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Kurzzusammenfassung

Die experimentellen Realisierungen der ersten Bose-Einstein Kondensate im Jahre 1995 legten den
Grundstein fiir die physikalische Untersuchung von entarteten Quantengasen. Seitdem ist dieses
Wissenschaftsfeld ein robuster und schnell wachsender Teil der Tieftemperaturphysik geworden
und hat viel Aufmerksamkeit der physikalischen Gemeinschaft auf sich gezogen. Die ersten ma-
gnetischen dipolaren Effekte wurden in Bose-Einstein Kondensaten aus Atomen von *2Cr, 3Rb,
"Li und '*Dy beobachtet. Durch die Verwendung des STIRAP-Verfahrens (stimulierter adiaba-
tischer Raman-Ubergang) ist es moglich geworden, die fermionischen Molekiile *“K8"Rb mit einem
Dipolmoment von 0.5 Debye in die Nahe des quantenentarteten Bereiches zu bringen. Mit diesem
experimentellen Fortschritt ist es realistisch anzunehmen, dass entartete dipolare Fermigase in
Kiirze experimentell untersucht werden konnen. In dieser Diplomarbeit stelle ich die Herleitung
einer Theorie dar, die die Dynamik solcher Gase vom kollisionslosen- hin zum hydrodynamischen
Regime beschreibt. Der erste Teil behandelt die Herleitung der Bewegungsgleichung, der so ge-
nannten Boltzmann-Vlasov-Gleichung, welche die Dynamik des Systems beschreibt und der zweite
Teil behandelt die Bestimmung einer approximativen Losung.

Um eine Gleichung herzuleiten, welche die Zeitentwicklung des Systems beschreibt, fiihre ich eine
Quasi-Phasenraumverteilungsfunktion ein, welche aufgrund einer Gradientenentwicklung zu einer
semiklassischen Beschreibung fithrt und die Giiltigkeit dieser Herleitung auf schwache Teilchen-
wechselwirkungen beschréankt. Deren Effekte werden mit Hilfe von Storungstheorie bestimmt,
welche in erster Ordnung zur Molekularfeldbeschreibung mittels Hartree- und Fock-Potenzialen
fithrt. Der Term zweiter Ordnung beschreibt die Zweiteilchen-Wechselwirkung tiber ein binares
Kollisionsintegral. Aus der Betrachtung von dessen Eigenschaften leiten wir die Erhaltungsgrofien
des Systems ab, was zu einer konkreten Form der Verteilungsfunktion im lokalen Gleichgewicht
fithrt, welche den Limes jedes Relaxationsprozesses aufgrund von Kollisionen darstellt. Um
das Kollisionsintegral zu vereinfachen, linearisiere ich dieses und diskutiere die mathematische
Giiltigkeit einer Relaxationszeitnaherung.

Um eine Losung der Boltzmann-Vlasov Gleichung zu finden, benutze ich einen Skalenansatz
und berechne Momente der gesamten Gleichung, was zu gewohnlichen Differentialgleichungen fiir
die Skalierungsparameter fithrt. Um diese zu losen, minimieren wir die Gesamtenergie des Sys-
tems, was zu Gleichungen fiihrt, welche die statische Losung beschreiben. Dabei betrachte ich
insbesondere auch den zylindersymmetrischen Fall. Ich berechne die Wirkung der Kollisionen,
welche mittels einer Relaxationszeitnaherung beschrieben werden, durch die Bestimmung der Im-
pulssymmetrie des lokalen Gleichgewichts und kopple diese an die Differentialgleichungen mit Hilfe
der Erhaltungssétze. Dies fiihrt zu einem geschlossenen Gleichungssystem, das numerisch gelost
werden kann. Durch die Betrachtung der Grenzfille der Kollisionen, dem kollisionslosen- und
dem hydrodynamischen Regime, zeige ich, wie diese Theorie in unterschiedlichen Regimen zu ver-
schiedenen Gleichungen fiithrt und vergleiche die Ergebnisse mit fritheren Untersuchungen dieser
Grenzfille. Dies liefert die theoretischen Grundlagen fiir weitere Forschungen auf diesem Ge-
biet und konnte in zukiinftigen Experimenten mit entarteten dipolaren Fermi-Gasen Anwendung
finden.



Abstract

The experimental realization of the first Bose-Einstein condensates in 1995 created the basis
for the physical investigation of quantum degenerate gases. Since then, this research field has
become a robust and fast growing branch of low-temperature physics and attracted much attention
throughout the physical community. The first magnetic dipolar effects were observed in atomic
Bose-Einstein condensates of *2Cr, "Rb, "Li, and *Dy. By using stimulated Raman adiabatic
passage (STIRAP) it was possible to bring the fermionic molecules *°K® Rb, with an electric
dipole moment of 0.5 Debye, close to quantum degeneracy. With this experimental progress it is
realistic to assume that it would soon be possible to investigate degenerate dipolar Fermi gases.
In this thesis, I present the derivation of a theory describing the dynamics of such gases from
the collisionless until the hydrodynamic regime. The first part deals with the derivation of the
underlying equation of motion, the so-called Boltzmann-Vlasov equation, which describes the
dynamics of the system and the second part is dedicated to find an approximate solution of it.

In order to derive an equation which governs the time evolution of the system, I introduce a
quasi phase-space distribution function which leads, due to a gradient expansion, to a semiclassical
description of the system and limits the validity of this derivation to weak interparticle interactions.
These effects are determined by means of perturbation theory which leads in first order to a mean-
field description by the Hartree and Fock potentials. The second order term describes two-particle
interactions via the binary collision integral. By considering its properties, I derive the conserved
quantities leading to a concrete form of the local equilibrium distribution function which denotes
the limit of any relaxation due to collisional effects. I linearize the collision integral to simplify it
and discuss the mathematical validity of a relaxation time approximation.

To find a solution of the Boltzmann-Vlasov equation, I use a scaling ansatz and calculate mo-
ments of the whole equation leading to ordinary differential equations for the scaling parameters.
In order to solve them, I minimize the total energy of the system and construct the equations
which determine the static solution. To this end, I consider in particular the cylinder-symmetric
case. Furthermore, I calculate the effect of collisions, which is described within a relaxation time
approximation, by determining the momentum symmetry of the local equilibrium and coupling
it to the differential equations by means of the conservation laws. This provides a closed set of
ordinary differential equations which can be solved numerically. By considering the collisional lim-
its, the collisionless and the hydrodynamic regime, I show how this theory leads to miscellaneous
equations of motion in the different regimes and compare these results with previous investigations
of these limiting cases. This provides a theoretical background for further theoretical studies and
could be useful for future experiments with degenerate dipolar Fermi gases.
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1 Introduction

This chapter provides a concise overview of the physics of ultracold quantum systems with a
special emphasis on dipolar Fermi gases. Starting in Section 1.1 from the first theoretical and
experimental developments, I present in chronological order important historical advances up to
the present status of this particular branch of low-temperature physics. In Section 1.2, I review
how interparticle interactions affect both static and dynamic properties of Fermi gases. In Section
1.3, T highlight the current theoretical and experimental state of knowledge in the topic of dipolar
Fermi gases. Finally, Section 1.4 shows the table of contents of the present thesis.

1.1 Bose Gases

Physicists have been working on the topic of low-temperature physics for about 90 years. In 1924
Satyendra Nath Bose derived Planck “s quantum radiation law using a novel method for counting
states of identical photons [1]. His idea was extended by Albert Einstein in the same year for
massive particles [2]. In this way it was discovered that the Maxwell-Boltzmann distribution is
no longer valid for microscopic bosonic particles and has to be replaced by another one, which
is called Bose-Einstein distribution. It predicts the existence of a new state for macroscopic
quantum systems, namely the Bose-Einstein condensate (BEC), in which a large fraction of bosons
occupy the quantum mechanical ground state of the system. In a BEC, quantum effects become
apparent on a macroscopic scale. Therefore, it is one prominent example for a macroscopic
quantum phenomenon. The physics community was skeptical whether a BEC could ever be
realized, considering the interaction of the particles. Nonetheless, further theoretical progress was
achieved and, in 1956, a common criterion for Bose-Einstein condensation, which is based on the
necessity of long-range order, was formulated by O. Penrose and L. Onsager [3].

An important step for experimentally realizing a Bose-Einstein condensate was the development
of laser cooling, which cools a gas of atoms or molecules via the interaction with one or more laser
fields. The method is based on the detuning of a laser field slightly above an electronic transition
frequency for the gas particles. If they move in the opposite direction of the light beam, the laser
light is red-shifted due to the Doppler effect, which leads to a higher probability to absorb the
photon and, therefore, to an effective cooling due to the direction independence of the spontaneous
emission. This method enables physicists to reach the uK regime.

Evaporative cooling is used to further cool down the gas in order to reach the temperatures
necessary for Bose-Einstein condensation. This method removes the particles with the highest
energy, thereby lowering the average energy of the particles and providing an effective cooling.

The experimental realization of Bose-Einstein condensates was achieved 70 years after their
theoretical prediction in 1995 by Eric Cornell and Carl Wieman at JILA [4] in a rubidium vapor
and by Wolfgang Ketterle at MIT [5] in a sodium vapor. In the next few years, most of the
theoretical and experimental studies were dedicated to bosonic quantum gases to investigate the
consequences of Bose-Einstein condensation and the physical properties of Bose gases. Finally,
it was possible to Bose-Einstein condense twelve chemical elements in the last years as shown
in Fig. 1.1, i.e., the elements of the first column of the periodic table as hydrogen in 1998 [6],
lithium in 1997 [7], potassium in 2001 [8] and cesium in 2003 [9]. The first two-electron BEC
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Figure 1.1: Periodic table in which all elements, that were Bose-Einstein condensed, are high-
lighted in green.

was the rare-element ytterbium in 2003 [10], and recent developments made it possible to Bose
condense the alkaline earth metals calcium [11] and strontium [12,13], both in 2009. Another
major achievement was the Bose-Einstein condensation of helium in 2001 [14,15]. Additionally, in
the search for strong dipolar BEC s, the condensation of chromium in 2005 [16] and dysprosium
in 2011 [17] succeeded.

1.2 Fermi Gases

In view of the experimental achievements with BECs, the attention of the physics community
naturally also turned towards fermionic gases. In contrast to bosons, fermions obey the Pauli
exclusion principle, leading to a quite different behavior. One important difference lies in the
fact that the s-wave scattering is inhibited for fermions, which has large consequences for cooling
mechanisms based on evaporation [18], because thermalization is suppressed in this case. This
property makes it hard to achieve low temperatures in Fermi gases. Nevertheless, this can be
realized through sympathetic cooling techniques, where two different spin components of the same
Fermi gas are used. Alternatively, a Bose gas may be used as a refrigerator. Another important
difference between fermionic and bosonic gases is that no phase transition into a BEC occurs in a
Fermi gas. Instead, there is a smooth crossover into quantum degeneracy.

These major differences are rooted in quantum statistics, which become prevalent at low tem-
peratures. Hence, ultracold Fermi gases lend themselves to the study of quantum effects in many-
body systems. The first important achievements of quantum degeneracy in trapped Fermi gases
were obtained in 1999 at JILA [19], where temperatures smaller than the Fermi temperature
were reached. As the experimental data did not agree with classical theory, but coincided with
theoretical predictions for degenerate Fermi gases, the quantum nature of the sample became
apparent.

Interactions play a major role in quantum gases, as one can see in the context of the BCS-BEC
crossover. BCS theory, which was proposed by J. Bardeen, L. Cooper and J. R. Schrieffer, was the
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Figure 1.2: a) Schematic representation of the interaction potential with respect to the interpar-
ticle distance r. The red line represents the open channel and the blue one the closed
channel. b) Functional behavior of the s-wave scattering length with respect to the
applied magnetic field [20].

first microscopic theory of superconductivity, its name being derived from the physicists’ initials.
The BCS theory explains the effect of superconductivity on the basis that attractively interacting
fermions form Cooper pairs which behave like a particle with integer spin. Therefore, these pairs
obey Bose-FEinstein statistics, despite their fermionic constituents. The condensation of Cooper
pairs at the Fermi edge leads to the famous effects of superconductivity and superfluidity. On
the other hand, when the interaction between the fermions is repulsive, loosly bound molecules
are formed, which are small in comparison to the Cooper pairs, and their condensation leads to
superfluidity.

In recent years, the interparticle interaction strength could be changed by means of a Feshbach
resonance which enables one to change an attractive interparticle interaction into a repulsive one.
To discuss this in detail, consider two particles interacting via an underlying potential as a function
of the relative distance r as is depicted in Fig. 1.2 a). An incoming particle will be scattered back
by the barrier of the potential at » = 0 if the potential is independent of the atomic internal degrees
of freedom, which is called the open channel. But if the interparticle interaction depends on the
internal degrees of freedom, different sub-states will be coupled due to the hyperfine interaction.
An example will be the formation of a bound state of two particles due to the collision process
between them. This is called the closed channel. A Feshbach resonance occurs when the energy of
the bound state is equal to the asymptotic energy of the open channel. The important point is the
tunability of this energy difference for the hyperfine interaction by means of an external magnetic
field. This enables one to change the s-wave scattering length as shown in Fig. 1.2 b), thereby
providing a control over the strength and nature of the interparticle interaction. This represents
an ideal testing ground for investigating many-body quantum systems.

In order to characterize Fermi gases, it is important to investigate the elementary excitations of
the system, which depend on the interaction. In the nearly collisionless regime, in which only a few
scattering events per oscillation of the excitation occur, this corresponds to the zero sound mode,
a collective excitation due to the effective mean field provided by a large number of particles. On
the other hand, in the case of a large collisional rate, which is called the hydrodynamic regime,
the elementary excitation is the first sound mode due to the high collision rate which ensures local
equilibrium. The transition between these two regimes was first observed by S. D. Gensemer and
D. S. Jin [21] where a change of the density of a gas consisting of °K led to a drastic change in
the strength of the interparticle interaction.
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1.3 Dipolar Fermi Gases

The experimental observation of quantum degeneracy leads to the possibility of studying the long-
range dipole-dipole interaction in a polarized Fermi gas in a controlled way. The corresponding
interaction potential reads

Caa

4r |x|?

with ¥ being the angle between the polarization direction and the relative position of the dipoles.
The constant Cyq is a useful abbreviation so that Eq. (1.1) holds both for magnetic Cyqq = pom?
and for electric dipoles Cyq = 4md?, with the magnetic permeability in vacuum g and the electric
dipole moment d measured in units of Debye.

The first theoretical article dealing with a dipolar Fermi gas was published in 2001 by K. Géral
et al. [22], where a semiclassical theory of fermionic dipoles was used in order to investigate the
hydrodynamic excitations of the system [23]. At about the same time, the anisotropic pairing in
polarized dipolar gases in homogeneous [24] and harmonically trapped samples [25] was studied.
Recently, it was discovered that, due to the dipole-dipole interaction, the momentum distribution
of a Fermi gas is deformed from a sphere to an ellipsoid [26]. This important fact was not
considered in previous investigations. Moreover, other remarkable studies have been made for
trapped dipolar Fermi gases which cover, e.g., stationary solutions, low-lying excitations, and
time-of-flight dynamics in the collisionless regime at zero temperature [27] or at finite temperatures
[28] and in the hydrodynamic regime [20,29,30].

The experiments in the field of dipolar Fermi gases are not so far advanced, but recently, promis-
ing progress was made. Dipolar Fermi gases can be realized in several ways. One method consists
of using atoms with large permanent magnetic dipole moments m, for example the chromium iso-
tope 93Cr with m = 6 up, which has been magneto-optically trapped [31]. A crucial characteristic
of these magnetic atoms is the strength of their dipole moments, because the dipole-dipole poten-
tial depends quadratically on them. Therefore, dysprosium, which is one of the elements with the
largest magnetic dipole moments of ten Bohr magnetons ug, is the most promising candidate for
future experiments. As it was recently possible to condense 1.5 x 10* Dy atoms below 30 nK
[17], it is realistic to assume that fermionic isotopes, such as '®*Dy, which can be trapped simul-
taneously with bosonic isotopes [32], can soon be brought into the quantum degenerate regime as
well.

Another option is to use heteronuclear polar molecules. They are especially suitable due to
their large electric dipole moments. Further investigations of this topic led to the possibility to
control the interparticle interaction in these systems through applied electric fields [33] similar to
a Feshbach resonance. Recently, “°K®Rb molecules were brought close to quantum degeneracy
by using stimulated Raman adiabatic passage (STIRAP) to convert the molecules into the rovi-
brational ground state [34]. Further developments made it possible to detect via thermodynamic
measurements the anisotropy of the “°K8"Rb-sample caused by the dipole-dipole interaction [35]
as well as both the space and the momentum distribution [36]. However, these molecules are
not suitable for further studies at lower temperatures due to their chemical instability. Currently,
several groups are trying to cool proper endothermic heteronuclear molecules which are chemically
stable, so that polar molecules could serve as a background for testing theoretical predictions as
those developed in the present thesis.

Vi (X) = (1 — 3cos? 19) , (1.1)

10



1.4 This Thesis

1.4 This Thesis

The present thesis deals with the physical properties of a Fermi gas interacting via the long-range
dipole-dipole interaction within a triaxial trap at zero temperature. In the first part, I present the
derivation of the Boltzmann-Vlasov equation describing the time evolution of the system and its
properties. The second part is dedicated to find an approximate solution to this equation.

In Chapter 2, I present the description of the system in terms of a phase-space distribution
function, starting from basic quantum mechanics. The equation of motion for this function will
be derived according to perturbation theory, leading in first order to the Hartree and Fock terms
and in second order to the collision integral.

Chapter 3 analyses the physical properties of the collision integral. At first, I will demonstrate
how it conserves particle number, momentum and kinetic energy and how any relaxation due to
the collision processes leads to a relaxation of the system into a Fermi-Dirac distribution. Then, I
will also deal with approximations of the collision integral, i.e., the linearization and the relaxation
time approximation, and discuss their validity.

