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It was once believed, by many speculative scientists that there
might be dozens of billions of life-supporting worlds in the uni-
verses. These worlds were thought to be scattered throughout
space... these speculative scientists were correct.

And it was once believed, by many nonscientists and pseudosci-
entists and fringe people that there might be — in quite a different
way from the first instance — dozens of billions of life-supporting
worlds in the universes... These worlds were not to be scattered
throughout space. There was not any space in such scatterable
sense... And the persons of these wide-eyed groups were quite cor-
rect in their assumptions.

There was a third belief that was held by many determined and
brilliant, though spotty, folks. This was the belief that there was
only one world and that all possible persons were in it... And the
persons who held these several similar beliefs were absolutely right
to hold them.

And at the same time that these three true theories were cur-
rent, it was maintained ... that there was no contradiction in these
theories and no reason for conflict: that these three beliefs were
only three aspects of the same thing, if that is, one should take a
tri-mental view of space and of being and of several other things.

R.A. Lafferty, Not to mention camels, Wildside Press, September 2000.
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Abstract

Starting from the quantum statistical master equation derived in [1] we show
how the connection to the semi-classical Boltzmann equation (SCBE) can be
established and how irreversibility is is related to the problem of separability of
quantum mechanics. Our principle goal is to find a sound theoretical basis for
the description of the evolution of an electron gas in the intermediate regime
between pure classical behavior and pure quantum behavior.

We investigate the evolution of one-particle properties in a weakly interact-
ing N-electron system confined to a finite spatial region in a near-equilibrium
situation that is weakly coupled to a statistical environment. The equations for
the reduced n-particle density matrices, with n < N are hierarchically coupled
through two-particle interactions. In order to elucidate the role of this type
of coupling and of the inter-particle correlations generated by the interaction,
we examine first the particular situation where energy transfer between the
N-electron system and the statistical environment is negligible, but where the
system has a finite memory. We then formulate the general master equation
that describes the evolution of the coarse grained one-particle density matrix of
an interacting confined electron gas including energy transfer with one or more
bath subsystems, which is called the quantum Boltzmann equation (QBE).

The connection with phase space is established by expressing the one-
particle states in terms of the overcomplete basis of coherent states, which
are localized in phase space. In this way we obtain the QBE in phase space.
After performing an additional coarse-graining procedure in phase space, and
assuming that the interaction of the electron gas and the bath subsystems
is local in real space, we obtain the semi-classical Boltzmann equation. The
validity range of the classical description, which introduces local dynamics in
phase space is discussed.

Keywords: Non-equilibrium and irreversible thermodynamics, quantum sta-
tistical methods, open systems, Boltzmann equation, kinetic theory of electron
gases, theories and models of many-electron systems, coherent states, coarse
graining, classical and quantum transport
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Zusammenfassung

Von der quantenstatistischen Master-Gleichung ([1]) ausgehend, wird gezeigt,
dass die Verbindung zur semiklassischen Boltzmann Gleichung hergestellt wer-
den kann und wie Irreversibilitdt mit dem Problem der Separabilitéit in der
Quantenmechanik in Verbindung steht. Diese Arbeit wurde mit dem Ziel er-
stellt, eine fundierte theoretische Basis fiir eine Beschreibung des Bereiches
zwischen den Grenzfillen des reinen Quantenverhaltens auf der einen, und des
reinen klassichen Verhaltens auf der anderen Seite zu finden.

Es wird die Entwicklung von Einteilcheneigenschaften in einem schwach
wechselwirkenden, rdumlich beschrinkten N-Elektronensystem nahe eines
Gleichgewichts untersucht, wobei das Elektronensystem schwach an eine statis-
tiche Umgebung gekoppelt ist. Die Gleichungen fiir die reduzierten n-Teilchen-
dichtematrizen fiir n < N sind auf Grund der 2-Teilchen Elektron-Elektron
Wechselwirkung hierarchisch miteinander gekoppelt. Um die Rolle dieser
Kopplung und der aus der Wechselwirkung folgenden Teilchenkorrelationen
aufzuzeigen, untersuchen wir den Fall, in dem der Energieaustausch zwis-
chen dem N-Elektronensystem und der statistischen Umgebung vernachlés-
sigt werden kann, das Elektronensystem aber nur ein endliches Gedéchtnis
hat. Wir gelangen zur allgemeinen Master-Gleichung, welche die Entwicklung
der gemittelten Einteilchendichtematrix eines wechselwirkenden Elektronen-
gases in einem System beschreibt, welches Energieaustausch mit einem oder
mehreren Bédern erlaubt.

Die Verbindung mit dem Phasenraum wird durch das Beschreiben der Ein-
teilchenzustédnde in der iibervollstindigen Basis der kohirenten Zustinde er-
reicht. Kohérente Zustdnde sind im Phasenraum lokalisiert, was es ermdoglicht
die QBE im Phasenraum anzugeben. Nach einer Mittelung im Phasenraum
und unter der Annahme, dass die Wechselwirkung zwischen dem Elektronengas
und den Badern rdumlich lokal ist, erhalten wir die semiklassische Boltzman-
ngleichung. Der Giiltigkeitsbereich der klassischen Beschreibung, welche eine
lokale Dynamik im Phasenraum beschreibt wird diskutiert.

Schlagworte: Nicht-Gleichgewicht und irreversible Thermodynamik, quan-
tenstatistische Methoden, offene Systeme, Boltzmanngleichung, kinetische The-
orie des Elektronengases, Theorien und Modelle von Vielelektronensystemen,
kohérente Zustédnde, klassischer Transport und Quanten-Transport.
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Chapter 1

Introduction and outline

Introduction

The question of the link between the quantum mechanical and classical de-
scriptions of physical systems is as old as quantum mechanics. Quantum me-
chanics has proven its validity to describe small systems, such as single atoms
or molecules. It is therefore natural to ask how to describe the behavior of large
systems with quantum mechanics. In order to tackle this problem we take a
look at the structure of quantum and classical physics. The Geneva-Brussels
axiomatic approach of quantum mechanics [2] clearly states the difference be-
tween the quantum mechanical and classical descriptions. In this axiomatic
formulation of quantum mechanics the classical description is contained as a
particular case. The properties of a pure quantum mechanical system can be
represented by closed subspaces of a complex separable Hilbert space. At a
given time ¢ the state of a system is the set of actual! properties of the system.
The state is represented by a ray, which itself can again be represented by a
vector (state-vector) in Hilbert space. All actual properties, of the system in
a given state, correspond to subspaces that contain the state-vector. T'wo dif-
ferent properties are compatible if their associated subspaces are orthogonal.
Observables are ensembles of compatible properties?. In quantum mechanics,
the state-vector can be any non-zero vector in Hilbert space. In relation to an
observable, one can introduce the notation ”superposition state”, often found
in the literature. One can chose a certain observable, which corresponds to a
set of orthogonal subspaces. If the state of the system is represented by a vec-
tor that is not within one of these subspaces, it is called "superposition state™.
In the classical description, all properties are imposed to be compatible, i.e.,
a state-vector must be in a subspace A or in the subspace AL orthogonal

'For a definition of the word actual, as it is used here, see [2].

2In other words: Observables are sets of projectors on orthogonal subspaces.

3Note that this superposition is just a mathematical way to describe a vector in Hilbert
space relative to a chosen observable and does not contain any additional physical informa-
tion.
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to A. The "superposition states” are excluded. Therefore the Hilbert space
associated with a classical system can always be decomposed in orthogonal
one-dimensional subspaces.

On the basis of the Geneva-Brussels approach it was shown that "two sep-
arated quantum entities cannot be described by means of standard quantum
mechanics” [3]. This "problem of separability” shows a shortcoming of the
quantum mechanical theory®. Several attempts have been made to under-
stand the connection between a classical and a quantum description mainly
concentrating on the measuring process [6, 7, 8].

In this work we show that in a quantum statistical description one can see
how irreversible behavior is related to the problem of separability. A statisti-
cal description is adequate to understand experimental results, for example on
electronic transport in solids [9, 10, 11, 12]. In the Landauer transport theory
one defines a sample connected to separate reservoirs, which inject electrons
into the sample. The electronic transport in the sample is calculated using
scattering theory. After scattering, the electrons leave the sample into one of
the reservoirs again. This one-particle description has proven its validity in
particular in mesoscopic transport. It is however not evident why the assump-
tion of statistically independent electronic reservoirs can be made, neither is
it clear on what scale this can be justified.

Searching for a classical description, we step into phase space, by intro-
ducing the basis of coherent states [13]. Coherent states are centered around
different points in phase space and they are related by translation operations.
Furthermore, they have a width in position and a width in momentum space.
These two widths saturate the Heisenberg inequalities. A coherent state is the
natural correspondent of a classical state in the quantum description [14].

Starting from the quantum statistical master equation derived in [1] we will
show how the connection to the semi-classical Boltzmann equation (SCBE)®
can be established. Our principal goal is to find a sound and transparent
theoretical basis to describe the intermediate regime in between the two limit-
ing regimes of pure classical behavior and pure quantum mechanical behavior.
The intermediate regime is a very interesting and vivid area of both, theory
and experiment. This work should be understood as the first step on the path
to develop a description of the intermediate regime.

“See [4] in relation to the so called ”paradox” of Einstein-Podolski-Rosen [5].

5The difference between the SCBE and the classical Boltzmann equation is the following.
The classical Boltzmann equation describes the evolution of classical particles. The semi-
classical Boltzmann equation describes the evolution of classical particles with additional
quantum properties. The ”"Pauli corrected Boltzmann equation” [15] treats classical particles,
which have the additional property that states can only being occupied by one of them.



Outline

The theoretical basis of this work is established in chapter 2. Starting from
the general approach of [1], we first derive the master equation for the evo-
lution of the coarse grained N-particle density matrix of open many-electron
systems. Then we develop a quantum statistical approach, which establishes
the theoretical basis to investigate the evolution of one-particle properties in
a weakly interacting electronic subsystem in a near-equilibrium situation. We
consider an N-electron subsystem confined to a finite spatial region and weakly
coupled to a statistical environment. The corresponding equations for the n-
particle density operators with n < N are then obtained by trace operations
described in in chapter 3. These equations are hierarchically coupled through
the two-particle electron-electron interaction.

In order to elucidate the role of this type of coupling and of the inter-
particle correlations generated by the interaction, we examine in chapter 4
the particular situation where energy transfer between the N-electron sub-
system and the statistical environment is negligible, but where the presence
of the environment still enables the electronic subsystem to explore different
configurations belonging to the same energy. The resulting irreversible evo-
lution is driven by the screened Coulomb interaction. In order to keep the
arguments as simple as possible, we consider weakly excited metallic systems,
where the screened effective two-particle interaction extends only over a small
spatial region. In this case correlations between more than two electrons can
be neglected. In our approach we account for this fact by introducing a fi-
nite memory time, which hinders the subsystem to build up many-particle
correlations involving more than two particles. We derive a master equation
for the evolution of the coarse grained one-particle density matrix. Further
discussions about the origin of irreversibility for quantum statistical systems
can be found in [16, 17]. In the classical approach the problem is hidden in
Boltzmann’s Stosszahlansatz [18].

In chapter 5, we obtain the general master equation that describes the
evolution of the coarse grained one-particle density matrix of an interacting
confined electron gas including energy transfer with one or more bath subsys-
tems. This equation will be called the quantum Boltzmann equation (QBE).

We show in chapter 6 that the overcomplete basis of coherent states and the
concept of quasi-orthogonality finally allow the derivation of the semi-classical
Boltzmann equation (SCBE) from the QBE. We start with the representation
of the QBE in the basis of coherent states where the one-particle density ma-
trix is expressed in form of the "diagonal representation” [19]. This allows us
to study the evolution of the electronic subsystem in phase space. In order
to demonstrate the spatial separability on macroscopic scales, we choose suffi-
ciently large cell volumes so that orthogonality between cells can be assumed.
We finally discuss the conditions under which the evolution of the averaged
densities can be described by the classical Boltzmann equation.
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Chapter 2

Dissipative evolution of
quantum statistical ensembles

Following the general approach of Reuse, et al. (Dissipative evolution of quan-
tum statistical ensembles and nonlinear response to a time-periodic perturba-
tion, [1]), we consider a system composed of two subsystems, a bathed subsys-
tem A and a bath subsystem B, described with the associated Hilbert spaces
H 4 and Hp. The system Hamiltonian is given by

Hiot = Ho + Hing, Hiot, Ho, Hint € L(HA @ HB).

L(HA®Hp) denotes the space of linear operators in the Hilbert space H4QH p.
The operators Hy and Hj,t can be decomposed as

Hy=Hs®1g+14® Hp, Hjy e L(HA),Hp € L(Hp)
and

=S Q1 QP
«

Without loss of generality the operators Q4 € £(Ha) and QF € L£(Hy) in the
interaction Hamiltonian may be assumed to be self-adjoint'. The statistical
state of the system is described by the density matrix D(t) € L(Ha ® Hp).
The density matrices describing the statistical states of the subsystems are
obtained by partial trace operations over the subspaces Ha and Hp, i.e.,

Da(t) = Tre(D(t),  Dal(t) € L(Ha),
DB(t) = Trp (D(t)), DB(t> € [’(HB)

In order to simplify the arguments, we here assume that the Hamiltonian H4 and the
operators QF have already been modified, so that first-order terms in the interaction are
absorbed (see equation (7) in [1]).
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The density matrices D(t), Da(t), and Dpg(t) satisfy the von Neumann con-
ditions, namely, D is self adjoint

positive
with unit trace

One consequence is D? < D.

In the following we suppose a discrete spectrum of the Hamiltonian H 4,
that the interaction is weak? and that the bath is maintained near some sta-
tistical equilibrium, which is specified by the density matrix D%. Due to the
coupling between the subsystems A and B, the density matrix Dp(t) fluctuates
around D%, i.e., we have

Dgp(t) = Trg (D(t)) = D% +6Dp(t),  with Trg (§Dp(t)) = 0.

The evolution of the coarse grained density matrix D(t) of the bathed
system? is derived in [1]. One has introduced the time averaged density matrix
in the interaction picture

t
_ 1
Dh(t) = 5; [ DA
to

with the small time interval At =t — tg.
In the Schrédinger picture we get

d = 1= _
%DA(t) - % [DA(t)aHA] +F<DA(t))7 (21)
where I' is a linear superoperator acting on L(Ha ).

The generalization to situations where system A interacts with several
statistically independent bath subsystems Bj,j = 1,2,. .., is straightforward.
We simply have to attribute a specific interaction operator

B.
Hij =Y Qje, ® Qa’ (2.2)

to each bath subsystem B;. The equilibrium density matrices associated with
each bath will be denoted by D%j. We then get

D(Da(t)) =T1(Da(t) +T2(Da(t)) + -+, (2.3)

2This restriction is stated more precisely in equation (2.15).
3We use the term bathed system, for the subsystem A.



where the superoperators I'; are associated with the bath subsystems B;.
Equation (2.1) becomes
d - i
—Dy(t) ==
i Palt) =+
The terms I';(D4(t)) describe the influence of the bath subsystems B; on
subsystem A. They are defined by their matrix elements expressed in the
orthonormal eigenbasis of the Hamiltonian H 4. In order to specify the expres-
sions, we denote this eigenbasis by {|a)} and the corresponding eigenvalues of
H 4 by €,. We further introduce the associated frequencies

[Da(t), Ha] +T1(Da(t)) +To(Da(t)) +---. (2.4)

€a
Wa = o
and the difference frequencies

Wabh = Wq — Wp.

The matrix elements of the superoperator I'; can then be written as

(Li D))= > T (Dal®)),, (2.5)

{cdlwea=wan }

with
[ @i = (Fae (Gl + G ()
(Fj) ab - —l—% ((5“ (AHj)db — 5bd (AHj)ac) fOI‘ Wea + Whd = O7 (2.6)
0 else
with
* *
Cogy = (onie) = Eia+ ((Fge) (2.7)
h a a
(Glow = = Z To))% 20, (2.8)
2 a/l
i h a a aa *
(M) = 5 3 (Bt = (i) ) (29)

The terms I'g; and G give rise to the irreversible evolution of subsystem A.
The operators AH; describe the self-energy corrections, which account for the
dynamical coupling between the states of subsystem A that is induced by the
polarization of the bath subsystems B;. The coefficients (F])gi appearing in
definitions (2.7), (2.8), and (2.9) are given by

() () =23 (alQhle) Qb (210)
apf
" { xigq(wca)
i)zjﬁa(wCa)7
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where the functions Xé q(w) and )Zé . (w) are themselves directly related to the

correlation functions ¢}, 5(t' —¢"). The latter are defined as

4wu'—ﬂw-Q%aa”—t»)*:an(D%jQgﬁ)fuw(@ﬁﬁla%),<21n
where the operators

A i S
(QSJ) (t) = ei ot Qo e~ w18t Hp = > Hp,
J

represent the ij operators in the interaction picture. We then have

Xhs(w) = 711/00 o g(r)eTdr, (2.12)
Colw) = [ emdymean 2.1

where £(7) is the Heaviside function

-1 if 7<0
&(r) = 0 if =0 . (2.14)
1 if 7>0

We note that equation (2.4) is obtained under the assumption that the corre-
5" where the correlation

lation functions czw(T) become negligible for 7 > 75
time T]%‘;” depends on the interaction Hamiltonian as well as on the density

matrix D%j. Equation (2.4) is valid for

1
cd
[ (T5) o |
The above condition sets an upper limit on the interaction strengths between
subsystems A and B;.

max

>, Veabd, with et =sup{rpTl(215)
J



Chapter 3

Reduced density operators

In [1], the evolution of the statistical state of a system in interaction with a
bath is investigated. We specify the system we are interested in. Throughout
this work we always think of the bathed system as a system of N electrons,
with three assumptions: the electron gas has metallic densities, the electron
gas is spatially confined, and the electron gas is near an equilibrium state.

It is useful to introduce the Fock space, so that creation and annihilation
operators can be defined. The states of the electronic system A of N particles
are described by anti-symmetric tensors of the space H®Y, where H denotes
the one-particle Hilbert space. The space consisting of the anti-symmetric
tensors is FV

FN = A(H®N) | (3.1)

where A is the antisymmetrizer. The Fock space is given by

(0]
F=@r" with F'=cC.
n=0
A set of orthonormal basis vectors |v),v = 1,2,..., spans the whole one-
particle Hilbert space H. Then the vectors

1
’V1;~-7VN>:7 0(3)|Vsl)®"'®’VsN)7 (32)
VNI S;‘; (1 (N)
which are totally antisymmetric with respect to the action of the permutation
group, form an orthonormal basis of V. Sy denotes the permutation group
of the ensemble {1,2,..., N} and o(s) is the signature of the permutation
s € Sn.
The statistical state of the bathed system A is therefore described by an N-
particle density matrix D(y)4, acting in F N and satisfying the normalization
condition

TrA (D(N)A) =1.
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3.1 Omne- and two-particle operators

An operator Oy is defined by its action in the one-particle Hilbertspace H. A
one-body operator O4 acting in the Fock space is defined by

Oa =2 ch(0a) vy cus

v

where (O4),, is the short hand notation for the matrix elements (v|O|p)
with |v), |1) € H. The creation operator ¢, creates a fermion in the state |u),
while the annihilation operator ¢, annihilates a fermion in the state |v). The
creation and annihilation operators of fermions obey the anti-commutation

relations
{cl,, cf } = c,,cL + ch,, = Oyl (3.3)
{ev,cu} = {CZ,CL} = 0. (3.4)

The mean value of a one-particle operator is given by

<OA>(t) = Tra (OAD(N)A(t))
— Z(OA)WTTA (C,LLD(N)A(t)CJL> : (3.5)

vp

The trace appearing in equation (3.5) represents the essential information
needed to calculate a mean value of a one-body operator. This trace does not
contain the full information about all N particles. One can define the general
reduced n-particle density operator with n € {1,..., N — 1} that appears in
the mean value of n-particle observables

1
DS s ) = =Tt (€ -, Doy alt)el, - b, ) - (3.6)

The mean value (3.5) can now be written with the one-particle density operator
DY
A

DY, =T (cuDiwyach) = (DY) (3.7)
(04) (1) =Y (0a)u DY, (1) (3.8)
7

Note that the trace Trp (---) in equation (3.6) may be extended over the
full Fock space F, since non-vanishing contributions are provided only by the
N — n particle Fock space.

