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Kurzfassung

Diese Arbeit widmet sich der Herleitung makroskopischer Modelle von Elektronenensembles
und deren Eigenschaften, insbesondere Energie und Spin und der Untersuchung von Lang-
zeitverhalten. Da das Thema breit gefdchert ist, werden drei ausgewéhlte Themen behandelt,
die jedoch in einer gewissen Art miteinander verbunden sind.

Ziel des ersten Teils ist es ein makroskopisches Modell der Teilchendichte und Energiedichte
von ultrakalten Fermionenwolken rigoros herzuleiten, startend von einer Halbleitergleichung
des Boltzmann-Typs. Auflerdem wird gezeigt, dass das System exponentiell zu einem Fermi-
Dirac-Gleichgewicht konvergiert und dass die Dichten gegen ihre Mittelwerte konvergieren.

Der zweite Teil konzentriert sich auf die Herleitung eines Modells fiir alle Richtungen
des Spins, ausgehend von der Von-Neumann-Gleichung. Der Hamilton-Operator in dieser
Gleichung enthélt eine Beschreibung einer bestimmten Spin-Orbit-Wechselwirkung, der soge-
nannte Rashba-Effekt. Von dort aus entwickeln wir das System in den Wigner-Formalismus
(dhnlich zum Phasenraum), ausgestattet mit einer Relaxation zum lokalen Equilibrium, mit
Hilfe des Quantenentropieprinzips. Das volle Quantenmodell wird erreicht, indem wir den
Linien des klassischen Chapman-Enskog-Verfahrens folgen. Um ein praktischeres Modell
zu erhalten, entwickeln wir das Equilibrium semiklassisch, was zu einem approximierten
makroskopischen Modell der Spindichten fiithrt.

Fin bereits vorhandenes makroskopisches Modell eines Elektronenensembles und ihrer
Spins, auf einen beschriankten Bereich, ist der Ausgangspunkt des letzten Teils. Wenn
man annimmt, dass der mittlere Spin am Rand verschwindet und dass sich das System
bereits nahe des Gleichgewichtszustands befindet, fiihrt das zu einem exponentiellen Abfall
der Spindichten in Richtung des stationdren Zustands des Systems.
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Abstract

The thesis is dedicated to derive macroscopic descriptions of electron ensembles and their
properties, in particular energy and spin, and to study their long-time behaviour. Since it is
a topic with a wide range of fields, three selected topics are chosen, which are connected but
still different.

The goal of the first part is the rigorous derivation of a macroscopic description for the
particle density and energy density of an ultracold cloud of fermions, starting form a semi-
conductor Boltzmann-type equation. Additionally it is shown that the system converges
exponentially to a Fermi-Dirac equilibrium, as well as the densities converge to their mean
values respectively.

The second part focuses on the search of a model for all directions of the spin. To obtain
this the chosen starting equation is the von Neumann equation. The Hamiltonian occurring
in this equation includes a description of a particular spin-orbit interaction, the so called
Rashba-effect. From there the system is transformed into the Wigner picture, endowed with
a relaxation to the local equilibrium obtained by the quantum entropy principle. Following
the lines of the classical Chapman-Enskog procedure, the full quantum drift diffusion model
is derived. To obtain a more practical model, the semiclassical expansion of the equilibrium
leads to an approximated macroscopic description of the spin densities.

Another already derived macroscopic description of an electron ensemble and their spins
on a bounded domain is the starting point of the last part. Considering that the average spin
vanishes on the boundary and that the system is close to the equilibrium state, leads to the
exponential decay of the spin densities towards the steady state of the system.
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1. Introduction

1.1. Motivation

Technology has become indispensable in our modern way of life, the advances seem unlimited
and electronic devices get smaller and faster every year. Therefore it is nearly unimaginable
that the basic language of such electronic devices is binary, meaning that still everything is
encoded with zeros and ones (or "on” and "off”). One of the basic tools in modern electronics
are transistors, which are used as switches for electrical power and implement that language
in electric circuits. These transistors are usually built from semiconductors (such as silicon,
germanium or graphene) and have the ability to become either a conductor or an insulator,
depending on the purpose and as such the transistor controls if there is an electron flow (= 1)
or if there is no current at all (= 0).

Moore’s law [Moo65] predicted in 1965 that the number of transistors packed into integrated
circuits will increase, and in 1975 the rate was estimated to double every two years. This
is evident in the fact that manufacturing technology has gone from 6pm in 1976 to 7nm
in 2019, making the same chip roughly 850 times smaller. As an example, a smartphone
like the Samsung Galaxy S8, has about 460 billion transistors (an idea how many that is, 1
million seconds are roughly 11 days, but 1 billion seconds are roughly 31 years). This progress
has slowed down since the year 2000, due to the limits of engineering and because quantum
mechanical effects occur. Electrons have a remarkable ability called tunnelling: If there is
a thin "wall” (e.g. created by a potential energy barrier), it is possible for the electrons to
“tunnel” to the other side. Hence, if a semiconductor is too small, the electrons can tunnel
through the device, making it hard to distinguish if there is a current or not.

A solution to resolve this issue could be using the spin of electrons. Spin is an intrinsic
form of angular momentum carried by elementary particles, discovered by the Stern-Gerlach
experiment in 1922. The study of spin transport electronics (short: Spintronics) emerged
from discoveries in the 1980s revolving around spin-dependent electron transport phenomena
in solid-state devices, for details see [Ban08, WAB*01, WCT06]. The simplified idea behind
spintronics is to control the spin and use it as information transport. For example if we take
a single electron and look in which direction its spin points, let it pass the device and check
the spin again at the end. If it remains the same, no information is passed (= 0), and if
the spin changes it gives us information (=1). This idea is easier said than done, since it is
already quite a challenge to check in which direction the spin points in the beginning. Less
troublesome is to check if the spin looks "upwards” (has positive component in the z-axis)
or "downwards” (has negative component in the z-axis), which we will call spin-up and spin-
down respectively for short. Going a step further, we could gain much more information from
a single electron, if we know how the spin behaves in each direction. Controlling the spin at
this level, could open plenty more opportunities for new devices. Using each direction of the
spin as another information could tremendously increase calculation speed, and tunnelling
would pose no problem, since we want the electrons to pass the device.

Before we go into details we would like to mention what kind of models exist. Roughly
speaking there are three types of models, namely the microscopic, the mesoscopic and the
macroscopic one. The microscopic models are based on the investigation of the individual

1
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1. Introduction

elements of the system using equations such as the Schrodinger equation, and give a very
detailed description of the model. This is the maximal possible "zoom” level, and in most
cases these models are too detailed. Comparing it with a river, it is as if we are trying to
describe the evolution of every particle in the river separately, having the information of
where they are and in which direction they go for all times. For academic purposes this is
indeed interesting but for practical use it is way too complicated to compute. The usual
”zoom factor” we want to work with is the macroscopic one, where in most cases the starting
model is averaged over the momentum. Comparing it again with a river, we notice that all
particles in the river, move on average in the same direction, which coincides with our actual
observation. Hence it is our main goal to derive such models. A scaling that is in between
the micro- and macroscopic is the mesoscopic scaling, which is grounded in mathematics and
introduces a more statistical point of view. This type is closer to a microscopic model, but
it does not treat every particle on its own. An interpretation of the mesoscopic type is that
all particles are identical and behave similarly, and its description gives us the distribution
of these identical particles. One famous example for a mesoscopic equation is the Boltzmann
equation.

Why did we use a river as comparison, when we are talking about electrons in a semicon-
ductor? The answer is quite simple: We are interested in a macroscopic description of an
electron ensemble, and in some sense we can interpret their movement as a motion of a fluid,
see for example the picture below taken from [TDB*17].

|7] (a/m)
o0

Figure 1.1.: The electron flow looks similar to water flowing through a canal.

As much as we mathematicians love details and theory, we are also interested in practical
use of our achievements. One of the most interesting processes to study is diffusion, because
this phenomenon is well observed for long times in many situations (short observation times
for us). The usual procedure to derive a macroscopic diffusion model, simplified for now, is
to start at either the microscopic or the mesoscopic level, use the right scaling, average over
the momentum and pass formally to the diffusive limit (which will be explained in the next
section). So what is the right level to start?

Using the microscopic level gives us a lot of information and details from which we can derive
intricate models. These are in most cases highly non-local, complex and contain many quan-
tum terms. Since such models are hard to understand and most of the find no applications
in numerics, it makes sense to approximate these with some similar objects from classical
physics, and ”"add” some quantum terms. This procedure is known as the semiclassical ap-
proximation (and will be treated in Section 3.6). Deeper into the thesis we will see that

2
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1.2. Details on the chapters

starting from the microscopic level is complicated and requires much background knowledge,
but is then rewarded with a more detailed model, which can be then approximated with as
much accuracy as we wish.

Alternatively one can start with the mesoscopic one. The idea in this case would be to com-
pare quantum particles with larger particles that behave classically, like gas molecules. Using
such a classical approach to describe a quantum setting, already assumes a semiclassical ap-
proximation. The advantage of this choice is that the calculations that follow are simpler
and will not need to be approximated any further.

Our goal in this thesis is to derive equations which model electrons and their quantum
properties, and explore their long time behaviour. Before we go into details of the sepa-
rate chapters let us mention, that this is a mathematical thesis, which is highly connected to
physics. Since we are interested to also give motivation for our choices and provide the reader
some background knowledge, it is possible that some physical statements will not be very
accurate and could be very naive from a physicists point of view. We apologize in advance
and ask for understanding.

1.2. Details on the chapters

Chapter 2 revolves around the behaviour of an ultracold cloud of fermions (particles with 1/2
spin, e.g. electrons), which appear in quantum information processing and quantum optics,
where we focus on the latter. Due to low temperatures (close to 0), the fermions behave
similar to particles in condensed matter and are therefore also used as quantum simulation
for solid state physics. The advantage of optical lattices is that atoms can be imaged directly,
which in comparison is difficult in solids, and all parameters of the quantum system can be
controlled.

Our aim here is to derive rigorously moment equations for the particle density and the
total energy of the system. This chapter relies on the work of Marcel Braukhoff [Bral7]
and the paper of Golse and Poupaud [GP92]. Starting from the semiconductor Boltzmann
equation (mesoscopic level), where we in particular assume that the spatial variable x and
the momentum variable p lie both in the d—dimensional Torus T¢. We assume zero potential
energy, we study the entropy functional, the Fermi-Dirac distribution and state an appropriate
H-Theorem. Let us point out that the Fermi-Dirac distribution is introduced here as the
minimizer of the entropy under the condition of having the same particle density and total
energy as that of the solution of the semiconductor Boltzmann equation.

Formal derivations of associated macroscopic diffusive models have already been done,
see for instance [JKP11] and [Bral7|, but we are interested in a rigorous derivation. The
question for us is therefore, in which sense the diffusive limit and solutions exist. Similar
theories exist, as in [GP92] and [BADGY96]. Our work however has two main differences:
Firstly, we consider a spatial variable that lies in the d-dimensional torus instead of R?,
which is similar to assuming that the Bravais lattice is of primitive cubic type (CUB, see
[AM76]). Secondly, we consider different type of collisions, namely a collision operator of
Barthnagar-Gross-Krook (BGK) type ([BGK54]), instead of an electron-electron scattering
operator. As far as we know, this is the first time that this setting was chosen for such a
derivation.

The idea to achieve the rigorous diffusive limit relies on a boundedness result of [GP92]
and Fermi-Dirac analysis from [Bral7]. We adapt the boundedness result for our purposes
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1. Introduction

which leads together with the Aubin Lions Lemma, to a convergence result for our desired
densities. The well known Chapman-Enskog expansion (e.g. [J09]) is also introduced here,
which will not only prepare the path for our derivation, but will also be used in the following
chapter. Even tough the Fermi-Dirac distribution is well known [DF26, J09, AM76], with the
analysis of [BralT7], we are able to extend the theory a bit further, which will be an important
ingredient of our convergence result. Besides the appealing mathematics, the advantages of
the rigorous derivation is that it provides solutions for the limit equations, as long as the
starting equation has already one. Due to the desire to keep the chapter as comprehensible
as possible, this existence was stated as a hypothesis, so that we are able to focus on the
derivation itself.

In the end of this chapter we will check the long time behaviour of the system and intro-
duce the relative entropy of it as well as some apriori estimates to this entropy. The adapted
version of the boundedness result of Golse and Poupaud will serve as useful tool here, along
with the H-Theorem. Finally, we will use a Gronwall argument to show that our rigorously
derived weak solution converges in norm towards equilibrium, with an exponential decay rate.

A second purpose of Chapter 2 is to introduce the reader to the concepts of deriving macro-
scopic models and studying long time behaviour of a system. We will see that in Chapter
3, which deals with the derivation of a full spin model, it is already at a formal level quite
challenging and not easy to understand. In addition, the last chapter, where we study the
long time behaviour of the spin, will need a different trick to bypass issues with the limit of
t going to infinity.

Chapter 3 of this thesis is devoted to the derivation of quantum diffusive equations for a
bidimensional gas of spinors with spin-orbit interaction. The physical situation that we have
in mind is that of electrons that are confined in a two-dimensional potential well and are
subject to the so-called Rashba effect. Such a system is often used for interesting applications
to spintronics [icvacFDS04].

In the literature two kinds of spin drift-diffusion models are usually considered. In one
approach, the dynamical variables of the model are the densities of spin-up and spin-down
electrons (with respect to a given direction) or, equivalently, the total density and the polar-
ization. In turn, such models can be either semiclassical [EH14], i.e. derived from a spinorial
Boltzmann equation, or quantum. The quantum model is derived from the von Neumann
equation (statistical Schrodinger) together with a quantum version of the Maximum Entropy
Principle (Q-MEP) [DR03, DMRO05, J09]. The fully-quantum model obtained in this way
can be semiclassically expanded (i.e. in powers of &), up to a desired order. Typically the
second order is enough to observe important quantum features, such as the Bohm potential.
Examples of semiclassical bipolar drift-diffusion models are given in [EH14, PN11], while a
quantum bipolar drift-diffusion model is treated in [BM10, BMNP15].

The second approach to such models considers the complete spin vectors, and not only
their projection on a given direction. Such models, therefore, have four dynamical variables:
the particle density and the densities of the three spin components. A semiclassical model of
this kind has also been developed in [EH14] starting from the spinorial Boltzmann equation.
However, to our knowledge, no quantum drift-diffusion model for the full spin structure has
been considered in literature so far. The presented work aims exactly to fill this gap, with
the derivation of quantum drift-diffusion equations for fully-structured spinors.

We consider a two-dimensional electron gas of electrons confined in an asymmetric two-
dimensional potential well. In such conditions, electrons experience a spin-orbit interaction of
Rashba type [BR84, icvacFDS04]. This is a small effect due to the relativistic conversion of the

4
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1.2. Details on the chapters

electrostatic field into a magnetic one. The resulting effective magnetic field is perpendicular
to both the electron motion and the confinement direction, see Figure 1.2. At a kinetic level

€3

A W= (MM
2DEG z = (z1, x2,0)
R

»

ar(p x e3)

Figure 1.2.: (left): The two different semiconductors, A and B, provide an asymmetric, planar potential
well where a two-dimensional electron gas (2DEG) is confined; (right): the electrons of the
2DEG experience the Rashba effect i.e. an effective magnetic field ar(p X es) orthogonal to

both the electron momentum p and the confinement direction es.

we shall work in the framework of phase-space formulation of quantum mechanics (Wigner).
The Wigner formalism is a “classical looking” version of the density operator formalism (von
Neumann). Although the two versions are equivalent, the former has the advantage of making
the derivation of the model and its semiclassical expansion more intuitive.

The purely Hamiltonian dynamics described by the spinor Wigner equation is endowed
with a collisional term of Bhatnagar-Gross-Krook (BGK) type [BGK54, Arn96|, describing
the relaxation of the system to the equilibrium state. Such equilibrium state is provided by the
Q-MEP, and is represented by a matrix-valued Wigner function that minimizes the quantum
free-energy functional under the constraint of given position and spin densities. Then, the
formal asymptotic analysis, with respect to the scaled relaxation time, is performed on basis
of the usual techniques in kinetic theory, namely the already mentioned Chapman-Enskog
expansion [Cer69, J09]. However, differently to the standard classical and quantum cases
[BM10, Cer69, DMRO5, J()Q], it turns out that the leading order of the expansion does carry
a current, so that the usual diffusive scaling must be replaced by a hydrodynamic one (even
though the collisions do not conserve the particle momentum but only the particle number
and spin). This analysis leads to spinorial quantum drift-diffusion equations for the position
and spin densities. Such equations are non-local, since they contain a functional dependence
on the unknown densities.

In order to be able to compute an explicit semiclassical expansion, i.e. an expansion in
powers of the scaled Planck constant €, we make the assumption that the system is in a regime
of small polarization. More precisely, we assume that the spin densities are of order &, which
amounts to assume that the macroscopic polarization of the electron gas is small. Then, the
quantum non-local model is semiclassically expanded up to the order e™a!, where m +1 = 2
and « is the scaled Rashba constant (measuring the intensity of the spin-orbit interaction).
We obtain in this way a system of four local equations having the form of semiclassical
drift-diffusion equations with “quantum corrections”, including the Bohm potential and their
spinorial counterparts.

The structure of Chapter 3 is the following: We start with some background from physics,
by presenting the Rashba spin-orbit Hamiltonian, together with the corresponding von Neu-
mann equation. Afterwards we introduce mathematical tools, such as the Wigner-Weyl trans-
formation, the Moyal product and the Pauli algebra, which allow us to transform the von
Neumann equation into a four-component Wigner equation. The Wigner equation is then
scaled into non-dimensional form, where we will introduce the scaled Planck constant €. Then

5
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we use the Q-MEP to define the local-equilibrium Wigner function (“quantum Maxwellian”)
and the corresponding BGK collisional operator in the Wigner equation, and present our as-
sumption of small polarization with a short discussion there. We will see that issues related
to the diffusive time-scaling arise, where we give a general characterization of all systems
that show a non-vanishing current in the equilibrium state, thus requiring a hydrodynamic
scaling instead of the usual diffusive one. With the previous preparation we use the hydrody-
namic scaling on our Wigner equation, where a new non-dimensional parameter, the scaled
collisional time 7, appears. The first main result of this chapter will be the full quantum
drift-diffusion model which appears in Section 3.5, where an adapted version of Chapman-
Enskog expansion will be introduced and applied. Afterwards we introduce in Section 3.6 the
quadratic semiclassical approximation, and its connection to semiclassical expansions of the
quantum Maxwellian and the Lagrange multiplier, and achieve our desired model. Finally,
in the last part of the chapter we draw several conclusions and show that our model can be
seen as a generalization of the other models mentioned in this Introduction.

Let us finally remark that some of the results about this non-local model have been antic-
ipated, without proofs, in [BHJ].

In the very last chapter (Chapter 4), which is mostly cited from our paper [HJ20], we are
interested in what happens to the spin in a bounded domain, if the spin on the boundary is
on average zero.

Semiconductor lasers and transistor devices may be improved by taking into account spin-
polarized electron injection. We choose a different model than our derived model in Chapter
3, but the corresponding semiconductor models should include the spin effects in an accurate
way. A widely used model is the two-component spin drift-diffusion model which can be
derived for strong spin-orbit coupling from the spinorial Boltzmann equation in the diffusion
limit [EH14]. When the spin-orbit coupling is only moderate, the diffusion limit in the
spinorial Boltzmann equation leads to a matrix spin drift-diffusion model for the electron
density matrix [EH14, PN11]. This model contains much more information than the two-
component model, but the strong coupling between the four spin components makes the
mathematical analysis very challenging. The driving force to consider this model ([EH14,
PN11]), rather than one of the models derived in Chapter 3, was that our models have
more involved terms and are more complicated to investigate (even the approximated one).
Another reason for this choice is the fact that the existence of global weak solutions for
[EH14, PN11] was already shown in [JNS15]. After some investigation, we are able to show
the large-time asymptotics of the density matrix towards a near-equilibrium steady state.

Our idea is to decompose the matrix equation into two equations modelling the spin up
and spin down densities and a third equation regarding a perpendicular direction of the spin.
Interestingly these three equations do still contain all the information needed for the spin.
Simply put we will see that the spin up and spin down densities will cancel themselves out
(in the sense they converge to a steady state) and the perpendicular direction will vanish for
long times. Details are given in Section 4.2.

1.3. Scaling and Performing Limits

This section is designed to give intuition and ideas, why and how we want to scale equations.
Since in this work different settings are considered, we will keep everything as general and
easy as possible. This means that no details about existence and spaces are given, and the
specific choices will be given in the appropriate chapters.

Let f = f(t,z,p) be the distribution function of a cloud of indistinguishable particles in

6
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1.3. Scaling and Performing Limits

a force field F'(x,t), then these particles can be modelled by a semiconductor Boltzmann
equation (SBE), (see [CIP94, J09, JO1, MRS90]), namely

Ocf(t,z,p) +v(p) - Vo f(t,2,p) + F(t,x) -V, f(t,z,p) = Q(f(t,z,.))(p)- (1.1)

with v(p) being the velocity. To keep it simple, we consider the case where the velocity is
proportional to the momentum. For free particles for example, the dispersive relation is given
by e(p) = |p|*/2m, where m is the mass of each particle. Therefore we have

0(p) = Vi Bkinetic = Vie(p) = .
We also restrict ourselves to the case where the force field F(¢,x) comes from a potential
V(t,x), i.e. F(t,x) =V, V(t,x). The right hand side Q in (1.1) is in general non-local in p
and describes short ranged collisions of the particles.
Scaling is a tool of simplification and better understanding. It puts everything in relation.
For example it is easier to say on a road trip that we are half way through, rather to tell
the exact amount of meters travelled. Therefore it is useful to look at reference quantities
and define them. In many cases we consider the reference length zy (the device diameter
for example), and the reference time ¢y (the time how long we want to observe the system).
Next let us denote the reference energy, reference temperature and reference momentum by
FEy, Ty and pg respectively, where only one of these needs to be given, since they are related:

..
kpTy = Eo, Ey =2, (1.2)
m

where kp is the Boltzmann constant. Now we are able to define the dimensionless variables

Further we introduce the scaled functions

f(f,j, ~) = f(tof, .Toii',poﬁ% f/(f’j) — Elo

V(tog, .%'Q.f).
Looking for example at the time derivative of f, and using the fact that t = ¢ot(t), we have
that
- . ~ 1 - . _ 1, -

atf(t7$,p) = 8tf(t0t(t)7 xow(m)mop(]?)) - %aff(tot(t)awox(x)vpop(p)) = %8{{]‘.(15,1',]7)
It is rare to use the scaled variables as functions, due to the tendency for confusion, and
hence we will also drop this. In the literature the notation ¢ — tof, + — 0%, p — pop,
V — EpV is much more common. Using this transformation in SBE (1.1), we obtain the
following equation

*aff(t:jaﬁ) + %ﬁ : vif(fa f,ﬁ) + ﬂvif/(ﬂ j) : Vﬁf(f, j'vﬁ) = Q(f(ﬂjv ))(ﬁ) (1'3>

One may notice that the above equation is not totally dimensionless, since the left hand
side depends on ”seconds 1”. Before we describe the time scaling , we briefly discuss our
collision operator Q on the right side. For the interested reader we suggest [J09] for more
information about collision operators. In this work the main collision operator that will be
used is of Bhatnagar-Gross-Krook-type (BGK-type) ([BGK54]), which drives the relaxation
of the system to a local equilibrium #. Closely connected to it is the measure of disorder,

7
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1. Introduction

known as the entropy functional, which minimized over given constraints provides exactly this
local equilibrium. These constraints depend on the conserved quantities of the system. For
example: Equation (1.3) conserves the zeroth moment, the macroscopic density n = [ fdp.
The minimizer F is therefore the distribution with the lowest measure of disorder that has
the same macroscopic density [ Fdp = n. That the particle density n should be conserved, is
the least we expect (in Chapter 2 and Chapter 3 additionally the total energy or all directions
of the spin are conserved). Since the constraints depend on the solution f, we will denote
this dependence in the minimizer by writing # (f;p) in this introduction.

Let t. be the typical collision time (describes the "average time” between two collisions),
which in this work will be assumed to be constant for the sake of simplicity, and define the
collision operator for a distribution f as

1
If we now drop the tilde notation and substitute the definition for Q in (1.3), we obtain
1 Pop Lo 1
— . T T . = — ; — t, 5 .
SO Ve VLV Vyf = o (F(fp) ~ S(67,p)

With the typical collision time we can now introduce the mean free path x., which is the
distance an electron travels between two consecutive collisions. As a basic example, a possible
way to calculate it would be to multiply the reference velocity vy = pg/m by the typical
collision time t., giving us x. = pot./m. The ratio between the mean free path x. and the
reference length x( is then called the Knudsen number 7 = x./xo. This ratio details if our
system has many collisions (i.e.7 < 1) or not.

The time an electron with reference energy Fjy needs to pass through the device is called in
the literature the energy time scale (cf. [BFM14]) , which we will denote by tg. The formula
for the energy time scale tg is given by dividing the reference length zy by the reference
velocity, which is tg = z¢om/po. An immediate consequence is then that the ratio between
the typical collision time and the energy time scale, needs to equal the ratio between the
mean free path and the reference length. Indeed we see

125 . tcDo _ &

tE mxg Zo

Therefore the Knudsen number is also given by 7 = t./tp. With this we obtain the non
dimensional semiconductor Boltzmann equation (NDSBE)

t

éatf"'T(p'v:cf'i‘sz‘vpf):.‘]:(f;p)_f‘ (15)
We are left with choosing the observing time ty. For our purposes we will have two possibil-
ities.

e The hydrodynamic regime: This regime has the shorter time scale of the two, and
it appears when we are interested in the current of the electrons. In that case the
right choice as observation time would be tg = tg, leading to the hydrodynamic scaled
semiconductor Boltzmann equation (HSBE)

Tatf"’_T(p'vxf'i‘vmV'vpf):.rr(f§p)_f’ (16)

e The diffusive regime: The longer timescale of this regime provides the possibility to
observe diffusion of the particles in the device. In this regime we want to maintain
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1.3. Scaling and Performing Limits

the ratio given by the Knudsen number. The choice here would be tg = tg /7, because
then the ratio between the energy time scale and observation time coincides with the
Knudsen number. Substituting this in (1.5) gives us the diffusive scaled Boltzmann
equation (DSBE)

TQatf+T(p'vmf+va’vpf) = f}'—(f;p)_f- (17)

As the DSBE will be our main focus in attaining the macroscopic models in the Chapters 2
and 3, hence we will use it to continue our motivation. As mentioned in the introduction, in
the macroscopic scaling we want to see "the motion of the river” and not how every particle
behaves. Applying this idea to the DSBE (1.7) we want to average the equation over the
momentum, which is achieved by integrating with respect to p. If f, is the solution of (1.7),
then the macroscopic particle density n, is given via n,(t,z) = [ fr(¢t,z,p)dp. Since F (fr;p)
has the same particle density as f; we obtain formally

1
aunr +— / (p- Vo + VoV -V,) frdp =0, (1.8)

a potentially simpler equation.

When one considers many collisions, the Knudsen number 7 is really small (~ O(1072)).
Since this is close to zero, we expect a good approximation of passing to the limit = — 0.
Moreover, we notice that if 7 goes to zero, tg has to go to infinity, which means that we
investigate the system for long times. Looking at (1.8), we notice that taking 7 to zero seems
like a trivial task, but we expect that the family (n;);~¢ has a limit function n and that the
equation (1.8) converges to a parabolic equation like

on — divy(J(n,V)) =0, (1.9)

where J describes the flux of the system, the term div,(.J) contains second order derivatives
and as well as the diffusion. Notice that equation (1.9) is still time dependent. For long time
behaviour we will study therefore the limit
tlg(r)lo n(t, ).

Here we expect that the particle density will converge to a steady state, but what this means
depends on the system we are looking at. The derivation of equations in form of (1.9) and
the study of long times regarding the macroscopic densities is exactly what we will focus on
in this thesis.
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2. Effective Energy Transport Model and
Longtime Behaviour

2.1. Setting and Scaling

As mentioned before we want to study the behaviour of an ultracold cloud of fermions (par-
ticles with 1/2 spin, e.g. electrons), in an optical lattice. Such a lattice is generated by lasers
and their standing waves, which create a periodic structure, similar to the ones that can be
found in crystals and semiconductors. For our purposes we assume that the spatial variable
lies in a cube [0, 29]?, where opposite sides are identified, i.e. a d-dimensional Torus = € Tgo
and x( is defined as the typical length, i.e. the lattice constant. Further we assume that
the momentum variable p lies in a d-dimensional torus p € '[[‘go as well, where pg denotes the
periodicity of the energy.

It was shown in [KZPHI18] that a laser generated rectangular square lattice with a hole in
the middle can be turned into the surface of a torus, which justifies our first assumption on
the spatial variable. Since we are looking at optical lattices, electrons are assumed to be in
potential wells with periodic potentials. In that case, a connected bounded subset B ¢ R?,
the so called first Brillouin zone, describes the momentum space well enough. In the theory
of semiconductors this is a well-known fact, since it is a consequence of the Bloch Theorem
[Blo29]. One of the simplest forms is to assume B = T¢ | similar as in [BADGYG6].

We choose a semiclassical approach to describe the behaviour of these particles, given by the
semiconductor Boltzmann equation

Orf(t,x,p) +0(p) - Vo f(t,x,p) + F(t,x) - Vp f(t, x,p) = QUf (¢, x,.))(p), (2.1)

where the spatial variable  and the momentum variable p lie in the d-dimensional torus Tgo
and Tgo respectively, and the time variable ¢ lies in R.

For this work we specifically chose that there is no external force F' = 0, to keep it simpler
and the velocity v(p) is given by the gradient of the dispersion relation £(p) which in turn is
given by

d
e:T* SR, p= (p1,...,pd) — —502005 (2%2}) , for g > 0. (2.2)
i=1

The factor pg is the reference momentum, which describes the periodicity of the energy and
o represents the amplitude. The function e(p) represents a particular kinetic energy, where
tunnelling is considered and for example finds usage in the so called Hubbard Model, see
[SHR*12]. As in the Introduction mentioned the collision operator Q on the right hand
side of (2.1) is considered to be of BGK-type (see [BGK54]), which describes the relaxation
towards equilibrium. Let therefore F (f;p) be a nonlinear function of f and p, representing
the local equilibrium, and let ¢, denote the typical collision time, assuming to be constant,
then we can write
1

Q(f(t,x,.))(p) = E (f]:(fap) - f) :

11
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2. Effective Energy Transport Model and Longtime Behaviour

At this point we also mention that we want to describe a closed system with elastic collisions,
which means that the total amount of particles and the mean Energy remain the same.
Details about that and discussion of the local equilibrium ¥ requires more work and is
therefore postponed to Section 2.2. With all these adjustments our model equation reads as
follows

0 (t,2,) + Vye(p) - Vol (t2.8) = L (F (i) — f(t,.). (2.3)

For the derivation of a macroscopic model, the right choice to observe long time behaviour
of the system, is the diffusive one. Starting with putting (2.3) in its non-dimensional form,
we introduce the scaled quantities

t— tgf, T — T, » — pop,

where tg, zg are the reference time and space. The scaled variables  and p lie both now in
T = [0,1]? and £ still lies in R. As reference velocity, denoted by vg, we choose the maximal
possible velocity, which is the same in every direction p;,

v = sup |9,,e(p)| = 272, Wie{l,...,d}
peT? Do

Using the above we can introduce the scaled dispersion relation with

R ST 13 .
E(p) = e(pop) = ~5- Zcos(27rpi). (2.4)
i=1

271'50

If we look at the partial derivative of £(p), with the above scaling we see

d
Di €0 . Di €0 - €0 .
Op;e(p) = —0p,€0 E cos <27‘(‘) = 27— sin (27T> = ——0p, cos(2mp;) = 2m—0p,(P
)= =0y P Po Po Po o1 COSTP) = 2, OpiEP)

and hence
V() = 10V 5(7). (2.5)

Let the energy time scale tg of an electron be defined as the minimum time an electron needs
through the device with diameter x(, given by
x
tp == 70
Vo
We obtain the non dimensional semiconductor Boltzmann equation

S(F(Fip) - FE.5.9))

Applying the diffusive scaling means that the relation of the energy time scale and the
reference time coincide with the Knudsen number 7, such that tg/tyg = 7, where 7 = t./tp.

Dropping the tilde notation, this leads us to the diffusive scaled semiconductor Boltzmann
equation (DSSBE)

rOLf + Vyep) - Vaf = (F(fip) ~ f). (26)

12
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2.2. Entropy and Equilibrium

Remark 2.1.1. In this particular case we could have chosen another way of scaling to obtain
the DSSBE. First assume that the given momentum is already scaled. Furthermore define
the average collision distance z. = t.vg. Then we can define the Knudsen number as usual,
namely as 7 = z./xo. Then the scaling could be quicken up by choosing the transformation

t T
t— —, r— =
T T
which would lead to the exact same equation as in (2.6), see [Bral7, J09]. [ |

Notation 2.1.2. From now on £(p) will always denote the scaled dispersion relation given
in (2.4), which we recall

1 d
e(p) = 5 E cos(27p;). (2.7)
i=1

Also notice that the scaled spatial variable x and the scaled momentum variable p lie both in
T4, which is from now on the cube [0,1]% with opposite sides identified.

In the end we define even and odd functions on the torus.
Definition 2.1.3. We call a function g € L(T%) even on T¢ in p; foric {1,...,d} if
91, (1/2) +pis-. ) = 9(pr, -, (1/2) = pis-..opa) — Vpi € [0,(1/2)],
and we call the function g odd on T in p; fori e {1,...,d}, if
=9(p1,.--,(1/2) + pis-..,pa) = 9(p1,---,(1/2) = pis-..,pa)  Vpi €[0,(1/2)],

The function g € LY(T?) is called even or odd, if it is even in p; for alli € {1,...,d} or odd
inp; forallie{l,...,d}.

Example 2.1.4. The function (p) is thanks to the cosine an even function on T¢. If we
derive £(p) partially we obtain that d,.(p) is odd on T<, due to the properties of the sine.
Moreover for an even function g € L?(T?) we obtain the following

1 1 1
/0 Op,e(p)g(p)dp; = /0 i Op,e(p)g(p)dp; + /1 Op,e(p)g(p)dp; = 0,
2
and hence

/Td 9p;e(p)g(p) dp = /01 - --/Olapje(p)g(p) dpy---dpg =0

2.2. Entropy and Equilibrium

2.2.1. The Mean Particle Density, the Mean Energy, and their Relation

The equation DSSBE (2.6) requires an initial value fy to be well stated. At the moment it
is enough to choose fy in L!(T? x T¢) with 0 < fy < 1. The initial condition fy provides the
mean particle density and mean energy by

ne= [ ] papidpde B [ | c)fote.p)dpde. (23

13
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2. Effective Energy Transport Model and Longtime Behaviour

Considering that our system is closed and having elastic collisions, the quantities 7, E are
both conserved at all times. In particular if f(¢, z,p) describes the system, i.e. is the solution
to the DSSBE (2.6) with initial condition fp, then the macroscopic densities ny = [ fdp and
Ey = [¢efdp should fulfill at any time ¢ > 0

/Td ny(t,x)dx = n, /]I‘d E¢(t,x)dz = E. (2.9)

The energy of a system relies totally on the particle density. If for example there are no
particles in the system (7 = 0) there cannot be energy due to the lack of motion. If conversely,
the system has full density, (n = 1), there is no movement and therefore the mean energy is
again zero, which is reflected in the dispersion relation by

/ e(p)dp = 0.
Td
In the upcoming lemma, we will show that the possible range for the energy depends on the
particle density of the system.
Lemma 2.2.1. Let fo € LY(T? x TY) be given with 0 < fo(x,p) < 1 for all  and p in T?
and define n and E as in (2.8). Let C € R be such that

meas ({p eT: e(p) > C’}) =n,

where meas (.) denotes the d-dimensional Lebesque measure, then we have the following in-
equality

E| < / d
‘ ‘_ {peTd:e(p)>C} =(p)dp

Proof. From [Bral7] Remark 5.1.3 we deduce, due to T? being a connected set and £(p) being
continuous, that the image of £(T?) equals an interval I and that the function

h:I—R; C»—)meas({per:e(p)ZC}),

is continuous and decreases strict monotonically. The interval I is given by [~d/(27),d/(27)].
If C' = —d/(2) we get that h(C) = meas (T?) = 1 and for C' = d/(27) we have that h(C) =
meas ({((1/2),...,(1/2))}) = 0. Since h decreases strict monotonically and is continuous, we

obtain that h(I) = [0,1] and therefore exists a unique C' for every n € [0, 1].
Let C be now the unique solution for n = {p €eT?:e(p) >C } and define the short notation

ci={pe1:e(p) > C}.

Additionally we have for f(p) := [14 fo(z,p)dx the following identity

Lo = [ tewap= [ Fwiap= [ Fp)p+ [ Fo)dp (2.10)

For f the inequalities 0 < f(p) < 1 still hold for all p in TY, as well as E = [1ae(p)f(p)dp.
We have

E= [ cw)fwip= [ cw)f®)dp+ [ )i @)dp < [ ) f@)dp+C [ Fo)dp.

14
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2.2. Entropy and Equilibrium

From (2.10) we deduce that
/6(1 —fe)dp= | f(p)dp.
Since 0 < f <1 and ¢(p) > C on € we have that for all p € € that

0<(e(p) = C)f(p) =elp) = C,
which yields the estimate

E< [(0) - ) pdp+ [ Cdp < (p)dp. (2.11)
¢ ¢

e
[{peﬂrd:s<p)zc}

For the lower bound we first notice that the integral over the torus T is translation invariant,
meaning that for any a € R? and all f € L*(T9) that

|, 1@dp= [ 1o+,

see for example [Gra08|. Additionally for the cosine we know that cos(y + m) = — cos(y) for
any y € R. Defining the vector a := (1/2)(1,1,...1) € T¢ provides e(p + a) = —£(p). The
function g(p) = f(p + a) fulfills, due to the properties of T¢, that

n= /]l‘d f(p)dp = /Td f(p+a)dp = /Td g(p)dp,
E = /Td e(p)f(p)dp = /Td e(p+a)f(p+a)dp = _/ (p)g(p) = —E,.

Td
Applying the first part of the proof to g and Ey, gives us Ey; < [, e(p)dp, and therefore

B =~ [ o)y = [ cwgdp = E, < £(p)dp.

A[per:E(p)ZC}
which concludes the proof. ]

Motivated from Lemma 2.2.1 we give the following

Definition 2.2.2. Let us define therefore the energy bound for given n € [0,1]:
emaz (M) = e(p)dp, where meas eT:¢(p)>Cl) = n, 2.12
(n) /{md:e(p)zc} (p)dp ({ () > C}) (2.12)
and define the set of all admissible particle and energy densities as
D= {(n, E)eER2:0<n<1; —ema(n) <E< emam(n)} . (2.13)

Example 2.2.3. Interesting is the depiction of ©. For d = 1 we have that the dispersion
relation is given by e(p) = —(1/27) cos(27p) with the graph

1 os
— 5, cos(2mp)

0.1}

1 1 1
0 01 02 03 04 05 06 07 08 09 1
Momentum p

Figure 2.1.: The dispersion relation (p) for d = 1.
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2. Effective Energy Transport Model and Longtime Behaviour

Using similar notation as in the proof of Lemma 2.2.1 we have
¢, = {p eT¢: ¢(p) > C(n)} , where C'(n) is implicit given, such that meas (€,) = n.

From Figure 2.1 we read of that the set €, has to be an interval with centre 1/2, which in the
particular 1D case we expect to be given by €, = [(1—n)/2,(14n)/2]. To prove this we need
an explicit formula for C'(n), hence we take a closer look onto the condition e(p) > C(n).
The intersection €(p) = C'(n) has two solutions, namely

1 1 1
p1 = — arccos(—27C(n)) and  pa = = + — arccos(2rC(n)). (2.14)
2 2 27
Using that arccos(—xz) = 1/2 — arccos(z) we obtain for
1 1
PL=5- 5 arccos(2mC(n))

Notice that for all p € [p1, p2] the condition £(p) > C(n) is always fulfilled and for p ¢ [p1, p2]
we have that ¢(p) < C(n) and hence €,, = [p;, p2]. Since meas (€,,) = n has to hold for all n
in [0, 1], we obtain the equation

i arccos(2wC(n))

5+
meas (€,) =n & /1 ) dp =n.

5— 5. arccos(2mC(n))

Resolving the integral on the right side and using again arccos(—z) = 1/2 — arccos(x), yields
1 1
J— 2 = = .
- arccos(2nC(n)) =n <« C(n) 5 cos(mn)

Substituting the formula for C(n) into (2.14), we really obtain €, = [(1 —n)/2, (1 +n)/2].
Since C'(n) = (1/2m) cos(mn) we deduce that the range of C(n) is the intervall [—1/27,1/27]
and that it is monotonically decreasing for n from zero to one. Next we evaluate the maximal
energy for a given density n:

1 [2+3 1
emas (1) = / (p)dp = —- /;—2 cos(2mp)dp = — 5 (sin(r(1 +n)) — sin(x(1 - n)).
Using the identities sin(m + ) = —sin(x) and sin(z) = sin(7m — x), leads us then to
. . 1 . 1
€maz (N) = —4—71_2(s1n(7r(1 +n)) —sin(r(1 —n))) = = (sin(mn) + sin(mn)) = 52 sin(7n).

Plotting the above yields

FEnergy B

Density n

=1 ,,emm ()

Figure 2.2.: The set ® for d = 1.
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2.2. Entropy and Equilibrium

For d > 1 the treatment is much more difficult, due to the fact that C(n) and €, are harder
to determine. We expect that ® should, up to some constants, always have the same shape
as in Figure 2.2 |

Remark 2.2.4. For any given particle density n € [0,1], the interval [—emaz(n), €maz(1)]
is the possible range for the energy of the system. The function e, (n) is only zero if
n € {0, 1}, which coincides with the fact mentioned in the beginning of this section. Moreover
the integral of £(p) is at maximum, if we integrate over the set where £(p) > 0, which coincides
with C'(n) = 0 and n = (1/2) for all dimensions d € N. Therefore we obtain for any n € [0, 1]

emaz(N) < €maz (;) = —(;)2 (sin (%2) — sin (%D) = 2%2 = €maz- (2.15)

This can be interpreted as achieving the highest possible energy when the system is ”half
full” (is also reflected in our picture of ®, see Figure 2.2). [

The Fermi Dirac distribution

The set © defined in (2.13) will be important for our diffusive limit, hence it is worth to have
a closer look on it. With the help of the so called Fermi Dirac distribution we will be able
to find for every pair (n, E) in ® a function f from L!(T%), which integrated with respect to
the zeroth and second momentum equals that pair. The next Lemma is cited from [Bral7]
and justifies that assumption.

Lemma 2.2.5. Let © be the set given in (2.13), then
D = {(n,E) ER?:0<n<1; —ema(n) <E< emaw(n)}

= {Ad(lﬁ(p))f(p)dp tfe Ll(Td); 0<f< 1}

Proof. We give here a short sketch and for details we refer to [Bral7], Lemma 5.1.14., where
71 has to be chosen as one.

The first equality is the definition of the set D and the second equality is a standard set
comparison, where we give a rough idea. With Lemma (2.2.1), we obtain the inclusion "2
For the other direction ”C, let (n, E) be given, then the key point is to construct a function
of the form

&(p) = sLiperac(py>0} (P)F(1=8)11 cra )< o} (p), With meas ({pet:cpr) > C})=n

for s € [0,1]. Then it is possible to find a suitable so such, that [pa(1,e(p))&s,(p)dp =
(n, E). O

The next definition will give us a clue, what the local equilibrium of the system will be.

Definition 2.2.6. For (Mg, A\1,p) € R? x T¢ define the generalized Fermi Dirac distribution

1
FRos Arsp) = 5 e y p— WV (2.16)

Not trivial is the upcoming proposition, which we also cite from [Bral7]. It shows the
relation between the set ® and the Fermi Dirac distribution, given in the above Definition.

17
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2. Effective Energy Transport Model and Longtime Behaviour

Proposition 2.2.7. Let © be the set defined in (2.13) and denote by D° the interior of it,
then the mapping

bR 5D (o) = [ (L) (o, i),

is bijective and smooth. Moreover, its inverse is smooth as well.

Proof. This is proven in [Bral7], where we set n = 1. Notice that the author made in his
Proposition a typing mistake and that he meant exactly what we have written in Proposition
2.2.7. We give a short sketch of the proof here and refer for details to [Bral7] Proposition
5.1.8 in Chapter 5. First define the functions

(Ao, A1) = /Td F (Ao, Aip)dp,  E(Xo, A1) = /Td e(p) F (Ao, A1;p)dp.
Then it possible to show that the Jacg)bian determinant det dy, », (7, E) is positive. This
just proves that (Mg, A1) — (7(Ao, A1), E(Xo, A1)) is just a local isomorphism. To proof that
this isomorphism is indeed global, it is possible to show the existence of a unique function
¢ : R — R, such that for every (n, E) given in ©° there exists a unique A\; € R such that

(n.B) = [ (1L=(p)F (600), Aiip)dp.

The fact that det dy, ., (72, E) is positive ensures that the Jacobian of b is invertible and the
implicit function theorem ensures therefore the smoothness of the inverse b~ 0

The upcoming statement is deduced from the above and gives a detailed insight on the
interior of ®.

Corollary 2.2.8. Let © be the set defined in (2.13), then the interior of ®© is given by
D° = {(n,E) ER?:0<n<1; —emu(n) <E< emax(n)}
~{ [ <onswip: serimh; o< < 1)

Proof. The first equality comes from basic topology, therefore we focus on the second equality.
Starting with ”D” we deduce from Lemma 2.2.5 that for every f € LY(T¢) with 0 < f < 1
there exist a representative (nys, Ey) in ®, which is given by

(0 Ep) = [ (Le@)f ).

Hence it is enough to show that (ny, Ey) lies in the interior of ©. Since 0 < f(p) < 1 we have
clearly that 0 < ny < 1. For E; we look into the estimate (2.11) in proof of Lemma 2.2.1.
At that point we can estimate with a strict ”<” since f is strict smaller than one. Therefore
we obtain that F¢ < epar (nf). Following the same proof further we also obtain for the same
reason the strict estimate —emqq (nf) < Ef, which proves the first inclusion.

For the other direction let (n, E) € ®° be given. Recalling Definition 2.2.6 we obtain with
Proposition 2.2.7, since n ¢ {0,1}, that for (n, E) there exist unique (Ao n,g), A(1,0,5)) € R?
such that

/Ed(17€(p))—{r()\(0,n,E)7)‘(l,n,E)ap)dp = (n7E)

Looking at the definition of F we see immediately that it has to be in L!(T?) and that the
function fulfills 0 < F (Aon,E), A(1n,E),p) < 1 for all p € T¢, which concludes the proof. [

18
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2.2. Entropy and Equilibrium

Remark 2.2.9. Before we pass to the next section, we state facts about the Fermi Dirac
distribution and give for our purposes important results about the bijection b coming from
[Bral7]. ¥ can be rewritten as composition of two functions

F (X0, A\1;p) = G' (Mo + Me(p)), where G:R— R, s~ log(l+ exp(s).

An immediate consequence is that the Fermi-Dirac distribution is even on the T¢ in the sense
of Definition 2.1.3, for all (Ao, A1) € R x R, since £(p) is even on T?. The derivatives of G are

S — ") = —OXP(8)
~ 1+4exp(s) 1+exp(—s)’ G"(s) = Vs € R.

¢) A5 ew(s)?

They have the following properties for all s € R and r € (0,1)

G'(s) € (0,1), G"(5)=G'(s)(1-G'(s)),  (G)'(r) =log

We introduce the notation

A= (Ao, A1), b(A)= (g(())\\))> b= (n, B)= (ifgzng .

Using the properties of G we see that for i,j € {0,1}

O bj(A) = 0y, /Td e(p) F(Aip)dp = /Td e() ™ F (Nip) (L = F(Xip))dp.
From the above we deduce immediately that 0),72()\) has to be positive and in [Bral7] was
shown that the Jacobian matrix Dy, x,b()) has a positive determinant (see Lemma 5.1.10 in
[Bral7]). Hence we can conclude with the main minors that Dy, ,b (ZDx, ., (R(N), E(N)))
is a symmetric and positive definite matrix. Moreover with the inverse function theorem
and the fact that dy, E()\) > 0, we also obtain for the inverse b~!, that its Jacobian matrix
D, () is symmetric and positive definite. [

2.2.2. The Local Equilibrium and the H-Theorem

As mentioned in the beginning, the DSSBE (2.6) is not fully described yet, since we have
not given an explicit form of F(f;p). The local equilibrium of our system is defined as the
minimizer of the measure of disorder, the entropy functional, under the constraints having
the same particle density and total energy as that of the distribution describing the system
at the moment (coming from the elastic collisions). We will show in this section that the
Fermi Dirac distribution is exactly this minimizer we are looking for. The entropy functional
for an ultracold cloud of fermions comes from degenerate Fermi statistics and is defined by

H(p)= [ [ ndpda. where h(f) = Flog(f) + (1= N)log(L— ), (2.17)
see as examples [J09, Hug83, Dol94, Lu08a, Lu01]. We see that the above functional is well
defined for all functions f in LY(T¢ x T?) with 0 < f < 1.

Remark 2.2.10. Since the function H will be of great value for this chapter, we give here
some facts about it.

e Looking at the function h(y) = ylog(y) + (1 — y)log(1l — y) for y € (0,1), we have the
derivatives

h(y) = ylog (ﬂy) +log(1 - y), ' (y) = log <y) , W'(y) = ——
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2. Effective Energy Transport Model and Longtime Behaviour

The function h(y) has a minimum at y = 27! and hence h(y) > log(1/2), Vy € (0,1).