In Chapter 4, I present the derivation of an approximate solution of the equation of motion
for the distribution function which should be able to describe different collisional regimes, such
as the collisionless or the hydrodynamic regime. To this end, I derive the static solution and the
momentum symmetry of distribution functions which are invariant under collisions.

Chapter 5 considers the limiting cases of my approximate solution. For this purpose, I spe-
cialize the system into different collisional regimes and trapping geometries to obtain equations
which can be checked against previous theoretical work.

The thesis is concluded in Chapter 6, where an outlook is given in which I describe applications
of the theory and propose further developments, e.g., how a more general equation of motion can
be derived and how one can include temperature in this model.

11
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2 The Boltzmann-Vlasov Equation

In order to describe an ultracold Fermi gas, I use a semiclassical description in terms of a phase-
space distribution function. It describes the dynamics of the system by an equation of motion,
which is called Boltzmann-Vlasov equation. I present in this chapter its derivation at zero tem-
perature with all important steps of the calculation.

Consider a Fermi gas, which is contained in a trap and where the constituent fermions can
interact via a two-particle interaction. The physical properties of the considered Fermi gas are
mathematically contained in the Hamilton operator H of the system which determines the time
evolution of quantum states [¢)(¢)) through

L 0 ~
() = Al (). (2.1)
Moreover, the Hamilton operator of the system decomposes according to
-E[ = HO + -E[in‘m (22)

and can be written in terms of the creation and annihilation operators ¥(r) and ¥ (r). In turn,
these satisfy the anticommutation relations

{(x),0'(x")} = 6(xr — '),
{(r), @(r’)} =0, (2.3)

{d1(x),¢1(")} =0,

where the curly brackets denote the anticommutator {A,B} = AB + BA. The one-particle
Hamilton operator H contains the kinetic energy and the trapping potential U(r) in the form

Hy = / Prof(r) [— B;ZE + U(r)} O(r) (2.4)

and the interaction Hamilton operator H,,. describes two-particle interactions via the potential
Ving(r — r') according to

Hip, = % / Prd®r' Vi (v — r')t (r) bt (2) ) (2 (r). (2.5)
In this thesis I only consider the dipole-dipole interaction Eq. (1.1) between the fermions. This is
based on the assumption that the van-der-Waals forces between the atoms can be approximated
at low temperatures by an effective contact interaction [37-40]. This approximation considers
only the s-wave scattering of the potential, which is however forbidden for fermions, due to their
asymmetric wave functions [41]. Conveniently, then, there is no need to account for this type of
interaction.

13



2 The Boltzmann-Vlasov Equation

2.1 Wigner Representation

A classical system is fully described through space and momentum variables and one often uses
phase-space distribution functions to describe the dynamics of a many-particle system. In a
quantum description, it is possible to consider a quasi-distribution function, the Wigner function,
which is defined through the Fourier transform of the correlation function G (x; x'; t) with respect
to the relative coordinate s = x — x’ and reads

f(r,p,t) = /d3seép'SG(2) <r + S; r— 3;15) : (2.6)
This correlation function is defined through the average of a field operator and an adjoint one
G (x; ) = (4 (%) (x) (2.7)
t

and the quantum average is understood as the trace over the field operators with the underlying
density matrix p(t)

(1) () =T [ (1)1 () 6 () (2.8

Calculating the averages with the density matrix is a more general method than using the scalar
product of quantum states, because it enables to describe not only pure states but also mixed
ones. Therefore, it contains the whole time evolution of the system in the Schrodinger picture.

The Wigner function contains all quantum information of the system and is equivalent to a
quantum mechanical wave function [42,43]. Despite of this, it can be negative within small areas
of the phase space, which are shielded by the Heisenberg uncertainty relation. Therefore, the
Wigner function is only a quasi-distribution function, but the quantum-mechanical expectation
values of observables can be obtained by integrating them over the whole phase space, weighted
with the Wigner function. In particular, integrating the Wigner function over the space or the
momentum variable leads to the respective densities

n(x,t) = / (;jr—gpf(x,p,t), (2.9)

n0.0) = [ G xp) (210)

which are genuine distribution functions. In my further calculations, I perform gradient expan-
sions which assume that the Wigner function is slowly varying in its spatial argument. Thereby;,
quantum mechanical information is lost, which yields a semiclassical Wigner function [44].

Note that I will perform all of my further calculations in the Schrodinger picture. Then, the
whole time evolution of the system is governed by the density matrix p(t) according to the von

Neumann equation
L 0p N
i () = | H.p(t)] (2.11)

where the square brackets denote the commutator [/1, B] — AB—BA. The resulting time evolution
of the Wigner function can be computed with the help of Eq. (2.6)—(2.11) by using the cyclic
permutation of the trace and the explicit form of the Hamiltonian from Egs. (2.2), (2.4), and

14



2.2 Kinetic Term

(2.5):

z’h%(np,t) = / &P sd3r e nP STy (/B(t) {@@T (r + 3) W <r - 3) T (r") [— 5 T U(r’)} 1/3(1“’)})

1 i
+ 5 /d3sd3r’d3r”ehp'sTr {p(&) Vi (x' — 1")

~

< [0 (r+3) 6 (r=3) DHEEDE"DE)] (2.12)
The calculation of the respective terms on the right-hand side of Eq. (2.12) represents the goal of
this chapter. The kinetic and trapping terms contain anticommutators of four field operators which
lead to averages of two field operators and, through Eq. (2.6) and Eq. (2.7), to Wigner functions.
The six operator average in the interaction term is more complicated. It will be necessary to use
perturbation theory to compute this term in an appropriate way. For simplicity, I will deal with
all these terms individually.

2.2 Kinetic Term

At first, I will calculate the term which contains the one-particle Hamiltonian H,. After performing
the commutator, the kinetic energy contribution in Eq. (2.12) yields the following expression

2

e fsgineirn (o (6 e 5) 726 (- )] - [7200 (4 2] (- D)),

(2.13)

where Vi = V.44, is an abbreviation. The derivatives can be rewritten into pure derivatives of
r and s by using the chain rule

1
Vri% =V, * évs. (2.14)
Inserting this into Eq. (2.13) leads to

Ix = /d?’shéeép'svs -V, Tr [ﬁ(t)ﬁf <r + ;) 0 <r — 3)] ) (2.15)

Using a partial integration, computing the action of V¢ onto the exponential function and taking
into account Egs. (2.6)—(2.8) yields

I = =it - Vo f(r,p.1). (2.16)

Note that the kinetic term Eq. (2.16) was obtained without any approximation.

2.3 Trapping Term

In the case of a smooth trapping potential U(r), the corresponding term in Eq. (2.12) can be
calculated similar to the kinetic term. At first one has to calculate the commutator with the
trapping term which leads to

Iy = /d3se;§p's [U <r - 3) -U (r + S)} Tr {[)(15)1&T (r + ;) U (r - ;)} . (2.17)
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2 The Boltzmann-Vlasov Equation

In order to deal with the potentials at different space points, I use the translation operator
f(x+a) =e*V=f(x). This can also be understood as a Taylor expansion of the function f(x+ a)
with respect to a at the space point x. Using the translation operator yields

Iy = /d3seép's [(e_%v” - 6%'V“) U(r)] T [,6(15)1[)T (r + ;) 0 (r - ;)] . (2.18)

To obtain a term proportional to the Wigner function, I have to approximate the exponential
functions to first order. Physically, neglecting higher order derivatives of the trapping potential
U(r) within a gradient expansion means that it is assumed to be slowly varying in space. Hence
[ approximate Eq. (2.18) to

Iy~ — / dBsetPs 5.V, U(r)Tr {ﬁ(t)w (r + 2) " <r - 3)} . (2.19)

Now I can rewrite the factor s in the integrand with the help of the exponential function in
Eq. (2.19) as a derivative of the momentum p and get with Eqgs. (2.6)—(2.8)

Iy =ihV, U(r) - Vo f(r,p,t). (2.20)

2.4 Hierarchical Structure of Quantum Averages

Putting the kinetic and trapping terms (2.16) and (2.20) together and calculating the commutator
in the interaction term in Eq. (2.12) yields the intermediate result

g{(r p,t)+%~vrf(r,p,t)—VrU() Vof(r,p,t) /d3 /d3 ehPs

x [V (x =1+ 2) = Ve (x =1 = 2)] T [t (r+ )w b9 (r=3)]. @2

The right-hand side of Eq. (2.21) shows the main problem of deriving an equation that determines
the time evolution of the Wigner function: The time derivative of the average of two field operators
leads to an average of four field operators, the time derivative of this four-field operator average
would lead to a six-field operator average, and so on. Note that this is a hierarchical structure
and it is, therefore, impossible to get a closed set of equations without further approximations.
Thus, I approximate this term with the help of perturbation theory with respect to the interaction
potential, which can only be done in the case of weak interparticle interactions, thereby limiting the
validity of the resulting Boltzmann-Vlasov equation. The first-order term leads to the mean-field
potentials and the second-order term to the collision integral.

With the help of the Wick contraction, one is able to approximate higher order operator averages
as products of two-field operator averages according to

(1)t o)) ) 2 (D ca)idx)) (9 xa)d0x0) ).
= (91 ex)dxa)) (o)),
=GP (x1:x4: )G (x9;x3; 1) — G (x1: %3 ) GP (%05 %43 1) (2.22)

Note that this is only an approximation. It is therefore necessary to understand, what is lost by
using it. To explain this in more detail, I consider two- and four-field operator averages. With
the help of the abbreviation

—h?V2

2m

h(x) = + U(x), (2.23)
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2.4 Hierarchical Structure of Quantum Averages

the dynamics of the correlation functions is described via the following differential equations

Oy
in T2 ) )] G

+ /d3x [Vint (X — X2) — Vine (x — X)) GW (x1,X;X,X9; 1), (2.24)

L 0GW (%1, X9 X3, X4 t
ih (x1 ai 3 X3 1) = [h(x4) + h(xs) — h(x2) — h(x1)] GP (x1, X2; X3, X4: 1)

+ [Vint (X3 - X4) — Vit (Xz - X1)] G(4) (Xh X2; X3, X4, t)
+/fxmm@—x@+wm@—xg—wm@—xg—wm@—xm
X G(G) (X17X2ax; X, X3aX4;t) . (225)

Consequently, the equation of motion for an n-field operator average involves an n + 2 operator
average. This hierarchical structure contains, in principle, an infinite number of coupled partial
differential equations, where the first one is of first order in the interaction potential and the n-th
differential equation is of order n in V. Thus, approximately solving this hierarchical structure
up to a certain equation corresponds to applying perturbation theory up to this order in the
interaction potential. To understand in which case the Wick contraction is exact, I consider
at first the simplest case, where no interaction occurs. For this purpose, I introduce two- and
four-field operator averages

G (x1;xp:t) = Tr [ﬁo(t)@ET(Xl)&(XQ)} ; (2.26)
G (x1, Xo; X5, x4 1) = Tt [ﬁo(t)w(xl)w(XZ)zﬁ(x?,)@(x@} , (2.27)

where the density matrix po(t) evolves only with respect to the one-particle Hamilton operator
Hy according to
. Opo o

To distinguish them from correlation functions, which evolve with the full Hamilton operator
H, 1 denote them with the index ’zero’. Their differential equations can be obtained from the
equations of motion for the general field operator averages Eq. (2.24) and Eq. (2.25) by setting
the interaction potential to zero:

) 6G(2) 1 Xo;t
i (; %20 _ o) — h(xa)] G2 %55 ), (2.29)
(4) . .
in 0G0 (X1, Xoi X5, Xa3t) [h(x4) + h(x3) — h(xa) — h(x1)] G (x1, xo: X3, X43 1), (2.30)

ot
Inserting the Wick contraction of G(()4), e.g.
GV (x1, X233, X431) = G5 (x15 %03 1) G (x5 X35 ) — G (%15 X33 £) G (x5 X3 ), (2.31)

into its differential equation Eq. (2.30) and using Eq. (2.29) shows that the Wick contraction is
exact in the considered case. The reason for this is that Hy in Eq. (2.4) is quadratic in the field
operators. Hence, performing the Wick contraction means neglecting the interaction part Hyy in
the complete Hamiltonian Eq. (2.2).
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2 The Boltzmann-Vlasov Equation

But this perturbation theory can not be performed exactly, which means that I have to make an
additional approximation. The reason for this is that the Wick contraction only applies exactly to
Gé%) and therefore one has to find an exact relation between G**) and Gé%), which is generally
not possible. In the case of G® such a relation can be derived, because of the linearity of
the differential equation Eq. (2.24) and the fact that G((]Q) is the homogeneous solution of it.
Then, a relation between these two correlation functions can be derived by using the fact that
general solutions of linear differential equations consist of the general homogeneous solution and a
particular solution of the inhomogeneous equation. In the case of higher order correlation functions
this is not possible, because their differential equations contain two terms proportional to G*™),
one due to the one-particle Hamiltonian Hy and a second one originating from the interaction
Hamiltonian. For G® these are the first two terms in Eq. (2.25). Thus, the homogeneous solution
of this differential equation is not the correlation function which evolves only with the one-particle
Hamiltonian Ggl).

2.5 Perturbation Theory

In order to achieve an expression for the right-hand side of Eq. (2.21), I have to perform pertur-
bation theory. Eq. (2.11) determines the time evolution of the density matrix 5(¢). To solve this
differential equation approximately, I will iterate the associated integral equation up to first order
in the interaction potential. At first, I will derive this integral equation and afterwards solve it
approximately. The time evolution due to the one-particle Hamiltonian H, can be expressed in
terms of the time evolution operator Uo(t,to) = e~ wHolt=t0) " Ty this end, I will reformulate the
equation of motion for p(t) in order to describe the effects of the one-particle Hamiltonian H,
only in terms of time evolution operators. This can be achieved by using the interaction picture
in which the density matrix is defined through the following formula

p(t) = Uo(t. to) oo (1) U5 (¢, To)- (2.32)
The time evolution of pp(t) is then governed by

L Opp(t . A
2P0 _ G40 10) e, OO ) (2.33)

The corresponding integral equation can be obtained by integrating the whole differential equation
polt) = olte) [ AT, o)l O 1), 234
Thus, taking into account Eq. (2.32), I get for the density matrix in the Schrodinger picture
p(t) = Us(t, to)plto) U (¢, to) — % /t t dt' Uy (t, to)US (', to) [Hine, ()] Uo (¢, 1) Ud (£, 10).  (2:35)
0

The products of the time evolution operators can be rewritten into single time evolution oper-
ators. Obviously, a time evolution from ¢’ to ¢y, i.e., ﬁg (t' to) = ﬁo(to,t’ ), followed by a time
evolution from t, to t, i.e., Uo(t, to), is equivalent to a time evolution from ¢’ to ¢, i.e., Uo(t, t').
Mathematically, this can be seen by considering the underlying exponential functions of the time
evolution operator. Thus, I obtain

(1, t0) U3 (' t0) = U (8, 1), (2.36)
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2.6 Mean-Field Terms

The other two time evolution operators can be treated analogously. Inserting this into Eq. (2.35)
leads to .
p(t) = Us(t, to)p(to) U (. to) — h/ dt' Uy (¢, t') [ Hing, p()]US (£, 1), (2.37)
to
Iterating this relation to first order and inserting this into the four-field operator average of
Eq. (2.21) leads to

T [0 (x+5) 0 ()0 ) (x = 3)] = Te {Oolt, 1)) U (1, 0)
<0t (e 28 000 60 (= 2) = & [ 00t ) B, Ot )t U 10

<O (L) (x4 3) 0 )0 ) (x = 5) + - ) (2.38)

The first term of Eq. (2.38) will lead to the Hartree and Fock mean-field terms, while the second
term, which is of second order in the interaction, will lead to the binary collision integral.

2.6 Mean-Field Terms

Here, I will derive the mean-field terms of Eq. (2.21). Hence, I only consider the first term of the
right-hand side of Eq. (2.38), inserting it into the interaction term of Eq. (2.21). The four-field
operator average in this term evolves only with respect to the one-particle Hamiltonian Hy, so
it satisfies Eq. (2.30). As discussed earlier, the Wick contraction for this four-operator average
is exact, but leads to two-field operator averages which also evolve only via the one-particle
Hamiltonian Hy, so I get with the Wick contraction Eq. (2.31)

Te { Dol t0)p(to) U, 1) (x4 3) 91 ) D () & (r =5 ) } = G (v + 5w = S51)

= Géz) (r + g;r — 3;1&) GéQ) (x;x;t) — G(()Q) (r + g;x; t> G((JQ) (X;r — g;t) . (2.39)
Because of the linearity of the differential equation for G® in Eq. (2.24), an exact relation can
be obtained between the two-operator averages G?) and G02 , which evolve with and without the
interaction Hamiltonian, respectively. A general solution of such a dlfferentlal equation is the sum
of the general solution of the homogeneous differential equation G and a particular solution of
the inhomogeneous differential equation. The latter can be derlved with the method of varying
constants:

GO (x1; %0 1) =G (%15 %25 1) (2.40)
dt n 32 [Ving (x — X2) — Vine (x — x1)] G® (x1, x; X, Xo; 1)
to G(()z) (Xl; X9, t')

1
+ %G(()Q)(XBXQ, t)

I approximate G(()z) with G| which is correct up to first order in the interaction. I perform this
approximation following Kirkpatrick and Dorfman [45] and note that this means neglecting terms
which are of second order in the interaction potential. The importance of these terms for the
Boltzmann-Vlasov equation is beyond the scope of this diploma thesis. Thus, I am left with the
following result for the left-hand side of Eq. (2.39)

T { Dot t0)p(t) U3 (4 0)8" (r+5) 1 () & ()& (r = 3) }
~G® (r + g;r — g;t) G (x;x;t) — G? (r 3 ;t) G® <x;r — ;;t) ) (2.41)
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2 The Boltzmann-Vlasov Equation

Inserting this into the the right-hand side of Eq. (2.21) yields
[int ~ [H =+ [Fa (242)

with the Hartree term

_ 1 3.3, ips S S
Iy = d’sd’xen [th (X r+ 2) Ving (X r 2)}
x G? (r + ;; r— ;; t) G (x:x;t) (2.43)

and the Fock term
1 i S S
[F:_E d3s/d3xehp [‘/;nt (X_r+§)_v;nt (X_r_é)]
x G? (r - %;x; t) G®@ (X; r— 3; t> : (2.44)

For simplicity, I treat the mean field terms separately, starting with the Hartree contribution.