10



3.2. PARTIAL TRACE OPERATIONS

Let us look at some properties that follow from definition (3.6). The one-
particle density operators are normalized as

T (DY) = (ng))w = N. (3.9)

The density operators Df) and DS) are related by

™ (DY) =3 (DP) = % (DS))W . (3.10)
P

pp! pup’ p

According to equations (3.9) and (3.10), we have
2 2 N(N -1
Try (Dgg) =3O gy = (2) (3.11)
pi

The matrix elements of the reduced two-particle density operator D@ will be
written in this work with the convention:

(2) ¢ _ @, 1 ‘o
(DA )VW,V, =Dy = (vp| Dy’ |p'v') = §Tr (CuCuD(N)AC,/C,/) (3.12)

From the anti-commutation relations for the creation and annihilation opera-
tors, one finds the symmetry relations for the matrix elements of fo), which

must be obeyed by any two-fermion operator Oy, acting in H®?, namely

(02)p/m’p’ = (OZ)MPP’M’ (3.13)
((OQ)puu’p’) = (OQ)p’u’/wv
(OQ)pw’p’ = - (OQ)MW'P' )

where (O2) . is the short hand notation for the matrix elements (pu|O2 |1 ')

In addition, we use the term density matriz for operators that fulfill the
von Neumann conditions, while we use the term density operator for operators
that fulfill the von Neumann conditions except the unit trace condition. As

an example, we call D(y)4 a density matrix, because Tr (D(N)A) = 1, while
we call DXL) with n < N a density operator, because Tr (Din)> = ﬁ

3.2 Partial trace operations

When unnecessary, we will suppress the index A for the bathed system from
now on.

After having shown how the one-particle operator is related to the reduced
one-particle density operator, we return to the evolution of the mean values.

11



3. REDUCED DENSITY OPERATORS

From equation (3.8), we see that it is given by the evolution of the reduced
one-particle density operator:

< > ZOV“dt jw (1)

To determine the evolution of the mean value of a one-body operator, we have
to know the evolution of the reduced one-particle density operator D). This
is the motivation for the next step: derive the equation of motion for the
reduced one-particle density operator in the presence of a bath. We start with
the equation of motion for the N-particle density matrix, which follows from
equation (2.1), by replacing D (t) with D (ny:

d )

%D(N) (t) = 7 [D(N),HA] +T (D(N) (t)) , (3.14)

where the superoperator I' describes the action of the statistical environment
on the density matrix of the open system.

In equation (3.7), we have seen how the one-particle density operator is
obtained from the N-particle density matrix. We multiply equation (3.14)
with the creation and annihilation operators ¢, ¢’ and calculate the trace:

d i
2D () = S Tr ([D(N) (t), Hal cic,,/) +Tr (r (Do) (1)) chyl) . (3.15)
For the evolution of the n-particle density operator with n = 2 we get
d (2 14
ﬁD/()“)#/p,(t) = §ﬁTr (cpcﬂ [D(N) (t), Hal c;r,c;r,) (3.16)

1
+ ot
+5Tr <cpch(D(N) (t)ch p)
In the following section, the terms in equation (3.15) will be treated one
after another.
Evaluating the trace over the Hamiltonian contribution

The first term of equation (3.15) describes the non-dissipative evolution

%Tr ([D(N) (t),HA] Clcl,/) .

We suppose that the particle interaction can be described by an effective two-
particle interaction.

The Hamiltonian of the bathed system then contains a one-particle part
and the two-particle interaction between the particles:

Hy = (1)+W(2)
= Z T (v|h|V ) e + Z c (vplw|v'1)eey,
vv! ,uu,uu

12



3.2. PARTIAL TRACE OPERATIONS

where the operator W) is self-adjoint and symmetric with respect to the
action of the permutation group, i.e., we have

(vplwl1) = (uvlw|p'v'), (3.17)
(plwl/'w)* = (Vi |wlvp). (3.18)

The matrix elements (vu|w|v'p’) describe the screened two-particle interaction
potentiall.
For an effective two-particle interaction, we have to treat:

Tr ([ (1), Ha) chey ) =T ([ Doy (8, HY | ehe ) + T (| Doy (0, W ey )
with
Tr ( D (1), Zhwxclcy/] c;f)cp/> = Z hyy Tr ({D(N) (1), clcyz} chp/)

- Z D;(a}z)/hvp - Z hP’VDz(/?

= |pWn| .
o'p
The second term will be abbreviated as
21 2 9
We=1) (D( )),,,,, — Tr ([D(N),W( )} c;cp,)
24 9 )
= 52 (DE,V)/W(VMwh/p’) - (pv’!wluv)DfL,,L,p,) :

vv'p

where the second line was deduced by using the commutation relations of
the creation and annihilation operators (3.3) and (3.4), the definition of the
reduced two-particle density matrix (3.12) and the symmetry properties of
W® (3.17) and (3.18).

Finally we have for the second term of equation (3.15):

i i .
Ty ([D(N)(t),HA] c;cp,) -2 {D(l),H/(ql)L/p +WE=D(DA) L (3.19)

Equation (3.15) is now written as

d ) i 1 (1) 2—1 2
%Dp’p(t) = ﬁ [D( )7 A :|p’p + W( )(D( ))pp’
FTr (F (D (8)) cj,cp,) . (3.20)
!'Note that the vector |v1,...,vs) = [11) ® -+ ® |un) is the unsymmetrized vector, while
|1, ..., vN) is the antisymmetrized (see definition (3.2) ) one.

13



3. REDUCED DENSITY OPERATORS

The interaction Hamiltonian

Before we treat the second term of equation (3.15) in appendix B, we take a
look at the properties of the bath. So far, we have described the influence of
the bath on the evolution of the bathed system by the term containing I

In this section, we will adapt the result of [1] to the case, presented in the
last chapter, of a system consisting of N electrons in contact with a bath. We
will make two hypotheses. First, we assume that the action of the bath B;
on the bathed system, represented by the interaction Hamiltonian of the form
(2.2), can be described by a one-body operator Qj‘a:

Qo =D cey, (3.21)

v,V
with
(a{f’/) =", (3.22)

Our approach allows interactions with the bath that involve more than two
particles?. But a two-particle interaction makes the writing as easy as possible,
without loosing the essentials. We may describe the action of the bathed
system on the bath by a one-body operator ij:

L CAETAR
u

This restriction is in principle justified in solid state physics. We will assume

that Qfa and ij are described by one-body operators, i.e., the interaction

Hamiltonian can be written as the sum of tensor products of the one-body
A B

operators Qja and Qg .

3.3 Evolution of the one-particle density operator

The master equation of D) is obtained with the results of the appendix B,
i.e., inserting equation (3.19) and (B.17) in equation (3.15):

i

d - [D(l)(t),H(l)} + W=D (4))

Sphyy =
D)

- - 1
14 (DW(0) + 1D 1) - 2 {60 DY) }
t

+2 D), aH0] + AHED (DO)) (3.23)

2The consequence would be that the correlations have to be treated up to higher order.

14



3.3. EVOLUTION OF THE ONE-PARTICLE DENSITY OPERATOR

The two terms in the first line on the right-hand side describe the reversible
evolution. The second of these terms represents the contribution of the electron-
electron interaction. The matrix elements of the operator W (21 (Df) (t)) are
given by equation (3.19)

=1 <D(2)>pp, = 27; (D5,
o

(i) = (pv'wlu) D), , )
The terms of the second and third line in equation (3.23) result from the
interaction with the bath subsystems. In accordance with equation (2.3),
each of these contributions is given by a sum over the specific contributions
of the different bath subsystems B;,j = 1,.... The second line describes
the dissipative evolution induced by the bath subsystems. The action of the
superoperators F(()lfl)(f)g)) and F(()iﬁl)([?f)) in the operator space L£(H®?)
is expressed in terms of the coefficients C}, given in equation (B.7)

! 1 j vy jup’
= LS e
apf

with the functions y, defined in equation (2.12). According to equation (2.6)
we only have to consider coefficients with w,,, + w,,» = 0, which satisfy the
symmetry relations (B.9)

We get equation (B.12)

(=1 (pm) = NN
FOj (D( ))pp’ o Z (Cj)gp’ Du’u (3.24)

and equation (B.15)

N (o) = 3 (0 (€0 - @)
vv'p

v/ v 2
+ ((Cj)wf - (CJ)5V’> D;(J,y)’p’y> :
The matrix elements of the operators Ggl) appearing in the last term on the
second line of equation (3.23) are given by (B.11)

() = IS o
-

(1)

This term guarantees conservation of Trp (D A ) The last line in equation
(3.23) contains the self-energy terms, which are defined in equation (B.13)
W ey
(AHJ > o 52 (C])w/’
o

vv!

15



3. REDUCED DENSITY OPERATORS

and (B.16)

A (D0),, = i3 (P (@) + @)L)

- (@) +©)5) D2,

with the matrix elements of the superoperators C' defined in equation (B.8)

— ! ]_ g . s /
(Co) e = =3 D_ Xaplwrn)al™ aff™,
af

where the functions x are defined in equation (2.13). The matrix elements
satisfy the symmetry relations (B.10):

!

(@) = (@)

The self-energy corrections do not lead to qualitatively new behavior. In
most physical situations they may be neglected or they can be treated by a
renormalization of the Hamiltonian H1(41), so that instead of equation (3.23) it
is sufficient to consider

%D(l)(t) = 3 [PW), HO] + WED (D)) (3.25)

— g 1
+1“((]1 ”(D(l)(t)) + T (D@ (1)) - 5 {G<1),D<1)(t)}-

The direct two-particle interaction represented by W2—1) and the induced
two-particle interaction represented by I'@~1 lead to a coupling of the one-
particle evolution to the two-particle density operator, whose evolution is in
turn coupled to the three-particle density operator, and so forth. Continuing
this hierarchy of equations, we finally come to a coupling to the evolution of
the N-particle density matrix. This set of equations is called the BBGKY?
hierarchy of equations.

At first sight the reader might have the impression that the reduction to
the one-particle density operator, described in this chapter has not lead to any
reduction of the complexity — and he would be right. In fact, as long as the
hierarchy cannot be truncated, we have only reformulated the problem.

The reduction is valuable, however, because in order to describe a realistic
experimental situation, the hierarchy must be truncated. Let us adapt our
general description to the example of a metal. In a first approximation we
will divide the metal — composed of electrons and nuclei — into two subsystems
only. The electrons in the conduction band, treated as a confined electron
gas, are assumed to be the bathed subsystem and the phonons are assumed to

3BBGKY stands for Born, Bogoliubov, Green, Kirkwood and Yvon.
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(1= )(DM)

We=1) (D)

Figure 3.1: Relation between the terms in equation (3.25). The grey ellipsis
represents the electronic system, the phonon bath is represented by the white
background, the black circles represent electrons and the arrows represent
)

couplings: W 2= represents the screened Coulomb interaction, and F(()l_>1
and I'2~1) represent the electron-phonon coupling.

form the bath subsystem. The electron-electron interaction (screened Coulomb
interaction) is represented by the superoperator W21 while the interesting
part? of the electron-phonon interaction is represented by the superoperators
Félﬂl) and T'?~Y (see figure 3.1).

Let us now address the truncation of the hierarchy in the case of two
current models for a metal. In one of the two models, the electron-phonon
interaction is assumed to play the important role, while the electron-electron
interaction is neglected. In the other model, the electron-electron coupling is
assumed to play the important role, while the electron-phonon interaction is
neglected.

First, we take the electron-phonon interaction into account and neglect
the electron-electron interaction, i.e., W21 (D(z)) = 0. At first sight, this
might describe a non-interacting electron gas. But there is an electron-electron
interaction left: the indirect interaction induced by the bath, represented by
re-1 (D(Q)). As shown in the preceding chapter, this influence is of second
order in the interaction. In the case of a weak electron-phonon interaction®
and an initially uncorrelated system, the two particle density operator D2 is
substituted by the antisymmetrized tensor product of one-particle operators
depending on the one-particle density matrix

D® = E[DMW] @ E[DY)P, (3.26)

4We will not include the terms containing G;, AH;I) and AHJ@Hl) in the following dis-
cussion, because they are not important for the truncation of the hierarchy.

50Of course, this interaction has to be weak, but still more important, than the electron-
electron interaction, we wanted to neglect.
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3. REDUCED DENSITY OPERATORS

without statistical correlations® (17(2) =0), and where P, is the projector” on
the subspace of antisymmetric tensors in H®? . Since the generated correla-
tions are at least of third order in the electron-phonon interaction, they can
be neglected in the evolution of the one-particle density operator for a small
time interval. Equation (3.25) becomes

d

& pw
o)

NG (1)

T (DO (@) + 1Y (BDO() © BV M]R) — 5 {60, D0 ).

The coupling to the two-particle density operator has disappeared, and the
hierarchy has thus been truncated. This model is widely used, but a funda-
mental problem remains. The slowly growing statistical correlations 7z build
up with time. Therefore, the two-particle density operator can only be written
in the form of equation (3.26) up to a given time. Once correlations have built
up the two-particle density operator is no longer described by the antisym-
metrized tensor product of the one-particle operators F and the hierarchy of
equations comes back into play. The relevance of the hierarchy has just been
delayed. By reconsidering the physical situation, we will find a justification
of the truncation. This justification will be discussed together with the sec-
ond model for a metal, where correlations are generated already by first-order
terms in the interaction.

We only take the electron-electron interaction into account and neglect the
electron-phonon interaction, i.e., the second line of equation (3.25). Now the
statistical correlations are created by the electron-electron interaction in first
order. Assuming a weak interaction does not change this. Therefore the two-
particle density operator D) can not be substituted by the antisymmetric
tensor product in equation (3.26), but we have to include the correlations 7y

D& = EDW] © EIDWIP, + o),

with Tr (17(2)) =0.

We thus have to look for some mechanism that hinders the system to build
up two-particle correlations 79) in a realistic experimental situation. In fact,
up to now we did not take into account the presence in the environment. The
distinction between electrons ”inside” the sample and electrons ”outside” the
sample is in conflict with the non-separability problem of a quantum system.
We thus have to admit that we have limited knowledge of the electronic system
inside the sample. In what follows, we will suppose that the electrons outside
the sample form a statistical environment that induces a memory loss in the

6See equation (4.18) in the next chapter.
"See equation (4.1) in the next chapter.
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3.3. EVOLUTION OF THE ONE-PARTICLE DENSITY OPERATOR

electronic subsystem inside the sample. We will show that the evolution of the
subsystem can be described by a master equation for D).
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Chapter 4

Evolution of the one-particle
density matrix of a system
without energy transfer but
with memory loss

At the end of the last chapter we have mentioned the origin of the BBGKY
hierarchy and the problem of its truncation for the example of a metal. In
order to elucidate this problem we will first consider an N-electron system
confined to a limited spatial region like a crystal or a quantum dot, which still
interacts with its statistical environment, but where energy transfer between
the electronic system and the environment is negligible. This type of restricted
coupling with the environment, which was not considered in the derivation of
equation (3.25), enables the electronic system to explore electronic configura-
tions with the same energy but with different electron-electron correlations.
It thus leads to a memory loss in the electronic system. This memory loss
changes the situation completely: Starting from an initially uncorrelated N-
electron system, it inhibits the generation of high-order correlations. Using
the fact that in absence of correlations of order larger than n,,q., density

operators fo) with n > Ny, are fully determined by the density operators

Df), k=1,..., Nmaz, Wwe can then truncate the BBGKY hierarchy at the level

of DXL’"”) with 7 < nyee <€ N. In the following we will assume that the hi-
erarchy can be stopped at the level n,,q, = 2, which is adequate for electron
densities of usual metallic systems.
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4. EVOLUTION OF THE ONE-PARTICLE DENSITY MATRIX OF A SYSTEM
WITHOUT ENERGY TRANSFER BUT WITH MEMORY LOSS

4.1 Preparations for the coarse graining

4.1.1 Decomposition of the two-particle density matrix

With the restriction to 7,4 = 2, which we have introduced at the end of
the last chapter, it becomes convenient to reformulate the problem in the
two-particle Hilbert space. We will use the notations

H : one-particle Hilbert space
H®? : two-particle Hilbert space
HN? : subspace of antisymmetric tensors in H®?
HY? : subspace of symmetric tensors in H®?
% (lp)@lv)=|v)®|p),p<v : orthonormal basis in H"?
%(|p)®|y)+|y)®\p)),p< v } : orthonormal basis in H" 2.
1p) @ p), p=v

We further introduce the orthogonal projectors

P, :H®? — HN?
Py tH®* - HYZ

which can be expressed in the form

1
P, = 5(1—8), (4.1)
1
P, = S(1+5), (4.2)
where
§ =3 W)(ol @ lo)(v]. (43)
pv
From equation (4.3) we obtain
5% =1. (4.4)

The definitions of P, (4.1) and Ps (4.2) and equation (4.4) imply

P? =P, P?=p,, P,P, = P,P, = 0.

a S

The orthogonal projectors P, and Ps can be used to restrict the action of an
operator O € L (H®2) to one of the subspaces H"? or H" 2. In the particular
case

O=A®A,  AcL(H)
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4.1. PREPARATIONS FOR THE COARSE GRAINING

we restrict the action of O to H”?2 by the projection

PARA) = P,(AR AP,
_ i(A@A-S(A@A)—(A®A)S+S(A®A)S).(4.5)

From the definition(4.3) of S, we get

S(p)@lv) = Y W11 (p) @ V)
p'v
= [ @lp),

which allows us to calculate the matrix elements of the operator defined in
equation (4.5)

F(A® A) | ® (p|PaA @ AP,|p') ® V') (4.6)

- % (App’AW’ - APV/AVP/) :
In the following, we will use density matrices D, with
Tr (D(w) =1

rather than the density operators D™ . Both differ just by a normalization
factor. The density matrices D1y, D(g) are thus given by

1 1
Dy = ND( ),
2
_ @)
Dey NN -1 (47)

From equations (3.9) and (3.10) we get
Tr (D(l)) = ZD(l)VV =1, (48)

ZD(Q)VW’V = Dayuw- (4.9)

The last equation can be written in operator form

Equations (4.8) and (4.10) imply

Try (D(2)) = Y Digyuyyer = Tr (Tr1 (D)) = 1.
v
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In absence of statistical correlations, the two-particle density matrix of the
u

N-electron system is given by a tensor D(z) of the form (4.5)
by =P.(EQ E)P,= P, (E®E) = (E®E) P, (4.11)

where E € L (H) is a self-adjoint operator, which is completely described by
D). In order to obtain F (D(l)), we start from equation (4.6), from which
we get

1
DEIQ)Vpp’V’ = 5 (Epp’Euy’ — EPV/EVP/) , (4_12)

and thus

(Trl( >> ZDH Ypp'v = . ( r(E)E — EZ) = Doy

or

; (Tr (E) E — E*) = Dy). (4.13)

The solution of equation (4.13) is given by

(
E = 1
2

Tr (E)ljt\/le (Tr (E))*1 - 2D,

Tr (E 8D
S CON RN PR O
2 (Tr (E))
The solution with the 4 sign is not of interest, since it corresponds to Tr (F) =
00. We are thus left with

_TE ([, [, 8Dy
E=— <1 1 (TT(E))2>. (4.14)

The Taylor expansion around z = 0 of the function
"
VTE=Yah
n
has the convergence radius 1. The coefficients are given by

% n=1
Un =94 1(@2n=3)
5 .

We thus have

. Tr(E)— 1 8Dy
Pm T L i m e
T (E) [ 4Dy, (2n=3)! ( 4Dy \"
2 ((T (E))? ,;2 n! ((Tr(E))>> (419
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Taking the trace of the above expression, we get

o

4Ty (2n — 3)!! 4nT, B
@)y 2 <(Tr (E))2n> =2 (4.16)

n=2

with

Equations (4.14) or (4.15) and (4.16) show that the operator E is uniquely
determined by D). In the following we will consider the case of large N.
Then the normalization equation (4.8) and the fact that in the eigenbasis of
D1y we have

1
D(l)uu < N?

imply T, < 1 and T;,, < T},—1 for n = 2,...,00. Accordingly, equations (4.15)
and (4.16) yield

Tr (E) =~ V2,
E ~ V2D (4.17)

Obviously, any two-particle density matrix Do) consistent with a given
one-particle density matrix D(y) can be decomposed as

D(a) = D) +112); (4.18)
where the "uncorrelated two-particle density matrix”
Diyy = Dy [P

is a unique functional of Dy, and where 7,y describes the inter-particle cor-
relations. The matrix elements of the two-body operators D?Q) and 7)) satisfy
the symmetry relations (3.13). Both operators commute with the projector
P, (see also equation (4.11)). Since the condition (4.9) is already satisfied by
the uncorrelated two-particle density operator D&)’ we have

Tri (n@) = 0, Trz (n()) = 0.
From equations (4.11) and (4.18) we get

Dg = (EQE+ng)P, (4.19)
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4.1.2 Evolution of the two-particle density matrix

Let us now consider the evolution of a weakly interacting electronic system of
metallic density confined to a finite volume. Excluding here the interaction
with supplementary bath subsystems, we can simplify the notation and replace

For a closed N-electron system the evolution of the two-particle density oper-
ator is given by the von Neumann equation, i.e., it is given by the first term
on the right-hand side of equation (3.16),

d (2 1 i
%D/(m)wp' - iﬂ <cpcﬂh [Divy(t), H] c:,c,j). (4.20)

Following the arguments given at the end of chapter 3, we will introduce a
memory loss in the above two-particle evolution. In this way we phenomeno-
logically account for the interaction of the electronic system with an external
statistical environment, leading to an irreversible evolution. We suppose that
the mean value of the total energy is conserved, but that — on the scale of
the finite memory time introduced by the electronic environment — electronic
two-particle correlations generated by the electron-electron interaction in the
solid are destroyed, so that correlations of higher order become irrelevant for
the evolution on short time scales. Density operators D™ n > 2 are then
uniquely determined by D) and D@, so that the BBGKY hierarchy of equa-
tions starting from equation (3.23) can be truncated at the level of n = 2.