Looking at the first derivative we see that A’ is the inverse function of

1

‘R — (0,1), A —
g (0,1) 8 1+ exp(—s)

Observe that h” > 0 and therefore h is a convex function. Additionally h”(y) has a
minimum at y = 1/2, hence h”(y) > 4 for all y € (0, 1).

The Taylor expansion of h(y) at the point yo € (0,1) is given by

1
h(y) = h(yo) + ' (o) (y = yo) + Sh"(€) (v — v0)*
for some & € (0,1). Since h”(y) has a minimum at y = 1/2 we have the estimate
h(y) = h(yo) + ' (%0)(y — o) +2(y — y0)? (2.18)

Theorem 2.2.11. Let (n, E) be given in ©°, then the solution to
win {#H(D|o<s<t [ wdp=n [ corwap-£] (@21)
fELH(TY) Td Td
is given by the Fermi Dirac distribution

1
14 exp(=Xo(n, E) — Ai(n, E)e(p))’

F(n, E;p) = (2.20)

where A\g, A\1 are given by the bijection in Proposition 2.2.7.

Proof. Notice that we have for now no dependence on the spatial variable x, hence the entropy
functional # reduces to

i) = [, [ n@)dadp = [ b(s@)dp.

Also observe that the set over we minimize is due to Corollary 2.2.8 not empty. Proposition
2.2.7 provides for (n, E) € ©° the existence of unique A\o(n, E), A1 (n, E) such that

(L@ F ol B). X (n, E)ip)dp = (0, E),

and with F being clearly a function in L!(T?), it is a valid candidate. The remaining part
is to prove that F is really a minimizer, and let therefore f € L(T%) with f # F fulfill the
constraints given in (2.19). Using the Taylor series of h around ¥, we obtain with (2.18) that

h(f(p)) = h(F () + ' (F @) (f(p) = F ) +2(f(p) = F(p))?, VYpeT®  (221)

From Remark 2.2.10 we deduce that h'(F (p)) = Ao(n, E) + A1(n, E)e(p), and since f and F
fulfill the constraints in (2.19), we get

W(F ) @) = F@)p =0 [ (1) = Fe)dp+ X [ 0)(S(0) — F@)dp = 0.

Td
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2.2. Entropy and Equilibrium

Integrating the previous estimate (2.21) with respect to the momentum p, we obtain with
the above identity that

Hp) = HF)+2 [ (10) = F @) dp.
Since (f — F)? > 0 we obtain that for given (n, F) € ®° and for all f € L'(T¢), fulfilling the
constraints given in (2.19), that

H(F) < H(f).
O

Remark 2.2.12. To avoid over-notation we will denote the Fermi Dirac distribution with
F(n, E;p) (instead of F (Ao(n, E),A\1(n, E);p)), to show the dependence on the constraints
given in (2.19).

Looking at a distribution function f € LY(R x T¢ x T¢) with 0 < f(t,z,p) < 1 for all (¢, z,p)
in R x T¢ x T¢ and defining

(n(t, 2), E(t, ) = /Tdu,e(p))f(t,x,p)dp €D°, V() eRx T,

we see that the Fermi Dirac distribution F (n(t,z), E(t,z);p) is well defined and depends
through f on the variables ¢t and z. |

Finally with all the prework we have done so far, we are able to give the definition for the
collision operator of BGK-type.

Definition 2.2.13. Let f be a function in L*(R x T¢ x T¢) with 0 < f(t,z,p) < 1 for all
(t,z,p) € R x T% x T, then we define the collision operator as follows:

1 e _ o
Q- (f) == (T (Ad f(t,z, p)dp, Ads(p)f(t,va)dp;@ - f(t,af,p)) (2.22)

Since we want to lay our focus on the rigorous derivation of a macroscopic model and the
long time behaviour of it, we state for further progress a hypothesis about the existence of a
solution to our model equation with a sufficiently smooth initial condition.

Hypothesis 2.2.14. Let fo be a function in C*(T? x T?) with 0 < fo(xz,p) < 1 for all
(z,p) € TTx T, let F be the Fermi-Dirac distribution as defined in (2.20) and let Q, be the
collision operator defined in (2.22). Then the equation

Tatfr + vpE : Vﬂcfr = QT(fT)7 fT(07 xap) = fO(xap) (2‘23)
has a unique solution f; in CY(RT x T¢ x T?) for all 7 > 0.

Remark 2.2.15. First we point out that some decisions about the above conditions could
have been chosen less restrictive, but for the purpose of keeping an good overview we decided
to choose them specifically as they are. To show that the equation (2.23) has under specific
conditions a solution can be found in the literature. For example one of our main reference
paper [GP92] has shown that the solution f; lies in L>°(R x R® x B) where B is the first
Brillouin zone. There a more general setting was considerd.

Another approach was performed by Xuguang [Lu08b], where the right side of (2.23) was
chosen differently and very soft collision kernels were an condition.

Mustieles [Mus90] and the follow up work with Francisco [Mus91], found global existance
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2. Effective Energy Transport Model and Longtime Behaviour

of classical (for d = 1,2) and weak solutions (d = 3), and also uniqueness under certain
assumptions, where again the right hand side differs from our choice. Also the velocity was
considered of linear dependence regarding the momentum, which is in our setting not the
case.

We think that it is possible to show the existence of a solution of (2.23), which is at least L>°
(comparing with the above results), but due to time issues and the desire to keep it simple,
we did not prove the hypothesis here. |

Definition 2.2.16. Let f; be the solution to the diffusive scaled semiconductor Boltzmann
equation (2.23), then we define the macroscopic particle density n, and energy density E; of
the system by

n:(t,x) = /w fr(t,x,p)dp, E.(t,z) = /]Td e(p) fr(t,z,p)dp. (2.24)
Remark 2.2.17. If the solution f; lies in C'(R* x T x T¢), then we have clearly that also its
moments n, and E, (see (2.24)) lie in C*(R* x T9) for every 7 > 0. With Proposition 2.2.7 we
obtain then that also the functions \g(n,, E;) : RT xT? — R? and A\ (n,, E;) : RT xT? — R?
are at least in C'(R* x T9) and hence we conclude that then the Fermi-Dirac distribution
F (n,, E;p) is a composition of C'-functions and therefore itself in C'(R* x T4 x T%) for all
7> 0. |

The starting distribution fy defines the mean particle density 7 and mean energy E (see
(2.8)) of the system which should be the same at all times. Now the function with the lowest
measure of disorder, with the same mean particle density and mean energy, is the equilibrium
of our system. Explicit we have the following.

Definition 2.2.18. For given fy € LY(T? x T%), with 0 < fy < 1, let i and E be the mean
particle density and mean energy given by (2.8). Then we define the equilibrium of the system

Feq(p) = F (0, E;p). (2.25)
Remark 2.2.19. %.,(p) in Definition 2.2.18 is well defined due to the fact, that if 0 < fy < 1

we also have that (n, E) € ©°, see Corollary 2.2.8.
Moreover if the system is already at equilibrium from the start, i.e. if we set in our model
equation (2.23) for any (n, E) € ©°

folw,p) = F (n, E, p),

the solution is given by the equilibrium state ¥.,. The left hand side of (2.23) vanishes,
because ¥4 is constant in time and space. For the right hand side we notice that

F ([, Fuloln, [ ) Tealw)dip) = F (2. Bip) = Fuolo),
and therefore Q. (¥ (n, E,p)) = 0. This reflects the natural behaviour we would expect, if
the system is in equilibrium from the start, it remains in this state. |

We state now an appropriate H-Theorem, which will play a major role in the diffusive limit
and studying the long time behaviour.

Theorem 2.2.20 (H-Theorem). Let f. be the solution to the semiconductor Boltzmann
equation (2.23), and define the functions

nei= [ Lap)dp Bo= [ @Mt p)dn Po(t) = 19O Rarnrs
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2.2. Entropy and Equilibrium

where Qr is defined in (2.22) and F (n., E+;p) denotes the Fermi Dirac distribution defined
n (2.20). Then the time derivative of the entropy functional decays

%}[(fT(t)) <0 vr>o
Moreover the following estimate holds for all s,t € Rar with s < t:
H(fr (1)) + 2/t P.(o)do < H(f.(s)), V7 > 0. (2.26)
Proof. For the sake of simplicity we fix 7 > 0 and drop the lower index notation on f;, n,,

E., F(n:, Er;p), Q; and will just write f, n, E, F, Q respectively instead. Now since f is
a solution of (2.23), we have that f € C'(RT x T? x T%) and 0 < f < 1. The time derivative

of H(f(t)) is given by
/]I‘d /]I‘d dt J)daxdp = /]I‘d /Td(atf)h/(f) dxdp.

Using that f is a solution to (2.23) provides

/Td /w( (F — ) —fvpa( )-fo> W (f)dzdp
_/Td /Ed 72 (F — £) I (f)dadp — / / Vo f)N (f)dzdp
= [ [, %@ = ppdudp- [ Td;vps@)-vxh(f)dxdp

= [, [, = = pitsaap

Through the convexity of h (see Remark 2.2.10) we have that the tangent on every point
h(f) evaluated at ¥ is smaller than h(F)

W(O(F = ) +h(f) < h(F), (2.27)

which leads us to

[ A< b [ [ o) - ep)dsdy
Td¢ JTe T T4 JTd JTd
:% (H(F) = H(f))- (2.28)

Since (n, E) lies in ©° for all (t,z) € RT x T? and F being a minimizer of # (Theorem
2.2.11), we deduce

%}[(fT(t)) <0 Vr>o.

For estimate (2.26) we use the Taylor expansion of h(f) at F (see Remark 2.2.10) and obtain

(f = ) < S (b(F) ~ h(F) ~ H(F)T ~ ).

Integrating left and right hand side with respect to x and p leads to
1 1
[, L0 = 92dudp < S0 = HF) = 5 [ [ WIS = Frdadp. (229)
Td JTd 2 2 Jrd JTd
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2. Effective Energy Transport Model and Longtime Behaviour

From Remark 2.2.10 we deduce that h'(F) = Ao(n, E) + A1(n, E)e(p), and since f and F
fulfill the constraints in (2.19), we get for all (t,z) in RT x T? that

W) = Frdp=2a [ (7= Fhdp+ i [ co)f = Frdp=o.

Td Td

Hence the integral over T? with respect to the spatial variable x is also zero. Using the
previous estimates (2.28) and (2.29), we obtain for the time derivative of

Sot(n) < S -y <=5 [ [ (- 5wy

72
Integrating both sides from s to t for 0 < s < ¢, we get the desired estimate for all 7 > 0
t
HF(0)+2 [ Prlo)do < H(f(5)).
O

As last result of this section we apply the H-Theorem, and show that the family (Q;)r>0
is uniformly bounded.

Corollary 2.2.21. Let for all T > 0, f. be the solution to (2.23), let fo be the initial value for
all 7 > 0 and let Q; the belonging collision operator, see (2.22). Then the family (Q(fr))r>o0
1s uniformly bounded for all intervals I C ]Ra“, i.e.

1Qr (f)lIE2 12 (rascray < H(fo) —log(1/2). (2.30)
Proof. Let tg,t; such that I = [tg,t;] and recall from the H-theorem the definition
Pr(t) = HQT(fT(t))HiQ(deTd) '

From Remark 2.2.10 we have that h(f;(t)) > log(1/2) for all ¢ € R* and all 7 > 0. With
that and the fact that P-(¢) is positive for all 7 > 0, we deduce

VEeRY:  log(1/2) < H(f (1) < H(F,(0) = H(fo).

Therefore we conclude from the H-theorem that
t1 t1
19 (FE2 (2 raxcray = / 1Qr (Fr(O)F2paseay dt = / Pr(t)dt < H(fo) —log(1/2).
0 0

Since the above holds for all ¢, #; in R we have that it holds for all intervals Iy == [0, N],
N € N. Passing to the limit N to infinity, we obtain that the estimate holds also for ]R(J{ . Od

2.3. The Diffusive Limit

Recalling that our main goal is to derive rigorously a macroscopic description of the ultracold
cold cloud of fermions. To prepare the path we want to follow, we look first at the formal
limit. For the convenience of the reader we recall the starting equation (diffusive scaled
semiconductor Boltzmann equation (DSSBE)):

(223) : Tatf‘l'+vp€'vxf7': QT(fT)v fT(0a$7p):f0($7p)a VT>O

and the definitions of the macroscopic densities

n.(t,x) = /]I‘d fr(t,z,p)dp, E-(t,x) = /]I‘d e(p) f-(t, z,p)dp. (2.31)
The formal diffusive limit is given by:
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2.3. The Diffusive Limit

Theorem 2.3.1 (Formal Limit). Let f; be the solution to the DSSBE (2.23) and let n, and
E. be defined as in (2.31), and let them be sufficiently smooth with

(n,(t,z), E.(t,x)) € ®° V(t,x) € R x T%

If the the family of collision operators (Qr)r>o s bounded and if the families (n;)r>o and
(E7)r>0 converge towards limit functions n and E such that

V(t,x) € RT x T? (n(t,x), E(t,z)) € D°,
then the limit functions n and E solve the following equations:
By — div, ( L, (9et0) - Vo T (0. B p))vpg(p)dp> —0 (2.32)
O,F — div, ( /T () (Vye(p) - Vo F (n, B p))Vpa(p)dp> 0. (2.33)

The proof of Theorem 2.3.1 is given in Subsection 2.3.1, where we also introduce the
Chapman-Enskog expansion, which is the main idea of the formal derivation. In the end of
Subsection 2.3.1 we take a closer look the formal limit equations, see the belonging remark.

For the rigorous derivation we cannot expect that the limit functions n and F exist and
that their range lies in ©°. Therefore the Fermi-Dirac distribution, as given in (2.20), would
not be enough and would not be well defined. Starting with the definition of the Fermi energy
er we will be able to extend the Fermi-Dirac distribution onto 2.

Definition 2.3.2. For n € [0,1] define ep(n) € e(T?) = [—-d/(2w),d/(27)] as the unique
solution of

meas ({p eT:e(p) < EF(n)}) =n, (2.34)

The parameter ep(n) is called the Fermi Energy.

That the Fermi energy is well defined follows from the proof of Lemma 2.2.1, where we
defined a similar function. Let us now introduce the extension of the Fermi-Dirac distribution:

Definition 2.3.3. Let F be the Fermi-Dirac distribution, as given in (2.20). The extension
T of F from D° to D is then defined by

_ n if n € {0,1},
F(n,E;p) = q F(n, E;p) if (n, E) € ©°,
]l{:FE(p)<€F(TL)}(p) Zf E = *emaz (n) .

We see that F is now defined for all pairs (n, E) € ® and another immediate observation
is, that F also fulfills

/Td(lﬁ(p))f(n, E;p)dp = (n,E),  V(n,E)€D.

In Section 2.3.4 we treat the extension F in more detail and show for sequences (n, E') in D,
that there exists a subsequence (ng;, Ex;)jen such that

lim Hﬂ?(nkj,Ekj; ) —F(n,E;.)

Jj—00

L4(I;L4(Td x Td)) =0, (2:35)

for any compact I C ]Rar and g € [1,00). This convergence result will be an important tool for
the upcoming Main Theorem. Next we give the definition of the weak formulation regarding
the diffusive equations (2.32)- (2.33).
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2. Effective Energy Transport Model and Longtime Behaviour

Definition 2.3.4. We call functions i and E weak solutions of (2.32)- (2.33) if
(i) 1, E are in L (RT;L2(T9)) and 0ii, O, E are in LA(RS; H(T?))

(i) Define the space of functions that have a weak divergence with respect to the spatial
variable as

Haiy, (T? x T%) == {g € (LT x T*))* : div, g € L2(T x T%)}. (2.36)
The functions i and E have to fulfill
(Vo) F (7, E;.), e(Vpe) F (71, B € L (RS s Hagy, (T4 x T9)).

(#ii) For all ¢ in H(l)(R+ x T?) the following equations hold:

L, @m el = [ [, diva(Tue@F (0. Bp)(Vos(p) - Vo) = 0,
(2.37)

L @By = [ [ ) div (V@) F (0, Bip) (Tye(p) - Varp) = 0.
(2.38)

With the above we are now able to state the first main result of this thesis, which gives us
the macroscopic model equation for our system.

Main Theorem 2.3.5 (Rigorous Limit). Let fo € CY(T% x T?) with 0 < fo(x,p) < 1 for
all (z,p) in T? x T¢ and for all T > 0 denote by f, the solution to the DSSBE (2.23) in the
sense of Hypothesis 2.2.14 and define the macroscopic densities (n;)r>o and (E:)r>o as in
(2.31). Then there exist functions n and E in L2 (R*,T¢ x T%) and a subsequence of the
families (n:)r>0 and (E;)r>o such that

lim n, =n, lim ETk =F, in LE (RS LA(T? x T?)). (2.39)

T —0 T —0

and the functions n and E are weak solutions in the sense of Definition 2.3.4. As additional
consequence we have that

lim fr, = F(n,Eip), in Li(RiLA(T? x T%),
Tk

The proof of Main Theorem 2.3.5 is split into three parts. First we need to show that
there exists a converging subsequence of the family (n,, E;);~o. Even tough we have quite
strong conditions, it is not an easy undertaking. The functions f;,n, and E; are at all times
bounded, but that does not ensure that the integrals over R™ with respect to time, are also
bounded. One of the main tools to obtain these bounds comes from the work of Golse and
Poupaud [GP92], which will be introduced in Subsection 2.3.2. This is still too less to apply
the Aubin Lions Lemma, because we need estimates for compact intervals I C R*. Therefore
we adapted the result from Golse and Poupand and obtained such estimates, which are stated
and proven in Subsection 2.3.2. The Subsection 2.3.3 will then deal with the proof regarding
the existence of a converging subsequence, where we check the requirements for the Aubin
Lions Lemma and apply then a diagonal argument.

Then Subsection 2.3.4 is reserved for the treatment of the Fermi-Dirac extension. For
the L'-convergence (2.35) we follow first [Bral7], by doing some variable changes for the
Lagrange multiplicands \g, \; and study their behavior if (E;);~¢ converges towards a limit
on the boundary 0%. After that it is classic analysis.

The proof of Main Theorem 2.3.5 is presented in Section 2.3, where we follow the lines of the
formal limit (Theorem 2.3.1) and look closely in which sense everything exists or converges.
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2.3. The Diffusive Limit

2.3.1. Formal Derivation

The major tool used for the proof of Theorem 2.3.1 is the already mentioned Chapman-
Enskog expansion, which is frequently used for formal derivations of macroscopic models (see
[J09, BF10, EH14, CC70]). This method will be applied in an adapted version in Chapter 3,
hence we introduce it here.

1. It exists a bounded family of functions (g:)r~o such that we can express the solution
fr of the DSSBE (2.23) with

fT(ta map) — .{]:(n‘r(ty ﬂj), ET(tv l‘),p) + TgT(t7 $,p) (240)
Passing to the limit 7 — 0 should then lead to lim,_,¢ f;r = ¥ (n, E;p).

2. Next step is to evaluate the limit (if it exists) of the family (g, ), for 7 going to zero.
This comes from substituting the Ansatz (2.40) into the model equation and passing
there to the limit 7 to zero. Denote the limit with g.

3. As last step we substitute the Ansatz (2.40), with the explicit forms from step 1 and
step 2 into the model equation (in our case the DSSBE), integrate with respect to the
moments (in this chapter we are interested into the zeroth moment and the second
moment) and pass to the limit 7 — 0. In the end we expect to obtain equations for n
and E that are dependent on F and g.

We state here just a formal proof, since the equations (2.32)-(2.33) only exist, if the limit
functions (n, F') lie in ©°. Also just for this proof let us assume that every appearing function
is sufficiently smooth.

Proof of Theorem 2.3.1. We will divide the proof into the steps of the Chapman-Enskog
expansion. Also to keep it simple we will introduce the short notations F-=% (n., E-;p) and

Q,20.(f,)

Step 1: Our candidate for the family (g-)r~¢ is the family of collision operators (Q;),>0, since

,{]:T_TQT:,{]:T_{_fT_.[]:T:fT'

Due to the smoothness of n,, E; and ¥, and the boundedness of (Q;)->0, we can pass
to the limit for 7 to zero and obtain that

lim fr = % (n, E; p)

Step 2: We take the Ansatz f. = F —7Q; and substitute it into the DSSBE (2.23) and obtain

T Fr — T201Qr + Vpe - VuFr — TVpe - V2 Q, = O, (2.41)
Passing to the limit 7 to zero, yields

Qo= Vye- Vo F(n, E;.).

Step 3: Last step is the derivation of the equations for the densities n and E. To obtain the first

equation, integrate (2.41) with respect to p. For the second equation multiply (2.41)
first with e(p) and then integrate it with respect to p. This gives us

1
Oy — T/ 0;Q-dp + */ Vp€ : vz.‘]:rdp - / vp5 -V, Qrdp :/ Q-dp
Td T JTd Td Td

1
OB, — T / 0,0, dp + — / Ve - Vo Fodp / Ve -V, Qrdp = / Q. dp
Td T JTd Td Td
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2. Effective Energy Transport Model and Longtime Behaviour

After exchanging derivation and integral in the first integral on the left side, we obtain
through the definition of the collision operator, that it vanishes. This holds also for the
integral on the right hand side. The second integrator on the left hand side is odd with
respect to p,see Remark 2.3.18, hence it vanishes too. Passing to the limit 7 to zero
gives us then the formal equations for the limits n and E

0

on — divy (/Td(vpa(p) -V F (n, E;p))Vps(p)dp>
O — div, [ c0)(V,e(0) - VaF (n, Bip))V,(p)ip ) =0,

O

Another way to obtain existence theory for the model (2.32)-(2.33) is to study directly
these formal derived equations (e.g [Mar86, MRS90]). This would exceed our purposes, but
we give a short analysis of the obtained formal limit.

Remark 2.3.6. The formal derived limit equations (2.32)-(2.33) have an alternative form
which we will derive here with some comments. Let us first recall that

F(n, E;p)=F (Ao(n, E), A (n, E);p),

where \g and \; are the two components of the inverse b—! given in Proposition 2.2.7 (for
each (t,7) € Rf x T?). By using Remark 2.2.9, denoting D,, z(\) as Jacobi matrix, we are
able to evaluate the gradient of ¥F:

Vo lF (n, E;p) =F (n, E;p)(1 = F (n, E; p))(1,€(p))Va(Xo(n, E), Ai(n, E))
=F (n, E;p)(1 = F (n, E;p))(1,6(p))(Dn,e(AN)(n, E))Va(n, E)
=F (n, E;p)(1 = F (n, E;p))((Onro + €(p)Op A1) Van + (9pAo + €(p)0pA1) Vo E),
where 0, pA;, are evaluated at (n, E) for k € {0,1}. Next we can rewrite the integrator as
(Vpe(p) - Vo F (n, E;p))Vpe(p) = (Vpe(p) © Vipe(p)) - Vo F (n, E; ),
where ”®” describes the Tensor product such that (Vpe(p) @ Vpe(p))ij = Op,e(p)p,e(p)
fori,j € {1,...,d}. Hence we have for the j—th component

d
(Vpe®@ Vype) -V, F)j = Z F (1= F)Op;e0p,e((Onro + €0 A1)0;n + (OpAo + €0pA1)0, E)

=1

Define now the following block matrix A(n, E) € R24*2d

00 n 01 n
A= () Dl

A?jo(na E) = /Td T(l - T)apjsapie((an)\()(na E) + 8an)\l(nv E))dpa for i?j € {17 cee ad}v

) , Akl (n, E) € R4, for k,1 € {0,1},

AYl(n, E) ::/d F(1— F)0p,e0p,c(0pro(n, E) + €0pA1)(n, E))dp,  fori,j e {l,...,d},
T

Ail](-](n, E) ::/d eF (1= F)0p,e0p,e(Onro(n, E) + 0y Ai(n, E))dp, fori,5 € {1,...,d},
T

All(n, E) = /ngfu — F)0y, 0, (OpNo(n, B) + 20p\i(n, E))dp  fori,j € {1,...,d},
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2.3. The Diffusive Limit

which gives us a matrix written form of (2.32)-(2.33):

0, (g) — div, <A(n,E) V, (g)) =0 (2.42)

The above divergence is to understand as the sum over the i—th derivative of the i—th column
with respect to z. Interesting for further investigations is the question, if matrix A has a
particular structure.

We notice that all blocks A*! for k,1 € {0,1} are diagonal matrices. This comes from the fact
that F and e(p) are even functions in p over T, in the sense of Definition 2.1.3, and that
Op;€0p,€ is odd for i # j. If we interpret the functions n and E as functions of A = (Ao, A1)
(recall notation from Remark 2.2.9) we can rewrite the equations (2.32)-(2.33) in the way
that

9, (g“(t’ ””’”) — divy (DOt 2))Va(t,2)) = 0

where D()\) € R2?*24 i5 defined as

D(N) = (gi’ﬁg; gﬁg;) . DM\ e R for k,1 € {0,1},
PY()) = /T F (N p) (1 = F (A )y, (p) e (p)dp, for i,j € {1,....d},
D)) = /ng(p)gru;p)(l — F (A1), (p)Fpsc (p)dp, for i,j € {1,....d},
Djj(A) = /Tdé(p)f(/\;p)(l = F (X)) 0p,(p) Oy, (p)dp, for i, j € {1,....d},
DI = [ c@PF )= Fp)0p,c@Ope@ddp  forije{L.....d}

First we observe that D(A(n, E)) - D, gA(n, E) = A(n,E) and that D% = D% Since
(Dkl)k,le{m} are obviously all symmetric, we get that D(\) is also symmetric. Moreover
we also see, as before, that due to the oddness of 9),e(p)dp,e(p) for i # j we also have that
(Dkl)k,le{[)’l} are all diagonal matrices. Hence we obtain for z = (£,¢) # 0 and &,¢ € R? that

d
IOz = Y [ (6+ )6 B @) F (i) (1 = F(ip))dp >0
i=1
and therefore we have that D(\) is also a positive definite matrix. |

2.3.2. Boundedness with Fourier

Since we need Fourier transformation on the Torus, we post for the convenience of the reader
the most important statements that will be used As reference and for further content we refer
to basic literature like [Gra08]. Starting simple by defining the Fourier transformation.

Definition 2.3.7. Let g be a complex valued function in L'(T¢) and | € Z¢, then we define
the I-th Fourier coefficient of g as

5 ()= [ gla)e " du.
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2. Effective Energy Transport Model and Longtime Behaviour

The properties of the Fourier transformation on R? can be directly applied to the Fourier
coefficients. Using §, (.) is unconventional, but for our purposes more convenient. One of
the most important properties for this work, is the Plancherel’s identity, which is given on
the torus as the following.

Proposition 2.3.8. Let g be a function in L2(T?), then the Plancherel’s identity holds

19172 (ra) = > 8 (9) D)7 (2.43)

lezd
Proof. See Proposition 3.1.16. in [Gra08]. O

Next we define the H*(T%)-space which can be identified with the fractional Sobolev spaces,
see [DPV12], but we do not need this identification.

Definition 2.3.9. Let s € (0,1) and g be a function in L*(T¢). We define the semi-norm

9 rey = S P13 () . (2.44)

lezd

The space H*(T9) is then defined as all functions g in L*(T%) such that the semi-norm is
bounded

H(T%) := {g € L(T%) : [glye(re) < o0} (2.45)
Remark 2.3.10. For g € H*(T9) the norm is defined as
90l ts (vay = llgllLz(ay + [9)ms (ray (2.46)

Since |I|** > 1 for all | € Z*\ {0} and s € (0,1) and thanks to Plancherel’s identity (2.43) we
can estimate the above norm with

2

) S e

which will be used to study the long time behaviour. |

g (ray <2 (’\9”%2(@) + [g]IQ—IS(Td)> <2 (2[9]?{8(@) + ‘/Td g(@)dz

As given in [GP92] we state a geometric result, which seems first out of context, but will
be needed for the proof of the upcoming Proposition. It is already in the one dimensional
case quite troublesome to prove, hence we will not show the proof here.

Hypothesis 2.3.11. There ezist constants C € R and f > 0 such that for all (a1,a2) €
R? x R with |(a1,az)| = 1 we have that

meas ({p € T?: |ay - Vpe(p) + 02’} < 5) < 0P,

where €(p) is the scaled dispersion relation defined in (2.4) and meas(.) denotes the d-
dimensional Lebesgue measure.

We come to one of our key elements of this chapter, which is an adapted version of Propo-
sition 3.2 in [GP92]. In [GP92] the statement is given with the spatial variable x lying in R?,
whereas in our version we have that € T?. Since the theory of Fourier analysis on R? is
similar to the the Fourier analysis on the torus T¢, we can adapt the proof of [GP92].
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2.3. The Diffusive Limit

Proposition 2.3.12. Let the families (f)r>o and (Qr)r~o be bounded in L*(R; L2(T? x T4))
such that the following holds a.e. for all T >0

TOufr + Ve Vol = Oy, (2.48)

with €(p) being the scaled dispersion relation (2.4). Then the families (n:)r>o and (E;)r>o,
given by

nelta) = [ Ftapdy,  Eta)= [ c@f(tepds v,

are bounded in L*(R; H*(T?)) for s = 3/(4 + B), and B being the constant from Hypothesis
2.8.11. Moreover the following estimates hold for arbitrary 6 > 0 and a constant Ds > 0,

2
H[nT]HS(Td) L2(R) < Ds ||QT||iQ(R;L2(TdXTd)) +0 ‘|fr||i2(R;L2(deTd)) (2.49)
2
[l |2 gy S Do 19e i aeraneayy + 82o0 o lruarcronry — (250)
where €, = ||5||%M(Td).

Proof. 1t is enough to prove all the statements for the family (n;),>o, because the statements
for the family (E;);~o are then direct consequences and will be therefore postponed to the end
of the proof. Let us follow the proof of Proposition 3.2 from [GP92]. Denote by §: (n-) (1, x)
the Fourier transform of n, with respect to the time variable t. Then we have with Plancherel’s
identity (on R) that

2
L2(R)

2
L2(R)

Tt || o ey = || 8¢ )iy (2.51)

Applying the Fourier transformation with respect to time and space (not. §¢ (.)) to identity
(2.48), gives us, due to the properties of the Fourier transformation, for all p € Rand [ € 74

St,x (Tath + va(p) : vwa) (,u, l,p) = %t,:c (QT) (H, lap)7
i(TN + vp€(p) : l)gt,x (fT) (:uv l,p) = gt,:c (QT) (Na l,p). (2‘52)

We define z(u,l,p) == (T + Vpe(p) - 1) and will denote it shortly with z. The reader should
notice that z € R for all (u,l,p) € R x Z? x T?. Thanks to Plancherel’s identity (2.51) we
obtain further

[EyCmess) WO A i il A GNP

lezd

= [

lezd

2
/Td Sta (fr) (1,1, p)dp| dp.

Next we introduce the bump function x3(r) : R — [0, 1], with

r) 0 for |r| <,
s(r) = .
X3 1 for |r| > 20.

where y; in C*°(R) and there exist a constant C' independent from §, such that ’rx%(r)‘ <
Cx;(r) for all r € R. For more details we refer to standard literature like [Leel3]. We will
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2. Effective Energy Transport Model and Longtime Behaviour

use the bump functions and (2.52) to estimate the absolute value of the integral of §; , (f;)
with respect to p.

2

g [ (-xs0+ XS(Z)Z) St (f2) (.1, p)dp

z

[ 5 (F o

2

z

=| [, 0= x50 81 (52 o) + 250 (@0) (L )y

2

2 5(z
<2 ‘/Td (1 —=x5(2) St (f2) (1,1, p)dp| +2 ‘/Td Xfi)gm (Q,) (11,1, p)dp

:ZII :512

The two above integrals will be treated separately. For the first integral I, we use Holder
inequality, the fact that (1 — x5(2))? < 1 and Hypothesis 2.3.11 to get

I g/ (1 —x5(2))2%dp 810 (fr) (M’l’-)llizm)
Td
= e 2d . (fr 71’. 22 .
/{|Z<25}mrd(1 X5(2))2dp ||Fee () (11, )llz2pay
= meas ({p € T: |+ Ve(p) - 1] < 25}) B (£2) (1L )] P

1 2 ~
— meas ({p €T i+ Vyelo) ] < \(wl)\é}) 8 () Ly 22

_B
< O + 1P| 28 (10 (Fr) (11 I 2y
< O 1 (£) (1oL T2y -

The integral Is needs less effort to estimate. We obtain again with Holder and meas (Td) =1
ne [ (B8R, L)
2> e\ oz p IStz (Qr) (1, 7‘)HL2(']I‘11)

z

1 2
< — BIER
a /{z|>5}mrd (212) Ap I8t (Qr) (11,1 Ntz oy

1
< ﬁ ||gt,:c (QT) (/J,,l, )H%?(Td) :

SR ) ARSI
= Jya>8nma b AT AR5 ILA(TY)

Using the estimates for 11 and Is, leads us to

2
<
L2(R) ~

s—f3)% s 1
<2 /R l% P25 B (£2) (s My + 11 5 It (Qr) (1L T2y i
€

|8 ()=

Setting s = 5 o=t S sE(s+1)/2 .
gs=0/(44+p)and 6 =2 FC 5§58l , for some 6 > 0, gives us

2

H[gt (r)] s (74 2@ =

248 e 1) 2 2
< / > 018w () (s MIE2gpay + 27 UCTVCT675 1§00 (Qr) (11,1, )2 ey it
lezd
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2.3. The Diffusive Limit

Since |I|*7" < 1 holds for all [ € Z% [ # 0 and s — 1 < 0, we can estimate it with one. The

case where [ = 0 needs no estimate, since everything is zero then. Using Plancherel’s identity
248 2 2
in space and time and defining Ds := 23 C?#§ B we obtain

/ Z d ||Stac f‘r) (/'57 7')”%2(’]1%) + D5 ||St,96 (QT) (N) la ')HiQ(’H‘d) d'u

lezd

H[nT]HS(Td) L2(R) —

=9 ||fT”L2(R><’]I‘d><Td) + Ds HQT”i2(R><’]I‘ded) :

The family (n.), >0 is bounded in L?(R; H*(T%)) since the families (f;),~o and (Q;),~0 are
bounded in L?(R;L3(T?¢ x T?)). More detailed, we see this by using the definition of the
H*(T%)-norm (2.46) combined with the previously derived estimate for the semi-norm (2.49):

Iellzmecrayy < Iellizcacray + || el | o

= Frlha@azaray + || Indae o o -

Last we look onto the family (E;),>o. We have the estimate
B =| [ et p)an| < |,

and therefore

2

/ Stx (fr) (i, 1, p)dp du

H[&( )]s (14 L2(R _500/ ST

H [Er]ne (ray |
lezd

The integral on the right is the same we estimated with I; and I, hence we can conclude
the statements for (E;),>o directly from the results regarding the family (n.),~o and obtain
the estimate (2.50). The boundedness of (E;);¢ in L(R; H*(T¢)) follows in the same way
as for the family (n;)r>o.

OJ

We will need the results from Proposition 2.3.12 restricted to compact intervals in ]R(J{
instead of the whole space R. The problem is that we cannot conclude this directly from the
above results, or adapt the proof, since the Fourier transformation is not defined on compact
intervals. We remind the reader, that we are interested for the limit 7 going to zero, hence
all indices 7 are considered small or at least smaller than some constant in Rg .

Proposition 2.3.13. If (f;)r>0 is bounded in L°(R x T¢ x T9), if (Q:)r=0 is bounded in
L2(Ry; L2(T? x TY)) and if

ae. T>0: 7O fr + Vpe - Vo fr = QF, a.e. on RO+ x T4 x T¢,

then we have for every compact interval I C R{ that the families (n:)r>o and (E:)r>o
(defined as in Proposition 2.3.12) fulfill the estimates

2
H[nT]HS(’H‘d) 2 < D5 ||QT||%2(IX'H‘d><Td) +9 ||f‘l‘”i2([><']rd><']1‘d) + 7'02((5 + Dg),

L2(I)
2
Ly S SooDs 19|22 seaseray + €000 || Frll22(rsemareray + TE0C? (6 + Ds),

H [Er] s (1a)y
where €x, 8,0, Ds are the same as in Proposition 2.3.12.
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2. Effective Energy Transport Model and Longtime Behaviour

Proof. The main idea is to construct two families of functions, which are extensions of f
and Q, onto the whole space, such that the requirements of Proposition 2.3.12 are met, and
then apply the latter. We need to choose the extensions cleverly, such that we obtain the
desired estimates on the compact interval I C RS‘ . Let C > 0 be the constant that bounds
the family (f;)r>0 in LOO(R(J)r x T% x T?) and let I = [tg,t;] for some tg,t; € Rg. Define for
7 > 0 the function g, : R x T¢ x T¢ — R:

fr(to,x — =12V ,e(p),p)  for t < to,
g-(t,z,p) =< f-(t,z,p) for ¢ € [to, t1],
fr(t, 2 — 58V ,e(p),p)  for t > to.

T

Since we are on the torus T¢, the x coordinate in our above definition is well defined, due to
the equivalence classes. We also have that the family (g, )¢ is bounded in L>(R x T¢ x T¢)
with the same constant C' as the family (f;)r>o. Furthermore we have for t ¢ [to,¢1] that

1
TOgr + Vpe - Vaogr =7 ( Vagr - fo':) + Vpe - Vagr = 0.

T

Therefore the following equation holds a.e. on R x T% x T¢

0 for t < tg,
TOgr + Vpe(p) - Vagr = R+, where R, =< Q, fort € [to, t1],
0 for t > t4.

At this point we cannot assure that ¢ is in any L%space for ¢ € [1,00), hence we have to
adjust g. We introduce for a > 0 the functions

et—to) for t < t

fT,Oé(ta .T,p) = SoagT(tv xap)v where ‘Poc(t) = 1 S [to,tl],
e—alt—t1) for t > 0.

We show that the family (f;q)r=0 is bounded in L¢(R;LY(T? x T9)) for 1 < ¢ < co and
a > 0. Since there exists a constant C' > 0, such that ||g;||{~ < C a.e. for all 7 > 0, we get

[ /7.0

uganmenny = [, 190090 dt
<Ot [ el [ a0l grscns O [ el
e B A e
:Cq;a + ”fT||qu(1;L4(de1rd)) : (2.53)

Recall that the constant C' is also a bound of the family (f;)r>0, hence Hinq(I;Lq(deTd))

is bounded by C?meas (I) for all ¢ € [0,00). So we deduce from (2.53), that the family
(fr.a)r>0 is in particular bounded in L?(R; L?(T? x T%)) for all & > 0. Next we define another
family of functions, namely

Tape(t)g-(t,z,p) for t < to,
Qs ot 2,p) = Q-(t,2,p) for t € [to, 1],
Tapa(t)g-(t,x,p) for t > t;.
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2.3. The Diffusive Limit

To prove that the family (®, )0 is bounded in L?(R; L?(T9 x T¢)) for all @ > 0 we estimate
firstly

to 3 o)
H(I)T,aHLQ(R;LZ(’ﬂ‘ded)) S/ (TO‘C)2|‘Pa‘2dt+/t ”QTH?P(TdXTd) dt—l—/t (7'040)2‘900(‘26#
—o0 0 1
=C?ra + | Q-2 (.2 i emay - (2.54)

Since 7 can be considered to be bounded by some constant in R™ and since the family (Q),¢
is bounded in L*(RJ;L*(T¢ x T?)), we see that the family (®,4),>0 is indeed bounded in
L?(R; L3(T? x T?)) for all & > 0. Moreover we have that f o and ®,, fulfill for all 7,a > 0
and a.e. in R x T? x T? the equation

Tatf‘r,a + vp5 : voch,a = (I)T,ou (2.55)
due to the fact that
TOtfa + Vpe(p) - Vafa = T(01pa)g + 0a(T0tg + Ve - Vzg).

Therefore the families (fra)ra>0 and (®rq)ra>0 satisfy the requirements of Proposition
2.3.12. Hence we obtain for the families (n4)ra>0 and (Erq)ra>0, given by

Nr.o ::/ fT,adpa ET,a ::/ 6fT,adpa
Td Td

by using Proposition 2.3.12 the estimates

2
[ malieroy [ 2 gy < Do I@rallEeagmoseyy + 6 1 iralEagasmocray

2
H [Er ol (ray < Do | ®rallia @z sy + 08 | Fralliz @z racre) -

L2(R)

That fr(t) coincides with f;(¢) for all ¢ in [to,t1] and all 7, > 0, implies the same for n,
and nr o, and E; and E;,. Hence

2
L2(
2
L2(

2
L2(R)
2
L2(R)

2

L>(I)
2

L2(I)

H[nT]HS(Td) = H[”na]HS(Td) N < H["na]HS(Td) (2.56)

(2.57)

H[ET]HS(Td) = H[ET,a]HS('Jl‘d) N < H[Er,oc]HS(Td)

Using the estimates we obtained from Proposition 2.3.12, the estimates we obtained for
(fra)ra>0 and (®ra)ra>0 in (2.53) and (2.54) respectively, and the inequalities above (2.56)-
(2.57), yields for all a > 0

2 2_2 2 c? 2
H[nr]HS(Td) L2(D) < Ds (C TR0+ ||QTHL2([;L2(’]I‘d><’]I‘d))> +6 a + ||f7'”L2([;L2(’JTd><’I[‘d)) )
2 2 2 2 c? 2
H[ET]HS(Td) L2(1) < Dseo (C T o+ ”QT||L2(I;L2(’]I‘d><']1‘d))> + deco o + ||fT||L2(I;L2(']Td><’]I'd)) :

1

Choosing now a~* = 7, provides the desired estimates. ]

Remark 2.3.14. What is not immediately apparent, is that in Proposition 2.3.12 and in
the bounded version (Proposition 2.3.13) the families (f;);>0 and (Q;)r>o are arbitrary and
only connected over the equation (2.48). We also notice that an initial value is not necessary
to fulfill the requirements of those propositions. This will be important later, when we want
to show the long time behaviour. |
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2. Effective Energy Transport Model and Longtime Behaviour

2.3.3. Existence of a Converging Subsequence

Recalling from our Hypothesis 2.2.14, let f; be the solution to our model equation (2.23) for
7 > 0 and recall also the definitions for the macroscopic particle density n. and macroscopic
energy density F.

(2.31) : n-(t,z) = /Td fr(t,x,p)dp, E. (t,z) = /Td e(p) fr(t,z,p)dp.

In this section we will prove that these families have converging subsequences. One of the
tools for the proof will be the Aubin Lions Lemma, where the original version can be found
in [Aub63], and the version we use is from Showalter [Sho97]:

Lemma 2.3.15 (Aubin-Lions-Lemma). Let the spaces X,Y, B be Banach-spaces and let X
be compactly embedded in B (not.: X CC B), and let B continuously be embedded in'Y (not.:
B —=Y). If forp € (1,00) and r > 1 the subsets U C LP(I; X) and {Oyu:u e U} CL'(1,Y)
are bounded on a compact interval I, then the set U is relatively compact in LP(I; B).

Proof. See [Sho97] p.106. O

Remark 2.3.16. We recall here some standard facts, which can be found in basic literature
for PDEs or Sobolev spaces. The embedding H}(T¢) «— L?(T?) is dense and continuous.
Since L%(T9) is a Hilbert space, it can be identified with its dual space and therefore the
embedding L?(T?) < H~}(T9) := (H}(T?))’ is also dense and continuous. Moreover it holds

(w, )g-1(ray = (W, ©)12(1ey for u € L*(TY), ¢ € H{(T?). (2.58)

This will be important for the operator norm in H™!(T?) and the weak formulation. In
particular

HUHH*l(’]I‘d) = Ssup <U7<P>H*1(1rd) = sup (U#P)L?(Td)-
”‘P”H(l)(']l*d):l ||50HH(1)(Td):1

The next proposition will be crucial for the use of Aubin’s Lemma, and the proof is post-
poned to the appendix

Proposition 2.3.17. For all s € (0,1) the embedding H*(T9) — L2(T%) is compact for all
dimensions d € N (not.: H*(T¢) cc L*(T9)).

Proof. See Appendix A.1. O

Remark 2.3.18. Recall the Definition 2.1.3 when a function is even or odd on the torus.
We have seen in the Example 2.1.4 that the function €(p) is even in p and that d,,(p) is odd
on the torus. Also recall from Remark 2.2.9 that the Fermi Dirac distribution also is even in
p for all (n, E) € ©°. Hence we see that the following integrals vanish:

/Td Voe(@)VaeF (nr, Er,p)dp =0 = /]l‘d e(p)Vpe(p) Vo F(nr, Er,p)dp, T > 0.
|

Theorem 2.3.19. Let (n;)r>0 and (E;)r>o be the families defined in (2.31). Then there
exists subsequences (nr, )ken and (Ey, )ren that converge in L3,.([0, 00); L*(T%)) towards limit
functions n and E respectively.
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2.3. The Diffusive Limit

Proof. The proof is split into two parts. First we show that for arbitrary compact intervals
in ]Rar , we find converging subsequences. The second part concludes through a diagonal
argument that we can find limit functions n(t,z) and E(t, ), that are defined for all t € R
Let I C R*™ be a compact interval and since we want to apply the Aubin-Lions-Lemma
(Lemma 2.3.15), we need that the families (n;)rs0, (Er)r>0, and (0in;)r>o0, (0¢Er)r>0 are
bounded in L2(I; H*(T%)) and L2(I,H '(T%)) respectively. Then we are able to conclude
that these families (n;)r~0, (Er)r>0 are relatively compact in L?(I,L?(T%)), since we have
the embeddings H*(T%) cc L*(T¢) < H~1(T?), thanks to Proposition 2.3.17.
Introducing the short notations for the Fermi Dirac distribution F; = F(n., E;,p) and for
the collision operator Q, == Q(f;) = (7~ (F, — f;). Due to our assumption on the solutions
fr (see Hypothesis 2.2.14) we have that the family (f;);~0 is bounded in L®(Rg x T¢ x T¢) by
the constant 1 (this holds also for f(0) = fy and fy, since the initial condition has range in
(0,1)). Then we recall that the family (Q,)~0 is due to Corollary 2.2.21 uniformly bounded
for all 7 > 0 by

HQTHH(RJ;L%W%M)) < H(fo) — log(1/2).

Therefore the requirements of Proposition 2.3.13 are satisfied, which implies that the families
(n:)r>0 and (E;)r>o fulfill the estimates:

H[nT]HS(’H‘d) L2(1) < Ds ||QT||%,2([><’]I‘d><']1‘d) +0 ||fT||iQ([de><Td) +7(6 + Ds)
2
(B 115 ey pay SoDs QeI f iy + 2008 | fr 172 (rumasmay + 7200 (8 + Ds)

Recalling the definition of 7 and E we have for all 7 > 0
(, B) = /Td(nT(t,x),ET(t, 2))de.
With the estimate (2.47) in Remark 2.3.10 we obtain then for the family (n.)r>o
e s ooy = | I (O)lrey de

< /1 2 (2l oy + 72)

+ 2meas (1) n*

:4H[nT]HS(Td) L (1)
<4 (D5 ||Qr”iz(lxwqud) +0 HfTHiQ(IXTdXTd) +7(0+ D(;)) + 2meas (1) n?.

Since the family (Q;)r>o is uniformly bounded (Corollary 2.2.21) and |f;| < 1 for all 7 > 0
we get

1
e 2 e rayy < 4 <D5 <ﬂ-[(fo) log 2) + 5 meas (I) + (5 + D5)> + 2meas () A2,
(2.59)

The same argumentation provides for the family (E;);>0

1 _
||ET||I%2(I;HS(W)) <deoo (D5 (ﬂ(fo) — log 2) + dmeas (I) + 7(6 + D5)> + 2meas (I) E2.
(2.60)
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2. Effective Energy Transport Model and Longtime Behaviour

If we choose the subfamilies, where 7 € (0,C) for any constant C € R, we see that the
estimates (2.59)-(2.60), give a uniform bound for those subfamilies and therefore we have
that these families are bounded in L2(I; H*(T%)).

Next to check for the Aubin Lions Lemma, is that the families (9;n;)r~o and (O,E;)r>o are
bounded in L*(I; H1(T?)). For this express our function f, also as

fT == ]:7' - TQT‘ (261)

Substituting the above (2.61) into our semiconductor Boltzmann equation and in the same
equation multiplicated by e(p) we get

70 (Fr — 7Qr) + Vpe - Vo s —7Vpe - V2 Q, = O, (2.62)
TOH(eFr —1€Qr) +eVype - Vo Fr —eTVpe - V3, Qr = Q. (2.63)

Dividing equations (2.62)-(2.63) through 7 and integrating them over the momentum p leads
to

1
Onr + */ Vpe - Vo Frdp — / Ve - Vi Qrdp = 0, (2.64)
T JTd Td
1
OE, + */ eVpe - Vo Frdp — / eVpe - Vo Qrdp = 0, (2.65)
T JTd Td

where the integrals of Q, , and €9, vanish. The terms with the factor 71 also vanish, thanks
to Remark 2.3.18, hence

on, = /d Vpe - V3 Qrdp (2.66)
T

OE, = / Ve Vo Qudp (2.67)
T

We notice that all the above equations are well stated due to Remark 2.2.17 and therefore n,
and E, solve (2.66) and (2.67). Integrating (¢(2.66)) with respect to p, where ¢ € Hi(T?),
yields for all t > 0

/,1 O, (t, z)p(x)dx
T

— /Td Ad(vpe(p)‘VxQT(t,x,p))dp p(z)dz
_ / / diva(Q-(t, 2, p)Vpe(p))p(x) dpda
Td JTd

= —/ / Q- (t,2,p)Vpe(p) - Vap(z) dpda
Td JTd

HQT(t)HL?(’]de’]I‘d) va5||L°°(1rd) ”SOHHé(Td) :

IN

As already mentioned, the family (Q;);>0 is uniformly bounded in Rar , which provides the
estimate

2
it < /I 19 (D122 pascray Vo€ [Eoe iy

<(H(fo) — 108(1/2)) Ve 2 oy

and hence the family (9;n;),~0 is uniformly bounded in L?(I; H~Y(T%)). For (9;E;),;>0 we
obtain similarly from (2.67) that

‘/]I‘d OE(t,z)p(x)dz

||8tn7"|i2([;H*1(’]I‘d)) :/IISlﬁpl‘(atnr(t),@)LQ(Td)
SD =

L, [LC0Voee) - 9200t ))dp ()
Td JTd

d 2 2 2
< py- HQT(t)HLQ(deTd) HVPEHLOO('JI‘d) H‘P”Hg(ﬂrd) ’
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2.3. The Diffusive Limit

and then we see that the family (0;E; ), is also uniformly bounded in L?(I; H~(T9)), since

2 2 d 2 2
||6tET||L2(I;H—1(Td)) :/ Sup ’(atEq—(t), QD)LZ(Td) dt S % /I HQT(t)HL2(TdXTd) HVPSHLOO(T({) dt

Ilgll=1
d 2
S%(H(fo) — log(1/2)) HVP5HL°O(']1‘d) :

Therefore we can apply Aubin-Lions Lemma to the families (n.).c( 0,0y and (E7);¢(0,0), and
find n), EU) € L2(I; L2(T%)) such that there are subsequences which converge in the sense
that
n, —— o, B, ——ED in L2(1;L3(TY)).
k—o0 k—o0

For the general limit we first define the intervals I = [0, N] for N € N, and define for the
first interval I the subsequences (15, 1))ken, and (E(., 1))ren, which converge towards the

limits n(Y, and EW), i.e.

y —— EWin L2(L;L3(TY)

ety —— Y By

-
k—o0 k>

Now these sequences (1(7, 1))keN, and (E(,, 1))ken also fulfill, as subsequences of the families
(nr)re,0) and (Er)r¢(0,c), the criteria of the Aubin Lions Lemma for any compact interval
I C IR{(J{ . Hence there exist for the interval I converging subsequences (n(.%Q))keN and
(E(4,2))ken from the sequences (n(r, 1))ken, and (E(;, 1))ken, with limits n? and E®, in
the sense that

9y —— E® in L3(I; L*(TY)).

