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Abstract

The aim of this work is to show the linear Landau damping of the electric field coupled
with the relaxation of a two-species system towards an equilibrium solution. The physical
setting is a plasma, or more precisely a gas consisting of ions and electrons. Lev D.
Landau showed in 1946 that the electric field of such a gas gets damped because of
the force term in the Vlasov-Poisson system. He described the gas considering only
the electrons. In contrast, the model in this work is the two-species Vlasov-Poisson-
BGK system describing electrons as well as ions. Furthermore, it involves a collision
kernel describing how the particles collide within a species but also includes interspecies
collisions. We consider the case of a weakly collisional regime and the limiting case of long
wavelengths. By linearising the mathematical system and examining the singularities of
the Fourier transformed electric field we find a long-term expression for the electric field
depending on an exponential function with a product of the time and a parameter being
the argument. For one thing, we show analytically that this parameter is negative and
therefore that the electric field decays exponentially which proves the Landau damping
effect. Secondly, we investigate this property numerically by means of a Python code by
Eric Sonnendriicker. By rearranging the dispersion relation of the system and by using
the plasma dispersion function we find the zeros of the dispersion relation and with that
the parameter of the exponential function which we show to be negative.
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Zusammenfassung

Ziel dieser Arbeit ist es, die lineare Landau-Démpfung des elektrischen Feldes in
Verbindung mit der Relaxation eines Zwei-Spezies-Systems in Richtung einer Gle-
ichgewichtslosung nachzuweisen. Das physikalische Setting ist ein Plasma, genauer
gesagt ein Gas, das aus Ionen und Elektronen besteht. Lev D. Landau zeigte 1946, dass
das elektrische Feld eines solchen Gases aufgrund des Kraftterms im Vlasov-Poisson-
System gedampft wird. Er beschrieb das Gas nur unter Beriicksichtigung der Elek-
tronen. Im Gegensatz dazu ist das Modell in dieser Arbeit das Vlasov-Poisson-BGK-
System fiir zwei Spezies, das sowohl Elektronen als auch Ionen beschreibt. Dariiber
hinaus beinhaltet es einen Kollisionskern, der beschreibt, wie die Teilchen innerhalb
einer Spezies zusammenstolen, aber auch Kollisionen zwischen den zwei Spezies ein-
schlieft. Wir betrachten den Fall eines schwach kollidierenden Systems und den Grenz-
fall langer Wellenldngen. Durch Linearisierung des mathematischen Systems und Unter-
suchung der Singularitdten der Fourier-Transformierten des elektrischen Feldes finden
wir einen Ausdruck fiir das Langzeitverhalten des elektrischen Feldes, der von einer Ex-
ponentialfunktion tiber ein Produkt aus der Zeit mit einem Parameter als Argument
abhangt. Zum einen zeigen wir analytisch, dass dieser Parameter negativ ist und somit
das elektrische Feld exponentiell abféllt, was die Landau-Dampfung beweist. Zum an-
deren untersuchen wir diese Eigenschaft numerisch mit Hilfe eines Python-Codes von
Eric Sonnendriicker. Durch Umstellen der Dispersionsrelation des Systems und durch
Verwendung der Plasma-Dispersionsfunktion finden wir die Nullstellen der Dispersion-
relation des Systems und damit den Parameter der Exponentialfunktion, der sich als
negativ erweist.
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1 Introduction

Nowadays, it is essential to research models and properties for plasmas. Plasma physics
has become an integral part of today’s world. Plasma is no theoretical construct or a
substance which is only located far away in the solar system, for example during plasma
eruptions on the surface of our sun. It can be created on earth and is used every day,
for example in photography, for street lighting, or plasma television [25]. Furthermore,
the composition of the stars in our universe from plasma and their generation of energy
from a process called nuclear fusion inspires the search for a new source of energy which
could be an important part for the energy transition.

These and possible new applications are the motivation to further investigate mathe-
matical and physical characteristics of plasmas.

1.1 Plasmas

The calculations and proofs of this thesis are based on the Vlasov-Poisson-BGK equa-
tions. These equations are differential equations which are used to describe a plasma.

A plasma is a gas consisting of positively charged ions and negatively charged electrons
and therefore it is an ionized gas. In general, there might also be some neutral particles
which means that a plasma can be partially ionized. Next to solid, liquid and gaseous,
plasma was mentioned by D. A. Frank-Kamenetskii as the fourth state of matter [14].
This term seems to make sense since plasma can be generated from gas, for example by
increasing the temperature to such an extent that the neutral gas atoms split into ions
and electrons. The ionization energy barrier must therefore be overcome. At the same
time, it might be misleading to consider plasma as another state of matter since one can
observe gaseous, liquid or solid phases [25].

The properties of gases and plasmas differ completely. Unlike gas, a plasma has a high
electrical conductivity. Furthermore, the interactions are dominated by the long-range
Coulomb forces [28] in contrast to the short-range van der Waals forces occurring during
collisions in a gas [25]. Due to the charged particles moving in space, an electric field
is created, which in turn strongly influences the movement of the particles. In total, a
plasma is quasi-neutral which means that there is the same amount of electrons and
ions such that the total charge is zero.

To describe a plasma one can use several models: the microscopic, the macroscopic
and the kinetic model. The macroscopic model uses physical quantities which can be
seen or measured. Therefore, for example, the density or the temperature of a system
can be used to describe it. Since there are a lot of informations of a gas which can not
be described by the macroscopic quantities this model is too imprecise for the research
of this thesis. Microscopically, one has to describe the movement of each single particle.
Since a plasma consists of a high number of particles, in the order of 10?3, we use the
kinetic model. It is a mesoscopic model which is at an intermediate level. One can
explain macroscopic quantities as well as the statistical behaviour of the particles by
means of the particle distributions.



In preparation for the next chapters, some characteristic values of plasmas are listed
in the following. One quantity describing a plasma is the thermal velocity [28]

T
Ugh = A/ —
m
of a particle with mass m. Note that we use a notation in which the Boltzmann constant
kg is contained in the temperature variable T'. The thermal velocity refers to a variable
linked to the temperature of a species and does not describe the velocity of the particles
themselves.
The plasma oscillation frequency or plasma frequency

ng?
w fr _—
P €gm

is a quantity describing the plasma oscillations or Langmuir waves in a plasma consisting
of particles with number density n, charge ¢ and mass m. ¢; is the vacuum permittivity.
Plasma oscillations are periodic oscillations of the charge density.

For further informations and characteristics of plasmas see [25] or [28§].

1.2 Emergence of the Research Question

The starting point of the history of the Landau damping phenomenon could be placed
in the 19" century, with the development of the so-called Boltzmann equation

Ouf (z,0,t) + 0V f (2,0, 1) = Q(f(x,0,1))

by the Austrian physicist Ludwig Boltzmann. It characterises the evolution of the prob-
ability density function f(x,v,t) of electrons in the setting of a gas. The transport part
on the left-hand side belongs to the free movement of the particles. On the right-hand
side the collision kernel describes how electrons collide with each other. Later we will
insert an explicit expression for Q(f(z,v,t)). The equation and some of its properties
are described in more detail in Chapter [2.2]

Under the condition that the particles of a gas are homogeneously distributed in the
space, one can prove a theorem which states that an isolated system tends towards a
state of equilibrium. This H-theorem, explained more precisely in Chapter [2.2.2] was
the proof that the second law of thermodynamics holds since it showed that the gas
evolution is an irreversible process. This relaxation of the system only occurs because
of the collision kernel on the right-hand side of the Boltzmann equation.

The next historical step was the proof of linear Landau damping in 1946 by Lev D.
Landau [19]. As opposed to the Boltzmann equation the setting was a plasma or more
precisely a dilute gas consisting of ions and electrons with charge ¢ = 4+e. Landau



described this plasma by means of the Vlasov-Poisson system

O, f (2,0, t) + vV, fla,v,t) — %E(m,t) Ouf(z,0,8) =0

B ) = 2 € )
€o €0
including the electric field £ caused by the electrons and ions themselves without con-
sidering an external field. Only the electrons with mass m and number density n(zx,t)
are described by the equations while ions are treated as neutralizing background with
constant number density ny.

Landau’s approach to prove the Landau damping was to linearise the equations around
a homogeneous equilibrium function and after performing a Fourier and a Laplace trans-
form to study singularities in the complex plane. Since the proof of the two-species case
involves the same mathematical steps, we will come back to the approach in Chapter
3.2l One important point is that Landau studied the limiting case of long waves such
that he let the wave vector k go to zero. Finally he showed the exponential decay of
the electric field £ and therefore a damping effect even without considering collisions
explicitly. This was also a proof for the irreversibility of time just like the relaxation
effect of the Boltzmann equation.

In 1964, twenty years after its mathematical proof, the Landau damping was proven
experimentally by John H. Malmberg and Charles B. Wharton [21].

Clément Mouhot and Cédric Villani showed in 2010 that Landau damping can also be
proven analytically in the non-linearised case of the Vlasov-Poisson equation [23]. They
showed the damping effect by using a functional analysis approach and by means of the
Newton algorithm, an iterative approximation scheme.

In addition to many other projects, some members of the working group of Prof.
Klingenberg have also been working on further specifications and characteristics of the
plasma model. One important step was done by Marlies Pirner who showed the linear
Landau damping for the two-species Vlasov-Poisson equations

O fi(z,v,t) + vV, fi(x,v,t) + miE(x,t) <Oy fi(z,v,t) =0
1

O fa(z,v,t) + vV, fo(z,v,t) — iE(x,t) <Oy fo(z,v,t) =0

ma

0, E(z,t) = %;t) - é(nl(:c,t) — na(, 1))

and calculated convergence rates for the damping process [26]. In her model, she did
not only consider the electrons but also included the ions as moving particles. Index 1

refers to ions while index 2 belongs to electron quantities.
The last point to be mentioned here is the work of Lena Baumann in 2021 who showed



linear Landau damping coupled with relaxation for the Vlasov-Poisson-BGK system [2]

O f(x,v,t) + oV f(z,v,t) — %E(x,t) <Oy f(x,v,t) = Qpak(z,v,t)

Bty = P € ),
€0 €o
This system combines the Boltzmann equation including the collision kernel with the
force term including the electric field £ and therefore connects relaxation and Landau
damping. Lena Baumann chose a simplified expression for the collision operator by
Bhatnagar, Gross and Krook, the so-called BGK collision kernel [5]

Qpck = V(M (z,v,t) — f(x,v,t)).

M (x,v,t) is the Maxwellian distribution

n(x,t) lv — u(x,t)|2
M(z,v,t) = Wexp <_W> )

On the one hand one has the relaxation effect because of the collision kernel on the
right-hand side of the Vlasov-Poisson-BGK system and on the other hand the force
term causes the damping effect of the electric field. Lena Baumann found that both
effects reinforce each other such that we have a coupling of relaxation and damping effect.

The task of this thesis is to combine the work of Lena Baumann and Marlies Pirner and
show that considering the Vlasov-Poisson-BGK system applied to two species, namely
ions and electrons, there is a Landau damping effect coupled with relaxation such that
the system tends to an equilibrium.

1.3 Structure of the Thesis

This Master’s thesis is structured as follows.

At first, Chapter gives some fundamental mathematical concepts which are
important for the following work. Starting with the theory about kinetic equations in
general and becoming familiar with the famous Boltzmann equation and some of its
properties we will see some of the basics of Fourier and Laplace transform. Finally,
after introducing the residue theorem, one can find some basic functions and identities
which are used in the next chapters.

Chapter |3| contains the main part of the Master’s thesis. We consider the physical
setting of a gas mixture of electrons and ions or more precisely a plasma. To describe this
system we use the two-species Vlasov-Poisson-BGK system consisting of the transport
part of the particles, a force term because of charged particles creating an electric field
and a collision kernel describing how ions and electrons collide. After describing the



mathematical model and specifying the one-dimensional system we want to show the
Landau damping effect of the electric field coupled with the relaxation of the two-species
system towards an equilibrium solution. Therefore we proceed as follows.

The first step will be to linearise the equations with respect to a known equilibrium
function. Then we will perform a Fourier and a Laplace transform to eliminate spatial
and time derivatives. The next step will be to find a dispersion relation of the system.
This step is based on our aim to find an expression for the electric field as we want to
prove its damping effect. If we decompose the electric field into its single waves each with
a specific frequency we get an equation with the variables frequency and wave vector
and therefore a dispersion relation. The task will then be to determine the frequency
with the largest imaginary part and examine whether it causes the electric field to grow
exponentially. We will determine an expression for the electric field depending on this
frequency with the largest imaginary part and therefore have an expression for the long-
term behaviour of the electric field.