As in the previous section, we will use the density matrices D(,) nor-
malized to 1 rather than the density operators D). Since both differ only
by a numerical factor, it is clear that under our present assumptions the
density matrices D(,),n > 2 are also completely determined by D(;) and
D(9). Furthermore, equation (4.10) implies that the evolution of D(jy is de-
termined by the evolution of D(3). The influence of the density matrices
Dy(t) = Dy [Dy(t), Di)(t)] with n > 2 is contained in the effective in-
teraction Hamiltonian Hiy(t), which represents the screened (or "effective”)
two-particle interaction in the many-particle system. For our weakly excited
systems, the time dependence of Hin(t) stemming from the, in principle,
time-dependent screening of the evolving two-particle interaction in the many-
particle system, is very small and can be neglected for our present consider-
ations. The evolution of the two-particle density matrix in the Schrédinger
picture over time intervals much smaller than the memory time is then de-
scribed by the von Neumann equation (4.20). Expressed in the two-particle
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space and with equation (4.7), this equation reads

d i
2Dy (1) = 1+ [ Dy (). HY + Hin] (4.21)

where
H? =Y ©1+19 H"

represents the non-interacting part of the two-particle Hamiltonian. In order
to extract the influence of the interaction on the evolution of D 9)(t), we switch
to the interaction picture, which corresponds to the unitary transformation

@),

(D(Q))I<t) = e%Hé2>tD(2) (t)e_%HO (4.22)
Equations (4.21) and (4.22) imply
d I { I
= (D) ) = | (D) @) Hiy ()] (4.23)

Using equations (4.17) and (4.19) as well as the fact that the operators Hy,
HI (1), N2y and D(;) ® D(;y commute with the operator P, (see for example
equation (4.11)), we can rewrite equation (4.23) in the form

& (D) 1)+l (1)

1(0w) 1)@ (D) 0+ (1), 1 (1) B
2 (D) 1@ (D) (0, Bhu(0)] + 1 1l (0 Bl (1)] (429)

Q

with

f{i{nt(t) - HiInt

(t) P,. (4.25)

Being symmetric with respect to the particle exchange, Hiy, can be decom-
posed as

I:Iint = Z Aa ® Aaa (426)

where the operators A, are either self-adjoint or anti-self-adjoint
We will give the explicit form of the new operators A,. The interaction
operator acting in H®? may be written in the form

Hy =Y L@, k=12
K
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In the following we will show that the interaction operator I:Im,g including the
projector P, on the anti-symmetric subspace H”? may be written in the form
(4.26), i.e.,

I:Iint = HintPa = ZAQ & Aa (427)

For this purpose we first rewrite the operator P, given in equation (4.1) in the
form

Po=> % (Ip) (ol @ [v)(v] = V) (p| @ |p)(¥])
pv

to express it in the symmetric form

P, = % (1 DI+ S14p®@Stup+ D S0y @ Sz,up> : (4.28)
vp vp
with
Stuw = 5 (W)l + D)),
Sap = 5 (W)(pl = 1))
The vectors |v), v = 1,2, ..., form an orthonormal basis in H. From equations

(4.27) and (4.28) we obtain

- 1
Hint 5 (; L@ & Lg) (g Sl,z/p & Sl,up + Vzp SQWP X SQ,Vp)
1
= 5 (Z L-; ® L-z + Z IRSI,Vp ® II{SIJIP + Z IHSQ,Vp X IHSQ,Vp>
K KVp KUp
= Z Aa®Aa7 K,V,p:l,Q,...’ 520’1,2
a={kvps}
with

1
Ay = A{/@yps} = ﬁ Iy (51115p1530 + Sl,l/p531 + SQ,up(SsQ) .

In the following we will only use the compact form of the interaction Hamil-
tonian, given in equation (4.26).
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4.1.3 Evolution of the one-particle density matrix

We determine the evolution of the one-particle density matrix (D(l))l (1),
which is driven by the interaction operator ﬁint given by equation (4.26).
By evaluating the trace over the one-particle space in the second position and
using the normalization of D(;) (4.8) and the relation between D5y and D)
(4.10), we get from the evolution of D y) (4.24)

% (Dw)" (1) (4.29)
= % (D)’ (8), 3 AL(t) aa [Day ()] | + % > [hal®), ALW®)]
with ) )
a0 [Doy(®)] = Trt (D)) (AL(0)) = Trer (Dyyy (1) Aa(®))
and

M) = To (nfy(®) (1@ L))
= (Tr1 (np) (1 ® A)))" (1),

where Try <0(12) (t) (1 ®A£(t))> denotes the one-body operator that is ob-

tained by evaluating the trace of the two-body operator 0(12) (t) (1® AL(t))
over the one-particle space in the second position.
The first term on the right-hand side of equation (4.29), which represents

the linear contribution of the interaction on the evolution of (D(l))I (t), can
be eliminated by an adequate redefinition of the operators A, and Hy. In fact,
the total Hamiltonian H®) can be rewritten as

B = HP 4
= HV o1+ 10 H" + Hi

_ (Hél) + Zga(t)Aa> R1+1Q (Ho(l) + Zga(t)Aa>
+Z ((Aa — ga(t) 1) ® (Aa — 9a(t) 1)) Py

_ga(t)Z (1 ® 1) P,,

where g, (t) is an arbitrary function of time. The last term does not enter the
dynamics, since it commutes with any operator in £(H®?). It will thus be
omitted in what follows. Now, choosing

Ja (t) - aa[D(l)(t)]v (4'30)
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WITHOUT ENERGY TRANSFER BUT WITH MEMORY LOSS

and
AP = B+ ga(t)Aa, (4.31)
e
Aa(ﬂ - Aa_ga(t)lv (4'32)
we get

o [Doy(®)] = Tr1 (Diay (D Aalt)) = Tra (D) () (Aa — galt)1)) = 0.
From now on we will adopt the Hamiltonian in its new form
HO@®) = HYV®e1+10 Y () + Hu(),

where the modified one-particle Hamiltonian ﬁél)(t) is given by equations
(4.30) and (4.31). The operators A,(t) appearing in the modified interaction
Hamiltonian

Hii () =) Aalt) @ Ag(t), (4.33)
are given by equations (4.30) and (4.32).

Time dependence of the modified Hamiltonian and the interaction
picture

In contrast to the old Hamiltonian Hél), the modified Hamiltonian ﬂél)(t) is
time dependent. This time dependency is introduced by the function g, (t) =
Tr; (D1y(t)As) (see equation (4.31)), which scales with the interaction. As
shown in [1], the coarse-graining procedure requires that the interaction be-
tween the bathed system and the bath is weak enough, so that the correlation
time is much smaller than the evolution time of the bathed system (see equa-
tion (2.15)). The evolution time decreases with increasing interaction strength.

Let us look at the eigenvalues of the two operators H(()l) and ﬁél)(t). In fig-
ure 4.1 a schematic time behavior of an arbitrary eigenvalue of Hél) and of
ﬁél)(t) is shown. The eigenvalue of H((]l) is constant in time (grey line), while
the eigenvalue of ﬁél)(t) fluctuates (solid black line). For the supposed weak

interaction strength, the eigenvalue of f[él)(t) fluctuates with a small ampli-
tude. During a time interval At we can attribute the amplitude Ij; to the

evolution of the eigenvalue of I;T(()l)(t). Over the time interval At =t — g, the
Hamiltonian I;T(()l) can be assumed to be represented by ffél)(to), ie.,

aV ) = 72 (t), vt € At. (4.34)
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At

Figure 4.1: Schematic time behaviour of an arbitrary eigenvalue of Hél) and
the corresponding eigenvalue of ﬁél)(t). The eigenvalue of H((]l) is represented
by the grey line. The eigenvalue of ﬁél)(t) is represented by the solid black

line. The amplitude of the oscillations of the eigenvalue of f]él)(t) during a
time interval At is called ;. The time interval At = ¢ — ty over which the
Hamiltonian can be assumed to be constant, is indicated.

The operators in the local interaction picture! (O(l))l (t), are given by
! 2 f8Y (to)t A (1 — LAY (to)t
(O()) (t) =en 0(0)0()(t0)eh o (t)t v ¢ e At

The time dependence of the operators Hin, A, and I:IO(U in the Schrodinger
representation is not explicitly noted in the following expressions. We will see
later not only that this dependence is negligible (see also the remark at the
beginning of subsection 4.1.2), but also that it has no influence on the evolution
)

of the coarse grained one-particle density matrix. Expressed in terms of ﬁél
and A, given by equations (4.31) and (4.32), equation (4.29) becomes

d

£ 0w) 1) = 23 [, AL0)] (4.35)

where the superscript I denotes the interaction representation referring to the
Hamiltonian I;T(()Q) = ﬁél) R1I+1® ﬁél). The term

ila(t) = T (nfy®) (10 AL®)) (4.36)
will be calculated from equation (4.24), which can be rewritten in the form
d ;i 2 I I A i
7@ (t) = 5 (D))" (1) @ (D))" (1), Hing (1)

b [y (6, Bk (9] 2P, 5 (Dl (0 @ DLy (1) - (437)

'Local means here local in time.
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4.2 Evolution of the coarse grained one-particle den-
sity matrix

Starting from equations (4.35) and (4.37), we calculate the evolution of the
one-particle density matrix (D))’ (t) in a time interval tg < ¢ < to + At,
assuming that the two-particle density-matrix at some prior time tgy < #g is
given by

(D(2))" (to0) = 2Pu ((D(1))  (to0) & (Dwy) (to0) ) Pa + mfyy(to0)-  (4.38)

We further assume that the evolution of the one-particle density matrix is
driven only by the electron-electron interaction.

From now on we choose sufficiently small time intervals At, so that the
evolution of D(l)I (t) can be described by terms up to the second order in the
interaction. For the moment we restrict ourselves to terms that are formally
of second order. It should be kept in mind, however that - due to the time
dependence of the source terms, which is a consequence of the interaction
itself - the derived expression implicitly contains terms of higher order. These
higher-order contributions will be eliminated in the subsequent coarse-graining
procedure where we will keep only true second-order terms.

Integration of equations (4.35) yields

(D) () = (D) (t0) + 7 /t 0 dt'%: [ilya ) AL@)] . (@39)

According to the above restriction to terms of second-order we need the first-
order contribution to 77([2) (t). From equation (4.37) we obtain

wyl) = uly(to)+ 5 [t (D) (€)@ (D) @) )] (@0

0

L [oly®), bt
27, (D) (1)@ (D) (1) — (D) (t0) © (D)) (10))
4,

This expression must be inserted into equation (4.36) to obtain f](fl)a(t’ ), which

appears in equation (4.39). Presently we admit only for correlations 77([2) (t)
generated by the interaction. It is easily seen that under this condition the
third term on the right-hand side of equation (4.40) can be omitted, since
in equation (4.39) it leads to a contribution that is at least of third order in
the interaction. The first term 7/, (to) and the second term give rise to a
contribution that is at least of second order and must therefore be kept.
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Let us now consider the last term in equation (4.40). Clearly, its first
non-vanishing contributions would be given by first-order contributions to

(D(I))I (t), which again would give rise to second-order terms in equation
(4.39). However, since also none of the other terms in equation (4.40) can

generate first-order contributions to (D(l))I (t), this situation cannot occur,
so that the last term in equation (4.40) is never activated. We can therefore
omit this term without loss of generality, and restrict to

21

wyt) = (o) + 5 [ @t [(D)] ()@ (D) (@), )] (a0
+O(2).

With the replacements t — ty and tg — tpo we get in the same approximation

ylto) = alytto)+ 5 [ [(D)] ()@ (D) ). )] (442
+O(2).

From equation (4.41) and using the decomposition equation (4.33) we find

ﬁ{l)a(t,) =

Try ((n(@) (to) (1 ® Agw)) >>
i

o e <[<D(”)A(t") ® (Du))f(t”),ﬁit(t”)] (1®A£(t/))>

to

+0(2)
=T (me (t0) (10 45(1)) )

+% ), dt"Try ([(D(l))f (") ® (D) ("), Ab(t") @ggw)} <1®A§(t'))>
+0(2),

which can be rewritten as
Ma(t) = (4.43)
Try (nfy (to) (12 AL®)))
i v Pt i i
+ﬁ Z/t dt// <(D(1)) (tl/)A[é(t//)aﬂa(tl/, t//, t/) _ Aé(t//) (D(l)) (t//)aaﬁ(t”, t,, t//))
ﬁ 0

+0(2)

with

anp(t,t',t") = 2Tr ((D(l))f (t)/li(t’)flé(t”)) . (4.44)
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The operators D) are self-adjoint, whereas the operators Ay, are either adjoint
or anti-adjoint. We thus obtain the symmetry relations

Qap (t7 tlv t/,) = GBa (ta tlla t,)*'

After insertion of equation (4.43) into equation (4.39) we obtain for the evo-
lution of the one-particle density matrix

(t) = (4.45)

_Ag(t//) (D(l))j (t”)aag(t”,t/,t”)> 714(1;(15/)] '

The above expression describes the evolution of the one-particle density matrix
(D(l))I (t) in the time interval tg < t < tg+At up to formal second order in the
interaction and for the initial condition (4.38). It is expressed in terms of the
functions aeg(.,.,.) defined in equation (4.44) and of 77(12) (to). Presently, our

aim is to describe the evolution of the one-particle density matrix (D(l))I (t)
in a situation where — due to the weak interaction with the environment —
the system loses memory over the time interval [tgp, tp], without changing its
energy. Thus, looking back from the situation at time ¢y to the situation at
time tgg, we have to average over all electronic configurations corresponding
to

(D) (too) = (D) (ko) (4.46)

but with different two-particle correlations n(fQ) (too), which are compatible with
the energy of the electronic system. The condition (4.46) accounts for the fact

that the time dependence of (D(l))I (t) is itself due to the interaction Hamil-

tonian H. (t). Tts inclusion in equation (4.42) would therefore correspond to
contributions of higher than first order in the interaction. These contributions
are excluded in our present approach, since in equation (4.45) they give rise
to terms, which are at least of third order in the interaction.

The contribution of the term 77{2) (too) in equation (4.45)

3 [ (o) (1 440 )]

0
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must be averaged over all correlations 77{2) (too) with

A~

Tra () (too) e (t0) ) | < dF, (4.47)

where dFE denotes an infinitesimal energy. According to equation (4.45), this
contribution is linear in 77([2) (too). Thus, since all electronic configurations

corresponding to different n(fQ) (too) compatible with equation (4.47) possess
equal statistical weight, they cancel out under the configurational average.
This corresponds to the choice

M) (too) =0 (4.48)

in equation (4.42).

Let us recall that the above presumed ability of the electronic system to ex-
plore the configurations corresponding to all admissible (D(g))l (too) for fixed
D(Il) (too) = D(Il)(to) or?, correspondingly, to all admissible 77(12) (too), results
from its unavoidable (non-dissipative) coupling with the environment. It is
this shuffling of the correlations 7,y of the electronic system driven by the ex-
ternal statistical environment, which leads to the loss of the long-time memory
in the considered N-electron subsystem.

Inserting equation (4.42) into equation (4.45) and with the choice (4.48)
we obtain

(D)’ (1) (4.49)

In order to proceed, we have to determine the time behavior of the functions
ans(t,t',t") defined in equation (4.44). Obviously, the time dependence of the

operators ﬁél) (t), An(t) and (D(l))] (t) is itself caused by the interaction.
Since we treat the influence of the interaction Hamiltonian from hereon only
up to strictly second order, all these operators must be kept independent of
time on the right-hand side of equation (4.49), and thus can be evaluated at

ZNote that the difference D{U(to) — D{l)(too) is at least of first order in the perturbation.
Its inclusion would thus give rise to terms of higher than second-order terms in the final
expression for the evolution of D(Il)(t) in the interval to <t < to + At.
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t = tg. This justifies our previous omission of the time dependences in the
Schrodinger picture (see the remark after equation (4.33)).
In the following we will assume

aag(to, t,t") = 0 for |t —t| > Teorrs (4.50)

so that the integrands in equation (4.49) depending on these functions vanish
for time differences larger than 7. This assumption is valid for electronic
statistical states close to equilibrium and for interaction operators that cou-
ple single-particle states over a wide range of energies, as is the case for the
screened Coulomb interaction. Due to equation (4.50), we can extend the inte-
gration interval in the second integral in equation (4.49) and replace the lower
limit tyg by —oo. This allows us to get rid of the unknown parameter tyg. We
then get

- N -\ 2 t t
(D(l))l(t)_(D(l))I(tO) = (;) /tdt’/_ dt" J(to,t',t") (4.51)
with

I (to, ', ") =Y [(D(l))f (t0) AL(t")aga (to, ", ¢') (4.52)
aff

L i L
~5(e") (D) ()aaatta. ), AL(0)].
Inserting the definition (4.44) and expanding the commutator, we obtain

J(to, ', t") (4.53)

FAL@Y AL (D) (to) T ((Dm)f <to>A£<t’>A£<t”>) } |

Using the fact that the trace over a product of operators is invariant with
respect to cyclic permutations of the operators, we find

Tr (J(to, t',t")) =0, (4.54)

which implies that the trace of D q) is conserved during the evolution described
by equation (4.51).
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Starting from equation (4.51), we will now calculate the evolution of the
time-averaged density matrix

_ 7 1 to+AL 7 At
(D) (0) = At/t dt' (D))" (t'), =to+ 5, At =1t~ 1o, (4.55)
0

where the time interval At will be chosen later in such a way that the oscilla-

tions of (D;)” (t) are suppressed and only the linear contributions with respect
to At are kept. For our convenience, we define

(D)’ (to + At) — (P) (to)
K(t) = Al : (4.56)

In order to calculate the term K(t), we first determine the matrix elements
of the operator J(to,t,t") given by equation (4.53) in the eigenbasis |v) € H
of the one-particle Hamiltonian ﬁél). Like in chapter 2, we introduce the
frequencies

Wy =

&
h

corresponding to the eigenvalues €, of the one-particle Hamiltonian ffél), and
the short-hand notation

Wyp = Wy — Wy

for the difference frequencies. With ¢ = ¢’ — 7 we then get from equation
(4.53)

(w|J(to, t', ' — 7)|p) —2< ) Y (4.57)

aB v,0,6,k,A
{D{w<to>fiﬂ,ae<to>Aa,w<to>Dé>m<to>Aﬁ,m<to>fla,m<to>e“ww*wfw’fe—“www
—D( 1) (tO)Aﬁ selt ) (to) it )D(I )K)\(to)AB’AM(to)ei(wun“!‘wku“rwé'y)t’e—i(wée'i‘a))\u)’l'
_D(Il)wd(t )Aq st ) (to) (tO)D(l)HA(tO)Aa )\M(to)ei(wm—&-ww—l-w(w)t/e_z'(ww-mew)T

+D(11)75( ") Agse(to) Ag ey (to) Aq (to)Aﬁn,\(to)D() (to)6"(‘”””“’57”/e’i(‘“'ﬁ”‘“”)T}.

