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Abstract:

The topic of this work is the theoretical description of the tunneling current
across an interacting quantum dot. The quantum dot is tunnel-coupled to
metallic contacts at different chemical potentials — a bias voltage is applied
between the two contacts. The discrete energy levels of the quantum dot
are tuned by a gate voltage. We here use the term (energy) level both as a
short term for one-electron levels on the quantum dot, and for the difference
of energies of many-electron states of the quantum dot with neighbouring
particle-number, while we use the term chemical potential only for the con-
tacts. Within the method we apply, the density matrix of the quantum dot,
and, in a second step, the current across the quantum dot are calculated
making use of a quantum master equation. The integral kernel appearing in
the quantum master equation is a convergent power series in the parameter
characterizing the strength of the tunneling coupling between the quantum
dot and the leads, and the coefficients of each of the orders of this power
series have an expansion as a sum of contributions we refer to — and actually
depict — as diagrams, where each diagram represents a collection of tunnel-
ing events. In the general-theoretical part of this work, the transport theory,
we shall give a derivation of the quantum master equation, and we present
and explain the diagrammatic language, by the use of which we formulate
tunneling processes as graphic objects.

Within the present thesis we study the transport across a quantum dot
according to the single impurity Anderson model (SIAM), which consists of
one spin-degenerate one-electron level. The energy of the doubly occupied
many-electron state includes the Coulomb-repulsion between the two elec-
trons. The exact and complete sum of all diagrams of all orders has not been
calculated, nor has the transport problem been solved exactly by another
theory, but approximations are obtained by calculating the sums of all dia-
grams within diagram selections. In the second main part of this work, where
we apply the transport theory, one particular diagram selection is discussed:
the dressed-second-order (DSO) diagram selection. The DSO selection con-
tains diagrams to all orders in the tunneling coupling; its effect is to “dress”
the perturbative second order rates with a finite life time. Specifically, in the
DSO-diagrams, the tunneling of a single electron from one lead to the quan-
tum dot (or vice versa) is accompanied by spin- and charge-fluctuations. The
second order alone is a natural approximation scheme to describe sequential
tunneling across a single electron transistor (SET): An electron with fit en-
ergy tunnels from one lead onto the quantum dot; then, this electron tunnels
from the quantum dot into a non-occupied level with fit energy of the oppo-
site lead, which has lower chemical potential. These sequential processes are
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responsible for the current-voltage characteristics in the sequential tunneling
regime: A maximum of the differential conductance vs. the bias at that po-
sition, where one of the contacts’ chemical potentials meets the energy level
of the SET — in the main chapters of this work we shall refer to the latter
quantity as the energy difference between the occupied and the non-occupied
many-electron states of the quantum dot — is seen by the second order. The
width of this resonance, obtained by the second order, is given exclusively by
the thermal energy kgT. However, with decreased temperature, the width
of the resonance gets determined no more by the temperature, but rather
by the tunneling coupling. This behaviour is covered by the DSO-diagram
selection, but not by the un-dressed second order.

In addition, if applied to the STAM, and if the degenerate level of the
SIAM lies below the Fermi level of the contacts, the DSO produces a reso-
nance at zero bias which is getting more and more pronounced with decreas-
ing temperature. We show that the DSO describes the onset of the Kondo
effect in quantum dots qualitatively correctly. We compare the results of
a numerical implementation of the DSO to the results of a closely related
theoretical approach — the resonant tunneling approximation — as well as to
the results of experiments.
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Chapter 1

Introduction

The tunneling of electrons across potential barriers has attracted the interest
of theoretical as well as experimental physicists since the phenomenon be-
came known. According to quantum mechanics, the dualism of particle and
wave implies that a particle can cross a forbidden region with high potential
energy, even if, classically, the particle’s energy does not suffice to ever be
present in the barrier-region. Exemplarily, one early experiment on the ef-
fect investigates the electric current through a thin insulating layer, Ref. [1].
An aluminum-oxide film around 50A thick is sandwiched between aluminum
metal films in this experiment; the current starts to grow linearly with the
voltage between the Al-electrodes; at higher voltages, the current increases
exponentially with voltage. The measurements could be brought into line
with an adapted theory for tunneling through thin vacuum layers (cp. Fig.
1.1), while alternative transport-mechanisms, such as ionic conduction, as
well as electric current via small metal bridges, could be excluded.

Later experiments contain two metallic electrodes, and, within the oxide
which fills the space between these electrodes, a small amount of another
conducting material. In the experiment [2], layers of small tin-particles, em-
bedded in aluminum-oxide, are placed between two aluminum-electrodes —
the electron here tunnels from one Al-film to a Sn-particle, becomes local-
ized on the particle, and then in turn tunnels on to the other Al-film. The
dynamical resistance dV/dI vs. the voltage V displays a maximum at zero
bias in this experiment. In Ref. [2], the Al — Sn — Al tunneling-junction
is viewed as a sequence of two capacitors in series (cp. Fig. 1.2). Due
to large Coulomb-interaction on the small tin-particles (neglecting the level
spacing), the energy levels on the particle are in general not aligned with
the Fermi level of the electrodes; hence, an activation energy has to be paid
to allow current to flow. This causes the minimum of the differential con-
ductance dI/dV as function of the bias V' at zero bias. On the other hand,
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Figure 1.1: Potential energy diagram for the analysis of tunneling through a thin
vacuum layer (cp. Fig. 5 in Ref. [1]). The quantity ® is the work function, while
V is the voltage between two electrodes of the same metal.

a temperature-dependent maximum of the differential conductance at zero
bias has been observed in metal-insulator-metal junctions. This maximum
has been attributed to the scattering of the tunneling electrons by localized
magnetic impurities inside the insulating layer or near the insulator-metal
interface [3].

Modern experiments on tunneling across a metallic or semi-conducting
island include a gate-electrode which serves to shift the discrete energy lev-
els of the island up- and downward (Fig. 1.3). For example, the island —
which we refer to as “quantum dot” in this context — can be realized as a
tiny metallic particle, as a region within plane semi-conducting material, as
a carbon nanotube, as a molecule, etc.. The quantum dot is so small that,
in contrast to the contacts with their continuous density of electron levels,
the many-body energies necessary to add one more electron on the dot are
quantized. Plots of the differential conductance dI/dV, as function of the
bias- and the gate voltage — stability diagrams — reveal regions of Coulomb-
blockade, where sequential tunneling is excluded, since none of the quantum
dot’s discrete energy levels lies in the window between the electrodes’ chemi-
cal potentials; electric current is strongly suppressed within these “Coulomb
diamonds”. Resonant transport, on the other hand, sets in as soon as one
of the differences En1 — En between ground state energies of the quantum
dot is pushed through the bias-window by the gate voltage. Note: We here
consider all contributions to the energy of a N-electron quantum dot state,
such as Coulomb-interaction, level spacing, gate-dependent part, exchange
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Figure 1.2: (Cp. Fig. 12 in Ref. [2].) Energy scheme of an Al — Sn — Al
based metallic island. There is an integer number of electrons on the Sn-particle.
Changing this number by one electron changes the voltage of the particle by e/C,
where C' = Cr+CY, is the particle’s capacitance. The quantity eVp (e the electron
charge), on the other hand, is the difference between the electrodes’ Fermi level,
and the nearest-lying discrete energy level of the particle.
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energy etc. to be per definition contained in the quantity Fy; thus, the latter
quantity corresponds to the energy E, assigned to a many-electron state a
by the quantum dot Hamiltonian (Eq. (2.4)) within the main chapters of
this thesis.

Transport experiments with quantum dots encompass a variety of phe-
nomena (examples are taken from Ref. [4]): In carbon nanotubes, the
fourfold-periodicity in the successive occupation of one-electron levels is con-
firmed. Co-tunneling — a coherent tunneling process in which two electrons
are involved — is recovered in the stability diagram in the form of areas within
the Coulomb diamonds whose boundaries are lines of constant bias [5]. In
transport experiments with molecules, the effect of vibrations of the nuclei,
as well as of center-of-mass oscillations between the contacts, is visible in
the stability diagram as lines running parallel to the Coulomb diamonds’
boundaries [6, 7]. Finally, the Kondo effect in quantum dots gives rise to
a temperature-dependent peak of the differential conductance at zero bias
8, 9].

The present work is theoretical, and it is based on a rich history of theo-
retical models designed — or transferred from related problems — to study the
tunneling current across interacting quantum dots. We work in the second
quantization formalism, thus starting out with many-electron states rather
than describing the tunneling of a single electron. The Hamilton operator
of the overall system, consisting of two leads (also referred to as contacts,
electrodes, source and drain, or reservoirs), and the quantum dot, contains
the Hamiltonian of each isolated sub-system as an additive contribution. An
extra term, the tunneling Hamiltonian, establishes the coupling between one-
electron levels on the leads, on the one hand, and on the quantum dot, on
the other hand. The contacts’ different chemical potentials enter into the
theory via their density matriz at thermal equilibrium [10], while the gate
electrode’s influence is incorporated in the energies assigned to the quantum
dot states.

The tunneling current across a single impurity Anderson model quantum
dot has been addressed by various methods. An overview of a selection of
these approaches is given in Ref. [11], where the authors compare the equa-
tions of motion method, the slave boson approximation, and the numerical
renormalization group technique. Within the equations of motion method,
time-derivatives of the quantum dot- and leads Green’s functions are taken
to generate a set of coupled equations of motion. The hierarchy of equations
is infinite, and one needs to truncate the equations by physical arguments
[11, 12]. In the slave boson approximation, on the other hand, the quantum
dot’s creation operator is rewritten by the use of bosonic auxiliary- or pseudo-
particle operators. The quantum dot Green’s function is expressed by the



pseudo-particle Green’s functions, where the latter are calculated by a dia-
grammatic theory perturbative in the tunneling coupling [11, 13]. The terms
non- and one-crossing approrimation refer to numbers of vertex corrections
taken into account within these approximations [11]. Finally, the numerical
renormalization group method involves a logarithmic discretization in energy
of the contacts’ non-interacting Hamiltonian [11, 14].

We here present a quantum master equation approach [15] to calculate
the tunneling current via the stationary reduced density matrix of the island,
and we shall assume the single impurity Anderson model for the quantum
dot, which possesses only one spin-degenerate level. By a diagrammatic
analysis, and, in particular, by a diagram selection first applied in Ref. [16],
we describe correctly resonant transport. At the same time, the diagram
selection is able to address the onset of the Kondo peak, as well as its splitting
in magnetic field.

The work is structured as follows: Chapter 2 contains the derivation of
the general transport theory, including the quantum master equation. The
stationary density matrix and current are determined by an integral kernel,
and we give a complete diagrammatic analysis of all contributions to this
kernel. In the following applied Chapter 3, being based on Ref. [17], on the
other hand, we choose a particular diagram selection, the dressed-second-
order, and test its performance compared to other theoretical approaches,
as well as to experimental results. In a number of appendices to this work,
we give mathematical background, and intermediate steps in sequences of
equations, too lengthy to be included in the main chapters. We summarize
the benefit of this work in the final conclusions.
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Figure 1.3: Basic setup of transport experiments with quantum dots. Two metal-
lic electrodes (source and drain) are tunnel-coupled to a nanoscopic device. Elec-
trons tunnel sequentially from source to quantum dot, then from quantum dot
to drain, or, else, several electrons may tunnel in one coherent process between
the electrodes and the quantum dot. The current is driven by a bias voltage V,
while a gate voltage V; serves to tune the energy differences Eny1 — En between
quantum dot states with neighbouring particle-number.



Chapter 2

Transport Theory

In this chapter we outline the general theory we apply to describe the electron-
transport across quantum dots. Central to this theory are the quantum
master equation for the dot reduced density operator, and a diagrammatic
language, by which we depict the tunneling of electrons between contacts and
quantum dot. At the level of the diagrams it is equivalent to the transport
theory developed in the 1990-s by J. Konig, H. Schoeller, and G. Schon [18].
Independently, an approach perturbative in the tunneling coupling has been
formulated by M. Leijnse, M. Wegewijs, M. Grifoni, and S. Koller [19]. The
theory of the present work, however, is exact, and contains this perturbative
approach.

2.1 Hamilton Operator

The system under consideration contains a quantum dot and two metallic
leads (also referred to as contacts or reservoirs); its Hamilton operator reads:

H=Hp+ H, + Hr. (2.1)

H r and ﬁ@ rule the time evolution of the reservoirs and of the quantum dot,
respectively, as long as these are separate. The connection between the two
sub-systems is established by the tunneling contribution Hr. We assume:

HR = Z glaké;gkélak (22)
leL,oeS kEK,

Implicitly, the vector space of many-electron states, on which the Hamil-
tonian H, as well as its constituent parts, operate, is generated by a set of
one-electron levels (cp. Fig. (2.1)). In the formula for Hp (2.2), the index
[ € L denotes the lead and takes all values within a set £ of — within this
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work: always two — contacts, while the spin-index ¢ is taken from a two-
elementary set S = {1, ]}. Else, to study the theoretically relevant case of a
spinless quantum dot, S is assumed to consist of only one element, S = {o,}.
For any fixed value of [, K; denotes a set of allowed wave vectors of electron
levels in lead [. To each electron level in one of the leads defined by the three
indices lok, €,k is the band energy assigned to this electron level. Finally,
él(li( is the annihilation (creation) operator of the level lok. For simplicity,
we take into account only one band in each of the contacts, and assume the
set KC; of allowed wave vectors is finite.

The theoretical models of quantum dots considered within this work are
the spinless quantum dot with only one non-degenerate one-electron level,
on the one hand, and the single impurity Anderson model (SIAM), on the
other hand. The Hamiltonian of the spinless quantum dot reads:

~ A

H, = BE,d d,, (2.3)

000,

where dao is the annihilation operator of the only one-electron level on the
quantum dot, and FE,, is the corresponding energy of the occupied state. The
Hamiltonian of the STAM, on the other hand, is

i, = % Edd, + Udddd, (2.4)
oe{tl}

with U > 0 the energy due to Coulomb-repulsion. Implicitly, the state vector
space of the quantum dot in the case of the STAM is spanned by four states:
An empty state, a doubly occupied state, and two singly occupied states with
spins T, and J.
Finally, the interaction between dot and leads is given by the tunneling
Hamiltonian:
Hr= Y Tioxllyds + Tied! ion. (2.5)
leL,oeS kek;

The coefficients 1), contain, via their magnitude, the strength of the tun-
neling coupling. Let T}, denote their complex conjugates.

2.2 Density matrix

The configuration of the total system containing the leads and the quantum
dot is described by a density operator or density matriz [10] p(t). We assume
there is an initial time ¢y, at which the sub-systems are independent, and at
which the contacts are in thermal equilibrium. The total density matrix p(y)
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Figure 2.1: The structure of the vector space which the Hamiltonian (2.1) operates
on (cp. App. A (Product States)). All many-electron states are constructed from
a finite set ® of one-electron levels. These one-electron levels here are depicted by
the little black squares. To each subset M C @, including the empty set (), there
is one normalized many-electron state 7w(M). While Hp and Hg are diagonal in
the states 7(M), the tunneling Hamiltonian Hp maps a state 7(M) to a linear
combination of states m(M') with |M'| = |M|, |M'NM|=|M|—1. So, m(M’) has
the same number of elements as 7(M), but the two many-electron states differ by
one one-electron level.

is then a product of the density matrices of the reservoirs and the quantum
dot,

pto) = pPr® polto), (2.6)
where
PR = Qp (2.7)
lec

One possible realization of the present product of vector spaces and operators
is given in App. A (Product States).

To each of the leads, the operator p; is the density matrix of lead [ in ther-
mal equilibrium at temperature 7', and at possibly spin-dependent chemical
potentials fi,:

1 —1
5 — - . At A
P N, €xp (kBT Z (€zo—k Mza)clgkczak>

0€8 kek;

;o (23

Vi

(cp. Fig. 2.2) with V] the state vector space of lead [, where the vertical bar
denotes the restriction of the map to the domain’s subset V;, and where the
factor 1/N; ensures the normalization of the density operator to unity trace,
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Figure 2.2: Energy scheme with contacts and central device. The density matrix
01 (2.8) of contact [ at thermal equilibrium with chemical potential y; [for simplic-
ity we omit the spin-index “o” in case the chemical potential is independent of the
spin| implies that the occupation-probability of a one-electron level in contact [
with energy ¢ is given by f ((¢ — w;)/kpT), with f the parameter-free Fermi-Dirac
distribution. The differences Eny1 — En between the energies of quantum dot
states with neighbouring particle-number contain a gate-dependent contribution
aeVyqte, with a a conversion factor, which is independent of N. Hence, by changing
the gate voltage the latter energy differences are uniformly shifted up- or down-
ward. Moreover, to add one more electron to the quantum dot, provided there is
already a number of N electrons on it, costs the energy NU, with U the energy
of Coulomb-repulsion between two electrons on the dot. While the energy En
of a particular N-electron state depends on its specific structure, the differences
Eny+1 — En appear approximately equidistant — as far as the Coulomb-repulsion

yields the dominant contribution.

Moo= T1 {iren (remem))f @9

The operator pg (o) is some initial density matrix of the quantum dot;
its shape is not relevant for the stationary reduced density matrix of the
quantum dot, nor for the stationary current flowing across it, and so, since
we shall determine and calculate only stationary quantities, we do not further
specify po(to)-

After the time ty, the time evolution of the density matrix is ruled by the
total Hamiltonian according to the Liouville-von Neumann Equation:

in p(t) = [H, p(1)). (2.10)
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The total density matrix will then cease to have product form, but the reduced
density matriz (Ref. [10]) po(t) of the quantum dot can be defined by tracing
out the degrees of freedom of the reservoirs:

po(t) = Trr{p(t)}. (2.11)

The expectation value £(N;)(t) of the particle-counting operator of lead
L,

Nl = Z é;akélgk, (212)

geS ke,

at time t is obtained by taking the full trace of its product with the density
matrix [10],

E(N)(t) = Tr{Nlﬁ(t)}. (2.13)

Thus, applying the cyclicity of the trace, the particle current onto lead [ at
time ¢ is:

= &), (2.14)

with I, the operator of the particle-current onto lead [,

. Lidrox
[ ﬁ[H,Nz} (2.15)
i x gt ot od
= i Z Tioedbéion — TzakCzTgkda'
c€S,keEK;

In the applied part of this work we will determine the stationary current
I; according to the definition

I, = lim A / e M E(T) (t)d. (2.16)
t

A—0+

(Cp. Fig. 2.3.)
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Figure 2.3: Plots of the probability density dy(z) = Aexp(—Az) in the cases
A =1, and A = 0.5. The integral [;°dady(z) has the value 1 for all A > 0.
However, with smaller and smaller value of A, the probability is distributed more
and more evenly over the positive z-axis, and so we can form a long-term average-
or stationary value of a function f(x) by taking the limit limy o4 [y dz f(x)dx(z),
as it is done for the stationary current (2.16).

2.3 Quantum Master Equation

2.3.1 Time Evolution in the Interaction Picture

To focus on the effect of the tunneling, which establishes the interaction
between the sub-systems, we define

]:IO = HR—F]:I@, (217)

the non-interacting part of the complete Hamiltonian (2.1); to any operator
z we define the transform

W(t)z = exp (%flot) Z exp <—%I:10t> : (2.18)

and, analogously, for linear maps ¢y operating only on the sub-space V
spanned by the many-electron states of the quantum dot:

N T o~ . (P
Ws(t)y = exp (ﬁH®|V@t) y exp (—ﬁH@W@t), (2.19)

where I:I@|V® is the restriction of ]:I@ to V. We note the relation

TrrlW()3) = Wo()Tra{z). (2.20)
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Now, we consider the time evolution of the transformed density matrix

G(t) = W()pte + 1), (2.21)

the density matrix in the interaction picture. In analogy to Eq. (2.11), we
define

Go(t) = Trp{e()). (2.22)

The translation of the Liouville-von Neumann equation (2.10) into the in-
teraction picture yields the following kinetic equation for the total density
matrix in the interaction picture &(t):

alt) = L)a(t), (2.23)
where the Liouvillian appearing in this equation is given by

L@z = %[W(t)f]T, 3. (2.24)

We note the relation

W()L(E) =  L(s+)W(s). (2.25)

The solution to Eq. (2.23) can be written as a series:

/ /Ogrlgmgt L(r)L(n)o(0)  + (2.26)

The n-th integral in this sum is taken over a set of measure t"/n!, since
there are n! possibilities to order a number of n real numbers; hence the sum
converges, and this ansatz for ¢(¢) indeed solves the equation (2.23).

Let

Np = > N, (2.27)
lel

be the particle-counting operator of the reservoirs, and for any N € Ny, let

eig (NR, N) = ker <NR — Ni) (2.28)
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be the eigenspace of Ny with eigenvalue N. The operators Hy and 6(0) =
p(to), Eq. (2.6), do not change the particle-number, but Hy maps elements

in eig (NR, N) to sums of elements in eig (NR, N + 1) and eig (NR, N — 1).
Hence, the reduced operator of any of the integrals with an odd number of
Liouvillians vanishes:

oo(t) = 06(0) +
[ aPmne) +
0<m <12<t
// AD (1, 1)66(0)  + (2.29)
0<m <o <y <t
where
ACY (o)) = Tre{L(te) ... L(T)(pr@9)} (2.30)

for any linear map ¢ operating on the vector space of the quantum dot.

2.3.2 Memory Equation for the Reduced Density Ma-
trix and for the Current

The map A" of the last definition has the decomposition

A(2n+2) (T2n+2, C.e 77'1) = ](271-}-2) (TQn—l—Q; R aTl) + (231>
I(2n) (T2n+27 e ,T3)A(2) (TQ, Tl) +

[(2)(Tzn+2, 72n+1)A(2")(72n, Ce T,

with 13"+2) (75,15, ...,7) being defined recursively by

1® = A® (2.32)

Y

and by the condition that the above equality is satisfied:
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- NN AN

T Ta Gs T, Tnl To b T T T T Ty BT T T

|

T Ta T3 T Ty * T To b T8 T T T T BT T T

irreducible arbitrary

Figure 2.4: As we show in App. C (Decomposition of the Kernel), all the con-
tributions to A(27+2) (Ton+t2, - .., 71) are characterized by what we shall refer to as
“pair formations”: Ways of grouping a number of 2n+ 2 ordered objects into pairs;
in the present example-figure, this is a number of 14 subsequent points on a time
axis, each connected to one further point by a bent line. The diagram is split into
two parts by a vertical cut which does not cut through any of the bent lines. After
the splitting, the leading component can be arbitrary, while the final component
is irreducible in the sense that no further splitting of this component is possible.

2n+2)( = AP D(ry o) — (2.33)

I(Qn) (T2n+27 e ,7'3)14(2)<T2, 7'1) -+
1(2n72) (T2n+27 . ,T5)A(4)<T4, . ,7'1) +

T2n+2,...,7'1)

](2)(Tgn+2, Tgn+1)A(2n)(TQn, e ,7'1)} .

As we shall see later, the present decomposition of A?"+2) corresponds to a
splitting of “pair formations” into an arbitrary, possibly reducible, compo-
nent, and an irreducible component; within the map I, we take the sum
over all irreducible pair formations, while, within the map A®™, the sum
over all arbitrary pair formations is taken (cp. Fig. 2.4).

Applying this decomposition of A?"*2) (2.31), we can rearrange the sum
(2.29):
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Go(t) = 50(0) + (2.34)

[ ) {o(0)+
0<s1<s2<t
f fOSTlg‘Qgsl A(Q) (T27 Tl)a-Q(O)—i_

f Y fOSﬁS"'SMS&
A(4)<T4, C ,7'1)(3'@(0)4“

o+

// 1(4)(84,...781) {6@(0)‘1‘
0<s1< <54 <t
f f0§7—1§72§51 A(2) (T27 Tl)a-@(o)—i_

f"'fogrlg--sTL;gsl
A(4)(T4, e ,7'1)5'@(0)"‘

o+
SO

oo(t) = 69(0)-%-/0613 K(t, 8)06(s), (2.35)

with the integral kernel

Kk(t,s) ::/ 1@ (sy,8) +
s<s9<t

/// ](4)(5478?”8275) +
5§<52<53<s4<t

(2.36)

Back-Transformation to the Schrodinger Picture

The back-transformation of this equation to the Schrodinger picture is per-
formed by going back to definition (2.21). By Eq. (2.20) we obtain
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Po(to +1) = We(—t)o5(0) + /0 ds We(—=t)k(t, s)oe(s). (2.37)

Applying Eq. (2.25), we find that generally
Weo (=) AP (3, ..., 71) (2.38)
= AL (Ton = Ty o oy 71 — T)Wo(—T7),

and hence

We (=) I (19, ..., 71) (2.39)
= 1(2")(7'2n — Ty, 71 — T)We(—7).

As a consequence, the kernel (2.36) has the property

Wo(=t)s(t,s) = W (=(t —s)) Wo (=s)k(t, s)
= Wo(—(t—3))k(t—s50Ws(—s), (2.40)

and we obtain the following equation for the reduced density matrix of the
quantum dot at time ¢:

Polt) = Wal—(t—to))pelto) + / ds K(t— s)pols),  (241)

to

where

K(1) = Wu(-71)k(1,0). (2.42)

Differentiation of this Equation: Quantum Master Equation

Differentiating both sides of Eq. (2.41) with respect to the time ¢ we obtain:

Bolt) = Sy (—(t — to)) po(to) (2.43)

dt
1 4 o t .
| AT @ =) pols) = [ A (¢ ) (s
vttt — 1 to to

+ lim
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l

= 1 [Aolves Wo (=(t = 10)) po(to)| +

h
}}3 — {/to ds (K(t' —s) — K(t — s)) po(s) + /t dsK(t' — s)ﬁ@(s)}

= g [Hol We (=t~ ) pottn)] + [ dsTE(t = s)iols),

to
since K (0) = x(0,0) = 0. Moreover, with Defs. (2.36), (2.42) we obtain

d— __3' Ok

2 K07 = =1 [ Holvy, Wo(—OR(50)3] + Wa(—0) (4,005, (2:44)

and, inserting this into Eq. (2.43), we arrive at the quantum master equation:

polt) = lpo(®) Holve) + [ ds K(t=s)pols).  (245)

to

Orders of the Density Matrix Kernel

The integral kernel K(7) := Wy (—7)2%(7,0) is given by the sum

K(r) = > K®(r), (2.46)
n=1
with
K(Z)(T) = W@(—T)I(Q)(T, 0), (2.47)
and for n > 2:
KO (7) :// L& (snmn, - 52), (2.48)
0<s2< <8917
where

[TEE')”'*U (Sanl, ey 82> = W@(_T)[(2n) (7" 3277471, N ,52, O) |:| (249)
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We shall use the quantum master equation to determine the stationary re-
duced density matrix of the quantum dot by calculating a corresponding
transform of the integral kernel K. Analogously, we obtain the stationary
current by applying a transformation to the current as a function of time,
Eq. (2.16).

Current Kernel

In a way perfectly analogous to the way in which the present memory equa-
tion for the reduced density matrix of the quantum dot, Eq.(2.45), has been
derived, we obtain a memory equation for the current &(I;)(t), Def. (2.14).
The shape of this equation is

Tra{lp(t)} = /ds Kurni(t — 5)po(5), (2.50)

to

where the kernel K,,.;(7) is derived and given in App. B (Memory Equation
for the Current), Eq. (B.11). [We take the full trace on both sides of the
present equation to obtain the expectation value £(I))(t) of the particle-
current onto lead [ at time .|

2.4 Diagrammatic Expansion

The kernel K(7) of the quantum master equation (2.45) has an expansion

K(r) = > K(D)(r), (2.51)
DeD

(Eq. D.97) where the objects within the set D can be nicely visualized as
diagrams. The kernel’s expansion is in this sense diagrammatic. We give the
detailed steps on the way to this expansion in Apps. C (Decomposition of the
Integral Kernel), and D (Diagrammatic Expansion), while in the present sec-
tion we only describe these steps, and show the actual depiction as diagrams
of the elements of the set D.

2.4.1 Steps in the Kernel’s Analysis

The kernel’s analysis is to a large extent a matter of finding appropriate ter-
minology and variables, clever re-indexing, recognizing the emerging math-
ematical objects, and applying useful manipulations. The analysis is too
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technical to fully enter into the main part of this work; at the same time, it
is an integral part. The present section is intended to form a bridge to the
appendices C, and D, where we carry out the steps in the kernel’s analysis.

The 2n-th order of the density matrix kernel is given by an integral (2.48)
into which the map 1" (7y,, ..., 71) (2.33), being closely related to the map
AP (1, ... 1) (2.30), enters. For the analysis of the contributions to the
density matrix kernel we write the tunneling Hamiltonian (2.5) in the form

> w,CD,, (2.52)

vel
with Z (Def. (C.4)) a set of indices v = ((I, 0, k), v,) consisting of the compo-
nents that define a particular electron level in the leads, and a sign v,. [The
explicit definition of the operators D,, C, is given in Egs. (C.7), (C.9).] We
note that the coefficients of the tunneling Hamiltonian, 7.y, are chosen to
be included in the operators lﬁ,,, while the C, are pure creation- or annihila-
tion operators, without any pre-factor. The multi-commutator contained in

AP (1, ... 1) (2.30) takes the form of a sum of terms
TTR {]:IT(Til) c. I:IT(Tik) (ﬁR & Q) I:‘IT(Tik+1) ce . ]A{T(Tign)} . (253)

Upon inserting (2.52) into the present expression, we decompose this reduced
operator into a product of an operator with domain V), an exponential func-
tion into whose argument the times 7;; enter, and a scalar given by a full
trace

- Tr{@. G, GG [)R}. (2.54)

Evaluation of Traces

According to App. C.2 (Evaluation of Traces), Eq. (C.87), a trace of the

form T'r {Cm o Cop D R} can be written as a linear combination of products

[17r{C0.Co, in}. (2.55)
i=1
where the pairs (p;, ¢;),7 = 1, ..., n, satisfying p; < ¢;, are arbitrary, but cover
the set {1,...,2n} completely, and represent in this sense a pair formation

P of this set, “P € PF{1,...,2n}" (Def. (C.81)). The sum runs over all



2.4. DIAGRAMMATIC EXPANSION 21

such pair formations, and the contribution of each pair formation P takes a
sign sign(P) that can be deduced from a graphic representation (Fig. C.3).

The indices 2n > iy > -+ - > i > 1 within the expression (2.53) appear in
decreasing order, while the complementary indices 1 < 451 < --- <y, < 2n
appear in increasing order; the number k can take all integer values be-
tween 0 and 2n. The sum we obtain by expanding the multi-commutator
within A" (7,,,...,7) (2.30) goes over all possibilities to choose the in-
dices 41, ..., %, lgt1, - - -, 12, i agreement with the latter order-condition. In
alternative formulation, this sum goes over all k € {0,...,2n}, and all sub-
sets S C {1,...,2n}, with |S| = k: To each such set S we define then a
map @g by ¢s(j) := i;, where the indices iy, ...,4; count the elements of S
in decreasing order, and where ix,1,...,22, count the elements of the set’s
complement S¢ = {1...,2n}\S in increasing order (Def. (C.13) within App.
C.1 (Expansion of Commutators)).