) =1 Bz ——

-
k—o0 ko

We notice that the functions n® and E®), restricted to I;, coincide with n(®) and E®) re-
spectively, since (17, 2))ken and (E(7, 2))ken are subsequences of (17, 1))ken and (E(r, 1))ken-
Proceeding iteratively now for N € N, N > 1, playing the same game, we obtain a family of
sequences ((n(r, n))keN; (E(z,,N))ken)Nen that fulfill the following:

L (N, N))keN 2 (P(r, N+1))keN, and (B, n))keN 2 (B, N4+1))ken, YN € N
2. (N(r,N) ke (E(r, N))ken converge towards nN); EN) in L2(Iy; L2(T9)), YN € N
3. nM,=n) EWN)| =E) for all N € N and for J < N, J € N.
Define the functions n and E on R(J{ x T% — ®, with the mapping rule
n(t,z) =nN(t,z), E(t,z)=EN(t,z) forte[N—1,N], NeN, zeT% (2.68)

~

Due to the fact that n™|;, = n®V=D and EM)|; = EWN-1 the above functions n
and E are well defined on Rg x T9. Looking at the diagonal sequences (N(ry,N))Nen and
(E(TN, N)) NeN, we observe that for every compact interval I C Rar , there exists a J € N such
that I C I; and therefore

Jim ngy v =0 =nlp, lim Epyny =BV =Elr, in (15 L3(T).

Finally we obtain, that

. . : 2 LT 2(md
]\}gnoo N(ry,N) = 10 ]\}I_IPOO E(TN,N) =K, n LZOC(Ra_’L (T ))
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2. Effective Energy Transport Model and Longtime Behaviour

Corollary 2.3.20. For the families (n;)r>o and (E;)r=o, defined in (2.31), exist subse-
quences (nr, )ken and (Er,)ren that converge in L3 (RE; L2(T?)) towards the limits n and E,

such that these limits have a weak derivative Oyn and O,E that lie in L*(RE; H™H(T?)).

Proof. From the previous Theorem 2.3.19 we obtain converging subsequences (n., )ken and
(E. )ken that converge in L7 (Rf;L?(T?)) towards the limits n and E. In the proof of

k loc
Theorem 2.3.19 we also derived the estimates for all intervals I C Rf and 7 > 0

18err 17 21 (rayy S(H(fo) —108(1/2)) [V pe e (pay
d
HatErHi%];H—l(Td)) S%(HUCO) —log(1/2)) HVPEHiOO(Td) :

These estimates hold also for the subsequences (Oinr, )ken and (0:Er )ren and I = R{.
Since L2(R{; H™1(T?)) is reflexive, Theorem of Eberlein-Smuljan (see [Zei90a] Theorem 21.D)
provides weak converging subsequences (denoting with the same indices) (Oyng, )ren and
(OLEr, )ken. Let us denote these weak limits with g,, and gg, then we have for all ¢ in

C®(RY x T9)
/R(T /Td noppdrdt = kll)n;lo /R(T /]I‘d Ny, Oppdrdt = klingo_ /RJ /Td Oy, pdadt

= — nodxdt
/R;/wa

Therefore g, is the weak derivative of n, and with the same argumentation we have that gg
is the weak derivative of E. Since g,,gr are elements of L*(R{; H™!(T¢)) we have that the
weak derivatives 9yn and 9, F are in L?(RJ; H™1(T%)) as well. O

2.3.4. A Convergence Result for the Fermi Dirac Distribution

As already mentioned in the beginning of Section 2.3, we want to prove the convergence result

(2.35) : ]1520 Hj’(nkj,Ekj; ) — F(n, E; )‘

L9(I;L9(TdxTd))

)

which should hold for all compact intervals I C Rg , for all ¢ € [1,00), and all sequences in ©°
with limit in ©. Recall that # is the extension of # from ®©° to ©, given by (2.3.3), where
we do not need the definition for now. The start of this subsection will be some results taken
from the thesis of Braukoff [Bral7], since in his work a lot has already been done regarding
the treatment of F and its extension. Then we state in Theorem 2.3.27 the first convergence
result, and in the end we will prove the convergence result we are looking for. We recall for
n € [0, 1] the definition of the Fermi energy ex(n) € £(T?) , which is defined being the unique
solution of

meas ({p eT:e(p) < eF(n)}) = n.

Remark 2.3.21. (Taken from [Bral7]) The Fermi Energy ey describes the energy level below
which every state is occupied at zero temperature and is well defined, since it is similar to
the function h defined in Lemma 2.2.1 and we have, thanks to the symmetry of (p), that

meas ({p eT: e(p) > —eF(n)}> =n.

With its relation to h in Lemma 2.2.1, we notice that er(n) is a continuous and strict
increasing function. At this point we mention also that for every C € R we have that

meas ({p eTe:e(p) = C}) =0,
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2.3. The Diffusive Limit

Let us further recall that actually the Fermi Dirac distribution depends on the two param-
eters (Mg, A1), which in turn depend on the densities (n, F) € ©°. In Proposition 2.2.7, we
stated that the mapping (Ao, A1) — (n, E) is bijective and smooth, as well as the inverse (see
also Remark 2.2.9).

Notation 2.3.22. To avoid confusion we will for this section be more precise on the depen-
dences. When we are talking about the bijection from R? — ©° we will denote it via the tilde
notation

(Ao, A1) = (( Ao, A1), E(Mo, A1) or vice versa  (n, E) — (Ao(n, E), M (n, E)).

The mentioned bijection is one way to describe the dependence. Next we introduce anal-
ogous representations of elements in ©° and cite the next two Lemmas and the following
Remark from [Bral7].

Lemma 2.3.23. Let n € (0,1), then there exists a unique smooth function ¢ : R — R such
that

n= /1rd F(¢(M), A1;p)dp. (2.69)
In particular, it holds $(0) = log i and we have
(A1) Fer(n)A1 = o(A1) as \y — £oc.

Proof. We give here only the idea of the proof and for details we suggest the reader to see
Lemma 5.1.11 in [Bral7]. It can be shown that for fixed A\; € R the function

)\0'—>/ F (Mo, A1;p)dp
Td

is strictly monotone and continuous in Ag. Therefore with the mean-value theorem it is
possible to show that there exists a unique function ¢ as in (2.69).

For the convergence rate we look at the function r4(\1) == ¢(A\1) F ep(n)\;. First assume
that r1(A1)/A1 is bounded as A\; — 400, then it is possible to show that this holds only if
r+(A\1)/A1 goes to zero. Assuming that r4(\1)/A; diverges for A\ — 400, then we find that
this is only the case if n = 0, which this is a contradiction to our requirement n € (0,1). [

Lemma 2.3.24. Letn € (0,1) and ¢ be given by Lemma 2.53.23. Then for every —emqs (n) <
E < emax (n), there exists a unique A1 € R such that

B = [ c0)F (0() hip)dp. (2.70)

Proof. Again we only provide the idea, and refer for details to Lemma 5.1.15 in [Bral7]. The
key elements are to prove that the function E(¢(A1), A1) fulfills two requirements:

d -~ -
—E(p(A1), A1) >0, and lim E(¢(A1), M) = £emaz (n) .
d\ A1 —+oo

If these two properties are met, by the mean-value theorem it holds that there exists a unique
A1 € R, such that (2.70) is fulfilled. O

Remark 2.3.25. The parameters \g, A1 are sometimes called the entropy parameters. Note
that A\; has the same sign as F(¢()\1), A1), since the energy increases in A\; and we may
observe that E(¢(0),0) vanishes. [
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2. Effective Energy Transport Model and Longtime Behaviour

To show our convergence result, we need these analogous representations. The last im-
portant result we need is what happens to A; if the sequence of energies (Ej)ren converges
towards the boundary 9%. This will be an important case in the upcoming Theorem 2.3.27.

Lemma 2.3.26. Let (ng, Ex)ren be a sequence in ©°. If the sequence converges such that
(ng, Ex) — (n, £emaz (n)), n e (0,1)
then we have that Xl(nk, Ey) — 0.
Proof. Without loss of generality we take first Ex — €mq, (n) and then we assume that
kll)rgo ‘Xl(nk,Ek)‘ =)\ < © and hm ‘)\0 ng, Ey) ‘ = Ao < 0.

The pair (Mg, A1) would be the representative in R? such that

(1, emar () = [ (L)) F (o, Mvip)dp.

If (Ao, A1) € R2, Proposition 2.2.7 states that then (n, €mas (7)) € D°, which is a contradic-
tion. Next assume that

hm ‘)\1 nk,Ek ’ =\ <00 and hm ‘/\0 nk,Ek ‘ =

So if Ao diverges either to 400 or —oo we have

~ 1 if \g = +00
lim F (Ao(nk, Bx), At (ng, Ey): p) = L
0 if \g = —o0.

k—o0
Now that is again a contradiction to n € (0,1), and therefore it must hold that
lim (ng, Ex) = (n, £emae (n)), withn € (0,1), == lim ’Xl(nk,Ek)’ = 00
k—o0 k—oo

What remains to show is that the signs of the limits coincide. We refer here to Lemma 2.3.24
and Remark 2.3.25. Since (ny, Ey)ren is in ©°, there exists for every Ej a A1 such that

Bi= | c0)F (600, Maip)dp.

Because of uniqueness we have that Xl(nk, Ey) = A\ and that Ey, = E(qb()\l’k), A1k). Now
if B — emar (n) there exists an index kg € N such that for all & > ko we have that
FE;, > 0 and therefore we have also that E(qﬁ(}\l,k), A1) > 0 for all k > ko. Since the sign of
E(¢(Mg), A1x) coincides with Aj ;. (see Remark 2.3.25), we get that A;x > 0 for all k > ko.
With this we conclude that Aj(ng, Fx) > 0 for all k& > ko which gives us the implication

lim (ng, Ex) = (1, €maz (1)) — lim A (ng, Ey) = oco.
k—o0 k—oo

With the same argumentation we obtain that if (Ej)ken converges to —epmqz (1) we have that
(M (ng, Ex))ken diverges to —oo. O

Now we come to our first convergence result, where we need all the previous preparation.
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2.3. The Diffusive Limit

Theorem 2.3.27. If the sequence (nk, Ex)ren C D° converges to a limit (n, E) € ©, then

n ’Lf n e {0, 1},
i F (ng, By p) = 4 F (n, B;p) if (n, E) € D°,
]]-{:Fa(p)<ep(n)}(p) if E = *emaz (n) )
where the above convergence is to understand in the L'(T?) norm.

Proof. First let (ng)ren converge to n € {0,1}. Then clearly we have that epqe, (n) =
—€maz (n) = 0 and therefore (Ek)ng has to converge to zero. We have for all k € N and for
all p € T?, that 0 < F (Xo(ng, Ex), A (nk, Ex); p) < 1. In the case where the limit is n = 1 we

see
Li(Td) /w

:1_/ F (No(ng, Ex), M (ng, Ex); p)dp
'ﬂ'd

=1 — Nk,

|1 = F Golng, Br), A (ng, B p)| 1= F (Ro(n, Bx), M (ng, B )i p)|dp

which converges to 0 for k to infinity. In the other case, where the limit is n = 0 we have

LTy /Jl‘d

which also converges for k to infinity to zero. Therefore the first convergence is proven.
Now if the sequence (ng, Ej)ren converges to an element (n, E') in ©°, we have that thanks
to Proposition 2.2.7 the mappings Ao and \; are continuous on ©°. Therefore we obtain as
composition of continuous mappings

lim T(;\o(nk,Ek),S\l(nk,Ek);p) = T(;\o(n,E),Sq(n,E);p).

k—o00

HT(S\o(nk,Ek), A (ng, Ek);]?)‘ F (Mo (nk, Ex), M (ng, Ek);P)‘dp = Ny,

which is the Fermi Dirac distribution of the densities (n, E). Now since it converges point
wise for all p € T? we can use the dominated convergence theorem and obtain the convergence
in L'(T9) such that

Jim HT(H,E;p) - T(xo(nk,Ek),5\1(nk,Ek);p)‘ L1y

The last case where n € (0,1) and (Fj)ren converges to either €4, (n) Or —€pm4 (n), needs
slightly more treatment. For this we define the functions

w00, = [ @Y F o Mip)(L= F o dip)dp G EN.

Now from Lemma 2.3.23 we recall that for every n in (0,1) there exists a unique smooth
function ¢ : R — R that depends on A1, such that

n= [ FGO0) D).

Now it makes sense to choose ¢ also dependent on n, such that the above holds for all (n, A1)
in (0,1) x R, (not.: ¢(n, A\1)). Next we define the function g : (0,1) x R — (0,1) with

o) = [ F (0020, Mip)dp.
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2. Effective Energy Transport Model and Longtime Behaviour

This is may a bit be an exaggeration since g(n, A1) = n for all \; € R, but it will help us to
make the next step more vivid. We have for the partial derivative with respect to A1 on one
hand 9,9 = 0 (since g(n, A1) = n) and on the other hand (compare with Remark 2.2.9)

00,9 = [ 00 F (00, M), Mip)ip

:/Td F(d(n, A1), Aisp) (1 — F(d(n, A1), A3 p)) (0x, 4(n, A1) + €(p))dp
:wl(gb(n, )\1), )\1) + wo(gb(n, )\1), )\1>8>\1¢5(TL, )\1)

This together leads us to the ODE

0 = wi + woOy, ¢, with ¢(n,0) = log

1—n’

which has the implicit form

no /0/\1 w1(¢(n’ M)”u)du.

olm ) =log 70 = o, ), )

Now Braukhoff has proven in [Bral7] (see Remark 5.2.8) that

1 A1 o)
/ wi(9(n, p), ) dpu Ao Ferp(n) uniformly in n, (2.71)
0

)‘71 w0(¢<na ,U,),,U,)

where ep(n) is the Fermi energy defined in Definition 2.3.2. From Lemma 2.3.26 we have that
for (ng, Ex) — (n, £emaz (n)) that Aj(ng, Ey) diverges to +oo. With the uniform convergence
(2.71) we obtain then

er(n) for Ex, — emaz (), (2.72)

k=00 A1(ng, Ex)

1 ~
lim =—————(ng, A1 (ng, Ey)) = {—GF(’H) for B, — —e (n).

We introduce the short notation Xl,kﬁﬂl(nk,Ek) and qﬁkﬁgb(nk,;\l’k) and without loss of
generality we choose that (Ex)ren converges to epq. (n). Since n € (0,1) we have that
er(n) € (—d/2m,d/2m) (the cases where ep(n) € {—d/2m,d/2r} is given when n € {0,1}
respectively). Therefore there exists a 79 > 0 such that

By, (—€r(n)) C (=d/2n,d/2m) and By, (erp(n)) C (—d/2m,d/27).
From Remark 2.3.21 we deduce that

meas ({p €T ¢(p) € B%(—ep(n))}) il

— 0.

Hence for 6 > 0 exists a y; € (0,70] (that depends on §) such that

IS

By, (—ep(n)) C (—=d/2m,d/2m) and meas ({p €T ¢(p) € Bwl(—ep(n))}) <
Since |—ep(n) £ y1| < d/27, we also obtain for our choice of 7 that

meas ({p eT¢: e(p) > (—ep(n) + ’Yl)}) > 0,
meas ({p eT: e(p) < (—ep(n) — ’yﬂ}) > 0.
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2.3. The Diffusive Limit

We define the sets

{pGTd e(p) (—eF(n)er)},
= {peT:e(p) < (—er(n) — )},
Do = {p eT: ¢(p) € BM(—eF(n))} .

ObViouslyNWe have Dy UD_U Dy = e, Since~ we are in the case Elj — €maz (N), there gxists
an index k € N, such that Fj, > 0 for all £ > k. This implies that Ay ; > 0 for all~k > k (see
Remark 2.3.25). Furthermore, thanks to (2.72), there exists a ky € N, with kg > k such that

Vk > ko : S\I,lfqﬁk € B, (ep(n)) and Ay > 0.
We observe that

Vk > ko,Vp€ Dy i Aok +e(p) > ep(n) —y+e(p) >0,
Vk > ko,VpeD_: A ok +e(p) <ep(n)+v+e(p) <O

This and A 5 > 0 for all k > ko imply
k> ko, Vp€ Dy =g (Apker +2(p) <0,
Vk > ko,Vp € D_ : — 5\17;C (Xi,lgqﬁk + E(p)) >0,

and hence with Lemma 2.3.26 (\; ; — o)

1
Vpe Dy : hm T(gbk,)q g p) = lim =1,
k_’°°1+eXP( 1,k( k¢k+6 ))
- 1
Vpe D_: lim T((ﬁk, /\l,k;p) = lim =0.
k—o0 k‘"’"l—i—exp( Lk( 1k¢k+5 ))
With the above we find ki > kg such that
~ 0
k> ki, Vpe Dyt 1= Flonhmp)| < 7,
~ )
Vk >k, Vpe Do: o |F (e Auip)| < 5

Since 1{_c(p)<ern)}(P) = Lic(p)>—crn)}(P) (see Remark 2.3.21), we have for all k > k; that

Line) :/ﬂ'd (p)>—cr(n)}(P) — T(¢k7>\1,k;1))‘dp

1= F (6, M s p)|d
.

H]I{E(p)>*eF(n)} — F (s ALk )‘

+/D ‘ﬂ{e(p)»ep(n)}(p) - T(¢k75\1,k;p)‘dp
0
+/D ‘T(Cbka;\l,k;p)‘dp

For the integral over Dy, we chose 71 such that meas (Dg) < 0/4, and estimate the integrator
with just one, and obtain for all k > k;
o 0 9

- — < 0.
Ll(ﬂrd)*4+4+4

Hﬂ{a(p)> erm) — F(drs A gs-)
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2. Effective Energy Transport Model and Longtime Behaviour

Since § > 0 was chosen arbitrary we conclude that for (Ej)gen converging to e€m,q. (n) we
have that

lim F (ng, Ey;.) = lim F (No(n, Br), M (ny, Br); ) = Jim F(frs M) = L c(py<en(n)}

k—oo

in Ll(’]I‘d). For limy_, 00 Ex = —€maz (n) we obtain with the same calculations, except we have
to change the signs of ep(n), that

LY(Td)

lim H]l{s(p)<6F(n)} — F(ng, Ey; )‘

k—o0

O

With Theorem 2.3.27 we can finally prove the convergence result we will use in the end.
Recall therefore the definition of the extension F of the Fermi Dirac distribution

n if n € {0,1},
F(n,E;p) =1 F(n, E;p) if (n, FE) € ©°,
]]'{:':5(1’)<€F(7’L)}(p) it = +feman (TL) .

Corollary 2.3.28. Let (ng)ren and (Eg)ren be converging sequences in LE (RE;L2(T4))
with limit functions n, E € L} (R L2(T9)), such that

V(t,x) € Ry x T% Vk € N (ni(t, z), Ep(t,z)) € D°.

Then there exist subsequences (ny,)jen and (Ey;)jen such that for all compact intervals I C
R and all g € [1,00)

L4(I;L4(Td x Td)) =0

lim Hf(nkj,Ekj; )= F(n,E;.)

Jj—00

Proof. Let I be a compact interval in RJ, then the sequences (1 )ren and (Ej)ren converge to
n and E in L(I;L%(T%)) and there exists subsequences (nk;)jen and (Eg;)jen that converge
point wise a.e. on I x T? (see for example Brezis [Brell], Theorem 4.9.). With Theorem
2.3.27 we obtain for almost all (¢,z) € I x T

=0.

tn || (na (40, B (,2);.) = F (e, 2), B35

Jj—00

Since we have L' (T?) convergence, there exists subsequences (using again the same indexing)
(nk;)jen and (Eg;)jen such that

hm T(nk] (t7x)aEkj (t,fL‘),p) = i(n(ta $)7E(t7$)ap)a a.e. on I X Td X Td'

Jj—o0
Now since F (ny,, Ex;;p) < 1 for all j € N and obviously 1 € LYI;LY(T¢ x T9)) for all
q € [1,00), we can apply the dominated convergence theorem and get

L9(I;L9(TexT))

lim Hf(nkj,Ekj; )= F(n,E;.)

J]—00

With the similar diagonal argument as in the proof of Theorem 2.3.27 we find subsequences
of (ng;)jen and (Ej;)jen (using again the same indexing) such that these subsequences fulfill
for all compact intervals I in ]Rar the desired convergence. O

Since F coincides with F on ©°, (2.35) is clearly fulfilled.
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2.3. The Diffusive Limit

2.3.5. The Rigorous Limit

In this section we give the proof of Main Theorem 2.3.5 and show, under the assumptions of
Hypothesis 2.2.14, the existence of a weak solution in the sense of Definition 2.3.4. The idea
is to follow the Chapman-Enskog expansion, presented in Section 2.3.1, and check in what
sense the limits exist.

Proof of Main Theorem 2.3.5. The existence of converging subsequences of the families (n;),>0
and (F;)rso is deduced directly from Theorem 2.3.19. Let us denote this converging subse-
quences and their limits with

e 2%, Ep 22% B in LE(RELA(TY),
where 73, converges to 0. We now go through the steps of the Chapman-FEnskog expansion
Step 1: We make the ansatz
fr=F (ns, Ersp) — 7Q-(f7). (2.73)

It is clear from the definition of the collision operators (see Definition 2.22) that this
expression is well defined for all 7 > 0. Recall that the family (Q-(f7))r>0 is, thanks
to Corollary 2.2.21, bounded in L*(R{; L?(T¢ x T%)), with the estimate (2.30)

HQT(fT)HiQ(Rg;LQ(TdXW)) < }[(fO) - log(l/?).
This boundedness provides

lim 7Q-(f;) =0,  in L2(RS; L2(T x T9)).

T—

From Corollary 2.3.28 we know that there exists subsequences of (n,, )ren and (Er, )ken
(using again the same indices) such that for all compact intervals I C R and ¢ € [1, 00)

]-lm HT(nTk’ETk; ') - "T’(n’ E; ')‘ Lq(I,Lq(TdXTd)) -

k—o0

For the subsequence (fr, )ren of the family of solutions (f;),~o we have for every com-
pact interval I C R{ and ¢ € [1,00) that

fro = F (0, B ')‘ L9(I;L9(Tx T4)) -

< H?(nTk,Em;-) — F(n, E; -)‘

L9(I;LY(T4xT4)) 7 1Qn(f) HL"(I;Lq(?fded)) ’

and therefore we obtain especially for ¢ = 2, that

loc

lim f,, = F(n,E;.)  in L} (R$;L3(T? x T?)).
k—o00

Step 2: Following the second step of the Chapman-Enskog Expansion we want to find out if
and in which way the family of collision operators (Q-(f;))r>0 converges for T going to
zero. Recall the model equation

(2.23) : TOfr +Vpe - Vaofr = Qr(fr),  fr(0,2,p) = fo(z,p).
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48

Thanks to Remark 2.2.17, we know that F (n,, E;;.) and Q,(f.) are both in C'(R* x
T? x T9) for all 7 > 0, and hence we are able to substitute our ansatz (2.73) into the
DSSBE (2.23) and obtain (using the short notation Fr=%F (n,, E;;p) and Q,=Q,(f;))

70, Fr — 720,Qr + Ve - Vo lfr — Ve - V2O, = Q. (2.74)

As mentioned above, the subsequence (%, )ren converges in L7 (R; L*(T? x T¢)) to-
wards F (n, E;p). Since the family (Q,(fr))ro0 is bounded in L2(Ry; L2(T¢ x T%)) we
have with the Theorem of Eberlein-Smuljan (see [Zei90a] Theorem 21.D) at least that
there exists a weak converging subsequence (using the same indices) (Q-, (fr,))ren and
a function Q) in L2(RJ; L?(T¢ x T¢)), such that

Q. (fr) 2222000 iy LART; LT x TY)). (2.75)

Multiply equation (2.74) with a a test function ¢ € C®°(R x T¢ x T¢) and integrate
it with respect to all variables we get

/ / T Frp — T2 Qr 0+ Vpe - Vo Frp — TV pe - Vo Qrp = / / Qrp.
0 JTdxTd T

d ¢ Td

(2.76)

For the left hand side, denoting with supp ¢ the support of ¢, it follows from the
Cauchy-Schwarz inequality and partial integration that

710t F7, )r2| < Tmeas (supp ©) [|9¢ol| 2 m+ xTdxTay 5
72|(8:Qr, )12| < T(H(fo) —108(1/2)) 0epllr2 @+ xasta) »
7'|(Vp€ . V:pQT7 50)L2| <7 ||vp5||LOO(']1‘d) (}[(fo) - 10g(1/2)) ||VISOHL2(R+><T‘1><T‘1) :

Therefore all the above terms vanish if we pass to the limit 7 to zero. For the last term,
that is not multiplied by 7, we have with partial integration.

/ /de?rd v VaTr)e / /dewdww Ve) Fr)p
[ (RF) Va

All results above, starting from (2.76), hold for all 7 > 0 and therefore in particular for
the subsequence (7j)gen. Since the sequence (7, )ren converges in L7, (R{) towards
F (n, E;p) and since (2.75) holds, passing to the limit 7, — 0 in (2.76) then provides
for all p € C°(RF x T x T9)

/ /d Q0 z,p)elt e p) =
TexT
—/ /d ((Vpe()) F (n(t, @), E(t,2);p)) - Vaip(t, z,p)
0 TaxT

Hence we get two outputs from the above

a) Since the above equality holds for all ¢ € C°(R{ x T¢ x T%) we have that
(Vpa)i S LIQOC(RS_; Haiv, (Td X Td))?

where we defined Hgjy, (T? x Td) as the space of weak divergences with respect to
the spatial variable x (see (2.36)).
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2.3. The Diffusive Limit

b) Additionally we have for the sequence (Qr, )ren the weak convergence

Qr, (fr) £ divy (F(n, B )V,e)  in LA(RGLA(T? x T%)).

Step 3: Last step is now to derive the drift diffusion equations for the functions n and F in the

sense of Definition 2.3.4. and to achieve this, we follow the third step of the Chapman
Enskog expansion. For the first equation we divide (2.74) through 7 and integrate it
with respect to the momentum p, which gives us

1
dinr —T/ 0rQrdp + */ Vpé‘-szFpo—/ fo'szpo:/ Qrdp. (2.77)
Td T JTd Td T

The integral on the right hand side vanishes, due to the definition of the collision
operator

1
/Qfdpzf/ fr=F(, Ersp)dp=n—n=0
Td T JTd

In the first integral of (2.77) we can exchange integration and the derivative, and see
that the integral vanishes for all 7 > 0 due to the same reason as above. Also the
second integral in (2.77) vanishes, since Ve -V, F- is an odd function in p in the sense
of Definition 2.1.3 (see Remark 2.3.18). Therefore from (2.77) remains

o (t, x) / Vpe(p) - Vo Qr(t,z,p)dp = 0. (2.78)

We multiply equation (2.78) with a test function ¢ € C°(R{ x T%), integrate it respect
to the time- and space variables, and obtain with partial integration

/ / n,Oppdxdt —/ / Ve - Vap)dzdpdt = 0.
de’]I‘d

Now we know that there exists subsequences (n., )ren and (Qr, )xen such that (ny, )ken
converges in L7 (R{; L?(T?)) and (Q,, )xen converges weakly in L?(RJ; L*(T? x T%)).
The function V¢ - V¢ lies obviously in C°(Ry x T¢ x T9) for all ¢ € CX (R x T9),
hence we obtain that for all ¢ € C°(RJ x T%)

klin;o/o /]I‘d nTkﬁtgoda:dt—/o /11‘d><11‘d Q- (Vpe - Vyp)dtdxdp

. / / ndypdtds — / / QO(V,e - Vo) dudpdt.
0 Td 0 Td x T4

It was shown that 0 is the weak divergence with respect to the spatial variable of
(Vpe)F and in Corollary 2.3.20 we have proven that n has also a weak derivative dn
in L%(RJ; H™!(T?)), hence we obtain for all p € C°(RJ x T?) that

/0 O, ) syt — / /T o d1Ve(V2(0)F (1, B3 ) (V(p) - Vi) dodpdt = 0
(2.79)

The second equation of our macroscopic model, is achieved in a similar way. Going
back to equation (2.74), we multiply it with £(p), divide it through 7 and integrate it
with respect to the momentum p. With Remark 2.3.18, the fact that the integral of
€Q; with respect to the momentum vanishes for all 7 > 0, we get for all 7 > 0 that

OB (t,3)~ [ e®IVse)- V2 Qs (t,a.p)dp = 0.

49



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

2. Effective Energy Transport Model and Longtime Behaviour

We have that the subsequence (Er, )yen converges in Li (R{; L?(T?)) towards E and
the subsequence (Qr, )ken converges as mentioned weakly towards div, (Ve F (n, E;.)).
The function E has, thanks to Corollary 2.3.20 a weak derivative 0;F that lies in
L2(R$; HY(T9)). The function e(Vye - V) is an element of C°(RE x T4 x T?) for
all o € C2°(RJ x T?) and passing to the limit for k to infinity we obtain for all ¢ in
Ce(R{ x T9)

| B ooyt = [T [ ) iva(V,e(0)F (0, B:p) (Ve o) - Vao)dadp
(2.80)

With the standard density argument (see for example [Eval0]), we obtain that functions
n and E solve equations (2.79) - (2.80) for all ¢ in Hj(Ry x T?) and are therefore weak
solutions in the sense of Definition 2.3.4.

O

2.4. Long Time Behaviour

The second main result revolves around the weak solutions n,E and the limit function
F (n, E;p) and their behaviour for time going to infinity. Now from physics we expect that
the limit function converges towards the equilibrium %, (see Definition 2.2.18) and that
the macroscopic limit densities will distribute equally, i.e. converge towards the mean val-
ues 7 and E respectively. We are able to show this converges with even exponential decay.
The most important quantities to recall are the definitions of the mean densities and the
equilibrium (see Subsection 2.2), which are given by

n—/w/ fo(z,p)dpdzx, E = /ﬂ‘dfﬂ‘d p)folz,p)dpdz,  Feq(p) = T(ﬁE)

where fy is the initial value of the system (in our case given via Hypothesis 2.2.14).

Main Theorem 2.4.1 (Long Time Behavior). As in Main Theorem 2.3.5 let (fr)r>o0 be the
family of solutions to the model equation (2.23), and let n and E be the weak solutions in the
sense of Definition 2.3.4, then there exists constants C; K > 0 such that

< < Ke ©1,
L2(TdxTd)

|7 (e, ), B0 = T

With the same constants as above we also have exponential decay for the solutions n and E
towards their means,

In(t,.) = 7illf2(pa) < Ke O, HE( E‘ <eKe ™ forae teRy, (2.81)

L2(Td) —
where €og = ||€|[ 1,00 (pay-

We postpone the proof of Main Theorem 2.4.1 to Subsection 2.4.2, since we need some
preparation. The main tools for the proof are the so called "relative Entropy” and the H-
Theorem (Theorem 2.2.20). We split this section into two subsections, where the first one
introduces the relative entropy and its properties. There we obtain lower and upper estimates
and we will see that the relative entropy differs only by a constant to the entropy functional
H (see (2.17)). To finally get the exponential decay, we use estimates obtained from the
previous Section 2.3, show some kind of Lipschitz continuity of F and use then a Gronwall
argument. For details we refer to Subsection 2.4.2.

20
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2.4. Long Time Behaviour

2.4.1. The Relative Entropy

The relative entropy describes the measure of the distance from a given state to the equilib-
rium. Using the relative entropy to estimate the decay of a solution towards the equilibrium
is a quite common idea, like in [CJM*01, J16]. New is the combination of the relative entropy
and the estimates obtained for (n,),;~o and (E,), in L?(1; H*(T9)) from Subsection 2.3.2 to
achieve the desired decay.

Definition 2.4.2. Define the function

—log(1 —s) r=0,
S [0,1] x (0,1) — R, S>(r|s) = ¢ rlog (g) + (1 —7)log (%) r e (0,1),
—log(s) r=1,

then we call for f € L*(RY; L2(TY x T9)), with 0 < f < 1, the function

HY (1) = /qr LS dpda

the relative entropy of the system.

Remark 2.4.3. We point out that since (77, £) € ®° we have that F., only takes values in
(0,1) for all p € T¢ and hence the relative entropy is well defined. Moreover we can show
that there exists a constant a € (0, (1/2)] such that F,(n, E;p) € [a,1 — a] for all p € T
First notice that (7, E) is fixed and hence are the values \o(7, E) (=)o) and A1 (7, E) (2\1)
which are both in R. If A\y = 0 = A\ then we have that %, = 1/2 and therefore a = 1/2.
Without loss of generality assume A\; > 0 and \g € R (the case where \; < 0 goes similarly).

Then we have for all p € T%:

d
AM— > —Xie(p) > —Ai—,
T 27
d d
- <)\0 - )\1> > —(Xo+ Aie(p) > — (Ao + >\1> ;
27 27

d d
1 exp (= (ho—Aigm ) ) 2 1+ a0+ Misp)) > 1+ exp (= (ho+ Mgt )).
1 1

_ L+exp (= (do— i) < F(n, E;p) < o (C(minE)) =1 a.

ajq
Define now a := min{aj,a2}. We see immediately that a € (0, (1/2)] and therefore we have
that a < Foy <1 —a. [ |

The next Lemma is crucial for the L2- estimates of the limit functions n, E and F (n, E;p)
and it also provides the beginning for the estimate regarding the exponential decay.

Lemma 2.4.4. For any a € (0, (1/2)], there exists a constant Cy, such that the function S,
defined in Definition 2.4.2, fulfills the estimate

Ir—s|* < 5®(r|s) < Cylr — s Y(r,s) €10,1] x [a,1 — a]. (2.82)

o1
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2. Effective Energy Transport Model and Longtime Behaviour

Proof. Let us recall the function h from the definition of the entropy functional # in (2.17),

h:(0,1) - R, h()—rlog(lr >+log(1—7‘)

with the derivatives

1
/ — 1 r ) " — )
W) =10 (155 ). 0=
As in Remark 2.2.10 we develop h around s € [a, 1 — a] and obtain
1
h(r) = h(s) + K (s)(r —s) + §h”(£s)(r —5)? for some & € [a,1 — a.

With rewriting S we see that for all (r,s) € (0,1) x [a,1 — a]

—r

S>(rls) =rlog (2) + (1 —r)log ( .
=r (log (L) log ( 5)
=h(r )—rlog<1 ) ( log

—h(r) ~ h(s) ~ W (s)(r ~ 5)
=€) — )

)
)—i—logl—r —log(1 —s)
(r

s
T )+log1—s)>+slog<l_s)

In Remark 2.2.10 we showed that hA” has a minimum at 1/2 and that A”(r) > 4 for all
€ (0,1). Hence we obtain the lower estimate for all (r,s) € (0,1) x [a,1 — d]

W'(&)(r — 5)* = 5%(rls).

(r—s)? <4(r—s)?<

DN |

Next we go to the upper estimate. Since a € (0,(1/2)], the interval [a,1 — a] has as middle
point (1/2). Additionally we have that h”(a) = h(1 — a)” and moreover h”(a) > h(s) for all
s in [a,1 — a]. Defining C, = (1/2)h"(a), we obtain for all (r,s) € (0,1) x [a,1 — d]

§2(0rls) = SH"(€)(r = 9)* < Calr — 5)2

Passing to the limits r to zero or one, we obtain (2.82). O

As already mentioned, we show that the relative entropy and the entropy functional are
related, in particular they just differ by a constant independent of time.

Lemma 2.4.5. Let f. be the solution of the model equation (2.23), in the sense of Hypothesis
2.2.14. Then the time derivative of the entropy functional (see (2.17)) coincides with the time
derivative of the relative entropy, i.e.

d
dt}[%q = —}[(fT) Vr > 0. (2.83)

Proof. Recall that for all 7 > 0 the range of f; lies in (0,1) and that f; solves (2.23)

7O fr + Vpe(p) - Vafr = Q- (f7), Y7 > 0.
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2.4. Long Time Behaviour

We calculate first the derivative of .‘7-[%; For this we will use the alternative Form of S°° on
(0,1) x (0,1), which is given by

S®(fr|Feq) = fr <IOE’§ < Jr ) — log (1 f?,;q)) +1log(1 — f7) — log(1 — Feq)-

We remember that the equilibrium is independent of space and time, that /\o(ﬁ,E’) (=)
and A1 (n, E) (=\1) are constants in R, and observe that

Fe B exp(—(Xo + Aie(p)))
log (1 / q?q) _log (1 O ey (L e+ Ale(p)))))

— (Ao + Aie(p)).

Since we can exchange integration and differentiation we calculate first the time derivative
of S°(fr|%Feq) and get

o (5 (oe (1) = ozt ) = @it (1o (77 ) = O+ dacton)) + 125

d O fr
7 los(1 —fT>=—1jffT-

This and the fact that f; solves equation (2.23), gives us for the derivative of 9—[};

dt HY = /T /@S (Fr Fug)dacdlp

- /Td /Ed(ath) (10g (1 foT) — (o + /\15(19))) dadp

B /Td /Td(ath) log (1 iTj;) — (Q+(fr) = Vpe(p) - Vaufr)( Ao + Aie(p))dxdp

Due to the definition of Q,(f;) we obtain that

/ / Q- (fr)(Xo + Aie(p))dzdp = 0,
Td JTd

and since (Ao + A1e(p)) is independent of the spatial variable = we get

/ / Vo f) Ao + Me(p))dadp = — / / divy (frVpe(p)) (Ao + Aie(p))dadp
Td JTd Td JTd
= /Td A‘d fTvpe(p) . vz()\O + )q&(p))dﬂjdp

Therefore we obtain

dt ﬂq /]I‘d/ (Ocfr) 10g<1ffT> dzdp. (2.84)

The time derivative of the entropy functional # is quicker derived. Let us recall the function
h from the definition of the entropy functional in (2.17),

h:(0,1) = R, h()—rlog(lr >+log(1—7“)
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2. Effective Energy Transport Model and Longtime Behaviour

The time derivative of h is given by

d ’ fr
%h(fT) = (Oufr)W'(f7) = (0t fr) log (1 _ f'r) ’

and hence we obtain for the entropy functional

G =5 [ [ nedsdn = [ [ @uton (7 ) dadp

Comparing the above with (2.84) shows that the time derivatives of the relative entropy and
the entropy functional coincide for the family (f)r>o. Ol

2.4.2. Exponential Decay

For the proof of Main Theorem 2.4.1, we use an interesting form of Gronwall’s Theorem as
stated in [Bee75], which we cite from [FL16]. To save the reader time looking up the proof,
we will also cite it from [FL16].

Lemma 2.4.6. Let 1)(t) be an integrate-able function over [0,T| for T € RT. If there exists
a constant K > 0 such that

W)+ K [ 0(e)ds < lte),  forae 0<tg < < T, (2.85)

to

then
W(tr) < p(to)e KO0 forge. 0 <tg <t <T. (2.86)

Proof. As mentioned we cite here the proof of [FL16]: First, we perform in (2.85) the change
of variables t = —r and ¥(—r) = ¢ (r) and obtain

ro -
V() + K P(r)dr < (rg), forae. =T < —t; <rg<0. (2.87)
—t1
Then, we define ¥(r) = [T, Y(w)dw and calculate with W(r) = ¢ (r) > (t1) + KU(r) the
well defined derivative

(W) KO > (1) + KU(r)e KO K (r)e KO0
zw(tl)efK(Tuftl).
Then integration over [—t;,rg] and division by e~ % ("0+t) yields

‘I’('I"O) 2 wgl) (eK(T0+t1) o 1) ,
and further with (2.87) and (7% D(r) = W(ro)

p(ro) = h(tr)e o).
Then returning to the original variables tg = —rq and 1(—rg) = ¥(r0), yields (2.86). O

Before we go to the proof of exponential decay, we need one last property. The distance
between the function ¥ (n, E;p) and the equilibrium is always smaller than the distance
between (n, F) € © and the mean values (n, F), times a constant that only depends on the
latter.

o4
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2.4. Long Time Behaviour

Lemma 2.4.7. Let (7, E) be in ©° fized, then there exists a constant L > 0 such that

sup | F (n, E;p) — F (0, Esp)| < L(|(n, B) - (2, E))

peTd
for all (n, E) in ®©, where |.| denotes the euclidean norm.

Proof. Since (n, E) lies in the open set ®° C R?, we can find a > 0 such that the closed ball
K., ((72, E)) with radius ~ lies completely in ©°. Since ¥ coincides with F on K. ((n, E)),
both functions are smooth, as compositions of smooth functions. The derivatives of those
functions are bounded on the compact set K. ((n, E)) and hence there exists a Lipschitz
constant L., on K ((7, E)) such that

F(n, Bip) = F (n. Esp)| < L, (|0, B) = (0, B)|) . ¥(n, ) € K (1, E)).

sup
peTd

If now (n, F) lies not in K., ((n, E)) then we have, since F and F are smaller or equal one,
that

_ o 1 1 o o
sup | F (n, Bip) = F (0, Esp)| < =7 < = (|0, B) = (R, )|}, ¥(n.E) ¢ K, ((n, B))
peETY v v

Choosing now L := max{L,, (1/7)} provides the desired estimate. O

Corollary 2.4.8. Let (@i, E) be in ©° fized, then there exists a constant L > 0 such that

2
L%Td)) ’

for alln and E in L} (R, L*(T%)) with n(t,z), B(t,z) € ® for all (t,z) € R x T9.

loc

Hf(n(t, ). Et,.);.) — F(n, E;.)

L2craxey S L (an(t, ) = llfapra) + | Er(t,) - E

Proof. With Lemma 2.4.7 we have for all (¢,2) € R{ x T

| F(nlt,2), Bt 2):p) — F (0, Brp)| < L2 (|n<t,m> —af* + | Et, ) - E\Z) .

Since meas (Td) = 1, we can integrate both sides with respect to p and then over x and set
L := L?, which finishes the proof. 0

Proof of Theorem 2.4.1:

Proof. We introduce for this proof the short notation for the index 7,=k. Let (fx)ken, (nk)ken
and (Ex)ren (where ) be the subsequences of the families (f;)r>0, (nr)r>0 and (E;)r>o such
that

L7 (RS L2 (T4))

din e = nlliz gtz + 1Bk = Ellig gz + |fe = F (B )

where n and F are weak solutions in the sense of Definition 2.3.4. From Remark 2.4.3
we obtain a constant a € (0,(1/2)] such that Fo4(p) € [a,1 — a] for all p € T, Since
fr only takes values in (0,1) we can apply Lemma 2.4.4 and obtain for all £ € N and all
(t,z,p) € Ry x T¢ x T¢

(fu(t,2,p) = Feq())* < S™(fult, 2, )| Feq(p)) < Calfis(t,x,p) — Feq(p))*. (2.88)
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2. Effective Energy Transport Model and Longtime Behaviour

The lower estimate will be important for the final conclusion. For now we make use of the
upper estimate and obtain by integrating (2.88) with respect to p and x

P (1) <Call fit) — Feall 2o
<2C, (11(t) = F (wlt), Bl B2 nangy + |F 00lt), Bu(t) — Faalamarnsy )

where ¥ (ng, Ej) is the Fermi Dirac distribution (2.20). For the last term we have with
Corollary 2.4.8 the following estimate for all ¢ € R

2

Lmrd)) '

Next we want to apply Proposition 2.3.13 onto the families (fx — Feq)ren and (Qr(fx))ren-
Notice that |fy — Feq| < 1 for all k € N, which gives us that the family (f; — Feq)ren is
bounded in L®(R{ x T¢ x T?), and the boundedness of (Q(f))ren in L2(RY, L2(T9 x T%))
is given by Corollary 2.2.21. Then we see that the families fulfill the equation

1T (it ), Bt ) — Feqlltoimaymay < L (unkoe) — lF2 ey + || BR () — B

Tkat(fk - j:eq) + vpf‘: : vx(fk - ,{]:eq) = Qk(fk)y

because the equilibrium %, is independent of time and space and Q- (¥¢,) = 0. Hence the
families meet the requirements of Proposition 2.3.13, and therefore we obtain for the families
(ng — )ren and (B — E)gen the estimates for any compact interval I C R

_ 2
H[”k = as(ra) | 2y < Ds 1QklE2(rxmascray + 811k = Feqllfz(rsepascay + (8 + Ds),

_ 2
H[Ek - E]HS(Td) < o (Dé ||Qk||iQ(IdeXTd) + 0| fr — ﬁq”i?(lxﬂrdxﬂrd) +7i(0 + D5)) )

L2(1)

The H*(T%) - norm can be estimated by its semi norm and the average (for details see
inequality (2.47) in Remark 2.3.10 ), which gives us for all times ¢ € RJ:

2
I (8) = 2l ray < 2 (2[nk<t> = | [t )~ s ) = 4l (t) — ooy

|Bx(t) - | ) = 4[E(t) = Elfpspay,

2 _ _

2
HS(']Id) S 2 (2[Ek<t) — E]HS(Td) -+ ’/ﬂ*d Ek(t,.’ﬂ) — FEdx
where we used the fact that nj, and Ej integrated with respect to = at any time ¢ has to
coincide with 7 and F, due to our conservation assumption (see (2.9)). This gives us for any
compact interval I C RS‘

2
e = AllEarzcnay < Ml = Bllga e ray) <4 H[nk ~ ey L1’
_ 12 =||2 B 2
HE’“ ~ Bl gz = HE’“ ~ e ey =4 H[Ek = Eluers L1

And together with the estimates obtained from Proposition 2.3.13 we get

[y, — ﬁHiQ(I;L2(Td) <4 (D6 ||Qk”12}(1x1rdx1rd) + 0 fr = feq||12ﬁ(1x1rdxird) +7k(0 + Dé)) )

2 2 2
HE"“ = Bl (ay) StEee (D5 19kl (rxmaray + 8 fi = Feqllia(rxmasray + (0 + Dé)) :
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2.4. Long Time Behaviour

Let us take a closer look on the term ¢ || f, — _‘fequz(wade) in the above estimates. We can
rewrite fi as in the Chapman- Enskog expansion, i.e. fr = F (ng, Ey;.) — 7, Qk, and apply
again Corollary 2.4.8, (short notation L? for the space L2(I, L*(T? x T%))):

o))

The estimates we obtained from Proposition 2.3.13, include a constant § > 0, which can
be chosen arbitrarily. Indeed we can choose it separately for the families (ng — n)keny and
(B — E)gen. For the first family we choose 6; = (1/32L) and for the second family &y =
(1/32Leo,), then we obtain (not.: L? =L2(I,L*(T¢ x T¢)) or L? = L*(I, L*(T%)), which should

be clear from the contex):

i = Feallfe <2 (I Qullt + 1F (ni Bis ) — Fegl?2)

<2 (7R QulEs + L (I =l + B - B

Iy, — 72 <

1 N _
<4 (s +2)10ulis + 15 (lImi =72 + B~ 2

2
L2> +Tk((51 -+ D§1)> ,

o7 <

L2

1 _ _
< tew (D5, +27) 1 Qulf + 1 (e = 7l + B~ B
[e.o]

2
L2> + 71, (92 + D52)) )

Adding together both estimates provides

I = ll22 + || B — B, < 4 ((Ds, + 272 + eacl(Ds, +272))) 11 Q4122 +

2
L2) *

+ 471, (61 + Ds, + €oc(02 + Ds,)) -

+5 (I = ks + | B~ B

Define C;, := 8(Ds, + cooDs, + 277 (1 + €00)) and C = 8(8; + Ds, + £00(d2 + Ds,)), then the
above becomes

— 112 ~
I = nl2 + || By — B[, < Cr 1Q4lF2 + €.

Putting everything together that came after (2.88), using again the Chapman-Enskog ansatz
(2.61), and integrating over to,t in RJ yields

t
/to H: (r)dr < 2Ca (I = F (e B2 o gy + I1F (o i) = FealBo i)

2
LQ([tozt];L2)>>

< 20 (2 19412 gty + & (Ime = 7l gz + [ — B

< 2C, (7'1? HQkHiQ([to,t];LQ) + L (Cm HQkHiQ([to,t];LQ) + T/?C'))
= 2Ca (7, + LC) |Qk T2ty 4:12) + T2 2Ca LC.