2.6.1 Hartree Term

At first, I reformulate the interaction potential in Eq. (2.43) with the help of the translation
operator

Iy :% d?’s/d%eép’s { [eg'v’” — 6_%'%‘”} Vine (X — 1')}

x G (r + %; r— %;t) G®? (x;x;1). (2.45)

To further evaluate the Hartree term, I have to approximate the exponential functions within the
gradient expansion, where the spatial derivatives are considered up to the linear term. Further-
more, the particle density can be obtained according to Egs. (2.6), (2.7), and (2.9)

n(x,t) = G (x;x;t). (2.46)

If T neglect higher order derivatives of the interaction potential, the Hartree term takes the form
Iy =V, {/ 2 Vi (r — x)n(x, t)] -Vpf(r,p,t). (2.47)

2.6.2 Fock Term

The derivation of the Fock term is more involved than the Hartree term. With the help of the
following abbreviation

[Ex (x,r — §’t> = —Vin (x —r+ 3) G®? <X;I‘ — %;t) , (2.48)

the Fock term decomposes according to Ip = Iy, — Ip, with the terms

1 i
IFl _ %/dgsd?’xehp'SFEx (x,r _ 3775) G(2) <I' + ;,X, t) , (249)

(4
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2.6 Mean-Field Terms

and
1

> ih
At first, I will treat these two terms separately, starting with Ip,. For this purpose, I use the
translation operator so that the correlation functions G® and I'®™* become independent from s.

Furthermore, I use Fourier transformations with respect to the relative coordinates of '™ and
G to derive the following form of Eq. (2.49)

1 s d®p; = r+x i
T d3 d3 hp s — 5.V, / FE t —ﬁpy(x—r)
F1 = Zh sa-re |:e 2 (27Th)3 9 — b1, €

d3py r+x ;
Vr —+p2-(r—x) 251
X [62 /(27Th)3f( 2 7p27t) e n :|7 ( 5 )

where B is the Fourier transform with respect to x —r of the quantity defined in Eq. (2.48). To
obtain a simple r dependence of the Wigner function and I'®*, I perform the substitution x’ = x—r
and afterwards use the translation operator, which yields

Ip, = &P sdPrenP ST < + g,x, t) G (x; r— 2;15) . (2.50)

Iy, = ! &P sdPa' P eg'Vr/ ' ¢ Ve Ex (r,p1,t) e #P>
'R (27h)3 Y
s d3p2 x/ i /
X lez‘m/ (Qﬂh)?)e?'v‘“f(r, pg,t)ehm'x} : (2.52)

The X’ in the exponential function with the spatial derivative acting on I'™ and f is proportional
to a spatial derivative with respect to p;, with ¢ = 1,2, leading to

1 s d3 ~ = =
Ir, = &P sdPx’ enPs {62'V”/(27T];LI)3FEX (r,p1,t) e VrVeie hplx}
- d?py LG, T, ipgx!
X |e2 (27rh)3f (r,ps,t)e 2 2¢h : (2.53)

where the arrows over the derivatives denote in which direction they act. With the help of partial
integrations, the direction of the momentum derivatives can be changed, so that they act only
on the distribution function and I'®*. Due to the substitution, the spatial derivatives of those
exponential functions which contain the vector s are equal to the negative derivatives with respect
to x’. Afterwards, their action on the exponential functions can be calculated

Epr Py i [ _inG. G
I d3 hps d3 / 57 S'P1 |:]_’1EX t 5 Vpl Ve
Pt 70 / ¢ / / 2mh)? (2h)3 (rp1t)e

« o~ i (p1-p2) [ 2V, ﬁf(r pQ’t)] ) (2.54)

It is now possible to perform the x’ integral, and, with the help of the resulting delta function,
also one of the two momentum integrals. The resulting term reads

1 3 ios Ppr g 1 [PEx AV, Ve BV, Vs
Iy, = d’senP /<27Th)3e RSP [F (r,pp,t)e 2 'm 2Pl f(l",pbt)}- (2.55)
Eq. (2.50) can be treated analogously, yielding
1 d3p1 i ~ e S R =
I BB sehPs S [ £) 3 Vor Vo= Ve, T Hl. @6
Fo = Zh /(27‘(‘h)3e (I',ph )6 f<r7p17 ) ( )
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2 The Boltzmann-Vlasov Equation

Now both terms of the Fock contribution are combined. To get an expression of the Fock term,
that is similar to the Hartree Term, I approximate the exponential functions within a gradient
expansion by considering only derivatives up to first order and get

b [ pates [P e fre c & .o o
F —/ sen /We 2 {F (r,p1,1t) [—Vr- Vo, + Vg, - Vr] f(r,pl,t)}. (2.57)
The last two integrals can now be performed with the result that all momenta p; have to be
replaced by momenta p. The last step of my calculation is to derive an explicit expression of
'™, For this, I compute the Fourier transform of I'™ in Eq. (2.48) with respect to its relative
coordinate, which yields

[ s . (o~ ) (2.58)
= arsevAt) in - ’ .
(27Th)3 Py t\P P

where Vi is the Fourier transform of the interaction potential. Inserting Eq. (2.58) into Eq. (2.57)
concludes the calculation of the Fock term with the result:

30/ ~
Ir :Vp |:/ (;T—z)gf(n p/, t) int(p - p/):| : Vrf(ra P, t)

3,/
- Vr |:/ éﬁ—z)?’f‘(rv pla t) int(p - p/):| ' fo(r, pa t) (259)
The mean-field terms (2.47) and (2.59) represent one of the two ways in which interparticle
interactions enter the Boltzmann-Vlasov equation. On the one hand, they contribute through the
effect of collisions, which I explain in the next section; on the other hand, they constitute a mean-
field potential. The latter means that the interaction from the whole Fermi gas is described by an
averaged potential. Thus, this approximates the interaction between all the particles through an
effective one-particle theory in which the particles do not interact with each other, but are rather
subject to an additional effective potential which depends on the distribution of the fermions. This
dependence is explicitly taken into account by the formulas, as they contain the Wigner function.
Note that the p-dependence of the mean-field term originates only from the Fock term.

2.7 Collisionless Boltzmann-Vlasov Equation

In this section, I discuss the current status of the derivation of the Boltzmann-Vlasov equation
and explain its physical meaning. Taking Eq. (2.12) with Egs. (2.16), (2.20), (2.47), (2.59) and
neglecting the terms of second order in the interaction potential yields

{% + % -V, =V, {U(r) + /d?’xVint(r —x)n(x,t) + [Ex (r, p,t)} -Vp

TV (1D, 1) - Ve fr D) =0, (2:60)

which represents the so called collisionless Boltzmann-Vlasov equation. This semiclassical equation

can be interpreted based on its Hamiltonian structure, which becomes clear by introducing the

Hamilton function
2

H(r,p,t) = ;)—m L U®r) + /di”m(x, £) Vit (T — X) — /

A3’ 5
(27T—]7;)3f<1‘7 P, 1)Vini(p — D). (2.61)
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2.8 Collision Integral

Taking into account Eq. (2.58) the collisionless Boltzmann-Vlasov equation (2.60) can then be
reformulated with the help of this Hamiltonian as

0

En +VoH(r,p,t) -V, — V. H(r,p,t) - Vp| f(r,p,t) =0. (2.62)
This is in fact the Liouville equation for the distribution function f(r, p,t), which implies that the
function H(x,p,t) denotes really a Hamilton function. Using the Hamilton equations of classical
mechanics

dr

E = VPH(rv p; t)a (263)
d
_p == _er(rv P, t)7 (264)
dt
I can reformulate Eq. (2.60) as
df (r,p, 1)
——" =0 2.65
Bl (2.65)
with the total derivative p 9 4 p
r 1Y
222 et 2 ) 2.
dt 8t+dt Vet dt Ve (2.66)

The physical meaning of this equation can be understood by considering a phase-space volume
d®rd®p which contains f(r, p,t)d>rd®p particles at time ¢t. Eq. (2.62) governs the change in time of
this particle number, which is caused by two different mechanisms. The first one drives particles
away from the phase-space volume due to their velocity p/m, which is contained in the second
term in Eq. (2.66), while the second mechanism involves particles moving out of the considered
phase-space volume due to a force field which changes their momenta and is contained in the third
term of Eq. (2.66).

Note that, in the case of a contact interaction Vi (x) = ¢gd(x), both mean-field terms could be
further simplified according to

/d?’met(r —x)n(x,t) = gn(r,t), (2.67)
™ = —gn(r, ). (2.68)

Thus, the mean-field terms vanish completely in Eq. (2.60) or Eq. (2.61), due to the antisymmetric
wave functions of the fermions which forbid that they interact via such a contact potential.

2.8 Collision Integral

In this section, I derive the collision integral, by following primarily the seminal paper of Kirk-
patrick and Dorfman [45]. Since I do not consider delta-type interactions, as these are not allowed
for polarized fermions, the concept of collisions is not quite the same as in classical mechanics.
At first, I remark that no true point interactions occur in physical systems. Thus, I consider that
collisions mean interactions in a finite but small area of space, and on a short time scale.

The derivation of the collision integral is based on some key approximations. On the one hand,
I assume that the Wigner function is slowly varying in space, which means that the range of the
collisional interaction is much shorter than the length scale over which the distribution function
changes significantly. On the other hand, I suppose weak interparticle interactions in order to
justify the perturbation theory.
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2 The Boltzmann-Vlasov Equation

I start with evaluating the second term of the perturbation theory of the time evolution of
the density matrix p(t) in Eq. (2.38) which leads to the right-hand side of the Boltzmann-Vlasov
Equation Eq. (2.21):

Leon = ( ) /d3 /d3 / dt/ehps Ving (x —r+ 3) — Ving (x —r— ;)] (2.69)
« Tr {Uo(t,to)p(to)Uo(t,to) [Ug (t, ')t (r + g) D (%) 0 (x) ¥ (r - -) Uo(t, ), Hmt} } .

For simplicity, I transform Eq. (2.69) into Fourier-space. For this, I introduce the Fourier transform
of the field operators according to

Zeﬁpxap, (2.70)

Tx)zﬁ;e gl (2.71)

where the creation and annihilation operators satisfy the anticommutation relations

{dz)ldpz} = p1 P2 (2'72)
{al al,} =0, (2.73)
{ap, Gp,} = 0. (2.74)

After a short calculation, the interaction Hamiltonian Eq. (2.5) reads in terms of the creation and
annihilation operators

Hiny = V Z Z Z Z th p1 p4 Pl+P2 p3+p4aL1aL2ap3&p4- (2-75)

P1 P2 P3 P4

To complete the reformulation of Eq. (2.69), I also have to rewrite the other field operators and
the interaction potential in Fourier-space

e [ [t s 3) e )
< Of(e, )0 (r+3) w(x)mxw(r__) Dot )

:_/ dtZZZZth (qz — q3)e” Fr(q1+92—q3—q4)

q1 492 493 q4

X e%(t* )(qu‘i’qu*qu*ECM) |:6p,q2_q3gq1_q4 — 6p,q2_q3;—q1+q4 ai{l LQCLq3dq4, (276)
with the energies
Eq = qu +U(r) (2.77)

Inserting the previous results into the collision term, Eq. (2.69) leads to the average of a commu-
tator containing eight field operators with the abbreviation >, =3 > > > .

lp==15 dt 2_V2 Z Z Vine (P (Q2 - OI3)6_%r‘(qﬁqrq?’_q‘*)e%(t_tl)(qu+E“2_Eq3_Eq4)
{a} {p}

X 5p1+p27p3+p4 [5 (d2=d3—di=ay — 5p7q27q3;q1+q4}

x { p(to) U (1 1) [, 8l st @), b, ] Dot 10) (2.78)
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2.8 Collision Integral

The time-evolution operators in the average of Eq. (2.78) describe a time evolution of the eight
creation and annihilation operators due to the one-particle Hamiltonian Hy. The next step is the
calculation of the commutator

~ToAT ATt oA oAl At AT AT A A 5 _atat At 4 A 4
[a gy, (py Qpy, G, @ aq3aq4] =y, Gy, A4, Up, U3 UqOpg qr — Gpy, Ap, A Up,GqsGq,0ps g

P1 P2 q1 92 P17P2 Q2 p1 p2 q1
_atat al aaa at ol e aa
ap1 apz aqg ap3 a% aCI4 5p47Q1 + apl p2 aql ap3 a% anL 6p47CI2

Catat at aaa s a4
aq1 aqz Oy Qg Upy (i, Opy s + aql aqz Ay, Ay dpgp,Op, g,

ot &t 6 6 a —atat at 4 a4
+ aCll q2 apl aQ4 Op;Up, 5P2vQ3 aqlaqz apla% Qp3Qp, 5p27C14

_atoat
+a’p1 pQCLQ3QQ45P47Q16P37qz aplamaqsaqzﬁm,qzéps,m

~ oAt A
+ aq1 qgap3ap45p17Q36p27Q4 aqlaqgap:sapzxéphmépzy%' (279)

Instead of calculating all these terms explicitly, I shall illustrate the procedure by calculating the
last four terms. Using the Wick contraction, they can be written as

it et oA A \D N0 st . O . A0 st . A0
<a;r)1a;2ap3ap4>t ~ <aJrr)1aP4>t <aJrr>2aP3>t - <aL1aP3>t <angaP4>t ) (280)
where ()9 = Tr[py(t)-] denotes the quantum average with respect to the density matrix pg, as
i p g y p

fr = / dt' 505 Z Z Vint(P1 — P4) Vine (2 — Q3)6_%r'(q1+q2_q3_q4)6%(t_t/)(Eq1+Eq2 —Eq3—Eq,)
{a} {p}

X Op;+p2,ps-+pa [5 az-as-ai-ay 59»%]
A fat g
[ (tO)U()(t tO)( ap, pgaqsaq45p4,q15p3,q2 aplapgaqsaq45p4,q25p3,q1 (2.81)
; _atat aa -
+aq1 QQaP3ap46p17Q35p27Q4 aqlaqgap:saméph%ém,%) UO(ta tO)

/ dt 2_V2 Z Z Vine (P1 — Pa) Vin (a2 — Q3)€_%r'(q1+qr‘13_q4)e%(t_t/)(EqﬁE%_E%_E%)
{a} {p}

5p1+p27p3+p4 [51,,‘12*‘135‘11*% _5p,q2*q3§°‘1+“4] [<<dL1dQ4>S <dL2a<l3> p1 q3> < Up, q4> )

X (5p4,m(sp3,q2 - 5p4,q25p3,q1) + <<dl>1dq4>f <d;r>2dq3>? - <&L1dq3>g <dL2&Q4>S>

X (5p4,q15p3,q2 - 5p4,q25p3,q1)] .

(2.82)

The key point of the derivation of the collision integral is the relation between the average of a
creation and an annihilation operator and the Wigner function. To derive the collision integral, I
have to approximate this relation by a simple form. To this end, I have to derive at first the exact
relation starting with the observation

<dp1ap2 = /d3 /dgzr;’ehplx —ipe X GO (%! t) (2.83)

Note that the time evolution of the Wigner function is completely determined by the one-particle
Hamilton operator, because of my restriction to perform perturbation theory up to second order.
Time evolutions of the correlation functions containing the interaction potential would lead to
terms of the order O(V;3,) in Eq. (2.82). Inserting the inverted definition of the Wigner function

int

Eq. (2.6) with Eq. (2.7)

<¢T(x,t)¢( )>f /(2d3h) f(’”;x,p,t>e i) (2.84)
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2 The Boltzmann-Vlasov Equation

and switching from the variables x and x’ to their relative coordinate s and their center-of-mass

position r leads to
1 i
<dL1&P2>S ~ V/d?’rehr-(pllm)f (r, #J) ) (2.85)

In terms of this perturbation theory, this relation is still exact. The phase-space distribution
function will be now approximated by assuming that it is only weakly space dependent, so that
it can be pulled out of the integral. With the resulting Kronecker delta function, I can conclude

t . 0
<aJlr)iaP2>t ~ 5Pi,p2f(r7 P1, t) (286)
Inserting this approximation into Eq. (2.82) leads with the abbreviation f; = f(r,q,t) to
It dt' —— V2 Z Z th p1 — p4 ‘~/ ( q3)6—%r~(q1+q2—q3—q4)e%(t—t’)(qu+Eq2—Eq3—Eq4)
{a} {p}
X Op,+p2,ps+pi |:5P,M;ql_q4 - 51)7%] [f3fa (6 p1,a19p2,a30ps,a20ps,a

_5P1 Q45P27Q36P37Q1§P4,Q2 - 6p1,Q35P2,Q45p3,Q25P4,Q1 + 5P17Q36P27Q4§P3,Q15P4A2)
+flf2 ( P1,43 p27q45p37QQ5p47Qi - (5P17Q36P2,q45p3,Q15p4,q2
_51317(1451327(1361331(126})47011 + 5p1,Q45p27q35p3,q15p47q2)] . (287)

The Kronecker delta functions, which contain only one momentum p; and one momentum q;, can
now be performed, so that the p-sums vanish, yielding

1 L /
It = dt Q_W Z V q2 eh(t—t )(Eqy +Eq, _EQ3_EQ4)§q1+q27q3+q4
fo {a}
|:(5p q2—q3— Cl1 a4 6}) d2—dq3tqi1+aq (f3f4 - f1f2>
) ’ 2
x [Vint<Q4 —q1) — Vi — @2) — Vi(as — a1) + V(s — a2) | - (2.88)

The next step is to eliminate the Kronecker deltas, which contain the momentum p, so that the
term simplifies to

It :%2—‘1/2 Z Z Z 5p+qz>,q9,+q4(fi’afll - ff?)