To finally show the damping effect coupled with relaxation we will do two different
approaches. The first one, the analytical calculation, is to show that the long-term
expression for the electric field decays exponentially by neglecting higher order terms
and examining the argument of the exponential function of the electric field. The second
approach will be to use numerical methods to show the damping effect. Therefore, we
will modify a Python code which was created by Eric Sonnendriicker [31] and already
used by Lena Baumann to show the damping effect for the one-species model [2].

The last part of this chapter will be to interpret the Landau damping effect physically
and expand the interpretation to the two-species Vlasov-Poisson-BGK model.

The last Chapter {4 will summarize the results and give a conclusion of the work of
this Master’s thesis.



2 Fundamentals

2.1 Distribution Functions for Kinetic Equations

To describe and give a prediction of physical systems it is crucial to set up a mathematical
model which is precise enough to represent the reality but also simple enough so that one
can calculate states and characteristics of the system. When examining gases consisting
of N particles, a common way to create a model is the imagination of particles as hard
spheres colliding elastically with each other. Each particle or sphere has a position
r € R3 and a velocity v € R? at a time ¢ € RJ. As the number of particles in a gas is
of order 10?® the physicists J. C. Maxwell and L. Boltzmann introduced the concept of
distribution functions. With these functions it is possible to describe the state of a gas
by giving the number of particles which have a certain position and velocity (z,v) at
time ¢.

Definition 2.1 (Distribution function, [26]). A function
fREXR xRS — R, (z,v,t) — f(z,v,1)

is called a distribution function if and only if f(x,v,t)dzdv is the number of particles
with velocities in (v, v + dv) located in the interval (x,z + dz) at time ¢.

The distribution function of a system can not be measured but there are other quan-
tities which can physically be determined and also be calculated with the distribution
function. These quantities are macroscopic values and are defined as follows.

Definition 2.2 (Number density, [26]). Let f : A x R* x Rf — R, A C R? with
f € LY(dv), f >0 be a distribution function. Then, the function

n:AxRf — R, (z,t)—n(z,t)= [ f(z,v,t)dv
R3
is called the number density.

Definition 2.3 (Mean velocity, [26]). Let f : A x R* x Rf — R, A C R? with
vf € L'(dv), f >0 be a distribution function. Then, we define the function

n-u:A xR — R (x,t)»—>(n-u)(x,t):/ vf(x,v,t)dv.
R3

(n-u)(z,t)
n(z,t)

Definition 2.4 (Internal energy and temperature, [26]). Let f : AXR3xRS — R, A C
R3 with (1+ |[v|°)f € L'(dv), f > 0 be a distribution function. Then, the function

If n > 0, the function u(zx,t) =

is called the mean velocity.

1
e: AXRf — R, (x,t)—>e(z,t) = §m/ v —u(z, )| flz,v,t)dv
R3



is called the internal energy of a gas consisting of particles with mass m. If we are in an

ideal gas and n > 0, the function T'(x,t) = %% is called the temperature.

Definition 2.5 (Entropy, [26]). Let f: A X R* x Rf — R, A C R® with f > 0 be a
distribution function. The quantity

H(f(x,v,t)) = /f(x,v,t) “In(f(x,v,t))dv

defines the negative of the physical entropy in statistical mechanics.

It is sensible to specify special distribution functions that are often used. One example
is the Maxwellian distribution.

Definition 2.6 (Maxwell-Boltzmann distribution, [26]). A Mazwell-Boltzmann distri-
bution is a distribution of the form

M(v) = Aexp (—f|v — u|2)

where A, 8 € RT and v € R3. If A, 8 and u are functions of z and ¢, M(z,v,t) is called
a local Mazxwell distribution.

2.2 Kinetic Equations

One of the first persons who investigated the motion of gas particles and applied the
atomic constitution of matter to gases was Daniel Bernoulli. With him, the kinetic
theory of gases was born in 1738. His idea was to consider gas molecules as hard spheres
moving rapidly and colliding with each other in a perfect elastic manner [7]. Another
person who made an important contribution to this subject was Ludwig Boltzmann. He
developed an evolution equation for the velocity distribution of a gas in equilibrium, the
Boltzmann transport equation [6]

Of +oVaf =Q(f), (2.1)

where Q(f) is called the collision kernel and f := P(x,v,t) is the probability of finding
one particle of the gas, let us say particle 1, at time ¢ at position z; =: & with velocity
v; =: v. Until today there exist only solutions of this equation for special cases and
numerical approximations.

Under some assumptions one can give a more explicit expression for the collision
kernel. There must be only few collisions such that the particles have a large mean
free path. One collision partner, in this case particle 1, is assumed to have twice the
diameter and to be at rest while the other particles are considered to be point masses.
Furthermore one takes the so-called Boltzmann-Grad limit which means that we suppose
an infinite number of particles in the gas while collisions are assumed to be rare. To get
the collision kernel one integrates over the velocities of all particles and over the sphere



of the unit ball around particle 1

Ouf + V. f = / 3 / = E) e 0= 0| dodn (2.2)

with f := P(x,v,t), f. := P(xg, v, t), f':= P(x,v',t) and f, ;= P(xy,v),t) where the
variables, which have no dash, refer to the velocities before and the dashed variables to
the velocities after the collision of particle 1 and k € {2,..., N} [6].

2.2.1 Collision Invariants

One interesting issue of kinetic equations is to find collision invariants. These are func-
tions ¢ satisfying

[ o) =0 (23

which is fulfilled for every f € C2° if and only if [6]
¢(v) + p(ve) — S(v') — p(v}) = 0. (2.4)
Lemma 2.1 ([6]). Let ¢ : R* — R be a C? function that satisfies (2.4). Then
pv)=a+b-v+c-|v) (2.5)
for suitable constants a,c € R and b € R3.

From a physical point of view, a collision invariant is a conservation function, as
the time derivative of [o; ¢(v)f(v)dv becomes zero when the homogeneous Boltzmann
equation is considered and the collision invariant is therefore conserved. The most
relevant conservative laws are the conservation of mass with ¢(v) = 1, the conservation
of momentum with ¢(v) = v and the conservation of energy with ¢(v) =1 v

2.2.2 H-Theorem

The H-theorem indicates that a physical system always tends to decrease its entropy H
defined in Definition [2.5] Considering the collision integral (2.3)) with the special test



function ¢(v) := log(f(v)) one can show the Boltzmann inequality [7]

[ osthiae
- /R 3 /R 3 /S o)L~ f Sl (0 = ) dodo. do 26)
= 411/// (log(f) + log(f.) — log(f") —log(fO)(f'f. = f f.) In- (v —w.)| dv dv,. dn

1 ZAY o
—4///1og<f,ﬁ>(ff* [ )l (o= v.)| dvdo, dn

<0

by performing the variable transformations
Vv, vV =v—nn-(v—uvx)), v.+—0.=v,+n(n-(v—ouvx))

and using
)
— =)< > 0. .
(c—ylog (£) <0 Vay>0 (2.7)

If f'fl = f f. is satisfied the collision integral (2.6 vanishes and ¢(v) = log(f(v)) is a
collision invariant. According to Lemma f must be a Maxwell-Boltzmann velocity
distribution

fv)=explatb-vte-foff) = A exp(=5-|v—ul’)

with constants A, 3, —c >0, a € R and b,u € R?.
With the Boltzmann equation ([2.1)) one can find the macroscopic balance equation [6]

OH = 0t/f log(f)dv = /&f(log(f) + 1)dv
~ [ @ st + Vv~ [ @)o8(s) + 1o 23)
~ [apos(nav - [ Vuteriog(d = S - V.1

using that ¢(v) = 1 is a collision invariant in the second last step. According to the
Boltzmann inequality ({2.6)) it is valid that S < 0. Assuming a homogeneous equation so
that f # f(z) the spatial derivative V,I vanishes and we are left with

d

—H <0 2.9
SH <0, 29
the so-called H-theorem.

This theorem is a proof of the second law of thermodynamics as it states that an



isolated physical system described by the Boltzmann equation (2.1)) tends towards a
state of equilibrium which means that the process is irreversible in time. This process
is called relaxation.

2.3 Maxwell’s Equations

Maxwell’s equations link the electric field E(x,t) and the magnetic field B(z,t) of a
system including external sources and boundary conditions like charge distributions or
currents. The four equations in differential forms are

V-E= eﬁ (GauB’s law) (2.10)
V-B= 00 (Gaufl’s law for magnetism) (2.11)
VxE= —88—13 (Faraday’s law of induction) (2.12)
V x B = po(J + eoaa—f) (Ampere’s circuital law) (2.13)

The Gaufi’s law states the orientation of the electric field in the presence of a charge
distribution p(z,t). The second law states that magnetic field lines are always closed
and that there are no magnetic monopoles. Faraday’s law shows that the time evolution
of the magnetic field depends on the spatial change of the electric field, while the time
evolution of the electric field depends not only on the curl of the magnetic field but also
on the electric current J(z,t). € and po are the permittivity and the permeability of
free space.

2.4 Fourier Transform

In physics as well as in mathematics, the Fourier Transform is indispensable. It has
numerous applications, for example to solve certain differential equations. Since we will
use this concept introduced by J. B. J. Fourier in 1822 [13], the most relevant definitions
for the Fourier transform are indicated in the following.

Definition 2.7 (Schwartz space, [29]). The Schwartz space S(R™) of rapidly decaying
functions is defined as

S(R"™) = {f € C(R") : [f, 5 = sup ‘x“@ﬁf(x)‘ < oo for any a, 5 € Ng}
' TER™

where n > 1, 2% = 291 .- 2% and 9% = 7' .. 9% with 9; = a%i Vie{l,...n}.
Lemma 2.2 ([29]). If f € S(R"), then
[f(@)] < em(+|2))™™

for every m € N. The converse is not true.

10



Definition 2.8 (Fourier transform, [29]). The Fourier transform f(v) of the function
f(z) € S(R™) is defined by

f(v) = (2m) /2 . f(z)exp(—iz - v)dx

with v € R™ and scalar product x - v.

Lemma 2.3 ([29]). The integral in Definition [2.8]is well defined, since

)

< cm(27r)_”/2/ (1+ |2))™dz < %

n

for m > n.

Definition 2.9 (Inverse Fourier transform, [29]). The inverse Fourier transform of a
function G(v) € S(R™) is defined as

g(x) == (27r)_”/2/ G(v) exp(iz - v)dv

n

with x € R™ and scalar product = - v.

Lemma 2.4 (Fourier inversion formula, [29]). Let f be a function from S(R"). Then

f=f=#

This is called the Fourier inversion formula.

2.5 Laplace Transform

The Laplace transform introduced by P.-S. Laplace in the 18" century is often used to
solve differential equations of physical systems. The main requirement is that the vari-
able to transform covers a range from zero to infinity which is why one often transforms
the time variable. The most important definitions are as follows.

Definition 2.10 (Functions of exponential order, [I]). Let C denote the class of real
valued continuous functions f(¢), ¢ € R, such that there exists a € R and C' > 0
satisfying the inequality

|f(t)] < Cexplat),  VteR.

Functions satisfying this equation are usually named functions of exponential order.

Definition 2.11 (Laplace transform, [1], [4]). We define the Laplace transform of f € C
to be the function

F(s) = / " F(t) exp(—st)dt

11



where s is a complex parameter.

Lemma 2.5 ([I]). If f € C then the function | f () exp(—st)| is integrable on [0, c0) for
any s € C,Re(s) > a. From Calculus one knows that if |g| is integrable then so is g.
Thus if Re(s) > a, the integral

/0 () exp(—st)dt

exists and is finite.

Lemma 2.6 (Laplace transform of the derivative, [I]). If f is continuously differentiable
and f’ € C then one has

Fi(s) = —=f(0)+5- f(s)
Vs € C with Re(s) > 0.

Theorem 2.1 (Inverse Laplace transform, [4]). If F(s) is analytic for Re(s) > a and

F(s) :%4-(9(#) as |s| — oo along s = b+ it with b,t € R, b > a, then

a+ioco
F(t) = % / F(s)eplst)ds

exists and F(s) = f(s). This expression is called the inverse Laplace transform.

2.6 Residue Theorem

Definition 2.12 (Index, [24]). Let C' be a closed contour in C. The index or winding
number of C' is the function Inds : C\ C' — C given by

md 1 dz
ndeczp = — .
0 omi c?— 2

Definition 2.13 (Annulus, [24]). Let a € C and 0 <7 < R < 0o. The annulus centred
at a with inner radius r and outer radius R is the set

Ala;r,R) ={z€ C:r <|z—a| < R}.