Recall the result of the H-Theorem (see Theorem 2.2.20)

(H(fu(to)) — H(fr(t)),  Vtto € RY.

N |

2
HQkHLQ([tO,t};LQ) =

o7
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2. Effective Energy Transport Model and Longtime Behaviour

In Lemma 2.4.5 we have shown that the time derivatives of the entropy functional and the
relative entropy coincide and hence we have

1
| QulE2 ey 12y < 5 (P (to) = 45 (1), Vi to € RS
which gives us in turn the estimate (C(;, o) = Co(7 + LC7,) and Co = 2C,LC)
t ~
/t ?[}jq(r)dr < C(Tk,a)(?[}: (to) — ka () + 77C, Vit to € RY. (2.89)

There exists now a subsequence of (fi)ren (using the same indices) such that it converges
towards ¥ (n, E;.) point wise a.e. on Ry x T x T¢. With the continuity of S> we obtain

lim g (1) = HT D0, forae. t € RY.

Since limy oo 7 = 0, we have limy_, C, o) = 8LCy(Ds; + 00 Ds,) = C~!. By taking the
limit & to infinity on both sides in (2.89) and using the dominated convergence theorem, we
obtain

TLE T TL,E 7 TL,E
/}[T{q rydr < C~ (y—[};( )(to)—}[fgq( )(t)), for a.e. t,to € R{.

The constant C' is greater than zero and therefore the above becomes
— t — —
F(n,E F(n,E F(n,E
H ") (1) + C/to H "D (ydr < HT P (1), for ae. t,1g € RY

With the Gronwall argument we stated before (see Lemma 2.4.6) and setting to = 0 we get

E F >E -
94 P (1) < H D0, forae t RS (2:90)

The estimate given in Lemma 2.4.4 can now be applied, since 0 < _‘i’(n, E)<land0O<a<
Feq < 1—a, and defining K = }[fiq(nE)(O) provides

< Ke !

for a.e. t € Ry
L2(TdxTd) = or a.e. t € Ry

Hj—(n(tv')? ( )) —{Feq

Y

The exponential decay of the macroscopic densities n and E towards the steady states n and
FE, is now a direct consequence from the above. For the convenience of the reader we carry
this out, starting with the density n. We have that

n(ta)—n= | F(n(t,x), E(t,x);p) — Feq(p)dp,  V(t,z) € RY x T

Taking the absolute value from the above and use Jensen’s inequality we get (notice that
meas (']Td) =1)

nit.o) —af* < [
Td

and hence we obtain

Fn(t,2), E(t,2);p) — Foglp)| dp,  ¥(t.2) € RS x T,

In(t, ) = Alf2(pay < Ke™, for ae. t € Ry

o8



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.4. Long Time Behaviour

For the energy density F we have that

E(t,z) - E = /Tds(p)jf(n(t,w),E(t, 2);p) — (p) Feq(P)dp,  V(t,x) € Ry x T?.

Recalling the definition e, = ||€||ioo(r]rd), estimate the above with /2o times the integral,
then we get with the same steps as before
_ 12 +
HE(t, )= E‘ L2y < e Ke ¢, for a.e. t € Ry.

Last we state the exponential decay that holds for every L%- norm, where ¢ € [1,00).

Corollary 2.4.9. Let the functions n, E, ﬂ_f(n, E;p) and the constants C, K be the same as
in Main Theorem 2.4.1, then for almost every t in Ra' we have for all ¢ € [1,00):

|Fn(t, ), B, );) = Feq gy wa)_xée*%a

and

It - Al < KRS B0 — B, € (m) e

L9(T4)

Proof. Tt is enough to prove the above for F since the estimates for n and E are then direct
consequences, as in the proof before. The case ¢ = 2 comes from Theorem 2.4.1.

For ¢ € [1,2) we obtain with Hélder inequality, by defining r := 2¢(2 — ¢)~*!, since 1 €
L"(T? x T?) and ¢~ = 271 + 1, that (using the short notation F (t)=F (n(t,.), E(t,.);.))

|7 - 7

t) = Feq

L9(TdxTd) = Hf( L2(TdxTd)

For ¢ € (2,00) we see immediately that, since

fr(t) = F (o, Bo)| <1,

[EZCEEN

xTd) — Hj:( }-eq
<|F@) - 74|

L9(Td L2 (TdxT4) )?( Teq Lo°(Td xT4)

L2(TdxTd)
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3. Spin Drift Diffusion Model

The goal of this chapter is to derive a quantum description of electrons and their spin in
spintronic devices. If we pack all the information into one density matrix N (details follow
later), we expect a model of the form

N = div(J(N)) + S(N),

where div(J(NN)) describes the current and S(N) represents quantum effects regarding spin.
As mentioned in the introduction we rely mainly on two works, namely [EH14] and [BM10].
Since the first starts from a semiclassical approach, it cannot be considered as ”full quantum”
model, but it derives equations for all components and that rigorously. The second derives
“full quantum” models for the ”spin up” and ”spin down” densities. We look here, for a
combination of both. Since we are in a different setting than in the previous chapter and we
want to focus completely on the spin of the electrons, we dismiss the total energy.

3.1. General Description and the Microscopic Picture

Spintronics aims at controlling the electron spins by means of electrostatic fields and, there-
fore, tame it with the same technology of electronics. A prototypical spintronic device consists
of four main components: the source, the channel region, the gate and the collector. The
electrons start in the source, pass through the channel region and are the collected in the
collector. The spin of the electrons is only affected in the channel, if the gate is switched on,
which we then see as passing information (=1).

é Gate: off 2 f% Gate: on 2‘

Xx] mAIAs (XXIMKTXY InAlAs

e mm R gy i
InGaAs InGaAs

I I

Figure 3.1.: A spintronic device with electrons passing through the channel region (here grey part). After activating
the gate the average spin is changing the direction, which does not have to be the opposite.

Since the interesting effects happen in the channel region, it will be our target of modelling.
Therefore we consider a two dimensional electron gas (2DEG) in the (z1,x2) plane as our
ground setting for the channel region. The fact that the 2DEG is nearly a plane (see Figure
3.2), we mention at that point that the space variable z is 2 dimensional in R? and will
always be of the form = = (x1,22,0). The same holds for the momentum p, since the
electrons cannot move into the x3 direction,therefore the momentum p, will always be of the
form p = (p1,p2,0). Even tough the spin is still a vector in R3. The 2DEG is in between
two layers of materials A,B (for example Indium aluminium arsenide (InAlAs) and Indium
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3. Spin Drift Diffusion Model

gallium arsenide (InGaAs) respectively) with different potentials. If the channel region is
surrounded by suitable layers of semiconductors (e.g. InAlAs and InGaAs), so that to obtain
an electron confinement into an asymmetric potential well, then the electrons experience the
Rashba (or Bychkov-Rashba) spin-orbit effect. This effect manifests itself as an effective
magnetic field orthogonal to the confinement direction and to the electron motion. Then, the
spin orientation can be indirectly controlled by a gate voltage, which deviates the electrons,
thus changing the direction of the effective magnetic field into the channel region. It is then
possible to observe that the spin vector staggers around the direction of the effective field
(see Figure 3.2). For a more detailed explanation of the Rashba effect at its application to
spintronics we refer the reader to the work of Zutié¢ and Fabian [icvacFDS04].

e Effective Field 2 = ar(p x es)
A / _
Momentum p = (p1, p2,0) p
trapped electrons -~
—p Position z = (z1, z2,0)
B

Figure 3.2.: (left): Passage between two layers; (middle): The passage (2DEG) presented as a plane, with an
effective field; (right): Staggering of the spin vector, due to the Rashba effect.

A two-dimensional electron gas in the (z1, z2)-plane with a Rashba spin-orbit interaction is
described by the following Hamiltonian:

h? 0 10z, — O,

where z = (x1,x2,0), Id is the 2 x 2 identity matrix, A is the reduced Planck constant, m
is the electron effective mass, V is a given electric potential, and ag is the Rashba constant
[icvacFDS04].

The evolution equation for the density operator o = o(t), representing the quantum statistical
(“mixed”) state of the system, is the von Neumann equation

ihOyo = [H, o], (3.2)

where [.,.] denotes the commutator. We will consider also collisions in our system, but for
the sake of simplicity they will be added later. The solution ¢ for the von Neumann equation
is a (time-dependent) density operator on the space of the two-component wave functions
LQ(R, C?). Therefore we have for every instant of time, that o is a self-adjoint and positive
definite ({1, 1)) > 0,Vep € L*(R,C?)) operator, with unitary trace. This implies that o is a
Hilbert-Schmidt operator.

Definition 3.1.1. An operator o on L? (R2,C?) is called a Hilbert-Schmidt operator, if it is an
self-adjoint and positive definite (in the sense that (o, 1)) > 0 for all v in L*(R, C?)) operator
with unitary trace. Additionally it has an unique integral kernel p in L*(R? x R, C?*2) such
that

(ev)(a@) = [ ple.ubw)dy, Vb € LARECY)
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3.2. Transformation into Phase-Space

where the integral is to understand component wise. We define the space of all Hilbert-Schmidt
operators on L2(R?,C?) as HS(L*(R?,C?)).

For detailed theory on Hilbert-Schmidt operators we refer to [RS80].

Remark 3.1.2. Let us roughly discuss the idea what a density operator describes. First we
know that a wave function 1) € L?(R?, C?) has every information about a particle encoded.
Let us notice that wave functions encode information differently, than a distribution function
f, like the one from the Boltzmann picture. For example if we look at the following for
QCR?

| ftapde, [ o),

we obtain from the left the density of the particles in Q at the current time ¢ and given
momentum p, whereas the right hand side will only give the probability to find a particle in
Q) at the current state. There is a way to transform f into a probability density, but we are
not going to delve into that.

To obtain information from a wave function v, we need an observable, which is an operator
on the space of the wave functions. For example the position operator & applied to 1 reflects
the expected density value of the particle in the state v, i.e.

#W) = [ alv(@)dz.

Having another wave function ¢ € L?(R?, C?), the L2- scalar product of ¢ and ), gives us
the probability of a particle to change from one state v to the other state ¢. The density
operator ¢ in (3.2) is an operator on the space of wave functions and can therefore be seen as
an observable itself. Let (¢ )ren be an orthonormal basis of L?(R?, C?), then we can describe
o through

o) =D peodr(dr, )2,  where pp € [0,1], and Y pp = 1.

k=1 k=0

Such a density operator is also called a mized state. If we have p; = 1 and p;, = 0 for all
k € N,k # j, then we call g a pure state. Now o(t), can be interpreted as the observable of
being in the mixed state at the time ¢. In other words the quantity (1, o(t)1); 2 gives us the
probability to get from the state v into the mixed state g at the time ¢. This looks at first
hand quite complicated, but describing the system with operators has one big advantage:
The Wigner formalism. |

3.2. Transformation into Phase-Space

3.2.1. The Wigner Transformation

In view of the diffusive and semiclassical asymptotic analysis, that will be treated in the
next sections, it is more handy to work with phase-space functions than with operators.
For this reason we introduce at this point the common used Wigner transformation, which
transforms a density operator, such as the g occurring in the von Neumann equation (3.2), into
a phase-space like distribution, named Wigner function. Of course, due to the Heisenberg’s
uncertainty relation, it is impossible to have the existence of a phase-space distribution in
quantum mechanics and this means that the Wigner function is only formally similar to a
phase-space distribution. The Wigner transformation is to be considered as a tool to simplify
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3. Spin Drift Diffusion Model

the calculations and to have a classical-like intuition of the physics behind the mathematical
manipulations. Indeed, we shall use it for transforming the von Neumann equation into a
kinetic Boltzmann equation. The Wigner formalism is treated detailed in the literature, as
for example in the books [Fol89, J09, ZFCO05] or in the review paper [BFM14], but we will
give here a short overview.

We start with the scalar valued Wigner transformation, which means that we look at wave
functions that do not consider spin and lie therefore in L?(R?,C). The definition for Hilbert-
Schmidt operators on L%(R?,C) is the same as in Definition 3.1.1, with the difference that
we replace every appearing vector space over C, with its field C.

Definition 3.2.1. Let o be a Hilbert-Schmidt Operator on L*(R?,C?) and p be its unique
integral kernel. Then the Wigner transformation W is an operator from HS(L*(R?,C)) to
L2(R? x R?,C) with

W)@p) = [ pla+dna—ne /iy, Vo e HSLARLC).  (33)

The inverse of the Wigner transformation is given by the Weyl-quantization (will be proven
later, see Remark 3.2.16).

Definition 3.2.2. Let w = W(p) be a Wigner function (alias Wigner transform of a Hilbert-
Schmidt operator o € HS(L*(R?,C)) with values in C, then the Weyl-quantization or inverse
Wigner transformation is given by

—1 _ 1 / (:L'+y ) i(z—y)-p/h
W (w)(z,y) = @ni? Je T2 dp, (3.4)

where W~Y(w) can be interpreted as the integral kernel of the Hilbert-Schmidt operator o.

Remark 3.2.3. Let us stress again the fact that we are modelling in the 2DEG, which means
that we are in a two dimensional setting regarding space and momentum. This is reflected
by the fact that in the definition of Wigner/Weyl transformation we integrate over R? and
the factor in front of the integral in (3.4) is of power two. In literature, the standard case is
that a three dimensional setting is considered, hence the other definitions slightly differ from
our. |

In Definition 3.2.1 we looked on operators that are defined on LQ(RQ, C), whereas the latter
space is the space for wave functions without the spin information. Wave functions that have
also the spin encoded, ”live” in LQ(RQ,C2). Therefore the integral kernels of the Hilbert-
Schmidt operators are 2 x 2 matrices, see Definition 3.1.1. Hence we have to extend the
definition of the Wigner transformation for our purposes and we will use the same notation
for it.

Definition 3.2.4. Let o be a Hilbert-Schmidt Operator on L2(R2,(C2) and p be its unique
integral kernel. Then the Wigner transformation W is an operator from HS(L%(R?,C?)) to
L2(R? x R%,C%*2) with
W(o)(z,p) = /2 ple+5n,x — gn)e P dn, Vo e HS(LX(R?,C?),  (3.5)
R
where the integral is to be understand component wise, in the sense that

(W(Q)(xap))kl = /]RQ ,0(.’17 + %777 r— %U)kl eimip/hdnv fO’f’ kal € {17 2}
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3.2. Transformation into Phase-Space

Remark 3.2.5. We see that the Wigner transformation in Definition 3.2.1 and 3.2.4 are
barely distinguishable, hence we will use the same notation W for both, but use lowercase
letters to denote scalar valued symbols (e.g. w) and capital letters for matrix valued symbols
(e.g. W). The Weyl quantization of the matrix Wigner transformation is then to understand
component, wise. |

Since we want to apply the Wigner transformation to the von Neumann equation (3.2), we
need to extent the Wigner transformation to a greater variety of operators, due to the fact
that the Hamiltonian (3.1) is definitely not a Hilbert-Schmidt operator. In fact the Wigner
theory can be extended to such a wider class of distributional phase space functions [Fol89].
In such an extended setting, the Wigner transformation is still the inverse transformation of
the Weyl quantization, which assigns to a phase-space function (or distribution) a quantum
operator. The expression symbols for phase-space functions (or distributions) associated to
operators via Wigner-Weyl transforms is often used in the literature, while the expression
Wigner function will be reserved to the symbols that are the Wigner transforms of den-
sity operators. Also worth to mention is that in literature sometimes the notation Op, is
used for the Weyl quantization and Op}:1 for the Wigner transformation. The Wigner-Weyl
correspondence is summarized in Figure 3.3 cited from our work [BHJ].

A PA

Figure 3.3.: The Wigner-Weyl correspondence: A = Opy,(a) is the operator associated to the
phase-space function a, p4 is the integral kernel of A, and a = W(p4) is the
Wigner transform of A.

For a more detailed introduction to Weyl quantization and Wigner transform we refer the
reader to Refs. [Fol89, ZFCO05].

Remark 3.2.6. Furthermore for the sake of simplicity we drop from now any references on
specific spaces and will just give formal definitions. |

Example 3.2.7. The corresponding symbol to the Hamiltonian (3.1) is given by

2
PE vz ar(pe +ip)

2 3.6
ar(p2 —ip1) % + V() 30

W(H)(x,p) =

Applying the Wigner transformation to the von Neumann equation (3.2), the question
arises what happens to the term W([H, g]) and the next two subsections are dedicated to
answer this question.

3.2.2. The Pauli Algebra

An very important fact is, that all the matrices we obtain from the Wigner-transform are
hermitian (4 € C?>*? : A;; = Aj;) . The Pauli algebra will simplify upcoming matrix-matrix
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3. Spin Drift Diffusion Model

multiplications and matrix-representation. The basis of hermitian matrices in C2*2 is given
by the Pauli matrices:

(10 (01 (0 —i (1 0
0'0* 0 1 70'1* 1 0 70'2* 1 O 70'3* 0 _1 I

with the multiplication table

Table 3.1.: Multiplication table for Pauli-matrices

00 01 02 03
g0 00 g1 02 o3
g1 01 g0 io 3 —io 2
09 09 —ios 00 io1
o3 o3 iog —ioy oo

With respect to such basis, each hermitian matrix in C?*? has a representation with real
scalar coefficients. Therefore for a general hermitian matrix A € C?*? exists unique Pauli-
components ag, a1, as,az € R such that

_ [An A > o
A= <A21 A22> _jz_;a‘jgj

with the relations

A1 =ag + as, ap = % (A1 + Az),
A1z = a1 —iag, ay = % (A12 + A21),
A1 = a1 +iag, ag = %(A12—A21)7
Agg =ap — ag, az = % (A1 — A22).

This is also true, in particular, for the symbols associated to self-adjoint operators. Let
W = W(p) be a symbol associated to a density operator, i.e. a matrix-valued Wigner
function. Then, we have that

3
W(z,p) =Y wj(z,p)o; = wolz,p)oo + w(z,p) - o,
i=0

with
w1 (z,p) 01
w(z,p) = | we(x,p) |, o= |09,
ws(x,p) o3
and

1
w;(z,p) = 5ur(W(gc,p)aj), w; € L*(R? x R%,R), j€{0,1,2,3},
where ”tr” denotes the matrix trace.

Notation 3.2.8. From now on we will drop the dependence on t if it is clear from the
context. Matriz valued functions will be written in capital letters, vector valued functions will
be denoted with bold small letters, and scalar functions will be denoted lowercase letters. For
example we have for all x,p € R3:

W(xz,p) € C2x2, w(z,p) € R3, wo(z,p) € R.
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3.2. Transformation into Phase-Space

Example 3.2.9. A good example for the usage of the Pauli-components is the transformed
Hamiltonian (3.6). Defining H := W(H), the representation of H is given by:

2
H(z,p) = <|2pT|n + V(:c)) oo+ agp’ - o, (3.7)

where we define pt = p x e3 = (p2, —p1,0) , with e3 = (0,0,1). We also call H the
Hamiltonian symbol. |

Example 3.2.10. For this example let A, B € C?*2 be hermitian matrices and aj,b; their
Pauli-components for j € {0,1,2,3}. With the given relations between the matrix entries
and the Pauli-components we see immediately that the trace of a hermitian matrix stands in
direct relation to the zeroth Pauli component, i.e.

tr(A) = 2ayp.
With tabular 3.1 we can easily calculate the Pauli-components of the product AB:

AB =(agog+a-o)(bpoy + b - o)
:(a0b0+a-b)00+ (a0b+ab0+a X b) - o, (38)

77'77

where is the euclidean scalar product and ”x” is the cross product in R3. The repre-
sentation (3.8) comes in quite handy calculating the trace of the product AB, because we
obtain

tr(AB) = 2(apby + a - b).

3.2.3. The Moyal Product

The Moyal product (also called Weyl-Moyal or twisted product), introduced by Groenewold
in 1946, will be one of our main tools for deriving the desired equations. The books
[ZFCO05, icvacFDS04, Fol89] cover the theory in detail, but their notation is different to
ours. Therefore we introduce the most important theorems and statements which we will
use, and prove them formally. Will also prove it for operators that have a unique integral
kernel and are self adjoint. The extension to a greater class can then be done as same as
mentioned in section 3.2.1.

Definition 3.2.11. For two symbols f,g in L?(R? x R2,C) we define the Moyal product

1 2{ T—U2)v U1—x)v2—(u1—u
f#g(x,p) = W /R?(X4> f(u1,vl>9(u2,vg)eh(( 2)uit(ur—z)vz—(u1 2)p)du1du2dv1dvg,
where RQ(X4) =R2 x R2 x R? x R? .

With the definition of the Moyal product and the Wigner/Weyl formalism, we are able to
start answering the question, what happens to the term W[H, o]. We start with the scalar
case.

Lemma 3.2.12. Let 01, 02 be two density operators on LQ(RQ, C), with unique integral kernels
p1, p2. Furthermore define wy := W(p1) and wy := W(p2), then

W(e102) = wiFfwa, (3.9)
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3. Spin Drift Diffusion Model

Proof. For v in L?(R?, C), the operator product o102 applied on 1) can be rewritten with the
help of the integral kernels:

(2@ = [ [ or(ay)paly, () dyds

Using the Weyl quantization W~! we obtain
W(o102) =WW~H (wi1) (W™ (w2)))
=/ W) (2 + 2y ) Wl (ws) (yoz — 1) e 12/ dydn
R2 JR? 2

2
b Ty n H((z—y+in)n)
~(2rh)t /R?(X‘l) w1 ( 9 + 4,111) eh 2
2 (m ;_ o Z’”2> e%((yiﬁ%n)vw)e_in.p/hdvldwdydﬂ-

The transformation
O(y,n) = (3(x+y) + 4m, 5(x +y) — 4n), |detd®| =2
y,n 3Ty a3\ Ty i) € )
with the inverse
O uy, ug) = (uy + up — z,2(uy — us)),

provides

1

2i
(wh) 7 (@—u2)v1+ (w1 -2)v2— (w1 —uz2)p)
(wh)* /RQ(M) wi (ug, v1)ws(ug,v2)eh 2)-v1+(u o (U1 — s

W(p102) = duydusdvidug

=wiHws.
O

Definition 3.2.13. Let A and B be two symbols on R? x R? with values in C**2. Then the
matriz-Moyal product (not.: A#B) between those symbols is defined as

(A#B(x,p)) = Api#Bu(x,p) + Apo# Bo(x,p)  for k1 € {1,2}. (3.10)

Since it is clear from the context, we will use the same notation for the Moyal product of
either scalar-valued- or matrix-valued- symbols. Using Pauli components, the Moyal product
of two hermitian matrix-valued symbols A and B can be also written as

A#B = (ao#bo + a 4 b) oo + (ap#b + a#by + ia X b) o, (3.11)

where -4 and x4 are to be understood as the scalar product and cross product, respectively,
between two vectors in R? where the multiplication is replaced by the Moyal product. The
latter formula (3.11) will be used more frequently than (3.10), because we will work mostly
with Pauli components.

Corollary 3.2.14. Let g1, 02 be two density operators on LQ(RQ,(CQ), then we have the fol-
lowing:

W(o102) = W(o1)#W(02). (3.12)
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3.2. Transformation into Phase-Space

Proof. We will show the proof just for Hilbert-Schmidt operators. The extension follows then
as mentioned in Section 3.2.4 from [Fol89]. Therefore let p; and py be the unique integral
kernels in L?(R? x R%, C%*?) for o1 and py respectively. Furthermore define the operators on
L2(R2,C)

(om) (V) (z) = /RQ(pm)kl(m,y)w(y)dy, for m,k,l € {1,2}, and Vo € L*(R?,C).

We have

W(o102) = / / p1 (fr + n,y) P2 (y, T — n) e P/ M dydn,
R2 JR2 2 2

and therefore for k,1 € {1,2} we obtain

Wereu= [, [ (,01 (x +1 y) oo < ))M .
LLE 3, o)
2

= Z ((01)km(02)mi)

2
= W(01)km#W(02)mi
m=1

O]

For further progression we need a small ex-curse into the theory of distributions. Let
therefore f be a symbol from R? with values in C. Recalling the definition of the Fourier-
transform > on R?

£©) = o [, £@) expl-ia )iz, (3.13)

Further recall also the definitions of the delta-distribution and the distribution generated
from the constant one function

55 =10, Tl = [ fade. (314)

From the theory of distributions we know that we can define for every distribution ¢ the
Fourier transform via ¢(f) := ¢(f). The distributions defined in (3.14) have a special relation,
namely that

/\

) = 8(F) = fO) = o [ e = 5_Ti(f) (3.15)

With the above we can show the following identity.

Lemma 3.2.15. If f is a symbol, then we have for arbitrary z in R?:

1

(212 f( Jexp(iy - (x — 2))dzdy = f(z). (3.16)
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3. Spin Drift Diffusion Model

Proof. Define for simplicity the function g(z) := f(z — ), then we have
> [ s esp(=iy- (s —o)dedy = —— [ gty exp(=iy- (@)dudy = - [ gl)d
)7 s x)exp(—iy - (z — x))dxdy = )2 |, 9w exp(=iy - (w)dudy = o | §(y)dy.

Using the definitions of 0, 71, see (3.14), their relation 27r3(f) = Ti(f), see (3.15), and that
g(u) = g(—u), we conclude

1
2

1

[ oy = 5-7i() = ) = 5 (

Q>
~—
Il

Q
—
(@)
S~—

Il
-
—

N
SN—

O

Remark 3.2.16. An immediate consequence of Lemma 3.2.15 is that we can formally proof
now that the Weyl quantization is the inverse of the Wigner transformation and vice versa.
Let therefore o € HS, W = W(p) and let p be the integral kernel of p. then using the
transformation rule and (3.16), we obtain for a wave function ¢ € L?(R?, C?)

W@y = [ W ([ pla+ bz = ey ) (o) (w)dy

- vty L2ty LN oo/
_(27rh)2 /R2 /Rz P ( 2 277’ 9 + 277) € dndpy (y)dy

- [ ey,
R2

RQ

which coincides with o()(x) since p is the integral kernel of p. For the other direction we
obtain with similar argumentation:

WOV p) W (s [ W (S50 ) 070 ) ()

(2mh)? 2
1 o
=W (z,p).

Coming back to the Moyal product, the next Proposition state two for us important proper-
ties.

Proposition 3.2.17. Let f,g be two symbols with values in C, then the following identity
holds

/ / f#g(x,p)dzdp = / / f(z,p)g(z,p)dzdp. (3.17)
RrR2 JR2 RrR2 JR2
In particular if one of the functions is independent of one variable, e.g. g(xz,p) = g(x), then
[, t#s@dp = [ | fw.p)dp go). (318)
R2 R2
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3.2. Transformation into Phase-Space

Proof. To show our first equality (3.17) we will use identity (3.16) and use the shortcuts
du = dujdusg and dv = dvidvs:

/ (><2)f#g(xap)d$dp =
R2

L a4 r—u2)v1+(u1—x)ve—(u1—u2)
:(hﬂ')4 /RQ(XG) f(Ul,vl)g(uz,'Uz)eh(( 2)vr+(ur =) v2=(w 2)p)dudvd$dp
1 &(UI'U2_’M2~’U1) g(vl—vz)-x ﬁ(u2_u1)'p
:(77,7r)4 /]RQ(XG) flur,v1)g(ua, va)e ™ ehn dvidz eh duduvodp
1 &(urw—uzmg) 2(uQ_ul).p
N (h)? /Rz<x4) fur, v2)g(uz, v2)e ehn dusdpduy dvy

- /]RQ /RQ f(ul’ U2)9<u17 U2)duld’02.

To show the second equality (3.18), we proceed the same as for the first equality:

f(z,p)#g(x)dp =
RZ

1 2 —uo)-v1+(u1—z)-va—(u1 —u2)-

- (hm)4 /Rz(xs) f(ul»vl)g(UZ)eh((x 2)-v1+(ur—2)va—(ur 2)p)dudvdp
1 2 —u2)v1+(u1—x)v 2 uo—1u1)-

= () /sz Flur, v1)g(ug)en (ot =) va) (o) 2 gy oy dy
1

hr)?

f(x,v1)dvr g(x).
R2

2% 2%
/2( 3) Fur,v1)g(ur)e b T e B (=)v2) gy gy dy
R X

—

From the scalar case we obtain as a direct consequence

Corollary 3.2.18. For two matriz-valued symbols A, B we have

/Rz /Rz A#B(x,p)dzdp = /R2 /R2 Az, p)B(x, p)dzdp, (3.19)

and if one function only depends on x, i.e. A(x,p) = A(x), or i.e. B(z,p) = B(x) then

|, A#B.p)dp = A@) [ Bapdp, or [ A#Bpdp= [ Aw.p)dpBla). (3:20)
R2 R2 R2 R2

respectively.

Proof. Follows immediately from the definition of the matrix Moyal product (Definition 3.10)
and Proposition 3.2.17. O

It is possible to develop the Moyal product into a special series, also called the semiclassical
expansion (the concept will be introduced in more detail in Section 3.6).

Notation 3.2.19. Recalling the definition of the multi-index. For a sufficiently smooth
function f on R"™ and n € N, we define the multi-index as r = (r1,...,m,), with r; € Ny and

the absolute value |r| =377 rj. Additionally we define

olrl

g g
1 Yx2 Tn

onf =
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3. Spin Drift Diffusion Model

Lemma 3.2.20. For two scalar valued symbols f, g the semiclassical expansion with respect
to h of their Moyal-product is given by:

f#g(,p) =D W f#)9 (3.21)

J=0

where the j-th order of the Moyal product equals

1 —1)l"!
I#609=55 2 S 950, f (2,p)9,039(, p). (3.22)
(24)7 rls!
Ir[+]s]=j
Proof. See [Zwo12] on Page 68, Theorem 4.12.. O

Remark 3.2.21. The first two orders in the Moyal product are quite interesting. Looking
at the zeroth order we see that it becomes the usual product between two symbols, i.e. for
scalar valued f and g we have

f#(g)g(ﬂf,p) = f(x,p)g(z,p).

For matrix valued symbols A, B we then clearly have A4 B = A(z,p)B(x,p). The first
order of the Moyal product gives for two scalar valued symbols f, g:

2if:féfé(l)g =Vyuf - Vaeg—Vaf Vpg, (3.23)
which is also known as the Poisson bracket . [ |

Remark 3.2.22. At this point we want to take the time and explain what it means to take
the sum over a multi index. For example we have the sum

Z 87" f(z,p),

|7 ="

where we assume that x € R", r € Nij. So we are looking at all n-tuples (r1,72,...,7,) such
that the sum »_1*; r; equals j, which would be counted as combination with repetition, since
the order does not play a role. In comparison if we would sort all the possible configurations
of partial derivatives and if we differ 9;, J;,, and a% Oz, then all possible configurations
would be a variation with repetition. The factor % o= m represents the ratio between
a multi index r and all possible configurations of such belonging partial derivatives.

For example the multi index with r;; = j — 1 and r;, = 1 for i1,i2 € {1,2,...,n} appears
only once, but the mixed derivatives appear j times

OU D0y, f = 0920y, 0,, f =09 90,02 f=--=0,,08 Vf.

Tiq Tig 1'12 xll

j configurations

In that case we have % = ﬁ = % Therefore we could rewrite the sum over the multi
index into
1 n
Z 8T (z,p) = = Z 8961.1(9:01.2 . 8% fx,p). (3.24)
|7| J ! T i1,02,..0
[ |
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3.2. Transformation into Phase-Space

Example 3.2.23. We set in the formula (3.24) j=3 and n = 3. Therefore we obtain the
formula

1 3 3 3
> = 6 20 20 D B, D, O Fp).

T'| 3 i1=112=143=1
|

Definition 3.2.24. Let f and g be two scalar valued symbols, then the odd and even Moyal
product are defined by

Foms = 5 (F#9— 0#), [Heens = 5 (9 + 9#S). (325)

Remark 3.2.25. The definition of the odd and even Moyal product make sense if we calculate
these. We see with the expansion given in (3.21) and their orders (3.22) that by definition
only either the odd or even orders remain. |

3.2.4. The Pseudo Differential Operator

Applying the Wigner transformation to the von Neumann equation should make the prob-
lem more vivid. As already mentioned we cannot expect a classical equation, due to the
HeiBlenberg uncertainty. This will be reflected in the transformed problem, by the pseudo
differential.

Definition 3.2.26. For two scalar valued symbols f and g on R? x R?, where f only depends
on the space variable, i.e. f(x,p) = f(x), we define the pseudo differential as

1
(27)?

©lfla)w.p) = s [, @lFD @ mgla.p)e™ @ Vandy,

where

Gl D) = - (Fa+ ) — T — b))

The above definition is the one that appears most frequently in the literature, but we will
introduce another description of the pseudo-differential.

Lemma 3.2.27. Let f,g and O[f]g be the same as in Definition 3.2.26 then

(Onlflg) = 2f#(0da)9 (3.26)

Proof. We go from the right side to the left side using the definition of the Moyal product (see
Definition 3.2.11) and the identity (3.16). The trick here is just to use a clever transformation
to obtain the pseudo differential. Since the odd Moyal product is given by 2f#,q4)9 =
(f#9 — g#f), see (3.25), we start with

1 —u
f#9(.p) = Gt /szn () gz, vo)e F(F—2 121 2)8) g v
1 2i 2i
= ()t Jretxn F(ur)g(un, va)eh (1 mmva=lun=u2)p) o 3 (=)t guyy doyy duy dos
70 RrR2(X
1 2 (4 —z) (va—
- )2 Jr2tx2 Fur)g(z, vg)eh =D 2=P) guyy gy
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3. Spin Drift Diffusion Model

The transformation ®(n) = x + h27!n with determinant |detd®| = h?272 and inverse
&~ (uy) = 2h (uy — x), provides

1

A .
Faten) = o [T (o 5n) ot v P,

Looking at the second term g# f, we obtain with similar arguments the following

1 2
g#f(x,p) - (h )4 /2< 1) g(ulavl)f(l@)e n ((x_UQ)UH'(ul_x)v2—(u1—u2)p)duldu2dvldv2
us R2(X
1 ﬁac—u v1— (U1 —u au—a}v
= (i) /RZ<><4) g(u1,v1)f(uQ)eh(( 2)ui—(u1—u2)p) , 3 (u1—1) 2 dvoduy dugdvy
1 2 z—u2)(vi—
B (hm)? /R2<X2) g(x,v1) f(uz)e n () P) gy oy

Choosing now the transformation ®(n) = z — 25, with the determinant |det d®| = h?272 and
inverse ®~!(u1) = 2h7 1 (x — us), we obtain

h .
g# f(x,p) = (2;)2 /R2x]R2 g(z,v1)f (.’]j‘ — 277> eln-(vrp)dndvl-

Putting both calculations together we find

(o= a# w0 = oz [, (£ (e +50) = £ (2= Gn) ) st )er @ anays

1

= i /R L) gt e

= ih(Ox[flg)(z, p)
O

Remark 3.2.28. Setting f(xz) = V(x), where V is the potential energy from the Hamiltonian
H, and let g be any symbol. Applying now Lemma 3.2.27 provides

2
(©rV]g) = EV#(odd)g = V.V Vpg+ O(R?).
Comparing the above expression with the dimensionless semiconductor Boltzmann equation
(1.5), we see the analogue. At zero order (h°) the pseudo differential coincides with the
potential part of the ”classical” picture. The operator is one of the reasons why we only

speak formally of phase-space as mentioned in the beginning of this section. |

3.2.5. The Wigner Picture

Finally we have everything at hand to apply the Wigner transform to the von Neumann
equation (3.2). In the literature often we just see the result of this transformation, but in this
thesis we think it is the right place to show the calculations to obtain the Wigner-Boltzmann
equation.
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3.2. Transformation into Phase-Space

Theorem 3.2.29. Let ¢ be the solution for the von Neumann equation (3.2) and W = W(p)
its Wigner transform. Then the Pauli components of W (z,p) = wo(z, p)oo+w(z,p) - o solve
the Wigner-Boltzmann equation :

Bwo + % Vw4 apVE - w — (Op[V]we) = 0 (3.27)

2
dyw + (Vyw) % + arViwo — (O4V]w) - arp™ x w =0, (3.28)

where we define the planar gradient as Vg = (0g,, 03,,0), its orthogonal as
Vy = Ve X €3 = (Opy, —0s,,0)
(50 that Vi - w = Op,wy — O, w2 ), p- = p x e3 and Op[V] is the pseudo differential.

Proof. By applying the Wigner transform to the von Neumann equation we obtain, due to
the fact that W is linear,

W(inde) = W ([H, o])
ihoeW = W(He) — W(oH)
ihoW = H#W — W#H, (3.29)
where H = W(H) is the Wigner transformed Hamiltonian, given by (3.6). The main part of
this proof is to calculate the right hand side of the last equation. To achieve this we will make

use of the Pauli algebra and the semiclassical expansion of the Moyal product, see Lemma
3.2.20. Referring to Example 3.2.9 we define

2
p
ho(.) = P V@), ) = et

Using the Pauli algebra combined with the Moyal product (see (3.11)) and the definition of
the odd and even Moyal product (Def. 3.2.24) we obtain

HHAW — WHH —
2 (hO#(odd)w0 +h s w) oo +2 (ho#(odd)w + h# (odgaywo +ih X .. w) ‘o

The last factor comes from h xy w — w X% h = 2(h x4, w), which is shown by just
evaluating the cross products and putting it back together. Comparing now the Pauli com-
ponents of the left hand side with them on the right hand side in equation (3.29) we look at
four equations which can be written as

ihdywo = 2 (hg#(odd)wo +hog w) , (3.30)
10w = 2 (ho# (oaayw + h# (oaaywo + ih X4, W) - (3.31)

The special structure of hy and h simplifies calculations by far. Splitting hg into | p|2(2m)_1
and V(z), we see immediately, due to Lemma 3.2.27, that

2V# (oaaywo = ih(O4[V]wo).

Since 8§|p]2 vanishes for every multi-index o with |a| > 3 and 82|p|* = 0 for all |a| > 0, we
obtain with the Poisson bracket (formula (3.23))

2 ((2m)_1 (|p|2#(odd)w0)> = % (Z (|p|2#(1)wo)) = —ih% - Vzwo.
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3. Spin Drift Diffusion Model

This leads to ho#wo = ih((Op[V]wo) — £ - Vwp). For the next term, we take a closer
look onto h = agp™. The derivative with respect to the momentum is clearly 85 h = 0 for
every multi-index § with |3] > 2 and the derivative with respect to x vanishes. Hence the
only contributing term here is Vph; = ar(—d2;,615,0) for j € {1,2,3} where dy; being the
Kronecker delta symbol. We have

3 3
2R 4 gy W =2 Z hj# (odaywj = —thar Z Vph;j - Vew; = —ihag(9z, w1 — O1ws)
j=1 =1

= — iharVy - w.
With all terms for (3.30) at hand, dividing by i yields
Orwg = —% - Vewo — aRVj ~w + Op[V]wo,

which proves the first equation (3.27). To obtain the second equation (3.28), we need to
calculate the terms in (3.31). Looking at the first term in (3.31) we clarify that (ho#w); =
ho#w; for j € {1,2,3}, and the calculations for those terms are the same as for ho#wp.
Therefore we can write directly

ho#tw = ih ((@ﬁ[V]w) — (Vow) :1) ,

where (Op[V]w); = (O4[V]w;) and (V,w) p is simply a matrix-vector product. Same argu-
ments as for b -y, w, yields for the second term in (3.31)

2h#(odd)w0 = _ihaR(a$2w07 _8381“]070) = —ihOéRVi"wo.

The last term in (3.31) needs a bit more treatment. Recall that x4 denotes the R3 cross
product, where we replace the product with the Moyal product. For h = app" higher
derivatives vanish (0Jh = 0 = 9°h, |3| > 2) and therefore only the zeroth order of the Moyal
cross product remains. Hence

2ih Xy, W = 2ih X4 w = 2ih X w = 2iagp" X w,

Substituting our results into (3.31) and divide through i% we obtain

2
dw = — (V,w) % + (Op[V]w) — arVywo + ﬁaRpL X w,

which proves (3.28). O

3.2.6. The Non-Dimensional Form

In order to identify small parameters and to perform the asymptotic limits leading to the
macroscopic models, we want to scale the Wigner-Boltzmann equation (3.27)-(3.28). This
procedure can be found in similar works like in [BM10] and [BFM14] but we will show it here
for the sake of completeness. Different is that we postpone the discussion of time scaling to
Section 3.4, due to a problem that has not occurred in other works yet.

Let xo be the reference length, ¢y the reference time and Ty the reference temperature (e.g.,

the temperature of a phonon bath). The reference momentum and energy are then defined
as the thermal ones:

D
po = vV mkpTy, Ey = EO7
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3.2. Transformation into Phase-Space

where kp is the Boltzmann constant. Introducing the dimensionless variables
t — tot, T — Tol, D — PoP-
Just for this brisk moment we will write the Wigner Boltzmann equation in the new vari-

ables after the first scaling. For this define wo(f, %, p) = wo(tot, v0Z,pop), w(t,T,p) =
w(tot, 2o, pop) and EoV (t,%) == V (tot, 707), then we obtain (compare with Section 1.3)

1 D -
—8;12;0 = _Bop Vg — %V% Sw 4+ — (@ n [V]ﬁ)o)
t(] mxg Zo

] )
=0 = — (Vaw) 2L — Bl + 20 (@

o 2 B ~
h [V]w) + Zarpopt X w.
to mry  Xo mzo h

PoTO

Before we go on, we explain what happened to the pseudo differential and how the scaling af-
fected it. We recall the representation from Lemma 3.2.27, where Op[V']w; = (2/ih)(V # (oqayw;)
for j € {0,1,2,3}. Therefore the index in Op comes from the factor (1/h) in front of the
Moyal product. Using the above scaling, we have for j € {0, 1,2, 3}

2Fy -~ Qp%xg

5 - 5 P .
?(V#(odd)wj) = (V# (0da) W) = 2.0, [V]w;.

ihmxo mIxgoy powo

2
OnlV]w; = o (V# oanyj) =

From now we will drop the tilde notation again and identify the tilde variables with their
original variables. Furthermore we introduce the Energy time scale g, which states how long
an electron with Energy F needs to pass a device with length zy. Further we introduce the
scaled Planck constant € , and the scaled Rashba constant «

_ mxg h MIOOR

tp = —, E=—" o =

) 3.32
Po ToPo h (3:32)

Substituting the above into the Wigner Boltzmann equation (3.27)-(3.28), leads us to the
non dimensional Wigner Boltzmann equation

t

t—Eﬁtwo = —p-Vowy — aeVy - w + O [V]wo, (3.33)
0

t

t—Eat'w =—(Vyw)p — aerwo + O [V]w + 2apt X w. (3.34)
0

For later use, we rewrite the above in a more concise form
tp
t—atW +TW =0, (3.35)
0

where the transport operator 7T is defined as

TW = ((wao)p + ast cw — O, [V]wo) oo ( )
3.36
+ ((Vw'w)p + aeViwg — 0. [V]w — 2apt x w) 0.

Notice that we changed the notation of p - V,wo=(Vzwp)p. Since the representation of the
Pauli components are unique for each hermitian matrix, the operator 7 is well defined. In
particular, the chosen scaling of the Rashba constant proves necessary to obtain the correct
behaviour in the semiclassical limit [BM10, BHJ]. For more detailed values of the physical
quantities we refer to [KNATO02] and for the calculated non-dimensional variables in different
spintronic devices table 1 in [BM10].
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3. Spin Drift Diffusion Model

The scaling we have done so far, has also an effect on the operators, where the Planck
constant h appears. This will be important for our further work, since we need to remain
dimensionless. The next examples deal with this scaling regarding the scaled Moyal product,
the scaled transformed Hamiltonian, and the scaled Wigner-Weyl transformation. These
calculations are standard and usually not present in literature, since its ”simply” substituting
h with €, but we do it for the sake of completeness. For the scaling itself we use the same
reference quantities as already introduced.

Example 3.2.30. (Scaled Moyal product) Let f and g be two scalar valued symbols, and
define f(t,%,p) = f(tot, x0T, pop) and §(t,%,p) == g(tot, 0T, pop). Starting with the j-th
order of the Moyal product, see (3.22), we obtain

it 03) (D) = (_1)‘T|r§ % o) 0L (Lo Poi
(f#(a)g)(:c,p)—(zi)j(ggopo)j |r|+z|s:|—j i 0503 (00, pop) 05039 (20, po)
1 (_1)‘T| T 8~ ~ o~ T NS ~ /[ ~
= GG i 503 (@ P)O039(%, )

Ir|+1sl=J

Dropping the tilde notation, using the definition of € = i/(xopp) we have the semiclassical
expansion of the Moyal product with respect to the scaled Planck constant

f#9=> & f#)9 (3.37)
=0
where the j-th order of the Moyal product equals
1 (=pr o " os
I#60)9= 55 2 9,0, f(,p)0,0,9(x, p). (3.38)
(20 G, !
|

Example 3.2.31. (Scaled Hamiltonian, H.) Applying the scaling to the Wigner transformed
Hamiltonian H given in Example 3.2.7 or Example 3.2.9 (using again the tilde notation to
see the difference), we obtain

~12
P 1o

+ V(l‘ofﬁ)> o0 + agpopt - o
m 2

H(x,p) = H(2oZ, pop) = <

Thanks to the definitions of Ey, V, e, a we define the scaled transformed Hamiltonian H.
12
H(.Toj,poﬁ) = <E0|p;| + EoV(SE)) oo + E‘()Oé&ﬁl o= E()Hg(f,ﬁ)

The scaled transformed Hamiltonian is explicit given by (without tilde notation)

2
H.(z,p) = (‘Z’ + V(:L‘)) oo +aspt o (3.39)

Example 3.2.32. (Scaled Wigner Transformation) Before we can go to scaling the trans-
formation, we need to put the cart before the horse, because a scaled argument is needed.
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3.2. Transformation into Phase-Space

Let therefore o be a density operator on L? (ERQ, C?) with unique integral kernel p € L*(R? x
R2,C?*?). Define the scaled wave function ¢)(Z) := 1) (xoZ) for ¥ € L%(R?,C?), then we get

ol)wod) = [ p (wod a0 ) o (002 ) dy = [ abp (o, z00) v 201 d

Hence it makes sense to define the scaled integral kernel as (%, ) := 22p(20%, 2o7) and with
that we define the scaled density operator

o) (w0) = [ abp (o, 208) v (wop) di = [ (@ 9)3(5)5 = 50)(@)

Let W(z,p) = W(o)(x,p) and recall the scaled Wigner function W (z,p) = W (zoZ, pop).
Looking at the latter, we obtain with the definition of W, see (3.5),

V(F.5) = 5 D0p) — = = N —i((n/x0)-B)zopo/h
W(z,p) = W(zoZ, pop) /]Rz p ($o <96 + 2x0> , T0 (96 2x0>) e dn

Using the transformation rule and the definition of p and e, see (3.32), we obtain

W(i,ﬁ) = /]1{2 :L'%p (ﬂfo (57 + Z) , L0 (i‘ — ;’)) efi(ﬁ'ﬁ)/sdﬁ

_ [ 5z T 5T miGD)/egs

_/RQp<x+2,x 2)6 dT].
Therefore we see that the scaled Wigner transformation of a scaled density operator g is given
by

W(0)(F,p) = / p (w + 25— ”) e~iD)/2 g5, (3.40)
R2 2 2
With similar calculations we obtain that the scaled Weyl quantization is given by
g (EAT D\ /e s
1 - L4 i(&—9)-p/e
w = w dp. 41
WD) = s [T (S5 0) e p (3.41)

Remark 3.2.33. With the above examples we make clear that we could have scaled at any
point. For example we see in [BM10] that scaling first the von Neumann equation (with our
notation, without the time scaling and collision operator) and dropping the tilde notation,
yields non dimensional von Neumann equation

t
ist—EatQ = [He, 0] (3.42)
0
He is the scaled Hamiltonian such that H = EyH., and is given by
62 2 0 1812 — 8x1
He = <_2Ax1,:52 +V(z) | Ild—c‘a 10y, + O, 0 . (3.43)

Applying the scaled Wigner transformation (3.40) to the non dimensional von Neumann
equation (3.42), results into

. lp
16%8,51/1/ = [H., W]# )
where in the above we have the scaled Wigner function W, the scaled transformed Hamil-
tonian H. and the commutator with respect to the scaled Moyal product. Revolving the
above equation as in Section 3.2.5 using the scaled versions, will lead us to the same non
dimensional Wigner equation as obtained in (3.33)-(3.34). [
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3. Spin Drift Diffusion Model

3.3. The Quantum Maximum Entropy Principle and Quantum
Maxwellian

Before specifying the equilibrium we discuss roughly which quantities collisions should con-

serve. First of all we want that the number of particles in the system remains the same

and since we want to observe spin, we assume that collisions do not affect the spin of the

electrons. Since the collisions we are considering are in a thermal bath at a given tempera-

ture (e.g. with a phonon bath), we cannot expect that they conserve momentum nor energy.

Hence we expect that collisions only conserve the particle density and the spin densities. To
get there we take a small digression for better understanding.