By the map g, we rewrite Eq. (2.54):

rr{C,, .. .Co pn Cop o Gy b

= Tr {Cl«psm e C”cps<k> PR C%sml) e C%s@n)}

= Tr {C”ws(kﬂ) T C’jws(%) C"ws(l) T Cyws(k) ﬁR} ) (256)
and so
Tr {c .G, e Gy c}
= Tr {C%S(Ca)(m e C”ws<<f+><2n)) pR} , (2.57)
where we have used the cyclic permutation
N~ ] i+1 (j<2n)
Gty ={ {1 U (2.58)

Hence, in the expansion of the present trace into a linear combination of
contributions

ﬁ 1r{C,, Co,, pn}. (2.59)

=1

the pairs (p;, ¢;) have to satisfy the demand

Di <¢So§(k+) qi, (260)
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i.e., p; appears before ¢; within the list

ps o (1), ... pgo(l(2n), (2.61)

or else:

-1 -1

{esocy} () < {eso¢ty} (@) (2.62)
In addition, as we noted above, the sum we obtain in the expansion of the
map A (ry,,..., 1) (2.30) goes over all pair formations, while the sum

we obtain in the expansion of I®" (7, ..., 7) (2.33) goes only over the
irreducible pair formations. So, as a second condition, the pair formation

P = {{pi,q;}:i=1,...,n} (2.63)

is required to be irreducible in the natural order, since the indices “i;” of the
v;, within Eq. (2.54) are also the indices of the naturally ordered times 7;,
within (2.53).

Away from the Time-Order as Index-Number

However, to derive the diagrammatic language from the equation for
I (1y,, ..., 71)7, we apply a different formulation: We re-number the in-
dices

vi =, (2.64)

J

so we write the trace (2.54) in the form

- Tr{éum o Ch Gy ..CukﬁR}. (2.65)

P'={{pl.q;}:=1,....,n} =1

where each of the pairs (p!, q) satisfies one of the order-conditions
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1<p, <q <k,
k+1<p <q <2n, or (2.67)
q <k, k+1<p.

In addition, since

B2 vy = Vet (268)
the pair (p,q]) of indices of u corresponds to the pair (¢g(p!), vs(q))) of
indices of v. Hence, it is the image of the pair formation P’ under the map
g which is required to be irreducible in the natural order when we expand
the quantity 1@ (7y,,...,7):

0s(P') € PF,..{1,...,2n}. (2.69)
In other words, when we expand 1" (7y,, ..., 71), the sum on the right-hand
side of Eq. (2.66) runs exclusively over all pair formations P’ that satisfy

P € pg'PF,.{1,...,2n}. (2.70)

Remark: Physical Interpretation of Multiplicative Decomposition

The present manipulations are technical, so we want to point out one as-
pect accessible to interpretation: As it becomes clear within the proof of Eq.
(C.39) within App. C.2 (Evaluation of Traces), the generally valid multi-
plicative decomposition

Tr {C,\l .Ch,, ﬁR} = Z sign(P) ﬁTT {C,\pié,\qiﬁR} (2.71)
i=1

PePF{1,...2n}

(cp. Eq. (C.87)), which we exploited in the previous subsection, has the
following implication: The probability to find a certain selection of one-
electron levels (I, 0,k) (non-)occupied, provided the contacts are in thermal
equilibrium in the definition by the density matrix pg (Def. 2.7), is given by
the product of the probabilities to find each of the levels within the selection
(non-)occupied. Hence, it is the independence of occupation probabilities
which is contained in the present equation (2.71).

Expansion to the Level of Eq. (C.117)

Up to now, we have described the steps that lead us to the expansion of the
kernel in the form of Eq. (C.117). Within this equation, the elements that
determine a particular contribution to the kernel are:
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e A natural number n, k € {0,...,2n}, and a set S C {1,...,2n} with
|S| = k.

e A pair formation P’ € pg' PF;,..{1,...,2n}, and indices py, ..., fion €
T.
z
ation operator in the interaction picture), and the product of traces

e An exponential function exp (4 ijl T@S(j)é"uj) (cp. Eq. (C.32) — cre-

[, Tr {Cup/ Cuq/ ﬁR}, where the pairs (p/,q)) are ordered according
to (2.67).

e An overall sign-factor (—1)"**sign(P’), and:

e A composition of operators

Dy, (7905(1)) .- Dy, (Tws(k)) y E.“k+1 (Tsos(kJrl)) - Dyg,, (7@5(271)) (2.72)

with domain V.

Quantum Dot Operators as Matrices

We write each of the operators D,,(7) within the product (2.72), as well as
U, as a matrix in a basis B consisting of eigenvectors of the quantum dot’s
Hamiltonian:

Du(r) = > exp <;T (Bq — Eb)> (a|D, (b)) |a >< b| (2.73)
a,beB

according to Eq. (D.2) within App. D (Complete Decomposition and Di-
agrammatic Expansion of the Kernel), where the energies E,, E, are the
eigenvalues of the quantum dot’s Hamiltonian. Since the operators appear
in a product, the sum with respect to the basis states can be reduced (cp.
Fig. 2.5). In this way, we obtain the representation of the product (2.72)
explicitly given in Eq. (D.4).

Kernel as Integral over Non-Ordered Times
The 2n-th order of the integrated integral kernel fOT dsK(s) can be written
as an integral with a number of 2n — 1 ordered integration variables

0<7 < <71 <7, (2.74)

or, alternatively (Fig. D.3), as an integral with 2n — 1 non-ordered positive
integration variables 0 < 74, ...,T9,_1 satisfying
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Dilfoew) = Do) % D, {Togtksn) o B (To )
v N N ¢ N¥ v
a1 a2 e ak+]_ bk e 2n-1 b2n

Figure 2.5: Representing all of the operators D, (7) as a linear combination of
maps |a >< b|, where a,b are eigenvectors of H, taken from an orthonormal ba-
sis, we obtain a corresponding representation of the product of operators in Eq.
(C.117). Since |a; >< b;| |aj+1 >< bi+1| = 0 if b; # a;41, the sum can be reduced
to a sum over ay,...,ag+1, and b, ..., bay.

Ti4 -+ T < T (2.75)

For the further analysis we choose the latter integration variables, and so we
note the equation for the 2n-th order of the integrated kernel as an integral
with respect to 71, ..., Ton_1:

0

/ dsK 0 (s) — / oD D, (2.76)
(ser-ver)

with

2n—1
{5(2"_1) < 7’} = {(?271—1,---7?1) D T1y e Ton1 2 0, Z T; < T} ;
j=1
(2.77)
and with 77" defined in App. D (Diagrammatic Expansion) (Eq. (D.30)).
To obtain an equation for the non-integrated 2n-th order of the kernel
itself, we transform the right-hand side of Eq. (2.76) as described in Fig. 2.6:

T 1 T —(2n—-1),_ _
dsK ") :—/d/ dF T T,
/0 S (3) n =1, S s<2n71>:5} (7'2 1 7'1)

(2.78)
and so
1 —(2n—1) ,_ _
K@(s) = —/ dF T T 2.79
(8) v2n —1 {5(27171):8} <7-2 ! Tl) ( )



26 CHAPTER 2. TRANSPORT THEORY

{T1+'t2 = s+ds} ~—
{T1+T2=S}\-/ adx

dF

0 >
0 Tl

Figure 2.6: An integral [~ d71... [;°d7Tr g(T1,...,Tk) with a number of k& pos-
itive integration variables can be transformed as indicated in the present figure
(in this case, k = 2). We take infinitesimal elements dF' of surfaces { Sk) = s} of
constant value s of the sum-function S®) (7y,...,7;) = 71+ - -+74. The elements’
size-measure dF' is multiplied by their distance dx to the surface {S k) =5+ ds}
with infinitesimally increased function-value, and so the complete integration-area
is divided up into infinitesimal parts of size dF'dx. The distance dz is in gen-
eral a function of the position (71,...,7k), and of ds. Since locally everywhere
vS®k | {S(k) = 3}, we note: dx ‘VS(’“)‘ = ds, and so the transformed integral
reads [ [dFdz g(T1,...,7k) = [ dsf{s(k>:s} dFW(Fl,...,?k). For the

sum-function S*) we have: |VS(k)‘ = const = Vk.
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Reduction of the Sum over py, ..., s, € Z

Our next step in the kernel’s analysis is the reduction of the sum over
[y« ..y pon € Z within the right-hand side of Eq. (C.117) whose constituent

elements we itemized (p. 23 ff.): We note that, generally, T'r {CNCVﬁR} =:

<CMCV> = 0 if 4 and v are not complementary indices, u # 7 (D.16). Due
to the emergence of the product of traces

1T <C“ C, > (2.80)
M'cP p(lﬂ’,<<k ) q(M/v<<k )
(+)

(+)

in (C.117), we assume without restriction that, to each two-elementary set M’
within the previously chosen pair formation P, the indices ju,(ny and pigar)
are complementary. We note that p(M’) (¢(M’)) is the minimum (maximum)
of the set M’ in the natural order, while p (M’, <<f+>> and ¢ (M’, <Cé€+)> are
the same two numbers, however ordered according to the condition (2.67).
Hence, we split the present product of traces into three products:

H <C“p(M’)éﬁp(M’)>

M'eP:1<p(M’)<q(M')<k

11 (oo ) (2.81)
M'€P:k+1<p(M')<q(M’)<2n

H <Cﬁp<M/> C“pw') > '

M'eP:p(M")<k,k+1<q(M’)

The reduction of the number of indices p1, . . ., fo, is relevant also for the
product of operators (2.72), whose replacement by the right-hand side of Eq.
(D.4) we discussed. In the latter expression, the two products

ﬁ <aj|15w(aj+1)> ﬁ <bj—1\]5uj(bj)> (2.82)
Jj=1 j=k+1

appear, and upon applying the complementarity figa = Hyarr), We rewrite
these in the form
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11 <%(M'> L (ap<M'>+1>> <%<M'> 1D, 010 (aq<M')+1)>

M/eP:1<p(M")<q(M")<k

H <b (M) 1|DN p(M) P(M’ >< (M) 1|Dlt (M/)<bQ(M'))>
M'€P:k+1<p(M")<q(M")<2n

H <QP(M')|DN;7(M’ p(M’) +1) >< q(M')— 1’Dﬂp(M/ (bCI(M'))>'
M'eP:p(M')<k,k+1<q(M’)

(2.83)

We now group the first (second/third) line within (2.81) to the first (sec-
ond/third) line within (2.83); upon replacing “M"” by “M”, and “uyan” by
“ups”, we obtain for the product of the two first lines:

I1 (Cuns G )

MeP:1<p(M)<q(M)<k

(w00 D @ar) 1)) (0400 Dy (aganyn)) - (284)
We write any index p within the set Z (Def. (C.4)) in the form p =
((l,0,k) s v4) = (M, vy), 50 we gather those three components of ;i defining
a particular electron level of the leads in 7,. Generally, the trace <Cuéﬁ

gives the occupation-probability (one minus this probability) of the level 7,

(CuCr)y = Tr{CuCrpn} = (8 (2.85)
(Eq. (C.79)), with f(x) the parameter-free Fermi-Dirac distribution, and
with

—= (Clox — Hio) (2.86)

(Defs. (C.71), (C.73); for brevity we here omit the index “4” in the com-
ponents of 7,). The operators D, contain the coefficients of the tunneling
Hamiltonian — explicitly: ]AD,J = Diko = 7}5;)1)(&((:) according to Eq. (D.18),

(41 ~(—1
where d((;r ) is the annihilator of the quantum dot level o, and where d((, :
is the creator. Upon applying the present replacement, and inserting the

right-hand side of Eq. (2.85) into (2.84), the product (2.84) reads:

2

H J(Burr) ‘T(lok)#M

MeP:1<p(M)<q(M)<k

v )
(apan | (@pan 1) ) (agan Ao, ™ (agan ) ) (2:87)
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The second line within the present expression either vanishes, or it gives
a sign £1. Within the first line, on the other hand, we emphasize at this
stage the expression’s dependence on the wave vector k, replacing it by a
UHM)

1) s
the present section we obtain the three products on the right-hand side of

Eq. (D.31) within App. D.

function Ag (ku,,) (Def. (D.32)). In summary, by the manipulations of

Dependence on the Non-Ordered Times 7,...,72, 1

As we noted (p. 23 ff.), the dependence of the quantity 1™ (7y,,..., 7)) on
the set of ordered times 71, ..., 7y, is given by two factors:

3 2n
L. exp (ﬁ Zj:l T@s(ﬂ')%j)'

2. The term

. k
i
exXp (ﬁ { !Z Tos(4) (Eaj - Eaj+1)
j=1

2n
+ |: Z Tos(3) (Ebj—l - Ebj)

j=k+1

)

(2.88)

originating from the composition of operators (2.72), which we obtain
from the right-hand side of Eq. (D.4).

At this stage we implement the transformation to the non-ordered times
7; explicitly shown in App. D, Egs. (D.5) ff..  Within the map

T(Qn_l)(?gn,l, ...,71), by whose integral the 2n-th order of the kernel is given

(Eq. (2.79)), we in addition apply the map W (— Z?Zl ﬂ-) (cp. Defs.
(D.30), (D.11)), so we arrive at that dependence of the contributions to the

integral kernel on the non-ordered times 71, ..., To,_1 explicitly given by the
exponential function within the right-hand side of Eq. (D.31). O

Finally, we replace the sums over the wave vector within Eq. (D.31)
by integrals (cp. Fig. D.5), which yields integrands step-wise constant as
function of the wave vector, and, in a second step, we insert continuous
integrands instead of these step-wise constant functions. Next, we replace
the integral over the wave vector by one over energy, and so we arrive at the
representation of the integral kernel in the form of Eq. (D.42), and finally in
the form of (D.64).
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2Me P

==L B = == [B By b g S by =

p(M)

Figure 2.7: This first example-diagram of the present figure shows how we depict
a part of the elements of the diagram D (2.89): The sequences of quantum dot
states (aj)?ill, and (bj)?ik, appear listed according to the order of their indices
along one straight line. The states ap1, and by, are enclosed in square brackets,
and separated by a comma, while in the space between all other neighbouring
states we draw one horizontal line. The number of these horizontal lines is 2n, and
it is these horizontal lines, which, in the present transformed diagram, are grouped

into pairs by a pair formation P.

2.4.2 Graphic Representation of Diagrams

We gather the parameters that determine a particular contribution to the
density matrix kernel according to Eq. (D.64) in tuples

E = <na ka Ja P7 (a])fill ) (b])jZk ) (lMa OM, UM)MEP) ) (289)

which we shall refer to as diagrams. There are two equivalent sets of di-
agrams, for which we shall use the notation “D”, and “D” (Defs. (D.92),
(D.89)). When we want to explicitly distinguish between the two diagram-
versions, we refer to the elements of the set D as transformed diagrams; the
transformation-map Ty;e, is given in (D.88).

We first discuss how we depict the diagrams in the form of elements D of
the set D (Fig. 2.7), and, at this stage, we have to make a concrete choice
of the orthonormal basis B of the vector space V of the quantum dot states
applied for a complete decomposition of the density matrix kernel (Fig. 2.5).
We choose

B = {0,0,}, (2.90)

where 0 is a normalized empty state, and o, = cAlj,o (0), in the case of the
spinless quantum dot (2.3), and

B = {0,1,{,2} (2.91)
in the case of the SIAM (2.4), where for o € {1, ]}

o = d(0), (2.92)
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A= e T 8™ Aot = 8 aq(M)+1_"'_ak_[ak+1’bk]_ By —bgy

oy +0u

Figure 2.8: In case ¢(M) < k, we obtain the quantum dot state a4, from the
state ay(ar)41 by adding (or removing) one electron of the spin o)y, while we obtain
the quantum dot state ap() from the state apyr)41 by removing (or adding) one
electron of the same spin oy, respectively.

with
d, = d = d,| (2.93)

the annihilation operator adjoint to the creator (Aij, (cp. Def. (D.20)), and
where

2 = d.d(0). (2.94)

Tunneling Lines
We note that, for any sequences (aj);tll and (b;)7,. of elements in B, as
contained in the tuple D € D (2.89), the quantity

se® {n,k, P, ()51, (0))2%, (0, var)arer ) (2.95)

defined in (D.39), appears as a factor in the expression by which we calculate
the contribution of a particular diagram to the density matrix kernel (D.67).
The quantity can take only the values 1, —1, and 0, where in the latter case
the diagram is excluded from the set D per definition (D.89). Due to the

presence of the scalar products (a,(an |(Ai£,1;f)ap( M)+1), etc., the quantity’s value

is non-zero only if for any M = {p(M), q(M)} € P:

g(M) < k = (2.96)

(—vm)

A(’UM) ~
apny € {£d,,, (aponi1) }s agon) € {£d,,, (agan) ),
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pM) S k+:
o~
a=... = 3 —[a 130, | =By = oo =By b= o —bgys Boay—-+- = b
=—7
*Ooy +Owm

Figure 2.9: In case p(M) > k+1, we obtain the quantum dot state b, from the
state by(ar)—1 by adding (or removing) one electron of the spin o, while we obtain
the quantum dot state by(ps) from the state by(pr)—; by removing (or adding) one
electron of the same spin oy, respectively.

pM) 2 k kel Z q(M):

=M
a=... =8 L 2t === [, B =By, —...=b Ypp—
1 p(M) PM)+1 e k k+1 7k k+1 =t Mg(M)-1 q(M) 2n
|\ —F
toy toy,

Figure 2.10: In case the “tunneling line” (the line representing the set M =
{p(M),q(M)} C {1,...,2n}) stretches over the square brackets containing the
states agy1, by of the diagram’s initial matrix |ag11 >< bg|, we obtain the quantum
dot state a,(ys) from the state a,41 by adding (or removing) one electron of
the spin oy, and we obtain the quantum dot state b,(y) from the state bypr)—1
by adding (or removing) one electron of the same spin oy, respectively.

k+1<pM) = (2.97)
~ (o)

N
bpny—1 € {Edy,, " (bpan) b bgan—1 € {£d,,, " (bgan)) },

as well as

) <k k41 < g(M) = (295)
- (oar) - (—va)
apny € {£d,,, (apan1)}s bgn-1 € {£dy,, " (byan) }-

Defining, to any o € § and ¢ € V.

(No)(e) = (eINy(c)), (2.99)

with N, = &f,&(,, the operator of the occupation-number of the level o on the
quantum dot, we note the equality:
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k+1
j:l )

(bj)?ik,, as well as — via the (bent) tunneling lines, each connecting two of the
horizontal lines filling the space between the quantum dot states — a pair formation
P e PF{1,...,2n}.

Figure 2.11: A diagram containing the sequences of quantum dot states (a;)

(No(ar) — (NoY(ans1) = (No)(ban) — (No)(bw). (2.100)
The overall change of each spin-number is equal on both sides of the diagram,
since

> (No) (apan) = (No) (ap(ary+1)

M: p(M)<k,k+1<q(M)

= > (No) (byan) = (No) (byan—1) - (2.101)
M: p(M)<k,k+1<q(M)

We depict the elements n, k, (aj)fill, (bj)?ik, and P, of the diagram D,
Eq. (2.89), in the form of Fig. 2.11. The 2n horizontal lines are counted
from the left to the right, and thus, the bent lines, which we shall refer to as
tunneling lines, each connecting two of the horizontal lines, represent a pair
formation P € PF{1,...,2n}. The operator |as;1 >< bg| shall be referred
to as the initial matriz of the diagram, while |a; >< by,| is its final matriz.

Inclusion of the Interval Sequence .J

Within any tunneling process visualized by the present diagrams, the initial
matrix changes to the final matrix in a number of 2n steps. The concrete
order which these steps happen in is given by an additional element we did
not discuss so far: The diagram’s matrix after the j-th step is |amm(J(j)) ><
bmaz(sG)) |, With J(1) € J(2)... € J(2n) = {1,...,2n} a sequence of integer
intervals satisfying |J(j)| = j, where J(0) = {k}, or J(0) = {k + 1}.

To replace the general quantum dot states aq, ..., agy1, by, ..., ba, by con-
crete elements of the basis B = {0,1,,2}, we define for a given spin
o e {14}

_ t (o =l)
o = 2.102
= (2102
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Alternative Interval Sequences:

a1'[a}_[a3’b2]_[b}_ b4 31—[32\—[33,b2]—®- b4

-— -—
L - I -

Figure 2.12: The present two diagrams differ only in the horizontal square brack-
ets, which mark the sequences J (j)?i]l The diagrams’ common pair formation
is reducible with respect to the natural order, but it is irreducible in both of the
two orders given by the two different interval sequences. Via a number of, here,
four tunneling events, each represented by one of the horizontal lines in the space
between neighbouring states, the matrix turns from the initial matrix |ag >< by
to the final matrix |a; >< by|. The order, in which these events happen, is fixed

by the interval sequence J( j)?i}l.

The values of the elements o7, vy (M € P) within a diagram

D = (n,k,JfP,(qﬂf:i,(hﬁ?ik,(hw,akh1m4%w6p>6575 (2.103)
(Def. (D.89)) are, according to the relations (2.96), (2.97), and (2.98), fixed
by the choice of the quantum dot states a;,b; € {0,71,],2}, so they don’t
need to be specified in the figure. To make the depiction of a diagram com-
plete, we include the sequence J = J(5)*";! € ‘7((,3)”) (Def. (D.77)) of integer

J=1
intervals in it. We need to take into account all possible choices of .J, with
respect to which a chosen pair formation P € PF{1,...,2n} is irreducible,

i.e.: toany j € {1,...,2n — 1} there is at least one M € P, such, that

M0 JG)| =1, (2.104)

Graphically, we represent J by a sequence of horizontal square brackets
appearing below the sequence of quantum dot states, and stretching from
Umin(J()) 1O bmaz(s())- The irreducibility of the pair formation P in (the
order given by the sequence) J is recovered in the diagram by the property,
that, to any of the horizontal square brackets, there is at least one (bent)
tunneling line, which connects a horizontal line within the square bracket to
a horizontal line outside of the square bracket (cp. Fig. 2.12).

In words, we might describe the tunneling process in the example of Fig.
2.13 as follows:

1. The initial matrix is |0 >< 0| (cp. vertical square brackets). An
electron of spin @ tunnels halfway from lead [ onto the quantum dot;
the matrix turns into [ >< 0] (cp. first horizontal square bracket).
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l L
o 0-[0,0]20
= i

Figure 2.13: By the irreducible tunneling process of the present diagram, an
electron of spin o effectively tunnels onto the quantum dot. We include the lead-
index assigned to each pair within the pair formation of the diagram by attaching
it to the tunneling line representing that particular pair.

2. An electron of spin ¢ tunnels halfway from lead I’ onto the quantum
dot; the matrix is then |2 >< 0| (cp. second horizontal square bracket).

3. The electron of the previous step tunnels fully onto the quantum dot;
afterwards the matrix is |2 >< o| (cp. third horizontal square bracket).

4. Finally, the electron of spin & tunnels off the quantum dot again; the
final matrix is |0 >< o| (horizontal square bracket omitted).

Diagram-Counting Scheme

The present transformed diagrams offer an efficient way to find and note
all diagrams of — in principle — any given order. For example, to find all
sixth order diagrams with initial matrix | >< o/, and final matrix [0 ><
0|, applying the transformed version of the diagrams, we would proceed as
follows:

1. We note the value of the diagram’s parameter 2n = 6.

2. The value of the diagram’s second parameter k is odd, since the overall
change of the particleenumber in the diagram is —1. Possible values
are k =1,3,5.

3. To any fixed value ko € {1,3,5} of k, we note all sequences of quantum
dot states (aj);?f{l, (b;)5_y, satisfying the following demands:
e The initial matrix is |ag,+1 >< bg,| = |00 >< o;
e The final matrix is |a; >< by, = |0 >< O;

e All neighbouring states within the two sequences differ in their
particle-number by =+1.
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0—0—0—[0.,0]—2—3—0

VRN

LoD DTN 0L odo g NN

Figure 2.14: In the example of this particular sixth order diagram, there are two
ways of choosing a set of tunneling lines.

4. To any of the sequences of quantum dot states we have found in the pre-
vious step, we add all sets of tunneling lines, i.e., all pair formations of
the horizontal connecting-lines between the quantum dot states, which
satisfy the conditions according to Figs. 2.8 ; 2.9, and 2.10; cp. also
Fig. 2.14.

5. To any of the diagrams, which we have attached a set of tunneling lines

to in the previous step, we finally add all interval sequences J( j)?zl
in the form of horizontal square brackets, which the pair formation
given by the diagram’s particular set of tunneling lines is irreducible
in. Because of mirror rule (2.111) we can restrict ourselves to those
diagrams whose final square bracket does not contain the very first

horizontal line from the left.

We do not apply the present diagram-counting scheme in this work, since
we shall take into account only diagrams within a special diagram selection.
However, we use the method when we want to find all sixth order diagrams
that don’t contain the doubly occupied state [20].

2.4.3 Graphic Representation of Conventional Diagrams

In the present section we discuss the depiction of the one form of diagrams
which is generally known in the context of irreducible tunneling processes,
i.e., from the formal point of view, the elements of the set

D = (nkS Q,(aj>§;1,(bjﬁgk,(zN,aN,vN)NeQ) eD  (2105)

(Def. (D.92)). Instead of the interval sequence J € j((,f)n), and the pair

formation P € np(fjl)PEw{l,...,Qn} (Def. (D.86)), the conventional dia-
grams D € D rather take the parameters S C {1,...,2n} with |S| = k, and
Q € PF;,{1,...,2n}. We depict them as graphic objects in the following

way:
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| | | | | | | | a a

IPAEI) I%El) |P2(|) |P1(I) P PR IR 1 a, a; 4
S={124)

Q= {{1,4>,{2,3}}

Figure 2.15: The steps by which we construct a diagram D € D from the data
contained in the tuple D = (n,k,S, Q, (aj);‘.’:ll , (bj)iik , (lN,O'N,UN)NGQ). In
the present example, 2n =4, |S| =k = 3.

1. We draw two horizontal lines — which we shall refer to as the upper
and lower contour of the diagram — arranged as opposite sides of a
rectangle.

2. We perform a number of 2n imaginary vertical cuts through both con-
tours; we count the cuts by convention from the right to the left,
and define (without actually marking them in the drawing) the points
P P and PP, ... PV as the intersections of these vertical
cuts with the upper and lower contour, respectively.

3. For j € {1,...,2n} we define the point (without actually marking it in
the drawing)

B (e ll,....2n}\S).

4. Toany N € Q, with Q the given pair formation in PF;,.{1,...,2n}, we
connect the points Pyy <) and Py <) by a simple (bent) line running
through the area between the two contours, and, touching the contours
only at its ends (Fig. 2.15).

P = { Ji,il)) U €59) (2.106)

5. The points P}, j € S, which we shall refer to as the vertices of the lower
contour, divide the lower contour into a number of |S| 4+ 1 segments;
to these segments we assign (and attach in the diagram) the quantum
dot states ay, ..., a1, starting from the left end.

6. The points P;,j € {1,...,2n} \ S, which we shall refer to as the ver-
tices on the upper contour, divide the upper contour into a number of
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o [0
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o 22350,
o 0
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Figure 2.16: The graphic transformation of the diagram in Fig. 2.13 into a
diagram of conventional form.

2n — | S| + 1 segments; to these segments we assign (and attach in the
diagram) the quantum dot states big|, ..., bay, starting from the right
end.

. The spins and signs (o, vn)neo contained in the tuple D are fixed by

the sequences of quantum dot states (aj)lj-S:'irl, (bj)§2| 5| in the sense that,

according to the relations (2.96), (2.97), (2.98), at most one choice of
these spins and signs yields a non-zero contribution of the diagram D
to the kernel; hence, we can omit them in the graphic representation.

. The lead-indices I, N € Q, on the other hand, can be attached to the

tunneling lines; in general we take the sum over all leads to obtain all
contributions to the kernel; in this case we shall omit the attachement
of a lead-index to a tunneling line.

The two diagram versions D, and D = Tya,(D), are equivalent; we show

their transformation (D.88) graphically by Fig. 2.16.

2.4.4 Diagrammatic Expansion of the Density Matrix

Kernel

We note the diagrammatic Expansion of the density matrix kernel shown in
App. D, Eq. (D.97)/Def. (D.95):
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Figure 2.17: Two diagrams mapped to each other by the mirror-map
(2.109). The parameters of the diagram D’ on the right-hand side, ex-
pressed by the parameters of its origin D under the map “mir”, are

!

+1 2n
/ / / / / / / / / / /
n,k,S,Q,(aj)' , ,(bj>, k,,(lN,JN,vN)N€Q>, where n’ = n, k' = 2n —
Jj= Jj=

k,S/ = {1,...,2%} \ S, Q/ = Q, (ZEV,O'EV,UEV) = (ZN,O'N,UN) ,a;- = b2n+1_j,b;» =
a2n+1—j. In the present example, 2n =4,k = 3,5 = {1, 3,4}, Q = {{1,3}{2,4}}.

K(r) = Y K(D)(r) = K (D) (7). (2.107)

DeD DeD

[For simplicity we simultaneously use the terminology “K (D)”, and “K (E) 7
while, rigorously, we would have to distinguish between the two formally dif-
ferent assignments.] The contribution K (D) of a particular diagram to the
kernel is given in Eq. (D.95), and, in Sec. 2.6.3 (Deducing Analytical Ex-
pression from Figure), we shall show how we deduce the analytical expression
for K (D) from a graphic representation of the diagram D.

Mirror Rule

To any diagram

D = (nkS Q,(aj)fj,(bj)igk,(zN,aN,uN)Neg) e D (2108)

we can find a partner-diagram by mirroring its graphic representation at a
horizontal line, Ref. [21] (cp. Fig. 2.17). At the level of the tuples, we define
the mirror-map of diagrams

mir: D — D (2.109)
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by
mir(D) = (1,20 =k, 5% Q, (bans1-3)T" " (azns1) s
(lNagN7vN)N€Q)a (2110)
where S¢:={1,...,2n}\ 5, and note the following relation between the con-

tributions to the density matrix kernel (D.97) of a diagram and its mirrored
diagram:

K (mir(D)) () § = [K(D)(r) 3] (2.111)

The present equation, which we shall refer to as mirror rule, holds for any
self-adjoint operator ¢ : Vi — V. We give a proof of mirror rule in App.
D.5 (Mirror Rule and Conjugate Diagrams).

