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Summary

This chapter gives an overview of the physics at stake and of the main contributions in this thesis.
We begin with some important physical definitions, namely those of plasmas, nuclear fusion and
tokamaks. Then we introduce the kinetic formalism and give several examples of kinetic models
for plasmas. Finally, we summarize the main contributions of this thesis, first presenting our
results regarding linear magnetized Vlasov systems and then focusing on the nonlinear magnetized
Vlasov—Poisson system.



Chapter 1. General Introduction

1.1 Physical motivation

1.1.1 Plasmas and nuclear fusion

When a gas is heated to a very high temperature, electrons are ripped from the orbit of the
nucleus of the atom to which they are attached. The result is a globally neutral mixture of
charged particles, ions and electrons, which is called a plasma. Plasmas are considered as the
fourth state of matter, next to solids, liquids and gases.

The term plasma was first introduced by the Nobel prize winning physicist and chemist Irving
Langmuir in 1928 [83] to describe a ionized gas. However, even though a plasma is similar to a
gas in the sense that it has no definite shape or volume, there are fundamental differences between
these two states of matter, notably with respect to the interactions between particles. Indeed,
in a gas the main interactions are binary collisions, which means a single particle can interact
with only one other particle at a time. In a plasma, even though collisions still occur, long range
electric and magnetic forces impose a collective behavior, which means a single charged particle
is constantly interacting with all the other charged particles that form the plasma. At the same
time, the local non-neutrality of the plasma generates self-induced electromagnetic forces that
also influence how the particles evolve. Furthermore, electrons and ions possess opposite charges
and vastly different masses, which means that they behave differently in many circumstances,
with various types of plasma-specific waves and instabilities emerging as a result. These different
physical realities make plasmas very complicated objects to study and understand.

The use of plasmas in everyday life has now become frequent. We can quote neon tubes or plasma
screens. There are also a certain number of industrial applications: amplifiers in telecommunication
satellites, plasma etching in microelectronics, and X-ray production. Even though it is almost
absent in its natural state on Earth it’s important to highlight that plasma constitutes 99 of the
mass of the universe. Notably stars are made of plasmas and the energy they give off comes
from the process of fusion of light nuclei like protons. This process of nuclear fusion releases
huge amounts of energy: for the same mass, the fusion of light atoms releases an energy nearly
four million times greater than that of a chemical reaction such as the combustion of coal, oil or
gas, and four times greater than that of nuclear fission reactions which are currently powering
commercial nuclear power plants. Thus, harnessing the energy from this transformation has now
arguably become one of the most important potential applications of plasma physics, and various
research projects around the world have been launched in order to master nuclear fusion.

The most important (in terms of scale and funding) of these projects is the ITER (originally
International Thermonuclear Experimental Reactor) program, an international collaboration that
aims to demonstrate the feasibility of electricity production via controlled nuclear fusion [74]. To
achieve this, ITER is currently building the largest tokamak in the world in Cadarache in the
south of France. A tokamak is a large toroidal chamber where the nuclear reactions inside the
plasma using deuterium-tritium fuel will take place. This fuel has been chosen because the most
accessible fusion reaction consists of fusing nuclei of deuterium and tritium (isotopes of hydrogen)
to obtain a helium atom and a very energetic neutron which will be used to produce the heat
necessary to make electricity.
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Figure 1.1 — Deuterium-tritium nuclear reaction [49].

In order for this reaction to take place, the plasma needs to be heated to extreme temperatures,
approximately 10% degrees Celsius or ten times the temperature at the core of the sun. At
the same time the nuclear reaction doesn’t require a huge amount of material to be initiated,
illustrated by the fact that the density inside the tokamak will be of the order of 10?0 particles
per cubic meter or around 10° less dense than air. Heating the material inside the plasma to such
temperatures requires enormous amounts of energy, and thus far no tokamak has ever managed
to generate a positive net energy output. Until now, the best energy input-energy output ratio
has been obtained by the Joint European Torus (JET) which achieved a ratio @ = 0.67. The
first main objective of the ITER tokamak is to achieve "plasma energy breakeven" (Q = 1) and
scientists hope that the @ ratio for ITER will eventually exceed 10. Furthermore, the extreme
temperatures inside the tokamak, a machine only a dozen meters in diameter, means that the
temperature gradient inside the torus will be enormous and that the particles forming the plasma
will rapidly escape if unconfined. To remedy this, important magnetic fields are generated by
coils around the chamber in order to create a helicoidal field that confines the plasma [73].

inner poloidal
ot kg i coil current outer poloidal
) magnetic field coils

toroidal
magnetic field coils

Figure 1.2 — Helicoidal field confining a plasma in a tokamak [51].
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Hence, it is important to consider models that take into account both the inherent collective
dynamics of the plasma as well as these external magnetic forces that heavily influence the
evolution of the system.

1.1.2 The Maxwell-Boltzmann distribution function

In this thesis, we are going to be looking at models often used to describe the evolution of a plasma:
kinetic models. These models describe matter at what is called a "mesoscopic scale" between
the microscopic and macroscopic scales. This is relevant for plasmas where the microscopic
description of the system, particle by particle, is too complex to be used in practice (due in part
to the collective dynamics mentioned above) and where macroscopic models like fluid models are
too coarse to capture the essential mechanisms and obtain a realistic description of the plasma.

Historically, the mathematical basis for kinetic models was introduced by Maxwell in [92, 93] to
describe the behavior of an ideal gas. In these works, he introduced a function describing the
distribution of particle speeds of the molecules in the gas. Boltzmann later conducted a more
theoretical study [17] in order to derive this distribution function from physical considerations,
laying the foundations for statistical physics in the process. This Maxwell-Boltzmann distribution
function f quantifies the number of particles moving with a velocity between v and v + dv.

floy=p (Q;ZT)E exp (—W) (1.1.1)

with p the total number of particles, m the mass of a single particle, & the Boltzmann constant,
T the absolute temperature and u the macroscopic or collective velocity.

When a plasma is at thermodynamic equilibrium, its distribution function is given by the Maxwell—
Boltzmann distribution function. In this context, fluid models are relevant to describe the system.
However, when the plasma is far from thermodynamic equilibrium, a kinetic description of the
system is necessary and the plasma is fully characterized by the Vlasov-Maxwell system.

1.2 Kinetic formalism and the Vlasov equation

1.2.1 A hierarchy of kinetic models

In a kinetic model for plasmas, each species of particle in the plasma is characterized by a positive
distribution function f,(¢,z,v). This function f, quantifies the probability at time ¢ that a
particle will be at position = with velocity v. To put it another way, the quantity f, (¢, x,v)dzdv
corresponds to the number of particles at time ¢ that are in box of volume dxdv centered around

(x,v).

Now we present a hierarchy of kinetic models increasing in complexity. In the rest of this
subsection, we will denote by P the set of different species of particles inside the plasma, g,
the charge of the particles of species o, m, the mass of of particles of species «, €y the vacuum
permittivity, po the magnetic permeability and ¢ the speed of light.

Free transport If we consider free particles that aren’t subject to any kind of internal or external

4



1.2. Kinetic formalism and the Vlasov equation

force, then this system is characterized by the free transport equation
Orfa+v-Vafoa=0. (1.2.1)
Solving this sort of transport equation is straightforward and solutions are given by the expression
falt,z,v) = fi(z — tv,v) (1.2.2)
where fi" is the initial distribution function for the species of particle a.

Linear Vlasov When we consider an added external electromagnetic field (Feyt, Best), than the
particles in the plasma are subject to an electromagnetic or Lorentz force

Fert(t,2,0) = qo(Fezt(t, ) + v A Begt(t, )) (1.2.3)

and the system is described by the linear Vlasov equation given by

Fem
Ofot v Vafot 25V, fo = 0. (1.2.4)

[

We can explicitly write the solution to this equation
fa(t,z,v) = fIM9(X(0;t,2,0),V(0;t,2,v)) (1.2.5)

[e3

where (X, V) is the solution to the following Cauchy problem

d
—X(s5t,z,v) = V(s;t,x,0),

o . (1.2.6)
£V(s;t,x,v) = m—iFemt(s,X(s;t,:v,v%V(s;t,x,v)),
with
(X(t;t,z,v), V(t;t,x,v)) = (x,v). (1.2.7)

This equation and its solution are more complex than for (1.2.1), because even though (1.2.4) is
a linear partial differential equation (PDE) and E.,; and B, are given external fields that don’t
depend on the system, one needs to solve a nonlinear ordinary differential equation (ODE) to
solve the equation.

Vlasov—Poisson Instead of considering outside forces acting on the system, one can consider
that the particles in the plasma are in self-interaction through the Coulombian force F,, exerted
at time ¢t and position x on a particle of charge ¢,

q r—Y
Fo(t,z) = qa g B / z08(t,y)dy = g E(t, x) (1.2.8)
sep 47T€0 R3 ‘l‘ — y|

where pg(t, z) = fR3 fa(t,z,v)dv is the macroscopic density for the species of particle 5 and E is
the electrostatic field.

The electrostatic field F derives from a potential ®

_ as N 1 _ .
E(m)—ﬁg / vz( )pw,y)czy V.0 (t,2), (1.2.9)

< 4meo |z —y|
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with
qp 1
D(t,z) = / ( )p (t,y)dy. (1.2.10)
Bez; 4’/T60 R3 |(E - y‘ o
Thus, since G3(x) := #\EI is the Green function for —A, @ is the solution to the Poisson equation
Qo
-A,® = —Pa- 1.2.11
> P (1.2.11)
acP

Hence, the system is modeled by the so-called Vlasov—Poisson system for Coulombian interaction

atfaJrvonfaf%Vz(I)'vaa:O, aeP,
“ 1.2.12
— AP = q—apa. ( )
€0
aEP

It is important to highlight that the force F, exerted on the particle of charge ¢, is expressed
using the distribution function for the entire system, including the particle in question. This
approximation is valid because the system or plasma we consider is made up of a large number of
particles and so the effect of a single particle is considered negligible compared to the collective
effect of the whole system.

The Vlasov—Poisson given by (1.2.12) describes the behavior of particles in Coulombian interaction.
In truth, this system was first derived in 1915 by Jeans [75] in the context of stellar dynamics.
Indeed, when one considers a system of identical points of mass m characterized by the distribution
function f, each particle is subject to the gravitational force F, generated by all the other particles,
given by the following expression:

Fy(t,z) = —Fm2/ / Ly:,)f(t,y,v)dvdy. (1.2.13)
R JR [ =y

F, is an attractive force that also derives from a potential ®,. Hence, this system of points is
modeled by the Vlasov—Poisson system for Newtonian interaction

1
f+v-Vof +—V,®-V,f =0,
m (1.2.14)

—A®,(t,x) =4nI'm | f(t,z,v)dv.
R3

Since the systems of PDEs (1.2.12) and (1.2.14) are nonlinear, the well-posedness problem is
much more complicated than for the previous equation. This problem was solved at the beginning
of the nineties using two different methods that lead to two distinct papers [87, 103].

Vlasov—Maxwell In the previous model given by (1.2.12), the speed of the charged particles in
the plasma was considered small enough so that the contribution of the magnetic field to the
electromagnetic Lorentz force (1.2.3) became negligible. Now we consider a plasma where this
assumption is no longer valid, so that we have to take into account the self-induced magnetic force
resulting from the motion of the charged particles. The electromagnetic field (E, B) generated is

6



1.2. Kinetic formalism and the Vlasov equation

given by the Maxwell equations, first introduced (in part) in [94]

. da
d IE = — Pas

B Y

aEP
rot, B = —0;B,
div. B — 0. (1.2.15)
1 .
— gatE —|—I‘Oth = Mo Z oo
acP

where jq(t, %) [ps f(t, 2, v)vdv is the current density for the species of particle .

Hence, the plasma is completely modeled by the Vlasov—Maxwell system of PDEs which couples
the Maxwell equations with the Vlasov equation

8tfa+v-vxfa+i—“(E+mB).vvfa:0, aeP,

«

div,E=Y Z—:pa,

a€EP
Tt E— BB, (1.2.16)
div,B =0,
1 .
_ EatE +rot, B = uo Z daja-

aEP

As explained above, this system of PDEs captures all the properties of the plasma and provides
a complete description of the system. The well-posedness for (1.2.16) is still an open problem.
However, weak solutions to the Vlasov—-Maxwell system were shown to exist in [43] by DiPerna
and Lions.

Vlasov—Landau For this paragraph on collisional kinetic models, to simplify the discussion and
the notations we will only consider a single species of particles. In certain configurations, one
needs to take into account the collisions between particles in the plasma. In practice, this means
adding a collision operator in the r.h.s. of the Vlasov equation. We begin by presenting the
Boltzmann collision operator @, introduced in [17] to model the collisions in a gas, and given by
the following expression:

= B(v — % ! i_ * d *d )
arn= [ [ Bo=v.or s~ 1
f:f(t,x,v),f* :f(t,:z:,v*),f’:f(t,x,v’*),fi :f(t,l’,’t);).

(1.2.17)

v and v, are the velocities of the incoming particles (before collision), v' and v/, are the velocities
of the outgoing particles (after collision) and are given in terms of v and v* by

V' =v—((v—-v.) ww,
L4:W+«U—myww, (12.18)

for some w € S? which parametrizes the set of admissible outgoing velocities under the constraints

v+, =0+, and |v]? + |v.> = [v')* + [v.]?, and B(v — v,,w) is the differential cross-section,
which measures the probability of the collision process (v,v.) — (v/,v}). If we assume that

7



Chapter 1. General Introduction

collisions are the only interactions inside the gas, then the system is modeled by the Boltzmann
equation

Of +v-Vuf = QUf ). (1.2.19)
With regards to the existence of solutions to the Boltzmann equation, using their innovative
theory of renormalized solutions [45] just like for the Vlasov—Maxwell system, DiPerna and Lions
showed existence of weak solutions to (1.2.19) in [44, 47]. More recently, a very complete review
on the results related to collisional kinetic theory was assembled by Villani in [124].

For plasmas, since the interaction between particles is Coulombian, the Boltzmann operator isn’t
necessarily well-defined. To remedy this we use a Boltzmann type operator called the Landau
collision operator Qr, [81, 82| given by

QL(f, f)=Vy- </Rd a(v —v)[fu(Vf) - f(Vf)*}dv*> . (1.2.20)

Here a(z) is a symmetric degenerate nonnegative matrix, proportional to the orthogonal projection

onto z1:

aij(z) = L 0ij — ié : (1.2.21)
2l 4|

Finally, if we take into account both electromagnetic interactions and collisions in the plasma,
the system is described by the Landau equation:

Of+v-Vof + F-V,f =QL(f, f), (1.2.22)

with the electromagnetic field F' determined by the Poisson equation in the electrostatic case or
the Maxwell equations in the electrodynamic setting.

Like for the Vlasov—Maxwell system, for many Vlasov type models with collisions, including the
Landau equation, the well-posedness is still an open problem (see [66, 123] for recent advances).
Progress has also been made when the solutions are assumed to be perturbations of Maxwellians
[22, 65, 120, 119, 129, 130].

1.2.2 Vlasov—Poisson with an external magnetic field

In this thesis, the model that will be at the center of most of our discussions will be the Vlasov—
Poisson system with an external magnetic field or magnetized Vlasov-Poisson system. This model
will be studied in both the full space framework, where the phase space is R x R%, and in the
periodic setting, where the phase space is 7¢ x R? with 7% = [0, 1]pcr = R?/Z% the d-dimensional
torus. Furthermore, to simplify the discussion, in the rest of the thesis, we make the assumption
that the ion distribution in our system is constant. This is a physically sensible assumption given
that ions are much heavier than electrons (the ion-to-electron mass ratio is of order 10%), which
means that at the time-scale of the electron dynamics ions can be considered static. Hence we
will consider the magnetized Vlasov—Poisson system for electrons given by

atf—f—v-vwf—i—%(E—i—v/\B)~V,Uf:0,

— A0 =T Ly,
€0

€o (1.2.23)

plt.z) = | f(t.z,0)do,
R3

E(t,z) = =V, ®(t,x),

8



1.3. Spectral theory for magnetized linear kinetic models

where f = f(t,z,v) is the electron distribution function, ¢ = —1,602 x 10719 C is the negative
charge of the electron, m = 9,109 x 103! kg is the mass of the electron, E is the self-generated
electric field, ® is the electric potential and B is an external magnetic field which we will consider
either constant or bounded throughout the manuscript. g¢;,, corresponds to the positive charge of
the ions in the system and pg is the constant ion macroscopic density. In the full space framework
we can take pg = 0 because (f, ®) = (0,0) is a solution to (1.2.23), whereas in the periodic setting
we need pg to be strictly positive and we take pg = de fRd f(0,z,v)dzdv. This is due to the
nature of the Poisson equation on the torus.

As mentioned above, when a plasma is at thermodynamic equilibrium, the distribution of
particles follows (1.1.1). Hence, it is natural that one uses the Maxwell-Boltzmann distribution
to find a stationary solution to (1.2.23). In chapter 2, we will linearize (1.2.23) by considering
that the solution (f,®) is a perturbation of such a stationary solution (fy, ®p), so we write
(f, ®) = (fo,Po) + (u, ) for € > 0. To the first order in €, (u, ¢) is the solution to the following
linearized Vlasov—Poisson system with magnetic field:

8tu—|—v~V$u+%(F~vao+v/\B-Vvu):0,

Ao =L [ ut,z,v)dv, (1.2.24)
€0 JRr3

F(t,x) = =V, O(t, ),
with F' the perturbation of the electric field.

For the rest of this chapter, we will normalize all the physical constants except the charge ¢ to
1. With regards to the charge ¢ we normalize ¢ to —1 in the subsection on the linear system
(section 1.3) and ¢ to 1 in the subsection on the nonlinear system (section 1.4). This is just for
cosmetic purposes because the normalization of ¢ doesn’t influence the results in the following
chapters, meaning we could have normalized g to any constant.

As explained above, fusion plasmas are systems that are subject to an external magnetic field
whose role is to confine the plasma despite the enormous thermal agitation and gradient of
temperature inside the tokamak. Motivated by this important physical and industrial application,
this thesis aims to investigate how the kinetic models that describe the system are modified in
the presence of an added external magnetic field. We summarize the contributions of this thesis
in the next two sections.

1.3 Spectral theory for magnetized linear kinetic models

The first question that arose was one regarding the linear magnetized Vlasov—Poisson system
(1.2.24). In a seminal paper [80] published in 1946 where he studied the linearized Vlasov—Poisson
system, Lev Landau showed that longitudinal space charge waves in plasma are damped (decrease
exponentially as a function of time), predicting what is now known as Landau damping. This
phenomenon was confirmed experimentally by Malmberg and Wharton in 1964 [90]. In another
seminal paper [14] published in 1958, Ira Bernstein proved that when a plasma is subject to a
constant external magnetic field, certain electrostatic waves (now known as Bernstein modes)
perpendicular to the magnetic field are undamped. A crucial point is that these waves exist
independently of the strength of the magnetic field, which means there is a discontinuity between
Landau’s theory on unmagnetized electrostatic plasmas and Bernstein’s theory on magnetized
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plasmas, known as the Bernstein-Landau paradox.

In chapter 2, we investigate this phenomenon by studying (1.2.24) in a periodic 1d-2v configuration,
meaning that the distribution function u depends on one coordinate x in position and two
coordinates v = (v1,v2) in velocity with (z,v) € T x R2. We reformulate system (1.2.24) using
the Maxwell-Ampére equation (written with the unknowns of (1.2.24))

O F = /uvdv. (1.3.1)

With this reformulation, we succeed in interpreting the Bernstein-Landau paradox in terms of
the spectrum of a self-adjoint operator associated to the Vlasov—Ampére system. Furthermore,
we build semi-Lagrangian schemes to show how the eigenfunctions constructed in our analysis
can be considered as new test functions for these magnetized kinetic models.

In this subsection we summarize these results on our new interpretation of the Bernstein—Landau
paradox. Here when we refer to magnetized Vlasov type systems, we are referring to the linearized
systems, because in the next subsection we study the nonlinear Vlasov—Poisson system. First we
explain why the symmetric operator associated to the magnetized Vlasov—Poisson system isn’t
self-adjoint, which is why we study the magnetized Vlasov—Ampére system instead. Then we
detail the spectral decomposition of the magnetized Vlasov—Ampére operator. As said above, this
allows us to give a spectral interpretation of the Bernstein—-Landau paradox. Finally we explicate
the semi-Lagrangian schemes used to test these eigenfunctions.

1.3.1 From the magnetized Vlasov—Poisson system to the magnetized
Vlasov—Ampére system

The main objective of the work in chapter 2 is to try to understand the Bernstein-Landau paradox.
Our approach consists in studying the magnetized Vlasov—Poisson system in the framework of
spectral theory. Such an approach is justified by the fact that there exists a wide literature devoted
to the spectral properties of the linear (unmagnetized) Vlasov—Poisson system [7, 23, 34, 36, 37, 38].
As said above, we will be working in a 1d-2v configuration which means the position coordinate
for the distribution function f is given by the real variable x € T and the velocity v variable is
two-dimensional v = (v1, v3). Hence, we consider the distribution function f := f(¢,x,v) which is
solution the 1d-2v nonlinear Vlasov—Poisson system with constant magnetic field By = (0,0, w,)

atf + Ulaxf - Ea’ulf + we (_UQavl + ’Ulavz) f = 07
(1.3.2)
0. E(t,x) =27 — fdv.
R2

We linearize (1.3.2) around the stationary solution (fo, Eo) with fo(v) := exp(%) (with v? =

v? +v3) a Maxwellian equilibrium and Ep = 0 a null reference electric field. This corresponds to
writing the following expansion:

ft,z,0) = fo(v) +ev/ folv)ult,z,v) + O(e?), (1.3.3)

and
E(t,z) = By +eF(t,x) + O(g?). (1.3.4)

10
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Then we only keep the terms linear in € to obtain the (linear) magnetized Vlasov—Poisson system
Ou 4 v10,u + Fui/ fo + we (—v20,, +v10,,) u =0,

0 F = — /R uy/ fodv, (1.3.5)

| r-o
[0,27]

where the unknowns are u and F' the perturbations of the distribution function and the electric

field. The condition
/ F=0 (1.3.6)

/[0 . /}R2 uy/ fodzdv = 0. (1.3.7)

Hence, we naturally define the Hilbert space LZ(7T x R?) (endowed with the canonical L? scalar
product (-,-),,) defined by

implies

LA(T x R?) := {u € L*(T x R?) with

/ ur/ fodxdy = O} . (1.3.8)
Rz

[0,27]

Note that the unknowns u, F' are assumed to be periodic in . Now we rewrite system (1.3.5) in
the framework of spectral theory highlighting the magnetized Vlasov—Poisson operator H

10w = Hu (1.3.9)
and H given by
H= Hou - i’l)l vV foF with 8xF = 7/ uy/ fod'U. (1310)
]RZ

Hj is the only self-adjoint extension (this is proved in chapter 2) of hg the free transport operator
associated to the Vlasov equation without coupling with the electric field

ho :i(—vlaz—l—wc(vz &,1 — U1 8U2)) (1311)
and defined for smooth functions.

Unfortunately the operator H defined on D[H]| = D[H,] isn’t self-adjoint, which means studying
the magnetized Vlasov—Poisson system isn’t the right setting to use spectral theory. To remedy
this, we replace the Poisson equation with the Ampére equation given by

O F = I*/ v/ foudv, (1.3.12)
]RZ

where I* is the space operator such that I*g = g — [¢g] and the mean value in space of a function
g is denoted by [g]. We need to modify the Ampére equation (1.3.1) by adding this operator
I* to guarantee the equivalence between the Vlasov—Poisson and Vlasov—Ampére systems (with
some added assumptions on the initial condition). Now we can write the Vlasov—Ampére system,

Opu + v10,u + Foiv/ fo + we (—v20y, + 010y, ) u = 0,

1.3.13
o F =1T1" v1 v/ foudv. ( )
R2

11
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Just like for the magnetized Vlasov—Poisson system, we rewrite this system in the framework of
spectral theory, with a Hilbert space H (endowed with the canonical L? scalar product (-,-),,)
defined by

H = L*((0,27) x R?) @ L3(0, 2), (1.3.14)

with
27

L3(0,27) = {F € L*(0,27) : F(z)dr = 0} ) (1.3.15)

0

i0, (;) -H (;ﬁ) , (1.3.16)

where H is the magnetized Vlasov—Ampére operator given by

Now we can write

2
H = th, e (1.3.17)
iI* [ vieTa - dv 0
and defined on
D[H] := D[Hy] © L3(0,27). (1.3.18)

We prove that Hj is self-adjoint because it is unitarily equivalent to a multiplication operator.
Then we write

_|Hop O
H= [0 O] +V, (1.3.19)
and we can show V is a symmetric operator that sends H into . This implies that H is
self-adjoint thanks to the Kato—Rellich theorem [76, Chapter 5, Theorem 4.3|.

Finally, we emphasize that this approach is optimal because the L? regularity on the solution (u, F')
is the minimum requirement to properly pose the problem. This L? framework is further justified
by the fact that the L? regularity is propagated in time, because the magnetized Vlasov—Ampére
system is endowed with the following energy relation:

2 F2
4 / u—dwdv—i—/ ~dz | =o0. (1.3.20)
dt \ Jjo,2n) x> 2 0,27 2

1.3.2 Interpretation of the Bernstein—Landau paradox with the spec-
trum of the magnetized Vlasov—-Ampére operator

We have shown that working with the Vlasov—Ampére system (1.3.13) is the right framework
because we can find a self-adjoint operator H associated to this system. Now we study the
spectrum and eigenfunctions of H. We begin by presenting the orthogonal decomposition of the
Hilbert space H into subspaces HPP, H H*¢ defined according to the spectrum of H (a classical
result found in [107, 128]),

H = HPP & H @ H*. (1.3.21)

where HPP (resp. H, H*¢) corresponds to the pure point (resp. absolutely continuous, resp. sin-
gular continuous) part of the spectrum. The pure point subspace is spanned by the eigenfunctions
of H

HPP = {p e H :H= \p for some \ € R}. (1.3.22)

12



1.3. Spectral theory for magnetized linear kinetic models

We refer to [107] for precise definitions of H*¢ and H*¢ because we won’t be manipulating these
subspaces.

In our study, we are interested in how the spectrum evolves with the cyclotron frequency w.. For
we = 0, it was proved in [36, 37] that the spectrum of the Vlasov—Ampére operator H is made up
of an absolutely continuous part and a kernel. Landau damping is a direct consequence of this
result because for a self-adjoint operator V' we have that exp(—itV) Py goes weakly to 0 (with P
the projection on the subspace H%). For w. # 0, we are going to compute the eigenvalues and
eigenfunctions of H. One of the main results of chapter 2 is that when w. # 0 the operator H
only has pure point spectrum.

Theorem 1.3.1 (Charles, Després, Rege and Weder, [26]). We assume that w. > 0. Then the
Viasov—-Ampeére operator H: D[H] — H given by (1.3.17) satisfies

H = HPP. (1.3.23)

One way to prove this result is simply by explicitly computing the eigenvalues and eigenfunctions
of H, which in practice means finding the solutions to the system

o2
Hyu —tvi e 2 F = ),
o2 (1.3.24)
iI*/ vie 4 udv=AF,
]RQ

with A € R and (;,) € D[H]. To perform these computations we rely on three natural

decompositions of HPP. The first one is based on Fourier decomposition in the position variable
x (because the unknowns u, F' are periodic in z), while the second one relies on the classical
relation involving the kernel of H and its orthogonal # = Ker[H] @ Ker[H]t. The third one
is based on distinguishing the eigenfunctions with vanishing electric field F'. In the following
table we enumerate the different eigenfunctions of H and distinguish them using these three
decompositions.

| Eigenfunctions |  Ker | Electric field F' | Fourier mode n | A \ Ref.
v Ker[H] £0 nez 0 (2.5.18)
M) Ker[H] = nez 0 (2.5.18), (2.4.2)
Vi Ker[H]T =0 n=0 mw. with m #0 | (2.5.26),(2.4.2)
W, m,j Ker[H] T =0 n € Z* mw, with m # 0 (2.5.37)
Y.m Ker[H] - #0 n ez Anm With m # 0 | (2.5.54), (2.5.51)

In chapter 2, we prove that the eigenfunctions enumerated above form a complete set of #.

Theorem 1.3.2 (Charles, Després, Rege and Weder, [26]). Let H be the magnetized Viasov—
Ampére operator defined in (1.3.17) and (1.3.18). Then, the eigenfunctions of H are a complete
set in H.

Theorem 1.3.1 is a corollary of this result and thanks to our computations we can also enumerate
the different eigenvalues of H with their multiplicities.

Theorem 1.3.3 (Charles, Després, Rege and Weder, [26]). Let H be the magnetized Viasov—
Ampere operator defined in (1.3.17) and (1.3.18). Then H is self-adjoint and it has pure point
spectrum. The eigenvalues of H are given by:

13
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1. The infinite multiplicity eigenvalues )\52) =MW, M € Z.

2. The simple eigenvalues Ay m,n,m € Z*, given by the roots to equation (2.5.51).

Thanks to this result, for any initial data (u, F)) we can express the solution of (1.3.13) as a
sum of terms (ux, F\) = exp(—itA) ((u, F), (vx, Gr))4 (va, Gx) where (vy,Gy) is a normalized
eigenfunction of H associated to the eigenvalue A. This means that for non trivial initial data, the
solution to the magnetized Vlasov—Ampére system is the sum of an oscillatory function (A # 0)
and of a constant function (A = 0). Hence, for w, > 0 Landau damping does not occur.

To conclude this subsection, we give an interpretation of the Bernstein—Landau paradox using
the results detailed above. This interpretation actually shows that there is no paradox, because it
can be explained by a classical property of spectral theory, namely that for a self-adjoint operator
depending on a parameter, the domain of the operator can change sharply at certain values of
the parameter.

Interpretation of the Bernstein—Landau paradox: In the limit when the magnetic field
goes to zero the spectrum of the magnetized Vlasov—Ampére operator changes drastically from
pure point to absolutely continuous, due to a sharp change on its domain.

1.3.3 Numerical tests using semi-Lagrangian schemes

In chapter 2, we use a numerical method to approximate the solutions of the magnetized Vlasov—
Ampére system, with the aim to test the eigenfunctions given above. As we have already said,
we rely on a semi-Lagrangian method with splitting (and we use cubic spline interpolation).
Semi-Lagrangian schemes were first introduced by Cheng and Knorr in 1976 [30] to approximate
solutions to the 1d-1v Vlasov—Poisson system. Since these schemes require a grid for the phase
space, they are quite slow and inefficient in large dimensions. For plasma simulations in large
dimensions (2d-2v and above) Particle-in-Cell (PIC) methods [32] are used far more extensively.
Here, since we are working in a 1d-2v setting (our phase space is of dimension 3), semi-Lagrangian
schemes are appropriate tools to approximate the solutions of (1.3.13). The originality of semi-
Lagrangian schemes, compared to other numerical methods, is that they use the characteristics
of the approximated system to compute the solution at each time step. In this subsection, we are
going to present the backward semi-Lagrangian method, showing how this method exploits the
characteristics of the system. Then we will detail the different steps of the numerical method
from chapter 2 used to approximate the magnetized Vlasov—Ampeére system.

We consider a 1d transport equation 9; f +b-9, f = 0 with b : R? — R, then we set X := X (s;t;x)
for the characteristic (X is the characteristic equal to € R at time ¢ > 0). We call z; the
points of the regular grid in position with h the position step and we call ¢,, the points of the
discretization in time with At the time step. The classical semi-Lagrangian scheme is called
"backward" because we compute the approximation f™*! of the solution f at time ¢, using
the approximation f™ at the previous time ¢,,. Now we detail the three steps that make up this
semi-Lagrangian scheme:

1. For every point z; of the grid in position, we compute the value at time t,, of the characteristic
X (tn;tnt1, ;) equal to z; at time ¢,41.

2. Thanks to the fact that f is the solution to a transport equation, we have the following

14
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relation:
f(t,.]?) = f(S’X(S;tax))

for all z € R? and ¢, s > 0. In the discretized setting, this means we can express f™*! using
f™ and the characteristic calculated at the previous step because for each x; we have

N @) = (X (tns g, 72)- (1.3.25)

Hence we obtain the desired approximation at the next time f"*1(x;) by computing
X (s tagr, 1))

3. However, since X (tp; tnt1, ;) isn’t necessarily a point z; of the grid, we compute f™(X (t,; tnt1,24))
with the values f™(x;) using cubic spline interpolation, which is a very common interpolation
technique for semi-Lagrangian schemes. In practise, this consists in finding the interpolation
function fg of the solution f by using the approximation f™. Since this is a cubic spline
interpolation function, we can decompose fg on the basis of the cubic B-splines:

fa@)=> alS*(x - ;) (1.3.26)
J
with S3 given by
3
) (2—%) if h < |z| < 2h,
3 _ 3
SW=5 ) a6’ +3(%) o<l <n, (1.3.27)
otherwise.

The coefficients o are determined by evaluating fg at the points of the grid, for all z; we
have

fs(zi) = £ (). (1.3.28)

Thanks to the expression of S3 (the support of S3 is of length 4h) and (1.3.28), we can
compute the coefficients o by solving a linear system.

Finally, the approximation of f at time ¢,,4; is given by
@) = FE(X (tni g1, 20) = Y oS (X (tnitnyr, 71) — ) (1.3.29)
J
with the o? calculated with the values f™(z;).
To finish this paragraph we give a figure representing the different steps of the backward semi-

Lagrangian scheme in the case of the free transport equation (1.2.1).
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t
!.n+l
L L 4
T
J—k—a
tn
o o >
x; — vAt z; T

Figure 1.3 — Representation of the semi-Lagrangian approach [41].

As mentioned above, to approximate the magnetized Vlasov—Ampére system, we combine the semi-
Lagrangian method with a splitting procedure. Such a procedure corresponds to approximating
the solution of 9; f + (A + B)f = 0 by solving 0, f + Af = 0 and 9, f + Bf = 0 one after the other.

Hence, we split the magnetized Vlasov—Ampére system so as to only solve transport equations
with constant advection terms.

u U
at( F>+(A+B+C+D)<F>: ,
with A, B,C, D given in (2.8.5).

Combining this splitting procedure with the backward semi-Lagrangian method, we construct the
following scheme to solve the magnetized Vlasov—Ampére system.

1. Initialization:

Uing

The initial distribution function and electric field U,,; = ( o ) are given functions.
m

2. Going from t, to t,41:

Assume we know U", the approximation of U = <g> at time t,.

e We compute U* by solving 9;U + AU = 0 with a semi-Lagrangian scheme during one
time step At with initial condition U".

e We compute U by solving 8,U + BU = 0 with a Runge-Kutta 2 scheme during one
time step At with initial condition U*. Here we don’t use a semi-Lagrangian scheme
because BU is just a source term.

e We compute U** by solving 9;U + CU = 0 with a semi-Lagrangian scheme during one
time step At with initial condition U.

e We compute U"*! by solving 9; U + DU = 0 with a semi-Lagrangian scheme during
one time step At with initial condition U**.
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The numerical results for this scheme can be found in chapter 2, notably by consulting fig. 2.2
and fig. 2.3.

1.4 Mathematical properties of the magnetized Vlasov—Poisson
system

The second question that was addressed in this thesis concerns certain mathematical properties for
the (nonlinear) magnetized Vlasov—Poisson system (1.2.23). The existence of classical solutions
to the (unmagnetized) Vlasov—Poisson system for general initial data (1.2.12) was proved at the
beginning of the nineties in two separate papers. The first work by Pfaffelmoser [103] relied on a
careful analysis of the characteristics of the system (that we will define later on). This enabled
him to obtain a uniform (in z,v) estimate on the support in velocity of the solution f on a local
interval of existence (which exists thanks to the results in [79]), which is sufficient to obtain global
existence. This method was simplified in a subsequent paper by Schéffer [114] where the estimate
on the support in velocity of f was also improved. The second work by Lions and Perthame [87]
is based on the propagation of velocity moments of the distribution function defined for £ > 0 by

Mi(t) = /R /R ol £(t, 2, v)dvda. (1.4.1)

In [87], this propagation property is obtained by controlling a certain norm of the electric field
in order to get a Gronwall inequality on the velocity moment. This approach also guarantees
propagation of the regularity of the initial data, proving the existence of classical solutions for
Vlasov—Poisson. An interesting point is that even though these two approaches differ greatly, in
both of these methods a fundamental assumption is to limit the influence of high velocities on
the dynamics of the system. Finally in [99], Pallard combined the two approaches to prove an
optimal version of the main result from [87].

With regards to uniqueness, Robert [48] first proved uniqueness for compactly supported weak
solutions. Then Loeper [88] managed to extend this result by proving uniqueness for solutions
with bounded macroscopic density, using techniques from optimal transportation. Finally, in
a recent paper [95], Miot generalized Loeper’s uniqueness condition, and in the process proved
that for certain initial data with unbounded macroscopic density, the Vlasov—Poisson system is
well-posed.

In chapter 4 and chapter 5, we study propagation of velocity moments, propagation of regularity
and uniqueness for the magnetized Vlasov—Poisson system. We highlight how in the case of a
constant magnetic field B = (0,0, w) (chapter 4), we can combine the method of propagation of
moments from [87] and an induction procedure involving the cyclotron period T, = %” to prove
the propagation of velocity moments for the magnetized Vlasov—Poisson system. For a general
bounded and Lipschitz magnetic field, we combine the results by Pallard [99] and an analogous

induction procedure involving the cyclotron period T, = ﬁ to show propagation of velocity

moments. Finally, we show how the uniqueness conditions found in [88, 95| can be adapted to
our setting.

In this subsection we summarize these results, first by highlighting how, as said above, the proofs
of our main results regarding propagation of moments combine the main methods developed for
the unmagnetized Vlasov—Poisson system [87, 99, 103, 114| with an induction argument that
involves the cyclotron period. Then, we show how the uniqueness conditions found in [88, 95],
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which are conditions on the LP norms of the macroscopic density p, are modified in the magnetized
setting to become conditions involving the velocity moments of the initial data f*".

To finish this introduction, we mention an important point related to the method of propagation
of velocity moments. This method relies on the regularization procedure introduced by Arsenev
in [4] to prove the existence of weak solutions for Vlasov—Poisson. This is due to the fact that in
[87, 99], all the a priori estimates in the proofs are true only for smooth solutions. However, since
these estimates depend only on constants and quantities that are conserved by the regularization
procedure, we can pass to the limit in the approximate or regularized system from [4]. This is
also true for the estimates that we find in chapter 4 and chapter 5, which means we can also use
Arsenev’s approximate system. Since this is an important part in the proofs, in chapter 3 we detail
exactly what we mean by "conserved quantities" and present the approximate Vlasov—Poisson
system from [4].

1.4.1 Propagation of velocity moments with an induction procedure
depending on the cyclotron period

Propagation of moments with a constant magnetic field

In chapter 4, we prove the propagation of velocity moments for the three-dimensional magnetized
Vlasov—Poisson system for electrons (1.2.23) with a constant magnetic field given by B = (0,0,w)
and w > 0 (theorem 1.4.2 written below), which we rewrite here without the electric potential
and with the physical constants normalized to 1:

Of+v-Vaf +( E-I—U/\B) V.f =0,
(t,x) // f(t, y,v)dvdy. (1.4.2)
47T R3 JR3 ‘x—

As said above, we are going to rely on the main result from [87] (given in the following theorem),
where the propagation of velocity moments for weak solutions to Vlasov—Poisson was proved.

Theorem 1.4.1 (Lions and Perthame, [87]). Let fi* >0, f € L' N L=(R3 x R3). We assume
that
/ [w[™ [z, v)dadv < 400 if m < mg (1.4.3)
R3 xR3

where 3 < mq. Then there exists a solution f € C(Ry; LP(R3 x R3)) N L>(Ry; LP(R3 x R3)) (for
all 1 < p < 4+00) of the Vliasov—Poisson system ((1.4.2) with w = 0) satisfying

sup // ft,z,v)dxdv < 400, (1.4.4)
te[0,T] ]R3><]R3

for all T < 400, m < my.

First, following the different steps from [111] where the ideas of [87] were simplified, we are going
to summarize the proof of theorem 1.4.1. Then we will present the main result from chapter 4
which is analogous to theorem 1.4.1 for (1.4.2) and show how these different steps change in the
proof of our result. By doing this, we hope to illustrate why an induction procedure involving the
cyclotron period is necessary in the magnetized case. In the following discussions, the quantity C
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will denote a constant that depends only on conserved quantities and that can change from one
line to the other.

O Step 1: A differential inequality on M; We differentiate the velocity moment of order
k Mj,, and by using the Vlasov equation and integrating by parts, we can write the following

estimate: p
’dth ‘ ‘/ klv/*%v- Efdvda|. (1.4.5)
Thanks to a classical moment inequality, this last estimate yields the following differential
inequality:
d ket
M0 < CIBOl 1 M0 EF. (1.46)

This inequality shows us that, in order to obtain a satisfactory Gronwall inequality on My,
1
we need to control ||E(t)]], 5 with the quantity My(t)%+.