With the corresponding change of the variable of integration t” — ¢’ — 7, the
double integral in equation (4.51) becomes

t t! t 00
/dt’/ dt”---—/dt’/ dr---
to —00 to 0
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With the relation
t Ly '
/ dt'e™t = At (g (wAt) e“"t> ,
to
where
_ sin(z/2)

we obtain from equations (4.51) and (4.57)3

7 i -\ 2
(v] (D1)! (to + At) — (D1)! (to)|12) :2<;> % (4.58)

At
aﬁ 776767’<’7A

{ Dlyy5(t0) Ag s (t0) Aaer (t0) Dl (t0) A ea (o) A pyu(fo) /s )7

g ((wn“ + WJ—Y)At)) / d']'e_i(wn)\"!‘wae)’r
0

_D(Il)»y6 (tO)Aﬁ,ge (to)Aa@,}, (to)Aauk (tO)D(Il)H)\ (to)‘zlﬁ,/\u (to)ei(wyﬁ-w/\u.,_wh){
g ((wm +wyy + wéﬁ/)At)) / dTe*i(w&erM)T
0
_D(Il)fyé (tO)Aa,ée (to)A@w (tO)Aﬁ,Vﬂ(tO)D(Il)HA (tO)Aa,)\u (to)ei(“’”‘+“’>\u+wév)f

9 (Wr + wyy + wsy)AL)) / dre—i@rntwe)T
0

+D(11)75 (t”)/ia,ée (tO)Aﬁ,ev (tO)Aa,wf (tO)Aﬁ,m\ (tO)Dgl)Au (tO)ei(wM )t

g ((wl/)\ + wéry)At)) / dTe_i(wn)\“l‘we'y)T}.
0

Choice of At

The frequencies appearing in the function g are the sum of difference frequen-
cies Wiy + Wy, Wk + Wiy + Wsy, and wy ) +wsy. Let us abbreviate these sums
in the following section by w, and denote the largest value of these sums wpyax
and the smallest non-zero value of these sums Aw. The latter is of course
finite for the here considered spatially confined systems, since we always have
a minimum distance between the non-degenerate discrete eigenvalues of the

Hamiltonian H él).

3In the following it is understood that the integrals fi}o dte'™" and [%_dte™" are eval-
uated as lim.—o [°_ dte’ ™" and lim,_o (.LOOO dte' @t [ dt e"(‘”i")t), respec-

tively. These replacements are justified by Eq. (4.50).
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Figure 4.2: The function g(w, At) plotted against w with three values of At =
0.01,1,100. It should illustrate the two cases where g becomes constant (At =
0.01), as it is assumed in the Redfield approach, and when ¢ is zero, except
for w =0 (At = 100), as it is assumed in the Markov approach.

Looking at the behavior of the function g(w, At) for parameters At (see
figure 4.2), we distinguish two limiting cases.

The first case is called Redfield approach. It corresponds to a time interval
satisfying the inequality ﬁ > At. Then At is so small that the product
with the largest w stays in the vicinity of 0, implying that the function g
becomes constant:

g(w,At) =1, ¥V w.

In figure 4.2, this can be seen for At = 0.01. Note that At has still to be much
larger than 7corr. This case is called the Redfield approach. In summary, the
choice of At is limited by

2w
Teorr K At < .

Wmax

The Redfield approach takes memory effects of the system into account, which
are not of interest here.

The second case is called Markov approach. It is valid for time intervals
satisfying the inequality % < At. Then At is so large that the product with
Aw is already very large. The function g(w, At) becomes

1 fw=0

g(w, At) = { 0 else (4.59)

In figure 4.2, this can be seen for At = 100. Here another limiting time
comes into play, the timescale on which the irreversible evolution of the bathed
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system can be seen. This timescale will be called 7¢¥%'. The coarse-graining

time interval has to be smaller than that timescale, if not, the evolution, we
are interested in will be averaged out?. In summary the choice of At is limited
by

2
Teorr < 1= <At < Tevol, (4.60)

The Markov approach will be the one, we will adopt. We define a finite time
interval At > 7¢orr, for which

At Aw > 1. (4.61)

Note that in the thermodynamic limit (volume V' — oo and % = const.) the
conditions (4.61) and (4.60) cannot be satisfied, since Aw — 0.

We assume that At remains small enough so that — in accordance with
equation (4.51) — the evolution of the one-particle density matrix can still be
described by terms up to second order in the electron-electron interaction.
This assumption imposes an upper limit on the interaction strength. Taking
equation (4.59) and the above property into account, we see that for this
choice of At the exponentials ¢! in equation (4.58) can be replaced by 1.
Considering here only contributions up to second order in the interaction, and
remembering that the time dependence of the operators D(II)(t) and fl@(t) is
solely due the interaction, we may replace the arguments ¢ in equation (4.58)
by t and replace the density matrix D(Il) by the averaged density matrix D(ll),
defined in equation (4.55). Together with equations (4.55), (4.56) and equation

“Not all systems have such distinguished time scales, of course.
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(4.57) we thus obtain

i 2
K@ = KO =2(3) T

af

{ S N Dl (D Asse(®) Aae (B, (D Asr(B) Ao ()

{7767"£|wnu+w5’7 :0} e

w .
/ dre " {Wrrtwse)T
0

n Z Z D(Il)yzi @AB,& (f)Aa,sv (ﬂAa,un (E)D(II)H)\ (E)Ag,)\“ (f)
{%5»&>\|wm+w>\#+w57:0} €

00 .
/ dTe—l(wae-l-wAu)T
0

- Z Z D{l)'yé (E)Aa,& (E)Aﬁ,e'y (ﬂA,@,yn (ﬂD(ll)n)\ ({)Aa)\u (E)

{7767’{7>\|w1’ﬁ+w)\[/‘+w5’y:0} €

S .
/ dTe_l(wun+LUe'y)T

+ Z ZDI E)Aa 5€(ﬂAﬁ efy(E)Aa lxn(ﬂAﬁ H)\(E)D (}

{’7767A‘wuk+w5 _0} ek
00 .
/ dre {weaxtwe)T L
0

This expression can be written in the compact form

(K)o = > Dl s (DT (D) (4.62)

{¥0RA |wpp+wsy+war=0}

with

07 1 6
FZM,K)\(E) = _5V'Y Z F;LO' n)\ E) + Fl:yu n)\() (463)
19
F,uz AK E)* 55# Z F(;'/(;'y AK E)*
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and

2 —; N a N N
ng,m (t) = ﬁD(Il)m\ Z Aa,vy (aAﬁﬁu (%) Z AB,/\a(aAa,Uﬁ (1)(4.64)
af o

/ dre=i(@nton)r
0
* 2 -7 1 1 1 I
Ern® = 5D D A0 Ap,u5(0) Y Avna (1) A o0 (D)(4.65)
af o

/ drel(“onters )T,
0
From equation (4.63) we find

> T
:_Z5WZ amxf)JrZFme (4.66)
+ZF33M 0 - ZéguZFszM O
= ZF?fMHZFJfHAfHZFSZMf)*—ZFSZM@*

o o
d § 1 &
ZFI’/YI/HA t_)—i_ZFijn)\ a—i_Zij)\n E)*_ZFVZN{(]Q*
v v

=0.
Together with equation (4.62) this implies

K ({)) =0,
which corresponds to equation (4.54).
The I' coefficients of equation (4.63) can be rewritten in the form

1 )
FZZ sx () = FO’L(L ) - <hGuvkn@ + hAHwAn@> 05y, (4.67)

. .
- (hGém(ﬂ - ;Aﬂsm(f)> 6

with
= Yo 0 1 *
I\Oz,u, K)\(E) = FJ,LL P Z) + F,uz )\K(E) ’ (468)
GV“'Y‘S(E) = 5 Z 1—‘0 oo; 5’}/ (469)
- Z (B 5o (D) + F2le (0.
th
AHV//"YJ(E) - 5 ( oo; 57(5) Foo B%) (ﬂ*) : (470)

[
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The matrix elements of the above-defined operators Iy, G, and AH satisfy
the symmetry relations

Polbn = (Lol >* (4.71)
OvpsrA 0 uvs Ak ’ .
Gyu'yé - (Guué'y)* )

AHI/;L’Y(S = (AH}M/5’Y)* 5

and consequently we have
) =0 *
FZ# KA <Fu’ly/;)\n> : (472)
From equations (4.56) and (4.62) we obtain
d i AT 5
{vdrMwyp+wsy+wre=0}

Defining

() = > NG (4.74)

{H)\‘W)\n"l‘wup“l‘w&y:o}
we can avoid the summation restrictions in equation (4.73), and write

d

@D(Il)up,(t)‘tZE = Z D(Il)'y5(t_> PZ’ZZ(D (475)
o7

The one-particle density matrix in the Schrédinger picture is obtained with
the transformation

Diy(t) = e #457t DI () ex o™,

ZD@l=r = 7 [Du)(f) i f)] +T () (D)), (4.76)
where

CHI)),, =D Tin®Ye, V Y €L(H).

Explicitly written, equation (4.76) becomes

d

%D(l)uu(t”tzf =3 {Du)@ Al ] ZF (B)D1yen (D).
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This is the master equation that described the coarse grained evolution of an
electron gas in a system without energy transfer but with memory loss. We
note that the coefficients Fﬁ;}(f)_ , which are obtained from equations (4.63) and
(4.74), depend themselves on D).

It important to note that — in contrast to the situation described in [1] — the
superoperator I'(¢) depends itself on the coarse grained density matrix D(Il) (1).
This dependence results from the fact that the described evolution of D(fl)
is driven by the electron-electron interaction rather than by the interaction

of the electronic subsystem with an independent bath subsystem, which is
characterized by its proper density matrix.

4.3 Properties of the I' coefficients and discussion

Let us further inspect the properties of the I' coefficients, which determine
the evolution of the one-particle density matrix (see equation (4.75)). From
equations (4.72) and (4.74) we obtain

[0 — <I ‘H>*. (4.77)
Vi 1% :
In the spirit of equation (4.74), we define

Ly Zi@ = Z T, Zi;m\@- (4.78)

{KAlwyp+wsy+wre=0}

From equations (4.67), (4.74) and (4.75) it follows that the transition rates
from the initial states |) to the final states |v) with £ # v are given by the
diagonal coefficients T' lffj(f) For simplicity we assume from now on that all
difference frequencies wy, are non-zero for ¢ # 7 and also different®. We then

get from equation (4.78)

Tose(®) = > Ty @

{rA|wrx=0}

= Z f‘0 15/5;.‘{){ (f)v

K

5This assumption can be made without loss of generality. It corresponds to adding some
small perturbation to the one-particle Hamiltonian H(()1> which lifts the w,x degeneracies.
This allows the identification of the contributions of the single-particle states in the following
analysis. After the analysis, the perturbation may be reset to zero again .
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and from equations (4.64), (4.65) and (4.68) for £ # v

Lofo @ =Tew = 3 (Fifun® + FiSen”)

K

(4.79)

2 " N N A _ -
= D> Aawe®)Ap o (D) Aarn (D) Ap ir (D)D), (D) (wer + wrn)

KA af

= ZZAa vé t_)Aﬁ él/(t_)ACt AR ﬂAﬂ KA E)D(l)m@ Z)(SVH(S&)\

KA af

= 27T 1)yy E) (Z Aa VE 2?)Aoz N3% i)) ZA,@ 173 {;)AB EV(E)

= 27T l)VVE)<Z‘AaV§E>‘>

0,

v

which implies
F&—w _ T
(1 VI/(E) D(l)gg(f)

From equation (4.66) it follows also that
W == > Tie
{ele#vy
Thus, using equations (4.75), (4.79)) and (4.80), we get
d _; .
@Dé)w(t)lt:f = Z D{1)gg@ F%@a (4.81)
3

= Z FawD(ﬂ)gg(ﬂ— Z FV"gD(Il)I/l/(ZT’)

{ele#v} {elg#v}

Dlyee® _;
_ i
= > Tew D (ee(®) — 7@17(1)”,/@
{¢16#v} ( v

= 0,

(4.80)

i.e., the populations remain unchanged throughout the evolution.

The above result is a direct consequence of our assumption that the system
energy is conserved during the evolution, which was made to obtain equation
(4.49) from equation (4.45). In fact, the energy conservation

. dD! (¢
e L L I EUNN

t=t
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follows directly from the conservation of the populations (see equation (4.81)).
In order to see this we evaluate the right-hand side of equation (4.82) in the

basis of the eigenvectors of I;T(()l). We then get

d (e(t)) B dD},, (t
#oly = ZEImO el =)
d (o | Dy(t| o)
- 20:6“ dt )

= 0.

Equation (4.81) implies that — in the absence of interactions with external
bath subsystems — the evolution of the electronic system is completely deter-
mined by the evolution of the coherences. In order to understand this evolution
we have to study in more detail the structure of the coefficients lei; .\ appear-
ing in equations (4.73) and (4.74). Following the same procedure as for the
derivation of equation (4.79), we obtain from the definitions (4.64)

F B £ F () = (4.83)
2 =7 A A A A * —i(w Wxe )T
ﬁD(Il)n)\ (ﬂ Z AO‘W“/ (ﬂAﬂﬁﬂ (t_) Z Aﬁ,)\ﬂ (E)Aa,an (E) /O dre ( ont M)
af o

2 —» ~ ~ 2 A * i(w W )T
2 Dla® S Ay (D Ap00) S Ao () Ao (D) /O o gilomoFem)
af 4

From the above expression and equations (4.68), (4.69), and (4.70) we obtain
the coefficients Fozj;._(i), G.. .(t) and AH _ (t), and thus finally the coefficients

I (%) of equation (4.75), which determine the evolution of D(Il)(t).

The summation condition wy,, + wsy + wx,x = 0 in equation (4.78) can be
rewritten as

Wy + Wiex = Wy (4.84)

This allows us to rewrite equation (4.83) in the form

5 5 w_ 2 5F
FJM;HA(D + F,LZ;M(E) = ﬁD(II)n)\(Z) ’ (485)

00 .
/ dTe_l(w””—’_wW")T

—0o0

: Z Aa,u'y (E)Aﬁ,du(i) Z AB7AU (E)Aa,cm(i) o
af g / dTg(T)e—i(wm—i-ww)r’

— 00
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where the Heavyside function £(7) is defined in (2.14). Alternatively, using
the condition (4.84), we can write equation (4.85) in the form

1 A N _
7 Z Aa,m/ (E)Aﬁ,é,u (E)Xﬁoa;)\m (t, _wéu)
ap

0 1
sz/,u H)\(Z) + Fuz )\n(f)* = 1 (486)
ﬁ Z Aa,m/ (E)Aﬁ,éu (E)Xﬁa;)\n (f, _w5u)
af
with
_ Qm -7 o o

Xgasae(t,w) = XD(IQ,{)\(Q Z Ag o (t)Aaon(t)d (W —wrs)  (4.87)
o 2 .
Xpas(t, w) = _ﬁD(Il)nA(t_) Z AB,AU(ﬂAa,UH(E)w —

The I'g coefficients defined in equation (4.78) can then be expressed in terms
of the functions xgq.. (f,w). From equations (4.68), (4.86), and (4.87), we get

FOZZ() = % Z Z AOI,V’Y(E) (Xﬂa;)ui(fa wué)) Aﬁ,ﬁu(f)

af {’f)‘|wvu Wik 'H’J(SWZO}

2 R _ ~
= ﬁ Z Aa,uv(f) Z X[v’a;M<t7wu5) Aﬁyéﬂ(t_)'
af

{HA‘“}VIJ«+W>\K+W6'\/ :0}

The coherences are described by the non-diagonal matrix elements D Do (1),
v 7é 1. The evolution of their contribution to the one-particle density matrlx

(1) (t) is described by

d . 2
=1 |Plyd)
{vulv#u} =
d . .
= > Dl (ODhy,, 0
{valvn} i
d (5i i
=2 > T (Du)uu@) D1y, (t)
{oultn) i
=2 ) > T an E)D (D), (4.88)
{vplv#u} 6

where we have used equation (4.75) in the last line. For a nearly diagonal
density matrix

D{l)m(i) ~ D(Il)m(f)dma (4.89)
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equations (4.86), (4.87) imply that terms with k = A give the main contribu-
tions to the I' coefficients defined in equation (4.74). According to Egs. (4.73)

and (4.75), the evolution of the coherences 1vu® is thus governed by the
coefficients FZ,M .k O the corresponding coefficients FW, so that Eq. (4.88)
becomes

d 2
=1 > ol (4.90)
{vulvu} i

2 Z ZFV“ ﬂDI’ycS ﬂ‘Dl/Ll/ _)

{vulv#u} 6

= 2 > S Re(rUD) ‘DW

{vplv#u} 6

Q

where we have used the symmetry relation (4.77) to obtain the last line. We
then have to investigate the coefficients I';f;(f). From equations (4.63) and
(4.74) we obtain

le;z(f) = Zruunn
= Z(Fiﬁﬁna—f_Fﬁ;Hn _>*)_Z(Fé"#KHE)+F:UVH,‘Q 4)*)7

K KO

and thus

2Re (I} (1)) (4.91)
Z Fiﬁnmf)_‘_Fﬁ;an) +Z Fll//ﬁnmi)*_‘_Fﬁ;Hn(f))

Z le;aymf t‘)_‘_lerjgnn() )_Z(F##HH(E)_FF(?OHHH(}*)'

RO

The four terms on the right-hand side can be calculated from equation (4.85).
From equations (4.68) and (4.71) we get for the first two terms

D (En® + Fin @) = D (Pl (D) + Fli (D) (4.92)
- %ZD&)&N(E)

Z Aa,w (t_) Aﬁ,uu (ﬂAﬁ,rm (ﬂ Aa,m (ﬂ .
af
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The third term is given by

D (Ften(®) + Fog (D)) (4.93)

RO

- % Z D(jl)mi ('E) Z Aa,m/ (‘E)A-OQ[{K/ (ﬂfi@yy(ﬂflﬁﬁﬁ (f)
K afB
47 =7 ~ 20 . 2
+ﬁ Z D(l)lﬁli(ﬂ Z ’Aa,/ﬂ/(a’ ‘A@m}(a‘ .
K B

Replacing the index v by up in the above equation we obtain the fourth term

D (Fpt e (®) + Flt (D7) (4.94)

RO

_ % 5 Dla® | 3 A0 A A9
af
A 2 N 2
ZD(I)rm (t) Z ‘Aa’ﬁu(ﬂ‘ ‘Aﬁ”w(ﬂ‘ ‘
af

Inserting equations (4.92), (4.93) and (4.94) into equation (4.91), we define
vectors X, by their components

9 — R N
Py = A/ Dl Doy (D Aasn(®) €R, Vi

We introduce the scalar products

(Xq«)n X(Sg) X(Sg, Xq/oz Z Tryo,k LB,k

to obtain
2Re (I} (1)) (4.95)
= Z Xvavxuﬁ) — (Xvas Xug)) + ((Xvaaxuﬂ) - (X,uaaxuﬂ)) — Wyp
with
Wy (4.96)
ZD(I kK E) Z‘AO‘ kv E)‘ )Aﬁm’ E)‘ ‘Aa»"fﬂ({)r‘fiﬁﬁﬂ(ﬂr
> 0.
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The first part of the right hand side of equation (4.95) can be rewritten as

Z (%vas Xpu8) — (Xva, Xup)) + Z (%vas Xpp) — (Xpar Xpup)) (4.97)

af af
= Z (leom X8 — Xl/,@) + Z (Xuﬂa Xya — Xua)

af af
=D (Xvas X — Xu8) + D) (Xuas Xup — Xup)

af af
= — Z (Xva — Xpua) 5 Z (%03 —xu3) | <0.

o B
From equations (4.95), (4.96) and (4.97) we obtain
Re (I}h(1)) < 0. (4.98)

Equations (4.98) and (4.90) imply that, for an initial one-particle density
matrix that is nearly diagonal in the eigenbasis of the one-particle Hamil-
tonian I:Iél) (see equation (4.89)), the weight of the coherences cannot increase
with time. Remembering that according to equation (4.81) the populations
D(l)w,y = 1,2,... do not change with time, we find that the density ma-
trix D(1)star corresponding to the final stationary statistical state is given by
(D(l) stat) m = D(l)yyau,u'

Let us recall that the evolution of the one-particle density matrix D(Il) (t)
described by equation (4.75) is driven by the electron-electron interaction
Hamiltonian Hin given by equation (4.33), and that no energy is exchanged
with the environment. The remaining weak interaction with the environment,
which is unavoidable in a real experimental situation, introduces a memory
loss. This memory loss is at the origin of the resulting irreversible evolution of
the electronic system. This situation may be regarded as the quantum analog
of a weakly interacting classical gas in a box where — independent of the chosen
initial conditions and even in absence of energy transfer with the environment
— the random noise generated by the environment inhibits the appearance of
Poincaré cycles on any time scale, and thus may be used to justify the statis-
tical description based on the "Stosszahlansatz”. This Ansatz was introduced
by Boltzmann to explain the experimentally observed irreversible evolution
towards the statistical state with largest entropy at fixed system energy. The
evolution of the one-particle density matrix described by equations (4.81) and
(4.98) can be described in a similar way in terms of the von Neumann entropy,
which for a given density matrix D is defined by

S(D)=—kgTr(DInD). (4.99)
Comparing the entropy S (D(fl)stat(f)> corresponding to the stationary di-

agonal density matrix D(fl)stat(t_) to the entropy S <D(f1)(f)) associated with

50



4.3. PROPERTIES OF THE I' COEFFICIENTS AND DISCUSSION

the initial density matrix D{l)(f), which has the same diagonal elements as

D(fl)stat(f) but possesses also a small off-diagonal part, we get the quantum
analog of the second law of thermodynamics [20]