2.5 Stationary Density Matrix and Station-
ary Current

2.5.1 Stationary Density Matrix

Analogously to the definition of the stationary current (cp. Fig. 2.3) we
define the stationary reduced density matriz of the quantum dot as

p = lim AL} (N), (2.112)
where
{Loo}t () = / dt e 1) po(t), (2.113)
to

the Laplace transform of pg(t), ¢ > to. [We omit the index “©” in the
variable-name for the stationary reduced density matrix, since we shall not
consider any other stationary density matrix, and, because, at a later stage,
we shall add further indices to the variable-letter of the present quantity pJ.
Upon multiplying by A, and applying the Laplace transform to both sides of
the quantum master equation (2.45), we obtain:
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sl = a0+ (LR RN, (21
where

P(A) = MLpo} (N), (2.115)

(LK} (\) = /oo dr e K(7). (2.116)

For a proof of (2.114), we swap the order of the integrations in the integral

00 t
dt e~ t=to) ds K(t — s)pe(s)

= /too ds {/:O dt e NI K (1 — s)} {e_A(s_tO)pA@(s)]
= (LK) (A) (Lpe) (A). O (2.117)

The quantity limy_,o A {L’ﬁ@} () is the long-term average value of p (t),
and, for finite A\, the relation

A {Lhof () = N {Lhe} (V) = Ao (to) (2.118)
(integration by parts) holds, and so we conclude
lim A {Ep@}()\) ~ 0. (2.119)
With this, Eq. (2.114) reads in the stationary limit:
0 = % [ﬁ, PI@} + Kp, (2.120)
where
K = /\lg& {LK}(N). (2.121)

In the applied part of this work we shall make use of Eq. (2.114) to
determine the stationary reduced density matrix p of the quantum dot by
the approximative calculation of K. We shall consider only cases where, at
any time ¢,

[ﬁ@(t), H@} = 0, (2.122)
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so the Laplace-transformed quantum master equation in the stationary limit
reads

0 = Kp. (2.123)

2.5.2 Current Kernel and Stationary Current

Upon taking the Laplace transform of both sides of the memory equation
for the particle-current onto a particular lead | € £, Eq. (2.50)/(B.10),
multiplying with A, and performing the full trace, as well as the limit A — 0,
we obtain the following equation for the stationary current in the definition
of Eq. (2.16):

Il = Tr {Kcurr,lﬁ}; (2124)

where in analogy to Defs. (2.116), and (2.121):

{EKcurr,l} ()\) = / dr 67)\7 Kcm“r,l(T)a
0
Keung =l {LKami} (). (2.125)

A diagrammatic analysis of the current kernel K.,..;(7) (Def. (B.11)) is
performed analogously to the analysis of the density matrix kernel. By the
subsets of diagrams (cp. Fig. 2.18)

Dy = { (105,00 0% (voovevw)co) € D
2n €S, Iy, (0 = l}» (2.126)
and
D, = { (n, k,J,P, (aj);tll , (bj)jik NUYRYE UM)MeP) €eD:
k>1,J02n—1) ={2,...,2n}, lyyp) = l}, (2.127)

where M;(P) € P is the one pair M € P with 1 € M, and N,,(Q) € Q is
the one N € Q with 2n € N, i.e., for any M € P, N € Q:
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a4ta— ... —=[a ,b]—...— -
22 ke 1"k 2n . /_ .
J(2n-1) 1 3.2 . k+1

Figure 2.18: Graphic sketch of the properties by which the subsets of diagrams
D;, and Dy, respectively, are defined: The diagram on the right-hand side has its
final vertex on the lower contour, and the lead-index attached to that tunneling
line (representing the pair N, (Q) (2.129)) which separates the states a1 and as is
[. The corresponding properties of the transformed diagram on the left-hand side
are, first, that the horizontal square bracket representing J(2n — 1) stretches from
az to by, and, second, that the one tunneling line (representing the pair M;(P)
(2.128)) which touches the horizontal bar between a; and ag has lead-index .

M=MP) = 1eM, (2.128)
N = Ny,(Q) &= 2neN, (2.129)

we obtain the following diagrammatic expansion of K,y

KcurT,l(T) == Z Kcurr,l (D) (T) == 2 Kcurr,l (ﬁ) (T)a
| (2.130)

analogously to the expansion of K(7) (2.107). [For simplicity we use the

113

same name “K.y;” for two formally different maps.] To any

D:@ﬁ&@@%ﬁ&@ﬁMMmem@>eu, (2.131)
and any transformed diagram

E:@%anﬁgwﬁ;ﬂ%mwmmw)em (2.132)

we define
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2N, () 2N, (Q
0L e
- 6
Vo o= +]1 v, = "1
Non(@ Non(@

Figure 2.19: The sign vy, (g) of a diagram D € Dj is positive, if the particle-
number of the quantum dot states a; and as, separated by that tunneling line that
corresponds to the pair N, (Q), increases from the left to the right; otherwise it
is negative.

Kcurr,l (5) = 'UMl(P)K (E) s (2133)
Kcurr,l (D) UNQn(Q)K (D) 5 (2134)

with K (D) the contribution of the diagram D to the density matrix kernel
(Def. (D.95)).
The Sign v, (0):

Because of the emergence of the factor

v, (P
(ai] dffﬂﬁﬁi)))aﬁ (2.135)
in sg (D) (Def. (D.39)) we conclude that the relation

une) = No)(az) — (No)(ar) (2.136)

must hold, where N@ is the particle-counting operator on the vector space of
the quantum dot states, and (Ng)(a) := (a| Ng(a)), the particle-number of
a particular quantum dot state a (cp. Fig. 2.19).

2.5.3 Conjugate Diagrams

For each a € B, the diagrams contributing to Tr { Keyrri|la >< a|} can be
grouped into pairs whose elements give complex conjugate contributions, cp.
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i --- 2n-1
a b
c a — A1 a - A1

Figure 2.20: The effect of the map T¢y. 1 on a diagram D € D; o with final matrix
|c >< ¢|: The final vertex is shifted from the lower to the upper contour, and the
final matrix changes to |aa >< aa|.

Ref. [22]. At the same time, the contribution to the trace Tr {Kla >< a|}
of the diagrams within these pairs, together with their mirrored diagrams, is
zero. Upon defining

Dl = { <n7 k> Sa Q? (aj)fill ’ (b])fzk ’ (ZN’ IN; vN)NeQ) < D :
2 ¢ 5, Ingo) = 1}
(o, (2.137)

the image of the diagram-set D; under mirror-map (2.109), and

Dy = {(nkS 0, (aj)fg,(bj)j?ik,(zN,aN,vN)Neg) €D a1:b2n},
DY = mir (D),
(2.138)
DO = Uleﬁ Dl’o
’ 2.139
Dy := Uer Dy, ( )

as well as the map (cp. Figs. 2.20, and 2.21)

Teper: Do — D, (2.140)

(TL, k? S7 QJ (a])ji_ll ? (bj)iikz ? (lN? O'N, UN)NEQ)

~ ~ ~ 2n
= (n, k, S, Q, (dj)f:il ) (bj>jl~c ) (le ON; 6N)Neg) )

where
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makn b]— }
J(2n-1)

¥ e
/_-[ak 1’bk]_m
Jen1)

Figure 2.21: The effect of the map T,,.+ on a diagram in D;( in transformed
representation. The very first horizontal line appearing to the right of the quantum
dot state a; = ¢ is moved, together with the corresponding end of that tunneling
line which is connected to it, to the right of the state bs,, = ¢. The quantum dot
state a; within the sequence (a]) ;c+11 is removed on the left side of the diagram, and
the state ao is added on the right, while the rest of the figure remains unchanged.

ko= k-1,
S = S \ {2n},
C~Lj = Qj41 (] = 17 ey k’), (2141)
and
T bj+1 (]:k’—l,,Zn—l)
b, = { a G = 2n), (2.142)
~ UN (N 7é N2n(Q))
= 2.143
o= o WEN), (2:149)
we note that the map 7T+ is bijective.
Upon defining
DZ,O,Jr = { <n7 k? S7 Q7 (aj)_];i_ll ) (bj)fik ) (ZN7 ON, UN)NEQ) € DZ,O :
UNQTL(Q) = +]‘}7
Do~ = Dio \ Do, (2.144)

and the composition of maps
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2o 2
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l,g - Tconj l,a \
o EE——

0—5

Figure 2.22: The map Teonj: The final vertex is shifted to the upper contour,
and, second, the diagram is mirrored at a horizontal axis. In the present example,
a diagram in D 4 is mapped to a diagram in Do _ (cp. Fig. 2.19).

TCOnj ‘= mir o Tcyc,T: DO _>D0, (2145)

(cp. Fig. 2.22) with “mir” the mirror-map (2.109), we note that Ti.,; is
bijective, and

Teonj (Do) = Dio- (2.146)
Tconj (DI,O,—) = Dl,o,+-

If we take into account any diagram D € D; . always together with its
conjugate diagram T.,,;D, and apply mirror rule (2.111), we arrive at the
expansion

Tr{Kewmy(r)3} = Y. 2Re(Tr{K(D)(r)3}), (2.147)

D€Dy0,+

which holds for any self-adjoint operator ¢ : Vi — Vi, where Re(z) denotes
the real part of a complex quantity z.

Proof:

In App. D.5.2 (Contribution of Conjugate Diagrams to the Kernels) we show
that for any D € Dy, and any linear map g : Vo — Vi

Tr{K (Tyer D) (v) §} = (=1) Tr{K (D) (r) 3 }. (2.148)
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Hence, mirror rule (2.111) implies, that for any self-adjoint g : Vg — Vi:

Tr{ K (T.on;D) (r)i} = (=1) Tr{K (D) (1)} , (2.149)
where the asterisk denotes the complex conjugate. With relation (2.146) and
the expansion (2.130) we arrive at Eq. (2.147). O

2.6 Summary: Application of the Theory

We here give a summary of the steps we shall take in the applied chapter
of this work in order to calculate the stationary reduced density matrix p of
the quantum dot as well as the current which flows across it. In particular,
we show how we deduce the analytical expression for a particular diagram’s
contribution to the kernels directly from its graphic representation rather

than from Def. (D.67).

2.6.1 Density Matrix

We will consider only such cases where p is diagonal in the basis B = {0,1,]
,2} (2.91) or, in the case of the spinless quantum dot (2.3), in a corresponding
basis B = {0,0,}. The quantum master equation in the stationary limit
reads in these cases:

0 = Kp = K{Zpaa|a><a|}

a€B

= Y puK (la><al), (2.150)
a€B
where the matrix elements p,, are the eigenvalues
Paa = (alp(a)) (2.151)
satisfying

o > 0, (2.152)

as well as the normalization condition

> e = L. (2.153)

a€eB
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The kernel K maps operators to operators, and so we conclude that for any
beB:

0 = 3 pulbl{K (Ja >< a)} (1)) (2.154)

a€eB

which amounts to a system of |B| equations for the same number of unknown
quantities pu,. The density matrix kernel maps any operator of the form
Y wcs Paala >< al to an operator with zero trace, so the dimension of the
image of K is reduced by one, thus ensuring there is a non-trivial solution
p to Kp = 0. Correspondingly, the number of independent equations in the
present system of equations is |B| — 1, which fixes the solution up to a scalar
factor. Finally, the absolute values of the elements p,, are determined by the
normalization condition (2.153).

To calculate the kernel elements (b|{K (Ja >< a|)} (b)), we apply the
diagrammatic expansion (D.97), taking into account all diagrams with initial
matrix |a >< a| and final matrix [b >< b|. We obtain:

OHE (la><a)} () = > 2Re{(b{K(D)(la><al)} ()},

DeDa—)b
(2.155)
with
Da—>b = { <na ka Sa Q7 (aj)fill ) (bj)jik ) (lN’ ON, UN)NGQ) €D:
2 €S, ay=by =b, a1 =by—a} (2.156)

(cp. Fig. 2.23).

2.6.2 Current

Once having determined the stationary density matrix p from the kernel
elements of the density matrix kernel, we determine the stationary particle-

current I; onto lead [ by inserting the expansion of the current kernel as a
sum over Dy 4 (2.147) into Eq. (2.124):
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b a Yo
b/. . = b - .o =—[a@,a]l— ... —-b

J(2n-1)

Figure 2.23: Features of the diagrams within the set D, 3, for given quantum
dot states a,b € B: The initial matrix of the diagram is |a >< al, its final matrix
is |b >< b|. The final vertex is on the lower contour; in alternative representation,
the final interval of the sequence J(j)?i]l is given by J(2n — 1) = {2,...,2n}.
The contribution to the kernel element (b|{K (Ja >< a|)} (b)) of those diagrams
with their final vertex on the upper contour, according to mirror rule (2.111), is

the complex conjugate of the contribution of the diagram-set D,_..

I = ) 2Re{Tr{K(D)p}}. (2.157)

DeDyo,+

The summands on the right-hand side of this equation, on the other hand,
are determined by the relation

Tr{K(D)p} = ) paalb{K(D)(la><a|)} (b)), (2.158)

where the contributions (b [{K (D) (|a >< a|)} (b)) to the kernel elements of
the density matrix kernel have already been calculated at this stage.

2.6.3 Deducing Analytical Expression from Figure

We here show by an example-diagram (Fig. 2.24) how we obtain the ana-
lytical expression for a diagram’s contribution K (D) to the density matrix
kernel more directly from its graphic representation rather than by inserting
the parameters of the tuple D € D (D.92) into Def. (D.67). At first, we shall
note the expression for the time-dependent quantity

K(D)(7)9. (2.159)
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| I o 0
0£L2-£LG[0,0]2-0

1>

- = o 2 0

Qi

Figure 2.24: A fourth-order diagram representing a tunneling process during
which one electron from lead I’ effectively tunnels onto the quantum dot, while a
second electron fluctuates between the quantum dot and one of the leads.

l,=1,0,=0, vy = +1 lp=I",0p=0, v, = -1

o£L2-£L05[0,0]0

Figure 2.25: Parts of the analytical expression for K (D) depend only on the
diagram’s sequence of quantum dot states and its pair formation, hence we here
focus on the upper part of the diagram. We distinguish the tunneling lines by the
indices “a”, “b”.

Parts Independent of the Interval Sequence J

We begin with those parts of the analytical expression that depend only on
the upper part of the diagram in Fig. 2.24 (or else: only the topology of the
corresponding conventional diagram), so for the moment we consider only
the reduced diagram of Fig. 2.25.

Operator-Part

First, we note the operator

o >< | (0]7(0)), (2.160)

i.e., the diagram’s final matrix, multiplied by the scalar product (0|7(0)) —
that one part into which ¢ enters.

Signs
We note the signs:

sign(P) = —1, (2.161)

since there is one intersection of tunneling lines in this diagram;

()"t = -1, (2.162)
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since n = 2 (the number of tunneling lines), and £ = 3 (the number of
quantum dot states left of the square bracket); and, the two products of
scalar products,

A~ . AT A'i' . ~
{a]d7(2)) (a|d5(0)) (2|d,(a)) (0lds(0)) = —1 (2.163)
tunneli;gr line a) tunneli;; line b)

(Defs. (2.92), (2.94)), corresponding to the two tunneling lines.

Participation of Occupied vs. Empty One-Electron Levels in the
Leads

Generally, the signs (vy;)yep are determined by comparison of the particle-
number of subsequent quantum dot states (cp. Fig. 2.8, Eq. (2.96), and
following):

vy = { (No) (apan+1) = No) (apan) — (p(M) <
<

with N@ => N, the particle-counting operator of the quantum dot, and
(Ng) (¢) :== (c|Ng(c)) (cp. Def. (2.99)).

To every tunneling line, we have to note one of the functions of energy
al(g) (¢) (D.66), which quadratically contain the tunneling coupling, as well
as either the Fermi function of contact [ for spin ¢ in case v = +1, or one
minus this function in case v = —1. The function we obtain for a particular
tunneling line corresponding to an element M € P is

2
(o0 ) (2.165)
with sg® (M, k) = —1, if the corresponding tunneling line stretches over
the pair of square brackets that enclose the states of the diagram’s initial
matrix, and sg® (M, k) = +1 otherwise (Def. (D.40)). As a consequence,
we obtain the function al(;;?M, in case the tunneling line corresponds to an
electron that first tunnels halfway onto the quantum dot, and, otherwise,
the function al(;,)M, in case the tunneling line corresponds to an electron
that first tunnels halfway off the quantum dot (cp. Fig. 2.26). For the

example-diagram of Figs. 2.24/ 2.25 we note the functions
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a(|:1) cx(-1> (-1)

0 .0 Lo
0-@- 0) -@— 0) -[(-)\l— 0)

Figure 2.26: In the example of this particular diagram, the tunneling line stretch-
ing over the central square brackets represents an electron of spin @ which tunnels
in two steps off the quantum dot; the other two tunneling lines correspond to elec-
trons that first tunnel “halfway” off the quantum dot, and then return. The sign
sg® (M, k) vy is negative for all of the three tunneling lines in the present figure.

iz (e), api (). (2.166)

The product of the two functions (2.166) appears in an integral over the
variables ¢, ¢’.

Parts Depending on the Interval Sequence J

We now note those parts of the analytical expression for the diagram of Fig.
2.24 that actually depend on the time-ordering.

Time-Integral

We note the integral

1 1
h2n v2n —1 [{5(2711):7.}7

over the 2n — 2-dimensional surface {S®"~Y =7} (Fig. 2.6), where in the
present case 2n — 1 = 3, so

3
{S(Qn—l) — 7'} == {(?1,?2,?3) . Tj Z 0(] = 1,2,3), Z?j = T} .
7=1

(2.167)
The integrand of this time-integral has the general shape

exp { %iﬂ | -F;+ S wwen] ) (2.168)

MeP:|MNJ(j)|=1
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Values of the Energies E;(j = 1,2, 3)

The energies E; are given by the differences of energies of quantum dot states,

E.

i = Eammum)bmaxuu»

(2.169)

Amin(J(5) Ebmazum)'

The interval J(j) is represented by one of the horizontal square brackets in
Fig. 2.24, and the quantum dot state by,q.(s(;)) is the right-most which is still
contained in the bracket, while amin(s(j)) is the left-most state contained in
the bracket. For the present example-diagram of Fig. 2.24 we obtain:

El = EHO)
EQ - EQ(], (2170)
ES = Eso.

Values of the Signs wy,

To each j € {1,2,3}, the sum >, cp. ()1 Wm Em goes over all tunnel-
ing lines which connect one of the horizontal lines within the space enclosed
by the square bracket representing .J(j) to one of the horizontal lines outside
of this space. The signs

wy = sg® (M, J) vy (2.171)
(Eq. (D.67), Def. (D.41)) can be determined by the relation

sg® (M, J)vy = AN(jo) — AN(jo — 1), (2.172)

with
jo = min{j € {1,2,3}: J(H)NM#0}, (2.173)

and

A~ A

AN(j) = (No) (amm(J(j))) — (Ng) (bmaac(J(j))) (j=1,...,2n—1),
(2.174)
the difference between the overall particle-numbers of the quantum dot states
Amin(J(j))> Dmaz(J(j))» OF €lse, in case j = 0:

~ ~

AN(0) := (No) (ars1) — (No) (bx) (2.175)

(cp. Fig. 2.27).
For the example-diagram of Fig. 2.24 we note:
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=M
=2 (M)m-_ak_[akﬂ’bk] mbq(w_ ™ P
J(j,-1
= i
J(jo)

Figure 2.27: To determine the sign vMsg(3)(M, J), for a particular element M €
P, we distinguish between four cases (one case each for Figs. 2.8, and 2.9, as well
as two sub-cases for Fig. 2.10, where one of the latter sub-cases is sketched by
the present figure). In the diagram of the present figure, Asg(S) (M,J) = +1, and
vm = (No) (apany11) = (No) (apan)) = (No) (byar)-1) = No) (bga)), and hence,
varsg® (M, J) = AN (jo) — AN (jo — 1), where the latter equation holds true in all
other cases as well.

AN(0) = 0,
AN(1) = 1, (2.176)
AN(2) = 2,

so, with Eq. (2.172), we obtain the two signs

wy, = sg® (M, J) vy, = +1 = sg® (My, J) vy, = way,, (2.177)
where we distinguish between the two tunneling lines by the indices “a”, and
“b” as before (Fig. 2.25).

Complete Expression and Laplace Transform
The complete expression for K (D)(7)y reads
o (+1) (+1)
KD)(r)y = (-1)|o><a| (0]y(0 /de/ds o (e
11
[ p< ﬁ{ Tl[E—Ego}—i-Tg[&—f-&—Ego]

A3 {s<3>:T}
73— Ewol } ) C(2178)

In order to obtain the Laplace transform, we apply the transformation of
Fig. 2.6 in backward direction:
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3
o0 1
dr e M — exp|i) ¢T; 2.179
/ 5o (Z j ) (2,179

J=1

_ %/ﬁmm /{S(3>:T}exp (iiﬂ' [—Hicj])

7j=1
00 00 0o 3
= / dFl / d?g / ng H exp (F] [—)\ + iCj]) s
0 0 0 j=1

for any set of real coefficients ¢y, co, c3. With this, we arrive at the expression

—
KD)yjy = — |0' >< o] (0]y(0 11r51+//d5d5 aV(e) otV ()
n—
1
N+ i[Ezo — €] n+z[E20—s—5] 77+z[E00—5’]
(2.180)

for the contribution of the example-diagram in Fig. 2.24 to the density matrix
kernel in the stationary limit.

Analytical Expression for a Sixth Order Diagram

The analytical expression for the sixth order example-diagram D of Fig.
2.28 contains n = 3 coupling functions, correspondingly three integrals, and
2n — 1 =5 fractions. The complete expression is

K(D)j = —|1 >< 1/(0[7(0)) lim ///dadade” F(e)a; (€ (€)
n—0+
1 1 1
77+i[E01+€]77+z[€—€]77+z[E01+8]77+z[5—5”]77+i[E01+5]'
(2.181)

We encounter the pre-factor 1/h in all orders; the overall sign in the
present diagram’s expression is given exclusively by (—1)"tF = (—1)3+% =
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Figure 2.28: A sixth order diagram which we give the analytical expression for in
Eq. (2.181) .

+1; the differences of energies of quantum dot states appearing in the de-
nominators are given by Eq. (2.169), while the signs of ¢ = ey, = ey,
and €” = ey, (we refer to the three tunneling lines by M, M’, and M") are
given by

(=1) [AN(jo) — AN(jo — 1)], (2.182)

with AN(j) defined correspondingly to Eq. (2.174); we here abbreviate
(£1) +

Ozl = Oél .
2.7 Relation between Kernel Elements and
Transition Rates

2.7.1 Transition Rates

At the present stage we interpret the transport theory as follows: For any
b € B (Sec. 2.5.3 (Conjugate Diagrams)):
Tr{K (b ><b|)} = 0. (2.183)

Hence, we can note the quantum master equation in the form of Eq. (2.154)
equivalently by the equality

Phb Z Ky = Z paaKZIZp (2.184)
a€B:a#b a€B:a#b

holding for every single fixed state b € B, where we use the abbreviation

Ko, = (0H{K (la><al)} (b)) . (2.185)

The quantities K Zl; actually have the unit 1/s, and we interpret them as
(relative) rates for the transition of the quantum dot from state a to state b
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in Eq. (2.184): The left-hand side takes into account the rate and probability
of all processes which have the initial state b and a final state a # b, while the
right-hand side takes into account the probability and rate of all processes
which have any initial state a # b, and the final state b. [Generally, we
distinguish between the relative rate K and the absolute rate p, K] In
the stationary configuration, these two contributions to the gain and loss [19]
of the probability with which we find the quantum dot in the state b must
be equal.

2.7.2 Change of Electron Number on the Leads by a
Particular Tunneling Process

For any given quantum dot state a € B, and any particular lead [ we consider
again

Tr {Kcurr,l‘a > a|}

{ > Keurri(D)|a >< a} (2.186)

DeD,

= { Z Kcurrl ‘a >< a}

DED[ 0

- > Keurri(D)la ><a| + Keurri(TeonjD)la >< a|
DeD 0,4

= Tr{ Z K(D)la >< a| — K(TeonjD)|a >< a}

De€Di,0,+

1
= 5 Z TT‘{K D)la >< a| + K(mir(D))|a >< a|}
DED[70+

— Tr{K(Toon;D)a >< a| + K (mir(Toon; D)) |a >< al },
according to (2.130) (diagrammatic expansion of the current kernel), (2.138),
(2.144) (definition of Dy, and Dy ), (2.134) (definition of Keyrri(D)), and

according to mirror rule (2.111).
To any diagram

D = <n K, J P, (a) ) (b )jnk,(lM,aM,vM)Mep> e D (2.187)
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955

2 1 2

Figure 2.29: The initial and final matrix of the present diagram is | T><7 |.
Altogether two electrons tunnel from lead [ onto the quantum dot, and the same
number of electrons tunnel from the quantum dot onto the opposite lead [. Hence,
the integer Z;(D) equals 2 for this particular diagram, while Z;(D) = —2.

(Def. (D.89)) we define the integer

Z(D) = > e (2.188)

MEP: Ly=Lp(M)<kk+1<q(M)
the number of electrons that effectively tunnel onto lead [ during the tun-
neling process represented by the diagram D (cp. Fig. 2.10, and the present
example-diagram of Fig. 2.29). In conventional diagrams, the number Z;(D)
is given by the number of those tunneling lines connecting the two contours
whose lead-index is [, and which represent electrons that tunnel onto this
lead minus the number of those tunneling lines connecting the two contours
whose lead-index is [, and which represent electrons that tunnel off this lead.
Applying the relation (2.149), we obtain for any D € Dy, with
Doy = Uer Doy, (2.189)

the equality

TT{K D)la >< a| + K (mir(D))|a >< a|} (2.190)
= = Tr{KTuD)la >< a| + K (mir(Ton; D)) |a >< al },

and hence:

Tr{K(D)ja >< a| + K(mir(D))la><al} (2.191)
— T { K (Teon;D)la >< a| + K (mix(Tuon; D)) |a >< al }

- 22(D) Tr{K(D)la ><a| + K(mir(D))|a >< a| }
+ 22(Teon; D) Tr{ K(Teon;D)la >< a| + K (mir(Tupn; D)) |a >< al }
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N N' N+1 === N+1 N N' N+1 ===
Toyo N
| (RN} — | [ ]
N T — N+1 —
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| Toyot \
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Figure 2.30: For any diagram D € D, the tunneling line containing the final
vertex either connects the two different contours, thus representing an electron
that effectively tunnels from the quantum dot onto lead [ (first line in the present
figure), or else it connects the final vertex to another vertex on the lower contour, in
which case the corresponding tunneling line in the transformed diagram 7., ;D =
mir7y,.+D represents an electron that effectively tunnels from the lead [ onto the
quantum dot (second line). In both cases, Z;(D) = Zj(Teon; D) + 1.

for any D € Dy 4, since

Zi(D) — Zi(Teon; D) = 1 (2.192)
(cp. Fig. 2.30). For D € Dy ,, obviously Zi(D) — Zj(TeonjD) = 0, and
hence we obtain by inserting (2.191) into Eq. (2.186):

Tr{Kcurrila >< al} (2.193)

= Z Z(D) Tr{K D)la >< a| + K (mir(D))]a >< a\}
D€D0,+

+ Zy(Toomy DYT1{ K (Teon; D)la >< a| + K (mir(Teon; D)) [a >< al }

- 3 z(p) r{K(D)a ><al },

DeD
SO

Tr {Keurrgla >< al} = S 2(D) Tr{ K(D)la >< a| }, (2.194)
DeD
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since every diagram DD € D with a non-zero contribution to the trace is
contained exactly one time in the previous sum. The present expansion of
the current kernel Ky, applying the effective number Z;(D) of electrons
that tunnel onto the lead [ in the process represented by D, is analogous
to the decomposition (3.15) in Ref. [18], only here we refer to every single
diagram, while the contributions of diagrams with equal Z;(D) are gathered
in an extra sum in Ref. [18].

2.7.3 Kernels as Sums over Processes

Throughout this work we consider only cases in which the reduced density
matrix of the quantum dot is diagonal in the basis of the eigenstates of the
quantum dot’s Hamiltonian. Hence, only those diagrams

D = (n k.S, Q. (a;) L (0)™, , (v, 0w, UN)NEQ) (2.195)

with initial matrix

lags1 >< bi| = |a ><al, (2.196)

as well as final matrix

la; >< bay| = [b><), (2.197)

i.e., only the diagrams within the subset Dy (2.139), and their mirrored
diagrams, are relevant. To any D € Dy we define the initial and final states
of D as

si(D) = ap, (2.198)

and we put D and its mirrored diagram mir(D) together to form one element
of the set of “processes”

Proc := {{D,mir(D)}: D € Dy}. (2.199)
We define for any P = {D, mir(D)} € Proc:

K(P) = Y K(D), (2.200)
si(P) = s;(D),

sp(P) = s;(D), (2.201)
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for any lead-index [:
Z)(P) = Z(D), (2.202)

as well as for any two states a,b € B:

Proc{a — b} = {P € Proc: s;(P)=a, s¢(P)="0}. (2.203)
Noting that, according to mirror rule, for any P € Proc{a — b}, the quantity

K(P)ay = (b{K(P)(ja><al)} (1)) (2.204)

is real, we define the relative rate
I(P) = |K(P)Y]. (2.205)

Additionally, we define

Procso{a — b} = {P € Proc{a—b}: K(P)? >0}, (2.206)
Procco{a — b} = {P€ Proc{a—b}: K(P)? <0}, (2.207)

and note the diagrammatic expansion of the kernel element K in the form

K% — o TP - > T (2.208)

PeProcso{a—b} PeProcco{a—b}

With this, we can rewrite the system of equations (2.184), equivalent to the
quantum master equation in the stationary limit, in the form

>, ( > paoaor(P))+( 3 paaF(P))

a€B:a#ag \ P€Procso{ag—a} PeProc<o{a—ao}

= Z Z paal'(P) | + Z Pagaol'(P) | ;
a€B:a#ag \ P€EProcs>o{a—ao} PeProc<of{ap—a}
(ao € B). (2.209)

Analogously, applying the expansion (2.194), we can express the traces
Tr{Kecurri|la >< a|} by process rates:
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Tr{Keyrrila ><al} = (2.210)
> Y. APTP) | - >, API(P) ),
beB \ PeProcso{a—b} PeProcco{a—b}

and so we obtain the expression

I = Z ( Z ZI(P)paaF(P)) - ( Z Zl(P)PaaF(P))

a,beB \ PeProcso{a—b} PeProc<o{a—b}
(2.211)

for the stationary particle-current Iy = T'r { K¢yrrap} onto lead [.

Zero Net Current:

The sum of the currents ), . I;, calculated by performing the sum over / on
the right-hand side of Eq. (2.211), is zero, since the quantity

Z(P) = Y Z(P) (2.212)
satisfies
Z(P) = (No)(si(P)) — (Ne)(ss(P)). (2:213)

Upon multiplying every single one of the equations (2.209) by the particle-
number (Ng)(ao) of the quantum dot state ao, and performing the sum over
ap, we get an equation equivalent to ), . Iy = 0, where we insert the right-
hand side of (2.211) for I;.