O Step 2: A representation formula for p We go back to the Vlasov equation and write
it like a linear transport equation with the nonlinear term E - V,, f considered as a source
term. This means we can write the solution of the Vlasov equation using this "new" source
term and the characteristics of the free transport equation (1.2.1) which are defined by

d
d—X(s; t,x,v) = V(s;t, x,v),
7 (1.4.7)
£V(s;t,x,v) =0.
We immediately get (X (s;¢,z,v),V(s;t,z,v)) = (z + (s — t)v,v), and so we can write the
distribution function f using this other point of view

t

flt,z,v) = f™(x —tv,v) — | E-Vy,f(s,z+ (s —t)v,v)ds. (1.4.8)
0

The second integral term can be written as div, - - - + div,, ... thanks to the characteristics
and the fact that F is independent of v. After integration in v, this results in the following
representation formula for p:

p(t,z) = /]Rs f(x — tv,v)dv + divm/0 /]R3 (s —)(fE)(s,x + (s — t)v,v)dvds. (1.4.9)

O Step 3: Control of the electric field This is actually the most difficult step. Thanks to
(1.4.9), we can estimate || E(t)]|, , 4 simply because E' = —V,Gz%p. With the help of different
classical functional inequalitieb we show that to estimate ||E(t)[, 3 we need to estimate

the k 4+ 3-norm of %(¢, z) fo Jrs(s —=t)(fE)(s,z + (s — t)v, v)dvds = fo s,t,x)ds. The

analysis of the term o yields an estimate which depends on M, s
C 1
llo(s,t, Mt < llo(s,t, Miys < —Ma(t = s) B (1.4.10)

This is almost the desired estimate, except for the singularity at ¢ = 0. We deal with this
. s . t to t to . o
issue by splitting the integral fo o=J, 0+ ftu o where fo o is a "small time" part that
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we estimate roughly and ftz o a "large time" part that we estimate with (1.4.10). Then we
can optimize the parameter ¢o in order to obtain the following estimate on [|E(t)]|, 5

IE®)ys < C(1+ sup My(s))™ In (1 + sup Mk(s)> . (1.4.11)

0<s<t 0<s<t

O Step 4: A Gronwall inequality for the moments on [0,7] Thanks to (1.4.11), we

get a linear Gronwall inequality for y(t) = 1+ sup My(s) on [0, 7] which concludes the
0<s<t
proof of theorem 1.4.2.

Now we give the main result from chapter 4.

Theorem 1.4.2 (Rege, [110]). Let kg > 3,T > 0, fi" = fi"(z,v) > 0 a.e. with fi" € L' N
L*°(R3? x R3) and assume that

// lw* firdedy < . (1.4.12)
R3 xR3

Then there exists a weak solution
f € C(Ry; LP(R® x R*)) N L™®(R,; LP(R? x R?)) (1.4.13)

(1 <p < +00) to the Cauchy problem for the Viasov—Poisson system with magnetic field (1.4.2)
in R3 x R3 such that

// ¥ f(t, 2z, v)dzdv < C < 400, 0<t<T, (1.4.14)
R3 xR3

Jor all k such that 0 < k < ko, and with C = C(T, k,w, || f™||, |/ > Ein» Mr(f™)) > 0.

As we already mentioned, we use the same steps as in the proof of theorem 1.4.1 and we show
why an added induction procedure depending on 7, is necessary.

[0 Step 1: A differential inequality on M; We differentiate M} in the same way and
obtain the same estimate (1.4.6) because the magnetic part of the Lorentz force vanishes in
the computations (this is physically coherent because My (t) is a macroscopic quantity and
the magnetic force doesn’t work on the system)

thk(t)’ = //k|v\k*2v-(E+vAB)fdvdx : (1.4.15)

=v-E
Hence, just like in the unmagnetized setting, we need to control || E(t)]|,, 5 with the quantity
My (1) 753
[0 Step 2: A representation formula for p We follow the same procedure by considering

the nonlinear term E -V, f as a source term. However now we have to deal with the
characteristics of the following transport equation:

diX(s;t,x,v) =V(s;t,x,v),

j (1.4.16)
d—V(s;t,x,v) =V {(s;t,x,v) A\ B.

s
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1.4. Mathematical properties of the magnetized Vlasov—Poisson system

The characteristics (which we will write X (s), V(s) in the rest of this discussion) are a
bit more complicated than for (1.4.7), but we can still compute them explicitly, and since
0,V =0 and 9, X = Id, we find a decomposition for f given by

t

t
flt,z,0) = f™(x —tv,v) + divx/ fHds + divv/ fGds, (1.4.17)
0 0

with the coordinates of G, H being linear combinations of the coordinates of E. This means
that after integration in v, we have a similar representation formula for p compared to
(1.4.9):

p(t,z) = » ' (x ftv,v)dvqtdivm/o /Ra(fH)(s,X(s),V(s))dvds. (1.4.18)

Step 3: Control of the electric field We proceed to estimate [|E(t)||, 5 using the
same tools, which means we need to estimate (¢, z) := fg Jps (fH) (s, X (5),V(s))dvds =
fot o(s,t,z)ds. The analysis of the term o yields the following estimate

HG’(S,t, ')Hk+3 < C

V2 w?s? 3 o
s<2(1_c%(ws))> Mj(t — s) %3, (1.4.19)

2
%) * compared to (1.4.10) in the unmagnetized case.
This means we now have singularities at multiples of the cyclotron period t = %’r, %r, .
and we notice that the singularity in ¢ = 0 that was present in the unmagnetized case still
remains. We can deal with this singularity in ¢ = 0 like in the unmagnetized case but
unfortunately that’s not the case for the others. Hence the first step is to show propagation

of moments on [0,T,] with T, = % = I (in fact we can take any time < 7).

where we see a new term (

Step 4: A Gronwall inequality for the moments on [0,7,] For t € [0,T,], thanks
to the previous analysis we can show the following estimate

IE@)qs < C(1+ sup Mk(s))ﬁ In <1 + sup Mk(s)> . (1.4.20)

0<s<t 0<s<t

This is the same as (1.4.11) except here the constant C' depends on w. Thanks to (1.4.20),
we get a linear Gronwall inequality for y(t) = 1 + sup M (s) on [0,T,] which proves
0<s<t

propagation of moments on [0, 7T,,].

Step 5: Propagation of moments for all time by induction The main argument here

is that the constants in (1.4.20) depend only on T, k, w which are constants, ||fm H 1 | fi”HDo Ein
(Ein is the initial energy of the system) which are conserved quantities, and My, (™) which

is finite. Since we are looking to prove by induction that My(t) is bounded for all time, the
assumption My (fi") < 4oo is the initialization in our induction. With these observations,

we can follow the previous steps on any time interval [nT,,, (n + 1)T,], and this concludes
the proof of theorem 1.4.2.
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Chapter 1. General Introduction

Propagation of moments with a general bounded magnetic field

We present one of the main results of chapter 5, which extends the main theorem of chapter 4,
where we show propagation of velocity moments for weak solutions to the magnetized Vlasov—
Poisson system (1.4.2) with a general magnetic field. However, we note that in chapter 5 we
succeed in showing this result only in the case of a magnetic field B := B(t) that depends on time
and that is independent of the position x. In chapter 5, we explain why our proof only works for
such a magnetic field and also present a lead to adapt our proof to the case of a more general
magnetic field B := B(t, z) that also depends on z.

We also assume that B verifies
B e Whe(R,). (1.4.21)

This is a natural regularity assumption on B which enables us to have well-posed characteristics
in the case of smooth solutions.

As mentioned above, our method relies on the paper by Pallard [99], where propagation of velocity
moments for weak solutions to Vlasov-Poisson was proved for any velocity moment of order
k > 2, improving theorem 1.4.1 from [87]. An important idea in [99] is to combine the Eulerian
point of view developed in [87], where the authors studied the behavior of velocity moments, and
the Lagrangian point of view developed by Pfaffelmoser in [103] and improved by Schéffer in
[114], where the existence of classical solutions to Vlasov—Poisson was shown by studying the
characteristics of the system. More precisely, in [99] Pallard exploited this second Lagrangian
approach to obtain an a priori bound depending on the characteristics. This approach involves
studying the following quantity defined for any ¢t > 0 and 6 € )0, ¢[:

Q(t,0) := sup {/t(s |E(s, X (5;0,2,v))|ds, (z,v) € R® x ]R?’} . (1.4.22)

Indeed, Q(t,d) quantifies the evolution of the characteristics of the Vlasov—Poisson system given
by

d
%X(Sa t,x, U) = V(57t7 l‘,'U),

g (1.4.23)
%V(& t7 x, U) = E(S7 X(87 ta x, U))v
with
(X(t;t,z,v), V(t;t,z,0)) = (x,v). (1.4.24)

All the following results and inequalities in this subsection will be written for smooth solutions
in both unmagnetized and magnetized frameworks, mainly because the quantity Q(¢,0) isn’t
necessarily well defined for functions in Lebesgue spaces. However the result on propagation
of velocity moments is true for general initial data fi* € L' N L>(R?® x R3) which verifies the
assumptions of theorem 1.4.1 (with 2 < mg) thanks to the approximation procedure mentioned
above. The main contribution in [99] was to show a uniform bound for @, which is given in the
next theorem.

Theorem 1.4.3 (Pallard, [99]). Let fi* € C}(R?xR3) with fi* >0 and let f € C}(Ry xR3xR3)
be the unique classical solution to the Vlasov—Poisson system. Then for any k > 2,T > 0 we have

sup Q(t,t) < C(T? +T%), (1.4.25)
0<t<T
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1.4. Mathematical properties of the magnetized Vlasov—Poisson system

with C that only depends on

o), |77, 177 // o] £m (2, v)dvda. (1.4.26)

The propagation of velocity moments is a direct consequence of (1.4.25) because we can write

' = ; k rin
//RSX]RS £l f(t,x,v)dvdx_/A3XR3 Vt:0.2,0)[* F (o, v)dvd
= //]Rfs R3(|U| +Q(t, 1)* £ (z, v)dvda

B/ A"

As said above, the estimate (1.4.25) on Q(t,t) is obtained by studying the characteristics (1.4.23).
Hence we fix (t,2.,v,) € [0,T] x R3 x R? and set (X, Vi)(s) = (X, Vi)(s;t, 24, vs). For any
0 € [0,t] we can estimate Q(¢,0) by controlling fttﬂs E(s, X.(s))ds independently of (x,,v.).
Thanks to the definition of E we can write

t
o x s [ [ ey [ [ Sniedy, 105
s o) dmla— X o) - x.) pr

In [99], L.(t,d) is estimated by splitting the space of integration [t — &, ] x R? x R? in three parts.
This method is inspired from Schiffer’s paper [114] where such a splitting was used to show the
existence of smooth solutions to the Vlasov—Poisson system. The partition from [114] is modified
in [99] by introducing a small parameter £ > 0 (specified in chapter 5) and the three parts of the
partition are given by

G ={(s,z,v) : min(|o], |v = Vi(s)|) < P},
B={(s,z,v) : |z = Xu(s)| < Ac(s,0)}\G,
U=[t—6,t] x R* x R*\(GUB),
with
P =2'°Q(t,6) and A.(s,v) = L(1 + |v[*T) "' o — Vi(s)|”" with L > 0. (1.4.27)

Using obvious notations, we write I, = IS + IZ + IU. The set G is considered the "good" set
because it’s a part of the integration space where the velocities are bounded. The set B is the
"bad" set because the velocities are large and the distance |z — X, (s)| is small which means the
singularity in the integral is stronger. Finally U is considered the "ugly" set. In [99, 114], I& and
IP are estimated using static estimates, while the time integral is exploited in a crucial way to
obtain a sharp estimate for IU. Similarly, in the magnetized case I¢ and IP are estimated using
the same static estimates as in the unmagnetized case. However the estimate for IV inherently
depends on the characteristics of the system, which adds a difficulty in the magnetized case
because of the modified characteristics.

As said above, in both unmagnetized and magnetized frameworks, we exploit the time integral to

estimate IV, so with the change of variables (y,w) = (X (s;t,z,v),V(s;t,z,v)) = (X(s),V(s))
we can write

f 3 Y, w ]-U S, Y, w dydw ]-U s, X V(S))
/t J = Xa(s) -/ / s X () = X (o) ey
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Chapter 1. General Introduction

This last inequality is true because f is the solution to a transport equation and so is constant
along the characteristics.

Now we give an important lemma from [99].

Lemma 1.4.4 (Pallard, [99]). For any (x,v) € RS we have:

/t Lo(s X(5) V(s) ) o0+ [v*) (1.4.28)
s |X(5) = Xu(s) L

with C = C(EO), || £, 177 )-

A crucial point in the proof of lemma 1.4.4 is that if there exists sy € [t — d,¢] such that
(s1,X(s1),V(s1)) € U then for all s € [t — ¢ ,t] we have the following estimates for the velocity
characteristic (in the unmagnetized case):

271 ol <[V (s)| < 2ol

) (1.4.29)
27 o =] <|V(s) = Vi(s)| < 2]v — ws].

This result is intuitive because V(s1) > P = 219Q(¢,6) which means V(s1) is 2!0 larger than
the variation of V(-) on [t — §,¢], which implies that V(-) doesn’t vary much on [t — §,¢]. Since
V(t) = v, we can estimate |V (s)| taking v as a reference point to obtain (1.4.29).

In the magnetized case, we try to obtain similar estimates using the characteristics now defined
by

d
—X(s;t,z,v) = V(s;t,z,v),

s (1.4.30)
d—V(s;t,x,v) = E(s, X(s;t,z,v)) + V(s;t,z,v) A B(s, X(s;t,2,v)),
s
with
(X(t;t,z,v), V(t;t,z,0)) = (x,v). (1.4.31)

The evolution of the velocity characteristic in this framework is quantified by the following
inequality for s € [t — §,t]:
V()| < (o] + Q(t,0)) exp (5 [| Bl )- (1.4.32)

This estimate is obtained via a classical Gronwall inequality because thanks to (1.4.30) we have
t t
VeI pl+ [ 1BCX @ o)ldr+ [ Vit Bl dn

The inequality (1.4.32) highlights how the evolution of V() is influenced by the strength of the
magnetic field. Indeed, the estimates (1.4.29) are no longer verified in the magnetized case if the
magnetic field is large enough. One way around this is to limit our analysis to an interval [0, T5]
with T (defined more precisely in chapter 5) depending on the cyclotron period T, = m,

exactly like in the constant magnetic case presented previously. Hence, on [0,75] we manage to
adapt the analysis from [99] and we obtain an estimate on Q(¢,t) analogous to (1.4.25).

Proposition 1.4.5 (Rege, [109]). For all T > 0 such that T < T (Tp defined in chapter 5),
we have the following estimate on Q(t,t)

Q(t,t) < C'exp(T || B||,,)3(T% +T%), (1.4.33)
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1.4. Mathematical properties of the magnetized Vlasov—Poisson system

with C that depends on

k,£(0),

7

meOO ,// |v|kfi”(x,v)dvdx.

Like in the constant magnetic field case, we rely on an induction procedure to prove the bounded-
ness of Q(t,t) for all time. First we can write for all n € N

n—1

Q(nTg,nTs) =Y Q((p+ )T, Ts).

p=0
Then for all p we can use the same analysis as previously to estimate Q((p + 1)T,Tg)
1 7
QP+ 1)Ts,Ts) < Cexp(T||B| )3 (T2 + T3) (1.4.34)

but with the constant C' now depending on

T ON I e I A e s
However by an immediate induction we can show that for all p, My (pTg) verifies
My (pT5) < Cylh, 1Bl -£O). | £ |, [ £7]]. - M 0)). (1.4.35)
This induction procedure is illustrated by the following implications
Mi(0) < C = Q(Tp,Tp) < C(M(0)) = Mi(Tp) < C(Q(Tr,Ts)) = C(M(0)) ...

Hence, thanks to this proof by induction, we obtain an estimate on Q(t,t) for 0 < ¢t < T with
T>0
Q(t,t) < C, (1.4.36)

with C that depends on

T,k ||Bl - £(0),

7 5 [ 1l £ o v,

Using an inequality similar to (1.4.32) also obtained thanks to a Gronwall inequality, we prove
that this estimate on Q(¢,t) implies the propagation of velocity moments of order k > 2 for the
magnetized Vlasov—Poisson system.

1.4.2 Uniqueness via conditions on the moments

To finish this section on the results regarding the magnetized Vlasov—Poisson system, we present
some uniqueness conditions for solutions to (1.4.2). Contrary to the previous subsection, these
uniqueness conditions are valid for a general magnetic field B := B(t, z) that depends on time
and position, and that verifies

B € Whe(R, x R?). (1.4.37)

As mentioned above, we mainly rely on two papers by Loeper [88] and Miot [95] in which new
uniqueness conditions for the Vlasov—Poisson system were proved. To illustrate our contributions,
we first present some ideas from these papers. The main result from [88] is given by the following
theorem:
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Chapter 1. General Introduction

Theorem 1.4.6 (Loeper, [88]). Given f™ > 0 with ™ € L' N L>=(R3 x R3), given T > 0, there
exists at most one weak solution to the Viasov—Poisson system such that

p € L*([0,T] x R?). (1.4.38)

This theorem shows that the boundedness of the macroscopic density is a sufficient condition
for uniqueness. The proof is based on the control of a certain distance Q(¢) (not to be confused
with Q(¢,t) from the previous subsection) between two solutions f1, fo (with p1, p2 and Eq, Es
the corresponding macroscopic densities and electric fields) to the Vlasov—Poisson system which

is given by
1 .
Q) := 5/ 7 (x,0) |Y1(t,x,v) — Ya(t, z,v)| dedv, (1.4.39)
R6

with Y; (¢, z,v) = (X;(¢;0,2,v),Vi(t;0,2,v)) and (X;,V;) ¢ = 1,2 the characteristics defined by
(1.4.7). Using optimal transportation techniques and the assumption p1, ps € L>=([0,7] x R?),
Loeper proves in [88] that @ verifies a Gronwall inequality. More precisely, this Gronwall inequality
is obtained thanks to two estimates involving the Wasserstein distances of order 2 between f;
and fo, and between p; and ps2, which we write W (f1, f2) and Wa(p1, p2). We recall that the
Wasserstein distance of order p > 1 corresponds to a distance on the space of Borel probability
measures and its definition is given in [88, Definition 2.1].

The first estimate involves controlling the H~! norm of p; — po using optimal transportation
techniques to obtain the following estimate:

1
o1 = P2l < max(pallo o2 lloc) ¥ Welpr. p2). (1.4.40)

The second estimate on the other hand is a consequence of the main assumption of theorem 1.4.6
p € L>=([0,T] x R3). This condition yields loglipschitz regularity for the electric field

1B, 2) = Ety)| < (lplly + llpllo) 12 =yl (14 |z —yl]). (1.4.41)

Thanks to these two estimates, we obtain the following first order differential inequality on Q:

d 1
—Q)<CQt)[1+4+1In—= 1.4.42
00 < ca (150 ) (14.42)
where C' depends only on ||p;||, ¢ = 1,2. Thanks to this Gronwall type inequality, we have that
if @(0) =0 then Q(¢) =0 on [0, T], which yields uniqueness because Q(t) controls W (f1, f2) [88,
Lemma 3.6].

In [95], using similar techniques, Miot generalized theorem 1.4.6 by showing a new uniqueness
condition for the Vlasov—Poisson system involving the L? norms (p > 1) of p.

Theorem 1.4.7 (Miot, [95]). Let T > 0. There exists at most one weak solution f € L>([0,T], L'N
L>(R3 x R3)) to the Vlasov-Poisson system on [0,T)] such that

t
p sup M < +o0. (1.4.43)

0,7]p>1 P

Using this condition, Miot also proved that for certain initial data with unbounded macroscopic
density the Vlasov—Poisson system is well-posed.
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Theorem 1.4.8 (Miot, [95]). There exists f™ >0 a.e. with fi* € L' N L>(R? x R®) such that
po(z) = Cln_(|z]), Yz €R? (1.4.44)

and which defines a unique weak solution to the Vlasov—Poisson system.

A crucial point in [95], contrary to the method used in [88], is to exploit the second-order
structure of the characteristics of the Vlasovaoisson system. This approach yields a second-order
differential inequality on the distance D(t) = [[ge |X1(t,2,v) — Xa(t, 2, v)| f (2, v)dadv which
in turn implies uniqueness.

When we add an external magnetic field, we show in chapter 4 and chapter 5 that these results
can be adapted to find new uniqueness conditions for solutions to the magnetized Vlasov—Poisson
system. In truth, if we assume that the magnetic field is constant, then the uniqueness conditions
from [88, 95] stay the same (this is proved in chapter 4). However, if one considers a general
magnetic field verifying (1.4.37), then we need additional conditions on certain velocity moments
of the solution (1.4.46) to guarantee uniqueness compared to the unmagnetized case. These
conditions are necessary to control the extra terms in D(t) that appear because of the added
magnetic field.

Theorem 1.4.9 (Rege, [109]). Let T > 0 and B wverify (1.4.37). Furthermore, let f* >0 a.e.
with fi* € L' N L>®(R® x R3) and such that

// " (2, v)dedy < oo, (1.4.45)
]R3><R3

for some m > 6.

If £ also satisfies
vk > 1, // lw[* £ (x, v)dadv < (C’Ok)% (1.4.46)
R3 xRR3

for some constant Cy independent of k, then there exists at most one solution f to (5.1.1). If
such a solution f exists then it will verify the following bound on the LP norms of p:

eI,
p 21

1.4.47
[0,7] p>1 p ( )

1.5 List of publications, preprints and numerical codes

This thesis has resulted in the following publications, preprints and numerical codes:
e [26] F. Charles, B. Després, A. Rege, and R. Weder, The magnetized Viasov—-Ampére system
and the Bernstein—Landau paradox, Journal of Statistical Physics, 183:23, 2021.

e [108] A. Rege, Numerical codes in Python to implement semi-Lagrangian methods for the
linearized Vlasov—Ampére, linearized Vlasov—Poisson and Vlasov—Poisson systems. These
codes were used for the numerical results in [26].
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Chapter 2. The magnetized Vlasov-Ampére system and the Bernstein—Landau
paradox

Summary

This chapter corresponds to a joint work with Frédérique Charles, Bruno Després and Ricardo
Weder and has been published in the Journal of Statistical Physics [26].

We study the Bernstein-Landau paradox in an electrostatic plasma, which consists in that in
the presence of the magnetic field, the electric field and the charge density fluctuation have an
oscillatory behavior in time. We consider this problem from a new point of view. Instead of
analyzing the linear magnetized Vlasov—Poisson system, as is usually done, we study the linear
magnetized Vlasov—Ampére system because we can reformulate this system as a Schrédinger
equation with a self-adjoint magnetized Vlasov—Ampére operator. This self-adjoint operator
has a complete set of orthonormal eigenfunctions. In the limit when the magnetic field goes to
zero the spectrum of the magnetized Vlasov—Ampére operator changes drastically from pure
point to absolutely continuous in the orthogonal complement to its kernel, due to a sharp
change on its domain. This spectral property explains the Bernstein—Landau paradox. Finally, we
present numerical simulations that illustrate the Bernstein-Landau paradox using semi-Lagrangian
schemes.

2.1 Introduction

Collisionless motion of an electrostatic plasma can exhibit wave damping, a phenomenon identified
by Landau in [80] which is now called Landau damping. It consists in the decay for large times
of the electric field. There is a very extensive literature on Landau damping. See for example,
[34, 37, 36, 112, 118, 122], and the references quoted there. For a recent deep mathematical study
of Landau damping in the nonlinear case see [96]. On the contrary, it is known that magnetized
plasmas can prevent Landau damping [14]. In fact, it was shown by Bernstein [14] that in the
presence of a constant magnetic field the electric field does not decay for large times, and that,
actually, it has an oscillatory behavior as a function of time. This phenomenon is called the
Bernstein-Landau paradox, see for example [121], because it seems paradoxical that even an
arbitrarily small, but nonzero, value of the external constant magnetic field can be the cause of
this radical change in the behaviour of the electric field for large times. The standard theory
of the Bernstein—Landau paradox in the physics literature is based on the representation of the
solutions to the magnetized Vlasov—Poisson system of equations in terms of a series of Bernstein
modes. See, for example, [118, section 9.16] and [122, section 4.4.1].

It is the purpose of the present work to revisit the Bernstein—Landau paradox from a new point
of view. Instead of considering the magnetized Vlasov—Poisson system we study the magnetized
Vlasov—Ampére system. We write the magnetized Vlasov—Ampére system as a Schrodinger
equation where the magnetized Vlasov—Ampére operator plays the role of the Hamiltonian. We
construct a realization of the magnetized Vlasov—Ampére operator as a self-adjoint operator in
the Hilbert space, that we call H, that consists of the charge density functions that are square
integrable and of the electric fields that are square integrable and of mean zero. Actually, the
square of the norm of A is the energy. From the physical point of view this permits us to use the
conservation of the energy in a very explicit way. On the mathematical side, this allows us to bring
into the fore the powerful methods of the spectral theory of self-adjoint operators in a Hilbert space.
There is a very extensive literature in spectral theory, see for example [76, 107, 104, 105, 106].
This approach has previously been used in the case without magnetic field to analyze Landau
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damping in [36, 37]. Within this framework the study of the Bernstein—Landau paradox reduces
to the proof that the magnetized Vlasov—Ampére operator only has pure point spectrum, i.e., that
its spectrum consists only of eigenvalues. Then, the fact that the magnetized Vlasov—Ampeére
operator has a complete set of orthonormal eigenfunctions follows from the abstract spectral theory
of self-adjoint operators. We expand the general solutions to the magnetized Vlasov—Ampére
system in the orthonormal basis of eigenfunctions of the magnetized Vlasov—Ampére operator.
The coefficients of this expansion are the product of the scalar product of the initial state with
the corresponding eigenfunction, and of the phase e™**, where t is time and X is the eigenvalue
of the eigenfunction. This representation of the solution shows the oscillatory behavior in time
for A\ # 0, or constant in time for A = 0, that is to say the Bernstein—Landau paradox. Moreover,
our representation of the solution as an expansion in the orthonormal basis of eigenfunctions of
the magnetized Vlasov—Ampére operator converges strongly in H for any initial data in H, that
is to say for any square integrable initial state without any further restriction in regularity and
decay. Note that our result is optimal, since square integrability is the minimum that we can
require, even to pose precisely the problem. A physical state has to have finite energy, i.e., it has
to be square integrable.Note moreover, that we prove that the Bernstein modes are not complete.
In fact, we prove in theorem 2.6.3 that for general initial data with finite energy, and that satisfy
the Gauss law, the charge density fluctuation is a sum of two terms. One of them is oscillatory in
time (see (2.6.16)) and it coincides with the standard series of Bernstein modes given in [13, 14].
The other term, given in (2.6.15), is constant in time, and it is a series of eigenfunctions with
eigenvalue zero, of the magnetized Vlasov-Ampére system, and that satisfy the Gauss law. It
appears that the fact that the Bernstein modes are not enough to expand the general charge
density fluctuation, and that one has also to consider static modes is a new result, that has not
been observed previously in the literature. ~We prove that the spectrum of the magnetized
Vlasov—Ampére operator is pure point in two different ways.

In the first one, we actually compute the eigenvalues and we explicitly construct a orthonormal
basis of eigenfunctions, i.e., a complete set of orthonormal eigenfunctions. This, of course, gives
us much more than just that the expansion of the charge density fluctuation, and is interesting
in its own right, because it can be used for many other purposes. As we mentioned above,
our analysis shows that the Bernstein modes alone are not a complete orthonormal system. In
addition to the eigenfunctions with eigenvalue zero that contribute to the static part of the
charge density fluctuation, to have a complete orthonormal system in the Hilbert space, H of
configurations with finite energy, it is necessary to add other eigenfunctions that are associated with
eigenvalues at all the integer multiples of the cyclotron frequency, including the zero eigenvalue.
These other eigenfunctions have nontrivial density function, but the electric field and the charge
density fluctuation are zero. Recall that the charge density fluctuation is obtained averaging the
density function over the velocities. In consequence, these other eigenfunctions do not appear
in the expansion of the charge density fluctuation. Anyhow, these eigenfunctions are physically
interesting because they show that there are plasma oscillations such that at each point the charge
density fluctuation and the electric field are zero. Some of them are time independent. Note that
since our eigenfunctions are orthonormal, these special plasma oscillations actually exist on their
own, without the excitation of the other modes. It appears to us that this fact, or at least the
exact form of these eigenfunctions, with zero charge density fluctuation and zero electric field,
has not been observed previously in the literature.

In the second one we use an abstract operator theoretical argument based on the celebrated Weyl
theorem on the invariance of the essential spectrum of a self-adjoint operators in Hilbert space.
This argument allows us to prove that the magnetized Vlasov—Ampére operator has pure point
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spectrum. It gives a less detailed information about where the eigenvalues are located, and it
tells us nothing about the eigenfunctions. However, it is enough for the proof of the existence
of the Bernstein—Landau paradox without going through the detailed calculations of the first
approach. It also tells us why the Bernstein—Landau paradox exists from a general principle in
spectral theory.

On the contrary in the case where the magnetic field is zero, it was proven in [36, 37] that the
spectrum of the magnetized Vlasov—Ampére operator is made of an absolutely continuous part
and of a kernel. The Landau damping follows from the well known fact that for a self-adjoint
operator H, the operator e~"*H P goes weakly to zero as t — doc (here Py is the projection on
the absolutely continuous part of the spectrum). It has been remarked in [34] that there are
"interesting analogies with Lax and Phillips scattering theory " [84]. In fact, the results of [36, 37]
prove that it is not just an analogy, but the consequence of a convenient reformulation of Landau
damping in terms of the magnetized Vlasov—Ampeére system. The sharp change in the spectrum of
the magnetized Vlasov—Ampére operator when the magnetic field goes to zero, i.e. from pure point
to absolutely continuous in the orthogonal complement to its kernel, may appear to be paradoxical
because the formal magnetized Vlasov—Ampére operator is formally analytic in the magnetic field.
The issue is that the domain of the self-adjoint realization of the magnetized Vlasov—Ampére
operator changes abruptly when the magnetic field is zero. It is a well known fact in the spectral
theory of families of linear operators that the spectrum can change sharply at values of the
parameter where the domain of the operator sharply changes. For a comprehensive presentation
of these results the reader can consult, for example, [76]. Summing up, this shows that there is no
paradox in the Bernstein—Landau paradox, just a well known fact of spectral theory, but, of course,
in the physics literature the domains of the operators are usually not taken into account. Perhaps
the reason why the absence of Landau damping for arbitrarily small magnetic fields is considered
as paradoxical is related to the fact that the magnetized Vlasov—Poisson system somehow hides
the underlying mathematical physics structure of our problem, in spite of the fact that it is a
convenient tool, particularly for computational purposes. Let us explain what we mean. The full
Maxwell equations consist of the Maxwell-Faraday equation, the Ampére equation, the Gauss
law, and the Gauss law for magnetism, i.e., the divergence of the magnetic field is zero. In our
case the Maxwell-Faraday equation and the Gauss law for magnetism are automatically satisfied.
So, of the Vlasov-Maxwell equations, only the Vlasov equation remains, as well as the Ampére
equation, and the Gauss law. Furthermore, the Gauss law is a constraint that is only necessary
to impose at the initial time, since it is propagated by the magnetized Vlasov—Ampére system.
Further, both the Vlasov and the Ampére equations are evolution equations. So, the natural way
to proceed is to solve the magnetized Vlasov—Ampére system as an evolution problem, and to
restrict the initial data to those who satisfy the Gauss law. The situation with the magnetized
Vlasov—Poisson system is somewhat different because the Ampére equation is not explicitly taken
into account. So, one could think that the magnetized Vlasov—Poisson system is incomplete. The
remedy is that instead of imposing the Gauss law only at the initial time, it is required at all
times. We actually prove in section 2.2 that the magnetized Vlasov—Poisson system is indeed
equivalent to the magnetized Vlasov—Ampére system plus the validity of the Gauss law at the
initial time. However, the magnetized Vlasov—Poisson system is a hybrid one where the Vlasov
equation is an evolution equation and the Poisson equation is an elliptic equation, without time
derivative. This is one way to understand why in the magnetized Vlasov—Poisson system the
basic mathematical physics of our problem is not so apparent. On the contrary, as we mentioned
above, the magnetized Vlasov—Ampére system is an evolution problem, that moreover, as we
already mentioned, and as we explain in section 2.2, has a conserved energy that is explicitly
expressed in terms of the density function and the electric field that appear in the magnetized
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Vlasov—Ampére system. These two facts are the reasons why the magnetized Vlasov—Ampére
system has a self-adjoint formulation in Hilbert space, and then, it is clear that there is no paradox
in the Bernstein—Landau paradox, as we explained above.

Once the self-adjointness of the magnetized Vlasov—Ampére formulation is established, it is
a matter of explicit calculations to determine the eigenfunctions. The technicalities of the
calculations are related to the fact that three different natural decompositions are combined. The
first one is based on Fourier decomposition (factors e™*), the second one is based on a direct sum
of the kernel of the operator and its orthogonal (it will be denoted as H = Ker[H] @ Ker[H]*) and
the third one starts from the determination of the eigenfunctions with a vanishing electric field
(it will be denoted as F' = 0). The combination of these three decompositions is made compatible
with convenient notations.

Passing to the limit w. — 0 in the representation formulae is possible in principle. This requires
a careful analysis. We do not consider this problem in this work except in the very last remark
in appendix B. Nevertheless, in lemma 2.5.3 two consecutive eigenvalues are different by the
constant w, and in lemma 2.5.6 two consecutive eigenvalues are different by a value that is smaller
than 2w.. Therefore, at the limit w, — 0, the discrete spectrum fills the entire real line with
density and so it approaches the spectrum of the limit problem without magnetic field. A recent
mathematical work [13] studied the Vlasov and the Vlasov-Fokker-Planck equations in a box, in
three dimensions in configuration and in velocity space, and with a constant background magnetic
field. They consider the Landau damping, the Bernstein—Landau paradox and the enhanced
collisional relaxation in the limit when the collision frequency goes to zero. Since in this chapter
we study the case when there are no collisions, we will only comment on the results of [13] when
the collision frequency is zero. We denote by T2 the three-dimensional torus, ie., 73 := [0, 27r]ger.
In the collisionless case, [13] considers the following linearized magnetized Vlasov—Poisson system
for (x,v) € T2 x R3, where x = (z,y, 2), and v = (v, v, v3),

WG(t,x,v) +v-VxG(t,x,v) + %}'(t,x) Vo fo(v) + %v x Bo - VyG(t,x,v) =0,

Flt) ==V | W=y nit.y)d'y.

(2.1.1)
/ G(t,x,v)d*xd*v =0,
T3 xR3
g(oa X, V) = gin (Xa V)7
where,
p(t,x) = G(t,x,v)d’v,
]RB
and . )
q ik-x
W ==
= @y, 2 WEC
kezZ3\ {0}
g, m >0, and By = (0,0, By), By > 0. Moreover,
0 |l 1 _;Tvg o)
f (v) = % e bl 27TTH e 4 f(’l)g) , (212)

with T} > 0.
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To state the results of [13] we first introduce some notations. Let us define the Fourier coefficients
of f € L*(T?) as follows,

f(k) = /T e X f(x) d3x, k = (k1, ko, k3) € Z°.

Then,

Denoting < v >:= /1 + |v|2, the HZ, norm of a function f is defined as follows [13],
1fl1Z = / <v > <V ST f(x, V)| dPxdv,
i T3xR3

with V = Vi , the differential operator both in x and v.

In [13] the following theorem is stated.

Theorem 2.1.1 (Bedrossian and Wang, Theorem 1 [13]). Let <v >™ Gi, € H?, for 0 > 0, and
m > 2. Suppose that || f| .0 < 0o, with o’ > o +5/2, and |T) — 1| + 6o sufficient small depending
on uniwersal constants and By. Then, the following holds.

a) The Landau damping for z—dependent modes:

|H6Z|1/2 <V,0.t>° P(t)HL?Li 50,0’% ”ginHHﬁl'
b) If k3 = 0,and we additionally have o > 5/2, then for all k| := (k1,k2,0) and n € N, 3
bnx = bnx(;EBo) € (n,n + 1) and coefficients r+, x depending on Gin such that (with the
convention that r_g x is distinct from rox),

o0

Lba, quot 7.bn,kq50t
t kL, E nke m +r_pke T , (213)

and further, there holds,

1

<ksa<n s 19l

|T:|:n,k| S

where «, B8, are such that y = min(8+ 1,26 — 1), a + 28 — % <o, and B+1<m.

Item a) of Theorem 1 of [13] (theorem 2.1.1 above) is concerned with the Landau damping of the
z—dependent modes (see also [14]), that is to say, of the modes that depend on the coordinate z,
along the direction of the magnetic field By. In this work we do not consider this problem, since
as we work in 1 4+ 2 dimensions our modes only depend on the coordinate x that is orthogonal to
the direction of the magnetic field By.

Item b) of Theorem 1 of [13] (theorem 2.1.1 above) considers the expansion of the Fourier
coefficients, p(t, k1 ,0) of the charge density fluctuation in terms of the Bernstein modes, that is
to say the Bernstein—Landau paradox, in the case of 3 4+ 3 dimensions. This is the problem that
we consider in 1 + 2 dimensions in this work.
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We now proceed to discuss this result. Let us first show that if j(¢,k1,0) in (2.1.3) is time
independent, then it has to be identically zero. Assume then, that p(¢,k,,0) = p(ky,0). Since
all the b, i are different from each other, and different from zero, then one deduces
b; 1 aB
0 = limpoe f) plki,0)eFi 5t dt

. T by, k9Bo . bn,kaBo .b; kaBo
= limp_ o fo (ZZOZO Toxe ™ m t—l—?‘,n’ke i t) eTi—m—tdt (2.1.4)

= Tijke

Hence, r4px = 0 for all n € N, and all k = (k,0). Therefore, item b) of Theorem 1 of [13]
(theorem 2.1.1 above) implies that for the time independent solutions to (2.1.1) the Fourier
coefficient of the charge density, p(k,,0), is identically zero for all k. Recall that p(k) is the
Fourier coefficient of p(x), that is to say,

p(k) = /7’3 p(x) e~ ¥ gx,

Then, inverting the Fourier series,

p(x) = G Z e (k). (2.1.5)

Further, by (2.1.5)

1 4 .
| oz = 3 g 0)
T (k1 ,k2)EZ2

Hence, as for time independent solutions, if (2.1.3) holds, p(k,,0) = 0, we have proven that
for the solutions given in Item b) of Theorem 1 of [13]| (theorem 2.1.1 above), if their are time
independent, necessarily

/ p(xy,x3)dxs = 0. (2.1.6)
o

However, in appendix B we construct an explicit family of time-independent solutions to (2.1.1),
that satisfy the hypotheses of item b) of Theorem 1 of [13] (theorem 2.1.1 above) with p(k,,0)
that is not identically zero, and where (2.1.6) does not hold. This shows that the result of item
b) of Theorem 1 of [13] (theorem 2.1.1 above) is devoted to the behaviour of a special class of
solutions. This is clear by comparison with the physical literature [6, 14, 121] which is based
on the study of a dispersion relation. The dispersion relation is mathematically justified in [13],
in particular with a summability argument of the contributions of all poles of the dispersion
relation. Nevertheless the pole 1/z, that corresponds to time-independent solutions, is discarded
in equation (2.14) in [13], and in this sense, the works [6, 13, 14] focus on a subclass, or special
class, of solutions. In our work, we do not make such hypothesis or restriction and that is why
we recover a stationary solution as in [121, eq. (55)]. Note that in appendix B we write the
model for ions like in [13], for the purpose of making the comparison with the results of [13] more
transparent. In the rest of this chapter we write the model for electrons. Actually, the models for
ions and electrons are the same, up to a change in the sign of the cyclotron frequency and of the
electric field (see remark 2.2.1). This is actually in agreement with our theoretical expansions in
(2.6.14)-(2.6.16) that show that in general the charge density fluctuations have a time-independent
part and a time-dependent part. Further, our result in (2.6.14)-(2.6.16) solves, in the case of one
dimension in space and two dimensions in velocity, the problem posed in Remark 3 of [13] of
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justifying the expansion in the Bernstein modes of the charge density fluctuation, without the
regularity in space and decay in velocity that they assume in Theorem 1 of [13] (theorem 2.1.1
above). Our model is one dimensional in space and two dimensional in velocity. However, there
is no difficulty to write it in three dimensions in space and velocity, because Maxwellian functions
have a natural compatibility with separation of variables techniques. In principle, the extension
of our results to three dimensions in space and velocity is possible with due attention paid to
the anisotropy introduced by the magnetic field. Indeed, it is known [13, 14] that the physics
is different in the orthogonal direction (treated in this work) and in the parallel direction (not
treated in his work). In fact, in [13, 14] it is proved that there is damping in the direction of the
magnetic field, and no damping perpendicular to the magnetic field. We leave this 3-dimensional
study for further research.

The organization of this work is as follows. In section 2.2 we introduce the magnetized Vlasov—
Poisson and the magnetized Vlasov—Ampére systems, and we prove their equivalence. In section 2.3
we give the notations and definitions that we use. In section section 2.4 we consider the case
of a pure magnetized Vlasov equation without coupling. We construct a self-adjoint realization
of the magnetized Vlasov operator, we explicitly compute the eigenvalues and we explicitly
construct an orthonormal system of eigenfunctions that is complete, i.e., it is a basis of the Hilbert
space. In section 2.5 we construct a self-adjoint realization of the magnetized Vlasov—Ampére
operator, we compute the eigenvalues, and we construct an orthonormal systems of eigenfunctions
that is complete, that is to say that is a basis of the Hilbert space. In section 2.6 we obtain a
representation of the general solution to the magnetized Vlasov—Ampére system as an expansion in
our orthonormal basis of eigenfunctions. In particular we prove the convergence of the Bernstein
expansion [13, 14], under optimal conditions on the initial state. In section 2.7 we give an operator
theoretical proof of the existence of the Bernstein—Landau paradox, with an argument based on
the Weyl theorem for the invariance of the essential spectrum. In section 2.8 we illustrate our
results, using semi-Lagrangian schemes to highlight how the eigenfunctions constructed in our
study can be considered as new test functions for this kind of kinetic system. In appendix A we
study the properties of the secular equation. Finally, in appendix B we construct explicit families
of time-independent solutions to the linearized magnetized Vlasov—Poisson system.