S (D{@D =5 (D(l)(ﬂ) <5 (Dgl)stat(f)) =5 (D(I)Stat) .
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Chapter 5

Evolution of the one-particle
density matrix of a system
with energy transfer

Let us now come back to our original problem and consider the evolution of a
spatially confined electron gas where the electrons are also dissipatively cou-
pled to bath subsystems such as a phonon bath or a photon bath. In this
case, electron-electron coupling is the principal source of statistical correla-
tions 72)(t), since the correlations induced by the interaction with the bath
subsystems are at least of second order in the electron-bath interaction. We
can thus insert the result given by equation (4.76) into equation (3.23) to
describe the evolution of the complete system. With the substitution

Din(E) — (Te)in(®),  Dgy() = Dpya(d),
and otherwise using the notations of equation (3.23) we obtain
d - i = 1 _
—Dya®)li=t = 7 [D(l)A(ﬂvH,S\)} +Le(t) (Dya(?)) (5.1)

dt
0D (D) A 0) — . {D(l)A(i), G“)} + T (Dgya (D)

[ = -
2 [Da®), AHY | + AHEV(Dpya(t).
where the two-particle density matrix is given by equations (4.11), (4.17),
D9)a(t) = Diy) a(t) + n(2)(t) = 2D(1)a(t) @ D1y a(t) Pa (5.2)

The latter approximation is justified since the coupling term I’(()Q_)l)(l_?(g) a(t))
describes contributions of second order in the interaction with the bath sub-
systems, while the two-particle correlation 7y) is of first order in the electron-
electron interaction. Accordingly, under the above condition the 1) contribu-
tions to the right-hand side of equation (5.1) are smaller or at most comparable
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with the already neglected third-order terms of the electron-electron interac-
tion.
Equation (5.1) can be cast into the form

o DwA®),, bt = 3 [Paa®. VD) (5.3

+> " (Twot)i () (Daya),, ()
KA

with
Tiot =T+ (G + X+ T3 +35)), (5.4)
J

where the first superoperator I, is the renamed I" operator defined in equation
(4.74). Equation (5.3) is the QBE in the eigenbasis of ﬁél). It describes the

evolution driven by the electron-electron interaction. The superoperators C,

Xj, F((f; 1 together with the self-energy terms ¥, give the contributions of

the different bath subsystems B;. The superoperators X; and F(()2; D can be

expressed in terms of the superoperators C), which were defined in equation

(B.7). According to equation (B.12) the latter describe the action of 1“81%1)

on D1y4(t). From equations (B.15), (4.12) and (4.17) we obtain

v’ 1
(Xj)ow = % <5up <G§1)>y’p’ + 0y (G§1))py>
= =G Y (CNY =Gy > (CH
H H
and
(067), = (0 ~ @+ O = (€12) (P,

+30((C — (o + (€t — 1)) (B,
Similarly, the self-energy terms ¥; in equation (3.23) can be expressed in terms
of the superoperators C; also defined in equation (B.8). With
_y(@ (2—1)
£; =50 4207,

where Zg-l) and Efﬁl) correspond to the two self-energy contributions

(i/h [D(l)A(t), AHS)} and AHI(42_>1)(D(2)A(Z‘:)) in equation (5.1), respectively,

we get from equations (B.13), (B.16) and (4.17)

<2§1>>””/ — <5Vp2(c‘y)z';' — b1y Z(@)Zﬁ)
o o

pp
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We will write in what follows the QBE (5.3) in the form

d

EDy(D) = 1 [Py, B )] +T(0) (D (1) (55)

with the replacements

Fot — T
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Chapter 6

Towards the semi-classical
Boltzmann equation

We have not yet left the quantum statistical description. In this chapter, we
investigate how the transition towards a classical description can be made.
A "test” of the classical structure will be the derivation of the semi-classical
Boltzmann equation (SCBE). First, we discuss some properties of the coher-
ent states and introduce the concept of quasi-orthogonality. Then, we will
reformulate the QBE in the basis of coherent states and finally use the quasi-
orthogonality for the derivation of the SCBE.

6.1 Coherent states

Equation (5.3) describes the coarse grained evolution of the one-particle den-

(1)

sity matrix D(l) in the basis of the eigenvectors |v) of Hol . This description
is quite different from a classical description, where the statistical state is
described in terms of a probability distribution function in the one-particle
phase space. In order to relate the evolution of the density matrix D(l) with
the evolution of the electron gas in phase space, we will from now on abandon
the basis of the states |v) and switch to a description in terms of coherent
states, which are represented by the vectors |a), a € C3. Coherent states are
localized in the one-particle phase space. The principal properties of coherent
states are summarized in appendix C. There, a one-to-one correspondence
between the parameter a« and the central position p, q of the corresponding
coherent state |a) in the one-particle phase space is established in equation
(C.26),

_ Agp —iApq

—
The parameter A = A, specifies the width of the coherent states in position
space. The corresponding extension A, of the coherent state in momentum

(6.1)

o7
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space is obtained from the fact that the Heisenberg inequality is saturated,
ie.,

h

The A parameters will be kept constant throughout our derivations' and can
therefore be omitted in our short-hand notation. The correspondence (6.1)
allows us to introduce the notation (see equation (C.29))

) = |p,q). (6.3)

For our present purposes it is convenient to replace the complex vector o € €3
by the vector z € RS, where

z = (Re(a),Im(a)) (6.4)

Ag  Ap
<7rhp’ MQ) .

Adopting this notation, we will identify a coherent state by the real vector z
rather than by the complex vector a i.e, instead of equation (6.3) we write

z) = |p(2).a(2))
= |p,q).
Including also the spin variable s = {%, —%}, we obtain the vectors
u) = |z,5) = p,q;9), (6.5)

which form an overcomplete basis in the one-particle space H. In order to
keep the notation as simple as possible, the arguments z in the parameters
p(z) and q(z) will be omitted, whenever the reference is unambiguous. From
equations (6.2), (6.4), and (6.5) we get

1 3. 73
/du"':Z/dz”':(gﬂh):sZ/d pdiq---,
A SR6 SRG

where
A= {R s}

denotes the space of integration over the parameter w including the spin vari-
ables s.

IFor practical applications, the choice of the parameter A will be important. As this
parameter sets the form of the basis vectors, it influences the form of the overlap between basis
vectors and it influences the form of representation of the statistical state of the subsystem.
For an application to metals near equilibrium a parameter A, larger than the atomic scale
will be adequate in most cases.
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Using equation (C.47) and taking the orthogonality of the spin functions
into account, we obtain a generalized "completeness relation”

/duP(u) = Z/ dz |z, s)(z,s| = 1, (6.6)
5 s

A

where P(u) denotes the projector
P(u) = |u){ul. (6.7)

According to equation (C.52) any one-body operator O € L(H) can be
expressed in the “diagonal representation”

0 = [dao(a)aal

@3

This holds in particular for the one-particle density matrix D(l), which can be
written as

Dy = /dup(u)P(u). (6.8)
A

Obviously, we have the functional dependence

Dy = Dqylp]

which implies that the evolution of D(l) is completely determined by the evo-
lution of p(u).

6.1.1 Quasi-orthogonality

Properties of a system are represented by closed subspaces of a complex Hilbert
space (see for example [3] and references therein). In a classical description, all
properties are compatible, i.e., they are represented by orthogonal subspaces.
Equation (C.38)

(p—p')? (a—q')? i(p'a—d'
=L ) i(pa—d'p)
BAf o B8AF o 3R

(p.alp’,d) = e

shows that the basis of coherent states Z = {z} consists of non-orthogonal
vectors (z|2') £0, Vz,2' € Z.

In order to approach a classical description in phase space, we have to in-
troduce the concept of quasi-orthogonality. We define a volume in phase space
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Q(zg), centered at zg, with extension Agz in real space and A;’ in momentum
space, so the volume ) = (A;Z)S (Af})g. We define the self adjoint operators

Poey = Z / dz|z,s)(z,s| (6.9)
Poeyy = Z / dz|z,s)(z,s|, (6.10)

20)
where Q.(z¢) is the complement of (z¢):
Qc(20) = R%\ Q(20).
Equations (6.9) and (6.10) imply
Poegy t o = 1

In order to get quasi-orthogonal subspaces associated with the coherent states
inside and outside the volume we have to show that

2
_ 2 2
(PQ(ZO) + PQC(ZO)> H - <Pﬂ(z0) + PQC(ZO) + 2P9(ZO)PQC(ZO)> H
~ 2 2
~ (P2 PR

This requires that the Hilbert-Schmidt scalar product Tr (P P ) is

Q(z0) "~ Qc(z0)

negligible with respect to Tr (P P ) < Tr (P = oo. We

Q(z0) " Q(z0) Qc(zo)PQc(zo)>
can evaluate the trace, for example in the eigenbasis {|v)} of Hél):

Tr(Py Pry) = o3 [ = [ a2 (lzs) sl o))

!
755 Q0(z0)  Qe(z0)

= Y [ @ [ aaune Yoh

$5'0(z0)  Qe(20) i
= Z / dz / dz' 65 59(2,2")
5,8’ Qzo) Qe
_ / / o §(u (6.11)
Q(zo) Qc(z0
where we have defined
f](uv u,) = 5ss’g(z? Z/) (612)
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with

9(z,2') = [(z[¢)]
(p—

2
p)A
R

(C:38) 6—( )26—("{75’)2_ (6.13)

The function § is symmetric in u, 4’ and can be expressed as the Hilbert-
Schmidt product of the projectors P(u) and P(u’) defined in equation (6.7),

g(u,u') = Tr(P(u)P(u)) (6.14)
= |(ulu)|”

g(u' ).

The function § satisfies the normalization condition

/dug(u, u') = (u'|u) = 1. (6.15)
A

Equation (6.13) implies

/dz’g(z,z’) = / dz'g(z,2) , for Al > Ay and AT > A, (6.16)

RO Q(2)

Equation (6.11) only has contributions from the surface region So between
Q(z0) and Q.(z0), which is determined by the function ¢ (6.16). The function
g is gaussian shaped with respect to the distance of w and u’ in phase space
(6.13), so the width of the contributing surface volume is about (2A,4A,)3 = k3.

The Hilbert-Schmidt scalar product Tr (P P ) has contributions

Q(z0) "~ Q(z0)
from the whole volume 2. Accordingly, we have

Tr <Pﬂ(zo)P9c<20>) LEN)
Tr (P P, ) - zo)

Q(zg) " Q(zq)

<ex 1l (6.17)

For sufficiently large phase space volumes €(zy) we may assume the projectors
szo) and PQC(zO) to be practically orthogonal. The parameter e defines the
accuracy to which the subspaces generated by the coherent states centered
inside and outside the volume §2(zy) may be considered to be orthogonal. It is
always non-zero, but it may be chosen arbitrarily small. A small € corresponds

to large volumes 2.
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g(p.q;p’q), A=0.4

g(p,q;p'.q), A=0.8

g¢(p,q:p.q), A=1.2

0
p-p° -5
Figure 6.1: Plot of the function g(z,2") = g(p,q; p’,q’) (see equation (6.13))

as function of the real space distance q —q’ and the momentum space distance
p — p’ for three different values of A = Aj and i = 1.
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|z—2
|z—2,|

Figure 6.2: The volume 2, the surface Sq, the complement 2. and the function
9(z,2').

6.1.2 Probability distribution in phase space

We will show that the average pn of the function p over a volume 2 in phase
space can be interpreted as a probability distribution.
From equation (6.8) and the positivity of the one-particle density matrix
2
we get

Tr (l:)(l)P(u))
= (ulDg)lu)

= /du’p(u’)g(u,u’) >0 (6.18)
A

p(u)

with

/dup(u) = /du p(u) =Tr (D)) = 1. (6.19)

A A

The integral equation (6.18) relates the functions p(u) and p(u). We note that,
in contrast with p(w), the function p(u) is not necessarily positive everywhere
in phase space. Since p and p satisfy the normalization condition (6.19) and
due to the quasi-orthogonality of subspaces (6.17), it is possible to choose

2Strictly speaking, the positivity of the coarse grained one-particle density matrix D(l) is
not always guaranteed, i.e., for some vectors |v) € H the expectation value (y|D()|y) may
be slightly negative. This deviation from the von Neumann properties of a density matrix
is unavoidable if one considers the evolution of the subsystem on the true time scale, but it
scales with the strength of the interaction and thus remains negligible. In the following we
will assume the positivity of the matrix elements (u|D(1)|u) where |u) denotes a coherent
state.
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sufficiently large cell volumes §2 in phase space, so that the mean value taken
over a subvolume Q(z)

palzo,s) = é/dz p(z,8)

becomes positive and can be interpreted as a probability distribution associ-
ated with the subvolume Q(z¢). Equation (6.18) shows that for a given Dy
the function p depends on the parameter A characterizing the width of the
coherent states. We make the assumption that the parameter A may be cho-
sen in a way that the one-particle density matrix D(l)(t) can be represented
by functions

Iplu)] < 1. (6.20)

See also the comment after equation (C.58). Assumption (6.20) is necessary
for the following demonstration and for the derivation of the SCBE only, but
it is not necessary for the reformulation of the quantum Boltzmann equation
(QBE) in phase space.

From equation (6.16) and (6.20) it follows that in equation (6.18) we can
restrict the integration over |z’) = |p’,q) to vectors close to |z) = |p,q), i.e

/dup /dzpzs g(z,2). (6.21)

Then we get

1 1
0 <  pa(zos) = ) / dzp(z,s) = a / dz (z, 3]D )12, 8)

Q(z0) 2(z0)
(6.18) é/dz/dz’p(z’,s)g(z,z’)
Q(z0) RS
(621) é/dz /dz’p(z’73)g(z,zl)
Q(z0)  Q(z0)
= 5 / dz' p(Z', s) /dzg(z,z’)
Q(z0) Q(zo)

6.17
€ 1 / dz' p(2 s)/dzg(z,z’)

Q(zo) RS
615 / dz' p(2,s)
Q(z0)

= ol ) (6:22)
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From equation (6.19) we get

/dup(u) = Z/dzp(z,s)
A 5 RS
1 / !
= /sz / dz' p(z',s)
RS Q(z)
1

and thus

/dupg(u) = 1. (6.23)
A

The quasi-orthogonality expressed by equation (6.17), put together with
equations (6.22) and (6.23), allows us to interpret po(z,s) > 0 as the proba-
bility density in phase space at z, which describes the distribution of electrons
with spin s on the scale of the volume €.

The functions p(u) and p(u) are related by the integral equation Eq.
(6.18). A method of is presented in Appendix (C.2).

6.2 Quantum Boltzmann equation in phase space

After it has been shown in the last section, that it is possible to introduce the
concept of quasi-orthogonality, the reader should be motivated to continue and
to see how the bridge between the QBE derived in chapter 5 and the SCBE
can be built, because that is what we will do in this section. We reformulate
the QBE in the basis of coherent states and add an assumption about the
statistical state of the subsystem.

6.2.1 Transformation into the basis of coherent states
The QBE (5.5)

Doy () =+ [Dy (), B (0] + T (D 1),

is transformed into the basis of coherent states. The existence of the ”diago-
nal representation” (6.8) implies that we only need to calculate (u|...|u) to
completely describe the evolution of D(l). Then the QBE reads in the basis
of coherent states

& (@D ®hw) = {ul? [Doy(), B 0)] o)
+(u|l (D) (t)) [u). (6.24)
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With (6.18) we obtain the corresponding QBE for p(u), which defines the
complete density matrix D1y (see equations (6.8), (C.47)).

The last term in equation (6.24) expresses the action of the linear su-
peroperator I'(¢) € L(L(H)) on D()(t) € L(H). In our derivation of the
master equations this superoperator has been defined in terms of its matrix
elements Fﬁﬁ‘(t) in the basis of the eigenvectors of the one-body operator H(gl)
(see equation (5.4)). According to the replacements (5.6) and remembering
that the coherent states satisfy the closure relation (6.6), the action of the

superoperator I' can be expressed in the basis of coherent states as
u|D(Y)lu') =
/du”/du'" I (u,v;u”,u") (W'Y|[u"), VY € L(H) (6.25)
A A

with
[ (u,u'su”,u"”) = ) (u|m) {uln) T (A" ().
VUK

Written in the explicit form of equation (6.25), the last term in equation (6.24)
reads

(u|T (D (t)) |lu) = /du’/du” L (u,u;u/,u") (u'[Dg)(t)u"). (6.26)
A A

With the diagonal representation of D) (equation (C.52)) and the explicit
form (6.26), equation (5.5) reads in the basis of coherent states,

/ du’g(u,u’)W - / du'p(u',txu%[P(u'),ﬁgn(t)} lu)  (6.27)

A A

—I—/du'/du”/du"'p(u',t)f‘ (u,u;u",u"')
A A A
. <u//|P(u/)|u///>

where we have used equations (6.7) and (6.14).
This equation contains the full quantum statistical information of equation
(5.5), no further approximations or assumptions having been made.

6.2.2 Quantum Boltzmann equation

In this section we will make the assumption that the function p(.) depends
only weakly on its arguments so on the scale of A,, A, it can be described by
the first-order terms of a Taylor expansion. Then the second term in equation
(6.27) can be treated in more detail.
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Expectation values (u| D(l)(t),ﬁél)(t)] |u)
The one-particle Hamiltonian is composed of the kinetic energy and the po-
tential?,

Hy=T+V.

In order to evaluate the commutator (u|% [D(l),ﬁél)(t)} |u), we treat the

contributions 7" and V separately. '
We start with the potential part (u|% [D(1),V] |u). For
V(x) = / d*ke™™*V (k)
R3

and with the real-space representation of the coherent states equation (C.31)

3
1 1 _(x—q\2 p(x=3)
(x|p,q) = <27TA2> € (=) e o,

we obtain

(p.a,s|V|p',d,s) = (6.28)

(a—q')? _A2(p—1o'—ﬁk)2 i(p'q—pa’+hk(q+q’))

Ogs! dng(k)e_ sAZ ¢ 2n2 e 2k

R3

For ' = q, p’ = p and s = s this reduces to

n A2K2 .
(p.qlVlp,q) = /d3kV(k)e 7 etk
R3
= / PV (k) e
RS
= V(a),
where
212 .
V(k)*e_ 2 k)

describes the Fourier components of the one-particle potential, as it is seen
on the scale of the coherent states |p,q). Using the definition (C.45), and
introducing the potential operator V¢ by

Ve = / APV (k)ekr (6.29)
RS

3In order to simplify the notation, the kinetic energy operator and the potential operator
will be denoted V, T instead of V', T from now on. The hats in the functions V' (k) are used
to denote the Fourier transforms.
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6. TOWARDS THE SEMI-CLASSICAL BOLTZMANN EQUATION

we evaluate

(P, sle* 2R o, s") = Gype™ (p,qle™(Crd)p o)

= g™ (p, qleik(_ma%’ %) . d)
ikq' hik -2,

= Gyge s (pqle™ o D o)
ikq’

=  Jsve 2 (p,alp’ +7k,q)

(C.38) g (p=p'=11)?a2  (a=a)’ i((p/+nk)a-a'p)

5575/3 2 e 2n2 e 8sAZ ¢ oh

ik(q+q’) (p-p'—nk)>A2 _ (a—a')® i(p'a—d’p)
= 0gs€ 2 € 212 e s8az e 2R
b

(6.30)

Comparing equations (6.28) and (6.30) we find that

(p,q,s|VIp',d,s") = (p,q,s|V[p’.d, ). (6.31)

Equation (6.31) implies that, using the basis of coherent states, we can
always replace V by V¢ From the above calculation and the definition of the
operator Qp, (C.45)

Qr = ihi

8p+

d
L2

it follows immediately that we also have

Ve = / 43KV (k)e*Cr.,
RS
Thus, expressing D(l) in the diagonal representation equation (6.8), we can

write the expectation value of the commutator [D(l), V] in terms of the ex-
pectation value

i L 1 R ikC >

(ulg Dy e | u) = £ (21D)e @m0 ]z) — (2]e*2n0 Dy 2))
) kO A
= - (e R _ ¢ L) (z|Dpylz). (6.32)

The operator D(l) is given by equation (6.8), so that we have to calculate the
terms

1 o
(2h)3 > / d’p' &’d p(p', o', s)(p, alp’, a)e™ (P’ d|p,a)  (6.33)
S R6
and
1 »
(2nh)? > / d*p' d*d p(p',d, 5)e™% (p,qlp’,q ) (P d|p.@).  (6.34)

R()‘
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From now on we will make the assumption mentioned at the beginning of
this section: we assume that, on the scale of A, and A, the function p(p, q, s)
depends only weakly on its arguments*. Then, due to the presence of the
overlap matrix elements (p,q|p’,q') and (p’,d|p,q) under the integrals, we
can approximate the function p(p’,q’, s) by

) 8p(p7q7 S) 8p(p7q7 S)
Ip dq
Thus, the first term given by equation (6.33) can be expressed in terms of
the integrals

p(p',d,s) ~ p(p,a,s) + (p' — p +(d —q) . (6.35)

(6.36)
! 3p' d3q 1o\ ik QR (0 ! ’ (2)
G | TP d'd (pap ) D dlpa) (=) (b)
Re (d—q) (c).