2.7.4 Processes with Inversed Time-Direction

To any process P = {D, mir(D)}, D € Dy, there is a conjugate process P
given by the conjugate diagram T.,,;D (Sec. 2.5.3 (Conjugate Diagrams)),
and the mirrored diagram of the latter. If P € Proc{a — b}, then P“" &
Proc{a — ¢} with ¢ # b, and

K(P)) = —K(P“)e (2.214)

aa aa
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(Eq. (2.149)). Hence, the set Procco{a — c}, with a,c € B, is in gen-
eral not empty — the set of all processes with strictly negative contribution
K (P)zf ((j;));f(g;) to the kernel is just as rich as the set of all processes with
strictly positive contribution.

In Eq. (2.209), we interpret the terms puq,l'(P) with
P € Procso{ag — a},a # ag, as the contributions to the decrease of pyya,
caused by processes starting in the state ag, and ending in the state a — oc-
curring with an absolute rate p,,q,['(P); in the same way, we interpret the
terms pgI'(P) with P € Procso{a — ao},a # ag, as the contributions to
the increase of p,,q, caused by processes starting in the state a, and ending
in the state ap — occurring with an absolute rate p,,['(P). Correspondingly,
in Eq. (2.211), the absolute rate p,,I'(P) of a process P € Procso{a — b}
is multiplied by the number Z;(P) of electrons effectively transferred onto
the lead [ during this process to take into account the contribution of this
process to the particle-current onto lead [.

Analogously, we might conceive that the terms pg['(P) with
P € Procco{a — ap}, a # ag, on the left-hand side of Eq. (2.209) are
the absolute rates of processes with logical initial state s;(P) = a and log-
ical final state s;(P) = ag, however, evolving in inversed time-direction.
Hence, although I'(P) is multiplied by p.,, the process contributes to the
increase of the probability p,, and a corresponding decrease of the proba-
bility page,- In the same way, we might interpret the terms pgyq,I'(P) with
P € Procco{ap — a} on the right-hand side of Eq. (2.209) as the absolute
rate of processes with logical initial state ag, and logical final state a, evolving
in inversed time-direction — thus representing a contribution to the increase
of the probability pg.q,. Within this interpretation, Eq. (2.209) corresponds
to the demand that, in spite of all processes contained in the set Proc, the
quantum dot’s density matrix remains stationary.

Finally, in Eq. (2.211), for all processes P € Proc.o{a — b}, the ab-
solute rate pq,I'(P) is multiplied by —Z;(P), which is the effective number
of electrons transferred onto the lead [ during the process P if, again, we
assume that it evolves in inversed time-direction.



Chapter 3

Application: The
Dressed-Second-Order Diagram
Selection

In the present applied chapter of this work, parts of which have been pub-
lished in Ref. [17], we describe linear and nonlinear transport across a single
impurity Anderson model (SIAM) quantum dot. If the tunnel-coupling is
large enough, sequential tunneling processes alone do not suffice to prop-
erly describe the transport characteristics. Taking into account all diagrams
within the dressed-second-order (DSO) diagram selection — the second order
diagrams are dressed by further tunneling lines within these diagrams — we
study the effect of subsequent charge- and spin-fluctuations on the tunneling
current. By the DSO we describe those resonances in the dynamic conduc-
tance versus applied bias, that are observed whenever one of the quantum
dot levels meets with one of the leads’ chemical potentials, qualitatively cor-
rectly - and even ezactly in the case of the spinless quantum dot. Moreover,
in agreement with experimental reality, we find a zero bias anomaly of the
differential conductance, and an enhancement of the linear conductance with
decreasing temperature in case the STAM’s degenerate level lies below the
Fermi level of the contacts. We show that the zero bias resonance-peak splits
in the expected way, if a magnetic field is applied. Finally, we consider the
case of finite Coulomb-interaction, point out the limitations of the DSO in
this case, and compare our data to an experiment.

65
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3.1 Second Order Approximation

Our approximation is an extension of the second order, so we start out with
the calculation of the second order diagrams.

Second Order Density Matrix

o) 0
/
o 0
Figure 3.1: The only second order diagram (up to a sum over [, and up to
mirrored diagrams) contributing to the kernel element K§J is the one shown in
the present figure. The diagram’s initial matrix is |0 >< 0|, while its final matrix

is |0 >< o|; an electron with spin o tunnels in two steps (cp. Sec. 2.4.2 (Graphic
Representation of Diagrams)) onto the quantum dot in the present diagram.

According to Sec. 2.6.3 (Deducing Analytical Expression from Figure),
the contribution of the diagram D in Fig. 3.1 to the density matrix kernel is
given by

(exoyy = W0

alo )
|a'><0'| /ds TR (3.1)

where we let A\, the argument of the Laplace transform, still be finite. To
any two quantum dot states a,b € B, the quantity Ej, is defined as

Eba = Eb — Ea, (32)

the difference between the energies of these two quantum dot states. For
brevity we write o := al(;l) etc. (cp. Def. (D.66)). To obtain the second
order matrix element K7, we perform the sum over [, insert g = |0 >< 0|,
take the limit A — 0+ as in Eq. (E.123), and we take two times the real part
of the present operator’s coefficient:

K37 = —a;(Es), (3.3)

where

aF = Zai. (3.4)
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a a

a_ N

b a

Figure 3.2: Second order diagrams of the present form are conjugates (Sec. 2.5.3
— Conjugate Diagrams) of diagrams contributing to K ZZ, b # a, and hence, im-
plicitly, we already calculated them.

All remaining second order kernel elements K with a # b, are obtained

aa’

from analogous second order diagrams; we note:

Kg(z)j = %a;(EUO)a

K2 = Z0k(E,), (3.5)

K3 = %O‘; (Eag).

Finally, the matrix elements K (2)3, and K%, are zero within the second order.
We here assume that the situation is symmetric with respect to the two
spins — in the quantum dot, as well as in the leads — so we use the notation:

3.6
Ey = Ey = Ey, (3:6)
of = oy = af, (3.7)
o = ap = Q)
(cp. Def. (D.60)), and
a:t = Zleﬁa?:7 (38)
Q= lec
By the second order tunneling rates
Tion = 5o’ (Bw),
T 3.9
Fll,tlz = %O‘li(Eﬂ)a (3:9)
Iy = Fa*(E)
’ 3.10
I = Fa*(Ey), (3.10)
and by the notation
FOl - FS_I +F617 (311)
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we formulate the stationary density matrix, as well as the current across
the quantum dot, in the spin-symmetric case: In this case, the quantum
master equation in the stationary limit turns into the following set of two
independent equations for the three independent variables pgg, p22 and py =

PLL:

0= _pOOFS_l + paarala

0= ‘l'paariz - p22r1_2 <3.12>
(cp. Eq. (2.154), and (2.184)). By the normalization condition
Poo + 2p0’0’ + P22 = 1 (313)
we obtain the stationary reduced density matrix
Poo Férﬁ
1 -
Pl = — - bl (3.14)
PLL Iolor+ Tl | Tol'e
P22 Il

Second Order Current

We determine the stationary current across the quantum dot by Eq. (2.124),

L = Tr{Keuwrih} = Y _ Pl {Keurrs (la ><al)}, (3.15)

a€eB

where we insert the second order current kernel for Kecyppry. To determine
the traces T { Keyrra (|a >< al)}, on the other hand, we apply the diagram-
matic expansion

Tr{Keurrila ><al} = Z 2 Re(Tr{K (D) |a >< a]}) (3.16)

DE'DLO?_‘_

according to Eq. (2.147), where the sum goes over all second order diagrams
within the diagram-set D; o4 (Def. (2.144), cp. Fig. 2.19). For the quantum
dot state a = 0, and to each spin o € S, there is one diagram contributing
to the sum on the right-hand side of the present equation. In the same way,
for the quantum dot state a = 2, there is, to each spin o, one diagram
contributing to that sum (Fig. 3.3). Moreover, to each spin o, there are two
second order diagrams contributing to Tr { Keyrrilo >< o|} (Fig. 3.4). In
summary, we obtain in the spin-symmetric case:
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/\'00/

0}

Figure 3.3: The two diagrams of the present figure give the traces
Tr{Kcurri|0 >< 0|}, and Tr { Kcyrri|2 >< 2|}, respectively.

o O
/-\Ia %
5 o O

Figure 3.4: Within the diagram-set D;o ; (Def. (2.144), cp. Fig. 2.19), we find
two diagrams contributing to T { Keyrri|lo >< ol}.

Tr{Keurrg|0 >< 0]} = —2T},
Tr{Keurra|2 >< 2|} = 20, (3.17)
Tr {Kcurr,l‘o' >< 0"} = 1_‘li,Ol - FZJ,FIQ'

Upon inserting the density matrix (3.14), and the tunneling rates (3.17),
into Eq. (3.15), we note the stationary second order particle-current onto
lead (:

2
_ + 1T+
L = 1+F0+1F12 ('{lrlm '{lrl,(ﬂ)
Lo1l'yy
2 _
+ — (nzrm n,r“Q) (3.18)

1+ 72
F0-'—1F12

where we assume proportional tunneling coupling of the two leads to the
quantum dot:

o = R, (3.19)

with s, 1 € L, positive scalar factors satisfying >, x; = 1. As for the spin,
we apply the bar over the lead-index [ to refer to the one lead opposite to
lead [ by “I”; The second order rates Fljin etc. are given in Eq. (3.9) and
following.
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The pre-factor of the second line within the right-hand side of Eq. (3.18)
is the stationary electron number on the quantum dot, as calculated from
the second order density matrix:

2

Lo
1 + 12
F0+1F12

= 0-po0 + O L poe + 2+ p; (3.20)

the pre-factor of the first line of this equation’s right-hand side, on the other
hand, is two minus the latter stationary electron number on the quantum
dot.

Density Matrix and Current for the Spinless Quantum
Dot

The theoretically relevant spinless quantum dot has two states: the empty
state 0, and the occupied state 1; it is coupled to leads whose electrons, in
the same way, do not have a spin. Equivalently, for the purpose of a uniform
treatment of the STAM on the one hand, and the spinless quantum dot on the
other hand, we can assume that the spin-index has only one possible value
09, as we do in Def. (2.3). By the notation

NERINC
’ 0’ 3.21
NN ) (3:21)

we find — in the same way as in the previous section for the SIAM — the
second order matrix elements of the density matrix kernel:

Ky = Fat(Ey),

e~ 3.22
K% = Lo () 8.2
with K)o = —K}, K1} = —K, as well as the second order elements of
the current kernel:
2
Tr {Kcur'r,l 0>< 0|} = — f@l (Elg),
2T _
Tr {KcuTr,l|]- >< 1‘} = E&l (El(J)-
Hence, by the tunneling rates
+ 21 4
Fl = (Elo), (323)
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by
I = YT}, (3.24)
l

as well as by
=TI 417, (3.25)

we can express the stationary density matrix:

() -HE) e

and the stationary current onto lead [:

1
L = - (r;r; - rfr;). (3.27)

3.2 Dressed-Second-Order Diagrams

3.2.1 Spinless Quantum Dot

We now want to increase the set of diagrams we take into account by “dress-
ing” the second order diagrams by bubbles which represent subsequent charge
fluctuations. We begin with the spinless quantum dot (2.3): The diagram
selection of the dressed-second-order (DSO) contains diagrams of all orders.
As an example, we show two fourth order DSO-diagrams in Fig. 3.5.

Referring to the two fourth order diagrams of Fig. 3.5 by Dgl)(l’), and
Dél)(l’ ), respectively, we note the sum of their contributions to the density
matrix kernel:

2

Mvomis . (0[9(0)) a ()
Sk Oy = S5 <l [t e
-1 , (ogf + ) (&)
h)\+i(E—E10) /d&‘ ﬁ)\—i-i(e’i—é“/). (3.28)
We define the diagram-set
GV (DSO)(D) = {D§1>(z'): j:1,2;l’€£}, (3.29)

so GW(DSO)(D) is the set of all diagrams within which the diagram D (in
the first line of Fig. 3.5) is dressed by one tunneling line in the form of a
bubble. Correspondingly, we define
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1 — 0O 1 0

Figure 3.5: The second line of the present figure shows two example-diagrams
within which the second order diagram “D” in the first line is dressed by one
further tunneling line. In the fourth order DSO-diagram on the left-hand side of
the present figure, an electron from lead I’ tunnels halfway onto the dot and leaves
it again, while, in the diagram on the right-hand side, an electron tunnels halfway
from the quantum dot onto lead I’, and back.

K (GW(DSO)(D)) = > K(D"), (3.30)

D'eg(M) (DSO) (D)

the sum of all contributions to the density matrix kernel of diagrams within
the set G(DSO)(D). Upon replacing o;f + a;, = oy, and performing the
sum over I', & = >, ap, in (3.28) we find

~ aJr
(LKGD(DSOYD) YN = <°|yﬁ<°)> 1><1] /ds h/\+il(5(€—)E10)
-1 , a(e)
5w | ey 0

Analogously, we express the sum of the contributions to the density ma-
trix kernel of all sizth order diagrams “D;Q)(l’,l”)”, j = 1,2,3,4, in Fig.
3.6:
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0 1 0 1 0 1

1 = 0 1 AN N’ 0
" |
1—== 0 1 0
0 1

Ilu | 0 1 | 0

! [ I'
1 0 T 0 1—="7706 1 0

Figure 3.6: The 2 x 2 possibilities to dress the second order diagram in Fig. 3.5
by two subsequent bubbles, each positioned either on the upper or on the lower
contour.

4 - +
)\ /1 1 A <0‘y(0)> o (5)
;{L‘K(Dj (WINWG = S 1 ><) /de MHZ(E_Em)
-1 , (af +ay) ()
h\ —i—i(E — ElO) /d&‘ ﬁ)\l—i-i(e’il— 8/)

-1 /de” (a?_N + al_//)(eﬂ).
h)\—i-i(é“ - EIO) h/\‘Fi(E —8”)

(3.32)
Upon defining
¢ (DSO)(D) = {Dj.?)(z',z"); j=1,2,34; l’,l”eﬁ}, (3.33)
and
K(GP(DSO)D)) == > K(D), (3:34)
D’eG(DSO)(D)
we note
o o (olo)
{LE(@P(DSO)DNI Vg = V1<l / h)\—i—za—Ew)
-1 , a(e) 2
(h)\+i(€—E1o) /d8 h>\+®(£‘£')> ‘
(3.35)

Generally, the number of possibilities to dress the diagram D within the
first line of Fig. 3.5 by a number of n — 1 further tunneling lines in the form
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of subsequent bubbles in the manner of Fig. 3.6 is 27!, since each bubble
can be positioned either on the upper or on the lower contour. We refer to
the set of these diagrams by “G"~Y(DSO)(D)”, and note the sum of their
contributions to the kernel:

o/ (e)
hX 4+ i(& — ElO)

(ﬁ)\—i—i(_gl_ Ero) /de’ ;1)\4?1'((&;)_@)”_1.
(3.36)

{LK(G"(DSO)D)}N)§ = WH(O» 1 ><1 / de

In summary, we define G(DSO)(D) as the set of all diagrams within which
the diagram D is dressed by any number of subsequent bubbles:

G(DSO)(D) = >, ¢" Y (DSO)(D), (3.37)

including

GO (DSOYD) = {D}, (3.38)

and, upon applying the closed expression

- 1
= — 3.39
;q T (3.39)

for a geometric series, we note the sum of the contributions to the kernel of
all diagrams within G(DSO)(D):

{ex@osoy oy = O ooy
/ds a;r(e) ;
A+ (e — i) + [ de’ il
(3.40)

In the same way as the diagram D (Fig. 3.5), we can dress any other
second order diagram contributing to the kernels by subsequent bubbles, e.g.,
Fig. 3.7. Per definition, any conventional diagram whose pair formation (cp.
Fig. 2.4) has the general form of Fig. 3.8 enters into the diagram selection
of the DSO. Taking into account all of these diagrams, we obtain the DSO
tunneling rates for the spinless quantum dot:



3.2. DRESSED-SECOND-ORDER DIAGRAMS 75

0 00— 0
~J |
G D0 o N

Figure 3.7: Another example of a second order diagram for the spinless quantum
dot, and two ways of dressing this diagram by one further tunneling line.

Figure 3.8: The general property, by which we define the DSO-diagram selection.
If we project the ends of all tunneling lines in any conventional diagram onto the
lower contour, remove all labels and indices from the figure, then only a graphic
representation of an irreducible pair formation remains. Within an ordered set of
2n elements, a DSO-pair formation connects the first to the last element, while,
otherwise, only neighbouring elements are connected to each other.

2 () (e) '
hi m2a(e)? + (e +7m(Ha)(e) — Fy)?

(3.41)

[We take the real part of the integral on the right-hand side of Eq. (3.40).
In order to perform the limit A — 0 of this real part, we determine the limit

/

lm [ de—OE) (3.42)

n—0-+ n+i(e —¢')
analogously to Eq. (E.93), (E.94). We assume that the function a(e) is
strictly positive around E1o, and, in addition, that the term 7(Ha)(e) (def-
inition of the Hilbert transformation H in Eq. (E.49)) can be treated as a
small correction within (¢ + 7(Ha)(e) — E1p)?. Under sensible conditions
concerning the functions af,c, the limit A — 0 can be performed in the
straightforward way.]
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+ O - K~ e

+

Figure 3.9: The structure of the diagrams within the RTA-selection, illustrated
by one-contour diagrams with reduced information (cp. Fig. 3.8). The criterion
which RTA-diagrams are defined by is: Any imagined vertical line cutting the
diagram in two pieces has at most two intersections with tunneling lines. As a
consequence, an RTA-pair formation is a combination of an integer number of
DSO-pair formations in the sense of the present figure. In particular, the DSO-
diagram selection is contained in the RTA-selection.

The expressions for the density matrix (3.26), as well as the current (3.27),
in terms of the rates (3.41) are the same both for the DSO and for the un-
dressed second order. In the case of proportional coupling (3.19), we obtain
for the particle-current onto lead [ the exact result:

_ 4/61/67 2 {a2(ff_fl)}(5)
L= / daw?a(s)Q + (e+m(Ha)(e) — Ew)* 349

[Note that we here replace i by h/2m; moreover, the quantity 4r;x; takes
the maximum value 1 in the case of symmetric coupling.] In the case of
proportional coupling, the result of the DSO — for the tunneling current across
the spinless quantum dot — is actually the same as the ezact [21] result of the
resonant tunneling approximation (RTA) (Fig. 3.9). We here note that in the
case of zero Coulomb-interaction, U = 0 in (2.4), the tunneling current across
the STAM is two times the tunneling current across the spinless quantum dot.

If we consider the chemical potentials gy, p; entering into the Fermi-
functions (D.17) of the two contacts [, to be a function of a bias voltage V;,
according to

,ul(‘/b) = EF_’_e‘/;n

w(Vi) = Er, (3.44)
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multiply the particle-current onto lead [ (3.43) by the negative electron charge
—e, and take the derivative with respect to the bias, we obtain the differential
or dynamic conductance:

dI; e?
d_% = 4[@[{73 de l(t":) fT,m(Vb)(g)u (345)

with
m2a?(¢)

e = ()’ + (e +m(Ha)(e) — Ero)® (3.46)

L -1, (e—tu
frn@) = ot (R, (3.47

f the parameter-free Fermi-Dirac distribution (C.78). As far as the coupling
function «a(e) is approximately constant, the function /(¢) is approximately
a lorentzian with width 2ra(EF), centered around Ejg. The second factor
within the integral for the differential conductance (3.45), on the other hand,
is a strictly positive function with total weight 1 — the integral over the
complete real axis is one — and this weight is distributed around the chem-
ical potential y; with a width proportional to kgT. Hence, the differential
conductance, considered as a function

dI;

=t 3.48

v, (1u) ( )
of p; with constant value of the parameter Eq, displays a peak for y; = FEjp.

The order of magnitude of this peak’s width is determined by the sum of the
thermal energy kT, and of the tunneling coupling 2ra(Er). With these
qualitative statements about the transport across the spinless quantum dot
we conclude the discussion of the DSO-results in this case.

3.2.2 Dressed-Second-Order for the SIAM with Infi-
nite Coulomb-Interaction

In the case of infinitely large Coulomb-interaction U on the doubly occupied
SIAM (2.4), and symmetry with respect to the spin on the quantum dot
as well as in the leads, we assume the stationary reduced density matrix in
terms of the rates is given by

£oo 1 FE]T}

Pt | = v | Lo (3.49)
I'pn +T

an AN



78 CHAPTER 3. APPLICATION

(cp. Eq. (3.14)), with poo + >, poe = 1, while the second order stationary
current onto lead [ (3.18) is reduced to

I, = 2F+ (mF%l - ,@zr,fm). (3.50)
L+ 5 ’
We do not obtain the latter two formulas as mathematical limits in the case
of infinite interaction, but rather apply the following reasoning: For large
interaction, practically, any tunneling process, within which the doubly oc-
cupied state 2 appears, does not occur. The element p9s of the stationary
reduced density matrix is zero. Hence, we calculate only the relative transi-
tion rates between the states 0,7, and |, taking into account only processes
within which exclusively these states appear, and, balancing the transitions,
we find the probabilities pgo, p41, and py;, as well as the absolute values of
the transition rates in the stationary configuration, and thus the current.

Within the DSO-diagram selection, the inclusion of diagrams which con-
tain two opposite spins — as opposed to the DSO for the spinless quantum
dot — implies basically only one extension: For example, in any DSO-diagram
contributing to the kernel element K§J there is one additional possible fluc-
tuation of an electron of opposite spin @ (cp. Fig. 3.10). The DSO thus
contains spin-fluctuations on the quantum dot in the sense that intermedi-
ate matrices within DSO-diagrams can have the form |0 >< &|. Taking
into account the altogether three possibilities of fluctuations in any diagram
contributing to K% a,b € {0,0}, we obtain — perfectly analogously to the
way in which we derived the DSO tunneling rates for the spinless quantum
dot (3.41) — the following DSO tunneling rates for infinite interaction in the
spin-symmetric case:

L Q_ﬂ- (704?[)(5)
Tl = h /d€7r2v(8)2 + (e +7(Hy)(e) = Ey)*

(3.51)

with vy =a + a™.

The same approximation scheme for infinite U has been applied with the
RTA [18], taking into account all those diagrams with a pair formation ac-
cording to Fig. 3.9, which exclusively contain the states 0,1, . We compare
the result of the DSO to that of the RTA at the level of the linear conductance
G — the differential conductance at zero bias. We note:
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Figure 3.10: A second order diagram with the states 0, and o, and the altogether
three possibilities to add to this diagram one further tunneling line according to
the definition of DSO-diagrams (cp. Fig. 3.8) in such a way, that the quantum
dot state 2 does not appear. Compared to the spinless case (Fig. 3.5), there is
one additional possible fluctuation for the STAM.

2 2 9
GRTA — 451@%2 / de W;E;;()g) Fromn(©), (3.52)
2
GDSO = 4%[&]% 21"+
1+ 1t
7% [a(a+ a™)] ()
/d€ d(é) fT,EF(€)7 (353)

where frg.(e) is given by Def. (3.47), where the integrands’ common de-
nominator is

d(e) == 7 (a+a")?*(e) + (e +mH(a+a")(e) — Ei)?, (3.54)

with 1y = p; = Er, and where we insert the DSO rates for infinite interaction
(3.51) for

T = > Tiy (3.55)
l
Finally,

FOl = F6r1 +F61 (356)
as in Eq. (3.11).
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Figure 3.11: Behaviour of the function mH(a™)(g) appearing in (3.54) around
the Fermi level Er. We write a(e) = a(EFr)b(e), with a dimension-less function
b(e) satisfying b(Er) = 1, and, correspondingly, at zero bias (y; = p; = EF),
at(e) = a(Ep)bT(e), with bt (e) = b(e) fi(¢), where f; is the Fermi function of
contact . We note that 7H (b")(e) = py+ () := [;° dw(bT (e4w)—bT(e—w))/w; the
graph of the function py+ (¢) displays a valley around Er, which becomes narrower
for smaller temperatures (lower part of the present figure). The valley’s minimum
diverges logarithmically with temperature. The shape of the valley, however, is
independent of temperature and universal as we show in App. F.

Numerical Comparison between RTA and DSO for Infinite U at
the Level of the Linear Conductance

The common factor frpg,(e) in the integrands on the right-hand side of
(3.52), and (3.53) sets the focus within the integrals that give the linear
conductance on a region of size ~ kgT around Ep. The function H(a™)(e)
appearing in the denominator (3.54), on the other hand, has the property
that H(a™)(Er + 2kpT) — H(a™)(EF) is convergent for T — 0, where the
limit

lim {H(a")(Ep + akgT) — H(a")(Ep)} (3.57)
T—0
is proportional to a(Ef) , and otherwise parameter-free. Finally, the term
H(a™)(EF) is a function of temperature, and it diverges logarithmically to
—oo for T'— 0 (cp. Fig. 3.11). We give a proof of the latter two statements
in App. F (Universality).
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0.5

Figure 3.12: Our choice of the shape of the dimension-less function b(e) =
a(e)/a(Er) for the numerical implementation. We choose b(¢) to be symmet-
ric, and place the Fermi level Er in the center. The concrete values we take for
the parameters W, and w, of the present figure are W = leV,w = 0.9W. The
continuous cut-off at the edges (or, alternatively, a smooth decay) is necessary to
ensure the existence of the Hilbert transforms Ho, Ha™.

As a consequence, the shapes of the linear conductances G(E}y) for infinite
U as function of Ejy within RTA and DSO are convergent for 7" — 0. With
decreased temperature, the peaks are shifted toward lower energies starting
from a value around the Fermi level Er (Fig. 3.13) — an effect due to the
presence of the spin within the STAM, as opposed to the spinless quantum
dot, where the linear conductance does not display this feature (Eq. (3.45)).

Universality and Kondo Temperature in the Infinite U-Case

The DSO-conductance as function of the temperature displays universality
in the regime of strong coupling: For a given and fixed value of FEjy, the
linear conductance G becomes a function of the temperature. The function
G(T) is expected to display universality in the following sense [23]: There
is a temperature Ty such, that G/G . 1S a parameter-free function of the
ratio T'/Tk, where G4, is the maximum value of the conductance. Both
GP50 and GBT4 satisfy this demand for energies Fyqg < Ep.

We derive the universal behaviour of GPY(T) (and GFT4(T)) in App. F.
For the temperature Tx — defined by the condition that, at this temperature,
the conductance reaches one half of its maximum — we obtain within the DSO:

Eyw—E
kT = TW exp (%) . (3.58)
F
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Figure 3.13: Linear conductance G within the DSO for infinite U as a function
of the energy difference E19 — which corresponds to a plot of G as function of the
gate voltage — for different temperatures. The dashed lines show the result for
the RTA. We choose the tunneling coupling to be a(Er) = 0.042meV, and the
parameter W defining the width of the function b(e) (Fig. 3.12) as W = 1leV.
The same choices we make for a later comparison with an experiment in Sec. 3.2.3
(Linear Conductance at Finite Coulomb-Interaction). For large temperatures, the
width of the peak is determined by the thermal energy, and its center is found
roughly around the Fermi level. For decreased temperatures, on the other hand,
the position of the maximum is shifted, and the width of the peak is proportional
to a(EF). The transition happens at thermal energies kgT ~ a(Er). While the
logarithmic shift of the peak with the temperature does not stop, the shape of the
curve and its maximum value saturate.
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Figure 3.14: Comparison of the parameter-free function F' (1/Tk) which gives
G(T)/Gmaz obtained within the DSO (and RTA) to an NRG-fit [23]: All three
functions take the value 0.5 at T' = Tk, and are normalized in such a way that the
maximum is one. One feature of the NRG-fit is that, within one power of ten, the
linear conductance increases from 50 % to about 95 % of its maximum, while the
functions obtained for RTA and DSO grow much less in this interval. As implicitly
shown by Fig. 3.13, and unlike the NRG-fit, the parameter-free functions for the
RTA and DSO decrease again for even smaller values of T'/Tk than shown in the
present figure. The equation for the NRG-fit is: G(T') = Gpas (1/ [(T/T))* +1])°
with T4 = Tx/(2'/% — 1)Y/2 so that G(Tx) = Gynaz/2; We choose s = 0.2.

The pre-factor, which is 7 in the present case, depends on the actual shape
of the function b (Fig. 3.12).
The results of App. F (Universality) are valid under the condition:

kpT < a(Er) < W, and }
Ep—FEi ; (3.59)
{ 1 < ;(EF)O
in which case we obtain the expression
e? T
GP%9 = dryr;—FP59 (crjp +1In |, (3.60)
h Tk

where Tk is given by Eq. (3.58), and where the parameter-free function
FPSO — the function does not take any physical quantities as parameters —
is given in Eq. (F.34), App. F.

The DSO linear conductance becomes a universal function of T'/Tk in
the regime Eyg < Ef; at T = Tk, G(T') reaches one half of its maximum. In
Fig. 3.14 we compare our result for the universal function G(T/Tk)/Gmaz
to a curve obtained by numerical renormalization group (NRG) calculations
[23]. Our method of analysis within App. F is applicable both to the DSO
and the RTA — the resulting formula for Tk deviates only in the pre-factor.
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The relation between the quantities a(Er), which we here use as coupling-

parameter, and “I'”, by the use of which Tk is more frequently expressed,
e.g. Ref. [18, 23], is

I' =2na(ER). (3.61)

[We note that I" is the width of the lorentzian (3.46).]

In summary, the DSO clearly fails to describe the regime of low tem-
perature quantitatively correctly. However, it is remarkable that the linear
conductance obtained by the DSO displays a universality in a similar way as
it is predicted by perfectly different approaches.

Zero Bias Anomaly of the Differential Conductance

We consider now the differential conductance obtained within the DSO at
infinite Coulomb-interaction U. We notice that, in the same way as the RTA
[22], the approximation produces a zero bias mazimum of the differential
conductance in case g lies below the Fermi level (shown in Fig. 3.15), which
is experimentally well confirmed, and, in addition, a minimum in case it lies
above or in the vicinity of the Fermi level (not shown); we know of only one
experimental observation of the latter minimum [24]. Finally, we study the
behaviour of the conductance-peak for smaller and smaller temperatures (Fig.
3.16): The peak splits into two parts, since, as we showed, the differential
conductance at zero bias goes to zero with 7" — 0.

Remark: We here note that the zero bias anomaly contained in the DSO-
selection starts to be seen at the sixth order (App. E (Perturbation Theory)).
However, upon taking into account all sixth order diagrams, the maximum
of the differential conductance is even increased, while the minimum in case
Eiy > Er is no more in the same way as the maximum contained in the
complete sixth order [20].

We conclude that the DSO describes the onset of the Kondo peak as well
as its evolution for lower and lower temperature qualitatively correctly. Only
when the peak splits in two, the DSO starts to fail.