3.3.1. Operator Trace and Definition of the Macroscopic Densities

The interpreted expected value of a physical observable, represented by the operator A, when
the system is in the state p, is given by Tr(Ap) (for details see [DR03], [WZ14], [Cas08]). We
explain briefly the idea of the operator trace applied to a density operator ¢ and we consider
for the beginning the scalar case. Let therefore (¢y)ren be an orthonormal basis (ONB) of
L2(R2,C), recall that the operator trace of an operator A on L?(R?,C) is given by

Z ¢ka Qbk L2(R2 C)»

where (., .)Lz(Rgm denotes the scalar product in L%(R?,C). Let o be a density operator on

L?(R?,C), describing a mixed state, it can be written as
=Y prtk(2) (P, V)p2mecy, VY € LA(R?,0),
k=1

where pi € [0,1] for all & € N, and > 32, pr = 1. The values py can be interpreted as the
possibility for a state 1 to change into the state ¢, and if ¢ depends on time, all p, depend
on time as well. If o would be a pure state, the above would reduce to o(¢)(x)=¢k(x) (¢, ).
With the previous work, we see why ¢ has trace one

i (P, (D)) 12 (R2,0) = Zpk (P, Pr)12(r2,0) Zpk =1
Now if p has an integral kernel p(z,y) as representative, it should have the form
r) = S pd,  such thot o)) = [ ol s, ¥ € LR C).
=1
Looking back at the operator trace of g, since (¢)ren is an ONB, we obtain formally

Zpk/ |pn( ’dﬁU—/ meﬁ dx—/pxm

Now let w(x,p) = W(0)(x,p) be the corresponding Wigner function (3.5) in the scalar case,
then we obtain with the Weyl-quantization, WW~! given in (3.4), that the operator trace is
also given by

Tr(p) = /}R2 plz,x)dx = (27T1h)2/ﬂ§2 /R2 w(z, p)dpdz.
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3.3. The Quantum Maximum Entropy Principle and Quantum Maxwellian

Looking at two density operators g1, 92 with two integral kernels pi, po and corresponding
Wigner functions wi, we, we recall that the Wigner transform of the operator product g109
is given by W(p102) = w1#w2 (see Lemma 3.2.12). Since the Moyal product integrated with
respect to space and momentum equals the integral of the product (see identity (3.17)), we
have that

W) = [ [ orCe oty adayde = s [ ] Gonttn) i phapa =

:(27717“2)2 /IR? /IR? w1 (x, p)wa(z, p)dpdx

Next step is to understand what happens, if we apply the trace to density operators on
L?(R?,C?). Define therefore the set

B = {el¢k:l€{1,2}, kEN},

which is an ONB of L?(R2,C?). Let A = (Aij)ijef1,2y be an operator on L?(R?%,C?) with A;;
being an operator on L?(R?, C). Then formally we have

2 oo 00 2
Tr (122 c2)) (A Z Z 1, Alerdr))r2me e = D <¢k, ZezTAel(ék)>
=1 k=1 L2(R2 C2)

k=1 =1

2_: Ory tr(A)(Dr)) 12 r2,0) = Tr(r2(re,0) (tr(A)),

where the lower indices indicates in which space we are taking the operator trace (will be
dropped from now on) and ”tr” denotes the usual matrix trace. For a density operator ¢ on
L2(R?, C?) with integral kernel p(x,y) and Wigner function W (z, p) = W(o)(x, p), we obtain
with using the definition of the Weyl quantization (see (3.4))

Tr(o) = /R2 tr(p)(z, x)dx = 27rh /R?/ W (x,p)dpdz. (3.44)

Looking especially at two density operators o1, 02 on L2(R2,(C2) and their corresponding
Wigner functions W7, Wa, we obtain thanks again to the integral identity of the Moyal product
(see (3.17))

1
Tr(po102) = Wtr /R2 o Wi (x, p)Wa(z, p)dpdz. (3.45)

Next we introduce the macroscopic particle density of our electron ensemble and let therefore
o0 be again the solution to the von Neumann equation (3.2). As mentioned in Remark 3.1.2
we cannot obtain a function which gives us direct information about the distribution of the
particles. Looking at

Tr(lge) = tr/ﬂp(m,x)dx

gives us the expected value of the electron density in 2. Hence (not rigorous) we can interpret
this as the "macroscopic particle density” or ”charge density” and define therefore

no(t,x) == tr(p)(t, z, x). (3.46)
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3. Spin Drift Diffusion Model

This is one point where we see why the Wigner formalism gives the impression of phase-space
behaviour. Using the Pauli algebra and the trace identity (3.44) we obtain

1
tr/ W (t,z,p)dp = ()2 /R2 tr(ooW (t,x,p))dp =

Tlo(t,ﬂf) :tr(Q)(t7x7x) (27Tﬁ

The above looks famlhar, up to the constant, to the common definition of the particle density
from the Boltzmann picture (see for comparison Section 1.3 or Chapter 2).

Next we need the macroscopic description of the spin. Measuring spin, when we are in the
state o, is represented by the spin operators S;,, Sz,, Sz, Which are given (up to a constant)
by the Pauli matrices o1, 09,03 respectively. Similarly as for the charge density ny we can
define the macroscopic spin densities

n(t,x) = Tr(Sy;0) = tr(o;p)(t, z,r) = 2

(27rfi)2/]1g2 wj(z, p)dp, for j € {1,2,3}.
To have a better overview we pack the achieved into the following definition.

Definition 3.3.1. Let ¢ be the solution to the von Neumann equation (3.2) and og, 01,032,053
denote the Pauli matrices. Then we define as the macroscopic charge density ny and the
macroscopic spin densities n; in direction of x;

m(t,a) = tr(oyp)(tw,a),  forj € {0,1,2,3}.
Let W = W(p) be the Wigner transform of the solutio o, then we define the belonging Wigner

macroscopic charge density ng and the Wigner macroscopic spin densities n; in direction x;
as

miftoo) = [ wiltop)dp, forj € {0,123}
R2
where wy, is given by the matriz trace (1/2)tr(o;W). The scaled macroscopic densities are

given via the scaled integral kernels/Wigner functions respectively.

Remark 3.3.2. At this point we mention that we will focus on the Wigner macroscopic
densities, since we also work mostly with the Wigner formalism. Therefore we drop the
term "Wigner” and will just refer to them as macroscopic densities. Also for the sake of
simplicity we drop the notation on the time dependence and only mention it, when we think
its necessary. |

Remark 3.3.3. We can interpret that the quantities ny, ne, n3 represent the local averages
of the spin components with respect to p in the z1, z9, z3-directions, respectively (see Figure
3.4).

n3

- Sm

Figure 3.4.: (Blue): Spin of the electron, (Red): Projections on the z; directions.
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3.3. The Quantum Maximum Entropy Principle and Quantum Maxwellian

3.3.2. Entropy, Equilibrium and a Smallness Assumption

The local equilibrium state of our system is assumed to be the solution to the minimization
of an entropy functional, with the constraint of given macroscopic densities (i.e. mng, k =
0,1,2,3). This is called (quantum) mazimum entropy principle (not.:QMEP) and can be
interpreted as follows: the collisions drive the system towards the most probable microscopic
state compatible with the observed macroscopic densities. The convenient entropy functional
to be used in the diffusion regime (no momentum nor energy conservation) is the quantum
free energy, see [BM10, DMRO5]. It is given by

G(o) = Tr{kpTooln(o) — o + Ho},

where "Tr” denotes the operator trace, kg the Boltzmann constant, T the reference tem-
perature, In is the operator logarithm and H is the Hamiltonian (see (3.1)). The quan-
tum free energy in its non-dimensional form (again using tilde notation to differ), such that
EoG(8) = G(o), is then

G(0) = Tr{gIn(g) — 0 + H-a},

where ¢ is the scaled Planck constant and H. is the non-dimensional form of the Hamil-
tonian H, see (3.43). Note that the operator logarithm is well-defined for a positive-definite
density operator.
Fur further progress we need now the definitions of the Wigner counterparts of the operator-
exponential and logarithm.

Definition 3.3.4. Let o be a positive-definite density operator, define W = W(p) the Wigner
transform of o and denote the Weyl-quantization with W™, then we can define the quantum
exponential and quantum logarithm by

Exp(W) = W(exp(W™H (W), Log(W) = W(log(W™(W))) (3.47)

where “exp” and “log” are the operator exponential and operator logarithm respectively. The
scaled versions are defined in the same way by using the scaled versions of W, W™, see
(3.40), on the scaled Wigner function.

To obtain the quantum free energy in the Wigner picture, we apply the Trace-Product
identity (3.45) and Definition 3.3.4 to G(p)

G(o) —(273}1)2 tlr/R2 - Eo(W (2, p)Log(W)(x,p) — W(z,p)) + H(x,p)W (z,p)dpdx

=E(W).

Scaling £(W) or using the scaled Weyl-quantization, see (3.41) on G(g) would lead to the
same result, ergo the scaled entropy for the scaled Wigner function is given by

Ew) 1
Ey  Eo(27h)
= (2735)2 tr /R2 | W@ P)Log(W)(@,p) = W(&,p) + He (2, P)W (. p)dpdz

:g(W)

5 r /R2 /R2 Eo(W (x, p)Log(W)(x,p) — W (z,p)) + H(x,p)W (z,p)dpdx
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3. Spin Drift Diffusion Model

From now on we will only use the scaled entropy and scaled quantities, and drop therefore
the tilde notation. Recalling the definition of the macroscopic densities (see Definition 3.3.1),
we see the following relation between them (in the scaled version now)

2
(2me)?

n, = Nk, for k € {0, 1,2, 3}.
As mentioned in the beginning, we want to minimize the entropy £ under the condition that

the macroscopic densities are conserved. Hence for given densities ng, f1, 1o, 113 a symbol M
is a minimizer, if it fulfills for all symbols W and for k € {0,1,2,3}

2

EON) < EW). o [ (M (e p)dp = mele) = g

- (2me)?

Since minimizing is independent of constants, we can drop the constant in £ and redefine the
entropy

EW) = tr /R2 - W(z,p)Log(W (x,p)) — W(z,p) + He(z,p)W (z,p)dxdp. (3.48)

Since minimizing the above with the constraints turns out to be extremely difficult to solve
(even formally), but we found a way to reduce the amount of work by adjusting them a bit
(which will be discussed in the remark below). For the sake of simplicity we will use only the
Wigner macroscopic densities and state now precisely the constrained minimization problem
corresponding to the quantum maximum entropy principle.

Problem 3.3.5 (Quantum Maximum Entropy Principle). Let ng, ni,ng, ng be assigned, with
ng > 0, ni,na,n3 € R, e2(n? +n3 +nj) <nd, n = (ny,n9,n3)’. (3.49)

Find a Wigner function W such that E(W') is minimal among all symbols W = wooo +w - o
satisfying W= (W) > 0 and
(wo) = no, (w) = en, (3.50)

where (.) denotes the integral with respect to p over R?.
Remark 3.3.6. The assumptions of Problem 3.3.5 need some explanations.

1. The assumption W~Y(W) > 0 ensures that the quantum logarithm is well-defined.
Since W~1(W) > 0 implies that ng > 0, the latter must be implied as compatibility
constraint on ng.

2. Primarily the conditions (3.49) are of mathematical nature. Recalling that a hermitian
matrix is positive definite if and only if its principal minors are positive. Looking at
the determinant of N = ngog + en - o (ng,n from (3.49), Pauli-algebra yields

det N = det [ ™0 s slm —iny)) no? — e2|n?
e(n1 + ing) ng — ens

and hence det N > 0 if and only if e2|n|* < ng2. We obtain also

2n|? < ne? = nsl* < no?,

which implies together with ng > 0 that 0 < enz + ng. Therefore the conditions (3.49)
ensure the assigned matrix is positive definite such that Problem 3.3.6 is well stated.
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3.3. The Quantum Maximum Entropy Principle and Quantum Maxwellian

3. Let o be the solution to the non dimensional von Neumann equation (3.42) and let
W :=W(p) be the corresponding Wigner function and solution to the non dimensional
Wigner Boltzmann equation (3.35). The macroscopic density matrix N is then given via
the integral of W, i.e. (W) = N. For now let ng, n1, 72, i3 be the corresponding Pauli-
components of N and define n := (71, N2, 713) such that we can write N = ngog+n-o.
If the system is in a well mixed state, we obtain that ny? > 7} + i3 + 73 and equality
holds for pure states (¢ is the projection one the one-dimensional space spanned by the
wave function of the system).

From now on we will assume, as in Problem 3.3.5, that the spin densities are of order one
with respect to e, which means there exists densities ni,ng, ng with n = (n1,ng, n3),
such that n = en. This assumption provides two effects:

e The condition £2|n|* < ng, ensures that we are in a well mixed state, i.e. |a|* =
£2|n|* < |ng|?. The physical meaning of such assumption is that the spin direction
of the electron is random and a small polarisation emerges from the average.

e Our assumption on N will allow us to perform a more practical approximation of
the quantum Maxwellian, see Section 3.6, than the more general, see for compari-
son Section 3.3.3. To avoid confusion we will only use the spin densities n, which
means that we shall write N = ngog +en - o.

Quick note here: The assumption affects only the macroscopic density matrix N, which
means that W is still of the form W = wpog + w - & and that (w) = en.

4. Notice that in the dynamical system the macroscopic densities ng and n are also de-
pendent on the space variable z and time variable ¢. Since the notation is quite heavy
we drop for the sake of simplicity the notation of the dependence on t.

Notation 3.3.7. According to the notation introduced above, the integral over R? with respect
to the momentum p will be denoted from now on as (.).

To show the existence of a solution to Problem 3.3.5 is, already in the 1D case, a very
difficult task [MP10, MP11] and would exceed the capacity of this thesis, therefore we assume
that the solution exists and show that it must have a particular form. We shall call the solution
to Problem 3.3.5 the quantum Mazwellian of the system, and denote it as M.

Theorem 3.3.8. If Problem 3.3.5 has a solution then it is necessarily of the form
3
M (x,p) = Exp | —H:(z,p) + ao(x)og + ¢ Z aj(z)o; , (3.51)
j=1

where dg, ai, as, as are suitable, real, Lagrange multipliers. The function M (x,p) also fulfills
the constraints

1

no(x) = 5 (tr (M2, )o0)),  enj(a) =

. <tr (M (x, -)aj)> . forje{1,2,3}, (3.52)

| =

where we recall that tr (.) is the matriz trace.

The proof to this theorem is quite long and will be split up into three parts, but before we
prove it, we make some small statements.
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3. Spin Drift Diffusion Model

Remark 3.3.9. Notice that M is also a function time, ¢, in the dynamical problem, through
the quantities ng (¢, x) and n(t,z) To avoid over-notation and to show the dependence on the
constraints we will denote the quantum Maxwellian simply with M (N). Also notice that
M (N) is a hermitian matrix and possesses real Pauli components

mj(N) = tr (M(N)o;), forje{0,1,2,3}, where we define M = (my, my, ms).

2
|
We define the hermitian matriz of Lagrange multipliers
A(z) = ag(x)og +cal(z) - o, where a(z) == (ay(x), az(z), az(x))” (3.53)

The matrix of Lagrange multipliers A and its Pauli components will also depend in the
dynamical problem on the time variable t. Again we will drop this dependence and the
dependence on x, and mention it when we think it is important.

Adding the Pauli components of the Hamiltonian H. and the Lagrangian multiplier, we
introduce a handy notation:

—H.(z,p) + A(z) = ho(z,p)og + ehi(z,p) - o, (3.54)

where we define and redefine the following

2

ap(z) i=do(z) = V(),  ho(w,p) = =~ +ao(z), ha(z,p):=a(z) —ap".  (3.55)
As already mentioned it is unknown if a solution to Problem 3.3.5 exists and in which sense
it is a solution, and therefore it makes sense to only give a formal proof to Theorem 3.3.8.
Doing this proof formally is already an tremendous work and we will see that the appearance
of the scaled Planck constant € in the quantum Maxwellian (3.51) is not clear at all, but can
be seen as a more or less direct consequence of our smallness assumption on the polarization
of N =ngog+en-o.

3.3.3. Formal Proof of Theorem 3.3.8

This proof will be divided in three parts. First we prove a weaker result, where we show that
the Lagrangian multiplier A in the Maxwellian /M (N) has no constant ¢ in front of the o
part.

Theorem 3.3.10. If Problem 3.3.5 has a solution then it has to be of the form
M(N) = Eap (~H(z,p) + A(z)) (3.56)
where A(x) = ao(x)og + a(x) - o. The solution also fulfils the constraints
(mo(N)) =no,  {m;(N)) =enj, j€{1,2,3} (3.57)
where (.) denotes the integration over R? with respect to p.

In the second part we roughly introduce the concept of the semiclassical expansion (details
follow in Section 3.6) and calculate the general zeroth order of the quantum Maxwellian.
The last part will be used to proof that the Lagrange matrix is actually of the form fl(az) =
ap(x)og + ea(x) - o, by using the constraints (#(N)) = en. If clear from the context we will
drop from now on the dependence on various variables, to avoid over-notation.
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3.3. The Quantum Maximum Entropy Principle and Quantum Maxwellian

Part One: Proof of Theorem 3.3.10:

This part follows the lines of analogous proofs in literature, see for example [DMR05, DR03]
and [BF10]), where we mostly rely on the latter. Let us provisionally define the matrix of
Lagrange multipliers

A(t,x) = ag(t,z)og + a(t,x) - o, (3.58)

where ag, a1, a2, as are real valued functions , therefore A is a hermitian matrix. Consider
the functional

LOW, A) = tr /R 2 /R , (WELog(W) =W + HW)dadp =t [ A(@) (W)= N)dz  (3.59)
where “tr” is the matrix trace. We note that £ is composed of a free-energy part
E(W) = tr /}R 2 /}R (W Log(W) W + HW) dedp, (3.60)
and a Lagrange multiplier part, coming from the constraints

tr/RQ Alz) (W) = N)do — Q/RQ (o ({wo) — o) + @ - ((w) — en)] da.

By standard variational methods, the constrained minimization Problem 3.3.5 is equivalent
to the saddle point problem for the functional (3.59), which means that the constrained
minimizer M (N) must satisfy

E(M(N)) = minmax L(W, A) = max min L(W, A). (3.61)
w A A W

To avoid misunderstanding in the upcoming notation we stress the fact that “Tr” denotes
the operator trace and “tr” the matrix trace and that 9§, denotes the Gateaux derivative at
the point v. We now cite [BF10] page 304, where we decided to substitute the operator S
with o.

Lemma 3.3.11. Let ¢ be a density operator. Putting f(0) = oln(p) — o, the Giteaur
derivative §, of o — Tr{f(0)} at the point o is given by

0, Tr{f}(€) = Tr{f'(0)¢} = Tr{ln(0)¢}, (3.62)

for all perturbation & of the density operator.

Proof. We refer to [DR03] Lemma 3.3, where the proof is in the appendix, and mention that
the notation is changed to f=H, {=d0 and the operator ¢, Tr{f}é%, ]

From the correspondence W +— oy between Wigner functions and density operators, and
using the scaled identities (3.44)-(3.45)

1 1
Tr = — T -
{ow} me)? tr /11&2 /11&2 W dzdp, v{ow, ow, } me)? tr /R2 /R2 WhAWy dxdp,

it is straightforward to prove the following lemma, which is a rephrasing of Lemma 3.3.11 in
terms of Wigner functions. We recall that our Wigner functions are matrix-valued, and so
the products have to be understood as matrix-products.
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3. Spin Drift Diffusion Model

Lemma 3.3.12. Putting f(W) = W Log(W) — W, the Gateauz derivative of the functional

sy = [ [ sw)dedp,

evaluated at Wy, is given by

Sw,F(&) = tr /]1{2 /]1{2 f'(Wo)édadp = tr /R? /R? Log(Wy)&dxdp, (3.63)

for all perturbation & of the Wigner matriz.

Proof. We obtain with Lemma 3.3.11 and W~ (Log(W)) = In gy the following

IS (&) = dwy, (tr/ W Log(W) — dedp) &) = 5WO((27r5)2 Tr{ow In(ow) — ow })(&)
R3 JR3
= (27e)? Tr{(In ow, )€} = tr /R . /R | Log(Wo)¢dxdp.

O

We now prove that the minimizer has necessarily the form of a quantum exponential, which
would pe the first part of proving Theorem 3.3.10.

Lemma 3.3.13. A necessary condition for M (N) to be solution to the unconstrained mini-
mization problem

L(M(N), A) = min L(W, A) (3.64)
s that it is of the form
M(N) = Eap (—H. + A). (3.65)
Proof. Let A be fixed, and define for symbols W the functional

KW A) =t [ A(x) (W(z,")) do = 2/2 (o (wo) + @ - (w)) dz,
R R

Since A and N are independent of W, we have clearly
5Wtr/ ANdz = 0.
R2
With the above we can rewrite the Gateuax derivative of £ at the point W as
owL =owé — owk,

and therefore the Euler-Lagrange equation associated to the unconstrained minimization
problem (3.64) is given by

SwE — dwk = 0. (3.66)

From Lemma 3.3.12 and the linearity of tr [ [ H.W dzdp we obtain
swe© =t [ [ 1og(W @ p)(a,p) + Hela,p)E(w. ) dodp.
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3.3. The Quantum Maximum Entropy Principle and Quantum Maxwellian

By linearity, we immediately obtain for the functional K

5K (€) = tr / A(€) de

R2
Therefore the Euler Lagrange (3.66) becomes

tr [/W » Log(W (x,p))é(x,p) + He(x, p)&(x, p)dzdp — /]R2 A () dx] =0, (3.67)

for all perturbations £&. The arbitrariness of ¢ implies that the solution W has to be of the
form M (N) as in (3.65).
O

With the preparation so far, we are able now to prove Theorem 3.3.10 and bring the first
part to a conclusion.

Proof of Theorem 3.3.10. Provided Problem 3.3.5 has a solution G, we show that G = M (N)
and that it fulfills the constrains (3.57). As mentioned in the beginning of this subsection,
that problem is equivalent to the saddle point problem for the functional £, recalling (3.61).
Therefore if there exists a solution G, there must also exist /10 such that

L(G, Ay) = maxmin L(W, A).
A W

From Lemma 3.3.13 we deduce that for any given A, the solution M (N) to the minimization
problem (3.64) has to be of the form M (N) = Exp(—H. + A) and fulfills

L(M(N),A) = rnmi/n,C(VV7 A).
Therefore G has to be of the same form as M (N) and hence the solution to the saddle point
problem (3.61) is given by (M (N), Ag). The last remaining statement to prove of Theorem
3.3.10 is, that M (N) = mo(N)og + m(N) - o also fulfills the constraints (m(N)) = ng and

(m(N)) = en. Knowing that (M (N), Ap) is a solution to (3.61), we have that A solves the
maximization problem

L(M(N),Ag) = mgxﬁ(M(N),fl). (3.68)

and solves therefore the belonging Euler-Lagrange equation
04, (L(M(N),.)) = 0. (3.69)

Since M (N) is dependent on A, we denote it with M (N, A) for the rest of the proof. The
Gateuax derivative at the point Ay of £ is then given by

5,405 = 5W£|(M(N,AO),AO)(5AM|AO) + 5A£|(M(N,AO),AO)'
M (N) being a minimizer of (3.66) we have that ow Ll (ar(N,Ay), 4g) = 0- Since L is linear with
respect to (the Pauli components of) A and € is independent of A, we immediately obtain
for perturbations & = Z?’:o oy

O 4L ar(N,Ao),dg) (&) = 04 (€ = K) lar(n,4o),4g) (&) + 04 <tr /]R2 AN) ‘ (€)

(M(N,Ap),Ap)
- tr/RQ (N — (M(N, A0))) da
3
= 2/R2 (’n,o - <m0(N, A0)>> {0 + 22 (é‘nj — <mj(N, A0)>> gjdib'
j=1
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3. Spin Drift Diffusion Model

Since 45 £(§) must equal zero for all perturbations &, we conclude that M (N, Ay) must
satisfy the constraints (3.57). O

Part Two: A General Zeroth Order Approximation of M (N):

The Maxwellian is a quantum object, which is hard to describe explicitly. Therefore we
assume that there exists a power series, the so called semiclassical expansion, such that

M(N) = fj P M) (), (3.70)
k=0

where M (¥)(N') depends implicitly on the density matrix N and is called the k—th order with
respect to the scaled Planck constant . In principle the existence of such a power series, such
as (3.70) (or earlier (3.21)), is the concept of the semiclassical expansion. More motivation
is given in Section (3.6). Furthermore assume that the matrix of Lagrange multipliers also
has such an expansion:

Alw) =3 AW (@), with AB(2) = @i (2)o0 + aP(2) - o (3.71)
k=0

From the previous subsection (Theorem 3.3.10) we obtained that
(3.56):  M(N) = Eap (—H.(,p) + Ax))

At the moment interesting for us, is the zeroth order of the quantum Maxwellian. We will see
that it depends only on the zeroth order of the Lagrange multipliers instead of all orders. Since
€ is usually smaller than one, the dominant order of the above expansions is the zeroth order,
consequently we will call it the leading order. Motivation and details for the semiclassical
expansion, also regarding the quantum Maxwellian, will follow later in Section 3.6.

Lemma 3.3.14. Let M(N) = Exp(—H. + A) be a solution to Problem 3.8.5 and A =
agog + a - o be the matriz of Lagrange multipliers. Furthermore let A0 = déo)ao +a9 .o
be the leading order of the semiclassical expansion of A with respect to €. Then the leading

order of the quantum Mazwellian is given by

(0) ) a0
M(N)O = eho (cosh (‘a(O)D oo + sinh (‘a(O)D @] . 0'> (3.72)
where héo) = —|p]*/2 — a((]o) (x) and aéo) (x) = &80) (x) — V(x). Note that, by continuity, we

can assume that

M(N)O) = exp (b)),
if a® = 0.
Proof. Let us introduce the following function
9(B) = Exp(B(~H: + A)), B R, (3.73)

We immediately deduce g(1) = M (N) and thanks to function calculus and the properties of
the Wigner transformation, we have

9p9(8) = 05W(0eq(B)) = W(Bp0eq(B)) = W((—He + A) exp(B(—He + A))
= W(—He + A)#W(exp(B(~He + A))) = (—He + A)#Eap(B(—He + A))
=(—H: + A)#g(ﬂ)
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3.3. The Quantum Maximum Entropy Principle and Quantum Maxwellian

Introducing the semiclassical expansion g(8) = Y252, e¢¥)(3) on the left hand side, using
the Pauli components of H. (3.55) and the semiclassical expansion of the Moyal product (see
Lemma 3.2.20) on the right side, yields

S k9590 (B) = D € (hooo + by - o) #3yg™ (B). (3.74)
k=0 k=0

Since we are only interested in the leading orders we can simplify the above. Let us recall
the structure of by = a + cap® and the semiclassical expansion of the Lagrange multipliers
(3.71), then we introduce the zeroth orders

h(()o) =— \p2| +a th) =al?.
Notice that the term eap® does not give any contribution to the leading order with respect

to £, hence the above definition makes sense. Using these and the previous equation (3.74),
we obtain by comparing the leading orders

939 (8) = (n" o0 + al¥0) 49 (8)

The zeroth order of the Moyal product coincides with the standard product, and the fact
that g(0) = op (the exponential operator is the identity operator for 5 = 0 and therefore
Exp(0) = 0p), which provides the ordinary differential equation

929 (8) = (n o0 + 0 - @) ¢V(3),  9*(0) = . (3.75)

From here we could calculate directly the ODE above, which is standard, but still plenty of
work, and therefore postponed to the Appendix B.3. We want to take the more indirect but
shorter route here. If we set

g0 (8) = exp (Bh) £(8), (3.76)
then it is readily seen that the unknown matrix f(3) satisfies

9f(B)=a - af(B),  f(0)=on.

The solution to this ODE is the matrix exponential

_ (0) | B ) gk
1(58) = exp(Ba - o) = 3 L@ o)

k=0
Recalling that
0 0 . (0
a(o)‘a_: aé) ag)—zag)
ago) + iago) —ago) ’
it can be easily seen by a direct calculation that
(@ o) = ‘a(o)l%oo, (@ o)t = ‘a(o)’%a(o) ‘o,
for k € N. Then, f(8) = o, if ’a(o)’ — 0, and if ’a<0>‘ 40
2k+1
(o \a“’ D (2a])"" a0
Z_) °+Z @k+ 1) a@] 7
0 ‘ O e
= cosh (ﬁ‘a D 00 + sinh (ﬁ‘a D ‘a(0)| o,
Substituting in (3.76) and recalling that M (©)(N) = g(O)(1), we obtain (3.72). O

91



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3. Spin Drift Diffusion Model

Part Three: The Final Form

To finish the proof of Theorem 3.3.8, we have to show that the zeroth order of the matrix A
only depends on dg. We state this in the upcoming Proposition.

Proposition 3.3.15. Let M (N) be a solution to Problem 3.3.5 and be of the form
M(N) = Exp(—He(w,p) + A(w)).
Then, the leading order of the Lagrange multiplier A is A©) = ap(x)oy.

Proof. Recalling our assumption N = ngog + en - o, we have that the leading order of N
is NO) = n(()o)ag. From Theorem 3.3.10 we know that the quantum Maxwellian satisfies the
constraints (3.57), which at leading order read as follows

(MO(N)) =ni”,  (mO(N)) =0. (3.77)

Assume now that a(®) # 0, then from Lemma 3.3.14 we know that

mO(N) = " sinh (|a®))

Since <m(0>(N)> has to be zero, this is equivalent to ‘<m(0) (N)>‘ = 0 and therefore

<eh80)> sinh (’a(o)m =0.

a®

<6hé0)> sinh (|a®|) Q| =

(0)
Since <eh00 > = 27 exp (aéo) ) # 0, we necessarily have

()| =

a%(z) =0, Vr € R%

3.3.4. The Collision Operator

The definition of the equilibrium state via entropy maximization allows us to adopt a relatively
simple way to add collisions in the transport model (3.35). Similar as in Section 1.3 and in
Chapter 2, we introduce a relaxation-time (BGK-like) collision operator of the form

QW) = —(M((W)) —W), (3.78)

where t. is the typical collision time of the system, which is for the sake of simplicity assumed
to be constant. We recall that (W) denotes the integral of W over R? with respect to the
momentum p. Additionally we recall that our density matrix N is given as exactly that
integral, i.e.

N = (W), where ng = (wp), and en = (w).

Since our goal is to derive a diffusive model for N, we only need very general properties
of the collision operator, above all the conservation of the particle number and spin, and,
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3.4. Time Scaling

consequently, of the densities ng, £ = 0,1,2,3. Our relaxation-time operator provides it
because

N = (W) = (M(W))), (3.79)
which of course implies
(Q(W)) =0. (3.80)

We then add the collision operator (3.78) to the non-dimensional Wigner Boltzmann equation
(3.35) and obtain

%&W+TW:QMW (3.81)
0

which completes our quantum transport model.

Remark 3.3.16. It may seem strange to add the collision term so late to the equation, but
we decided to go this path to keep it as simple as possible. We could already add the collision
operator in the von Neumann equation (3.2) (see [BM10]), and then go along the same path
we followed, with that additional term, which would result in the same equation (3.81). W

3.4. Time Scaling

The standard procedure for the diffusive regime would be to define the diffusive time scale
(for details check Section 1.3, where the typical collision time would be much smaller than
the energy time scale and the system would be observed longer than the energy time scale

2
T=—<1, -~ =7, such that tog = -£.
95 to 128

This leads to the diffusive scaled Wigner Boltzmann equation (compare with Section 1.3)
2OW +1TW = M(N) — W. (3.82)

From here the common path to obtain a macroscopic model would be the Chapman Enskog
expansion, which we introduced in Section 2.3.1. In our quantum setting, there are two
major obstacles that will not appear in the standard case. First the transport term 7 is
more difficult to handle, due the quantum quantities, like the quantum Maxwellian and the
pseudo differential operator. The other obstacle occurs later in the expansion, which is easier
to understand if we follow the three steps introduces in Section 2.3.1 and stumble over that
difficulty.

1. Let W, be a solution to (3.82) and assume the existence of two functions Wy, U, such
that
W, =Wy+ 1U-.

Letting 7 formally going to 0 in (3.82) shows that Wy = M (N).

2. Dividing equation (3.82) through 7 and pass to the formal limit of 7 going to 0, we
obtain that
U:=1mU,=-TM(N).
7—0
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3. Spin Drift Diffusion Model

3. Last step is to turn to the momentum equation, which is (3.82) integrated
1
00 (W) + (TM(N))+(TU;) =0, (3.83)

and pass finally to the limit 7 — 0 to obtain the diffusive equation.

We see here that Step 3 is only possible if the term 71 <7'M (N )> also converges to zero.

Until now the standard argument has been that the term in front of 7=! (in our case TM (N))
is odd in p and therefore the integral over it vanishes leading to an equation of the form

ON = (TTM(N)) =0, (3.84)

where <TT§7V[ (N )> represents the diffusive part. This would fit into the expected form of
the Chapman Enskog procedure. We state our first observation.

Proposition 3.4.1. Let W be the solution to the WBE (3.82), where M (N) is the quantum
Mazwellian of the system, given by (3.51), A(z) is the matriz of Lagrange multiplier, defined
in (3.53) let N the moment operator (in our case N'(.) = (.)). Then, N(TM(N)) =0 if and

only if N([A, M (N)]4) = 0. In our particular setting if A commutes with N = N'(W).

Proof. We recall that the hamiltonian part of the WBE is the Wigner transform of the von
Neumann equation (3.2), and then

1
ie
where H. is the scaled Hamiltonian (3.39) and [H., W]y := H.#W —W#H,. From Theorem
3.3.8 we know that the quantum Maxwellian has to be of the form M (N) = Exp(—H. + A),
which is an operator exponentiation in the Wigner picture. By functional calculus we know
that any operator commutes with its exponentiation (like with any other of its functions),
and this implies

TW = — [Hg,W]#,

(—He+ A) #M(N) — M(N)# (—H. + A) =0.
This leads us to
—ieTM(N) = [He, M(N)]y = —[—He + A, M(N)|y + [A, M(N)]y = [A, M(N)]y, (3.85)
which proves the first statement. Using identity (3.20), which gives us (A#W) = (AW), and
also (W#A) = (W A), yields
—ie (TM(N)) = ([4, M(N)]) = [4,{M(N))] = [4, N],
which immediately proves the second statement. O

Remark 3.4.2. Proposition 3.4.1 applies in general to models where a given set of densities
is fixed and it helps us to understand why in other studies the condition <TM (N )> # 0 was
never met. For example in Ref. [BM10] the focus is on the spin-up and spin-down densities
ny = (wo £ ws). Since they worked mostly in the von Neumann picture, we reformulate
their definitions. Let therefore o be the solution to the von Neumann equation (3.2) and
W = W(p) the corresponding Wigner function (also solution to the WBE). The following
moment operators are used in [BM10]

M(o) = (wi1),  MNa(o) = (wa2),
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3.5. The Full Quantum Model

and let us define
NL(W) = ((1/2) tr(Wao) £ (1/2) tr(Woa3)) ,

such that
N =NioW, No=N_oW

Since only the densities n4 and n_ are conserved in [BM10], the quantum Maxwellian M
from [BM10] depends on a matrix of given densities N such that

Ni(M) = Nui, No(M) = Noa.

Therefore only two constraints in the quantum maximum entropy principle (QMEP) are
needed, leading to matrix of Lagrange multipliers A that is diagonal. Clearly, in such case
we get again with identity (3.20) that

Ni([A, M) = N ([A,W(M)]) = A1 Niy — NipAy =0,
No([A, M) = N_([A,W(M))4) = AgyNay — NagAgy = 0.

As another example, in the semiclassical full-spin model introduced in Ref. [EH14] the equi-
librium state is of the form ¢N exp(—|p|?/2) (where N is the full matrix of densities, exp is
the classical exponential, and ¢ is a normalization factor) and the moment operator coincides
with ours. This means that N = exp(A) and, therefore, AN = NA. |

When, as in our case, (TM(N)) # 0, the Chapman-Enskog procedure is inconsistent
with the diffusive scaling, which has a huge impact on our work and stays in contrast to all
previous existing derivations. Therefore we have to consider hydrodynamic scaling (which is
suitable for local equilibria with no-vanishing current). However, we stress that the collisions
we considering do not conserve the current: the residual current at equilibrium is of quantum
mechanical nature (and in fact such current is of order £2, see (3.97) and (3.143)) As mentioned
in Section 1.3, in the hydrodynamic regime we choose the reference time ¢y equal to the energy
time scale tp (which means that it is of order 7 with respect to the diffusive t)

te
T=— K1, to=1g.
tE
Applying this to equation (3.81) gives us the hydrodynamic scaled Wigner Boltzmann (HWB)
equation

oW +1TW = M(N) — W, (3.86)

that is
700 + 7((Vawo)p + aeVi - w — O.[V]wg) =rmo(N) — wy, (3.87)
TOWw + T((Vx'w)p + aeVrwy — O [V]w — 2ap* x 'w) =m(N) — w. (3.88)

3.5. The Full Quantum Model

The first derived model is the ”full quantum model”, which is correct to all orders in the scaled
Planck constant €. It provides quantum drift-diffusion equations for the macroscopic density
ng and the spin densities n1, ng, ng. When we were talking about semiclassical parameters
, we meant the scaled Planck constant. It is also possible to use the Knudsen number 7 as
semiclassical parameter.
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3. Spin Drift Diffusion Model

Main Theorem 3.5.1 (Full Quantum Model). Let W be the solution to the Wigner Boltz-
mann equation (3.86), N = (W) with N = ngoo +en - o, M(N) the quantum Mazwellian
given in (3.51), A = agog + ca - o the matriz of Lagrange multipliers, and J; = (pm;(N))
the matriz of the first momentum. Then, at first order in T, the Pauli components of N solve
the following equations:

Ogng =7 div (nOVao +noVV 4+ €% (n - (Va))) + 27ae? ((VL) - (n x a)) , (3.89)

2
on =—-2(n x a)+ rdiv <n0Va +nVay+nVV + g(JT X a)) (3.90)

2
— 2710 (no(Vl xa)+Vi(ag+V)xn— - (a <pL . m(N)> + JTaL)>
— 27 (25(11 X a)Xa—mnx ago)a)
where ag = ag — V, and 8,5(0) means that the time-derivatives of ng and n are given by the

zeroth-order equations 8§0)n0 =0 and 6,5(0)71, = —2(n x a), and recall that the planar gradient
is defined as V := (0, Oy, 0).

The proof for Main Theorem 3.5.1 is postponed to the next section, since we need some
preparation. Also there we introduce how we use 7 as semiclassical parameter.

Remark 3.5.2. The Lagrange multipliers ag and a are non-local functions of the densities
no and m, via the constraint (M (N)) = N = (W). Then, the system (3.89)-(3.90) is formally
closed. However, this relation is very implicit and strongly non-local. In literature numerical
methods have been proposed for solving problems of this kind in the scalar [GMO05] and
bipolar [BMNP15] cases. [ |
3.5.1. Derivation of the Full Quantum Model

To obtain the model equations (3.89)-(3.90) we are going to apply a Chapman-Enskog
method, to the Wigner-Boltzmann equation in hydrodynamic scaling (HWBE from now on).
Recall

TOW +7TW = M(N) - W, (3.91)
and assume that there exists a function GG, that depends on 7, such that
W =M(N)+7G.

and G is of order one with respect to 7. This is already similar to the Chapman-FEnskog
ansatz in Section 2.3.1, but we will not pass to the limit 7 — 0. Since the transport operator
T is linear we compute from the HWBE (3.91) that

G=—= (MN)=W) ==aW —TW = -M(N) = TM(N) - 7 (%G + TG)
=—0M(N) = TM(N) + O().

Integrating (3.91) with respect to p, and taking into account that (W) = N and that (M (N)—
W) =0, yields

ON =~ (TW) = = (TM(N)) - 7(TG)
=—(TMN)) + 7 (TTM(N)) + (TOM(N)) + O(r%). (3.92)
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3.5. The Full Quantum Model

which, when explicitly computed, yields the full quantum model (3.89)-(3.90). Since we are
interested in a diffusive equation, it second order terms with respect to 7 can be disregarded.
The reader should notice that the above equation ;M (N) depends through the chain rule
on ;N (however, because of the non-local dependence of M (N) on N, the chain rule must
be interpreted in functional sense): this will allow us to replace approximate, at first-order

in 7, O, N with Ggo)N . The latter is given by (3.95), making the equation self-consistent.

Remark 3.5.3. Another method, which yields the same result is coming from a more physical
point of view and was introduced in [Cer69]. We mention this here, because we used that
method also in [BHJ]. This method differs a bit to the one we introduced in Section 2.3.1,
since we similarly will expand the HWBE semiclassical in time. Therefore assume that the
solution W has an expansion of the form

W(x,p) = iTkW(k)(CC,p). (3.93)
k=0

Dividing the HWBE by 7 and integrating it with respect to p (recalling that (M (N) — W) =
0), we obtain

N =—(TW). (3.94)
We get directly the semiclassical expansion of the time derivative of N from the above, using
the fact that the transport operator 7T is linear,
[e.9]
oN =3 o' N, where 0[N = — (TW®)). (3.95)
k=0

We remark that, in the spirit of the Chapman-Enskog approach, it is only the equation for N
that is expanded, and not N itself, which is an O(1) quantity with respect to 7. This means
that we assume that the semiclassical expansion of N is just the leading order, i.e.

[ee)
V=3 N = N,
k=0

Nf(k) is the k-th order with respect to 7 and equals zero for all £ > 1. Inserting the expansion
(3.93) into the HWBE (3.91) and letting formally 7 go to zero gives us

WO = a((N).

Substituting W) with M (N) in the expansion (3.93) and comparing the first order of 7 in
equation (3.91) gives also the first order of W with respect to 7 which is

W = 78, M(N) — 7T M(N)
Putting these results in (3.94) we obtain the equation for N
ON == (TM(N))+7(TTM(N)) + 7 (TOM(N)) + O(r%)
|

Remark 3.5.4. As discussed in Section 3.4, (TM(N)) is the zeroth-order current, that
vanishes in other models, and (TTM (N)) is the diffusive part. The term (TOHM(N)) is
a new term, which typically arises from the Chapman-Enskog procedure in hydrodynamic
scaling [Cer69]. [ |
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3. Spin Drift Diffusion Model

To get the desired model we need now to calculate every term occurring in the right side
of (3.92). Therefore we recall the definitions of the odd and even Moyal product

(3.25) : f1# (oday f2 = %(fl#ﬁ — fo#tf1), it (even)f2 = %(fl#f? + fo#t f1)-

Furthermore using the lowercase "#” under a mathematical operation means that the prod-
ucts in that operations are replaced by the Moyal product. The next proposition will have
all the needed tools to obtain the final equations, where some of them are just scaled versions
of previous statements.

Proposition 3.5.5. Let f and £ be two arbitrary scalar valued symbols, such that f only
depends on x, i.e. f(x,p) = f(x), and let ©[f] be the pseudo differential operator defined in
Definition 3.2.26. Then we have for j € {1,2} the following identities:

1. 2f#(0aa)€ = ©O[f](§),
pi(f#E) = f#(p;€) + (e/24)(0x; F)E,
pi(&FEf) = (p&)#f — (¢/20) (0, f)E,
(©:[1(€)) =0,

(PiO:[f1(€)) = —(0; f) (£) ,
6. (f#(even)§) = [ (€).

(P (f#(even)§)) = [ (Pi€),

where we recall that (.) denotes the integration over p € R2.

SR

7.

Proof. We want to mention that for the points 4-7, the proofs can be found in the literature,
but we will prove these points in a, for us, more elegant way. Our idea is to use the first
three points 1-3, to prove the other points, This differs to the common procedure, where the
Fourier transformation and the §-distribution are used as tool.

1. This follows directly from Lemma 3.2.27 by using the scaled versions.

2. The key idea is to use the semiclassical expansion of the Moyal product, see Lemma
3.2.20. Due to the fact that f only depends on the spatial variable x, the expansion
reduces to

[#e = Zs DI ST

|r|=k

Since d)p; vanishes for |r| > 1 we have with the product rule that

and hence
T#0i) =i f€ = (90,1 = S (Val - V) +; 3 & Fe
k=2
= (#€) = 5 (00, 1€
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3.5. The Full Quantum Model

. This is pretty similar to the previous point where we point out that

1 1 1
a;fai’fa (ij)#(k)f = W Z ga;(ij) ox 1,

|s|=k "~

1
§H#Hwf = 20k >

sl
ok S

and hence

(i€ =i + 5:00,f + (Vo€ - Vaf )+ Y F et

k=2

= (#F) + 560, f.

. By using the first point and the integral identity for the Moyal product (f#g) = f(g)

(see (3.18) in Proposition 3.2.17), we have

(f (&) = (&) f) =0.

1
ie ie

(O:11(0)) = = { Fban) = - (LF#) — (E#5) = -

. From the first three points we get

3

B0 = 2 (pil#aa®)) = 1

1

(axjf>£> = (@, 1) (6.

. The first point and Proposition 3.2.17 provide

(F46) + (1) = 5 (F O+ ) = F ().

N | —

(Fbewen€) = 5 (FHE+EHT) =

. Again using the first three points, the integral identity for the Moyal product (see (3.18)

as used for point 4) and the previous point 6, yields

<pj(f#(even)§)> = % <f#(pjé-) + (pjé)#f> = <f#(even) (p]€)> =f <pj§> :

Proof of Main Theorem 3.5.1:

Recalling our so far derived equation, where we omit from now on to write the dependence
on N to keep the notation as simple as possible,

ON =—(TM) +7(TTM)+7(ToM). (3.96)

Let us start with with the first term at the right-hand side of (3.96). We have seen in
Proposition 3.4.1 that ie(7TM) = —[A, N]. Using this, the representations N = ngog+en-o,
A = apog + ca - o, and the Pauli algebra (see (3.8)), we obtain

1
<TM> = E ((TLOO'O +en - U)(&OO’O +eéea- 0') — (&00‘0 +ea - o-)(noo-o +en - 0.))
- é <(€n0a +edgn + i’ (n x @) — (@ + enpa + i (a x n)))

=2(nxa)-o. (3.97)
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3. Spin Drift Diffusion Model

Passing to the second term, (TTM), we first compute TM by using the representation
—ieTM = [A, M]4 (see (3.85)). Notice that f# (4§ = —(E#(oda)f) for two scalar valued

symbols. This combined with Proposition 3.5.5 and the decomposition M = mgog + M - o
provides

TM = (M#A A#M)

2 2 . .
(mo# odd)@o + EZ M # (0dd) Q. )Uo + = <5m0#(odd)a + M (oadyGo + 1€ M Xy a) o
Jj=1

= (—@E[@()](m()) — EZ @E[aj}(mj)> oo + <—E@5[a]<m0) — @E[do](m) +2m X (evem) (1) - 0.

j=1

Next, to calculate 7T M we use the above Pauli representation of TM = (T M )goo+T M -o
and the definition of the transport operator T (see (3.36)), which gives us

TTM = <p VLT M o + ac(VE) - THM — @E[V](TM)O) o0

+ (p NoTM + aeVE(TM)y — 2apt x TM — @6[V]7’M> o

We now take the integral with respect to p. By using Proposition 3.5.5, and recalling that
agp = ag — V', we obtain for the zeroth-component

<(TTM)0> =— /RQp Vs (@5[&0](1110) +e 23:1 @E[aj](mj)) dp (3.98)
j=
+ /R ae(V3) - (~<Ocla](mo) — ©:[ao)(m) +2(m x4, @) dp  (3.90)
+ L O.[V] (@E[ao](mo) + s]z; @g[aj](mj)) dp. (3.100)
The integrals (3.98) to (3.100) will be treated separately. Using that ag = ag + V' combined
with Proposition 3.5.5, yields

3
—(3.98) <Zpk8$k elaol(mo)) + > eprds, (Oc[a '](mj))>

7j=1

Oy (PkOclo](m0)) + €0z, (PrOclaj](m;))

I
Mw
Mw

Eond
Il

-
<
Il

-

I
Mw
Mw

=02, (B o) (m0)) = €02, ((Opa5) (M)

bl
Il

-
<
Il

—

Il
Mw
Mw

—89% (ngﬁxkao + noaka) — Sazk((axkaj)&‘nj)

>
I

=
<
Il

a

|
|
<

@ (nOVmGO + ViV +e*(n- (an))) :

The expression V, - (n - (V,a)) is equal to 7_; 0, (n - 9y, a). For the next integral (3.99)
we mainly use Proposition 3.5.5:

(3.99) =as(V}) - {~<O.la)(mo) — Oclao)(m)) +ac(VE) - (M xy,,. a) =My, a
—acX(VE) - (n x a))
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3.5. The Full Quantum Model

In the last integral (3.100) we can interpret ©.[ag|(m) + ¢ 2221 Oc[a;|(m;) as scalar valued
symbol that depends on x and p. Hence we obtain, again thanks to Proposition 3.5.5, that
(3.100)= 0. Adding (3.98) and (3.99) together leads us to

(TTHM)o) = V.- (n0Vaao +noV,V +en - (V,a)) + 206 ((V5) - (n x a)) .

For the o-components we obtain

(TTM) = /R - Vo (—20.[al(mo) — O.lao](m) + 2(m x4, @) dp (3.101)
_ /R 2 aE(Vi‘)(@E[do](mo) + 523: ea[aj](mj))dp (3.102)
j=1

-/, 20(p*) x (—20.[a](mo) — O-[ac)(m) + 2(m x4, @) dp  (3.103)
+ /R 0.[V] (6.la] (mo) + O:[an](m) +2(m x4, @) dp. (3.104)

As we did it before we will calculate (3.101)-(3.104) separately, where the main tool will be
again Proposition 3.5.5. For the first integral we get

2

(3:101) = > s, (= (—piOc[al(mo)) — (prO:[ao] (1) + 2 (pi(1t x4, @)))
k=1
2
= >~ sy (e1002,a + (9, d0)em + 2 (D7) % @)
k=1

= eV, (noVea + (Vaeao)n + (V,V)n) + 2V, - (JT x a),

where (JT), = (ppm), the cross product in (J? x a) is to understand column wise and
Ve (J' xa)= Z?zl dz;((JT)j x @). The next integral is dealt with quickly, since

3
(3.102) = as(V1) (<@g[do](mo)> +e) <@g[aj](mj)>) =0.

j=1

For the third integral we mention that the cross product refers always to the vector parts,
hence we obtain

~(3.103) =20 (—& (p* x O:[al(mo) ) — (p* x O.[ao](m)) + 2 (p* x (M x4, @)))
=2« (5n0Vj X a+ Vydg X en + 2 <pL X (M X ey a)>)

The term where we build the cross product twice needs comparatively extra treatment. First
we use the Grafimann-identity v1 X (ve X v3) = (v1 - v3)ve — (v1 - v2)vs for any vectors
v1,v2,v3 € R3, where we need to be careful with the Moyal product. In particular we have
1L _
<p X (m X# (even) O,)> - <p2(al#(even) m) — D1 (CLZ#(even) m)>
- <p2(m1#(even)a) _pl(mQ#(even)a’)>
=(ay (p21) — az (pr1M)) — ({(p2mm1) @ — (p1m2) a)
:—JTaJ‘—<pJ‘- m>a
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3. Spin Drift Diffusion Model

Substituting this into the previous result yields
(3.103) = —2e« (nOVi x a+ Vi(ag+ V) x n) + 4o (<pL : m> a+ JTaL) .

