>°(Qr). Since f belongs to X it is easy to check that
a(-, ¢) is continuous. To verify the coercivity of a we write:

// $Oyp + e tdv - Vo — e'pE(t, x) - qu)dtd:cdv— / |0, z,v)|* dz dv

R4 xR

/// 2ot — gbdtdxdv—/// 2t (~A)5 |2 dt da do.

and also:
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Hence, we see that

a(g, ) = /// <A¢2+628t|(_A)%¢|2) dtdedv + %/ |60, z,v)|*dt dz dv
Qr

QxR4

which can be bounded from below as a(¢, ¢) > min(l,)\)|¢>|%§o(QT). Thus, the Lax-
Milgram theorem implies the existence of f in X satisfying (I11.20). Now, we want to
show that this yields existence of a solution of (II.14). To that end, we first consider
¢ in C>(Qr) such that ¢(t, x,v) = eMp(t, z, e 'v). Equation (I1.20) becomes (writing
d(e~tv) instead of ¢(t, x, etv))

///QM( — foip(e™v) — fe v - Vid(e T v) + fe v - V(e )
Qr

— fE(t,z) - Vyp(e ') + f(=A4) 8(;3(6’%)) dtxv — // fin®(0, 2, v) dzv = 0.

R4 xR

Hence, if we define f(t,z,v) = e* Dt f(¢, z, e'v) and change the variable v — e~*v, we
recover equation (I1.14). It is straightforward to check that f is in X and it satisfies
(I1.14) for any ¢ in C°(Qr). Moreover, since f — df — (— A)°f is a linear bounded
operator from X to X’, the transport term 7 f is in X”, hence f € ) and (I1.14) is
verified in X”.

Since the VLFP equation is linear, to show uniqueness it is enough to show that the
unique solution with zero initial data is the null function f = 0. Let f be a solution
of this problem on ). As before, we define f = =+ (¢ e~tv), which satisfies
equation (I1.19) with f; null. Since f € Y, we know that f belongs to X and,

moreover, that if we define T as

%f =0 f+ew-V.f+eE(t,x)-V,f (I1.21)

then %f belongs to X’. Through integration by parts we have

2TF ) n = // ()T, z,v)dzdv > 0.

R4 x R4
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On the other hand, since f satisfies (I1.19), %f = —\f — (— A)sf in the sense of
distributions which yields

(TF.f) XX /// Af2+e*|(—=A)z f| )dtdxdvgo. (I1.22)

Hence both expression are null, in particular this means that the integral Af? is null,
hence f = f = 0 a.e. on Qp: the solution is unique. In order to prove the positivity
of the solution consider once again the associated problem (II.19) and its solution f
for some f™ € L?(R? x R?) with f" > 0. Next, we define f, and f_ the positive and
negative parts of f given by:

fi(t,z,v) = max(f(t, z,v),0); f-(t,z,v) = max(—f(t,z,v),0)

so that f = f, — f_ and we denote by A, and A_ the respective supports of f, and
f-. Using T defined in (I1.21) we have through integration by parts

(F1.1) // Fof—F)+etfo v —f)

+ e FE(t )V, (fe — f_)) dt dz dv

:_%/ (E(T,x,v)—ff(O,x,v)) dx dv

R4 xR

s [[[(Fad+ e Fo Vufs 4 T Ba) - V.1, ) dededo,

By definition of f, and f_ we know that A, N A_ = (), hence wherever f_ is not zero,
both O, f,, V,f, and V, f, are naught, and vice-versa. Moreover, we assume ™ > 0
which means f_(0,z,v) = 0 so that

(T1.7) == [[ P@avaa <o

R4 x R4
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Since f is solution of (I1.19) we know that %f = —\f — ( — A)Sf in the sense of
distributions which yields

(TF.1) /// FomF) = P (= A) (o= 1)) dedode

where

/f “(f+) dv—/f ) cas PV. f+<”);|§i§§”)dwdv

v —
Rd

- /f_(v) cas P.V. f(0) = fo(w) dw dv

|’U _w|d+25

/PV <)dd<0

|U _w‘d+2

Note that this integral is well defined because f € X. Hence, we have:

(TF.J-) // >\f2 f A)Sf++y(—A)sﬂf,F)dmzo.

This proves that (7’ 1, f,) = 0 which, in particular, means Af? = 0 and concludes the
proof of positivity, and consequently the proof of Theorem I1.2.1. O

II.3 A priori estimates

Let us consider the operator 7;: a perturbation of the fractional Fokker-Planck oper-
ator with an electric field E(t,z) € (Wh>([0,T) x Rd))d defined as

T(fe) =V - [(v —e*E(t,2)) fs} — (= A fe. (11.23)
We will prove the following:

Proposition 11.3.1. For any € > 0 fized, there exists a unique positive equilibrium

distribution F. solution of:

T.(F.) =V, [(v — > LR, x))Fa} —(=A)E =0, /Rd F.dv=1. (I1.24)
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Proof. The Fourier transform in velocity of the equilibrium equation (I1.24) reads
& Vell = — (i€ - = Elt,2) + ¢ L,

for which we can compute the explicit solution:

—~

Fo(t,x,§) = ke EBba)-le*/2s (11.25)

where k is a positive constant which ensures the normalisation of the equilibrium. Now,
although the inverse Fourier transform F ! (Fe) (t,z,v) is not explicit let us note that
F. can be expressed as a translation of the equilibrium distribution F' of the fractional

Fokker-Planck operator:
F.(t,z,v) = F(v—e*""E(t,)). (11.26)

Hence, the positivity and normalization of F. follows from the properties of F'. O

Proposition I1.3.2. Let F; be the unique normalized equilibrium distribution of (11.23).

Then there exist positive constants p, c1, ca and c3 such that:

(1) Clp S F€ S CQF,

O F
Fy

vV, F.

< 528_1
2 a

— )

Lo (dvdzdt)

)

L (dvdxdt)

i |

(iil) |F. — F| < e* 'esF.
for e > 0 small enough.

Proof. We shall start by proving part (i). Let us assume that L is an arbitrary vector
in R? such that |L| < 1, then is easy to see that there exists R; > 0 big enough such
that for all |v| > Ry

1 ' |L| v L
— < Tl =10 Ll
2T+ |v] CI
Hence, it follows that
1 2

|’U _ L|d+2s < |,U‘d+23’

for all [v| > Ry. Thus, using (IL.8) we obtain that there exists C' > 0 and R > 0 big
enough such that
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F(v—L) < CF(v),

for all |v| > R and all L € R? with L < 1. Now, let us consider Cy > 0 such that

o, apin, F0)) 2 IF

vEB(0,R)
where B(0, R) C R, is the ball of radius R centered at the origin. Let us note that
the minimum exists since F' is continuous. Thus choosing s = Cv C5, where a V b
denotes the maximum between a and b, we obtain

F(v—L) < pusF(v).

Next, writing w = v + L where L € R? with |L| < 1 we obtain

Thus, taking p11 = 1/ps we obtain

pF(v) < Fv = L),

for all v € R? and |L| < 1.
On the other hand, for part (ii), let us start by noting that thanks to (II1.26), F.

satisfies the following identities:

O F. o V, F(v—e*"1E(t,x))
— 2T, B( ) -
F. c Bt 2) F(v—e*»1E(t,x)) '
and
vV, F. oo 1 vV, F(v—e*1E(t,x))
V' Vale _ 2oy, gy,
F. © (t,2) F(v—e»1E(t,x))

Hence, thanks to the assumption E € (W([0,T) x Rd))d we only need to prove
that there exists a C' > 0 such that

lv-V,F(v—L)| <CF(v—1L), (I1.27)

for all v € R, and all L € R? with |L| < 1. This follows via a similar line of reasoning
as in the proof of part (i) around the control (I1.9).

Finally we prove part (iii). Since F' is smooth by the mean value theorem we obtain
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|[Fe(v) = F(v)| = |F(v = "7 E) = F(v)|
= e* B[V, F(v —9e* " E)],

where ¢ € (0,1). Thus, the result follows thanks to (I1.27) and since £ € (W'>°([0, T") x
R7))“.
O

The key ingredient in order to obtain the a priori estimates needed to pass to the limit

in (IL.4) is the positivity of the dissipation which we state in the following result.

Proposition I1.3.3. Let us consider the operator Tz defined by (11.23). The associated
dissipation, defined bellow, satisfies

//T dvdx—///( w))>2|vfz(0|3+2 dw dv dz,

(I1.28)
and if we write p(t,x) = [ f(t,z,v)dv, then for all f € L (R x RY) we have

(11.29)

Proof. The Poincaré type inequality (I1.29) is a particular case of the so-called ®-
entropy inequalites introduced in [GI08|. For the sake of completeness we shall give a
sketch of the proof adapted to the case that we need.

We shall first start proving (I1.28). Writing ®. = v — e**"'E(¢,z) and g = f/F., and
since F satisfies (I1.24) we have:

// (PegF) g — (— A)° (gFL) g) do da
~ [ (2E59u) + V. @F)g — (- 2) (9)gF.) dods
_ // (%f( — A (F) = (= A (F) +9(— M) (9)F) dvda

=[] (5= )"0~ 5(~ )’ () Podvde
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Hence, using (I1.5) we see that:

// 9(=8)"(9) - %(‘Av)s(92)>Fedvdx
///( |U _w|d+g2£w)) - %gTivi;ﬂigf))Fg(t,x,v) dw do d

2
/// ‘d+2s Fg(t,x,v) dwdv dzx.

Recall that F.(t,z,v) = F(v — e* ' E(t,z)), therefore through a simple change of
variable, if we call h(t,z,v) = g(v — e* 1E(t,x)) we have:

/// tx|:_ ‘dng w))QF(U)dwdvdx.

In order to prove the control (I1.29) we consider the semigroup associated with (— A)

s

d

FRW® = (= 2)(R®)© (1130)

with Py(h)(v) = h(v) and we see, using (I1.25), that if we introduce the kernel
K,(v)=F"! (/@e_tm%/%) (v)

where k is a constant normalizing K7, then we have explicitly P,(h) = K, * h. For

s € [0, t] we consider
Y(s) = P,(H?)(v) (I1.31)
with H = P,_s(h). We then have for s € [0,]:

W (s) = % [K « (Kt_s « hﬂ

= (%KJ * (Kt_s * h) + K, * di[(Kt s h)Q}

=P = (= a)'H2) +2p,(H(-2)'H)

2
Hv)— H(w
:Ps/(() ()" 4.\
v — wld+2s
Using the integral expression of the convolution and Jensen’s inequality it is straight-

forward to see that (P,—s(h)(v) — P—s(h) (w))2 < Ppy(h(v)— h(w))Q. Therefore, using
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Fubini’s theorem, we have:

R G = R U e
Integrating over s € [0,t] one gets

Py(h?)(v) — (Pt<h)<v))2 < tPt(/ (h|(;))_20f|Ld(is))2 dw)'

Finally, taking ¢ = 1 and evaluating at v = 0 we get:

2

/ h2(w) F (w) dw — ( / h(w) F(w) dw)2 < / / (hﬁf)_;}fd(f;z) F(v)dvdw. (I1.32)

Through a simple change of variables, inverse of the one we did earlier, we obtain

[ )Py au - ( [ swrw) dw)2 </ (gﬁf)_;ﬁ’jiﬂfm@) dodw. (11.33)

Finally, replacing g by f/F., since F. is normalized, we recover (11.29).
O

Since the operator 7. is negative semidefinite in LZF_l(Rd) it is natural to look for
bounds of the quadratic entropy associated to solutions f. of (IL.4). We gather the
appropriate a priori estimates that we shall need to pass to the limit in (I[.4) in the

following Proposition.

Proposition 11.3.4. Let the assumptions of Theorem I1.1.4 be satisfied and let f. be
the solution of (11.4). We introduce the residue r. through the macro-micro decompo-

sition f. = p.F. + €°r.. Then, uniformly in e € (0,1), we have:
(i) (f:) is bounded in L*>°([0,T); LZF,I(U)(R‘[ x R?)) and in L>=([0,T); LY(R? x R%)),
(ii) (p.) is bounded in L>([0,T); L*(RY)),

(iii) (r) is bounded in L*([0,T); L%, (R? x RY)).

(v)
Proof. Multiplying (I1.4) by f./F., integrations by parts yield
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828—1 d 5 28 1 f€2 atF€

Rded Rd xRd
fQU V. F. 1 .
—5/ B dvdet D) =0,
R4 xR

Thus, thanks to Proposition 11.3.2, part (i) and (ii), and (II.29) we obtain

T // 6dvd:v—i—// pg o) dvdx<825u// = dvdaz. (I1.34)

R xR4 R XxR4 RIxR?
Whence, part (i) follows by Gronwall’s lemma and the fact that the weights 1/F and

1/F. are equivalent uniformly in & which follows from Proposition 11.3.2, part (i). On
the other hand, part (ii) follows thanks to the inequality

2 1/2
pe < (/%dv) :

which is an immediate consequence of Cauchy-Schwarz and the fact [F.dv = 1.
Finally, part (iii) follows from (I1.48) after integrating with respect to t over (0,7)
and thanks to Proposition 11.3.2 part (ii).

O

I1.4 Anomalous diffusion limit

We shall follow the method introduced in [CMT12|. Let us start by introducing the
following auxiliary problem: for ¢ € C>°([0,T) x R?), define ¢. the unique solution of

ev-Vepe —v-Vyup. =0 in[0,00) x R x R?,

ng(t, x, 0) = ’(/J(t, l‘) in [0’ OO) « R4 (1135)

The function ¢. can be obtained readily via the method of characteristics and can be

expressed in an explicit manner as follows:

Ge(t, z,v) = P(t, x + ev). (I1.36)

Next, since ¢, is in C2°(Qr) we can use it as a test function in (II.14) and we obtain
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// fe (528‘1 O + v Vo — %(v —e* ) V0. — é( - Av)sgba) dv dz dt
Qr

+ gt // f™(x,v)6:(0,7,v)dvdz = 0. (I1.37)

R xRd

Let us note the following

(= A @:(t,2,v) =*(— A) Ytz + ev), (I1.38)
Voo:(t,x,v) = eV(t, z + ev), (I1.39)

which follows after a simple computation using the definition (I1.5) of the fractional
Laplacian. Thus using the auxiliary equation (I1.35) and plugging (I1.38) into (I1.37)
yields

/OO/ fa(ﬁtw(t,l’ +ev)+ E-Vop(t,x+ev) — (= A) Wtz + 5@)) dvdz dt
0

+ // f™(x,v)¢(0,2 + ev)dvdr = 0.
(I1.40)

I1.4.1 The non-critical case: 1/2 < s <1

In order to pass to the limit in this weak formulation, we introduce the following two

results.

Lemma I1.4.1. Let (f.) be the sequence of solutions of (11.4), and p be the limit of
(pe) which exists thanks to Proposition I1.5.4 part (ii), then

fa(tv ZL‘,'U) - p(t,l‘)F('U) weakly n LOO([OaT)v L%’—l(v)(Rd X Rd))

Proof. This lemma follows directly from Proposition I1.3.4. Since f. is uniformly
bounded, it converges weakly in L>([0,T); LZF,I(U) (R? x RY)). From the bounds on F.
established in Proposition 11.3.2 and the boundedness of p. in L>°([0,T); L?*(RY)) we
see that p.(t,x)F.(v) converges to p(t,z)F(v) weakly in L>([0,T); L7 1, (R? x R))
where p is the weak limit of p.. Finally, since the residue r. is bounded, it follows
from the micro-macro decomposition f. = p.F. + £°r. that the limit of f. is the same
as the limit of p.F..

O
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Lemma 11.4.2. For all test functions v in C([0,00) x RY) we have:

lin%///fstxv Y(t,x +ev)dtdedo = // (t,z)(t, x) dedt. (I1.41)
E—

[0,T)xR4

Moreover, if E(t,x) € (W">([0,T) x Rd))d then for all ¥ € C°([0,00) x R% R?) the

following convergence holds:

lir%///fs(t,x,v)E(t,x) -U(t,x +ev)dtdedv = // (t,x)E(t,x) - ¥(t,x) dxdt.
E—
Qr

[0,T)xR4
(11.42)

Proof. We will give a detailed proof of the convergence in (11.42), the convergence in
(I1.41) follows as a consequence of (I1.42) by taking i (t,z+ecv) = E(t,z) - V(t, z+¢cv),
with a smooth F, and Lemma I1.4.1. For (I1.42), we write:

///feE(tan) U(t,z+ev)dvdedt = // p(t,2)E(t,x) - U(t,z)dxdt
Qr

[0,T)xR4

+ ///(f — plt, 2 F(0)) B(t,2) - W(t, ) do i di
Qr
+ /Q/T / FE(t, ) - (\If(t, -+ ev) — Ut x)) dv dz dt. (11.43)

The second term in the right hand side of (I1.43) converges to zero since f. converges
to pF weakly in L>([0,T); L2F_1(U) (R? x R%)) thanks to Lemma II.4.1. For the third
term on the right hand side of (I1.43) thanks to Cauchy-Schwarz and Hélder we obtain

’// [eE(t ) - (U(t,z +ev) — ¥(t z)) dvde dt’

/ <// e dvdx) /2<// [E(t,:c)-(\I!(t,x+ev)—\I!(t,x))]Qdedx>1/2dt

R4 xR

< || Je ||L°°([O,T);L§7 (RExRA))

L(w)

« /O : ( / / (E(t,2) - (U(t,2 + cv) — U(t, 2))2F dv dx) " (11.44)

R xR4



1I.4 Anomalous diffusion limit 99

Next, let R be an arbitrary positive real number and let us consider the following
splitting

/ / W(t, o+ ev) — W(t,2))] Fo) dode

R xRd

/ / W(t,a+ ev) — W(t,2))| F(v) dvda

R4 |v|<R

/ / U(t,z + ev) — \Il(t,:c))rF(v)dvdx. (I1.45)

R4 |v|>R

We will use the regularity of ¥ to bound the integral on |v| < R. To that end, let us
consider the R neighborhood of the support of ¥ denoted as 2(¢R) which consists
of the union of all the balls of radius e R having as center a point in supp ¥. Next,
let A denote the diameter of supp ¥ defined as the maximum over all the distances
between two points in supp W. Then it is clear that Q(sR) C B(zo; A + ¢R) where
B(xo; A + €R) denotes the ball with center at xy and radius A 4+ ¢R and x, is any
arbitrary fix point in supp ¥. Then for the integral over |v| < R we have the following

[E - (U(t,x +ev) — U(t,2)))*F(v) dvde

R4 |v|<R

<||F||Loo(Rd/ / (Z|E|ygv V.V, (ta;+egv)y> dvdx

Rd [o|<R 7T !

< 26| |F||L00(Rd/ / |v|2< |Ej|2‘V$\Ifj(t,x+0jsv)‘2) dvdz

R4 [v|<R

< 92| || e ety 1131 e gy [V 0 et / / jof? de do
|[v|<R J B(z0,0+<R)

< 2Cy(A + eR)*R2, (11.46)

where C is a constant depending on ”E”Wloo([OT «rdy |[F'l|zoo(ray and | D26 oo (ra)
but not on ¢, and 6; € (0,1) for j = 1,...,d is such that ¥;(t,x 4+ cv) — V,(t,z) =
ev -V, V;(t, 2+ 0jev). For the integral on |v| > R we use the decay of the equilibrium
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F(v) to derive the following upper bound:

/ / W(t, x + 2v) — \I!(t,x))]zF(v)dvd:c

R4 |v|>R

< |]E|]%,V1,oo([0,T)XRd) / (/(2\@(t,x+sv)|2 +2|\If(t,x)|2) d:c) F(v)dv

[v|]>R “Rd
< By oy [ ¥ )P o [ Fo)de
Rd |[v|>R
SC/F(v)dv.
[v|>R

Thanks to Proposition I1.3.1, for any n > 0 we can choose R > 0 big enough such that

9
|v|d+2s

Ui
= Juldt2s’

’F(v) — for all |v| > R.

Thus choosing 17 = 1) we have the following estimate:

9
v)dv < a5 | dv aras v
\ 0]

[v|[>R [v|[>R [v|>R

<2 / |U‘d+25

|v|>R

S R2s
From which we conclude
2 Oy
/ / U(t,z + ev) — \Il(t,x))] Fv)dvde < . (11.47)

R4 |v|>R

Next let us note that for any 6 > 0 we can choose R > 0 such that C JR* < §/2 for
all R > R and then choose & > 0 so that e2C (A +eR)*RH?2 < §/2. And thus deduce
that for £ small enough we have

C:
e2C1 (A + eR)'R™? + R—fg )
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Therefore, plugging (I11.46) and (11.47) into (I1.44) and using Proposition 11.3.4, part
(i), we obtain that there exists a fixed C' > 0 such that

‘/Q/T fE-(U(t 2+ ev) — ‘I’(t,w))dvdxdt‘

<C <5201(A +eR)R™? 4 ]g—j)

< 09,

for any 0 > 0, hence concluding that the third term on the right hand side of (I1.43)

goes to zero as € — 0. O

Using Lemma I1.4.2 we can now take the limit in (I1.40) and conclude that p satisfies

// p(@tgb +E-V,6— (- Ax)sgb) dadt + /pm(x)gb(o,x) do =0,

[0,7) xRd Rd

for all ¢ € C°([0,T) x R?). Thus concluding the proof of Theorem I1.1.4.

I1.4.2 The critical cases s =1/2 and s =1

In the critical case s = 1 we recover the classical Fokker-Planck operator which means,

in particular, as mentioned in the Introduction, that its equilibrium is a Maxwellian
M(v) = Cexp (—|v|?) instead of the heavy-tail distribution F. We can still consider
the perturbed operator 7. of Proposition I1.3.1 and its equilibrium will also be a

translation of the unperturbed one:
F.(t,z,v) = Ce lv—=B@o)l

and since the decay of the Maxwellian is much faster than the decay of the heavy-tail
distributions, Proposition I1.3.2 holds. The dissipative properties of the Fokker-Planck
operator are well known, see e.g. [CH16| [GNPS05] or [BGO08|, and it is straightforward
to check the boundedness results of Proposition 11.3.4. Hence, Lemma I1.4.1 holds and
we can take the limit in the weak formulation (I1.40) to prove that Theorem II.1.4 holds

in the case s = 1.
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In the critical case s = 1/2, the perturbed operator 7T of (I1.23) and its equilibrium

F. (I1.26) lose their dependence with respect to e:

ﬁ(fe) = 7—E<fe) =V, - |:(U - E(t,l’))fe] - ( - Av)sfea
F.(t,z,v) = Fg(t,z,v) == F(v— E(t,z))

where F is the normalized equilibrium of £/2. In particular, the equilibrium Fjg will
remain unchanged in the limit as € goes to 0 and Proposition I1.3.2 will hold with
s = 1/2 which, in particular, means that the bounds in (i) and (éi7) do not go to zero.
The operator is still dissipative since the dependence on € does not matter in the proof
of Proposition 11.3.3, hence we still have (I1.33) and multiplying (I1.4) by f./Fg and
integrating by parts yields:

Je < Je .
2dt // dvdz + // dvd:p 5,u// dv dz. (I1.48)

R xRd R4 xRd RaxR4

Since E is in (Wh([0,T) x ]Rd))d, if fo(t,-,-)isin L3, (R? x R?) and bounded
independently of time, then it is also in L? P )(Rd x R?). As a consequence, from (I1.48)
we still have the uniform in € boundedness of f., p. = f f-dv and the residue r. in
L>([0,T); L%(U) (R? x R?)) as stated in Proposition 11.3.4. This yields the following

modified version of Lemma 1:

Lemma I1.4.3. Let s = 1/2, (f.) be the sequence of solutions of (11.4), and p be the
limit of (p:) which exists thanks to Proposition I1.5.4 part (ii), then

Folt,0) = p(t, @) Falt,z,0)  in L2(0,T); Ly (RY x RY).

Finally, for the proof of convergence of the weak formulation (I1.40), i.e. the proof of
Lemma I1.4.2, we proceed essentially the same way. The only slight difference is that
in order to control the third term of (I1.43) we will use Cauchy-Schwarz as in (11.44)
but we multiply and divide by F(v)/? instead of the natural equilibrium F. The rest
of the proof remains the same and we can then take the limit in the weak formulation,
which concludes the proof of Theorem I1.1.4 with s = 1/2.
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I11.1 Introduction

Because of the non-local nature of fractional diffusion, it is not clear how it should in-
teract with a boundary. In an effort to understand this interaction, we present in this
chapter the derivation of fractional diffusion equations on spatially bounded domain
from kinetic equations with a fractional Fokker-Planck collision operator. This setting
is particularly relevant due the fact that, in those kinetic equations, the non-local
collision operator acts solely on the velocities of the particles which are unbounded,
hence the interaction between the non-local phenomena in position and the spatial
boundary will only arise as we look at the anomalous diffusion limit.