92 493 q4

t .
. [(2th(p — 1) = 2Viue (P — q3) Vine (P — Q4)> / dt' 7 (=) (Ep+EBay—Faz—Faq,)

to

t )
+ (2Vh(p — a3)* = 2V (P — t3) Viu (0 — a1t / dt'er (! )(EﬁE“?E“SE‘“)} . (289)
to
where f = f(r,p,t). The next step of the calculation is to solve the time integral. To this end,
I assume that I can consider the limit {7 — oo. At first, I will use a Heaviside step function to
get an integral with limits +0o. Afterwards, I will use the Fourier representation of the Heaviside
step function

t L © 1 [ emlt—t)
/ dt/eﬁ(t—t )(Ep+Eq2—Eq3—Eq4) — / dtleﬁ(t_t )(EP+EQQ_EQ3_E(14) llm — / dy . (290)

e—0 271 Yy — 1€

—0 —00

After performing the integrals, this leads to

t
i / 1
dt’ 7 (t=t") (Ep+Eqy—Eq3;—FEqy) b 1i . 2.91
/ ¢ TN Ey + By, — Bqy, — Eq, +ic (2:91)

— 00

26



2.8 Collision Integral

To arrive at a form in which the limit ¢ — 0 can be carried out, I separate the real and imaginary
parts from each other

lim ! iy | — Lo T Fa — By — Eg4
0 Ep + Eg, — Eqy — Eq, £ i€ =0 (Ep + Eqy, — Eq; — Eq,)” + €

€
(Ep + Eq, — Eq, — Eq4>2 + €

i (2.92)

Taking the limit leads to a distributional identity which is called the Sokhatsky-Weierstrass The-

orem [46]

: 1 L.
ll_r)% T =PV F imd(x), (2.93)

where p.v.% denotes the Cauchy principal value distribution. Thus, I obtain

t
iy B _ , 1
/ dt'en (=) (EptFaz=Bas=Eas) — 1 |jp v, B 1 E. B, B +78(Ep + Eq, — Eqy — Eq,)
(2.94)

a3 q4
By inserting this calculation into Eq. (2.89), one can observe that the terms proportional to
the Cauchy principal value distribution cancel each other. In accordance with the semiclassical
approximation, I replace the momentum sums (1/V)) 3" = by the integrals [ d’p;/(27h)* and the
Kronecker delta functions Véy, . by Dirac delta functions (277)?0(p; — p;), thereby obtaining the
final expression of this part of the collision integral

— 00

1 s d3qs dB3q,
It “on (27h)3 / (27h)3 / (27h)? (fsfa— ff2)2m8(Ep + Eq, — Eqy, — Eq,)

x (271)°6(p + g2 — 93 — qu) [Vim(p —q3) — Vim(p — q4)] y (2.95)

The other terms of the collision integral can be calculated in a similar way. This calculation also
needs the approximation of a weakly space dependent phase-space distribution function. Note
that the Wick contraction, and afterwards the substitutions of G = Géi) for i = 2,4, 6, are exact
in second order perturbation theory, because the errors are of order O(V3,).

After a lengthy but straightforward calculation, I finally get for the remaining terms expressions
which contain three Wigner functions

1 d*qy d*qs d*qy
Teon — It _ﬁ/ (2nh)? / (@i / ( (ffafs+ [fafs— fhsfa— fafsfa)

27h)3
x 2m0(Ep + Eq, — Eqy — Eq,)(27h)°0(p + @2 — a3 — q4)
~ ~ 2
% | Viue(p = a3) = Viu(p — 1) (2.96)

Putting all this together leads to the form of the collision integral, which is known in the literature
as [47, p. 54]

Talfl =57 | Gt | G | G0 = D0 = sl = PR =)= )] (297)

~ ~ 2
x 216 (Ep + Eqy, — Eqy — Eq,)(271)*(P+ a2 — a3 —a4) |V(P—a3) — V(P — qu)
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2 The Boltzmann-Vlasov Equation

The momentum and energy delta functions ensure momentum and energy conservation during the
collision process. However, the energy conservation shows the limit of this form of the collision
integral, because it is not the total energy that is conserved. Only the trapping and the kinetic
energy are conserved. Thus, the interaction energy is neglected, which can only be justified, when
I assume a weak two-particle interaction.

Note that the minus sign between the potentials in Eq. (2.97) reflects the fact that I consider
fermions and, therefore, I have to deal with anticommutating operators. In the case of a bosonic
gas, there would instead appear a plus sign.

With this collision integral the previous intermediate result Eq. (2.60) finally yields the
Boltzmann-Vlasov equation in the form

{% + % -V, =V, |:U(r) + /dng(r - X)'TL(X, t) + fEX (I‘, | oF t) ’ vP

VB (1, p, 1) vr} £, pt) = Lonlf](r, p, ), (2.98)

which completes the derivation.
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3 Properties of the Collision Integral

This chapter provides an overview of the properties of the collision integral. To this end, I discuss
the quantities which are conserved under collisions, demonstrating that any relaxation process,
due to collisions, leads to a Fermi-Dirac distribution function. In the last section I deal with
approximations of the collision integral which are often used for concrete applications.

3.1 Conserved Quantities

The collision integral describes directly the effect of two-particle interactions in the Boltzmann-
Vlasov equation, in contrast to the mean-field terms, which describe them indirectly by means of
an effective potential. Therefore, the collision integral is nonlinear in the distribution function,
which makes it complicated to deal with it. Nevertheless, it is possible to deduce important
properties of the collision integral, such as conserved quantities. According to Ref. [47], they are
provided by momenta up to second power, i.e., the number of particles, the components of the
momentum and the kinetic energy. In order to prove this I have to show that the phase-space
average of the conserved quantity with respect to the collision integral vanishes. As an example,
I calculate this average for one momentum coordinate. The other conservation laws can then be
obtained analogously. Thus, I split the momentum p; with ¢ = z,y, z into four equal terms:

1 1 d3qy d? d3qy
/d37’/d3ppi[cou[f] :/d37’d3pz(pi + i+ Di +pi)ﬁ/ (27;7]_1)3 / (27%3)3 / (2751)3
X (=N = fo)fsfa = (0 = f3)(1 = fa)] 200(Ep + Eq, — Eqy — Eq,)

x (27h)*6(p 4+ 02 — 93 — Qu) [Vm(p —q3) — Viu(p — q4)] y (3.1)

I rename the integration variables of three of the four momentum terms, yet here one has to be
careful. The momentum and energy delta functions, along with the Wigner function terms, are
invariant under transformations such as switching p and q,. Thus, I switch in the second term p
and q». In the third term I switch p and q3 and also qs and q4 to ensure the invariance of the
delta functions. In the fourth term, I switch p and q4 and also qs and q3. With the abbreviation
(pi); = [ &r [ &Pppileon(f], this leads to

_ 1 d3Q2 d3Q3 d3Q4
Py = / Erd’ps (27h)? / (27h)3 / (27h)? (=N = f)fsh
—[fo(1 = f3)(1 = f4)] 200(Ep + Eq, — Eqy — Eq,)(277)°0(p + q2 — q3 — qu)

X }1 {pi [f/(p —qs) - V(p— 014)}2 + G2, [‘7(% —q3) — V(g — %)]2

<

—q3 [V(Q:«z -Pp)— V(Q?, - %)F Q4 [‘7(% — Q) —

@-v]'b G2
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3 Properties of the Collision Integral

where ¢;,; denotes the i-th component of the vector q;. The momenta in the interaction potential
can be switched using the momentum delta function with the result

i = [ rdogy [ Gt [ s [ s 0= N0 = B)fi = 10— F)(1 = i)

~ ~ 2
% 278(Ep + By — Eqy — Ea) V(P — as) = V(P — )|

1
X (277'7_1)31071' + @2+ G+ q1)0(pi + 2 + @3 + qu) H 0(pj+ @2 + 35+ qaj) (3.3)

J#i

With the distributional identity xd(z) = 0 the right-hand side of Eq. (3.3) is equal to zero. The
calculations for the particle number N and the kinetic energy p?/(2m) are performed analogously.
Note that the kinetic energy is conserved, because the trapping potential is momentum indepen-
dent.

Note that the vanishing of the collision integral results only from the momentum-containing
delta functions. Hence, a phase-space average quantity which is the product of an arbitrary
space-dependent function and either particle number, momentum coordinate, or kinetic energy, is
conserved by the collision integral as well.

3.2 Local Equilibrium

In this section, I deal with the effect of collisions on the distribution function f, looking for
functions that are not altered by collisions. Physically, the particles interact via collisions and
interchange energy and momentum, with a tendency to balance these quantities. This leads
to a relaxation of the system into a limiting case in which the collisions will no longer change
the distribution function of the system. The limiting function of this relaxation is called local
equilibrium function f'°(r,p,t) and satisfies the condition

[coll[fle] = 0. (34)

In order to obtain the general form of the local distribution function f'(r,p,t), I insert it into
the collision integral Eq. (2.97) and demand that the scattering-in and scattering-out terms cancel
each other

(L= F9)A = POSE = Fof 0= )1 = fi) =0, (3:5)
with f1¢ = fle(r,p,t) and f° = f(r, p;, t) being abbreviations. Taking the logarithm of Eq. (3.5)

leads to
fle le le le

In—2_— =In—2_ +In—_. (3.6)

1 7%
T L T e S S

This equation provides me with a new conserved quantity f'/(1— f'), which I shall denote with
c. Due to the fact that only five fundamental conserved quantities exist, one has to be able to
represent this new conserved quantity ¢ through a linear combination of these five. At first, I
reformulate the relation between the equilibrium distribution and c¢ in the following form

fe(r,p,t) =

T (3.7)

This equation shows that a general equilibrium function has the form of a Fermi-Dirac distribution
function and that any distribution function will describe a relaxation into such an equilibrium.
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3.3 Approximations of the Collision Integral

As given by Ref. [47], the expression for ¢ can be inserted, which leads to

1

[p—mvle.)]

ety { =l pege |

fer.pt) = : (3.8)

e +1

where p'¢ is the local chemical potential, v'® the local velocity field, and 3 = 1/(kgT™) the inverse
local temperature. All of them are still time- and space-dependent quantities.

The space dependence of the chemical potential, the local velocity field and the temperature
cannot be fixed by the collision integral. Explicit expressions for them can, however, be deduced
by demanding that the whole Boltzmann-Vlasov equation conserves them [47]. Eq. (3.8) implies
that the collision integral fixes only the momentum distribution in local equilibrium and, therefore,
explains the name local equilibrium. This picture is based on the assumption of a weakly space-
dependent distribution function which is actually a relation between the range of the collisional
interaction and the length scale over which the distribution changes significantly.

The special local equilibrium, which is time independent, denotes the global equilibrium f°, in
which no dynamics occurs. There are two ways to characterize this global equilibrium. The first
is that it is a time-independent local equilibrium

0
La[f’]=0 and o _y (3.9)
ot
The second possibility is that it can be defined as the limiting function of the local equilibrium
for large times

lim f*(r, p,t) = f°(r,p). (3.10)

Both definitions are equivalent.

3.3 Approximations of the Collision Integral

In this section, I derive approximations that allow me to deal with the collision integral in a
simpler form. At first, I linearize the collision integral and afterwards I discuss the validity of a
relaxation time approximation for it.

3.3.1 Linearization of the Collision Integral

To simplify the collision integral, I linearize it in terms of the deviation df := f — f'° from local

equilibrium
1

le -
f (I‘,p,t) - eﬂle(Ep*Mle)

3.11
+1 (3.11)

where I described it in the local rest frame in which the local velocity field is zero. I assume
that the system is near the thermal equilibrium, so that the distribution function f(r,p,t) can be
described as a Fermi-Dirac distribution function containing a deviation ®(r,p,t) specifying the
difference to local equilibrium

1

eI (3.12)

9.0 = Sz

A Taylor expansion of the phase-space distribution function f(r, p,¢) with respect to the deviation
function

f(x.p.t)~ fC(r,p,t) (r,p,t)®(r,p,1) (3.13)

98 |
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3 Properties of the Collision Integral

yields up to first order

fr.p.t) = f(r,p,t) + f(r,p, 0)[1 — fC(r, p,1)]®(r,p,t). (3.14)

Inserting this approximation into the collision integral Eq. (2.97) leads to

1 [ &g g3 d®qy
Lon[f] ~ Lin[®] =— 276(Ey + Fey — Eay — Ea,
ll[f] 1 [ ] 2, / (27Th)3 / (27Th)3 / (27Th)3 m ( p T Ly as q )

2
X (27rh)3(5(p +q2 —q3 — 014) [V(P - QS) - V(P - %)] Fy (3-15)
with the abbreviation

Fy =Feq — ®(r,p,t) [f*(1 = f*)(1 = LO)f5 15+ /(1= L0 = f57) (1 = fi7)]
= O(r,qp,t) [A(1 = £) (1= FOLE+ (1= )0 = £)0 = £r)]
+O(r, a5, 1) [f57(1 = f57)(1 = f9)(1 = LO)fE + 70— f)1F7 (1 = £i0)]

+O(r,qu,t) [f7(1 = )1 = )0 = )15+ (L= O (1= £3)] (3.16)
where
Feq= (1= )1 = )1 = Ff (0= f)(1 = f1°) (3.17)

is the equilibrium term and f° = f(r,q;,t) and f° = f(r,p,t) are abbreviations. In order to
show that the equilibrium term (3.17) has to vanish, I rewrite it according to

1— lel_ le 1— lel_ le
Feq —_ fle %e ée ie |: lef le2 - le3 le4 :| (318)
f f2 3 s
Inserting the Fermi-Dirac distribution function Eq. (3.11) into this equation, I get
F= f1€ fle fle ple {eﬁle[Eerqu I eﬁ'e[Eq3+Eq4—2ule]} ‘ (3.19)

The term in the curly brackets in Eq. (3.19) vanishes due to energy conservation, as expected.
Thus, I can rewrite terms that are linear in ® in Eq. (3.16), using the property

(L= )1 = L) SFE = fe(l = f5) 1 = fF) (3.20)
yielding
Fp=—fCfy1— 7)1 = f)[@(r,p,t) + O(r, a2, 1) — O(r, q3,t) — B(r, qa,1)]. (3.21)

Inserting F into Eq. (3.15) leads to a linear collision operator which is not as complicated as the
full collision integral, but it is still an integral operator.

3.3.2 Relaxation Time Approximation

The previous calculation shows that a relaxation time approximation

6f(r,p,t)

T

Icoll[f](r7 P, t) ~ = (322)

cannot be derived from a linearization of the collision integral without further approximations.
The first term in Eq. (3.21) has exactly the form of a relaxation time approximation, but the other
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3.3 Approximations of the Collision Integral

non-local terms can not be transformed into such a form. As discussed in Ref. [48], neglecting
these non-local terms leads to a relaxation time approximation which yields

1 d*qs dqs P
1. ~—0f— 2n0(FEy + By, — By, — E

~ ~ 2

x (2mh)*6(p + i — a3 — as) [V(p — as) = V(p — )
flefi (L= £ (1= )
o= 17)

Using the property for the equilibrium (3.20) leads to a relaxation time in the following form:

(fe+1-1%). (3.23)

1
7(r, p,

1
= a3 d? /d3 ) —qs — qu)d(Ey + Ey, — By, — E.
t) 2(27T)5h7/ QZ/ o 010(p + A2 — a3 — da)0(Fp + Fo, a3 as)
‘;f _ _‘;f _ 2 le 1— le 1— le 1— le\ rle rle 3.94
X |Vint(p — as) int(P — da) {2( 3 )( L)+ ( 2 )f3 4}~ (3.24)

Note that Ref. [48] also introduced an additional factor of 2 for the relaxation time (3.24), whose
origin is still not clear. However, the validity of the derivation of this relaxation time approxi-
mation is questionable. The derivation neglects three of four terms without legitimation, thereby
ignoring that Iy, is, in fact, an integral operator. It is possible to further simplify Ij;, without an
approximation by taking into account the eigenvalue problem I;,[®,] = A®,, where A\ denotes the
eigenvalue of the eigenvector ®, [49]. Then, one may expand the deviation

O(r,p,t) = ZA)\e*)‘tq)A(r,p) (3.25)

in a full set of eigenfunctions. The sum in Eq. (3.25) shows that the Boltzmann relaxation kinetics
cannot be described in general in terms of a single relaxation time since the eigenvalues \ represent
the inverse relaxation times. Thus, this approximation Eq. (3.22) can in general not be a valid
description of the relaxation kinetics. It can only be justified, if one eigenvalue A.;, is much
smaller than the others, causing the corresponding relaxation time Tyax = 1/Amin to be much
larger than all the others of the linearized collision operator.

Nevertheless, the relaxation time approximation is successfully used in literature, as for example
in Ref. [50], in order to describe the dynamics of a Bose gas with delta-type interaction, or in
Ref. [51], which describe a Fermi gas in the hydrodynamic regime.
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4 Solution of the Boltzmann-Vlasov
Equation

The Boltzmann-Vlasov equation determines the time evolution of the Wigner function. In this
chapter, I calculate an approximate solution of this nonlinear integro-partial differential equation.