Lemma 2.7 (Laurent series expansion, [24]). Let « € Cand 0 < r < R < oo. If

f € H(A(a;r, R)) is a holomorphic function on the annulus centred at a, then for all
z € A(a;m, R)

[e.9]

flz) = Z n(z —a)" = ch(z —a)" + i cn(z —a)"

n=—oo n=0 n=-—oo
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where ¢, = fc mdz for all n € Z and any positively oriented simple closed

2
contour C' C A(a;r, R) surrounding a.

Definition 2.14 (Residue, [24]). If f € H(A(a;0,7)) for some a € C and r > 0, then
the residue of f at a is given by

Res.—.f(z) = ¢4

where c_; is the coefficient of (z — a)™!

Lemma 2.7

in the Laurent series expansion of f given in

Theorem 2.2 (Residue theorem, [24]). Let Q@ C C be open, and suppose that f is
analytic on {2 except for a finite number of distinct isolated singularities aq, ..., a, € €.
If C is a closed contour in Q\ {ay,...,a,} such that Indez =0 Vz € C\ Q, then

2m/f dz—ZIndcaj Res.—q, f(2).

2.7 Basic Functions and ldentities

Definition 2.15 (Cauchy principal value, [16]). Let f(z) be a function that becomes
infinite at an interior point z = ¢ of the range (a,b). The Cauchy principal value of f is
the limit

c—e b
lim,_ / f(z)dz + f(z)dz
a cte

where 0 < € < min(c — a,b — ¢). Such a limit is usually denoted as

P/abf(x)dm

Definition 2.16 (Jackson’s identity, [I5]). Let I(z) be the analytic function of the
complex variable z =: x + iy, z,y € R defined by the integral along the real v-axis

oy

e U — %

I(z) =

where f(v) is a real function of v such that the integral exists for finite z. I(z) can be
expanded as follows:

J(z):1<x+1y):§:$(ly (/ A dv+17rf ())

n=0

where f(™ is the n'® derivative of f and P denotes the Cauchy principal value of Defi-
nition 2,15l
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Definition 2.17 (Gamma function, [27]). For 0 < z < oo let

I(z) = /0 T exp(—t)dt

which is the Gamma function. The integral converges for these z. It yields for z € Rt
and integer n € Ny

I(x+1) =2(x)
I'(n+1)=n!

- T r(23)
(2n)!
VT

nl4n
Definition 2.18 ((Complex) Error function, [18], [31]). For z € C the error function is
defined as

I'(n+ %) =

erf(z) = % /OZ exp(—t2)dt

while the complex error function is defined as

erfi(z) = % /0 Cexp(£2)dt.

The two functions are related by erfi(z) = —i-erf(iz) and erf(z) = —i-erfi(iz). Obviously,
erf(0) = erfi(0) = 0. For real z both functions are real and have the same sign as z € R.
The complex error function is a classical special function available in most of standard
numeric and symbolic computation software.

Definition 2.19 (Gaussian integral, [12], [30]). The Gaussian integral that is also known
as probability integral is the integral

/ " exp(—2?)dz.

[e.9]

By means of coordinate transformation to polar coordinates one can find that this inte-
gral is equal to /7. A more general form of the Gaussian integral is the integral

/ exp(—ax?)dr = \/E
o a

where a € R, a # 0.

14



3 The Vlasov-Poisson-BGK System for Two Species

The two-species Vlasov-Poisson-BGK system can be used to describe the motion of a gas
consisting of two types of particles. In the following we consider a mixture of electrons
and ions which is also the structure of plasmas. After describing the mathematical
specification of the one-dimensional system we want to show a damping phenomenon of
the electric field by small perturbations of the equilibrium state. L. D. Landau was the
first person who showed the so-called Landau damping effect of an electronic plasma
for the limiting case of long waves and small collision frequencies in 1965 [19]. Since he
considered the Vlasov-Poisson equation where one has a force term caused by the electric
field of the charged particles while the collision kernel is neglected, it is of interest how
the relaxation and the damping effect influence each other.

There are several ways to show the damping effect of the electric field. For example,
one way is to use the method of characteristics and determine convergence rates like
it was done by Lena Baumann and Marlies Pirner in [3] for the two-species Vlasov-
Poisson system. For the approach of this thesis, it will be drawn on the work of Lena
Baumann who studied Landau damping for the one-species Vlasov-Poisson model as well
as Landau damping coupled with relaxation for the one-species Vlasov-Poisson-BGK
model [2]. Another important basis for the following considerations and calculations is
the two-species Vlasov-BGK model, which was presented by Prof. Dr. Marlies Pirner
in her dissertation [26].

3.1 The Model

The Vlasov-Poisson-BGK equations to describe the time evolution of a mixture of elec-
trons and ions in one dimension were presented by Marlies Pirner in [26] and are given

by

E
Orf1 +v0, f1 + fn_avfl = vni(My — fi) + vigng(Mig — f1)
1
(3.1)
E
Orfy + 00, fo — %avf2 = voona(My — fo) + varna(Mar — f2)
2

Here the index 1 is related to the ions and index 2 refers to electrons. The functions
fi(z,v,t) and fo(z,v,t) are distribution functions mapping the phase space variables,
namely the position z € R and the velocity v € R, and the time ¢ € R{ to the probability
to find the ion or the electron at time t at position x with the velocity v.

The first summands of the left-hand sides

Oifi + 00, f;

are the transport parts for the two particles ¢ = 1 and ¢ = 2 referring to an undisturbed
movement. We extend these movements by a force term. If a particle with charge ¢ is
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located within an electric and a magnetic field then there is a Lorentz force
F=q(E+vxB) (3.2)

acting on the charged particle. If we assume that the impact of the magnetic field B
is negligible compared to the electric field E we get the force term on the left-hand
sides of . It describes the movement of particles with charge ¢ = +e and mass m;
influenced by the electric field which is caused by the charged particles themselves. It is
also possible to consider ions with charge ¢ = +Z - ¢ where Z € N but we will restrict
ourselves to the case Z = 1. We assume that there is no external electromagnetic field
acting on the gas particles.

Furthermore the two types of particles with number densities n; are assumed to not
only collide with themselves but also with the other species. Therefore we need the BGK
collision operators

QBGK,i = Vunz(Mz - fi) + Vijnj(Mij - fi)

with ¢ =1 and j =2 or ¢ = 2 and j = 1 which include the collision frequencies v1; and
V9o from ion-ion and electron-electron collisions and 15 and v9; belonging to interspecies
collisions. The operator was introduced in 1954 by Bhatnagar, Gross and Krook [5] and
is a simplification of the integral representation including the relaxation towards an
equilibrium function. As the H-theorem indicated in Chapter [2.2.2)is valid for the BGK
model [26] the system tends to an equilibrium state corresponding to the Maxwellian
distributions

e 0= o, )
M@, v 0) = e 0 fma? &P <_ 2T (x, 1) /m; )

o nij(xvt) ‘U _ uij(x7t)’2
M;j(x, v,t) = (2n Ty (x, t) fma) 2 P (_ 2T, (x,t) /m; ) '

(3.3)

To ensure the conservation of mass, momentum and energy the macroscopic quantities
number density n;, mean velocity u; and temperature T; of M; and M, are the same as
for the distribution functions f; and f5. For the quantities with double indices one can
calculate relations to simplify the system, see [I7] and [26]. In case of —/"— — 1 one

mi+ms2
has found
my mi
Vopg | V91 | — V11 =R — V12
mo ma

nij = N (3.4)
U2 = U1 = U21
Ty =T =T5.

As an electron has a mass of my = 9.1 - 1073' kg and ions m; > 1.7 - 107*" kg [22]
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beginning with the lightest hydrogen ion we can take these relations.
Assuming the impact of the magnetic field B to be negligible, Maxwell’s equations
are simplified and we are left with

v.p=2
€0 (3.5)
VxE=0

describing a conservative electric field caused by a charge distribution p(z,t) = ¢-n(x,t).
In the one-dimensional case and considering the plasma to be composed of ions with

charge ¢ = +e and electrons with ¢ = —e one obtains
oF p e
— _VvV.E=Y_ 2 — 3.6
ox € €0 (1 = m2) (36)

The equations (3.1)) and (3.6) together are called the Vlasov-Poisson-BGK system for
two species.

3.2 Linear Landau Damping Coupled with Relaxation
3.2.1 Linearisation

In the following we expect the gas to be near by its equilibrium state. Such a state is
defined as follows.

Definition 3.1 (Equilibrium solution, [26]). We call a pair of functions (fi*, /") an

equilibrium solution to (3.1]) if and only if (f7™, f3™") satisfies (3.1]) and
0
o't ot

equ _ n __ 2 equ

We define our equilibrium solution with the distribution functions

2
equ 4o |U - uiO‘ equ .
i (@, v0,8) (27T /m;)Y/? exp < 2Ty /m; ) L), ! ’ (3.7)

with the constants n;y, Tjo and u;o. We assume that the distribution functions f;(z,v,t)
of both species near by the equilibrium state can be written as a function depending on
the equilibrium solutions f;™"(v) with small perturbation functions h; according to

filz,v,t) = %) - [1+ hi(z,0,1))]. (3.8)

Furthermore, we state that near equilibrium the temperatures of both species are the
same, so that Tyy = Ty =: Ty, and that the mean velocity can be set to u;g = ug = 0
by scaling and shifting the coordinate system [20].

With the distribution function depending on the perturbation function the macro-
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scopic quantities, namely number densities and mean velocities, become

ni(z,t) = /R fi(w, v, £)dv = /]R £ () do + /R £ ) - hi(a, v, £)dv

= N0 -+ O'i(.x, t)

ni(z, t)u;(z,t) :/vfi(x,v,t)dv:/vffqu(v)dv—i—/vfiequ(v)-hi(x,v,t)dv
R

R R
=: wio + pi(x,t) = pi(x, 1)

(3.9)

We assume the total charge of the gas to be zero in the equilibrium so that the condition
of quasi-neutrality

mo= [ F o Lnm = [ £ (0o =g
R R

is fulfilled [26] which is a characteristic of plasmas.
If we insert the distribution function depending on the perturbation function h into

the Vlasov-Poisson-BGK system (3.1)) and (3.6 we are left with

FE
O (fE1 + f2M ) + 00, (ff™ + f7 - hy) + %av(ffaqu ©ofe )

i (3.10)
= vani(M; — fi* = 7% he) + vigng (M — f7 = f7 - i)
e e e
OB = —(ny —ng) = —(n1g + 01 — ngg — 02) = —(01 — 02). (3.11)
€0 €0 €0

We can neglect higher order terms in h; and since f;*"

for the left-hand side of (3.10)) the linearised equation

is independent of z and ¢, we get

E
OUFE™ - hi) + 00, (f - hi) £ =0,
m;

As the electric field also depends on h; according to (3.11) where o; = [, fi™(v) -

hi(x,v,t)dv, we can drop the term including E - h;.
For the linearisation of the right-hand side we have to examine the Maxwell distribu-

tions M, and M;; from (3.3). With the linearised macroscopic quantities (3.9) and the
relations for the quantities with the double indices ({3.4]) we have

2

+ ( t) v — ﬂi(m&t) )
Un o;\x, no+o;(x,t
Mi(z,v,t) = =t oxp |
(x Y ) (QWTo/mi)l/Q exp 2T0/m2
/ (3.12)
pa(z,t)

M;;(z,v,t) = Mo+ i@, ) oi(z, 1) exp | — ‘U _ nojgl(m’t)

AT (27TT0/’ITLZ‘)1/2 P 27})/7’)@Z
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where M;;(x,v,t) no longer depends on index j and Mis(x,v,t) = M;(x,v,1t).
We now use the Taylor expansion for the Maxwell distributions around o; ~ 0 &~ u;
up to first order

MGV oquy \
N MORTCN)

MV Lequ
o . t
TOnOfZ (U) Nl(’x7 )

Mi(z,v,t) = fi(v) + — fequ() oi(x,t) +
Mij(w,v,t) = fi¥(v) + fequ() i@, t) +

to find the linear expression for the right-hand side of (3.10)

m;v

equ 1 m;v equ
—h)fiq +Vij(n0+0'j)(—0'i+ /ubl—hi>fiq

1
Vii(nO + U,‘) —0; + o T()TL()

no Tono

Neglecting the terms with higher order perturbation functions, dividing the whole equa-
tion by f;""(v) and using that 0, f;*"(v) = —7£* - f;*"(v) one gets the linearised Vlasov-
Poisson-BGK system

ev m;v
(9thi + v@zhz + CZ—WOE Vii (O’Z + Tgﬂz — Tlgh ) + Vij (O’l + TO,Lbl — ?”Loh > (313)
(9 E = (0'1 — 0'2) (314)

€0

for ions with ¢ = 1 and 7 = 2 and for electrons with ¢ =2 and j = 1.