We investigate the long time/small mean-free-path asymptotic behaviour of the solu-
tion of the fractional Vlasov-Fokker-Planck (VFP) equation:

Of +v-Vaof =V, (vf) = (=A,)°f in RT x Q x R%, (I1L.1a)
f(0,2,0) = fin(z,v) in Q x RY, (I11.1b)

for s € (0,1) on a smooth convex domain €. We introduce the oriented set:
Y = {(x,v) € %y 4n(z) -v > 0} with & = 9Q x R? (I11.2)

where n(z) is the outgoing normal vector and we denote by v f the trace of f on
R* x 9Q x RY. The boundary conditions then take the form of a balance between the
values of the traces of f on these oriented sets . f := 1y, vf. We will consider two

types of conditions introduced by J. C. Maxwell in the appendix of [Max79]| in 1879:

e The absorption boundary condition : for all (z,v) € ¥_

v-f(t,z,v) =0 (I1L.3)
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e The local-in-velocity reflection operator called specular reflection: for all (z,v) €
¥

y_f(t,z,v) = fy+f(t, x, Rx(v)) (I11.4)

where R, (v) = v — 2(n(z) - v)n(z) which is illustrated in Figure IIL1.

Fig. ITI.1 Specular reflection operator

The fractional VFP equation models the evolution of the distribution function f(t, z,v)
of a cloud of particles in a plasma. The left hand side of (III.1a) models the free
transport of the particles, while on the right hand side the fractional Fokker-Planck
operator

Lof =V (vf) = (=A)°f (ITL.5)

describes the interactions of the particles with the background. It can be interpreted
as a deterministic description of a Langevin equation for the velocity of the particles,
0(t) = —ov(t) + A(t), where A(t) is a white noise. This model describes the evolution
of the velocity of a particle as the result of two phenomena, a viscosity-like interaction
that causes the velocity to slow down and a white noise that causes it to jump at
random times which can be interpreted as the consequence of collisions. The classical
Fokker-Planck operator corresponds to s = 1 and arises when A(%) is a Gaussian white

noise. In that case, equilibrium distributions (solutions of £!M = () are Maxwellian
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(or Gaussian) velocity distributions M = C'exp(—|v|?/2). However, some experimen-
tal measurements of particles and heat fluxes in confined plasma point to non-local
features and non-Gaussian distribution functions. The introduction of Lévy statistic
in the velocity equation (replacing the Gaussian white noise by Lévy white noise in the
Langevin equation) can be seen as an attempt at taking into account these non-local
effects in plasma turbulence.

In order to study the long time/small mean free path asymptotic behaviour of the
solutions of the fractional VFP equation, we introduce the Knudsen number ¢ which
represents the ratio of the mean-free-path to the macroscopic length scale, or equiva-
lently the ratio of the mean time between two collisions to the macroscopic time scale.

We use this € to rescale the time variable as
t=e*"1t. (I11.6)

Moreover, we also introduce 1/¢ as a factor of the fractional Fokker-Planck operator to
model the mean-free-path growing smaller as a consequence of the number of collisions

per unit of time increasing. Hence, we consider the following scaling of (III.1a)-(II1.1b):

X710, f 4 v Vo f = 158( f9) in Rt x Q x R, (I11.7a)
€
50, 2,v) = fin(z,v) in  x R% (ITL.7h)

and investigate the behaviour of the solution f¢ when ¢ goes to 0.

In the non-fractional framework, the diffusion limits under parabolic scaling of the
Vlasov-Fokker-Planck equations, which is exactly (II1.7a) with s = 1, have been estab-
lished on the whole space in 2000 by Poupaud-Soler in [PS00] for a small enough time
interval. They actually studied the more complicated Vlasov-Poisson-Fokker-Planck
system but it is easy to see that their results imply, for the VFP equation, that the
solution f¢ converges, as € goes to 0, to p(t, ) M (v) where M is the Maxwellian equilib-
rium of the Fokker-Planck operator and p is the limit of the density p° = [ f¢dv and
satisfies a Heat-equation. Their results were then extended (still in the Poisson case)
in 2005 by Goudon [Gou05] to a global in time convergence in dimension 2 with bounds
on the entropy and energy of the initial data as to ensure that they don’t develop sin-
gularities in the limit system, and later in 2010 by El Ghani-Masmousi [EGM10| who

proved the global in time convergence in higher dimensions with similar initial bounds.
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In the fractional framework, Biler-Karch [BK03] and Gentil-Imbert [GIO8| investigate

the long-time behaviour of Lévy-Fokker-Planck equations
O f =div(fVe) +Z[f] (I1L.8)

where 7 is the infinitesimal generator of a Lévy process. This family of operators
includes the fractional Fokker-Planck operator since the fractional Laplacian of order s
is the generator of a particular 2s-stable Lévy process whose characteristic exponent is
|€]?. Biler-Karch prove convergence of the solution of (II.8) to the unique normalised
equilibrium of the Lévy-Fokker-Planck operator, later improved by Gentil-Imbert to
exponential convergence in a weighted L? space where the weight is prescribed by the
equilibrium. Their proofs use entropy production methods and a modified logarithmic
Sobolev inequality which we will use later on to establish a priori estimates on the
solutions of the fractional VFP equation in a similar weighted L? space. In [GMO6]
and references within, Guan-Ma give a description of this equilibrium and proofs that
it is, in particular, heavy-tailed, as stated below in Proposition III.1.1.

This characterisation of the equilibrium of the fractional Fokker-Planck operator and
the entropy production method allowed the author with A.Mellet and K. Trivisa to
establish in [CMT12| the anomalous diffusion limit of the fractional VFP equation.

More precisely, we proved the following result:

Theorem (Theorem 1.2 in [CMT12|). Assume that fo € L% (R? x R?) where F(v)
is the normalised heavy-tailed equilibrium of the fractional Fokker-Planck operator.
Then, up to a subsequence, the solution f¢ of the rescaled fractional VEP equation
on the whole space (IIL.7a)-(II1.7b) converges weakly in L>=(0,T; L% _,(R? x RY)), as
e — 0 to p(t,z)F(v) where p(t,x) solves

op+ (—=A)°p=0 in (0,00) x R (I11.9a)

p(0,2) = po(x) in R? (II1.9b)

with po(x) = /fo(x,v) dv.

We can see how this result compares to the aforementioned diffusion limit of the
classical Vlasov-Fokker-Planck. However, the method used in [CMT12] to derive this
asymptotic behaviour is quite different from what is done is the non-fractional case,
and rests upon the particular structure of the fractional VFP equation. Indeed, and

this will be essential for the rest of this paper, if we consider the Fourier transform
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of (IIl.1a) in = and v (respective Fourier variables k and &) on R? x RY we get the
following PDE:

Ouf (8K, ) + (k= Ve f(t, k, &) = —|¢[*f(t, k. €). (I11.10)

This PDE is scalar-hyperbolic so if we follow well-chosen characteristic lines, it be-
comes an ODE which can be solved explicitly. The main idea of [CMT12] is to trans-
pose these characteristic lines in a non-Fourier setting in order to derive fractional
diffusion. The method presented in the present work consists in adapting these same
characteristic lines to a bounded domain in order to handle the interaction with a
boundary.

Kinetic equations on bounded domains, because of their obvious physical relevance,
have always received a lot of attention. There have been many works concerning exis-
tence of global weak solutions on bounded domains with absorbing-type or reflection-
type boundary conditions. We would like to mention the work of Carrillo [Car98| on
the VPFP system, as well as the work of Mellet-Vasseur [MV07]| for the VFP equa-
tion coupled to compressible Navier-Stokes via drag force, because their techniques
could be applied to the fractional VFP equation with some adaptations to handle the
non-local property of the diffusion operator and we will indeed follow the line of reason-

ing of [Car98| to prove well-posedness of the specular diffusion equation in section I11.5.

Hydrodynamical and diffusion limits in bounded domains have also been the subject
of many works. For instance, in 1987, Degond-Mas-Gallic [DMG87| established the
first rigorous diffusion limit for the (classical) VFP equation in 1 dimension on a
bounded domain. This result has been improved many times (cf. references within
[WLL15b]), and in 2015 Wu-Lin-Lui proved in [WLL15b| that the diffusion limit of
a VPFP system for multiple species charged particles with reflection boundary condi-
tions is a Poisson-Nernst-Planck system with homogeneous Neumann boundary condi-
tions. Other examples of macroscopic limits are the work Masmoudi-Saint-Raymond
who, in 2003, showed in [MSRO3]| that the Boltzmann equation with Maxwell boundary
conditions converges to the Stokes-Fourier system with Navier boundary conditions,
or, more recently, the work of Jiang-Levermore-Masmoudi who established in [JLMO09]
the acoustic limit for DiPerna-Lions solutions and recovered impermeable boundaries

for the acoustic system.
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Before stating our main results, let us present properly the fractional Laplacian and
give some well-known properties of this operator and the associated fractional Fokker-

Planck operator.

II1.1.1 Preliminaries on the fractional Fokker-Planck operator

The fractional Laplacian can be defined as a pseudo-differential operator of symbol

|€]?* which can be written in Fourier transform as:

F[(- a)1©)] = g F1116). (I1L11)

Much like the Laplace operator is the infinitesimal generator of a Brownian motion,
the fractional Laplacian is the generator of a Lévy process. More precisely, it is the
generator of a Lévy process V; whose transition density p(t,y — ) relative to the

Lebesgue measure is given in Fourier by:

/ e Ep(t,v) dv = et
Rd

The fractional Laplacian can also be written as a singular integral, which will be most

useful in the PDE framework:

(—A) f(v) = csaP.V. S =) g, (I11.12)

R |’U _ w|d+25

where ¢, 4 is a constant depending on s and the dimension d given by:

1
Cas = < / %ﬂ@) dg) . (I11.13)
Rd

The properties of this operator have been studied in 2007 by Silvestre in [Sil07] and
more recently by DiNezza-Palatucci-Valdinoci in [DPV12| where they focus on the
link between (— A)” and the fractional Sobolev spaces H*(R?).

The interaction between the non-locality of the fractional Laplacian and the boundary
of a domain raises a lot of questions. In 2003, Bogdan-Burdzy-Chen introduced in
[BBCO03] the notion of reflected 2s-stable processes, which are the restriction of a 2s-
stable process, such as V; defined above, to a open set 2 in R?. In particular, they

define the killed process, constructed by adding a coffin state 0 to R? and defining W,
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the killed process associated with V;, as:

Vi(w) for t < to(w)

Wiw) =
) 0 for t > tg(w)

where tg = inf{t > 0: V; ¢ Q} is the first exit time. The Dirichlet form of this process
on L?(Q,dx) is (C, F%) defined as:

]-“Qz{feLQ(]Rd): // (f|(::)_f(y))2dxdy<ooandf:0q.e. oan\Q}

_ y|d+28
cts.0) = yeue [ [0 41 1 r@rgtemate) o

where g.e. means quasi everywhere and kq is the density of the killing measure of W,
given by:
ko(z) = cas / W dy.
RI\Q

They also define more general reflected processes by extending the lifetime of the
process beyond tn. The killed process has a direct link with the PDE approach to
fractional Laplacian on bounded domain. Indeed, in 2014, Felsinger-Kassmann-Voigt
considered in [FKV13|, the Dirichlet problem for non-local operators which, in case of

the fractional Laplacian, reads:

(—A)Sf =uwu in ()

P g onRI\Q (I11.14)

They introduced the Hilbert space Hq (Rd; m), which is exactly the space F*
defined above, provided with the norm || f|| 2ra) + C(f, f). They wrote a variational
formulation of the Dirichel problem (III.14) in that Hilbert space and proved existence
and uniqueness of solutions. Note that their results actually include a large family of
non-local operators, we stated it here for the fractional Laplacian since it is the subject
of this paper, but their work goes far beyond. For regularity results on the solutions of
the homogeneous dirichlet problem with fractional Laplacian inside the domain and up
to the boundary, we refer the reader to Grubb [Grul3| and Ros-Oton-Serra [ROS14].
The fractional Fokker-Planck operator £° has been introduced as a generalization

of the classical Fokker-Planck operator for general Lévy stable processes in 2000 by
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Yanovsky-Chechkin-Schertzer-Tur [YCSTO00| and the following year it was derived
from the wider class of non-linear Langevin-type equation driven by a Lévy stable noise
by Schertzer-Larchevéque-Duan-Yanovsky-Lovejoy in [SLD*01]. In the present paper,
the most crucial property of the fractional Fokker-Planck operator will be the fact
that its thermodynamical equilibrium is a Lévy stable distribution i.e. a heavy-tailed
distribution, instead of the Maxwellian distribution that arise in the non-fractional
setting. The explicit solution in Fourier transform of the equation £L°F = 0 yields the

following result

Proposition III.1.1. For s € (0,1) and v > 0, there exists a unique normalized

equilibrium distribution function F(v), solution of
LN(F)=vV, - (vF)—(-A,)°F =0, / F(v)dv=1. (IT1.15)
R4

Furthermore, F(v) > 0 for allv, and F' is a heavy-tailed distribution function satisfying

C

~N —
|,U‘d+2s

F(v) as |v| — oo.

For a more detailed presentation of the equilibrium of £* we refer the reader to [ASC16]

and references within.

I11.1.2 Main Results

Throughout this paper, for any 7' > 0 we write Q7 = [0,7) x 2 x R? and ¥ = 99 x R?
as mentioned in (V.2). Also, we will write LP(X4) the Lebesgue space associated with
the norm:
1/p
vl ooy = ( / / e f [P (n(2) - v) do(z) dv) (LIL16)
DIEE
As usually in the framework of fractional Vlasov-Fokker-Planck equations we use the

following definitions of weak solutions

Definition I11.1.1. We say that f is a weak solution of the fractional VFP equation
with Dirichlet type boundary conditions (111.1a)-(I11.1b)-(I11.3) on [0,T") if

f(t,z,v) >0 Y(t,x,v) €[0,T) x Q x R?

fe L2 HNQr) = {f e 12(Qr), LB = Ihmw) o Rd)}

‘U—w|T

(111.17)
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satisfies
vof € L'(0,T;LY(Z1)), and v—f =0 (I11.18)

and (II1.1a) holds in the sense that for any ¢ such that

¢ € CWOUQT) ¢(T¥W')::O

(I11.19)
’7+(Z5(t, SL’,’U) =0 V(t, SL’,’U) S [07 T) X EJr

we have:
///f(mw Vab—v-Vyp— (= AU)qu) dt dz dv
or (I11.20)
— / fin(x,v)p(0, x,v)dzdv = 0.
QxR
In the case of specular reflection, it is well known that reflective boundaries are often
responsible for a loss of regularity of the traces of f. Hence, we define the following

notion of weak solutions:

Definition III.1.2. We say that f is a weak solution of (IIl.1a)-(II1.1b)-(II1.4) on
[0,T) if

flt,z,0) >0 V(t, z,v) € [0,T] x Q x R?

retien - {7 e o LGt ¢ gy Y
and (II1.1a) holds in the sense that for any ¢ such that:
PECTQ) AT =0 )
Y p(t, z,v) = ~_ gb(t x, R ( ) V(t,z,v) € [0,T) x 3y
we have:
/// O+ vV =0 Voo = (= A,)°0) dtdzdv
(0,T) x QxRY (111.23)
— / fin(z,0)0(0, z,v) dx dv = 0.
QOxRd

The existence and uniqueness of such weak solutions that satisfy appropriate esti-

mates can be established through an adaptation of the methods of Carrillo in [Car98|
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or Mellet-Vasseur [MV07] in order to handle the non-local property of the diffusion
operator. We do not dwell on this issue since it is not the focus of this paper.

In the first part of this paper, section II1.2, we establish a priori estimates on the weak
solutions, in both the absorption and the specular reflection case, using the dissipative
property of the fractional Fokker-Planck operator. We then use those estimates to

prove convergence of the weak solution of the rescaled fractional VFP equation:

Proposition IIL.1.2. Let fi, be in L7 ., (2 x RY) and s be in (0,1). The weak
solution f¢ of the rescaled fractional VFP equation (I11.7a)-(II1.7b) with absorption
(IIL.3) or specular reflections (I111.4) on the boundary satisfies

fe(t,z,v) = p(t,z)F(v) weakly in L(0,T; L2F,1(U)(Q x R%)) (I11.24)

where p(t, x) is the limit of the macroscopic densities p* = fRd fedwv.

In sections 3 and 4, we establish the anomalous diffusion limits, i.e. we identify the
limit p as solution of a diffusion equation. The main idea of these proofs is to take ad-
vantage of the aforementioned scalar-hyperbolic structure of the fractional VFP equa-
tion in Fourier space (II1.10). To that end, we introduce an auxiliary problem whose
purpose is to construct, from any test function ¥(¢,z), a function ¢(¢,x,v) which
will be constant along the characteristic lines of the fractional VFP equation modi-
fied to take into account the boundary conditions, and such that lim.\ o ¢°(¢,z,v) =

Y (t,z). For the absorption boundary condition, the auxiliary problem reads for

¥ € D([0,T) x Q):

ev- Vo —v- V¢ =0 V(t,z,v) € RT x Q x R?, (I11.25a)
¢ (t,x,0) = (L, x) V(t,r) € RT x Q, (I11.25b)
Y (t, 2, 0) =0 V(t,z,v) € RT x X . (II1.25¢)

We construct a solution of this problem and use it as a test function in the weak
formulation of (IIL.7a)-(II1.7b)-(II1.3). We then show that we can take the limit in

the weak formulation to prove:

Theorem II1.1.3. Assume that f;, is in LZF_l(U)(Q x RY) and s is in (0,1). Then
the solution f¢ of (I11.7a)-(II1.7b)-(I11.3), converges weakly in the sense of Proposition
II1.1.2 to p(t, x) F'(v) where the extension of p(t,x) by 0 outside of 2 is a weak solution
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of
Op+(—A)p=0 (t,x) € [0,T) x Q (I11.26a)
p(x,0) = pin(x) x €} (II1.26b)
p(t,r) =0 t€0,T),zc R\ Q (I11.26¢)

where pin(x) = [ fin dv, in the sense that for ally € D([0,T)xR?) compactly supported
in Q)

// p(t,x) (Opp(t,x) — (— A)Y(t,z)) dtda + /pm(:p)w((),x) de =0. (II1.27)

(0,T)xRd R4

In this macroscopic equation, the extension by 0 of the function p can be interpreted as
an extension of (III.3), the homogeneous Dirichlet boundary condition in the kinetic
equation, to the whole complementary of the domain €2 as a consequence of the non-
local nature of the fractional Laplacian operator.

For the specular reflection boundary condition, if we want follow the characteristic
lines as they reflect on the boundary, we need to reduce (when s > 1/2) the set of test
functions to D7 (2) defined as:

Dr(Q) = {1/1 e C([0,T) x Q) s.t. »(T,-) = 0 and Vo € 9Q : Voib(t, z) - nlx) = o}.

(I11.28)

The auxiliary problem reads for ¢ € Dr:
eV - Vo —v- V¢ =0 V(t,r,v) € RT x Q x RY, (I11.29a)
¢°(t,x,0) = (t, x) V(t,r) € RT x Q, (I11.29b)
Yo (t,x,v) = y_¢° (t,:c,Rm(v)) V(t,z,v) € R x 3. (I11.29c¢)

In order to construct a solution of this auxiliary problem we study geodesic trajectories

in a Hamiltonian billiard. These trajectories are given by, parametrised with s € [0, 00)

z(s) = ev(s) z(0) = 2™ € Q,
0(s) = —v(s) v(0) = v € RY, (II1.30)
If 2(s) € 02 then v(s™) = Ry (v(s7)),

as illustrated in Figure II1.2 for example when 2 is a ball. We construct a function
n: Q x R?+— Q that will be constant along those trajectories, defined as n(z™, v™") =

limg_, x(s) which obviously, strongly depends on the geometry of the domain and



II1.1 Introduction 115

we will show that it is well defined when 2 is a half-space or a ball. This n function

allows us to find a solution of the auxiliary problem:

Proposition II1.1.4. If Q is either a half-space or smooth and strongly convez, then
there exists a function n: Q x R? — Q such that

O (t, z,v) = 1/1(15, n(zx, ev)) (II1.31)
is a solution of the auziliary problem (I111.29a)-(I11.29b)-(II1.29¢).

Although the regularity of this 7 function is rather simple to study in the half-space,
it is much harder to understand in the ball and we will devote Appendix A to this
investigation. In fact, it is strongly linked with the free transport equation. Indeed, if
we consider the following free transport equation in a ball with specular reflection on

the boundary and a homogeneous-in-velocity initial condition:

Of+v-V.f=0 (t,z,v) € 0,T) x Q x R?
f(O,SL’,’U) - w(ﬂf) (LU,U) I~ Q x Rd
v-f(t,x,v) = v f(t, 2, Ry0) (t,x,v) € [0,T) x 02 x {v:v-n(zx) <0}

then, using (II1.29a)-(II1.29b)-(II1.29¢) and Proposition II1.1.4 we can show that a

solution of this problem is

f(t,z,v) = w(n(x, —tv)).

As a consequence, the regularity properties of 1 we establish in Appendix A can
also be interpreted as a propagation of regularity with respect to the velocity for the
previous free transport equation. We are then able to establish the following anomalous

diffusion limit.

Theorem III.1.5. Let Q be either a half-space or a ball in R? and assume that f;,
is in L%,l(v)(Q x RY) and s is in (0,1). Then the solution f¢ of (IIL.7a)-(II1.7b)-
(II1.3), converges weakly in the sense of Proposition I11.1.2 to p(t,z)F (v) where p(t, )
satisfies, for any ¢ € C*([0,T) x Q) if s < 1/2 and any ¢ € Dp(Q) if s > 1/2:

/ / p(t,z) (ﬁtw(t,x) - (—A)gR¢(t,x)) dt dz + / pin(@)0(0, ) dz = 0. (IIL.32)

(0,T)x2 Q
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where pip(x) = [ findv and (—=A)%, is defined as:

SR

(~A)3b(x) = canPV. / 4G |w‘d(+;f ) g, (111.33)

This new operator, which we call specular diffusion operator, can be seen as a modified
version of the fractional Laplacian where the particles can jump from a position x to
a position y in €2 not only through a straight line but also through trajectories that
are specularly reflected when they hit the boundary, and the probability of this jump
is 1/]w|4"2s where |w| is the length of the trajectory. Note that when Q is RY, by
definition we have n(x,w) = = + w so that (—A)3, coincides with the full fractional
Laplacian ( — A)S on R%.

Theorem I11.1.5 can also be proved when 2 is a strip {z = (2/,24) € R : —1 < 24 < 1}
or a cube using arguments from the half-space case in order to handle locally the inter-
action with the boundary, and from the ball case to handle the multitude of reflections
a trajectory in a strip or a cube may undergo in a finite time. Moreover, in order to
extend this theorem to general smooth and strongly convex domains, one only needs to
prove that the trajectories described by 7 in that domain satisfy appropriate controls,
similar to the ones we state in Lemma II1.4.2 in the case of the ball which we prove
in Appendix A. The rest of the proof would remain the same.