In recent years, approximative solutions of this equation were obtained by rescaling both the
coordinates and the momenta of the distribution function. In this way, one gets ordinary differ-
ential equations for the scaling parameters, which can then be solved numerically. Most of these
studies have so far been limited to either the ballistic or the hydrodynamic regime. The ballistic
or collisionless regime is a limiting case in which the average time between two collisions goes
to infinity. The hydrodynamic limit is characterized by a high collision rate, which dominates
the dynamics of the system, leading to an almost instantaneous relaxation into local equilibrium.
Equations for the scaling parameters were achieved in the ballistic regime for a Bose gas with
contact interaction within a triaxial harmonic trap [52] and a Fermi gas with dipolar interaction
in a cylinder-symmetric trap [27]. A more general rescaling was worked out in Ref. [50], which
gives the opportunity to describe not only the ballistic and hydrodynamic regime, but also all
intermediate regimes. The purpose of this diploma thesis is to transfer the general ansatz from
Ref. [50] to a dipolar Fermi gas. To this end, the collision integral will be treated in the relaxation
time approximation, assuming that the collisions lead to an exponential relaxation on the scale of
a certain relaxation time, which is related to the average time between two collisions.

To construct a solution of the Boltzmann-Vlasov equation, it will be necessary to proceed in the
following three steps. At first, the semiclassical Wigner function in global equilibrium is computed.
Afterwards, the scaling parameters for the local equilibrium are introduced, so that the limiting
function of the relaxation due to the collisions is known. Finally, it will be possible to compute
the scaling parameters to get an approximate expression for the solution of the Boltzmann-Vlasov
equation.

4.1 Scaling Ansatz

Therefore, I start with the Boltzmann-Vlasov equation for the phase-space distribution function
f(x,q,t), which takes the form

Of [ha 10[UX)+ Unt(x,q,t)] 0f 10[U(x)+ Une(x,q,t)] Of
o {E i e } o 5 = LalflGa ). (41)

where U(x) is the trapping potential and Uy¢(x, q,t) is the mean-field potential

d3 ! N
Upne(x, 0, 1) = / Ban(x, 1) Vi (x — X') — / 5 ‘-’)3 £ ) Vi (g — ). (4.2)

T
Here, the first term denotes the direct Hartree term containing the interaction potential Vi
and the spatial density n(x,t), which is connected to the Wigner function f(x,q,t) through
Eq. (2.9), and the second one is the Fock exchange term containing the Fourier transform of
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4 Solution of the Boltzmann-Vlasov Equation
the interaction potential Vint. The distribution function f°(x,q) satisfies the Boltzmann-Vlasov
equation in equilibrium

{ B 10[U() + Un(x,9) } OF  10[U(X) + Unilx,)] 0f°
m h oq ox h ox oq

0, (4.3)

where the effect of collisions vanishes in the static case, i.e. I.on[fo] = 0.
The scaling ansatz to solve the Boltzmann-Vlasov equation approximately assumes that the
system is qualitatively near the equilibrium

fxqt) — Tf0x(t),k@), (4.4)
with
Ty

ki = — G — ———— |, 4.6
7 (1) ( fibi(t) ) 40

and the normalization factor ]
M=—1 (4.7)

11,007

The time dependence of the distribution function is governed by the scaling parameters b; and ©;,
which denote the time dependent deformations of the space and momentum variables. The second
term in Eq. (4.6) describes a gauge transformation of the g-vector [53] so that the local velocity
field of the rescaled distribution function vanishes. The factor I' in the scaling was introduced to
ensure that the scaling does not change the normalization of the distribution function. Inserting
this ansatz Eqs. (4.4)-(4.7) into equation (4.2) yields

1 Sk
Untvo(r, Kk, t) = /d?’r’no(r’)th(b, r—r') / d k3f0(r, k)i (©,k — k'), (4.8)

Ty ) (@2
where n°(r) denotes the spatial density in equilibrium,
Vine(b,r — ') = Vi [bx(rx —77),by(ry — 1), b (s — r'z)] (4.9)
the rescaled interaction potential and
Ve, k = K) = Vh |03 (k, = k1), 05 (hy — k), €2 (k. — KL)] (4.10)

the rescaled Fourier-transformed interaction potential. Note that Fourier transform and rescaling
do not commute. Hence, it is necessary to perform these two operations in the correct order.
Substituting the scaling ansatz (4.4)—(4.7) into equation (4.1) leads to

T +FZ{3f0(r,k) k07 9f(r,k) [k <1 o, +g) Jrmb 19U
} = Leonlf], (4.11)

r Z 1 [0f°(r,k) OUmipe  OUntpe Of°(r,k)
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4.1 Scaling Ansatz

where
U(b,r) = U(byry, byry, b.r.) (4.12)
denotes the rescaled trapping potential. Note that I rescale the collision integral later on, when I
introduce the relaxation time approximation.
The ©-equations can be derived by multiplying Eq. (4.11) with k? and integrating over the
whole phase space, which leads to

Oi b 1 : /d?’rd%kgz L (Ui 01 _ OUniso OF°
O b n(k?) (2m)3 02 or; Ok; ok; Or;
J
1 Brdk
= k2 Leon|f], 4.13
r | Gl

where (-)° = [ &rdk/(27)? - fO(r, k) denotes the phase-space average weighted with the equilib-
rium distribution function f°. Since f°(r,k) and the interaction potential are even functions in
both coordinates and momenta, the interaction term in Eq. (4.13) vanishes. This becomes clear in
the context of a Fermi gas without a dipole-dipole interaction which has the form of a Fermi-Dirac
distribution. In the limit of zero temperature, this Fermi-Dirac distribution degenerates into a
Heaviside function with quadratic dependence on space and momentum parameters, leading to an
even distribution. The effect of an interaction, which is described by an even potential, will not
change this qualitative behavior. Hence, the ©-equations (4.13) simplify to

0; b 1 Prd’k

— + 2_ — 5
Multiplying the whole equation (4.11) instead with r;k; and integrating again over the phase space
leads to a differential equation for the scaling parameter b;(t):

k2 Lon|f]. (4.14)

3,13
- r <k2> T'mb; r /d rd3k OU(b,r)

0
; k
h@2< g el @ on fin k)

r d37’d3k 1 6f0 8Umf,b9 8f0 8Umf,b@
" € ”k’Z ok or, or, ok )"
hJ o (27) b; @2 Tj rj i

(4.15)

Note that the zero of the right-hand side of Eq. (4.15) stems from the fact that r;k; is a conserved
quantity of the collision integral, as argued at the end of Section 3.2.

The equations for the scaling parameters b; in Eq. (4.15) can be simplified by using Fourier
transforms to rewrite the mean-field terms in a more compact form. Due to the k-independence
of the Hartree term, only three mean-field potential terms appear in Eq. (4.15). For simplicity,
I treat them separately, beginning with the Hartree term in which I perform at first a partial
integration with respect to the k;-derivative

d3 &k o: af° o ,
= —— nkz = 9k o /d3 n0(r') Vi (b, 1 — 1)
2 J

/ Prdr'r (Wmt(b ) o()nd(x). (4.16)

Ari —1y)

bm

Splitting r; = (r;+7;)/2 at the right-hand side of Eq. (4.16) and renaming the integration variables
in one of these two terms leads to

n_ |1 /3 300, N OWVing(b,r —1') 0(u
T = 2mb, drd’r'(r; — 1)) s =17 n’(r)n°(r'). (4.17)
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4 Solution of the Boltzmann-Vlasov Equation

At last, Fourier transforms of the densities can be used to decrease the number of integrals

a1 &k .
T _m/( )W(b k)0 (k)i (—k), (4.18)

where 72° denotes the Fourier transform of the particle density and

a%wﬁ}

- (4.19)

Wibk) = F [

uses the abbreviation F[-] which denotes the Fourier transform of the argument. Note that in WW;
the order of Fourier transforming and rescaling is opposite to the potential in the Fock term in
Eq. (4.10). The Fock exchange terms will be treated in a similar way. Partial integrations lead to

L [drdk O (k) 0 [ &K ,
mHlbl/(Qﬂ' kZbQQ Ok; 87"]/( )f( k') Vit (0, k — k')

1 Prd3k @2 of%r, k A3k
/e kY Pl 2 [ sk V@, )

Il G per 0 (2m)?
1 Brd3kd3k a / |
:mHl bib; {/ (27)6 or: [Tzfo(r k)} fO(r,X) 1nt(®,k— K)
Brd3kd3k’ a‘zm 0.k—K
/ %Tfo(r’k)fo(r’k% (akzz- )} | (4.20)

After performing the product rule, the first term leads to two terms. After a partial integration
and a renaming of the integration variables, one of these terms coincides exactly with the original
term

1 /d37~d3kd3k/ 0 [Tifo(r,k)} fo(r,k/) Nint(gyk —K)

mnj b;b; (27T)6 6_742
1 Brded o o e /
- m]J; bjbi/ (2m)° P k) £ k) Vi (8, k — K
1 Erd3kdi k0 - ,
m[] b.b«/ 2m) o [rif°(r, k)] fO(r,K) Vi (©, k — K'). (4.21)
5 05 ;

The second term on the right-hand side of Eq. (4.20) can be split into two equal terms. After
renaming the integration variables of one of these two terms, I get

BPrd®kd®k’ Wi (0, k — K')
TF: DAY < k 0 k/ k'l int )
| w0 s S
Prd’kd’k ki — k! Vit (©, k — k’)
_ k) O(r K in 4.22
| S e k) e (122
This can be rewritten using Fourier transforms
1 [ Brd3 ' Bkdk 0 |-l
TF = = O(r, k) fO(r, K )r! e (). 4.2
2/ 2r)0 [, k) f(r, )”{ar;e Ving () (4.23)
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4.2 Static Solution

Putting all these together, the differential equations for the parameters b; yield

. 1 Brd®*k  OU(b,r) n2 (k%) 0, 1 Bk
b; + / ; 2 fO(r, k) — d + { / Wi(b, k
mb; <7’i2>0 (2m)3 g dr; fiek) m2b; <r§>0 2mb; <7’i2>0 (2m)3 (b, k)

1 Brd®kd®k .
xi (k)i (—k) — / (e, k) fO(r, K)W;(0,k —K')| =0, (4.24)
) Lo, e )
where W;(©,k — k') is the rescaled Fourier transform of riaaLg

Wi(0,k — k) = ( / dPre~ Ty, a;f#) (4.25)

1 1 1 .
1:=03 (ka—k,),ay=07 (ky—ky),q-=07 (k=—k.)

In order to further simplify this equation, I consider the concrete case of a Fermi gas within an
anisotropic harmonic trap

_ m§ : 212, 2
Thus, the trapping term can be rewritten as
1 Brd®*k  oU(b,r) 1 /d3rd3k 9
i ’ r. k) = mw?b?r? fO(r, k) = w?b;, 4.27
i | e e =y [ gm0 =i, (@2)

so that Eq. (4.24) reduces to

. n2 (k2)° e, 1 [ Bl -
b +wib; — L+ / W;(b, k) (k) (—k
m2b; (r2)°  2mb; (r2)° (2m)? (b )"k
1 /d3rd3kd3k’
Hjbj (2m)°

The integro-differential equations cannot be solved in the form of Eq. (4.14) and Eq. (4.28),
because the global equilibrium distribution f° is still unknown and I have not yet dealt with the
collision integral. To be consistent with my previous calculations, I would have to insert the scaling
ansatz into the whole collision integral as well and evaluate it with the ansatz (4.4)-(4.7) for the
distribution function to obtain an expression for the scaling parameters without any integrals.
However, it is not possible to do this due to the nonlinear and complex structure of the collision
integral. Therefore, I have to resort to a simplified procedure. At first, I will derive the equations
determining the global equilibrium distribution function. Afterwards, I will describe the effect of
collisions by means of a relaxation time approximation.

O, k) fO(r, KYWi (0, k — k’)] =0. (4.28)

4.2 Static Solution

In the last section, I derived differential equations for the respecting scaling parameters. These
equations still contain some integrals over the Wigner function in equilibrium, the dipole-dipole
interaction potential, and the collision integral. The dependence of the equilibrium Wigner func-
tion stems from the scaling ansatz, which assumes that f(x,q,t) is qualitatively not very different
from the equilibrium distribution function f°. Hence, knowing f°(r,k) is mandatory for solving
the Boltzmann-Vlasov equation with the scaling ansatz. This function is, in principle, defined
through the partial differential Eq. (4.3).
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4 Solution of the Boltzmann-Vlasov Equation

Due to the fact that general solutions for partial differential equations are hard to achieve, I will
use a variational ansatz for determining the equilibrium Wigner function, yet I have to be careful to
construct this ansatz in a self-consistent way. In phase space, the equilibrium distribution function
will rapidly decrease to zero outside a certain closed surface, because I consider an ultracold Fermi
gas. Therefore, I use an ansatz for the semiclassical Wigner function which resembles the correct
form of a non-interacting Fermi gas at zero temperature

O(r,k) =0 (1 _ Z % _ Z £2> . (4.29)

Here the variational parameters R; and K; denote the extension of the Fermi surface in equilibrium
in both coordinate and momentum space. The dipole-dipole interaction will stretch the momentum
distribution in the direction of the polarization, which is taken into account by an anisotropy of
the momentum parameters K;. With this ansatz, the normalization of f°(r,k) leads to

3
N = / dr / d’h SO, iTz“F?’ (4.30)

where the bar denotes geometric averaging, i.e., R = (R,R,R ) To render the ansatz (4.29) self-
consistent, the parameters R; and K; have to minimize the total energy of the system. This leads
together with the particle number conservation Eq. (4.30) equations which fix these parameters.

4.2.1 Total energy

The Hamiltonian of the collisionless Boltzmann-Vlasov equation (2.61) describes an effective one-
particle theory and, therefore, determines a one-particle energy. Instead, I have to minimize the
total energy of the many-body system, which is given in the realm of the Hartree-Fock theory as
the sum of the kinetic Energy Eyi,, the trapping Energy Fi., the direct Hartree energy Fqy, and
the Fock exchange energy FE. [20,29,30]:

3k h*K2
Eun= [ & - k.t 4.31
k / T/ 27_‘_ 3 2m f(ra ) )7 ( 3 )

&k
/ Pr / = 37;”‘ (Zw?r?) flrk,t), (4.32)
/d3 /d3 ’/ &k / d%;Vim(r—r’)f(r,k,t)f(r’,k’,t), (4.33)
Bex = —3 / d’r / d’r’ / dgk / dgk;,Vint<r>e“k*k’“’f<r,k,t>f<r,k’,t>- (4.34)

This Hartree-Fock energy Eio, = Eyin + Eir + Eq + Fex neglects the collisional effects, hence it
is only valid, when the collisions vanish. Because I will calculate the energy in the static case
this condition is fulfilled. Note that an intriguing relation exists between the effective one-particle
Hamiltonian Eq. (2.61) and the total Hartree-Fock energy of the system Fi., which reads

OBt (r, P, 1)
of(r,p,t)
where /0 f(r, p,t) denotes a functional derivative with respect to the semiclassical Wigner func-

tion. This equation was found by a comparison between Eiu(r, p,t) and H(r,p,t), but I do not
have a clear derivation yet.

H(r,p,t) = (4.35)
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4.2 Static Solution

A lengthy calculation is required to evaluate the integrals (4.31)—(4.34) in global equilibrium
for the ansatz Eq. (4.29), but a detailed computation of all 4 terms can be found in Appendix B.
The resulting total energy turns out to be

NPPE N
P =5 2 g g 2T

J

48 N2 R, R 48 N2 K, K,
SO Du) L N2 ) (4 36)
SR R, R, SR K. K,

where ¢y = 2'%C4q/(31-5-7-7%) and f(z,y) is the anisotropy function defined through the integral

27 s 2,2 2
fag) == [ do [ s 37y cos™ AT
4 J, 0 (

y2cos?¢p + a2sin’e) sin®d + z2y>cos? a

which can also be represented in terms of elliptic integrals [20)]

E(@? k) B F(@? k)

flz,y) =14 3zy 0V (4.38)
where ¢ = arcsiny/1 — 22 is an abbreviation, F(¢, k) is the elliptic integral of first kind
sin @ 1
Flo, k) = /0 (e e (4.39)
and E(p, k) is the elliptic integral of second kind
E(p. k) = " YR (4.40)

U—F—.
0 \/1—u2

The effect of the dipole-dipole interaction is only described by the anisotropy function, which is
not only valid for Fermi gases but for all dipolar systems, i.e., dipolar Bose gases [54-57]. The
properties of the anisotropy function are described in more detail in Ref. [20, Appendix BJ.

4.2.2 Variational Parameters in Momentum Space

To render my ansatz self-consistent, the variational parameters R; and K; are determined by min-
imizing the total energy. By doing so, I acknowledge that they are not independent of each other,
as they are coupled via Eq. (4.30), which accounts for the particle number conservation. Hence,
[ introduce a Langrange multiplier 4 and add the particle number conservation to Eq. (4.36). A
minimization of the resulting quantity Ei, — uN with respect to the momentum parameters K;
leads to

RK,K =0, (4.41)

NK’K, B 48N200£f1 (KZ Kz) o

8m sp° K2\ K, K,) 48
NW’K, 48N’ K, , (K. K, I 3
— Zh| == - =RKK,=0, 4.42
8m N K§f2 (Kx’K) 48 (4.42)
NR’K, 48N?%c, 1 K. K. 48N2%cy 1 K. K, [ =3
— === —fh| =, =) - =R KK, =0, 4.43
8m - 8}_%3 K:vfl (Kfv’Ky) 8}_%3 Kyf2 (Kw’Ky) 48 Y ( )

where f1/2(x,y) denotes the derivative of f(z,y) with respect to the first/second variable.
Eqgs. (4.41)—(4.43) depend explicitly on the Lagrange multiplier x. To get an expression for p
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4 Solution of the Boltzmann-Vlasov Equation
I sum up all three momentum equations, so that any terms containing the anisotropy function
cancel each other, which leads to the following expression of the Langrange multiplier

1 h2K?
n== > me . (4.44)
J

Inserting this into the Eqs. (4.41)—(4.43) leads to the following static equations for the parameters
K;

w

hAK?2 nK? 48N K,  [K,
: ‘Z _;fo S (4.45)
2m K, K,

2m

<

W K2 W K? 48Nc0K K. K.