2.2 The magnetized Vlasov—Poisson and the magnetized Vlasov—
Ampére systems

We adopt the Klimontovitch approach |77, 62] where the Newton equation of a very large number
of charged particles with velocity v moving in an electromagnetic field is approximated by a
continuous density function f(¢,z,v) > 0. The variable ¢ is time. We assume that the charged
particles undergo a one dimensional motion, and that the real variable z is the position of the
charged particles. Furthermore, we suppose that the velocity, v, of the charged particles is two
dimensional, i.e., v = (v1,v2) € R%. Further, we take the motion of the charged particles along
the first coordinate axis of the velocity of the charged particles. The density function is a solution
of a Vlasov equation,

Orf +v10. f+F -V, f=0. (2.2.1)
We assume, for simplicity, that the motion of the charged particles is a 2w-periodic oscillation,
that is a usual assumption [34]. Hence, we look for solutions to (2.2.1), f(t,z,v), for t € R,z €

[0,27],v = (v1,ve) € R? that are periodic in z, i.e., f(,0,v) = f(t,27,v). The electromagnetic
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Lorentz force,
q

F(t,z) = - (E(t,z) + v x B(t, %)), (2.2.2)
is divergence free with respect to the velocity variable, that is V,,-F = 0. The Maxwell’s equations
are simplified, assuming that the magnetic field B(¢,x) = By is constant in space-time. Following
the convention adopted in [6, 121], we suppose that the two dimensional velocity v is perpendicular
to the constant magnetic field, i.e., Bo = (0,0, By), By > 0. Moreover, we assume that the electric
field is directed along the first coordinate axis, E(t,z) = (E(t,z),0,0). We adopt a convenient
normalization adapted to electrons, that is grer = —1 and myer = 1, where gef is the charge of
the electron, and my.s is the mass of the electron. The electric field satisfies the Gauss law,

0. E(t,x) =21 — fdv, (2.2.3)
RQ

where 27 is the constant density of the heavy ions, that do not move. We take the density of the
ions equal to 27 to simplify some of the calculations below. The term — fR2 f dv is the charge
density of the particles with charge —1.

With these notations and normalizations (2.2.1), and (2.2.3) are written as the following system,

atf + Ulazf - Eavlf + we (71}281)1 + Ulavz) f = 07
(2.2.4)
0. E(t,x) =21 — fdv.
RQ
We denote the cyclotron frequency by w. := By.

Remark 2.2.1. The model written for positive ions instead of (negatively charged) electrons is
similar to ((2.2.4)), with the only modification that the sign in front of the electric field and in
front of w, is changed in both equations.

We retain the potential part of the electric field
E(t,z) = —090(t, x), (2.2.5)

where the potential ¢(¢,x) is a solution to the Poison equation,

—Ap =21 — fdv. (2.2.6)
R2
The electric field and the potential are assumed to be periodic with period 27, i.e. E(t,0) =
E(t,2m), p(t,0) = ¢(t,2m). Note that since the potential ¢(¢, x) is periodic it follows from (2.2.5)
that the mean value of the electric field is zero,

2T

E(t,x)dx = 0. (2.2.7)
0

Two important properties of the magnetized Vlasov—Poisson system (2.2.4), (2.2.5), and (2.2.6)
are that the density function satisfies the maximum principle

inf ini(z,v) < f(t,z,v) < sup ini(Z; V),
(m,v)G[O,ZW]XR2f ( ) f( ) (:E,U)G[O,QW]Xsz ( )

39



Chapter 2. The magnetized Vlasov-Ampére system and the Bernstein—Landau
paradox

where fiy; is the initial value of the solution, f(t,z,v), and that the total energy is constant in

time,
d / v[? B
— —fdxdv—i—/ ——dz | =0. 2.2.8
dt ( (0,27]xR2 2 0,2r] 2 (2.28)

Following [14], a linearization of the equations around a homogeneous Maxwellian equilibrium

—’112
state fo(v), where, fo(v) := ez is performed. Here the Maxwellian distribution is normalized
for Tiet kg = 1, where T, is the reference temperature and kg is Boltzmann’s constant. It
corresponds to the expansion

ft,z,v) = fo(v) +ev/ folv)u(t, z,v) + O(e?), (2.2.9)

and
E(t,r) = By +eF(t,z) + O(e?), (2.2.10)

with a null reference electric field Ey = 0. Inserting (2.2.9) and (2.2.10) into (2.2.4), and keeping
the terms up to linear in €, one gets the linearized magnetized Vlasov—Poisson system written as,

Oiu + v10,u + Fvl\/fT) + we (—090y, +v10y,) u =0,
O F = — dv,
/Rz“\/fo v (2.2.11)

R
[0,27]

where in the third equation we have added the constraint that the mean value of the electric
field F' is zero, as in (2.2.7). Moreover, the electric field F(t,z) = —9,p(t, x) is obtained from a
potential as in (2.2.5), where the potential is periodic, ¢(¢,0) = (¢, 27), and it solves the Poisson

equation,
—Ap = —/ u/ fodv. (2.2.12)
R2

Observe that the second equation in (2.2.11) is the Gauss law,
0. F(t,x) = p(t,x), (2.2.13)

where p(t, z) is the charge density fluctuation of the perturbation of the Maxwellian equilibrium
state,

p(t,x) := _/11%2 u(t, x,v) v/ fo(v)dv. (2.2.14)

The study of the solutions to the magnetized Vlasov—Poisson system is the standard method to
analyze the dynamics of a very large number of charged particles moving in the presence of a
constant external magnetic field. For the case of the Bernstein—-Landau paradox see, for example,
[14], [121], [118, section 9.16], [122, section 4.4.1] and [13]. We now present an alternate method
to study this problem. One of Maxwell’s equations is called the Ampére equation and is given by:

8tF:/ vy u/ fodv, (2.2.15)
R2

where we have taken the dielectric constant g = 1. We consider here the following modified
Ampeére equation

O F = I*/ v1v/ foudv, (2.2.16)
RZ
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where I* is the space operator such that I*g = g — [g] and the mean value in space of a function

g is denoted by [g], that is to say, I*g(z) := g(z) — i fo% 9(y) dy. With this convention the
magnetized Vlasov—Ampére system is written as follows,

Opu + 0101 + Foiy/ fo + we (—v20y, + 010y, ) u = 0,

8tF:I*/ v \/JToudv.
R?

To the magnetized Vlasov—Ampére system (2.2.17), we add conditions for Fi,; := F(0,-) and
Uini = u(0, -, ) the integral constraint,

(2.2.17)

27
/ Fis d = 0, (2.2.18)
0

is satisfied at initial time, and the Gauss law (2.2.13), (2.2.14) is also satisfied at the initial time,

iFini = —/ Uini v/ fodv. (2.2.19)
dx R2

Lemma 2.2.2. The linearized magnetized Vliasov—Poisson system (2.2.11) is equivalent to the
magnetized Vlasov—Ampere system (2.2.17) with initial conditions that satisfies (2.2.18), (2.2.19).

Proof. Let (u, F) be a solution to the magnetized Vlasov—Ampére system (2.2.17) that satisfy
(2.2.18), (2.2.19). It follows from the Ampére equation that

27

2
Oy F(t,x)dm:/ I*/ vV fou=0
0 R2

0
and consequently the integral constraint (2.2.18) is propagated for all times. The Gauss law
(2.2.19) is also propagated to all times by the magnetized Vlasov—Ampére system, as we proceed
to prove. Multiplying the first equation in (2.2.17) by v/fo, integrating in v over R?, using that
fo is an even function of |v| and using integration by parts, we prove the following continuity

equation,
at/ uy/ fodv + az/ viu/ fodv = 0. (2.2.20)
R? R?

Deriving (2.2.16) with respect to 2 we obtain, 0 = 0, (:F — I* [z viuy/fodv) = 0y (O F — [z viuy/fodv),
because 0, = 0, I*. Then, by (2.2.20)

0=0 (axFJr/RQ u\/JTodv>,

from which the Gauss law follows for all times. We have proven that a solution to the magnetized
Vlasov—Ampére system (2.2.17) that satisfies the initial conditions (2.2.18), (2.2.19) solves the
magnetized Vlasov—Poisson system (2.2.11).
Conversely let (u, F) be a solution to the magnetized Vlasov—Poisson system (2.2.11). Then by
the second equation in (2.2.11) and (2.2.20),

0= 0,0,F + 8,5/ u\/fT)dU =0, <8tF —/ vlu\/]Todv> .
R? R?

S0 O F = [z viuy/fodv + C(t), where C(t) is constant in space. Then, O, I*F = I* [5, viuy/fodv.
But F has zero mean value, so I*F = F, and it follows that the Ampére law in (2.2.16) holds.
Hence, the magnetized Vlasov—Poisson system implies the magnetized Vlasov—Ampére system
(2.2.17) and the initial conditions (2.2.18), (2.2.19). O
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From now on we only consider the magnetized Vlasov—Ampeére system (2.2.17) with conditions
(2.2.18), (2.2.19). A fundamental energy relation is easily shown for solutions to the magnetized
Vlasov—Ampére formulation (2.2.17)

d 2 F?
e / u—dxvar/ ~dz | =o0. (2.2.21)
dt \ Jjo,2x]xr> 2 (0,27 2

0,27] X R2 fv “;d:z:dv is identified

with the kinetic energy of the negatively charged particles, and the term f[o o] %dm is the energy

It is the counterpart of the energy identity (2.2.8), so the term f[

of the electric field. This identity is known since [3, 78]. As we show in the next sections, the
identity (2.2.21) is the basis of our formulation of the magnetized Vlasov—Ampére system as a
Schrédinger equation in a Hilbert space, where the magnetized Vlasov—Ampére operator plays
the role of the self-adjoint Hamiltonian.

Once the reformulation of (2.10.31) within the Lax and Philipps abstract scattering theory [84]
has been performed with a convenient self-adjoint operator, linear Landau damping is implied
by the fact that, in the case w. = 0, the spectrum of the operator is made up of an absolutely
continuous part and a kernel [37]. It is clear that the magnetic operator w, (—v20y, + v10,,) is
formerly analytic with respect to w., but it is also a singular perturbation. Explained in terms of
the dynamics of the system (2.10.31), our results will recover the seminal results of [14] and the
recent mathematical works of [13]. But we will take the full benefit of having a rigorous scattering
structure. In particular, in our context the questions asked in Remark 3 in [13], "how to justify
the Bernstein mode expansion", are automatically answered by the spectral decomposition of
self-adjoint operators and by the fact that the transport operator v10,u + w. (—v20y, + v10y,)
with non zero cyclotron frequency has only pure point spectrum. This will be explained in due
place.

2.3 Notations and Definitions

We will write the magnetized Vlasov—Ampére system as a Schrédinger equation with a self-adjoint
Hamiltonian in an appropriate Hilbert space. We find it convenient to borrow some terminology
from quantum mechanics. For this purpose, we first introduce some notations and definitions.
We designate by RT the positive real semi-axis, i.e., R* := [0, +o0[, and by R? the real plane.
The set of all integers is denoted by Z and the set of all nonzero integers by Z*. The positive
natural numbers are designated by N*. By C we designate the complex numbers. We denote
by C a generic constant whose value does not have to be the same when it appears in different
places. By C°°([0,2n]) we designate the set of all infinitely differentiable functions in [0, 27],
and by C§°(R?) we denote the set of all infinitely differentiable functions in R? with compact
support. Let B be a set of vectors in a Hilbert space, H. We denote by Span[B] the closure for
strong convergence in H of all finite linear combinations of elements of B, in other words,

N
Span[B] := closure Zanj ta;€C,X; € BN e N
j=1

Let M be a subset of a Hilbert space H. We define the orthogonal complement of M, in symbol,
ML as follows,
ML ={feH: (f,u)g =0, foralluc M}.
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Let H be a Hilbert space, and let H;,j =1,...,N,2 < N < 0o, be mutually orthogonal closed
subspaces of H, that is to say,

HjCH#“and HmCHjL, j#£m,1<j,m<N.

Note that if H; and H,, are mutually orthogonal, then one has (f,u)my =0, f € H;, v € H,,,. We
say that H is the direct sum of the H;,j =1,...,N,2 < N < oo, mutually orthogonal closed
subspaces of H, and we write,

H= o), H,

if for any f € H, there are f; € H;,j = 1,..., N, such that, f = Zjvzl f;j. Note that the
fi,i=1,...,N are unique for a given f, and that ||f||3 = Zjvzl (FER

Let A be an operator in a Hilbert space H, and let us denote by D[A] the domain of A. We say
that the operator B is an extension of the operator A, in symbol, A C B, if D[A] C D[B], and if
Au = Bu, for all u € D[A]. Suppose that the domain of A is dense in H. We denote by A the
adjoint of A, that is defined as follows,

D[A"] := {v € H: (Au,v)y = (u, f)m, for some f € H, and for allu € D[A]},

and

Aty = f, v € D[AT].
We say that A is symmetric if A C AT, and that A is self-adjoint if A = A, that is to say if
DI[A] = D[A], and Au = Atu, u € D[A] = D[A']. An essentially self-adjoint operator has only
one self-adjoint extension. For any operator A we denote by Ker[A] := {u € D[A] : Au = 0} the
set of all eigenvectors of A with eigenvalue zero. For more information on the theory of operators
in Hilbert space the reader can consult [76] and [107].

We denote by L?(0,2n) the standard Hilbert space of functions that are square integrable in
(0,27). Furthermore, we designate by L3(0,2) the closed subspace of L?(0,27) consisting of all
functions with zero mean value, i.e.,

L%(0,27) := {F € L*(0,27) : /:ﬂ F(z)dx = o} . (2.3.1)

Note that since all the functions in L?(0, 27) are integrable over (0,2) the space L3(0,27) is well
defined. Further, we denote by L?(R?) the standard Hilbert space of all functions that are square
integrable in R2. Let us denote by A the tensor product of L?(0,27) and of L?(R?), namely,

A= L*(0,27) ® L*(R?). (2.3.2)

For the definition and the properties of tensor products of Hilbert spaces the reader can consult
[107, Section 4, Chapter 2]. We often make use of the fact that the tensor product of an
orthonormal basis in L?(0,27) and an orthonormal basis in L?(R?) is an orthonormal basis in A.
As shown in [107, Section 4, Chapter 2], the space A can be identified with the standard Hilbert
space L?((0,27) x R?) of square integrable functions in (0,27) x R? with the scalar product,

(1 g 2myerey = | u(e, v) F@ ) de do,
(0,27) xR2

where x € (0,27) and v = (v1,v2) € R2. Our space of physical states, that we denote by H, is
defined as the direct sum of A and L3(0, 27).

H = A® LE(0,27). (2.3.3)
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We find it convenient to write H as the space of the column vector-valued functions, (;) where

u(z,v) € A and F(x) € L3(0,2). The scalar product in H is given by,

((11«:) ’ (é) ) L (u, ) a+ (F,G)r2(0.20-

Note that by the identity (2.2.21) the H-norm of the solutions to the magnetized Vlasov—Ampére
system is constant in time. This is the underlying reason why we will be able in later sections
to formulate the magnetized Vlasov—Ampére system as a Schrodinger equation in H with a self-
adjoint realization of the magnetized Vlasov—Ampére operator playing the role of the Hamiltonian.
Moreover, the square of the norm of H is the constant energy of the solutions to the magnetized
Vlasov—Ampére system.

Let us denote by H!(0,2n) the standard Sobolev space [2] of all functions in L?(0,2) such that
its derivative in the distribution sense is a function in L2(0,27), with the scalar product,

(F,G)mr0,27) = (F,G)2(0,27) + (02 F, 0:G) L2(0,27)-

We designate by H9(0,2n) the closed subspace of H!(0,27) that consists of all functions in
F € H'(0,27) such that F(0) = F(2r) and that have mean zero. Namely,

27
1,0 ) = 1 ) = ), an z)dr = .
H*"(0,2m) {FGH (0,2m) : F(0) = F(2m), d/O F(z)d 0}

Note [2] that as the functions in H!(0,27) have a continuous extension to [0,27], the space
H0(0,27) is well defined.

We denote by L?(R*, rdr) the standard Hilbert space of functions defined on R with the scalar
product,

(T, m) L2 ®+ rdr) ::/ T(r)n(r) rdr.
0

2.4 The magnetized Vlasov equation without coupling

In this section we consider the case without electric field, i.e. the magnetized Vlasov equation.
The results of this section will be useful in the study of the full magnetized Vlasov—Ampére
system, that we carry over in section 2.5.

The magnetized Vlasov equation can be written as the following Schrédinger equation in A,
10w = i (—v10y + we(v2 Oy, — V1 Oy,)) U (2.4.1)

In the following proposition we obtain a complete orthonormal system of eigenfunctions for the
magnetized Vlasov equation (2.4.1). To this end, we introduce the polar coordinates (r, ) of the
velocity v € R2.

Proposition 2.4.1. Let {;}32, be an orthonormal basis of L*(R™,rdr). Let ¢ € [0,2x[,r > 0,
be polar coordinates in R? vy = 7 cos @, ve = rsinp. For (n,m,j) € Z? x N* we define,

ein(zf%) eimip
Unm,j = —F— Ti(T).
RN \/ﬂ \/ﬂ J()
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Then, the tp m j, (n,m,j) € Z? x N* are an orthonormal basis in A. Furthermore, each Up,m,j 18
an eigenfunction for the magnetized Viasov equation (2.4.1) with eigenvalue /\7(72) = mwe,

i (—010z + we(v2 Oy, — V1 O0uy)) Unm,j = )\7(2) Un,m,js (n,m,j) € Z* x N*. (2.4.3)

Moreover, the eigenvalues qug),m € Z, have infinite multiplicity.

Proof. We first prove that the w, m, j, (n,m, j) € Z* x N* are an orthonormal basis in A. Clearly,
it is an orthonormal system. To prove that it is a basis it is enough to prove that if a function in
A is orthogonal to all the u, p, j, (n,m, j) € 72 x N*, then, it is the zero function. Hence, assume
that u € A satisfies,

(s Unm,j) 4 = 0, (n,m,j) € Z* x N*. (2.4.4)

2T _inx

Denote g,(v) == [, e u(x,v) dz. By the Cauchy-Schwarz inequality, one has |g,(v)]* <

27 fo% |u(x,v)|? do. Further, since u € A, it follows that g, € L?(R?). By (2.4.4), for each fixed
n € Z,

/ gn(v) enie gmime 7;(r)derdr =0, (m,j) € Z x N*.
(0,2m) xR+

As the functions \/% e"™? 7;(r),m € Z,j € N* are an orthonormal basis in L?*(R?), one has

that g, (v) e = = 0 for a.e. v € R?. Moreover, as "= is never zero, we obtain, g,(v) = 0,

for a.e. v € R?, ie., 0271' e~ y(x,v)dx = 0,n € Z. As the functions \/%e”””,n € 7Z are an
orthonormal basis in L?(0,27), it follows that u(z,v) = 0. This completes the proof that the
Un.m.j» (n,m,j) € Z* x N*, are an orthonormal basis of A. Equation (2.4.3) follows from a simple
calculation using that 0,, = 210, — 73 0y, Op, = 2 0r + 750y, and v2 0y, — V1 0y, = —0y.
Note that the eigenvalues )\,(2) have infinite multiplicity because all the wy, », ; with m fixed and

n € Z,j7 € N* are orthogonal eigenfunctions for )\53). O

Let us denote by hg the formal magnetized Vlasov operator with periodic boundary conditions in
x, that we define as follows,

hou := i (=10, 4+ we (v Oy, — v1 Ony)) u, (2.4.5)
with domain,
Dlho] := D, (2.4.6)
where by D we denote the following space of test functions,
~ 5 d7 d7 )
D :={u € C5°([0,27] x R?) : wu(o,v) = wu(?ﬂ',v),j =1,...} (2.4.7)

where by C5°([0,27] x R?) we designate the space of all infinitely differentiable functions, defined
in [0, 27] x R?, and that have compact support in [0, 27] x R2.

We will construct a self-adjoint extension of hg. For this purpose, we first introduce some
definitions. Let us denote by [2(Z? x N*) the standard Hilbert space of square summable
sequences, s = {sn,md, (n,m,j) € Z* x N*} with the scalar product,

(S,d)ﬂ(Z?xN*) = E Snym,j Gngm,j-
(n,m,j)EZ?xXN*

45



Chapter 2. The magnetized Vlasov-Ampére system and the Bernstein—Landau
paradox

Let U be the following unitary operator from A onto [2(Z? x N*),
Uu = {(w, up,m,;) 4, (n,m, j) € Z* x L} . (2.4.8)
We denote by H, the following operator in 1?(Z? x N*),

{(Ho )mjs (n,m,7) € Z2 x N* b i= {ND s, (n,m, ) € 22 x N} (2.4.9)

—

with domain, D[Hy], given by,
D[Hy] := {{sn7m7j, (n,m, j) € Z* x N*} € 12(Z2 x N*) : {A<m0> Smmgs (M, §) € 72 x N*} € 12(Z2 x N*)} .
(2.4.10)

The operator fl\o is self-adjoint because it is the multiplication operator by the real eigenvalues
/\5,2) defined on its maximal domain.

Proposition 2.4.2. Let us define

Ho=U'HyU, D[Hy]:={uc A:Uu e D[H,]}. (2.4.11)
Then, Hy is self-adjoint. Its spectrum is pure point, and it consists of the eigenvalues )\52), m € Z.
Moreover, each eigenvalue Aﬁ,‘i), m € Z, has infinite multiplicity. Further, hg C Hy.

Proof. Hy is unitarily equivalent to the self-adjoint operator I/{\O, and in consequence Hj is
self-adjoint. Let us prove that hg C Hy. Suppose that u € D[hg]. Integrating by parts we obtain,

(hOua un,m,j)A = (ua hO un,m,j)A = )‘52) (’LL, un,m,j)_A ) (7’L, mv]) € Z2 x N*.

Hence,

Uhou = { (hott, tnn ) as (n,m, ) € 22 X N'} = { A0 ()4, (mym, ) € 22 x N | € 12 (22 x N°)

(2.4.12)
where we used that hou € A, Hence, .
Uu € D[Ho]

Moreover,
Hou = UtHyUu = UT {Aﬁ?} (s U g) 45 (R, ) € Z2 X N*} — Ut Uhgu = hou.

This completes the proof that hg C Hy. As hg C Hy and one has the completeness of the
eigenfunctions of hg by proposition 2.4.1, it follows that the spectrum of Hy is pure point, it consists

0)

of the eigenvalues /\ﬁn ,m € Z, and each eigenvalue AﬁS), m € Z, has infinite multiplicity. O

We write the magnetized Vlasov equation (2.4.1) as a Schrodinger equation with a self-adjoint
Hamiltonian as follows,
i@tu = H()’u,.

We call Hy the magnetized Vlasov operator.

Actually, we can give more information on hyg.
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Proposition 2.4.3. Let hy be the formal magnetized Vlasov operator defined in (2.4.5) and
(2.4.6), and let Hy be the magnetized Viasov operator defined in (2.4.11). We have that,

hi = Ho,

and, furthermore, hg is essentially self-adjoint, i.e., Hy is the only self-adjoint extension of hy.

Proof. Suppose that f € D[h{]. Then

(hou, f)a = (u, hif) a- (2.4.13)

Hence, by (2.4.12) and (2.4.13)

(hott, £).a = (Uhow, U f)i2zz sy = X g jyeze s A (s i) 4 (s U ) 4 =
(2.4.14)

Z(n,m,j)EZQXN* (U, umm,j)A (hg f7 Un,m,j).,ﬁb

Since (2.4.14) holds for all u in the dense set D[hg] we obtain,

DDt g)as (n,m, ) € 22 x N} = L)t g) 4, (nym, ) € 22 x W' | € B(Z2 x "),
(2.4.15)
It follows that,

{)‘5701) (f7 un,m,j)Aa (n7m7.j) € Z2 X N*} € l2(Z2 X N*) (2416)

This implies that f € D[Hy] and that hgf = Hyf. Then, hﬁ; C Hy. We prove in a similar way
that if f € D[Ho], then f € D[h{] and that, Hof = h)f. This implies that Hy C h{. Hence
the proof that hg = Hj is complete. Finally let A be a self-adjoint operator such that hg C A.
Then, Af C hg = Hy. But as A = A", we obtain that A C Hj, and then, Hg C At but as
A= A" Hy = Hg, we have Hy C A, and finally A = Hy. This proves that Hj is the only
self-adjoint extension of hyg. O

2.5 The full magnetized Vlasov-Ampére system with cou-
pling

In this section we consider the full magnetized Vlasov—Ampére system. We write the system as a
Schrédinger equation in the Hilbert space H as follows

i0, (;ﬁ) -H (;i) , (2.5.1)

where the magnetized Vlasov—Ampére operator H is the following operator in H,

2
H —iv e i e A &<
H-= O ! (Where we use the notation e 7 =e~ 1 = 7 2) .
iI* [ vie s - dv 0
(2.5.2)
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In a more detailed way, the right-hand side of (2.5.1) is defined as follows,

2
H (;) — [ Hou—ive E (2.5.3)
il fR2 vie & udv

We recall that I* gives zero when applied to constant functions in L?(0,27). The domain of H is
defined as follows,

D[H] := D(Hy) ® L(0,27). (2.5.4)
We write H in the following form,
H=H,+V, (2.5.5)
where
__|Ho O
- [0, 25
and
e
Vo= o, e (2.5.7)
iI* [ vieTT - dv 0

Clearly, Hy is self-adjoint with D[Hy] = D[H]. Moreover, V, with D[V] = H, is bounded in H.
Observe that the presence of I* in V assures us that V sends H in to H. Further, it follows from
a simple calculation that V is symmetric in H. Then, by the Kato—Rellich theorem, see theorem
4.3 in page 287 of [76], the operator H is self-adjoint. We proceed to prove that H has pure point
spectrum. Actually, we will explicitly compute the eigenvalues and a basis of eigenfunctions. We
do this in several steps.

Remark 2.5.1. The Gauss law in strong sense for a function (ul(f(;s)> € H reads,

/ u(z,v) 67702 dv+ F'(z) = 0. (2.5.8)
R2

Later, in remark 2.6.1, we write the Gauss law in weak sense, and we show that it can, equivalently,
be expressed as a orthogonality relation with a subset of the eigenfunctions in the kernel of the
magnetized Vlasov—Ampére operator H.

2.5.1 The kernel of H

In this subsection we compute a basis for the kernel of the magnetized Vlasov—Ampére operator
H. We have to solve the equation
U
H (F) =0. (2.5.9)

Inserting (2.5.3) in (2.5.9) we obtain,

—v2
i (—010; + we(V2 0y, — 1 0,))u—ivie 4 F =0,

2 (2.5.10)
2']*/ vie 4 udv=0.
RQ
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Denote,

2 2
v = [ =5 [ uF@an (2511)

T

Then, as F € L%(0,27), we have that ¢» € H%%(0, 2n). Further,

F(z) = -/ (2). (2.5.12)

2
Let us designate y(z,v) := u(z,v) — e 2 1 (x). Hence, the first equation in (2.5.10) is equivalent
to the following equation

Hy~ = 0. (2.5.13)

Then, the general solution to the first equation in (2.5.10) can be written as

u(z,v) = 6%2 () + v(z,v), (2.5.14)

with F' = —’, where 1 € H>%(0, 27), and ~ solves (2.5.13). Furthermore, by (2.5.14) the second
equation is (2.5.10) is equivalent to,

2
I*/ vie 4 ydv=0. (2.5.15)
R2

Then, we have proven that the general solution to (2.5.10) can be written as,

BE ( wgﬁ,&;w) | (2.5.16)

where ¢ € HY0(0,27), F = —1’, and ~ solves (2.5.13). By proposition 2.4.1 the general solution
can be written as

Y= Z (V) Un,0,5) A Un,0,5- (2.5.17)
(n,7)EZXN*

Using (2.4.2) we prove by explicit calculation that u, o, n € Z and j € N*, satisfies (2.5.15). So
the general solution (2.5.17) satisfies (2.5.13) and (2.5.15).

In the following lemma we construct a basis of Ker[H], using the results above.

Lemma 2.5.2. Let H be the magnetized Viasov-Ampére operator defined in (2.5.3) and, (2.5.4).
Let uy,0,; be the eigenfunctions defined in (2.4.2). Then, the following set of eigenfunctions of H
with eigenvalue zero,

1 einw —v? .
(0) — e 4 * (0) - Un,0,5 . *
{Vn : mm(_@ﬂ),neZ }U{Mnd. ( 0 )An,])éZXN }, (2.5.18)

is linearly independent and it is a basis of Ker[H].

Proof. Let us first prove the linear independence of the sets of functions (2.5.18). We have to
prove that if a linear combination of the eigenfunctions (2.5.18) is equal to zero then, each of the
coefficients in the linear combination is equal to zero. For this purpose we write the general linear
combination of the eigenfunctions in (2.5.18) with a convenient notation. Let M; be any finite
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subset of Z* and let My be any finite subset of Z x N*. Then, the general linear combination of
the eigenfunctions in (2.5.18) can be written as follows,

Z B(lm) ( l’O’p> )

(I,p)EM2

eznm
n%l V2 + Vor +n2 V2 (—2 n)

for some complex numbers ay,,n € My, and B ), (I,p) € My. Suppose that,

U0, o
> 5(z,p)< 8”)—0-

(I,p)EM2

1 einm %2
D —— )
V2 +n? V2 \ —in

neMy

Suppose that for some «y,,n = 1,..., N, and some 3, ;,,l = 1,...,M,p = 1,..., P, where
ln, € Z\{0},n=1,...,N,l,, # L, 1fn#m and g € Z,l =1,....M,j, e N*,p=1,..., P,
(ql;jp) 7£ (Qmajq)a if (l,p) # (qu)a

N — U
Z \/m o (e;l ) + ;2 Bavsie (“ql °”> = 0. (2.5.19)
b=

. . . . 674’71“’1
Since the second Component of the functions in the second sum is zero, we have 5, .y a, m Neril
mx

0. Further, as the \/T,n € M are orthogonal to each other, we have that, a,, = 0,n € M.
T

Furthermore, as the a,,,n € M are equal to zero, we obtain Z(l‘p)emg Bi,p)ut,0,p = 0. Moreover,
since the w0, (I,p) € My are an orthonormal set, Bap =0, (I,p) € My. This proves the linear
independence of the set (2.5.18). Moreover, by (2.5.16) with ¢ (x) = f/;,n € Z*, and f =0,
each of the functions

1 e’LTLCL‘ e —22 N
S — : n ez
V2 +n? V21 \ —in
is an eigenvector of H with eigenvalue zero. Similarly, by (2.5.16) with ¢ (z) =0, and f = w05,
one has that each of the functions,

(“”6”) . () €Z XN,

is an eigenfunctions of H with eigenvalue zero. By the Fourier transform, the set of functions,
eznw

S nELisa complete orthonormal set in L?(0,27). Then, in particular, any v € H%°(0, 27),
can be represented as follows,

eine einw
Y(x) = EZ: (w, m)p(wﬂ) NS (2.5.20)

where the series converges in the norm of L?(0, 27). Note that there is no term with n = 0 because
the mean value of 1 is zero. Then, by (2.5.20),

6%}2 1/1(13) inx einz e—ZQ
( 7¢,(I) ) n%* <w7 ﬁ)[ﬁ(o 27) \/7 (Zﬂ) ’ (2521)

Finally, it follows from (2.5.16), (2.5.17) and (2.5.21) that the set (2.5.18) is a basis of the kernel
of H. O
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2.5.2 The eigenvalues of H different from zero and their eigenfunctions

In this subsection we compute the non-zero eigenvalues of H and we give explicit formulae for
the eigenfunctions that correspond to each eigenvalue. By (2.5.3) we have to solve the system of
equations

7172
Hyu —tvi e 4 F = ),
) (2.5.22)
z'[*/ vie * udv=\F,
]RZ

with A € R\ {0}, and ;, € D[H]. We first consider the case where the electric field, F, is zero,

and then, when it is different from zero.

The case with zero electric field

We have to compute solutions to (2.5.22) of the form,

(8) € DH], (2.5.23)

with w € D[Hp]. Introducing (2.5.23) into the system (2.5.22) we obtain,

Hyu = \u,
, 2 (2.5.24)
zI*/ vie 4 udv=0.
R2
We seek for eigenfunctions of the form,
1 , v 1 .
w(z,v) 1= —— ML) —— e 1 (p), (n,m) € 72, (2.5.25)

Var Var

where (r, ¢) are the polar coordinates of v € R?, and the function 7 will be specified later. We
first consider the case when n = 0. In this case the second equation in (2.5.24) is satisfied because
the operator I'* gives zero when applied to functions that are independent of x. Hence, we are
left with the first equation only, that is the problem that we solved in section 2.4. Then, as we
seek non zero eigenvalues we have to have m # 0 in (2.5.25). Using the results of section 2.4 we
obtain the following lemma.

Lemma 2.5.3. Let H be the magnetized Viasov-Ampére operator defined in (2.5.3) and, (2.5.4).
Let {1;}32, be an orthonormal basis of L*(R™,rdr). Let ¢ € [0,2n),r > 0, be polar coordinates
in R? vy = rcosy,ve = rsinp. For (m,j) € Z* x N* [et Uo,m,j be the eigenfunction defined in
(2.4.2). Then, the set

Vi j o= {(w)’g”’j> ,(m, j) € 2" % N*} : (2.5.26)

is an orthonormal set in H. Furthermore, each function on this set is an eigenvector of H

corresponding the eigenvalue ASZ) =muw. #0,

HV, ;= A Vi, (m,j) € Z° x N*. (2.5.27)

Moreover, each eigenvalue )\53) has infinite multiplicity.
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Proof. The lemma follows from proposition 2.4.1 and since the second equation in (2.5.24) is

always satisfied for functions that are independent of x. O

Let us now study the second case, namely n % 0. We have to consider the second equation in
the system (2.5.24). We first prepare some results. For m € Z let J,,,(2),z € C, be the Bessel
function. We have that

Tm(=2) = (“1)™ Jm(2),  Jom(—2) = Jm(2). (2.5.28)

For the first equation see formula 10.4.1 in page 222 of [53] and for the second see formula 9.1.5
in page 358 of [1]. The Jacobi-Anger formula, given in equation 10.12.1, page 226 of [53], yields,

eI = N " e T (2). (2.5.29)
meZ
The Parseval identity for the Fourier series applied to (2.5.29) gives,
Y In(2)*=1,  zeR (2.5.30)
mEeEZ
Differentiating the Jacobi-Anger formula with respect to ¢ we obtain,
zcospeFHne = Z m e I, (2). (2.5.31)
meZ

Taking in (2.5.31) z = —nr/we, with n # 0, recalling that v; = r cos ¢, vo = rsin ¢, and using the
first equation in (2.5.28) we get,

_gnv2 We : nr
vie we = —— me™ (=)™ Iy | —
n We

meZ

) . n#0. (2.5.32)

From (2.5.32) we obtain,

27 » )
/ v e VB2 ¢ g — o e (_qym g (7“") —op e 4 <’“) . n#£0, (2.5.33)
0 n n w

wC C

where in the last equality we used both equations in (2.5.28). Using (2.5.32) and taking n,m # 0
we prove that the second equation in (2.5.24) with u given by (2.5.25) is equivalent to,

o'} L2
/ e Jp <m) r(r)rdr = 0. (2.5.34)
0 We
Taking m = 0 is possible, but it will be discarded below in lemma 2.5.4. Let us denote by V,, »,

7‘2 .
the orthogonal complement in L?(R*,rdr) to the function, e~ J,, (—:) , that is to say,

We

Vi i= { f € L*(RT,rdr) : <f, e~ T J, <)> =0p,n,meZ". (2.5.35)
L2(R+,rdr)

Note that V;, ,, is an infinite dimensional subspace of L2(R*, rdr) of codimension equal to one.
We prove the following lemma using the results above.
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Lemma 2.5.4. Let H be the magnetized Vlasov-Ampeére operator defined in (2.5.3) and (2.5.4).
Let 7y . j,n,m € Z*,j € N* be an orthonormal basis in V,, ., and define,

frmj = T em(@=32) Nor e Tymi(r),n,m e Z*,j € N*. (2.5.36)
Then, the set

{Wn,m,j = (f"vé"vj> n,m €L, je N*.} (2.5.37)

is an orthonormal set in H. Furthermore, each function on this set is an eigenvector of H
corresponding the eigenvalue )\52) =muw, #0,

HW, ;= NOW, ..,  nmecZjecN. (2.5.38)

Moreover, each eigenvalue )\52) has infinite multiplicity.

Proof. The lemma follows from (2.5.24), (2.5.34), (2.5.35) and (2.5.36). Note that the case m =0
does not appear because we are looking for eigenfunctions with eigenvalue different from zero.
Furthermore, the eigenvalues A,(ﬁ) have infinite multiplicity because all the eigenfunctions W, 1 ;

with a fixed m and all n € Z*,j € N*, are orthogonal eigenfunctions for the eigenvalue, /\52).

The case with electric field different from zero

From the physical point of view this is the most interesting situation, since it describes the
interaction of the electrons with the electric field. Moreover, it is the most involved technically.
We look for eigenfunctions of the form,

! emHi)T(v))
, : 2.5.39
Var ( el (2.5.39)

where G is a constant. Since we wish that the electric field is nonzero we must have G # 0. Hence,
to fulfill that fo% F(z)dx = 0, we must have n # 0. The eigenvalue system (2.5.22) recasts as,

. . —v?  pr2
(—iwedy — N)T =iGvre a eoc,

e (2.5.40)
AG = z/ vie 1 e e 7(v) dv.
R2
Changing n into —n in (2.5.32) and using the first equation in (2.5.28) we obtain,
vy el = Le m e J, (nr) , n # 0. (2.5.41)
n We
meZ
Plugging (2.5.41) into the first equation in the system (2.5.40) we get,
2 .
(—iwcdy — N)T(r, @) = iGe ™™ Le me™? J, <M> , n # 0. (2.5.42)
n We

meEZL*
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A solution to (2.5.42) is given by

-2 1 .
() =iGe s ~ Y e _eime g, (W) .m0, (2.5.43)

n MWe — A We
mezZ*

for A # mw.,m € Z*. Introducing (2.5.43) into the second equation in the system (2.5.40), and
simplifying by G # 0 we get,

mw _r2 . Y nr
— Y o /mem<> vdo, A0, AFmw, meL

mwe — Mwe — A c
mezZ*
(2.5.44)
Plugging (2.5.33) into (2.5.44) and using that dv = rdrdy, we obtain,
2 2,2
p Z &anm, n#0, A#mw., méeEZ". (2.5.45)
n? mwe — A
EZ*
where we denote
o2 nr\ 2
Gnm ::/ ez J, () rdr >0, meZ. (2.5.46)
0 c

Equation (2.5.45) is a secular equation that we will study to determine the possible values of
A. Remark that (2.5.45) coincides with the secular equation obtained by [13| and [14]. First we
write it in a more convenient form. Note that thanks to the two equations in (2.5.28) we have

J_m(2) = (=1)™Jn(2) and then ay, —m = Gp,m. Using also —22ec =1 + Af}\, we can write
m2 WZ mwc me
mezZ* mEeEZL* mezZ*
Simplifying by A # 0 and using (2.5.47) we write (2.5.45) as
2m mwe *
l=-5 ze; T, n#0, \#mw., mc7ZL". (2.5.48)

By (2.5.30) we have Z an,m < +0o and thus the series in (2.5.48) is absolutely convergent.

mez*
Secondly we proceed to write (2.5.48) in another form that we find convenient. Using again

Gp,—m = Gn,m We have

muw m?w
e =2y e g (2.5.49)
m%* Mwe — A mZ:l miw? — A
Let us denote
> m? w?
g(A\) :==4r Z man " A # mwe, m € 7Z*. (2.5.50)
Then using (2.5.49), (2.5.48) is equivalent to
g(\) = —n?,n e 7", A # muwe, m € Z". (2.5.51)

Since the function g is even it is enough to study it for A > 0. It has simple poles as A = mw., m €
N*. It is well defined for A € US°_y1,,,, where,

Iy :=[0,w], Iy, = Jmwe , (m + Dw|, m € N*. (2.5.52)
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Lemma 2.5.5. The function g is positive in Iy. For m > 1, g is monotone increasing in the
interval I, and the following limits hold,

lm A — (mw.)” = oo, lim A — (mwe)™ = —cc. (2.5.53)

Proof. The fact that g is positive in Iy follows from the definition of ¢g in (2.5.50). Furthermore,

mZ

2
. . w . .
since ay ., > 0,m > 1, and the functions A +— ———< are monotone increasing away from the
E

poles, we have that ¢ is increasing in I,,,m > 1, and that the limits in (2.5.53) hold. O

In the following lemma we obtain the solutions to (2.5.51)

Lemma 2.5.6. For n € Z*, the equation (2.5.51) has a countable number of real simple roots,
An,m 0 Jmwe , (M4 Dwe], m > 1. By parity Apm = —Ap,—m, m < —1 is also a root. There is no
r00t in |—we ,wc[. Furthermore, Ay m, = Ang.me of and only if ny = ng, and my = mo,

Proof. The first two items follow from lemma 2.5.5 and the parity of g. The third point is
true because g is positive in |—w. ,we[. Finally, if Ay, m, = Any,me, we have, mq = mao, because
Angma € IMmiwe, (M1 + Dwe| and A, my € JMoawe , (Mg + 1)we[. Furthermore, if nq # ne, then,
Anym 7 Ana,m, because, otherwise, —n? = g(An, .m) = g(Any,m) = —n3, and this is impossible. [

Using (2.5.39) and (2.5.43) we define,

R (v)
Y, ,, = ——ein® MIn,m ., n,meZ", (2.5.54)
’ V2 ( —ni
where
2 qwe iae (nr) .
nom (V) == e 4 —e""J | — |, n,m e 7Z". 2.5.55
i, ( ) qezz* qWe — )‘n,m a We ( )

For m € Z*, A, is the root given in lemma 2.5.6. Note that we have simplified the factor % in
(2.5.43) and we have taken G = 1. Remark that, formally, Y,, ,, is an eigenfunction of H,
HYn,m = >\n,m Yn,m- (2556)

However, we have to verify that Y,, ,, € H. We have

2
1Yol = /I gy + 12,

and

2
We
||777l,m(U)H2Lz(R2) =27 Z <q) Qn,qs (2.5.57)

qEZ* qWe — )\n,m

where we used the first equation in (2.5.28). We now prove that ||nn’m(v)||2LQ(R2) < 400 and
exhibit an asymptotic expansion of this quantity which will be used later.