Finally, in the last section of this paper, we focus on the macroscopic equation (I11.57)
which we name specular diffusion equation. First, we establish properties of the spec-
ular diffusion operator (—A)3,. Namely, in the half-space we show that it can be

written as a kernel operator with a symmetric kernel:

(—A)&y(x PV/ y)) Koz, y)dy with Kq(z,y) = Ka(y, z).
Q

(I11.34)
and such that the kernel is 2s-singular. Then, in both the half-space and the ball,
we show that the operator is symmetric and admits a integration by parts formula.
From this formula we derive a scalar product and defined the associated Hilbert space
H:. () in the spirit of the fractional Sobolev spaces in their relation with the fractional
Laplacian operators as is presented for instance in [DPV12|. We conclude this paper

by studying the specular diffusion equation in this setting:

Theorem II1.1.6. Let Q be a half-space or a ball in R?, uy, be in L*((0,T) x Q) and
s be in (0,1). For any T > 0, there exists a unique weak solution u € L*(0,T; H5,(2))
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of

ou+ (—A)gu=0 (t,z) € [0,T) x Q (II1.35a)
u(0, ) = uin () x €} (II1.35b)

in the sense that for any ¢ € C®([0,T) x Q) if s < 1/2 and any ¢ € D is s > 1/2,
u satisfies if €2 1s a half-space:

// u@tlpdtdx—/um( )(0, x) de

(0, T)><Q

- / / / (ult, ) — ult, ) (0(t,2) — 0t y)) K (x, y) dt dady = 0. )
@ xa
and if O is the unit ball
// b dt A — /um( J6(0, ) da
e
5 [f] (wtn) = uente ) (e = ot ) T - e
(0 T)x QxRY

Moreover, if 2 is a half-space or a ball, then the macroscopic density p who satisfies
(II1.32) for all b € C*([0,T) x Q) is s < 1/2 and any 1 € Dp(Q) if s > 1/2, is the
unique weak solution of (I11.35a)-(II1.35b).

This theorem highlights the fact that the interaction with the boundary in (II1.35a)-
(II1.35b) is contained in the definition of the diffusion operator (—A)Z, since we don’t
need to add a boundary condition in order to have well-posedness.

Here again, although we only look at the half-space and the ball, other geometries can
be handled by our method such as a strip or a cube for example. Furthermore, the
only obstacle to considering more general domains lies in understanding the function 7
is those domains in order to establish the symmetry of the specular diffusion operator

and estimates on its singularity.

II1.2 A priori estimates

In order to study the asymptotic behaviour of the weak solution of (III.7a)-(IIL.7b)

with (IIL.3) or (III.4) boundary condition, we need a priori estimates. Those estimates
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will rely on the following dissipation property of the fraction Fokker-Planck operator
LS

Proposition II1.2.1. For all f smooth enough, if we define the dissipation as:

D(f) = — / L5 f)% dv (I11.38)

R4

then there exists 8 > 0 such that

// w|d+2s ‘j;’dw >9/\f —pF(v )\QFOEZ) (I11.39)

R xRd

where p = [p. f(v) dv. Note, in particular, that D*(f) > 0.

Proof. We introduce the notation ¢ = f/F(v) and notice by expending the divergence
and integrating by parts that:

1
Ve (vFg)gdv== [ V,-(vF)g*dv.
2 R4

R4
We recall that F satisfies £°(F) = 0, which means V, - (vF) = (—=A)*(F). By

symmetry of the fractional Laplacian and the previous remark we have:
() == [ (Vo- (Flg = () (aF)g) do
- / (Vo wF) /2= (=8 (gF)g ) dv
—— [ (212~ -2y (gF)g) o
- /R (= 5F(-)() + Fo(~A)(9)) dv.



II1.2 A priori estimates 119

Inputting the definition (II1.12) of the fractional Laplacian we get:

/Pv/{—— = g+ g0 = glulglo) 1 dwdo

= // \v — |d(f;2]2 dv dw.

5 ] (- )

Since v and w play the same role in the integral, we can write
Cs fo)  fw))? fo)  fw))? dv dw
D(f) = — ——= ) F ——= | F _
(=3 // (m) Fwy) T\ Fo) ~ Fay) PO e
RdxR4
Expending the integrand and grouping the terms adequately, it is not difficult to show

that:
D(f) = / / (f|(vv)__w{ d(f;z) C]l;’(j;”. (II.40)

R xRd

Finally, the second inequality in (II11.39) comes from the modified logarithmic Sobolev
inequality of Gentil-Imbert (Theorem 3 in [GI08|) which we can use here because F'(v)
is the infinitely divisible law associated with the Lévy measure 1/|v]|9t25. We refer the
interested reader to [ASC16] for a proof of this functional inequality in the fractional

Laplacian case. O
The dissipation property of £° allows us to prove the following:

Proposition IIL.1.2. Let fi, be in L7 ., (2 x R?) and s be in (0,1). The weak
solution f¢ of the rescaled fractional VFP equation (I11.7a)-(II1.7b) with absorption
(IIL.3) or specular reflections (I111.4) on the boundary satisfies

fe(t,z,v) = p(t, ) F(v) weakly in L=(0,T; L%—l(v)(Q x RY)) (I11.24)

where p(t,x) is the limit of the macroscopic densities p© = fRd fedo.
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Proof. Multiplying (I11.7a) by f¢/F(v) and integrating over = and v one gets, after

integrations by parts, for the absorption boundary condition:

o [ e /|7+f€||n oS /Dsfe )do =0

QxR4

and in the specular reflections case:

251 52dxdv s 5
D _
W [ 0y 2 [P

QxR4

In both cases, since the dissipation in non-negative, we see that <% <l fe ||L2 . Qde)< 0

so fe(t,-,-) is bounded in LZF_l(U)(Q x R?). Moreover, we have

/ Ds(ff) dt dl’ S 628 (||fin||L;71(v)(Qde)—||f5(T’ .Z', v)||Li‘71(v)(Q><Rd)) :0) O
(0,7)xQ

and furthermore, by definition of p®, we see that

peg(k[(fezd“) (// ) =17l @

so that p© is also bounded in L>°(0, T'; L*(€2)). The boundedness of f€in L>*(0,T’; L%,l(v) (Qx
R?)) gives us the existence of a weak limit f. Since the dissipation goes to 0, (II1.39)

implies that the limit is in the kernel of the fractional Fokker-Planck operator, i.e.
there exists a function p such that f(¢,z,v) = p(t,z)F(v). And finally, the bounded-
ness of p° gives us existence of a weak limit p and by uniqueness of the limit p = p,

which concludes the proof. O

ITI1.3 Absorption in a smooth convex domain

We focus in this section on the absorption boundary condition (III.3) and show how
we can easily adapt the method developed in [CMT12| for the anomalous diffusion
limit of the fractional Vlasov-Fokker-Planck equation to this bounded domain case.

According to Definition II1.1.1, if f. is a weak solution of the rescaled equation (III.7a)-
(II1.7b) with absorption (II1.3) on the boundary then for all ¢ satisfying (II11.19) we
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have

/ / fe (628_18t¢> —e (- Av)sgb) dt dz dv (I11.41a)

/ / filv-Vep—e vV gb) dt dz dv (II1.41Db)
e 1// fin(, 0)6(0, 2, v) dar dv = 0. (I1L.41c)
QxRd

We recognize, in (I11.41b), the characteristic lines of (I11.10). In order to take advan-
tage of the scalar-hyperbolic structure of (II1.10) we want to consider test functions

which are constant along those lines. This is the purpose of the auxiliary problem.

I11.3.1 Auxiliary problem

In the absorption case, it is rather simple to adapt the auxiliary problem introduced
in [CMT12] to the domain . For any ¢ € D([0,T) x Q) we introduce the auxiliary

problem:

ev- Vo —v- V¢ =0 V(t,z,v) € RT x Q x R?, (I11.25a)
¢ (t,x,0) = (L, x) V(t,r) € RT x Q, (I11.25b)
Y (t, 2, 0) =0 V(t,z,v) € RT x X, (II1.25¢)

Since the boundary condition (II1.25¢) is immediately compatible with the assumption
of compactly support in € for the test function v, the construction of the solution ¢.

is rather straightforward:

Proposition I11.3.1. For any ¢ € D([0,T) x Q), ¢° defined as:

¢ (t,z,v) = P(t, x + ev)

where ) is the extension of 1 by 0 outside Q, is a solution of (II1.25a)-(II1.25b)-
(IIL.25¢).

Proof. The proof is almost immediate. For (II1.25a) we write:

eV - Vo —v -V, =cv-V [(t, x4+ ev)] —v- V,[U(t, v + ev)]
=cv-Vi(t,r +ev) —ev- Vip(t,z +ev) = 0.



122 Anomalous diffusion limit in spatially bounded domains

Moreover, the definition of ¢° ensures (II1.25b) and, thanks to the compact support
of ¢ in Q we also see that ¢°(t,z,v) = 0 for any (z,v) € ¥, since it means that
r+ev g QO

For such a ¢° we see that:

( ) gba(t X ’U) —CdsPV/¢€ t l|‘vv ¢€(t,x,w) duw

|d+28

Utz +ev) — P(t, x + ew)

= cqsP.V. = Wi dw
(I11.43)
w(ta T+ EU) - @E(tv w) —d
= cq.P.V. d
€, e—d-25[7 t cu — w|dr2s
Rd

= (= A)P(t,x +ev)

so that the weak formulation (II1.41a)-(II1.41b)-(III.41c) becomes

// fe <atz/_; — ( — A)Sq/_;(t,x - sv)) dt dz dv + / fin(z, v)z/_J(O, T+ 5@) dxdv = 0.
Qr QxR

(I11.44)

II1.3.2 Macroscopic Limit

In Section III.2 we proved that f¢ converges weakly in L™ (O,T; L%,l(v)(Q X Rd)).
Hence, in order to pass to the limit in the weak formulation (II1.44) we need to show
that

O(t,x +ev) — (— A)Y(t,z + ev) — Q(t,x) — (= A)’Y(t, ) (I11.45)

at least strongly in L™ (0, T; L%(v)(Q X Rd)). The proof of this convergence is rather
similar to its equivalent in the unbounded case presented in [CMT12|. As a conse-
quence we will not give any unnecessary details and instead we briefly recall the main
arguments. First, we note that the continuity of 1) readily implies the convergence of
the second term in (I11.44):

/ fin(2,0)0(0, 2 4 ev) dz dv - pin(2)Y(0, z) dx
QOxR4 Q
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Secondly, the strong convergence of (II1.45) follows from the fact that if v is in
D([0,T) x Q) then

O € D([0,T) x Q) and (—A)W e D(0,T) x RN L*([0,T) x RY)

because the pseudo-differential operator ( — A)s can be defined as an operator from
the Schwartz space to L?(R?), see e.g. Proposition 3.3 in [DPV12|. As a consequence,
it is straightforward to use dominated convergence on both terms and prove the strong
convergence of (II1.45) in L>(0, T L%(U)(Q x R%)), noticing that [ F(v)dv = 1.

Hence, we can take the limit in the weak formulation and find that p satisfies:

/ / plt, 2) (Br(t, x) — (— A)w(t,x)) dede + / pin(2)0(0,2) dz = 0. (ITL.46)

(0,T7)xQ Q

Since p is the limit of p° it is only defined on €2. If we extend it by 0 on the comple-
mentary R?\ Q, then we can integrate over R? instead of 2 and that concludes the
proof of Theorem III.1.3.

III.4 Specular Reflection in a smooth strongly convex

domain

We now turn to the more challenging case of the specular reflection boundary con-
dition (II1.4). From Definition I11.1.2 we know that if f. is a weak solution of
fractional Vlasov-Fokker-Planck equation with specular reflection on the boundary
(III.7a)-(II1.7b)-(I11.4) then for any ¢ satisfying

¢ € COO(QT) gb(T? '7 )

-0 (I11.22)
V1ot z,v) = y-o(t, 2, Ro(v)) V(t,z,v) €[0,T) x X}
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we have, analogously to the absorption case:

/ / fe (828*18@ —e (= Av)sqb) dt dz dv (I11.41a)
Qr
+ [ (v Vao =0 Vo) dtdwdo (IIL41b)
/I
+ 628_1/ fin(x,v)0(0, z,v) dxdv = 0. (IT1.41c)
QxR4

Once again, we would like to take advantage of the scalar-hyperbolic structure of
(II1.10) in order to define a sub-class of test function ¢ that will allow us to identify
the anomalous diffusion limit of this equation. This is the purpose of the following

auxiliary problem.

I11.4.1 Awuxiliary problem

For a smooth function ¢, we define ¢, as the solution of

eV V¢ —v-V,¢° =0 V(t,z,v) € RT x Q x R, (I11.29a)
&°(t,2,0) = (L, x) V(t,r) € RT x Q, (IT1.29b)
Yo (t, x,v) = y_¢° (t,:c,Rm(v)) V(t,z,v) € R x 3. (II1.29c¢)

with R, (v) = v —2(n(z) - v)n(z) for z in 9.

Because of the specular reflection boundary condition (II1.29¢), it is much more chal-
lenging to construct a solution ¢, of this problem than it was in the absorption case.
In fact, we will see later on that if we want to have enough regularity estimates on ¢, in
order to take the limit in the weak formulation of the fractional Vlasov-Fokker-Planck
equation, we will need an additional assumption on the initial condition 1. Setting
aside these considerations for the moment, let us show how we can construct ¢, from
smooth function v through the definition of a function n : Q2 x R? —  in the following

sense:

Proposition III.1.4. If Q is either a half-space or smooth and strongly convez, then
there exists a function n: Q x RY — Q such that

¢ (t,z,v) = U (t,n(z,ev)) (I11.48)

is a solution of the auziliary problem (I111.29a)-(I11.29b)-(II1.29¢).
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Proof. The proof will consist of two steps. First we construct an appropriate n by iden-
tifying the characteristic lines underlying the hyperbolic problem (I11.29a)-(111.29¢),

and then we check that ¢° defined as above is indeed solution of the auxiliary problem.

II1.4.1.1 Construction of n

The purpose of 7 is to follow the characteristic lines defined by (II1.29a) and (II1.29¢).
Those lines (z(s),v(s)), parametrised by s € [0,00), are given by:

z(s) = ev(s) z(0) = 2™,
i(s) = —v(s) v(0) = o™,
If z(s) € 02 then v(st) = Ry (v(s7)).

(IV.23)

Solving this system of ODEs, we see that this trajectory z(s) consists of straight lines
with exponentially decreasing velocity v(s) reflected upon hitting the boundary. More
precisely, if we denote s; the times of reflection, i.e. the times for which z(s;) € 09,

with the convention sq = 0, we have for the velocity:

U(S) =e ‘g for s € [O, 81),
v(sh) = Rasnv(8; ), (ITL.49)
v(s) = e’(s’si)v(sj) for s € (s4, 8i41),

which gives the trajectory, for s € (s;, s;41):

2(s) = 20 + s/osv(T)dT

i1 sy s
= 1 + 62/ v(T)dr + 5/ v(T)dr
k=0 v 5k 8i

i1
=T+ 52 (1 — e’(s’“ﬂ’sk)) v(sh) +e (1 — e’(s’sk)) v(s]).
k=0

Instead of considering an exponentially decreasing velocity v(s) on an infinite interval

s € [0,00), we would like to consider a constant speed on a finite interval [0,1). To
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that end, we notice that the reflection operator R is isometric in the sense that:

(s7) = R (v(s7))
= Ra(s) (6_(8i_8i_1)v(5;r—1))
= e IR ) 0 Rasr ) (707 u(s] )
= e TR ) 0 Rugsin) © Ragsis) (€752 u(s]5))
= 6_(81'_0)7%(31-) 0 Ru(siy) © " 0 Ra(sy) (UO)'

Furthermore, we introduce the notation R’ denoting:

R° = Id,
| | (IIL50)
RZ — Rx(sz) o szl’

and a new velocity w(s) := e*v(s) which then satisfies:

’LU(S) =y for s € (O, 81),
w<8i) _ Riv(]’ (111.51)

w(s) = Rlw(s;) for s € [s;,541).

It is easy to check that for any s, |w(s)| = |vg|. The trajectory x(s) can be written,

with the velocity w(s) as:

x(s) = xo + 5/ e Tw(r)dr
0
i—1

=x0+ 52 (e — e ) w(sk) +e (e —e ) w(sy).
k=0

Finally, we introduce a new parametrisation 7 = 1—e* € [0, 1) and the corresponding

reflection times 7; ;= 1 — =% with which we have, for any 7 € [r;, 7;,1) with ¢ > 1:

i—1

2(1) = mo + gkz% (Th+1 — ) w(Tk) + € (7 — 70) w(m), (I11.52)

w(t) = w(r;) = Rwy.
These trajectories can be seen as geodesic trajectory in a Hamiltonian billiard, as

illustrated by Figure II1.2. In order to solve (I11.29a)-(II1.29¢) using a characteristic

method we would like to define a function 7° that relates (xg,wp) to z(r=1) (or
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Fig. II1.2 Example of trajectory of €2 is a ball of radius 1

x(s=o0) for the initial parametrization). It is natural to construct n® by induction
on the number of reflections. Such a construction is already well known in the field
of mathematical billiards. We refer for instance to the Chapter 2 of the monograph
of Chernov-Markarian [CMO06| for the construction in dimension 2 and the paper of
Halpern [Hal77| where he defines a function Fy(z,v) which gives the position and
forward direction of motion of a particle in the billiard, in relation to which our n®(z, v)
is just the first component of F,_.(x,v). To make sure F}, hence 7°, is well defined,
we just need to make sure that there are no accumulation of reflection times, i.e. that
there is only a finite number of reflections occurring during a finite time interval. To
that end, we consider the point on the boundary at which these accumulations would
happen. Chernov-Markarian explain that it cannot happen on a flat surface and,

moreover, in dimension two, Halpern gives a result which can be stated as follows

Theorem. Let us call ¢ the function such that

Q= {recR/((z) <0} and 0N = {x € R?/((x) = 0}.
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If ¢ has a bounded third derivative and nowhere vanishing curvature on 0S) in the sense
that there exists a constant C; > 0 such that for all £ € R%:

Zfza 837] C|£|2

then Fi(x,v) is well defined for all (x,v) € Q x R%.

We call strongly convex such domains, and this result was later extended by Safarov-
Vassilev to higher dimension as stated in Lemma 1.3.17 of [SV97]|. We will consider
to be a half-space or a ball, neither of which allows for the accumulation of reflection

times hence 7° can be defined as:

n°(xg, wo) = x(7=1) = xo + eZ_ (Thr1 — m6) () + € (L —7mpp)w(rpr)  (II153)

where M = M (g, wy) is the (finite) number of reflections undergone by the trajectory
that starts at (xg,wp). Note that this expression yields immediately that for any
(z,v) € Q x R%:

0" (z,v) = n'(z,ev)

so that, from now on, we will forgo the superscript 1 and always consider 7(x, v).

I11.4.1.2 ¢° solution of the auxiliary problem

We now define, for any given smooth function :

O (t, x,v) = w(t, n(zx, ev)).

By construction, we know that ¢° satisfies (II1.29b) and (I11.29¢). For (II1.29a) we

differentiate along the characteristic curves:

L (t2(5).v1s) = -0 (1,0(2(0), 20(0))) =0

which yields by (IV.23)
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Take s = 0 and you get:
ev - Vo (x,v) —v- Vo (z,0) =0

which concludes the proof of Proposition III.1.4. O

The solution ¢° has a scaling property similar to (II1.43) for the solution of the auxiliary
problem in the absorption case, namely :
5| e @/)(7377(%5“)) - @/)(7377(%5“’))
( — Av) [Qf) (, IE,U)] = cqsP.V. i v — w|N+2s dw
U(t,n(x,ev)) — ¥(tn(z,w))

R lev — w|N+2s

= (=) [u(t (e, ) | (=)

= EQSC(LSP.V dw

Hence, the weak formulation of (III.7a)-(II1.7b)-(II1.4) becomes:

// I <at1/f - (- Av)s [w(t, n(x, ))] (av)) dt dz dv
v (IIL54)
+ / fin(z, )1 (0,n(z,ev)) dzdv = 0.

QOxR4

I11.4.2 Macroscopic limit

Using the same arguments as in the unbounded or the absorption case, one can show

that if ¢ € D([0,T) x ) then
li : t ) ) = ) )
81{{1(1)/@//]” o (t,m(z, ev) dt da dv (Ol)/gp(t x)Y(t, ) dtdz

and

li\rré // fin(x,0)¢%(0, 2,v) dz dv = /pm(x)@/)(O,x) dz.
QxRN Q

For the last term, we prove the following Lemma:
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Lemma I11.4.1. If Q is a half-space or a ball in RY then for any ¢ € D7(Q) defined

as

Dp(Q) = {w € C([0,T) x Q) s.t. ¥(T,-) =0 and Vaib(t, ) - n(z) = 0 on asz}.

(IT1.28)
we have
li{r(l] ///fe( — Av)s[w(t,n(x, ))} (ev)dtdzdv = // p(t,x)(—=A)5 0 (t, x) dt de
Qr (0,T)x
(I11.55)

where (—A)%,, is given in Definition II1.33 and can equivalently be written as:

(~A)wte) = (= A [e(tn(, )] 0) (I1L56)

Before proving this lemma, which we will do separately for each €, let us conclude that
with this convergence we can take the limit in (II1.54) and see that for all ¢ € ©1(Q)

the macroscopic density p(t, z) satisfies
[ otto)(awte.n) - (o) 0(0)) deds+ [pu(opp0.0)de 0. (11L57)
(0,T)xQ QO

which ends the proof of Theorem III.1.5.

111.4.2.1 Lemma III.4.1 in a half-space

Consider the half-space {z = (2/,24) € R?: 24 > 0}. The function 5 associated with

the half-space can be written explicitly as:

T+ v faxg+vy>0
n(z,v) = o (I1158)
(@ +0, —xg—vg) ifxg+vy<0

as illustrated by Figure III.3.

We can differentiate n(x,v) to see that the Jacobian matrix reads
Von(z,v) = Id+ (H(zq 4+ va) — 1) Egg (I11.59)

where E,;4 is the matrix with 0 everywhere except the last coefficient (of index d, d)
which is 1 and H is the Heaviside function equal to 1 if z4 + vy > 0 and —1 if

xq + vy < 0. Furthermore, the second derivative of n(x,v), which we will see as an
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R.

T+ va (7 +7, 4 — va)

RN-1

N\
Ly = VG [N gy

Fig. I11.3 Example of trajectory in the half-space

element of My(R?), i.e. a vector valued matrix, reads

Dgn(l‘a ’U) - 2(” X Ed,d) 517(:1:,1})689

where n is the outward unit vector of J€2 (which is constant in the half-space), 6,z )co0
is the dirac measure of the boundary surface and x is a multiplication between a vector
u € R? and a matrix M = (m;;)1<ij<a € Ma(R) whose result is the vector-valued
matrix given by u x M = (m; ju)1<;ij<a € Ma(R?).

Furthermore, a straightforward differentiation vields
D2 [ (t.n(w,0) | = (Vun(, ) D2 (t.n(w,0) (Von(a,v)) + Dine, o) Vot n(a, v)).
where for any ¢ € D7 we have

D2, v}V (t n(e,v)) =2(n- Vo (t,0(2,v)) ) Eaadyiameon =0

since for all y = n(x,v) € 02 we have n(y) - Vi (t,y) = 0.
To prove Lemma I11.4.1 we will show that (—AU)S [¢ (t, n(x, ))] (ev) converges strongly
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in L>(0,T; L%(U)(Q x R?) by a dominated convergence argument. Since feconverges
weakly in L>°(0,T; L%, (0 (£ X R?) we can then pass to the limit in the left-hand-side
of (II1.55) and Lemma II1.4.1 follows.