In (3.104) we integrate the pseudo differential applied to some symbol with respect to the
momentum and hence (3.104) = 0. Adding (3.101) and (3.103) gives us

(TTM) =V, - (ngVaa + (Veag)n + (VaV)n) + 2V, - (J7 x a)
— 2ae (ng(Vi x a) + Vi (ag + V) x n) + 4o (a <pL . 111> + JTaL) .

We now turn to the last term (79;M). Using (3.97) and the linearity of 7, we have that
<7'6t.‘7\/[> =0, <T9\/[> =2(Omxa+nxda) o

The time derivatives appearing here have to be discussed. Since we are approximating at
first-order in 7 and the above term is already at first order, we are interested here in only the
zeroth order of the time derivative of the density. Recalling the expansion (3.95), (“)t(k)N =
—(TW®)) we have from (3.97) that 8(0)71 = —2¢(n x a). As already remarked, the time
dependence of each a; for j € {0,1,2, 3} comes from the macroscopic densities ng, n1, no, ns,
since the Lagrange multipliers depend non-locally from the densities through the constraint
(M(N)) = N. Hence, we can write

3. 5a 3
-(n x a); + O(1),

1)
8ta—25 om; ~ Zé Z+O():_2€Z(SZZ

=1

where we stress the fact that the derivative of a; with respect to n; is a functional derivative.
The right hand side is already the expansion in 7 and therefore we can write

3

8t(0)a = —2¢ Z ga

i=1 9T

(n x a);.

Together we have for the very last term
<T(9t£7\/[> =—-2¢(2¢(n xa) xa—n x 8(0) )0+ O(T).

It remains to compare the Pauli-components on both sides in our starting equation (3.96).
Recalling the structure of the macroscopic density N = ngog + en - o, we have

Onoop +eom -0 =—2e(n xa) o
+7 (Vz : (novxao +noV,V +&n - (an)> + 202 (Vi - (n x a,))) o0
+7eVy - (novxa + (Veag)n + (Vi V)n + 2J7 % a) .o
— 2aeT (no(Vi x a)+ Vi(ag+V) x n) ‘o
+ 41 (a <pL . m> + JTaL) o
—27e(2¢e(n x @) X @ —n % 8(0) ) o,

which gives us (3.89)-(3.90).

102



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

3.6. The Semiclassical Full Spin Model

Remark 3.5.6. Comparing the obtained results here with our results in [BHJ], we see two
differences. The first difference is that in the full quantum model (3.89)-(3.90) the variable &
appears with power one and two, which comes from our smallness assumption that the spin
components are of order ¢ (see Remark 3.3.6).

The second difference is, that the term 47a(a(p* - m) + J7a') from the above calculations
differs slightly from the term 4as™!(pt x (a x m)) obtained in [BHJ] (see formula (24)).
These two terms actually coincide, since using the Graimann identity, as in the proof before,
yields

a<pL-m>+JTaL:—<pL><(mxa)>:<pi><(a><m)>.

The representation we chose here, will come more handy in the upcoming calculations. B

3.6. The Semiclassical Full Spin Model

What does semiclassical mean? Since this expression already dropped several times we want
to take the time and motivate the idea behind it. Quantum objects are complicated and are
hard to understand. Classical physics behaves differently than quantum physics and hence it
feels quite unnatural to work in the quantum setting. A good example for this would be the
quantum Maxwellian M (N) defined in (3.3.8). We see that this operator has no explicit form
due to the dependence on the matrix of Lagrange multipliers and the combination with the
Wigner-Weyl formalism. Its classical counterpart, the Maxwellian from Maxwell-Boltzmann
statistics, is better explored, since it is the exponential applied to some function depending
on the momentum (see for example [EH14], [J09]).

The idea to understand a quantum object better, is to compare it with some kind of ”classical
counterpart” and add approximated quantum effects, which leads us to the term ”semiclas-
sical”. Since we want to look at the system on a ”macroscopic” scale, quantum effects are
expected to be small. The scaled Planck constant ¢ (or in the unscaled setting h) represents
these quantum effects, which implies that it is small (¢ ~ O(1072)) and together with the
assumption that the dependence on € is regular, leads to the ”semiclassical expansion” as a
power series in epsilon. To give more insight, assume that 2l is a quantum object and let ¢
be the scaled Planck constant (see (3.32)). Then we expect that it is possible to express 2 as

o0
A=Y kA,
k=0
where 2A*) could be interpreted as the k—th zoom factor into the quantum level and in
particular the zeroth zoom factor 2 represents then the classical level.

The concept was already in some sense introduced with Lemma 3.2.20. We see now that
the leading orders in the expansion usually can be interpreted in terms of classical physics.
For example the zeroth order of the Moyal product is just the ”standard multiplication”,
L.e for two symbols f,g we have f#)g = fg. Comparatively more tangible is maybe the
pseudo differential O.[V](f) of a symbol f. We have shown in Lemma 3.2.27 (now in the
scaled version), that ©.[V](f) = %V#(odd) f, and therefore the zeroth order (the ”classical
counterpart”, see i.e. (1.6) or (1.7)), is given by

OVIN© = V@S = VoV - V.

which coincides with the potential part from the classical Boltzmann picture.

The difficulty with the semiclassical approach is that there exists no standard procedure
and deriving it is highly technical. Our goal of this section is to derive the semiclassical
approximation for the change in time of the macroscopic density matrix N.
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3. Spin Drift Diffusion Model

3.6.1. The Model Equations for N:

As already remarked, the full quantum model (3.89)-(3.90) is a very involved and non-local
problem. On the other hand, in most applications, we expect the semiclassical parameter € to
be small [BM10]. Moreover, we see from Lemma 3.2.20 that the Moyal product becomes local
if its semiclassical expansion is truncated at some order. Then, it is natural to approximate
the equations (3.89)-(3.90) by assuming the semiclassical parameter ¢ to be small. This is
typically done in quantum drift-diffusion and quantum hydrodynamics models [BM10, DR03,
DMRO5, J09], where it turns out that interesting terms, such as the Bohm potential, appear
in the semiclassical expansion already at second-order in €.

In the present case, the semiclassical expansion leads to a proliferation of terms, already at
lower orders, and therefore, in order to end up with a reasonably compact model, we decided
to neglect terms that are more than second order in € and «. In fact, in usual applications, &
and a could be both small (e.g. of order O(1072), see Ref. [KNAT02] for detailed values of all
physical quantities and Table I in Ref. [BM10] for the calculated non-dimensional variables),
which makes reasonable a second order approximation with respect to both parameters. The
model we get is summarized in the following theorem.

Main Theorem 3.6.1 (Semiclassical model). Let N = ngoo + en - o be the solution to
the non-local quantum spin drift diffusion model (3.89)-(3.90) from Theorem 3.5.1. Then,
neglecting terms of order e¥al, with k,1 € N and k41> 2, N formally satisfies the following
semiclassical drift diffusion equations:

. g2 An
Oyng =7 div (V?’Lo +noVV — gnov ( \/\1/%707())) (3.105)
dn =r div (Vn + nVV) — 27a(2V* + VV1) x n — 4ra?(2n + (nh)") (3.106)
2 2
+ %nﬁ « B(N) + T% div (nA(N) - V(An) + (VR)C(N) + B(N)Vno + D(N))
0

+rinx (2 x BV - BV ).

where we recall that the planar gradient is defined as V = (0y,, 0x,,0), and we define

Vg |°V Vn  VngAng Vg (Ve V
A(N) = # Vo _ym Vn_ VmolAng  Vno (V®V)no

0 no no No ng nNo no no
B(N)::%_@.m’

0 no no

A Vg | 2 VeV
C(N)3:<no—n0 —1—42 >U0+®n07

no 1o no no

vy = YVav) <vn _ Vno) Vg

no no no ’
where (Vng(V @ Vn)); = Vng(V ® Vn;) for j € {1,2,3}.

Note that the equation for ng is the usual quantum drift-diffusion equation, also obtained
in Refs. [BF10, DMRO05, J09] and others, and this is decoupled from the equation for n.

To obtain the semiclassical model we need to expand the quantum Maxwellian M (N) and
the matrix of Lagrange multipliers A in powers of the semiclassical parameter , assumed now
to be small. These expansions, truncated at the desired order will provide approximations
of the non-local terms in the full quantum model (3.89)-(3.90), yielding the approximated,
local model (3.105)-(3.106). These calculations will be provided in the next two sections.
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3.6. The Semiclassical Full Spin Model

3.6.2. Semiclassical Expansion of the Quantum Maxwellian

This topic was already broached in Section 3.3.3 and will be now treated more in detail as
promised. First let us recall some definitions and then we state our result, which we want to
prove for this section.

2
hO(xvp) - <_|§|+ aO) > CL()((L') - do(.’L‘) - V(IIZ), hl(‘r?p) = (a’ - O‘pl)‘

Theorem 3.6.2 ((Semiclassical Expansion - Quantum Maxwellian)). Let M (N) = my(N)oo+
M(N)-o be the solution to the QMEP (Problem 3.3.5), given by the expression (3.51). Then

the quantum Mazwellian can be expressed by
M(N) =exp(ho)oog + cexp(ho)hy - o

1 1
+ €5 exp (o) (Ao + 5 (Vaol? = 57 (V © Vaolp) + 4l )

1
+e°— exp (ho) <3Aa0 + [Vao|* — pT(V ® Vag)p + 4|h1\2) hi+

24
+3Aa — 12aV* x a + (QVa - Vag —pT (V& Va)p + 2aV+(Vag p))

+4((Va)p - a(Va)*) x hl} Lo+ O(H),

where the Lagrange multiplier a; for j € {0,1,2,3} are dependent on N and recall that the
planar gradient is defined as V = (0yy, 0s,,0).

Before we proof the above we want to give some remarks. We mentioned that we are
only interested in an expansion of our model up to the second order with respect to €, so
why do we expand here up to the third order? The reason is the appearance of the term
e~ 1(JT x a) in the non-local model (3.89)-(3.90), since .J is dependent on #71. Next we observe
that the leading order of the quantum Maxwellian looks familiar to the classical Maxwellian,
which we expected from the start. As last fact we see another consequence of our smallness
assumption on the spin polarization (see Remark 3.3.6). In the first four orders, the even
ones only contribute to the ogg-component and the odd ones consist only of o-components.
The upcoming calculations will clarify that this happens because of the smallness assumption
and will show that the special structure of IV reduces the work tremendously.

Let us take a closer look on the quantum Maxwellian itself. Theorem 3.3.8 proved the
particular form of M (N), where we already were in the non dimensional setting (recall
our scaling from Section 3.2.6). Recall the quantities Fy = kpTy (the reference energy), the
unscaled Hamiltonian EgH, = H (see Example 3.2.31) and A, which is the matrix of Lagrange
multiplier appearing in M (N). Using this, we rewrite the scaled quantum Maxwellian in the
sense that

M(N) = Exp (;‘O (H+ EM)) .

Defining the quantity 5(7) = (kgT)~!, T representing the variable temperature, we can
express the above also as

M(N) = Exp (B(Tv) (H + EgA)).

The quantity 3 is well defined for every temperature T > 0, we have B(T) € RT and
B(T') converges for T' to infinity towards zero. Additionally we see that the newly introduced
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variable has again units, hence we need to scale it. The reference unit for 3(7) is By = (Eo)~ Y,
which implies that the corresponding non-dimensional parameter is given by 8 = §/[.
Scaling 5 — (5o provides then

—_~—

M(N)(B) = M(N)(BoB) = Exp (BoB (H + BoA)) = Exp (B (H: + 4)).

Due to the choice of the reference energy Ej as the thermal one, we have constant temperature
T =Ty, yielding
5 B(To) 1

b(To) = Bo  keTp

This leads us back to our quantum Maxwellian

Ey=1.

M(N)(B(Ty)) = M(N)(1) = Eap ((Ho+ A)) = M(N),

Motivated from the above we define the general quantum Mazwellian
9(8) = Exp (B (H. + A))  BeRr]. (3.107)

The reader should notice, that g(1) = M (N), and that g(f3) is still a function of time, space
and momentum, but for simplicity we drop the regarding notation. The above function
g(B) already appeared in the proof of Theorem 3.3.8, see (3.73), and there we derived the
differential equation

0p9(8) = (~H. + A)#Exp (B (He + A)), (3.108)
with the initial condition
9(0) = oo,

which corresponds to the fact that the exponential operator is the identity operator for g = 0.

Proof of Theorem 3.6.2:

The main idea is to use equation (3.108) and the semiclassical expansion of the Moyal product
(see Lemma 3.2.20), to obtain the semiclassical orders of g and then use the relation g(1) =
M (N). First let us rewrite (3.108) in a more compact form, with the variables introduced in
the beginning of the section:

dpg(B) = (hooo +ehy - o) #49(B),  9(0) = oo. (3.109)

Using the approach of the semiclassical expansion g(f) = 372, £¥¢*)(8) and the semiclassical
representation of the Moyal product from Lemma 3.2.20 in the differential equation (3.109),
we obtain

S ek asg®)(B) = 3" e (hooo + cha - ) (Z ehg®) (6)) .
k=0 =0 k=0

Comparing the orders of ¢ leads us to the formula for ¢():

k k—1
959 (8) = 3" hooo# g PV (B) + Y (ha - a)#@e™TV(B),  VE1eN,  (3.110)
=0 =0
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3.6. The Semiclassical Full Spin Model

Since the zero order Moyal product is just multiplication between matrices, we obtain for
every k € N an ODE, with the noise that depends on g(l),l < k and with the initial condition
g(0) = op. This initiates for all orders the initial conditions, which means that ¢(*)(0) = o
and ¢ (0) = 0 for all k > 0. For example we obtain for k = 0 the simple ODE:

9597 (8) = hog™(B), ¢ V(0) = oo,

with the solution

¢9(8) = exp (Bho) 0o. (3.111)

This gives us also the zeroth order of M (N), since ¢(°)(1) = MO)(N). For k > 1 we have
always to solve a differential equation of the form

k-1

939" (8) = hooog™ + 3~ hooott g™ + (h - ) #@g ™10, () =0, (3112)
=0

Formula (3.112) shows us that we have to proceed iteratively to determine g(*)(8). The
exhausting part is to calculate the different Moyal products occurring in (3.112), since none
of these terms appear twice. After evaluating these terms, we have to solve a simple ODE,
which is simply done by applying Duhamel’s formula, and is therefore postponed to the
Appendix B.3. To help us out, with the Moyal product - terms, we add the notations

HO:h0007 Hl :hl‘o'

(ho and h; being given by (3.55)) and, if clear from the context, we omit writing the de-
pendence of g on 3. The upcoming Lemma will be used to shorten some of the forthcoming
calculations and is readily proven by applying the chain rule. We recall that the k-th order
Moyal product # ) is defined in (3.22), which coincides with the scaled version in (3.38).

Lemma 3.6.3. Let (,& be two symbols and and if & is in particular a function of ¢, i.e.
(g(xvp) = §<C($,p)), then we have that C#(1)§ =0.

Proof. Since ¢ is a function depended of ¢, we have that 0,;£(¢) = £'0,;¢, and that 9,;£(¢) =
&' 0p;(, therefore we obtain

vp<vx§(C) - vx<vp§(4) = §I(VpCVxC - VvapC) = 0.

O

The derivation of ¢(©) was already discussed before, see formula (3.111), and even more
detailed in Section 3.3.3. To keep the notation as simple as possible we will identify the zero
order with its gg-component:

9" = exp(Bho). (3.113)

The calculated derivatives of hg and ¢(?) that will be needed for the rest of the proof are
calculated in the Appendix B.2.
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3. Spin Drift Diffusion Model

Order one of g(f)
Formula (3.112) gives us here

939" = Hog™ + ho#t(1y9 Va0 + g< 'hy o

Using Lemma 3.6.3 we deduce immediately that ho#(l) gV’ = 0, and we obtain the initial
value problem
959" (8) =Hog"M (B) + 9 Oh1 -, gM(0) =0, (3.114)
having the solution (see Appendix B.3)
g (8) = Bexp(Bho)hs - o, (3.115)

Order two of g(5)

Formula (3.112) gives us here
959'® =Ho#(0)9® + Ho# 1y + Ho# 29" + Hi#0)9") + Hi# (19"

The first term Ho#(o) g?(B) is the one that contains the unknown, while the others are
known from the preceding orders. For the j-th Pauli component (for j € {1,2,3}) of the
second term we can write

2iho#(1)g](~1) =V, hoVa(89"" (a; — apj ) = VehoV,(B9'V (a; — apy))
=(-p)B9VV,a; — Voao(Vppi)aBg®
=V (h1);V,9'7(8) = V(h1); V9" (8)
=- 2i(h1) i# 9.

Therefore the terms Ho# (1) ) and H 17#(1) g9 cancel out. For the remaining terms we only
have the oyp-component. Slnce 030, ho equals zero for |r|,|s| > 1, we obtain

1
ho#(2)g(()0) =— -

1)l
3 ( ) 0;05ho 05059
= |

1
- Z 0,0, 00 D, 0, 9V — 051,04, 0, g
k:

OO

[u—y

2
=" 02,00,0089'" (= 6ik + Bpivk) — 6k B9 (0,00, a0 + B(Dr,00) (O, 00))
i,k=1

OO

[2Aa0 — ( (V& Vay)p — |Va0|2)} .

The last remaining term is Hi# )9 )(,6), where the zero-order Moyal product is just the or-
dinary multiplication. We stress furthermore that we are multiplying two hermitian matrices,
where one of them is a multiple of H; and therefore

Hi# 09" = (h1-0)(B9Vhs - o) = Bg V|10
The above leads us now to the ODE

1
039(8) = Hog® (8) + 5g® | (3800 = £ (" (V & Vahp = [VaoP) ) + Itaf*] o,
with initial value g(®(0) = 0. The solution is then given by (see Appendix B.3.2)
2
9@ (8) = g exp (Bho) (Aao +Z (|va0| —p"(V @ Vao)p) + 4\h1|2> o0, (3.116)
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3.6. The Semiclassical Full Spin Model

Order three of g(3)

Formula (3.112) gives us here

959" =Hog"™® + Ho#1yg® + Ho# 29" + Ho#t (39" + Hig® + Hi#1)9") + Hi#2)9.
(3.117)

Skipping the first term on the right-side, containing the unknown, let us consider the second
term, which only contributes to the o¢p component. To facilitate the calculations we write
g(z) = )\1)\200, where

2
A= g g9, A= Aag+ g(\woﬁ — (Ve Vao)p> + 4|k (3.118)

We see that A; is a function of hg, hence we deduce with the product rule from Lemma 3.6.3

2iho#1)9'?) = 2i(ho#t ) A1) Aeoo + 201 (ho# 1y A2) oo = 2iM (ho#(1)A2) o0
B

2
= %g@ 3P Va0 (Ve ® Vaeao)p) — p - ValAgag) + 8(a(Viag) — (Vaa)p) - hi| oo.

The last equality is not so fast calculated and is therefore postponed to the Appendix B.3.3.
Since the next term HO#(Q)g(l) reduces to ho#(g)g(l) - o, we have to calculate ho#(g)g(l).
Using again the fact that 9;0;ho equals zero for |r[, |s| > 1 and 0),0, ho = —dix, We have

1 —1)ll
hott g =-= 3 D 0505ho 95059

]
ri+lsl=2
13 =
= _g Z 8ﬂﬁial‘kh0 8Pi8pk9(1) + g Z agkg(l),
ik=1 k=1

where the derivatives of g() are given by
Ope g™ = = Bexp (Bho) (Bprha + adyp*)
Opi0p.g V) =B2exp (Bho) ((Bpipk — 0i) b1 + a (pilpp™ + prOpp™) )
029" =B exp (Bho) (B(rya0)h1 + Osa)),
02,9V =Bexp (Bho) ((82(De,a0)? + BO%,a0) b1 + 2B(r,00) D@+ 02 a0) .
Substituting the derivatives into the previous gives us
2 2

> 00,00,h0 05,05, 9 = > (0r,02,a0) 879 {(51%1% —dix) h1 +a (Pz'apkpL + pi0, iPL)}
ih=1 ih=1

= 829 [(8" (Vo ® Vaao)p — Aag)ha + 20p" (Ve ® Va)ao) Vip
and
2 2
> 02.gM =3 890 [ (82(0na0)? + 52,00) b1 + 2B(D,0) s, + 2,0
=1 =1
=89 [(8*Vaaol” + BAsa0) b1 +28V,a - Voao + Al
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3. Spin Drift Diffusion Model

Using the identity p”(V, ® V,a0)Vppt = —V&(V.ao - p) (see Appendix B.3.3), we obtain

ho#@)g(l) = gg(o) |:B (QAxao +0 (’ano|2 — pT(Vgg & Vﬂlo)p)) hy
+ 25(@Vj(vxao -p) + Vyea - Vzag) + Ama] .
We calculate the next term Ho#(3 ) which only gives contribution to the ¢y component,

hence can be reduced to (ho#(g)g )ao. Using 9;0,ho = 0 for |s| =3 — |r|, |r| <2, yields

1 3 (_1)|T‘ T S T 08 1 1 T T
ho#t(3 9 = (—21> > i 8n05hg 0059 = < 3 (r') arho g0,

.S
7| +]s|=3 |r|=3

For the derivative of hg we have 0Lhg = JLap, and for the derivatives of g(o) we have

8pk9(0) =(—pr)Bexp (Bho) ,
apzapkg _B exp (/Bho) (Bp’bpk - 6Zk)7
i Oy Opy 9 =52 exp (Bho) (pidki + pidix + Prdit — BripkD1),

which leads us to (see for comparison Example 3.2.23)
1122 2
Ho 5)9"” T8i6 S5 (00,00,05,00) 829 (D011 + pidik + prdu — Bripkm)

=79 p- vz(AwGO) - gp -V (pT(vm & vaO)p>:| go-

The fact that we found an imaginary quantity need not worry us, since we will see that this
cancels out with the other-og components.
Next term is just a ordinary multiplication between o- and op- components, hence

2
hl#(o)g(2) B (A ag + - (|V ag‘ —p (Vz ® ano)p) + 4|h1’2) hi-o.

The following term needs a bit more attention, since it is the first time we multiplicate two
o-components. The Pauli algebra gives us here (see (3.8))

Hl#(l)g(l) =(h1-o)#q) (9(1) : cr) = <h1 “# g(l)) oo + (h1 X 4, g(l)) o,

where we understand -, and x4, as the usual vector operations where the multiplication
is replaced by the order-1 Moyal product. Recalling that ¢(V)(3) = Bexp(Bho)hi - o (see
(3.115)), we obtain for the first term at the right-hand side, by using Lemma 3.6.3

2ihy 4, gV = (Vpha - V(B9 Oh1) = Vol - V(B Oha))
=89 (Vphi - Vohi = Vohi - Vyht) + (Vpht - VaBg© = Vohy - V,89) - hy
= (Vph1 - VaBg® = Vohi - V,89) - b
= (~aVp* - (829 V,a0) - Vea - (—pF2g))
=324 (—Oz(Vg[;ao)L + (Vgga)p) -hy.
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3.6. The Semiclassical Full Spin Model

The second term obtained from the Pauli algebra is 2ih1 X 4, g(l) = V,h1 x ng(l) —V.hi X
Vpg(l), where the cross product refers to the components of hy and g(l) and not to the
gradients, see Appendix B.3.3. We get for this part

21,871’7,1 X441 g(l) :Vph1 X (Vmg(o)hl) — Vxhl X (Vpg(o)hl)
=V, h1 X (Vag )y + g OV, k1) — Vohy x (Vg )k + 9OV, k)
=(Vph1V29® = V,h1V,9) x by + 2¢OV, h; x V,hy
=9@ (B(~a(Vaa0)* + (Vsa)p) x by —20(VE x a)).

Therefore,

1

5 (B(Vza)p — a(Vaan)") - b ) o0

Hi#yg" = 89" [

1
+5 (B((Vea)p — a(Veao) ) x by — 20(7E x ) -0'} .
The last term of (3.117), i.e. Hl#@)g(o), will only give a contribution to the o-components,
and we have again that 9,031 = 0 for |r| > 2 and also for |r| > 1 A |s| > 1. Here the Moyal
product of the Pauli components is to understand as (hl#@)g(o))j = (hl)j#(Q)g(O) and we
obtain

By substituting in (3.117) all the explicitly computed terms, we see that all the og-components
cancel themselves out. Since only derivatives with respect to x remain, we drop the notation
again and obtain the ODE

s

+2Aa — 8a(V* x a) + B (2Va - Vag —p! (V& Va)p + 2aV+(Vag p))

4
3 (3Aa0 + 36 (IVaol? = p7(V © Vao)p) + 4\h1|2> hy

+46(Vap — a(Vag)t) x hl} o,

with initial datum ¢(®(0) = 0. Solving the ODE (see Appendix B.3.3) yields
2
g3 (B) :{214 exp (Bho) { (382a0 + B%(|Vao|* ~ p" (V & Vao)p) + 48|k |*) ha

+3Aa — 12a(VY) x a + B(QVa -Vag — pt (V® Va)p + 2a(VH) (Vag p))

+ 4B<(Va)p - a(VaO)L> X hl] 0.
(3.119)
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Adding the orders (3.111),(3.115), (3.116) and (3.119) we obtain the semiclassical expansion
of g(/3) up to the third order

9(B) =exp(Bho)oo + B exp(Sho)hy - o+
2
+ 522 exp (ho) (Aao + §<|Vao|2 —p"(V & Vao)p) + 4|h1|2> o+

2

+ e exp (Bho) [ (3520 + 5*(|Vaol® —p" (V @ Vag)p) +45|ha|*) s

+3Aa — 12a(V5) x a+ #(2Va - Vag - p (V@ Va)p + 2a(VH)(Vao - p) )

+45((Va)p - a(Vao)*) x hl] co+ O,

Setting in the above 3 = 1 we obtain the semiclassical expansion of M (N) up to the third
order.

O

3.6.3. Semiclassical Expansion of the Lagrange Multiplier

In the previous section we derived the semiclassical expansion of the quantum Maxwellian,
but we did hide an important fact. We expanded M (dropping from now on the dependence
on N, for the sake of simplicity) under the consideration that M is an explicit function of
the semiclassical parameter e, which is equivalent to assuming that the Lagrange multipliers
are of order 1 (or that the Lagrange multipliers are not quantum objects). In fact we have
seen in Section 3.3.3 that ag and a also have a semiclassical expansion, and that for example
the zeroth order of the quantum Maxwellian depends only on the zeroth order of ag. This
means that M also depends on e through its dependence on A. In order to stress this fact
we provisionally write the quantum Maxwellian as a function of € and A(e), i.e. M (e, A(e)).
With the Taylor expansion at € = 0 we obtain at first hand the semiclassical expansion of
the Lagrange multipliers

> 1 0%a;
aj(e) = e, where alt) = ~Z % for j € {0,1,2,3} (3.120)
k=0

TR EC

where we recall that ag = ag — V, and at second hand we obtain the complete expansion of
the quantum Maxwellian

00 k
M(e) =3 FM®, where M® = L L g1 A(e))
k=0

k! dek o

The previous work was not in vain, since the relation between the general quantum Maxwellian
g(B) (see (3.107)) and M is still important. We have that the explicit dependence on e of
M comes from the semiclassical expansion of g, which means that

m M mq(1
0 =g,
dem e=0 dem e=0
where g™ is the m-th order of the semiclassical expansion g(f) = 3.°°_,™g(™(3) we

calculated in Section 3.6.2. Since the Pauli representatives are unique, we identify the matrix
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3.6. The Semiclassical Full Spin Model

A(e) with the four dimensional vector (ag(e), a1(e), az(e), as(e)) and obtain for the first four
orders the equations (detailed calculations in the Appendix B.4.1)

MO —ar| o)
3
A :% + Z oM a§1)7 3,122
Oe e=0  j=0 8a] e=0
*M S0P
oM 2 — e 5123)
0 |_ Z 0z0a;|._o
3 3 2
PM | ) 1) OM| @
+ a:’a,’ +2 a?,
]Z;]kzoaajaak e=0 J k: aa] e=0
PM M M oM
B — (1) (2) oM 8 ol
6 93 E_O+j§%3 9200, |, + 6 il +6 o |._ %Y (3.124)
3 3 9
oM 0, M (2) (1) 2,0
* 3 ] + da; +2a; " a;
jz:;]kz:% dedajday|__y 7 F  Oajday 6:0( J a; )
3 3 3 3
M (1),(1),,(0)
+ a:’'a i s
;]];); 8 8ak8al e=0 J k

How do we now obtain from the above the various orders of our Lagrange multipliers? The
answer is the constraint (M) = ngog +en - o given in Problem 3.3.5, which gives us through
comparison of the the orders of € the following four equations

1. <M<0)> — nooo, 2. <M<1>> —n-o, 3. <M(2>> —0, 4 <M<3)> = 0. (3.125)
With the above it will be possible to evaluate the orders of ag and a, and write them as
functions of € and N. Before we do that, let us state a basic result from measure theory.

Proposition 3.6.4. Let u € R, then
w2 w2 w2 w2
/ e 2 du=+V2m, / ue 2 du =0, / u?e2 du = /2, / ude 2 du = 0.
R R R R

Proof. The first integrand is a Gaussian density function with expectation value one and
variation zero. Since the function F'(A) = \/% [ exp(—u?/2)du is a probability on R, means
that F(R) = 1, we get immediately the first result. That the third integral vanishes, is
obtained by partial integration and the first result. In the second and fourth integral, odd
functions are integrated over the whole space, and therefore their integrals are zero. ]

Theorem 3.6.5. Let ag and a be the Lagrange multiplier, given through Theorem 3.3.8, and
recall ag = a9 — V. Then the semiclassical expansions of the Pauli components are given by:

| ( 1 ) o (1 (Ang  1|Vngl? N 1ln
= 10 _— —_ _ —_ = —_|—
W=18 7" ) 75\ 2\ Ty 2 ng? 2 g

2
+ a2> +0(eh),

1 1 A 2 2 i
a=—n-+e? U Vo +4£ +8a? | n + 4a? (nL) —
no 12ng no no no
1 /A
- <n _vn Vno) +— <4V+ Vno) xn|+0(@E),
12 \ ng ng Mg 610 ng

i
where ("'L)L = (—n1, —n2,0)" and (4V + VTZO) —4vi4 Yoo

no
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Remark 3.6.6. Again we observe here a consequence of our smallness assumption on the
macroscopic density N (see Remark 3.3.6). Apparently the odd orders (up to the third at
least) vanish, which makes the calculations less tedious. Furthermore we recall that in Section
3.3.3 the zeroth order of the matrix of Lagrange multiplier was calculated, where we obtained
the special structure A = dgog+ea-o. So the above semiclassical expansion of a is the right
one, but to obtain the m-th order of A we have the relation

AO = @) ~V)oy, A =)™+ a™ D g, m > 1.

Proof of Theorem 3.6.5:

As already mentioned we have to combine the constraint equations (3.125) with the relations
given in (3.121)-(3.124) to obtain the different orders. From the first equation in (3.125) and

(3.121) we get with Proposition 3.6.4
|P| (0)
== - T = 2
) 0> <exp< 5 + ag Wexp(ao ),

no = <mff’> > - <géo><1>
e=0

which allows us to identify the leading order Lagrange multiplier by

1
aéo) = log (%n0> .

2
h = —“';‘ +al, B :=a

From now on we will denote

0)

—ap™t. (3.126)

To solve the higher-order constraint equations in (3.125), we shall need the following deriva-
tives of M:

oM
eF | _, = = klg® (1)| _,, (3.127)
(0) C
oM _)exp (ho ) o9, for j =0, (3.128)
daj |, 0, else,
M exp (h(()o)) o9, for j=k=0,
_ (3.129)
8aj8ak =0 0, else,
PPM exp h(()o) hgo) -o, forj=0,
Oedaj|,._, exp (hy ) 0y, else.

From the second constraint equation in (3.125) we get again with Proposition 3.6.4

n-o= <exp (h(o)) h§°) -0+ exp (héo)> aél)ao>

2
= <exp ( ‘1)2’ + ao ) ©). 0'> + « <exp <—‘2|> pL> exp (aéo)) o+ noaé )UO

0) (1)

:noa( <o + nopag oo,
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3.6. The Semiclassical Full Spin Model

which, by comparison of the Pauli components, leads to
1
al) =0, a® = —n. (3.131)

no

For the next orders we look at the third equation of (3.125) and obtain with (3.123), the
derivatives (3.127)-(3.130) and the already calculated orders that
N M (2>>
@
e=0

?M
- (] ] e
+ 2exp ( (Z a; a]) + 2eXp ) a[()2)00> .

= <29(2)(1)

Since ¢(? only consists of a og-component, the only Paul components regarding o appearing
on the right hand side are a(!), hence we can deduce

529‘4 W0 4 o9M

a
J
Oa;

e=0

e=0

a) = 0.

So what we obtain from the above is that

1
ay) = - <g§f><1>

no

The right hand side can be integrated with basic techniques and is therefore put into the
Appendix B.4.2. The result is then

1| n |2

1 1
a5 = ~ 752 10g (no) — 57V log (o) ” - 5|7

2
- 132
alng| — (3.132)

or after resolving the derivatives of the logarithm (see also Appendix B.4.2)

@) 1 <An0 1 |Vn0|2> _1

2
2
W T T Ty T2 ng? 2

n
— — .

no

For the last needed orders, a(® and a(()g), we need the last constraint equation given in (3.125).
Looking at (3.124), the equation reduces drastically, due to the fact that the first orders of
ag and a vanish, and hence we have to solve

103M M
0= <6 Oe3 Z 858%

The first two terms have only the spinorial part while the third one has only the trace part
(see (3.119) and egs. (3.127)-(3.130)), which immediately leads to

»  OM

a -
J
=0 80,0

(3>> (3.133)
e=0

al¥ = 0. (3.134)
What remains is given by
0= <g(3)(1) +ai exp (hg") B + exp (") a<2>> o (3.135)
e=0
= <g(3)(1) > o+ a( 'n-o+nea? .o, (3.136)
e=0

115



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

3. Spin Drift Diffusion Model

and therefore for the last needed component we have to calculate

1
a? = _— <g(3)(1)

The computations are cumbersome, but straightforward and are therefore put into the Ap-
pendix B.4.3. The result for the integral is

i
<g(3)(1) > = <{ a(()o)f +2 (‘a(o)r + 2a2>} al® — 402 (a(O)L) )
e=0

4+ o <Aa( ) +Va® . va” — (8v +2val )) x a<°>) . (3.137)
where (a(o)

12

= (=a? —a?,0)" and

al ) _a2 9

L
(SV + 2Vaéo)) x a® =8Vt x a® + Q(Vaéo))J‘ x a0,

0) _ 1

Moreover, since a' o, we have

Va® = i (Vn — 1nVn0> ,
no nO

Aa® = i <An - —Vn Vng — —Anon +2 Vi

no no ‘ no

3

Substituting the known orders, the integral of 9(3)(1) and the above derivatives into the
equation for a(® (see (3.137) and for the detailed calculations Appendix B.4.3) yields
4]

1 An, 2 1
(2) — 0 _ 2 402 (n+
a 120 (( - - +8a>n+ « (n ) >

1 /A +
I IR L)
12 N no 6”0 no

Vno 2
o

no

i
where ("L)l = (—n1,—n2,0)T and (4V + VTZO) — 4yt 4 Yoo

3.6.4. Derivation of the Semiclassical Model (Proof of Main Theorem 3.6.1)

Before substituting the semiclassical expansions of M, ag and a into the full quantum model
(3.89)-(3.90), we recall (see Theorem 3.6.1) that we will only expand up to the order O(a*e!)
with k,1 € N, k+1 < 2. Hence it will be enough to work with already approximated versions
of the last calculated orders of g (eq. (3.119)) and a (eq. (3.138)), namely

1 2
g = 53 ©p(ho) [ <3Aa0 + ([Vao* = pT(V ® Vag)p) + 4‘a — osz“ ) a (3.139)

+3Aa +2Va - Vag—p' (Ve Va)p + 4((Va)p> xa|l+0(a),

2 1 ATLO Vno

12 ny 12| ng

n

a® _ (1 kid
3

_——_ -t —_-— — 14
ng 12 ng +12 ng no +0(). (3.140)

no

)n 1 An 1 Vn Vno
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3.6. The Semiclassical Full Spin Model

The reason why we did this not earlier was for the sake of completeness. If the reader is
interested in a more detailed model we invite to calculate it with the full orders.

Now, we substitute all calculated expansions into the full quantum model (3.89)-(3.90) and
disregard the terms where the product of the powers of o and & exceeds two.

The semiclassical equation for ng:

Beginning from the first quantity, which would be the charge density, we derive its semiclas-
sical equation. Recall the non-local equation for ng (3.89):

Ogno =T div (nOVao +noVV + €% (n - (Va))) + 2702 ((VL) - (n % a)) .

The order of the last term is already out of our interest and can be therefore disregarded.
Hence we need only to determine the gradient of ap and a. Taking a closer look onto the
first one we get

Vay :V(a(()o) + €2a82) +0(?))
B 1 o (1 (Ang 1|Vnel*\ 1|n
- (l‘)g (52m) < (12( ) gl

:VTLO —52V i A’I’LO _1’V7’L0|2 + 1‘”
no 12 ) 2 7102 2 )

2
+ oz2>> + O(e%)

2
+ a2> +O(e3).

Before we take the gradient we rewrite one particular term of a(()Z), namely
A 1|Vnol|® Ao
no _ L[Vmol? o (Avio) (3.141)
no 2 n02 \/TTO

This term is called the Bohm potential and is quite of interest among physicists and one of
the reasons why the semiclassical expansion is mostly expanded up to the second order. For
more details on this topic we refer to [Boh52a, Boh52b, DMRO05, DT09, J09]. Since the Bohm

potential is already in a "nice form” we pass to the next term:

2 2

1 1

\ Il 5 | = —Q2nol’n- Vn — 2in’ngVng) =2 | —n - Vn - %Vno ,
‘n0| ’nO‘ no n(Q

where we understand (n - Vn); = n - 9;;n. So we obtain

1 Ay/ng 1 In|?
_ o2 L _n 3
noVag = Vng — ¢ <6n0v ( Vs ) + non Vn o Vng | +O(e”).

For Va we only need the zeroth order, since it is already multiplied with 2. Here we get:

1 1
Va =V(a® +0(?) =V <n) + 0} = —Vn — —nVng + O(e%).

no no no

Let us point out that Vn and nVng are matrices with the rows Vn; and n;Vng respectively,
for j € {1,2,3}. Hence we obtain for the last term

3 2 2
]

n-Va = Z &an - n—jQVno + O(e?) = Vn — ano + O(?).
0 0 0
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3. Spin Drift Diffusion Model

Substituting the results into the non-local equation for ng we get
Ong =7 div (nOVaO +noVV + €% (n- (Va))) + O(ag?)
1 Ao 2
=rdiv (nOVng —£? (nOV ( ) —n-Vn — ﬂVn )
6 A/ o no

1 2
+noVV + &2 <n -Vn — m’QVn())) + 0(e?)
no no

2 A
=7div <n0Vno +nogVV — 6—noV <\/7T0>> + (’)(53),

6 NG

where we also used that « is of the same order as .

The Semiclassical Equations for the Spin Components:

We now derive the semiclassical equation (3.106) for the ”spin part” m, by substituting the
semiclassical approximations of M, ag and a in the full quantum model (3.90), that we recall
here for convenience:

2
om =—2(n x a)+ 7div (nOVa +nVag+nVV + E(JT X a))
2
— 21 <no(vL xa)+Vi(ag+V)xn— - (a <pL : m> + JTaL)) (3.142)

—27 (25(n Xa)xa—mn X at(")a).

And to have everything at one point we recall also the semiclassical expansions, where we
use the approximated versions of the last orders (3.139) -(3.140) introduced in the beginning
of the proof:

M(N) =exp(ho)og + € exp(ho)h1 - o

52
+ 5 exp (ho) (Aao—i— (IVaol” (V@Vao)p)+4yh1|2>a
3

2
+ ﬂ exp(ho) l <3Aao + (|Va0|2 —pT(V ® Vag)p) + 4‘a — apL‘ ) a

+3Aa +2Va-Vag—p' (Ve Va)p + 4((Va)p> X a] co + O,

and

| (1 ) o1 (An 1|Vnol? L
ag =log | —mng | — — - = —|—
0 =108 | 5,0 12\ g 2 n02 2|0
1 1 2 1A
a=—n+¢ (( 1o Vno
no 3

n 1 An 1Vn Vn

- — 15 —— =+ - + O(e%).
12 ng 12| ng ng 12 nyg 12 ng  ng

Next we recall the already calculated derivatives from various orders (for the calculations see

Appendix B.4.2 and Appendix B.4.3)

2
+ a2> + O(eh),

n

no

1
Va((jo) :m, Val® = — (noVn —nVny),
ngo no
A 2 1 ’
ACL((]O) — no Vng 7 AG(O) i (An — —V’n Vng — —Ang’n + 2|—— Vo n) .
no no no no no
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3.6. The Semiclassical Full Spin Model

Let us for the start calculate the remaining derivatives that are needed for our substitution,
where we put the lengthy but straightforward calculations into Appendix B.4.4. They are
given by

va(g) _ i V(Ano) _ Vng Ang B Vno (V & V)ng n Vno 2V77,0
0 12 nQ nyg ng ng ng ng ng
(n Vn |V
no no no no 7
va® - ™ 2n Vn |n 2Vnyg N iV(Ano) 1VngAng  1Vng (V& V)ng
a 3 no no no no 12 no 6 no no 6 no no
+£ 1Vn02Vno +i@ (V@V)noJr 422+An07 Vng |2 -
o 4 no no 12 no o no no no

1 (An Vn Vno\\ Vng 1 Vng(VeV)n 1 V(An)
Tt (o2 (S ) ) TR -

I

no no no 12 no no 12 no

where ((Vno(V ® V))n); = Vno(V @ V)n;, and Va® is a 3 x 3 matrix, where the last
column equals zero.

With the above derivations we are able to substitute everything in the equation for the spin
components (3.90). Due to the multilinearity of the cross product we are able to split the
first term into two parts.

nxa=nxa?+e’nxa? +0@E

Both terms a® and a® have at least one term, multiplied with n and therefore the cross
product with those vanish. We obtain

2 A
onxa=" " x <"’ _vn Vn0> +O(). (3.143)
no no no no

Next term we look at is div(ngVa+nVag+nVV), where we will not evaluate the divergence.
Since we have already everything at hand that we need, we obtain

noVa +nVay = ngV (a(o) + 52a(2)> +n (Va(()o) + 52Va(()2)) + 03 =

=Vn— m +n Vi
no no
2 2
+in <8n Vn o [n PV V(Ang) ,VnoAng Vo (V®V)no>
no nol|l No no no T no no
1 2 A 2
+&’n Vno Vno V 7(V ® V)no + (4 n + Ano _ | Vi 00
4 12 ng ng ng no
2
12 no no no
in Vv Ano Vno Ang Vno (V & V)no " Vno 2Vn0
12 ng no ng 1o no o
Vn | n [’V
—e’n (n n_ n0> + O(e%)
710 1o
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3. Spin Drift Diffusion Model

Summarizing yields

2
\Y%
noVa +nVayg =Vn+ —n |2 Yo
12 ng
n

g2 g2 (V& V)ng
- EV(An) + EVn < + | 4|—

no no

°Vng ,m Vn  VngAng Vng(V® V)n0>

no no nNo no  7No no no

)7)

N j <<An—2 (Vn' Vn0>> Vng N (Vno(V®V))n> + o).

12 no no no

2 Ano VTLO

no no

(V®V)

For better understanding of the last line, Vn is a simple matrix-matrix multiplication

and for j € {1,2,3} we have
(AnVng + (Vn - Vng)Vng + (Vng(Ve V))n); =
= An;Vng + (Vn; - Vng)Vng + Vng(V ® V)n,. (3.144)

Since we cannot simplify it any further, we leave the upper expression as it is for now and
continue with the next term, namely div (%JT X a). Recall that J7 = (p1m|pam|0) is a
3 x 3 matrix and that the cross product is to understand as

JU xa=((pim) xa | (pam) xa|0).

Further recall that m = em() + 3mB) 4 O(e?) and since J7 x a is multiplied by e~ we
have to expand J? x a up to order three:

1

The factors M) and m® are both dependent on ay and a. Difficulties arise from the
term exp(hg) and can be solved by using the Taylor expansion of the exponential (exp(z) =
1+ 2 + O(2?)), in the sense that

exp(ap) =exp ( 0 4 ¢ aé )+ O(e )) 272 exp (aza(() ) 4 (’)(53))
n
:ﬁ (1+¢2%” + 0(). (3.145)

Using the integral values of Proposition 3.6.4 and the above expansion (3.145), we obtain

<pkm(1)> = (prexp (ho) (h1)) = exp(ao) <Pk exp <—|pz|2> (—apL)>

O(ag? k=1
_ Jomes + Olac )2 ’ (3.146)
—ange; + O(aeg®) k=2,
1
(7)) = amg (e2] — €1/0) + O(ac?). (3.147)
With the previous calculations we get for our first two expressions of %JT X a:
1 ns 0 0
<me(l)> x al® = ang (e2] —e1|0) x —m=a| 0 ns 0| + O(ag?),
ng
—ng —ng 0

g? <me(1)> x a®) = ag’ng (es] — €1]0) x a'? = O(ae?).
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3.6. The Semiclassical Full Spin Model

Taking a closer look on the last term in the semi classical expansion of J7 x a and using
again that all odd terms with respect to p vanish, we have

(pem®) = o (prexp (ho) (41?7 (V @ Vao)p) @ = p* (V@ Va)p +4((Va)p) x a) ).

(3.148)

1
24

The integrals <pk exp(ho)p” (V ® Vao)pa> and <pk exp(ho)p” (V@ Va)p> equal zero, because
in each line exists at least one expression, that is odd with respect to either p; or ps . Therefore
the above (3.148) reduces to

<pkm(3)> = % <pk exp (ho) (\h1|2a - ((Va)p) X a)>.

Recalling that we are already at second order with respect to €, we lay our focus on the zero
orders with respect to € and « in the next calculations, and obtain

2
(prexp (ho) [1s*) a® = (prexp (ho) (af? + o2 [ ~ 2aa- ) ) ) 0
= O(a)v
The term (Va)p is a matrix-vector multiplication, where p multiplies with the gradient, hence

(Va)p x a = (Va(0)> pxa® +0(?)

1 1
= <V <n) p) x —n + O(e?)
no no
1 1 1
= (no(vn)p - nT)Q(Vno 'p)n> <™
1

This and (3.145) gives us

<pk exp (ho) (Va(o)p)> x a® = exp(ap) <pk exp (—@) <1(Vnp)>> x

= —0y,n X n.
no
Therefore we obtain for the last term in (3.148):

1
2/ T (3) 0) _ .2 2
£ <pm >><a —56n0Vn><n+(9(as).

In total we get
ns 0 0

1 1
—JI'xa=al| 0 n3 0| +e*2—Vnxn+0O(ac® +&%).
€ 6n0

—ni —nN9 0

Since we take the divergence of the above, and the latter has a nicer form, we evaluate the
divergence and obtain with using the product rule for the cross product

1 2 /A
div (JT X a) = —OZ(VL) X n 4+ i (n _ M . Vn) % n+0(a52 +53)_
€ 6 \ no ng N
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3. Spin Drift Diffusion Model

Next term to resolve is —27a(ng(V* x a) + V*(ag + V) x n). Since this term is of order one
with respect to «, we only need to expand it until the first order with respect to . Therefore,
up to an error O(ae?) we approximate it with

— 2T« (no (Vl X a(o)) + VvVt ( (0) + V) ) =

1 1
= 2T« ((VL — Vnno> X+ (Vnno + VLV> X n) = 27a(Vt +VV) xn
0 0

For the last term in line two of the spin equation (3.142) we use that p*-h; = p*-a —alp*|?
and that JTat = —eoz(nL)L +0O(ag?), see formula (3.147). This yields together with (3.145)

47.% (a <pL ) m> +J'a l) — 42 (:0 <5exp (ho) p™ - h1> - EQ(HL)L) +0(as?)

2
= 4702 (—:(; exp(ap) <exp (—‘Z’) ‘pL‘2> - (nl)L> + O(ag?)

= — 472 (2n + (nL)J—) + O(ag?).
We now focus our attention on the expansion of the last terms of eq. (3.90),

—2e(n xa)xa+mnx 0,5(0)61,

where the unusual operator 8( ) appears. Recalling that al® = n and since the cross
product of two parallel vectors vanish, we observe for the first term

en x a = Ein x n+ 0(e?) = O(%). (3.149)

ng
The second term needs slightly more treatment. We first approximate it at relevant orders:
0% = 8"a® 1 29"a® + O(c?).

Starting with the zero-order we have to calculate

1 1 1
400 = () -

no

We see in the full quantum model, namely eq. (3.90), that the zero-order time derivative of

(0)

no equals zero and 9, 'n = —2(n x a). Hence
00a — 8(0) —Zmxa) = - 2nxa® -2 (nxa®) 0
no no no
_ _i 22 @ By~ 22 @) 3
= n02(n><n) 5n0(n><a )+ 0(€”) = 5n0(n><a )+ O(e”).