Splitting of the Anomaly in Magnetic Field

By a magnetic field, the SIAM’s degenerate level can be split. The appli-
cation of the DSO for infinite Coulomb-interaction U to the more general
case of possibly different energies E; # E| implies only slight changes in the
equations. As before, we take into account all possibilities to dress diagrams
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Figure 3.15: The differential conductance versus the bias. We set E%g) = Er —
1meV and choose a(Er) = 0.042meV,W = 1leV as for Fig. 3.13. We fix the
position of one of the leads’ chemical potentials at the Fermi level, u; = Ep, vary
only the chemical potential of the opposite lead [, and define eV, = p;— Ep. We
assume a capacitive coupling between the leads and the quantum dot in such a way
that E10(Vhias) = Eig) + 0.2eVpias. We see that a hill appears in the graph at zero
bias for small temperatures. The dashed lines show the result of the RTA. The zero
bias anomaly becomes more and more pronounced with decreasing temperature.
The shape of the curve does depend on the capacitive couplings, and on how the
window between the two chemical potentials is opened; however, the appearing of
the zero bias anomaly does not in principle depend on these choices as one can
conclude from the fact that they are irrelevant to the differential conductance at
zero bias (3.52), (3.53).
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Figure 3.16: Temperature-dependence of the peak in the differential conductance
vs. the bias. With decreasing temperature, the peak increases, and finally splits
into two parts. At exact zero bias, the conductance goes to zero. [We here choose

EY) = Bp — 0.5meV, a(Ep) = 0.024meV ]
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Figure 3.17: Differential conductance vs. the bias for spin-symmetric leads, but
not necessarily equal energies F,, F5z. The zero bias resonance is split if Fy # E).
We choose the temperature T" = 100m K, and all remaining parameters as within
Fig. 3.15, apart from the spin-dependent energy, El(,%) = FErp—1meV + E,z/2. We
show the graph of the differential conductance for £y = E|, as well as for the two
asymmetric cases Ey| = 0.06meV, and Fy| = 0.12meV. The peak in the graph is
split in two, where the positions of the resulting peaks differ from zero bias by the
energy difference Fy,.

by bubbles sketched in Fig. 3.10, and, by the same method as in Sec. 3.2.2
(Dressed-Second-Order for the STAM with Infinite Coulomb-Interaction), we
obtain in the not necessarily spin-symmetric case the rates

s = (3.62)

2r de ai(s) (ao(e) + af (e + Fzo))
h

29
72 (00 () + 0 (¢ + ) + (£ = Boo + pag (2) + 2 (£ + o))

where (Def. (3.2))

Esy = Ey—E,, (3.63)

and where we apply the notation

H(g) = = py, (3.64)

for the Hilbert transform of any function g (Def. (E.49)), as we did also for
Fig. 3.11. We see (Fig. 3.17), that the zero bias anomaly is split, and we
find two peaks in the graph of the differential conductance vs. the bias at
eVhias ~ £E; |, which is in agreement with other theories [22, 25, 26], and
observed in experiments [24, 27, 28|.



88 CHAPTER 3. APPLICATION

0.08
—_
Nq)ls
Vm
3|12
0.04
1 1 1 1 1
0.2 0.1 0 0.1 0.2
eV._ (meV)

bias

Figure 3.18: An asymmetry of the two different levels’ capacitive couplings to the
leads has the effect that the split anomaly becomes asymmetric; one of the peaks
starts to vanish, while the other one gets sharper. The black line in the present
figure has the same data as the graph of the differential conductance vs. the bias
for an energy difference of E4| = 0.06meV in Fig. 3.17. For the red (grey) line we

change the capacitive couplings in such a way that Ei(Viias) = E%g) + 0.4eVipias,
Ey0(Vhias) = Elg + 0.1¢Vhias.

Situations in which only One Peak is Expected

In Ref. [24] a maximum of the differential conductance vs. the bias, close
to zero bias, whose position changed slightly with the gate voltage, has been
reported. The dependence of the maximum’s position on the gate voltage
was explained by the conjecture that two different wave functions (not only
two different spins) might be involved, so that the assumption of different
capacitive couplings of these two levels to the gate electrode — with the ef-
fect that the energies of the two levels become gate-dependent — is justified.
In this case, analogously to the case where different energies E; # E| are
achieved by a magnetic field (Fig. 3.17), one would expect to see two hills in
the graph of the differential conductance located symmetrically around zero
bias. However, a second maximum was not observed.

We here assume in addition different capacitive couplings of these two
levels on the quantum dot to the leads and see that, with growing asymmetry
of the capacitive couplings to the leads, one of the hills in the differential
conductance changes position, becomes wider and much less pronounced (Fig.
3.18). The opposite hill, on the other hand, becomes even sharper, and its
position moves closer to zero bias. At the level of the transition rates, Eq.
(3.62), we can explain this numerical result as follows:

The integral, which Flj; is given by, changes rapidly with the bias in areas
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where

o~ p; ~ B, (3.65)

since here, by changing the bias, the region of large values of p_+ (¢ + Eg,)

lo
leaves or enters the interval | — oo, ], over which the integral essentially

goes. This leads to the condition “eVj,s ~ £E;,” for rapid change of the
current with the bias. In the case of different capacitive couplings of the
levels to the leads the energy differences E,5 become a function of the bias.
With increasing bias, one of the differences decreases while the other one
increases. Thus, one of the peaks gets sharper, while the other one vanishes.
The positions are no longer symmetric around zero bias.

Moreover, we notice that also asymmetric tunnel coupling can have the
effect that one of the maxima in the graph of the differential conductance
is getting less pronounced. We can let the coupling functions «y,(g), Eq.
(D.60), be dependent on the spin as well as on the lead, and thus obtain
further independent parameters. We evaluated the differential conductance
also in this case (not shown), and we can qualitatively confirm the assumption
that different tunnel couplings of the levels to source and drain, too, can be
responsible for the observation of only one peak [24].

Finally, we consider another situation where the DSO yields, this time, in
principle only one peak in the graph of the differential conductance vs. the
bias: The energies )y, E| are in general different, and there are four different,
separately variable, chemical potentials i, for each of the leads, and each of
the spins. The chemical potentials of the down-spin are kept constant and
equal, yyy = p7; =: p1); the up-spin chemical potential of one particular lead
lo, too, is kept constant, and only the chemical potential ;. of the opposite
lead is varied. The current is then a function of eVj;,s = Higr — Mot

A consideration of the question under what condition the rates T';: (3.62)
change rapidly with the bias yields the condition

Vhias = Ef, = Ef — E}, (3.66)

where we use the definition E := E,o — p,, for o =1, . Indeed, the DSO
yields only one peak in the differential conductance as function of the bias
located (approximately) at this value of the bias (Fig. 3.19). Experiments
with a pseudo spin [29] might be interpreted by the use of the SIAM as we
do it here. In agreement with experiment, the DSO predicts the appearing
of only one resonance as far as only one of the voltages (only one of the
differences j, — p,,0 =1,1 ) is varied.
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Figure 3.19: The differential conductance as function of the bias in the following
situation: The temperature is T' = 100m K, the capacitive coupling is assumed to
be zero; moreover, we choose j1|) = Ep—0.5meV, p;+ = Er+0.5meV. The energies
E,q are: Eyo = pyoe — lmeV + E%~ /2. The differential conductance displays one
resonance located approximately at the value eVy;qs ~ E%‘ 1

3.2.3 Linear Conductance at Finite Coulomb-Interaction

We finally apply the DSO-diagram selection to the case of finite interaction,
so we include the doubly occupied state 2. We shall compare our results
to an experiment [23] at the level of the linear conductance. First of all, we
note the DSO tunneling rates Ffm, Fli,m for finite interaction, within which we
take into account all possibilities to dress a second order diagram contained
in Figs. 3.20, 3.21 . In the spin-symmetric case these rates read:

2 ai (e) [(a + a™)(e) + o (Ez — €)]

T = 5 [ de .~ , (3.67)
o a+a a -
ry, = 7 [erOl0r d><2(> )+ (Ba —2)) (3.68)

with the integrands’ denominators

du(e) = [(a+at)(e)+at(Bn—e)]
4+ [6 + Patat (&) — pat (Eag — &) — Eyol®,  (3.69)

and

dio(e) = m[lat+a)E)+a (Byp—¢)]
+ [+ Pata-(€) = Pa- (B — &) — Ex ], (3.70)
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Figure 3.20: A second order diagram contributing to the transition from state 0 to
o, and the altogether four ways to dress this diagram by one bubble representing
a charge fluctuation. Compared to the case of infinite interaction (Fig. 3.10), we
here take into account one additional diagram — the one within which the state 2
appears.

From the current at finite U as function of rates, Eq. (3.18), we obtain
the differential conductance at zero bias:

2

m no1(€)
GDSO = 4/€l/‘€ie_2 H—1{’2)11“1_2 . ( fdedgi((s)) fT,EF(g) ) (3 71)
n € 9 .
L T Jdeq25 friee(€)
T2

with the integrands’ numerators:

noi(e) = male) [(a+at)(e) +at(Ey —¢)],
nip(e) = male) [(a+a)(e) +a  (Ey —¢)],

and with fr g.(¢) according to Eq. (3.47).

(3.72)

DSO-Conductance from Weak to Strong Coupling

We model the case of strong and weak tunnel coupling by large and small
factors a(FEr). The latter function-value at the Fermi level of the function
a(e) serves as coupling paremeter (cp. Fig. 3.11). First, we consider the
graph of GP959 as function of the gate voltage for different values of the
tunnel coupling (Fig. 3.23): In the limit of weak coupling we reproduce the
result of the second order, while for larger couplings we observe three effects:
The peaks get higher, broader and the positions of the maxima approach
each other. For strong couplings the DSO-approximation produces a sharp
valley in the center of the present plot (particle-hole symmetric point) which
is not observed in experiment. This problem is present also in the RTA for
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Figure 3.21: A second order diagram which transfers the state o into the state 2,
and all fourth order diagrams with one bubble dressing this diagram — symmetric
to Fig. 3.20. By taking into account only diagrams of the present shape, we
actually no more exclusively define the DSO-diagram selection by the demand
that the diagrams’ pair formations have the form of Fig. 3.8. We here do not take
into account any diagrams which include an intersection of tunneling lines (cp.
Fig. 3.22).

\I/Pair Formation:

£ o—~ N\

Figure 3.22: A fourth order diagram with an intersection of tunneling lines, how-
ever, satisfying the demand that its pair formation is included in the selection of
pair formations defined by Fig. 3.8. Upon rigorously applying the definition of
the DSO-selection by pair formations to the case of finite interaction, we would
obtain the exact result in the special case of zero interaction, U = 0, at the level
of the current — in the same way as the DSO produces the exact result at the level
of the current for the spinless quantum dot (Eq. (3.43)). However, to keep the
numerical effort lower, we apply the present definition of the DSO for finite U.
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Figure 3.23: Differential conductance at zero bias within the DSO, according to
Eq. (3.71), as a function of (Eyg — Er)/U, with fixed values of U, and EF, for
different tunnel couplings. We choose the Coulomb-interaction to be U = 1meV,
and the temperature T' = 100mK. For weak coupling, we see peaks of small
height whose width is given by the temperature; the peak positions are quite
precisely defined by the resonance conditions Eyg = Ep (right peak), and Fy; = Ep
(left peak). Upon increasing the coupling, the corrections become more and more
important: The width of the hills in the graph increases with a(Er), and the peak
position is shifted by the contributions p,+ (¢) to the denominators ((3.69), (3.70)).

finite U [30, 31]; in addition, an approach by equations of motion displays un-
physical independence of temperature at the particle-hole symmetric point

32).

From the Empty Orbital Regime to the Kondo Regime

We now qualitatively compare the DSO for finite U — at the level of the linear
conductance as function of the gate voltage and temperature — to an exper-
iment [23]. In this experiment, a small area (diameter ~ 150nm) within a
two-dimensional electron gas was isolated by electrostatically generated tun-
neling barriers. In this way, a quantum dot which is tunnel-coupled to leads
was formed. Via a gate electrode it is possible to vary Ejg, and, simultane-
ously, Fo1 = Fy9 + U, where the Coulomb-interaction U remains unaffected
by the gate voltage. The linear conductance was measured as a function of
the gate voltage and the temperature, and the results were interpreted in
terms of the SIAM. The authors distinguish between three different regimes
of parameters, depending on whether the level position, i.e., Ej, is far below
the Fermi energy (here the particle-number is one, Kondo regime), in the
vicinity of the Fermi level (mized valence regime) or above the Fermi level
(empty orbital regime). Upon adjusting parameters, we here test the DSO
approximation under conditions similar to those in the experiment.



94 CHAPTER 3. APPLICATION

S st +
Q) +
é 12 + +
'E +
T 08 .
= .t
W 04 e+t *
1 1 1 1 1 1 1
0 05 1t 15 2 25 3 35 4
T (K)

Figure 3.24: Full widths at half maximum (FWHM) of the peaks in Fig. 3.25
as a function of the temperature; the value of a(EF) is here 0.042meV . For
small temperatures the FWHM saturates at a value of about 0.39meV which is in
agreement with the value of the saturation width in the experiment [23]. For large
temperatures the FWHM increases linearly with T'; the graph of the FWHM vs.
the temperature in the present figure has positive curvature, since the two peaks in
Fig. 3.25 get mixed as we increase the temperature. Hence, we take the saturation
width at T' — 0 as criterion to adjust the coupling strength to the experiment.

We fit the parameters to the experiment [23] in the following way: The
temperatures are given explicitly. The value of the Coulomb-interaction U,
too, we take directly from the experiment. To fix the coupling-parameter
a(Er), we plotted GP39(Ey) for various values of it (not shown). We de-
termine the coupling-parameter by the demand that the full width at half
maximum of the peaks in GP9(E)) is close to the measured values (Fig.
3.24). In the end, we adjust also the scaling factor 4x;x; in Eq. (3.71), which
contains an asymmetry of the tunneling couplings to source and drain in the
case of proportional coupling (Eq. (3.19)), by the demand that the absolute
value of the maximum of the linear conductance is approximately equal in
theory and experiment.

In Fig. 3.25 we show the graph of the linear conductance as a
function of the gate voltage for different temperatures. We get qualitatively
very similar behaviour as in Ref. [23] (Fig. 2): With decreasing temperature,
the peaks move towards each other, they get higher, and their widths get
smaller and seem to finally saturate.

Finally, for a further comparison we show the dependence of on the
temperature for fixed values of Eyy. To this end, we express F1 by its position
relative to the Fermi level and divide it by the quantity I' = 0.3meV, which
is applied in Ref. [23] to characterize the strength of the tunnel coupling.
The linear conductance GPO(T) (Fig. 3.26) has the following properties:

GDSO

GDSO

e By the use of a logarithmic scale for the temperature T, the graph of
GP39(T) forms a hill.
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Figure 3.25: Linear conductance GP9© as a function of (Fig — Er)/U — where
the values of Er, and U, are fixed, and where we vary only F1g, corresponding to
the functional dependence of the linear conductance on the gate voltage V; — for
diverse temperatures . We choose the interaction to be U = 1.9meV, the coupling
a(Er) = 0.042meV, and the temperatures in agreement with the experiment [23];
the asymmetry of the tunnel couplings to left and right lead, given by x;, and &
(Eq. (3.19)), we choose as 4x;k; = 0.5, i.e., we assume an asymmetry of about
Ky kp = 0.17.

e Inside the empty orbital regime (&5 > 0), Fig. 3.26 mainly shows the
left slope of that hill, while inside the Kondo regime (£, < —0.5) we
see the right slope.

e Within the range of values contained in Fig. 3.26, GP5(T) reaches
the highest absolute values for £y = —0.6.

In summary, the behaviour of GP59(T') for various values of £, is basically
in agreement with experiment. A difference we observe in the mixed valence
regime, where — in experiment — the left slope of G(T') becomes less steep
and even turns into a plateau (the curve for £y = —0.48 in Fig. 3, Ref. [23]),
while GP9C(T) displays a pronounced peak.

With this qualitative comparison of the results of the DSO for finite
interaction to an experiment we conclude the present chapter.
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Figure 3.26: A plot of GPSO(T) for different fixed values of the quantity £y :=
(E190 — Ep)/T. [Note that, in this particular plot, we do not take exactly the
same but similar values for €y as in Ref. [23].] Within the empty orbital regime
(€0 > 0) [the first three lines from below on the right-hand side] we see a decrease
of GPSO(T) with decreasing T, at least over a finite interval of temperature-values.
Within the mixed valence-, and the Kondo regime, on the other hand, we observe
an increase of GP9O(T) with decreasing 7. Within the mixed valence regime this
latter increase stops at some point, while within the Kondo regime the increase
does not terminate within the temperature-range under consideration. However,
the increase is strongest, and the absolute values of GP%9(T) are the largest, for
—0.8 Sep S —0.5.



Chapter 4

Conclusions

Within the general-theoretical part of this work, the transport theory, we
give an independent derivation of the quantum master equation (Sec. 2.3.2
(Memory Equation for the Reduced Density Matrix and the Current)): Upon
noting the time evolution of the density matrix in the interaction picture in
the form of a series of integrals (2.26), we define the integrands that give the
kernel recursively by multi-commutators, Eq. (2.33). Our method neither
depends on the superoperator formalism, nor does it require an integration
along the Keldysh-contour (Ref. [15]). Moreover, we rigorously derive and
formulate the kernel’s diagrammatic expansion. In Sec. 2.7.4 (Processes
with inversed Time-Direction) we substantiate the interpretation of tunneling
processes with a negative contribution to the kernel — assuming they evolve
in inversed time-direction. Finally, we present a novel technique to calculate
diagrams in App. E (Perturbation Theory).

In the applied Chapter 3, on the other hand, we perform the sum over all
diagrams within the dressed-second-order (DSO) diagram selection, first dis-
covered as an instructive selection in Ref. [16]. We show that the DSO is an
appropriate tool to address resonant tunneling: It yields the exact result for
the current across the spinless quantum dot — so it covers the transition from
temperature-broadened to tunnel-broadened conductance peaks. If applied
to the single impurity Anderson model, on the other hand, the DSO, as the
resonant tunneling approrimation, contains in addition the experimentally
observed shift of the peak position in the the graph of the linear conductance
vs. the gate voltage (cp. Figs. 3.13, 3.25).

We find that, in spite of its austerity, the DSO-diagram selection cap-
tures the onset of the Kondo resonance, its logarithmic dependence on tem-
perature, its splitting in magnetic field, as well as its behaviour in special
experimental situations (Fig. 3.19). The selection’s applicability to com-
plex systems has been shown in Ref. [33], where transport across carbon

97
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nanotubes, contacted by ferromagnetic leads, is studied. In addition, the
DSO-selection has been extended in Ref. [34], aiming at an improved de-
scription of the Kondo resonance. In summary, the DSO-diagram selection
is a powerful, simple, and versatile theoretical approach to the tunneling
current across quantum dots.
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Appendix A

Product States

In the present appendix we discuss the product state of two many-electron
states, a corresponding product of vector spaces, as well as product opera-
tors. This product is implicitly used within this work when we assume that
at some initial time ¢y the density matrix of the total system is factored ac-
cording to p(ty) = pr ® po(te), Eq. (2.6). Finally, we represent creation-
and annihilation operators as product operators — this enables us to take the
reduced operator of compositions of the form of (2.53).

A.1 Convention

For simplicity, throughout this work, we consider all quantities to be real
or complex numbers, or abstract vectors — without any physical dimension.
Physical units, like eV, or constants like the Planck- or the Boltzmann-
constant h, and kg, respectively, we treat like purely numerical constants,
whose actual value is not further specified, unless it is expressed by other
units, and constants. Correspondingly, we consider e.g. a one-electron wave
function to be a map

D = R*x {1.1} > C,

where the arrows denote the two spin-directions, and, within App. E.2.1
(Diagram Calculations — Theory), we study spaces of functions with the
property that sums, as well as products, and convolutions of two functions
within these spaces, again, are elements within these spaces.
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A.2 Antisymmetric Product of Wave Func-
tions
To any pair of a m- and a n-electron wave function

Y: D™ —=C, ¢: D" — C, (A.1)

we can find an antisymmetric product of wave functions [35]

Y@p: D™ — C. (A.2)
That product satisfies the relation
pee = (=)™ e, (A.3)
and it is associative [ @ (¢ ® ) = (¥ ® @)@\ for any further \ : D! — C].
For a sequence of one-electron wave functions ¢; : D — C(j =1,...,N) the
antisymmetric product
PR @Yy (A.4)

is the Slater determinant of these functions.

A.3 Vector Spaces constructed by Slater De-
terminants

Let ® be a set of a finite number of quadratically integrable and orthonor-
mal one-electron wave functions. To any N € {0,1...}, let Vy () be the
set of all linear combinations of N-electron wave functions given by Slater
determinants of functions in ®. We note that, up to scalar multiples, V|| (P)
has only one element, and Vy (®) = {0} for even greater particle-number
N > |®|. We define V (®) as the vector space of all many-electron states
constructed from one-electron wave functions contained in ®, so

V(®) = {(¥n)yop: forall N e Ny: ¢y € Vi (D)}, (A.5)

the set of all sequences of functions (y)yen,, Where each ¢y € Vy ().

To each subset M C & we define a product state w(M) as the Slater
determinant of all one-electron wave functions ¢ € M in one arbitrarily
chosen but fixed order. We note that the states m(M), M C ®, form a basis
of V(®).
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Generally, we consider

Vy (®) C V(D) (A.6)

by the inclusion

Ww(®) — V(9),

,QZ)N = Oa"'aov Q/JN 707"' : (A7)
~~

In this sense, for ¥ = (Yn)nen, € V (D),

Y = Z¢N~ (A.8)

A.4 Product Vector Space and Product Op-
erators

If ® is the disjoint union of subsets &, 5 C P,

q) == @10@2, (Ag)
then

V(®) = V(P)) @V (D), (A.10)

in the sense of a tensor product, since the elements 7(M;) @ w(Ms), My C
®y, My C ®y, form an orthonormal basis of V(®).
For j =1,2 let

A V(D) = V(D)) (A.11)

be a linear map; then, there is a unique operator

Al @Ay V(®) — V(D) (A.12)
with the property, that for any ¢ € V (®1),p € V ($3), the equality

ARA Wy = (Aﬂ/)) ® (Az@) (A.13)

is satisfied.
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If, for each j = 1,2, and M; C ®;, the operator /lj maps the state m (M)
to (zero or) a linear combination of states with the same particle-number
|M,|, then, with Eq. (A.3), the operator product is commutative,

Al X AQ = AQ X Al; (A14>
in this case, the expression ® Aj, analogous to Eq. (2.7), is well-defined.
j=1,2
A.5 Creation- and Annihilation Operators in
Product Space
For ¢ € ®, we can define the creation operator éfp of the one one-electron level

that corresponds to the one-electron wave function ¢ by the multiplication
by ¢ from the left,

b vE@e) - V(9), (A.15)

a = pRa,
and, correspondingly, we may define the annihilation operator ¢, of the same
level o as the adjoint operator of éL. Then, for p; € @y, py € Dy, the following

relations between the creation- and annihilation operators éfj} , éf}j , and their
restrictions

o) . Al
C = C
1 ¥1 ’
V(1)
o .= ém‘ (4.16)
P2 2 V(¢2)7

to the sub-spaces V (®1),V (®3), respectively, hold:

= el @i, (A.17)
) = Py el (A.18)

where the maps i%, f’cpl are defined as the identity-map on V (®3), and by

Py, = exp (mN@l), (A.19)
with A
N, = Y _éle,, (A.20)
pedy

the particle-counting operator on V' (®1), respectively.



Appendix B

Memory Equation for the
Current

We here derive the memory equation for the current (2.50) by a method
analogous to the way in which we derived the quantum master equation
(2.45): In the same way as the tunneling Hamiltonian, the current operator
(2.15) maps eigenstates of the particle-counting operator of the leads with
eigenvalue N to sums of eigenstates with eigenvalues N — 1, and N + 1. We
note that with Eq. (2.26) we obtain:

Tra{VOT(0) = /0< <tU(2)(t’ﬁ)%(0)+ (B.1)

/// U(4)(t,7'3,7'2,7'1)6@(0)+
0<71<7o<73<t

where

A

Um0, ., 70)§ = Tri { W (n) 1L (2 1) - L) (pr @9) | (B2)
with W(t) the map for the transformation to the interaction picture (2.18),

and L(t) the Liouvillian (2.24).
In analogy to the recursion relation of Eq. (2.31) we define now

and
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J(2n+2) ( U(2n+2) (

7_2n+23'-'77—1) - (B-4)
{ J(Qn)(Tgn_;,_Q, ce ,7‘3)14(2)(7'2, 7'1) +
J(Zn—2)(7_2n+27 e ,’7‘5)14(4)(7'4, . ,7’1) +

Ton+2y -« - - ,Tl)

J® (T2n+2, 7'2n+1)A(2n) (T2, - - - ;7'1)} )

with AC"(7y,,...,7) given in Eq. (2.30). We rearrange the sum (B.1)
analogously to the rearrangement of Eq. (2.34). Making use of Eq. (2.29)
[series-expansion of &(t) with integrands A®™(ry,,..., )], we obtain

Tre{Wt)L)5(t)} = /0 ds  Keurry(t,8)50(5), (B.5)

where the integral kernel k,,,; is given by

Feurr(t,8) = JP(t,s) + (B.6)

// J(4)(t, S3,82,8) +
5<s9<s3<t

Now, we perform the back-transformation to the Schrodinger picture ac-
cording to Eq. (2.21). Applying the relation (2.25), we find

Wo(=m) U (13, ..., 1) (B.7)
= U(Qn)(Tzn —T,...,11 — T)We(—7),
and hence
Wo(—7)J® (19, ..., 1) (B.8)
= Jn) (Ton — Ty ooy 11 — T)Woa(—7).
As a consequence, the kernel x.,,; has the property

Weo(=8)keurri(t,s) = Kewrrg(t — 5,0)We(—5), (B.9)

and we obtain the following memory equation:



Tre{lp(t)} = /ds Keurri(t — 5)po(8),

to

where the integral kernel K., is given by

Kcurr,l<7_) = W@(_T)/fcurr,l(Ta O) = KC(Z:;)”,Z(T>7
n=1
with
KQ(1) = We(-1)J?(r,0),
and for n > 2:
2n 2n—1
Kc(urz,l(’r) = / s /0<32<-..<32 s JTEQ) )(SQn—b ) 32)7
where
Jq—gg?_l)(SQn_17 c82) = We(=7) (1, 5901, ..., 52,0)

according to Eq. (B.6).
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Appendix C

Decomposition of the Integral
Kernel

C.1 Expansion of Commutators

We analyze now the kernels appearing in the quantum master equation and
in the memory equation for the current, Eq. (2.45) and (2.50), respectively.
Because the treatment of both kernels is analogous, we restrict ourselves
to the analysis of the density matrix kernel. To study the density ma-
trix kernel K (7) (2.46), we go back to the recursive definition of the map
I (7y,. ..., 1) (2.33) whose integral gives K (7). Hence, we examine first
the map ACM=™)(7,, .. To,11) (2.30). (For a technical reason, we shall
start out with this indexing rather than with “A®" (ry,,...,7)".) Note that
for any 0 < m < n, any sequence of times 0 < 79,11 - -+ < Ty, and any linear
map ¢ operating on V:

= T?“R{ ﬁ(Tgn)...E(TQmH)(ﬁR@g)}
- (h_Q(ln)—m) TTR{ [ ﬁT(TZn)v . [ﬁT(T2m+1)7ﬁR ® Y| .. ] } ,

where, for any linear map Z operating on the state vector space of the total
system, we use the abbreviation

2(r) = W(1)z (C.2)

with W(7) (2.18) the transformation applied to translate operators to the
interaction picture. To make the notation more compact, we write the tun-
neling Hamiltonian (2.5) in the following analysis as
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IA{T - ZUVOVDV7
vel
with the index set
Z = A{(nv):nel,ve{xl}},
where
Z, = {(l,ok):leL,oeS kekK}.

For any v = ((l,0,k),v) =: (n,v) € Z we define:

v, =,
and
f)nﬂ-l - TWCZCH
Dy_y = Trdl,
An,—l—l C éi},
C’n,—l = 677'

Upon expanding the commutator in Eq. (C.1), we obtain:

A(Q(n*m))(7_27“ e 7T2m+1)g -

1
e 2 >,

Vom+1,.-,V2n €L  S:SC{2m+1,2m+2,...,2n}

(_1)|S| Vvomi1 - - - Vvay TTR{

(C%Su) DV¢S(1)> (TWS(1)>

A

(prs(\st
(PrR®7)
(C”wsuswnD%s(mm) (Tws(\SHl))

V¢S<|5\)> (T<PS(\S\))

~

DV<pS(2(nfm))> (Tws@("—m))) } )

(Ol«ps(z(n—m))

(C.3)
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where we have applied the formula

v By Busn )] = (C.12)

_ Z (_1>N—M—\S|

S:SC{M+1,...,N}
(Zos) - 2os(s))
(2)

(Zossit) - - - Zps(N-11)) -

Definition of the Map ¢g:

For any subset S C {M +1,..., N} with a number of | S| elements we define
the map

SOS:(‘DEJ\N}JFUS: {1,....N—-M} — {M+1,...,N} (C.13)

as the one which maps

ws{l,...,|S]} =9 (C.14)

in decreasing order, and

es{IS|+1,...,N — M} =5 (C.15)
in increasing order, where S¢:={M +1,...,N}\ S, so:

es( 1) = max(S), if S#0, (C.16)

ws(j+1) = max (S \ {ps(i):i=1,2,...,5}),
for j € {1,2,...,15] — 1},

and:

es(|S| + 1) := min(S°), if S¢#10, (C.17)
es(SI+7+1) = min(S°\{es(|S|+i):1=1,2,...,75}),
for j € {1,2,...,]5 —1}.

()
(M+1
“pg” instead, as long as the value of the indices is unambiguous.)

(For brevity we shall omit the number-indices in “p )S”, and thus write
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o (1) o.(|S]) o (|S|+1)...... ¢, (N-M)
Il Il I Il
Xy e Xg S X
I Il Il Il
max(S) min(S) min(S°) max(S°)

Figure C.1: Let z1,...,2)5 be a list of the elements of the set S C
{M +1,...,N} in decreasing order, and let T1,...,T|g¢ be a list of the
elements of the set’s complement S¢ := {M + 1,...,N} \ S in increasing
order. The present figure then shows a complete list of the numbers in the
image-set of g in the order in which they are “counted” by the map ¢g.

For the purpose of taking the reduced operator in Eq. (C.11), we define
to any v € Z:

C, = Clv,, (C.18
D, = Dy, (C.19)
and write
¢, = 0,01, (C.20)
D, = PreD,, (C.21)

where we apply the concrete realization of the present product of operators,
as well as of creation- and annihilation operators in App. A (Product States),
Egs. (A.12), (A.15), (A.17), (A.18).