Lemma 2.5.7. We have,

) nt 1 1 1
I ) [Feae) = 5= — (140 (= ) ) +0 (=), m— = (2.5.58)

n,m
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Proof. Recall that for m < —1, A, , = =\, _p,. Then,

||77n,m(v)||i2(ﬂg2) = ||77n,—m(v)Hi2(R2)a m S —1. (2559)

Hence, it is enough to consider the case m > 1. We decompose the sum in (2.5.57) as follows,

4
||77n,m(”)Hi2(R2) = Zh(j)(/\n,m)v (2.5.60)
j=1
where,
2
WO Np) =210 > (%) P (2.5.61)
g<—1 qWe — An,m
w 2
W M) =21 > (qA> P (2.5.62)
1<g<m—1 qWe — An,m
muw 2
B Npm) =27 [ ———— ) anoms 2.5.63
( ' ) " mwc_>\n,m n, ( )
and

2
WO ) =21 Y <q“) n.q- (2.5.64)

We — A
m+1<q qWc n,m

2 2
Since (qwcq_w;n’m) < (m?&-l)z’ q < —1, we have,

2 1

q
’h(l)()\n,m)‘ g 2 Z VSTV An,—q S Cm,

PIRTEST (2.5.65)

where in the last inequality we used (2.9.2). Assuming that m is even, we decompose h(?) (), ,,,)
as follows,

h(z)()\n,m) — h(2’1)()\n,m> + h(2’2)()\n,m>7 (2.5.66)
where,
2
RO\, ) =2 e ) g, 2.5.67
( 3 ) ™ Z qwc _ >\n m a »q) ( )
1<q<m/2 :
and

2
WD (Nm) =21 > (qw) g, (2.5.68)

We — A
m/2<q<m—1 qWc n,m

2

2
Since (L) <45, 1<q< 7,

qwc_knmn
and, using (2.9.2) we obtain,

2
1
‘h(m)(/\n,m)‘ <o Y 4la, <05

3 (2.5.69)
1<q<m/2
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2
Furthermore, as, (L) <¢* m/2<qg<m—1,and by (2.9.2), we have

qWe—An,m

1
‘h(272) ()‘mm)‘ <27 Z q2 Qn,q < CP ﬁ <2570)
m/2<qg<m—1

for all p > 0. When m is odd we decompose h(? (), ,,) as in (2.5.66) with

2
WY M) =21 (qwq_”;> A (2.5.71)

1<g<(m—1)/2

and

2
WD Np) =20 Y (q“’> P (2.5.72)

(m—1)/2<q<m—1 V4% ™ A

and we prove that (2.5.69) and (2.5.70) hold arguing as in the case where m is even. This proves
that,

1
‘h(”()\n,m)‘ <C—. (2.5.73)
The technical result (2.9.22) in appendix A is Ay = mwe + 2rmwe 225 + ay, | O (ﬁ) It
yields
4
3 n 1 1

Moreover, by (2.9.2) and (2.9.22) there is an mg such that
o 2
<q°) <2¢°,  g=m+1,m>m.
qWe — )\n,m
Then, using (2.9.2) we obtain for all p > 0,

1
—, m > mg. (2.5.75)

mP

’h(4)()\n7m)‘ <4r Z ¢ an,q < Cp
m+1<q

Equation (2.5.58) follows from (2.5.59), (2.5.60), (2.5.65), (2.5.66), (2.5.73), (2.5.74), and, (2.5.75).

Since Y, € ‘H we can define the associated normalized eigenfunctions as follows. Let us denote,

2
b = \/\\nn7m||L2(R2) 402 = [Vl (2.5.76)
The normalized eigenfunctions are given by,
1 *
Lo = — Y m, n,m € Z*. (2.5.77)

The normalized eigenfunctions (2.5.77) are the Bernstein modes [14].

Then, we have,
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Lemma 2.5.8. Let H be the magnetized Vliasov-Ampeére operator defined in (2.5.3) and (2.5.4).
Let Apm,n,m € Z*, be the roots to equation (2.5.51) obtained in lemma 2.5.6. Then, each
Anm, N, m € Z*, is an eigenvalue of H with eigenfunction Zy, p,.

Proof. The fact that the A, ,,n,m € Z*, are eigenvalues of H with eigenfunction Z,, ,,, follows
from (2.5.54), (2.5.56), and (2.5.58). O

In preparation for lemma 2.5.9 below, we briefly study the asymptotic expansion for large |m| of
the normalized eigenfunction. By (2.5.55), (2.5.65), (2.5.73), and (2.5.75), we have,

—r2 mwe ; nr
im
’ 7771,777, —e 4 (& ® Jm

mwe — >\n,m We
Note that (2.5.65), (2.5.73), and (2.5.75) were only proven for m > 1, and then, they only imply
(2.5.78) for m — oo. However, using both equations in (2.5.28) and as A, —_, = —Ay, . We prove
that (2.5.78) with m — oo implies (2.5.78) with m — —oo. Then, by (2.5.58),

‘ 1 Mn,m — ! 6_22 e eim@Jm <m>

1
=0 () , m — Foo. (2.5.78)
L2(R2) m|

1
) = /1m0 (mQ) , m — Foo.

bn,m bn,m mwe — )\n,m We L2 (R2
(2.5.79)
Let us denote,
nl@) = SR e ime Im, n n,m € Z". (2.5.80)
o A /27ran,‘m‘ We ’ ’

By (2.9.22) and (2.5.58),

1 1
e )) . m— o0 (2.5.81)

1
= 1+0
bn,m mwe — )\n,m \/m ( * (|m|

Then, by (2.5.80) and, (2.5.81)

L= M ime g (W> - i,
” ,

bn,m mwe — >\n,m (4

1
=0 () , m — too. (2.5.82)
L2(R?) Im|

Let us now define the asymptotic function that is the dominant term for large m of the normalized
eigenfunction Z,, ,,

VAS

)
n,m

1 1 . —ingZ (a)
= ene (e _n”’m) , n,m € Z*. (2.5.83)

bn,m 2T —mn

In the next lemma we show that for large m the eigenfunction Z,, ., is concentrated in Z%azn

Lemma 2.5.9. Let ay, ,m, be the quantity defined in (2.5.46), let Z,, ,,, be the eigenfunction defined
in (2.5.77), and let Z%“Zn be the asymptotic function defined in (2.5.83). We have that,

1

HZnAm - Z;‘%H <C—, m—+oo,nel" (2.5.84)
' Tl T |m
Proof. The lemma follows from (2.9.2), (2.5.79), and (2.5.82) O
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2.5.3 The completeness of the eigenfunctions of H

In this subsection we prove that the eigenfunctions of the magnetized Vlasov—Ampére operator H
are a complete set in . That is to say, that the closure of the set of all finite linear combinations
of eigenfunctions of H is equal to H, or in other words, that H coincides with the span of the set
of all the eigenfunctions of H. For this purpose we first introduce some notations. By (2.5.20)

L?(0,27) = ®,czSpan [f/%] , (2.5.85)

and

einm
L2(0,27) = ®pez-S an[ ] 2.5.86
0( ) ALY m ( )

Furthermore, by (2.5.85) and (2.5.86),

H = Brez Ha, (2.5.87)
where
Ho := L*(R?) @ {0}, (2.5.88)
and .
H,, := Span [3%} ® (L*R*)@®C), neZ" (2.5.89)

Alternatively, Ho can be written as the Hilbert space of all vector valued functions of the form
(u,0)T, u € L?(R?), where the injection of L?(R?) onto the subspace of A consists of all the
functions in A that are independent of z. In other words, we identify f(v) € L*(R?) with the
same function f(v) € A that is independent of x. Moreover, H,, can be written as the Hilbert
space of all vector valued functions of the form,

inx

f/g (“2”) e AR, acC.

Furthermore, H can be written as the Hilbert space of all vector valued functions of the form

()5 5 ().

nez*

where u, € L*(R?), o, € C,n € Z*, and, further, 3°, .. [[un|72 g2y < 00, and 30, 5. |an|? < 0.
The strategy of the proof that the eigenfunctions of H are complete in H will be to prove that the
eigenfunctions of a given n are complete on the corresponding #,,. For this purpose we introduce
the following convenient spaces. A first space is defined as follows,

W), := Span {{Mg?;} } @ Span [{Vani} ez e | © Ho (2.5.90)

JEN~

where the eigenfunctions Mé?}, j € N*, are defined in (2.5.18) and the eigenfunctions V,, j,m €
Z*,j € N* are defined in (2.5.26). Next we introduce the space,

WD = Span [{Wo b ez jex: | © Ha 170, (2.5.91)
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where the eigenfunctions W, , j,n,m € Z*,j € N* are defined in (2.5.37). We also need the
following space,

W® .= Span {{Zn,m}n,mep} CHn, nA0, (2.5.92)

where the eigenfunctions Z,, ,,,, n,m € Z* are defined in (2.5.77). Finally, we define the space,

Wg’) := Span [{V%O)}%Z* U {M(O)

oy ] C H,NKer[H], n#0, (2.5.93)
) ner*,jeN*

where the eigenfunctions v and Mgloz are defined in (2.5.18).

Theorem 2.5.10. Let H be the magnetized Viasov—Ampeére operator defined in (2.5.3) and
(2.5.4). Then, the eigenfunctions of H are a complete set in H. Namely,

Ho = Wy, (2.5.94)
H,=WHaoWDaowd®  necz (2.5.95)

Furthermore,
H=Wo ez (WD e WP o W), (2.5.96)

Proof. Note that Wy is orthogonal to W;P,W%Q ), and Wg? ) because Wy is the span of eigen-
functions with n = 0 and W%l), Wg), and Wfl?’) are the span of eigenfunctions with n different
from zero. Furthermore, the Wsll), Wg), and Wslg) are orthogonal among themselves because
they are the span of eigenfunctions with different eigenvalues. Furthermore the W,(ll)7 Wél), with
n # q, are orthogonal to each other because they are the span of eigenfunctions that contain
the factor, respectively, e!"®, €!9%. Similarly, Wg), W,(f), n # q are orthogonal to each other and

W%B), WL(]?’), n # q are also orthogonal to each other. Equation (2.5.94) is immediate because the
span of ug,m ;,m € Z,j € N* is equal to L?(R?). We proceed to prove (2.5.95). We clearly have,

WO oW aowW® cH,  neZ’. (2.5.97)
Our goal is to prove the opposite embedding, i.e.,
H,cWHaoWDaoWd®  nez* (2.5.98)

Consider the decomposition,
1
Ho =W o (WD), (2.5.99)

1
where (Wg,l)) denotes the orthogonal complement of W%l) in H,,. Recall that
1
WP aW® ¢ (WSP) n e Z*. (2.5.100)
Our strategy to prove (2.5.98) will be to establish,
1
(W) cw@ewd, nez (2.5.101)
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It follows from the definition of W' in (2.5.92) and of W in (2.5.93) that the following set of
eigenfunctions is a basis of WSL )@ W(g)

Zn,Tn» TL, m E Z*a
M nez* jeN, (2.5.102)

n,J7

v nez.

Furthermore, it is a consequence of the definition of W4 in (2.5.91) and of the definition of

n
Z%azn in (2.5.83) that the following set of functions is an orthonormal basis of (W,(ll))

Z,(fzn, n,m € Z*,
MO n ez jeN, | (2.5.103)

le’

Q,

where the asymptotic functions ng;n,n,m € Z* are defined in (2.5.83), the eigenfunctions
MO n e Z*,j € N* are defined in (2.5.18), and Q is given by,

n,j°
0
Q= 1) (2.5.104)
D\ *
Any X € (W ) can be uniquely written as,
X =

( ,Z;azn) Z5, + Y (X M(O)) MY+ (X, Q) Q. (2.5.105)
mez jene

1 1
We define the following operator from (Wg)) into (Wfp) ,

AX = Xa ZgLQZn Zn,m + Xa M(O) M(O) + (Xa Q) VgLO) (25106)
5 (), s (502, 6

1
We will prove that (2.5.101) holds by showing that A is onto, (WS)) . We write A as follows,

A=1+K, (2.5.107)

where K is the operator,
KX := X, Z)  (Znm —Z8),) + (X, Qn (VO - Q). (2.5.108)
X (080, (B 2) - X (v )

We will prove that K is Hilbert—Schmidt. For information about Hilbert—Schmidt operators see
[107, Section 6, Chapter 6]. For this purpose we have to prove that K* K is trace class. Since

i
the functions in (2.5.103) are an orthonormal basis of (W%l)) , we can verify the trace class
criterion under the form,

3 (Kznm,KZ(“ ) + 3 ( M, Mg,og) +(KQ,KQ),, < . (2.5.109)

mezZ* JEN*
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2
However, by (2.5.108) > . (KZ,(on,KZ(a) ) =3 e ’(Zn,m — Zslazn) L < where

we used, (2.5.84). Moreover, > . (KM(O) KM(O))H = 0, and, clearly, (KQ,KQ),, < cc.

nj’

Hence, K is Hilbert—Schmidt, and then, it is compact. It follows from the Fredholm alternative,
see the Corollary in page 203 of [107], that to prove that A is onto it is enough to prove that it is

1
invertible. Suppose that X E(ngl)) satisfies AX = 0. Then, by (2.5.106)

3 (X,zgf) ) Zom + > (X MY ) M 4+ (X, Q) V) = 0. (2.5.110)

meZ* jEN*

However, as the eigenfunctions Z, ,, are orthogonal to the M(O) and to V;O), we have,

X,Z2),)  Zpm =0, (2.5.111)
and,
> (% M<°) MO 4 (X, Q) VO =0, (2.5.112)

JEN*

Since the eigenfunctions Z,, ,,, are mutually orthogonal, it follows from (2.5.111) that (X, Z&“Qn) =

0, m € Z*. Moreover, by lemma 2.5.2 the eigenfunctions MSB-, j € N* and ,V£L°) are linearly

independent, and, then (2.5.112) implies (X,Mfloz-) =0, j € N* and (X, Q)3 = 0. Finally,
I H
1
as the set (2.5.103) is an orthonormal basis of ( S)) we have that X = 0. Then, A is onto

()" - ~ - s W@ aw® _ (D)
(Wn ) and (2.5.101) holds. Since also (2.5.100) is satisfied we obtain Wy, @ Wy~ = (Wn ) ,
n € Z*. This completes the proof of the theorem O

P

Theorem 2.5.11. Let H be the magnetized Viasov—Ampére operator defined in (2.5.3) and
(2.5.4). Then H is self-adjoint and it has pure point spectrum. The eigenvalues of H are given by.

).

1. The infinite multiplicity eigenvalues, )\( = mwe,m € Z.

2. The simple eigenvalues A m,n,m € Z*, given by the roots to equation (2.5.51) obtained in

lemma 2.5.6.

Proof. We have already proven that H is self-adjoint below (2.5.7). The spectrum of H is pure
point because it has a complete set of eigenfunctions, as we proved in theorem 2.5.10. The
fact that the eigenvalues of H are equal to the )\gg),m € Z, and the X\, ,,,n,m € Z* follows
from lemma 2.5.2, lemma 2.5.3, lemma 2.5.4 and lemma 2.5.8. The Agg),m € Z have infinite
multiplicity because by lemma 2.5.2, lemma 2.5.3, and lemma 2.5.4 each )\,(72) has a countable
set of orthogonal eigenfunctions. Let us prove that the eigenvalues A, ,, are simple. Suppose
that for some n,m € Z* the eigenvalue A, ,, has multiplicity bigger than one. Then, there is
an eigenfunction, P, such that HP = ), ,,, P, and with P orthogonal to Z,, ,,,. However since
by lemma 2.5.6 A, m, = An,m, if and only if n; = ny, and m; = my, it follows that P is
orthogonal to the right hand side of (2.5.96), but hence, P is orthogonal to H, and then P = 0.
This completes the proof that the A, ,, are simple eigenvalues. O
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2.5.4 Orthonormal basis for the kernel of H

In section 2.5.1 we constructed a linear independent basis for the kernel of the magnetized
Vlasov—Ampére operator H. In this subsection we prove that, for an appropriate choice of the
orthonormal basis of L?(R*,rdr) that appears in the definition of the eigenfunctions M 3

(2.5.18), we can construct an orthonormal basis for the kernel of H. The choice of the orthonormal

(n)

basis is n dependent. For n € Z*, let 7,77, j = 1,... be any orthonormal basis of L2(RT, rdr)

where the first basis function is

2
() = e+ Jo (W) n €z, (2.5.113)

with a, ¢ defined in (2.5.46). Note that this implies that the T;"),j = 2,... is an orthonormal
basis of the subspace V,, ¢ that we defined in (2.5.35). Moreover, in the definition of the w, o ; in
(2.4.2) let us use this basis. In particular it yields

in(r——2)

e we 1 1 —r2 nr

Up,0,1 '= et Jo| — ), n ez 2.5.114
T Ver Var o (w) 22419

The eigenfunctions M(O) (u"(’)o’j> ,n € Z*,j € N*, of H precised with (2.5.113) are now a

particular case of the ones defined in (2.5.18). However, we keep the same notation for Mglog for
a sake of readability.

For the other eigenfunctions we can use different orthonormal basis of L?(R*, rdr), if we find
it convenient. It follows from simple calculations that the eigenfunctions V%O ), n € Z*, defined
in (2.5.18) are mutually orthogonal and that the eigenfunctions M; z, (n,j) € Z* x N*, are also

mutually orthogonal. Moreover, since the functions e n € Z* are orthogonal in L?(0,27) to

the function equal to one, the eigenfunctions V(O) n € Z*, and M) j € N* are orthogonal. Let

0,5
us compute the scalar product of the V( ) ,n € Z*, and the Mflz,n ez, j=1,....
(V<0> M“”,) S S P ﬁr(r) n ez mer,jeN"
My V2m 4+ n2 " Vor A’ ’ ’

(2.5.115)

—nr

Moreover, by the Jacobi-Anger formula (2.5.29), with z = =2,

L2 et —o? —nr 1
ed, Tj(r)> = <64’<Z ””WJm< >> Tj(r)> ) ne 7zt jeN.
< 2m A meEZ We V2T A

Hence, by (2.5.113) and the second equation in (2.5.28)

. v
—int2

2 we
S 7(r) | = 8;1V2m \/ang, nezwL. (2.5.116)
ous M ’ ’

By (2.5.115) and (2.5.116),

\/2mTa,
(VM) = dambia Yy nEZmEZ G EN, (25.117)
T n
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This proves that the V%O),n € Z*, and the Mfloj-,n € Z*,j = 2,..., are orthogonal to each
other, and also that Vflo), and Mg)l, n € Z*, are not orthogonal. We apply the Gramm—-Schmidt
orthonormalization process to VELO), and MELO )1, n € Z*, and we define the eigenfunctions,
EY =M} - (MS),LVEP))H VO, nez, (2.5.118)
and the normalized eigenfunctions,
E\
©) .= o n €L (2.5.119)
1Bl

By (2.5.117), (2.5.118), and (2.5.119),

21 + n?
FO = M
" 21(1 — an,0) +n?

2man
o VT o) ez s
T V2m+n?

Note that by (2.5.30) and (2.5.46) a0 < 1, and then 1 — a, o > 0.

Using the results above we prove the following theorem.
Theorem 2.5.12. Let H be the magnetized Viasov—Ampére operator defined in (2.5.3) and

(2.5.4). Then, the following set of eigenfunctions of H with eigenvalue zero,

{V;O),n e Z*} u {Mgogj c N*} U {M<0> nezr = 2} U {Fﬁ{”,n c Z*}, (2.5.121)

n,j’

is an orthonormal basis of Ker[H]. The eigenfunctions v and M((J?;, are defined in (2.5.18),

and the eigenfunctions, MSE, and FSP), are defined, respectively, in (2.5.18) with (2.5.114), and
(2.5.119).

Proof. The lemma follows from lemma 2.5.2 O

2.5.5 Orthonormal basis with eigenfunctions of H

In this subsection we show how to assemble an orthonormal basis for H with eigenfunctions of H,
using the eigenfunctions that we have already computed. We first obtain an orthonormal basis
for Ker[H]*, with the eigenfunctions of H with eigenvalue different from zero.

=

Theorem 2.5.13. Let H be the magnetized Viasov-Ampére operator defined in (2.5.3) and,
(2.5.4). Then, the following set of eigenfunctions of H with eigenvalue different from zero,

{VinjmeZ*,je NYU{W, n, j,n,m e Z",j e NYU{Z,, p,,n,m € Z"}, (2.5.122)

is an orthonormal basis of Ker[H]*. Moreover, the eigenfunctions Vii» Weom,j, and Zy, , are
defined, respectively in (2.5.26), (2.5.37), and (2.5.77).

Proof. Equation (2.5.96) can be written as follows,

= [soan [{MI)} ] @nee W) @ S0 [(Vins e ] & W0 & W),
(2.5.123)
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Moreover, by lemma 2.5.2
0
Ker[H] = Span {{Mé,‘; }jeN*] Prnezs W, (2.5.124)
Further, as H = Ker[H] @ Ker[H] ", it follows from (2.5.123), (2.5.124)

Ker[H]* = Span [{Vm,j}mez* ,jeN*} oW aw?, (2.5.125)

Finally, using the definitions of W in (2.5.91) and of W in (2.5.92) we obtain that the set
(2.5.122) is an orthonormal basis of Ker[H]" . O

In the following theorem we present an orthonormal basis for H with eigenfunctions of H.
Theorem 2.5.14. Let H be the magnetized Viasov—Ampére operator defined in (2.5.3), and
(2.5.4). Then, the following set of eigenfunctions of H,

{Vg)),n c Z*} U {Mg?;.,j e N*} U {Mf;n €z* = 2} U {F&fn,n e Z*}u

S Leed ) (2.5.126)
{VijomeZ*,j e Ny U{W,, ,, j,n,m € Z*,j € N*} U{Zy, yp,n,m € Z*},

is an orthonormal basis of H. The eigenfunctions,V&o), and Méoj) are defined in (2.5.18). The

eigenfunctions, M%O), and F%O) are defined, respectively in (2.5.18) with (2.5.114), and (2.5.119).
Moreover, the eigenfunctions Vo, j, Wy, 5, and Z, n, are defined, respectively in (2.5.26),
(2.5.37), and (2.5.77).

Proof. The result follows from theorem 2.5.12, and theorem 2.5.13. O

2.6 The general solution to the magnetized Vlasov—Ampére
system, and the Bernstein—Landau paradox

In this section we give an explicit formula for the general solution of the Vlasov—Ampére system
with the help of the orthonormal basis of ‘H with eigenfunctions of H. Let us take a general initial

state,
U
6 (1) e

Then, by theorem 2.5.14, the general solution to the magnetized Vlasov—Ampére system with
initial value at ¢ = 0 equal to Gg is given by,

G(t) := e ™M Gy, (2.6.1)
and, furthermore,
G(t) =G+ Gg(t), (262)

where the static part G is time independent, and the dynamical part Go(¢) is oscillatory in time.
They are given by,

Gi=) (Go,V%O)>H vy +J_€ZN:* (Go,M(()?J)‘)H M+ D (GOMS);)H M,

nez* ner*,j>2

+ 3 (GoFY) FO.

nezZ*

(2.6.3)
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and
itA® it ©
Gs(t) = }: e~ (Go, Vinjy )y Vinj + E: e (Go, Wi i)y W
mez*,jeN* n,mez*,jeN*
+ Z 7”)\” " GOvzn,m)H Zn,m~
n,mer*
(2.6.4)

We still have to impose the Gauss law (2.2.13), (2.2.14), or equivalently (2.5.8), to our general
solution to the magnetized Vlasov—Ampére system (2.2.17). For the eigenfunction Mi;,n S

Z*,j > 2, the Gauss law (2.5.8) is equivalent to

(hdan \;a»> -0
H

nj’

that is valid by the orthogonality of the M( and the V. We prove in the same way that the

Gauss law (2.5.8) holds for the eigenfunctions F( ) s Wi.m,j, and Z,, ,,. We prove that V,, ; satisfies
the Gauss law by direct computation. It remains to consider the eigenfunctions M) j € N*¥,

0,7
defined in (2.5.18). For the Méoj), the Gauss law (2.5.8) reads,

0 g
/ et 1idv =0, jeN~. (2.6.5)
0

We can make sure that (2.6.5) holds for all but one j by choosing the orthonormal basis in
L?(RT,rdr) that we use in the definition of the M(O) ,J € N*, as follows. As we proceed in
(2.5.113)-(2.5.114) for n € Z*, we specify the choice Of ‘the orthonormal basis (15)jen+ in (2.4.2)
and (2.5.18) for n = 0. We take an orthonormal basis, T;O),j € N*, in L*(R*, rdr), such that,

2

—v

7'1(0) (r):=ea. (2.6.6)
With this choice of the T;O),j € N*, the Gauss law (2.5.8) holds for Mg j)?] =2,.... Hence, with
this choice, the general solution of the magnetized Vlasovampere system given in (2.6.1) and
that satisfies the Gauss law (2.5.8) can be written as in (2.6.2) with the dynamical part Ga(t) as
n (2.6.4), but with the static part G; given by

Gi=)_ (GOvM(O) M)+ Y (Go,Mff}) MY+ Y (GO,F;O)) FO. (267
nez*

j>2 nez*,j>2

This exhibits the Bernstein—Landau paradox. Namely, the general solution contains a time
independent part and a part that is oscillatory time. There is no part of the solution that tends to
zero as t — 00, that is to say, there is no Landau damping in the presence of the magnetic field.

Remark 2.6.1. This remark concerns the space Hg for the Gauss law and its orthogonal
complement.

Let us denote,
Hg := Span HVS”, n e Z*} UME)?%] ,

where the eigenfunctions V" are defined in (2.5.18) and the eigenfunction M(()(g is defined in

(2.5.18), (2.6.6). Note that it follows from the results above that the condition that each one of

66



2.6. The general solution to the magnetized Vlasov—Ampére system, and the
Bernstein—Landau paradox

the eigenfunctions that appear in (2.6.3), and (2.6.4) satisfies the Gauss law is equivalent to ask
that the eigenfunction is orthogonal to Hg. Then, it follows from (2.6.1), (2.6.2), (2.6.3), and
(2.6.4), that general solution to the magnetized Vlasov—Ampére system given in (2.6.1) satisfies
the Gauss law (2.5.8) if and only if Go € HE.

The Hilbert space Hg is a closed subspace of the kernel of H. So, the Gauss law is equivalent
to have the initial state in the orthogonal complement to a closed subspace of the kernel of H.
Actually, it is usually the case that when the Maxwell equations are formulated as a self-adjoint
Schrédinger equation in the Hilbert space of electromagnetic fields with finite energy, the Gauss
law is equivalent to have the initial data in the orthogonal complement of the kernel of the
Maxwell operator. See for example [127]. Let us further elaborate on the condition Gg € ’Hé
We introduce the space of test functions Dy := {p € C*°|0, 27] : dd—;lga(()) = dd—;lgo(%r),l =0,...}.
Let us expand ¢ € Dr in Fourier series

1 . 1 2 .
xT) = e on, where n = —— x)e ""Tdr,n € Z. 2.6.8
ROEDS 0 oni= 7= [ ol (2:65)
Integrating by parts we prove that

Cy i}
lon| < Tl leN,neZ". (2.6.9)

By a simple calculation, and using (2.6.8) and (2.6.9) we prove that,
2
30(32)6 )= Z oV 21 + 12 VO + V271 ¢y M(()?% € Hg. (2.6.10)
— (@) nez*
Suppose that

(“(x"”)) € M. (2.6.11)

Then, by (2.6.10)

u(z,v) <P(ar:)e_Tv2 _ o 2 olz) de — o xi ) de —
<(F(g¢)>’<_$w($)>>ﬁ /0 p(x) p(x)d /OF()dxso()d 0, €D,

(2.6.12)
where p(x) is defined in (2.2.14). By (2.6.12) we see (u, F)T satisfies the Gauss law (2.2.13),
(2.2.14), or equivalently (2.5.8), in weak sense, where the weak derivatives are defined with respect
to the test space Dr. Conversely, if (u, F)T satisfies (2.6.12) for all ¢ € Dr, we prove in a similar
way that (2.6.11) holds taking ¢(z) = e* . n € Z.

Remark 2.6.2. Observe that the general solution of the magnetized Vlasov—Ampére system,
G(t) = (u(t,z,v), F(t,x))T given in (2.6.1) and that satisfies the Gauss law (2.5.8) fulfills the
condition that the total charge fluctuation is equal to zero,

2
/ u(t,z,v)e ™ dxdv=0. (2.6.13)
[0,27] xR2

This is true because each one of the the eigenfunctions that appear in the expansion (2.6.2), with
Go(t) as in (2.6.4) and G1(¢) as in (2.6.7) satisfy this condition.
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O

Let us now consider the expansion of the charge density fluctuation of the perturbation to the
Maxwellian equilibrium state, p(t, x), that we defined in (2.2.14). We compute the expansion of
p(t, ) multiplying the first component of the left- and right- hand sides of (2.6.2), by e~V /4,
integrating both sides of the resulting equation over v € R? | and using (2.6.4), and (2.6.7).
For this purpose, note that for a function in (u,0)” € H with electric field zero the Gauss law
(2.2.13), (2.2.14) implies that the charge density fluctuation of the function is zero. In particular
the charge density fluctuation of the eigenfunctions ngj)-, j>2, Mfloz, nezLj>2,Vyj,me
7*,57 € N, W,, , ;,n,m € Z*,j € N* is equal to zero.

Then, if we apply the expansion (2.6.2), with G;(¢) given in (2.6.7) and Ga(t) given in (2.6.4) to
the charge density fluctuation of the general solution to the magnetized Vlasov—Ampeére system
(2.6.1) that satisfies the Gauss law, only the terms with , F%O),n € Z*, and Zy, ,,n,m € Z*
survive. and we obtain,

p(t, ) = pstat (:L‘) + pain(t, ), (2'6'14)
where,

2
Pstat = — Z (GO,F;O) / FOY (z,0) e dv, (2.6.15)

nez* R2
is the static part of the charge density fluctuation, and where F(O’l)(x, v) is the first component
of F%O). Moreover,

pdin(tax) = Z eiiw\n’m (G(),Zn,m)q.[ pn,m(x)v (2616)

n,mez*

is the time dependent part of the charge density fluctuation. Here, p,, n(z) is the charge density
fluctuation of the eigenfunction Z, ., that is given by
1 » 2

_ inT =

pn,m(x) - bn’mme R? et e
where we used (2.5.77). The right-hand side of (2.6.16) is the expansion of the charge density
fluctuation in the Bernstein modes, [14], [13]. Note however, that for general initial data there is
also the static part of the charge density fluctuation (2.6.15), that is not reported in [14], [13].
This means that the Bernstein modes Z,, ,,,,n,m € Z* are not complete, and that to expand the
charge density fluctuation, p(t,x) with the general initial data, Go that has finite energy and
that satisfies the Gauss law, one has to add the contribution of the static part psiat(2) given by

—in

e Nn,m (V) dv,n,m € Z*, (2.6.17)

the modes, F%O), n € Z*. It appears that this fact has not been observed before.

In the following theorem we prove that the expansion (2.6.14), (2.6.15), (2.6.16) of the charge
density fluctuation converges for initial data in .

Theorem 2.6.3. Let p(t,x) be the charge density fluctuation defined in (2.2.14). Then, for
any initial state, Go € H, that satisfies the Gauss law, the expansion, (2.6.14), (2.6.15), (2.6.16)
converges strongly in the norm of L*(0,27).

Proof. We denote by G(t, z,v) the following quantity,

Gi= 3 (Go B0 P+ S0 e (Go By Bl 2618)

nez*, n,mer*
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where Zg,l)m is the first component of the eigenfunction Z,, ,,,. Then,

plt,x) =— G(t,z,v) e T dv. (2.6.19)
R2

Hence, since G(t,z,v) € A, it follows from Fubini’s theorem that for a.e. = € (0,2n), G(t,x,-) €

2

L?(R?), and as also e 7 € L?(R?), the integral in the right-hand side of (2.6.19) exists, and
then, the charge density fluctuation p(¢, z) is well defined. Furthermore, by the Cauchy-Schwarz
inequality p(t,z) € L?(0,27). We denote,

2
pn(t x) = — Z (GO,FE“LO)'H /IRQ F(OJ)(Ivv) et dv+

n€Z*,|n|<N

> e~ (G, Znym) gy Prm (L, @) (2.6.20)
n,meZ*,|n|+|m|<N

We will prove that py(t,z) converges to p(t,z) in norm in L?(0,27), i.e. that the series, (2.6.14),
(2.6.15) and (2.6.16) converges strongly in L?*(R?). We designate,

L 0 0,1 _'tknﬂn 1
Gv= Y (GuFO)FCV+ Y e (Go Znm)y L (2.6.21)
nEZ* |n|<N n,meZ*,|n|+|m|<N

We have that

Jim |G —Gnlla=0. (2.6.22)
Furthermore,
— - Gn(t,z,v) e_Tﬁdv = pn(t, ). (2.6.23)
Hence,
p(t,x) — pn(t,z) = — /]1&2 (G(t, z,v) — Gn(t, z,v)) 6%/2 dv. (2.6.24)

Finally, by (2.6.22), (2.6.24), and the Cauchy- Schwarz inequality,

2 27
/ Iplts2) — pov () da = /
0 0

2
< 27r/ / (G(t,z,v) — G (t, z,v)|* dedv = 21 ||G — G |% — 0, a8 N — 0.
0o Jr2

2

/ (G(t,z,v) — GN(t,x,v))e%uz dv| dzx
R2

(2.6.25)
This completes the proof that the expansion (2.6.14), (2.6.15), (2.6.16) converges strongly in the
norm of L2(0,27). O

Remark 2.6.4. The eigenfunctions Mé?;,j > 2,M£3;, n € Zj > 2,Vy;,m € Z*j €
N* Wy m.j,n,m € Z*,j € N*, do not appear in the expansion (2.6.14), (2.6.15), (2.6.16) of
the charge density fluctuation. Still, as we mentioned in the introduction, these eigenfunctions
are physically interesting because they show that there are plasma oscillations such that at each
point the charge density fluctuation is zero and the electric field is also zero. Some of them are
time independent. Note that since our eigenfunctions are orthonormal, these special plasma
oscillations actually exist on their own, without the excitation of the other modes. It appears

that this fact has not been observed previously in the literature.
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2.7 Operator theoretical proof of the Bernstein—Landau para-
dox
We first study the operator Hy that appears in the formula for H that we gave in (2.5.5),(2

and (2.5.7). Let us recall the representation of H as the direct sum of the #,, given in (2.5
Using proposition 2.4.1 we see that the functions (u,,a,)? in H, can be written as

5.6),
87).

t et , (27.1)
n an,

<un($,v>): D tnm(0) (tns i) A

where for n = 0, «,, = 0. Then, by proposition 2.4.1
Up(z,0)\ Un (2,v)
H, ( a, ) =Hy, ( a, ) , (2.7.2)

where by Hy ,, we denote the operator in H,, given by,

0
H,., (un((;:,v)> . Z (Aﬁn)un’m’j(x,vo) (umun,m,j)A)7

meZ,jEN*

with domain D[Hy ] := {(un,an)T : ZmGZVjGN(,\SS))ﬂ(un,un,myj)AP < 00. Observe that Hy ,,
is the restriction of Hg to H,,, and that,

Hy = DOnez HO,n- (273)

Further, the spectrum of Hy ,, is pure point and it consists of the infinite multiplicity eigenvalue
)\52), m € Z. Then, the spectrum of Hj is also pure point and it consists of the infinite multiplicity
eigenvalues )\53), m € Z. Recall that the discrete spectrum of a self-adjoint operator consists of
the isolated eigenvalues of finite multiplicity, and that the essential spectrum is the complement
in the spectrum of the discrete spectrum. So, we have reached the conclusion that the spectrum
of Hy coincides with the essential spectrum and it is given by the infinite multiplicity eigenvalues

AY 1 € Z. Let us now consider the operator V that appears in (2.5.7). For e (1(v), an)T € Hp,

—v2
Veimc (T(’U)) — ein:c _ivleTQan )
Qn il [ vie Tt T(v)dv

Then, V sends H,, into H,,, and that it acts in the same way in all the H,,. Let us denote by V,,
the restriction of V to H,,. Then, we have,

V = Gnez Vi, (2.7.4)
furthermore, by (2.5.5), (2.7.3), and (2.7.4),
H=¢H,, (2.7.5)

where H,, = Hy,, + V,,. Further, it follows from (2.7.4) that V,, is a rank two operator, hence,
it is compact. Then, it is a consequence of the Weyl theorem for the invariance of the essential
spectrum, see Theorem 3, in page 207 of [16], that the essential spectrum of H,,n € Z is given

by the infinite multiplicity eigenvalues )\52), m € Z. Hence, by (2.7.5) the essential spectrum of H
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is given by the infinite multiplicity eigenvalues )\52), m € Z. However, since the complement of the
essential spectrum is discrete, we have that the spectrum of H consists of the infinite multiplicity
eigenvalues )\52), m € 7, and of a set of isolated eigenvalues of finite multiplicity that can only
accumulate at the essential spectrum and at +0o. We know from the results of section 2.5 that
these eigenvalues are the A, ,,,n,m € Z*, and that they are of multiplicity one. However, the
operator theoretical argument does not tell us that. However, it tells us that the spectrum of H
is pure point and that H has a complete orthonormal set of eigenfunctions. This implies that
the Bernstein -Landau paradox exists. Let us elaborate on this point. As we mentioned in the
introduction, it was shown by [36, 37] that the Landau damping can be characterized as the fact
that when the magnetic field is zero e~ goes weakly to zero as t — 4o00. Let us prove that
when the magnetic field is non zero this is not true. We prove this fact using only the operator
theoretical results of this section, i.e. without using the detailed calculations of section 2.5. Let
us denote by v;, j = 1,..., the eigenvalues of H, repeated according to their multiplicity, and let
X;, 7 =1,... be a complete set of orthonormal eigenfunctions, where the eigenfunction X;, is
associated with the eigenvalue, ;,7 = 1,.... We know explicitly from section 2.5 the eigenvalues
and an orthonormal basis of eigenvectors, but we do not need this information here. Suppose
that e "*H goes weakly to zero as t — £00. Then, for any X,Y € H,

lim (e”"MX,Y), =0. (2.7.6)

t—+oo

Let us prove that there is no non trivial X € H such that (2.7.6) holds for all Y € H. We have
that,

(e—itHX7Y)H _ Z e (X, X ) (X1, Y )y

1=1
e R g— 3 —itH . _ . —ity; )
However, let us take Y = X;,5 = 1,.... Then, t_l}gloo (e X,Y])H = t—I}IiHOO e (X, X )3,
j=1,..., is a non-zero constant if v; = 0, and it is oscillatory if v; # 0, unless (X, X;)y =

0,7 =1,.... However, if (X,X;)y =0,7=1,..., then, X = 0. It follows that (2.7.6) only holds
for X = 0.