3.2.2 Fourier Transform

To eliminate the spatial derlvatlves in the differential equations and - we
multiply both sides with —— exp(—lkx) and integrate with respect to x along the whole

real axis. Using that f (k ) = ikf (k) by applying integration by parts we get a system
containing Fourier transforms as described in Chapter 2.4}

6}?11- + 1/{;11;12 + @EA = Vj; (3'@ + @ﬂl - noili + Vz‘j (3'1 + %ﬂl - noili (315)

ikE = —(61 — 65) (3.16)

(k1) /fequ ) - hi(k, v, t)dv
julh.t) = [ of () hu(h vty
R
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3.2.3 Laplace Transform

As there is still a time derivative in the system , we apply a Laplace trans-
form according to Chapter Therefore we assume that ﬁi, 0;, f1; and E satisfy the
requirements of Lemma[2.5] Instead of using the parameter s of Definition [2.11] we insert
a new parameter w which is related to s by s = —iw. Multiplying both equations with
exp(iwt), integrating with respect to t in the range of 0 to oo and using the Laplace
transform of the derivative in Lemma [2.6] one gets

ev =

pm+mm@—m@:m¢fﬂ
0 ~ (3.17)
% % TO i 0/t i 7 TO 1 0/tg
ikE = (&) — &») (3.18)
€o

where we assume that fLZ — 0 as t — oo and with

(k@) = [ J0) btk v @)
. N (3.19)

Falh, @) = / VF (0) - h(k, v, D).
R

In the following the notation § := ¢ will be used for the application of the Fourier and
the Laplace transform.

3.2.4 Dispersion Relation

The aim of this work is to find an expression for the electric field as we want to prove
an exponential decay. Decomposing the electric field into its single waves each with a
specific frequency we can examine the one frequency which might prevent the electric
field from being damped. We will see that this is the frequency with the largest imaginary
part. In this section we determine the dispersion relation of the system and
which gives a relation between the frequency and the wave vector by finding the algebraic
expression for the transformed perturbations of the densities ¢, and g, and therefore for
the electric field E. Then we can study the behaviour of the electric field.

E, 5; and [1; depend explicitly or implicitly on h;. We want to eliminate £ and fi; by
giving expressions depending on ;. Therefore we rewrite equation (3.17))

(—iw + ikv + noVi + nol/ij)ili
m;v m;v ev v » (3.20)

= Vii| 00 + [l il 0+ —i | £ =E+hi(t=0

1/(0+T0u)+1/](0+T0,u1) T + hi( )

and multiply it with f7%"(v) followed by the integration with respect to v along the real

axis. With the expressions for the perturbed quantities (3.19)) and \; := 141 + 142 and
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Ao 1= U9y + g1, Tespectively, this leads to

—1@5’1 + lkﬁz + ’fl()/\lé'z = noVﬁ&i + noyij&i + / h (t = O)fequdv
R
using the definition of the number density and the mean velocity where u;p = 0. With
gi(k,0) fR ((k,v,0) 7% (v)dv we get an expression for fi; depending only on &;
iwo;(k,w) + 6:(k,0)

i (k, @) = o (3.21)

We already have the relation between E and &; by equation (3.18), therefore we can
insert (3.18) and (3.21)) into (3.20))

msz

Gi(t=0)+ v j—r k:TO

(—lw +ikv + no)\z)ill = ()\ + Vmﬂ]z,;_),w) 5'1 + Vi ——
0
2

eV A

iEOkTO (0'1 — 0'2) + hz(t = 0)

+IJUTZT G1(t=0)+

and after dividing the equation by (—iw + ikv + ng);), multiplying it with f;%"(v) and
integrating with respect to v we get the system of two equations

2

)\ + )\ mlvw _ 1 621) l e v
o - (1 - [ A ffq“(v)dv) 5y / ——HL i (0)dv
R

—iw + ikv + ngA\; r —iw + kv + ngAy

i/\IZL%U iLlUf v O)
—6(k.0) - 0 equ d , U, equ J
01( ’ ) /R —iw + ikv + 710)\1 ! (U) v /R —iw + ikv + n0>\1 fl (U) v

— 2 2
/\2 + VQngvw _j-cwv v mavw +1 e‘v
o KTy eokTo pequ o 21 kTo eokTo equ
02-<1—/ fa " (v)dv —01-/ S (v)dv
R

—iw + ikv 4+ ngAs —iw + ikv + ngAg

. / [VQQUQ(k, O) + V210'1 (k, 0)]m2v equ
=—i v
R —iw + ikv + n(]/\g

+ / hQ(k’ v, 0) fequ(’U)dU

R —1@ + lkU + no)\g 2

which is only depending on ;.
A system of equations of the form

a-x+b-y=c

as T+ by -y =coy

has the solution

bica — c1by C1G2 — G1C2
a1by — 51612’ a1by — bras
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which can be applied to our system of equations. The solutions for ; are

o _ Ny (k,w . _ No(k,w
0'1(](7,&)) = %, O'Q(k,bd) = % (322)
with
Nk T 16260;:T0 equ d
(k@) = /R—iw+ik:v+n0)\1f1 (v)dv |-

—iw + ikv + ngAg 2

=

_|_

/ 1/220'2 /{7 0 +I/210'1<k7 0)]m2kT +h2<k’ v, O)fequ(v)dv>

1

1)\1m1 "o 0'1 k 0) hl(k U,O) fequ(v)dv> |
R —iw + ikv + ngA;

2

. / Ay + VoMol g — i€ foony )dv)

R —iw + ikv + ng Ao

(
(
(
< _2
Nl (1 /R M NI G dv),
(
(
(

—iw + 1k‘v —|— o1

i[12262(k, 0) + 12161 (k, 0)Jmaze — ha(k, v, 0)
—iw + ikv + no)\g

T

I / i)\17711 %@_61(%7 0) - hl(k7 v, 0) fqu(v)dv )
R —iw + ikv + ngAy

I/legwk + ie? . cqu
/ 1 ISR ey g,
r  —lW +1kv 4+ noAg

—iw + ikv + ngM
92
- / Ao + yQQmQWkT —ie EOkTO F5 )
R —iw + ikv + ngAg
ie? Y Vg1 Mo + ie?
+ : : eokTo equ v)do | - . / kTo EokTo equ v)dv
</R—lw—|—lkv+no)\1fl (v) R —lW 4+ 1kv + noAy 2 (v)

and the electrical field (3.18)) takes the form of

A+ MG — i€’
D(k,w) :=D1(k,w) = Dy(k,w) = (1 _/ 1 1my eokTo Fedu(y )dv) )
R

€ e Nl(k’,w) —Ng(k,w)

B(k,3) = g (n(k8) ~ 52lh. @) = g T

D(k,w) = 0 is called the dispersion relation because one can rewrite this equation and
get a relation between w and k.
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Im(v) Im(v) Im(v)

= Re(v) & - Re(v)
v

(a) Im(w;) > 0,Vi € {1,2}  (b) i ={1,2} : Im(w;) =0 (c) I ={1,2} : Im(w;) <O

Y
Y

Y
( =
Y

Re(v)

Fig. 1: Integration paths of the integrals in E provided that k& > 0 so that the residue Theorem
is applicable. One must distinguish between the cases Im(w;) = Im(mlT"O)”) >
0,Vi € {1,2} and 3i = {1,2} : Im(w;) < 0. If £ < O the integration paths must pass
the pole w; from above.

3.2.5 Inverse Laplace Transform of the Electric Field

The intention of this work is to show the damping phenomenon of the electric field.
Therefore we want to apply the inverse Laplace transform to get a time-dependent
expression in order to investigate the long-term behaviour. According to Theorem [2.]]
E has to fulfil some requirements, namely the analyticity for Re(s) = b = Im(@) > a.

It is obvious that for Im(w;) := Im(WT”O)‘) > 0,Vi = {1,2}, E is analytic because
fi%(v) is analytic and Ny (k, @), No(k,@) and D(k,w) are well-defined as the denomina-
tors —iw +ikv +noA; = ik(v — WT"OA) do not vanish along the integration path, the real
axis. Therefore we can apply the inverse transform with the lower bound a > —ng\;.

Since we are interested in an explicit expression for the electric field after applying
the inverse Laplace transform we need to use a tool to calculate the integral, namely the
residue theorem, see Chapter 2.6, The condition for the application of Theorem [2.2]is the
analyticity of the function except for a finite number of distinct isolated singularities. If
there exists at least one i € {1,2} such that Im(w;) < 0 we have to perform an analytical
continuation of Ny(k,@), Na(k,w) and D(k,w) like it was for example done by Prof. Dr.
Eric Sonnendriicker in [31I]. One redefines the integration path C' by deforming the path
along the real axis at the poles in such a way that all w; are located above the integration
contour. The new path is sketched in Figure[l} For & > 0 the line should pass below the
poles of the denominator and for k£ < 0 the integration path should lie above the poles.
Therefore the expression for E(k, w) exists and can be analytically continued.

Another condition for the residue theorem is that we need to modify the integration
path so that it is a closed contour 7 as shown in Figure 2l We take a line parallel to
the real axis which lies above all singularities @y, ...,w; of E (k,w) exp(—iwt) and close
the path by adding a semi-sphere with infinite radius so that all singularities are located
inside of the contour. If we assume the analyticity of E apart from the singularities we
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o8l

.:‘:Re(w)

Fig. 2: Integration path of the inverse Laplace transform integral. All singularities @y, ...,w; of
E(k,w)exp(—iwt) must be located inside of the contour. The radius of the semi-sphere
goes to infinity.

get the expression of the Fourier transformed electric field [31]

R 1 oco+ia o 1 o
E(k,t) = %/ . E(k,@) exp(—iwt)dw = 5 E(k,w) exp(—iwt)dw
oco+l1a ¥
= ZResw —o, ( (k,w) exp(—iwt) ) ZResw —o; ( )) exp(—iw,t)

(3.23)

where the winding numbers of all singularities is one. Let wj be the singularity with the
largest imaginary part and write Wy =: w + iy where w,y € R. Letting the time ¢ go to
infinity one gets the asymptotic behaviour of the electric field

E(k,t) — Resg—s, (E(k,w)) exp(—iwt) exp(~t)
which means that v indicates the long-term behaviour. If v < 0 the Fourier component
of the electric field gets damped while otherwise the value might explode for t — oo.

As we want to get this property of the singularity w; we investigate in the following the
dispersion relation since the singularities @; correspond exactly to the zeros of D(k,w).
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3.2.6 Analytical Calculation of the Damping Effect

Let us recall the dispersion relation

D(k,®) =0
62’U

A1miwv ) 22MoWwv :
L / A+ R — i fengy |1 / Ao + e e Feangy
R —1@ + l]{?’U + no)\1 1 R —1@ + II{ZU + ’TL(]/\Q 2
2 2

o i
eok1p equd X _ 0 €oR10 equd — O
* /R—iw+ikv+noA1fl v /R—inrikarno)\ng v

with the equilibrium distributions

(3.24)

n 2

£ () = —(QWTO/(;ni)l/z exp (— 2T0/mi) . (3.25)

The quantities ,/% can be expressed as the thermal velocities vy, 1 of ions and vy, 2 of

electrons. Next we perform the substitution

v

\/§Uth,i

in the integrals in (3.24]) so that the arguments of the exponential functions get simplified
and get

U; ‘=

)\1 + NN —i V2e2uq

o kveh 1 eom1kvgn 1
1—-— — o exp(—u%)dul
\/7_7' R —1w + 1\/§kvth71u1 + n0>\1
)\ 4 \/iugzwug _1 \/562u2
no 2 kvgp 2 eomakugy 2 2
1— — — exp(—uj)dus
\/7_1— R —1w + lﬂkvthQU/Q + Tlg)\g
i \/§e2u1
no eom1kven 1

exp(—u?)du,

ﬁ R —1w + iﬂkvth,lul + ?”L(])\l
\/iuglqu i \/§e2uz

no kvin 2 eomakven 2

VT Jr —iw + iv/2kvg, us + noe

exp(—u3)duy | = 0.