We define the maps

Prp: Vg — Vg, (C.22)

i@ﬁ V@ —> V@ (CQS)
as

Pr = Vel (C.24)

with Ny the particle-counting operator of the reservoirs (2.27), and as the
identity on V, respectively. In particular,



C.1. EXPANSION OF COMMUTATORS 115

Pr(y) = (=)Mo, if Ny = No. (C.25)

(1) = Wk(1)z, (C.26)
g(r) = Woeln)y, (C.27)

for linear maps = and gy operating on Vg and on V, respectively, where the
transform Wg(7)z is defined analogous to the definition of Wy, (2.19), i.e.,

Wr(T)Z = e fRlvRT 5 6_%ﬁR‘VRT7 (C.28)

we obtain:

(€D) ) = [(CPr) (D] [Dun)]. (C.29)

By the anti-commutation relation

C,Pr = —PzC, (C.30)

we can rewrite the contributions to the sum within Eq. (C.11) as

(_]‘)‘S‘ ’Ul’2'm+1 cte UVQn TTR{

A~ A

(évws(l)f)%sm) (Tws(l)) e (C%SQS\)D%S(\SD) (T¢S(|5|))

(PR ®9)
(C'«as(\5|+1>DVsas(\S|+1)) (Testisi+1)

(O%s@w—m» D%s<2<n—m>>> (Tes(2(n-m)) }
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= (_1)|5| Vvoms1 -+ - Vvay, (_1)n—m
7
exp % (T2m+1€1/2m+1 + -+ 7'2”&,2”)

TT{C’/%*(IS\H) G otnm)

~ ~

Crpgy - Crpgasn pR}

~ A~

D%Su) (Tws(l)) "'Dygos(\S\) (T<Ps(|5\))
(]

A A~

DV¢5<|S\+1) (T¢S(|S\+1)) : "DV¢S(2(n7m)) (Tws(Q(n—m))) ) (C.31)

where we use the cyclicity of the trace, and the relation

C(r) = en™(,. (C.32)
For v = ((l,0,k),v) € T (C.4) we define

€, = Uik, (C.33)

where g, are the energies assigned to the electron levels in the reservoirs,
Eq. (2.2).

Proof of Eq. (C.32):

Let an element vy = ((lp, 0,ko),v0) = (n0,v0) € Z, as well as a subset M of
the set Z, (C.5) of all one-electron levels in the leads be fixed and given. Let
the many-electron state “m(M)” of the leads be defined by the condition that
all one-electron levels within M are occupied, while the rest is non-occupied
(Sec. A.3). We note:

1

Cor) (r(00)) = exp (7l ) Coyexp gl ) (00

= exp <;TI:IR‘VR> Co, (m(M)) exp —%T Z €n
neM
(C.34)

Distinguishing between the cases

(vo=+1and ny € M) or (vg = —1 and ny ¢ M), (C.35)
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and

(vo=4+1and g ¢ M) or (vgp=—1 and 9 € M), (C.36)

we obtain the equality

Cur) ((01)) = exp (72 ) Cu (001, (©37)

and, thus, Eq. (C.32) is shown. OJ

C.2 Evaluation of Traces

To evaluate the trace appearing on the right-hand side of Eq. (C.31), we
make the present excursion with abstract terms and equations. For any
sequence of indices pi, ..., i, € Z (C.4) we abbreviate:

(Cpy .. Cuy = Tr{C, ...C,.pr}. (C.38)

Independence of Occupation Probabilities

In the density matrix pg (2.7), the probabilities of finding one-electron levels
within an arbitrary selection occupied or non-occupied are independent; this
independence is contained in Eq. (C.87). We here first show the equality:

<CV1 CVn) = Z(_l)j <CV1 CVj> <CV2 él/jflcl/thl o Cl’n>7 (C39)
j=2
which holds for any selection of indices vy, ..., v, € Z.
Proof:

Let the left- and right-hand sides of Eq. (C.39) be denoted by F(uvy, ..., 1)
and G(v1,...,1,), respectively; to any index v = ((I,0,k),v) € Z we define
the complementary index:

7 = ((L,o,k),(~1)v). (C.40)
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We note that, if for any iy € {2,...,n — 1} we have

Vig+1 7é Vigs Vi (C4l>
then follows
F(l/l, Ce 7Vi0—17 Vioa Vi0+17 Vig—i—?a Ce ,Vn) = <C42)
(_]-> F(Vla <oy Vig—15 Vig+1, Vigy Vig4+2,5 - - - 7Vn)7
as well as
G(Vl, coy Vig—=13Vigy Vig+15 Vig+2y - - + 5 Vn) = (C43)
(—1) G(Vl, cos Vig—1, Vig+15 Vigy Vig+25 - - - 7Vn)-
Hence, we assume without loss of generality that the indices vq,..., 1,
are ordered (cp. Fig. C.2): There is k > 1, and a sequence
l<ni<ng <---<n,=n, (C.44)
such, that with
my = n1+1 (forre{l, ... k},
where ny := 0), (C.45)
and with
Sy = n,—m, (C.46)
we have:
For any r € {1,...,k}: (C.47)
Umys Vmp41y -+« s Vmpts,. € {eravmr}7 '
and for any further ' € {1,... k}: (C.A8)
r#r = AT i O, b = 0 '
In case there is 7 € {1,..., k}, such, that the number of operators
tr = s.+1 isodd, (C.49)
we note that both sides of Eq. (C.39) are zero: For any
v = ((l,o,k),v) = (nv)el (C.50)
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m<...<m< . <m<.L<n < L <m< L <y

t
Figure C.2: The numbers 1 = m; < --- < np = n in increasing natural order.

By our first reduction-step within the proof of Eq. (C.39), we achieve a situation,
where the operators szl . C,,n are grouped as follows: There are blocks of indices
my, my+1,...,n, such, that for any 4, j within the same block, the indices v;,v; € T
(Def. (C.4)) are either complementary or equal, ie., v; € {v;,7;}. By further
reduction-steps we can assume without restriction of generality, that the number
t, of operators within each block is even, and that, within each block, operators
of creation and annihilation appear in alternating order.

we define

Ny = &oclioklva, (C.51)
and for A € R:

A

cig(N,,\) = ker{N, — g}, (C.52)
with 1g : Vg — Vi the identity-map on Vx. The relations

Cosr {eig® 00 = eig(Ny, 1), (C.53)
Cpor {eigy, )} = {0},
Cpr {eigMy, 1)} = eigN,,0), (C.54)
Cpor {eis®, 00} = {0},

imply, that for any odd number ¢ of elements vy,...,v, € {£1} and any
A e{0,1}:

A

C(n’vl) Ce C(n,vt) {eig(Nn, )\)} 1 eig(Nn, )\) (C55)

For any ' € Z, (C.5) with o’ # n, the operators Cn/’il map both of the
eigenspaces of N,, to themselves, hence we obtain under the condition (C.49):

F(v,...,vp) =0= Gv,...,Vn). (C.56)

Thus, we assume without loss of generality, that each of the numbers of
operators t, (C.49) is even. Note that, if for any ig € {2,...,n — 1} we have
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Vip+1 = Vigs <C57>
then

Fn,...,vn) =0= Gv,...,p). (C.58)

Hence, we assume additionally without loss of generality, that for any r &€
{1,...,k} and i € {0,...,s, — 1} with

(r,i)  #  (1,0), (C.59)

the relation

Vmetitl = Vmetie (C.60)

is satisfied. Separately, consider the case that

Vo = V41 =  VUmy = V1. (C.61)
We note that then
(Vm171/m1+17“'aym1+81) = (Vlvylay_laylv"'ay_hyl)a (062>
and hence
G(v,...,vp) = <CV1@V1> <C; . > (C.63)

Finally, the equality F(vy,...,v,) = G(v4,...,v,) remains to be shown
under the condition that the restrictions according to (C.47), (C.48) with
an even number ¢, of creation- or annihilation operators of each level, Eq.
(C.49), are valid, and that for any r € {1,...,k}, and i € {0,...,s, — 1} the
alternation-condition

Umptitl = Vm,ti (C.64)

is satisfied. Note that, if we define to any n € Z,:
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E,v = eig(N,, 1), (C.65)
En,fl = eig(Nna 0)7

then follows for any v = (n,v) € I:

C,Cr = Pr.(E), (C.66)

where Pr 1(E,) is the orthogonal projector onto E,. By the relation (C.75)
we obtain:

Fln,....,vn) = Tr {C ¢y Pry (E) ﬁR} , (C.67)
Glvi,...,va) = Tr {Cm(}lﬁR} Tr {f?u (E) ﬁR} . (C.68)

with
E = E, NNk, . (C.69)

Note that the density matrix pgr of the reservoirs in thermal equilibrium,
given by (2.7), and (2.8), has the representation

PR = /%/ H exp (—@ﬂ%) : (C.70)

n€el,

where for n = (I, 0,k) € Z,:
1

By = k,B—T(Elak—Mla% (C.71)
and
N = J[{l+exp(-8,)}. (C.72)
nelo
With the notation
B, = ub, (C.73)

(for any v = (I, 0,k,v) = (n,v) € Z) we note

prCy, = e PCupp. (C.74)
By the cyclicity of the trace, and with the sum-rule
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C,,Cp, + C5C, = 1z (C.75)
we get the equation
Tr {éyléplPrL(E)ﬁR} = Py {P;rL(E)ﬁR} (C.76)
— Ty {Cmcﬁlﬁu(E)pR}],
hence
Tr{C.CoPri(E)on} = f(B) Tr{Pro(E)pn}, (C.77)
where
f(z) ! (C.78)
xXr = .
1+e®

is the parameter-free Fermi-Dirac distribution, and in particular for any v €

7:

(6,C0) = Tr {CVC;pR} — 1B (C.79)
Upon applying Eq. (C.67) and (C.68), we arrive at the equality

Fv,...,vp) = G(n,...,v,). O

Pair Formations
Let M be a set with an even number of elements, |M| = 2n. We define

Py(M) = {M: M CM,|M|=2} (C.80)

as well as the set PF (M) of pair formations on M as the set of all selections
P C Py(M) with the property that M is the disjoint union of all sets in P,

PF(M) = {P CPy(M):|P|=n,UppepM = M} . (C.81)

Let < be a strict total order on the set M (as for example the natural
order on a set of real numbers); we define to each P € PF(M), and M’ € P:

p(M',<) = min(M', <),

q(M',<) = max(M', <), (C.82)
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m2n||- (RN m5 m4 m3 m2 m1

Figure C.3: All the 2n elements of the totally ordered set M are arranged
along one straight line, according to their order. For each of the elements
M’ € P within a particular pair formation P € PF (M), a bent line connecting
p(M', <), and q(M’, <), is drawn in one chosen half-plane of the paper plane.
The total number of intersections of these connecting-lines then differs from
the defined quantity N (P, <) by an even number, and so the pair formation’s
sign (C.84) can be deduced from a graphic representation.

the minimum and maximum of M’ with respect to the order <; we define

N(P,<) = {(My,My): M, M,€P, (C.83)
p(M, <) < p(My, <) < q(My, <) < q(My, <)},

the number of intersections of connecting lines in a graphic representation of
the pair formation according to Fig. C.3, and:

sign(P, <) = (=1)NP, (C.84)

Analysis of Traces by Pair Formations

Let

mi, Mo, ..., Map (085)
be the list of all elements in M in strictly increasing order with respect to
<, and assume we have a sequence of elements

Umys o s Vmg, €I, (C.86)
with Z the index set of Def. (C.4). Then, the equality

<Cyml ...Cym2n> — Z sign(P, <) H <CVP(M,,<)C,,q(M,’<)> (C.87)

PePF(M) M'eP
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holds.
For a proof of Eq. (C.87), we perform induction over n; for n = 2 the
equation is obviously true. Note that, if

M| = 2n+2, (C.88)
then we obtain with Eq. (C.39), and the induction hypothesis:

<cym1...cym2n+2> = YW <Cymlcumj> (C.89)

2n+2 o )
= Y (G, 0)
j=2
Z sign(P, <) H <C”p(M’,<)C”q(M’,<>>
PePF(M\{m1,m;}) M'eP
2n+2

= Z Z (1) sign(P, <)

j=2  PePF(M\{m1,m;})

H <C”p<M’,<>C"q(M',<)>’

M'eP;

where Pj := P U {{mi,m;}} for any P € PF(M \ {mq,m;}). With

N(P) = M eP:1<pM, ,<)<j<qM, <)}, (C90)
Ny(P) ==  |{{M' eP:1<pM', <) <qM', <)<j},
the equality
ji—2 = Nl(P) + 2N2('P) (C.Ql)
holds, and hence
(=17 = (—=1)MP), (C.92)
which implies, that
sign(Pj, <) = (=1)7 sign(P,<). (C.93)

In summary, we obtain
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<Cl,m1 . CVm2n+2> = Z Z sign(Pj, <)

j=2  PePF(M\{mi,m;})

H <CVp(M’,<)CVq(M/,<)> ) (C.94)

M'eP;

which makes the induction step for the proof of Eq. (C.87) complete. [

C.3 Irreducibility of Contributions to the Ker-
nel

Within the present Section, we carry out the detailed steps and equations
which show that the contributions to the integral kernel are irreducible.

Expansion by Pair Formations

We start out with an expansion as sum over pair formations: The map
AC=m) () Tamy1) (C.11, C.31) has a decomposition

A(Q(n—m)) (Tgn, e ,Tgm+1) (095)
= Z Ag(nim)) (TZna v 77-2m+1)7

PePF{2m+1,....2n}

where the sum goes over all pair formations on the set of natural numbers
between 2m + 1 and 2n.

To show this, we apply the result of Eq. (C.87) to the trace on the
right-hand side of Eq. (C.31); we obtain:
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<CV . C (C.96)
(2n) v (2n)
P ome1) IS P lom1) g 2=m)

v (2n) TV (2n) =

Plomr1) g #om1) (15D

C, ...C =
(2n) v, (2n)
< amit) gV Yamn) g n=m)

E sign ('P, < (2n)
¢(2m+1)5
PePF{2m+1,....2n}

I (e c, )
M'eP ;U(]W/,< (2n) ) q(M/,< (2n) )
(2m+1) g "(2m+1) g
where for clarity we have now not omitted the indices in 908:1) +1g = P8

(C.13), and where the map

$E o L 20— m)} = {2m 41, 20) (C.97)

is defined as the composition of maps

(2n) ._ (2n) IS
Vomstyg = Plemsng © Sy (C.98)
with () the cyclic permutation
Cy: {L,...,2(n—m)} — {1,...,2(n —m)}, (C.99)
) { jH1 (G <2(n—m))
1 (j =2(n—m)).
The order < 2 on {2m+1,...,2n} is defined through the condition
(2m+1)g
: (2n) 1 (2n)
l <w<(§7n)+1>s I e Vlomt1) g (1) < Viom1) ¢ (1, (C.100)
and for P € PF{2m+1,...,2n}, and M’ € P:
P (M', <y2m ) ‘= min (M’, <y2m ) ,
(2m+1)g (2m+1)g (0101>

q (M’, < pzm ) ‘= max (M’, <pem ) )
(2m+1) g (2m+1) g
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X, < < X X X
1 ~ys Ws TIST Sy 1 “ys Sys sl
- e - ——

S€ S

Figure C.4: The order <, (for brevity we here omit the further indices in
wg’:?“)s = 1g): For any subset S C {2m + 1,...,2n}, let T1,...,T|ge| be a
list of the elements of the set’s complement S¢:= {2m+1,...,2n} \ S in increas-
ing natural order, and let the elements of S be listed by z1,..., 2|5 in decreasing
natural order. The order <y is then completely defined by the list shown in the
present figure.

Inserting the right-hand side of Eq. (C.96) into Eq. (C.31) and (C.11),

we obtain:

A=) (L Tom) (C.102)
- Z Ag(n_m)) (7—2717 s 77-2m+1)7

PePF{2m+1,....2n}

where
AT (o Tami) = (C.103)

—_1\yn—m
N > >

Vam+1,-V2n€L  S:SC{2m+1,2m+2,...,.2n}

1
(—1)|S| exXp <h (7'2m+1€u2m+1 +-+ 72n€,/2n)>

D, <T o )D ( o )
Wg:tl)H)s(l) lem+n g Lp(im?%»l) asn SD<2m+1)s(|s|)
Yy
s \ el g5 ) PR \ Tl 2t

sign <’P, <¢(2n> > H <éy CI, > . O
(2m+1)S M'epP p(]wl < (2n) ) q(lbf’,< (2n) )

(2m+1)5 (2m+1) g

Factorization of Aggg_m))(ﬁr, ey Tom+1)

Furthermore, a multiplicativity according to
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A(QQ(PH))(EM . ,72n+1)A§>2(nim))(T2n> <. 57_2m+1)
= AR (Tor, . Tomen) (C.104)

is satisfied: For any 0 < m <n <7, for any P € PF{2m +1,...,2n}, and
Q € PF{2n+1,...,2r}, for any sequence of times 73,11 < -+ < Ty, and
for any linear map g operating on V we note:

4 20=m)

o (7—27», Ce ,Tszrl)Ag(nim)) (Tgn, NN 77_2m+1)g = (0105)

—1)r—m
D > >

Vom41,e02r €L SC{2m+1,2m+2,....2n}  TC{2n+1,2n+2,...,.2r}

1
(_1)|S|+‘T‘ eXp <h (7_2m+15112m+1 + P + T2T€V2T)>

Dy, ., T (2r) ) Dy, < (2r )
‘Pgn)H ( 90(2n+1)T sognll)T(\Tl) ‘p(2n+1 (1)
D, o) Dy, o
sagf,3+1)s(1> ( Plominy () ) eiomi1) (15D ( <P(zm+1)s(5))
D, ( o ) D, < )
e om) g (IS1+D) ¢(2m+1)s(\5\+1) P 1) g (2n=m) W(zmms(?(” m))
f) < (2r > f)l, (7’ (27) )
o1y p (ITI4D) Pty (TIH1) Piom 1) 2r=m) \ Pans) =)

sign (73, <@ ) H <CV C, >
(2m+1)g M'eP p(]\/[/’< (2m) ) q(]\/]’,< (2m) )

(2m+1)s (2m+1)s

(@}

sign | @, < (2 | | v C, =
w(2"+1)T
M'eQ p| M',< (2r) q| M',< (2r)

@n+1)p @n+1)p
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—1)r—m
(hw)m) > > >

Vam+1,-V2r€L  SC{2m+1,2m+2,...2n}  TC{2n+1,2n+2,...,2r}

1
(_1)|S|+|T| eXp <h (7—2m+151/2m+1 + . e _|_ T2r5u2T)>

b, (e, ) D (- )
2r T vV (2p (2r)
¢E2"7i+1>SUT(1) 90(2m+1)5uT(1) soE%lJrl)SUT(ISUT\) ‘p(2m+1)suT(|SUTD
Y
f)y <7— (2r) >
2r
WE2""3‘+1)SUT(‘SUT‘+1) <P(2m+1)SUT(‘SUT‘+1)

D, (re )
2r _
¢E212+1>SUT(2<”7”>> Plam+1) g p 2(r=m))

sign <73 U Q, <w(2r) )

(2m+1) gyt

I (e 2 )
M’'ePUQ p<]\/[/’<d)(2r) ) q(M”< (2r) )

@m+1D sur @m+1) sur

where the maps gogfn) +1)g and @Z)g;) g etc. appearing in the present expres-

sions are defined according to Eq. (C.16) and (C.98); cp. Fig. C.5.
With Def. (C.103) we arrive at the factorization

AS(T_”)) (7—27“7 s 77—2n+1)A’(])2(n_m))(7—2n7 s 7T2m+1)
Ag&jm))(ﬁm ceo o) U (C.106)

Irreducibility of Contributions

Definition (Irreducibility):

A pair formation P € PF(M) on a completely ordered set M = {my,..., map}
as in Fig. (C.3) is irreducible, if to any pair of two subsequent elements x,y € M,
with z <y, i.e.,

Yy = min ({x'eM:x<x'},<), (C.107)

there is at least one M’ € P with p(M’, <) < z, and y < q(M’, <). Otherwise, we
shall call the pair formation reducible. O
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T N TN

X]. . XlScl <L|J yl - yl_l_c| <LIJ yl . lel <LIJ Xl . X|S|
Figure C.5: The order <y, (for brevity we here omit the further indices
in ¢§§2+1)SUT = tYgur): For any two subsets S C {2m + 1,...,2n},T C

{2n +1,...,2r}, let 71,...,7|g¢), and 7y,. .. ;Yjre| be a list of the elements of
the sets’ complements S¢:= {2m+1,...,2n}\ S, and T¢:= {2n+1,...,2r}\ T,
respectively, in increasing natural order, and let the elements of S and T be listed
by z1,...,25, and y1, ..., y7|, respectively, in decreasing natural order. The or-
der <yg ,, is then completely defined by the list shown here. Moreover, for any
two pair formations P € PF{2m+1,...,2n},Q € PF{2n+1,...,2r}, we deduce
from the present figure: sign (P U Q, <yg ) = sign (P, <yg)sign (Q, <y,.), since
the pair formation’s sign is obtained from the number of intersection points of
connecting lines in a graphic representation (Def. (C.84), Fig. C.3).

m m, m, mim, m,

Figure C.6: An example of a reducible pair formation on a set of altogether
six elements: We can perform a vertical cut between two subsequent elements
(here: mgo and ms) which has no intersection with any of the bent lines con-
necting the elements of the pairs within the pair formation.
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Defining PF;,..{1,...,2n} as the set of all pair formations on {1,...,2n}
which are irreducible with respect to the natural order, as well as

Al(-f:f) (Tony -y 1) = Z Agn) (Ton,y -+, T1) (C.108)

PEPFZ'TT{l ..... 2n}

we can verify by the multiplicativity (C.104) that the maps Afff ) satisfy the
recursion relation

A(2n+2) (7'2“+2, . ,7'1) = A(2n+2) (7—2n+27 s 7T1) + (Clog)

wrr

AE?:) (7_2n+2, R ,7'3)14(2)(7-2’ 7_1) +

AE?Z(T%H-Q’ 7—2n+1)A(2n) (7_2”, R 77'1).

The equality is obtained by splitting any reducible pair formation R €
PF{1,...,2n + 2} into two parts, corresponding to a union

R = QUP (C.110)

with @ € PF,.,.{2m +1,...,2n+ 2}, P € PF{l,...,2m},1 <m < n. The
very same recursion relation (C.109) is satisfied per definition (2.33) also by
the maps 1" (y,,...,7), whose integrals give the kernel entering into the
quantum master equation. Hence, we have

wrr

for any n = 1,2,..., and we conclude that, to any of the kernel’s constituent
parts, we can assign (a number n, and) an irreducible pair formation P €
PF,..{1,...,2n}, and, vice versa, that any n, and P € PF,..{1,...,2n},
gives a set of contributions to the kernel.

Expansion over Irreducible Pair Formations

From Eq. (C.103) we obtain upon replacing the indices v,q(;) = p;:

1 7y, m)) = (C.112)



132 APPENDIX C. DECOMPOSITION OF THE KERNEL

2n

D DS >

k=0  Sc{1,2,...2n}:|S|=k 1, ,u2n€T

(1f e (h > s )

Dy (Tes) - Do (Tose) 9 Dpisr (Tpsrer1)) -+ - Dpsan (T (2n))

3 sign (Q, <yy) H < p(ar7 < g ))%Sl(q(M',<ws))>’

QePF;,{1,...,2n} M'eQ

where we abbreviate:

(2n)

Pps = 90(1) g (C.113)
— (2n)
vs o= Y0 ¢

For further analysis we define to any pair formation P € PF{1,...,2n}:
osP = {ps(M'): M' e P}, (C.114)

the image pair formation of P under the map pg. We note that

> sign (Q, <yg) (C.115)

QGPFirr{l ----- 2"}

11 <Cuw§1(p(M’,<ws))éuﬂogl(q(Mles))> -

M’eQ
> sign (psP; <yg)

Pepg' PFp{1,...2n}

H <CM“’§1(I’(“’S(M/)’<¢S)> CM“’El(q(‘PS(M/)’<wS)> > B

M'eP

_ S sign (73,<Céc+)) I1 <C“p< ))C“q< >>

Pepg ! PFyp{l,...,2n} M'eP Mk, Mk
where goglPFm{l, ...,2n} is the set of all image pair formations of pair
formations within PFj,,{1,...,2n} under the bijection ¢g', where (., is

the cyclic permutation of {1,...,2n} according to Def. (C.99), and where
we use relations deduced from Fig. C.7. For any P € PF{l,...,2n} we
note:
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/""’ (ps(fP) “\

o(ISI+D) <, <y 0(20) <, 01 <, <, 05(ISD

1>
/__ ? _‘\
k+1 < i <k 2n <, 1 <, .. <, k
c(+) c(+) c(+) c(+) c(+)
[ [ [ I
k k k k
CufD Cpy(2nK) T (2nkHD) Gy (2N)

Figure C.7: The graphic representation of any pair formation P €
gpglPFiW{l, ...,2n} in the order <Cf : has the same form as the graphic repre-
+

sentation of the image-pair formation ¢g(P) in the order <,.. (Note that, within
the present figure, k& = |S|; the map ¢g is defined by Fig. C.1, while the map
g and the order <,  are given in Eq. (C.98) and (C.100), respectively.) From
the equality of the graphic representations we conclude that the corresponding
signs of the pair formations are equal, and, in addition, we obtain the equality

oS (p (M’, <Cé“+))> =p(ps(M'), <yg) for any M' € P.
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N\ 4
PN S
m, m ml — m m, m

2n 2n-1°"° 2n-1 *° 1 2n

Figure C.8: A permutation cyclic with respect to a particular order does not
change the sign of a pair formation in this order, since the number of intersection
points of connecting lines is the same before and after the cyclic permutation.

sign (77, <<<k+)> = sign (P, <) (C.116)
=:  sign(P),

the sign of P with respect to the natural order (cp. Fig. C.8). By these
manipulations we arrive at

I (1)) = (C.117)

I SIS > )3

k=0 SC{l,Z,,QTL}‘S‘:k PESD;IPF“—T{l,,QTL} M1y ph2n €T

. 2n
. 1
P o (13 e
j=1

~ ~

Dy, (7—905(1)) ... Dy, (TSOS(k))

~

Y

~ ~

DMk+1 (T@s(kJrl)) - DNZn (T@S(2n))

[] <CM( ¢, .
M'epP p| M < i ) q(M/,< E >
€ G i

We recall the definition of the objects appearing in the present equation:
For any subset S C {1,2,...,2n}, g is the map defined in Eq. (C.13),
while ¢3! PF;,..{1,...,2n} (cp. Fig. C.9) is the set of all pair formations
P on {1,...,2n} whose image under gg, i.c., {@s(M’) : M" € P}, is irre-
ducible with respect to the natural order. The indices 1, .. ., lo,, specifying
the electron levels whose creation- and annihilation operators appear in the
following, are taken from the set Z (C.4). The operators Bﬂj (T(ps(j)) are de-
fined according to (C.19, C.27), while the order <¢,, on {1,...,2n} is given
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S={24)c {1,234} (2n=4)

bos

4 2 1 3

Figure C.9: The condition P € gpglPFirr{l, ...,2n} as a prop-
erty of graphic objects. In the present example of a pair for-
mation P € ¢g' PF;,{1,...,2n}, we have 2n = 4,5 = {2,4} C
{1,2,3,4}, hence pg(1) = 4,05(2) = 2,¢5(3) =1, and ps(4) = 3.
The pair formation P is chosen as P = {{1,2}{3,4}}; the condi-
tion “P € <p§1PF,W{1, ...,2n}” is equivalent to the demand that,
to any j € {1,...,2n — 1}, there is at least one M € P such, that
|Js(j) N M| = 1, where Js(j) := ¢5'{1,...,5}. In the present
figure, the integer intervals Jg(j) are depicted by the horizontal
square brackets, while the pair formation is indicated by the bent
lines, each connecting two numbers. For any of the square brack-
ets representing Jg(7), with j = 1,2, 3, there is at least one bent
line connecting a number within Jg(j) to a number not contained

in Js(5)-
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implicitly by Fig. C.7, and explicitly through the cyclic permutation () by
the condition

1

- -1
<k Uoe Gy )<ty ). (C.118)



Appendix D

Complete Decomposition and
Diagrammatic Expansion of the
Kernel

In this appendix, starting out from Eq. (C.117), we give the detailed steps
that lead to a diagrammatic expansion of the kernel: its decomposition into
an infinite sum of contributions which we graphically represent by diagrams.

D.1 K®" (1) as Integral over Non-Ordered
Times

—=(2n

Representation of the Map I )(an_l, ceesT0)

Let B be an orthonormal basis of the vector space V;, of the many-electron
states of the quantum dot, which consists of eigenvectors of the quantum
dot’s Hamiltonian, H, Defs. (2.3), (2.4), with corresponding eigenvalues
E,,a € B. Applying the scalar product “(y|y’)” of two elements y,y" € V,
we write the operators

Du(r) = Wa(r)D, (D.1)

(Def. (C.27)/ (2.19), with Hy := H,

matrix in the basis B:

) appearing in Eq. (C.117), as a

Vo

137
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D) = X ew(jrE-m) @by (D2
a,beB
la >< b,

where the linear map |a >< b : Vi — Vj is defined by:

la><b(y) = (bly)a, (D.3)

(the vector a multiplied by the scalar (bly)) for any y € V. With this, we
can rewrite the lines 3 — 5 of the right-hand side of Eq. (C.117):

~ ~

Dyy (Tes)) + - Dy (Tosr)) (D.4)
A~ :g A~
Dy s (Tosr1) -+ Do (Ts(2m))

= > S (anld) lar >< bl

1,82,k +1€B  bg,bgy1,..,b2nEB

k .
H <aj|f)uj (aj+1)> exXp (%Tws(j) (Eaj - Eaj+1))
j=1

2n ) i

H <bj_1|DHj (bj)> eXp (ﬁ%s(]’) (Ebj—l - Ebj))
Jj=k+1

(cp. Fig. 2.5). Upon inserting expression (D.4) into Eq. (C.117), the
dependence of the summands on the right-hand side of this equation on
Ti,...,To, is contained in the factor

1
exp {E[Z 7i (g“«pgl(j) + E%glm B E%glum) +
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< 1 1 " | 1
T T T T 0
o ¥
T To
Figure D.1: The relation between the ordered sequence of times 7y, ..., 7a,, on
the one hand, and the sequence 7y, ...,T2,-1, on the other hand.
with
?0 = 71, (DG)
T = —7n (I=1,...,2n—1).