2.8 Numerical results

The objective of this section is to illustrate the numerical behavior of the eigenfunctions constructed
previously. More precisely, we will construct a numerical scheme that approximates the solution
of the magnetized Vlasov—Ampére system initialized with an eigenfunction and compare this
numerical solution with the theoretical dynamics of the system. The numerical results below
show that the difference between the theoretical and numerical solutions is small, confirming the
theoretical analysis. Furthermore, we will use the eigenfunctions to initialize a code solving the
non-linear magnetized Vlasov—Poisson system showing how we can approximate the solution of
the non-linear system with our linear theory. Finally, using the same non-linear code, we will
illustrate the Bernstein—-Landau paradox, as in the spirit of [52, 91|, by initializing with a standard
test function traditionally used to highlight Landau damping and show how the damping is lost
when we add a constant magnetic field.
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2.8.1 Computing the eigenvalues

As in (2.5.54), we consider an eigenfunction

( w]j:;lm ) , (2.8.1)

of the operator H associated to the Fourier mode n # 0 and the eigenvalue \,, _,,, = — A, Where
Wn,m and F,, are given by

. v .2 . :
Wpm = M@= T e T Z ﬁem‘pjp (T) and F,, = —ine'"". (2.8.2)
pez” c n,m c

Furthermore, A, ,,, is one of the roots of a secular equation (2.5.48), which could be written as
a(A) =0,

where the secular function a(X) is given by

2T Mwe

N2 . 2.8.3

(3) n? mec+)\a’ ( )

mezL*

In (2.8.3) ap,m is defined by (2.5.46). The secular function «(\) is a convergent series with poles

at the multiples of the cyclotron frequency w.. Note that the function « in (2.8.3) and the
function g in (2.5.51) are linked by the relation

a(\) = —1 - % ). (2.8.4)

and consequently one can easily deduce properties of « from those of g proved in lemma 2.5.5.

10.0

7.5+

5.01

—10.0 T T v
-30 -25 -20 -15 -1.0 -05 0.0 0.5 1.0 15 20 25 3.0

Figure 2.1 — Secular function for w, = 0.5 and n =1
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The plot in fig. 2.1 illustrates the properties of a (deduced from lemma 2.5.5 and relation (2.8.4)),
most notably that there is unique root (hence an eigenvalue for H) in (mwe, (m+ 1)w.) for m > 1,
and ((m — 1w, mw,) for m < —1. With a standard numerical method (dichotomy or Newton),
we can determine the roots of . For example, with (n,m) = (1,2), we find A\; 2 ~ 1.19928. This
eigenvalue \; o will be used in all the following numerical tests.

2.8.2 Solving the linear magnetized Vlasov-Ampére system with a
Semi-Lagrangian scheme with splitting

To approximate the linear system (2.2.17) or (2.5.1)-(2.5.2), we use a semi-Lagrangian scheme
[30, 15], which is a classical method to approximate transport equations of the form 0f +
E(x,t)0,f = 0, coupled with a splitting procedure. A splitting procedure corresponds to
approximating the solution of 9;f + (A + B)f = 0 by solving d,f + Af =0 and 0;f + Bf =0
one after the other.

Hence, the magnetized Vlasov—Ampére system is split so as to only solve transport equations
with constant advection terms.

at(;,)+(A+B+C+D)<;ﬁ>= :

with
v2+u2
A= v10;  B= Fvlugfvi; — - —Wev20y, D= We1 Oy -
0 1* fue_%mdvldvg 0 0

(2.8.5)

The algorithm used to solve the linearized magnetized Vlasov—Ampére system can thus be
summarized as follows

1. Initialization U,;,; = ( w;,m > given in (2.8.1).

2. Going from ¢, to t, 41

Assume we know U™, the approximation of U = <;> at time t,.

e We compute U* by solving 9, U + AU = 0 with a semi-Lagrangian scheme during one
time step At with initial condition U™.

e We compute U by solving 8,U 4+ BU = 0 with a Runge-Kutta 2 scheme during one
time step At with initial condition U*.

e We compute U** by solving 9;U +CU = 0 with a semi-Lagrangian scheme during one
time step At with initial condition U.

e We compute U"*! by solving 9; U + DU = 0 with a semi-Lagrangian scheme during
one time step At with initial condition U**.
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2.8.3 Results for the magnetized Vlasov—Ampére system

The solution of the magnetized Vlasov—Ampére system initialized with an eigenfunctions Ujy; =

( w]?,m ) as in (2.8.1) is simply given by

U(t) = ePnm! Uy, (2.8.6)

Recall that (2.8.1) is an eigenfunction of H with eigenvalue A, _,, = —A,, . In the following
results, we have taken (n,m) = (1,2), w. = 0.5, N, = 33 (number of points of discretization
in position), N,, = N,, = 63 (number of points of discretization in both velocity variables),
L,, = L,, = 10 (numerical truncation in both velocity variables) and, most importantly, Tt = ﬁ
This means that U(Tt) = exp (zg) Uijpn; = iUjps, and then, the solution of the system at ¢t = Tt
corresponds to the initial condition where the real and imaginary parts have been exchanged (up
to a sign).

t=0 Theoretical at t=T¢ Numerical at t=T¢
4 2 4 4
2 ' 1 2 " ! 21 'I 1
‘1
REAL PART V' . o \‘ ,} 0 o { ‘J 0
-2 -2 ) 21
-1
-4 -4 -4
-5 0 5 -5 0 502 s 0 =2
4 ? 4 2y 2
2 1 i 1 2 1
IMAGINARY ;
SR VRS VRS
\7 0 0
-2 -2 -2/
-1 -1 -1
-4 -4 -4
-5 0 5 -5 0 5 -5 0

Figure 2.2 — Real and imaginary parts of the first component of U(¢) given by (2.8.6) in vy — v9
plane for z = 0.
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Figure 2.3 — Modulus of the first component of U(t) given by (2.8.6) in v; — vy plane for z =0,
and real and imaginary parts of F.

The figures show that the solution of the system behaves according to the theory.

2.8.4 Results for the non-linear magnetized Vlasov—Poisson system

We now look at how the solution of the non-linear magnetized Vlasov—Poisson system (2.2.4)
behaves when initialized with an eigenfunction of the Hamiltonian H of the magnetized Vlasov—
Ampére system. The idea is that for a certain time, the solution for the non-linear magnetized
Vlasov—Poisson system follows the same dynamics as the solution for the linearized magnetized
Vlasov—Poisson system. We consider the magnetized Vlasov—Poisson system because it is more
convenient for numerical purposes. Recall that the linearized magnetized Vlasov—Poisson and the
magnetized Vlasov—Ampére systems are equivalent. Furthermore, the articles [14, 52, 121, 91]
have studied the Bernstein—Landau paradox using the magnetized Vlasov—Poisson system. We
use almost the same numerical scheme as in the previous subsection to approximate the solution
of the system.

The Vlasov equation, namely the first equation in (2.2.4), in the non-linear magnetized Vlasov—
Poisson system is split so as to only solve transport equations with constant advection terms,

ou+ (A+B+Cu=0,

with A = v10,, B=— (E 4 w.v2) 0y, and C = w,v10,,. To update the electric field, the strategy
adopted is the same as in [30] where the Poisson equation is solved at each time step. On this
numerical computation we consider real valued solutions f, E.
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Let us denote by u the perturbation of the charge density function, f, and by F' be the perturbation
of the electric field, E. The functions u, F' solve the linearized magnetized Vlasov—Poisson system
(2.2.11). Recall that we proven in section 2.5 that the linearized magnetized Vlason-Poisson and
magnetized Vlasov—Ampére systems are equivalent. Then, we can use the real part of (2.8.6) to
write the expression of u, F' when initializing with, wini, Fini, With wini = Re(wp m), Fini = Re(F)).
Recall that wy, ., and F,, are defined in (2.8.2). Then, we have,

u(t) cos(Amt) Re(wn,m) — sin(Apt) Im(wy, m,)
( ) = Re(U(#)) = ( cos(Amt) Re(Fy) — sin(Ap,t) Im(F,) > (2.8.7)

where U(t) is given by (2.8.6).

The objective of this subsection is to show that we can approximate the solution of the non-linear
system using (2.8.7), which means that the solutions of both linear and non-linear systems are
close to each other for a certain time.

The algorithm used to solve the non-linear magnetized Vlasov—Poisson system can be summarized
as follows:

1. Initialization f;,; = fo+ev/fo Re(wn. m) and Eiy; = € Re(F,,) are given, where ¢ is a scalar
which controls the amplitude of the perturbation. We take e = 0.1.

2. Going from t, to t,1

Assume we know f™ and FE,, the approximations of f and E at time ,,.

e We compute f* by solving 0;f + v10, f = 0 with a semi-Lagrangian scheme during
one time step At with initial condition f,.

e We compute E, 11 by solving the Poisson equation with f*.

e We compute f by solving 8y f — (Ep41 +wev2)dy, f = 0 with a semi-Lagrangian scheme
during one time step At with initial condition f*.

e We compute f*"*! by solving 0;f + wev10,,f = 0 with a semi-Lagrangian scheme
during one time step At with initial condition f.

As in section 2.8.3 we take (n,m) = (1,2), w. = 0.5, N, = 33 (number of points of discretization
in position), N,, = N,, = 63 (number of points of discretization in both velocity variables),
L,, = L,, = 10 (numerical truncation in both velocity variables) and, T} = ﬁ In the following
figures, we are comparing respectively the theoretical perturbations, u, F, that are given by (2.8.7),
and the numerical perturbations,

u” ! _fogaundF":E—7
evfo €

where f™ and E™ are given by the above algorithm.
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Figure 2.4 — u in v; — vy plane for x = 0 and electric field F'.

The figures show that we can approximate the solution of the non-linear magnetized Vlasov—
Poisson system using solutions of the linear magnetized Vlasov—Poisson system, initialized with
the eigenfunctions of the Hamiltonian, H of the magnetized Vlasov—Ampére system.

2.8.5 The Bernstein—Landau paradox

In this subsection we illustrate the Bernstein—Landau paradox numerically, and we compare it
with the Landau damping, using the above algorithm (similarly to [52]). In order to compare the
numerical solutions to the non-linear Vlasov—Poisson system with the approximate analytical
solution found in [117] in the case w. = 0, we take below the charge of the ions equal to one.
With this convention the non-linear Vlasov—Poisson system is written as,

atf -+ "Ulazf — E@vlf —+ we (71}231,1 + "0181,2) f =0.
0. E(t,x) =1 7/ fdv.

RQ
Furthermore, also with the purpose of comparing with the approximate analytical solution of
[117], we initialize with the density function frp given by,

(2.8.8)

1 —v2
frp(z,v1,v2) = Dy (14+ecoskx) e, £=0.001,k=0.4. (2.8.9)
™

In this simulation the position interval is [0, 2?”], since we keep periodic solutions. To introduce
the approximate analytical solution of [117] let us consider the Vlasov—Poisson system (2.8.8)
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with w, =0,

6tf+vlaxf7E8v1f =0,

2.8.10
0. E(t,x)=1- fdv, ( )
RQ
and initialized with (2.8.9).
Let us look for a solution of the form,
Flt,0) = fi(t 2, 0) — 652 (2.8.11)
s by 1\t &y Ul \/ﬂ . .0.

Then, f(t,x,v) satisfies the (2.8.10) and it is initialized with (2.8.9) if and only if fi(¢,z,v1) is a
solution of the following Vlasov—Poisson system in one dimension in space and velocity,

Oufi +v10.f1 — 100, f1 =0,

0. E1(t,x) =1 —/]R fidvr, (28.12)
initialized with,
1 =
f1(0,z,v1) = E (1+ecoskr)e™= , &=0.001,k=0.4. (2.8.13)
Furthermore, note that
E(t,z) = F1(t, x). (2.8.14)

Then, we can compute an approximate E(t, z) using the approximate solution to (2.8.12), (2.8.13)
given in page 58 of [117]. Namely,

E(z,t) &~ 4e x 0, 424666 exp(—0, 0661¢) sin(0, 4z) cos(1, 2850t — 0, 3357725). (2.8.15)

We have taken the values given in the second line of the table in page 58 of [117]. This approximate
solution is a good approximation of the exact solution for large times.

Further, (2.8.15) is a classical test function to highlight Landau damping, more precisely the
damping of the electric energy. In the figures below we report (2.8.15) in the black curves.
Moreover, the figure below illustrates how when w, # 0, the damping is replaced by a recurrence
phenomenon of period T, = Z—“, which follows the behaviour observed in [6, 121]. We take
we = 0.1, and as in section 2.8.3,Cwe use, N, = 33 (number of points of discretization in position),
N,, = N,, = 63 (number of points of discretization in both velocity variables), L,, = L,, = 10
(numerical truncation in both velocity variables).
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Figure 2.5 — Damped and undamped electric field

The recurrence visible on the right-hand side figure, i.e. the Bernstein paradox, is a fully "physical"
phenomenon originating from the non-zero magnetic field and is to be distinguished from the
recurrence in semi-Lagrangian schemes studied in [89], which deals with a purely numerical
phenomenon. Let us show that this recurrence is a consequence of our series based on the
eigenvectors expansion in the regime of non zero magnetic field. For this purpose, we take the
charge of the ions equal to 27, and solutions with period 27, to be able to use our results of the
previous sections. We consider the initial data.

—v2 2
Go = (ug(x,v), Fy(z)) = <e4 coslz, _777 sinlac) ez, (2.8.16)

which satisfies the Gauss law. To compute the electric field with the expansion of the solution to
the magnetic Vlasov—Ampére system given in (2.6.2), (2.6.4), (2.6.7) we only need to consider

the eigenfunctions with non zero electric field, namely, F%O and Z,, ,,. Recalling that the electric
field is the second component of (2.6.2) we obtain,

Fa,t) = 3 (Go,FO) FPD (@) + 3 e ™! (Go, Zinn)y 22 (2) =

nezZ* n,mez*
(GO,Fl(“) F"2(2)+ Y et (Go, Zim)y ZU0) (@), (2.8.17)
meZ*
where we denote by F%O’Z), respectively, Zg)m the second component of F%O), and of Z,, ,,,. Then,

using (2.2.10) with Ey = 0, and (2.8.17) we get the approximate formula for the electric field,

B(z,t) ~ eRF(t) = eR (Go,Fgo) F"2(2) +eR Y e nt (Go, Zin)y ZV) (). (2.8.18)

,m
meZ*

This approximate formula for the electric field shows the recurrence observed in the right-hand
side of fig. 2.5. For clarity, we indicate the real part in (2.8.18), but note that since the initial data
Gy in (2.8.16) is real valued, and the solution to the magnetic Vlasov-Ampére system (2.2.17) is
unique, actually the electric field given by (2.8.17) is real valued.
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2.9 Appendix A

=

In this appendix we further study the properties of the secular equation (2.5.50), (2.5.46), and
(2.5.51). For later use we prepare the following result.

Proposition 2.9.1. Let ay m,n € Z*,m =1,..., be the quantity defined in (2.5.46). Then, there
is a constant, C, that depends on n, such that,

1 en? 1™
nom < C —— | ——1| =1,..., 2.9.1
nm =~ [ngm] " ( )

where e is Fuler’s number. In particular, for any p > 0 there is a constant C, that depends on n

and p, such that,

o < oL (2.9.2)

mpP’
Proof. By equation (10.22.67) in page 245 of [53]
—n2 2
U =€ “2 I, (n> , (2.9.3)

with I,(z) a modified Bessel function. Furthermore, by equation (10.41.1) in page 256 of [53],

L, (ZZ) _ ﬁ (;ﬁn)m (1+0(1)),  m— o0, (2.9.4)

Equation (2.9.1) follows from (2.9.3) and (2.9.4). Finally, (2.9.2) follows from (2.9.1). O

We continue the analysis of the secular equation. Let A, ,,,, m > 2 be the root given in (2.5.6).
Recall that A, ,, € Jmwc, (m + 1)wc[. Then, to isolate terms that can be large as A, ., is close to
mwe or to (m + 1)w., we decompose g(Ap,m) as follows,

9nm) = 9D ) + 92 Q) + 9 M) + 99 M), (2.9.5)
where,
DAy ) = 4 _dwe 506
9 Anm) = dm Z 2,2 _ )2 ‘na (2.9.6)
1<qem—1 %™ Anm
2,2
(2) _ m~wg
g ()\n,m) =4m ——5 5 5  nm, (297)
mAw? — A2 o,
3 . (m+1)2w?
g( )()\n’m) =47 (m o+ 1)%2 — A2 man,mﬂ, (2.9.8)
) — W
9P ) =41 > ng- (2.9.9)

2,42
w, )\
qg>m—+2 q ¢ n,m

Lemma 2.9.2. Let g(l)()\n,m) be the quantity defined in (2.9.6). Then, there is a constant C,,
such that,

‘g(U(/\n,m)‘ <Cp—, m>2 (2.9.10)
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Proof. First suppose that m is even. Then, m/2 is an integer, and we can decompose g(l)(/\n,m)
as follows,

9(1)()‘n7m> = 9(1’1)()‘n7m> + 9(172)()‘71,771)7 (2.9.11)
where,
» e w2
g( ) )(An,m) = 47T Z Wanﬂ, (2912)
1<q<m/2 ¢ m
and
A (N, ) =4 0w 2.9.13
g ( n7m) = 4am Z mdn7q. ( .J. )
m/2<g<m-—1 ¢ n,m
Note that,
1 2 m
, =1,...,—. 2.9.14
e e 2 (2914
Then, by (2.9.2), (2.9.12) and, (2.9.14)
9 m/2
‘g(l’l)()\n,m)‘ <dr Y P wlang < C—. (2.9.15)
c 1
Furthermore, we have
1 1 1 m
— = —, ... — 1. 2.9.16
q2WE_)\121,m‘_wc mwca q 27 , M ( )
Then, by (2.9.2), (2.9.13) and, (2.9.16),
(12) 11 1
g5 (Anm)| < 4m Z P wian,, < C ,p=1,. (2.9.17)

We MWe
m/2<q<m—1

Equation (2.9.10) follows from (2.9.11), (2.9.15) and, (2.9.17). In the case where m is odd,
(m — 1)/2 is an integer, and we decompose g(*) (), ) as in (2.9.11) with,

w2
9" Anm) = 4 Z ;\ On,q, (2.9.18)
1<g<(m—1)/2 g n,m
and .
q° w;
9 Anm) = 4 Z Wan,(p (2.9.19)
(m—1)/2<q<m—1 q n,m

and we proceed as in the case of m even. -

In the following lemma we estimate g (\,, ).

Lemma 2.9.3. Let g9 (\,.) be the quantity defined in (2.9.9). Then, for every p > 0 there is
a constant C), such that,

’g<4>(An,m)’ <Cp—, m>2 (2.9.20)

mp’
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Proof. Note that,

1 1 1
_— > 2. 2.9.21
QQWg_)\%7m‘_WC (m—|—3)wc’ q=>m+ ( )
Equation (2.9.20) follows from (2.9.2), (2.9.9) and, (2.9.21). O
In the following lemma we estimate how A, ,,, approaches mw. as m — $o0.
Lemma 2.9.4. We have,
n,|m)| 1
Anm = MWe + 2TMwe —5— + ap |m| O , m — +o0o. (2.9.22)
s n ) |m|
Proof. Note that since A, _m = — A 1t is enough to prove equation (2.9.22) when m — oo.
Using (2.9.10) and (2.9.20) we write (2.5.51) as follows
m? w? 1
Moreover, as g(3)()\n7m) > 0, we get,
2,2 1
4w&anm2n2+0 — 1, m — 00.
A2 — mPwZ m?2
Then, there is an mg such that 47 %anym > %, m > mg, and then, A2 | < m2w? +

16m? w? ay m, m > mo, and taking the square root we obtain

mwe < A m < Mwey/ 1+ 16 an, m, m > mg.

(2.9.24)

This already shows that A, ,, is asymptotic to w. for large m. However, we can improve this

estimate to obtain (2.9.22). By (2.9.2) and (2.9.24) for every p > 0,

((m+1)we — Apm) ' = L <1+0 <1p>> . m— 0.

We m

Further, introducing (2.9.8) and (2.9.25) into (2.9.23), and using (2.9.2) we obtain,
m? w? 9 1
4%)\2 _m%ﬂan,m:n +O<mQ), m — 00.

By (2.0.24)
An,m — Mwe < mwe O (an,m) m — 0.
Further,
_ _ 1
()‘n,m + mwc) 1_ (Qmwc + )\n,m - mwc) 1_ Yo (1 +0 (a",m))v m — 00.

Expansion (2.9.22) follows from (2.9.28) and, (2.9.29).
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2.10 Appendix B

2.10.1 A family of stationary solutions

In this appendix we explicitly construct a family of time-independent solutions to the linearized
magnetized Vlasov—Poisson system. We first construct the family in dimension 1+2 (one dimension
in space, two dimensions in velocity), which corresponds to the setting of our work. Then, we
generalize our family of solutions to the case dimension 3+3 (three dimensions in space, three
dimensions in velocity) that is the case considered by Bedrossian and Wang [13].

2.10.2 Dimension 1+2

For the purpose of making the comparison with [13] more transparent we consider the Vlasov
equation,
Of +vi0:f+F -V, f =0, (2.10.1)

with the electromagnetic Lorenz force,

F(t,x) = = (E(t,x) + v x Bo(t,z)) . (2.10.2)

4
m

Taking By # 0 the plasma is magnetized. The variable z is in the periodic torus x € T = [0, 27 per-
The velocity variables are (vq,v) € R?. We take the charge ¢ > 0 (remark 2.2.1) the mass m > 0,
and we assume, as before, that the magnetic field B(¢,x) = By is constant in space-time. We
suppose again that the two-dimensional velocity v is perpendicular to the constant magnetic field,
ie., Bp = (0,0, By), By > 0. Moreover, we assume that the electric field is directed along the first
coordinate axis, E(t,z) = (E(t,x),0,0), that it has mean zero,

/ E(t,z)dx =0,
-
and that it satisfies the Gauss law,
1
0.E(t7) = (—1+q/ fdv), (2.10.3)
47 R2

where as in [13] we introduced the factor ;- in the right-hand side of the Gauss law, and we have
taken the charge of the heavy particles equal to minus one.

We linearize the equations around a homogeneous Maxwellian equilibrium state fo(v), where,

1 -2
fo(v) := 2.
This corresponds to the expansion,
J(t,2,0) = fov) + ehlt, z,v) + O(), (2.10.4)
and
B(t,x) = By +eF(t,z) + O(e?), (2.10.5)
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with a null reference electric field Ey = 0. Inserting (2.10.4) and (2.10.5) into (2.10.1)-(2.10.3),
and keeping the terms up to linear in €, we obtain the linearized magnetized Vlasov—Poisson
system

Och +v10.h — L Fvy fo — L By (—028y, + v19y,) h = 0,
m m

q (2.10.6)
O F = — hdvldvg,/ F(t,z)dx = 0.
47 R2 T
As we look for time-independent solutions, we have to solve,
q q _
v10,h — EFvlfO — EBO (—v20y, +v10,,) h =0,
q (2.10.7)
O, F = — h dvy dvsg, / F(t,z)dx = 0.
47 R2 T
Note that,
(—’l)gavl + Ulavz) fo(Ul, Ug) =0. (2.10.8)

Our objective hereafter is to construct a family of non trivial smooth solutions to (2.10.7) that
have fast decay in velocity.

Lemma 2.10.1. There exists an explicit family of non trivial smooth solutions (h, F') to the
time-independent linearized magnetized Viasov—Poisson system (2.10.7), where F = —¢'(x), with
@ € C™(T), and where the function h can be taken either with | continuous derivatives with
respect to v,l = 1,2,..., or infinitely differentiable with respect to v. Moreover, for each fixed
x € T,h € LY(R?). Further, the absolute value of h and of all its derivatives can be taken bounded
by Gaussian functions of v, uniformly in x € T. Moreover, h+ Ly fo can be taken with compact
support in v, uniformly in x € T.

Proof. We introduce an electric potential p € C1(T) as
F(I) = 7§0/(I)7
with ¢(27) = ¢(0) and ¢'(27) = ¢’(0). Plugging in the first equation in (2.10.7), we obtain
V10, [h(x,vl,vg) + %(p(x)fo(vl, va)| — %Bo (—v20y, +v10,,) h = 0.

Let us define

G(z,v1,v2) = h(x,v1,v2) + %gﬁ(m)fo(vl,vg). (2.10.9)
Since we have (2.10.8), G satisfies the equation
019, G, v1,v9) — %BO (=204, + 110y,) G(x, v1,v2) = 0. (2.10.10)
Let us make another change of function which is valid since By # 0,
H(z,v1,v9) = G(x — %,’Ul,’l&) — G(z,v1,v2) = H(z + %71}1,?]2). (2.10.11)

The equation (2.10.10) is rewritten as

%wc (— 20y, + v104,) H(z,v1,v2) = 0. (2.10.12)
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Under this form, it is easy to find a general solution which writes
H(x,’U]_,’Ug) = K(xﬂv]? —+ US)

where K is an arbitrary smooth function which decreases sufficiently fast at infinity with respect
to its second variable. For example, we can take,

K(z,0? +13) = e™g(v? +03),  neZ\{0}, (2.10.13)

where g(v? +v2) € CY(R?),1 =1,2,..., or g(v? +v3) € C>(R?), and g(v? + v3) € L*(R?). For
example, g can be taken with compact support, or a Gaussian. Going back to the perturbation h,
one obtains the representation formula

™m vy

2 2
, 01 +v3),
qBO 1 2)

hz,v1,v2) = —%go(x)fo(vl,vz) + K(z+

where the electric potential ¢ remains to be determined. All functions h of this form satisfy the
first equation of (2.10.7).

It remains to verify the Gauss law, that is the second equation of (2.10.7). The right hand side
of the Gauss law is

47r hdvy dvy = % (—go /K —=, 1+v2)dvldv2>
So the Gauss law is rewritten as
2
- (z) + 47qr /K mvg v% + v2) dvy dvs.

Using (2.10.13), one gets

2

1 in b2
—¢"(z) + 4im§0(l‘) = iemx/e B0 g(v] + v3) dvy dvy.

This is an equation for the electric potential. The periodic solution is explicit,

1 , 2
o(z) = ——5— A gina /e aBo g(v? + v2)dvdvs. (2.10.14)
n? + 4;1rm am

The remaining properties of the solution (h, F') follow immediately from the explicit representation
of (h, F). O

Remark that the solutions given by lemma 2.10.1 satisfy,

/h(xwl,vg)d;ﬂzo,/ F(z)dx =0,
-

T

and in particular,
/ h(x,v1,v9) dx dvy dve = 0.
T xR2

The solutions given by lemma 2.10.1 are in agreement with (2.6.1), (2.6.2), (2.6.4), (2.6.7), and
also with (2.6.14), (2.6.15), (2.6.16).
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2.10.3 Dimension 3-+3

We now consider solutions to the magnetized Vlasov—Poisson system in 72 x R3, where 73 is the
three-dimensional torus, 72 := [0, 27r]ger. We denote x := (x,y,2) € T3, and v = (v1,v2,v3) € R3.
The Vlasov equation is given by,

Oft,x,v)+ v -Vif(t,x,v) + F(t,x) - Vi f(t,x,v) =0, (2.10.15)

with the electromagnetic Lorenz force,

F(t,x) = % (E(t,x) + v x Bo(t, %)) , (2.10.16)

where ¢ > 0,m > 0, and we assume, as before, that the magnetic field B(t,x) = By is constant
in space-time, and that it is directed along the third coordinate, i.e., By = (0,0, By), By > 0.
Moreover, we assume that the electric field satisfies the Gauss law,

Vs Bt x) = ip(t,x), o) = [+ [ (txv)dV, (2.10.17)

Further, we assume that the electric field has mean zero,

/ E(t,x)d*x = 0. (2.10.18)
T3

We linearize equations (2.10.15)-(2.10.18) around a homogeneous Maxwellian equilibrium state
f°(v), where,

2

1 QT‘T’
A/ 27TT||

FOv) = folvi, v2) e,
where T} > 0 is the temperature along the magnetic field. It corresponds to (2.1.2) by taking

f = 0. This corresponds to the expansion,
F(t%,v) = O + £G(t.x,v) + O(e2), (2.10.19)

and
E(t,x) = Eg + e F(t,x) + O(£?), (2.10.20)

with a null reference electric field Eg = 0. Inserting (2.10.19) and (2.10.20) into (2.10.15)-(2.10.17),
and keeping the terms up to linear in €, we obtain the linearized magnetized Vlasov—Poisson
system,

0G(t,x,v) +v-ViG(t,x,v) + %}'(t,x) Vo fo(v) + %v x Bo - VyG(t,x,v) =0,
Vi F(t,x) = f p(t, x), p(t,x) := / G(t,x,v)d>v, F(t,x)d*x = 0.
m R3

TS
(2.10.21)
We look for solutions to (2.10.21) that satisty,

/ G(t,x,v)d*xd®v = 0. (2.10.22)
T3xR3
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Under the condition (2.10.22) the Gauss law, that is the second equation in (2.10.21), is equivalent
to the following equation,

_ -~ 3o _q 1 1
F(t,x) = =Vx - W(x —y)p(ty)d’y with W(x) := it (27m)3 Z k|2

kez3\{0}

emx.(2.10.23)

Since we are looking for time-independent solutions we have to solve,

v-ViG(t,x,v)+ %]—'(t,x) . vao(v) + %v x Bg - VyG(t,x,v) =0,

Vi - F(t,x) = 4 p(t, x), p(t,x) = G(t,x,v)d*v, F(t,x)d*x = 0.
4 R3 T3
(2.10.24)
Let (h, F) be one of the solutions to (2.10.7) given by lemma 2.10.1. We define,
1 -3 F(z)
G(x,v) = h(z,v1,v2) ——=e "Il ;and F(x) = 0 : (2.10.25)
2nT) 0

Lemma 2.10.2. Let (h(x,v1,v2), F(x)) be one of the solutions to the time-independent linearized
magnetized Vlasov—Poisson system (2.10.7) given by lemma 2.10.1. Then, the pair (G(x,Vv), F(x))
defined in (2.10.25) is a solution to the time-independent linearized magnetized Vlasov—Poisson
system (2.10.24) in T3 x R3, with F € C>(T?), and where the function h can be taken either
with 1 continuous derivatives with respect to v,l =1,2,..., or infinitely differentiable with respect
to v. Moreover, for each fived x € T2, h € L'(R3). Further, the absolute value of h and of all its
derivatives can be taken bounded by Gaussian functions of v, uniformly in x € T3. Further, the
solution (G(x,v), F(x)) satisfies (2.10.22).

Proof. We detail the calculations for the convenience of the reader. One has

2
—v§
v - VxG(2,y,2,01,v2,v3) = 010 h(x, v1,v2) il

1
A/ 27I'TH

va(%y,z,vl,v%v?)) = 8v2h('r7'l}17'02) L GW 3

h(:z:,vl,vg) avsTTH € (21026)

Vv X BO = —Bovl y

(V X BO) : va(x,y,z,v1, 1}2,1)3) = BO (1)261)1 - Ulavz) h(x, U1, ’Ug) \/217"7TH €
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Therefore, by (2.10.26) one gets the first equation in the linearized magnetized Vlasov—Poisson
system (2.10.24),

V- ViG(tx,v) + %}"(t,x) Vo fO(v) + Ev x By - VyG(t,x,v) = 0. (2.10.27)

Moreover, one has Vx - F(x) = 0, F(z), and

-3
fRB g(X7 V) v = f]]@ X UlaUQ dvldv2 X fR \/ﬂezTu dvs
= g A, v1,v2)dv1dvs.

So one obtains immediately the Gauss law

Vi - F(x) = -L p(t, x). (2.10.28)

4
The fact that (2.10.22) holds, and the properties of the solution (G, F) stated in the lemma hold,
follow immediately from the definition of the pair (h, F). O

Then the pair (G, F) is a time independent solution to the linearized magnetized Vlasov equation,

v-V.Gg—F- vv(f() T('Ug)) - (V X Bo) -V.G = O, (21029)
and of the Gauss law,

Vo Fla,y,2) =— | Gdv. (2.10.30)
R3

In the notation of Theorem 1 of [13]

ﬁ(t7kL70) = g(ﬂ:,y,z,l]l,UQ,’Ug),

with k1 = (n,0,0). Moreover, f = 7, and f? = 0. Further, in [13] the charge ¢ is taken positive
and we take it equal to —1. However, the charge can be changed from one to minus one by the

change of coordinate x — —x. Note, moreover, that since we take fo = fo(vi,v2) = e~ (Wi+v3)/2

and in [13] fO = -k e=(*19)/2 we have to multiply our solution by - 5= e (G, 5= F).

2.10.4 The unmagnetized case w. =0

It is instructing to calculate stationary solutions of the unmagnetized Vlasov—Poisson equations

0109 + Fv1 fo =0,
F=-—
O /Rz gdvdvs, (2.10.31)

/ F=o,
[0,27]

v10; [9(7,v1,v2) — p(z) fo(v1,v2)] = 0.

One obtains

It yields the representation
g(z,v1,v2) — () fo(v1,v2) = M(v1,v2)
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where M is arbitrary. Plugging in the 2nd equation of (2.10.31), one gets the Poisson equation

—o"(2) + 27p(x) = —/M(vl,vg)dvldvg.

Since the right hand side is independent of z, the solution is also independent of x

1
p(r) = o M (v, ve)dvidvs.
iy

Therefore the electric field vanishes

Also the mass is zero

/ gdvidve = 0.
]R2

Hence, for the unmagnetized case, stationary solutions are trivial.

For the solutions (G, F) to the time-independent linearized magnetized Vlasov—Poisson system
(2.10.24), that fulfills (2.10.22), the Fourier coefficient p(n,0,0) is, in general, not zero, and,
moreover, they satisfy the assumption of Theorem 1 of Bedrossian and Wang, [13] (see theorem 2.1.1
above). For example, we can take g(v? + v2) = e~ vi+v3,

2.10.5 Limit By — 0

An interesting question is passing to the limit By — 0 in the right-hand side of (2.10.14). One
has weak convergence to zero of the right-hand side under standard integrability conditions on g
since

lim ™™ B h(v? + v2)dvrdvy = 0

Bo—0 R2

m

because of the oscillating term e a5, | Therefore, by (2.10.14) the solutions of (2.10.7) given by
lemma 2.10.1 satisfy

p =0.
Bo—)O

The weak limit recovers the classical results in the non magnetized case.
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3 Weak solutions to the magnetized Vlasov—
Poisson system
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Summary

In this chapter, we present the main mathematical properties of the magnetized Vlasov—Poisson
system, detailing the most important a priori estimates and listing the different types of solutions
to this system. Then we give a result on the existence of weak solutions to the magnetized
Vlasov—Poisson system, analogous to the result in the unmagnetized framework. Finally, we detail
the approximation procedure, first introduced by Arsenev in [4], that is central in the proof of
both results. This approximation procedure is also used implicitly in the proof of our results
regarding propagation of velocity moments in chapter 4 and chapter 5.

3.1 Introduction

We study the Vlasov—Poisson system with an external magnetic field, which we will call the
magnetized Vlasov—Poisson system for the rest of this chapter, in a 3-dimensional framework.
This system describes the behavior of a cloud of charged particles subject to an external magnetic
field and is given by the following set of equations:

Ohf+v-Vof +(E4+vAB)-V,f=0,

1 T —y
E(t,r) = — / / LY F(t,y,v)dody,
47 R3 JR3 |fE — y‘

fie=o(@,v) == f"(z,v) > 0

in 1 T=Y tin
Eji—o(x) :== E™(x) := E/Rg /R ‘x_yly,f (y, v)dvdy.

(3.1.1)

with

(3.1.2)

93
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Throughout this chapter, we will assume that the magnetic field B verifies
B € Wh(R?). (3.1.3)

We also define some macroscopic quantities, namely the macroscopic particle density p and the
electric current j:

p(ta SU) = 5 f(t,l’,’())d'l) with p\t:O(x) = pin’

& (3.1.4)
J(t,x) ::/ vf(t,z,v)dv with jj,—o(z) := g,

R3

3.1.1 A priori estimates

In (3.1.1), the distribution function f is determined by the Vlasov equation which is a transport
equation with a divergence free vector field. Furthermore, the electric potential ® (E derives
from the electric potential £ = —V,®) satisfies a Poisson equation. Thanks to these properties,
we can derive many a priori estimates for the magnetized Vlasov—Poisson system, which we list
below.

1. (Maximum principle) If the characteristics of the system are well-defined, then we can
express the solution f using f** and the characteristics. In this context for all ¢ > 0 and for
a.e. (z,v) € R? x R? we have

0< f(t,z,v) < sup  f"(x,v). (3.1.5)
(z,v)ER3 XR3

2. (Conservation of L? norms) Since (z,v) — (v, E + v A B) is a divergence free vector
field, we deduce that for all smooth functions 8 : Ry — Ry we have for all ¢ > 0

/ BUf(t, 2, v))dedy :/ B(f"(x,v))dzdv. (3.1.6)
R3 xR3

R3 xR3

In particular, all the L? norms (1 < p < co) are conserved and letting p — oo we also find
that the L® norm is conserved:

LFON, = (1771, (3.1.7)
for all 1 < p < 0.

3. (Local conservation of mass) Taking the macroscopic density p, we can write the
following formal calculations:

8tp:f/ v~wa+(E+v/\B)~vadv:fdivxjf/ div, ((E +v A B)f)dv.
R3 R3

the last term is the second inequality is zero which means the macroscopic quantities p, j
verify the following continuity equation:

Op(t, x) + div, j(¢,z) = 0. (3.1.8)
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4. (Conservation of energy) We multiply the Vlasov equation by \v|2, integrate over R? x R3
and integrate by parts to obtain formally

1
4 |v|27fdxdv:—/ (E—l—v/\B)-vfdxdv:—/ E - vfdxdv
dt Jrsxrs 2 R3 xR? R3 X R3

:_/RSE-</Rsvfdv)dx
:f/RsEjd:c

/@(t,x)divzj(t,x)dx

R3

—/ O(t,x)0p(t, xv)dx
R3

= / O(t,2)0: A O (¢, x)dx
R3

=— | V.0 z) 0, V,P(t,x)dz
R3

d [ 1
=—— [ Z|E(t, )| du.
dt Jgs 2

Finally, we can write the conservation of energy

/ v f(t, @, v)dzdv + |E(t,z)|* do = /
R3 xR3 R3

o) findedy + / | (2))? da.
R3 xR3 R3

(3.1.9)

5. (Uniform estimates) We start by presenting an interpolation inequality for velocity
moments. Let g := g(x,v) > 0 such that g € L™(R* x R?) and [pa, ps w|¥ g(x,v)dzdv <
+00. Then we have for 0 < k' < k and r = ££3

k’+3
| [ 1ot gt
R

The proof of this inequality can be found in the appendix of chapter 4.

k'43
kE+3

< ek, K) |gll 55 (/ v|kg(x,v)dwdv> . (3.1.10)
R3 xR3

Now we recall the weak Young inequality, whose proof can be found in [85].
Let 1 < p,q,r < oo with % + % =1+ %, then for all functions f € LP(R"™), g € L9 (R")

the convolution product fx g = [, f(y)g(- —y)dy € L"(R™) and satisfies the weak Young
inequality

1f % gll, < clfl, gl (3.1.11)
with ¢ = ¢(p, ¢, n) and by definition g € L% (R™) iff g is measurable and
sup (7' (vol {z € R™ | |g(x)| > T})%) < 0. (3.1.12)
7>0

Furthermore, we can define a norm on L?*(R™) given by
N9l 40 = sup |A|"a / lg(2)| dz. (3.1.13)
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These inequalities yield uniform estimates under certain assumptions. Indeed if we assume
that fi" € L' N L (R3 x R3) such that [v|* f € L*(R3 x R3) then we have uniform estimates
on p,j and E, which we now list:

sup [|p(t, )|, < C (3.1.14)
t>0

with 1 < ¢ < % and C independent of q. This estimate is a consequence of the conservation
of LP norms, the conservation of energy and the interpolation inequality.

sup [|j(¢, )|, < C (3.1.15)
t>0

with 1 < ¢ < % and C independent of ¢q. Just like for the previous estimate on p, this
is a consequence of the conservation of LP norms, the conservation of energy and the
interpolation inequality.

sup [|E(t, )|, < C (3.1.16)
t>0

with % <q< % and C independent of ¢q. This estimate is a consequence of the uniform
estimate on p and the weak Young inequality.

Most of these estimates can be proved rigorously by assuming sufficient regularity on the unknowns
f, E and by using the following lemma:

Lemma 3.1.1 (Conservation law, [60]). Let a € C(Ry,L*(R%)),b € L'((0,T) x R RY), ¢ €
LY((0,T) x RY) such that

Oa+divyb=c in D'(R} x R?), (3.1.17)

then J
—/ a(t,a:)d:c:/ c(t,x)dz in D'(RY). (3.1.18)
dt Rd Rd

3.1.2 Different types of solutions

We present the different notions of solutions for the magnetized Vlasov—Poisson system.

Definition 3.1.2 (Classical solutions). Let T'> 0 and f := f(t,z,v) > 0. Then f is a classical
solution to the magnetized Vlasov—Poisson system (3.1.1) if f € C1([0, T|xR3xR3), if E := E(t, x)
is Lipschitz with respect to = and if f verifies (3.1.1) in the strong sense.

In [103], Pfaffelmoser proved the existence of classical solutions to the Vlasov—Poisson system
(B =0). Using very similar ideas, Schiffer subsequently improved this result [114]. Both these
proofs relied on estimating the support in velocity of the solution to Vlasov—Poisson (while
initializing the system with ™ smooth and with compact support). The support in velocity of
the solution is controlled by @ := Q(t) defined by

Q(t) =1+sup{|v[: Jx € R® 7 € [0,1] such that f(r,z,v) # 0} . (3.1.19)

We give Schéffer’s existence theorem [114].
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Theorem 3.1.3. Let fi* € CH(R? x R3). Then the Cauchy problem for the Vlasov—Poisson
system ((3.1.1) with B = 0) has a unique solution C solution, and for any p > %, there exists a
constant c, such that

Qt) < c,(1+ )P (3.1.20)

For the magnetized Vlasov—Poisson system, we proved the existence of classical solutions in
chapter 4 for a constant magnetic field and in chapter 5 for a general magnetic field by showing
propagation of velocity moments, which also yields propagation of regularity.