We begin by the proof of point-wise convergence. We introduce the function x, :

R? x R? — R given by (omitting the ¢ variable for the sake of clarity)

Xz (v, w) = @Z)(n(x, v+ w)) - w(n(x, w)) (I11.60)

For any (¢,z,v) € Qr we then have

(=) [0 (t ()] (ev) = (~A)5(@)
—cdSPV/ zp xev)) w(t n(x,ev—i-w))d

‘U}|N+2S

—cd,SP.V./ pt2) —oltn(ew) |
R

|w|N+25

- Cd,SP.V/ Xal€0,0) = XalEv,0) (I1.61)
Rd

|U} |d+25

w

For 6 > 0, we split the integral as follow

oy [ M)y [ e ten),
Re |w|<é

Xz(£v,0) — xz (v, w)
s dw.
T /| ]2 v

On the one hand we see that

(ev,0) — xz(ev,w) ‘ / 1
dw| < 2||xz(ev, )| Lo (rd —— dw
‘/ ] et Mo | e

< 207%|Ixe (€0, )|l poo(ray

and by definition of y,

— 0.
e—0

sup [xo(ev, w)| = sup ’w(n(% v+ w)) =P (n(z,w))
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so the integral over |w| > § vanishes. On the other hand, using the symmetry of the

set {|w| < §} we write

P.V./ Xz(£v,0) — xz(ev, w) dw
<6

|w|N+28

_ EPV / 2X2(ev,0) — xz(ev,w) — X2 (ev, —w)
wl<s |w|d+2s

2

dw

where we can expand x,(ev, £w) using a second-order Taylor-Lagrange expansion
which yields, for some 6 and 6 in the ball B() centred at the origin with radius 0

2X2(ev,0) = xz(ev, w) — Xxu(ev, —w)
= —VuXe(ev,0) - w — w - DX, (v, 0)w — ViXa(v,0) - (—w) — (—w) - D*x,(ev, é)(—w)

= —w- <D2X$(ev, 0) + D*x.(cv, é))w

therefore

PV/ Xz (€v,0) — xu(ev, w) dw 1 / w(D?x,(cv,0) + Dy, (ev,0))w dw
 Jwl<s || N +2s w|<s |w|d+2s

(111.62)

where the P.V. is not needed any more since s < 1. For any fixed 6 € B(J), we have

D*x,(ev,0) = (Vyn(z,ev + 0))TD2@/) (n(z,ev+0)) (Von(z,ev +0))
- (an(ffa 0))TD2’¢} (77(% 0)) (an(l‘, 0))

If x +ev+ 60 and = + 6 are either both in 2 or both outside 2 then thanks to (II11.59)
we know that V,n(x,ev +6) = V,n(z,0). We denote M this matrix and we have

D2xu(e0,0) = M7 (D2(n(w, v+ 0)) — D2 (n(x,6)) ) M
in which case the regularity of v yields
lim D%y, (ev, ) = 0.
e—0

If z is in the interior of ), then for ¢ and § small enough, we will obviously have x + 6
and z + v + 0 inside §2. Moreover, if x is on the boundary 0f) then for any fixed 6
in B(9), when ¢ is small enough we will also have = + 0 and = + ev + 6 either both

inside € if w - n(z) < 0 or outside Q if w - n(x) > 0. As a consequence, we have
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point-wise convergence of the integrand in the left side of (II1.62) therefore (II1.59)
and the regularity of ¢» ensure that we can use dominated convergence in L*(B(4)) to

write

lim
e—0

PV/ Xz(£0,0) — xz (v, w) dw
|w|<d

|w|N+28

’/ w(D?x,(ev,0) + D>y, (ev,0))w
w‘<65—>0

|w |d+25

dw' =0.

Now that we have proven the point-wise convergence, let us show that

v (= A) (et ) |(ev)

is bounded uniformly in € by a function in L%(v) (2 x R?). The regularity of ¢ and the

above computation of the jacobian matrix of 1 yield in particular that for all ¢ € [0, 7))

sup D? [@/} (¢, n(:p,v))} € L*(Q). (I11.63)

vERA

Therefore, for any ¢t € [0,7) we introduce Gy(x) given by

Gul) = 198, )Lzt | D2 (1.0, )]

Lo (Rd)

As we did before, we can split the integral expression of the fractional Laplacian into a
integral on a ball of radius ¢ around the singularity and an integral on the complement

of that ball. For the latter, we write for some constant C' > 0

’ B ’ - !
/ MMwmeﬂjxw w”wﬁgmwmwmm>/ g v

RNB(S) RNB(5)

< Clldb(t, )l zoe @™
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For the integral over B(J), we use a second order Taylor-Lagrange expansion like we

did for y, and write

Y(n(z,ev+ w))

Cd,s / Y(nlz,ev)) - dw‘
’ 2o | |d+2s
. C/ w - (Dz [w (n(z, ))} (ev +|Z)‘;2?2 [1/1(?7(33, ))} (ev + é))w o
B(5)
< [[o* [t D] 8

Put together we see that for § = 1 we have for all ¢ > 0 and v € R?

‘( - Av)s |:Q/}(t, n(z, ))} (ev)| < Gy(z)

and Gy(z) is in L*(Q2) by the previous estimates on the second derivative. Hence, we
have proven that (—A,)” [1/} (t,n(z, ))] (ev) converges strongly in L>(0, T’ L%(U)(Q X
R%)) to (—A)2.9(t, ) and Lemma I11.4.1 in the half-space follows.

I11.4.2.2 Lemma II1.4.1 in a ball

We consider, without loss of generality, that Q is the unit ball in R?. For 1) is in
Dr(Q), we will again to prove Lemma II1.4.1 by establishing the strong convergence
of ( - Av)s |:1/}(t7 n<x7 ))] (810) n LOO<07 T L%‘(v)<Q X Rd)) to <_A>§Rw<t7 .T)

First, let us point out that the arguments we presented in the half-space to prove the
point-wise convergence still hold in the ball. Indeed, we can introduce the function
Xz defined in (II1.60) and split (II11.61) over |w| < § and |w| > § for some 6 > 0. On
the one hand, if we bound the integral over |w| > ¢ by the L>*-norm of x, in  and
the integral of kernel away from its singularity, it follows that this term goes to 0 by
definition of x, and regularity of ©). On the other hand, the integral over |w| < § can
be handled exactly the same way as in the half-space. More precisely, if x is away
from the boundary then for § and e small enough n(z,ev+ w) = x4+ v+ w and there
is no issue; and if x is on 02 then we use the fact that locally the boundary of the
ball is isomorphic to the hyperplane {x; = 0} so we recover the previous setting and a
dominated convergence argument in L'(B(d)) will show that the integral over |w| < §

goes to 0. Together, these two controls and (II1.61) prove the point-wise convergence.
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The rest of our proof of Lemma II1.4.1 requires some estimates on the derivatives of 7.
These estimates can be established by a detailed analysis of the trajectories described
by n and we have devoted the Appendix A of this thesis to this analysis. In particular,

in Section A.0.3, we prove the following Lemma:

Lemma 111.4.2. For ally € D there exists p > 2 such that

(=) [0t )| € Dy (9 x RY),
The strong convergence of (— A,)° [w (t,n(z, ))] (ev) in L, (Q X R?) then follows
from the following result

Lemma I11.4.3. If (h.).~o converges point-wise to h and is bounded in LF( (2% R%)
for some p > 2 uniformly in € then h. converges strongly to h in L%(v)(Q x R%).

Proof. Consider R > 0 and the ball B(R) of radius R centred at 0 in R?. The Egorov
theorem states that, since 2 x B(R) is a bounded domain, for any § > 0 one can find
a subset As C Q x B(R) such that [{Q2x B(R)} \ As| < ¢ and h. converges uniformly

on As which means in particular
/ |he — h|*F(v)dodv — 0.
As

As a consequence, we split the norm as follows

//\h—h\F dxdv—//\h—h\F )da dv + // |he — h|*F(v) dz dv

QxRe {QxB(R)}\As

// Ihe — h|*F(v) dz dv.

Qx{RN\B(R)}

The first term is handled by Egorov’s theorem. For the second, we write

|h. — h|*F(v) dx dv

{QXB R)}\A(g
1-2/p
( // |he — h|PF (v )dxdv) ( // d:cdv)
{QxB(R)}\As {QxB(R)}\As

< CHQ x B(R)}\ A" 27
§051’2/p



IT1.5 Well posedness of the specular diffusion equation 137

and for the third

‘ // |he — h)2F(v) dz dv

Qx{RN\B(R)}
1-2/p
// |he — h|PF (v )dxdv) ( // dxdv)

Qx{RN\B(R QOx{RN\B(R

colm)

Hence, for any § > 0 we can find R such that R~2(-2/p) < 5/3, § such that §1-2/7 <
5 /3 and ¢ such that for all £ < g

\h. — h|*F(v) dzdv < g

As

and the lemma follows. O

Remark II1.4.4. In both the half-space and the ball, when s < 1/2, we do not need to
assume that Vip(z) - n(x) = 0 for all x on the boundary which means we can actually
extend the set of test functions to ¢ € C®([0,T) x Q) with (T,-) = 0. Indeed, in
those cases, 0 is reqular enough to ensure that ¥ (t,n(z,v)) is in H(R) with respect
to the velocity and since H**(RY) C HY(RY), the fractional Laplacian of order s of
@Z)(t, n(z, v)) will be in L%(v)(Q xR?). Moreover, in our proof of point-wise convergence
above, if 2s < 1 then we can control the singularity for small w in (I11.61) with a first-
order Taylor Lagrange expansion which mean we do not require any assumption on
Vi at the boundary.

ITI.5 Well posedness of the specular diffusion equa-
tion

This last section is devoted to the proof of Theorem II1.1.6 and is divided in three steps.
First, we establish some properties of the specular diffusion operator (—A)Z... Secondly,
we handle the first part of Theorem III.1.6 which is the existence and uniqueness of
a weak solution to the specular diffusion equation (III.35a)-(II1.35b). Thirdly, we will
show that the distributional solution p that we constructed in the previous section is
precisely this unique weak solution when €2 is either the half-space RY = {(z,z4) €
R?: x4 > 0} or the unit ball By in R%
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Note that although the theorem holds in both domains and the steps are similar in
both cases, the techniques we use at each step often differ so we will have to treat the

cases separately several times.

II1.5.1 Properties and estimates of the specular diffusion oper-

ator
I11.5.1.1 (—A), on the half-space

When (2 is the half-space R%, (—A)3, can be written as a kernel operator

Proposition II1.5.1. Let us define KR‘i as

1 1
K = Cys I11.64
R (9 = ca <|x N [ +yd>|d+28) Loy

Then we have

(~8)30(a) = PV. [ (91) = ¥(0)) K (0,) . (111.34)

d
RY

Moreover, this kernel is symmetric: Kga (x,y) = Kga (y,x) for all x and y in RY and
satisfies
1 2
Cd,sm < KRi(%?/) < Cd,sm (I11.65)
Proof. The expression for det V,n(x,v) in the half-space is given by (II1.58). Defined

as such, KRi is obviously well defined, although singular, and moreover we have:

1 1
K, = Cd,s
Ri<x7y> Cd, <|x—y|d+25 * |(x—y,$d+yd)|d+25)

1 1
= Cas 4+ — = Kga (y, ).
<|y—$ld+28 I(y—x,yd+$d)ld+25) (v 7)

Finally, since 1/|(§ — %, yq + x4)|* > 0, the left-hand-side of (II1.65) holds and, as
can be seen in Figure IIL.3, [(Z — §, 24+ ya)| = |2 —y| which yields the right-hand-side
of (IIL65). O

In more general domains €2, we can also try to write (—A)Z, as a kernel operator. The

general form of this kernel is given by a generalized change of variable formula, c.f.
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[LMO95] and reads

det V,n(z,v) !
Ko(x,y) = cas Y | = L (I11.66)

venz ' (y)

where 1, }(y) = {v € R?: n(z,v) = y}. For instance, when € is a stripe and a cube,
one can show that the Jacobian determinant of 7 in those domains is bounded away
from 0, that the sum is infinite but countable and as a consequence that the kernel will
be well defined, symmetric and its singularity will be comparable with the singularity
of ( — A)S as expressed in (II1.65) for the half-space. Although we won’t dwell on
those domains in this paper, we will make sure not to use the explicit expression of
the kernel in the half-space as long as we can in order to establish results that will
also hold in any domains where the kernel is well defined, symmetric and 2s-singular.
In particular, we can establish an integration by parts formula for (—A)Z. from which

we will deduce its symmetry.

Proposition I11.5.2. The operator (—A)%,, satisfies an integration by parts formula:

SR

for any Y and ¢ smooth enough:

/ o) (~D)2(0) do = 5 [ [ (6() = 6(0) (9(a) = 010)) Kol dedy. (11167

QXN

s

Proof. First, we use the kernel operator expression (II1.34) for the (—A)Z, operator
and inverse the variables x and y, using the symmetry of the kernel Kq, in order to

write the following:

/ o)D)z (e} do = 5 [ 9PV, [ (6(a) ~ v(w) Kalo,y) dyda

- / Yy)PV. / (1) = () Kalr,y) dy de.

In first integral, we add and subtract (z — y)Vi(2)1pw)(y) where 1p)(y) is the
indicator function of a ball around z included in €2, and we notice that since ¥ is
smooth it satisfies for any x € Q and y € B(z):

U(@) = d(y) — (@ = y) V(@)@ (y) = Oz — yl*)



140 Anomalous diffusion limit in spatially bounded domains

so that the integral

[ 6@ (50) = 6w~ (@ = ) Vo) Ly () Kata,) dody

QxQ

is well defined without need of a principal value because the kernel is 2s—singular
with 2s < 2. We do the same in the second integral, adding and subtracting (z —
y)VY(y) L) (x) where 1, (x) is the indicator function of a ball around y included
in ) so that we get:

/ o)D) do = 5 [ [ 060) (6(0) = 0(0) = (0 = ) V0@ Lo () K o dy
+§/¢(x)w(a;)P.v./(x—y)ﬂg(x>(y)Kn(x,y) dy dz
~ 5 [ (46@) = v) = (@0 = )TV L (@) Kala,y) dody
- %/X¢(y)vw(y)P-V-/(x—y)]13<y>(x)Ka(x,y) dy dz.

Since we can use Fubini’s theorem in the first and the third term, we sum both of

them and notice that (¢(z) — ¢(y)) (¥(z) — ¢¥(y)) = O(Jz — y[*) in order to write
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3 [[6)(v12) = 0) = (o = V) La () Kae.g) dody

QxQ

=5 [ (6@) = vw) - (0 = )TV La (@) Ka(ar,y) dody

QxQ

= 5// {(Cb(x) —0(1) (¥(x) = YY) — ¢(2) Ve (2) Lo (y)(x — )

QxQ

00 VU0 Lty ()l )| K, ) oy
=5 /[ (6 = 6) (6(2) ~ v(w) K. g) dody

QxQ

_%/¢(x)w(x)P.v./(x—y)Kg(:c,y)ﬂB(x>(y) dy dz

e yeN
1
+5 [WTHWPY. [ (0 g (@) Kale ) do dy
yeQ e

which concludes the proof. O

As a direct corollary of this proof, we see that since the kernel K¢ is symmetric, the

operator is symmetric as well:

/¢> A)idla dx—/¢ ) () da

I11.5.1.2 (—A)Z, on a ball

SR

In the ball, if we wanted to write (—A)3. as a kernel operator using (I11.66), the
kernel would only be defined almost everywhere because the determinant of V7 is
not bounded away from 0. Indeed, as can be seen in Appendix A, for a fixed z, a fixed
direction 6 = v/|v| € S¥! and a fixed number of reflections, we can find one and only
one norm |v| such that the determinant of V,n(z, |v|@) is null. This can be seen in the
expression (A.9) because finding this norm is equivalent to solving det V,n(x,v) = 0
after fixing all the variables except l.,4 and, in that setting, the Jacobian determinant
is a monotonous function of /., that passes through 0. However, for each fixed x, the

set of velocities v such that the determinant is null is a countable sum of curves since
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for each fixed number of reflections k there is exactly one v in that set per direction 6
in S~!. Therefore, the kernel is defined almost everywhere.
Nevertheless, even if we can’t rigorously write it with a kernel, the specular diffusion

operator still has interesting properties, as for instance:

Proposition I11.5.3. When Q2 is a ball B, the operator (—A)%,. admits the following

SR

integration by parts formula: for all ¢ and ) smooth enough

/¢ A)epth(x d:c—— // :U,U)))(@D(x)—@b(n(x,v)))%.

QxRd

(I11.68)

From which we readily deduce its symmetry

/ 6(2)(~ D)3 (x) da /wm)(—m; (z) dz (111.69)

Q

Proof. We write

/ o)D) e = cus [ (600) = o(ate. o) (400 — vlate. o)) S

QxRd
dvdz

~ 0PV, [ / o (. 0) (v(w) = (nte. ) )

Qx{R4

In the second term on the right-hand-side we want to do a change of variable F'(z,v) =
(y,w) such that the trajectory described by 1 from (y, w) is exactly the trajectory from
(x,v) backwards. In particular, that means n(y, w) = z and n(x,v) = y. We have the
following result on this change of variable which will be proven in Section A.0.4 of the

appendices:

Lemma 111.5.4. The change for variable F' given by

F (i) - (_[é’f(’;)vﬂv) (IIL.70)

is precisely the change of variable such that n(F(z,v)) = = and the trajectory described
by 1 starting at n(z,v) with velocity — [V ,n(x,v)]v is ezactly the trajectory from (x,v)
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backwards. Moreover, for all (z,v):
det VF(z,v) = 1. (ITL.71)

The singularity that requires the principal value is at {v = 0} around which we have
explicitly n(xz,v) = z + v hence it will become, through the change of variable, a
singularity at {w = 0} since we have w = —v in the neighbourhood of 0. The change

of variables yields

/¢>< )=80la) e = ca [ [ (660 = o)) (v10) = vl ) S

QxRd

- cd,sP-V.//cb(y) w(n(y,w)) = @D(y))ﬁ%

QxR
and the integration by parts formula follows. O

Finally, in relation with (II1.65), one can see immediately from looking at the integra-
tion by part formula in a ball, that the singularity in the operator is of order exactly
2s.

I11.5.1.3 The Hilbert space H3,(f2)

We conclude the analysis of (—A)3, by introducing the associated Hilbert space
H3,(Q). This comes down to interpreting the integration by parts formula as a type of
scalar product and considering the associated semi-norm in the spirit of the Gagliardo
(semi-)norm on the fractional Sobolev space H*(R?) and its relation with the fractional
Laplacian as presented e.g. in [DPV12|. The natural semi-norm associated with the

specular diffusion operator reads in the half-space
v Hip(RE) — // ) KRi<x7y) dz dy.
Rd xRE

and in the ball

[Uusm) = Cds// x,v))>2|v|;+2 dz dv.

Rdx B

Consequently, we introduce a Hilbert space associated with the specular diffusion

operator.
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Definition II1.5.1. We define the Hilbert space H:,(S2) as

1, (Q) = {¢ € L2(9Q) : [V, (@) < oo} (I1.72)

associated with a scalar product which, on a half-space, read

(U16) 305, /w¢dx+ [ (6tt0) = ott.0) (010,2) = 010,)) g (0.9) ey
o (IIL.73)

and on the ball becomes

(1B, 5 /wasda:

w5 // (6(t,2) = o(t. 0z, ) ) (v(t,2) =t 0l 0)) ) Efd—f

Rdx B

(I11.74)

hence the norm associated with H%,(S2) is naturally

10132, @)= 1911720y ¥, )
SR SR

This functional space is strongly linked with the Sobolev space H*(€2) and we refer the
interested reader to [DPV12] for more details. We notice right away that (—A)3
self-adjoint on the Hilbert space HZ,(§2) and also, by the estimates on the singularity
of the operator established above, we see that HE, (2) C H*(Q).

sr 1S

II1.5.2 Existence and uniqueness of a weak solution for the

macroscopic equation

We now turn to the specular diffusion equation (II1.35a)-(II1.35b).

Theorem II1.1.6 (Part 1). Let Q be a half-space or a ball in R?, ug, be in L*((0,T) x
Q) and s be in (0,1). For any T > 0, there exists a unique weak solution u €

L2(0,T; Hp () of

Ou+ (—A)iu=0 (t,z) € [0,T) x Q (IT1.35a)
u(0,2) = uin(2) x €} (II1.35b)
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in the sense that for any v € D defined in (111.28), u satisfies if  is a half-space:

// u@twdtdx—/um( )(0, x) de

(0, T)><Q

(I11.36)
— = /// u(t, ) —u(t,y)) (Lt z) — (t,y)) K (z,y) dt dedy = 0.
(o T)xQxQ
and if ) is the unit ball

// udpp dt da — /um( )(0, ) dz

(0, T)><Q

5 ] o —ulente o) @it - ot S - e

(o T)xQxRd

Proof of Theorem II1.1.6, (Part I). This proof is strongly inspired by the proof of exis-
tence and uniqueness of weak solutions to the Vlasov-Poisson-Fokker-Planck equation

from Carrillo [Car98]. We consider an associated problem which comes formally from
deriving (I11.35a) for u(t, z) = e~ *u(t, z) for some \ > 0:

owu(t,x) + Au(t,z) + (=A)u(t,z) =0 (t,x) € (0,T) x Q

IT1.76
(0, ) = U () x € €. ( )

Note that we do not prescribe any explicit boundary condition on 0€2. A weak solution
of (I1.76) is a function u € L?(0,T; H:,(2)) such that for any v € D,

// — uoy) + Aup + u(— )éR@ZJ) dtdx + /Um(x)@/)(O, z)dz = 0.
(0.7)xQ2 A

We first prove existence of weak solutions of this problem using a Lax-Milgram argu-
ment and we will show afterwards that it implies existence for (II1.35a)-(I11.35b). We

consider on D7 the prehilbertian norm

1
915, = |WH72%§R(Q)+§|W(07 ')”%2(9)-
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We then introduce the bilinear form a from L*(0,T; H:.(Q)) x D7 to R defined as

a(i, ¥) = / / ( — @O + AT + a(—A)ng/z> dt de
(

0,7)xQ

and the continuous bounded linear operator L on F":

L) = / i (2)0(0, 2) .

From Lemma I11.4.2 we know in particular that ©r is a subset of L?*(0,T;H5,(9))
with a continuous injection. Moreover, it is easy to see that a is continuous and it is

also coercive since:

o) = [[ M o= dido+ 5 (00,2 do 2 minL V[,
Q

(0,T)xRd

hence, the Lax-Milgram theorem gives us existence of a weak solution of (II1.76) in
L2(0,T;H:,(Q)). From this weak solution ¢ we define 9 (t,7) = e *M(t, z) which
is obviously in L?(0,T;H:,(€2)) and weak solution of (II1.35a)-(II1.35b). Since the
equation is linear, to show uniqueness is equivalent to proving that the only weak
solution with initial data u;, = 0 is the zero function. Call uy this weak solution.

Multiplying (III.35a) by ug and integrating over {2 we have:

1
/5@ (ug) dz = —/uo(—A)gRuo dz <0.

Q Q

Hence [[ug(t,-)||12(q) is decreasing. Since it was 0 to start with, that means uy = 0
and that concludes the proof of uniqueness of solution. Finally, we notice that the
integration by parts formula (II1.67) concludes the proof existence and uniqueness of
a weak solution of (III.35a)-(II1.35b) in the sense given in Theorem III.1.6.

O

I11.5.3 Identifying the macroscopic density as the unique weak

solution

Finally, we turn to the last part of Theorem II1.1.6
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Theorem II1.1.6 (Part II). If Q is a ball or a half-space, the macroscopic density
p who satisfies (111.32) for all v € Dp(2) is the unique weak solution of (II11.35a)-
(II1.35b).

Proof. In order to prove this theorem we will show that there is a unique distributional
solution of (I11.32), i.e. a unique p such that (II1.32) holds for all ¥ € D,(2). Indeed,
since it is obvious that the weak solution of (III.35a)-(II1.35b) is also a distributional
solution of (II1.32), if we prove its uniqueness then Theorem II1.1.6 Part II will follow
immediately.

As usual, to prove uniqueness for linear PDEs, we assume that there are two distri-
butional solutions p; and py or (II1.32) and we consider their difference p = p; — po

which satisfies for any ¢ in ®r

/ / p(aﬂ/} - (—A)ng) dtde =0 (I1L.77)

[0,T)x2

with fQ pdx = 0 thanks to the conservation of mass. We want to prove that p is null.
In order to do so, we first introduce the following reverse evolution problem and show

its wellposedness:

Proposition II1.5.5. For any p € L>([0,T); L*()) there exists a unique v; weak
solution in L*((0,T) x Q) of:

{atw,) — (—A)3t = p (t) € [0,T) x O (IIL78)

YT, x) =0 x €

Proof. The proof of part 1 of Theorem III.1.6 above can easily be adapted to show
existence of uniqueness of weak solution in L*(0, T; H5,()) of (I11.35a)-(I11.35b) with

a source term S, namely:

Ou+ (—A)du = S(t, x) (t,z) € [0,T) x Q
u(0, ) = u () x €.

To do so, one only needs to change the continuous bounded linear map L to

L(w) = /fam(:c)z/z((),x)dxjt / Sy dt dz

Q (0,T)x%2
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where S(t,r) = e *S(t,x), and the rest of the proof holds. Hence, if we consider
this weak solution u and define ¢;(t,z) = u(T — t,z) as well as choose S such that
p(t,z) = =S(T —t,x) and take w;, = 0, this gives us the unique v; weak solution of
(IIL78) in L2(0, T; Hs, (). O

We see now that if we can use 1; as a test function in (IIL.77) then we will have

// prdrdt =0

[0,T)xQ

which concludes the proof of uniqueness of the distributional solution p of (IIL.57). It
remains to show that 15 is an admissible test function for (II1.32).