Upon swapping the sums with respect to j and [, we obtain the term

(il Y (armon)

j'epgt(SN{L.....2n})

Z (5“3" R Ebj’) ] }

j'€pgt(Sen{l,...,2n})

. 2n rs(l)

1 —
= exp {i—i Z Ti—1 |:Ea1 - TS(Z)+1 + Z 8/‘]

=1
2n
Ebts(l)—l - Eb2n + Z Epy ] } (D7)

J=ts(l)

for the dependence of the summands on the right-hand side of Eq. (C.117)
on 7o, ..., Ton_1, Where

re(l) = max{gogl ({l,...,2n}ﬂS)U{0}}, (D.8)
ts() = min{es' ({l,.... 20} NS U{2n+1}}

for l € {1,...,2n}. We note that

P (SN{lL....2n}) = {1,...ISN{l,....2n}]}
— {1,...,rs()}, (D.9)
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and
wg' (S°N{l,....2n}) = {2n—|S°N{l,...,2n}| +1,...,2n}
= {ts(l),....2n} (D.10)
(cp. Fig. C.1).
Letting

2n
s = W (=301 ) 1
j=1

2n 2 1
2n E = E = E =
I( ) Tj—1a~--7 Tj—l; Tj—l 5
Jj=1 Jj=1 Jj=1

with Wg (t) (2.19) the transformation applied for the interaction picture, and
upon inserting (D.4), as well as (D.7), into Eq. (C.117), we obtain:

T Fon 1, ..., 70)§ = (D.12)

2n

Y >

k=0 Sc{1,....2n}:|S|=k 7>€<p§1PFiTT{1 ,,,,, on}

> X X

M1y i2n €L at,..,ap41€EB by, b2 €8

sign (P) (=1)"* {apsr [5(bk))  Jar >< ban

ﬁ <aj‘f)uj(aj+1)> ﬁ <bj—1’]5uj(bj)>
j=1 j=k+1
1)

Mep p<M,’<<f+)> uq<M/’<<f+)>

rs(4)

. 2n
1 _
S 5 I S
j=1 i=1
2n
Ep, y-a T+ Z Eﬂi] }’

i=ts(j)

since
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h
la; >< boy,|

We (—=7) (Jar >< bap|) = exp <£T (Ey,, — Eal)) (D.13)

according to Def. (2.19).

Maximum and Minimum in the Order <Céc+)
For P € PF{l,....2n} and M € P let

p(M) = p(M, <),

q(M) = q(M, <)
the minimum and maximum of M in the natural order “<”. We note that
for any M € P,k €{0,...,2n}:

(D.14)

gqM)<k = 1p (M, <Cf“+)) = p(M),
k+1<pM) = p (M, <<(k+)) —p(M),  (D.15)

pM) <k k+1<qM) = p(M<g )=aM),

(cp. Fig. D.2).

Notation

According to Eq. (C.79) we have:

(€.C) = f(B) dug (D.16)
for any p,v € Z, with 6,7 the Kronecker-Delta, with 3, defined in (C.71),

(C.73), and with f the parameter-free Fermi-Dirac distribution (C.78). To
any lead-index [ € L, to any spin 0 € S, and to v € {£1}, we define

v € — Hie
ey = f (v T ) : (D.17)
and for (I,0,k,v) € Z we write

IA)lcrkv = T‘lg}llafyv)7 (D18)
with



142 APPENDIX D. DIAGRAMMATIC EXPANSION

(M, <,k )
1yqm = k = (PM™)_ [P
q (M) q(M,<.k )

c<+>
;s *
k+1 <,k .. <,k 2n <,k 1<,k .. <,k k
C(+) C(+) Z<+> C(+) c(+)

p(M,<.k )
2)p(M) = k1 = (p“"'))= ( <<+>)

q (M) q(M,<<k )
+)
s *,
k+1 <,k .. <,k 2n <,k 1 < < k k
S S % S S
3)pM) =k aM,< (5))
qM) = k+1 q (M) k)
(+)
', ‘
k+1 <,k .. <,k 2n <,k 1l <,k .. <,k k
S S % G S

Figure D.2: In order to determine the minimum and maximum in the order < ¢t
+

ofaset M C {1,...,2n} with two elements, |M| = 2, we distinguish between three
cases.
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1 1 .................... 1
0 1
0 1
0 e 40 : 1
Figure D.3: For any k > 1, the sum-map s : RF — RF

(t1,. . tk) — (tl, Z; 1t Zf " ) has the constant derivative-matrix with

determinant 1 shown here; hence, we can transform integrals according to

fdtl...fdtkf(s(tl,...,tk)):fdsl...fdskf(sl,...,sk).

TOD = T,
Tlg,kl) _ (D.19)
lok T lok>
and
Vo D.20
o= atl o (D-20)
Vo

Replacement by Integral over Non-Ordered Times

We note that, for n > 2, the 2n-th order of the density matrix kernel (2.48)
has the representation

n 2n—1
KC (1 / / L0 (201, - 52). (D.21)
0<s2<-- <82, 1<T

Integrating the latter equation once more, we conclude:

/ dr K@) ( / / L(son, - .., 52), (D.22)
0 0<s52<- <89, <s

L(Szn, Son—1y-- -, 82) = [S2ng;171)(82”*17 N 82). (D23)

Upon applying the integral transformations according to Figs. D.3, and
2.6, respectively, we obtain:

with
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/ dTK(Qn) (’7') = / N / Z(?Qn_l, ce ,?1) (D24)
0 Ti1++T2n—15s
oodr —
— S L(Fon1,....71),
/0 \% 2n —1 / /7"1+"‘+72n—1:7' (T2 ' Tl)

with

2n—1 2n—2

1
Z(?Qn_17...,?1) = L (Z ?j) Z?j,...,ZTj) s <D25>
j=1 7j=1

j=1

where the integrals go over the set

{SE"V < shi={(Fon-1,-.-,71): Ty 20, T4 +Ton1 < s}, (D.26)

and the (2n — 2)-dimensional surface

{5(2"—1) =7} ={(Ton-1,....71): T3>0, 71+ +To1 =7} (D.27)

(cp. Fig. 2.6), respectively. We conclude:

K@ (r) (D.28)

1 —
= L(Fon_1,-..,71).
\/2n—1/5<2n1)27} (Tan-1 1)
Inserting the present Defs. of the maps L, and L, as well as the definition
of [Tg;hl) (Eq. (2.49)) into the latter equation, we arrive at the following
representation of the integral kernel as an integral over non-ordered times:

1 —=(2n—1) ,__ _
K@ (r z—/ I Ton1,--,7T1), D.29
(1) Tr=T Jpsennor) (T2n—1 1) (D.29)
where
—(2n—-1) ,__ _ —=(2n) ,_ _
I( )(T2n717~"77—1) = [( )(7-211717-“77-170)7 (D30>

with 7" taken from Def. (D.11), the one quantity we give an explicit
expression for in Eq. (D.12).
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Explicit Expression for K" (7)g

Applying Eq. (D.16) (evaluation of (C,C,)), as well as the notation (D.14),

and (D.20), we obtain from the Eq. (D.12) for T(zn)(?gn_l, ..., T0)y [note
that here 7o = 0 (D.30)] in the case n > 2:

(g =
K@(1)g S /{S(%_I)ZT} (D.31)

Ly oy 5

k=0 Sc{1,....2n}:|S|=k pewglpFiM{l ..... 2n}

2. 2.

Alyeeny ak+1€B b, ban€B (VM:(ZJVI70'1\/17kM7v1V1))]VI€P TP

sign (P) (=1 (aps1|9(be))  |a1 >< bay|

~(vnr)
II  (wonldsy apan)
MeP:q(M)<k
o)

A (k)

~(=
< q(M)‘da QQ(M)+1> o

A(v
H (bp (M)— 1!%“14 M)>
MeP:k+1<p(M)

A(—U ) v
(bgary—1ldg,, " ba(ar)) A (k)

lvonm
~(vnm)
I1 (ap(an)|dey, apary+1)
MeP:p(M)<k,k+1<q(M)
< 1’dUM Q(M)> Al(;[lc)r]ré) (knr)
. 2n—1
exp { Z TJ btg(jJrl)fl - Ears(j+1)+1
+ Z UM Elyronknr

MeP:p(M)¢Js(j),q9(M)eTs(j)

UM Elproprkn ] }7

M

MeP:p(M)eJs(5),q(M)¢Js(5)

where for any v = (l,0,k,v) € :
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1o, K, K+1, o, 2n
—r

W—’
J(i+1)

Figure D.4: The sequence Jg(j)?il of intervals of integer numbers, defined
through (D.33), (C.13), and (D.8), starts out with Jg(1) = {k} or Js(1) = {k + 1}
[k = |S|], grows by one number with every incrementation of j, and terminates
with Jg(2n) = {1,...,2n}. The direction of the growth of Jg(j + 1) compared to

Js(j) depends on whether j+1€ Sor j+1¢€ S€.

AP %) = Tl £ (o) (D.32)

lo

with £ taken from Eq. (D.17), and with

Js(j) = {7‘5(j+1)+1,...,t5(j+1) — 1} (D33)
= pst L),

for any j € {1,...,2n}, with rg and tg defined in Eq. (D.8). We note that
Js(2n) = {1,...,2n}, and

o= 8, 4es, o
Since
(C,C,) = 0 incase v#T, (D.35)

and because of the emergence of the trace

<©”p (ngk ) Cuq (MIV% ) > (D.36)

) )
in (D.12), we here could reduce the sum >~ toasum Z(VM)Mep 1P
within which only to each pair of numbers 1,...,2n an index in Z is assigned.

Correspondingly, we could reduce the sum

rs(j+1 2n ts(j+1)—1

)
Z Eu; T Z Cpi = — Z Cpi = — Z Epi (D'37>
=1

i=ts(j+1) i=rs(j+1)+1 i€J5(j)
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to a sum over only those pairs M € P with |M N Js(j)| = 1.
To cover and include the case n =1 in Eq. (D.31), we define

[[sU):T} F(T) = F(1) (D.38)

for an arbitrary integrand F'(77).

D.2 Replacement of Sums by Integrals

D.2.1 Compact Expression for K" (1)

By the abbreviations

b {n7k7737 (aj>fi117 (b])32k7 (O-MuvM)ME'P} = (D39)

sign(P) (—1)"+*

~(var) ~(=vnr)
1T (apany|dyy, apnyt1)  (aqonldy,,  agny+1)
MeP:q(M)<k

~(var) ~(=var)
T Gonalds,, boan)  (gan-1lds,, ™ baqan)
MeP:k+1<p(M)

~(v (—var)
[T fmonkde aona) Gon-alds, ™ ban)

M:p(M)<k,k+1<q(M)

) [ 1 (fqM)<kork+1<p(M))
sg@ (M, k) ._{ - 1 (clso). p (D.40)

and

3 _J 1 ed{l....2n =1} :p(M) ¢ Js(j),q(M) € Js(j))
s on = 3 G TN Jm@<>¢%mx
41

(3: exists) we can rewrite Eq. (D.31) in the more compact form

K@ (r)g = (D.42)

1
V2n —1 {s@er-n=r}



148 APPENDIX D. DIAGRAMMATIC EXPANSION

Ly 0y 5

k=0 SC{l,..2n}:[S|=k Pepi!PF;. {1,..2n}

2. 2.

al:-~~7ak+1€B b, ban€B (V]w:(l]\/[,U'M,k]w,vj\/j))]\/fep c€IP

sgV {n,kﬂ’, (@551, (b)3%%, (UMva)MGP}<ak+1|g(bk)> la1 >< bap|

McP

. 2n—1
(varsg® (M,k)) ! 7
{ H Alyjous (kM)} exp {h Z T [ Bbiggan- ~ Ears<a‘+1>+1} }
j=1
. 2n—1
1
exp {h Z Z UMSg(g) (Ma JS) Tj 8lMUMkM} :

Jj=1 MeP:|MnJg(j)|=1

D.2.2 Replacement of Sum over Wave Vector

For any M € P, and for any fixed values of all other appearing parameters,
we replace the sum with respect to the wave vector kj; within the right-hand
side of the present equation (D.42), i.e., the sum

Z ’EJVIUJ\JkM‘2 fl(jizw (glMO'J\/[k]M) (D43)
km €Ky,
1
€Xp {E, UMSg(S) (Ma JS) Elnronikns [SM (JS) (?Zn—la s 7?1)]} )
where
SM (Js> (?gnfl, P ,?1) = Z ?j, <D44>

Jje{1,....2n—1}:|Js(j)NM|=1

by an integral over a primitive unit cell of the reciprocal lattice of contact
Iy (for brevity we shall omit the index “M” now): Let aq, as, ag be primitive
vectors of the direct lattice of contact [, and, with N € N, let

3
{Zujaj D opa, o, ps €40, N — 1}} (D.45)

j=1



D.2. REPLACEMENT OF SUMS BY INTEGRALS 149

be the lattice points of the real and finite lattice of contact [. Let by, by, b3
be the primitive vectors of the reciprocal lattice satisfying

aibj = 27 (S”, (D46)

we assume that the set ; of allowed wave vectors is given by

{kul,uz,ug Do, f2, i3 € {Oa s 7N - 1}} ) (D47)
with

Hl po.p3 T Z Mj—= N (D-48)

according to a periodic boundary condition, and consider a sum of the form

> A K) F e (D.49)
ke,
where
2
N N
APw = T (D50)
where Tz( k) are the coefficients of the tunneling Hamiltonian for a finite lead

[ with a number of N3 occupied primitive unit cells, and where F' = F(e) is
a continuous function of energy.

We want to replace the sum (D.49) by an integral; to this end, we define
the set

’ L
Cbl b2,b3 {Z /\ N j j G [07N[}7 (D51)

J=1

and the map

(™) |

K Cb17b27b3 — IC[ (D52)

by the condition, that for any j; € {0,..., N —1}, and \; € [0,1[, j = 1,2, 3:

3
— 1
ku1,u2,u3 + Z )‘jﬁbj = km,uz,us (D~53)

j=1

(cp. Fig. D.5). We note the equality between sum and integral:
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b [
(o2
N

Figure D.5: In the present two-dimensional example, the intersection-points of
the black lines mark the elements of the set K; according to Eq. (D.47), while
the blue arrow depicts the map (™). We may replace a sum > kex, 9(k) by an
integral over Cy, p,, assuming that within each of the shaded cells the integrand
has the constant value g(k™) (k ))/U with U = ]\}2 |det (b1, b2)| the volume of one

cell; so, Zkelcl gk fc dk 9(rM(k))/U.

S AYK) Flan) = / dk ALY (k™ (k) F (c10n000)
ke, Cby,bg b3
1
]det (bl,bg,bg)’ / (N?’)
Vv N) 2
- dk ‘T( ( F (e m000)
/Cb1,b2,b3 (2m)3 lon (k) (l (k))
(D.54)
with
V= N? |det (a1, az,a3)|, (D.55)

the volume of contact I.

We shall assume that, for the band energy ;,x, as well as for all other
contributions to the present integral’s integrand, the variation of their value
on a scale given by the distance between neighbouring elements in K; is
relatively small. With this argument we approximate

2

~ Qs (k) , (D56>

Vo
(QW):s loxM) (k)

with a;, (k) a continuous function, and
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/ ‘ laH(N)(k)’ F 810_,{(N)(k)) ~ / dk Qs (k)F(Elak) .
Cby,bg,bg

Cbbbzvb:s
(D.57)
In summary, we approximate and replace:
2
>N Fem) ~ [ dkae®@FEa) 059
ke’Cl Cbl bo,b3

for the sums (D.43), with a;,(k) given in Eq. (D.56).

D.2.3 Replacement by Integral over Energy

In a second step, we replace the integral over the primitive unit cell in the
reciprocal lattice by an integral with respect to energy, analogously to the
method outlined by Fig. 2.6:

/ dk A5 (k) F (8101() = / de Oélg(é-:)F(E), (D59)
Chy by ,bg

where

/ g Lelk)
{kGCbl,bQ,b3i elgk:s} |V5lak|

(€)= (D.60)

The distance dz between surfaces {€;,x = £} and {g;,x = € + de} of constant
values ¢, and € + dg, of €,y is locally different and satisfies

d&l’v&gk’ = d€, (D61)

with Ve,k the gradient of g, considered as a function of k. Hence, for any
integrand g(k):

(k)
asd d D.62
/ / ! g / © /{Vslak 5} |V€l0'k| ( )

In summary, we obtain for the sum (D.43):
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+1
Z |TlMUMkM |2 fl(Mazw (glMUMkM> (D'63>

k€K,

1
oxp { 3 05t (1,9 €y 180 (J5) (T 701}

~ /dE Oél]ij]\/[( )fl]\:/lj:;'iw( )

exp { 3 o5t (01,9 €[5 (8) (Fncr, - 7]

where for any [ € £, and o € S, the function «y,(¢) is defined by Eq. (D.60)
and the approximation (D.56).

D.3 Diagrammatic Expansion of K(7)

Performing the replacement according to (D.63) within Eq. (D.42), we obtain
the following expansion of the density matrix kernel:

Km = >3 > 2 (D-64)

n=1 k=0 Sc{1,..,.2n}:|S|=k 'p@pglppiw{l ,,,,, 2n}

2. 2 2

Alyeeey akJrIEB bk ----- anEB (lM,O'ju U]w)Mepe([:XSX{il})P

K{na ka Js,P, (a])f:il ) (b )jnk ) (lMaa-MuUM)Mep )

(U)> E
(alo leL,oeSwe{+1} b a bEB }

where B is a basis consisting of eigenvectors of the quantum dot’s Hamiltonian
Hg, and, for each a € B, the energy F, is the corresponding eigenvalue.The
sequence Jg ()3, (Def. D.33) of integer intervals is defined according to Fig.
D.4, and Fig. C.1, while ¢5' PF,.{1,...,2n} is the set of all pair formations
of the numbers {1,...,2n} whose image under the map

s: {L,....2n} —» {1,...,2n} (D.65)

(Def. (C.13)) is irreducible (cp. Fig. C.9). We define the functions O‘z(:;) ()
by the product
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() == awle)fY(e), (D.66)
where the factor oy, (Def. (D.60), (D.56)) is proportional to the norm-square
of the tunneling coupling, and where fl(;rl) (fz(_1)> (Def. (D.17)) is the Fermi

loa
function of contact | and spin ¢ at chemical potential jy, and temperature
T (one minus this function).

For any n € Ny, k € {0,...,2n},S C {1,...,2n} with |S| = k, P €
gpglpF’irr{l, ..., 2n}, any sequences of states ai, ..., agt1, by, ..., ba, € B, for
any family (Ia7, oar, var) pep Of elements in £ x S x {£1}, for any family of
(v)

integrable functions <’le , any family of energies (Epa), yep;

€
( >>l€£,068,v€{i1}
and for any endomorphism ¢ : V; — V; we define:

K{n.k, Js, P, (@)}, (03" (s 00, 0 pyep > (D6T)

(v)> 5 R
(fn" leL,ceSwe{+1} 3 ba)a,beB }(T) Yy

= (aps1|9(br)) |a1 >< bayl
sg™ {n, k, P, (a))55, (0,)% s, (01, var)arep }

2n—1

maa:(]s(j))a'min(JS(j)) ) j=1 )

sg@ (M, k)v
() s O ) )y Y1)
MeP

1 {n, Js, P, (By

The maps sg), s9g® sg® are given in Defs. (D.39), (D.40), and (D.41),
respectively; for any n € Ny, S C {1,...,2n},P € ¢5'PF,..{1,...,2n},

. 2n—1 .y . .
for any sequence of energies (E;);”;", any familiy of integrable functions
(M) prep» and for any family of signs (war)mep we define the integral

I {n, Js, P, (Ej)?izl, (Y1) prep s (War) pyep }(7’) = (D.68)

1 1
h2n Vv2n —1 /{5(2711):7-} /RP
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(H '7M<5M)> exp { %Zﬂ' | B,

MeP

+ Z wMaM] }

MeP:|MnJs(j)|=1

The set { S~ =7} is defined in Eq. (D.27) (cp. Fig. 2.6), while R” is
the set of all maps P — R, or else

R” = {(ep)aep @ forall M € P : ey € R arbitrary}. (D.69)

The present integral over R” is thus one over a number of n real integration
variables e, M € P.

D.4 Diagram Versions and Equivalence

We shall collect the majority of the parameters that determine a particular
contribution to the density matrix kernel, Eq. (D.67), in a set “D”. We
refer to the elements of D as diagrams, and, in the main part of this work,
we indeed represent them in the form of drawings. There are two directly
related versions of diagrams; we here show their equivalence and give the
map that transforms them.

D.4.1 Diagram Transformation

Let n € Ny and k € {0,...,2n} be fixed and given, let

Pﬁf;;l) = {Sc{l,....2n}: [S| =k}, (D.70)
the set of all subsets of {1,...,2n} with a number of k elements; we consider

the assignment
S <e Pgi’;)) o Js, (D.71)

with Jg = (¢5' {1,...,J })j:l the sequence of intervals of natural numbers
according to Def. (D.33), and Fig. D.4, and the map

ws: {1,...,2n} = {1,...,2n} (D.72)
given in Fig. C.1.
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Bijectivity of the Assignment S — Jg

For fixed and given values of n € Ny, and k € {0,...,2n}, we show that
the assignment (D.71) is injective, and we determine its image, as well as its
inverse assignment. We note first that Jg € 72", with

g = {(J(j)ﬁg;l; J1),...,J2n—1) e P{1,...,2n},
J(1)| =1, ¥je{l,...,2n — 2}
JG+1)=J()U{minJ(j) — 1} or

J(j—|—1):J(j)U{maxJ(j)+1}}, (D.73)
that
Ts(1) = { {/jli}u (if(ilfe)s,) (D.74)
and, that
S = {je{l,....2n}: Js(j)\Js(j —1) Cc{1,... ,k}}, (D.75)
where we use the notation
Js(0) = 0,
o) = (L. om). (D.76)

since Jg(j) \ Js(j — 1) = ¢ {j}, and p5'(j) < k & j € S. By the notation

g = {7eg® 1) e {1} {k+1}}} (D.77)

we conclude that the assignment (D.71) is injective with an image contained

in j((]f)n) .

At the same time, if we define for a given interval sequence J € ‘7((,3)@:

S = {jell,....2n}: JH\JG—1) c{1,....k}}, (D.78)

where

J(0) = 0, (D.79)
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Jo<s

J > s={i<t, ., 2n JONIG) AT, o K3}

Figure D.6: For any two fixed and given values of n € N, and k € {0,1,...,2n},
the assignments (D.71), and (D.78) are bijective, and they are inverse to each

other, since, for S € P(2n), the set S is recovered in Jg by the relation S =
. .(k) .
{36{17"'72n}: JS(])\JS<]_1)C{1a7k}}

then |S| =k, and S C {1,...,2n}, so

(2n)
S € IP’(k) , (D.80)
and for all j € {1,...,2n}:
JG) = {k+1-18n {1, k1SN {1, 3} | (D.81)
with
S¢ = {1,...,2n}\ S. (D.82)
Hence, the assignment J — S of Def. (D.78), too, is injective. As a conse-
quence,
(2n) (2n) (2n) 2n)| _ |mp(2n)
PG < [O&P| < B = |98 = P& (D.83)

and the assignment (D.71) is bijective with the inverse assignment (D.78).
(]

Moreover, we conclude from the relation Js(j) = ¢5' {1,...,5}(D.33),
that for arbitrary S, 5" C {1,...,2n} the equivalence

Jg = Jg & pYs = Pg (D84)
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holds, hence the assignment

J (E .,7(2”)) = oy = @s with S C {1,...,2n}, Jg=J (D.85)

is well-defined. We introduce sets D', and D', of (transformed) diagrams as
follows:

D o= 1 (n ky P, (a)) 5L (0,2 (lars o, UM>M€P> :
neNLke{0,....2n}, J e JQ",
P e @(})PFW{L .., 2n},

(ay)it € B (b)) € B2,

(Inty 00, 0a1) prep € (£ xS x {117 }, (D.86)

and

D= {(n k5.0 ()] ()2 (v on, ) yeq)
n €Ny, ke{0,...,2n},S € Pgi’;),
Q€ PF,.{1,...,2n},
(aj);ill c Bl k+1}7 (by)jik c Bikm2n}

(I, 03, VN ) yeg € (£ X S x {+11)2 }. (D.87)

We note the bijection

Toieg: D — D, (D.88)
<n7 ka Sa Q7 (a])fill ) (b])32k7 (lNaUN7UN>N€Q> =

— k+1 2n
(n, ko Js, 05 Qs (a5)750 5 (052 (los(an)s Tps(aa)s %(M))M@;Q) ,

and, to take into account only diagrams with a non-zero contribution to the
kernels, we define

D= (DeD: V(D) 40}, (D.89)
with
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Sg(l) (ﬁ) = Sg(l) {na ka P7 (a])fill ) (b])iik ) (UMa UM)MEP} <D90>
for
E - (TL, ka Ja Pa (a’])fill 5 (b]>]21k 5 (ZM7 oM, vM)Me'P) (Dg]‘)
(Def. (D.39)), and, correspondingly,
D = T, (D). (D.92)

diag

D.4.2 Kernel as Sum over Diagrams

Upon gathering most of the parameters that determine a particular contri-
bution to the sum (D.64) in the transformed diagram D, we can rewrite Eq.
(D.64):

K = SR{D (o)), oo B Badyes Hr), (D.93)
DeD o

where the summands on the right-hand side are defined in Eq. (D.67). In ad-
dition, we define to any D € D, any family (’y(v)

lo

> of integrable
leL,oceSve{£l}

functions, and to any family of energies (Epy)apes:

K{D> <7l(;))>

K{ 0y D, (1)

(Ev)apes } =

(Eba)a,beB }7 (D.94)

leL,oceSve{£l} ’

)lec,oes,ve{il} ’

where the right-hand side is given by Eq. (D.67). [For simplicity we use the
same name “K” for two formally different maps.]

In cases where we do not focus on the dependence on the energy differ-
ences I, — E,, or on the functions ozl(g), we shall omit these parameters in
the notation and abbreviate:

K(D) = K{D,(af)) (s — Ba)ypes } (D.95)

leL,oeSve{+1}



D.5. MIRROR RULE AND CONJUGATE DIAGRAMS 159

and analogously, for D € D,

K(D) := K(Tj,,D). (D.96)
In summary, we note the expansion of the density matrix kernel as sum
over (transformed) diagrams:

K(r) = ) K(D)(r) = K (D) (7). (D.97)

DeD 566

D.5 Mirror Rule and Conjugate Diagrams

We here give a proof of mirror rule (2.111), and of the relation (2.148),
which holds between the contributions of conjugate diagrams (Fig. 2.22) to
the kernels.

D.5.1 Proof of Mirror Rule

We show the following general statement: For any family of integrable and

real functions ’yl(:j), for any family of real energy values (), ,c5 that satisfies

Byt Egp = 0, (a,beB), (D.98)

and for any self-adjoint linear map ¢ : V; — V, the equality

K{wir(D), (4 (Bua)opes (1) 7 =

>le£,ae$,ve{i1} ’
[K{ D, (W

holds, with “mir” the mirror-map (2.109), and where the dagger on the right-
hand side denotes the adjoint operator (the Hermitian conjugate).
The equation is verified by inserting Tg;q,mirD into the definition of

T
(Budors Y 3] (D.99)

>l€£,cr€$,v€{:|:1} ’

K{D ( ‘”)) o j D.100
(0.0 e ooy Edusea} 05 (D.100)

(D.67), applying the relation
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7 A~ N\

O O @ O ¢ e o O ® O O OC. o o o
S\ 7S
oooooCooo O e e 0 ® 0 O (PC= (pSomir{1 ,,,,, on)
S\ /S S
Figure D.7: A list of the numbers 1,...,2n, depicted as small circles arranged

along one straight line, is mirrored at a vertical axis in the first line of the present
figure. The elements of a subset S C {1,...,2n} are marked in blue, while the
elements of its complement S¢ = {1,...,2n} \ S are marked in red. The second
line of circles, read from the left to the right, shows a list of the numbers 1,...,2n
in the order ¢g(1), ps(2),...,vs(2n), while a list of the same numbers in the order
wse(1),5¢(2),...,ps:(2n) is found in the last line; a comparison of the two lists
yields the relation pge = g omirgy o,y

P50 Ps = Mirg  on (D.101)
(cp. Fig. D.7), where

mirg 0ny 0 {1,...,2n}  —  {1,...,2n},
i = 2n+1-j. (D.102)

We here do not present the lengthy sequence of equalities that explicitly
show Eq. (D.99), but rather only note the identities we apply within these
manipulations: In particular, we make use of the equalities

sign (mir{lwgn}P) = sign (P), (D.103)
with P := 5" Q (cp. Fig. C.3), and

JSC = mir{l,_“’zn}Jg, (D104)
following from Js(j) = p5'{1,...,5} (cp. Fig. D.4). O

D.5.2 Proof of Relation (2.148) (Contribution of Con-
jugate Diagrams to the Kernels)

From the relation



D.5. MIRROR RULE AND CONJUGATE DIAGRAMS

Pz ops = (1),
with S := S\ {2n} as in Eq. (2.141), where
<(,1)2 {1,...,2%}%{1,.‘.,271},

: {j—l (j>2)

T 2 (=),
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(D.105)

(D.106)

we conclude by inserting TiyiqgTtyc+D into Def. (D.67), that for any D €
Dy (2.138), any linear map ¢ operating on Vg, for any family of integrable

lo

functions (7(1’)>
leL,oeSve{£l}

(v)
TT{K{TC?JC,T‘D’ ('Yla >l€L7UES,U€{:|:1} ’

= (=1)Tri K D 7( (”)) ’
(=1) T{ { lo leL,oeS,ve{+1}

, and any family of energies (Eba)a,bezs:

(Eva)qpes }() 3}
(Eva)qpes }(7) 31}

OJ
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Appendix E

Perturbation Theory

The present appendix deals with the perturbative application of the transport
theory: The integral kernel K (¢) of the quantum master equation (2.45) has
the form K(t) = Y00 K®(¢) (Eq. (2.46)), where the summand K" (¢)
contains the tunneling Hamiltonian Hy, and thus the tunneling coupling, 2n
times. We here show that

Z/Ooodt|K(D)(t)| < (E.1)

DeD

for sufficiently small value of the coupling-parameter. This implies that the
Laplace-transformed kernel K, appearing in Eq. (2.120), is analytic in the
coupling-parameter around zero. Hence, the perturbative application of the
transport theory is justified for sufficiently small coupling.

In a second part we give the mathematical background for the direct cal-
culation of diagrams, and we determine the contribution of all DSO-diagrams
up to sixth order in the coupling, neglecting the doubly occupied state. We
analyze the results regarding the temperature-dependence of the linear con-
ductance, and thus find a zero bias anomaly of the dynamic conductance.

E.1 Analyticity of the Integral Kernel in the
Coupling-Parameter

E.1.1 Fourier Transforms in the Contributions to the
Kernel

For any given diagram

163
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E = <n7 ka J’ Pa (aj)fill 3 (b])iik ) (lMa oM, UM)MEP) € 2_) (E2>

(D.89), we can write the diagram’s contribution to the integral kernel (D.67)
as follows:

K(D)(7)y = (a1 |§(0n) lar >< baa| sg™(D)

. 2n—1
11 !
h2n \/m 48(2"1)7} /RP o (h Jz_; K J>

I1 (W(gM) exp{%aMSM(J)(?gn1,...,F1)wM}), (E.3)

MeP

with sg) (D) the sign defined in (D.39), with
E] = Ebmax J(7) - Eamin J(5)? (E4>
and with v,; the function

sg@ (M, k)v
Y = l(AfaM( )1\4). (E5)

The operator g is an arbitrary linear map V, — V, while the sign wy, is
given by

Wy = UMSg(3)<M7 J)7 (E6>
and Sy(J)(Tan—1,---,71) = Zje{l anl}:\MﬂJ(j)|:1?j (Def. (D.44)).

.....