Similarly, for the second term given by equation (6.34) we have to calculate

(6.37)
1 3.7 13 1 kO Lo 1 / (a)
(2rh)3 d’p’d’q " (p,qlp’,d)(p’.d'|lp.a) { (P'—p) (b)
R? (d—q) (c).

The integrals (6.36) and (6.37) are calculated in appendix C.5. From equations
(6.29), (6.32), (6.35), and the results for the integrals (6.36) and (6.37), which
are given by equations (C.70), (C.71) for the contributions (a), by equations
(C.72), (C.73) for the contributions (b), and by equations (C.74), (C.75) for
the contributions (c), we finally obtain

(wly [P VT = 537 [ @709 (wl [Py, @) o] o
S RS

i - _a%? . 0p(P, g, s)
= - A’k V (k) hk ikqZPR 20 7
i o
R

0 - _a%? dp(p,q,s)
= | [ PkV(k tha | S22
0q / (ejem 2 "e op

~ 9V°(aq)9p(p,q,s)
= 54 o (6.38)

4The here requested smooth behavior of the function p(z, s) must be seen as a supplemen-
tary condition for the statistical state of the considered subsystem. We remind the reader
that we are investigating the conditions for which the evolution of the subsystem can be
described by the SCBE. Clearly, we cannot expect or pretend that this covers the whole
range of experiments in solid state physics. Nevertheless, the large success of this type of ap-
proach indicates that many experimental situations can be described by one-particle density
matrices where the functions p(z, s) satisfy conditions (6.20) and (6.35).
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The remaining expectation value

i
<U|ﬁ [Dqy, T w)
is calculated in appendix C.6. There we obtain equation (C.80)

_pIp(p,q,s)

Ba (6.39)

i
<U|ﬁ [Dqy, T]|uy =
After insertion of the results (C.76) and (6.39) into equation (6.27), we obtain

the QBE for p expressed in the basis of coherent states
d / C
/ d’ § (u, ) p(w) — 0V°(q)dp(p.q,s) P Ip(p.q;s) (6.40)

dt dq op m  0q
A

+/du'/du”F(u,u;u’,u”)
A A
/du/// p(u///) <u/|u///><u///’u//>.

A

Note that the function §(w,w’) under the integral on the left-hand side is
positive and normalized to 1 (see equations (6.14) and (6.15)). Due to the
quasi-orthogonality (6.17) we can restrict the integration over the z’-part of
u' to a limited region Q(z), with A? > A around z = (p, q).

Apart from the spin variable s, the first two terms on the right-hand side
depend only on p and q. They have the form of the drift and diffusion terms
in the SCBE. It should be kept in mind, however, that the function p does not
describe a probability distribution.

We note that, apart from equation (6.35), we have not made any restrictive
assumptions to derive the QBE in the basis of coherent states (6.40) from the
QBE equation in the energy-eigenbasis (5.3). Thus, it is clear that the QBE
(6.40) still properly accounts for the "quantum” evolution on small scales. We
will show how — based on this equation — also the "classical” evolution on large
scales appears. But first we take a closer look at the last term in equation

(6.40).

Locality of I’

The superoperator I' describes the influence of the electron-electron interac-
tion and of the electron-bath interaction on the evolution of (w|Dy)(t)|u).
It corresponds to the ”collision term” in the Boltzmann description of a clas-
sical gas. The one-body operators Qfa,Aa € L(H) entering the interaction
Hamiltonian are local operators, i.e.,

<p,q,S\Aa!p/,q',s) = 0 for ‘q—q">dq Yo
P,q,s japaqas
< ‘QA’/ ! >

I

0 for ‘q—q">dq, Vi, a
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6.2. QUANTUM BOLTZMANN EQUATION IN PHASE SPACE

with
dg > Ay

Recognizing that the I' term represents contributions of second order in the
interaction, one sees immediately that the function T' (u, u;u/, u”) only gives
significant contributions when the coherent state |u) = |z, s) overlaps in real
space with |u') = |2/, ') and also with |u”) = |2”,s"”). This implies

2d,, (6.41)
2d,,

d' —d

<
|q//_q’ <

i.e., the coherent states |u’) and |u”) leading to non-negligible I' (u, u; u’, u”)
contributions are themselves linked by the condition

ld' — q"| < 4d,. (6.42)

From equations (6.41) and (6.42) it follows that the "final” states |u') and |u”)
are located in the same spatial region as the "initial” state |u), i.e., the spatial
centers q' and q” are close to the spatial center q of the "initial” state.

We make the hypothesis that A, has been chosen to be in the same order
of magnitude of d,

From the diagonal representation of the one-particle density matrix we
obtain

(| Dy (8)|u”) = / du p (u) (w'|u)(ulu”). (6.43)
(]33

From condition (6.20) together with equation (6.43) it follows that we can
restrict to coherent states |u), |u’), and |u”) that are centered at close positions
in phase space, since otherwise

p () (u'|u)(ulu”) ~ 0.

Non-negligible contributions to the scattering term can then only exist for

‘p/_p//| < 4A,,
d —q"| < 4A,.
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6.3 Semi-classical Boltzmann equation

In order to arrive at the SCBE, we introduce a sufficiently large volume €2, on
which the quasi-orthogonality (6.17) holds. We average the function p over this
volume to obtain the probability distribution function po (6.22). We obtain
for the left-hand side of equation (6.40) averaged over the volume €2(2)

" -
512/d3z’/du”g(u’,u”)dp(u) (6£2) dp(p,q,s)_
Q(z) A

dt dt

The following procedure follows closely the standart derivation of the clas-
sical Boltzmann equation (see for example [21]). For the first term in equation
(6.40) we have to assume that the force 8%05,(1/) is constant over the integration
domain in the q subspace and that

i / dZ/ 8p(p,7q/78) ~ 8ﬁ(p7q7 S)
Q op’ op

Q(2)

Then this term becomes

1 / 4o V() 0p(¥'.d'ss)  OV©(a) 9p(p,a)
Q oq’ op’ oq op

. (6.44)
Q(=z)

For the second term on the right hand side of equation (6.40) we have to
calculate the average

1 / ,8p(p’,q’,5)
q / dz' p o
Q(=)

The factor p’ is one of the integration variables and cannot be assumed to
be constant. Nevertheless, recognizing that p is the average value of p’ in
the integration domain, and assuming that %&?/’s) varying weakly over the
integration volume €2, we can approximate the mean value of the product by

the product of the mean values, i.e.,

l !/ 18p<p/7q/78) ~ 8ﬁ(p7q73)
q / dz' p o ~p . (6.45)
Q(=)

dq

The last term on the right-hand side of the master equation (6.40) depends

on the function T’ (u,u;u'u"), which accounts for the effect of the electron-

electron, electron-phonon and electron-photon interaction. ‘In order to satisfy
the conditions

if d,d"¢Q(2) (6.46)
if p',p”e€Q(z), (6.47)
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which are required in the classical approach, one has to make an adequate
choice of the free parameters A, Af} > A, and Ag > A, where the latter two
parameters characterize the cell volume ). Having specified the parameter A,
entering the definitions of the coherent states, we can determine the functions
T (u,u;u’,u”).

We choose the smallest dimensions Af} and Ag of the sub-volume 2 =
(A?)3(A§)3 which allow us to satisfy the quasi-orthogonality condition. Clearly,
this requires Af} > A, and Ag > A,. The choice Ag > /A, is also optimal
to satisfy condition (6.46). In order to satisfy also condition (6.47), which
guarantees that scattering within the cell Q(p, q) can be neglected, we have
to choose a sufficiently small AI? .

The general properties of ' (u,u;u’,u”) have already been discussed in
section 6.2.2. There it was shown that I (u, u; u'u") gives non-negligible con-
tributions only if the states |u') = |p/, d/, ') and |u”) = |p”,q", s”) are located
in the same spatial region as the state |u) = |p,q,s). From equation (6.41)
it follows that the integrations over @' and q” in equation (6.40) can be re-
stricted to a sphere of radius QA;) > A, centered at q. Moreover, according
to equations (6.8) and (6.12), and assuming that the one-particle density ma-
trix in its diagonal representation is described by a bounded function p(u)
satisfying the condition (6.20), we can further assume that p’ ~ p”, and
Ip’ —p| > A < |p” — p| where AS} > A, denotes the dimension of the cell in
p direction, which according to the preliminary arguments given above, is cho-
sen sufficiently small to ensure that scattering into final states lying inside the
cell can be neglected. Thus, the integrations over p’ and p” can be restricted
to the same compact p regions with p’ =~ p”, which lie, however, outside a
sphere with radius Ag > A, centered at p. From the above considerations
it follows that the third term in equation (6.40) couples states with approxi-
mately the same position in real space but distant in the p directions. It thus
possesses the basic properties of the collision term in the classical Boltzmann
equation (see also the discussion in section 6.2.2).

We can now go back to equation (6.40). For the third term we have to
consider

% / dz' /duQ/du:), F((z’,s),(zl,S);UQ,u?))/du4ﬂ(u4) (u2|ug) (ualus)

Q(z) A A A
= /dU4 f(z,s;w;)p(w;) (6.48)
A

with the averaged function

, S; U4)

:/du2/dU,31 / Z'T((Z,s), (2, 9); u2, uz) (us|uy) (uy|us).
A 4

Q(2z)

o)
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The right-hand side of equation (6.48) can be written as
/du’f(z, s;u') p(u) = Z/dz'f‘(z, s;2',8) p(2, )
A s RG

1 N
= Z/dz’ o / dz"T(z,8;2",8") p(2", ). (6.49)
S/ R(, Q(z’)

The mean value of the product in the last line of equation (6.49) can be
decomposed as the product of mean values

1 . _
a / dz"T(z,s;2",8") p(2",8") =T(z,s;2',s")p(2', §'), (6.50)
Q(z')

where we have defined the mean values

1
ﬁ(Z/,S/) — a / dZ”p(Z”,S/)
Q=)

_ 1 A
[(z,8;2',8) = a / dz"T'(z,s;2",5).
Q=)
We assume that conditions (6.46) and (6.47) are satisfied. With equations

(6.44), (6.45), and (6.50), we obtain finally for the master equation (6.40) after
the averaging procedure (6.22)

dp(p,q,s) _ 9V°(q)9p(p,q,s)  p Ip(p,q,s) (6.51)
dt dq op m  dq '

]‘ / I T R !/ N = / / /
+zs,:(277h)3 / dp / qu(z,s,p,q,S)p(p,q,S)

R\, (p) Qq(q)

where we have introduced the real space part {2;(q) and the momentum space
part Q,(p) of the volume (z).

Equation (6.51) is the SCBE for the evolution of the probability density
(P, q,s). The three terms on the right-hand side are usually denoted as field
term, diffusion term, and collision term.

6.4 Recapitulation

The derivation of the SCBE (6.51) was done in three steps. In the first step we
have performed a basis transformation of equation (5.5) from the eigenbasis

of the Hamiltonian Hél) in the overcomplete basis of coherent states {|u)}.
Within the basis of coherent states, the coarse grained density matrix Dy
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is fully determined by its diagonal elements, which are a functional of the
function p. The evolution of the function p is given by equation (6.27). This
equation contains the full quantum statistical evolution of the density matrix
D(l)

In the second step, we have assumed a locally homogeneous electronic
subsystem, i.e., the function p depends weakly on its arguments, so that it can
be described on the scale Aj,, A, by the first-order Taylor expansion (6.35).
This assumption allowed us to treat the Hamiltonian contribution in equation
(6.27) and to write the QBE in the form of equation (6.40).

In the third step, we have used the concept of quasi-orthogonality (6.17),
which can be introduced on the scale of sufficiently large phase space volumes
). The dimensions of §2 are imposed by the requested precision. Furthermore
we have assumed that the density matrix D(I) can be described by a bounded
function p (see (6.20)). Under the above assumptions one obtains the SCBE
(6.51), which describes the evolution of the electronic subsystem on the scale
Q.
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Chapter 7

Conclusion

We have shown that starting from a quantum statistical description, the tran-
sition to the classical statistical description can be achieved. The reason for
the irreversibility was related to the separability problem.

In chapter 4 we have in particular studied a spatially confined N-electron
subsystem in the situation where the presence of the environment just leads to
a memory loss in the electronic subsystem, but where energy transfer between
the environment and the electronic subsystem remains negligible. The nature
of the subsystem constituting the partner for the coupling is irrelevant in our
approach. In the usual experimental situation in solid state physics it can be
associated with the ensemble of "external” electrons. The finite memory of the
electronic subsystem resulting from the coupling to the environment hinders
the subsystem to build up particle-particle correlations involving more than
Nmae €lectrons. For simplicity, we have assumed n,,q, = 2, which is adequate
for metallic systems where the radius of the effective screened interaction is
of the order of the mean electronic distance. The corresponding results for
the evolution of the electronic subsystem have been used to formulate the
master equation for the general case where the external bath subsystems can
absorb or emit energy. An extension of the present approach to low-density
systems, where this approximation does not hold, is straightforward: In this
case one would just get a set of nq, — 1 differential equations for D), n =
1,..., Nmaz—1, instead of equation (5.1). This generalized approach is valid for
large quantum dots containing a sufficiently large number of mobile electrons,
as well as for macroscopic solids as metals or doped semiconductor systems.

The master equation for the reduced one-particle density matrix, describ-
ing the evolution of a confined subsystem, with a screened electron-electron
interaction and weak electron-bath interactions is still formulated in the basis
of eigenvectors of the one-particle Hamilton operator. Let us briefly repeat
that coherent states are centered at a point in phase space. A point in phase
space corresponds to the expectation value p of the momentum operator and
the expectation value q of the position operator. The parameter A specifies
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the width of the wave function of a coherent state in real space, while the
width in momentum space is obtained from the Heisenberg relation (6.2). The
basis of coherent states is adequate for the following reasons:

e First, it is overcomplete. This overcompleteness becomes obvious in the
measure (%r#h)‘g in the closure relation (C.47). Due to the overcomplete-
ness a one-body operator O is completely determined by (u|O|u) [19].
Thus the evolution of the density matrix D(l) is completely determined

by the evolution of (u|D)|u).

e Second, it allows to introduce the concept of quasi-orthogonality in phase
space. Taking into account that every measurement has a finite precision,
a value ¢ < 1 can be defined, for which no distinction can be made
between 0 and values smaller than e. The rapid decrease of the function
g, given in equation (6.13), allows to define quasi-orthogonal subspaces
in phase space on a scale ) (see equation (6.17)).

The quasi-orthogonality properly allows to approach the classical description.
Restricting to density matrices satisfying condition (6.20) we have derived
in chapter 6 the semi-classical Boltzmann equation (SCBE). This justifies for
instance the assumption of statistically independent reservoirs in the Landauer
transport theory on the scale! €.

The key result of this work is the phase space representation of the quantum
Boltzmann equation (QBE) in equation (6.40). Based on this equation one
can describe both, the classical behavior on scales? larger than €2, and the
quantum behavior on scales smaller than 2. The locality of the electron-
electron, electron-phonon and electron-photon interaction and the resulting
local dynamics can be discussed in a transparent manner in the frame of
equation (6.40). The quasi-orthogonality property reveals the local character
of the evolution. Thus equation (6.40) allows us to perform the thermodynamic
limit, which was impossible on the basis of equation (5.3).

IFor instance, as long as the distance between the reservoirs is larger than the real space
part of the volume 2, they can be supposed to be statistically independent.
2For example the SCBE.
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Appendix A

History of electrical current

One of the motivations for this work was the understanding of experiments
with the electrical current. Even though the range of applications of this work
is more general, the electrical current provides a typical example. The history
of the discovery of electrons going through matter is so exciting, that I couldn’t
bear not to include this chapter in my thesis. This appendix is mainly based
on [?].

It started with a shock

He felt a hit in his arms, shoulder and breast that took his breath away and he
had to recover from this shock and fear for three days. This is one of the first
documented measurements of the electrical current. It is taken from the book
of Joseph Priestley (1733 - 1803), published in 1767 The history and present
state of electricity, with original experiments. Even though Priestley made
all the experiments, described in his book on his own, the shocking citation
is about the feelings of a man called Pieter van Musschenbroeck, a Dutch
professor, who just touched his own invention, he made in Leyden: the Leyden
jar.

This jar was in fact the first capacitor that lead to man-made electrical
discharges that were big enough to cause pain. While Mr. Musschenbroeck
was shocked by the feelings the electrical current introduced him to, Mr. Bose,
wished to die by an electrical shock to become a part of the French academy
annals, while the Benedictine Richmann actually died such a glorious death.

An electrical shock is nothing else than feeling the electrical current within
your body. As we know today nerves are transmitting information by electrical
properties. A current of electrons rushing through our body overloads the
nerves and can lead to pain or even death. The latter usually does happen
for two reasons. First because the membrane potentials depolarize. Second,
because proteins are destroyed (denaturation) by the heat that is produced due
to the resistance of the body. The above-mentioned invention of a capacitor
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opened the window to the world of electricity beyond the static electrical
effects that were the main field of interest before, namely the attracting forces
of materials like amber that have been loaded by friction with fur, or with the
electrifying machine.

As it is the case for really new findings, the first way to explore them is
with our body. The first apparatus to measure this new fluid, as electricity
was supposed to be at that time, was the human body. And it really did its
duty.

To test how many people can feel a shock of a Leyden jar, Abbé Nollet
(1700-1770) scientist at the French court, let 180 soldiers feel it in presence of
the king. In an abbey in Paris they even managed to have a human chain of
900 Klafter (= 1.5km), where every man held a metal wire in his hand as a
connection to the next man. They all jumped and felt an electric shock at the
same time.

Even more astonishing was the precision that was achieved at that time.
Henry Cavendish (1731-1810) found that the relation of the conductivity of sea
water to the conductivity of iron is 1 : 4-10%. Today we measure 1 : 2- 106%1.
Somewhere in the 1750s Cavendish found that incredible good result by using
his algesia. He compared the pain he felt caused by an electric shock once
received via iron, and once via sea water (the circuit was build up with a
Leyden jar)!

Basic science about electricity started with people like the Swiss academic
Johann Georg Sulzer(1720-1779) who found in 1754 that two connected metals
lead to a strange flavor on the tongue by closing the metal ring with it. People
experienced the electrical current with their own body and by looking at their
reactions, they learned about the current’s nature.

The invention of current measurements in a more objective way was the
logical next step. Using measuring apparatus rather than the own body lead
to reproducible experiments. Measurements exploiting the magnetic effects
around a wire traversed by a current, were among the first. These experiments
were only possible due to another invention, the Galvanic cell, found in 1800
by Allesandro Giuseppe Antonio Anastasio Count of Volta (1745-1827). It is
said that frogs’ legs and his wife have played an important role in that, but it
is for sure that it was the first source of a constant electrical current.

Georg Simon Ohm (1787-1854) published in 1826 and 1827 the nowadays
so-called Ohm’s law, i.e., U = R -1 (U is the voltage, R the resistance and
I the current). He first used Galvanic cells, but he found out that these
measurements were not exact enough. Only after switching to a thermoelec-
trical current source, he was able to make experiments that proved his law [?].
Ohm’s law was the first that described the relation between electrical current
and voltage.

Today’s knowledge about electricity is visible in everyday tools. It helped

1S stands for Siemens.
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Figure A.1: A comparison of scale: the author (1.90 m) in front of Ohm’s
galvanic cells (on the left) and the electrifying machine, called Elektrisiermas-
chine (on the right). They are part of the physics exhibition of the Deutsches
Museum, Munich, Germany.

us going to the moon. The Apollo space ships of the 1970’s had less computer
power than a luxury car of 2006. Electricity serves mankind in a way that was
not imaginable when the pioneers of electricity, like Ohm, started their work.
But it is their testimony.

Microscopic world

Modern use of electricity is based on findings that allowed mankind to produce
electricity out of mechanical, thermodynamical and even nuclear energy.

Research on electrical current has never stopped. Well known laws, like
Ohm’s law, break down for very small systems at low temperatures and new
theories are needed. One of formalism is the Landau-Biittiker formalism (see
for example [22]). While the resistance in Ohm’s law is proportional to the
length of a wire it passes through, the resistance becomes independent of the
length of a wire, when its temperature is very low and its size becomes very
small. The first case is called the (semi-)classical regime, while the latter is
the mesoscopic or microscopic regime. Theories for the microscopic, as well as
for the macroscopic, "classical regime” were developed between 1782 and 1960.