When € is a ball or a half-space and s < 1/2, as stated in Remark II1.4.4, we don’t
need to control the second derivative of ¥ (¢, n(x,v)) in order to take the limit in
the weak formulation (II1.54) so we can actually extend the set of test functions to
C>([0,T) x ) which is dense in L>=([0, T); H2,(€2)) with respect to the Hg,-norm and
the result is immediate.

When s > 1/2, however, the test functions in (II1.77) need to be in D7 so we need to
understand the behaviour of 1), on the boundary. Let us recall that ® is defined as:

Dp(Q) = {1/1 e C([0,T) x Q) s.t. »(T,-) = 0 and ¥z € 90 : Voib(t, z) - nlx) = o}.

The interaction between the singularity in the specular diffusion operator and the
boundary leads us to believe that v, satisfies a rather strong, non-local boundary
condition but we are unable to write this condition explicitly since it is contained in
the action of (—A)S,. As a consequence, we will show instead that 1, satisfies, in

particular, an homogeneous Neumann condition. To that end, we first regularize with

respect to time the right hand side of (II1.78), and call n the regularizing parameter.

S

on 1s self-adjoint and dissipative it generates a

For each n, since the operator (—A)
strongly continuous semi-group of contractions and as a consequence one can prove,
see [Paz83| Section 4.2 for more details, that there exists a unique strong solution 1,

of (II1.78) which, in particular, satisfies for any ¢
(~A)talt, ) € L7(9). (111.79)

Moreover, we have the following lemma:
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Lemma II1.5.6. Let 2 be a ball or a half-space and s > 1/2. For any ¢ such that
(—A)s0(x) € L>(R2), we have

V.(t,x) -n(z) =0 Vo e 09. (I11.80)

Postponing the proof of this lemma, let us conclude the proof of Theorem III.1.6. For
each 1), since it satisfies (I11.80), we know that if it was in H?(2) then we could
approach it by functions in ®; with respect to the H2-norm. Moreover, 1, is a strong
solution of (IT1.78) which entails that it belongs at least to H2: () because (—A)S. 1,
is in L?(Q). Further, as stated before, HZ (Q) C H?*(2), and since s < 1 that means
we can approach 1, by functions in ®7 with respect to the H2%(Q)-norm, which is
strong enough to take the limit in (III.77). Hence, ¢; is an admissible test function
for (II1.77), which yields the uniqueness of the distributional solution of (IIL.57). O

Proof of Lemma II1.5.6. For the half-space, we notice that (—A).¢ can be inter-

preted as the fractional Laplacian acting on its mirror-extension @Z defined as:

~ W(t,x) if 4>0
= II1.
V) = e —ad) if 2 < 0 (1181)

where we wrote x = (2, 74) with 2/ € R4"!. The boundary behaviours of v follows
readily because we know that in order for ( — A)SQ/} to be bounded, ¥ has to be at
least C12*~! on R?. Since it is a mirror-extension that means ¢ has to satisfy an

homogeneous Neumann condition on the boundary:
Vb(t,x) -n(x) =0 Vo € oS

Note that the same line of argument would also hold in a stripe or a cube since we can
define in those cases an extension that consists of a composition of mirror extensions
and such that (—A)3,1 coincides with the action of (— A)S on that extension.

When € is a ball, since (—A)Z,1(x) € L>®(Q2), we have

[ 5@ = vote.0)) = Vo) - () - )] i
+ P.V./V@b(a:) - (n(z,v) - a:)h)ﬁ%

Rd
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is in L*>°(Q2). In the first integral

which means the integral is finite since 2s < 2. Hence, we have

V() - P.V./(n(a;,v) - x)% € L>(Q) (I11.82)

R4
Let us show that there is a function f(z) such that

P.V./(n(x,v) —x)wﬁ% = f(z)n(x) with f(z) — —o0 (I11.83)

z—002
Rd
where n(z) denotes the extended outward normal vector: n(x) = z/|z| if  # 0. We
write the integral in a orthonormal coordinates system that starts with e; = n(x) and

with the notation n(x,v) = > n;(z,v)e;. We have:

PV R/ (n(ar,0) — x)‘vf% _ (p.v. R/ (1 (2, v) — \x|)|v“%)el

dv
d

2<i<d

R
= Iin(x) + Z Le;.

2<i<d

For the coefficient I, we notice that if we call T : y € R? = y — 2yse,, the mirror
image of y with respect to the hyperplane {y, = 0}, then it is easy to see that the ball
is invariant by T: Ty(B1) = B; which means that 1 acts in T5(B;) exactly as it acts
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on Bi. As a consequence, Ty and n commute: n(x, Tyv) = Ton(z,v) which yields:

) dv dvy
[2 :ll_l)l’(l) // (/7]2 T U)Wﬁ + /?72(37,1))@) d’U1 d’U3 dUd

{|v1‘>6}><]Rd 2 M2>0 v2<0
. dvg d
= lim // (/ n2(, U)W + / (772<'T7T,U))||W> dvy dvg - - - dug
{|v1‘>6}><]Rd 2 >0 v2>0
. dvz d’U
“iy [ [ fminops | Cntnorgs
{|v1‘>6}><]Rd 2 >0 v2>0

= 0.

The same holds for all I;, ¢ > 2 so that we can define a function f(x) = I; with which

Py [ afee) — ) it = (P / ((o.0) = o) 5 ) lo) = )l

R4

To understand the behaviour of f as x goes to the boundary we split the integral as
follows, for some R > 0 fixed, writing B;_,| the ball centred at 0 of radius 1 — || and
Cg the cube centred at 0 of side 2R (assuming w.l.o.g. that R > 1 — |z]):

f(z) =PV. / ((m(2,v) = M)wﬁ%

Bi_je|

dv dov
T / () = ol) s + / (m.) = |o) iz

CR\Bl—\x\ Rd\CR

For the first term on the right-hand-side, we use the explicit expression of n when

there are no reflections: n(z,v) = z + v in order to write
dv . dv
Blf\z\ 6<|’U|<1—‘LL“

because the integrand is an odd function and the domain is radially symmetric. For

the last term in the expression of f(z) we write

dv ol 1
’ / (771(3%“)_‘55|)W < / |v|d+23 dv_QSRQS—l

RI\Cp lv|>R
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which is fixed with R. Finally, for the second term in the expression of f(x), we want

to identify a sign in the integrand to which end we introduce
Ew) = (Cr\ Biw) 0 ({ =R <w <0}U{201—|a]) < v < B})

so that for any v € £(x) we have (2, v)—|z| < 0 (note that the set of all velocities such
that m(z,v) — |z| < 0 is actually a little bigger that £(x) because of the curvature
of 092, if 02 was a straight line that it would be precisely £(x)). We also write
Ex) = (Cr \ Bi_jz)) \ £(2) its complement in Cg \ By_|y with which we have

dv dv dv
/ (771(567@)—|~"5\)m:—/\W1<xvv)—$\m+ /('fh(xav)—x)m-
El J E El

Cr\B1_|z| &<()

We introduce the notations

Ew) = {(02,++va) (L= [a)2 =07 < [oal, o+ Jul < R}

and
e, v) = { (oo v) /(1 =22 =02 < Joal, o+, Joal < 21— Jal) |

such that for a fixed v; the projection of £(z) on {w € RY : w; = v} is E(x,vy) if
—R <wv; <0and [-R, R if 2(1 — |z]) < v; < R, and the projection of £¢(x) is
E°(x,vy). With those, we have on the one hand

B

dv m(z,v) — |
/}nl(xav)—fﬁmdﬁs: / </de2”'dvd dvy
£(x)

vi=—R &(z,v1)

N / (/Mdd)d

‘U |d+25

v1=2(1-|z|) [-R,R]e-!
and on the other hand

2(1—|z)
dv

‘/(m(:v,v)—x)‘wdﬁs < / ( / %#dv2~~dvd)dvl.

Ec(x) v=0  &°(z,v1)




IT1.5 Well posedness of the specular diffusion equation 153

We see that it is the same integrand but in the integral over £¢(x), the volume of the
domain of integration (0,2(1—|z|)) x £%(z, v1) goes to 0 as x approaches the boundary
whereas the domains (=R, |z|) x £(z,v1) and (2(1 —|z[), R) x (—R, R)* do not, hence

the first term is negligible in the limit before the second and we have

|z

x_)@ﬂ /}nl x,v) x’|v|d+23 > / (// |v|d+2 dUdeg) dvy

E(x) vi=—R &(z,v1)
|z|—1

> // (/M%) vy dvg

1-|a|<|ua os|] <R =R

> // ¢ d’U2 dUg.

L o\ [@i2s2)2
1—|z|<|va],Jvs| <R ((1 — |z[)? +vi + Us)

As z approaches the boundary, the integrand tends to 1/(vZ + v2)41*2=1 and the
domain to [—R, R]%! so the integral diverges since 2s — 1 > 0. O
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IV.1 Introduction

IV.1.1 The Vlasov-Fokker-Planck equation

In this paper, we study the diffusion limit of Vlasov-Fokker-Planck equation in a
bounded spatial domain with specular reflections on the boundary. The equation we
consider models the behavior of a low density gas in the absence of macroscopic force
field. Introducing the probability density f(¢,x,v), i.e., the probability of finding a

particle with velocity v at time ¢ and position z, we consider the evolution equation
Of +v-Vof =Lf =V, (vaJrvf) for (t,2,0) € (0,T) x @ x RY, (IV.1a)
f(0,2,0) = f™(x,v) for (z,v) € Q x R (IV.1b)

The left hand side of (IV.1a) models the free transport of particles, while the Fokker-

Planck operator £ on the right hand side describes the interaction of the particles with

the background. It can be interpreted as a deterministic description of a Langevin

equation for the velocity of the particles:
o(t) = —vu(t) + W(t),

where the friction coefficient v will be assumed, without loss of generality, equal to
1 and W (t) is a Gaussian white noise. We consider (IV.la) on a smooth bounded
domain © C R? in the sense that there exists a smooth function ¢ : R? — R such that

Q={reRst. ((x) <0} 00 ={xr ¢ R s.t. ((x) =0}. (IV.2)

In order to define a normal vector at each point on the boundary we assume that
V.((z) # 0 for any x such that ((z) < 1 and we define the unit outward normal
vector, for any x € OS2, as

VaC(x)|

Moreover, we also assume that € is strongly convex, namely that there exists a constant
C¢ > 0 such that

n(z) =

Z - & > Celelr veEeR? (1V.3)

i,j=1
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To define boundary conditions in the phase space, we introduce the following notations:

Y= {(x,v) € 9Q x R%} Phase space Boundary,
Yy = {(x,v) € 99 x R? such that v - n(x) > 0} Outgoing Boundary,
Y_ = {(z,v) € 90 x R? such that v - n(z) < 0} Incoming Boundary,
Yo = {(2,v) € 90 x R? such that v - n(z) = 0} Grazing set.

We denote by «f the trace of f on . Boundary conditions for (IV.1a) take the form
of a balance law between the traces of f on ¥, and ¥_ which we denote by v, f and
~v_f respectively. We shall consider, throughout this paper, the specular reflection

boundary condition which is illustrated in Figure IV.1 and reads
v f(t,z,0) =~y f(t, 2, Rev)  for (t,z,v) € (0,T) X ¥_, (IV.4)
where R, is the reflection operator on the space of velocities given by
Rov =0 —2(v-n(z))n(z).

Note that this reflection operator changes the direction of the velocity at the boundary

but it preserves the magnitude, i.e., |R,v| = |v].

Fig. IV.1 Specular reflection operator
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IV.1.2 Main result

In order to investigate the diffusion limit of (IV.1a)-(IV.1b), we introduce the Knudsen
number 0 < ¢ < 1 which represents the ratio of the mean free path to the macroscopic
length scale, or equivalently the ratio of the mean time between two kinetic interactions
to the macroscopic time scale. We rescale time as ¢’ = et and also introduce a coefficient
e~ ! in front of the Fokker-Planck operator in (IV.1a) to model the number of collision

per unit of time going to infinity. The rescaled equation, thus becomes

1
€0 fS +v -V f = gvv (vfe+ Vuf)  for (t,x,v) € (0,T) x 2 x RY,  (IV.5a)
(0, 2,v) = f™(x,v) for (z,v) € Q x R? ~ (IV.5b)
v [t x,v) = v f€ (t, x, Ry0) for (t,z,v) € (0,T) x X_. (IV.5c)
In this paper, we investigate the behavior of the solution f¢ in the ¢ — 0 limit. The

characterization of the asymptotic behavior of f¢(¢,z,v) is the object of our main

result.
Theorem IV.1.1. Assume the initial datum f™(z,v) satisfies
fr(z,0) >0 Y(z,w) € QxRY  fine LQ(Q x R, M_l(v)dxdv),

where M(v) is the centered Gaussian

1 v
(27T)d/26 7, (IV.6)

M(v) =

Let f¢(t,xz,v) be a weak solution to the initial boundary value problem (IV.5a)-(IV.5b)-
(IV.5¢c). Then

fe(t,x,v) = p(t,x) M(v)  in L™ (O,T; L2 (Q x RY, M_l(v)dvd:c)> weak-*

as e — 0, for some p € L>(0,T;L%(Q)). Furthermore, if the spatial domain Q is a

ball in R? then the limit p(t, ) is a weak solution to the diffusion equation
Op—Dyp=0 for (t,x) € (0,T) x Q, (IV.7a)
p(0,7) = p™(z) for x € Q, (IV.7b)

Vep(t,z) -n(z) =0 for (t,z) € (0,T) x 09, (IV.7¢)
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with the initial datum

p() = [ 17 0)do

R4

IV.1.3 Plan of the paper

Section IV.2 gives some heuristics with regard to the strategy of proof for Theorem
IV.1.1. In particular, we compare our method of proof with some standard techniques
used to prove the diffusion limit for the kinetic Fokker-Planck equation. In section IV.3,
we define an appropriate notion of weak solution to our initial boundary value problem.
In section IV.4, we develop the theory of constructing a special class of test functions
using an auxiliary problem. Finally, in section IV.5, we arrive at the parabolic limit
equation, thus proving Theorem IV.1.1. In the Appendix, and especially section A.0.5
we give regularity results associated with some Hamiltonian dynamics that we will

need to study the aforementioned auxiliary problem.

Acknowledgments. The authors would like to acknowledge the support of the ERC
grant MATKIT. H.H. also acknowledges the support of the EPSRC programme grant
“Mathematical fundamentals of Metamaterials for multiscale Physics and Mechanic”
(EP/L024926/1). The authors would like to thank Antoine Mellet for his fruitful
suggestions on a preliminary version of this manuscript. The authors also extend their

humble thanks to Clément Mouhot for interesting discussions on this problem.

IV.2 Strategy of the proof

In this section, we lay out the strategy of our proof for Theorem IV.1.1. We would
like to demonstrate the novelty in our approach by citing some comparisons with
the standard techniques used in the diffusion approximation for the Vlasov-Fokker-
Planck equation. Those techniques were introduced in 1987 by Degond and Mas-
Gallic [DMG87| for the one dimensional case in bounded domains. They were later
improved, in 2000, by Poupaud and Soler [PS00| where they consider the more com-
plicated Vlasov-Poisson-Fokker-Planck equation on the whole space and established
the diffusion limit for a small enough time interval. More recently, improving the
result further, Goudon [Gou05| established in 2005 the global-in-time convergence in
dimension 2 with bounds on the entropy and energy of the initial data so as to ensure

that singularities do not develop in the limit system and finally, in 2010, El1 Ghani and
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Masmoudi proved in [EGM10]| the global-in-time convergence in higher dimensions
with similar initial bounds.
In these papers, the analysis with regard to this nonlinear model is quite involved. Let
us simply present the analysis in [PS00] adapted to the linear model (IV.5a). The idea
is to consider the continuity equation for the local densities p°(t, z) given by

op°

1.

where the current density j°(¢, z) is defined as

ot a) = / o f(tv) do.

Rd
The principal idea is to obtain
p°—=p weakly in L'((0,7) x Q),

1 (IV.8)
gje — Vup in D'((0,7) x Q)

as € — 0. The article [PS00] is concerned with the analysis in the full spatial domain
R?. In order to derive the limit boundary condition — we refer the interested reader
to the paper [WLL15b] of Wu, Lin and Liu for more details — one can multiply the
specular reflection boundary condition (IV.5¢c) by (v-n(z)) and integrate over the

incoming velocities at the point z € 0f) yielding
[ ftanea@) = [ e Rw) @ ) d.
v-n(x)<0 v-n(z)<0
Making the change of variables w = R, (v) on the right hand side of the above expres-
sion yields
[ rtaneoa@) dr=- [ g rtmw o) do
vn(x)<0 w-n(z)>0
This implies the following

/’yf6 (v-n(z)) dv=0 = j°(t,z) -n(x) = 0.

R4
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Taking the limits (IV.8) into consideration, we do have the homogeneous Neumann
condition on the boundary in the ¢ — 0 limit.

Our strategy is essentially different in the sense that we exploit the hyperbolic structure
of the Vlasov-Fokker-Planck equation that appears in Fourier space, as we will explain
in section IV.4, and which reveals, when coupled with the reflective boundaries, the
underlying Hamiltonian dynamics of the kinetic equation. We will take advantage of
the dynamics by constructing a special class of test functions for the weak formulation
(IV.11) of the initial boundary value problem (IV.5a)-(IV.5¢)-(IV.5b) and then passing
to the limit for such test functions, only using the weak L?-compactness result (see
Proposition 1V.3.2).

IV.2.1 Efficiency of our approach

To justify the interest of our method, we prove the diffusion limit in full space, i.e.,
when = RY. It only takes a few lines which shows how efficient our method is in the
Fokker-Planck context. Let us consider the scaled (diffusive scaling) Vlasov-Fokker-

Planck equation for the probability density f¢(¢,z,v) in the full space.

1
SO+ Vaft = <V, (vvfff n vfe) for (t,z,v) € (0,T) x RY x R,
(0, 2,v) = f™(z,v) for (z,v) € R? x R%

This equation has a unique weak solution f¢(¢,z,v) which satisfies
feeL2((0,T) x RGHY(RY)) and 9, f° +v - Vo f € L2((0,T) x RGHY(RY))

as was proven by Degond in the appendix of [Deg86|. Moreover, the Fokker-Planck

operator is dissipative in the sense that

et

R4 xR

from which, as we will prove in section IV.3, we can show that f¢ converges weaklyx
in L (0, T L2 (Q x RY, M~ (v)dzdv)) to p(t, )M (v) where p(t,z) is the limit of the
local densities p°(t, ) := [oq f© dv.



162 Classical diffusion limit

For any ¢ € C>((0,7) x R?) we construct the test function ¢*(¢,z,v) = ¢(t,x + cv)

with which the weak formulation of the Vlasov-Fokker-Planck equation reads

/// fe(t,x,v)<528t¢€+€v-vx¢€+AU¢6 —U‘VU¢€>(t,x,v) do da di

(0,T) xR xR

+ &? // f™(z,v)¢%(0,z,v) dvdr = 0.

R4 xR

Our particular choice of the test functions enables us to have
ev - Vi =v-V,0° and Ay¢F = Ay ¢°.

Thus, we have

/// fot @, v) (aﬁ" + A:v@) (t,x +ev)dvdadt

(0,T) xR xR

+ // f™x,v)p(0,7 +ev)dvdr = 0.

R xR4

Passing to the limit in the above expression as ¢ — 0, using the weak convergence of

f¢ and the regularity of ¢ with respect to both its variables, yields
[ o) (a0 + du) ) et + [ g yeto.0)ds =0
(0,T)xRd R4
which is the weak formulation of

Op—ADyp=0 for (t,x) € (0,T) x R,
p(0,2) = p™(z) for z € R%.

IV.3 Solutions of the Vlasov-Fokker-Planck equation

Several works from the 80’s and 90’s investigate the existence of solution to the Vlasov-
Fokker-Planck equation. We refer the interested reader to [Deg86| for the global
existence of smooth solution in the whole space in space dimensions 1 and 2 and to

|Car98| for global weak solutions on a bounded domain with absorbing-type boundary
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condition. More recently, Mellet and Vasseur established existence of global weak

solution with reflection-law on the boundary in [MV07].

I1V.3.1 Existence of weak solution

The present work is in a very similar framework and we will therefore use the same
kind of definition for weak solution as in [MV07].

Definition IV.3.1. We say that f(t,z,v) is a weak solution of (IV.1a)-(IV.1b)-(IV.4)
on [0,T] if

flt,z,0) >0 Y(t,z,v) €[0,T] x Q x R,

(IV.9)
feC([0,T);LYQ x RY)) NL> (0,T;L' N L>®(Q x RY))
and (IV.1a) holds in the sense that for any ¢(t,x,v) such that
¢ e C¥([0,T]x QxRY),  §(T,)=0,
(IV.10)
V40(t, @, 0) =7-¢ (t, 2, Ry(v)) V(¢ ,z,0) €[0,T] x Iy,
we have
/// f(t,z,v) (&(;5 +0v-Vep—v-V,0+ Av¢> (t,z,v)dvdzdt
(0,T)xQxRY (IV.11)

+/ f™(x,v)$(0,z,v)dvdr = 0.

QxR4

Such a definition is required as it is well-known for kinetic equations that the specular
reflection condition causes a loss in regularity of the solution, in comparison with
absorption type boundary condition, as is explained in detail in [Mis10]. Hence, we
introduce the above formulation where the boundary condition is satisfied in a weak
sense. With such a notion of weak solution, we have the following result of existence
from [MVO07].

Theorem IV.3.1. Let the initial data f™(z,v) satisfy

f(z,0) >0 V(z,v) € QxR: fm e LA(Q x RY M~ (v)dadw). (IV.12)



164 Classical diffusion limit

Then there exists a weak solution to (IV.1a)-(IV.1b) satisfying (IV.4) defined globally-

in-time. Moreover, we have the a priori estimate

s [ et s [ooms [t ov
0

QXR QxRd

where the dissipation D is given by:

dadv

M) (IV.14)

f)= —2/ flt,x,v)Lf(t, z,v)

QxR4

The proof of the above theorem is similar to the proof of Theorem 2.2 in [MVO07]. It
consists of approximating the specular reflection condition (IV.4) through induction
on Dirichlet boundary conditions and showing that regularity (IV.9) and estimates
(IV.13) hold as we pass to the limit in the induction procedure. As it is not the princi-
pal focus of this article, we will not give a detailed proof of Theorem IV.3.1. However,
in an effort to motivate the estimate (IV.13), we present the following, rather formal,

computation.

Assume f has a trace in L?(0,7;L?(X,)). Multiply (IV.1a) by M~1(v)f(¢,z,v) and
integrate over the phase space ) x R? yielding

d , dvdz . o2 dvdz
e op s [[o v g G

QxRd QxRd

- 2//£f(t,x,v)f(t,x,v) f\flfj;.

QOxR4

(IV.15)

For the second term on the left hand side of the above expression, using the assumption
on the trace of f, we write

J[ oty s /'Wﬂ v nla)) i

QxRd

-/ WJ@%@¥Wm@»%§L— / Wftxw|wn<n%§%l
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where, using the specular reflection (IV.4) and the fact that M(v) is radial, the change
of variable w = R, (v) yields

/|7ftafv)| oo n(e)] s /mftan e n(e)] s

This implies that the second term on the left hand side of the expression (IV.15) does

not contribute. Hence, we arrive at the following identity

d dvd
G [ irtzor s = -,

QxR4

Integrating the above identity over the time interval (0,7") yields the a priori estimate
(IV.13).

IV.3.2 Uniform a priori estimate

The notion of weak solution (Definition IV.3.1) and the theorem of existence (Theorem
IV.3.1) hold for the scaled equation (IV.5a)-(IV.5b)-(IV.5¢) for any € > 0. The scaling
only changes the estimate (IV.13) which becomes

T
“( dedx i ‘) in 2dvdaz
e [[ e / 0 [[ 1P g avio

QXR QxR4

as one can formally see by doing the computation involving (IV.15) with the scaling.
We shall use the estimate (IV.16) to prove the following result.