_—y :‘Z — = 2z (KE) (4.46)

R K? K] 48N K., (K. K.\ 48NeK., (K. K.

3 :‘Z o KD (?7) R (F’?)' (4.47)
m m T y 2R T Y

These equations are not independent of each other, but show the influence of the dipole-dipole
interaction on the momentum distribution in phase space. Without the anisotropy function in
Eqgs. (4.45)—(4.47), they yield a spherically symmetric momentum distribution, which is called
in condensed matter physics a Fermi sphere [58]. But through the effect of the dipole-dipole
interaction, the Fermi sphere will be deformed to an ellipsoid [26]. Note that the derived equations
for the momentum parameters are only influenced by the kinetic and the Fock energy term.

By considering the symmetries of the total energy (4.36), I can obtain a simple relation between
the variational parameters for the x and y directions. As a consequence of the symmetry of the
anisotropy function f(z,y) = f(y,z) [20], the total energy possesses the same symmetry between
the x- and y-direction in K-space. This implies that the momentum distribution of a dipolar
Fermi gas in global equilibrium remains cylinder-symmetric even in the case of a triaxial trap
[20,29,30], because the trap geometry does not influence the exchange term in the total energy.
Thus, I can conclude K, = K, which also enables me to simplify the relation to K, by taking
into account

. . 2+ 22) fi(x
lim zf1(2,y) = lim yfo(z,y) = —1+ ﬁ (4.48)
where fy(z) = f(z,x) denotes the cylinder-symmetric anisotropy function
322 Artanhv/1 — 22
fule) = 22 (- 28 ) 11 (4.49)
1 —a? V1—a2
Subtracting Eq. (4.45) from Eq. (4.47) and inserting Eq. (4.48) yields
K WKZ 348N%a | (2K2 + K2) f. (4) .
om  2m | 2 LR | 2(KZ-K3) | (4.50)

This equation shows the stretching of the momentum distribution due to the dipole-dipole inter-
action.
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4.2 Static Solution

4.2.3 Variational Parameters in Coordinate Space

The derivation of the equations which determine the spatial parameters with minimal total energy
is analogous to the calculation of the momentum parameters. To this end, I minimize Fi,, — uN
with respect to the space parameters R;, which leads to

EmuﬂR 48N?¢cy 1 Ly R, R, 48N2co R, R,
g e e R \R R, 7 R\RR.
48N?¢y 1 K, K, i
— — — K 4.51
SE?’ Rf(K’K) 48RR =0 (451)
N 48N2c0 R, R,\ 48N%, 1 , (R, R,
= R, 4+ —— 9 =%
s St (mw) ot (B
48N?¢y 1 K, K, "
— — — K = 4.52
SRS R, <K ’K> 48R ot =0, (4.52)
N 48N2c0 R, R,\ 48N2qR,, (R, R
_ R, + I A — )
g f(R R) T =\ "R
48]\7200 R, R, 48N?%¢y 1 K, K,
— —f | =, = R.R, K =0 4.53
wont(En) e (B E) % (459

To get equations which are independent of the Lagrange multiplier p, I sum up Egs. (4.51)—(4.53),

which yields
= —— ‘R4 —— —,—= 1. 4.54
$ 122 i it 8K’ {f(R R) f<Kx’Ky>] (454

This differs from Eq. (4.44) but represents an equivalent expression for u. Inserting Eq. (4.54)
into the Eqgs. (4.51)—(4.53) for the spatial parameters leads to

s S e R) () R (e )] o e
wyR2 — %2]: h;? + 4:%? f <Z Z ) f (%%) - Z—ng (%&)} —0, (4.56)
)

—f (%%) +%f1 (%,Z—Z) yf2 (g g )1 =0. (4.57)

Thus, I get with the cylinder-symmetric momentum distribution in total five independent Egs.
(4.30), (4.50), and (4.55)—(4.57) for the scaling parameters which determine the static solution.

4.2.4 Cylinder-Symmetric Case

Before 1 use the equations derived for the global equilibrium, I specialize these equations to
a cylinder-symmetric trapping potential, which means w, = w,. To emphasis this, I denote
both of these directions with the subscript p. Due to the symmetry of the anisotropy function
f(z,y) = f(y,z), (4.55) and (4.56) become then equivalent equations and, therefore, I conclude
R, = R, =: R,. This symmetry of the system can be used to simplify the equations for the
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4 Solution of the Boltzmann-Vlasov Equation

variational parameters R, and R, with the result

Rl27 RP Kz ]
2 P2 hZKg 48N ¢y BR_gfs (R_Z> 3/s <KP>
WiRE - —L — o+ | =0, (4.58)
m mR | 21-%)  2(1-75)
R, Ky (K.
hK? 48Ne, |3/fs <R_> SR8 /s (K—)
WwrR? — = m, T Kg” =0, (4.59)
mR | (1-%) (1-1%)

where R = (Rf)Rz)l/ 3. In the cylinder-symmetric case, only 4 independent equations remain:
Egs. (4.30), (4.50), (4.58), and (4.59).

4.3 Integrals with Stationary Distribution

I rescaled the Boltzmann-Vlasov equation and derived the ordinary differential equations (4.14)
and (4.28) for the scaling parameters. However, the equations (4.28) for b; still contain integrals.
In the following, I will solve or at least simplify them.

At first, [ write the b-equations (4.28) in the shorter form

B (2)°0; | M) + MF(b,©)

m2b; (r2)° mb; (r2)°

where M (b) and MF (b, ©) are the integrals from the Hartree (H) and Fock (F) term:

ME(b) = % / %Wi(b, k)7’ (k)7’(—k), (4.61)
M (b,0) = —2Hlj b; / : Qcéf)i ‘ o>, k) fO>r, K)Wi(0,k — K. (4.62)

These two integrals are similar to the energy integrals calculated in Appendix B. Hence, some of
the previous calculations can be used.

At first, I study the Hartree integral M (b). To this end, I have to find an explicit expression
for W;(b, k) which was defined in Eq. (4.19)

T i in bm mab 7bz z
Wi(b, k) = / dipe-iery, Dinl Tﬁrlyry r:) (4.63)

Rescaling of the integration variable and partial integrations lead to

. 1 0 ~ (ko k k
(k) = — = Vi [ 22,22 22 ) | 4.64
019 =~ [ (3505 (169

The Fourier transform of the interaction potential is outlined in Appendix A. Inserting the result
(A.12) in Eq. (4.64) leads to the following explicit expression for W;(b, k)

k2
< Caa O 3%
Wb, k) = — | —2 1|, (4.65)
311,05 0ki Brg+k
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4.3 Integrals with Stationary Distribution

The Fourier transform of the density n°(k) is calculated in Appendix B, its result being given by
Eq. (B.23). Using the particle number conservation Eq. (4.30), I can write the Fourier-transformed
spatial density as

Ty [(R2K2 + R2k2 4+ R2K2)*
A0(K) = 48N [( = 2 } (4.66)
2

(k2R2 + k2R2 + k2R?)

which has manifestly the symmetry property 7(k) = n°(—k). Having all ingredients for the
Hartree integral (4.61) at hand, I can now write it down

2 1
o LN [k o | [ 3% (k2 + 2K + R202)°
M (b) = —5 s Ml e w1 3
2 3[1;6 J (2m)° Ok Brnaek (k2R + k2R2 + k2 R?)

(4.67)
Applying the product rule of differentiation leads to two terms which differ only in the derivative
with respect to a momentum coordinate, multiplied by the same momentum coordinate

Aﬂ@——4§m%d/$k 3% N T2 (22 4 R2R2 4 R2R2) ]
Z 6(2m)* [T, b, L S (K2R2 + k2R2 + k2R2)’
: !
SNCu [ 0 34 1 T2 (K2 + R2K2 + R2R2) | Lo
- 6(2n)* ] b, Ok \ 2 KR E2R2 + k2R2 + k2R2)° - (4.68)
j i i @—F@—l—@ (xx—l—yy—l-zz)

Then, I perform the substitution u; = R;k; and rewrite the derivative in the second term as a
derivative of b; R;, using the identity

2 () =i (2) (469

which is valid for any differentiable function. Thus, I obtain

2

2 AT2 3z 2
MZH(b) — 48 ;V Cdd /di’)u - b;fz -1 J3 (|1(;1|>
6(2m)* [1; 0;R; o+ s+ R |ul
2
AS2N2Cly 0 35z J3 (|ul)
d®ub; R, Bz -1 = . 4.70
+&%Pﬂﬁﬁ%/ bR, o

2 u2 2 6
uz Y uz u
2R TR T Rk [ul

Switching to spherical coordinates and taking into account the definition of the anisotropy function
Eq. (4.37) as well as [59, (6.574.2)]

o A—1 vtp—A+1
X _ o’ P(A)D ( )
/O dtJV(Ozt)JM(Ozt)t - AT (—V—i-u;—)\—i—l) T <V+/A-2|—)\-|—21) r (V—M-gf')\‘f'l)

for Re(v + 11+ 1) > Re(A) > 0,0 > 0 (4.71)

teads to 48 N2 bR, b,R 0 bR, b,R
M) = 0 |y (2 D) g, e v 4.72
i (0) 811jbjﬁgly?(bsz’bsz) Tk’ \ 0.1 b.R. (4.72)
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4 Solution of the Boltzmann-Vlasov Equation

An explicit expression for the Fock integral (4.62) can be obtained in a similar way. Using Fourier
transforms, one can rewrite it in the following form

MF(b,0) = 2Hl 3 / (dgk)” /(0,K") / K / d3r’f )}0(—k/, —r)e™ K (4.73)

where To(k’ ,k) denotes the Fourier transform of f°(x,k) with respect to the first variable and
f°(x,x’) the Fourier transform with respect to the second variable. The rescaled Fourier transform
of the interaction potential as defined in Eq. (4.25) reads

B s Caa 0 [, 30,k
W(e. k") = k! z —1)/. 4.74
(OK) = =" 50 [ : (@xk;’%L@ykg? + 0,k (474)

The calculation of the r’ and k' integrals over the double Fourier transformed Wigner functions
and the exponential function can be found in Appendix B, its result being given by Eq. (B.39).
Putting all this together leads to

3 2 /
MZF(b, @) _ Cdd / d’k i k‘z 3@zkz 1 167/ 21
6IT,;b; ) (2m)5 Ok; O.k2 + O,k2 + 0.2

dt 3l (3) K2k k2 . K2k kK
g VLAY (VI VL S AN P IS (1S NV S R O
% /0 Gsmte B Ty \ BT R T R T R St - s T g TRz ) )

Substituting k; = u; K;, 1 get
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Caal6mv2nl (2 /d3 0 30, K2u? 1
611, b;(2n)°T(4) 9 \0,K22 + 6,K202 + 6. K212

™ 3
2 dt _
X A m <4Slﬂ2t — Z U%) <4SlIl Z U )

Caqqlbmv/ 27T (%) RK /d3 30, K2u? 1
) 0,K2u?+0, K2u2 + 0, K2u?

S~
=

M; (b,©) =

X /02 (QSidet)6 <4sin2t - Zu%) <4sm Zu ) : (4.76)

After switching into spherical coordinates and rewriting the derivative 0/0u; into a derivative with

1
respect to ©7 K;, I finally get

48N200
8T, b R;

0K, OIK, L9 0K, OIK,
M (b,0) = — f( = — >+(95Ki . f( = = )] (4.77)
0K, 6K, 007K; \O:K, ©;K,

The Hartree and Fock integrals Eq. (4.72) and Eq. (4.77) are both determined through the
anisotropy function Eq. (4.37) and its derivatives. The remaining equilibrium averages over k?
and r? yield

N

(k2)" =
(r2)’ :gR?- (4.79)

K2 (4.78)
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4.4 Local Equilibrium Distribution

Having calculated all ingredients now, I insert the Eqs. (4.72) and (4.77)—(4.79) into the equation
of motion (4.60) for the scaling parameter b;, which leads to

. K20, 48N ¢y bR, bR %) bR, bR
T R b R by R {f (bzRZ’bzR) R <bsz bsz)l
1 1 1 1
48N 0K, OK. L) OIK, OK.
— Cob f( e 2 >+@§Ki . f( e 22 ) —0. (4.80)
mbi R 11685 " \ezk, o7k, 002K, \O:K, O;K,

4.4 Local Equilibrium Distribution

Through the effect of collisions, the Fermi gas relaxes into local equilibrium, which is in general
defined by Eq. (3.4). The system is then in local thermodynamical equilibrium, but not in global
equilibrium, meaning that, for example, the local velocity field or the density can still vary from
point to point. The scaling ansatz assumes that the distribution function is qualitatively not very
different from equilibrium. Therefore, I assume, furthermore, that it is appropriate to approxi-
mately describe a relaxation from a distribution near equilibrium in terms of only one relaxation
time .

Icoll[f] ~ —f f , (481)

T

where 7 denotes this relaxation time. For simplicity, we neglect that 7 may depend on space and
momentum as well as time and assume that it is constant. Note that the collision integral defines an
infinite number of local equilibrium distribution functions, but the particular distribution function
f' in the relaxation time approximation is clearly defined, determining the limit function of the
relaxation of f. Therefore, the choice of f is not arbitrary, since it depends on f. This point
is crucial in understanding the structure of this local equilibrium function in the relaxation time
approximation Eq. (4.81). It was shown in Section 3.2 that the collisions determine the momentum
distribution in local equilibrium, but do not fix any spatial dependence. This implies that the
collisions do not affect the spatial dependence of the distribution function.

Inserting Eq. (4.81) into the equations (4.14) for the ©; s and rescaling both distribution func-

tions leads to ‘ _
e, b 1 Ile
4ot = 1- Er | PrE2 O, K ¢ 4.82

6 b, r[ r<k§>0/ T/ IS0 452

where I also rescaled the local equilibrium according to Eqgs. (4.4)—(4.7), but with the new scaling
parameters O, owing to the change of the momentum distribution by the collisions. Furthermore,

1
Hj bj(@;e)%

represents the scaling factor for f'°. As discussed above, the limiting function of the relaxation
inherits its spatial dependence from the distribution function f, so that the spatial scaling param-
eters b; of both functions are equal, as is also concluded in Refs. [50,51].

Through the scaling ansatz, one can derive coupling equations between the rescaled k-vectors

le %
ki = (%) ke, (4.84)

le

(4.83)
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4 Solution of the Boltzmann-Vlasov Equation

Inserting this into the equation of motion for the momentum scaling parameter Eq. (4.82) leads
to

0, + 2@@1- = —1(@1- — k). (4.85)
bi T
The right-hand side shows that dissipation occurs when the system is not in local equilibrium and
the relaxation time 7 has a finite value.

The most important property of the ©¢’s is that they are not independent of each other.
Rather, the system is in local equilibrium for all directions. Therefore, the different directions
of the system are coupled. The only exception is the ballistic regime, in which all directions
are independent of each other. Note that this represents the fundamental difference between the
hydrodynamic and the ballistic regime.

The system relaxes through the effect of collisions into a state described by the local equilibrium
distribution function f!, which means that the system only minimizes its energy with respect to
the momentum scaling parameters O, because the local collisional interactions do not influence
the spatial distribution of the Fermi gas. Therefore, I minimize the total energy of the system,
whose components vary generally in time, with respect to the momentum scaling parameters. To
obtain the corresponding form for the total energy, I rescale the distribution functions according
to Egs. (4.4)—(4.7) in the energy integrals (4.31)—(4.34). Afterwards, I calculate the integrals
by means of the ansatz for the global equilibrium function f° in Eq. (4.29). The calculation of
these integrals is analogous to the computation in the stationary case, but contains the scaling
parameters. The solution is given by

Nm
Bt =— ——
tot 82 :

: N <« R*K?9; Nm 48N2¢ byR, bR
PRy D T 212 p2 _ 0 ke At by
R D N T ST 0GR, \ bR, bR,

%

A8N? 0K, OIK,
“ f( ) , (4.86)

+ 1 ) 1
sIL bR \ezk, o:K,

where the first term, which vanishes in global equilibrium, represents the flow energy which is one
part of the kinetic energy contribution.

To obtain relations for the scaling parameters in local equilibrium, I have to minimize the
quantity Fio,—pN with respect to @3 K ;. Here, 1 is also a Lagrange multiplier which is introduced
because of the particle number conservation. By summing up the resulting equations, I find again
an explicit expression of the Lagrange multiplier p

1 h2Ok K2
W= o (4:87)

J
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4.4 Local Equilibrium Distribution

which leads to the equations

h2@1e K2 :‘Z h2@leK2 48N, (G)lf)f K, (@lf)f K. (@1;)% K- (4.88)
TALBE ei R, \ (@8 K, (©5)* K,
n?gif(g 1 Z 712@16[(2 ‘s ﬁﬁc; (@Le)f K. (@i)f K. (Qfﬁ K- (4.89)
Vit (Ok)? K, (05)* K. (0F)* K,
ROk K :_Z h?@leKQ 48N ¢, (91;)% K, / (@Le)% K. (@lze)% K,
Tom C2ILbR e, \ (09 K, (01)F K,
 48Ngp (@Le)sz : (@L")sz7 (@5’)%&). (4.90)
216k (er)7 K, \ (02 K, (00)? K,

These are the coupling equations for the scaling parameters in local equilibrium. I drop the second
equation, as it provides no new information. Subtracting the first equation from the third one
yields

ROCK?  BOEK?  48Ne, (OF)F K. [(O¥)FK. (0)FK.
2m 2m [1,Ri ()2 K (0k)7 K, (@;e)é K,

48NCO (@Le) % Kz (@le) % Kz (@le) % Kz
- 1 2 1 ; 1
211085 (@)2 i, \ (©)? K, (0%)? K

(4.91)

By considering the symmetries of the total energy Eq. (4.86) I can obtain, as discussed in Section
4.2.1, the identity © = @5’, which also enables us to simplify Eq. (4.91) to

(208 K2 + O K?) £, (elze)fKZ
88Ny ) 0T (k)2 K
I1,0;R; 2(OpK; — OrK2)

RPOFK?  n*OFKI

_g (4.92)

2m 2m

The relations between the scaling parameters can be physically interpreted. Without the dipole-
dipole interaction, i.e. ¢y = 0, the effect of collisions will lead to a spherically symmetric distribu-
tion in momentum space which corresponds to an equilibrium with minimized energy. Through
the influence of the dipole-dipole interaction, this spherical-symmetric distribution is deformed,
however. Note that only the Fock term is responsible for this.