Now we present the notion of weak solutions.

Definition 3.1.4. Let f € L®(R; L}(R® x R?) N L?(R? x R3)), f is a weak solution of the
magnetized Vlasov-Poisson system if f [v]> € L>(R,; L'(R? x R?)) and we have

ouf +divy(vf) +div,((E+vAB)f) =0in D'(R; x R® x R?). (3.1.21)

The initial condition is verified in the sense of distributions, i.e. for all ¢ € C°(R? x R3), the
function

t— //]R3><]R3 ft,z,0)o(t, z)dxdv (3.1.22)

is continuous on R and satisfies

// f(0,z,v)p(t, x)dxdv = // F(x,v)p(t, x)dxdv. (3.1.23)
R3 xR3 R3 xR3

In [4], Arsenev proved the existence of weak solutions to the Vlasov—Poisson system with an
approximation procedure. This result can easily be adapted to (3.1.1), and in the following
section we present an analogous result for the magnetized Vlasov—Poisson system with B verifying
(3.1.3).

Finally we present the notion of renormalized solutions to (3.1.1) developed in [42]. It was notably
shown in [42] that one requires weaker conditions to have existence of such renormalized solutions
compared to the assumptions demanded for the existence of weak solutions that we will present
in theorem 3.2.1. This notion, which was developed to study the Vlasov—Poisson system, can
easily be adapted to the magnetized Vlasov—Poisson system.

Definition 3.1.5. Let f € L*=(Ry; LI(R?’ x R3)), f is a renormalized solution of the magnetized
Vlasov—Poisson system if E € L>(R,, L2*(R?)) and if we have

MB(f) + dive(vB(f)) + div,((E +v A B)B(f)) = 0 in D'(Ry x R? x R?), (3.1.24)

for all 8 € C(Ry) such that 8 is bounded.

In this thesis, we haven’t explored the existence of such solutions for the magnetized Vlasov—
Poisson system. However, in [42] DiPerna and Lions proved a result where they detailed necessary
and sufficient conditions to have equivalence between weak solutions and renormalized solutions.

Theorem 3.1.6. Let f € L (R, L}(R? x R?)).
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1. If f is a renormalized solution to the Viasov—Poisson system and if f € L™ (R, LPo(R3 x
R3)) with py = %@, F e L®(Ry, LPo(R?)) then f is a weak solution of the Viasov—
Poisson system.

2. If f is a weak solution to the Viasov—Poisson system and if f € L= (R, LP*(R? x R3))
with py = ”T\/ﬁ, [v|? f € L®(Ry, L*(R® x R3)) then f is a renormalized solution of the
Vlasov—-Poisson system.

This theorem can be adapted to the magnetized Viasov—Poisson system with B verifying (3.1.3),
which means the results on existence of weak solutions in chapter 4 and chapter 5 imply the
existence of renormalized solutions to (3.1.1).

3.2 Global existence of weak solutions

As already announced above, we now present a theorem of existence of weak solutions to the
magnetized Vlasov—Poisson system (3.1.1). This result is analogous to the theorem proved by
Arsenev in [4] for the Vlasov—Poisson system and we show it by adapting the method from [4].

Theorem 3.2.1. Let fi" := f"(z,v) with f™ € L' N L®°(R3 x R3), fi" > 0 a.e. and assume

that ) )
- // lv]® fi"dado + f/ |Em|2 dx = E™ < 0. (3.2.1)
2 R3 xR3 2 Jrs

Let B := B(t,x) with B verifying (3.1.3).

Then there exists a global weak solution f € L™ (R+,L1 N L>®(R3 x R3)) to the Cauchy problem
for the magnetized Viasov—Poisson system (3.1.1). This solution satisfies

0< f(t,x) < HmeOO, for a.e. (z,v) € R® x R® and Vt >0 (3.2.2)
together with the LP norm conservation for allt >0 and 1 <p < oo
IF @I, = Hmep < o0, (3.2.3)

and the energy bound for a.e. t >0

1 1 ,
- // | f(t, 2, v)dzdv + f/ |E(t,2)|* dz < ™ < . (3.2.4)
2 R3 xR3 2 Jrs

Just like in [4], this result is shown by regularizing the initial data and considering an approximate
magnetized Vlasov—Poisson system, which is constructed with the following procedure:

Let ¢ € C*°(R?) which satisfies
((z) =¢(—x) >0 for z € R}, supp(¢) € B(0,1) and ((z)dz = 1. (3.2.5)
R3

For € > 0, we define

ge(x)::ﬁg(g) and 5s(x)::e*6g(§)g(3). (3.2.6)

€
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We also define the Green function for the Laplacian

11

= ——. 3.2.7
This allows us to write the approximate magnetized Vlasov—Poisson system
atfs+v’vmfs+Es'vvfs+v/\B'vvfs =0,
EE = (CE * CE * g3) * pE(ta ')7
(3.2.8)

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

fetmo = & * (Lopej<1 Lepw<1 f") = f27

To prove the existence of weak solutions to (3.1.1), we require an intermediate existence result
for the approximate magnetized Vlasov—Poisson system.

Proposition 3.2.2. Let fi" := fi"(x,v) with f" € L' N L®°(R3 x R3), fi"* > 0 a.e. and assume

that ) .
- // o] fi"dadv + f/ |Ei”|2dx = E&" < 0. (3.2.9)
2 R3 xR3 2 Jrs

Let B := B(t,z) with B verifying (3.1.3).

Then we have the following estimates for the initial data of (3.2.8) fir:

1 , 1 L2 .
= // v fi" dadv + 7/ E' dr:=E&" <o (3.2.10)
2 R3 xR3 2 Jps
with _ ‘
B = =~V K3 pl", (3.2.11)
and
pi = / i (x,v)dv, (3.2.12)
R3

there exists a unique weak solution f. € C(Ry, L' N L= (R3 x R3)) to the approzimate magnetized
Viasov-Poisson system (3.2.8).

This solution satisfies
0< fo(t,x) < Hmeoo7 for a.e. (z,v) € R3 x R? and Vt > 0, (3.2.13)
together with LP norm conservation for all t > 0,
=@, = [|F2°]],, < o0, (3.2.14)

and the energy bound for all t > 0,

1 1
,// |v\2f€(t,z,v)d:cdv+f/
2 R3 xR3 2 Jrs

Eo(t,”) = (Co % Vo I3) % pelt, ). (3.2.16)

2 .
E.(t, z)‘ dz = £ < 0, (3.2.15)

where

Thanks to this result, we can show that f. e f, with f solution to (3.1.1) like in theorem 3.2.1,
e—

using the various estimates presented in section 3.1 to obtain compactness.
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4 The Vlasov—Poisson system with a uniform
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and regularity
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Summary

This chapter corresponds to a work that has been published in the STAM Journal on Mathematical
Analysis [110].

We show propagation of moments in velocity for the three-dimensional Vlasov—Poisson system
with a uniform magnetic field B = (0,0,w) by adapting the work of Lions and Perthame. The
added magnetic field also produces singularities at times which are the multiples of the cyclotron
period t = 2:;—]“, k € N. This result also allows us to show propagation of regularity for the
solution. For uniqueness, we extend Loeper’s result by showing that the set of solutions with
bounded macroscopic density is a uniqueness class.
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Chapter 4. The Vlasov—Poisson system with a uniform magnetic field: propagation
of moments and regularity

4.1 Introduction

We consider the Cauchy problem for the Vlasov—Poisson system with an external magnetic field,
which is given by

8tf—|—vvmf+Eva+v/\vaf:07

1 T — .
E(t,z) = —/ 7y3 p(t,y)dy with p(t,z) := ft,z,v)dv, (4.1.1)
am Jre |z —y| B3

f(O,(E,U) = fin(xvv) > 0.

This set of equations governs the evolution of a cloud of charged particles, where f(t,xz,v) is the
distribution function at time ¢ > 0, position z € R3, and velocity v € R®. E corresponds to the
self-consistent electric field and B is an external, constant, and uniform magnetic field given by

0
B=10], (4.1.2)
w

where w > 0 is the cyclotron frequency.

The unmagnetized Vlasov—Poisson system has been extensively studied with the works of Arsenev
[4] for weak solutions, Okabe and Ukai in dimension 2 [97], and Bardos and Degond for small
initial data [8]. In the case of general initial data in dimension 3, two main approaches have
been developed. The first one is based on the study of the charateristic curves with the papers
from Pfaffelmoser [103] and Schéffer [114]. The second approach, first introduced for Vlasov
type equations by Lions and Perthame [87], is based on the propagation of moments of the
distribution function. This has resulted in several works where similar propagation properties are
shown in the case of more general systems [58] and also in the case of more general assumptions
[24, 29, 99, 100].

As for the Vlasov—Poisson system with an external magnetic field, it is a system of considerable
importance for the modeling of tokamak plasmas. For this reason, there exists an abundant
literature on the case with a strong magnetic field, where the aim is to derive asymptotic models
[18, 35, 56, 57, 63, 64] and devise numerical methods that capture this asymptotic behavior
[31, 55]. The Vlasov—Poisson system with an external and homogeneous magnetic field has also
been studied in the half-space and in an infinite cylinder in [115, 116].

With the external magnetic field, the first difficulty is finding an appropriate representation
formula for the macroscopic density, since the characteristics are a lot more complex than in
the case without a magnetic field. The second and most arduous difficulty is the existence of
singularities at times ¢t = 0, %’r, 47“, ..., which correspond to the cyclotron periods, when we try
to control the electric field. We manage to avoid these singularities because our estimates are
valid for t € [0,T,,] with T,, = T which is independent of f™. This allows us to reiterate our

analysis on [T, ,2T,] and so on.

Hence, in this chapter, we succeed in extending the results of [87] to the case of Vlasov—Poisson
with a homogeneous external magnetic field. This is a first step to proving propagation of moments
in the case of a nonhomogeneous magnetic field.
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4.2. Results

First, we detail our main result and several additional results in section 4.2. Then, in section 4.3,
we continue by presenting the basic definitions and lemmas that will be necessary for the proof of
our main result in section 4.4, which is the core of this work. More precisely, we will give the new
representation formula for the macroscopic density in section 4.4.1 and show how we control the
electric field with the magnetized characteristics in section 4.4.2. To treat the singularities that
appear, we establish a Gronwall inequality on [0,7,] in section 4.4.3 and show how this leads to
propagation of moments for all time in section 4.4.4. In section 4.4.5, we explore a method where
we place the magnetic part of the Lorentz force in the source term, which doesn’t work, but is so
simple that it’s still interesting to mention. We will give the proofs of our additional results in
section 4.5. In particular, we will explicate a new condition on the initial data so as to obtain the
boundedness of the macroscopic density. Finally, in section 4.6 we will present a few questions
and extensions related to the results in this chapter.

4.2 Results

First we give some notation and definitions.

For k > 0 we denote the kth order moment density and the kth order moment in velocity of a
non-negative, measurable function f: RS — [0, 00[ by

m(f)(z) ::/|v|kfdv and Mg (f) ::/mk(f)(x)dwz/ w|* fdvda.

We write £(t) for the energy of system (4.1.1), which is given by

aw:%/AIRMy@%mmm+%A|mmm%% (4.2.1)
3 wR3 3

and we also write &, := £(0).

Last we define the notion of solutions for the magnetized Vlasov—Poisson system (4.1.1), which is
analogous to the notion of weak solutions used in Arsenev [4].

Definition 4.2.1. Let f € L®(Ry; L}(R? x R?) N L?(R3 x R3)), f is a weak solution of the
magnetized Vlasov-Poisson system if f[v]> € L>(R,; L'(R? x R?)) and we have

Ouf +divy(vf) +div,((E+v A B)f) =0in D'(R; x R® x R?). (4.2.2)

4.2.1 Main result

First we present this chapter’s main result: propagation of velocity moments for the Vlasov—Poisson
system with an external magnetic field.

Theorem 4.2.2 (Propagation of moments). Let kg > 3,T > 0, f" = f"(z,v) > 0 a.e. with
fir e L' N L>®(R? x R3) and assume that

// vl frdedy < . (4.2.3)
R3xR3
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Then there exists a weak solution
f€C(Ry; LP(R® x R¥)) N L=(R,; LP(R3 x R?)) (4.2.4)

(1 <p < +00) to the Cauchy problem for the Viasov—Poisson system with magnetic field (4.1.1)
with B given by (4.1.2) in R x R® such that

// ¥ f(t, 2, v)dzdv < C < 400, 0<t<T, (4.2.5)
R3 xR3

for all k such that 0 < k < ko, and with C = C(T, k,w, |

P N g Eims Mi(£57)) > 0.

Remark 4.2.3. As said in [87], the assumptions in theorem 4.2.2 guarantee that the initial
energy &;, is finite.

Remark 4.2.4. Like in the original paper, all the a priori estimates that will be presented
in the proof are true for smooth solutions (C* with compact support). Since our estimates
depend only on T, k, w, Hf’"Hl , Hmeoo s Einy M. (f'™), it is sufficient to pass to the limit in the
approximate magnetized Vlasov—Poisson system. This approximate system is obtained by applying
the regularization procedure introduced by Arsenev [4] to prove the existence of weak solutions.

Let’s first mention that to prove the existence of weak solutions to (4.1.1) is relatively straightfor-
ward by adapting Arsenev’s work [4], even when the external magnetic field isn’t homogeneous.
The only requirement is to have B € W1 (R, x R3).

As said above, theorem 4.2.2 is an extension of the main result in [87]. To obtain (4.2.5), we
follow approximately the same strategy, which is to establish a linear Gronwall inequality on the
velocity moment. First, by writing a differential inequality on the velocity moment, we realize
that to obtain a Gronwall inequality on the moments, we need to control a certain norm of the
electric field. To do this, we require the information gained from the Vlasov equation. Hence, by
using the characteristics, we can express the macroscopic charge density with a representation
formula, which will in turn allow us to control the norm of the electric field. In our case, the added
magnetic field significantly complicates the characteristics and the initial proof by extension.

4.2.2 Additional results

Now we state a result regarding propagation of regularity for solutions to (4.1.1), where the initial
condition is sufficiently regular. This is also an extension of a result stated in [87] to the case
with a magnetic field. However, here we present this result and its proof with much more detail
than in [87] by adapting section 4.5 of [60].

Theorem 4.2.5 (Propagation of regularity). Let h € C1(R) such that
h >0,k <0 and h(r) = O(r~*) with a > 3,

and let f € C*(R®) be a probability density on R x R? such that f(z,v) < h(|v|) for all z,v
and which verifies

// (1 + |v|*) f (2, v)dazdv < 0o (4.2.6)
R3 xR3

with kg > 6.
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Then there exists a weak solution of the Cauchy problem for the Viasov—Poisson system with
magnetic field (4.1.1) (f, E) € C* (R4 x R3 x R?) x C1(Ry x R3) satisfying the decay estimate

sup f(tvxav) + |D_Ef(t7$,’U)‘ + |D1,f(t,x,v)| = O(|U|_a) (427)
(t,z)€[0,T]xR3

for all T > 0.

Next, we state a result on the uniqueness of solutions to (4.1.1) which is a direct adaptation of
Loeper’s paper [88].

Theorem 4.2.6 (Uniqueness). Let f € L' N L>®(R3 x R®) be a probability density such that
forallT >0
oMl o ([0, 7y xR3) < 00 (4.2.8)

then there exists at most one solution to the Cauchy problem for the Viasov—Poisson system with
magnetic field (4.1.1).

Finally, we give a proposition that allows us to build solutions with bounded macroscopic density,
which is analogous to the condition given in Corollary 3 in [87].

Proposition 4.2.7. Let fi" verify the assumptions of theorem /.2.2 with ko > 6 and assume
that ™ also satisfies

ess sup{f"(y + vt,w), |y — 2| < (R+ w |v)t?e", Jw — v| < (R4 w]v|)te*"} (4.2.9)
€ L=([0,T[ x R}, L' (R3))
for all R >0 and T > 0.
Then, the solution of (4.1.1) verifies

pe Io([0,T] x BY) (4.2.10)

for all T > 0.

4.3 Preliminaries

As said above, we now present some basic results necessary for the proofs. First we recall the
weak Young inequality. The proof of this basic inequality can be found in [85].

Lemma 4.3.1 (Weak Young inequality). Let 1 < p,q,r < 0o with ]% + % =1+ %, then for all
functions f € LP(R™), g € LY"(R™) the convolution product fxg = [o. f(y)g(- —y)dy € L"(R")
and satisfies

1 *gll, < cllfll, lgllg,w (4.3.1)
with ¢ = ¢(p, q,n) and by definition g € LT* (R™) iff g is measurable and
sup (T (vol {x € R™ | |g(x)| > T})%) < 0. (4.3.2)
7>0
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Furthermore, we can define a norm on LT (R™) given by

||9||q,w= SUP |A|" /Ig )| d. (4.3.3)

Now we present three lemmas that will be used repeatedly to prove propagation of moments in
section 4.4. We begin with a fundamental velocity moment inequality detailed in lemma 4.3.2,
which yields uniform estimates on the electric field that we present in lemma 4.3.3. Then we
give lemma 4.3.4 which is a basic functional inequality. To lighten the presentation, we place the
proofs of these lemmas in the appendix 4.7.

k+2

Lemma 4.3.2. Let 1 < p,qg < o0 with%—}—% =1,0<Kk <k<oo, andr = W' If
f € LE(R®) with My(f) < oo, then my (f) € L™ (R?) and
! W3
i (£)], < el Mu(F) 5 (43.4)
where ¢ = c(k, k', p) > 0.
Lemma 4.3.3. The estimate
I1E@, <C,te[0,T] (4.3.5)

holds for p € ]2 ' 151 with the constant C = C( ||fm||1 , Hme ,Ein) independent of p, so that we
also have the estimate
1B, < Cte 0.7 (4.3.6)

Lemma 4.3.4. For all functions g € L' N L>®(R3) and h € L2 (R3),
2
3\ 3 1 2
[ toaz<3(5) ot talldnl ., (437)
R3

Last we give a Calderéon—Zygmund inequality, whose proof one can find in [50].
Lemma 4.3.5 (Calderon-Zygmund). If Q € LY(S* 1), ¢ > 1 so that [g._, Q(w)dS(w) =0, we

consider the tempered distribution T = va‘(w‘Fj) € S'(RY). The operator ¢ € D(Rd) — T % ¢ can
be uniquely extended into a bounded operator on LP(R?) for p € ]1,00].

4.4 Proof of propagation of moments

As said above, we extend the main result of [87] to the case of Vlasov—Poisson with a homogeneous
magnetic field. However, here, we use the same steps for the proof as in [111], where the ideas of
[87] are presented.

We begin by considering ko, T, and £ that follow the assumptions of theorem 4.2.2. Then, as in
[111], we can write a differential inequality on M), with 0 < k < k.

We differentiate M}, and by integration by parts, a Holder inequality, and (4.3.2) with p = co,q =
1,k =k — 1, we obtain
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Mk(t)‘ = / ¥ (—v-Vaof = (E+vAB)-V,f)dvdx

_ / (o[ divy (E +v A B)f) dvdz

= //k|v|k72v~Efdvdx
< //k|v|k_1fdv|E|d:1;

S KNE@ s lma—1 ()] 2z

kt2

and finally

d B2
O] < CIEO (05 (4.4.1)
with C' = c(k) Hf(t)Hg? = C(k, HmeOO) The computations above are almost the same as in
the original case because the magnetic part vanishes. This means that, like in the unmagnetized
case, we need to control ||E(t)][, 5 to obtain a Gronwall inequality on M.

4.4.1 A representation formula for p

Now we turn to the next step of the proof. Following [111], we write a representation formula for
the macroscopic density using the characteristics associated to the Vlasov equation. With the
added magnetic field, the characteristics are much more complicated than in the unmagnetized
case. This translates to a generalized representation formula for the macroscopic density.

Lemma 4.4.1. We have the representation formula for p,

ot ) = / FXO), Vo)) do + diva /O / (FH,) (5, X (s:t,,0), V(s:t,2,0)) dvds  (4.4.2)

v

=:po(t,x)

with (X (s;t,x,v),V(s;t,z,v)) the characteristics associated to the transport operator Oy +v -V, +
VA B-V, (here E-V,f is considered as a source term in the Vilasov equation) which are the
solution to

% (X (s;t,z,v),V(s;t,x,v)) = (V(s;t,z,v),wVa(s;t, z,v), —wVi(s;t, x,v),0), (4.4.3)
(X(t;t,z,v), V(t;t,x,0)) = (x,v),
and after resolving the system are given by
vy cos(w(s — t)) + ve sin(w(s — t))
V(s;t,z,v) = | —vrsin(w(s —t)) + ve cos(w(s — 1)) | ,
v3
(4.4.4)

r1 + Zsin(w(s —t)) + 2 (1 — cos(w(s —t)))
X(s;t,z,v) = | w2+ Z(cos(w(s —t)) — 1) + L2 sin(w(s — 1))
x3 4+ v3(s —t))
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with (X°(t), VO(t)) = (X(0;t,2,v), V(0;t,2,v)) and

Sn(el=t) B, (5, ) + 2L gy (5 4)
Hy(s,2) = [ 1meoslotet g () 4 st g (o oy (149
(s —t)Eg(s x)

with E; the coordinates of the electric field E.

Proof. First, thanks to the Vlasov equation, which we see as a transport equation in z and v
with source term —F - 9, f, we can express f by solving the characteristics and by applying the
Duhamel formula

¢
ft,z,v) = f™(XOt),VO(t) —/ div, (fE)(s, X (s;t,2,v), V(s; t, x,v))ds,
0
where (X (-,t,z,v),V(:,t,x,v)) is the solution to (4.4.3), hence the expressions in (4.4.4). Now if
we consider
cos(w(s — t))E1(s,z) — sin(w(s — t)) Ea(s, x)
Gi(s,x) )

sin(w(s — t))E1(s,x) 4+ cos(w(s — 1)) Ea(s, x)
Es(s, x)

then

t
div,, / fGi(s, X (s;t,2,v), V(s;t,x,v))ds
0

+

cos(w(s —t))0w, (fE1 (s, X(s5t,2,0),V(s;t,x,0)))

-

— )0y, (fE2 (s, X(s;t,2,v),V(s;t,2,0)))

&
=3

&
—

V)

+

+ [ sin(w(s — 1))y, (fE1 (s, X (s;t,x,0),V(s;t,z,v)))
t
+ cos(w(s — )0y, (fE2 (s, X(s;t,2,0),V(s;t,2,0)))
¢
+ Ovs (fE3 (8, X (85, 2,0),V(s;t,2,0)))
cos Smaml(fEl) + wam(f&) + cos? Oy, (fE1) — cossin 0y, (fE1)
b sin? sin(1 — cos) 9
+ —— 0y, (fE2) + — =04, (f E2) — cossin 0y, (f E2) + sin® 0y, (f E2)
(1 — cos) sin sin? .9 .
+ Taxl(fEl) + Tﬁwz(fEl) + sin® Oy, (fE1) + cossin Oy, (fE1)
t B ,
+ M@xl(ng) + cos Sm&m (fE2) 4 cossin 0, (fE2) + cos® Ov, (fE2)

+

(s = )02, (f E3) + 0v,(f E3)

+

Iy

Il

divv(fE)(s,X(s),V(s))ds—|—divx/0 (fH)(s,X(s),V(s))ds,
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where in the second to last equality, cos = cos(w(s — t)) (same for sin), 0,,(fE;) is always

evaluated at (s, X (s;t,x,v),V(s;t,z,v)) (same for 9,,(fE;)), and where in the last equality we

write (X (s),V(s)) for the characteristics instead of (X (s;t, z,v),

V(s;t,z,v)). Then we integrate with respect to v, which gives us (4.4.2). O

Remark 4.4.2. The expression of H; and the characteristics are coherent because H; *>0 —tFE
w—r

and (X°,V9) — (r — tv,v). These expressions obtained when w — 0 correspond to the

w—r
representation formula for p in the unmagnetized case.

4.4.2 Control of the electric field with the characteristics

Thanks to lemma 4.4.1 which gives us a new representation formula for p, we can start to write
the estimates to control the electric field, still following the steps from [111]. A first difficulty here
is adapting the estimates to this new context. We also see the appearance of the singularities
mentioned above at (4.4.17), which will be a major difficulty.

First estimates
Thanks to the representation formula (4.4.2) for p, E(t,-) is given by
E(t,z) = — (VK3 % p) (t,z) = E°(t,x) + E(t,z), (4.4.6)

where K3 is Green’s function for the Laplacian in dimension 3 given by

11

K. =—— 4.4.7
@) = 1ot (447)
and
E%t,z) = — (VK3 * po) (t, ),
- t (4.4.8)
E(t,z) = =VK3* (divx/ /(th) (S,X(s;t,m,v),V(s;t,xm))dvds) )
0 Ju
The first term E° is easier to control.
Lemma 4.4.3. We have the following estimate for E°:
| E°(t, ')Hk+3 <Ok || ™)y s Me(F77)). (4.4.9)
Proof. Thanks to the weak Young inequality, we can write
It |y < IV K3l 00, (4.4.10)
with p = ?’kk—;%g. And the % norm of pg(t,-) can in turn be controlled using lemma 4.3.2, where
K =0,r= ik—jg,p = 00,q = 1, and with a simple change of variables

3
1+3

lpot, Mawss < cllf1Z5 (/ |v|lfi”(XO(tM(t))dxdv) = CMy(0)
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with l—gS _ 3k49

k+6 *

Since k > 3, é = 2k43 < 2ktk _ kE Hence | < k, and thanks to lemma 4.3.2 with p = co,q =

E+6 = 6 8
1,k = I we obtain M;(0) < c||f™||,* M;,(0)%.
This gives us a bound on pg(t, ),

3

y} L\ T
oot M < (el a0k )™ =

I

1 ’Mk(fm))

<1 1+3 _ 3k+9
with 5 = 956

To estimate the second term E, we first notice that it can be written as

3 t
> 0,0,K5 * / / fHdvds
0 Ju

q,p=1

so that we can apply the Calderon—Zygmund inequality (lemma 4.3.5)

HE(t,-)HIHS < /Ot/v(th) (s, X (s5t,2,v),V(s;t,x,v)) dvds

3(t,x) k43
To simplify the expression of ¥, we consider the classical change of variables

vy cos(w(s — t)) + va sin(w(s — t))
d(v1,v2,v3) = | —vysin(w(s — t)) + vz cos(w(s — t))
v3

=V(s;t,z,v)

as well as the change of variable in time «a(s) =t — s, so that ¥ can now be written

S(t,x) :/Ot/f(t—s,X*(sw,v),v)D(t—S,S,X*(&x,v))dvds

with _
_s1n£}ws)E1 (t,fL’) + cos(wws)—l Eg(t,x)
D(t,s,x) = | sl g (q ) — snles) gy g
—sEs(t, x)
and
rp — 2 sin(ws) + 2 (cos(ws) — 1))
X*(s,x,v) = | w2+ 2(1 - cos(ws)) — %2 sin(ws)
I3 — VU3S

We first study o(s,t, ) defined by
o(s,t,x) = /f(t — 8, X*(s,x,v),v)D(t — 3,8, X" (s, z,v))dvds.
v
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4.4. Proof of propagation of moments

Lemma 4.4.4. We have the following estimate for o:

lor(s,t, sy < cg (2(1:@) ' My (t — )73, (4.4.17)

Proof. Thanks to lemma 4.3.4 we obtain
2 . 1
o(s.2)| < e[ D(t — 5,5, X (s, Dlly o I 17— 5, X (s, ) . (14.18)
Let’s first look at the weak 3-norm of D(t — s,s, X*(s,,-)) in (4.4.18). In the following
computations D (respectively, E') and its coordinates D; (respectively, E;) are always evaluated at
(t—s,s, X*(s,x,")) (respectively, (t—s, X*(s,x,-))) and cos = cos(ws) (respectively, sin = sin(ws)).
By definition,

3
2 2
113, = S I3,
=1

so first we estimate || D ||2%w

2 sin? (1 cos)? |Sin\ [(1 — cos)|
D115, < =5 1B, t— |IE 2013, + 20— 55— |Eill3.,, ||E2||3
sin? (1 cos) (1 cos)?
< B, + s |Ball3,, e 1B, HEsz w
2(1 cos) 2
= = (1B} + 1Bl ) -
{JJ 2
The computations are the same for HDQHQgM so that we can write
4(1 — cos(ws
DI, < 2= (152 ml,) + R IBG, (@4
2 w 2 PR 29
and since for all z € R, 2(1 — cos(x)) < 2
2 2 2 2 2
D13 < 25° (I3 + 1B ) + 5% 113 < 262 B, (4.4.20)
Now let’s try to express || Eyi(t — s, X*(s,,-))| s ,,, by definition
1B (t = 5, X" (8,2, )]s = sup |A|’%/ Byt — 5, X* (5, 2,v))| do, (4.4.21)
2’ |A|<oo A

and if we consider the change of variables ¥ (v) = X*(s,,v), for s > 0, whose Jacobian matrix is
given by

— sin(ws) cos(ws)—1 0
JaC(’L/J) — 17(:(25(0.)5) — sir;(ws) 0 , (4422)
0 0 —s

we can write
/ EL(t — 5, X*(s,2,0)) | dv = / By (¢ — 5,u))] [Tac(w)| " du.
A P(A)
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So finally

w

HEl(t_S7X*(S7$7'))||%,
= sup |4} / By (¢ — s,u))] Pac()] " du
|A]<oo P(A)

—1
3

4]

= A)|73 J -1 Ey(t — d
s WA | e [ G sl
=|Jac(y)| "
= sup [p(A)F Tac(y) "} / By (¢ — s,u))| du
|A]<oo P(A)

= Jac()| "5 [ Bi(t = 5,3 ,, -

The computations are the same for ||Ex(t — s, X*(s,2,))||s ,, and ||[Es(t — s, X*(s,2,))[s ,, sO
2 55
that )
B =5, X" (s,2,) |3, = Jac(@)] [E(t = s,)lz,

w
2 2 (4.4.23)
=|z—F—F"= E(t—s,- .
(23(1 —cos(ws))> 1B =, )ng
Combining (4.4.20) and (4.4.23) we obtain the following estimate
2
V2 w252 3
D(t — X . <— 77— E(t—s,- . 4.4.24
1D = 5.5 G Dy < % (g ) JEG = 5 (1.4.21)
<c

and since || f||,, < C we have

2

V2 w?s? 3 1
t <C—|—0—"""—— t—s, X" Sk 4.4.25
st £ 02 (G2 ) e - s X0l (@)
so that
V2 w2s? 3 3
. < (O0XZ - — *(s,- 4.
los.t, )y < O (2(1_Cos(ws))> (/f(t 5 X* (s, ,v),v)dv) (4.4.26)
k+3
Furthermore, for any function ¢ we have
1, = ¥, (4.4.27)
so that
3 3
H(/f(t—s,X*(s,-,v),v)dv) = H/f(t—s,X*(s,~,v),v)dv , (4.4.28)
k+3
k+3 =

and thanks to lemma 4.3.2 with p=o00,¢q=1,k' =0,r = % we obtain the desired estimate
V2 ( w?s?
S

lo(s,t s = O { 5A—costs))

2
3 1
) ]\4}6(75—8)’“7+3

with C' = C(k;, |

1 )
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4.4. Proof of propagation of moments

Like in the unmagnetized case, we exactly obtain the desired exponent %H on Mj, in our estimate.
However, as mentioned above, we also see the singularities at times ?, q € N.

To deal with the singularities that stem from the added magnetic field, we notice that all our
estimates depend only on k,w, and f*, which means that if we can show propagation of moments
on an interval [0,7,,], then we can reiterate our analysis with the new initial condition f{" = f(7.,)
and so on.

Since the singularities depend on w, it is logical to take T, that also depends on w (this also
justifies the notation). As said above, we choose to take T,, = T (in fact, we could have taken
any ¢t €10, 22[).

Now to control || ()|, 3 with Mk(t)#?» we write

S(t,2) = /Ot+/: (4.4.29)

where ¢y € ]0,7,[. This is an idea from the original paper [87]. The interval [0,%o] is considered
small and thus we control the large ¢ contribution ( ftto) precisely (with My (t)?, B < k%-s) and

the small ¢ contribution ( foto) less precisely (with My (¢)7, v > 0). This last imprecise estimate
is compensated by the fact that we integrate on a short length segment. However, the main
difference with the unmagnetized case is that now we need ¢y to be small compared to T, = = to
deal with the singularities.

Small time estimates

First we estimate the small contribution in time, as in [111], but with the added difficulty of the
singularities.

Proposition 4.4.5. We have the following estimate for the small contribution in time:

to
‘/ o(s,t,-)ds
0

with C' = C(k,w, ||f”‘||1 , ||fm||oo ,Ein) and 1 is an exponent defined in the proof.

3(143)

143 (k+3)2
(14t)ws <1 + sup Mk(s)) (4.4.30)

0<s<t

e

2—
<ct
k+3

Proof. Thanks to the Holder inequality with % + % =1, we can write
|o(s,t, )]

< (/R |D(t—s,s,X*(s,x,v))|ddv)

< VEs (i) 1B s ([ 765X 00

This last inequality is obtained by using the same method as for the estimate (4.4.20) where we
can show that

=

1
a’

( f(t-—57)(*(8,$,v),v)d,dv>
R3

1
a’

|D (t — 5,5, X*(s,2,0))| <V2s|E(t —s,X*(s,2,v))|
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and by applying the change of variable (4.4.22). Using (4.4.27) with @ = 5,p = k + 3 and
lemma 4.3.2 with p = 00,q = 1,k = 0,7 = ££2 this implies

d/ )
to
/ o(s,t,)ds
0 k+3

< Csup [[E(t—s,)lg

0<s<t

1

7 to 2 3
/ s(— ) ds
k3 Jo s(1 — cos(ws))
1
a

Y

X sup
0<s<t

( Rsf(t_S’X*(s’x”U)?U) dv)

a’

to 2

1 w

< Csup [|E(t—s,)|, sup M(t—s k+3/ 3() ds,
ogsgtH ( >||d0§52t i ) 0 5(1 — cos(ws))

where thanks to lemma 4.3.2, the new exponent [ verifies k;‘,?’ = H'TP’ Furthermore, we saw in
lemma 4.3.3 that the electric field is uniformly bounded in L4(R?) for 2 < d < 12 (so 12 < d’' < 3).
This implies the following estimate, with % = H_TS and 2 < d' < 3:

to to w2 % L
o(s,t,-)ds <’ / S <) ds | sup M;(s)%+3. 4.4.31
’ /0 ( ) k+3 ( 0 s(1 — cos(ws)) Ogsrg)t 1(s) ( )

Thanks to lemma 4.7.1 we have that

3(143)
“Ers
sup M;(s) < C(1+1¢)"+3 (1 + sup Mk(s))
0<s<t 0<s<t
so that finally we obtain
to
’ / o(s,t,-)ds
0 k+3
c /to ( 0 >éd (14 1)+ (1 My )> o o
< S| ——m—mmmm—= ] 4 t)F+3 + su s
0 s(1 — cos(ws)) ) ogsgt :
¢(s)
with C = C(k, || £, . |£7] . > Eim)-

Now we must study foto ¢(s)ds (in the case without magnetic field I = [0,%o] and ((s) = s~ ).

wto 2 3
= ()

Since wty < wt <, the function s — ((1%02(5))) is bounded on [0, wtp] (independently of ()
so that finally

We have

alw

= w

-

)

to wto
/ ¢(s)ds < C’w%_Q/ s'TTds < Cwd 2 (wio)? 4. (4.4.33)
0 0
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4.4. Proof of propagation of moments

O

Large time estimates

Now we look at the large ¢ contribution, where our hope is to get a logarithmic dependence in %,
just like in [87, 111].

Proposition 4.4.6. We have the following estimate for the large contribution in time:

t
‘ / o(s,t,-)ds
to

P 1 g - Ein)-

<Cln (t) sup Mk(s)ﬁ3 (4.4.34)

k43 to ) o<s<t

with C = C(k,

Proof. Using (4.4.17), we can write

t
‘ / o(s,t,-)ds
to

1 @t 52 3
< C sup Mk(s)m/ Z <> ds
k43 0<s<t wto 5 \ (1 —cos(s))

wt 1
< C sup Mk(s)ﬁ/ —ds

0<s<t

1
because in the same way as above the function s — (m) * is bounded on [wto , wt]

(independently of ¢g, ¢, or w) so that finally

t
’ / o(s,t,-)ds

to k+3
with C' = C(k, ||/, /]| - Eim)- =

<Cln (;) sup Mk(s)%ﬁ

0/ 0<s<t

4.4.3 A Gronwall inequality for t € [0,T,,]

Now we try to show propagation of moments on [0,7,,] by establishing a Gronwall inequality like
in [87, 111]

Proposition 4.4.7. Theorem /.2.2 is true for T =1T,,.

Proof. First, we define
wi(t) := sup My(s). (4.4.35)

0<s<t
Next combining (4.4.11), (4.4.30), and (4.4.34), we obtain the following estimate for all ¢ € [0, T:

3(143)

(L )55 (1 (1)) 597

_3
d

2
1B s < llpo(ts )l seee + Cty

. 1 (4.4.36)
+Cm(t)uﬂﬂwa
0

115



Chapter 4. The Vlasov—Poisson system with a uniform magnetic field: propagation
of moments and regularity

3(1+3)
Now, as was previously announced, we can absorb the term (1 + pg(t)) #+? by choosing a small
to such that to < t <T,. We choose ty in a different way than what was done in [87] and [111]

by using the natural variable % Hence tg is defined by the following relation:

t 3(143)
(7778 (L () #597 = 1 (4.4.37)

(the exponent 2 — % is non-negative). Thus, we automatically have the inequality to < t <T,,.

Then we can bound the three terms in (4.4.36) so as to obtain

1Bt lpys < C1+ Cat> F(1+ )75 + Cs S (£) 7 In (1 + k(1))

(2-3)(k+3)? (4.4.38)
< C (14 ()™ (14 In (14 i (1))

P 1 o s Eim M (F5™).
So now thanks to the inequality (4.4.1) we can write

G M) < O (1 () (10 (14 D) (4.4.39)

with C' = C(T, k,w, |

and integrating the inequality on [0,¢] we conclude that

Mi,(t) < Mi(0) +C/Ot (14 px(s)) (1 +In (1 + px(s))) ds

for all t € [0, T7.

Setting y(t) = 1 + ux(t), we have

0 < y(t) <y(0)+ C/o y(s)(1 +1ny(s))ds, (4.4.40)

thus
Cy(t)(1 +1Iny(?))
y(0) + C’f(;t y(s)(1 + Iny(s))ds

and integrating in time gives

In (y(t)) < (y(O) + Cfot y(s)(1 4+ Iny(s))ds

< C(1+1ny(t))ds, (4.4.41)

y(0) y(0)

Hence ¢t — Iny(t) verifies a classical Gronwall inequality,

> < C/t(l +Iny(s))ds. (4.4.42)

¢ t
Iny(t) <lny(0)+ Ct+ C’/ Iny(s)ds <Ilny(0) + CT + C/ Iny(s)ds, (4.4.43)
0 0
which implies
Iny(t) < (Iny(0) + CT) exp (Ct) < y(t) < exp (CT exp (Ct)) y(0)=PEH (4.4.44)

for all t € [0, 7] with C = C(T, k,w, || f™||,, || /™. Eins M (F™)). O

1
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4.4. Proof of propagation of moments

4.4.4 Propagation of moments for all time

We conclude the proof of theorem 4.2.2 by showing propagation of moments for all time. Since
the constant C' in our estimate in proposition 4.4.7 depends only on T', k, w, ||f”‘”1 , Hf”‘HOO y Eins
and My(f™™), we can reiterate the procedure on any time interval I, = [pT,, , (p + 1)T,,]. Indeed,
T,k and w are constant || f(t)||;, and || f(¢)||,, are conserved in time, the energy is bounded, and
My (f) is exactly the quantity we are studying.

Proposition 4.4.8. Theorem 4.2.2 is true for all T > T,,.

Proof. First, we show by induction on n that for all n € N*

y(nTw) S Bn—lﬁan_l OUp—10n—2 gén—lan—Qmaly(o)an,l...ao (4445)

n—2 Mn—-3

with 8, = exp (C,T exp (CpT.,)) and o = exp (Cp1,,) with

Cp = Co(Ts ks |7, 7] Eoms Me(F(BT20))
= Cp(T7 kvwa Hon”1 ) flnHoo 7glnaMk(fln))

The initial case is simply a consequence of proposition 4.4.7. Proving the induction step is also
easy because thanks to the induction hypothesis, f(nT,,) verifies the assumptions of theorem 4.2.2.
This means we can apply the same analysis as in the previous subsections while initializing system
(4.1.1) with f(nT,).

Hence we obtain
y((n+1)T,,) < exp (CoT exp (Cpt)) y(nT,,) <Pt (4.4.46)

with C,, = C, (T, k, w, finul , fi"”m yEiny Mi(f(nT,))). The induction step is completed by
writing 3, = exp (C,T exp (Cyt)) and a,, = exp (Crt) and by applying the induction hypothesis
(4.4.45).