Proposition 1V.3.2. Let f¢(t,z,v) be a weak solution of the scaled Viasov-Fokker-
Planck equation with specular reflection (IV.5a)-(IV.5b)-(IV.5c) in the sense of Defi-
nition 1V.3.1 with an initial datum f™(x,v) which satisfies (IV.12). Then there exists
p € L*((0,T) x Q) such that

fe = pt,z)M(v)  weakly in L (0, T;L* (2 x RY, M~ (v)dadv)) (IV.17)

where p(t, x) is the weak-* limit of the local densities

p°(t, x) ::/fs(t,:c,v) dv (IV.18)
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in L0, T; L2(Q)).

Proof. The proof relies on the properties of the dissipation (IV.14) in the estimate
(IV.16). Remark that the Fokker-Planck operator can be rewritten as

o5 saom (i)

This helps us deduce that the dissipation D is positive semi-definite, i.e.,

== [ s e Jf o (5)

QxRd QxRd

2

M(v)dvdz > 0.

The non-negativity of D in (IV.16) yields the following uniform (with respect to ¢)
bound.

| £ llLoe (0,712 xR M1 (v)dado)) < C- (IV.19)
Hence, we can extract a sub-sequence and there exists a limit ?(t, x,v) such that
ff=f inL>(0,7;L% (2 x RY M (v)dadv)) weak-*

as € — 0. Moreover, using the Cauchy-Schwarz inequality, we have

. . 3 3
|p°(t,2)| = /A/le/ZMlmdv < /‘f€|2./\/lz}v) (R/M(v) dv | .
R d d

Since M (v) is normalized (IV.6), integrating the above inequality in the spatial vari-

able and taking supremum over the time interval [0, T yields the following estimate
10 e (0,m1200)) < C, (IV.20)

where we have used the estimate (IV.19). Again, we can extract a sub-sequence and

there exists a limit p(¢,z) such that

p°—p inL*(0,T;L%()) weak-*.
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Remark that the dissipation can be successively written as

D(f%) :QZR/d‘vv (%) QM(v)dvda: :Q[R/d‘vv (f_/\/lp—(é\;‘(”))

Using Poincaré inequality for the Gaussian measure in the velocity variable yields the

2

M(v)dvde.

existence of a constant 8 > 0 such that

o= [[ 2M<v>dvda::e/ 15— M)

QxR QxR

o dodx
M(v)

fe = p"Mv)
M(v)

Since (IV.16) implies that the dissipation tends to zero as ¢ tends to zero, we have
fe—p"M(v) =0 strongly in L2(0, T; L*(Q x R, M~ (v)dzdv)).

This concludes the proof. O

IV.4 Auxiliary problem

The auxiliary problem that we consider is inspired by the hyperbolic structure of the
Vlasov-Fokker-Planck equation in Fourier space. Indeed, if we consider (IV.5a) in the
whole space and apply Fourier transform in = and v variables (with respective Fourier

variables p and ¢), we have
. 1 ~ 1, .
Oife+\p—2a) Voft = Zld"f*

which is a hyperbolic equation, its characteristic lines given by (p — e 'q) - V,. The
motivation behind the auxiliary problem is to choose a test function which will be
constant along those lines (translated in an adequate way to the non-Fourier space)
and satisfy the specular reflection condition (IV.4). This auxiliary problem was first
introduced in [CMT12] in the whole space and then improved in [Cesl6] to handle
bounded domains and in particular specular reflection boundary conditions. For the
sake of completeness, let us present the construction of a solution to this problem in

a strongly convex domain with specular reflections on the boundary.
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IV.4.1 Geodesic Billiards and Specular cycles

For any 1 € C*(Q) we construct ¢(z,v) through the following boundary value prob-

lem.
v-Vep—v-Vyp=0 in Q x R?,
(@, v) = v p(e, Ro(v)  on %y, (1V.21)
p(z,0) = (2) in €,

where we impose the initial condition on the hypersurface {v = 0}. Note that

¢ (z,v) = @(x,ev) will be a solution to the following auxiliary problem.

ev -V —v-V,0° =0 in Q x RY,
L (@,0) =1 (@ Ra(v)  on B, (IV.22)
¢°(z,0) = ¥(z) in Q.

The characteristic curves associated with the boundary value problem (IV.21) solve

the following system of ordinary differential equations.
x(s) = v(s) z(0) = o,
o(s) = —v(s) 0(0) = o, (1v.23)

If x(s) € 09 then v(s™) = Ry(s)(v(s™)).

We denote by W, ., (s) = (x(s),v(s)) to be the flow associated with (IV.23) in the
phase space ) x R? starting at (z9,v9). Suppose the base point of the flow is an
arbitrary (zo,v) € Q x R%  With the convention sy = 0, consider the sequence

{si}i>0 C [0, 00) of forward exit times defined as
Sit1(xo,vp) := inf {E € [s4,00) s.t. w(s;) + (€ — s;)v(s;) ¢ Q} (IV.24)

Solving (IV.23) for the velocity component of the flow, we get

v(s) = e vy for s € [0, s1),
v(sh) = Ra(snv(8; ), (IV.25)
v(s) = e’(s’si)v(sj) for s € (s4, 8i41),
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which gives the particle trajectory, for s € (s;, s;11),

. S
s i1 Skt+1 s

z(s) = zg —l—/v(r)dr =z0+ ) / U(T)dT—I—/U(T)dT

Sk Si

Instead of considering an exponentially decreasing velocity v(s) on an infinite interval
[0,00), we would like to consider particle trajectories with constant speed on a finite
interval [0, 1). To that end, we notice that the reflection operator R is isometric, which

means

U(Sj) = Rl‘(sz) (U<S;>)
S CRma I G
_ 6—(31-—81'_1)7'\)/:2(&) o Rm(si,l) (6_(51'—1_8572)’[)(52;2))
= 67(51*8172)7395(81') o R$(5i—1) o R$(5i—2) (ei(SFQiss_S)U(S;r—i%))

— e*(sFO)'Rw(sl') 0 Ra(si-1) © 0 Ra(sy) (UO)'

We define the operator R as
R" = Id,
A - (IV.26)
R' = Rm(sl) o R ’

and a new velocity w(s) := e*v(s) which then satisfies

w(s) = v for s € (0, s1),
w(s;) = Ry, (Iv.27)

w(s) = Rlw(s;) for s € [s;,541).
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It is easy to check that for any s, |w(s)| = |vg|. The trajectory x(s) can be written,

with the new velocity variable w as

and finally, we introduce a new parametrisation 7 = 1 —e~* € [0,1) and the corre-

sponding reflection times 7; = 1 — e~ with which we have, for any 7 € [, 7;11),
i1

2(7) = 2o + kzzo (Ter1 — 7o) () + (7 — 75) w(m), v as)

w(t) = w(r;) = Rlwy.

We notice that the particle trajectory x(7) together with the velocity profile w(7) in
(IV.28) can be seen as the specular cycle associated with our Hamiltonian dynamics.
Next, we record a couple of simple observations on the forward exit times s; and the

grazing set Yy associated with the specular cycle (IV.28).
Lemma IV.4.1. Let Q C R? be strictly convex. Then, we have
(i) For any (z,v) € Q x RY, the trajectory never passes through a grazing set Y.

(ii) For any (z,v) € Q xR, there exists a N € N* depending on (x,v) such that the

forward exit time syy1(x,v) does not exist.

The above result is proved in [SV97, Chapter 1, Section 1.3, Lemma 1.3.17|, an excel-
lent book of Safarov and Vassiliev, where geodesic billiards on manifolds are extensively
studied.

IV.4.2 Solution to the auxiliary problem and rescaling

Next, we shall define a function on the phase space.

Definition IV.4.1 (End-point function). The end-point functionn : (2xR?)\So — Q
is defined such that for every (zo,v9) € Q x R%\ X,

77(9007”0) = :L‘(T = 1)7
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where the particle trajectory is given in (IV.28).

Using the end-point function 7(z,v), we have a solution to the auxiliary problem
(IV.21) for any

Y €D = {¢ € C*(Q) such that Vi - n(x) =0 for z € 90}, (IV.29)

which can be explicitly written as

(p(:L‘, U) = (71(5707 'U)) :

Hence we deduce a solution to the auxiliary problem (IV.22) for any v € © and for
any € > 0,

o (z,v) = (n(x,ev)). (IV.30)

Indeed, the end-point function ensures not only that ¢° is constant along the specular
cycles, which in turns implies that the first two equations of (IV.22) are satisfied, but
also that ¢°(z,0) = ¢ (n(z,0)) = ¢ ().

For ¢ to be a test function in the weak formulation (IV.11) of Vlasov-Fokker-Planck
equation, we need to add a dependency in time. Hence taking ¥ (t,z) € © for all
t €10, T], we have

¢€<t7 Z, U) = w(ta 77(557 81})).

Finally, to conclude this section about the auxiliary problem, let us determine the
limit of the family ¢°(¢,x,v) as € goes to 0. By the definition of n(z,v), for any
(z,v) € Q x RY, there exists & small enough, namely ¢ < dist(z,9)/|v], such that
n(x,ev) = x + ev. Therefore

liir(l)@/) (t,n(z,ev)) = liir(l)’(/} (t,x +ev) =9(t,z) V(t,x,v)€[0,T] x QxR

IV.5 Derivation of the macroscopic model

We now return to the proof of Theorem IV.1.1. Consider f¢(¢,x,v) a weak solution of
(IV.5a)-(IV.5b)-(IV.5¢) in the sense of Definition IV.3.1. For any ¢° satisfying (IV.10)
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we have
// fe(t,x,v) (528t¢5 +ev-Vup® —v-V,o© + AUQZ)E) dvdxdt
(0,T)x Q2 x R4

+ £ f™(z,v)¢%(0, z,v) dvdr = 0.

(IV.31)
In particular, for ¢°(¢,z,v) = ¢ (t,n(x, ev)), where (t,z) € DVt € [0,T], we have

A, W) (tv 7)(907 62}))] = €2AU W) (ta 77(% ))] (5'0)'

Hence, (IV.31) becomes

{ ev -V, [¢ (tn(z,ev))] — vV, [¥ (¢ n(z,ev))] = 0

// 120 + A, [ (t,n(x,+))] (ev)) dvdx dt (IV.32)
(0,T)x QxR
+/ f™(x, )¢ (0,n(x,ev)) dvdx = 0. (IV.33)

Since f¢ converges weakly* in 1>°(0, T; L2(M~!(v)dzdv)) (Proposition IV.3.2), in or-
der to take the limit as £ goes to 0 we need to show that A, [¢ (¢, n(x,))] (ev) converges
strongly in L?(M(v)dzdv). To that end, we write

Ay [o (t,n(x, )] (ev) = Vo - Vo (¥ (E,0(x,+))) (€v)

d o2
= 3% S0 gttt o)

+52iiza”’“ (, £v) 7y (10, 20) 2 (2, 20)
, o Onkom I ov;

= Ayn(z,ev) - Vb (¢, n(x, ev)) + Tr (Von(z, ev) 'Von(z, ev) Hyb (8, n(z, ev)))
(IV.34)

where H 1) denotes the Hessian matrix of 4. For any (z,v) € QxR? we know that for &
small enough, i.e. ¢ < dist(x, d)/|v|, n(z,ev) = + v, which means V,n(x,ev) = Id
and A,n(z,ev) = 0 so that, using the computation above, for such € we have

A, [ (£, n(z, )] (ev) = Tr (Hoth (£, 7 + £0)) = Agth (£, 7 + £v) .
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Since 1 is smooth, this yields a point-wise convergence
A, [ (tn(x, )] (ev) = Agp(t,z)  a.e. on [0,T] x Q. (IV.35)

This convergence holds up to the boundary, indeed for any z € 9 and v € R? we see,

by the definition of the end-point function, that for some ¢ small enough

Id if v-n(x) <0

Von(z,ev) = { Id—2n(z)®n(z)  ifv-n() >0

which yields, in turn, that An(z,ev) = 2n(2)dyn@)=o. Hence, for any ¢» € © and
(z,v) € 9Q x R? we have

Ay [9 (tn(z, )] (ev) = 2V(x) - 1(2)0pn(a)=0 + A () = Ap(x).
Finally, we have the following.

Lemma IV.5.1. If Q is a unit ball in R and n is defined as in Definition IV.4.1 on

Q) then we have

sup(8, [ (¢ (. )] (o)) € L¥((0, TR L@ x ST))  (1V.36)

r>0

for any ¥ € Dp, where
D= {Y € C([0,T) x Q) s.t. ¥(T,-) =0 and n(z)  Vyb(t,z) =0 on (0,T) x 0Q}.

To prove this lemma we study the regularity of the end-point function n(x,v), which
is rather technical and will be the subject of Appendix A. Nevertheless, this allows us
to use the Lebesgue’s dominated convergence theorem in L*(M (v)dzdv) and pass to

the limit in the weak formulation (IV.32) as e goes to 0 to get

/ / o(t,z) (atw, )+ A(t, x)) dz dt + / P20, 2)de =0,  (IV.37)

(0,T7)x9

which holds for any v € ©®r. To conclude the proof of Theorem IV.1.1, we need

to show that the solution p of (IV.37) is a weak solution to the diffusion equation
(IV.7a)-(IV.7b)-(IV.7c), which is the objective of the following proposition.
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Proposition IV.5.2. If p satisfies, for every ¢ € D,

// (t,x) 8tw + A;,ﬂ/)) (t,x)dx dt+/ "(z)(0,x)dx = 0, (IV.38)

(0,T)xQ

then p is the unique solution of the heat equation with homogeneous Neumann boundary
condition, i.e., for any ¢ € L*(0,T; H'(2)),

T
/ (Do )y A+ // Vep(t,x) - Va(t, z) de dt = 0, (IV.39)
0 (

0,T)xQ
where V = H'(Q) and V' is its topological dual.

Proof. This proof consists in showing that the solution p of (IV.38) is regular enough
for (IV.39) to make sense. Once this is established, a classical density argument will
conclude the proof of the proposition, and therefore the proof of Theorem IV.1.1, by
showing that (IV.39) holds for any ¢ in L2(0,7; H'(Q)).

For any u € C*°([0,T); C2°(Q2)), we consider the unique solution to the boundary-value

problem
( ou )
At z) = o, (t,x) in (0,77) x €,
Vip(t,x) -n(z) =0 on (0,7 x 09, (IV.40)

for any ¢ € {1,--- ,d}. Notice that the time variable ¢ in (IV.40) plays the role of a
parameter. It is well known that the solution ¢ to (IV.40) will be in ®7. To derive
the energy estimate, multiply (IV.40) by ¢ and integrate over €2 yielding

/’(/}(t ) A (t, r)de = /@/} (t,x) (t x)dx Vte[0,T]. (IV.41)

Q

On the left-hand side, the homogeneous Neumann condition in (IV.40) yields

/ () Agb(t,7) da| = [[V(t, Yo VE € [0,7].

Q
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On the right hand-side of (IV.41), since u is compactly supported in 2 we can write

/ w(t,x)gz (t,2) da| — / ult, a:)g;i (t,2) da

Q
< lult, 2@ IV (Es )z Yt € [0,T].

Together with the Poincaré inequality, this computation shows that |[9(,-)||i2@) <
|u(t, ) |12y for all t € [0, T]. Taking the thus constructed (¢, x) as the test function
in the formulation (IV.38), we get

// p(t,x)gz dzdt] < /pi"(x)w(o,x) dz| + // p(t, )0 (t, x) dx dt|,

(0,7)xQ Q (0,T)xQ

which, in particular, implies that for any u € D({2), considering v that doesn’t depend

on t and with a constant C' = ||p"||12(q), we arrive at the following control

T
0
Ti [ pra),p©)

0

The above observation implies that
p € L*0,T; H'(Q)).

It is a classical matter to show that Dp is dense in L?(0,7;H'(Q2)). Using the above
regularity of p in (IV.38) and taking v € L?(0,T;H(Q)) would yield the following

regularity on the time derivative
dp € L2(0,T; V"),

where V"’ is the topological dual of V' = H!(Q). Thus, we have proved that the limit
local density p(t,z) is the unique solution of the weak formulation (IV.39). O

Remark IV.5.3. Note that the result in Lemma IV.5.1 is given for a particular choice
of the spatial domain — a ball in R%. We are unable so far to prove a similar reqularity

result in more general strictly conver domains.
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V.1 Introduction

This chapter is based on an on-going project A. Mellet and M. Puel and it may be

interpreted as a continuation of the work presented in Chapter III. Note however that

we are not able, to this day, to give a full rigorous proof of the anomalous diffusion
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limit we investigate. As consequence, let us begin this chapter by a summary of the
method we develop in order to state clearly what is rigorously proven and what is still
formal.

First, we briefly present in section V.1.1 the fractional Vlasov-Fokker-Planck equation
with diffusive boundary condition, rescale the equation appropriately for the anoma-
lous diffusion limit and establish in section V.2.1 a priori estimates which entail con-
vergence of the solution f. to the rescaled equation towards the kernel of the collision
operator.

Second, we introduce in section V.2.2 the associated auxiliary problem in the spirit
of the ones introduced for absorption and specular reflection boundary condition. We
notice, however, that because of the diffusive boundary condition we will require some
assumption on the initial condition v (¢, x) of the auxiliary problem in order to ensure
existence and construct solutions. We define an extension of the function ¢ to the
complementary of the domain €2 thanks to which we are able to write explicitly the
condition needed by the initial condition . (which now depends on ¢) in order to
have a solution.

This leads to the main difficulty that we are still unable solve so far, namely the proper
construction of the sequence ). of well-prepared initial conditions from any given func-
tion 1 in D([0,T) x Q). Furthermore, although we can write explicitly a solution to the
auxiliary problem from such initial data 1., its regularity is still undetermined hence
we are not able to control its convergence as € tends to 0. As a consequence, we only
take formally the limit in the variational formulation of the kinetic equation, section
V.2.3, in order to identify a limit non-local diffusion operator £ and an associated
non-local boundary operator D% 1.

Finally, we study rigorously this limit operator £ in section V.3, proving an integra-
tion by parts formula, defining an associated Hilbert space H:.(€2) and deriving a
Poincaré-type inequality on a sub-space of HS,,(€2) of functions with zero mean.

Note that well-posedness of the limit non-local diffusion equation is still not estab-
lished. Although we defined the appropriated Hilbert space 5, (£2) where one should
look for weak solutions of this problem it is still unclear how to construct a subspace of
smooth functions dense in H3,,(£2) which would allow to close a Lax-Milgram argument

as explained in Remark V.3.3.
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V.1.1 Kinetic equation with diffusive boundary condition

We investigate the long time/small mean-free-path asymptotic behaviour of the solu-
tion of the fractional Vlasov-Fokker-Planck (VFP) equation:

Of +v-Vof =V, (vf) = (=A)°f in RT x Q x RY, (V.1a)
f(0,z,v) = fin(z,0) in Q x RY, (V.1b)

for s € (0,1) on a smooth convex domain 2. We introduce the oriented set:
Yy = {(x,v) € %;4n(z) -v > 0} with & = 9Q x R? (V.2)

where n(z) is the outgoing normal vector and we denote by v f the trace of f on
R* x 9Q x R%. The boundary conditions then take the form of a balance between
the values of the traces of f on these oriented sets v. f := 1y, vf. We consider in the

chapter the diffusive boundary condition:

v f(t,2,0) = By, fI(t 2,0) = coF (o) / v f(taw)w-n(@)|dw  (V.3)

ot

with the normalising constant ¢y given by

c0:< / F(v)\v-n(x)\dv)_l. (V.4)

vn(xz)<0

where F' is the unique normalised equilibrium of the fractional Fokker-Planck operator:

L(F) =V, (oF) — (— AY'F =0, / Flo)do = 1. (V.5)

Rd

Note that, although we have an explicit formula for the Fourier transform of F', we do

not have an explicit F' is physical variable but we know that it is heavy-tailed:

C

F(U)NW7

as |v| — 4o0. (V.6)
We refer to Chapter III and the introduction of this thesis for a detailed presentation
of the fractional Vlasov-Fokker-Planck equation and the associated bibliography. The
diffusive boundary condition (V.3) was introduced by Maxwell in [Max79| to model

the diffusive properties of the boundary. When considered in a linear combination
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with the specular reflection condition (see Chapter III), it gives rise to the Maxwell

boundary condition

’yff(t, SL’,U) = Oé’)ﬁrf(t, vam<v)) + (1 o (X)B[nyrf](tx? U)

for some a € (0,1) and we refer to [Cer00] or [Mis10| for more information on this
type of boundary condition.

In order to investigate the long time /small mean-free-path asymptotic behaviour of the
solution of (V.1a)-(V.1b)-(V.3) we introduce the Knudsen number ¢ and the anoma-

lous rescaling
t/ — 828711:

and multiply the collision operator by 1/ to model the number of collisions per unit of
time going to infinity. The rescaled fractional VFP equation with diffusive boundary

condition then reads

¥ O f. +v-V,of. = é(vv (uf) = (= Av)sfa) in [0,7) x QxR (V.7a)
fe(0,z,v) = fin(z,v) in QxR (V.7h)

V- fe(t,z,0) = By fo](t, x,v) on [0,7)x>_. (V.7¢)

Although the existence of weak solutions to such kinetic equations has been established
in similar situations, see [Car98|, [MV07] or [ASC16], the question of regularity of such
solutions, especially up to the boundary, is a challenging issue. It has been investigated,
for instance, by S. Mischler in [Mis10]. Nevertheless, it is common when studying
anomalous limits of kinetic equations, to resort to a definition of weak solutions that

does not involve the trace of that solution in order to avoid such considerations.

Definition V.1.1. We say that f. is a weak solution of (V.7a)-(V.7b)-(V.7c) on
Qr = [0,T) x Q x R if for all test function ¢ € D(Qr) such that

Y+ 0(t, z,v) = B [y-¢|(t, x,v) V(t,z,v) € [0,T) x 34 (V.8)
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the following equality holds:

/ / Je (agb +e Flev-Vep—v- Vo] —e (= AU)S¢) dt dz dv
Qr

(V.9)
:/ fin(x,0)0(0, z,v) dz dv.

QxRd

Note that the adjoint operator B* is defined as

B [y-¢|(t,x,v) = co/fyqﬁ(t, z,w)|w - n(x)|F(w) dw

Xz

and it is actually independent of v € X7

V.2 Anomalous diffusion limit

In the spirit of [Mel10], [CMT12] and [Ces16], the method we present here to establish
the anomalous diffusion limit of (V.7a)-(V.7b)-(V.7c) consists of three steps. First,
we establish a priori estimates that we ensure the convergence of f. towards the kernel
of the fractional Fokker-Planck operator. Then, we introduce an auxiliary problem
through which we take advantage of the particular properties of the kinetic model.
And finally, we identify the limit of f. by taking the limit in the weak formulation
(V.9) with the test functions constructed by the auxiliary problem.

V.2.1 Apriori estimates

The a priori estimates we derive for (V.7a)-(V.7b)-(V.7c) are exactly the same as the
ones we established in Chapter I1I when we considered the same equation with absorp-
tion or specular reflection on the boundary. The key ingredient is the dissipativity of

the fractional Fokker-Planck operator:

Proposition V.2.1. For all f smooth enough, if we define the dissipation as:

D (f) == —/Es(f)%dv (V.10)

R4
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then there exists 6 > 0 such that

// w|d+28 ;vw /’f (v)IQFOEZ) (V.11)

R xR4

where p = [, f(v)dv. Note, in particular, that D*(f) > 0.

We refer to Chapter III for the proof of this proposition. It allows us to prove the

following:

Proposition V.2.2. Let fi, be in L 1, (2 x R?) and s be in (0,1). The weak
solution f¢ of the rescaled fractional Viasov-Fokker-Planck equation (V.7a)-(V.7b) with

diffusive boundary condition (V.7¢), converges when € goes to 0 as follows
fe(t, @, v) = p(t,z)F(v) weakly in L= (0, T; L%,l(v)(Q x RY)) (V.12)

where p(t, x) is the limit of the macroscopic densities p* = fRd fedwv.

Proof. We follow the same line of reasoning as Chapter III: assuming existence and
uniqueness of a weak solution to (V.7a)-(V.7b)-(V.7¢c) satisfying appropriate estimates,
we multiply (V.7a) by f./F(v) and integrate over x and v to get

g2~ 1dt/ (f.)? d:CdU // f2v-n(x da(a(?)dv+éps(f6):0 (V.13)

QxR

For the boundary term, we write

/E [t 55
_ //7+ Fonla). da(ﬂ(?dv //7 fonla da(a(?)dv
= [ tnte) -0 //(F /%fe ) waw) o n(a)] O
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Using Cauchy-Schwartz’ inequality on the second term on the right-hand-side we get:

//( /%fs () - wdw)z\v.n(@‘%
gc%/(/%ffln( wl—) </|n ) - wlF(w dw) </|n ) - 0| F (v dv) do(2)

0 %
< / / 7+ff\n(x)-w|m

hence

/E/fyffv -n(z) (j:(j;} > 0.