To simplify the denominators we use the notation

iw — no)\i
\/élkvth,i
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which gives

N ing / M+ V2w, . V2e2u, exp(—uf)du1 ‘
V21kvg 1 Jr kvna comikvin, | ur — Xy

ing / ()\2 N NI . V262U, ) exp(—u3) duz)

1+ —
V21kvg o Jr kv 2 €omakvin s | Uz — Xo

. 2 2
. 1nyg / : \/_e (51 eXP( >du .
V2rkvg 1 Jr \ €omikven - X5
: 2 — 2 2 2,2
ing / V2us s b \/_e Us exp( u2)du2 _0
V21kven 2 Jr kv 2 comokving | uz — X
As we are interested in the long-behaviour we can insert the definition of Wy, = w + iy

which was the singularity with the largest imaginary part . With this we can split X;
in a real and an imaginary part

w no)\ +7
Xi = =1 + lfz
\/Ekvth i \/_kvth i

where 7;,&; € R. To get rid of the constant for the following calculations we rewrite

\/562 \/5)\1@

(3.26)

A = - B =
' EOmlkf'Uth,l’ ' kvth,1
2¢? 2U90W0 2U91W0
AQZL’ 32:M7 C, = V2un®
€0m2kvth,2 kUth,2 kvth,z
and substitute
gi(ur) = exp(—ui),  Gi(ur) = uy - exp(—u?)

go(ug) = exp(—u3), Go(ug) = uy - exp(—u3).

With this we can rewrite the dispersion relation as

ing g1(uq) . Gl Ul 1
1+ —— |\ / duy + (B — 1A
( V21 kv 1 { ew-X B )
ing ga(u2) . Gz Uz }
1+ — | / 2= duy + (By — 1A
( V21 kv, 2 [ ? o— X (B 2)

ino G1 (Ul) ) ( m /
1A du Cy +1iA
( V2Tkvg, 1 ! /R u; — X ! V 21 kven 2 ( 2)

)
) (3.27)
0 1,) o
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For every single integral in this expression we can apply Jackson’s identity since
they have the form
g(u)
I1(X)= | ——=du
0= [ 2

with complex X. For each such an expression it holds

= (ig)" ) (y
I(X)=1I(n+if) =) (3 (P/g—()du—Iriﬂg(")(n))

u_
e R n

where g™ is the n'" derivative and P is the Cauchy principal value.

Just like Landau we consider the limiting case of long waves, such that & — 0, and
also assume that |y| is small. This is why we restrict ourselves to the first order of
Jackson’s identity and get for the dispersion relation

Uy —m

u
(1 4+ — [ (73 dul + imgi(m) —l—lflp/ (1) ————du; — 7&191(m)
V2rk Uth, 1 ur —m

G (u 1
d uy — WflG 771

—1

mom(P [
( \/ﬂkvthz[ (/
(22

dul +irG1(m) 15173/

U
dUZ + imga(n2) +1§277/ ga(u2) duz — w&ag5(m2 )
IA dUQ + 17TG2(7]2 162,P/ w dUQ - 7T€2G/ 772 >
2

!
Gu1

G1< ) /
- P / ~duy +i7G () + 6P d
( \/%kvth 1 ( ot imen (?71 151 o

! n GQ(UQ) .
_ 7T§1G1(771))> (mkmthQ (Cy +1Ay) (P/R — duy + itGa(n2)

+ig P/ - du2 — 166G (772)>) = 0.

We can express the derivatives by

(3.28)

i) = ~2usexp(~u?) = ~2G;(u)
Gi(us) = (1 — 203) exp(~u?).

7

To calculate the values of the integrals we use the definition of the Gamma function
217

Consider the Cauchy principal value integrals separately. By means of the geometric
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series one gets

7D/eXP ,:__/ exp(— (ﬂ) du;
1—— i

where the principal value integral has a finite value for n; and 7, sufficiently large since

JE /w exp(—(v+1)?)

v

S

> 1
= exp(— ( - exp v?) exp(—2nv)dv + / — exp(—v?) eXp(—an)dv)
0 v
= exp(— / exp(=v) exp(—an) —exp(2nv)) dv
h(2
= -2 exp(—nQ)/ Mexp(—v2)dv
0

— 2exp(—n?) /0 N (277 T (2”?3!3 o ) exp(—v?)dv

which is an analytic integral and has no poles. In the last step we used the series
expansion of the hyperbolic sine. As sinh(2nv) behaves like the linear function 2nv
around v = 0 and with the exponential function exp(—n?) we can say that the value of
the integral is finite for large 7.

For our Cauchy principal value we can further use the integral representation of the
Gamma function and the integer formulas in Definition [2.17] and get

7)/ () n+1/ u exp(—u; )du;
—o i
- Z n+1 (—1) ui i exp(— i)duz uy' exp(—u; )du;
/ 0 .
w;i=u’ 1 1 n * n-1 1 [°° n-1
- ntl (_(_1) / w; * eXP(—wi)dwi+—/ w,; ? exp(—wi)dwi)
2 0 2 Jo
n+1 1 n+1
nzgn?“( () ()

Jr

1 3 1
S 1+ —+-—"4+0(=
n; ( +2n3+4n§*+ (nf’))
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Analogously one calculates

Gi(uz’ U; exp n+1
P/RUi_m <:——73/ 1__ ——Z n+1/ exp(—u3)du;

o i

= — N 1 1 n+1
_ Z = (2( 1) /0 wi exp(—w;)dw; + 2/0 w; exp( w,)dw)
o L (n+2) 1 (2
=Yg (g () o ()
=0
:_ﬁ<i+i+15 ( )
mo\2n;  4n} 8
i 15 1
P/ gz(u __273/ s — f( +_+_5+O<_7))
R U uz i i i 277 4772‘ ;
P/G“Z _73/ —273/—“ XP(=) gy,
R U 771 Ui
(L Sro(l ))
R e
mo\n e

with
u? ex
7)/ p(= n+1/ w2 exp(—u?)du;
L n=0 nl
1 1 [® nn
- _Z ol (_ - n+2 wi2 exp(—w;)dw; + —/ w; * eXP(‘W)dm)
= om 2 2 Jo

> L (3 n+2r(n+3)+1r(n+3))
nO772 2 2 2 2

NZS 3 15 1
= - 5 Oo(—=)]-
ni \2 + 4n? R 8n} + nd

We can now insert the principal values in the dispersion relation (3.28)). As we consider
large values for 77; and 7, we only take terms up to order n; * into account and get after
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simplifying

22
exp(—1y — 13) { (exp(nf) |:8k?’lﬁvth,1 —V2ny <A1 (277% —4im &1 + 3)

4,4
64k2771772Uth,1Uth,2

+ By (2in; + 4m& + 31) + 20 (2in] + 2076 + im + 3&1) )}

+ 4v/2mning {(A1 +iBy) (2016 +im — &) + (-1 + 2177151)} ) :

(exp(n%) [8k77§vth,2 —V2n, (A2 (2775 — dingés + 3) + B, (2i77§ + dnés + 3i)
+2Xs (203 + 2036 + inp + 36) )} + 4V 2mning {(Az +1By) (2056 + in2 — &)
+ Xo(—1+ 2177252)1>

— 2413 (Ay —iCy) (eXP(U%) (=207 4 4im& — 3) + 4wt (20761 + imy — &) ) :

(exp(n%) (_2773 + 4inaéa — 3) + 4y/7n; (2"7352 +iny — 52) ) } =0
(3.29)

The expanded expression of can be found in the Appendix

We want to examine the real part of the expanded expression of the dispersion relation
in Appendix . After inserting the definition for & and &, from (3.26) we can neglect
some of the summands. For one thing we consider only small collision frequencies such
that terms with higher order than linear in v;; and v;; are neglectable. This includes
also \; as \; = v;; + v;; was introduced to simplify terms containing both of the collision
frequencies. Since 7 is also a small quantity we can further neglect terms with ~?

or higher order and v;; - v [2]. In addition as 7} = ﬁ becomes large for large
th,?

wavelengths we can delete terms with exp(—n?) and exp(—n3). We get for the real part
of the dispersion relation

3nye? noe? 3npe? noe?

=0. (3.30)

- 2,2 4 2,2 2 2,2 4 2,2 .2
degmak Vi 2egmq k Vi1 " degmok Vih o7l 2¢gmok Vit ol

With the definition of n; and the so-called plasma oscillation frequency wy; = 4/ Z‘O‘)—Wf we
obtain
3wl g, wiy  BKRWlaug,  wl

1— i -2 -2 _ (3.31)

wi w? wi w?
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Solving this equation for w? and performing a Taylor expansion around k = 0 one has
the relation

2 2
3( plvth1+wp2 th2)
—i—w

w? = (Wi +wiy) + k2 +0 (k) (3.32)
which is related to the Bohm-Gross dispersion relation w? ~ wj 4 3k*vj;, for longitudinal
electron plasma waves. This equation was already introduced by Landau in [19] and
could also be determined in Lena Baumann’s one-species model [2].

We can use this relation now for the imaginary part of the expanded dispersion relation
in Appendix[A.1] Like before we insert the definition of &, 7; and w,; and neglect terms
with order two or higher in the collision frequencies and . This gives

2 2 2 2y .2 2y .2
_)\2710 Vs 2A\ing 2’7%;,1 2’VWp,z_i_>\2wp,1no 4k Awth,mo k)‘2vth,2n0

w w w w3 w3 w3 w3 w3
2 2 2 2 2 2 2
3k VQQUth,2n0 2>\1wp71n0 2>\1wp72n0 2/\2wp72n0 1/22wp71n0 wp’lVglng
o 3 + 3 3 3 3 3
w w w w w w

2y 2 .2 2y 2 .2 2\ )2 .2 2y 2 .2
4k Awg ov, 110 N 6k~ A\1wy oV, 270 N 3k~ Aawy 1 U5, 110 N k= Aaws 105, 20

w? w? w? w?
2, 2 .2 2, 2 .2 2,2 2 2,2 2
3k vawy 103, 1Mo N 3k vaaws U, oMo N 3k ws V210, 1Mo N 3k“ws 11210, oMo

wd wd wd w°
4 2 .2 2 4 2 2 2
12k Alwp,ZUthJ’Uthﬂno + 3k )\2wp7lvth,lfuth,2n0

7 7
w w
4 2 .2 .2 4 2 2 .2
9k 22wy, 1 Uiy 1 Vi 2700 N 9k Wy, 1V21V4, 1 Vg 2M0

w’ w’
2 2 2
2 w? 2 w ( Vih,1 V% 2)
W W ex \/fw wexp(—soa— TAow? ;wng eXp(——sy5 57—+
\/_ p 1w eXP(— 550 thl) 5Wp 20 €XP( 2k2vt2h12) | T P(— V2 0
3 3,3 1,3
k Uthl k Uth,2 2k Uth,1Vth,2
2 2 2 2 2 2
2 w ( Vin,1 T Vin 2) 2 3 w ( Vih,1 T V%h 2)
TANWS owNng eXp(——535 55—~ TANWS oW ng exXp(——35—5—2
i b2 0 p( 2k20] Yth,1 th2 ) . b2 0 p( 2k20} Yih,1 th2
4 3 6,3 .3
2k Uth,1V¢y 2 2k Uth,1Vh,2
2 3 w2< t2h 1+vt2h ) 2 3 w?( t2h 1+vt2h )
TV9aw;, ;W Mg exp(——%2 ) MW V1w ng exp(——%2 )
. i Uth,1Y%h,2 . i Uth,1Y%h,2 -0
67,3 13 6,3 .3 =
2k Uth,1Vth,2 2k Uth,1V%h,2

31



Solving this equation for v and using v5; = Ay — 1199 one obtains

2 2
Aiw?ng Aaw?n Vaow?nyg A1wy 1Mo AWy oMo
7_+w2 + w? +2(w2 +w2)+2(w2 —|—w2)_w2 +w?, w4 w?
p>1 p72 P71 P72 p71 p72 p’l p72 p’l p’2
2 2 2 2 2 2 2 2
)\gwp’IHO )\QWP’QTLO Qk )\1’Uth’1n0 ]{? )\2Uth’2n0 3]{? 1/22’Uth’2n0
) 2 2 2 2 2 2 2 2 2
Woa T W WhntWho W1+ Wh 2 (wp,l + wp,Z) 2 (wp,l + C‘)13,2)

2\ )2 .2 2\ )2 .2 2\ )2 o2 2\ )2 o2
B 2k7 Mwy, 53, 10 B 3k~ Awp o vg, 00 B 3k~ Aawp v, 110 B 2k7 Aawp v, 90
2 ()2 2 2 (2 2 2 (2 2 2 (.2 2
w (wp,l + wp,2) w (wp,l - wp72) W (wp,l - wp72) w (wp,l - wpﬂ)