To conclude we consider ¢t € [0,T] with T' > T,, and we write ¢t = (n + r)T,, with n € N and
0 <r < 1. Like in the induction proof above, we can apply the same analysis as in the previous
section while initializing with f(nT,) to obtain

exp(Cn (t—"2F
y(t) < exp (OnTeXp (Cn (t - %ﬁ))) Yy (%ﬂ) (e (t=30) . (4.4.47)
The proof is complete since we showed just before that we can bound y(%F). O

4.4.5 Difficulty of controlling the electric field with the magnetic field
in the source term

In this section, we present a strategy for the proof of theorem 4.2.2 that does not permit us to
conclude, but which is still interesting to detail because of its simplicity.

The idea is to consider the magnetic term v A B - V,, not as an added transport term in the
Vlasov equation but as a source term. This allows us to write a new representation formula for
the macroscopic density using the characteristics of the unmagnetized Vlasov—Poisson system.
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Lemma 4.4.9. We have a representation formula for p,

p(t,z) = po(t,x) — divm/0 s / (f(E+vAB))(t—s,x—sv,v)dvds. (4.4.48)

Proof. We use the methods of characteristics and the Duhamel formula but this time with the
magnetic term in the source term, which allows us to write

flt,z,v) = f’"(x —tv,v)

—/0 (E4+vAB)(s,x+ (s—t)v) - Vyf(s,z+ (s —t)v,v)ds

¢
= "z — tv,v) — / div, (E+vAB) f)(t—s,x — sv,v)ds,
0
where we used the change of variable s = ¢ — s and because div, (F +v A B) = 0.

Now we notice that

div, (FE+vAB) f(t—s,z—sv,v)) = —sdiv, (E4+v A B) f(t — s,z — sv,v))
+div, (E+vAB)f)({t—s,z— sv,v).
Using this equality and integrating in v we obtain (4.4.48). O

Now we define

t
ZE(t,x)z/ s/E(t—s,x—sv)f(t—s,x—sv,v)dvds,
0 v

K 444
EB(t,x):/ s/v/\B(tfs,zfsv)f(tfs,xfsv,v)dvds, ( 9
0 v

Thanks to the Calderon—Zygmund inequality, to estimate the k 4+ 3-norm of E(¢,-), we only need
to estimate the k 4+ 3-norms of X g(t,-) and Xp(t, ).

Using the exact same analysis as in [87, 111], we obtain the estimate for X (¢, ) with u(t) defined
as in (4.4.35),

9_3 1+3 3(143) t 1
IZE i < Cty "L+ 5 (L4 (1) &7 + Cln{ o ) ()=, (4.4.50)
0

and then we choose ¢ like at (4.4.37) to obtain

186 Miys < C (1 + ()7 (1+In (1+ pe(t)) (4.4.51)

which is a good estimate, analogous to (4.4.38).

Next we try to estimate ||Xp(Z, )|, 3
t U2
Zp(t,x)| =w / s/ —vy | f(t—s,x— sv,v)dvds
0 v 0
¢ ¢
gw/ s/|v|f(t—s,x—sv,v)dvds:w/ smai(f(t —s,x—s-,-))ds,
0 v 0
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so that .
1S5t s < w / sds sup ma(f (= 5,2 — ) e

0<s<t
=wt® sup [lmi(f (t—s,2— s, ))|lps-
0<s<t

Unfortunately, ||m1(t)|, 5 can’t be controlled by My (¢)* because when we apply lemma 4.3.2
with p = 00,¢ = 1,k’ = 1 (which is the optimal case) we obtain

-1 4
[ ()| g < €| F125° My(2) T (4.4.52)
with k+ 3 = %, which implies [ > k.

Indeed, its seems logical that with the added v in the magnetic part of the Lorentz force,
controlling ¥ p requires a velocity moment of higher order than with ¥g. Thus [|Xp(t, )[4
can’t be controlled with M (¢), which means we can’t deduce a Grénwall inequality on My (t)
with this method.

4.5 Proof of additional results

4.5.1 Proof of propagation of regularity

First we begin by presenting the proof of the propagation of regularity. Here we directly adapt
subsection 4.5 of [60].

Remark 4.5.1. The mass conservation and the energy bound can be directly deduced from the
assumptions of theorem 4.2.5

// ft, z,v)drdy = M™ = // fdrdv < oo, (4.5.1)
R3xR3 R3 xR3

1 1
Z // | f(t, 2, v)dzdv + = |E(t,2))* de < & < 00 (4.5.2)
2 R3 xR3 2 Jps

for a.e. t > 0.

Proof. First step: L bound for E. Even though this step is the same in both magnetized and
unmagnetized cases, in an effort to be clear, we detail the proof here.

Thanks to theorem 4.2.2, we have
M (t) < Cr (4.5.3)

forall 0 < k < ko and allt € [0,T]. By lemma 4.3.2 with p = c0,q = 1, k' = 0,k = kg, we obtain
P oxs < Cr (4.5.4)

for all t € [0,T].
Then we write

B(t) = =VoK3x p(t) = — (Lp(0,1) Vak3) % p(t) — (1p1)e Vaks) xp(t) =1 +J  (4.5.5)
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where 5
11 VeKs = O(|z| ? 14<1) € L™(R®) for 1 <m < 5 (4.5.6)
and
15(0,1):VaKs = O(|2| 7 Ljy»1) € L®(R?) (4.5.7)
so that we conclude (this time thanks to the classical Young inequality)
e < (8 52 |10 Vo Kl s < Co [0 s (458)
‘0
and
1]l < llp@1 [|10,1)e VK3 < Callp@)l], - (4.5.9)
This finally implies _
|E)], < CiCp+ CoM™. (4.5.10)
Second step: L* bound for p. We seek to show an inequality of the type
ft,z,v) < h(jv| — Art) (4.5.11)
for all t € [0, 7.
And so we compute
d
— // (f(t,z,v) — h(|v]| — Art))+dzdo. (4.5.12)
dt J Jrsxrs
First we can write
Oulf(t,w,0) — h(Jo| — Art))s
= (Ouf + 1 (Jv] = Art) A7) L p(020) 2 h (0] - Art)
= (v Vof =(E+vAB)-Vof + W (|v] = Art)AT) L1 (t0,0)>h(jo] - Art)
= —v-Vi(f(t,z,v) — h(Jv| — Art))+
—(E+vAB)-Vy(f(t,z,v) — h(jv] — Apt))+
v
+ W' (jv| = Art) | Ar — (E+vAB)- ol L#(t,2,0)>h(|v|- Art)
—_—
=B
so finally we obtain
d
— // (f(t,z,v) — h(jv| — Art)) s dadv
dt R3 xR3
; (4.5.13)
= // h’(|v\ — Apt) (AT - F- ) ]lf(t,z,v)Zh(\v|—ATt)d-Td7)~
R3 xR3 [v]
We now choose Ay = ||E||, = Ar — E(t,x) - ro7 < 0 a.e., and since R <0 then we have
d
— // (f(t,z,v) — h(|v| = Apt))+dadv < 0. (4.5.14)
dt R3 xR3
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So the condition _
(@, 0) < h(]v]) (4.5.15)

implies that
ft,z,v) < h(jv| — Art). (4.5.16)

Since w in non-increasing, this gives us the L° bound on p

1ol oo (o 71 xRE) < R (4.5.17)

Third step: Bound for Dy . f. We set
L(t) := [|1Daf(®)ll oo + [[Dvf ()]l (4.5.18)

and differentiate the Vlasov equation in z and v to obtain

(@ +v-Vo+ (E+vAB)-V,) (D.ﬁ’) _ (0 D,E(t,z)T ) (Dgcf)

D,f I D,(vAB(t,zx)) D,f
with
0 7B3(t, I) Bg(t, €T
D,(vAB(t,x))=| Bs(tz 0 —Bi(t,x) | =: A(t,x) (4.5.19)
—By(t,x) Bi(t,x) 0
so that

(Oi+0-Vot (E+vAB)-Vo)(| Do fl+| Do f|) < A+ Do E(t, 2)[+|A(t, 2)[)(| D f|+| Do f1)- (4.5.20)
Then setting .
J(t) ::/0 (1 + D2 E(s)ll o + [1A()l o )ds (4.5.21)
we have
O+ Vot (B+0AB)-V,) ((IDaf]+ D f)e)
< (IDaf |+ Do f)e™’ (DL Bt )| + A, 2)] = | De B(t)] o — A ) < 0.
By the maximum principle we thus have
(1D f|+ Do fl)e"® < (ID2 f(0)ll + D0 f(O) e = L(0) (4.5.22)
and finally
L(t) < L(0)e”®. (4.5.23)
Fourth step: Bound for D, FE. Like in the unmagnetized case, thanks to an extension of the
Calderon-Zygmund inequality, we can bound D, FE(t).

First we write
D,E(t) = V2K3* p(t), (4.5.24)

and estimate D, F thanks to the following lemma, which extends the Calder6n-Zygmund inequality
to the case p = oco.
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Lemma 4.5.2. Let Q € C(8?) such that [, Qy)do(y = 0) and let

o)
G =vp . (4.5.25)
||
Then for all ¢ € L>(R3)
1G* oll < 1190100 (18] + Il + [ Il oo In (1 + [1D2lloc)) - (4.5.26)
Applying this lemma, we obtain
ID,E@)] < €1+ In (14 [Dap(®)].0)) - (45.27)
Fifth step: Bound for D,p. Recall that
O+ v Vo + (BE+vAB)- V) ((IDof] +[Duf)e™®) <0 (4.5.28)
Setting g(t,z,v) := | Dy f| + | Do f|)e=/ ") we have
—// g(t,z,v) — h(|v] — Apt))rdadv
R3xR3
< [[[, el =00 (= B ) Bympsnot-aroded <o
so that
// (g(t,2,0) — h([o| — Azt))s dadv < 0 (4.5.29)
R3 xR3
and since (f™ + | Dy f™| + | Dy f])(2,v) < h(|v]) for all (z,v) € R? x R3, we deduce that
(1D f| + Do f)(t2,0) < ”Oh(fo] = Art). (4.5.30)
Integrating in v we obtain
Daplt,z)] < &’® / h(v| — Apt)dv < Rpe’®., (4.5.31)
R3
So, like in the unmagnetized case, we have the following bound
|D.p(t,z)| < Rpe’® (4.5.32)

for all t € [0,7] and a.e. z € R3.

Siath step: Last estimate. First, let’s mention that A € L°°([0,T] x R?) because B € L>([0,T] x
R3).

J(t) = / (1+ | D EG)l| + [A(S)])ds
<T+ / C(1+1n(1+ [ Dap(s)]l.0)) + I1A(3)]|. ds
0

t
T(1+C’+HAHOO)+/ Ot (14 Rpe’™ ) ds
0
—_—
<In((1+Rr)e’ ()

t
T(1+C+||A||) + CrTIn(1 + Ry) + CT/ J(s)ds
0
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Thanks to the Gronwall inequality
J(t) <TA+C+||A|, +Crin(l + Rr))e™er. (4.5.33)

Thus we obtain the three following estimates:

| Dep(t)|l,, < Rrexp(T(1+C + ||A|, + CrIn(1 + Rr))e’°7) = R, (4.5.34)
| D E(t)|| . < Cr(1+In(l+ Ry)), (4.5.35)
and
L(t) < L(0) exp(T(1 + C + || A|l. + Cr In(1 + Ry))eT 7). (4.5.36)
O

4.5.2 Proofs regarding uniqueness

Now we turn to the proof of theorem 4.2.6, which is a direct adaptation of Loeper’s paper [88].

Proof. To prove our theorem, we only need to adapt subsection 3.2 from [88]. Thus we consider
two solutions of (4.1.1) f1, fo with initial datum fy. We write the corresponding densities, electric
fields, and characteristics p1, p2, E1, 2, and Y7, Ys. We define the following quantity Q:

1 2
Q) = 3 //RSXRS folz,v) |Y1(t,z,v) — Ya(t, z,v)|” dedv. (4.5.37)
Now we only need to differentiate @
Qt) = //]Rif » folz,v)(Y1(t, z,v) — Ya(t,z,v)) - Op(Y1(t, z,v) — Ya(t, x,v))dzdv

_ //Rgxw Jola, ) (Xu(t,2,0) — Xa(t, 2,0)) - (Vi(t, 2,0) — Va(t, 2, v))dady
+ // folx,v)(Vi(t, z,v) — Va(t,z,v)) - (E1(t, X1) — Ea(t, X2))dzdv

R3 xR3
+ // ' folz,v)(Vi(t, z,v) — Va(t,z,v)) - (Vi(t, z,v) — Va(t,z,v)) A B)dzdv

R3 xR3

‘We notice that the last term is null.

Using the analysis from [88], we conclude that

%Q(t) < CQ(t) <1 +1In Qit)) (4.5.38)

and thus Q(0) = 0= Q(t) =0 for all ¢ > 0. O

Last, we detail the proof of proposition 4.2.7.
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Proof. Like in Corollary 3 of [87], with kg > 6, we have sufficient regularity on E to consider the
weak characteristics associated to system (4.1.1). Hence the solution to (4.1.1) is given by

f(t,x,v) = fin(XO(t)7 Vo(t))a
where X9(¢), VO(t) = (X(0;¢,z,v),V(0;¢,7,v)), and we have

X(s; t,x,v) = V(s;t,z,v), V(s, t,x,v) = E(s, X(s;t,z,v)) + V(s;t,z,v) N B
with X (¢;t,2,v) = x and V(¢;¢,2,v) = v. To simplify things, we write X (s) and V(s) for the
characteristics. Since kg > 6, we can show that F is bounded on [0, 7] x R? so that we can write
for s € [0,1] (using the same notation as in [87])

lv—V(s)] §R(t—s)+w/ |V (u)| du

t t
SR(t—s)+w/ |V(u)—v|du—|—w/ |v| du

< (R4wlv])(t — s) exp((t — s)w)

< (R4 w|v|)texp(tw),

where the inequality between lines 2 and 3 is obtained thanks to the basic Gronwall inequality.
Hence we can now write

|z 4 vt — X(0)] < (R + w |v])t* exp(tw)
so that we obtain
ft,z,v) < sup{f™(y +vt,w), |y — 2| < (R+w|v))t?e* |w —v| < (R +wlv|)te}. (4.5.39)

The condition (4.2.9) is deduced from this inequality in the same way as in [87] and implies that
p is bounded. U

4.6 Remarks

There are several extensions and variants that would be interesting to explore in relation to this
work.

The first extension that was already mentioned is to consider a nonhomogeneous magnetic field.
For example, if we take a smooth B, this means that the characteristics associated to the Vlasov
equation without the nonlinearity V, f - E are well defined. However, these characteristics cannot
be written explicitly like (4.4.4), which makes it impossible to obtain a representation formula for
p like (4.4.2). A solution would be to explore the method developed in [58]. In this paper, with
an added space-moment hypothesis, the authors proved propagation of velocity moments of order
k > 2 by splitting the Lorentz force into two parts, a long range part and a short range part. In
our framework, we would of course split the magnetic part of the Lorentz force v A B into two parts
and we would expect it to work for any bounded external magnetic field B € WH*° (R, x R?).

A second extension would be to adapt Castella’s paper [24] on space moments to the magnetized
Vlasov—Poisson system in order to consider solutions of (4.1.1) with infinite kinetic energy.
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Finally, in the context of magnetic confinement, following [56], it seems reasonable to think that
the propagation of velocity moments is verified when w — 4+00. One would need to show that the
condition (4.2.6) is propagated to the homogenized system obtained when w — 400 and given by

Of +vy-Vaof + B -V, f =0,

1 r—y
Et,z)=— ——=p(t,y)d
( a(L‘) dn /]R3 ‘x_y|3p( 7y) Y,
1 27

flt=0 = o ; oz, u(v, 7))dr,

where for any constant vector M, v = (v - M)M (same for £) and u(v,7) is the rotation of
angle 7 around M applied to v. In our framework, we have of course M = (0,0,1)7.

(4.6.1)

4.7 Appendix

We begin by detailing the proofs of the three preliminary lemmas in section 4.3.

First we present the fundamental moment inequality.

Proof of lemma 4.5.2. The proof of lemma 4.3.2 is conducted using a very classical procedure,
where we split the v-integral defining my/ (f) into small and large v’s and optimize with respect
to the splitting parameter.

mie (f) (@) < /

[v|<R

ol fdv + / » ol fdv
v|>

< |1f (), </|<R |v|kqdv> +Rk’_k/| Rlvlk fdv
v|< v|>

<l f(a ), BN+ RN Fmy () (x)

1
because [, p ¥ dy = (kéfrg) * R¥+4¢. Then we minimize the above quantity with respect

to R which gives us,

L (mh@)\
fnin = <||f<x,->|p>

The proof is finished by elevating the last inequality to the power r, integrating over x and
applying a Holder inequality once again. O

This gives us the uniform estimates on the electric field.

Proof of lemma /.3.3. First, since C in (4.3.5) is independent of p, the estimate
mPvol{z € R® | |E(t,z)| > 7} < CP,7 >0
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holds for p € ]2, 12] and so also in the limiting case p = 2, so that

IE®)]s,, <C.tel0,T[

w

The estimate (4.3.5) is obtained by observing that E(t) = —V K3 % p is a convolution product in
z, by the weak Young inequality (4.3.1) and by the fact p € L3 (R3) N LY (R?) (p € L3 follows
from lemma 4.3.2 with ¥’ = 0,k = 2,p = 00,q = 1). Let’s detail this to be clear, thanks to (4.3.1)

3
with =V, K3 € (L%“’(R?’)) and p € LP(R?) for all p € [1, 3], we get
IE@, < IVaKsls , o], (4.7.1)

so that E(t) € L"(R3) for all r = % with p € ]1, 2], hence for all r € ]% ,22]. Finally, the
constant in (4.3.5) is independent of time because for 0 < o < 1 such that p = 15 +

wlo|@

lo@)ll, < lo® 1~ le®Ig < ellp®ll ™ IFOIZ Ma®)F =], 1] - Em) (472)

O
And last we give the proof of the basic functional inequality (4.3.7).

Proof of lemma 4.3./. When we consider the layer cake representation of g (see [85, theorem
1.13]), we can write

/ |h|d$=/ / ﬂ{‘h|>t}(l‘)dtdm
[h|>T |h|>T Jt=0

:/ / 1{‘h|>t}({£)dmdt+/ / Lijpy>ey (z)dadt
t=0J|h|>T t=7 J|h|>T

oo

= 7vol (|h| > T) +/ vol (|h| > t)dt

t=1

t

1 3

dt

=T

%vol(|h|>7')+/°° z vol (|h] > t)
t

|
S

3 _1 3 1
<}, = E +20pld, =3l

[MSINII
)

e

and hence

3 1
/ lghl dx = / lghldz + / lghlde <7 llgl, +31Ia1E 7% gll.. -
R3 lg|<T lg|>T 2’

o

If we choose T = ||h||%w (%)% <””gg”|f1"> the assertion follows. O

Finally, we present a technical estimate on the moments that was used to control the small time
contribution (4.4.30). We separate this result from the main proof to lighten the presentation,
but also because the proofs are identical in both magnetized and unmagnetized cases. One can

find the proof of this lemma in [111, pp. 43-44]|. To clarify our work, we present a more detailed
version of the proof below.
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Lemma 4.7.1. Let k > 3 and d' €13 ,12], then for l such that k+3 HT?’ we have the following
estimate on M;(t):

3(1+3)
TeF
sup Mi(s) < C(1+1t)!*3 (1 + sup Mk(s)> (4.7.3)

0<s<t 0<s<t

with C = C(k, || £, [[f™ ]|, . €

Proof. We first use the differential inequality (4.4.1)

d kt2
S Mit) < CIE@)]145 Mi(t) =

S0
d 1
(4 3) = Mi(t)75 < ClE()]13,

which implies

i < ()75 + 255 (1Bt Mt )W

. Ct s
< (Ml(O)H?' +——— sup |[E(s 7')||z+3) -

This last inequality indicates that we need to control the g-norm of E(t,-) for any ¢ > I + 3 with
My(t), and this can be done by simply using the weak Young inequality and lemma 4.3.2 with
p=oo,q=1,kK =0,7r= k+3

)

1Es, )l = IVEs x p(t, )l < Cllpt, )l s < C My ()7 (4.7.4)

with 14 % =3 24 k+3 =q= M which implies that k < 6. Furthermore, we want ¢ > [ + 3 <
6—k <d e[L 3[so this 1mphes k> 3.

1>
Finally, with 3 < k < 6, we can choose d’ € [12 ,3[ so that [ defined by %53 = 43 verifies ¢ > [+3
(¢ = 3£2). With all this, the interpolation inequalities on L? spaces allow us to write

0 0
IE(s; Migs < 1ECs, )z [1ECs, )l (4.7.5)
6€l0,1].
Using this estimate and Young’s classical inequality implies (4.7.3).

If k > 6, then for all ¢ € |6, +o0o] there exists 3 < k < 6 such that

3k+9 =
=5_% d lEG ), < Cllplt e < CME(E)F (4.7.6)
_ 3
M;i(t) < oo because thanks to lemma 4.3.2 with p = 1,q = o0, k' = k,r = Jﬁ =1 we have

EE]
E Bl

Imi(0)], = Mg(t) < ellfl, ™ M0 < oML < oo
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for all 3 < k < 6.

Thus we choose 3 < k < 6 such that ¢ > [ + 3 with kj,s = HT?’ as before, and now we try to

estimate || E(s, <), with My(t),
Bl < Cllpls. M gso < C llols. N s, MEze < € (14 s, Y ags)

< C(1+ My (t))=+3.

This last estimate combined with the interpolation inequality (4.7.5) results in (4.7.3). O
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Summary

This chapter corresponds to an ongoing work that has yet to be published [109].

We study certain mathematical properties of the three-dimensional Vlasov—Poisson system in
the full space with a general bounded magnetic field. First, we study the propagation of velocity
moments for solutions to the system. We note that we only manage to prove propagation of
velocity moments for the magnetized Vlasov—Poisson system if we assume that B := B(t) is
independent of the position variable z. However, we are confident that our proof can be adapted to
more general magnetic fields that depend on z. We rely on Pallard’s optimal result regarding the
unmagnetized Vlasov—Poisson system and we combine it with an induction procedure depending
on the cyclotron frequency T, = ﬁ. This induction procedure, similar to the one used by the
author in the case of a constant magorcletic field, is necessary because we can only get satisfactory
estimates on a small time scale compared to the cyclotron period. Second, we manage to extend
a result by Miot regarding uniqueness for Vlasov—Poisson to the magnetized case. This result
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relied heavily on the second-order structure of the Cauchy problem for the characteristics. The
main difficulty in the magnetized case is that we lose this second-order structure.

5.1 Introduction

We study the Cauchy problem for the three-dimensional Vlasov—Poisson system with a general
bounded magnetic field, which we will call magnetized Vlasov—Poisson system for the rest of the
chapter, given by the following set of equations:

farev s i

£(0,z,0) = f"(z,0) 2 0.

where fi" is a positive measurable function and f := f(t,z,v) is the distribution function of
particles at time ¢ € R, , position # € R3 and velocity v € R3. The self-consistent electric field
E := E(t,x) is given by:

E=-V,Gs*p, (5.1.2)

with G3 = ﬁ ‘71| the Green function for the Laplacian and p(¢, z) := fR3 f(t, z,v)dv the macroscopic

particle density.

B := B(t, ) is an magnetic field which will be considered bounded and lipschitz throughout this
work:

B € Whe(R, x R?). (5.1.3)

This system models the evolution of a set of charged particles that interact through the Coulomb
force, and thus it is relevant for the study of various physical systems, most notably plasmas.

The mathematical theory for the unmagnetized (B = 0) Vlasov—Poisson system has been studied
and developed in a great number of different works. In the three-dimensional framework, Arsenev
[4] was the first to prove the existence of global weak solutions through a regularization procedure
that preserves the main a priori estimates. The existence of global classical solutions for general
initial data was established at the beginning of nineties in two separate works by Pfaffelmoser
[103] and Lions, Perthame [87]. The first approach, extended and developed in [69, 114], relies on
a very sharp study of the characteristics of the Vlasov—Poisson system while the latter approach,
extended and developed in [24, 58, 100, 102, 113], is based upon the propagation of velocity
moments. Even if these two approaches differ greatly, in both cases a key condition is to limit
the influence of high velocities on the dynamics, by either considering initial data with compact
support [103] or having a finite velocity moment of sufficiently high order (k > 3) [87] . More
recently, Pallard combined the two approaches in [99], where he showed how to exploit the first
approach by Pfaffelmoser to prove propagation of velocity moments, extending the main result of
[87] by showing that this propagation property is true for moments of order 2 < k < 3.

Going back to the magnetized Vlasov—Poisson system (5.1.1), the propagation of velocity moments
for (5.1.1) with constant magnetic field B = (0,0,w) (with w > 0 the cyclotron frequency) was
proven by the author in [110] by extending the method of propagation of velocity moments from
[87] and adapting the uniqueness condition explicated in [87]. In order to extend the moment
method, an important point in [110] was to establish a representation formula for the macroscopic
density p. This was carried out by explicitly computing the characteristics of the transport
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equation
Of4+v-Vof +vAB-V,f=0 (5.1.4)

and then using the Duhamel formula, which just meant considering the Vlasov equation as a
transport equation with the non-linear term E - V, f seen as a source term. Furthermore, in
this analysis singularities at times ¢t = 0, %’T, %, ..., which are just multiples of the cyclotron
period T,, = %”, appeared in the velocity moment estimates because of the added magnetic field.
This was remedied by the fact that all the estimates depended only on quantities conserved
for all time and on the initial velocity moment, allowing for an induction argument to prove
propagation of moments for all time. Unfortunately, in our configuration with a general magnetic
field, this analysis breaks down at the first hurdle, simply because we can’t explicitly compute

the characteristics of (5.1.4), even with a smooth B.

The first main result of this chapter, which is the continuation of [110], is to prove the propagation
of velocity moments for (5.1.1) with a general magnetic field B := B(t) that is independent of the
position variable. As said in the summary, we are confident that our proof can be adapted to the
case of a more general magnetic field B := B(t,z). For this reason, we present this conjecture
and precise that we only succeed in proving it in the case of a magnetic field independent of x.
We manage to obtain this result by combining Pallard’s method [99] with an induction argument
using the cyclotron period similar to the one in [110]. However, in this chapter we don’t obtain
explicit singularities like in [110] because we use the "Lagrangian" point of view (study of the
characteristics) from [103] instead of using the "Eulerian" point of view (study of the distribution
function) from [87, 110]. This means we need to work on a small time scale compared to the
cyclotron period T, = W to obtain estimates analogous to those in [99]. This is due to the
fact that on time scales cor(;lcparable to T, or greater than T, the variations of the characteristics
are large and so the method in [99] fails. The second difficulty is to show that the estimates
from [99] are also valid in our framework up to a certain time depending on T, and that these
estimates depend only on quantities that don’t prevent us from using the induction argument.
Finally, propagation of velocity moments also implies propagation of the regularity of the initial
data which means we have existence of classical solutions to (5.1.1). This result is detailed in
[110] (theorem 2.5) for a constant magnetic field under additional conditions on £ (f™ decays
faster in velocity) but can be easily extended to the case of a general B.

Now we turn to results regarding uniqueness. First let’s mention the major contribution by
Loeper [88] who proved, for the unmagnetized Vlasov—Poisson system, that the set of solutions
with bounded microscopic density was a uniqueness class. This result was also extended to (5.1.1)
for a constant B in [110] and we discuss how to prove a similar result for a general B below. Then
in [95], Miot improved the result by showing uniqueness under the condition that the L? norms
of the macroscopic density grow at most linearly with respect to p. This allows for solutions with
unbounded macroscopic density, more precisely with logarithmic blow-up.

This chapter’s second main result is to prove that this uniqueness condition is also valid for (5.1.1),
but only with added assumptions on the velocity moments of the initial data. Contrary to our
result on propagation of velocity moments, we succeed in finding new uniqueness conditions even in
the case of a B := B(t, z) that depends on z. In [95], a key point was exploiting the second-order
structure of the characteristics of the Vlasov—Poisson system. This explains why the uniqueness
condition from [95] doesn’t apply to the two-dimensional Euler model for incompressible fluids,
which presents many similarities with Vlasov—Poisson, whereas the condition from [88] works for
both models. It is simply due to the fact that the characteristics of the Euler model only verify
a first-order ODE. In our case, the main difficulty is that the added magnetic field breaks the
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second-order structure of the Cauchy problem for the characteristics. We manage to get around
this by proving that the characteristics in the magnetized case can be controlled by assuming
more regularity on B and with the additional assumptions on the moments of the initial data
mentioned above. With these additional assumptions, we deduce a new uniqueness condition
which is actually the same as the sufficient condition imposed on the initial data to verify the
uniqueness criterion in [95, theorem 1.2]

Outline of the chapter: This chapter will be organized as follows. We will finish this section
by giving some notations and the classical a priori estimates satisfied by (5.1.1). In section 5.2
the main results of the chapter will be presented. Then section 5.3 will be devoted to the proof of
propagation of velocity moments (5.1.1). More precisely, we will explain how we find estimates
that are equivalent to those in [99] up to a time T depending on the cyclotron frequency and
show how we can then use the same induction argument as in [110] to conclude. We finish with
section 5.4 where we detail our proof of uniqueness for solutions to (5.1.1), highlighting how
additional assumptions on the moments of the initial data allow us to control the added terms
due to the added magnetic field in the analysis.

5.1.1 Preliminaries

Let’s first detail the two main a priori bounds that we can deduce from system (5.1.1). The first
bound is a direct consequence of the Vlasov equation where the coefficients are divergence-free.

1O, = 1771, (5.15)

for all time ¢ and exponents p € [0, +o0].

The second bound is the conservation of the energy £(t) of the system, with
1 1
£(t) = 1 // o2 F(t, 2, v)dado + 7/ B(t,2)[2 dz = £(0) < +oo. (5.1.6)
2 R3 xR3 2 R3

Furthermore, thanks to the conservation of the energy £(t), we have the following bounds.

Lemma 5.1.1. For allt > 0, we have Ms(t) < Cy and Hp(t)||% < Cy with the constants Cy,Cs
0 1 e

depending only on £(0), . |

We also present the standard notation for velocity moments: for any £ > 2 and ¢t > 0 we define:

M (t) = sup/ ¥ f(s,z,v)dvdz. (5.1.7)

0<s<t

As said before we will use the Lagrangian formulation detailed in [103], so we define the charac-
teristics (X, V) of (5.1.1) which are solutions to the following Cauchy problem:

X (s5t,0) = Vsita,0),

4
ds

(5.1.8)
V(sjt,x,v) = E(s, X(s;t,z,v)) + V(s;t,xz,v) A B(s, X (s;t,x,v)),
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with
(X(t;t,z,v), V(t;t,x,v)) = (x,v). (5.1.9)

Then like in [99], we define for any ¢ > 0 and ¢ € |0, ¢[.

Q(t,9) :=sup {/t_6 |E(s, X (5;0,2,v))|ds, (z,v) € R® x R3} . (5.1.10)

For the unmagnetized Vlasov—Poisson system, Q(t, §) quantifies the evolution of the characteristics
on the interval [t — ¢ ,¢]. However, in our context with the added magnetic field, Q(¢,d) will only
quantify a part of the characteristic evolution.

5.2 Results

5.2.1 Propagation of moments

We now give the first main result of this section, which is the propagation of velocity moments of
order k > 2, extending theorem 1 in [99] to the magnetized Vlasov—Poisson system. A said above,
our proof requires that B := B(t). However, since we are confident that this result is also true
for B := B(t,x), we present this conjecture and precise that it is only true in the case B := B(t).

Conjecture 5.2.1 (Propagation of moments). Let kg > 2,7 > 0, fi" = f"(x,v) > 0 a.e. with
fir e LY N L>®(R? x R3) and assume that

// v firdedy < co. (5.2.1)
R3 xR3

Then there exists a weak solution
f€CRy; LP(R® x R¥)) N L= (R, ; LP(R? x R?)) (5.2.2)

(1 <p < +00) to the Cauchy problem for the Viasov—Poisson system with magnetic field (5.1.1)
in R? x R? such that

Sup // o[ f(t, @, v)dvdz < C (5.2.3)
R3 xR3

0<t<T

with C' that depends only on

7.k Bl EOL 57 o [ ol fdnae, (5.2.4)

In section 5.3, we will highlight exactly where our proof fails if we assume that B depends on z.

Remark 5.2.2. If " satisfies the assumptions of the previous theorem, then all the moments
of order k such that 0 < k < kg are also propagated for the solution f, simply because of the
following Holder inequality

k
kog—k E
/ ol £(t, 2, v)dvdz < ||f], " (/ ukﬂf(t,a:,u)dvdx> (5.2.5)
. ko, prock gk _ k _k
where we use the decomposition [v|” f = f %0~ [v]" f*o and the exponents p = p"0r ¢ =
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Like in [87, 110], we assume we have smooth solutions to conduct the proof in section 5.3, and
since the a priori estimates depend only on (5.2.4) we can pass to the limit in the approximate
Vlasov—Poisson system first introduced in [4]. In fact, conjecture 5.2.1 will be a consequence of
the main estimate in this chapter which will only hold for these smooth solutions because it is an
estimate on @ (given in (5.1.10)), which isn’t necessarily well-defined for functions in Lebesgue
spaces. We now give this estimate on Q.

Main estimate on Q:
For all T' > 0 we have

N(T) := sup Q(t,t) <C, (5.2.6)

0<t<T

with C' that depends on the constants in (5.2.4). In the following remark, we explain how
conjecture 5.2.1 is a consequence of (5.3.4).

Remark 5.2.3. The estimate on propagation of velocity moments (5.2.3) in conjecture 5.2.1
follows from the estimate on N(T') (5.2.6) because we have:

//Rs_x]R3 ‘v|’c ft, z,v)dvdr = //]Rsx]R3 |V(t;07x7v)‘k £, v)dvde
< //R RB(IUI + N(T))* exp(kt | B|| ) £ (x, v)dvdz

<2 tee B ([[[ | Wl e odode N ), )

The first inequality above is obtained through a Gronwall inequality on |V (¢;0,x,v)|, indeed
thanks to (5.1.8) we can write

t t
V(t;0,z,v) =v +/ E(s,X(5;0,2,v))ds —l—/ V(s;0,2,v) A B(s, X(s;0,z,v))ds  (5.2.7)
0 0
which implies
t
V(60.2.0)| < Jol + Qe )+ 1Bl [ V(s:0.2.0)|ds
0
t
<Jol + N(T)+ Bl [ V(5302 0)]ds
0
This is the classical Gronwall inequality which allows us to conclude that

[V (#0,2,0)| < (Jo] + N(T)) exp(t || Bl )- (5.2.8)

The second inequality is just due to the fact that 2¥=1(1 4+ z%) > (1 + x)* for z > 0.

We finish this section by mentioning that, contrary to what is done in [99], we don’t state any
results on to the periodic case. This is simply explained by the fact that there are no results
related to the existence of weak solutions to (5.1.1) in the periodic case. One possibility would be
to adapt [12] to the magnetized case, and then combine the results from [99] for the periodic case
and the proof of conjecture 5.2.1 to show propagation of moments in the periodic case.
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5.2.2 Uniqueness

For all the uniqueness results and so also in section 5.4, we assume the same regularity on B
(5.1.3).

We first mention a very important result by Loeper [88] where it was shown that the boundedness
of the macroscopic density p was a sufficient condition for uniqueness in the Vlasov—Poisson
system. This result was extended to the Vlasov—Poisson system with constant magnetic field
in [110] and the proof can be adapted to the case of a general magnetic field verifying (5.1.3).
However, in the magnetized case, we require extra conditions on the velocity moments and space
moments of the initial data £, as shown in the following theorem:

Theorem 5.2.4. Let B verify (5.1.3), let f™ = fi"(x,v) > 0 a.e. with f™ € L' N L>®(R3? x R3)

and assume that
// 0| fi"dazdv < co and // lz|* firdady < . (5.2.9)
R3xR3 R3xR3

Then there exists at most one weak solution f to (5.1.1) with initial data f™ such that
p € L>(0,T] x R?) (5.2.10)
for all'T > 0.

However, to exploit this result, one needs to build solutions to (5.1.1) with bounded macroscopic
density. Hence, in the next proposition, we give an explicit condition that guarantees the existence
of solutions to (5.1.1) with a bounded p.

Proposition 5.2.5. Let B verify (5.1.3) and be independent of x, let f™ satisfy the assumptions
of conjecture 5.2.1 with ko > 6. We also assume that " is such that for all R >0 and T > 0

gr(t,z,v) € L=([0,T] x R3, L} (R3)), (5.2.11)
where _
gr(t,z,v) = sup  f"(y+ vt w) (5.2.12)
(y,w)€St,z,v,R
with

Stawr = {W0): ly— o] < (R+||Bll [o)/2el Pt jw— o] < (R+ 1Bl [o]tel Pt |
(5.2.13)
Then the weak solution f of (5.1.1) (provided by our result on propagation of velocity moments
from the last subsection) verifies
p€ L=([0,T] x RY)

for all T > 0.

This proposition was shown in [110, proposition 2.7] in the case of a constant magnetic field and
remains unchanged when we take a general B.

Now we present a theorem which is the second main result of this chapter, where we show that the
uniqueness criterion proved in [95] (theorems 1.1 and 1.2) also applies to (5.1.1) with B verifying
(5.1.3), improving theorem 5.2.4 because it allows for solutions with unbounded macroscopic
density.
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Theorem 5.2.6. Let T > 0 and B verify (5.1.3). Furthermore, let fi* > 0 a.e. with fi"* €
L' N L*°(R3 x R3) and such that

//R3 » lo|™ £ (2, v)dzdv < +oo, (5.2.14)
X
for some m > 6.

If £ also satisfies
Vk > 1, // ¥ £ (2, v)dadv < (Cok)*, (5.2.15)
R3 xR3

for some constant Cy independent of k, then there exists at most one solution f to (5.1.1). If
such a solution f exists then it will verify the following bound on the LP norms of p:

t
sup sup M < +o0. (5.2.16)

[0,7] p>1 p

Remark 5.2.7. In our framework, an important difference with [95] is that the uniqueness
criterion isn’t given by the inequality on the macroscopic density (5.2.16) but rather the stronger
assumption on the moments of the solution (5.2.15).

As mentioned above, the assumptions of theorem 5.2.6 are less restrictive than the condition
(5.2.10) and thus allow us to consider initial data with unbounded macroscopic density. This
result is illustrated by the following theorem ([95, theorem 1.3]):

Theorem 5.2.8 (Miot, [95]). There exists f™ > 0 a.e. such that f" € L' N L=®(R3 x R3)
satisfying the assumptions of theorem 5.2.6 and such that

4
po(z) = gﬂ In_(|z|), Ve R, (5.2.17)
where In_ = max(—In(x),0) is the negative part of the function In.

In section 5.4, we will detail the proof of theorem 5.2.6 first because it is the main result of
this section. Then we will present the proof of theorem 5.2.4 where ingredients from the proof
of theorem 5.2.6 are used, notably the boundedness of the velocity characteristic. However in
theorem 5.2.4 we require a condition on the space moment of the initial data (5.2.9) which isn’t
the case in theorem 5.2.6.

Finally, with regards to uniqueness for Vlasov—Poisson, a major open problem is finding a
uniqueness condition in the periodic case. Indeed, it would be very interesting to see if the
conditions found in [88, 95] could be adapted to the periodic case.

5.3 Proofs regarding propagation of velocity moments

In this section, we shall denote by C a constant that can change from one line to another but
that only depends on
£(0),

Ny

| (5.3.1)

136



5.3. Proofs regarding propagation of velocity moments

As mentioned above, the whole proof is conducted using smooth functions.

We consider & > 2 and € > 0 small enough, say ¢ € ]0,eq[ with g9 < $-2) " As said in the

2k
introduction, the main difference with the analysis in [99] is that we’re going to show propagation
of moments for all time by using an induction argument using the cyclotron period T, = ﬁ

We begin with the initialization, so we’re first going consider T' > 0 with 7' < Ty, where T is
the unique real number such that

Tp € R and ||B||, T exp(T || B) = a, (5.3.2)

with @ > 0. In our method, since we can only obtain estimates on @ for T <« T, we just need a
small enough so we set a = 2719,

Thus, we show propagation of velocity moments on [0, 7] using the following result.

Proposition 5.3.1. For all T > 0 such that T < Tpg, (5.2.6) is verified. More precisely we have
the following estimate on Q(t,t)

2
5

Q(t,t) < Cexp(T ||B|| )% (T? +T%) (5.3.3)

with C' that only depends on
0), L/ {1y 17 o » M (0)-

Remark 5.3.2. This estimate is the analogous of the estimate (13) in [99]. In our magnetized
framework, we only manage to generalize this result up to the time Tz.

The following section will be devoted to the proof of this proposition, and just like in [99]
the proof is done in three steps which correspond to proposition 5.3.3, proposition 5.3.6 and
proposition 5.3.7.

5.3.1 The case T'<Tj

Proposition 5.3.3. For any 0 < <t <T < Tp we have:

Nl

Q(t,0) < C(6Q(t,6)% + 67 (1 + Mayo(T))?) (5.3.4)

Proof. Let (t,7.,v.) € [0,T]xR?xR3 and set (X, Vi)(s) = (X, V)(s;t, 24, vs). Forany § € [0,1]
we have by definition of E

¢

)d
/ |E(s, X (s;t, s, vs) \d5</ / pls, z)da ————"——ds
t—5 —5J dr|z — X.(s)°

Our objective in the rest of this section will be to estimate the integral:

(,0) / / o(s, :de / / fsx vdvdm s (5.3.5)
t—sJ |z — t—5
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Now we will use a procedure that is inspired from [114] which consists in splitting [t—J , ] x R? x R3
into three parts. Here the partition is slightly different because, following [99], we introduce £ > 0.