Recalling that a(® is given by (3.138), it will be convenient to define

f(no,m) = 122 i%_7Vno
LU Y P 12 nog 12| ng | )’
so that
1A 1
a® = f(ng,n) > n,lVn Vi (3.150)

no 12mny 12 ng  no
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3.6. The Semiclassical Full Spin Model

Observe that the function f takes values in R, and the vector f(ng,n)n is parallel to n,
which gives us that n x (f(ng,n)n) = 0. Using this and the form (3.150), yields

Lastly, we have to calculate (“)t(o)a(z). Using the product rule and again the fact that 8§O)n0 =0
we can write

042 _ (5 n L g0y — Lyo (M_W.Vno>
0, a (at f(no,n)) n0+f(n0’n)ngat n 12@ ” . (3.151)

Eventually we shall only need n x 8§O)a(2) and it is not necessary to calculate the derivative
of f on the right-hand side, because the term (8,5(0) f(no,n))n is parallel to n and therefore

vanishes after evaluating the cross product. Since 8§0)a(2) is already a second-order term, all
occurring orders higher than zero in the above expression can be disregarded. In particular,

09 = —2(n x a) = —2(n x a®) + O(2) = —2-(n x n) + O(2) = O(2)
no

and therefore the second term at the right-hand side of (3.151) can be disregarded. So, the

only non-negligible contribution can only come from the last term. Using again 8150)710 =0

and 3,5(0)11 = —2(n X a), we obtain for such term

(9,5( 0) no
2

8(0) (An vn . Vn()) _ i

t no

1
(Aat(o)n) - *Vat(o)n — (An — Vn +ngV — Vnyg)
no ng no ng

no

= —7120A (n X a(o)) + n20V <n X a(o)) + O(e?) = O(£%).

Hence

0"a = (0" f(no,m) - + O(),

yielding finally into

n x 8,5(0)11 =n X Ot(o)a(o) + &2 (n X 8t(0)a(2)) + (9(53)

2 b <n y <An _Vn Vno>> Lo, (3.152)

6710 no no no
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3. Spin Drift Diffusion Model

Substituting all obtained approximations into the full spin equation (3.142) and then sum-
marizing them, yields

2
on SN (An _vn Vn()) + 7div(Vn 4+ nVV)
6 ng ng no no
2 2
—|—TE—d1V (n <2 Vng|* Vng L Vn  Vng Ang ~ Vng (V®V)n0) —V(An))
12 no no no ng nNo no no
2 2
no no no
T— d1V ((An 2 ( Vng)) AL + (Vno(V® v))n>
no no no
— 27a(V1) xn—l—T— (An _ Vo, Vn) Xn
no no no
—27a(VE + V1V) x n — 4702 (2n + (nL)L)
2
oD (n X (An _vn Vno)> + O(ae® 4 &%)
3 ng no no no
2
= rdiv (Vn + nVV) — 2ra(2VE + VVY) x n — 4ra2(2n + (n)4) + %3 x B(N)
no
2
+ T% div (nA(N) — V(An) + VnC(N) + B(N)Vno + D(N))
g2 n 9 3
+T§TL x| = B(N)—B(N) ) + O(ag” +¢€7)
0
where
AN = Vng |2 Vng 4 Vn Vg Ang  Vng (V® V)ng
no | no no N no  nNo no no
A
B(N) = 2% _ V1 Vo
no no 0
2 2
C(N) = (Ano B Vng 4 n >00+ V ® Vng
no no no no

vy = YVev)) (Vn. vn”) Vo

no no no

and Main Theorem 3.6.1 is therefore proved.
O

The spin model (3.105)-(3.106) obtained in Main Theorem 3.6.1 is for us the nicest and the
most vivid form of the equations. For the interested reader we also did the work to resolve
the divergence in the second line of (3.106) from Main Theorem 3.6.1. The calculations are
tedious and the result does not give more insight than the model obtained in Main Theorem
3.6.1, and is therefore put into the Appendix B.5. A bit more interesting could be the single
component equations, but we also decided to put them just into the Appendix B.6.

3.7. Conclusion & Comparison with other Models

The first fact that is interesting to see, is that the the semiclassical model (3.105) - (3.106)
is semi coupled and at the leading orders regarding to ¢, like when € — 0, we even have a
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3.7. Conclusion & Comparison with other Models

decoupled system. First we want to focus on the spin equations (3.106) and present under
certain conditions that we can get an explicit expression for the spin density ng. Looking on
the leading order with respect to € we have

om =7 div (Vn +nVV) - 27a(2V* + VV*) x n — 470*(2n + (nh)*) (3.153)

After rescaling equation (3.153) in time to a diffusive timescale, we obtain the same equation
as in [BHJ], hence our model also coincides with the work of El Hajj [EH14].

Furthermore if we consider for sake of simplicity, that the densities n1,no are constant with
respect to time and space, we obtain out of equation (3.153) the following equations

0 =203,n3 + 0z, Vg — 2an, (3.154)
0 =20,,n3 + 0z, V3 — 2ana, (3.155)
dnz =7(div(Vnz + ngVV)) — 2ra(VV - n) — 87a’n3. (3.156)

Recall that the planar gradient is given by V = (9, , 0z,,0) and therefore VV-n = n10,, V +
120, V. From the first two equations (3.154) - (3.155) we obtain an equation for the gradient
of n3, namely

1
Vng = —§n3VV —a(nt)t. (3.157)

Assuming in this particular case, for sake of simplicity, that VV is a constant force F', we
can substitute the equation (3.157) into the equation for the time derivative of ns, (3.156),
and obtain with a second substitution the following

Oz =7(div(Vnz + VVn3)) — 2ra(VV - n) — 8ra’ns
=T (div (2_1n3VV - a(nl)J‘)> —27a(VV -n) — 8ra’ng
=T (2_1Vn3 : VV) —27a(VV - n) — 87a’n3
=T (—4*1n3]VV|2 —27la(nt)t . VV) —27a(VV -n) — 8ra’ng

(5
= — T _—
2

which is now simply an ODE with the solution

2
+ 8a2> t) +

The reader should notice that the last component of F is zero and that (n')* does only
depend on n1,n9, which were assumed to be constant, therefore the term that is added to
the exponential depends only on the space variable and is independent of time. Looking at
the long time behaviour of the solution we obtain the convergence to a steady state which
relies on the potential energy

2

2 1
+ 8042) n3 — T ((nl)J‘ + Qn) - F,

()t +4n) . F

‘gr—k&x?

ns(t,z) = C'exp <—T (’};

| Q

. 3aniFi1 + no kb
thm ns(t, x) = TS e
e ‘g‘ + 8a?

At last we want to show that our model can be really seen as a generalization of other
models. As mentioned in the beginning of this section we already had a comparison with
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3. Spin Drift Diffusion Model

the model of El Hajj [EH14]. Since other models are mostly in diffusive time regime and are
focused on the spin up and spin down densities (usually defined as 14 = 19 + ng), we define
the spin up and spin down densities as n+ := ng £ eng and will rescale properly. Our second
reference model from the start comes from [BM10], where a model for the spin up and spin
down densities was considered. To compare our model with the one derived in Theorem 2
from [BM10], we need to set in our model n; and ny equal zero. Therefore the respective
equations from our semiclassical model (3.105)-(3.106) are given by

. e Ay/ng
at'n() =T le(V’no -+ nOVV) - 7'6 div (nov (\/% N (3158)
ding =7 div (Vns + n3VV) — 87a’nz + O(£?). (3.159)

where we only took the leading order equation of ng with respect to € and set n1 = no = 0.
Rescaling the above into a diffusive regime, where collisions are still assumed to act on a
time-scale much shorter than ¢5. The system is observed on a time-scale much larger than
to = tp. Assuming that the relaxation time equals the collision time, e.g. t, = t. (¢, is the
constant used in [BM10]) and looking at a larger reference time to = t% /., see Section 3.4,
we get the diffusive scaled equations (notice that 7 cancels in the equations)

. e A/n
Ong =div(Vng + nogVV) — 5 div <n0v (ﬁ)) ) (3.160)
ding = div (Vng + nzVV) — 8a’nz + O(e?). (3.161)

As first consequence of this we see that equation (3.160) is the typical semiclassical quantum
model for the charge density, compare for example [BF10], [DMRO05], [J09].
Next adding (3.160) to (3.161), subtracting (3.161) from (3.160), and using also the iden-

tities ng = #(ny + n_) and ng = 5(ny — n_), leads us to the spin up and spin down
equations,
2 A,/
8m+ - le(V?’LJ,_ + n+VV) + % div (nov (nT()LO)) :4042(7’1,_ — n+), (3162)
2 A,/
on_ —div(Vn_ +n_VV) + % div (nov ( nz())) =402 (ny —n_). (3.163)

With the general binomial formula we have, since ng = n4 F eng, that

n > 1 n k
M:\/@H:\/@(m;ﬁ(é) ) = v + 00

and therefore we obtain

. 52 . A‘ /T4
Ony — div(Vng +n VV) 4+ 5 div <n+V ( -~ =40%(n_ —ny), (3.164)

2 A/nZ
Ogn— —div(Vn_ +n_VV) + % div <nV < " >> =402 (ny —n_). (3.165)

N

We see that the model equations (3.164)-(3.165) coincide with the derived equations for the
same quantities in [BM10] Theorem 2.
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4. Large-Time Asymptotics for a Matrix Spin
Drift-Diffusion Model

As last chapter we present some long time behaviour of spin in a bounded domain, under the
assumption that on the boundary the average spin is zero. This means we expect that if we
“add” all spins together they cancel themself out. As an example we could say that if we let
time pass to infinity we await that half of the electrons have spin up and the other half has
spin down. This is not very precise, but gives a rough idea what we are looking for.

4.1. The Setting

As we have seen in the previous chapter, the derivation of a spin model takes a lot of effort.
Since the full quantum model (3.89)-(3.90) is highly non local, it is difficult to deal with. To
study the long time behaviour of that model would exceed the purpose of this work. Also
the semiclassical approximation (3.105)-(3.106) is too connected to proceed at that level.
The most suitable, for our purpose, would be either the model appearing in [EH14| or the
model derived in [PN11]. In these papers the macroscopic models where derived from the
spinor Boltzmann equation (copied from [PN11] and also called generalized matrix Boltzmann
equation)

1 ) 1 1
OF + 3 (Viho - VoF = Viho - ViF) + %[F, h-o] = —Qy(F) + —Qu(F),
c sf

where k denotes the momentum, $) = hgog + h - o is the Hamiltonian of the system, A the
Planck constant, Q;; is a spin conserving collision operator and Qs denotes the effect spin
flip happing also sometimes during collisions. For explicit depiction, further details and the
derivation of the macroscopic model (4.1)-(4.2) we suggest to read [PN11].

One of the tools to obtain the exponential decay will be the study of the relative free
energy, which is from the idea similar to the relative entropy presented in Definition 2.4.2.
The proof of the long time behaviour is therefore similar, though very different from the
one we did already, where details will be provided later. Since this chapter relies on our
already published paper [HJ20] the sections and texts will be almost everywhere the same.
Let us also stress that the occurring densities (e.g. ng, n) in this chapter are different to the
ones appearing in the other chapters, but the overall meaning remains the same (e.g. n still
denotes the macroscopic spin densities, hence we keep the notation.

4.1.1. Model Equations

We assume that the dynamics of the (Hermitian) density matrix N(z,t) € C?*2, the current
density matrix J(z,t) € C?*2, and the electric potential V(x,t) is given by the (scaled)
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4. Large-Time Asymptotics for a Matrix Spin Drift-Diffusion Model

matrix equations

ON — divJ + [N, - o] :j_(;tr(N)ao _ N), (4.1)

J =DP~Y2(VN + NVV)P~1/2,
“A2AV =tr(N) —g(z) inQ, t>0,

where [A, B] = AB — BA is the commutator for matrices A and B. The (scaled) physical
parameters are the strength of the pseudo-exchange field v > 0, the normalized precession
vector pu = (u1, p2, u3) € R3, the spin-flip relaxation time 7 > 0, the diffusion constant
D > 0, the Debye length A > 0, and the doping concentration g(x). Equation (4.3) is the
Poisson equation for the electric potential [J09]. The precession vector plays the role of the
local direction of the magnetization in the ferromagnet, and we assume that it is constant.
This assumption is crucial for our analysis. Furthermore, P = o¢ 4+ pp - 0 = 09 + p(u101 +
p202 + pigos) is the matrix of spin polarization of the scattering rates, p € [0, 1) represents
the spin polarization, o is the unit matrix in R?*2, and we recall that & = (o1, 02, 03) is the
vector of Pauli matrices, defined by

(o1 (o =i (1 0
TT=41 o) 27\i o) 7\ lo -1}

Recall also that the number i is the complex unit, and tr(/N) denotes the trace of the matrix
N. Since the Pauli matrices are traceless, tr(N) only contains the og-component of N,
which is the charge density. The commutator [N, p - o] models the precession of the spin
polarization. The right-hand side in (4.1) describes the spin-flip relaxation of the spin density
to the (spinless) equilibrium state.

Equations (4.1)-(4.3) are solved in the bounded domain  C R3 with time ¢ > 0 and are
supplemented with the boundary and initial conditions

1
N =npoo, V.=Vp ondQ, t>0, N(0)= N° in Q. (4.4)

This means that no spin effects occur on the boundary. For simplicity, we choose time-
independent boundary data; see [ZJ13] for boundary data depending on time. Mixed Diri-
chlet-Neumann boundary conditions may be also considered as long as they allow for W24%()
elliptic regularity results, which restricts the geometry of 9€). Therefore, we have chosen pure
Dirichlet boundary data as in [JNS15].

The density matrix IV can be expressed in terms of the Pauli matrix according to N =
$n9og+mn-o and n = (n1,na, ng) is called the spin-vector density. Model (4.1)~(4.2), written
in the four variables ny, ..., ns, is a cross-diffusion system with the constant diffusion matrix

‘D 1 _p,J’T €R4X4
— 2\ I+ (1—n)p® ’
1—-p pp N+ (1—npuep

where I is the unit matrix in R®*3. Although this matrix is symmetric and positive defi-
nite, the strong coupling complicates the analysis of system (4.1)—(4.2), because maximum
principle arguments and other standard tools cannot be (easily) applied.

The spin polarization matrix couples the charge and spin components of the electrons. If
p # 0 we obtain by comparison of coefficients of the matrix o¢ in (4.1), see also [PN11],

oo —D,divjo=0, jo=Vng+noyVV =2p(Vn+nVV)- pu, —NAV =ng—g(z), (4.5)
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4.1. The Setting

where D, = D/(1 — p?).
If p = 0, we recover the classical Van-Roosbroeck drift-diffusion equations for the electron
charge density ng [Mar86, Roo50],

oo — Ddivjo =0, jo=Vno+noVV, —XAV =ng— g(z), (4.6)

The boundary conditions are ng = np and V = Vp on 90 and the initial condition is
no(0) = nY in Q, where N* = %ngao +n’ - 0. Another special case is given by the two-
component spin drift-diffusion model. The spin-up and spin-down densities n4 = %no +n-u,

respectively, satisfy the equations

1
Ony —div (D4 (Vny +nyVV)) = ;(n, —ng), (4.7)
1
on_ —div (D_(Vn_ +n_VV)) = 2—(714r —n_), (4.8)
T
1
ny = n?D, V=Vp ondQ, ny(0)= §n8:tn0-u in Q, (4.9)

where Dy = D /(1 4+ p). These equations are weakly coupled through the relaxation term.
As already mentioned model (4.1)—(4.2) was derived in [PN11] from a matrix Boltzmann
equation in the diffusion limit. The scattering operator in the Boltzmann model is assumed
to consist of a dominant collision operator from the Stone model and a spin-flip relaxation op-
erator. When the scattering rate in the Stone model is smooth and invariant under isometric
transformations, the diffusion D can be identified with a positive number [Pou91, Prop. 1].

Remark 4.1.1. The reader may has noticed the appearance of the factor 1/2 in front of
some quantities, especially in N = (1/2)ng + n - 0. This comes from the fact that we use
here a slightly different definition (e.g ng = tr(N)) in comparison to the previous chapter (in
Chapter 3 we used ng = (1/2) tr(N)). [ |

4.1.2. State of the Art

The first result on the global existence of solutions to the Van-Roosbroeck equations (4.6) (for
electrons and positively charged holes) was proved by Mock [Moc74]. He showed in [Moc75]
that the solution decays exponentially fast to the equilibrium state provided that the initial
data is sufficiently close to the equilibrium. These results were generalized under physically
more realistic assumptions on the boundary by Gajewski [Gaj85] and Gajewski and Groger
[GG86, GG8Y]. Further large-time asymptotics can be found in [AMTO00] for the whole-space
problem and in [BAMV04], where the diffusion constant was replaced by a diffusion matrix.
Moreover, in [DFWO08], the stability of the solutions in Wasserstein spaces was investigated.

Convergence rates of the whole-space solutions to their self-similar profile were investigated
intensively in the literature. In [BP0O], the relative free energy allowed the authors to prove
the self-similar asymptotics in the L'(RY) norm. The results were improved in [KKO08],
showing optimal LP(R?) decay estimates. The asymptotic profile to drift-diffusion-Poisson
equations with fractional diffusion was analyzed in [OY09, Yam12].

Concerning drift-diffusion models for the spin-polarized electron transport, there are only
few mathematical results. The stationary two-component drift-diffusion model (4.7)—(4.8)
was analyzed in [GG10], while the transient equations were investigated in [Gli08]. In partic-
ular, Glitzky proved in [Gli08] the exponential decay to equilibrium. An existence analysis
for a diffusion model for the spin accumulation with fixed electron current but non-constant
magnetization was proved in [PG10] in one space dimension and in [GCW07, GCW15] for
three space dimensions.
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4. Large-Time Asymptotics for a Matrix Spin Drift-Diffusion Model

Also quantum spin diffusion models have been considered. For instance, in [ZJ13], the
large-time asymptotics for a simple spin drift-diffusion system for quantum electron transport
in graphene was studied. A more general quantum spin drift-diffusion model was derived
in [BM10], with numerical experiments in [BMNP15]. Numerical simulations for diffusion
models for the spin accumulation, coupled with the Landau-Lifshitz—Gilbert equation, can
be found in [CAS15, RAH'16]. For spin transport models in superlattices, we refer, for
instance, to [BBA10].

The existence of global weak solutions to the matrix spin drift-diffusion model (4.1)—(4.4)
was shown in [JNS15] with constant precession vector and in [Zaml4] with non-constant
precession vector but assuming velocity saturation. Under the condition that the (thermal)
equilibrium density is sufficiently small, the exponential decay to equilibrium was proved in
[Zam14]. An implicit Euler finite-volume scheme that preserves some of the features of the
continuous model was analyzed in [CHJS16]. The numerical results of [CHJS16] indicate that
the relative free energy is decaying with exponential rate, but no analytical proof was given.

4.1.3. The Steady State and the Stationary Equations

As in the paper [HJ20], we prove in this thesis that the solution (N(¢),V(t)) to (4.1)—(4.4)
converges exponentially fast to a steady state (%nooao, Vo), solving the stationary spinless
drift-diffusion-Poisson equations

div(Vinee + 10 VVi) =0,  —A2AVa = noo — g(x) in €, (4.10)
Noo = Np, Voo =Vp on 02 (4.11)

under the condition that the boundary data is close to the (thermal) equilibrium state, defined
by lognp + Vp = 0 on 9Q. Compared to [Zaml14], where ||| 1oo(@) < 1 is needed, our
smallness assumption is physically reasonable; see the discussion below Main Theorem 4.2.1.
The existence of weak solutions to the stationary drift-diffusion problem with data close to
the equilibrium state (especially satisfying the assumptions in the upcoming Main Theorem
4.2.1) is well known; see [Mar86, Theorem 3.2.1]. The solution satisfies neo, Voo € H(Q) N

L>(Q) and
0< Moo <Moo < My in Q (4.12)

for some mqo, My, > 0. Note that we cannot expect uniqueness of weak solutions in general,
since there are devices (thyristors) that allow for multiple physical stationary solutions. How-
ever, uniqueness can be expected for data sufficiently close to the (thermal) equilibrium state
[Ala95, Moc82]. We call a solution to (4.10)—(4.11) a (thermal) equilibrium state if the elec-
trochemical potential ¢oo = logno, + Vo vanishes in Q. This state needs the compatibility
condition ¢p :=lognp + Vp = 0 on 0f2.

The following lemma provides some a priori estimates for (neo, Voo) and shows that the
current density J = Neo Voo is arbitrarily small in the L>°(£2) norm if the boundary data
is sufficiently close to the equilibrium state ¢p = 0 in the W29 () sense.

Lemma 4.1.2 (A priori estimates). Let Q C R3 be a bounded domain with 9 € CY' and
let 0 < my <1, A\ > 0. Furthermore, let the data satisfies g € L*°(Q), g > 0 in Q, and

np, Vp € W»%(Q), np >m, >0 on 09,

Define ¢p =lognp +Vp, then there exists a constant Co > 0 independent of (neo, Voo) such
that

IVoollLoo) < Coolld w20 (q)-
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4.2. Long Time Behaviour of the Full Spin Matrix N

Proof. Since ne, — g(x) € L>®(), elliptic regularity yields Va, € W2 (), and the W2 (Q)
norm of Voo depends on Moo, [|[Vbllyw2.a0 (), and [|g][Le(q). Using the test function n —np
in the weak formulation of the first equation in (4.10), we find that

/ |V (ne — nD)|2dx = —/ Vnp - V(ne —np)dx — / MooV Vo - V(Moo —np)dx
Q Q Q
< (IVnbllL2) + Mool V Vil 2(0) IV (00 — D) [l 22(02)-
This implies that
IVneoll 2y < 2IVnpll2) + Mool VViol| L2(0)
< C(A+[IVnpllrz) + IIVVDIlr2@))-

Since qp > 3, we have W29 (Q) < W1°(Q). Thus, b := VV,, € L°°(£2) and elliptic regularity
for
Ao + b+ Ve = A oo (oo — g(x)) € L(Q)

shows that ne, € W29 (Q) with an a priori bound depending on the norms [npllw2.a0 (o) and
100l 1 (). Summarizing,

[Moollw2.0 () + Voo lw2.a0 () < C-

It holds that W2%(Q) — C%¥(Q) for all 0 < o < 1. Hence, no, € C**(Q). The first
equation in (4.10) can be formulated as

div (neo V(oo — ¢p)) = —div(nVep) € L(Q),
which shows that, by elliptic regularity again,
600 — 8 w0 ey < Climoos Mao) [6nllw2any
and, in view of the continuous embedding W40 (Q) — Whee(Q),

IVoollLee(0) < Cllgosollwzao () < Cllépllwza0(o)-
This finishes the proof. O

4.2. Long Time Behaviour of the Full Spin Matrix N

Our main result is as follows.

Main Theorem 4.2.1 (Exponential time decay). Let T > 0 and let  C R3 be a bounded
domain with 0 € CYY. Furthermore, let 0 < m, < 1, A > 0,v>0, D >0,0<p < 1,
qo > 3, and p € R® with |p| = 1. The data satisfies g € L>°(Q), g > 0 in Q, and

np, Vp € W39(Q), np >m, >0 on 09,

m
£ >0.

1
ng, n¥ - p € L®(Q), ingj:no-u >

Let ¢p :=lognp+Vp. Then there exist k > 0, Cy > 0, and 0 > 0 such that if|]¢DHW2,qO(Q) <
g,
7+ (t) = 3100l 2(0) + IV () = Vool i) < Coe™, >0,

where ny are solutions to (4.7)—(4.9) and (neo, Voo) is the weak solution to (4.10)—(4.11).
Furthermore, there exists o9 > 0 such that if 0 < 7 < 79 then

IN(t) = dnocoollz2(acexey < Cie ™t >0,

and Cy, C§ > 0 depend on the initial relative free energy H(0) (see (4.14) below).
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4. Large-Time Asymptotics for a Matrix Spin Drift-Diffusion Model

The smallness condition on ¢p means that the system is close to equilibrium, as ¢p =0
characterizes the (thermal) equilibrium state. Since the stationary drift-diffusion equations
(4.10) may possess multiple solutions if ¢p is large in a certain sense [Ala95, Moc75], the
condition on ¢p is not surprising. The smallness condition on the relaxation time, however,
seems to be purely technical. It is needed to estimate the drift part when we derive L?((2)
bounds for the perpendicular component of n. If an entropy structure exists for the equation
for n, we expect that this condition can be avoided but currently, such a structure is not clear;
see [JNS15, Remarks 3.1-3.2]. If the initial spin-vector density is parallel to the precession
vector, we are able to remove the smallness condition on 7; see Remark 4.2.9. We show in
Remark 4.2.10 that, independently of the initial spin-vector density, the smallness condition
is satisfied in a certain physical regime.

The analysis of the asymptotic behavior of the solutions to the Van-Roosbroeck drift-
diffusion system (4.6) and the two-component system (4.7)—(4.8) is based on the observation
that the relative free energy, consisting of the internal and electric energies, is a Lyapunov
functional along the solutions and that the energy dissipation can be bounded from below
in terms of the relative free energy itself. The strong coupling of (4.1)-(4.2) prohibits this
approach. Indeed, it is shown in [JNS15, Section 3] that the relative free energy associated
to (4.1)-(4.2), consisting of the von Neumann energy and the electric energy, is nonincreasing
in time only in very particular cases.

Our idea is the observation that the matrix system (4.1)—(4.2) can be reformulated as
drift-diffusion-type equations in terms of certain projections of the density matrix relative to
the precession vector. This idea was already used in [JNS15] for the existence analysis. The
reformulation removes the cross-diffusion terms, which allows us to apply the techniques of
Gajewski and Groger [GG89] used for the Van-Roosbroeck model. This idea only works if
the precession vector p is constant. A non-constant vector p (solving the Landau-Lifshitz—
Gilbert equation) was considered in [ZJ16], but this spin model is simplified and no large-time
asymptotics was proved.

More precisely, we decompose the density matrix N = %noao +n-0and NV = %ngao +
n’ - o. Then the spin-up and spin-down densities ny = $ng £ n - p solve (4.7)-(4.9). The
information on n. is not sufficient to recover the density matrix. Therefore, we also consider
the perpendicular component of n with respect to p, n;, =n — (n - p)p, which solves

D
omn —div <77(an + nLVV)> —2y(ny x p) = —ﬂ, (4.13)

T

where 7 = /1 — p2, with the boundary and initial conditions n; = 0 on 9Q and n; =
n® — (n® - p)p. The density matrix can be reconstructed from (ny,n_,n ) by setting
ng=ny+n_andn=n, +(n-pp=n, +i(ng —n_)u.

A key element of the proof is the derivation of a uniform positive lower bound for n,. This
is shown by using the De Giorgi-Moser iteration method inspired by the proof of [GG89,
Lemma 3.6]. More precisely, we choose the test functions efw¥ '/ni in (4.7) and (4.8),

respectively, where wy = —min{0,logny + m} with m > 0, ¢ € N, and pass to the limit

q — 00, leading to || (t)[| () < K and consequently to the desired bound w (t) > e ¥
in 2. Second, we calculate the time derivative of the free energy
A2 9
H(t) = [ (B o) + hin- o) + 5 [V(V = Vo)) (1), (4.14)
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4.2. Long Time Behaviour of the Full Spin Matrix N

where h(ni|ne) = nglog(2ns /ne) — ny + %noo, leading to the free energy inequality

dH

~ra /Q (ne V(b4 — 60)> +n_|V(e_ — 6p)[?)

< ol Voo /Q (ns — Lnoe)? + (n— — Lnoo)?)da, (4.15)

where ¢ = logny + V are the electrochemical potentials and C; > 0 and Co > 0 are
some constants independent of the solution and independent of time. The right-hand side
can be estimated, up to a factor, by the free energy H times HV(]&DH%OO @) Furthermore,
using the time-uniform positive lower bound for n, the energy dissipation (the second term
on the left-hand side of (4.15)) is bounded from below by H, up to a factor. Therefore, if
[Vépll () < 9, (4.15) becomes, for some time-independent constants C3 > 0 and Cy > 0,

% + (C3 — C46%)H < 0.

Choosing 6% < C3/Cy, the Gronwall inequality implies the exponential decay with respect
to the free energy and, as a consequence, in the L?(Q) norm of ny — n with rate x =
Cs — 0452 > 0.

Third, we prove the time decay of m . Since we are not aware of an entropy structure
for (4.13), we rely on L?(f2) estimates. This means that we use the test function n in the
weak formulation of (4.13) such that the term (n, X p)-n, vanishes. However, in order to
handle the term coming from the doping concentration, we need a smallness condition on the
relaxation time 7 > 0. Such a condition is not needed in the Van-Rooosbroeck model.

Remark 4.2.2. We see a surprising behaviour of the spin in our particular setting. It
seems that it converges in the same amount to either the upwards- or either the downwards
direction (whatever now up and down means), due to the fact that the average spin is zero
on the boundary. So the spin seems to adapt to the behaviour on the boundary, which is
indeed an interesting fact. n

The path to the exponential decay is organized as follows. The stationary equations were
already studied in Section 4.1.3. In Section 4.2.1, we prove the lower and upper uniform
bounds for ny, the entropy inequality, and some bounds for the free energy and energy
dissipation. Theorem 4.2.1 is proved in Section 4.2.2. In the appendix, we prove a uniform
L™ bound for any function that satisfies an iterative inequality using the De Giorgi—-Moser
method.

4.2.1. Uniform Estimates

In this section, we prove some a priori estimates that are uniform in time. A uniform upper
bound for ny was already shown in [JNS15, Theorem 1.1]. For the convenience of the reader,
we present the proof.

Lemma 4.2.3 (Uniform upper bound for ny). Introduce

1 1
M = max {suan,sup <n8 +|n?- u|),supg}.
2 20 Q \2 Q
Then
ny(t) <M inQ, t>0.
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4. Large-Time Asymptotics for a Matrix Spin Drift-Diffusion Model

Proof. We use the test functions (ny — M)" in (4.7) and (n_

(n+(0) — M)*
;/Q(’(n"r(t) = M)*]P+ |(n_(t) — M)T[*)dx
* /ot/g (D4|V(ny — M)+ D_|V(n_ —

:—;_/Ot/gl(n+—n_)((n+—M)+—(n_—

t
_ D+/ / (ny — MYYVV - V(ny — M)*dads

—D//n_

M)Y*VV -V(n_ — M)tdzds

t
_ D+M/ / YV - V(s — M)*daeds — D_M/
0 JQ 0

— M)™ in (4.8), where
2zt = max{0, z}, and add both equations. Observing that (ny — M)" =0 on 9 and

=0 in €, we find after standard manipulations that

M) *)dzds

M)T)dzds

/vi V(n_

— M)*tdxds.

Since z — (2 — M) is monotone, the first integral on the right-hand side is nonnegative.

Then, writing (ny — M)VV - V(ng —
and using the Poisson equation leads to

M)t =vVV - 1V[ing —

3 [ (00 = A0 P+ -0 = M) )
+ /t/ (D4|V (s — MY*P + D_|V(n_ — M)*|?)dzds
< o [ 10 = 20 e = gl
N / / (ne — M)*P(ny +n_ — g(z))deds
| (n4 = M)* (ny 41— g(a))dads
_ D*M *(ny +n_ — g(z))dzds.

As M > ||gll 1~ (o)

M)*]?, integrating by parts,

and we integrate only over {ny > M}, we have ny +n_ —g(x) > 0 on this

set. Therefore, all integrals on the right-hand side are nonnegative, and we conclude that

= M)*2 + |(n-(t) = M)" ") dz

3 [ 160

T /O/Q (D4 |V (ns — MY+ D_|[V(n_

This shows that (n4

Lemma 4.2.4 (Uniform positive lower bound for ny).
t>0,
ne(t)>m>0 in Q.

M)*"*)dzds < 0.

(t) — M)*™ =0 and hence ny(t) < M in Q, t > 0.

O

There exists m > 0 such that for all

Proof. We show first that ny is strictly positive with a lower bound that depends on time. For

this, we use the test functions (ny —m*(t))” = min{0, ny —
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4.2. Long Time Behaviour of the Full Spin Matrix N

p=2X"2D_M, and
. . oD . 1 0 0.
mgmln{gl£2,1gf<2no+n u>}>0,

n (4.7), (4.8), respectively, and add both equations. Proceeding similarly as in the proof of
Lemma 4.2.3, we obtain

3 | (0 =)0+ (=) (1)

2
+D+/Ot/Q\V(n+— )" |Pdaxds + D //|v )" |Pdxds
- / [ ) s = mt) = () dads
//v (ny —m*)~ )2 VVda:ds——//V )12 - VVdads
D, [ m (s)/QV(m— m*)" - VVdads
—D_ [ m*s) [ Vine —m*)" - VVdads
b [ G) [ (G =)+ 0 = ) dods,

The first term on the right-hand side is nonpositive since z — (z — m*)~ is monotone. For
the remaining terms, we use the Poisson equation and the estimate ng = n4y +n_ < 2M:

;/ (0 =m™) = (1) + (n— —m")~ (1)) dx
= 2)\2/ / (ny —m*)~[*(no — g(x))dxds
2>\2/ / )" [*(no — g(z))dxds
Yl / m”(s) /Q(M —m*)"(no — g(x))dads
- % /Ot m(s) /QW —m)~(ng — g(x))dds
" “/ot m'(s) [ ((ny =m")” +(n-—m")")dods
< %Hgm / / s — )+ (e — )P} s
/ m “+ - <2M - u) dds
e / m*(S) <M
)

D_ * *\ —
< Salldlli= // [ = m") 2+ (= = ")) dads.

In the last inequality, we used 2M — )\QD;E ¢ < 0. By Gronwall’s lemma, this shows that
nt >m*(t) > 0in Q.

In the second step, we prove that ny is strictly positive uniformly in time. The idea is to
use the Di Giorgi-Moser iteration method similarly as in the proof of Lemma 3.6 in [GG89].

2M — ,u) dxds
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4. Large-Time Asymptotics for a Matrix Spin Drift-Diffusion Model

We set we = —(logny 4+ m)~ € L2(0,T; H'(2)) and take the test function e'w? ' /ny in
(4.7), (4.8), respectively, where 0 < —log(m./2) < m < 1 and ¢ € N,¢ > 2. Because of
the previous step, which ensures that n4 > 0, this test function is well defined. Moreover,
log(np/2) + m > log(m./2) +m > 0 and log(nd/2 £ n° - p) + m > log(m./2) +m > 0
such that wy = 0 on 92 and w4 (0) = 0 in Q. Formally, we compute 9;(e'w®) — e'wi =

—qetw;fln;latni. Therefore, integrating this identity formally over  and (0,¢) and using

(4.7)~(4.8),

/Qet( () + dx—// (w? 4+ w? )dzds
wi wl!
o )
q—1 q—1
/ / ny —n_ <7;'+ wn_, >dxds

_ 1.V
- D+q/ e’ /Q(Vn+ + 1 VV) - (g — Dwl? +wl™ n7;+ dxds
0 +

V_

dxds,

- Dq/t e’ / (Vn_ +n_VV)-((g— Dw?? +w?)
0 Q

where (-,-) is the duality product of H~1(2) and H}(2). The computation can be made
rigorous by a density argument; see [J95, (5.18)] for a similar statement. Since z +— (—(log z+
m)~)9~!/z is nonincreasing for z > 0, the first term on the right-hand side is nonpositive,

giving
t
/et(wi(t) +w? (t))dx — / / e’ (wi + w?)dxds
Q 0 JQ
t
< —D+q/ es/ ((q — 1)wi_2 + wi_l)(|Vw+|2 — VV - Vuw;)dzds
0 Q
t
- D_q/ e’ / (g — D’ + w ) (|[Vw_|? = VV - Vw_)dzds.
0 Q

Taking into account the Poisson equation and the inequalities D, < D_, wy > 0, and
ng < 2M, this becomes

t
/et(wi(t) +wq_(t))da:—/ /es(wi—l—wci)dxds
Q 0 Ja
_ t
+74D+(q 1)/ es/ (\Vwi/2|2+ |Vw(i/2]2)dxds

4D+q/ /\v 22 4 D212y g

_D+q / / <w+ + w+)(n0— o(x))dads
+ 7_2/ 65/ (wgl + wq_) (ng — g(z))dxds

2D M 2D M
< + / /qur +wl)deds + —— / / )dxds

2D M 4D M
761/ / (wh + w)dzds + —— / /da:ds (4.16)
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4.2. Long Time Behaviour of the Full Spin Matrix N

In the last inequality, we used Young’s inequality: qwj;1 < (¢ — 1wl + 1. We infer that

t
/et(wi(t) +wl (t))dx + Ko/ / es(|Vwi/2\2 + \qu_/2|2)dxds
Q 0 JO
t
< Klq/ / e’ (wl +w?)drds + Kae'
0 JO
for some constants Ky, K1, Ko > 0 which are independent of ¢ and time.
Lemma C.1.1 in the appendix shows that wy is bounded in L* with a constant which

depends on the L®°(0,7T; L*(£2)) norm of wx. Therefore, it remains to estimate w4 in this
norm. To this end, we take ¢ = 2 in (4.16):

t
/et(wi(t)—kw%(t))dx—/ es/(wi—f-w%)dxds
Q 0 Q
8 t
+7D+/ es/ (|Vw3/2|2—|—|v 3/2\ )dxds
4D M 4D M
< / / w} +w?)drds + / /dxds

By the Poincaré inequality, for some constants C; > 0, we obtain

/Qet( 2(6) + d:z:</ / ~ Ci(w? 4 w?) + Co(w? +w?))dads + Cse'.

Since f(x) = —C1a3 + Cya? = (—gla: + C3)x? has a maximum C, > 0 for z > 0, we can
estimate the right-hand side by e'(Cy meas({2) + C3). Division by e’ leads to

/Q (w2 (8) + w2 (t))dz < Cy == Cy meas() + Cs,

which does not depend on time. In particular, this shows that w4 is bounded in L*°(0, T’
L'(€)) uniformly in time. Thus, by Lemma C.1.1, [wx(t)|/f~q) < K for some constant
K >0 and ny(t) > exp(—K —m) in Q, t > 0. This finishes the proof. O

Remark 4.2.5. The factor e’ is necessary to derive time-uniform bounds. Indeed, without
this factor, the last term on the right-hand side of (4.16) becomes 4D_ M \~2 fg Jo dsdx which
is unbounded as ¢t — oo. |

We introduce the relative free energy
A2 9
H(t) = [ (B nae) + hln-nw) + 5 [V(V = Vo)) ()do

where h(ni|ne) = nelog(2ns /ne) — na + %noo, and the electrochemical potentials ¢+ =
logny + V.
Lemma 4.2.6 (Relative free energy estimate). It holds that

dH _ Dy

o S5 [ (4l V (01 = 00)P + 1|V (9 — do) ) dz
D_
b 2 [ (e ol + (1 = ) Vol

e
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4. Large-Time Asymptotics for a Matrix Spin Drift-Diffusion Model

Proof. Using the Poisson equation and the definitions ¢+ = logn4++V and ¢os = log 1o+ Voo,
it follows that

dH 2 2n_
o <8tn+,log :*> + <8tn_,log :> CNUGAW = Vi),V — Vi)

<8tn+,log ~ + log 2> + <8tn_,log Z—_ + log 2> + (O(ny +n_),V — V)

[e.9]

= <8tn+, ¢+ - ¢00 + log 2) + <8tn_, ¢_ - (Zsoo + log 2> (417)

This can be made rigorous similarly as in [J95, formula (5.18)], together with the techniques
in [Eval0, Theorem 3, p. 287].
Next, we subtract 3Dy x(4.10) from (4.7) and (4.8), respectively:

1
Ony — Dy div (TL+V(¢+ — ¢oo) + (N4 — %noo)v¢oo) = _E(n—l— —n_),

1

On— — D_div (n_V(¢_ — ¢oo) + (N — 3100) Vo) = —E(n_ —ng).

Inserting these equations into (4.17), we find that

=D [ nl9(6s = 6m)Pds = D [ 0 [V(6- — duc) P

dt
~ Dy [ (04 = 1) Vo V(64 — )
-D_ / Qnoo vch>0 : (¢— - ¢m)d$
~ 5 / (ny —n_)(logny —logn_)dzx.
We use the elementary inequality

(y—2)(logy —logz) > = (\y — \f) for y,z >0 (4.18)

.&\r—‘

to estimate the last term. Then the Young inequality and the lower bound ny > m lead to

dH __D.
dt — 2

D_
Dy 1 2,  D-
+5 /Q(”+ L oo) 2|V oo |2 + o /Q(n_ 1100)2|V oo | dar

- o [ (i - iy

[ 01V (61— ds)Pde = 2 [ 0 V(o — o)

finishing the proof. O

Lemma 4.2.7 (Lower bound for the chemical potentials). It holds that

IV (64 = doo)l2() + IV (0- = ¢o0)lI72(0)
> C([ny = gnoollZog) + In- = 3ncollZ2@) + IVV = Vo) 220

where C' > 0 depends only on M, My, A, and €.

Recall that M is the upper bound for ny (see Lemma 4.2.3) and M, is the upper bound
for no (see (4.12)).
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4.2. Long Time Behaviour of the Full Spin Matrix N

Proof. Tt holds that ¢+ — ¢oo +10og2 = 0 on 9. Thus, the Young and Poincaré inequalities
yield for any € > 0,

/Q (Nt = §700) (b2 — Poo +10g2)dx < e]ns — gnoo[F2() + C(6)ll9+ — doo +log 2720

< ellne — gnooll72(0) + Cle, DIV (dx — doo) 1 F2(0)-
(4.19)

Inserting the definitions of ¢+ and ¢, taking into account the Poisson equation —\2A(V —
Vo) = Mo — N and inequality (4.18), and finally using the bounds m < ny < M and
Moo < Noo < Moo, we obtain

[ 1 = o) (@4 = b +log D + [ (0~ fno)(é- — boc + log 2
Q Q
= /Q(n+ — Ine)(logng —log(ine))dz + /Q(n_ — Ins)(logn_ —log(3ns))dx
+ [ (0= ne)(V = Vo)
Z/(\/ﬁ—,/%nm da:+4/ V= — ko) da:+)\2/|VV Voo 2dz

1 (n+_noo/2 n— _noo/ ) 2 2
/ Sdz + A /Q|V(V—Voo)! dx

0 (Y7 + VD) (VA= + Vnf2)?

> C’g/(n+ - inoo) d$+C’2/( _ - §noo)2d:c+)\2/ IV(V = Vo) |2dz,
Q Q

where Co = 1(vV/M + /M /2)~2. Combining this estimate with (4.19) and taking ¢ < Cj,
we conclude the proof. O

Lemma 4.2.8 (Bounds for the relative free energy). There exist constants Cy, Cy > 0
independent of the solution and time such that

H< C¢(Hv(¢+ - ¢oo)||%,2(g) + ”V(st - ¢00)H%2(Q))’

H > Cp(|lny — gnooll72(0) + [In— — 3700ll72(0)-

Proof. Set f(y) = ylog(y/z) —y + z for some fixed z > 0. A Taylor expansion shows that

(y — 2)?

26

Y 1
ylog = —y+2=fly) = f(z) + ['(2)(y = 2) + 5" (E)(y - 2)? =
where £ is between y and z. Consequently, since n4 > m and ng, > Moo,

2n4 1
n4 lOgT — N4+ =+ §noo S Ta(ni — %noo)27
o0

where C1 = min{m, ms/2}, and, using Lemma 4.2.7, we find that
1 )‘2 2 1 2 2
H < max 20, (4 = gn00ll2() + 11— = §700llT2(q) + IV(V = Vio)I2(q))

1 AQ
< max {201, 2}0(||V(¢+ — boo) 720y + IV (96— = Po0)l72(0))-

For the second estimate, we use

2 1 ng — ineo)?
ny log il Nt + —Neo > (i—QOO), where 2Cy = max{M, My, /2},
Noo 2 20,
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4. Large-Time Asymptotics for a Matrix Spin Drift-Diffusion Model

to conclude that ]

=55 /Q ((n4 = §n00)? + (0= — g700)?) da.

This finishes the proof. O

4.2.2. Proof of Main Theorem 4.2.1

The starting point is the free-energy inequality in Lemma 4.2.6. We need to estimate the
integral containing V¢,. In view of Lemmas 4.1.2 and 4.2.8,

/Q (s — 11002V 2 < [ Vo2 gy 11 — Bmoo 22

< C%ll9nIFy2.00 (0 It = 37100l 72() < C2C 10D 2,00 ) H- (4.20)

By the lower bound of ny and Lemma 4.2.7, the free-energy inequality in Lemma 4.2.6
becomes

dH Dim  D_ C2,
dt ( 20¢ Crn H(Z)D”Vw qo(Q)>H+ TH\/7T+— \/ni||%2(ﬂ) <0.

Let § > 0 satisfy 2k = Dym/(2C,) — D_(C2%/Cg)é? > 0 and choose np and Vp such
that|¢pllw2a) < J. Then Gronwall’s lemma implies that H(t) < H(0)exp(—2xt) for
t > 0. By Lemma 4.2.8,

I74-(8) = 3ncollL2() + 12— (t) = 3ncoll2() < CyPH(0)2e 7, t > 0.

The H'(Q) elliptic estimate for the Poisson problem —A2A(V — V) = (ny — %noo) + (n- —
%noo) in Q, V-V, =0 on 09 gives

IV (t) = Vol < Cling(t) = 3100l r2() + Clin-(t) = 30l r2(0) < Ce™,

which proves the first estimate. For the second result, recall that we can decompose N (t) as
N(t)=i(ny +n_)og+ (ni + 3(ny —n_)p)-o. We use n, as a test function in (4.13):

zdt/ in, 2de + 2 /|vm| do + ~ /\m| dx

_ _ = 2, — _
=0 | Vi 9Vds =~ [ P — g(a))da

D 2
< salollim [ Ins e

Thus, if 7 < 217)\2/(D||g||Loo(Q)), the Poincaré inequality shows that

d
—/ Iny |2de + 2C(D,77,Q)/ Iny |2dx < 0.
dt Jo Q
By Gronwall’s lemma,
InL()l2@) < [nL(0)]L2@e “PP D, ¢ > 0.
Therefore, we find that
IV () 2"0000“1:2 Qicex2) S (5 (n4 = 3n0c) + 3(n— — %”Oo))UOHB(Q;@w)
+ HTU_ + %(Tl+ - n—)/*”) : GHLQ(Q;CQXQ)

< C}—{l/QH(O)l/2e—nt + HnJ_(())HLQ(Q)e—C(D,TI,Q)t < Cge—n*t,
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4.2. Long Time Behaviour of the Full Spin Matrix N

where C§ = max(2CH1/2H(0)1/2, [7L(0)||L2()) and x* = min(x, C(D,n,Q)t). This con-
cludes the proof of Theorem 4.2.1.
O

Remark 4.2.9. Let g = (0,0,1)" and n° = (0,0,n3). Then the components n; and ny of
the spin-vector density satisfy the equation

D
On; = div <772(an + niVV)>, i=1,2,

with boundary conditions n; = 0 on 99 and initial conditions n;(0) = 0 in 2. The unique
solution is given by n;(t) =0 for allt >0and i =1,2. Sincen =n, +(n-p)p =n, +nspu,
the perpendicular component vanishes, n (¢) = 0. We conclude that the dynamics of the
system is completely determined by n-, and the proof of Theorem 4.2.1 gives the exponential
decay without any condition on 7. In particular, the density matrix N(t) = %(nJr +n_)oo+
%(mr — n_)os converges exponentially fast towards %nooao as t — oo. [ |

Remark 4.2.10. We discuss the physical relevance of the smallness condition of the scaled
relaxation time 7 < 2n\*/(D||g||1(q)). In scaled variables, we may assume that D = 1 and
l9llee () = 1. The scaled Debye length is given by N = e,Ur/(qL?g*) = 2.7- 107", where
the physical parameters are explained in Table 4.1. We have assumed that the semiconductor
material is lowly doped. The scaled relaxation time is 7 = 7p/t*, where the typical time is
defined by t* = L?/(uoUr) = 1.5-107's. The spin-flip relaxation time is assumed to be
7o = 1 ps. This value is realistic in GaAs quantum wells at temperature 7' = 50 K; see [BF92,
Figure 1]. It follows that 7 = 6-1072. Thus, the inequality 7 < 29A*/(D||g| 1 (o)) is satisfied

if n > 0.11 or p < 0.99. This covers almost the full range of p € [0, 1). [
Parameter | physical meaning numerical value
q elementary charge 1.6-107" As
Es permittivity constant 10712 As/(Vem)
Lo (low field) mobility constant 1.5-10% cm?/(Vs)
Ur thermal voltage at T'= 50K 4.3-1073V
g* maximal doping concentration | 10'®/cm?
T0 spin-flip relaxation time 107125
L length of the device 10~° cm

Table 4.1.: Physical parameters.
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A. Addendum Effective Energy Transport
Model

A.1. Compact Embedding of H*(T¢) in L*(T¢)

We add here the proof for Proposition 2.3.17, where we prove that the space H*(T¢), given
through Definition 2.3.9, embeds compactly into L*(T%). A similar compactness result is
given in [Amb20], which is slightly more specific than ours. If we would replace T¢ with R¢,
the compact embedding H*(R?) c L?(R%) is proven in [DPV12].

Since we do not prove the equivalence to the fractional Sobolev space, we did not find in
literature a fitting result, hence we prove it on our own. The proof relies on basic functional
analysis, which can be found for example in [Rud91].

Proposition A.1.1. For all s € (0,1) the embedding H*(T%) < L*(T%) is compact for all
dimensions d € N (not.: H*(T4) cc L*(T9)).