4 2 .2 2 4 2 .2 2
6k )\1wp72vth7lvth’2n0 6k )\QWp,lvth,lvth,Qno

w (w2 +w?,) - wt (w2 +w?,)
2 2
B 5Wpaw’ exp(— Qk;:)fh,l) B SWhat" exp(— g z )
2k}, (W2 +w2y) 2k30}, 5 (W2, +w2s)
( Uin1 TV 2) w? (”?h,l'*‘”?hg)
) AW, ow'ng exp(——gmr—r—t vth - ) TAaw? jwhng exp(— R,
Ak, 1vth ) ( ) 4k4 Uth,ﬂ)th : (wg’l + w? 2)
( Yth, 1+Uth 2> 2 6 w? (“?h 11%h 2)
. TAW? owong exp(——gmr—r—t A ) TAw? jwng exp(— T
4kOvY, v o (Wi + ) ) Ak, v (Wi +wh2)

(3.33)

This is an expression for the imaginary part of the singularity w; with the largest imag-
inary part which means that v shows the long-term behaviour of the electric field. The
solution depends on the constraints of our system. Landau showed that in the case of
the one-species Vlasov-Poisson system, where the movement of the particles is influenced
by the electric field without considering collisions of the particles, the field is damped

UJ4 . . . .
with v & —\/F(kvm)3 exp (—ﬁ) =: —~1, which is strictly negative [19]. Lena Bau-
mann showed in her Master’s thesis that if one expands the system by the BGK collision
2,2
operator it also gets damped with v ~ —~, — vk Uth =: =L — vBcek [2]. The damping

effect for the two-species Vlasov equations Wlthout BGK-kernel was determined in [3]
with the methods of characteristics and the Landau-Penrose stability criterion. In the
two-species Vlasov-Poisson-BGK case one can see that the solution for v includes
the Landau damping coefficient 1, as well as the BGK collision relaxation vgqk, referred
to the two species ions and electrons but also mixed terms.

It remains to prove the negative sign of v for the two-species Vlasov-Poisson-BGK
system. For this purpose we further proceed like with the real part and neglect the
exponential terms. Furthermore we can use the expansion of w? up to first order from

(3.32) and the relation of the collision frequencies (3.4)) which means that 5y & 15 and
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Vas A 3 X0, We get

2 2 2 2 2 2
)\QWP’an B )\pr72n0 2k /\wtthO 5k /\Qvth72n0
2 2 2 2 2 2 2 2
4 (wp,l + pr) 4 (wp,l + wp,2) Wp1 T W 4 (wp,l + wp,2)

2\, 2 .2 2\, 2 .2 4y 2 .2 .2
2k Alwpgvth’lno 3k >\1wp7zvth,2n0 6k Alwp,Q’Uth,lUthQnO

V=

2 2 3
2 2 2 2 2 2
(wp,l + wp,2> (wp,l + ujp,2) (wp,l + wp,2)
2 2 .2 2 2 .2 4 2,2 .2
2" Aawy 1ug om0 3RS Aowy v, o 6KT Aswy v, 10, 9 M0
- 2 2 3
2 2 2 2 2 2
(wp,l + wp72) (wp,l + wp,Q) (wp,l + wp72)

TR ( PSS PSS PR P i
Wi+ Wiy 8k2A v, LothL 5k A0, o 4

2 2 2 2 2 2 4 2 .2 2
2k )\]_wp72,Uth’1 3k )\]_wp727.]th72 Gk Alwp,Q/Uth,lUth,2

(@2 He?,) (w2 +wly) (w2, +w2,)”
2k w1 vh 5 BRPAgw? v 6]?4)‘2%2),1%211,1%211,2)
(woi+wpa)  (wpi+wps) (w2, +w2,)’

The first two summands with the factors 1 — are negative because the brackets

only depend on physical constants describing the particles and the gas apart from k.
Since we consider the case of long wavelengths such that & — 0 the fraction becomes
large and the brackets become negative. In total we have a negative expression for ~y
which means that the damping effect of the electric field is proven. In addition we can say
that the Vlasov-Poisson-BGK system experiences a stronger damping than the Vlasov-
Poisson or the BGK system itself, since the damping coefficient consists of contributions
of both parts, the electric field part and the BGK collision part, as well as further mixed
contributions.

To investigate the magnitude of the damping effect of the two-species BGK model
compared to Lena Baumann’s one-species BGK model [2] we pursue in the following a
numerical approach which means that we determine the zeros of the dispersion relation
by means of a Python algorithm by Eric Sonnendriicker [31].

3.2.7 Numerical Calculation of the Damping Effect

Eric Sonnendriicker wrote a Python code that can be used to calculate the zeros of an
analytical function [31]. He applied it to calculate the zeros of the dispersion relation of
the linearised Vlasov-Poisson equation and therefore showed the linear Landau damping
effect numerically. One can find the Python script in Appendix where the code is
modified to be applicable to the two-species Vlasov-Poisson-BGK case.

To be able to use the code, the plasma dispersion function is introduced in the follow-
ing, since we will have to express the dispersion functions by means of it. It was initially
introduced by Fried and Conte to define an analytic continuation of integrals including
linear combinations of Maxwellian functions which are often used in plasma physics [9].
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Definition 3.2 (Plasma dispersion function, [3I]). The plasma dispersion function is
defined as

1 e’

= VAo

where C' is any open contour parallel to the real axis at infinity that passes below the
pole z = ( for Z_ and above the pole for Z,.

There are several ways to rewrite the plasma dispersion function:

Lemma 3.1 ([31]). The plasma dispersion functions Z_ (respectively Z, ) are indepen-
dent of the contour C of the form ¢ — ¢ + iu for |¢| sufficiently large and passing below
(respectively above) the pole z = (. Moreover we have the following expression for Z,:

1 —(u+¢)?
Z.(0)=—F%= {73/ ‘ du + e
R

u

= Ve ¢ [i — erfi(Q)]

—(u+¢)?
¢ d
u

where erfi(¢) is the complex error function specified in Definition|2.18/and P [,
denotes the Cauchy principal value from Definition [2.15]

Recall the dispersion relation

D(k,®) =0
2 2

A wv : e“v 1% w e
. _/ A+ 1,?%15 — 1w T fequdv 1 _/ Ao+ 22}3(2) v o 1T fequdv
— r —iw +ikv+noh 71 g —iw +1ikv +nghy 72
2

i% 1/21’2_‘2@1) + i ez;
eok1p equdv X _ 0 €oR10 equdv — O
+ /]R —iw + ikv + no)\l fl /R —iw + ikv + no)\g f2

from the analytical calculation and insert the equilibrium functions

N

02
equiy - 0 - i —1.92
fi%(v) CTALE exp ( 2To/m¢> , 7 ;

and the thermal velocities
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This results in the equation

2
)\1 + Alwv —j e“v 9
Dk o) = | 1 no Uih,1 comikvg, | v d
(k,w)=1|1- Xp(—5—5—)dv
V2T 1 —iw + ikv + ngAy 204
2
)\2 + 1/220.)’0 —j e?v 9
1— No / Vg 2 comakvy, o Xp(— v )dv
\/ 27TUth,2 —iw +1kv + 7’L0>\2 2'Ut2h,2
62’U
o eomlkvth 1 U2
+ ex ( T)dv
V2mom 1 Jr —iw + 1kv + ngA QUthJ
V91 WU e2v 9
no kv, o comakv, o v
- exp(—-——)dv | =0.
V2mogp Jr —iW0 + ikv + ngAs 21}th’2

In the next step we divide the integrals into the single summands and extract the factor
ik from the denominator which gives

exp(—55—) D vexp(—55—)
D(k} w) 1 1n0)\1 / 2Ut2h,1 1n0)\1w / 2v tzh 1 v
) w ingA w ingA
V2mkvg, 1 — 2 A \/27rk2vf’h’1 RU— 2 — Mol
’U2
2 vexp(—=—9—
Nnop€ / p( ZUtQh,l ) dv ‘
V2megmik?vl ) Jr v — F — inoAr
2 ’U2
ex vex =
1+ ingAg / p( th 2 ) inglraw / p< th,2 ) dv
o X By
V271 kvg — 2 _ Ined \/27rk Vgho JRV— % — Ino2
’U2
nge? / vexp(— w2, =)
+ dv
\/27r60m2k2v§h72 RU— 2 — nok
2
vexp(—g.5—)
th 1
\/_ / w ingA1 d’U )
27r60m1k vthl RU— % —
2 U2
inglo1w vexp( 2u2h2) _ noe? / veXp( 2vt2h’2>dv
_ ingAg 2,3 _ w _ ingAg
V21k2vd, , R v— 2 X V2megmakivg, 5 Jr U — A
=0

To express this equation by means of the plasma dispersion function and the Gaussian
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¥ )+ (% + M) and get

exp(—g7—)
D(k,@)=0= (1 inoA / i1

V21kvg JrRU — § — ﬂk’m

v2

_ingMWw / v? (w ino)\1> / exp(—3 Ui, 1> )
exp(—— v+ (£ 4 o
\% 27Tk2vth 1 < p( 2Ut2h,1) k R

_ w _ ingM
A k

k

n062

2
v? W ingAp exp(— 2” ih, 1)
+ /exp— dv—l—(——l— )/ — dv> .
A 27T60m1k’2’l}§h71 ( R ( 2Ut2h,1) k R U;:

k v— ¥ — ITLQ)\l
22
o\ eXP(—W)
1 n 1MoAg / h2>\ dv
vV 27T]€’Uth2 RVU— 7 — ingas

k

% k
exp( o )
2 — _
ingraaw v w  ingAs / 22, )
e (el )dv+ (T T
2mk2vp, 5 (/ P 2vt2h,2) (k k ) e
2

nope

U2
v? W ingAy eXp(_m)
_ d ol e
- V2megmaok?v o (/Rexp( 2Ut2h,2) o (k i ) / v>

Rv_g_mo)\g

k e
2
2 2 3 exp UT)
noe v w o ingA\y 208, 4
+ exp(— dv+ | —+ / — dv> .
( v 27Teomlk?%i?h,l (/R p( QUch,l) (k )

k RU— m(]:;)\l
exp(—55—)
J— 2 —_ . —_— —
ingo1w v W ingAs / 202, )
_ exp(— dv+ | —+ — =—dv
( V 2Tk, o </R o 2Ut2h,2) (k k > RV — g
2
2 2 — . exp(—55—)
nope / v W ingAs 202,
— eXp(— )d'U + (_ + ) / 5] in, d'U)
V 27T€0m2/€2"05’h’2 ( R 21),52}172 k k RV— % — (])€>\2
By Definition [2.19| with a = 55— it yields
th,:
/ exp dv = V2TV,
R 2Uth i
and with u; = Voo one has
(—3%)
Mdv \/_Uthz exp( ) - duz = eXﬁp(—U?) - - dul
k k thyi k v V2kvgn ; V2kven ;
A
.z (w +1ing )
\/_kvth %
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. . 2 . . .
Introducing the plasma frequencies %2”’ = 2 and rearranging the expression gives the
’ 7

final equation “
D(k,w) =

1 _|_ w;l —f- ino/\lw
kQUch,l

n (w(w;l — n%z\%) i inO)\l (1 " wQ + wg,l ) ) z <w -+ ino)\l) )
V233 V2kvi ) k20, V2kvn,1
1 n W;Q + in0V22w
k%fha

N (E(w?ﬂ — ngVQQ)\z) n ing ()\ n Voold® + /\2&132))2 (w + ino)\2>
9 L T2
ﬁk%ghg V2kven 2 k%fh,z \/Ek’vth,z

_%2),1 (w2, — ingraw)

k4”t2h,1vt2h,2
1+w+m0)\12 (@—Flno)q) ) 1+w+1n0)\22 (E‘Flﬂo)\g) :O
\/§7€Uth,1 \/§/€Uth,1 ﬁkvth,z \/§kvth,2

In this form we can use the dispersion relation for the calculation of the zeros with Eric
Sonnendriicker’s Python algorithm.

The numerical implementation to find the zeros of an analytic function f(w) works
as follows. At first one defines a rectangular box in the complex plane of the value w.
The box is defined by the parameters x;, and xy., for the horizontal boundaries and
by Ymin and ymax for the vertical limits.