G = {(s,z,v) : min(|v|,|v — Vi(s)|) < P},
B ={(s,2,0) : |z — Xi(s)| < Ac(s,0)} \G,
U=[t—14,t] xR*x R¥(GUB),
with
P =210Q(t,6) exp(8 | Bl,.) and A(s,v) = L(1 + [o]*T*) ! jo — Vi(s)| " (5.3.6)

and L > 0 to be fixed later. The main difference here with [99] is the definition of P, because the
added magnetic modifies the evolution of the characteristic in velocity V(s). Furthermore, we
take the same numerical constant 2'° in the definition of P as in [99] is (in truth this constant just
needs to be large enough). Using obvious notations, we write I, = I¢ + IZ 4+ IV. The first two
integrals will be more straightforward to estimate than IV, which involves the set U considered
as the "ugly set" according to [59].

The first two contributions I&, IP are treated the same in both magnetized and unmagnetized
cases, simply because the modifications made to the sets G, B to take into account the added
magnetic field don’t change the computations required to estimate I¢ and IZ. We succinctly
present how to control both integrals following the calculations from [99]. The first bound is
obtained by using a standard functional inequality.

For k € L>®(R3) N L3 (R3) we have

_ 54
s 17| < elmld e (5.3.7)
with ¢ a numerical constant.
We apply (5.3.7) to the quantity:
pats.a) = [ F(s,2,0)do < pls, ), (538)
B(0,P)UB(V.(s),P)
which implies the following control on I (t,d):
IG(t,5) < C(6P3). (5.3.9)

To estimate the contribution on B, we first integrate in the space variable using a spherical change

138



5.3. Proofs regarding propagation of velocity moments

of variable.

IB(t,6) < /
t—9

d
S @ g,

S~
—\

—X.(s)|<Ac(s0) [T — X (5)]

t Ac(s,0) HfanOO 2
< / 47r/ 5 dr | dvds,
t—8§ Jo 0 r
t
§C’/ / 2+5L dvds,
t—5 Jo (14 |v|77) [v = Vi(s)]
t
ccf ( / S —— dv> s,
t—6 \JJol<lo-Va(s) (1 + [0]77) [v] ol>lo-Va(s)| (14 o= Vi(s)[77) [ = Vi(s)]
t L
C/ /—Qﬁdvds,
(1+|v| ) [v]

<C —————drd
/t(;/RB 1+7"2+5 s

< C6L.

IN

The last contribution IV (t,§) can be written

U fsxlesxv 1USX (s))
ey /té/ o~ X.(s)]” " dwds_///t 5 |X(s) *(S)F daf(t,,v)dvds

(5.3.10)
where we have the obvious notation (X, V)(s) = (X, V)(s;¢,z,v). Estimating this quantity is
difficult and will occupy us for the rest of the proof of proposition 5.3.3.

The following lemma is very important in our proof because it highlights why we need to use the
induction procedure mentioned above. In the unmagnetized case , we estimate IV by noticing
that because of the definition of U, the characteristic V (s) stays close to v on [t — 0, ¢] because v
is large compared to P and P is much larger Q(¢,4) which quantifies the total variation of V (s)
on [t — ¢,t]. However in the magnetized case, this stays true only under the condition (5.3.2)
because if the magnetic field is large than the variations of V(s) on [t — d,t] can also be very
large compared to P.

Lemma 5.3.4. Let s1 € [t — §,t] such that (s1,X(s1),V(s1)) € U, then for all s € [t — 0 ,t] we
have
27 ol < [V (s)| < 2], (5.3.11)

and
27 o — .| <V (s) = Vil(s)] < 2|v — v.]. (5.3.12)
Proof. First, because of the definition of U, we can write
min(|V (s1)|, |V (s1) — Vi(s1)|) > P. (5.3.13)

Let’s start by proving the first bound (5.3.11), thanks to (5.1.8) we have for all s € [t — 0, ]

V(s)— V(s1) = /SE(T,X(T))dT+/SV(T) A B(r, X (7))dr

S1
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Furthermore, one of the properties of the characteristics is that we have for all (x,v) € R® x R3
and 7,t € Ry
X(r;t,z,v) = X(1;0, X(0;¢, z,v),V(0; ¢, z,v))

and also that the function (z,v) — X (7;¢,z,v) is a C'-diffeomorphism which means that
t t
sup{/ |E(s, X (s;t,2,v))| ds, (x,v) € R? XR3} :sup{/ |E(s, X (s;0,2,v))|ds, (z,v) € R XR3}
t—§ t—6

Thus we can write

V() = V(1) < Q(t,8)+ 1Bl (6 Vsl +

/s\vm ~V(s))|dr

)

V() = V(s)ll < [V(s) = V(s1)| < (Q(t,0) + | Bl 6 [V(s1)) exp( [ Bll ). (5:3.14)

which is a Gronwall inequality, so we finally have for all s € [t — ¢, 1]

This last inequality highlights the main difference with the unmagnetized case, indeed when
we use V(s1) as a reference point to quantity the variation of V(s), we see that the added
term || B|| § |V (s1)]exp(0 || B, ), which is just the added variation of the velocity characteristic
resulting from the magnetic field, is potentially unbounded. This is due to the fact that even if
0<6<T,|B|, is potentially large. This is the reason we introduce the time 7’z which depends
on the cyclotron frequency || B|_,

Now using this last inequality, thanks to the relation between P and Q(¢,9) given in (5.3.6), to
(5.3.13), and to (5.3.2) (because t < Tg) we have

[V (s)| < [V(s1)| (1 + || Bl exp(d || Bll ) +271°P
< V(s (14271042719 = |V(sy)| (1 +277)

and using the same relations but this time for — |V (s1)| we can write

Vi(s)] (1—271=271%) < V(s
<|V(s

| (1= ||Bll Sexp(6 || Bllo)) — 2P
1)
< |V(s)

)
(1 =Bl dexp(0 Bl ) — Q(t; 6) exp(d | Bl )
|

These inequalities are valid for all s € [t — 0, t] and so in particular for s = ¢. And so we can

write
1-279 14277

T <P IVE)I

27V (s) < [V(s)] 195

< 2|V (s)| (5.3.15)
which is equivalent to (5.3.11).

Now let’s look at the inequality (5.3.12). Like for (5.3.11), we try to write a Gronwall inequality
but this time on Z(s) = [(V(s) — Vi(s)) — (V(s1) — Vi(s1))]-

(V(s) = Va(s)) = (V(s1) — Vi(s / B(r, X(r ))dT—i—/SV(T)/\B(T,X(T))dT
/ E(r, X.( dT—/ Vi(T) A B(1, X (7))dT.
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This allows us to write

Z(s) <2Q(t,6) +

/ (V(r) A B(r, X(7)) — Va(r) A B(r, X.(r))) dr

S1

<2Q(t,0) + /S V() A(B(1, X(7)) — B(1, Xu (7)))| + |(Vi(7) = V(7)) A B(7, X (7))| dT
< 2Q(¢,6) + 20 || Bl oo 2V (s1)]

1Bl (310200 = V) + [ 1V = Ve(r)) = (VGor) = Velonlar )

where in the second term in the last inequality we used the bound |V (s)| < |V (s1)|(1+27%) <
2|V (s1)| that we established just before.

This is the point where we require that B := B(t).
Thus we have our Gronwall inequality on Z(s) which gives us
Z(s) < (2Q(t,8) + 45 | Bl . [V (s0)| + | Bl 6 |(Va(51) — V(s1))) exp(3 [ Bl.).  (5:3.16)

If we decompose the magnetic part of the Lorentz forces using Vi (s) then we get an analogous
inequality but this time with |V (s1)]:

Z(s) < (2Q(t,0) + 40 || Bl [Va(s1)| + [ Bll oo 0 |(Va(s1) = V(s1))]) exp(6 [ Bll.)-  (5:3.17)
Of course, we can take the mean of the two inequalities to obtain

[Va(s)| + [V (s1)]

Z(s) < (2Q(t,0) + 20 || B|| o, 5

F 1Blloo 6 [(Vals1) = V(s1))]) exp(d | Bl )-

(5.3.18)
In each of these inequalities, the second term in the inequality depends on |Vi(s1)|, |V (s1)]
which means that we can’t get a lower bound on |V (s) — Vi(s)| because we can’t compare
|V (s1) — Vi(s1)| with [V (s1)],|Vi(s1)|- However, if B := B(t) then we don’t have this extra term
because we can just write

Z(s) < 2Q(t,9) +/ |(V(7) = V(7)) A B(7)], (5.3.19)
S1
and we obtain (5.3.12) by following exactly the same procedure used above to prove (5.3.11) but
this time by exploiting the bound |(Vi(s1) — V(s1))| > P.

Going back to the case B := B(t, ), we might be able to obtain a better estimate on Z(s) by
controlling the term B(7, X (7)) — B(7, X.(7)) more precisely. However, since such an estimate
would involve the quantity |« — x|, we would certainly have to modify the sets G, B, U in order
to bound |z — x,|. This is the lead that we want to explore to prove the conjecture 5.2.1 with
B := B(t,x).

O

Lemma 5.3.5. For any (z,v) € R® we have

C (s X() V() (11T
/t_a 1X(s) — X.(s)? d SC( I ) (5.3.20)
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Proof. It (s,X(s),V(s)) ¢ U for all s € [t — ¢,t] then the estimate (5.3.20) is verified. Now
we assume that there exists s; € [t — d,¢] such that (s1,X(s1),V(s1)) € U, then thanks to
lemma 5.3.4 we can write

Ac(s,V(s)) > L(1+ (20])*T) 72 v —ve]) ™t > 2737°A (¢, 0) (5.3.21)

and hence
1y(s, X(s),V(s)) < 1Rs\B(X. (s),2-3-<A. (t,0)) (X (8))
X (s) = Xu(s)* X (s) = X (s)[?

< n(|Y (s))), (5.3.22)

where Y (s) = X (s) — X, (s) and h(u) = min(|Ju| "%, 43T A.(¢,v)"2). Since h is a non-increasing
function, we look for a lower bound on |Y(s)].

For any sg € [t — d,t] we have, thanks to (5.3.12)

V() 2 ¥ (s0) + (s = 50)Y"(s0) - | (s — u)Y" (u)du

S0

> (¥ (s0) + (s — 50)Y"(s0)] — 25 — 50| (Q(¢, 8) + 5 | B . [v — w.]).

Now we consider s = sy that minimizes |Y (s)|> when s € [t —4 , ¢], then this implies (s — s¢)Y (so)-
Y'(s9) > 0 and so

Y (s0) + (5 — 50) Y (s0)]> = |V (s0) |5 — so|? (5.3.23)

and thanks to (5.3.12) we get |Y'(s9)| > 27! |v — v,| and when we evaluate (5.3.12) in s this
also yields Q(t,6) <277 |v — v, | exp(—4 || B|| ) so we have

Y (s0)| = 2(Q(t,0) + 8 | Bl v —vs]) = Ju—ve] 271 = 27% o — vi| exp(—=0 || Bllo) — 20 |B )
> o =] (27 = 27° = 20| Bl|.,)-

We need the quantity (271 — 278 — 26 ||B||) to be strictly positive and so once again we need
the condition (5.3.2) for § || B/, to be small and this inequality to be verified. Now we have
[Y(s)| > a|v —vs||s — so| with & > 0. Just as in [99], we bring this inequality into (5.3.22),
integrate with respect to the time variable and estimate the integral as follows to obtain (5.3.20):

t t
/ B(IY (s)[)ds < / hex[o — v] s — so|)ds,
t—38 t—3§
+oo
S/ h(a|v — v r)dr,
0

+oo
~Galo—u [ A

2737 A (L) ) +o0 1
= (alv—u,])7" / 4‘3+5A5(t,v)72dr+/ —dr |,
0 2-3-cA_(t,w) T

= (alv— v*\)_1(23+5A8(t,v)_1 + 23+5A5(t,v)_1),

1+ [o*Te
< .
_C( T
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Now integrating in z,v and using the mass conservation, we finally obtain
IV(t,6) < CL™Y(1 4+ My, (T)). (5.3.24)
We gather all the above estimates to conclude

L.(t,6) < C(6(Q(t,6) exp(8 | B[l ) + 6L + L™ (1 + My (T)))
< C(6Q(t,0)3 + 6L + L™ Y1 + My o(T)))

where the last inequality is justified by the fact that thanks to (5.3.2) we have exp(d || B||,) <
exp(g(271%)) where g is the inverse of the function z — zexp(x) on Ry. We conclude in the
same way as in [99], firstly by optimizing the parameter L and then by noticing that the pair
(24, vs) is arbitrary so that we have

sup {I*(t, 8), (4, v4) € R? x R3} > Q(t,9). (5.3.25)

Finally, we obtain (5.3.4). O

The next two propositions allow us to conclude. The proof of proposition 5.3.6 is identical to
the one in [99] because it doesn’t rely on the characteristics of the system, but rather on real
analysis arguments. In an effort of clarity, and also because some arguments of the proof are
more detailed in this chapter than in [99], we place the proof of proposition 5.3.6 in the appendix.

Proposition 5.3.6. For anyt € [0,T] with T < Tg, we have

s

Q(t,t) < C(t2 +t)(1 4+ Mayo(T))7. (5.3.26)

Now we state the last result necessary in the proof of proposition 5.3.1.

Proposition 5.3.7. There exists (e, k) > 0 such that for any t € [0,T] we have

Q(t,t) < C(1 4 My (0)™™ exp(T || B|| )% (T% +T3). (5.3.27)
Remark 5.3.8. We notice that we obtain the same estimate (5.3.27) as in [99] when the magnetic
field B is zero.
Proof. Using the same argument as in (5.2.3), we can write

My(t) < 25 Pexp(kt || Bl o) (Mr(0) + N(T)* || £]],) (5.3.28)
with N(T) defined in conjecture 5.2.1.

Now to obtain the desired estimate we have to bound Ma.(t), which we manage with the Holder
inequality. Thus for any ¢ € [0,T] we have

2+e—k e

//W*Ef(t,x,v)dxdu < <//|v|2f(t,x,v)dxdv> <//|v|kf(t,x,v)dxdv> o

(5.3.29)

With the conservation of the energy E(t), this Holder inequality implies that

My (T) < CMy(T)F= (5.3.30)
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and bringing this inequality into (5.3.28) it yields

Mayo(T) < Coxp( s T BIL) (Mi(0) + N(TYF | £7],) =2 (5.3.31)

Now thanks to (5.3.26) we can deduce
My, (T) < Cexp(kaT IB|l..) (My(0) + N(T)* Hme1) =
< Cexp(kLT 1Blle) (Mk(0) + (TF + T)F(1 4 Moy (T) ¥ Hmel)k%z
< Coxp(y T Bl (1 + Mi(0)) 52 (T + T)# (1 + My (7)) 75

Like in [99], we write o(e, k) = ‘,iksz) and notice that if we take ¢ small enough we have

o(e, k) €]0,1[. More precisely, if € < gg then o(e, k) < %, kka <1 L and we find

-2 — 2k

My (T) < C(1+ Mg(0))2 exp(T || B]| )2 (14 T)* (1 + Mo (T))7, (5.3.32)

where we used T2 + T < 2(1 4 T). Now since the right term in the last inequality is larger than
1 up to a constant C, we deduce that

(14 My, o(T))7 < C(1 + My (0))7F exp(T ||B|| )2 (1 +T)? (5.3.33)
which finally yields
14 My, o(T) < C(1 + My(0)) ™% exp(T || B|| )T (14 T) . (5.3.34)
Then, using (5.3.26) again we deduce
Q(t,1) < C(T? + T)(1 + My,(0))7 exp(T || B ) * (14 T)*
< C(1 4 My(0)% exp(T || B]|,) ¥ (T? +T%).
This concludes the proof of proposition 5.3.7 and proposition 5.3.1. O

5.3.2 The case T >1Tjg

We conclude the proof of (5.2.6) by showing that Q(¢,¢) is bounded for all time.
Proposition 5.3.9. The inequality (5.2.6) is valid for all T > Tg.

Proof. For all t € [0,T], we write t = nTp + ¢, withn € Nand ¢, € [0, TB[. Since the constant
C in proposition 5.3.1 depends only on T\ k, || Bl| ., || /™| - | me £(0) and M (0), we can
reiterate the procedure on any time interval I, = [pTs, (p + 1)T5]. Indeed T,k and ||B||, are
constants || f(t)[|, and ||f(t)||,, are conserved in time and the energy F(t) is bounded. This means
we can write

n—1

Qt,t) <Y QUp+1)Ts, Tp) + Q1))

p=0

< Cz (1+ Mk(pTB))°k exp(Tg || Bl )®

p=0
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Furthermore, we can show by an immediate induction that for all p € N with p < n, My (pTp) is
bounded such that

My, (pTs) < Cp(k, || Bl , £(0), [ £

Lo (17 - Mi(0)). (5.3.35)

This is just because My (pTg) < Cy = Q((p+ 1)TB,Ts) < C2 = Mi((p + 1)Tp) < C3 with
(4, Cq, C3 depending on (5.2.4). This concludes the proof of proposition 5.3.9 and conjecture 5.2.1.

O

5.4 Proofs regarding uniqueness

A said above, we manage to prove uniqueness using the conditions presented in section 5.2.2 with
a magnetic field B := B(t,z) that depends on time and position. The subsections 5.4.1, 5.4.2
and 5.4.3 will be devoted to the proof of theorem 5.2.6 and subsection 5.4.4 will be devoted to
the proof of theorem 5.2.4. In this section, we shall denote by C' a constant that can change from
one line to another but that only depends on

O£l 7 ff ol g (5.41)

5.4.1 Proof of the estimate on the L” norms of p (5.2.16)

We consider fi" that satisfies the assumptions of theorem 5.2.6 and let f be the solution given by
conjecture 5.2.1 with initial data f**. By construction, we have propagation of moments:

sup // ft,z,v)dxdv < +o0. (5.4.2)
t€[0,T] ]R3><]R3

Now thanks to a classical velocity moment inequality, we show how to control the L? norms of
the macroscopic density with velocity moments, this inequality is given by

_k_ 3
ol e < CIF@IET My(t)=s. (5:4.3)
with C' independent of k. Since we want p to verify (5.2.16), this means that we need to prove

k> 1, sup (| F(8)| 5 Mi(t)F5) < Ck. (5.4.4)

te[0,T]
Since the solution f € L°°([0,T], L>°(R? x R3)), we finally need to show

Vk>1, sup My(t)¥s < Ck. (5.4.5)
te[0,T]

First, we recall that thanks to ( 4.2) where m > 6 we can infer that p € L>°([0,T], LP(R?)) with
p= m+3 > 3 and following (5.4.25) we have E € L*>([0,T], L°°(R?)). Then we write

k—1 V(t,I,’U) ) V(ta J),'U)
V(t,z,0)

% V(t,2,0)" =k|V(t,z,0)|
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and thanks to the bound on E and the definition of the characteristics (5.1.8) we can infer that
for all k >m

E(s,X(s,z,v))+ V(s,z,v) A B(s, X (s,x,v))) - V(s,z,0)

d
Vs, 2,0)] ?

t
Ve < b+ [ Vw0
0
k ¢ k
<ol + k1Bl [ V(s,z,0) " ds
0

Since the contribution of magnetic field B vanishes, the following computations are the same as in
the unmagnetized case [95]. In an effort to be clear, we explicit these computations nonetheless.

Integrating this last inequality with respect to f(z,v)dzdv we get
t
Mi(t) < My (0) +k||E||OO/ My (5)ds. (5.4.6)
0

Thus by induction we deduce that sup My(t) is finite for all ¥ > m. furthermore, by another
tel0,T)
classical velocity moment inequality we obtain that

My-1(s) < If ()1 Mi(s) 7 (54.7)
Since || f(t)||; is conserved, we get
t c—1
My (t) < My(0) + Ck / My (s) "% ds, . (5.4.8)
0

Differentiating this inequality allows us to write

M() < CkMi(H)'F %(Mk(t)%) <C= sup My(t)* < My(0)% +C.
te[0,T)

By assumption on Mj(0) we find for all ¢ € [0,7

My (t)* < (Cok)s 4+ C < (Ck)5 < (Ck)5TF, (5.4.9)
which finally implies that
sup My(t)¥5 < Ck. (5.4.10)
te[0,T)

5.4.2 Estimate on the characteristics
We consider two solutions f1, fo € L>=([0,T], L' N L*°(R3 x R3)) such that pq, pa verify
p1,p2 € L=([0,T], LP(R?)) (5.4.11)

for some p > 3. This regularity on p; o is guaranteed by the condition (5.2.14) thanks to
the estimate (5.4.3). Then we write Y7 = (X1,V1) and Yy = (X3, V2) for the corresponding
characteristics, which are both solutions to (5.1.8) with ¢ = 0. This means we can simplify
the notation and will write Y;(¢;0,z,v) = Y;(¢,z,v), ¢ = 1,2. Regarding the existence of such
characteristics, the condition (5.4.11) yields sufficient regularity on the electric field E;, i = 1, 2,
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so that with the added regularity assumption on the magnetic field (5.1.3) we can define weak
characteristics thanks to theorem II1.2 (section IIL.2) in [45].

Now we introduce the distance
D(t) = // | X1 (t, z,v) — Xo(t,z,0)| f™(x,v)dzdv. (5.4.12)
R3 xR3
From (5.1.8) we can infer that
t S
Xl(t,x,'U)—XQ(t,LE,’U) :/ / El(T,Xl(T,LE,U))—EQ(T,XQ(T,JI7U))
0o Jo
+ Vi(r,z,v) A B(1, X1 (7, 2,v)) — Va(7,2,0v) A B(1, Xa(7, 2,v))d7ds
which yields that
t S
pw< [ [ [ B Xi(ne0) - Bl Xalr.,0)
o Jo Jr

+ |[Vi(r,z,0) A B(1, X1(1,2,0)) — Va(7,2,0) A B(1, Xo(T,2,0))| fi"(cv,v)dxdvdes

(5.4.13)

t s
S/ / \El(T,Xl(T,a:,v))—EQ(T,XQ(T,JJ,U)Hfi"(x,v)dxdvdeS
o Jo Jrs
t s
—|—||B||OO/ / / |V1(T,:E,v)—VQ(T,:U,U)|fm(x,v)dxdvdes
0o Jo Jre

+/0 /O /]R6 |V2(7',l‘,’U)| |B(T,X1(T,$,U)) — B(7—7X2(T,JT,U))| fzn(x7v)d$d’l}d7'ds
= I(t)+ J(t) + K(t)

The term I(t) is the quantity estimated thanks to the method in [95]. As for the other two terms
J(t) and K(t), since we want to use the same method as in [95] which is to exploit the fact that
the characteristics of the Vlasov equation verify an ODE of order 2, we need them to be controlled
by fot f(f D(T)lf%des. This is true and the estimates are given in the following proposition.

Proposition 5.4.1. For allt € [0,T] and for all p > 3, we have the following estimates:

t s
I(t) < CpC,, / / D(r)'"vdrds (5.4.14)
0 JO

K(t) < (CpKp + Kp,p) /t /S D(r)'"rdrds (5.4.15)
o Jo

t S T
IO Bl [ [ [ (CoChpn+ (oK + Kip) D(w)'~F dudrds
0 0 0

t S T u
18I e @181 [ [ [ [ 0y + (Cokn+ K ) D) duidudras.
o Jo Jo Jo
(5.4.16)
with
Cp1,po = max (1 o1l oo (o 79,20y » 1+ 021l oo o ,T],LP)) ,
Kpp =2[B|lyr. [ B2l o exp(T || Bll )
Kp =2||B|ly1. exp(T || Bl .. )

and where C denotes a constant that depends only on T, Hj“"HO0 ,

s
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Proof of proposition 5.4.1. As said above, the term I(t) is the quantity estimated thanks to the
method in [95], so we treat it identically to find the estimate (5.4.14).

Let’s first look at the term K (t). Since B € WH> (R, x R?) then for all t € [0,7] and o € ]0, 1]
B(t) € C**(R?) (5.4.17)

with Holder coefficient Cp () verifying Cpyy < max(2||Bl| ., IVB| ) < 2| Bllyy1.00-

Then we simply have for all p > 3

t S
K(t) <2[|Blly1. /0 /0 /RG |Va(r, x,v)| | X1 (1, 2,v) — X2(T,.I‘,U)|1_% f(x,v)dzdvdrds

(5.4.18)
Now we need to estimate the velocity characteristic Vo, and using (5.1.8) we can write once again

t t
V(t,2,9)| < [o] + / |E(s, X (s,2,0))|ds + | Bl / 1V (s,2,0)| ds
0 0
t
<ol + T|E|, + Bl / IV (s, 2,0)| ds.

This classical Grénwall inequality yields for all ¢ € [0, T
[Vt z,0)] < (Jo] + T Ello) exp(t [ Bll)- (5.4.19)

So that we can write

K(t) < 2|[Blly1.c exp(T [|Bll o)

/ / 61+ T 1Bl s r,0) = X, '~ 5 o)dodudrds, (5420
= Ki(t) + Ks(t).

By applying Jensen’s inequality for concave functions to = — 2'7% we obtain
t s
f < KB,p/ / D)3 drds. (5.4.21)
0o Jo
Then we estimate K1 (£) by writing fi" = (fi")» (fm)i where %4— L =1, so that with the Holder

p
inequality applied to |v] (fm)% and | X1 (7, z,v) — Xo(1, 2, v)|17% (fm)i with the exponents p
and p’ we have

i t s
K\(t) < Kp </ |v‘:0 ﬁn(m,v)dxd'u) ' / / (/ | X1 (T, z,v) — X2(T,$,’U)|(17%)p fm(x,v)dxm)) drds.
RS 0 JO RS

N\‘H

. 1
Using (5.2.15) we have ( [z [v|” f™(z,v)dzdv)? < (Cop 3 < Cp. Furthermore, we can once
again use the Jensen inequality because (1 — %)p’ = pp%gp% == ‘f < 1, which gives us
t s 3
K, (t) < CpKp D(t)*" vdrds. (5.4.22)
0o Jo

This concludes the proof of (5.4.16).
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To estimate the last term J(¢), we also use (5.1.8) to obtain a Gronwall inequality on |V; (¢) — Va(t)|,
and since the computations are complicated we write V; 2(s), X7 2(s) for the characteristics. First

we write
¢ ¢
Vi) = Va(d)] S/ [E1(s, X1(s)) — Ea(s, Xo(s))| ds + ||BHO<,/ [Vi(s) — Va(s)| ds
0 0
t
[ (o) 1B, X1(5) = B, Xas) ds.
0
Now using (5.4.17) and (5.4.19) we deduce
¢ ¢
Vi) = Va(d)] S/ [E1(s, X1(s)) — Ea(s, Xo(s))| ds + ||BHO<,/ [Vi(s) — Va(s)| ds
0 0
t .
o]+ Kay) [ 10(5) - Xalo)]' " ds
0
which is just the Gronwall inequality on |Vi(t) — Va(t)| we were looking for and which yields
t 3
Vi(t) = Va(t)] < / |E1 (s, X1(5)) = Ea(s, Xa(s)| + (Kp [v] + Kpp) [ X1 (s) = Xa(s)|' 7 ds
0
t S p
# ([ 1 X000 = B X))+ G o+ Koy 1Xa7) = o)
0o \Jo

X [|Bllo exp((t — 5) [| Bl )ds

Now we insert this inequality in the definition of J(t) to obtain

1) < 1Bl /ot /08 /OT /]RG ('El(u’Xl(“)) — Ea(u, Xo(u)| + (KB [v] + Kpp) | X1 (u) — Xg(u)|1‘%)

x fi(z,v)dzdvdudrds
+ | BII% exp(T || Bl ) x

////,/Ra | B (w, Xa( ))_EQ(w7X2(w))|+(KB|U|—&-KB’,,)\Xl(w)_XQ(w)P*%)

x f"(x,v)dzdvdwdudrds.
(5.4.23)

Like previously, we can use the Jensen inequality to bound the terms Kp , | X7 — X2|17%, the
relation (5.4.14) to bound the terms |E; — Es| and the Holder inequality used to estimate K (t)

to bound Kp |v|| X7 — X2|1_§.

This gives the desired estimate (5.4.15) on J(¢):
t ps pT 5
IO Bl [ [ [ (CoChpn+(CrKn+ Kip) D(w)'~F dudrds
o Jo Jo

t s T u .
+ HB||§o exp(T ||BHOO)/ / / / (CpCly, po + (CpKp+ Kp)) D(w)*™ % dwdudrds.
o Jo Jo Jo
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5.4.3 A second order inequality on D(t)
We begin by looking at the dependence of Kp , with respect to p. The only term in Kp , which

depends on p is || Es|| ., and since po € L*°([0,T], LP(R?)) with p > 3, then we can deduce the
desired L*™ bound on E; because for all ¢t € [0, 7]

1B2(t)l o0 < 1112121V Gs || o o2l + [[1121<1 VG|, lo2()]], (5.4.24)
11
From this last inequality we can finally deduce
B2l < CA+ lp2ll o 77,20))> (5.4.25)
where C' depends only on Hmel

Now we consider that the solutions fi, fo verify the assumptions of theorem 5.2.6. This means
that max([|p1ll Lo (o 77,00y » 192l Lo (0 77,20)) < Cp for all p > 1, and so thanks to (5.4.25) and
proposition 5.4.1 we have for all p > 3

t s .
D(t) < C1p2/ / D(T)l_%deS
o Jo
t s T
+C2(p2+p)/ / / D(u)'™ % dudrds (5.4.26)
o Jo Jo

t S T U )
+ Cs(p® +p) / / / / D(w)'~* dwdudrds,
0 0 0 0

where C1, Csy, C5 are constants that depend on T, Hf’"”oo , fi”‘

12 1Bllo s VBl o

Let F(t) = fg IN D(T)l_%des. Since F is increasing by construction and since p > 3 we can
finally conclude that

t s
D(t) gch/ / D(r)'"rdrds, (5.4.27)
0 JO

P 1 5 1Bl IV Bl -

Finally, we obtain the same second order differential inequality as in [95], for all ¢ € [0,T] we
have:

with C that depends on T, |

F'(t) < Cp*F(t). (5.4.28)

From this inequality, we use the same method as in [95] to conclude that for all ¢ € [0,T] we have
f1(t) = fa(t) a.e. on R? x R3. This concludes the proof of theorem 5.2.6.

5.4.4 Proof of theorem 5.2.4

We finish this section with the proof of theorem 5.2.4, which is the extension of Loeper’s result
[88] to the magnetized Vlasov—Poisson system. As said above, this proof was already done for
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B constant in [110]. In fact in [110], it was already proved that under the assumptions (5.2.11),
(5.2.12), and (5.2.13), the macroscopic density p is bounded (5.2.10), and this proof doesn’t
change in the case of a general magnetic field.

Like in the theorem 5.2.6, we require additional assumptions on the moments of f*" to obtain
uniqueness (compared to the unmagnetized case). However, these assumptions on the moments
aren’t as strong as in theorem 5.2.6 because the boundedness of p is already a strong assumption.

To prove our theorem, we only need to adapt subsection 3.2 from [88]. Thus we consider two
solutions of (5.1.1) f1, fo with initial datum f*" that verifies the assumptions of theorem 5.2.4.
Like in the previous proof, we write the corresponding densities, electric fields, and characteristics
p1,p2, E1,Es, and Yi(t,z,v),Ya(t,z,v) = (X1(t,z,v), Vi(t, x,v)), (Xa(t, z,v), Va(t,z,v)). To
simplify the presentation, we will write Y;(¢) for the characteristics. We define the following

quantity Q:
1

Q) =5 /R (@, 0) [Yi(t,z,v) — Ya(t, @,0)|* dedo. (5.4.29)

Now we differentiate @ (which we couldn’t do with the distance D (5.4.12)) splitting the magnetic

part of the Lorentz force V' A B like in the previous section:

Q) = [ £ o) (A (0) = Ya(t) - B () = Va(t)dado,
= [ I @)X = Xaft) - ((8) = Va(®) oo

. F (@, 0)(Vi(t) = Va(t) - (B (t, X1 (t)) — Ea(t, Xa(t)))dwdv

. F (@, 0) (Vi) = Va(t) - [Va(t) A (Bu(t, Xa(t)) — Ba(t, Xa(t))] daudy

+ /RG F (@, 0)(Vi(t) = Va(1) - [(Va(t) = Va(t)) A B(t, X1 (1))] dwdv.

First, we notice that the last term is null, which means we only need to control the second to
last term (due to the added magnetic field) which we denote P(t). The first term is bounded
by Q(t) and the second term can be estimated using the analysis from [88] and is bounded by

Q(t) ln(ﬁ). To control P(t) we first use the bound on the velocity characteristic (5.4.19).

P(t) < [|Bllyr. /R F (@, 0) [VA(t) = Va(@)] V()] [ X1 (t) — Xa(t)] dado,
< 1Bl /R Fi (@, 0) [Va(t) = Va(t)] (Jo] + T || Bzl o Je™ Pl | X1(8) = Xa(t)] dado,
= R(t) + S(t).

We recall that since ||p1 2|, < +00 we can bound || Ey o thanks to (5.4.25) and the interpolation
inequality:
I1Eill < Clplly s NIpllo) = Cos (5.4.30)

with ¢ = 1,2.

This means we can simply estimate S(¢) with the Cauchy—Schwarz inequality applied on the
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functions (fi")2 [Vi(t) — Va(t)| and ()2 | X1 (t) — Xa(t)].

2

S(t) < TC,C 1 ( [ o - v2<t>|2) ’ ( [ xa - X2<t>|2)
R6 R6
<TC,CprQ(t),
With CB,T = HB”WLOO eTHB”OO.

To control R(t) we first use the Cauchy—Schwarz inequality and then the bound on the velocity
characteristic (5.4.19), which also gives us a bound on the position characteristic.

R(t) < Cp.r /R (@, v) o] Y2 () — Ya(t)]? dadv

[SIE

<Cpyr / ) o] V() = Yo (P + [Vl + 1% + 1 Xa]*) dado
R6
<CorQ() [ £ )|l (Il + Ve + X + [ XaP) dad
RG

. 2
<CarQ) [ Fr (w02 (<|v| + 70,21l 4 (|a] + T(|v| + TC,)e" 171 ) ) dedv.
R6

=I

Thanks to the assumption (5.2.9) of theorem 5.2.4, I is bounded because we have

I<c (/ fin |u\6,/fi" x|4) . (5.4.31)

From these estimates, we conclude that

%Q(t) < CQ(t) <1 +1In Qtﬂ) (5.4.32)

with C'i= C (T, Bl s ol Il S 57 1ol® f 717 ).

With this inequality we can show, using standard Gronwall type arguments, that Q(0) =0 =
Q(t) =0 for all ¢ > 0, which concludes the proof of theorem 5.2.4.

5.5 Appendix

As said above, we present a slightly more detailed version of the proof of proposition 5.3.6
compared to the one found in [99].

Proof of proposition 5.5.6. Let t € [0,T]. We note here H = 1+ My, .(T) and for any ¢ € [0,1]
we define Ny (t,6) = 6Q(t,8)3and Na(t,8) = (§H)? as in the left hand side of inequality (5.3.4).
We set:

I={6€0,t]: Ni(t,86) > Na(t,0)}. (5.5.1)
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5.5. Appendix

First let’s suppose that I is empty. Then Q(t,6) < Nao(t, d) thanks to (5.3.4) for any § € [0,1¢],
which means that ) ) X
Qt.6) < (FH): < t5(1 4 Moo (T)) 1 (5.5.2)

so that (5.3.26) is automatically verified. Now we suppose that there exists d,(¢) € |0,t] such
that N1(t,0.(t)) = Na(t,0.(t)). It comes:

Q(t, 6. (1)) = (6,(t) " H)*. (5.5.3)

Then we use the inequality (5.3.4) again so Q(¢, 8. (t)) < Ni(t, 04 (t))+Na(t, 04(t)) = 2Na(t, 0. (1)) <
(§H)2, which implies that

=

H™7 <6.(t) (5.5.4)

and again using (5.5.3) we obtain

Q(t.0.(1)) SH*.

b

Now let c; ! be the implicit constant in (5.5.4), which depends only on the constants in (5.3.1),
thanks to (5.5.4) we can write for any ¢ € [c, H™7 , T

Qt,e,H 7)< H? (5.5.5)
Then for any such ¢, we can write t = ne.H™% + 7 with n € N* and r < ¢, H~7 and thanks to

the last inequality we obtain

n

Q(r,r) + ZQ(pc*H_% +r, c*H_%)

p=1
(rH)? +nH?
c*(rH)% +ne,H THT
e t?H? +tH7

Q(t,1)

IN

AR AR YA

So that finally for all ¢ € [c, H™ 7 ,T] we have

Qt,t) < (1 + ) HT. (5.5.6)

Lastly, if ¢ < ¢,H 7 then thanks to (5.5.2) and (5.5.4) we can write
Q(t,t) < (tH)?. (5.5.7)
This concludes the proof of proposition 5.3.6 because H > 1. O
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REsSUME Cette thése est consacrée a ’étude de modéles cinétiques qui décrivent des plasmas sans
collisions soumis & un champ magnétique externe.
Dans une premiére partie, nous nous intéressons aux plasmas électrostatiques soumis & un champ
magnétique externe constant, ott ’on constate que certaines ondes ne sont pas amorties. Ce phénoméne,
qui ne dépend pas de I'intensité du champ magnétique, est connu sous le nom de paradoxe de Bernstein—
Landau, car il met en évidence une discontinuité avec la théorie des plasmas non magnétisés, ou les
ondes longitudinales de charge d’espace, dont le champ électrique, sont amorties. Habituellement, ces
propriétés physiques sont étudiées en considérant le systéme de Vlasov—Poisson linéarisé. Dans ce travail,
nous parvenons a réinterpréter le paradoxe de Bernstein—Landau en reformulant ce systéme comme une
équation de type Schrédinger, ce qui nous améne & considérer le systéme de Vlasov—Ampére magnétisé.
Gréace a cette reformulation, nous expliquons le paradoxe de Bernstein—Landau par rapport au spectre
d’un certain opérateur auto-adjoint associé & Vlasov—Ampére magnétisé. Enfin, nous construisons des
schémas semi-Lagrangiens pour tester les vecteurs propres de 'opérateur Vlasov—Ampére magnétisé.
Dans une deuxiéme partie, nous étudions certaines propriétés mathématiques du systéme de Vlasov—
Poisson magnétisé, en nous concentrant d’abord sur la propagation des moments en vitesse pour les
solutions faibles. Dans le cas d’un champ magnétique constant, nous utilisons une approche eulérienne
afin de controler directement les moments en vitesse. La présence d’'un champ magnétique génére des
singularités aux multiples de la période cyclotron. Dans le cas d’'un champ magnétique quelconque, nous
utilisons une méthode lagrangienne en étudiant cette fois les caractéristiques du systéme pour obtenir
des estimations a priori qui impliquent la propagation des moments. Une contribution originale de ce
travail est que, afin de démontrer la propagation de moments pour tout temps dans les deux cas, on
utilise un raisonnement par récurrence impliquant la période cyclotron. Enfin, nous mettons en évidence
de nouvelles conditions d’unicité pour les solutions du systéme de Vlasov-Poisson magnétisé avec des
hypothéses supplémentaires sur les moments en vitesse.

Mots clefs: Vlasov—Poisson, Champ magnétique, Paradoxe de Bernstein—Landau, propagation de
moments en vitesse, période cyclotron, unicité

ABSTRACT This thesis is devoted to the study of kinetic models that describe collisionless plasmas
subject to an external magnetic field.
In a first part, we explore how in electrostatic plasmas subject to a constant external magnetic field
certain waves are undamped, independently of the strength of the magnetic field. This phenomenon,
known as the Bernstein—Landau paradox, highlights a discontinuity with the theory of unmagnetized
plasmas, where the longitudinal space charge waves, which include the electric field, are damped. Usually,
we study these physical properties by considering the linearized Vlasov—Poisson system. In this work, we
manage to reinterpret the Bernstein—Landau paradox by reformulating this system as a Schrédinger type
equation which leads us to consider the magnetized Vlasov—Ampére system. With this reformulation, we
explain the Bernstein—Landau paradox with respect to the spectrum of a certain self-adjoint magnetized
Vlasov—Ampére operator. Finally, we build semi-Lagrangian schemes to test the eigenfunctions of the
magnetized Vlasov—Ampére operator.
In a second part, we study certain mathematical properties of the magnetized Vlasov—Poisson system,
focusing first on the propagation of velocity of moments for weak solutions. In the case of a constant
magnetic field, we use a Eulerian approach in order to control the velocity moments directly. Because
of the added magnetic field, we find singularities at multiples of the cyclotron period. In the case of a
general magnetic field, we use a Lagrangian method, focusing on the characteristics of the system to
obtain a priori estimates that imply propagation of moments. An original feature of this work is that, in
both cases, we rely on an induction procedure involving the cyclotron period to prove propagation of
velocity moments for all time. Finally, we find new uniqueness conditions for solutions to the magnetized
Vlasov—Poisson system that include assumptions on the velocity moments.
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