As discussed earlier, the three scaling parameters O are coupled via the cylinder-symmetric
distribution in momentum space and Eq. (4.92). Hence, there is effectively only one independent
scaling parameter in local equilibrium which can be determined using the fact that the collision
integral conserves the kinetic energy. The effect of collisions is considered by means of the relax-
ation time approximation. This method is only consistent with the full collision integral when the
approximation has the same conserved quantities. This provides me with a coupling between the
distribution function f and the semiclassical Wigner function in local equilibrium f'

<

361z X, q,t) — f(x,q,t)] =0. (4.93)
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4 Solution of the Boltzmann-Vlasov Equation

By using the scaling ansatz, I can reformulate this equation into the simple form
DO (k) =30, (k)" (4.94)
( J

This connects the ©; with the O, so that Egs. (4.80) and Eqgs. (4.85) represents now a closed set
of equations.

Note that the ansatz Eq. (4.29) ensures that the conservation laws for the momentum and
the particle number are consistent with the relaxation time approximation. In the case of the
particle conservation, the rescaling can be done without any difficulties, leading to the same
term for the local equilibrium and for an arbitrary distribution f. In the case of the momentum
conservation law, I use that the distribution functions are even, so that the integrals vanishes.
Hence, the conservation laws for the particle number and the momentum do not provide any new
information.

4.5 Discussion

In the previous sections, I have shown how to perform the scaling ansatz on the Boltzmann-
Vlasov equation. This ansatz assumes a distribution function which has mathematically the
same form as the global equilibrium distribution function f°(x,q). This was derived with a
variational ansatz, whose parameters were determined by minimizing the total energy of the
system. By taking moments of the space and momentum variables over the Boltzmann-Vlasov
equation, it was possible to derive differential equations for the scaling parameters b; in Eq. (4.80)
and O; in Eq. (4.85). The differential equation for b; contained integrals from the Hartree and the
Fock term which could be solved if the global equilibrium function is known. The ©-equations
contained the moment of the collision integral, which was calculated within the relaxation time
approximation. The effect of the local equilibrium function was also calculated via the scaling
ansatz. The corresponding scaling parameters ©'° were determined through a minimization of the
time dependent total energy, reflecting the fact that the global equilibrium is only a static local
equilibrium.

The effect of collisions is governed by the equations for ©;, whereas the equations for b; are
unaffected by them. Therefore, the equations for the scaling parameters b; have the same form
in all collisional regimes. Hence, the strength and frequency of the collisions affect the equations
for ©;, which relates them to b;. Inserting this relation, which is different for different collisional
regimes, fixes the differential equations for b; and couples them, if necessary.

To discuss this in more detail, I provide the derivation of the equations of motion for the scaling
parameters in the limiting cases. In the collisionless regime, all directions are independent from
each other and the relaxation time 7 goes to infinity. Therefore, the differential equations (4.85)
for the scaling parameters O¢' have the form

el bfl cl
o5 + 2@61- =0, (4.95)
7
which are solved by ©¢' = (b¢))~2. Inserting this solution in the equations for the scaling param-
eters bS' in (4.80) yields the equations of motion in the collisionless regime. Note that then, the
normalization factor (4.7) turns out to be ' = 1.

In the opposite hydrodynamic limit, the system is always in local equilibrium due to the high
collision rate. Hence, the scaling parameters @?y are equal to the scaling parameters in local
equilibrium, and the right-hand side of Eqs. (4.85) vanishes. Thus, no dissipation occurs in the
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4.5 Discussion

system but, in contrast to the collisionless regime, the different directions are coupled, as the
system is in local thermodynamic equilibrium. Therefore, one has to be careful when taking the
hydrodynamic limit ©; — @?y = O on the left-hand side of these equations. A naive substitution
0, = @?y leads to three different equations which is obviously wrong. To discuss this in detail,
consider the case of a spherically symmetric distribution in k-space. This would be the case with
a delta-type interparticle interaction. In such a case all @?y are equal and, therefore, Eqs. (4.85)
must lead to three equivalent equations in the hydrodynamic limit, which is obviously wrong due
to the different b?y “s in the equations.

To take the hydrodynamic limit in the correct way, I sum up all three equations, which leads to

£(5)u %)

)

The advantage of this equation is that it does not describe an isolated direction. Carrying out the
hydrodynamic limit by substituting ©; = @?y leads to the vanishing of the right-hand side of this

equation.
. - hy
ew
> (@hy +2 th> =0 (4.97)

i

The left-hand side of Eq. (4.97) can be reformulated so that a relation to the normalization factor
I, which is defined in Eq. (4.7), can be obtained

. hy

. - hy
—2rhy O, b,
= > (@hy + QbTy> : (4.98)

7

Combining these two equations leads to the simple condition
e = 0. (4.99)

Thus, I'™ has to be time independent, which means that the form of the particle number conser-
vation is invariant. The value of I'™ can be determined, because its value in the limit ¢ — oo is
the stationary solution and therefore equal to one. Thus, we conclude I'" = 1. So the particle
number conservation determines the relation between the scaling parameters © and b". Thus,
the error by taking the hydrodynamic limit in the Eqgs. (4.85) occurred due to the fact that the
scaling parameters are not independent of each other.

This concludes the derivation of the theory, which allows me to describe a dipolar Fermi gas
within a triaxial trap. The next step would be the numerical analysis of the system in order to
derive the low-lying excitation modes or the time-of-flight dynamics. Due to the experimental
progress in cooling down dipolar Fermi gases, it is realistic to assume that this theory could soon
be compared with experiments.
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5 Limiting Cases

This chapter provides a concise overview of the limiting cases of the equations for the scaling
parameters. At first, I discuss the limiting case of the ballistic regime and compare these equations
with Ref. [27], which describe a dipolar Fermi gas in the collisionless regime within a cylinder-
symmetric trap. Afterwards, I consider the hydrodynamic limit and compare the specialized
equations with the papers [29,30] which describe a dipolar Fermi gas in the hydrodynamic regime
within a triaxial trap.

5.1 Collisionless Limit

In this section, I will calculate the equations of motion for the scaling parameters in the case of
a cylinder-symmetric trap in the collisionless regime. The purpose is to compare the resulting
equations of the theory with the equations derived in Ref. [27]. To this end, it will be necessary
to calculate the integrals in terms of the anisotropy function.

The scaling parameters derived in Ref. [27] determine a dipolar Fermi gas, as described above.
Hence, I specialize the general equations to this case and derive a simpler form of the differential
equations for the scaling parameters. The relaxation time in the collisionless regime goes to
infinity, which leads to the relation between the scaling parameters b and ©¢ as discussed in the
previous chapter to O = (b)) =2,

Due to the cylinder symmetry of the system, the equations of motion for <! and bgl are equal.
Hence, I only have to consider differential equations for b and for b¢l. Inserting the relation
between O = (b4)~2 into the equation of motion for b¢! leads to

- - h?K? 48N ¢y ¥R, bSR,\ IR, [(0IR, WIR,
b; - w$b§ + 2(pc)3 R2 o bclR bel R2 f IR, bR o 'R fl IR bR
m ( x) T mnj j bzl z Y2 Yzohz z Tz z vz YzThz
bcl Kz b;l Kz bcl Kz bcl Kz b;l Kz
_ €T X X . .1
/ (bgle’ bgle> T WK, S WK, WK, (5.1)

Due to the cylinder symmetry of the system, the anisotropy functions are symmetric in their
arguments. Thus, I can rewrite the derivatives of f as algebraic terms of the anisotropy function,
using the identity Eq. (4.48). After inserting this into Eq. (5.1), the equation of motion for the
scaling parameter b reads

bg'Rz 2 b‘;l Ry 2 b;l Ra
x == wz x - p -
m2(b) R, m [T, 05 Ry R, 2 [1 - (212)1

i\ 2 i\ 2 b K
2 {1 - (bgle) } -3 (bglK1> [s (bg%)
N 2
b K,

(5.2)
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5 Limiting Cases

Inserting the expression for the cylinder-symmetric anisotropy function (4.49) into Eq. (5.2) yields

. h2 K2 48 N¢ 'R WK
bcl 2bcl - T 0 dac ) dx A =0 5.3
z T Wabs m2(be)3 R2 + 2m [T, b R;bg R VIR, bAK, ’ (5-3)

where

2 — Ty? — 4y* + 9y*Artanh <\/1 — y2> /\/1 — 2
de(y) = (T

is an abbreviation. An analogous calculation leads to the equation for the scaling parameter b<!

. h2K? 48N¢ bR WK
Bl - o2t — z 0 d, [ 22)—d [2=])|=0 5.5
ST T R T am L 00 RvaRe | \ bR, DK, (55)

(5.4)

with the abbreviation

1+ 10y% — 2y* — 9y Artanh <\/1 — y2> /1 — 92

(5.6)

Egs. (5.3) and (5.5) are the equations of motion, which have to be solved to obtain the time
evolution of the Fermi gas in the collisionless regime. It is a lengthy calculation to reformulate
these equations into the form given by Ref. [27]. T will only sketch the necessary steps. One has
to make both dimensionless the time ¢ = fu:/ and the space variable (R%) = N %TZ—;(RZ) and one
has to use the stationary equations for the momentum parameters. After doing this, one has to
connect the space and momentum parameters R; and K; with the stationary parameters used in

Ref. [27]. These authors used a special ansatz for a cylinder-symmetric Fermi gas, which reads

k2 A2m2w? 22
P =0 i - o T (e 2] (5.7)

so that the number conservation simplifies to

kS.n?

N=
48 \3m3w

(5.8)

A comparison between the two approaches for the equilibrium Wigner function shows the relation
between their parameters

1 r A2 Bm2w?

=== (5.9)
R: R k3h?

1 A2m2w?

1 1 1
L (5.11)
K2 K2 okj

1 a?
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5.2 Hydrodynamic Limit

Inserting all this into the equations of motion for the scaling parameters Eq. (5.3) and Eq. (5.5),
and reformulating these equations, leads to

1 bcl 3 bcl 3
Pl wia wi | NeCu (m'w)* |t (§50°1) — o (o) |
dt'? o2 @2(6;1)3 47r<R§c2> 715 H] b;lbgl

Sl

1 bcl 3 bcl _3
d2bc1 wgbcl wg n Nﬁcdd (m w)2 [ (bcl 2) <bclOé 2>}
@z e w2 (b3 T Am(R2) \ B [T, b5'oe!

o[- (9°8) —d: (o7F)]
_ 0 ) =0, (5.14)

where ¢ = 1024(3)%)2 /(283572) is an abbreviation. These are exactly the equations of motions as
given by Ref. [27]. Thus, the theory is able to reproduce this previous solution of the Boltzmann-
Vlasov equation in the collisionless regime. The equations of motion are nonlinear differential
equations, which can be solved numerically, as discussed in detail in Ref. [27].

5.2 Hydrodynamic Limit

In this section, I compare the differential equations for the scaling parameters with the hydrody-
namic limit of Refs. [29,30]. To this end, it is not necessary to calculate these equations, as this
was already done in Section 4.4. The equations of motion for the scaling parameters b?y are given
by Eq. (4.80), while for the scaling parameter @?y = O they are given with O = G)EV and
Eq. (4.92). To compare these equations with the corresponding ones given in Refs. [29,30], I have
to note that I introduced the time-dependent scaling parameters b; and ©;, which characterize the
dynamics of the system relative to the global equilibrium, whereas the global equilibrium itself
is described by time-independent variational parameters. In the ansatz of Refs. [29,30], only one
sort of parameters appears, which has to contain the information about both the dynamics and
the equilibrium. The first step in Refs. [29,30] is that all one-particle orbitals ¢;(x,?) have the
same phase. These orbitals determine the correlation functions G™ in Eq. (2.7) and, therefore,
the distribution function. This seems to be equivalent to the gauge transformation of the g-vector,
as discussed in Section 4.1, which leads to a vanishing local velocity field. Thus, reversing the
scaling ansatz on the local equilibrium function and neglecting this gauge transformation leads to

B ¢
1 Z<b?<t>R? @%(t)Kf)]' 1)

)

fo(x,q,t) =6

Comparing this with the ansatz made in Refs. [29,30], I can relate my parameters to those authors’
parameters R, and K, yielding

R, = Rib}”, (5.16)
K! = K;(0M)z. (5.17)
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5 Limiting Cases

With these relations, I can see that Eqs. (4.80) and (4.92) are equal to those given by Refs. [29,30],
and that the same cylinder-symmetrical momentum distribution occurs, enabling me to conclude
that the hydrodynamic limit is in perfect agreement with this previous investigation.
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6 Discussion

I derived in this diploma thesis a theory that is capable to describe a dipolar Fermi gas in different
collisional regimes. To this end, I introduced in Chapter 2 a quasi phase-space distribution function
and described the dynamics of the system in terms of the equation of motion for it. Moreover, a
gradient expansion in the derivation of this kinetic equation, called Boltzmann-Vlasov equation,
led in the thermodynamic limit to a semiclassical description of the system. The interparticle
interaction was calculated by means of perturbation theory leading in first order to the Hartree-
and Fock potentials and in second order to the collision integral. By doing this, I used the
approximation that the interaction range of the dipole-dipole interaction is smaller than the length
scale in which the semiclassical distribution function changes significantly. The experiment has to
show whether this approximation is good or not.

In Chapter 3, I derived that the particle number, the momentum coordinates and the kinetic
energy are conserved by collisions and found out that a Fermi-Dirac distribution is the limiting
function of any relaxation process due to collisions. Afterwards, I linearized the collision integral
and discussed that a relaxation time approximation can not be obtained by a linearization.

Then, I rescaled in Chapter 4 the Boltzmann-Vlasov equation in order to obtain differential
equations for the scaling parameters, which can be solved numerically. In order to evaluate the
remaining integrals in these equations, I had to determine the global equilibrium distribution
function in terms of an energy minimization. The local equilibrium distribution function, which
describes the limiting function of the collisional relaxation process, was determined by a separate
rescaling. The corresponding spatial and momentum scaling parameters were obtained differently.
The collisions lead to a certain momentum distribution which could be determined by an energy
minimization with respect to the momentum scaling parameters. The spatial parameters could
be determined by the fact that the collisions are described as local interactions. Therefore, the
collisions do not change the spatial dependence of the distribution function during the relaxation
process.

I discussed in Chapter 5 how this theory works and compared its differential equations with
previous results in the topic of ultracold dipolar Fermi gases. Thus, it is now possible to solve
the ordinary differential equations for the scaling parameters in order to investigate the effect of
collisions on the dipolar Fermi gas. At last, I will give a short overview about possibilities for
further investigations of dipolar Fermi gases which are not performed in this diploma thesis.

I derived the equations of motion for the scaling parameters in order to describe the time
dependent change in the distribution function, but I did not solve these equations. I would have
to do this with a vanishing trapping potential in order to describe the time-of-flight dynamics,
which should lead to different results in the collisional regimes. Another important application
would be the calculation of the low-lying excitation modes and their dependence on the relaxation
time, so that the influence of the collisions on this property becomes clear.

The equations of motion for the scaling parameters describe a dipolar Fermi gas at zero temper-
ature. One can use the Sommerfeld expansion to introduce additional terms into the variational
ansatz of the global equilibrium distribution function, in order to describe its temperature depen-
dence. This ansatz would be consistent with the derived equations in this diploma thesis and it
should be possible to obtain analytic equations, which would not be possible if one introduces the
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6 Discussion

full Fermi-Dirac distribution with its temperature dependence.

I derived the Boltzmann-Vlasov equation following the approach of Kirkpatrick and Dorfman
[45]. In these calculations, I found second-order terms which are neglected during the derivation
of the collision integral in the form of Eq. (2.98). It seems reasonable to calculate these terms
in order to determine how they change the dynamics of the system. In particular, this would be
interesting as it should soon be possible to compare the theoretical results with experimental data.

The relaxation time approximation is still not clearly derived from the collision integral, which
leads to an empirical relaxation time with a yet unknown space and momentum dependence. It
is therefore necessary to find a self-consistent derivation of the relaxation time approximation,
thereby obtaining an explicit expression for the relaxation time.