Then one can find the number of zeros of f(@) in the rectangular box by means of
Cauchy’s argument principle

(3.34)

Lemma 3.2 (Cauchy’s argument principle, [§]). Let f(z) be a meromorphic function
in a simply connected domain D contained in a Jordan contour dD. Suppose that f(z)
has neither zero nor a pole on 0D, but has N, zeros z; € D, i =1,...,N,, and N, poles
pi € D,i=1,..., N, all counting the multiplicities. Then for any function g(z) analytic
in D, where D is the closure of D

L TS e =3 gt -3 ote

2ri op f(x)

The argument principle corresponds to the case g(x) = 1, for which the equation reduces
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to

1 f'()

2mi Jop f(2)

In our case, D is the rectangular box defined in the first step. Since we consider our
input function f(@) to be analytic, we do not have any poles. Therefore N, = 0 and the
argument principle gives the number of zeros N, =: N of f(w). If N is larger than 5 the
box will be subdivided into four smaller boxes and one starts again with calculating the
number of zeros in each sub box. Otherwise one proceeds with the code.

The next step is to introduce a polynomial

drx = N, — N,.

N
P@) =][@-z) ="+ +.. +ev
j=1

with the same zeros Wy, ...,y as f(w) which are still unknown. This method was
introduced by L. M. Delves and J. N. Lyness. For further informations the reader is
referred to their paper [I0]. One can find the coefficients ¢y, ...,cy by the so-called
Newton’s identities [31]

0:81+01
O:SQ+8161+262

0= SN +S8y_1€¢1 + ... + 81Ny 1 T+ NCN

with the k™ power sum

ok —k —k k(@)
Spi=wW] + Wy + ... + Wy = 9 an () dz
Now the polynomial P (@) is completely defined and the zeros of it can be determined
by means of Hankel matrices.

Here one constructs an 2/N-dimensional vector with the values s; of the power sums.
After constructing the Hankel matrices one can find the zeros as the generalized eigen-
values of the matrices.

At the last step we verify that the found zeros are also zeros of the function f(w). If
this is not the case one can redefine the rectangular box and start the algorithm again.

For a more detailed explanation of the code see [2] and [31]. The full Python code
for finding the zeros of the dispersion relation for the two-species Vlasov-Poisson-BGK
model can be found in Appendix [A.2]

The result is shown in Figure 3] The parameters can be seen in the code in Appendix
[A.2] Tt is important to take the relations of the physical constants of ions and electrons
into account. For example, if we assume the plasma to be composed of hydrogen ions

and electrons, the particles have a mass ratio of m = Z—; = 1800. This value must
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zeros of dispersion relation, nu22=0.5

0.00 A
—0.25 A
. . wave zero wy, with largest
—0.50 - . . vector k imaginary part
0.15 +0.29598 — 0.12852i
7 S . 0.20 | £0.39665 — 0.17445i
~1.00 - . " 0.25 | +0.49622 — 0.22135i
> < 0.30 | +0.59440 — 0.26946i
-L254 9" +  k=0.15
o k=0.2
~1.50 4 . « k=0.25
* k=0.3
—]I..S —JI..D —(‘]‘5 O.IO O.IS l.IO l.IS

Fig. 3: Representation of the zeros of the dispersion relation in the complex plane of @.
The collision frequency is set to v9o = 0.5, the other parameters can be found in the
code in Appendix The wave vector k takes values between 0.15 and 0.3 in steps
of 0.05. One can see that all zeros are below the x-axis and therefore v = Im(wy) < 0
where wy, is the zero with the largest imaginary part. On the right-hand side one can
find the exact values for these zeros.

zeros of dispersion relation, nu22=>5

0.00 A
—0.25 A
wave zero Wy with largest
—0.50 - ' ‘ vector k imaginary part
0.15 +0.24947 — 0.08603i
—0.75 A

. : 0.20 +0.34106 — 0.12712i
~1.00 0.25 +0.43342 — 0.17026i
%o o 0.30 +0.52567 — 0.215081

—1.25 4 . « k=0.15
l..
k=0.2
1504 %" «  k=0.25
.
k=0.3
-1.5 -1.0 -05 0.0 0.5 1.0 15

Fig. 4: Visualization of the zeros of the dispersion relation in the complex plane of @.
The collision frequency is set to v92 = 5, the other parameters can be found in the code
in Appendix The wave vector k takes values between 0.15 and 0.3 in steps of 0.05.
On the right-hand side one can find the exact values for these zeros. All imaginary
parts are negative.
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zeros of dispersion relation, nu=0.5

-10 4

wave zero wy with largest
—20 1 . .
vector k imaginary part
301 : ’ 0.15 +43.90393 — 0.01314i
ot o 0.20 +45.13996 — 0.03040i
I B Y ot 0.25 +46.89901 — 0.145551
S : 0.30 +49.16410 — 0.60953i
¢ k=0.15
L k=0.2
809, . k=0.25
k=0.3
-70 T T T T T T -
—B60 —40 -20 o] 20 40 60

Fig. 5: Zeros of the dispersion relation of Lena Baumann’s one-species model in the complex
plane of w. The collision frequency of the electrons is set to v = 0.5. The other
parameters are vy, = /m and wp = y/m where m is the mass ratio between ion and
electron and set to m = 1800. All zeros are below the x-axis which becomes more clear
considering the table on the right-hand side with the values of the highest points.

be included in the parameters for the collision frequencies according to (3.4)), for the

nge?

thermal velocities vy, ; = 4/ T%O and for the plasma oscillation frequencies wy,; = prvenpd
(2 K2

One can see in Figure 3| that all zeros of the dispersion relation are located below the
x-axis which means that all imaginary parts of the zeros are negative, even the one with
the largest imaginary part . Therefore the mapping shows that v < 0 and the damping
effect of the electric field with the asymptotic behaviour

B(k,t) — Resps, (E(k:,w)) exp(—iwt) exp(7t)

is proven numerically.

To compare the magnitude of the damping effect of different models or parameters one
can give the exact positions of the zeros with the largest imaginary part in the complex
plane. The values can be seen in the table on the right-hand side of Fig. [3|

Increasing the collision frequency 14 one can see in Figure [4| that v gets closer to the
z-axis and the damping effect gets weakened. Of course, it is not reasonable to further
increase the collision frequency since we are in the setting of a dilute gas where only
few collisions occur. Varying the value for 15, between 0 and 1 does not change the
result remarkably, nor does an increase in the mass ratio.

Next we want to examine the differences to Lena Baumann’s numerical results with
the one-species model where she considered the Vlasov-Poisson-BGK system for the

T

electrons of the plasma. The code can be seen in her Master’s thesis [2]. To be able
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to compare the results the parameters vy, and wy, of the one-species model are changed
from 1 to the mass ratio v/m such that the physical constants belonging to electrons
have the same value.

The result for the collision frequency v = 0.5 can be seen in Figure 5] Regarding
the values in the table of Fig. [5| for the zeros with the largest imaginary part one can
see that all points are located below the z-axis. At the one-species model the zeros are
further apart from each other such that the range of the coordinate axes differ from the
upper two graphs.

Taking a look at the exact values of W, and comparing the table in Fig. with
the one in Fig. [3 one can see that for & = 0.15, £ = 0.2 and k& = 0.25 the absolute
value of the imaginary parts and therefore v is larger with the two-species model than
considering only the electrons. This means that the damping effect is strengthened if
we take both species into account. For k = 3 it is the other way round where we can
see that the theoretical observations in Chapter [3.2.6) only hold for the limiting case of
long wavelengths or k& — 0.

3.3 Physical Interpretation of Landau Damping

There are several possibilities to interpret the Landau damping effect. Landau himself
did not give a physical interpretation [23].

One way to visualize the damping effect physically was presented by Marlies Pirner
[26]. We assume that a gas is in a state of equilibrium. If we slightly change the position
of a particle of the gas, there is a force that pushes the particles back to its original
position. We can think of this force as a spring. This spring causes the particle to
oscillate around its equilibrium state, and over time this oscillation is damped.

Another common interpretation of the damping effect in the one-species model uses
an energetic approach, see [I1], [23] and [32]. We illustrate the setting by means of
waves in the sea, which correspond to the plasma oscillations and therefore visualize the
oscillations of the electric field. In Figure [6] the blue waves move with phase velocity
vw. The boats represent the electrons. If the boats have a velocity of approximately
the same magnitude as the phase velocity v,, of the waves, the boats are ‘caught’ in the
waves and the maximum energy exchange takes place.

We separate the boats into two groups. One group with a slightly slower velocity v
than the wave velocity and one group with boats which are slightly faster than vy,. The
first group gets accelerated because they gain energy from the waves. One can think
of this process as if the waves push the boat. Conversely, the boats which are slightly
faster push the waves and therefore lose energy to the waves and get decelerated.

In a gas near equilibrium the velocities of particles are distributed according to the
Maxwellian distribution function, see Figure[7] As a result, slower particles occur more
frequently than faster ones. Assuming that the waves move with phase velocity vy,
then more boats are accelerated by the waves than the waves receive energy from the
boats. In total, the waves lose energy and are therefore damped.
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Vb (%

Fig. 6: Visualization of the Landau damping effect. The waves, corresponding to the plasma
oscillations, move with the phase velocity vy. The electrons are represented by the
boats and have various velocities v. Boats which are slightly slower than the waves
get accelerated while slightly faster boats get decelerated. Because of the Maxwellian
distribution of the velocities in a gas, in total, there are more slower particles than
faster particles, see Fig. []] Therefore the waves lose more energy than they gain and
hence they are damped.

77N

slower electrons . faster electrons

Fig. 7: Velocities in a gas in equilibrium can be considered to be distributed according to the
Maxwellian distribution. Consequently there are more slower particles than faster ones.
Assuming the phase velocity of the waves in our visualization of the damping effect to
be vy, there are more boats or electrons which get accelerated than decelerated. In
total, the waves lose energy and are damped.
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This interpretation is based on the one-species considerations. The question that now
arises is, why the Landau damping effect is amplified when two species are considered
and how this can be visualized. So far, the picture included the electrons as boats and
the waves as background. Mathematically, the waves were not considered as acting par-
ticipant. With the two-species model we also include the background in our calculations.
This could therefore be interpreted to mean that the waves also interact with the boats.
In the one-species model, the boats give energy to and get energy from the waves. Now,
the waves can also be considered as acting partner and push the boats themselves. The
energy exchange is larger in this model than in the one-species model and therefore the
damping effect is intensified.

43



4 Conclusion and Outlook

In this Master’s thesis we have analysed the two-species Vlasov-Poisson-BGK equations
el
Ouf1 +v0, f1 + Eavfl = v (M — fi) + vigna(Mia — f1)
1

Opfa + 00, fo — %z&;h = vaana (M — f2) + varni (Mo — f2)
OF e
or e_g(nl — n2)

with respect to linear Landau damping coupled with relaxation. The equations describe
a plasma, or more precisely a gas consisting of the two species ions and electrons. In
our setting we considered the case of a weakly collisional regime and the limiting case
of long wavelengths.

To show linear Landau damping one has to show that the electric field, which oscillates,
is damped. For this purpose, we have done several mathematical steps which were based
on the work of Lev D. Landau. He studied the damping effect of the electric field for
the Vlasov-Poisson equations considering the one-species case where only electrons are
described by the equations. In addition to his work, we have considered the electrons
as well as the ions and we added a collision kernel or BGK kernel. For this system
we wanted to find out if the system still tends to an equilibrium. The steps we have
performed were as follows. At first we have linearised the equations with respect to
an equilibrium function. By performing Fourier and Laplace transforms we have got a
dispersion relation of the system. With this we have been able to find an expression for
the Fourier transformed electric field and got the long-term behaviour

E(k,t) — Resg—s, (E’(k:,w)) exp(—iwt) exp(vt)

which depends exponentially on the time ¢. The last step has been to investigate if the
electric field increases or decreases exponentially.

In order to show this we have chosen two different ways. At first we have calculated
the sign of the damping coefficient v analytically. We have expanded the dispersion
relation and neglected higher order terms since we have considered the case of weakly
collisional regime and wave vector kK — 0. The second approach has been to rewrite
the dispersion relation by means of the plasma dispersion function. Then we have been
able to use the python code by Eric Sonnendriicker which calculates the zeros of a given
dispersion function [31].

For both approaches we have got the result that v < 0 and therefore a proof for the
damping effect of the electric field in the limiting case of long wavelengths. Compared
to the one-species Vlasov-Poisson-BGK model examined by Lena Baumann [2] we have
received the result that the damping effect is intensified since there are terms concerning
ions and electrons and mixed terms contributing to the damping coefficient. In addition
to the damping effect due to the BGK equations we have got further terms from the
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relaxation effect of the collision kernel. This collision term itself tends to an equilibrium
which can be explained with the H-theorem. Both of the dampening effects reinforce
themselves.