As a consequence, (V.13) gives us a uniform bound on f. in LQF_l(v)(Q x RY). More-
over we know that the dissipation controls the distance between f. and the kernel
of the fractional Fokker-Planck operator. Hence, since the uniform bound of f.
implies the boundedness of p., this yields the weak convergence of f. to pF(v) in
L>(0,T; LQF_l(v)(Q x R?)) where p is the weak limit of p.. O

V.2.2 Auxiliary problem

In the spirit of the method introduced in [CMT12] and [Ces16|, we want to introduce
an auxiliary problem through which we build a particular sub-class of test functions
that will allows to take the limit in the weak formulation and establish the anomalous

diffusion limit. The natural auxiliary problem associated with (V.9) reads for ¢ €

D([0,T) x Q):

ev - Vo —v - Vyh. =0 in [0,7) x Q x R? (V.14a)
Ge(t,x,0) = (t, x) in [0,7) x (V.14b)
V4@ (t, x,v) = B [y_¢.](t, x) on [0,7) x X,. (V.14c)

However, unlike absorption or specular reflection boundary conditions, the diffusive
boundary condition (V.7¢) is non-local in velocity. As a consequence, its adjoint form
(V.14b) will interact with the transport-like problem (V.14a)-(V.14b) and induce the

need for extra assumptions on the initial condition 1 in order for the auxiliary problem
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to be well-posed. More precisely, we can construct a particular solution of the auxiliary

problem as follows:

Proposition V.2.3. Consider ¢ € D([0,T) x Q) and define its extension 1 : [0,T) x
R? x R? — R which coincides with 1 on Q in the sense that

Ut z,v) = P(t, x) in [0,T) x Q x R? (V.15)
and is defined, for x € R\ Q as the solution of:

v Va(t,z,v) =0 in [0,T) x (R?\ Q) x R? (V.16a)
O(t,z,v) = b(t, z) in [0,T) x 2. (V.16h)

Moreover, define the operator D*~1 as

D=-yY)(t, z) = 51_28/ [W(t, 2+ ev,v) — (¢, 2)]vF (v) dv. (V.17)

R4

Then, for any ¢. € D([0,T) x Q) such that
D"y ](t,x) - n(x) =0 on [0,T) x 00 (V.18)
the function ¢. given by
oo (t, 2, v) = e(t, z + ev,v)

is a solution of the auziliary problem (V.14a)-(V.14b)-(V.14c).

Before we prove this proposition, let us gives some details on what the extension {/;
entails. First, note that the set 3, of outgoing velocities for  x R? is the set of
incoming velocities of (R?\ Q) x R? so the boundary-value-problem (V.16a)-(V.16b)
makes sense in an Analysis of PDE point of view.

Second, one can integrate the equation along lines (z(s),v(x)) satisfying & = v and
v = 0 to get a formula for {/; Namely, as a consequence of the convexity of €2, the
value of ¢ at = on the boundary is propagated outside (2 along these lines (x + sv,v)
with v-n(z) > 0 and s > 0:

Y(t, x + sv,v) = Y(t, x). (V.19)
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However, for z ¢ Q, there are lines (x + sv,v) with v € R? and s > 0 that do not
intersect the domain 2 which means that the problem (V.15)-(V.16a)-(V.16b) does not
have a unique solution. This will not be of great importance in our analysis because
we will systematically consider x € €2 but we can set {/}v to be 0 along those lines, which
amounts formally to taking a homogeneous Dirichlet condition at infinity.

Finally, since the boundary condition (V.16b) does not depend on v, note that the
function s +— {/;(t, 7, sv) is constant for any z € R? and v € R hence

d
T [@Z)(t, X, sv)}

=v-V(t,z,v) =0 for all z € R and v € R, (V.20)

s=1

Proof of Proposition V.2.8. Given the expression of ¢., (V.14b) is immediate and it
is easy to check that (V.14a) is satisfied:

0 Vb — 0 Ve = v - Voibe — v - [eV,00 + V]
= —0- VWZ&
=0

using (V.20). Furthermore, for the boundary condition (V.14c), we see on the one
hand that thanks to (V.19) for all (z,v) € X

’7+¢6(t>xv U) - ’(’Z};(t,l‘ + 51)7'0) = ¢(tv :L‘)

and on the other hand, we have

B y_¢(t, z) = ¢ / Vet + ew, w)|w - n(z)|F(w) dw

so that the boundary condition (V.14¢) actually reads

W(t,x) = co/{b;(t,x + ew,w)|w - n(z)|F(w) dw.

Since ¢ is the normalising constant (V.4) we can place ¢ (¢, x) under the integral and

multiply the equality by €72 to recover

5123/ [lze<t, z+ew,w) — Y(t, z)]|w - n(z)|F(w) dw = 0.

»z
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Finally, noticing that for v € X% the relation (V.19) ensures that the integrand is null,
we can actually integrate over v € R? and recover (V.18) which concludes the proof.
O

This auxiliary problem differs significantly from the ones we introduced in the absorp-
tion or the specular reflection case because it requires assumption on the test function
1. In order to close our method, we would need to be able, from any % in a well-chosen
sub-space of D([0,T) x ), to define a sequence . such that for any £ > 0, 1. satis-
fies (V.18) and ). converges to v in a sense that needs to be defined carefully. The
construction of this sequence 1. is a non-trivial problem, in particular because of the
non-local nature of the boundary condition (V.18) and we are still not sure how to do
it. However, unlike the specular reflection case where the function ¢. was much less
regular that 1, here we see that the regularity of ¢), or more precisely the regularity

of its extension QZ, transfers immediately to ¢..

V.2.3 Formal asymptotics

Since we have not been able, so far, to construct the test functions 1. appropriately,
we cannot derive the macroscopic equation on p rigorously from the rescaled kinetic
equation. However, we can formally identify the non-local diffusion operator that
should arise in the limit.

The weak formulation (V.9) with test function ¢. solution of the auxiliary problem

reads

QOxR4

// fe(at¢6 B 5—23( _ AU)S¢€) dtdzdv = / fin(x,0)0:(0, 2,v) dx dv (V.21)
Qr

In the spirit of [Mell0|, and keeping in mind that we proved in Section V.2.1 the

convergence of f. towards p(t,z)F(v), we introduce the operator £° defined as

L) (t, x) = 5_25/( - A)° [@Zg(t, z +ev,v)| F(v) dv. (V.22)

This operator is directly related to the operator D?*~! defined in (V.17) as follows:

Proposition V.2.4. For all function ¢ € D(Q) we have

LoY)(z) = =V, - D27 Y] (). (V.23)
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Proof. Using the fact that F' is the equilibrium of the fractional Fokker-Planck opera-
tor, an integration by parts in the definition of £¢ yields

— 525/{/;(26 +ev,v)(—A,) F(v)dv
_28/{/;(:10 +ev,v)V, - (vF)dv

- —523/ [ev Vot (@ + ev,0) + v - Voib(x + v, 0) | F(v) dv.

Rd

Further, using (V.20) and the fact that [vF(v)dv =0, we deduce
Rd

LW)(z) = -7V, - /{/;(:c + ev,v)vF(v) dv

= _el75y, . /[{/;(x + ev,v) — Y(t, x) | vF (v) dv
= =V - D2 [Y](2).

O

We now investigate formally the limit of the operators £° and D*~! as e goes to 0.
For £¢, with the integral definition of the fractional Laplacian, the change of variable
w = ez and the fact that ¢ (x, tw) = 1(z, w) for all t > 0 we have

Lo)(x) = e *cq s P.V. / Uz +evier) ~ Ul +€z’€z)F(v) dw dv

|’U _ z‘d+2s
R x R4

PV, // W(z + v, v) w@—i_w’w)F(v)dvdw,

lev — w|d+2s

R4 xR4
hence the formal limit
c P U(x :c + w, w) 7 d Vou
L) — LI)(x) = cas PV, Iw\d“S (v)dwdv,  (V.24)

Rd x R4
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which can be written, after the change of variable y = x + w and using the fact that

[ is normalised, as

L[Y)(x) = casPV. / w(xiy__wﬁﬁ: %) ay. (V.25)

Rd

Furthermore, we use the change of variable y = x+¢v in the definition (V.17) of D!

to write

D2 ul(e) = [ [0y —2) = o)) L P (27 dy

R4

and since F(z/g) ~ e?+2/|2|9"2% for small €, we have formally

D W) — D Yl(2) = cd,sP.V./ [0,y —2) — ()] =L dy.

=0 ly — x|d+2s
R4
(V.26)
Finally, passing to the limit in (V.23) we get
LY)(x) = =V, - D*7![y]. (V.27)

Assuming all the necessary convergence hold, we would obtain in the limit of the weak
formulation (V.21) the following non-diffusion equation and the associated notion of

weak solution:

Definition V.2.1. We say that p is a weak solution of the non-local diffusion equation

o+ Lp =0 in [0,T) x (V.284a)
p(0,2) = pin(x) in (V.28Db)
D> p|(t,z) - n(x) =0 on [0,T) x 02 (V.28¢)

if, for all test function ¢» € D([0,T) x Q) satisfying (V.28¢) we have

/ / p(t,2)(0us(t. ) — L[t ) ) dt o = / pin(2)(0, 7) dz (V.29)

[0,T)xQ Q
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V.3 Analysis of the non-local operator

This section is devoted to the analysis of the non-local operator £ defined in (V.25).
Our purpose is to give some intuition as to what the non-local diffusion problem
(V.28a)-(V.28b)-(V.28¢c) models and also to sketch some of the differences between
this operator and the specular diffusion operator (—A)Z,. Indeed, one of our primary
motivation in this chapter is to highlight one of the most crucial difference between
classical and anomalous diffusion limits in bounded domain which is the fact that the
limit equation that identify the particle density p is not the same, in the anomalous
case, if we consider specular reflections on the boundary or the diffusive boundary
conditions. This also highlights the pertinence of our method to derive non-diffusion
equations in bounded domain from kinetic equations and its ability to define non-local
operators, physically relevant by construction, and that seem new to the best of our
knowledge. different from any operators previously defined such as those we have
introduced in the introduction of this thesis.

We focus on three crucial results concerning the operator £. First, an integration by
parts formula which justifies Definition V.2.1 of a weak solution to (V.28a)-(V.28b)-
(V.28c). Second, the construction of a Hilbert norm associated with this operator, in

the same way the fractional Laplacian is related to the fractional Sobolev space, or

S
SR

the specular diffusion operator (—A)Z. is related to H:.(€2). Third, a Poincaré-type

inequality on a sub-space of the Hilbert space we construct, generalising the classical

Poincaré inequality of Hj ().

V.3.1 Integration by parts formula

The integration by parts formula we derive for £ rests upon its relation with D!

Proposition V.3.1. For any smooth functions ¢ and

/ VLl do / oL / (4216 - n(z) — 6% [u] - n(x) ) do ().
(V.30)

Note that this expression is a natural generalisation of the integration by parts formula

for the ((non-fractional) Laplacian :

/ B(=A,)pdx - / o(-B)pde == [ (69,6 n(z) 6V, n(a)) dota).

[2/9]


Ludovic
Highlight
non-local diffusion

Ludovic
Highlight

Ludovic
Highlight
classical


190 Anomalous diffusion limit with diffusive boundary

so (V.30) justifies the fact that (V.29) is the weak formulation of (V.28a)-(V.28b)-
(V.28¢).

Proof. Using (V.27), we have

[ocioiae= [Vo-D oo~ [6D 6] n(a) do(a)
Q Q o0

The rest of the proof rests upon the following lemma:

Lemma V.3.2. For all ¢ and v smooth enough
/ D* ¢ - Vipda = / D>~y - Vo da. (V.31)
Q Q

Postponing the proof of the lemma, we see that it entails

[veioa - / Vo D=y / D> [g] - n(x) do(x)

Q /qbﬁ dx+/¢D23 | /zpDQS o] - n(x) do(z)

where we recognise is the integration by parts formula (V.30). O

Proof of Lemma V.3.2. In order to prove (V.31), we will show that

/ D21g] - Vb dar — / D21 - Voo da (V.32)

Q Q

and the result then follows by passing to the limit in €. From the definition (V.17) of

D2~ where we notice that [vF(v)dv = 0, we write

/ D> eg| - Vo do = 7% / / Oz + ev, v)v - Voo () F (v) do de

Q QxR4

2 [ &z + v, v)v - Voib(z, —0) F(v) dv da
/

Rd xRd
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where we used the definition of the extension {/;, and more precisely (V.16a). With an

integration by parts and a change of variable y = x + ev this yields

/ D[] Varde = —¢' // (o, ~v)v- Vad(x + v, 0)F(v) dvdz
Q

R4 xRd

= —gl=2s // IZ(y — eV, —V)vU - Vmg(y, v) dv dy.

Rd x R4
Finally, using (V.16a) again and the change of variable w = —wv this yields

[o26 Vv = e [+ ey Voot Pw) dway

QxRd

=1/D?‘Wm-vz¢dx
Q
which is (V.32). O

V.3.2 The Hilbert space H?_(Q)

As a consequence of the integration by parts formula (V.30) we see that if ¢ and 9

functions satisfying the boundary condition (V.28¢) then we have
[oeioar= [oci)a (V.33)
Q Q

and we would like to see if we can deduce a semi-norm from £. To that end, use the

divergence form (V.27) and Lemma V.3.2 to write

VL[l da + [ oL dr = [ (V- D7l + V.0 D>l da
e L

— PV [ [ (s =) - o@)] (s - ) V(o)

QxRd

~ dx dy
+ [U(y,y — ) — ()] (y — 2) - V;p(b(fb’)) o gl
Moreover, we know that for any = €  and y € R, (y—x)-Vmi(y, y—x) = 0 because on
the one hand if y €  then {bv(y, y—x) = 1(y) does not depend on z, and on the other
hand if y ¢ Q then with v = y — 2z we have (y—x)-vxﬂ(y,y—x) = —v-VU@Z(y,v) =0
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thanks to (V.20). Hence

/wﬁ dx+/¢£

_wmpv// (1,5 — 2) — $(@)] (y — ) - Va [9a) — By, y — 2)]

QxRd

+[%%y—@—¢@ﬂ@—$fvﬁﬂﬂ—&@w—$ﬂ%;$§%g
:_Cdspv// — )V —(y,y — )] [qﬁ(x)—%(y,y—x)})%-
hoce
Integrating by parts, this yields
/ YLp) da + / SL[
—cdsPV// Uy, y — )] [¢($)—5(y,y—x)]vm~(%) dz dy

QxRd

~ ~ y—2x)-n
- Cd,sP-V// [(x) =¥y, y — )] [o(2) — by, y — )] ﬁ dydo().
>
Here, we can compute the divergence of (y — ) /|y —x|*"?* and notice that the integral

over Y in the second term is null thanks to (V.19) which gives us, using (V.33)

/¢£¢dx—2$cdst// Uy y— )] [aﬁ(x)—cg(y,y—x)}mdxdy
QxRd

+ & 5P V// Uy, y —2)] [6(x) — oy, y — )] It __xi|.£§f)‘ dy do(x).
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As a consequence, we see now that we can indeed define a semi-norm, which we denote

[Ngia0) aS:
=) )]
PV// yy x)) o dydo(xz) (V.36)

and the associated Hilbert space H3 . (£2) can then be defined as

() = {0 € Q)+ [l < o0} (V.37)

Note that [-]3s (o) is indeed a semi-norm, in the spirit of the Gagliardo semi-norm for
the fractional Sobolev spaces, since any constant function cancels it. This is why the

norm we use on H3 . (£2) is

1]

%zgiﬂ(a)i: ||¢||%2(Q)+M72ngm(n) (V.38)
and the scalar product is the sum of the scalar product of L?(Q) and (V.34).

Remark V.3.3. The space X defined as
= {v € L0, T:350() : D* ' [¥)(2) - n(w) = 0 on 02}

is the natural setting to find weak solutions of (V.28a)-(V.28b)-(V.28¢) in the sense
of Definition V.2.1. To establish well-posedness of such diffusion equations, a classi-
cal line of reasoning, see for instance [Car98] and the previous chapters of this the-
sis, consists in considering an associated equation formally derived from (V.28a) for
u(t,x) = e Mp(t,x) for some \ > 0, which reads

Owu + A+ Llu] =

with initial condition and boundary condition resulting from (V.28b) and (V.28c). In-
deed, existence of solution for this problem in X is equivalent to existence for (V.28a)-
(V.28b)-(V.28¢c). Moreover, this associated problem has the right structure for a Lax-
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Milgram argument: we can define the bilinear form

a(u, @) = // ( — u0pp + Aup + u£[<p]) dt dz

[0,7)x
and the continuous bounded linear form
L) = [ pnla)o(0.2) .
0

However, in order to close this Lax-Milgram argument and prove existence of solu-
tion in the sense of Definition V.2.1 we would need a dense subspace of X of smooth
functions (such as the test functions ¢ in the weak formulation) and defining such a

functional space is still an open problem.

V.3.3 A Poincaré-type inequality for £

We introduce the space H3,(€2) defined by

0@ = {u € 1y, () / ude =0} (V.39)

Q

and note that on this space the semi-norm [-]J3: (o) is actually a norm. We want to

prove the following Poincaré-type inequality on H3. . ,(2):

diff,0
Lemma V.3.4. If Q) is a smooth bounded open set of R? then there exists a constant

C = C(d,s, Q) such that for all ¢ € Hgo(S2):

19120 < Cllagq o) (V.40)
where []3s () is the norm induced on the subspace Hggo(Q2) of Hyg(2) by the semi-
norm [Jas. ()

Proof of Lemma V.3.4. This proof will use results from [DPV12| by E. Di Nezza, G.
Palatucci and E. Valdinoci. Namely, from [DPV12, Theorem 5.4] we know that if we

consider the Gagliardo seminorm on H*(2) given by

_ 2
[@Z)ﬁ{s(ﬂ) = cdvsP.V.// (¢|($37)_ y;ﬁfgs)) dx dy
QxQ
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on the smooth bounded domain €, then H*(2) is continuously embedded in H*(R?)
i.e. we can define an extension 1 of 1) to R? such that 1/_1(1’)‘9 = ¢(x) and

19| s gy < CllY0 || 1+ (9)- (V.41)

In their paper, they construct this extension explicitly (see [DPV12, Section 5, Lemmas
1, 2 and 3 and the proof of Theorem 5.4|) and it is compactly supported in R? (although
its support extends beyond ). Furthermore, [DPV12, Theorem 6.5] states that if v
is measurable and compactly supported in R? then there exists a constant C' = C/(d, s)
such that

]| 2 (may < Cl] s (mey (V.42)

where 2* is the "fractional critical exponent" given by 2* = 2d/(d — 2s).
Now, adapting the line of reasoning from the paper [SV12| of R. Servadei and E.
Valdinocci, we consider ¢ € Hj,((€2) and write for some constant C' = C(d, s, )

(which may change along the computation but remains independent of )

1911 2@y < Cllbll 2 @) < ClIY [l 2 gy

where 1) is the extension of 1 to R? mentioned above. The first inequality holds
because 2* > 2 and || < oo, and the second inequality holds because IE(I)‘Q = (x).
Then, from [DPV12, Theorem 6.5] since v is compactly supported and measurable

9] 2= () < Cll || 2 mey < Clo] s (ray < Cl) (o)

where the third inequality is a consequence of [DPV12, Theorem 5.4]. Finally, we con-
clude the proof of the Poincaré¢ inequality by noticing from the definition of []3s  (q)
that

WJ]HS(Q) < CWJ]anfLo(Q)
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since

2
Uy, y— )
[w]Hdlffo( ) [ HS(Q + Cds // ‘y — x|d+28 dx dy

Qx (RI\Q)

Cds// i, y_x)) ’(y_$i|dﬁgs>}dyd0'( )

ly

where the extra terms are positive. O
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Free transport equation in a sphere
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In this appendix, we call Q the unit ball in R? and we consider the trajectories in
2 described by (IV.28) and the associated n function. We recall that what we name
"trajectory that starts from x € €0 with velocity v € R?" the trajectory that consists
of straight lines, specularly reflected upon hitting the boundary, and that stops when
the length of the trajectory is |v|, as illustrated by Figure II1.2 in Section I11.4.

We first note that a trajectory in €2 is necessarily included in a plane of dimension 2.
Indeed, by definition of the specular reflection, when the trajectory hits the boundary,
the reflected velocity is a linear combination of the initial velocity and the normal
vector: for ¢ € [0,1] such that |z + tv| =1, Rv = v — 2(n(x + tv) - v)n(x + tv) where
is n(x + tv) = = + tv because 2 is the unit ball. Since the normal vector belongs to
the plane generated by x and v we see that the reflected velocity also belongs to that
same plane, and every reflected velocities along this trajectory. As a consequence, we

restrict the study of the regularity of 7 in a ball to the case of a disk in dimension d = 2.
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A.0.1 Explicit expression of the trajectories

Consider (z,v) in Q x R?, we call k the number of reflections that the trajectory which

starts at x with velocity v undergoes. We also introduce
e 0 such that [cos@,sin 6] is the first point of reflection,

e A the angle between the vector v and the outward normal to 92 at [cos 8, sin 0]
(which, in the unit ball, is [cos 8, sin 0] itself),

o z; = [cos (0 + j(m — 2A)),sin (6 + j(r — 2A))] for any j € Z. Note that z is

the first point of reflection.

Proposition A.0.1. For any k > 0 we have
n(z,v) = k(zr-1 — 2k) + Rir—24)(z +0) (A.1)

where Ryz_2ay is the matriz of the rotation of angle k(m — 2A).

Fig. A.1 Trajectory with 1 reflection in the circle
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Proof. We will prove the expressions (A.1) by induction on the number of reflections.
When k = 0, by definition of n we have n(z,v) = x 4+ v so that (A.1) holds.
Let us assume (IV.28) holds for some k& > 0. Then, if we write ny = k(zx_1 — 2) +

Rpy(r—24)(z +v), we can compute n(x,v) after k + 1 reflections using the relation

n(x,v) — 2 = Re_oa(nr — 2)

as illustrated in Figure A.1 in the case & = 0. By definition of z; we notice that
R:_94 z; = 2zj41 hence:
n(z,v) = 2z + Rr2a (k?(Zk—l — 2) + Riroay(x +v) — Zk)
= 2 + /{Z(Zk — Zk+1) + R(k+1)(7r—2A) (SL’ + U) — Zk41

= (k+ 1)(zr — 2k11) + Bgy1ym—24)(T +v)

which is exactly (A.1). O

A.0.2 First and second derivatives

We recall that D7 is defined in Chapter III as:
Dp(Q) = {1/1 € C([0,T) x Q) s.t. »(T,-) = 0 and Vo € 9Q : Voib(t, z) - nlx) = o}.