My derivation of the Boltzmann-Vlasov equation holds only for a dipolar Fermi gas, but could
also be applied to a dipolar Bose gas [60]. In this case, one has to deal with two components, a BEC
and a thermal cloud. Ref. [60] discusses that taking the average of the Heisenberg equations of
motion for the field operator leads to equations for an expectation value of the field operator which
describes the Bose-Einstein condensate. The difference between the field operator and its average
yields a new operator, which describes the thermal cloud. Using the derivation of Chapter 2, it
should then be possible to construct kinetic equations for the BEC describing a Bose-Einstein
condensate in different collisional regimes. This would include collisional interactions among
particles of the thermal cloud, as well as collisions between the thermal cloud and the BEC.
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A Fourier Transform of Dipole-Dipole
Potential

In this appendix, I present the Fourier transformation of the dipole-dipole interaction potential

1 — 3cos?V
4 |x3|

‘/int(X) = Cdd (Al)
where I consider that the dipole moments are aligned along the z-axis. In a first step, I will
derive a relation between the dipole-dipole and the Coulomb potential. Afterwards, I will Fourier
transform this to obtain an explicit expression for the Fourier transformed dipole-dipole potential
from the Fourier transformed Coulomb potential. The relation between these two potentials is an
operator identity. To this end, I integrate two arbitrary z-differentials of 1/(47x) over a sphere,

where x denotes the norm of x:
o o0 1 0 x;

—— Pr=-— Py A2

/V Ox; Ox; 4mx v /V Ox; 4ma? o (A-2)

This simplifies with the Gauss” theorem, but there is no divergence on the right-hand side of
Eq. (A.2). Therefore, consider a vector field B(x) depending explicitly on the vector x, which is
of the form B(x) = g(x)a, with a suitable vector a and a function g(x). The Gauss” theorem for
the vector field B(x) can then be reformulated in terms of these new quantities

/V Vo(x) - ad’z — f[iw g(x)a- dA, (A.3)

where 9V is the surface of the volume V and dA is the infinitesimal surface vector. The vector a
can be pulled out of the integral due to its independence from x. A comparison of both sides of
the equation leads to the vector identity

/ Vo(x)d*z = f{ g(x)dA. (A.4)
1% ov
Inserting Eq. (A.4) into Eq. (A.2) yields

0o 0 1 x;
———d’r = — dA;—. A5
v Ox; Ox; 4mx v ?gv 4drad (A.5)

The direction of the infinitesimal surface vector is directed radially away from the sphere. Hence,
it is sensible to solve these integrals in spherical coordinates. An exchange of the indices ¢ and j
does not change the value of the integral making it necessary to compute only 6 integrals

_ N 0 17y
fgvdAzémxS—{ . (A.6)

Calculating two equal partial derivatives acting on 1/(4mz) without the integral, as done in
Eq. (A.2), leads to zero, but this is only valid for x # 0, implying that one has to be aware
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A Fourier Transform of Dipole-Dipole Potential

of a delta function if ¢ = j. With z; as the i-th component of the unit vector, this leads to the
operator identity, which can also be found in Ref. [61],

o0 0 1 . 51‘]‘ — 352‘2.%] 1

- = —0;;0(x). A7
Ox; Ox; Amx dmad * 3 (x) (A7)
This equation can be Fourier-transformed, which yields
0;i — 3T;T; kik; 1 1
F|X = 2R S — 26 A8
{ Ao’ ] 4 [x} 3 (4-8)

where F[-] denotes the Fourier transform. Eq. (A.7) shows the relation between the dipole-
dipole and the Coulomb potential. The Fourier transform of the latter can be computed with
the Schwinger identity [62]

11 ™ .
- v—1_—at A9
& 10 /0 drr" e 7, (A.9)

which can be proven by substituting the integration variable, with I'(v) denoting the Gamma
function. Inserting this into the Fourier transform of the Coulomb potential leads to Gaussian

integrals
1, 1, 1 o 1 2
dPr—e™* = /d%—e“"x = /de—/ drr—ze ™ kX, (A.10)
/ v V2 (3) Jo

The solution of the integration yields
1 4
F H S (A.11)

Putting everything together leads to the Fourier transform of the dipole-dipole interaction poten-
tial. For the case of dipoles directed along the z-axis, the solution, which is also given in Ref. [63],
reads

- . k2
Vil = [ dati s = 1 <3k— _ 1) | (A12)
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B Computation of the Energy Integrals

In this appendix, I present the integration of the four energy terms Eqs. (4.31)—(4.34) in global
equilibrium. This will lead to an explicit expression for the total energy of the system, which
depends then only on the variational parameters R; and K;. The minimal energy determines the
suitable parameters for the scaling ansatz.

I will present all important steps of the calculations in the hope that it will be easier to follow for
the reader. For the Hartree and Fock integrals, I will consult the famous book by I. S. Gradshteyn
and I. M. Ryzhik [59]. All numbers and the formulas of the integrals used from Ref. [59] will be
given whenever they appear.

B.1 Kinetic and Trapping Energy

The kinetic and trapping energy terms can be integrated in the same way. Hence, when one
of these terms is calculated, the other term is given, the only difference being that it has other
constants. Thus, I will only calculate in detail the kinetic energy Eq. (4.31) by inserting the ansatz

Eq. (4.29):
Bk R k2 x2 k2
B, = [ & — 01— - S B.1
5 / x/(?w)?’ 2m®< ;R? ;KJQ (B-1)

It is easier to compute at first the space integrals. Due to the spherical symmetry of the integral
it is useful to switch to spherical coordinates and to rescale the space variables according to
xT; = ’LLiRi, which ylelds

Bk h2k?—3
By = dudmu’O | 1 — L 2. B.2
k /(27r) 2mR/O uwu@( Z u> (B.2)

The Heaviside step function is 1 in the range |u| < \/ 1 =3, k7/ K3, otherwise it will be 0. This

leads to
3 27.2 k2 V12, kK
Ekinz/(d—kh h R 477@( § —J>/ du®. (B.3)
, 0

271)3 2m K

The u-integral can now be performed

d>v 47r—3—3h Z K?v?
Ekm:/( —RE —=2 20—l —v =) [1-) 7, (B.4)

27)3 3 2m -

where I used the rescaling k; = K,;v;. The three remaining integrals will be computed step by
step. At first I have

3/2

3h2 1— v2—v2
ey e / w (S (1o e - )
J J
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B Computation of the Energy Integrals

After another rescaling v, = /1 —vZ — v} cosd, I get

47 —3h?

FExin :3(27r) R K dvgdvy (1 —v2 —v2)*0(1 — v} —v2)
w/2
X /0 disin9 [K2vl + KJvl + KZ(1 — vl — v))cos?)] . (B.6)
The ¥-integral can be performed using the standard integrals

/2 RIS
d¥sin®y = — B.7
/0 siny = 7. (B.7)

w/2 T
/ dsin*ycos®) = —. (B.8)

0 32

The other two integrals can be treated in the same way, so that the rest of the calculation can be
done analogously. This leads to the kinetic energy

N « R’ K?
Ekin — g Z Qm] . (Bg)

J

The computation of the trapping term is analogous. Its solution is given by
~ Nm
- 82

J

E, wR?. (B.10)

B.2 Hartree Energy

The main idea behind this calculation is to use a Fourier transform trick so that only 3 integrals
have to be computed with all functions in the integral Eq. (4.33). This implies decoupling the
distribution functions and the interaction potential with respect to their spatial arguments. Thus,
I can rewrite the Hartree term by means of the Fourier transform of the potential according to

=g [ [ [ S5 [ 25 [ e T 10 )

dBk// . d3/€ o0 ” d3k/ 0N 1
§/vat<k>/( PR [ G B

Thus, in a first step I have to compute the Fourier transform of the Wigner function Eq. (4.29)

2

o=k k) = / dPre™’*Q h(k)—Z% , (B.12)
j J

2

y % is a suitable abbreviation. At first, I have
J

where h(k) =1—-"

x2
h(k) — —]] (cosklz +1i sink’ z ). (B.13)
o e

because of symmetry=0

fo(—K" k) = / dadye’F=rTkyy) / dz0
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B.2 Hartree Energy

After using the fact that the Heaviside step function is 1 for |z| < R, \/h(k:) —2?/R2 —y?/R2, 0

otherwise, as well as using the rescaling z = R, \/ h(k) — 2%/ R2 — y?/ RZcosV the integral yields

" " /2 2 272
(k" k) = / drdye’*= kv 9 / d¥sindcos { kKR, |h(k) — x_2 — L\ cosw
0 Rm Rf]
2y 3 2y
x Yy z Yy
This can be integrated using the following formula from [59, (3.715.20)]
/2 2\" 1 1
/ cos(zcosz )sin® wdr = vr (—) r (V + —) Jy(z) for Rev>—-, (B.15)
; 2 \z 2 2
where J,(z) is a Bessel function of first kind. This leads to
" \/2 2 o0 2 27+
—k" k ek v V2T dy(cosk,y + isink;y) [h(k) - 3:—2 - y—z}
V kng — N—— Ra: Ry

=0

22y 22 2 3
Yy )

xT x

This can be simplified by limiting the y-integral with the help of the Heaviside function und using
an analogous substitution for the y—variable

k‘” \V/ 2'/TR
\/W

2 % 273
X Ji {k;’RZ {h(k) — %] sinu} oS {kgRy {h(k) — %] cosu} . (B.I7)

The y-integral can now be evaluated using [59, (6.688.2)]

~X'. k dusm%uRy [h(k) - ”3—2} ‘o {h(k) - "’”—2}

=
—
—
Q
V)
=<
no
~—
[NIES
I

/2 1
/ drsin” M zcos(Beosz) J, (asinz) = 272\ /Ta (o® + 52) s
0
for Rev>—-1. (B.18)

After computing the y-integral and simplifying the resulting term, the z-integral can be treated
in a similar way. Hence, the Fourier-transformed distribution function yields

3—=3 3

2 1 1 1

T s 175 ]
T T Yy Y z z

The next step is the calculation of the k-integral over the Fourier-transformed Wigner function in

Eq. (B.11). This is an even function so that the k’-integral is exactly the same as the k-integral.

Hence, it is only necessary to compute one of them:

f()(_k//a k) =

3
3k 70 Eg / ) :
B ck{1-) 5] ©(1-) -5
/( )f( k)= (27)3 (K/2R2 + K/2R2 + K/2R2) EJ: K; ;Kf

1
k27 2
X Js (1—2?) (KR + KPR + K*R?) 5] (B-20)
j J
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B Computation of the Energy Integrals

To calculate this integral, I perform the substitution k; = K;u; and use the spherical symmetry of
the integrand. Then, the integral yields

3 —373 1
/ d’k fo( k) = - R 347r/ duu2(1 — UQ)%
(2m)3 (2m)2 (K2R2 + KI2R2 + k2R2)7 Jo
x Ja [(1 — )3 (K2R% + KR’ + k:;'?Rz)%] (B.21)

This integral can be calculated after substituting v = cos? and using [59, (6.683)]
w/2
/ ddJ,(asind)sin* ' cos® 9 = 2°T(p + 1)a " ' J,y41(a) for Re p,Re p> —1. (B.22)
0

Hence, the integral over the Fourier transformed Wigner function yields

I’k 4\/7_”TE3?3 2 2 2 2 2 2\ 3 ~0
/( ) f ( )_ (27r)%\/§(k”2R2 —|—/<;”2R2—|—/<:”2R2)%J3 [(k‘,”/ R$+kg Ry+kg Rz)2] -n (k/,)'
x x y Yy z z

(B.23)
With the previous calculations, I am now able to solve the last integral for the Hartree term. With
the Fourier transformed dipole-dipole interaction potential, I get

B Cua (3K 1672 R K" N
Ed = /(27)37 (W - 1) ( ) (k?//2R2 —I—k‘//sz +k3”2R2) J3 (l{?g Rx‘i‘kg Ry‘i‘kg RZ)Q] .

(B.24)
After substituting k! R; = u; and switching into spherical coordinates, the integral yields

3
B, — Cdd&r R K / 40 / desind

" 3cos?)
(R./R.)2cos?¢sin®d + (R, /R,)2sin*¢sin®d + cos2d

—1) /0 Ooduu_4J§(u). (B.25)

With the definition of the anisotropy function Eq. (4.37) and [59, (6.574.2)]

o A—1 vtp—A+1
N AT ( )
/0 dtJ,(at)J(at)t™ = AT (—u+u2+)\+1) T (u+u;r>\+21) T (V*u;r)“rl)

for Re (v+pu+1)>Re(N)>0,a>0. (B.26)
the Hartree energy Ey yields
—48N?%cy . (R, R
Ey=——f-,22). B.27
d 8?3 f (Rz’ Rz> ( )

with cg = 219Cyq/ (73 - 3*-5- 7).

B.3 Fock Energy

The Fock term represents the most complicated integral of these four energy terms. Nevertheless,
it is possible to compute it as well by using Fourier transforms. The trick is to switch the space
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B.3 Fock Energy

and momentum variables of the Wigner functions via two Fourier transforms. Hence, the Fock
term can be rewritten in the following form

Pk K (k) ox!
— __/d3 /dB // / 3‘/;m(x)ez(k—k)-x fO(X,k)f()(X,k/),

5[ [ G [ dgk//?(k" X)F (KT (€)e %, (B9

where To(k’ ,k) denotes the Fourier transform of f°(x,k) with respect to the first variable and
fO(x,x') the Fourier transformation with respect to the second variable. The order of the cal-
culation of the integrals is determined by the interaction potential. 1 assume that the integral
over the interaction potential will lead to the anisotropy function exactly as in the calculation
of the Hartree term. Thus, I will solve this integral at last, trying to perform at first the other
integrals over the Fourier transformed Wigner functions. Hence, the first step is to calculate these
two Fourier transforms of the Wigner function. I have already performed the first of these two
transforms in the calculations of the Hartree term, where the result is given by Eq. (B.19). Using
this result, I get

= 3 . ~,
P :/ %ezk'xf ), (B.29)
BTG Z_) VAL RSV AL
_/ 2m)t (k") (1 ZJK; T | ;Ka g(K")3 | .
(B.30)

where g(k”) = kJ?R2 + k;”R} + kI”R? is an abbreviation. The three k-integrals will be treated
separately, yet all in the same way. Hence, it is only necessary to compute one of them. With the

use of the substitution k, = K,/1 — Ik{—% Ik@ cos?, I can rewrite Eq. (B.30) as

_3 =
0 2 1 o K2R K2 k2\1
_k/l _ - ixky+iyky 1— 2= _ Yy 1 - == _ Yy
fKx) (2m)% g(k)"3 / Ahcllye © ( K2 K§> ( K2 Kﬁ)

(B.31)

* dsind 0K K 5 o k)2 A R
><2/0 sinz WK, cos | 2K, 4|1 — ﬁ—ﬁcos Js g(k")z 1—ﬁ—?5 cosv| .

After this substitution, the ¥-integral can be calculated using Eq. (B.18). The other two k-integrals
can be treated in the same way. Then, the Fourier transform reads

§3F3
[g(k”) + Z2K§ + yQKg + :EQKQ] %

—=0 1
7 (—K' %) = Js {[g(k”) + 22K 4 K2 x2K§]5} . (B.32)

—=0
It is clear that f (k”,x) is an even function, which simplifies further calculations. The next step is
to calculate the x'-integral in Eq. (B.28). To avoid a quadratic Bessel function, I use the integral
representation [59, (6.519.2.2)]

2 1
/ Jo,(2zsint)dt = ng(z) for ~ Rev> ~5 (B.33)
0
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B Computation of the Energy Integrals

which leads to an integral over a Bessel function

1 2 [2 1
J2 { [22K2 4+ y* K2 + 22K2 + g(K")] } ~Z / dt.Js {QSint [22K2 4+ y* K2 + 22K + g(K")] }
T™Jo
(B.34)
I will treat the three integrals separately, starting with the z-integral. After the substitution
u, = zK,, I can use [59, (6.726.2)]

/ (2% + 62)_%”Jl, (a\/ x? + b2> cos(cx)dx :\/z “vhvta 2(a® — ) 1"_%JV_% (b\/ a? — c2>
0

1
for 0<c<a,b>O,Reu>—§,

1
=0 for O<a<c,b>0,Rey>—§, (B.35)

to obtain

/2 % . k‘2
=0 R L 3 (481nt——2> @(ZSmt— 2)
/d3$/f (k”,X,)ZeZk X :RGFG/dZEdyem K, +iy'ky, / dt K K;
K, Jo (2sint)8 [22 K2 + y2K2 + g(k")] *

1
]{7/2 3 1
X \/gzjl; { (4 sin®t — KZ2) (27 K2 +y* K] + g(kK")]? } (B.36)

The Heaviside function in the last equation ensures that both possible solutions of Eq. (B.35) are
covered. The other two integrals will be calculated in the same way. The solution of the z/-integral
reads

s k/Q k’2 k/2
/d3l’/f (k” /) ik’ x! _ Q(ZW)SEGKS/Q dt <4Sln t_ﬁ_ﬁ_[(g>
0

T (2sint)s g(k")1
) /{2/2 k/2 /{3;2 3 ‘ k}’2 k/2 k/2
xJs [g(k )2 <4sm t—E—ﬁ—Kg%) @<2smt— K? K2 K2> . (B.37)

The next step is to integrate the k”-integral. Using spherical symmetry, I can make the calcu-
lation of this integral relatively short. Substituting u; = k! R; and then transforming these new
integration variables into spherical coordinates, I can use [59, (6.561.17)]

> J, T (30+3 1
/ (&x)dx: (36 2)1 ~ for —1<Reg<Rev-—_, (B.38)
0 ave 2v=9g¥=a+1T (v — g + 3) 2

which leads to

3 =37 g 3
/d3k:”/d3x,f (k" x 2k :8(27T)2F <%)5R h /2 C.Zt (4S1n t— k_/Q — k_lz — kf)
I'(4)22 o (2sint)s K? K2 K

k’2 ]{;/2 k2
X O (2 sint — K K2 + FZ) : (B.39)

The last step of the calculation of the Fock term is to solve the k’-integral. Therefore, I substi-
tute u; = ki/K] and afterwards switch to spherical coordinates. The Fourier transform of the
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B.3 Fock Energy

interaction potential is given by Eq. (A.12). Inserting all this, the Fock term yields

AC4q(2m)2T (2) 27 m 29
B, - ACal27) (2)/ dgb/ 9 sin 9 3 Cos 1
. 0 0

K2 . K2 . .
Vel sin® ¥ cos? ¢ + = sin? ¥ sin? ¢ + cos? 1)
z z

—6—3 3 dt 2sint ) oy 3

x KR —_— duu® (4sin’t — u?)". (B.40)
o (2sint)s J,

The - and ¢-integrals will lead to the anisotropy function, which is defined by Eq. (4.37), and

the u- and t-integrals can be solved without any difficulties. With the abbreviation

co = 2'0C4q/(3* -5 - 7+ ), the solution of the Fock term reads

48N?%¢q K, K,
B, — 2z Dz B.41
1 (5 5) (B.41)
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