In the future, a new aspect could be to consider the BGK system for two species,
though without linearising the model. In 2011 Clément Mouhot and Cédric Villani
published their work where they proved non-linear Landau damping for the Vlasov-
Poisson equation for one species [23]. One could extend their model by the BGK collision
kernel or by considering two species or even a combination of the two extensions.
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A Appendix

A.1 Expanded Expression of the Dispersion Relation

The real part of the dispersion relation (3.29) after applying the first order of Jackson’s
identity as done in Chapter [3.2.6| is:
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A.2 Python Code for the Numerical Calculation of the Damping
Effect

In Chapter the zeros of the dispersion relation of the two-species Vlasov-
Poisson-BGK system were determined and represented in Fig. [3Jand Fig. [4in a complex
plane. For this purpose, Eric Sonnendriicker’s Python code for determining the zeros in
case of the Vlasov-Poisson model for one species, namely electrons, was modified [31].

In the first step one defines the plasma dispersion function as well as the class
DefFunctions. In this class one has the definitions for the functions counting the number
of zeros and finding the zeros in a rectangular box by means of the generalized eigenval-
ues of Hankel matrices. If the determined zeros are not the zeros of the input function
or if the box contains more than five zeros, one redefines the rectangular box by dividing
it into four smaller boxes.

In the second step one takes the Python file LandauBGK2Species and inserts the
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dispersion relation of one’s system, in our case the dispersion relation for the Vlasov-
Poisson-BGK system for two species (3.34). After specifying the physical constants one
defines the range of k, for which one wants to determine the zeros. As an additional
result one gets the amount of the zero with the largest imaginary part.

The pseudo code for the first step looks as follows:

Define plasma dispersion function Z:
input: z
output: Z(z) = /re *’ [i — erfi(z)]

Define class DefFunctions:
Initialize

Define function count  zeros:
input: rectangular box (xmin, xmax, ymin, ymax)

output: s = 3= [, ’;/((;)) dx

Define function get_ zeros:
input: rectangular box (xmin, xmax, ymin, ymax), error margin (tol, tolK),
maximal number of zeros (maxiter)
s = count_ zeros(xmin, xmax, ymin, ymax)
if s >5do
redefine box (see function refine)
else do
compute zeros by means of Hankel matrices
check error margin
output: zeros

Define function refine:
input: rectangular box (xmin, xmax, ymin, ymax)
subdivide box into four smaller boxes of equal size
output: zeros in smaller boxes

The second step has the following pseudo code:

Define the constants:
mass ratio between ion and electron (m),
thermal velocity of ion (vthl) and electron (vth2),
plasma frequency of ion (omegapl) and electron (omegap2)
collision frequencies (nu22, nu2l, nul2, null, lambda2, lambdal)
number densities (n0)

Define dispersion relation:
input: omegabar, k
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output: dispersion relation according to (3.34])

Define rectangular box:
Xmin, xmax, ymin, ymax

for k in [0.15,0.30] in steps of 0.05 do:
get_ zeros (see class DefFunctions)
get zero with the largest imaginary part (omega)
plot zeros with real and imaginary parts as axes

The formulated Python codes for the class DefFunctions and the file for the actual
calculation LandauBGK2Species are the following:

import numpy as np

import sympy as sym

import mpmath as mp # multiple precision arithmetic
from scipy.linalg import hankel, eigvals

from scipy.special import erfi

from scipy import integrate

mp.dps = 30
mods = [’numpy’, {’erfi’: erfil}]
def Z(x):

"mn Plasma dispersion function
return sym.sqrt(sym.pi) * sym.exp(-(x ** 2)) *x (1j - sym.erfi(x))

nnn

class DefFunctions:
def __init__(self, D, kmode, max_zeros=20):

self .kmode = kmode

self.zeros = []

omegabar = sym.symbols(’omega’)

self .D = sym.lambdify (omegabar, D(omegabar, kmode), ’mpmath’)

self .max_zeros = max_zeros

self .Dprime_over_D = sym.lambdify(omegabar, sym.diff (D(omegabar
, kmode), omegabar) / D(omegabar, kmode), ’mpmath’)

self .D_over_Dprime = sym.lambdify(omegabar, D(omegabar, kmode)
/ sym.diff (D(omegabar, kmode), omegabar), ’mpmath’)

def count_zeros(self, xmin, xmax, ymin, ymax, tol=1l.e-6, deg=3):
""" Count the number of zeros in the box defined by xmin,xmax,
ymin,ymax; Returns the number of zeros """

k = self.kmode

sl = mp.quad(lambda t: self.Dprime_over_D(xmax + 1j * t).real,
[ymin, ymax], maxdegree=deg)

s2 = mp.quad(lambda t: self.Dprime_over_D(xmin + 1j * t).real,
[ymin, ymax], maxdegree=deg)

s3 = mp.quad(lambda t: self.Dprime_over_D(t + 1j * ymin).imag,

[xmin, xmax], maxdegree=deg)
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s4 = mp.quad(lambda t: self.Dprime_over_D(t + 1j * ymax).imag,
[xmin, xmax], maxdegree=deg)
return (sl - s2 + s3 - s4) / (2 * np.pi)

def get_zeros(self, xmin, xmax, ymin, ymax, deg=3, tol=1le-12, tolK=
0.01, maxiter=10, verbose=False):

Count zeros in the rectangular box """

if verbose:

nnn

print (’Exploring box:’ + str(xmin) + ’,’ + str(xmax) + ’,°
+ str(ymin) + ’,’ + str(ymax))
nzeros = self.count_zeros(xmin, xmax, ymin, ymax)
K = int(round(nzeros.real))

if abs(K - nzeros.real) > tolK or K > 5:
if verbose:
print (’refining: error=’, abs(K-nzeros.real), ’ K=’, K)
self.refine(xmin, =xmax, ymin, ymax, deg, tol, tolK, maxiter
, verbose)
else:
if verbose:
print (’found ’ + str(K) + ’ zeros,Error=’ + str(abs(K -
nzeros.real)))
# Compute s_m 1if K>O
if K > 0:
s = np.zeros(2 * K, ’complex’)
for m in range(0, 2 * K):
sl = mp.quad(lambda t: (xmax + 1j * t) ** m * self.
Dprime_over_D(xmax + 1j * t), [ymin,
ymax], maxdegree=deg) / (2 * mp.pi)

s2 = mp.quad(lambda t: (xmin + 1j * t) ** m *x self.
Dprime_over_D(xmin + 1j * t), [ymin,
ymax], maxdegree=deg) / (2 * mp.pi)

s3 = mp.quad(lambda t: (t + 1j * ymin) ** m * self.
Dprime_over_D(t + 1j * ymin), [xmin,
xmax], maxdegree=deg) / (2 * 1j * mp.pi)

s4 = mp.quad(lambda t: (t + 1j * ymax) ** m * self.

Dprime_over_D(t + 1j * ymax), [xmin,
xmax], maxdegree=deg) / (2 * 1j * mp.pi)
s[m] = s1 - s2 + s3 - s4
# Compute zeros as generalised eigenvalues of Hankel
matrices

H = hankel(s[0:K], s[K - 1:2 *x K - 11])

H2 = hankel(s[1:K + 1], s[K:2 * K])

w = eigvals (H2, H)

# Check error on zero and perform Newton refinement if

necessary
error_flag = False
for i in range(len(w)):
ww = wl[il
error = abs(self.D(ww))
it = 0
while error > tol and it < maxiter:
ww = ww - self.D_over_Dprime (ww)
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error = abs(self.D(ww))
it = it + 1
wlil] = ww
if verbose:
print (str(ww) + ’: error on zero= ’ + str(error
) + 7 #iter=’ + str(it))
if (error > tol):
error_flag = True
break
if error_flag:
self .refine (xmin, xmax, ymin, ymax, deg, tol, tolK,
maxiter , verbose)
else:
self.zeros = self.zeros + w.tolist ()
return self.zeros

def refine(self, xmin, xmax, ymin, ymax, deg, tol, tolK, maxiter,
verbose):

Get zeros 1in refined box

h = [float(xmax - xmin), float(ymax - ymin)]

self.get_zeros (xmin, xmin + 0.5 * h[0], ymin + 0.5 * h[1], ymax
, deg, tol, tolK, maxiter, verbose)

self.get_zeros(xmin + 0.5 * h[0], xmax, ymin + 0.5 * h[1], ymax
, deg, tol, tolK, maxiter, verbose)

self.get_zeros(xmin + 0.5 x h[0], xmax, ymin, ymin + 0.5 * h[1]
, deg, tol, tolK, maxiter, verbose)

self.get_zeros(xmin, xmin + 0.5 * h[0], ymin, ymin + 0.5 * h[1]
, deg, tol, tolK, maxiter, verbose)

nnunn nimn

import matplotlib.pyplot as plt
from DefFunctions import *
from pylab import *

# Physical constants

m=1800 # Mass ratio between ion and electron ml/m2
vthli=1 # Thermal velocity ion

vth2=vthl*sym.sqrt(m) # Thermal velocity electron
omegapl=1 # Plasma frequency ion
omegap2=omegapl*sym.sqrt(m) # Plasma frequency electron
nu22=0.5 # Collision frequency electron with electron
nu2l=nu22 # Collision frequency electron with ion
null=nu22/sym.sqrt(m) # Collision frequency ion with ion
nul2=nu22/m # Collision frequency ion with electron
lambdal=null+nul2 # Collision frequencies ion
lambda2=nu22+nu2l1 # Collision frequencies electron

n0=1 # number densities

# Dispersion relation
def D(omegabar ,k):
return (1 + ((omegapl**2+1j*nO*lambdal*omegabar)/(k*vthl)**x2) + ((
omegabar* (omegapl **x2-n0**x2*xlambdal**x2))/(sym.sqrt (2)*xk#**3
*vthl**3)+(1j*n0*lambdal)/(sym.sqrt (2)*k*vthl)*(1+(
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omegabar **2+omegapl **2)/ ((k*vthl) **2)))*Z ((omegabar+1j*n0
*lambdal)/(sym.sqrt (2)*k*vth1)))*(1 + ((omegap2**2+1j*n0x*
nu22*omegabar)/(k*vth2) **x2) + ((omegabar* (omegap2**2-n0 **
2xnu22*lambda2))/(sym.sqrt (2) xk**x3*xvth2**3)+(1j*n0)/(sym.
sqrt (2) *k*vth2) *(lambda2+ (nu22*omegabar *x2+lambda2*
omegap2**2)/ ((k*xvth2) *x2)))*Z((omegabar+1j*n0*xlambda2)/(
sym.sqrt (2)*k*vth2)))-(omegapl **2x (omegap2**2-1j*n0*nu21*
omegabar) )/ ((k**2*xvthl*vth2) *x2)*x(1+((omegabar+1j*n0*
lambdal)/(sym.sqrt (2)*xk*xvthl))*Z((omegabar+1j*n0O*lambdal)
/(sym.sqrt (2)*xk*vthl)))*(1+((omegabar+1j*n0*lambda2)/(sym
.sqrt (2) *k*vth2))*Z((omegabar+1j*n0*lambda2)/(sym.sqrt (2)
*k*xvth2)))

xmin=-1.6
xmax=-1*xmin
ymin=-1.6
ymax=0.1

for kmode in arange(0.15,0.35,.05):

print(’----------"-"-"-"-"-"-"-"-"-"-"-"-"""""“— )

print (’mode:’, kmode.round(decimals=2) )

zaf=DefFunctions (D, kmode)

print (’number of zeros:’, zaf.count_zeros(xmin, xmax, ymin, ymax))

zeros=zaf.get_zeros(xmin, xmax, ymin, ymax)

# Determine the zero with the largest imaginary part
zero_max=zeros [argmax (imag(zeros))]

print(’-—--------"-"-"-"—"-"-"-"——"—————- )

print (’k=’,kmode.round (decimals=2))

print (’zero with largest imaginary part (omega):’, zero_max)
plot(real(zeros) ,imag(zeros),’.’,label="k="+str (kmode.round(

decimals=2)))

axis ([xmin-.1,xmax+.1,ymin-.1,ymax+.1])

title(’zeros of dispersion relation, nu22={}’.format(nu22))
legend (loc=’lower center’)

show ()

The results of the application of the code can be seen in Fig. [3|and Fig. [4] of Chapter
B.27
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