This section is devoted to the proof of the following estimates on the Jacobian matrix

and the second derivative of 7:

Lemma A.0.2. Consider the unit ball 2. The associated functionn, defined in Section
111.4.1, satisfies

IVon(z, v)ll€ L%(Q x RY) (A.2)
and for all 1 is in D
HDg [w(n(x,v))} H € L0, (2 x RY). (A.3)
for p < 3 where ||-|| is a matriz norm. Moreover,
sup | o, v)]|| e (@) (A1)

for any 6 > 0.
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Proof. When k = 0, we have immediately V,n = Id and controls (A.2) and (A.3)
follow. When k > 1 we notice that for all j, z; = Ri(z—24)[2j_1] so that we have

n(z,v) = Ri(x_24) (:17 +v—k(z — z,l))

where zp and z_; are illustrated in Figure A.1. Also, we introduce the matrix S =
0 -1

which is the equivalent of the multiplication by 7 in complex coordinates —

note that it commutes with the rotation matrix Ryx—24) — and with which the Jacobian
matrix of n with respect to v takes the form

Von(z,v) = [SRk(n—ZA) (z 4+ v — k(20 — 2*1))}
X (kvv(ﬂ — QA)) + Rk;(ﬂ—_QA)VU (ZE +v— k‘(Zo — Z—l))
= [SRk(ﬂJA) (x +v—k(z — 2—1))}

® (= 2kV,A) — kRpr—24)Vy(20 — 221) + Ri(n_2a).-

Now, to differentiate the angles § and A with respect to v = (v, v9), let us recall for
t such that |z + tv| = 1 we have

{xl + tv; = cos

To + tvg = sin 0
so that vg(cos @ — xq1) = vy(sin @ — ), hence:

ﬁ T9 —sin @ —tvy 00

Ovy  wvpcos +vgsinf v cos A’

cost — x; tuy

Ovy  wvpcosh+vgsind  |v|cos A

Moreover, t satisfies |v]| cos A = (z + tv) - v = z - v + t|v|*> which means

00 —y 1 T-v 00 1 1 T v
o o e () o~ e (A )
(A.5)
Also, by definition of A we have: |v|sin A = (x + tv) X v = 21V — 2v; therefore:
0A  —vi(102 — xav1) — 22(V] + 03) 0A  —vy(w1vp — wav1) + 21 (0] + 03)
ov; [v|? cos A ’ ovy [v|? cos A

) 1 T-v U 1 T-v
=T |v|cosA< |v|) =Tl |v|cosA< ) (4.6)

[l
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We now introduce the notations [;,,, L and [.,4 defined as follows and illustrated in
Figure A.2

e [;, is the distance between x and the first point of reflection zj:

lin = t|v| = cos A — v
]

e [ is the length between two consecutive reflections (note that it is constant

because (2 is a ball):

L =2cos A

® [.,q1s the length between the last point of reflection and the end of the trajectory,
n(z, v):

lona = 0] — (k — 1)L — L.

Fig. A.2 Notations [;,, L and l.,q4
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With these notations, the gradients of § and A read

2L v L — 2l v
V.,0 = ( m)S—, V,A = ( m)S— A7
o) T oz )T (A7)

hence the Jacobian matrices of zy and z; as functions of v are

2

V2o = Sz @ V,0 = (Ulm)520®5_
2(L — 1,

Vyzo1 = Sz1 @ V, (0 — (1 — 24)) = <¥)Sz 1 ® S

Therefore, we have

Von(z,v) = SRyr—24) [(W) (z4v— k(20 — 2-1))

2 2(L — 1)
™ A5 Fikr20) [<| 7)o (M)

®S—

[l

v
® Sm + Ri(n—24)

2k L
| |LSRkﬂ— 2A [(QZ L)($+U—k(20—2_1)) — (lzn_ 5)(ZQ+Z_1)
L v
_ 5(Zo — 2_1):| ® Sm + Ry(r—24)

2k 1
|’U‘LSR T—2A) |:2(2lzn - L)(ZZL‘ — 20 — 2_1) + (2lzn — L) (U — k’(ZQ — Z_l))

L

v
— 5(2:0 — Zl):| ® Sm

Finally, by definition of z5 and z_; we see that

+ Rir—24)-

( 20 — R-1 = Li,
|v]
T —2z9=—I Y (A.8)
— 20 = —linT, .
v
v
x—zq1=(L—=1y)—
\ v
which yields
QkL lm lend lzn + lend
Von(z,v) = —|2— — ——— | SRi(r—24) ®S + Rir—24)- (A.9)
W 'L L L 2] 7
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Introducing the notation

(%
V=1
[l

as well as the angular function © : S' — My (R) and the function p, : R* — R as

O(v) = SRyr—24)u @ Su. (A.10)
ZkL lzn lend lzn + lend
(v) = "—|22 o ene A1l
pelv) = T |2 - (A11)
we have
Von(z,v) = pz(v)O(v) + Rir—24).- (A.12)

Now, since |v| = l;;, + (k — 1)L + l.,,q we see that when k > 1:

k_L — |'U|+L_lin_lend S 1+ |L_lin_lend| §2
[v] [v] [v]
and also, since 0 < l;,,, long < L we have
lin lend lzn + lend
—1 < grinend I T lend
- L L L =0
so that I l
—4< -2 oIl = |" |_ endl < pp(v) < 0. (A.13)
v
Since || Ri(r—24)]|= ||S||= 1, V1 is bounded uniformly in 2 and v which concludes the

proof of the control of V,n stated in Proposition A.0.2. Notice that it also yields an
explicit expression for the determinant:
2kL lzn lend lzn + lend

det =14+ —1|2—
€ VUT/(('I7U) + |U| L L L

(A.14)

from which is it easy to see that

len
m d <det V,n(z,v) < 1.
v

—-3<-1-2

For the second derivative, we first notice that the expression of the Jacobian matrix
above depends strongly on k and is not continuous when we go from & to k + 1 which

is equivalent to [.,q going to 0 and [, going to L. Hence, we introduce the sets Ej
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defined as
Er = {(z,v) € Q x R? s.t. the trajectory from (z,v) undergoes exactly k reflections}

and the Jacobian of n actually reads

an(% v) = Zvvnk(xa v)]lEk

keN

where n* is the expression (A.9). The second derivative of n will involve a derivative
of the indicator functions of the Ej sets, i.e. the dirac measure of the boundary 0Fj
in the direction of the discontinuity. However, the boundary of E} corresponds, by
definition, to the (z,v) such that n(x,v) is on 0. Hence, similarly to the half-space
case (see Section I11.4.2.1) if we consider ¢ € D¢ then the direction of the jump will
be orthogonal to Vi at that point on 02 and their product will be naught.

For the rest of this proof, we omit the dependence of n* with respect to k. Before

computing D?n which we define as usual as:

2 2
Dn(z,v) = 85” 5‘;27) (A.15)
Oy Oz

where 8%- means the second order partial derivative with respect to v; and v;, we feel
it is simpler, given the form of the Jacobian matrix, to compute V, x V,n where we

define the product x between a vector u in R? and a matrix M = (my;)i<ij<o in
M, (R) as
mpu Mg
ux M — 11 12
Mo1U Mol

which means the product v x M is a vector valued matrix in My(R?). We write

V.1 = (9;1:):; and have

Y, X Vo) = Vo VOt (A.16)
‘ ‘ Vvaan Vv62772 ' '

Using expression (A.9) we have:

Vo X Von(z,v) = Vg (v) x OW) + pa(v)Vy X O(v) + 2kV A X SRi(z—24y (A.17)
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Let us look at each of the terms individually and focus on singularities that might cause
trouble for the integrability in L%(v) (22 x R?), which in fact will arise when we get close
to the grazing set, i.e. when L (as well as l;, and [.,q4) goes to 0 or, equivalently, when

k goes to infinity. The simplest term to handle is the last one since we have, using

(A.7):
2kV,A = % <M> Sv (A.18)

so that
QA
QkVUA X SRk(ﬂ,gA) = TSQ X SRk(W,QA)
where a4 is uniformly bounded in z and v. For the second term,
V, x 0(v) =V, x <SRk(7rf2A)Q ® Sy)

we introduce the extension of the dyadic product defined, for v € R?* and M € My(R)

as:

mi may
Uy Uy
mio mag
uR M =
mi1 ma
U2 U2
mi2 mao2

T

which is rather natural if one notices that for two vectors v and v, u ® v = u o', and

we also define its commuted form M @ u = (u® M)T. With these notation, we have
V, X @(Q) = (VUSRk(ndA)Q) ® Sv + SRR(FQA)Q X (VUSQ)

where on the one hand

and on the other hand

Vo (SRi(r_24)0) = S(SRk(wf2A)Q ® Vo (k(r — 24)) + Rk(7r72A)Vvy>
- l(%(L— o) L

7 ) Ry(r—24v ® Sv.

| ]
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We get
1 2k(L — 2l;,) L
V, x @(2) = L( |v| - |v|) (Rk(FQA)y@ SQ) ® Sv
- iSﬁ’k(w—zA)y ® (v® Sy (A.19)
v
so that

2(0)V % (1) = Z(Ria-242 ® Sv) @ Su+ O(1)

when we are close to the grazing where, once again, g is uniformly bounded in x and
v. Note, in fact, that ay = a4 + O(L). Let us also note that the extension of the
dyadic we defined is not quite associative in the sense that if u, v and w are vectors
then

(LRV)@Ww=u® (wv)

which we will keep in mind when we compute D?n(z,v). Finally, for the first term in

. we notice that since [;, = | — 2p| = + |z|* — 22 - zp we have
A.17 i h i l 1 22 h

V. — —2V (- 20) _ —2x - SZOVUH _ —4z - SZOSQ

where x - Szy = z - S(x + tv) = t|v|z - Sv/|v| = l;, sin A so that in fact

—4l;, sin A
Voliny = —2————Sv.
iz "
Moreover, L = 2 cos A so we have
VL= —2(L — 2l;,) SmASv

vl L -

and finally, l.,q = |v| — (k — 1)L — l;, therefore

1
Vilena = v + W(Q(k: —1)(L — 2l;,) sin A + 4l;;, sin A) Sv
2sin A — 1)(L -2l 21,
- sin ((k )( Lin) N lm)SQ
L [v] |v]
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Note that unlike V,L and V,l;,, the gradient of [, diverges in norm for small L (i.e.
close to the grazing set) because the coefficient sin A/L goes to infinity. Differentiating

pz(v) we get

2]€L lzn lend lln + lend
p— 2 - -
Vi (v) =V, ( 0| ) { I I }

R i) e sen(= ) v )
- (a1 )5e- 1)

2kL Lin . (k=1)(L —2li) = 2l
+L2(|v|)(2L‘1){L“2““A( o] Tl )

12kL 4lzn sin A lend . lm lm + lend linlend
— 1-2 —2sinA(1—-2— —4 .
+LIU\Q{ L < L) o < L)< L L? )}SQ

(A.20)

Introducing uniformly bounded functions oz ;1€ {1,2,3} we get

1
Voia(v) X O(0) = 7 (oz,ﬁSy + oziy) X (S Rp(n—24)0 ® Sv)

1
+ EQMSU X (SR;C(F_QA)QQ@ SQ).

Together, all three terms yields

1
Vo x Vyn(z,v) = 7 (aiSQ + oziy) X (SRp(r—24)v ® Sv)
1
+ ﬁasz X (SR]C(T(_QA)Q (%9 SQ)
f(Rk(n—QA)Q ® Sv) ® Sv + a—;SQ X SRy(r—24) + O(1)

Identifying the terms in (A.15) with those of (A.16) we get

1
D?*n(x,v) = ESRR(W,QA)Q X (ai(SQ@ Sv) + « (v ® Sv) + La 3(Sv ® Sv))

1

+ T (ang(w_gA)y X (Sv® Sv) + axSv ® SR;C(,T_QA)C) +0(1) (A.21)
1 0
0 —1
in Li’p(v) (2 x R?) for some p > 0 we first write L in terms of z and v using the relations

where C' is the conjugation matrix: C' = ( ) . Now, if we want to integrate 1/L
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L =2cosA, |v]cos A= z-v+tv|> and the fact that ¢ solve |x + tv|*> = 1 which yield

L=2y/(z-v)*+ (1-|aP). (A.22)

Therefore using polar change of variables

//(%Y d;pv—// . ‘xH)p/QF(v)dm

QOxR2 Q><R2

= Pa dpxdﬁxdﬁv/ F(py)pudp,
[ e e L 8

where, since F is radial and normalized, [z, F'(v)dv = 27 [, p,F(p,)dp, = 1. Note, in

fact, that since L does not depend on the norm of |v|, the integrability in L%(U)(Q x R?)
is equivalent to the integrability in L?(Q x S') where S' is the unit circle in RZ.

Expanding the denominator, we have

J] () Fe)an (A.23)

O xR2
dp, d6, dé,
/ / / 1—pm|sm9 -0 )|)p/2( +/):r|sm(9v—9:v)‘)p/2
<c/ / / Pe dp, d6, 6,
1 —px|sm 0, — 0, )|)p/2
<27TC/ / dpxda
l—pm|s1noz|)
<C// 1_@ A=) dzy dag

< C/o = xg) YYD dxs (A.24)

hence 1/L will be in LF( (2 % R?) if p < 3.

Moreover, if we take 1 in ©®7 (defined in beginning of this section) then we have

D24 (nx,v)) | = D*n(a, v) Ve (n(a, v)) + Vun(a, v)" D2 (n(r,0) Vo (a, v).

The second term is uniformly bounded in z and v by (A.2) so it belongs to L’}(v) (2xRR?)

for any p < oco. Furthermore, for the first term, we notice that for any v € R? and
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M € M5(R) we have
ux MV = (u-Vi)M.
Thus the first term reads

Dz, v)V (n(,v))

— %(&A(SQ ® SRiyr24)C) VY (n(2,v)) + g [ Rir_2ayv - Vi (n(z,v))]Sv ® Sy)
+ % [SRy(n—2ayv - VY (n(x,0))] (ai(sy ® 50) + o, (u.® Su) + %ai(Sg ® Sy))
+0(1).

Recall that on the boundary, Vi(z,v) - n(x) = 0 hence, by the regularity of ¢, when

n(x,v) is close the boundary we have

Vi (n(z,v) =7(n(z,v)) + O(dist (n(z,v), 69))

where T is the extension of the tangent 7(x) of 9 at x € 9 which, since we are in the
unit ball, is explicitly 7(n(z,v)) = 7(n(z,v)/|n(z,v)|) when |n(z,v)| # 0. Moreover,
when we start close to the grazing set the trajectory stays close to the grazing set
(because A is constant close to m/2), which means Rj(r_24)v stays close to 7(n(z,v))
and in fact it will be furthest from the tangent when 7n(z,v) is on the boundary where

we have

Riyr—2ayv = (cos A)n(n(z,v)) + (sin A)7(n(z,v))

2

(%L)n(n(w,v)) + (1 — LZ)I/QT(n(x,v))

so that we have
S Ry(r—24)0 = ”(ﬂ(% U)) +O(L).

Finally, we can bound the distance between 7n(z,v) and the boundary in terms of L
because we are in a circle so the n(x, v) is furthest from the boundary when l.,q = L/2

and the Pythagorean theorem tells us in that case

(1 — dis’c(n(ac,v),@@))2 + <§>2 =1
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so that we have all along the trajectory

dist 00) =1—4/1 r_ L?
18 (77($av)> )_ - - 4 Lz<1 1 +0( )

All together, these estimates yields

SRi(n—2ayv - Vb (n(z,v)) = O(L)

L1

so that

D*n(z,v)Vy (n(z,v)) = %(O&A<SQ ® S Ri(r—24)C) VU (n(z,v)) (A.25)

+ay (RR(FQA)y -V (n(z, v))) Sv® Sv + ol Sy @ Sy) +0(1).

and from (A.24) it follows in particular that ||D%*p(z,v) Ve (n(z,v))|| € Ly (2 X R?)
for all p < 3 where ||-|| is any matrix norm.

However that this integrability does not hold uniformly in v. Indeed, if we take the
supremum over v in R? of the second derivative then, close to the boundary, it behave
like 1/L = 1/4/1 — |z|> which is in L>*7°(Q) for any § > 0 but not in the limit when
d =0, as stated in (A.4). O

A.0.3 Fractional Laplacian along the trajectories

This section of the Appendix is devoted to the proof of the following Lemma which

follows from Lemma A.0.2:

Lemma 111.4.2. There exists p > 2 such that

(= &) [0t v)| € L, (@ x R,

Proof. As we did several times before in this paper, we can split the integral formula-

tion of the fractional Laplacian, for R > 0, as follows

(= 8) [t o)) = caPV: [ Hloke,o) |;f§+(l(x’v+w)) dw

lw|<R

‘e / »(n(z,v))

lw|=R

1/)(7](1’, v+ w))

|w‘d+2s

dw
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and the integral over |w| > R is immediately integrable in L’}(U)(Q x R?) for any p
thanks to the boundedness of ¢ in L>(2) and the fact that F' is normalized. For the
integral over w < R we do a second order Taylor-Lagrange expansion, as we did for
Xz in section II1.4.2.1, in order to write for some z and Z in the ball centred at v of
radius |w:

v / ¥(n(z,v) — v (n(z, v+ w)) dw

|w|d+25
jw|<R
1w (D[, )] (=) + DA n(e, )] () )w
_5/ s dw.
jw|<R

Let us focus on the term with 2, the one with Z can obviously be handled similarly.

Using (A.25) we have through straightforward computation

1

w- D[4 (n(a, )| (2w = + [au(w - 82) (Ve n(e,2)) - SBir-2ayw)

+ (OéeRk(ndA)é -V (77(377 Z)) + 042) (Sz- w)Q} + C|w\2

where z = 2/|z| and C = C(z,z2) is uniformly bounded in z and z. Introducing

w = w/|w| as well as A\; and Ay to simplify the notations, this yields

w- D2[v(n(x, ) | (2)w

_ wp?

I (w . Sg) (M(Sg cw) + Ao (S Rpro2ayw - Vo (n(z, z))) + Clwl]?.

Therefore, using (A.22) we have

w- D? z, )| (z)w
’ / %ﬂiﬂjﬂ( ) dw’
wl<R
_ / (w-Sz)(M(w- Sz) + X (SRw- Vi (n(z,2)) dw
wl<k VI z+1-[a? |22

ezt 1P
S
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where Cyy = supj, < ((m - Sz)(Mi(w - Sz) + M (SRw - Vi (n(z, z)))) is uniformly
bounded in x and z. Thus, we have for p > 0:

92 2s p
//‘ tn:pv”F d:pv<//‘/ R7Cy dz| F(v)dzv
Vr-oz+1—|zf?
QxR QxR4 St
1
2s p
< (2R*Cy) /// T |x|2)p/2F(v)dgdxv
OxRIxS! B

which we know to be finite if p < 3 by (A.24) since F' is radial. O

A.0.4 Change of variable

Lemma I11.5.4. The change for variable F' given by

AN n(z,v)
g () ) <-[vvn<x,v>}v> 420

is precisely the change of variable such that n(F(z,v)) = = and the trajectory described
by n starting at n(x,v) with velocity — [an(x, v)}v is exactly the trajectory from (x,v)

backwards. Moreover, for all (z,v):
det VF(z,v) = 1. (A.27)
Proof. From the explicit expression of V,n(z,v) given above in (A.9), we see

— [an(:p, v)] U = —Ry(z_24)V

and by construction, see (A.1), we know the ending velocity of the trajectory is
Ri(r—24)v, see Figure A.2 for a representation, so the trajectory from F (x,v) is indeed
the backward trajectory from (z,v) which in particular implies that n(F(z,v)) = x.

In order to compute the determinant of ' we need the Jacobian with respect to x of

1. Following the same line of arguments as for the Jacobian in v we write

V.n(z,v) = [SRR(W,QA) (x +v—k(z— 2_1))} ® ( - ZkVJ;A)
— kRi(r—24)Va(20 — 2-1) + Ri(n—2a)-
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where, from the relations we used to derive (A.5) and (A.6) we have

vo=25" v.oA= 25"

= — A28
Tl e A
which yields
2 v -2 v
VxZ(] = ESZQ (059 Sm, va,1 = 75271 X Sm <A29)
As a consequence
4k 2k v
Ven(z,v) = SRyx—24) {f (v—Fk(z0 — 2-1)) + T (2s —20—221) | ® Sm + Ri(r—24)
and using (A.8) we get
lend v v
an(az, U) =2k( 2 7 1 SRk-(ﬂ—_QA)m & Sm + Rk(ﬂ_gA). (ABO)
We also need the Jacobian matrices of — [an(x, v)}v which are
—4k|v| v v
Vx< — |Vyn(x,v) v) = SRin_oay— & S—, (A.31)
[ ] I (m—24) ] ]

v

lin
VU( — [Vun(z, v)}v) =2k (1 — QZ) SRk(ﬂ_2A>|Z—| ® S|v| Riro2ay.  (A.32)

With appropriate coefficient o, a,, By, 5, (which are functions of = and v), using the
angular function © defined in (A.10) and writing R instead of Ry(r_24) We can then

write the Jacobian of F' as the following sum of block matrices

Van(z,v) Von(z,v)

Vw( — [Vun(z, v)]v) Vv< — [Vun(z, v)]v)

_(© a®) (R R
- \B0 5,0 0 R/

Now, notice that R710 = S‘—z‘ ® Sﬁ := N which yields the relation

det < (Rl Ri_l ) VF(:C,U)) = det < <(ax BN (aw+ BU)N) + <Id O) )
0 —R! —B.N —B,N 0 Id

VF(z,v)=
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where we also notice that

Rt R
det L) =det (= R7) =1
0 —R™
because it is a rotation matrix in dimension 2. Therefore,

det VF(z,v) = det (<a$ + BN +1d (aw+ BU)N) .

_B,N —B,N +1d

Finally, it is rather simple to find the eigenvalues of this matrix. Indeed, since Nv =
(v-S%)SE = 0 we see that the 4-dimensional vectors (v,0) and (0,v) are both

vl 7% Jo]
eigenvectors associated with the eigenvalue 1. Moreover, we notice that NSv = Sv so

we solve for \ and u the equation

(o + Bz)N + 1d (a, + By)N Sv\ Sv
—B.N BN +1d) \Asv) ~ " asw

and find the two remaining eigenvalues:

p=1—2k(k+Vk?—1)
po =1—2k(k — VK> —1).

Note that in order to find those values we used the relations a, + B, — B, = —4k>
and B,a, — By, = —4k? which are deduced easily from the expressions (A.9) (A.30)
(A.31) and (A.32). In the end, we get the determinant of VF(z,v):

det VF(z,0) = (1= 2k(k+ VI =1) ) (1= 2k(k = VA = 1)) = 1.

A.0.5 Control of the Laplacian of n

The purpose of this section is to prove Lemma IV.5.1 from Chapter IV which reads

Lemma IV.5.1. For all ¢ € ®7 we have

sup (AU W (t,n(z, )] (rv)) € L=((0,7); L2(Q x §1)) (IV.36)

r>0
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Proof. First, let us recall that

Ay [ (t,n(z, )] = Aun(z, v) - Voo (t,n(z, v))
+ Tr (Von(z, 0) 'Von(x, v)Hyt (t,n(z, v))) .

From the previous sections of this appendix, we recall that V,n(x,v) is uniformly
bounded in x and v, so the second term in the above expression is immediately handled.
For the first term, from the previous expression of D?n(z,v), it is easy to see that the

Laplacian of 77 can be written as

An(z,v) = %)\LSYR;.C(W_QAHZ—| +C
where A = A(z,v) and C' = C(z,v), both uniformly bounded in z and v, S is the
symmetry matrix: S = (0 1;—1,0), and Rjr—_24) is the rotation matrix of angle
k(m —2A).
Moreover, when we start close to the grazing set, the trajectory stays close to the
grazing set (because A is a constant close to 7/2), which means Rjx—24)v/|v| stays
close to 7(n(z,v)), then tangent of Q at n(z,v)/|n(x,v)] € 9. In fact it will be

furthest from the tangent when 7(x,v) is on the boundary where we have

Rk(ng)% = (cos A)n(n(z,v)) + (sin A)7(n(z,v))

= (%L)n(n(x,v)) + (1 _ %) 1/27- n x,U))
so that
SRk(W_QA)|Z—| =n(n(z,v)) + O(L)

where n(n(z,v)) is the outward normal at n(z,v)/|n(z,v)| € 0.
Furthermore, if we consider ¢ € ©r then on the boundary, Vi (z,v) - n(x) = 0 hence,
by the regularity of ¢, when n(x,v) is close the boundary we have

V¢(n(w,v))) =7(n(z,v)) + O(dist(n(x,v), 89))

We can bound the distance between 7n(z,v) and the boundary in terms of L because

we are in a circle so the n(z,v) is furthest from the boundary when it is in the middle
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between two reflections and the Pythagorean theorem tells us in that case

(1 - dist(n(x,v),89)>2 + <§)2 =1

so that we have all along the trajectory

dist (n(z, v),00) =1 1 LQ—L2+(L2)
1st(n(x,v), = 1 0 .

All together, this yields

An(z,v) - Vw(n(x,v)) = %SR;&(WM)1 : Vw(n(x,v)) +0(1)

|v]
1
-0(7).
L
The integrability of 1/L that we established at the end of Section A.0.2 concludes the
proof. Note, as a remark, that the bound is not uniform in v, as we explained in
Section A.0.2, which is why the bound we write is only homogeneous with respect to

the norm |v|, and if we took the supremum in v instead then 1/L would be equivalent
to 1/4/1 — |x|2 which is in L>79(Q) for all § > 0 but not for § = 0. O
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