The transition from the microscopic to the macroscopic regime, is and was
a vital field of research since the microscopic theories were developed. It was
already studied by the fathers of quantum mechanics Schrodinger, Planck,
Pauli, Bohr and Heisenberg in the 1930s. As quantum mechanics is the more
general theory, it should contain the classical laws. The astonishing thing
about quantum mechanics is that its predictions are in very good agreement
with experimental findings. This has to be regarded as a kind of miracle at
the moment since the measurement process in quantum mechanics is not yet
fully understood.
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Appendix B

Calculations for section 3.3

As shown in [1], equation (2.5) and (2.6), can be rewritten! as
1 {
(D™ = To, (D) -+ {D(N>,Gj} + 3 [D(N),AHJ} . (B1)

The matrix elements of each term in equation (B.1) can be expressed as

1 I\ * /Wi 7 I\ X

Pog st = (o))" = (B + (B )

h

Gjaiaz = §Z(Foj)2§:;a
as

i h *

AHjma, = 5 > ((Fp)ee - (E)ee)’),
as

With equation (2.10), we obtain

1 A A '
I_‘O,j gfgg = ﬁZ<a1‘Qja’a3><a4‘QjB’a2>Xjﬁa<wa3a1)
af
1 A A j
Gjaaz = 5 > (a1]Qjlas) (a3l Qjslaz)x’, 5 (wWazay )
Ba; a3
1 A A \ej
AHjaa, = —3 Z (a1|Qjplas)(as|Qjala2)Xha (Wasas),
aB; as

'In the here considered Markov case, i.e. Wea = wap, see equation(2.5).
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which leads to the matrix elements:

(a1]To,;(D(ny)laz) = ) To; B4 (as|Dinlas) (B.2)
as,aq
@ {DW, G} laz) = D (alDMag)(as|Gilaz)  (B.3)
as,aq
+(a1|G;las)(as DM )
(a1 [D(N)7AH]} a2y = > (a1]DWN]ag){as|AH|as) (B.4)
az,aq

—(a1|AHj|as){as| D™ |ay).

With the assumption of one-body operators (3.21), we can rewrite the
matrix elements (B.2):

(a1|To;(D(ny)laz) (B.5)

]_ .
= 3 > (a1]Qflas){as|Qslaz) (as| Diny | aa) xho (Wagar)

aB,a3,a4

]_ .
= 3 > (a11Qiklas) (as| D) Q55 a2) xho (Wazar)

afasz

> Aalchewlas)(as| Dinychew|a2)x g (Wasar Jal” alf™ .
af,az,vv up!

St =

To see how this expression is calculated, we write the vectors describing N-
particle states as

‘a1> = ‘]/1 . VN)

lag) = |p1 - pn).-

The matrix element

<CL1‘CICV/]a3> = <l/1 . VN‘CLCZ//‘,UII e MN>
v+ Ouppn OvivOpyrs With i, j € {1,--- N},

is only non-zero, if the two vectors |a;) and |ag) differ only in the one-particle
vectors |v) and [V/).

This has immediate consequences on the other factors of equation (B.5).
The argument of the x function is the energy difference wgy,,, of the N-particle
vectors |ag) and |a1) . Since the two vectors differ only by the one-particle
states |v) and |/}, the energy difference between the states |a;) and |as), is
just the energy difference of the one-particle energies

Waza; = Wy'y-
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Finally we get for equation (B.5)

1 j y ! > ’
ﬁ Z <a1 |CJLCZ/ ‘CL3> <CL3 ’D(N) CLCH' ‘a2>XZ3a (wa3a1 )aJaVV ajﬁﬂﬂ
aB,as,vv’ pp’
1 j v / ; /
=5 2wl Doclerlan) o ool o
aﬂalll’/ﬂﬂ/

In the same way we obtain for equations (B.3) and (B.4)

(a1]{D(n),G;} laz) =

1 ; o i)
5 >0 {al{clevchew Dow flazid gl )al alt

aBwv' up!
(a1] [Dwy, AHj] |ag) =
1 » o,
2 Z (a1l [CLCM’CZCIAD(N)} ‘a2>nga(w,u/u)a/ng ai™t .
aBwv’ pp!
This leads to the new form of the superoperator I':
/ 1
Fj(D(N)) = Z (C])Z/ﬁ <CLC,UJD(N)CZT/CV’ — 5 {CJLCV/CLCM/, D(N)})
vv! !
i 1/
+§ Z (C)W’f [ClcychcM/,D(N)} , (B.6)
v pp!
with
v 1 . s
Cilow = 5 > X glwun)all” alf (B.7)
af
_ 1 i s
(Cj)l/#lt = _£ ZX&Q(WV’V)(I&VV a]ﬂll# . (BS)
af

We have changed the summation indexes (a < 3) in the definition of C; in
the last term of equation (B.6).
For w,r + wy,r = 0 we have the symmetry relation

(o) = ot (B.9)
(Co)" = @t (B.10)
The trace Tr (Dyy) is conserved, since
Tr (F(D(N))) =0.
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Furthermore we note that the superoperator C' has the property

and that it has the symmetry

Now let us calculate the second term of equation (3.15). Using equation
(B.6), we get

Tr (P(Dow)ehey ) =

. 1
Z (Cj)l’jy, Tr (D(N)chu/chplc,T,c,,f — §D(N)c;r,cprchurcicyr
pup'vv!

1 e ocle el
—§D(N)cucuxcl,cy/cpcp/
7 _

t5 Z (Cj)zﬂ‘fTr (C:EC,,/CLCM/D(N)C}:CP/ — D(N)clc,,/c};c#/cch/) .

v pp!
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With the commutation relations (3.3) and (3.4) we obtain

Tr (TP(Dow)ehey ) =

Z (CJ)ZV’ Tr (D(N)Q (%u 160, ,,c Cyr 5p/ﬂ(5“r,,c;c,/ - (5ﬂr,,51,/chcp/

pp/vv!

—6,0/1,6T cf DO Cot — (Sﬂxpc}:clcp/cy/ + 5pxuc;clcufc,,/ + 5,,/chclT,cM/cp/>)

—|— Z 9 V M TI' < 51,p/D(N)CLCLCV/CM/ + (SMV/D(N)C:[/C;CM/CP/ — 5 D( ) CP’CN

/W 2
—|—(5p#/D( )C-r C]L Cl/cp/ —+ 5HPID( )CJr TCZ,/CM/ — 5,/ pD( ) LC’u/Cp/
oy /W’D(N)C Cur = O O p Dy cy Cp)
_ oo’ <1> 1 w1 N "o @)
- Z (C; )W’ D, D) Z (Cj)p’V’ DV’p D) Z (Cﬂ)up Dp’u o Z (Cj ) Du "Wup
uv’ 1274 pv pp'v’
u v ry(2)
_Z W’ pvuv+z pV’ quv+Z DMPMV
n%% Ja%% %
. A \HE 1 (2) AN H H(©2) A \HE 1 (2)
+e Z (CJ)W/ D,u’p’l/p B Z (C])p’/ﬂ Du’u’pu B Z (C])yu’ Dp’u’pl/
pp'v v pp'v
A ~\PH 1 (2)
Z vau+ Z C VupV_Z(C»W'Du’p’W
%% wvv! up'v
1 A VM (1 1 ~ (1)
+§Z(Cj)p’yDl(’P) 22(C> vp p'lv |
0 v
With the definitions
(1) _ h N
(&), = wc =3 Z () (B.11)
1—1 /
0y (D0, = > v 1DW) (B.12)
wv!
1 1 h -
(am?) = wlaHPW) =23 (G (B.13)
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we get for the terms containing only the one-particle density operator D)

! ‘pm _ 1 w ) _ 1 -
ﬁ (Z(Cj)/p“p/'DV'MQZ(C )pV’D _§Z(Cj)upr/u
Iz v/ 1%

i ; © A

37 2 (@) D) = (€)1, DY)
7
— 1
= Ty 1)(D(1))pp'+h< > (R IGV ) )= > (' [DW|p) M|G(1)P>>
1 o

5 3 (DO aH ) - laH ru><u\Dl>|p>)

N 1 )
= Y DWm),, ﬁ<p’\{G<1>,D<1>}|p>+ﬁ<p’![ D, AR }|p> (B.14)

We can write the terms describing the coupling to the two-particle density
operator D@ in the compact form:

re (0®) = 37 (D (Co -~ @)
v’
+ (g - ) p,,) (B.15)
AP (00) = i3 (D, ((C+ (C))

B <(O )py (é ) ) /(j/)/z/p/) ) (B16)
With (B.14), (B.15) and (B.16), we finally get:

T ([Dden) = TEIO0) 110 (0) - {050
op

7

+- [D<1>,AH<1>]

/

pp

+AHPTY <D(2)> . (BI7)

pp’ pp’
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Appendix C

Coherent states

C.1 Coherent states, a short summary

Starting from the momentum and position operators P = (Pp, P», P3) and
Q = (Q1,Q2,Q3) , which satisfy the commutation relations

[Pk’?Ql] = —ihéklﬂ, k>l = 172737 (Cl)
we define the operator A = (Ay, As, A3) and its adjoint AT = (ALA;,A;),

where the operators Ag, k = 1,2,3 are given by
Ag P —iAp Qp

Ay, = - , (C.2)
Al = Bdl ?AP @ (C.3)
and where
ApAg = g (C4)
From the commutation relations equation (C.1) we obtain
[Ak,Aﬂ — oul,  k1=1,23 (C.5)
[Ag, 4] = 0,
4.4l = o

By definition, the coherent state |w,a) with w = 0 and a = 0 is an
eigenvector of the operator A with zero eigenvalue, i.e., we have

Agl0,0) =0, k=1,23. (C.6)
The eigenvectors of the self-adjoint operator
3
N=A"- A=Y 4l4 (C.7)
k=1
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form a complete orthonormal basis in the one-particle Hilbert space H. N has
discrete eigenstates, which can be generated from the coherent state |0,0). In
order to prove this, we start from the commutation relations,

N, 4] = —Ap, (C.8)
(N4l = af, (C.9)

which follow directly from equation (C.5). Let us denote the eigenvectors of
N by |n) = |n1,ng,n3) and the corresponding eigenvalue by n = nj + ng +ns,
so that

N|ni,n2,n3) = n|ni, na, ng). (C.10)
From equations (C.8) and (C.10) we get

NAgni,no,n3) = ApN|ni,ng,n3) — Aglni, na, ng)
= (n—1) Agn1,n2, n3), (C.11)

i.e., Ag|ni,ng,n3) is an eigenvector of N with the norm

12 = (n1,n9, n3|ALAg|ny, na, na) (C.12)

= nkZO

| Ax|n1, no, n3)

Similarly, we obtain from equation (C.9)

NAL\nl,ng,n;;) = ALN‘nl,ng,TLg)+A2’n1,n2,n3> (C.13)
= (n—i—l)A};|n1,n2,n3>.

Thus, if [n) = |n1,n9,n3) is an eigenvector of N with eigenvalue n, AL\n) is
also an eigenvector |n + e;) with eigenvalue n + 1, where ey, is the unit vector
in k-direction. equation (C.12) shows that all eigenvalues must be positive or
zero. Furthermore, equation (C.6) implies that |0,0,0) is an eigenvector with
eigenvalue zero. The state |0,0,0) can thus be identified with the state |0, 0)
in equation (C.6). All other mutually orthogonal eigenvectors can then be
generated from |0,0,0). We obtain

In1, 12, 13) = diy g (A{)m (AQ)”1 (A;)’“ 0,0, 0). (C.14)

The constant dy,, n, n, can be used to obtain normalized eigenvectors |ny, ng, n3).
From the commutation relations (C.5), the definition (C.7) and equations
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(C.13) and (C.14) we obtain
<n17n27n3‘n/17n/27n{3>
n n n ni ni ng ng
= 2,y (0,0,0(AD™ (A2)" (A3)™ (4])™ (a])™ (1) (45)™ 10,0,0)00m
ni no ns
= 2, piny (0,0,0 (414]) " (424])™ (4541) "™ 10,0,0)60
(0,0,0] (N1 + 1)™ (N + 1) (N5 + 1) |0,0,0) S

2
- dm n2,n3

2
= dn17n2 ns3 (n1!n2!n3!)5nn/

= S

Accordingly, the normalized eigenvectors of N are given by

1 ni ni ni
- T T T
1,2, 19) = — ey (Al) (A2> (A3) 10,0,0). (C.15)
From equations (C.11) and (C.13) we find

Al Agn) = ng|n). (C.16)

Using the above identity as well as the commutation relations (C.5) we get

Alna,ng,ns) = W(Al D) (af)" 1(,4;)”1 (4)" 10,0,0)
= \/W(ﬂ Al (4 )nrl (42)" (43)" .00
_ 1:1‘722;; (a)™ 1(A;) (41)™ 10,0,0)
- = f‘)llnz'm (aD)™ ' (41)™ (45)" 10.0.0)
= Vmilna — 1, na,n3).

The same calculations can be performed for the remaining operators Ay, As.
We thus obtain

Agln) = /ni|n — eg).
Similarly, we find
Alln) = Vg + 1n + ey).
Let us now define the translation operator
T(w,a) = W), (C.17)
with

Gw,a) =~ (w-Q—a-P). (C.18)

‘
h
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equations (C.17) and (C.18) imply
T(w,a)l =T(w,a)"! = T(—a, —w).

From the Campbell-Baker-Hausdorff formula

[e¢]
_ 1
Xye X =) 2 (X,Y)
n=0

where
2.(X)Y) = [X,Q,-1(X,Y)],
QO(va - Y7
we obtain also
T(w,a) ' PT(w,a) = P+wl, (C.19)
T(w,a) ' QT(w,a) = Q+al. (C.20)

The translation operators can be rewritten using the Baker-Hausdorff theorem
(see e.g. Ref. [23]),

1 1
X4Y XY —3IXY] Y X +3IXY]

e
For two operators X and Y with

[X,Y]=¢cl, ceC,
we obtain

XY = XYoo =eVeXeta, (C.21)

Using the commutation relations equation (C.1), we can thus express the trans-
lation operators defined in equation (C.17) in the factorized form

T(w,a) = ei(wQ-aP) (C.22)

_ e—ga-Pegw{Qeﬁaw

eﬁw-Qefﬁa-Pefﬁa-w.

Accordingly, we have
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where u is an arbitrary vector u = (u1,uz,u3) € C3. With equations (C.19)
and (C.20) we get

T(w,a) ' AT(w,a) = A+al, (C.25)
where
A,w —iA
o = M. (C.26)
h
We define
|lw,a) =T(w,a)|0,0). (C.27)
equation (C.25) implies
Alw,a) = alw,a). (C.28)

This suggests the alternative notation

o) = |w,a). (C.29)
so that equation (C.28) becomes

Ala) = ala). (C.30)

The wavefunctions corresponding to the states |a) in real space representation
are given by (see for example figure (C.1))

3
1 1 x—a\2 iw(x-—%§)
(x|w,a) = <27TA2) e () e , (C.31)

where x, w, a denote the three-dimensional vectors
x = (z1,72,73), W= (wi,w2,w3), a=(a1,as,a3).

In fact, in real space representation the operators @y and Py in equations (C.2)
and (C.3) have to be replaced by

Qr  — Tk,
h 0
P, -
It is then easily verified that equation (C.30) is satisfied for the wave functions
given by equation (C.31).
From equations (C.2) and (C.3) we get

P — %(AMA), (C.32)
q
Q = 2¢Zp (AT—A). (C.33)
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Figure C.1: Absolute value of the wave function of three coherent states
|a), with different positions ¢ = —2,0,2 and with different parameters
A =0.4,0.8,1.2, respectively.

Accordingly, we obtain from equations (C.26) and (C.28),

(w,a|lPlw,a) = w, (C.34)
(w,a|Qlw,a) = a, (C.35)

which shows that the state |w, a) is centered at the point (w, a) in phase space.
From equations (C.2), (C.3), (C.26), (C.28), (C.32), (C.33), (C.34) and (C.35)
and using equation (C.4) we obtain for the mean square deviations

2 _ h 2_ 2
(sl (P = w1 wa) = (55 ) =A%

2
pral@-at ey = (55) =
P

i.e., all states |w,a) saturate the Heisenberg relation, independent of their
position. In fact, by construction (see equation (C.27)) these states are nothing
else but the coherent state |0, 0) translated in phase space.

Using equations (C.22) and (C.27) we can express the scalar product
(w',a'lw,a) as

<W1,a1’W2,a2> = <0,0]T(a1,wl)_1T(a2,wQ)]0,0> (0.36)
= <070’T(_a17 —W1)T(32,W2)|0, O)
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In order to evaluate the right-hand side of the above expression, we first cal-
culate the product of translation operators. With
i\ 2
[G(—a1, —w1),G(az, w2)] = (h) [-w1-Q+a1-P,wy-Q—ay-P]
i
= ﬁ(WQ-al—Wl-ag)l,
which follows directly from the definition equation (C.18) and the commuta-
tion relations equation (C.1), we obtain from equation (C.17) and equation

(C.21)

T(_a17 _Wl)T(aQ,WQ) = eG(fal»*Wl)eG(aQ,wg)

= 6G(—a1,—w1)+G(a2,wz)€%[G(—al,—wl),G(a%wQ)]
= T(az —a;,wz — W1)6%[G(_al’_wl)ﬁG(a%Wﬂ]

N . — .
= T(as—aj, wy — wy)ezn (Wai—wiaz),

We then calculate the matrix element (0,0|7'(w,a)|0,0). From equations
(C.18), (C.32), (C.33) and (C.26) we get

G(-a,-w) = ;(w-Q-a-P)
= a-Al—a* A
With equation (C.21) and the commutation relations equation (C.5) we obtain

T(w,a) = e ATt A

AT o _aa”
eaAeaABQ'

Thus, using equation (C.6) and inserting the definition (C.26) we find

(0,0/T(w,a)[0,0) = ¢ " (0,0[cAe™>"4]0,0)
= ei%
1 w2 32
= 6_5(<2Ap>2 <2Aq>2)_ (C.37)

Putting together equations (C.36), C.37) and (C.37), we obtain finally

_1 ( (wa—w1)? + (ag—aj)?

(wi,agwy,ag) = e *\ CAT 0 Cad )e%(m'arwl'”). (C.38)

The states n defined by equation (C.15) form a complete orthonormal basis
in the one-particle Hilbert space H. The closure relation

Z In1, m2, mg)(n, ng, ng| =1

ni,n2,n3
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C. COHERENT STATES

allows us in particular to express |w,a) as

|W7a> = Z |n1,ng,ng)(nl,ng,n3|w,a>.
ni,n2,n3

The coefficients (ni,nge, ng|w,a), or (ni,ng, n3la) in the notation of equation
(C.29), can directly be obtained from equations (C.15) and (C.16). We get
immediately

1 n n
(njo) = W<O‘A?1A22A33‘a>

I W WYY

\/m!ng!ngl

where we have used the property equation (C.28) in the last line. From the
closure relation for the states |n) we get

1=(ala) = Y (aln,ng,ns)(ni,ny,nsc)
ni,n2,n3

2n1 ’a2|2n2 |a3|2n3

Z (%1 2
pr— 0 .

ni,n2,n3

From equation (C.38) we obtain

2

ol

v ‘

(Ola) = e™

so that finally

(na) = e (C.39)
\/m!ng!ng! ’ ’

Let us now still derive some useful relations involving the coherent states.
From equation (C.23) we obtain

D) = 3
_ _% (P~ 21) T(w,a)0,0)
-k T
and thus
Plw,a) = (iha + W1> w, a). (C.40)
da 2
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C.1. COHERENT STATES, A SHORT SUMMARY

Similarly, we obtain from equation (C.24)

0 _ 0T(w,a)
_ ; (Q - gl> T(w,a)|0,0)
= +(Q-31) w.a),
and thus
0
Q|w,a) = (—maw + 31) w, a). (C.41)

equations (C.2), (C.40) and (C.41) lead to

1 L 0w . .0 a
Alw,a) = 7 (Aq (zhaa + 21) —iA <_m8w + 21)) |w, a)
A,w —iA
— M’W,a>, ((142)
h
where the last line is obtained from equations (C.28) and (C.26). Comparing
the last two lines of equation (C.42) we find

0 w ih 0 a
h— — — =———= |th—+ = 4
<m8a 2) |w, a) IA? <zﬁaw + 2) |w,a), (C.43)
and by complex conjugation
L0 W th (.. 0 a
(Zhaa + 2) <W,a| = E <’Lhavv — 2> <W,a|, (044)

equations (C.43) and (C.44) suggest to introduce the operators
0

w % 0 a

* e —hi —_— e hi
Phr ! da|lp 27 Or ! ow|p 2
0 w - x 0 a
* . w — i
Pr = Zh(?aL—i_Q’ 9 'LhawL+2’

where the operators with index R act on the states |w, a), whereas the opera-
tors with index L act on the states (w,a|. Written in terms of these operators
equations (C.43) and (C.44) become

Prlw.a) = i-LOglw,a), (C.45)
Aq

o VA

,PL<W7a‘ = _ZiQL<Waa|7 (046)
Aq
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C. COHERENT STATES

where % has been expressed by equation (C.4).
The coherent states satisfy the generalized closure relation

(27rln)3 / dw / dalw, a)(w,a| = 1. (C.47)

In order to proof this, we start from equations (C.19) and (C.20), which imply
T(6a,ow) ! |w,a)(w,a| T(éa,dw) = |w + dw,a + da)(w + dw,a + da
and thus also

/d3W/d3aT(5a, ow) ! |w,a)(w,a| T(da, dw) (C.48)

= /d3w/d3a|w,a>(w,a|.