Proof. Fix s € (0,1), and notice that the embedding
L HY(T?) = LX(TY), g g

is linear and continuous, hence bounded. Therefore it is enough to show that ¢ is a compact
operator. Define the family (.x)yen of operators

LN HS(Td> N L2 Td g — Z gm 2’/1'1’[%7
lez?
[1I<N

where §, (.) denotes the Fourier transformation on the torus (see Definition 2.3.7) and §*
its inverse. Since g € L%(T?) we have (for details see [Gra08] Proposition 3.1.16)

9(x) =F 1§ (9))(2) = Z Sz (g) (1) e2mib-x for a.e. z € T
1€z

From that and Plancherel’s identity (see (2.43)) we deduce for all g € H*(T9)

e = 57 (50 1) |

16— )@ = X ey )

2 =
lezd |l|>N LA™Y
1 s
= Y B@Of< N oo R () (O <
1eZ4,|l|>N | | lezd |l|>N

< ol
Sy e
Hence we obtain the convergence

1
lim su L= < hm — =0,
N—oo gEHSgI‘d) I¢ g )HLQ (T —o00 N8

”gHHS(Td)*l
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A. Addendum Effective Energy Transport Model

which gives us that ¢y convergences towards ¢ with respect to the operator norm.
Second step is to show that ¢y is a compact operator for all N € N. To prove this we will
see that the range of each ¢y has finite dimension. Obviously we have

8z (9) (1), for [I| < N,

Sz (en(9)) (1) = {0 for [I| > N.

Define the cardinality N = # {l cZd: )l <N } and the subspace of ¢2 with finite non zero
entries

Gi(2%) = span {(@)eza € (2% s ay = 0 ¥)I| > N}

Clearly dim ¢3;(Z?) = N and we see also that (LN(HS(Td))) C 2,(Z%). Since F, (.) is an
injective isometry from L?(T?) to £2(Z%) (consequence of Plancherel’s identity), we have that
dim §, (LN(HS (’]I‘d))) < N. From basic functional analysis we know that bounded operators
with finite range are compact and that the space of compact operators is a closed subspace of
the bounded operators with respect to the operator norm (see [Rud91] Theorem 4.18). Hence

1N is compact for all N € N and since ¢ is the limit of (1x)yen we finally conclude that for
all s € (0,1) the embedding ¢ : H*(T¢) — L?(T9) is compact. O
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B. Addendum Spin Drift Diffusion

B.1. Calculations for the General Zeroth Order of the Maxwellian

This section is devoted to the calculations for the ODE (3.75):

«%g“’) (8) = (o0 + 0 - ) #0)g (B, 9(0) = ov. (B.1)
where we recall h = %| 2+ a0 @, apO(z) = ZL(()O) () — V(x) and # (o) equals the normal
product (see Lemma ( 20)). If we write (3.75) explicit, we have

5 (gﬁ))(ﬂ) g&?(ﬂ)) _ <h<°>+a“: ag?_iag?) <g£§><ﬁ> <g><ﬂ>>
(B 9B D +iad” Y =l ) &V 9% )

with the starting condition
(ﬁ‘éi(e) g%( >> _ (1 o) _
951 (0) 959 (0) 0 1

If a(© (x) would be constant zero, the differential equation would reduce to a single one of
the form

939 (8) = (h§” + ao™) g (8)
with the solution

99(B) = exp (5 (h(()o) + a0(0)>) o)

The next important case is that when ago) () =0= aéo) (z) for some x € R3. The differential
equation to solve would be

5 <gn () w)) h +a ) gl (8) () +a8”) 919 (8)
AV I ) h — ‘°> aB  (h) —a) gD B))’
<gu (0) g§3><o>> ( o) |
g0 g) \o 1

Here we obtain the solution

9(0)(5) _ (exp (6 (h(()O) T aé0)>> 0 )>) (B.2)

0 exp (ﬁ (héo) - aéo)

Last we solve the equation (3.75) for each = and p, where we assume that al (w) #0# a ( ).
This leads us to solving two linear differential equations of the form

91(8) = By1(B)  with y1(0) = <é> ; (B.3)
92(B) = By2(8)  with y2(0) = <(1)> ; (B.4)
147



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

B. Addendum Spin Drift Diffusion

where y1, yo are functions of 5 € RS’ with two components and where B := h(oo)ao +a0 . g is

a 2 x 2 matrix. Equations (B.3) and (B.4) represent the equations for the columns g.(lo ) (B) and

g.(g ) (B) respectively. We will not give all calculations but we go through the most important

steps. The eigenvalues of B are
)\172 = h(()o) + ‘a(o)‘.

The belonging eigenvectors have the following equations

-0\ )
a§°) + iago) —ago) - ’a(o)‘ va)

=B—-\11d
0 0 . (0
@) +a®] e —ia” (o ~0 (B.5)
a§°) + iaéo) —ago) + ‘a(o)‘ V2 ' '
=B-X21d

For equation (B.3) we look at the second line, which provides the condition

) (0) 0) (0)

o) | . ( .
ay’ +lay ay - +1ay
V2= Ty VL Y=g N
a0 o7+ a0

Then we choose for equation (B.3) the following eigenvectors

a0 a0
v = a§0)+iago) s Y= a§0)+iaéo) N
1 1
and obtain the general solution
(B =Cuexp (5 (k" +[a])) v+ Corexp (3 (" ~ [a])) 7

With the starting condition of (B.3) we obtain as solution for the ODE (B.3)

(0)
01— ) (291 -] 1 9 )

- 2[a®) (11— Bl () 4 1) :

For the second differential equation (B.4) we choose different eigenvectors 9,4 of the solution
space, to simplify the calculations. Looking in (B.5) at the first line, we obtain the relations

B _ago) + ’a(o)‘ B ~ —a:()f]) - a(o)‘ ~
Vg = U1, 2= o N
ago) — iago) ago) — iago)

The new chosen eigenvectors are

1 1
V= —aé0)+‘a(0)| s :/ = —aéo)—‘a(0)| 5
a&o) —iaéo) a&o) —iaéo)

leading us to the general solution of (B.4):

w(8) = Coexp (5 (k" +[a])) & + Corexp (3 (" - [a]))
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B.2. Needed derivatives of g(®)

The starting condition of (B.4) provides us the solution of (B.4)

5(!160)) eBla®| _ ¢=Bla® ) (40 _ a0
g‘(g) (B) = y2(8) = 62’61(0)’ (eﬁ‘a(o)|((’a(0)’ — ago)) + 625(|a<10>| (a:())O? —i—) ‘a(O)D) '

Recalling the identities cosh(z) = 3(exp(z) +exp(—z)), sinh(z) = 3(exp(z)—exp(—z)), and

introducing the short notation e* := ei5|a(0)|, leads us to the zero order of g(3):

0) _@B (héO)) ’a(o)’(e+ —+ e_) —+ ago) (e+ — 6_) (6+ — 6_)(ago) — iago))
g8 "~ 2/a®] (et — e‘)(ago) + iago)) ’a(o)'(eJr +e ) — aéo)(eJr —e7)
:eﬁ (h(()O)) (cosh (ﬁ‘a(O)D oo + sinh (B‘G,(O)D ‘Z§2§| : a’> (B.6)

Since M (N) = g(1), we obtain the zero order of M (N)

MO(N) = e(héO)) (cosh (‘a(o) D oo + sinh (‘a(o) D al” . a’) ,

a0

Remark B.1.1. If we take a closer look on ¢(© (), we see that if we let a(®) go to zero we
have that, since sinh(z)/z converges to one for x going to zero,

(0)
lim ¢ (8) = eﬁ(ho >J(].

a(0)—0
Also if we let ago), ago) — 0 in (B.6) we see that ¢(®(8) converges to the same solution as in

(B.2). n

B.2. Needed derivatives of ¢

For the sake of completeness we give here the derivatives we need for the calculations, starting
with hg:

2 2

&ckho - 81% <_|g‘ T aO) = 89%(10’ 8ilehO = apk <_|§| + CLO) = — Dk,

@j Tt T P Gy *?Jrao = Uz; Uz, 40, z; Opi 110 = Ox; Opy, —7+a0 =0,
Oy, 0y, ho = 0.0 pl’ = 5. 9 0 ho=0 0 bl _
Pj PO = ¥p;i Uk —?-i-ao -9 p; Oz, 110 = Op; Uxy, —?4-(10 =

Recall that ¢(9) = exp(Shg)og, we have that g(()o) = exp(Bhy), then we get for the z-derivatives
(0)

of gy =
05,95 (8) = B(8s,a0) exp (Bho)
02,00, 95" (8) = a, (B(Dup10) exp (Bho))
= B(8y, 0 a0) exp (Bho) + B2(9,a0) (Do) exp (Bho)
= ﬁ eXp (ﬁho) (8xjaz‘ka0 + /B(aazj ao)(8$ka’0))‘
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B. Addendum Spin Drift Diffusion

The derivatives for g(()o) (8) with respect to the momentum p are given by:

e 98”(B) =(—px) B exp (Bho)

3pj3pkg(()0)(5) = — ;B exp (Bho) + pjprB° exp (Bho)
=B exp (Bho) (Bpipr — djk)

B, Op; 0p 9V (B) =(—p:) B exp (Bho) (Bpjpi — Sj1) + Bexp (Bho) (B3ijpk + Bp;jdir)

=532 exp (Bho) (Pidjk + Prdij + pjdir — BPiDiPk)

B.3. Calculations and Solving the ODEs for the Orders of g(53)

This part of the appendix is devoted to solve the ODEs appearing in the proof of Theorem

3.6.2. First we state a well known formula, without the proof.

Theorem B.3.1 (Duhamels formula). Let u,(,§ be three functions from R to R sufficiently

smooth. Then we have for the following differential equation
u' =Cu + ¢,

the following solution

u=C'exp </06C(s)ds> + /06 exp </fZ C(T)dT) &(s)ds.

Recall the definitions:

ho = (—M-HLO) ; ap = ag —V, hi = (a— ap™), Hy = hgoy, Hy=h; o

B.3.1. The ODE for the first order

We want to solve
959N (8) =HogM (B) + ¢Vh1 -,  ¢M(0) =0,
With Duhamel’s formula we obtain
1) g
9" (B) =Cexp (Bho) + /0 exp ((8 — s)ho) exp (shg) hids

B
=Cexp (,Bho)—i-/o exp (Bho) hids.

Since our initial condition demands that g(Y(0) = 0 we have that C' has to be zero and

therefore:

g1 (B) = Bexp (,3 (—“;'2—1— ao>> (a — apL) 0.
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B.3. Calculations and Solving the ODE:s for the Orders of g(/3)

B.3.2. The ODE for the Second Order
Next ODE is to solve is

039)(8) = Hag® (8) + 89 | (380 = £ (" (V © Vaolp = [Vaol) ) + Iaf*] o,

8
g?(0) =0

which means that we have four equations to solve. The ODEs corresponding to the off
diagonal, have the simple solutions

(9®(8))12 = Cexp (Bho) = (9 (8))a1.
The initial value ¢®)(0) = 0 implies that the constant C' has to be zero and hence
(92 (812 = 0= (42 (8))a1.

For the diagonal terms of ¢(®)(3) we apply Duhamel’s formula (see Theorem B.3.1). Both
equations are equal, hence have the same solution:

(623 =Cexp (o) + [ exp (8 o) sex (sho)-

( Aag + - (|Va0| —p (V®Vag)p)+|h1]2)ds
:Cexp(ﬁho)—i—exp(ﬁho)/B ( Aag + = (|Va0| —p (V®Va0)p)+|h1|2>ds

= exp (Bho) <C+§2( Aag + 15 (IVaoI —p (V@Vao)p)+|h1|2)>

The initial condition is (¢(*)(0));; = 0 provides again that C' has to be zero. Therefore we
obtain for the second order term the following expression:

g2(8) = ﬁzexp (ﬁ (_!? >> (Aa L P (|va0| —p (V®Vao)p>+4’a—apL‘2>o—0

B.3.3. Calculations for the Third Order

Here we add some calculations, that are basic, to give slightly more insight what happens
in between. We mark with small boxes to which term we add calculations. In addition we
mention that a vector valued function f, with dependence on the space variable x, multiplied
with VppL is the same as crossing f with the third canonical basis vector of R?, meaning

(Vpp)f = £+ and f7(Vpph) = (Vpp)Tf = —f*

ho# (29 (B):

First we give here the calculations for ho#1)A2, where we defined A2 in the Proof of
Theorem 3.6.2

Ao = Aag+ 5 (!Vao\ —p"(V ® Vao)p) + 4

151



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

B. Addendum Spin Drift Diffusion

Starting with the x derivative we have

3 3
8$i|vxa0|2 = 8377, Z(aﬂcjao Z 20, 5 @0 al‘zaﬂc]ao) = Q(ano(vx ® vxaﬂ))i7
=1 =1

Va|Vaaol? = 2(Vaao(Ve ® ano))
o,

3

1?_ 2, 2
a—ap'| =, (a1 — ap2)* + (az + ap1)* + a3)

= Oy, (af + a3 + af — 2a(paar — praz) + @*(p} + p3))
= 2(a10y,a1 + a20y,a2 + a30y,a3 — 20(p20y, a1 — p10y,a2))
=2a-0y,a—2ap - 0,,a
=2(a—apt)-9a
Velhi)? = 2(a — apt) T 'V,a = 2(V,a)  (a — aph).

Therefore we have for Ay the following gradient with respect to x
Vo = Vx(Axao) + §(2(an0)(vx X ang) — Vm(pT(vx (= ano)p) + B(Vwa)Thl.

For the derivatives with respect to p we prepare:

2 2

2
O, (0" (Vo ® Vaao)p) = 9p, DY 02,00,a00i0k = Y, Oy 0z, 00045k + O, Oy a00irD;
=1 k=1 k=1

2 2
8xj 83:1 aopr + Z 89018% app; = 2 Z 8xj a:r, aoppi,

1 j=1 j=1

]

k
= 26151 (an() p)7
Vp(pT(vw ® V;,;ao)p) = 2((V$ ® Vyz)ag)p,

8177; (

2
l‘ ) :api(a%+a§+a§_2a(p2a1 1a2)+a (p %—i—p%))

= —2a(0i2a1 — Si1a2) + a*2p;,

V, (Ih1[) = 2a(ap + @) = 2a(a(es x p) x e5 + a x e3)
=2a(a(es X p)+a) x e3 =2a(—a(p X e3) +a) X e3
= 2a(a — apt) x e3 = 2a(V,pT)(a — aph).

and therefore we obtain

2p

Ve = == (Ve @ Va)aohp +8a(V,p ).

Since the matrix (V, ® V;)ag is symmetric we have that

D- ((ano)(vw ® V;cao)) = (an())(vx & vzao)p,
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B.3. Calculations and Solving the ODEs for the Orders of g(/3)

which leads us to

Vpho - Veda — Vihg - Vpde =
=—Dp- (Vm(Awao) + g@(ano)(Vx ® Vzag) — Vx(pT(Vz ® Vgao)p)) + 8(Vma)Th,1>

- (Vato) - (=2 (V2 & Vaao)p + 8a(Typ o
V(" (V2 @ Vaa)p) — p- ValBsao) — 8p- (Voa) hi — 8aVaao - (Vyp )y
3
ng -V (p" (Vi @ Viao)p) = p - Va(Asag) — 8(Vaea)p - hi + 8a(Viag x e3) - by
=2 V" (V2 © Vaao)p) — p- ValAsao) + 8(a(Vhao) ~ (Vaa)p) - b

The final result is then
1 52
h 2 - 22 0
07 (1) 5 8 Y
,32

=16 exp (Bho) gp . Vx(pT(Vx ® Veao)p) — p - Va(Azag) — S(Q(Vf{ao) 4 (Voa)p) - b |oo.

(Vpho - Vada — Vaho - Vyho) 00 =

pT(vx X V:paO)vppL = _V;Jr_ (Vzao : p):

With the behaviour of VppJ- mentioned in the beginning we get

T (Ve ® Vaeao)Vppt = — (Vi ® Veag)p) X €3 = =V (Vaao - p).

2ihy x g, gV = V,hy x Vg — Vb x Vg

(hl X# 1) g(l)> =
Vp(h1)2 - vazg:(),l) — Va(h1)2 - Vpgi(),l) — Vp(h1)s - ngél) + Vz(h1)s - Vpggl)

! (M M M (M

=3 —[Vp(hl)l'vzgis —Vx(hl)l‘vpgi:, —Vp(hl):%'vxg% +Vx(h1)3'vpg% ]
vp(hl)l ' v:cg; ) — vw(hl)l : vpgé )~ vp(hl)Q ' va% ) + V:v(hl)Q : vpgg )

L Vel vxgéz = Valhn)s- vxgél(if Va(h)s vpgéz)— Va(h)z - vpgéz)

=57 | ~[Ve(h1)1-Vags " = Vp(h)z - Vagy * + Va(ln)s - Vipgr = Va(hi)r - Vygs ]

Vo(hi)1 - Vags? = Vp(h1)s - Vagl + Va(hi)a - Vool = V(b)) - VgV
1
- (Vph1 x. Vag™) = Vohy x. V,g11) .

The notation x. just specifies that the cross product multiplication is actually the euclidean
scalar product, which was dropped in the proof of Theorem 3.6.2.

‘ Substituting the terms to obtain the ODE:
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B. Addendum Spin Drift Diffusion

959" =Hog"® + Hot1)9"®) + Hot (59" + Hott (39" + Hig® + Hi# )9 + Hi# o)
=Hog®+
2
+ %g(o) [gp Ve (Ve ® Vaag)p) — p- Ve(Azag) + 8(a(Vrag) — (Vea)p) - hi| o
2
+ %9(0) { <2Ama0 + 5 <|ano\2 —pH (V. ® ano)p» hl} o
+ gg(o) {Qﬁ(avi(vxao -p) + Vea - Veag) + Axa} o
5> B T
+ Eg [p -V (Azag) — 3P Ve (p (Ve ® Vmag)pﬂ 00
2
+ g g [Aggao + = (|Vmao| —p(Ve ® ano)p) + 4|h1|2] h-o
B
+ 5 [(5((an)p — a(ano)L) . hl)} (o)
+ gg(o) [5 ((an)p — a(ano)J‘) x hy — 204(Vj; X a)] o
1

- gﬁg(o) [/3PT(Vx ® Vza)p — Agca] o=
4
:H()g('?’) =+ gg(o) |:B <3A:Ea0 —+ 56 (|vxa0‘2 _pT(Vm ® vmao)p) + 4’h1‘2> h1+
+2A.a — 804(V$ xa)+ (Qan -Vzag — pT(Vx ® Vea)p + 2aVi‘(ano p)) +

+44 ((Vma)p - a(Vmao)L) X hl} e

Solving the ODE: ‘

Recalling the initial condition is ¢ (0) = 0, we want to solve the above differential equa-
tion. An immediate consequence is, after comparing the Pauli components, that the zero
component has to be zero, i.e.

For the o components we can apply Duhamel’s formular (Theorem B.3.1) simultaneously
and therefore

g () =C exp (Bho) + / " exp (8 — s)ho) exp (sho)
2l (3004 S0l = 5T © Vaghs) + Ahsf?) Bt
+2A,a — 8a(VE x a) + s(QVanxao —p'(Ve ® Vea)p + 20V (Va0 -p))—i—
+45 ((Vaa)p = a(Vaap)*) x hl] ds.

With the starting condition g3 (0) = 0 we have that the constant C' equals zero and therefore
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B.4. Calculations for the Semiclassical Expansion of the Lagrange Multipliers

we obtain as result, after simple integration,

2
99 (8) =5 exp (3ho) [ (36200 + 8%(|Vaol* — p"(V © Vao)p) + 45|hi[*) h

+3Aa — 12a(V* x a) + #(2Va - Vag - p (V @ Va)p + 2a(VH)(Vag - p))

+ 45<(Va)p - oz(Vao)L> X hl] 0.

B.4. Calculations for the Semiclassical Expansion of the Lagrange
Multipliers

B.4.1. The Total Derivatives of M with respect to ¢

To obtain the equaions (3.121)-(3.124) we need to calculate the total derivatives of the quan-
tum Maxwellian. It is just applying the chainrule and to save time for the reader, we do it
here.

dM aM Z@Maaj

de ¢ daj Oc’
d*M d 89\/[ Z OM Da,
de? ¢ daj O
829\{ Z 9*M day 23223: *M daj day | OM 9%a,
(0c0a; Oc ‘== DajOay, e de  Oa, 0e?’
M d a2M Z 0*M Oay 23:23: M da; day,  OM 9%a,
de3 de \ 9e2 (0e0a; 0 = = Daj0ay Oe e Daj 022
a3M 23: 83571/[ aaj 23: PM da; ZZ PM 5> a M daj day,
0e20a; ¢ 0e20a; Oe — (=, 00a; Oe? 858(1]8% de O

5. PM Da; aM Pa; a?M aaka aj

+’§)§) Ja;j0e 86 6a 853 aaj(?ak e Oe2

L& PM Dajday, | PM (a%jaak a%kaaj)

T2 2 5000 9e 0c + Dajour \ 02 0= T 022 o

5. 3.3 PM aaj Oay, Oa;

+Zzza Dayda; e 0z Oe

7=0k=01i=
3 3 3 3 92 2 3 3

:89;/[+ 2829\/[ 8a] O*M 0%a 322 M 8a]6ak
Oe 0s20a 85 8 da; Oe? — = 0858%8% Je Oe

852 O + 0e? 0Oe

5 8.‘71/[(")3(1] 23:23: a?M ,a; day 8ak da;
daj 0Oe3 da;Oay,

=0k=0
5 aSM da; day, da

* Z Z 2 Do dandar 0= De Do

7=0k=01:=0

Now we need to evaluate these derivatives at € = 0 and by replacing the partial derivatives
of a; with the respective order (see (3.120)) we obtain the desired equations.
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B. Addendum Spin Drift Diffusion

B.4.2. Calculations for a((f)

In this section we want to calculate the second order of ag where we have derived in the proof
of Theorem 3.6.5 that
> . (B.7)
e=0

1
ay = <géf><1>

no

We recall the already calculated orders

2
a(()O) = log (;?) ) a(()l) =0, a® = nﬁo’ alt) = 0, h(()O) = _’p;‘ + a(()O)v hg()) =al" + OépL

Looking at the integral in (B.7) we get with Proposition 3.6.4 and that <exp(h(()0))> = ng:
(o0 J%&mw»@% (v =7 (v 0 9a) ) < )
e
51; (no (Aao ’V ’ ) + <exp( ) ( ‘h ’ %p(v ® Va(()o))p> >> )

We integrate the last two terms on the right hand side. Notice in the upcoming calculations
that exp(hg) is even in p and so multiplying it with p; makes it odd. Therefore (exp(ho)p;pk)

equals zero if j # k and that <exp(hgo))pj2-> = eXp(a(()O))Zﬂ =mnyg for j € {1,2}. We get

<exp (h(()o)) pl (V ® Va(()o)) p> = i <6Xp (h(()o)) Oz ; Oz, a(() )ngk> i <exp < he )) 82 a(()O)P]
b=

1 Jj=1

:noAa(()O) .

For the second integral, with similar argumentations we get
<exp (h((]o)) ’hgo)’2> <exp ( ) (‘a(o)‘ + « ‘p ’ - 2ozp2ag ) + 2ozp1ag ))>
:%no (27?‘61(0)‘ + 47ra2) =nyg Oa(o)‘ + 2042) .

Substituting our results and the various orders into (B.7), and using the fact that the deriva-
tive of the logarithm can also be rewritten as 0, log (no/2m) = 0, log (ng) , provides

1 1 2 1
a((]Q) = (no (Aa(()o) + f‘Va(o)’ ) + 4ng (‘a(o)‘ + 2a2> — noAa(()o)>
8 no 3 3
:——A (0)——V (0)‘ ‘a(o)f—a?
2
1|n|?
=- *Alog(no) - —]V]og(n0)| " olnel T g
Additionally we add the needed derivatives of log(ng) for j € {1,2} to obtain a more handy
form of a(()Q):
1 1 1 9 2
aa:jlog(no) :%axjn07 a;cj (8I]10g(n0)) = aﬁl‘j ;Oawjno = T{)Q (axjno)no - (8Ijn0) )
A 2
Viog(no) =220, Alog(ng) = 200 _ [Vl
no no no
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B.4. Calculations for the Semiclassical Expansion of the Lagrange Multipliers

and hence
(@ _ L (Bno [Vnol*) 1 |Vno? 1imp?
O 12\ ng no2 24| ng 2| ng
1 (Ang  1|Vnol*\ 1|n >
=— — - = — —|— —a“.
12 no 2 HQQ 2 no
B.4.3. Calculations for a®
Starting point here is the equation
1 1
@2 — _ = [ 4B )
a\‘ = — g (1 — —ay ‘M. B.8
n0< <>€0> —af (5.3)

The integral on the right hand side is given by

1 2 2
<g(3)(1)‘ 0> = <exp (n$) { <3Aa[()0) +|Va"| = p"(V @ Vi )p + 4|n{”)| ) h+
e=l

+2va® . Vaéo) —pT(Veva)p+ QOJVL(VCLE)O) -p)

+34a® — 120V x al® + 4((Va)p — a(Vay" ) ) x h{” ]>

:% ((3Aa(()0) + ‘VQ(()O)’2> a(O) 4 QVG(O) . VCL(()O) + BAG(O) _12aV+ x a(O))
1 2
+ o (e () | (<077 0 Vol + a|n” ) A 7 (7 & va©)p

+ 2aVL(VaéO) p) + 4( (Va(o)) p—« (Vaéo))L> X hgo)} > .

In the previous Section (see Appendix B.4.2) we already dealt with some integrals of the
same kind and additionally with Proposition 3.6.4 we deduce that

<eXp (h(()o)> (pT (V ® Vago)> p) h§0)> = <eXp (h(()o)> (pT(V ® Va(()o))p)> a®
+ « <exp (h(()o)) (pT(V ® Va((]o))p> pl>
=ng (Aa(()o)) a®,

and
<exp (h(()o)) <’h§0)‘2) hgo)> = <exp (h(()o)) (‘hgo) ’2> > a® — o <exp (h(()o)) <’hgo)‘2> pJ‘>
=ng <’a(0)‘2 + 2a2> a® + 202 <exp (h(()o)> (a(o) ~pL) pL>
2 1 1
=N (‘a(o)‘ + 2042) a® —2a°n, (a(o) ) 5
and
<exp (h((]o)) pl (V ® Va(0)> p> = noAa(O), <2aVL (Vaéo) p)> =0.
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B. Addendum Spin Drift Diffusion

Now we take a look onto the terms where the cross product with hgo) appears. The first two

upcoming integrals vanish because odd functions with respect to p are integrated and the
third follows from Proposition 3.6.4:

(exp (197) ((Va) p) x a?) =0
(aexp (1) (e?) 5 p*) =0,
)

@ <exp (hgo)) (Vaéo))l x a®) =anyg (Vaéo)f_ x a9,

The very last integral gets a bit more attention (notice that in the second equality the odd
terms disappear after integration):

(0) (0)

83:1@1 P1 —1—812@1 D2 D2
(o0 ) (0)2) )= (o 0) [ | ()
axla:(}(])pl + 5x2 a§0)p2 0
Oayalp}
= <exp (h(()o)) amQago)p% >
(0) (0)

2 2
—8x1a1 b1 — 8x2a2 P2

= —no(V x e3) x a®.

Hence we obtain for the integration of ¢®® (1) at ¢ = 0 the following

2
<g(3)(1)‘ > :% <<3Aa60) + ‘Vaéo)‘ ) a® 4+ 2val?. Va[()o) +3Aa% — 120V x a(o))
e=0

LMo

1
©0)]? 2) 0 _ g 2( 0 _ (A0 ,0) _ A,0)
54 4 (‘a ‘ + 2c ) a 8o (a ) (Aao )a Aa

—4 <a (VL> x a® +a (Va(()o)>L X a(o))]

2 2
:% [<2Aa(()0) + ‘Va(()o)) +4 (‘a(o)‘ + 2(12)) a(®) — 8a? (a(O)L>

€

i
+2va® . Vaéo) +2Aa% — 16aV* x a? - 4a (Va[()o)) X a,(o)]

2 2 -
:% <{Aa(()0) + %’Va(()o)‘ +2 (‘a(o)‘ + 2012” a® — 402 (a(O)L> )

1
+ % (Aa(o) +Va® . Vai” —a (8V +2Vaf’ ) a(0>) .

Before we substitute into equation (B.8) we want to calculate the needed derivatives of
a®) =n/ng:

1 1
9,00 =—8, n — —5 (0z;n0)M
no o

1 1
aiia(o) =0y, (&Ein — 2(8%710)11)
no no

1 1
=— ((92,n)no — Duim 040 — - (((82,n0)m + Dumo Duym)n0® = 2n0(02,m0)*m)

e
1., 1 1, 1 )
:n—oazin - 2702(8“710)8%71, - n—(ﬂ(ﬁxino)n + 2n—03(axino) n.
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B.4. Calculations for the Semiclassical Expansion of the Lagrange Multipliers

With the above we can calculate easy the gradient and the Laplacian of a(?):

)

Aa® = L (An - —Vn Vng — —(Ano)n + 2‘ Vrio
no no no

Finally substituting everything together into (B.8) we obtain

a®=_1 <g<3>(1) > _Lon
e=0 1o

:_112<{Aa0 2‘V ‘+2<’a )+2a )} (0)_4a2<a(0)L>L>

1 1
kT (Aa(o) +Va®. Va(()o) -« (SV + 2Va(()0)> X a(0)>
(1 (Ang Va1V 1| )
ng 12 \ ng ng? 24 ng 2| ng

I ay
ng

o 1 Ano _9 Vno 2
_12n0 no no
1 1 L
- — (Vn—nVno>-vm)—a<8V—l—2vno> Xn
12ng no no no
= o _ Vo +8a% | n+4a? <nL)
12n0 no

no
1 /A L
(Bn_Tn Ty o (g Tyt
12 ng  ng 6n0 no

1 8a2> n + 402 (nl) — An +2Vn v”")

no

4]
no

B.4.4. Gradients of the Second Order Lagrange Multiplier

We give here the calculations for Va(® and we will see that then the explicit form of Va(Q)

follows directly. For the second order we start with applying the product rule

1
Val® = -
a v ((3 no no 12 no 12 no no
_ ng(in[, LAn _ 1|Vno*) 1‘71
no 3 no 12 no 12 no 3 no
An 1 Vn Vng
¥ () v G )

Looking at the expressions separately gives us

2 1 ATLQ
12 ng 12

V?’Lo
o

n

2) ﬁ_i% 1 Vn Vn())

2 1 Ano VTL()

12 no 12| ng

v ()

2 3 >

n 1 1
Opp|—| = Oa 722”3 - QZ”J axkn])no — 2n0(0z, no) Zn
o 0% 5= no’ j=1 =1
1 1 2
= 92 <n02n . a«rk’fl/ — 71703|n| axkn0> )

2 2

n n Vn n |*Vng
vd R P A O KA R A B.9

no (”0 o Mol Mo ) >
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B. Addendum Spin Drift Diffusion

2
Here the j—th row of the matrix V‘n%‘ n reads as follows

2
(V n) :2<n.Vn_
j. no 0

Next term on the list is V|(Vng)/no|*>. The calculations are similar to the previous ones
where we only need to replace n with Vng. The gradient of the gradient equals the tensor
product of the derivatives (or just the hessian) and will be denoted with V ® V.

n

no

n

no

QVn())
e nj.

no

Vno 2 1 1
8xk —) =2 (TL()QV”O : aﬂckvnO - n03|vn0‘28&?kn0) )
) 2
V‘ Vno _ 5 <Vn0 (V & V)no B Vng VTLO) ' (B.lO)
no no no no no

Next term is quite straight forward where we only apply the quotient rule.

(B.11)

)

v <An0> ~ V(Ang) ~ Vng Ang < (An) ~ V(An) ~ An Vny

no no no No no no no No

The last derivative that will be calculated, needs do be done more in detail, to avoid confusion.
Let for j € {1,2,3} and for k € {1,2}

Vn Vn 1 &
on(5252),) -on (e By -
J

o 7o i=1

1 (& 2 (&
=—5 (Z(axkawinj)aminO + (8$inj)a$k8$in0> - —3 (Z(axinj)(axin@awkn0> )

no® \ = no” \i=1

which means for the gradient of the j—component

v ((Vn . VW)]) _ Vg <(V®V)ny‘> AL ((V®V)no) ) (an ' Vno) Vg

no no no no no no no no no

In general we have

o <Vn ' Vno> _ Vg <(V®V)n) L vn ((V@V)no> Ly (Vn ‘ Vn0> Vng

no no no no no no no no no
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B.5. Another Depiction of the Semiclassical Model (3.106)

n

no

2 1 Ano 1 Vn()

Therefore we obtain for the gradient of the second order of a the following result
2 i Ano i Vn()

2

12 ng 12| ng )
2 n 1 An 1 Vn Vng

20y 12 ng )V(w)‘uv(w)wv(wno)

®Vng | 1 V(Ang) 1 Vng An0>

Va® = Ev (1
no 3

(1
3

n<2n Vn 2

n

no

n

nio no 12 no 12 ng nNo

1n (Vg (Ve V)ng  |Vng|*Vng
6 no no no no no
N 1‘" to 1A 1|Vl (V"_"Vno> _ 1 V(An) 1 AnVng
3 no 12 no 12 no no nog no 12 no 12 ng nNo
1 Vng <(V®V)n> 1 Vn <(V®V)no) 1 (Vn Vn()) Vng
— + - - —  — ) —
12 no no 12 no no 6 no no no
_ E 22 E_ 2 Zvno _’_iV(Ano) _1V’I’L0 Ano _EV’I’LO (V@V)no
B no 31’Lo no no no 12 no 6 nog MNo 6 o no
+£ EVno 2V7’LQ +i@ (V@V)ng+ 4£2+An0_ Vn02 -
no 4 no o 12 no no o o no
1 (An (Vn Vn())) Vng 1 Vnyp(VeaV)n 1 V(An)
- — 92— . —— _t 7
12 no no no no 12 no no 12 no

where ((Vng(V @ V))n); = Vng(V ® V)n;, and we point out that Va(® is a 3 x 3 matrix,
where the last column equals zero. For the gradient of a(()Q) we need only (B.9), (B.10) and

(B.11), which gives us

2

1 Ang  1|Vng|? lln
@ _-_ = 0_ 2 0 _vo| 2
Vao 12v< no 2 no’ ) Valng
o i V(Ano) B Vng Ang B Vng (V & V)no " Vno 2V7‘L0
N 12 no nog nNo no o no o
_(n . Vn_|n]*Vno
no no no no

B.5. Another Depiction of the Semiclassical Model (3.106)

For a better overview we give here again the semiclassical model for the spin components:

1

On =7 div (Vn +nVV) — 27a(2V + VV1) x n — 470?(2n + (nh)")
2 2
n %nﬁ < B(N) + T% div (nA(N) = V(An) + (VR)C(N) + B(N)Vng + D(N))
0
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B. Addendum Spin Drift Diffusion

where
A(N) =2 Vo 2%_42.@_ Ving Ang  Vng (V®V)n0,
no no no N ng ngo no no
A
B(N) = 7’"’ — @ m’
no no no
A 2 2
C(N) = <no_ Vo +42 >0_0+V®VTL0,
no no no ng

vy = YVav) <vn _ Vno) Vg

no ng ) no

We are interested in the divergence that appears in the second line and we want to resolve
it. Recalling that the gradient is a row vector, V = (0y,,0.,,0) and that for a matrix
valued function B(x) the divergence is defined as div B(z) == Y7_; 9y, B x(z), where B j(z)
represents the k-th column of B. For better understanding we recall some done calculations:

2 2
n n-0,n |n|"0y no
Opy|—| = 2 T~ - B.12
Tk no ( n02 n03 ’ ( )
Vno

Oy | —

2 . 2
_ <Vno 95, Vng  [Vny| %"0) ' (B.13)

n02 n03

The plan is to calculate each term separately so that it is easier to follow.

First term:
, Vno |2 Vng Vg | 8z, no
d ALY Bl O 20
a (n no no ) Z k ( no no
B 52 2 2
no no no no

2 2
_ Z om Vng - &ckVno |Vl fzkno Og,, 10 n \WIE naxkno B n(azkn;))Q + (Bym) O\, 10
O no no no no no
4 A 4 2
_ 9 <VTLO V ® Vng ' Vno) "—2 Vng n Vng non_ Vno n Vng | Vg VUn
no no no no no no no no no
_ <2VTL0V®VTL0 ' Vng _3 Vng 4+ Vng 2An0> n+ < Vng QVn()) VUn
no no no no no no no no
Second term:
n Vn n; O 15 n 0,mn
div (n (no )> Z "0, (; no r:o ) Oz (no nko )
oy (OO ny o Onn)onno) L (nj &rknj)
== no? no? " \no no
3 2
\V4 A . -V .
:Z nny n nyn 2”3 _ 9l T:LJ3 non—l—njn 2”J Vn
=1 no 0 0 0
_ Uw2+n.m_2<n W).Vno n+(n.%> . Vn.
0 no no no no no no no
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B.5. Another Depiction of the Semiclassical Model (3.106)

Third term:

. V’I’Lo A?’LQ 8:]0 no Ano)

div (n~——2="0 0, : =
v <n g  No ) Z r < no
2
Ang + 8;,; Op, A - 2A MY TYAN
_ Z no ng 2kn0 PBn0 2(6 knO)g o, . 7] kn02 noaxkn
1 no no 1o
A 2 2
no no no no no no
Fourth term:
div <n (Vno (V@ V)n )) Zé’xk ( (Vno V&ckno)>
no no no no
2 2
_ Z Z n (8xk8mln0) + (Zmln()arlaxl 28xkn06xka§ln()axln0n + a:tlnoaxlzaxkno 8xkn
k=11=1 o o o
V ® Vng 2 Vng VAng VngV®Vng Vng VnogV ® Vng
_ 4 Yno, —9 : n+ (22210 yp,
no no no o o no o

Fifth term:

div(VAn) = A(An).

For the upcoming calculations we use formulas (B.12) - (B.13) and the product rule of the
divergence of a scalar function f times vector field ?, which would be div ( f ?) =Vf- ? +

FdivF.

Sixth term:

div (A Un ) [VATLO A’n(] VTLQ} - Vn + Ano An.
ng no no No no

Seventh term:

2 2 2
div<V”0 Vn> SR IALTY VS ALY VS
no no no
2 2
) [Vno V ® Vng B Vno Vn()] Vn 4+ Vno An.
no no no no no
Eighth term:
2 2
div(n Vn> =V - Vn+| = " An
no 0
2 2
ZQ[n'Vn — VTLO] -Vn +n An.
nog no no no no

Ninth term:

o (7 (F50)) - Z%( )

no

Vo?
k=1 no ng ng
Ve Vn. V ® Vng n [VATLO B V%V@Vno] on.
no no no no
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B. Addendum Spin Drift Diffusion

Tenth term:

Eleventh and thirteenth term:

2
div <<Vn . Wo) Vno) =30, <(Vn . Wo) M) _
no / no = no no

= Z i axkaxlnaxlno M + Oym. <8a:kaxzn0 Oz,no B 5xln0(3zkn0)2>

3

k—11=1 no no no no no
+0 naﬂilno szno <813kn0)
xl no no TLO2
v VngV @V Y Ang V
:<nO(V®Vn)>- n°+l Mo VO VI _ o Yo" Vo 2N no]-vn
no no no no no no nog No

Twelfth term:

. (Vng Vno
d1v< o Y(vev) ) Za;% ( V@xkn>

_ Z Z (35,;[(9%710 Doy 8xln08xkn0 (%laxkn) é)gclnoa 82

2

k=1 1=1 o

- V®Vn0
no

V’no V?’Lo
1o no

-VAn

(Ve V)n — <Vn0

(V& Vn ))-

Now every term was calculated and now everything can be put together. For a better overview
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B.5. Another Depiction of the Semiclassical Model (3.106)

we colorize n, Vn and An, leading us to

div(nA(N) = V(An) + (VR)C(N) + B(N)Vng + D(N)) =

4 2A
:2<[2Vn0V®Vno .vno _3 Vng n Vng n0]n+ ano
no no no no no no no

~(l

_ (ATLQ)Q + VTL() VATLO _
no no no

2
Vm{| Vn)
no
2
_‘_2 A’I’L_Q(’I’L vn) .vn01n+ (n V’I’L> VTL)
ng Ngo ng nNg no ng Ng

2
9 VTL() Ano + (Ang VTL()) ) VTL>
1o no no Mo

Vn
no

VeVnl? Vng VAng _VngV®@Vng Vng Vno V & Vng
no no no no no no no no
2 2
" A(An) B (2 ang V ® Vng B Vno | Vng Vn 4+ Vno An)
o no no o no
2
+4(2l" e _|n vno] Vn + Afn,>+V®Vn-v®v"°
ng 1o no| nNo 1o 1o
" |:VATIO B Vno V®Vn()} Vn 4+ ([VAHQ B Ang Vn()} Vn -+ AnOA )
no no no no no To
<[A7’L0 _ vng An + vng VAn >
no o no

+(v®vn0-(V®V)n (V"O(V®v ))-V"O LY Gap )

2 A
_ 9 <(Vno (V@ VTL)) ‘ Vng n lvno V ® Vng _9 Vng |* Vng n no Vn0‘| -Vn)
no no no no no no no  No
Putting everything together provides
div(nA(N) = V(An) + (VR)C(N) + B(N)Vng + D(N)) =
:lGVn0V®Vn0.Vno6Vno4 4Vn0 An074Vn 742 ﬁ
no no no no no no no 1o

no
+8<n Vn> Vg (An0>2 _,Vmo VAng ‘V@Vng

T

no  No

no no no
n [8‘V V’no _42 @ _4ATL0 Vng B 6VTL0 V ® Vng +2VA7”L(] o™ 2vn0] Un
no no no o nog nNo no no no o no
2 A
+[4” Lm0 ol Vmol* V0 Ay, +2Y OV (G o in
no no no no no
\Y \Y%
3( (v gvn )) Y0 4 A(AR).
no no
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B. Addendum Spin Drift Diffusion

Hence we can rewrite the equations for the spin components and obtain:

On =r div (Vn + nVV) — 2ra(2VE + VV1) x n — 4ra?(2n + (nh) ")
82 n 62 ~ =~ ~
+—— X BN)+7—=|AN)n +B(N)-Vn +&€(N)An
6 no 12
2
+ri|a@an) + 22X vAn +2Y OV (g o vn -3 (V”O(v(gvn)) ALY
12 no no no no
g2 n 3
+rEn ( « B(N) — B(N)) + O,
3 g
where
_ 4 QA 2 A
m(N)::6Vn0V®Vn0‘VnO_6VnO +4Vn0 n0_4@ _42.7n
no no no no no no no no no
s (n Vn> Vg (An0)2 _2Vn0 VAng ‘V@Vno 2
ng No no no no no no
B(N) =8 Vno |2 Vno o Vn _4An0 Vng _6vnOV®vn0 +2VAn0 R 2Vng
no no no no no No no no no no no
. 2 A 2
E(N) =d| | g 200 o[ V0
no no no

For the double cross product we use the formula (I; X ) X cfi (l; cf) c—(c- cf) bforb, & d

in R3, where in our case we have that b = B(N), é=n/ng, d = n. Therefore
(B(N) v ") 1= (B(N) - ") n— ™
o 1o

We see, that these terms above also appear in either §l, B and E, which leads us to a simpler
version for our model:

Equation for the spin components:

am =7 div (Vi + nVV) — 27a(2VE + VL) x n — 4ra2(2n + (nt))
52 n 62
+ v B(N) + 5 AN)n+B(N)-Vn + &(ng)An +4B(N) xn
0
2
rre [A(An) 42V GAp 4 oY OV G Gy — 3 (V”O(V®vn)) -V”O]
12 ng no no no

where
4 2 2
A
2A(N) :ZGVTLOV@VTLQ 'Vn() _6 Vng ! Vng no _4@ +4<’n.Vn> m
no no no no no no no no no no
B <An0>2 oV VAng V& Vng|®
L 1o L L
B(N) = Vno|’Vng  m Vn  AngVng ¢V Vevn VAn In 2Vng
no no ng N no No no no no no| no
A 2 A
Cng) =220 _ oYM\ gy AR VR Vo
no no no no no
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B.6. Separate Equations for the Spin Components

The advantage we obtain from the second depiction of the semiclassical model for the spin
components, derived in Appendix B.5, is that it is then much easier to separate them into
the single equations for ni,ne and ng, which are still connected. For the single component
equations we have some twisted cross products, which we unravel here:

(Ang)ng — (An3)n2 (Vng : V’rlo)ng — (Vng . Vno)ng
An xn=|—(An)ns + (Ans)ni |, (Vn-Vng) xn = | —=(Vni-Vng)nz + (Vns - Vng)n; |,
(ATLl)?’LQ — (Ang)nl (an : Vno)ng - (vng . Vno)m
—8951713 —8351 V?”L3
Vixn= —0z,N3 , ViV xn= —0z, VN3
8331 ni + 833271,2 6x1 Vg + 8;62 Vng

Using A(N),B(N) and &€(ng) from the previous section (Appendix B.5), we obtain for the
single components :

on, =t (div (an + VVn1)> + 4700, n3 + 2700, Vg — Ara’ng +

2

€
+ 6103 ((Vng - Vng — (noAng))ng — (Vnsz - Vng + (noAns))nsa)
2 4
+ 7’% A(N)ny + B(N) - Vg + €(ng)An; — o ((Vng -Vng — (npAns))ng — (Vnz - Vng + (noAng))ng)]
0
2 \% VeV \% \Y%
L [ A(An) + 220 v AR, 12220 (9 6 V) - 3 (”O(v ® Vn1)> Mno |
12 ng no no o

Ong =71 (div (Vng + VVn2)> + 4700y, n3 + 2700, Vg — 410Ny

€2

+ g3 ((Vng - Vng — (ngAns))ny — (Vny - Vg — (ngAny))ns) +
g 4
S RN Ins + B(N) - Vs 4 €(ng)Ans — ((vn3 Vo — (&) — (Vi - Vo — (o Anl))ng)]
0
2
Fr | A(Ang) + 2V AR, +2Y EV0 (g o v, — 3 (V”O(v 2 Vn2)> Vol
12 g - o o

Ons =T (div (Vng + VVng)) —47a(0p, 1 + Opyna) — 270Dy, Vg + 0, Vo) — 870’03
2

€
+ 6rg° ((Vny - Vng — (noAny))ng — (Vna - Vng — (ngAnsg))ny) +

’ 4
+ T% A(N)ns + B(N) - Vnz + €(ng)Ang — 3 <(Vn1 - Vng — (noAni))ng — (Vng - Vng — (noAnz))m)}

0

2

rre A(Ang) + 2% -VAns + 2M (V®Vng)—3 <Vno(v ® Vn3)> . Vno )
12 " - o o
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C. Addendum Large Time Asymptotics

C.1. A boundedness result

The following lemma is an extension of a result due to Kowalczyk [Kow05], based on an
iteration technique [Ali79]. It slightly generalizes [JNS15, Lemma A.1]. Although the result
should be known to experts, we present a proof for completeness.

Lemma C.1.1 (Boundedness from iteration). Let Q C R? (d > 1) be a bounded domain and
let w;l/Q € L2(0,T; HY(Q))NC°([0,T); L3(Q)) for all ¢ € N with ¢ > 2 with w; > 0, w; =0 on
00, and w;i(0) =0 in Q fori=1,...,n. Assume that there are constants Ky, K1, Ko > 0
and o, 3 > 0 such that for all g > 2, t >0,

n t n
/et Z w;(t)4dx + KO/ / e’ Z ]ng/Q\deds
& = 0792 o

t n
SKlqa/O /Qesz:wgdacds—i—f(gqﬁet. (C.1)
i=

Then

n
wz(t) <K= KS(Z Hwi||L°°(0,oo;L1(Q)) + 1) in Q, t>0,
i=1
where K3 depends only on «, 3, d, Q, Kg, K1, and Ks.

Proof. We apply the Gagliardo—Nirenberg inequality [Zei90b, p. 1034] with 0 = d/(d+2) < 1
and the Poincaré inequality to deal with the integral over w{ on the right-hand side of (C.1):

/Q wide = w2320y < iVl 2 gl o)

< el V2|22 + O 22w 2|2

for any e > 0. Choosing ¢ = Kp/(2¢“ Kl), which is equivalent to Kiq% = Ky/2, (C.1)
becomes

/ sz qu—i——/ / Z|VwQ/ |dxds
< a(1+d/2)/ s e Bt
= C2q 0 € ; Hw’LHLq/Z(Q)dS + qu €,

where Cs depends on d, Ky, and K;. We obtain

Z”wz ”Lq(Q < Cog* ) / i Zsz Lq/2 dS-i-KQqﬂ

and, taking the supremum over time,

Sup Z llwi(s ||Lq < C2qa(1+d/2)(1 - e_t SUP Z [lwi(s) Lq/2 JF K2q5

< Coq” a(l+d/2) sup Zle

0<s<t

||Lq/2(Q) + quﬁ.

169



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

M YOU

C. Addendum Large Time Asymptotics

We choose ¢ = 2" for k > 0 and set by = 37 |Jw;] + 1. Then

|L°°(O T;L2% ()

b < Oy 9 (1+d/2)k Z HwZH

S max {612205(1-‘t‘(i/2)7 (K2 + 1)1/k25}k<z szHLoo OTLgk 1 )) + 1)

Bk

ok—1

2
k
< max {022a(1+d/2)’ (Ky + 1)26} <Z ||wiHLoo(0’T;L2k—1(Q)) + 1)
i=1

- kak 15

where
v = max {C’g2°‘<1+d/2), (K 4 1)27}.

To solve this recursion, we set ¢;, = v**2b,. Then
o < 72(k+1)bz_1 _ (7k+1bk71)2 _ C%—p

which gives ¢, < cgk < 72k+lb(2)k. Consequently, b, = v %7 2¢, < ~

taking the 2*th root,

—k _9—k -
lewill oo rypob @y < O <7 (k+2)<z will Loe 0,511 () + 1)'
i=1

The limit £ — oo concludes the proof.
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