For infinitesimal da and éw we have according to equations (C.17) and (C.18)

T(5a,6w) ~ 1+ % (5w Q — 6aP).

Inserting this expression into equation (C.48), we see that necessarily

[/d3w/d3a|w,a)<w,a,P} = 0,
{/dgw/d3a|w,a><w,a|,Q} = 0.

Since all operators X € L(H) can be written as functions of P and Q, it
follows that

/d3w/d3a|w,a><w,a\ = cl, ceC. (C.49)
equation (C.47) is obtained for the choice ¢ = (2rh)3. This can be seen by
calculating the matrix elements (0,0|...|0,0) of equation (C.49). In fact,
adopting the normalization (0,0|0,0) = 1 we get

(27r1h)3/d3w/d3a (0,0|w, a)(w,al0,0)

1 (w? , @?
_ d3w/d3ae (24p)2 7 (249)2

—

27h)3
0,0[0,0

—_ o~

)

where in the second line we have used the expression (C.38) for the evaluation
of the scalar product (0,0|w,a).
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C.1. COHERENT STATES, A SHORT SUMMARY

Due to the analytical properties of the coherent states with respect to the
parameters p,q (or, equivalently, ), all matrix elements (a|O|a’) of a one-
particle operator O can be reconstructed from the “diagonal” matrix elements
(a|O|ax), where the states |a) are written in the short-hand notation (C.29).
In order to prove this quite surprising property, which is sometimes referred
to as the ”diagonal representation”, we have to show that

(alXla) = (aY]a),  Va, (C.50)
implies
Z=X-Y=0.

We start from the fact that the eigenstates of the self-adjoint operator ATA
form a complete orthonormal basis. From equation (C.16) we get

AT Aln) = n|n), n = (n1,n2,n3),
withn; =0,1,2,....i=1,2,3.

The completeness of the states |n) implies
Y )| =1
n
Thus, equation (C.50) can be rewritten in the form

0= (a|Z]a) = Zchn (n|Z|m)(m|a). (C.51)

Inserting equation (C.39), written in the short-hand notation

a o
(an) = ——=e™ 27,
vn!
with n! = n;!ng!ng! and a™ = of'aj?as?, into equation (C.51), we obtain the
condition
*11 m

(n|Zm) =0
3 iz
which implies

(n|Z|m) =0, Vn,m,

and thus Z = 0. This important property implies in particular, that the
operator O can be written in the form

= GZOZZZ .
0 = | dzo()lz) (C.52)

1 3 3
= (27771)3/1%1361 w R3d ao(w,a)|w,a)(w,al,
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C. COHERENT STATES

which is the “diagonal representation”. From equation (C.52) and the defini-
tion of the overlap function g(z, z’) given by equation (6.13) we find that the
function o (z) and the diagonal elements (z|O|z) are related by the integral
equation

(z]0]z) = /Red‘az’o(z’)g(z,z’).

C.2 Solution of the integral equation (6.18)

With equation (6.12), the integral equation (6.18) becomes

p(z,s) = /RGdE;z'p(z’,s)g(z,z'). (C.53)

This equation can be solved using the matrix inversion method proposed in
Ref. [24]. According to equation (6.13) the kernel depends only on the differ-
ence z — 2/, i.e., we may write
g9(z,2") = h(z-2) (C.54)
= hi(qa—d)h(p - p')

with

mia-a) = o (%)

_ ( (P*P’)A> ?
halp—p') = e " .
We start from the Taylor expansion of p(2', s) at z,

p(2,5) =3 anp™ (2) (C.55)

with
n 9 \"
)= (55) )|
and
an =~ [ a2 (yh(z)
" TL' RG ’

where (2')" denotes the 6-dimensional vector

Er=((Gm) (Sm)  (Sm) - (Spa) (Sa) (S04) )



C.2. SOLUTION OF THE INTEGRAL EQUATION (6.18)

The symmetry of the function h(z defined in equation (C.54) with respect to
the origin implies

agm+1 =0, n=0,1,.... (C.56)

Inserting equation (C.55) into equation (C.53), we get
oo
p(z,8) = anp™(2,5).
n=0
Taking the derivatives of the above equation

pD(z,s) = Zanp(n—l—l)(z’s)
n=0

PP (z,5) = Y anp" (2, 5)
n=0

and assuming that for some given integer m we have

pY(z,s) ~ 0, j>m, (C.57)
we obtain the linear equation system
PO (2, s) P (z, )
p(”(.z,S) _ 4 P(l)(.zvs) (C.58)
P (z,5) oz, 5)
with
ay air az am
A 0 ao .a1 Am—1
0O O ap

The tridiagonal matrix A can be easily inverted. We have

bp b1 by - by
N 0 by ‘b1 R
0 O bo
where
iaibn,i = dpn, n=0,1,...,m. (C.59)
i=0
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C. COHERENT STATES

From equations (C.56) and (C.59) we get
b2n+1:0, nZO,l,...

and for the first non-vanishing b coefficients

1
bp = —
ag
ag
b2 == —72
ag
1 (a3
b4 = — — — a4
ag ag
1 (a3 asa
2 204
b6 = —5 | 2 +(16
ag \ ag ag

pioi (2,5) pioi (2,5)
Dz, s D(z,s
p (' ) _ gl (‘ ) (C.60)
pm(z, s) pl™ (2, 5)

satisfies the condition (6.20), if the condition (C.57) is satisfied and if
’p(i)(z,s)‘ <oo, 1=1,2,...,m.

The validity of the additional condition (6.35), which finally leads to the con-
ventional form of the drift-term and the field term in the semi-classical Boltz-
mann equation, requires that we can choose the parameter A such that m = 2
in equation (C.57). Thus, both conditions (6.20) and (6.35) are satisfied as
long as — on the scale of the parameters A, and A, — the expectation values
p(o)(z, s) depend only weakly on the position p,q in phase space.

C.3 Matrix elements of the position and momen-

tum operators

Any one-body operator O ¢ L(H) representing a physical observable can
be expressed as

oW = f(p,q).
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C.4. BASIS TRANSFORMATION FOR A ONE-BODY OPERATOR

It is thus worthwhile to calculate the matrix elements of the position operator
q and of the momentum operator p. From equation (C.31) we obtain by direct
integration

a+qd A,p-p
(p,qlalp’,d’) = —i=2 (p,alp’,d)
2 2 A,

and
/

p+p A,qa—q
(p,alplp’.d) = +i—r (p,alp’.d).
2 2 A,

In particular we have

(p,dlalp,q) = aq, (C.61)
(p,dlplp,a) = P, (C.62)

According to equation (C.52), the operators q and p can also be written in
the form

1
q = (%h)g/d?’pd?’q fa(p,a) |p,a)(p,d
RG
_ 1 d3 d3
P = Gehp pd’q f, (p.a) |p,a)(p.dl,
R6

where, according to equation (C.60), the functions f, (p,q) and f, (p,q) are
completely determined by (u|Dyy|u) (C.61) and (C.62).

C.4 Basis transformation for a one-body operator

The required basis transformation (step (ii) in our general procedure) from the

basis |v) of one-particle eigenvectors of H(()l) into the basis of coherent states
|z) = |p,q) can be performed using the closure relation

Z‘I/><I/‘ =1, v=12.... (C.63)

Let us first consider the case of a one-body operator O(), which may e.g. rep-
resent the coarse grained one-particle density matrix D q). Its matrix elements

in the basis of the eigenvectors of Hél) are given as
o4 = (|0W]p).

Similarly, the matrix elements in the basis of the coherent states are
oY = (zj0W)2).

zz! —
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C. COHERENT STATES

Using the closure relation (C.63) we obtain

(zl0W2) = (zlv) (W|OW|u)(ul2").

v

Knowing the eigenfunctions |v), the coefficients (z|v),and (u|2") can be ob-
tained easily. For a solid with periodic boundary conditions it is convenient
to start from the Fourier expansion

1 v tkx v
(x|v) = N o™, N =1, (C.64)
k

k

where the coefficients ¢} are determined from equation Hél)\y) = hwy|v),
and where V' is the volume of the solid. Thus, in order to express the ma-
trix elements OSZ), in terms of the matrix elements O,(,L), we need the Fourier
transform of the coherent states. For V = L? and A < L, the overlap of the
coherent states becomes negligible over the crystal dimensions, so that we can

approximate

<w>=/&mww>

~ oodxl Oodm Ood$3<Z!X><X!V>— d*x(z[x) (x|v). (C.65)
fon [ ] /

R3

From equations (C.31), (C.64) and (C.65) we get

3
1 _(Ix=al\* . ,
F = 1v 24 (21A2> / dxe (") iR (e 9) gitx
e
k

R3
_ A%(hk—p)? ; (nk—%)a

1 3
= —(2V 27TA> 2 Z cpe "2 e R
k

1 3 _(hk=p\? i(rk-B
= i 2\/27rA>QZcﬂe (2App) e fz2)q,
k
and finally
2¢/27A)3 5
paloipa) = BEEES S g by (6

k k' vp
2 N2 —iln—® o

()’ ()’ e O

In case of a constant one-particle potential (jellium) the eigenvectors of Ho(l)

are given by normalized single plane waves ﬁeikx, and the above expression
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C.5. MATRIX ELEMENTS OF THE COMMUTATOR [D(y), V]

reduces to
2V/21A)3
a0Vl d) = PETEES 0w (©67)
k. k’

. / / !
() () e ()
xe \25p ) ¢ 28p ) 7 n e 7

The corresponding expressions (u|O™M)|u), which determine the one-body op-
erator, are

2V27A)3 b
p.a0p.a) = BETATS S gt (o®)
kk' vu

2 ’ 2
hk—p hk'—p .
X(gi( 248p ) ei( 24p ) 6z(k—k/)q.

for the general case and

2v/21A)3
p.al0Vp.a) = PETEES oK)
Kk’
~(352) " (52) ke
xe \28p ) ¢ \'28p ) gilk=K)a,

for the jellium case. When the operator O represents physical one-particle
interaction operators or the operator of the kinetic energy, we have

j KIOWKY| =00 for for|k—K|—0,

which, according to equations (C.66) or (C.67) implies also

‘ (p,alOW|p’, ')

— 0 for for‘p—p’{—>oo.

C.5 Matrix elements of the commutator [D(l), V}

According to equation (6.30) we have

ikq
2

eMOr(p' ' lp.a) =2 (p'.d'Ip + Tk, q). (C.68)

Similarly, we get for the operators Q; defined in equation (C.45)

tkq

p.qp’.d)=e2 (p— Tk, qp’.q). (C.69)

eikéL <
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C. COHERENT STATES

With equation (C.68) we obtain for the integral (a) in equation (6.36)

1 .
(2mh)3 / &’p' @°d (p,alp’, )™ (0, d'Ip, q)
RG
ik
= (2nh)? /dgp’ d*q' (p.qlp’,d)(p'. d'|p + Ik, q)

R6
ikq
=e2 (p,q|p + ik, q)

ika _ A2k?  ikq

e 2 e 2 e 2
A2k2

— €qu e 2 , (C?O)

and with equation (C.69) for the integral (a) in equation (6.37)

1
(2mh)3

/d3p' q 9t (p,qlp’,d')(p’,d'|p, q)
RG
ikq 1
= Grhy /d?’p’ d*q (p — hk,qlp’,q)(p,d|p, q)
R6

ikq
ez (p—Thk,qlp,q)
A2K2

=k, (C.71)

The integrals (b) and (c) in equations (6.36) and (6.37) are evaluated following
the same general procedure. We thus get

1 ,Z: Vo
0L /d3p’ &*d (p,alp’,q')e™ %" (p,d|p,q) (p' — p)

RG
1 ikq
= 3/d3p’ d*q (p,alp’,d)e= (p'.d'|p + Ik, q) (p' — p)
(27h)
R6
. _q')2 _p/)2a2 ilo'a—g’
- (2 1ﬁ)3 /d3p’ ’q’ (p' —p) emqu_(qqu) e_(p ;% e S
™

RG

_(a=d)? _ (prrk—p))’A% i((p+niod’ —ap!)
e 8aZ g 242 e 2h

ik(a'—a)  A2k2 _ (Lq/) 2
e

— ¢'ka ! /dgp/ dq (p’ — p) e 2 e 2 A
R6

7(P*P/)2A2 A%k(p-p’)
e h2 -

€

. 232 1 aq  A2kp! (9 \? _(ap)?

:eque_A2k k)’ /d3plal3q/ezq e~ e (2A) e ( h ) p.
R6
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With

2k2

e/ 7\ 2
/d?’q’elkzq e_(QiA> _ (2A\f)3 N

RS
’ / 3
/d?’p/eAQ;lep/e_(A"? ) _ Mk ane (hym
2 A
RS
we get finally for the integral (b) in equation (6.36)
1 .
d3 /d3/ 1 I\ _ikQp ) /o
(%h)g,/ p'd’q (p,qlp’, q)e " (p",q|p,a) (p' - p)
R6
. 2.2
= %ke’kq e 2. (C.72)

The integral (b) in equation (6.37) is obtained by complex conjugation of the
above result and after the change k — —k (see equation (C.69)), i.e

/d3 'dq ¢ 9 (p, qlp’,d) (P, d|p,q) (P — p)
RG

1
(2wh)3

k . 2,2
= —% ka3, (C.73)

Correspondingly, we find for the integral (c) in equations (6.36) and (6.37)

1 o
W/d?’p’ d*d (p,alp’. )7 (p',d'|p,q) (d' — q)
RG
1 ikq
= k) /d3p’d3q’ (p.alp’.d)e 2 (p'.d'|p+ Ik,q) (d' — q)
RG
) 2.9 ika’ 2. I\ 2 Ap’ 2
:equengk (2 1h)3 /d3 /d3q q@ k2q eAFl:p e_(quA) e_( hp)
s
RG
] 2,2
= iA%ke®de "2 (C.74)

where the last line3 is obtained from

[ CEY ()

RS

and

3 _A2k2

7\ 2
/d?’q’e“;ql 67(2%) q =iA’k (2v7A) e

R3
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C. COHERENT STATES

As before, the result for the integral (c) in equation (6.37) is found by complex
conjugation of the result of equation (C.74) and after the change k — —k,

/d3p’ d*q’ ™2 (p,qlp’,d) (', d|p,q) (d' —q)
RG

1
(2mh)3

A2K2

= iA’keem " (C.75)

Altogether, from equations (6.29), (6.32), (6.35), and the results for the inte-
grals (6.36) and (6.36), which are given by equations (C.70), (C.71) for the
contributions (a), by equations (C.72), (C.73) for the contributions (b), and
by equations (C.74), (C.75) for the contributions (c), we obtain finally

s

g 1P VI = 552 [ aV09 @i [P 1]
R3

S

) . 2.2 8
- %Z / PV (k) ke~ 25 ik 9P(P: G 9)
RS

A, 212 .
- a2 / PV (e 3 oka | 222 5)
a

3

~ 9V(q)dp(p,q,s)
= T (C.76)

C.6 Matrix elements of the commutator [D(l), T]

We evaluate the expectation values
A
<u|ﬁ (D), T w)

with the kinetic energy operator
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Using the definition of the differential operator P (C.45) and the definition
of the differential operator Py, (C.45) we obtain

h2
b s[Td) =~ G [dxakVixpla) ()
R3
= eu d3x<p q|x) ihi—i-gl 2<x|p' q’>
SS ) 8q/ 2 )
RS
-2
Pr
— 5 , ! !
5 (p,alp’,d’)
0 p 2
_ , 3 a3 Y P /o
= Jgs dX< Zh8q+2> (p,alx)(x|p’, q’)
RS
— 2
Pr
— 5 , L li !
5 (p,alp’, d’)

2

= 5O (p,alp’.q)

o[ (PtP > (a—dq?
2h 4A2

ilp+p)(a—q) 3 >

1AR t A2

The corresponding diagonal elements are

R o2
(p,q,sT|p,q,s) = ~%m dX<p,q\X>@<X\p,q>
R3
2 3h2
B S
2m  8mA?

With "diagonal representation” of the density matrix (6.8) and the 3rd and
5th line in equation (C.77) the expectation value of the commutator can be
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written in the form
-
<p7q7 S|ﬁ [D(l)a T] ’pv q, 8> (C78)
;
= h/d?’p’dsq’p(p’,q’,S)( (p,alp’.d) (P, d|T|p,q)
RG
— (p,q|T|p’,d') (P, d'Ip,q) )
1 =2

/d3p' dsq’p(p’,q’ﬁ)( (p,q\p’,q’>%7’R<p’,q’\p7q>
RG

7

h

2m
From equations (C.45) and (C.45) we find

1 -2
——Prp.alp’,d) P, d|p,q) >

-2 0? 0 p?
= —Rp2 WD — .
Pr aq2R+z p@qR+ 1
-2 0? 0 p?
= —h* | —ihp =— —_
PL oq? |, P oq L+ 4

Inserting the above expression into equation (C.78) we find that the contribu-

tion of the terms %2 cancels, so we are left with

-
<p7q78‘ﬁ [D(l)aTMpvqa S> (079)

i1 1
= % am ) /dgp' d*q p(p’.d', 5)
RG

(p,alp’,q") —h28—2 + ik 9

> (P'.dp.q)
R

o2 0
AN 32 T ;o
<p,qlp,q>< h o |, ihp 9q L> (p,alp’.d’) )

From equations (6.13), (C.45), and (C.45) we get the relations

r_ ! a%(p-p)? (a-a)® _i(p'a-d'p)
aTZI n <p/7q/’paQ> = <q4A2q — Z;i) e 2n2 e 8sAZ e~ pqznqp
o>, p” (a-q)°  ip(a-qa) 3

o |, PP = T AT T T A A
_A2(1D—10')2 _(q—q')2 _i(p'a—d’p)
e 2h2 e 8A2 e 2h

a *

o (pa Q|p,,q/> = ( <p,7q/|p>q>>

da|p, dq R

H? o2 *

o (p,alp’,d) = (qQ <p’,q’lp,q>> ,

L R
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which are inserted into equation (C.79). With the local expansion (6.35), we
can perform the integration and finally obtain

P Ip(p,q;s)

o (C.80)

(ul (D), 7] ) =
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Appendix D

Simulations of spin dependent
recombination in silicon

During my thesis I was in the lucky situation, that I got the freedom to do some
research besides the subject presented in this work. In collaboration with my
old friend Christoph Michel, Philipps Universitit, Marburg, Germany, we have
implemented a simulation for pulsed electrically detected magnetic resonance
experiments (pEDMR). Prof. Christoph Boehme, University of Utah, Salt
Lake City, UT, USA, invited us as visiting scientists to work with him on this
subject, to better understand recombination processes in silicon.

In solar cells, absorption of light creates pairwise electrons and holes, which
carry charges. If these charge carriers arrive at the contacts of the cell, they
contribute to the current the cell outputs. Some of the charge carriers anni-
hilate each other before they reach the contacts. During this process, called
recombination, the carriers form intermediate pairs. The efficiency of solar
cells is therefore reduced by recombination. Dr. Christoph Boehme (Univer-
sity of Utah, Salt Lake City, USA) has developed, amongst other experimental
physicists from the Hahn-Meitner-Institut, Berlin, Germany, a new technique
to investigate recombination via intermediate pairs: the pulsed electrically-
detected magneto resistance (pEDMR) measurements. With a density matrix
theory the evolution of the ensemble of intermediate pairs is described, taking
the fermionic character (spin 1/2) of the pair partners into account. Our tool
numerically solves a set of coupled differential equations and treats interme-
diate pair parameters such as the exchange coupling and dipole coupling, as
well as disorder effects. The insights provided by our simulations serve the
understanding and interpretation of the experimental results and enhance the
control of the loss mechanism due to recombination. Eventually, these insights
will help building more efficient solar cells. First results of our two-month stay
are published [25]. We are preparing further results with Christoph Boehme
and Klaus Lips, Hahn-Meitner-Institut, Berlin, Germany for publication.
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