Upon performing the integral over €, in (E.3), we obtain a Fourier trans-
form for each M € P. Applying the definition

FN) = [ deqe, (E7)

the integral over ;7 in Eq. (E.3) is

-1

(Fym) (?wMSM(J)(?Qn_l, o ,ﬂ)) . (E.8)

Applying the operator norm to K(D)(7)y, as well as to K(D)(1), we
obtain the following estimate for the diagram’s contribution to the kernel:
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|K(D)(7)| (E.9)

%\/% {senn=r}
IT |Fw) (%wMSM(J)(@n_l, . ,a)> ‘ |

MeP

E.1.2 Exponential Decay of Fourier Transforms (As-
sumption)

We assume now that the Fourier transforms of all of the functions ozl(;) (D.66)

are bounded by an exponential decay, i.e.,

’(fal(s)> (T)‘ < aexp(—cl7]), (E.10)

with a,c > 0 independent of 7. Upon inserting this estimate on the right-
hand side of Eq. (E.9), we obtain the inequality:

[K(D)(7)] < “72\/% /{S(%UT} exp (%‘3 > SulJ)(Fanrs - ,m) .

MeP
(E.11)
We swap the order of the sums in the exponent:
Z Su(S)(Tan-1,...,71) = Z Z Tj
MeP MEeP je{l,...2n—1}:|MNJ(j)|=1
2n—1
-T ¥ s
Jj=1 MeP:|MNJ(j)
2n—1
= > NP7, (E12)
j=1
with
Ny (P) = HM e P:[MnJ(G)| =1}, (E.13)

the number of pairs M € P with the property that exactly one of the pair’s
elements is contained in the integer interval J(j).
We are interested in the Laplace transform
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(CK)(\) = / dr e K(7), (E.14)

0
and in particular in the limit limy_,o; (£K)()), since the Laplace transform of
the kernel appears in the equation for the stationary reduced density matrix
(2.120). Hence, we consider the integral [;°dr |K(D)(r)|: Upon applying
the integral transformation according to Fig. 2.6 in backward direction, we
obtain from (E.11) the estimate:

> — 1 a” 1
/0 dr |[KD)(7)| < + 5= H N0 (P) (E.15)

Taking the sum over all diagrams (D.89) of order 2n in the tunneling
coupling, we conclude that K™ satisfies the inequality

2n

PR LCTIEND SEND SEEED SR S

0 k=0 ai1,...,0k+1,bk,...b2n€B Jej((]?)n) PEcp(f)PFirr{l 77777 2n}

2. 2 2

() rmep€Ll? (om)mep€ST  (vm)mepe{£1}7

[ 1K (b 2P @) 002 (s ) ) ()

7

D
1 (20)" &
S pa 2 X 2 2

k=0 a1,..., Gk+1,0k,...-ban €EB Jej((k?)n) ’Peap(_.]l)PFim«{l ..... 2n}
2n—1

1

(E.16)

i1 N (P)

In the second step we omit the sums over o,;, and v,,, since their choice is
fixed by the sequences of quantum dot states. The sum over [ € L, on the
other hand, is taken into account by the factor 2", since we assume there are
two leads, so every [y, M € P, can take two values.



E.1. ANALYTICITY OF THE INTEGRAL KERNEL 167

E.1.3 Combinatorial Intermezzo

We here give an estimate for the sum

2n—1 1
> JUI Noo ) (E.17)

Peq;(—;) PF;{1,..2n}

for a fixed and given interval sequence J € ‘Y(%n) (Def. (D.77)). J is a
sequence of integer intervals J(1) C ... € J(2n — 1) C {1,...,2n} with
|J(j)| = j. The map ¢, on the other hand, is characterized by the condition

el it = J0) (E.18)

(Def. (D.85)). Hence, the sum (E.17) goes over all pair formations P €
PF{1,...,2n} which satisfy the condition, that, to any j € {1,...,2n — 1},
there is a pair M € P with

IMNJ3G)| = 1. (E.19)
We now consider one particular pair formation Py € go(f]l) PF,..{1,...,2n}
to be fixed and given, and determine the number of (alternative) P € cp(_Jl)

PFE,,{1,...,2n}, which produce the same map N ;) (P), i.e., the number of
P-s with the property

V) e {1,...,271— 1} : N](j)(P) = NJ(j)(PO). (E.QO)
To any j' € {1,...,2n} we define

Ty o= gp(}l) (7); (E.21)
then, J(j) = {x1,...,7;}, and the pair formation P, is irreducible in the
order given by the list 1, xo, ..., X, of the elements of {1,...,2n} (cp. Fig.
E.1).

We consider N,;(Py) to be a map

N;(Py): {1,....2n—1} — {1,2,...},
This map has the property that, with every incrementation of the argu-
ment, the value of the function changes by 41, and that N;(Py)(2n — 1) =

N;j(Po)(1) = 1. All information about the map N;(P,) is contained in the
subset

st= {1}ufiefa. ... 2n—1}: Ny(P)(G) > Ns(Po)(i— 1) }. (E.23)
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N\

X1 X2 "R R REE X XJ+1 LA RN X2n

)
v
Figure E.1: The elements z1,...,z9, list the numbers 1,...,2n in the order

given by the interval sequence J; to each J(j),j < 2n—1, there is at least one pair
M € Py, which connects one element within J(j) to one element outside J(j), as
illustrated by the bent line. The map Ny(;(Po), on the other hand, counts the
number of just these pairs M € Py which share exactly one element with J(j).

In addition, we define S~ := {1,...,2n} \ ST. For sure, |[ST| = |S™| = n,
and

{1,....2n} = St US".

We imagine that the elements x4, ..., xy, are listed according to the order
of their indices from the left to the right as in Fig. E.1, and we consider an
arbitrary pair formation P which satisfies

Ny(P) = Ny(Po). (E.24)
For any 5/ € {1,...,2n}, let pp(j') € {1,...,2n} be defined by the condition

{33]77 mp?(j/)} € P, (E'25)

i.e., to any element xj, its partner z,,(y within the pair formation P is
assigned by the map pp via the indices “;””, and “pp(j’)”, respectively.
We note that

st ={i1e{,....2n}:1<pp(D}, (E.26)

so the partner of any element z;, [ € ST, can always be found to the right of
x;, while the partner of any x;, I’ € S, can always be found to the left of
xy. Thus, the map N, (P) satisfies the relation

Ny»(P) = [STn{l,....5} =[S n{l,....4}. (E.27)

We determine the number of alternative pair formations P which produce
the same map N;(P) as P, as follows: We count the elements of the set S~
by a sequence l; < ly < --- <[, from the left to the right (Fig. E.2).
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X, X[, weee Xp ceerrennenennns X,
1 2 n
Figure E.2: The elements of the set S~ are counted in increasing order by Iy <
- < l,. In the horizontally arranged list x1,...,x2,, the partner of any of the
elements z;,,7 € {1,...,n}, is found to the left of x;,.

Going through the elements of S~ from the left to the right, we notice
that, for the first element [;, we have

1ST{L,....Lu} = Nyuy(Po) +1 (E.28)

possibilities to choose a partner within the set {1,...,l; —1}. For the second
element [, we have, independently of the particular choice of the partner of
ll?

1STA{L,... b} =1 = Nygy(Po) +1 (E.29)

possibilities to choose a partner: The number | ST N{1,... l5}| of all theo-
retically possible partners is reduced by one by the choice of the partner of
l;. Continuing this procedure of assigning partners to the elements [;, we
notice that in general the number of choices of a partner for [; is

|STN{L,.. LY =i+ 1 = Nygy(Po) + 1. (E.30)

Upon gathering all the possibilities to iteratively choose partners for
l1,l2,...,1,, we find that the number of pair formations P with N;(P) =
N;(Py) is given by the product

n—1

LT (Vo (Po) +1). (E.31)

i=1
We want to conclude the present combinatorial intermezzo with an estimate
for the sum (E.17). The sum goes over all pair formations P within the set
cp(_Jl)PFm{l, ...,2n}. Hence, we choose a subset

Sy € ey PFEA{L,. .. 20} (E.32)

of pair formations Py with the property, that, to any P € % ‘PE, L. 20},
there is exactly one element Py € Sy, so that

N;(P) = N;j(Py). (E.33)
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In addition, we define to any Py € S(y:

Z(Py) = ‘{PE¢;J5PETT{1,...,2n}; NJ(P):NJ(PO)}‘. (E.34)

We estimate:

2n—1 om—1
1 1
> = >, ZP) ] v (E35)
Pe@ } PFirr{l,..2n) =1 N1 (P) PoeS ) i1 N (Po)

n— n—1 1
<Lz ( (N"“”“”(’)“)) (H N<>(7’>>
< 278 (E.36)

Any two different elements Py, P € Sy produce different maps N;(Py) #
N;(P}), and, correspondingly, different sets

St £ st (E.37)
(Def. (E.23)). Hence, the number |S()| of elements of the set S is bounded
by the number of all subsets of {1,...,2n}, which is 22". In summary, we

note the following estimate for the sum (E.17):

> R (E.38)

Ny =
Pep yPFirr{l,..2n} J=1 1) (P)

E.1.4 Estimate for [J°dr |K® ()]

We insert (E.38) into the inequality (E.16). Moreover, we note that, for a
fixed and given value of k, the number of possibilities to choose J € .7((,3)”)

, the number of all subsets of {1,...,2n} with k elements,

is given by ‘IP’E?;)
since there is a bijective map IP’E?;) — j((,f)n) (Fig. D.6). With this, we obtain
from (E.16):
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2% (E.39)

> 1 (2a)" n
/ dT‘K(%)(T)‘ < h (CQn)l Z Z ‘Pgi))

0 k=0 ai,..., ak+1,bk,...b2n€B

We estimate the number of possibilities to choose quantum dot states a;, b; €
B by

‘B‘2n+2 S 42n+2’ (E40)

while the sum 32" ‘]P’gi;l) gives 22 the number of all subsets of {1,...,2n}.

In summary, we obtain

/ T KO < e (3>n (B.A1)

0 C2
and
> / dr |[K®(7)] < e Y (afes)”, (E.42)
n=1 0 n=1
with
4%c
C1 = 7, (E43)
2

The constants a, ¢ > 0 are the parameters of an exponentially decaying func-
tion, by which the Fourier transforms of the functions al(ail) are bounded
(E.10). We consider the strength of the tunneling-coupling to be given by
a positive scalar which we multiply the tunneling Hamiltonian (2.5) by. We
use the square of this scalar as coupling-parameter. The coupling-parameter
appears linearly in the functions al(aﬂ), and thus, the constant a within the
estimate (E.10) is proportional to the coupling-parameter.

The power-series on the right-hand side of (E.42) is absolutely conver-
gent for a sufficiently small positive value of the coupling-parameter. As a
consequence, for sufficiently small tunneling coupling, the Laplace transform
of the kernel,

(LK) (\) = /0 T e TK(T) (E.45)
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exists, and in the limit A — 0 it is given by

K = /O S K(r) = i /0 S K@ (r). (E.46)

Any truncation of the present series yields an approximation for K.

E.2 Diagram Calculations

E.2.1 Theory

Within this appendix we shall calculate diagrams up to sixth order in the
tunneling coupling, and the present section serves to provide some theoretical
background for this analytical calculation.

Notation:

e For any function f with domain R we define the mirrored map S f of
f by
(S)(x) == f(==). (E.47)

e For any function f with domain R, and zy € R, we define the transla-
tion Ty, f of f by xy as the map

(Te f)(z) = f(z—0). (E.48)

e For a smooth and quadratically integrable function f : R — C the
Hilbert transform of f is given by

Hf(x) := % /OOO dw flowtw) = flz= w)‘ (E.49)

W

e For zy € R, and a smooth function f : R — C, we define the map
0z0f : R = C as the continuous continuation to R of the function

Guf)a) = LB =S@0) (E.50)

r — Tg
In particular, let 6 := dy. Note that

bo = Tu0T sy (E.51)
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e For (measurable and) quadratically integrable functions f,¢g : R — C
we define the convolution f x g of f with g by

(frg)(x) = / dy F)gly — ). (E.52)

e For n > 0, and, for example, quadratically integrable f : R — C, let
the transform ¢, f of f be defined as

thf = fxly, (E.53)
with [, the lorentzian
1 n
l = = — E.54
7l<x> T 772 + l’2 ( )

Remark (Translation and Fourier Transformation):

For any quadratically integrable function g, the relation

with p, the factor .
pae(y) = e, (E.56)
holds.

Lemma (Dualism of Spaces):

We define the space of functions £ as the set of all measurable functions
f : R — C which decay exponentially. The latter property be defined by the
condition that there are a,b > 0 such, that for all z € R:

f(x)] < aet (E.57)

On the other hand, we define the space of functions R as the set of all Fourier
transforms of functions in £. The explicit definition we use for the Fourier
transformation is

FHE) = / dy  fly)e . (E.58)

Examples of elements in L are, for arbitrary n > 0,

d,(t) = M and r(t) = d,(t)sign(t), (E.59)
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H
ly  —= Hl,

1 s

1 1
adn om N

Figure E.3: The image-map of the Hilbert transformation under Fourier trans-
formation is the multiplication by —i sign.

while the corresponding examples of elements in R are

Fd, = 2nl, and (Fry)(z) = —Ziﬁ = 2mi(Hl,)(x).
(E.60)
In this particular example, the action of the Hilbert transformation H on a
function in R has, up to a factor, the same effect as the multiplication by the
sign of the corresponding exponentially decaying function (Fig. E.3). This
is true in general and well-known. Nevertheless, it makes sense to verify the
equality of maps in the present situation.

All functions in R are analytic and quadratically integrable. Moreover,
it is clear from the definition of the spaces that the latter are copies of each
other, as far as the zero-set equivalence is applied in £, the isomorphism is
the Fourier transformation. We shall refer to the inverse of the Fourier trans-
formation by F~!. It can be quickly verified that product and convolution
of two functions in £ are functions in £. The same holds true for functions
in R:

Statement 1: If f, g € R, then

(la) fg = F[F'H*(SF 9] € R, (E.61)
(o) fxg = 21 F[F'HISF 9] € R. (E62)

As a consequence, for any n > 0, the transformation ¢, maps elements in
R to elements in R. The image of the transformation ¢, under Fourier
transformation is the multiplication by d,; moreover,

T T

mlne = lnitne (E'63>
and every function f € R has the form f = tnf with n > 0, feRr.
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Statement 2: The Hilbert transformation H is an endomorphism of R,
and the corresponding endomorphism of £ is given by the multiplication with
the sign and —1,

(F'HF) (a)(t) = —i sign(t)a(t). (E.64)

One consequence of this equality, together with the isometry of the Fourier
transformation, is, that the Hilbert transformation, too, is isometric with
respect to the scalar product of quadratically integrable functions. Generally,
for any two real or complex f,g € R:

[ o= [ty (E.65)

Moreover,

H? = —1. (E.66)

As a further conclusion, we note the equality

H[fHg+gHf] = HfHg — fy, (E.67)

which we verify by writing each of the products of functions f(Hg), (H f)(Hg)
etc. as the Fourier transform of a convolution of functions according to Eq.
(E.61), and by showing the equality of the Fourier back-transforms of both
sides of the present equation.

Statement 3: The maps 0., = 71,,07-,,, 0 € R, are endomorphisms
of R. In particular, the endomorphism F~16F of exponentially decaying
functions is given by

—i [, dta(t) for ty >0,
(FTHOF)(@)(to) = (E.68)
szio dta(t) for ty < 0.

Proof of Statement 1:

Statement (1a) is verified easily by the convolution theorem for Fourier trans-
forms. In order to show statement (1b), let

a = FIf
. f_lg _ (E.69)
We define for arbitrary € > 0:
1
G.(t) = —— e e (E.70)
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choose a sequence €, -+ 0 (n — 00), let

a, = axG,
5 = BxC. (E.71)
and
fn = Fay = erna
E.72
9n = Fhn = 9n ( )
with v, (z) = exp (—§(e,2)?). For every single z € R, the equation
fxg(z) = lim f,*g,(x) (E.73)
n—oo

holds (Lebesgue). On the other hand, f, * g, is integrable and quadratically
integrable, and hence

faxgn = 21 F(anSB.) €R. (E.74)

[Apply F~! to the left-hand side.]
For every x € R, the following equation holds:

fuk gulz) =2 / dy € (y)Ba(—y). (E.75)
R
Now, we note that
fn = f% — f7 (E.76)
9n = 9Tn — g

in [|-||,, the norm of the quadratically integrable functions. The isometry of
the Fourier transformation implies that also

o, — o«

’ E.77
B — B (E.77)

in this norm. As a consequence, we note the convergence of the product
apnSB, — aSB (n— o) (E.78)

in the norm ||-||; of the absolutely integrable functions. This implies the
following convergence of the right-hand side of Eq. (E.75):

27T/ dy e o, (y)Ba(—y) — 21 F(aSp)(z) (n— o00).
: (E.79)
With Eq. (E.73) and the definition of «, § follows, for every = € R,
fegle) = 2 FFHSF ) (@), (E80)
and thus the statement (1b).
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Proof of Statements 2,3:

Let g = F be an arbitrary function in R. We consider the image of g under
the Hilbert transformation H, as well as under ¢, and, on the other hand, we
consider the image of 8 under F'HF, as well under F16.F.

Statement (1b) implies that

g = tf = [l (E.81)

with 7 > 0, f € R. Then,
Hg = —[f=(Hl) €R, (E.82)
Sg = (L)« Fry £ (FFr) k) €R (ES)

Moreover, according to statement (1b):

B=F"'g = d,F'f, = (E.84)
F'HFB = —ir, F'f = —isignp. (E.85)

Finally, with statements (1a) and (1b):

(F10F)3 = ;dn { sign (F~'f)*d,) + (F'f)*(dysign) }. (E.86)

For ty > 0 we obtain:

{(F7'F)B} (t)) = —ie o / dt (F7Lf)(t)e )
to
_ —i/ dt B(t), (E.87)
to
the case ty < 0 is analogous. 0J
Remarks:

e The convolution of two functions, each of which is bounded by a scalar
multiple of fy(z) := 1/(1 + |z|), is quadratically integrable, since an
explicit calculation shows that

/R|fo*fo‘2 < oo. (E.88)
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e By the residue calculus we note, for arbitrary complex 2,z ..., 2y €
{Im > 0} with strictly positive imaginary part, the equality:

1 1 1 1 1
/ _ dz = 2mi(—=1)N+1 = .
RRZTZz2 z2—21 Z—2ZN Z+ 2z Z+ZN

(E.89)

Lemma (Extension of the Hilbert Transform):

Let g € R,e1,...,en € R, g =1,f withn > 0, and f € R, be given. Then
the limit
H,, = lim ... li
(Hearg) (e1,---.6nN) - T
1 1
d
/]R W g(w) )\1+i(w—€1) )\N+i(w—€N)

exists, and it has the representations

(Hemtg)(glv"'aEN) = ( )N ! (1 'H)((sez\r 1"'5519)(5]\/) (E'gl)

- [

Fg(ti+---+ty)expi(ert; + - +entn)

1 1
= dw w - - :
fote 19 e

(E.90)

Proof:

For N =1, indeed
: 9(w) _ .
)\h_f(r)l+ dw)\ Tie— w(1—1iH)(g)(e). (E.92)

[We expand the fraction 1/[A + i(w — ¢)] by the complex conjugate of its
denominator. For the real part, we obtain

/R do W S omg(e) (A= 0), (E.93)

while the imaginary part gives

(=) /0 dw '9(”“’&” 5,(25_”/)“/ & (=i)r (Hg)(e) (E.94)

for A — 0.]
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In case N > 2, we write

9w) = (a9)W)(w—e1) +g(er), (E.95)

and apply the convergence theorem (Lebesgue), as well as the residue calcu-
lus. Repeated use of these manipulations yields

Hewg)(er,ooven) = lim .. i B0
(Hearg)(e1 en) ,\ng%ﬁ /\15%+ ( )
W — &1 1 1
/ w alg(w))\lJri(wfgl))\QJrz'(w—ez) AN +i(w —en)
1 . L
7;]\7771 )\]\IIILI%)-F/dw((SEN_l e 5519)(0.}) AN + i(w _ 5N)

= (=) (1 —iH)(6ey_, - 09)(En).

For the proof of the second equality in (E.91), we apply v,(z) :=
exp (—1(z/n)?) to define
gn = Ing- (E.97)

We note that

Hepg(ey,...,en) = lim ... lim lim (E.98)

An—0t A1 —0t  n—oo

1 1
dw gn, - -
/ w gn(w) AL+ i(w—e1) AN +i(w —en)

:[limits] / / dt1...dty fgn(tl—i--“—f—tN)
0 0

e M e AN expi(erty + - +enty)  (with Fubini)

-----

Lo e “Ant :
—— e M leT MWW expi(erty + - + entN)
vN
=: [limits] / dt  (Fgn)(t)u(t) (cp. Fig. 2.6)
0

~ lim ... lim / dt (Fg)(®)u(t) (continuity in ||-|[2)
0

An—0t A1—0t

)\N—>0+ A1—0t

= lim ... lim / / dt1...dtn fg(t1+---+tN)
0 0
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H,8

R = R

2 Za
L L

Figure E.4: In our terminology, the Fourier transformation F maps
from £ to R, while the Hilbert transformation, as well as the map 9,
are endomorphisms of R.

expi(eit; + - +entn) e Mt ANt

o0 [o¢]
= / / dty...dtny Fg(ti+---+tn)expi(ert; + - +entn)
0 0

with Lebesgue.

We obtain the last representation of (He.tg)(e1, . . ., en) within Eq. (E.91)
upon inserting g = t, f into the definition. With Tonelli/Fubini we can swap
the order of the integrals; then, we apply Eq. (E.89) to calculate the inner
integral. O

Remark (Relation between H and §,,):

1. Inserting 6,6, f(t) into Def. (E.50), we note the commutation relation

0z0y = 0y04. (E.99)
2. For any f € R, and zy € R, J,,f is Riemann-integrable, and

R zo+R
lim 0zof = lim duof = 7™ (Hf) (o). (E.100)

R—o00 _R R—o0 zo—R

3. We note that 0 H = HJ, since

H§ = F (F'HF) (F'6F) F !, (E.101)
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and since F'HF commutes with F~'0F according to Eq. (E.64),
and (E.68). Because, for any =y € R, T,,H = HT,,, we conclude that
generally

Hé,, = 6,,H. (E.102)

4. For any f € R,n € N, zy € R, we note:

(07, f) (o) = —f"™(wo), (E.103)

as well as, for any x # xy:

f(@) = p(f, zo)n-1(x)

(x — xo)"

(05, 1) (z) = , (E.104)

where p(f,xo)n—1 is the Taylor polynomial of f around zy of degree
n — 1, in particular p(f, x¢)_1 := 0.

5. As a consequence, the n-th derivative of the Hilbert transform of f € R
has the representation

n! [ dw
T Jy % (f = p(f,z0)n-1)(x0 + w)

+ (1™ (f = p(f, 20)n1) (w0 — w) }

(Hf) " (20) =

= H™f(x). (E.105)
6. In particular:
HO f(z) = i/ooocf{f(xoﬂtw) — flzo - w)}, (E.106)
HOfeo) = 5 [ 55 {fan+w) + flao - )~ 2f @)},
(E.107)
A feo) = 2 [T {0 +0) = flao =) = 20f (@)}

(E.108)
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7. The integrand appearing in H™ f(z) (E.105) has the alternative rep-
resentation

1
wn+1

{ (- phaohn )@ +w)
£ p(raon )0 —w) b

. .
0<tn+1< <t1<w

(f(n+1 (20 + tni1) + f(n-i—l)(:m_thrl) ) (E.109)

Remark (The Integral I¥T4(a,b,c)):

For any three functions a, b, c € R we define

"4 a,b,c) = /Rde a(e) /Rdé (0:0)(€)c(é). (E.110)

This integral generally appears in the calculation of 6-th order RTA-diagrams
(not shown within this work), and in particular in the calculation of the DSO-
integral I(DSO)(6)(f, g, h), which we shall carry out within the next section.
We here show that the integral is well-defined, that it is symmetric in a and
¢, and that it is trilinear (linear in each of the three arguments). In addition,
since we shall apply the result in the following section, we determine the real
part of

I"TA ([ +iH]a,[1 — iH]b,[1 +iH]¢), (E.111)

with H the Hilbert transformation, in case a, b, ¢ are real.

Right-Hand Side of Eq. (E.110) Well-Defined:
To the function b € R we assign the family of functions (0.b).cr (also in R).
For any € € R, the inner integral

/ dz (6.0)(8)c(?) (E.112)

exists in the absolute sense; to determine its value, we note:

(0:b)c = 6.(be) — b(e) (0cc) . (E.113)
Thus, with (E.100), the inner integral is
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/(556)0 = /6E(bc) — b(e)/égc

=« [H(be) — b(He)] (e). (E.114)

Since the right-hand side of the present equation is a function in R (evaluated
in €), we conclude that the integral I%74(a, b, c) (E.110) is well-defined.
Symmetry a <+ ¢: We obtain for the integral’s value:

I be) = =« [ / aH(bc) — ab(Hc)} (E.115)
- [ / (Ha) [HH(be)] — ab(Hc)} (isometry of H (E.64))
- [ / (Ha)be + ab(Hc)] (since HH = —1 (E.66)),

and from the last line’s representation we conclude that I774(a, b, ¢) is linear
in every argument and symmetric in a and c.
Real Part of (E.111):

For real a, b, c € R we calculate:

Re {[RTA (1 +iH]a, [l —iH]b,[L+iH]c)} =

I A (a,b,¢) — I7T4(Ha,b,He)
+ IPTA(Ha,Hb,c) + I7T4(a, Hb, He). (E.116)

Inserting the triple (a, Hb, Hc) into Def. (E.110), we obtain

[ATA (g Hb, He) = / de a(e) / dz (6. (HD)) () (He)(E)
R R
_ / de a(e) / (H(5.0))(He)  (with (E.102))
_ / de a(e) / (6.b)c  (with (E.65))
= IFT%qa,b,¢). (E.117)
By the symmetry we conclude:

I"TA(Ha,Hb,c) = I%T4(¢,Hb,Ha) = I%7(c,b,a)
T4, b, c). (E.118)
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Finally, upon inserting the triple (Ha, b, Hc) into the last line of Eq. (E.115), we
find:

—IFT4(Ha,b,He) = 77[ / (HHa)b(He) + (Ha)b(HHc)]

= 7 [/ ab(Hc) + (Ha)bc] (with E.66)
= IfT4®,b,¢). (E.119)

In summary,
Re {I"A (1 +iH]a,[l —iH]b,[1 +iH]c)} = 4 "4 (a,b,c). O (E.120)

E.2.2 Practice

We here calculate all contributions to the kernels within a certain sub-
selection of diagrams up to sixth order in the tunneling coupling: Neglecting
the doubly occupied state, we take into account all DSO-diagrams up to
sixth order. This amounts to the calculation of three integrals — one for each
order 2n, n = 1,2,3. We refer to these integrals by the 2n-th order DSO pair
formation

Poso = { {1,2n},{2,3},{4,5},... . {2n - 2,2n — 1} } € PF{1,...,2n}
(E.121)
(cp. Fig. 3.8), or else by a graphic icon of this pair formation. Since imag-
inary parts cancel in the end, we restrict ourselves to the calculation of the
real part and apply the congruence

21 = 29 & Re(z1) = Re(z). (E.122)

Second Order Diagram

Let f € R be real and integrable; we calculate:

- HDSO)R)() =

o 1 .
T Rdw f(w)n T Rdw f(w)nz T2
— lim dw /1 f(n (w/n)Q) — lim e f(nx)

n—0+ Jp 1+ (w/n) n—=0+ Jp 1+ a2



E.2. DIAGRAM CALCULATIONS 185

= 7f(0). (E.123)

Fourth Order DSO-Diagram

Let f,g € R be real and absolutely integrable; the integral we encounter in
the fourth order DSO-diagrams is

[(e=)(,9) :=

I(DSO)(4)(f,9) :

1 1
= li dwd,
/\—1>%1+// i f(w ))\+zw Ati(lw—w) A iw

_ /0 /0 /0 dtydtydts (FF) (b + ta + t3)(Fg) (—ta)

1 1 1
= lim //dwdw/ flw)g(w) : , -
n,m =0+ n+iw n+n +ilw—w) n+iw

(E.124)

- nhglo+//dew flw )< +W>2

de
o 17—|—zw—zs17—zw + i€

1 1) 1
= — lim de | dw f(w) . - ,
27 nn/ =0+ N+ w n+iw — 1€

(with (E.89))

1
/dw’ g(w') i i (with Tonelli/Fubini)
1 . . )
= 3 777771’131(” de Heyt(tyf)(0,0,6)Hege(tyg) (€)™ (with (E£.91)).

At this stage we insert

Fo=taf } with f,g € R, ny,my > 0, (E.125)
g lnyg

and with (E.63) we rewrite the last line of Eq. (E.124) in the form
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1 . r3 ~ *
Gy W}}LHO_’_ de Hext(tn+nff)(07O’e)Hext(tn’-i-ngQ)(E)
1 . 1 2 1
= — lim de /dw f(w)( , ) . .
27 n,n =0+ n+mny+iw n+ny+iw —ie
1
dw' g’ ith (E.91
/ wg(w)17/_1_7]g_z.wl_|_z.5 (with ( )
1 . 1\ 1
= /ds/dwf(w)( ) . .
2 nf 4w Ny +iw — 1€
1
v’ §lw') —————— E.12
[ o) (E.126)

with Lebesgue, since

///dedwdw’
(E.127)

We verify the latter absolute integrability by first performing the integral over e:

Fae) (- ) ! !

Ny + iw Ny +iw —ic ng — W' + i€

(E.128)

1 1
/d€ - - - -
Ny +iw —ic ng —w' + i€

1
= /de - '
ng +ie —w)

1
- fel
Ny +1€

< oey [ dE folE) fole — (& =) = epey (ox o)W ),

1
ng +ile —w+w—uw)
1
Ny +i(E — (W' —w))

with appropriate constants cf,c, > 0. The function fo * fy is quadratically inte-
grable (E.88), and so, upon inserting the present estimate into the integral (E.127),
we obtain

///dzsdwdw’ f(w)g(w’)( ! , )2 1 . .1
Ny +iw Ny +iw — i ng — W' +ie
2
< oo [ [t |fae) () | or e -
_ 1 2
< oyeq lalh 1ol [ o) (5 ) | < == (129
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since f , g are quadratically integrable. We conclude from (E.126):

1 ) *
omr n,771’1£>n0+ de Heyt(tnf)(0,0,€)Hewt(tyyg)()

_ 1 / dz Hoay (£)(0,0,) Hon(g)(E)", (E.130)

and so, going back to Eq. (E.124):
IDSO))(f.9) = 5 [de (L= iH)SB(E) (14 iH)(g)E)
(with (E.91))
[ @ s5(nE0E

(we take the real part; isometry of H). (E.131)

Upon applying the equality

(00f)g = 66(fg) — f(0)ddg — (6£)(0)dg, (E.132)

as well as the Riemann-integrability (E.100), we obtain for the right-hand side of
Eq. (E.131):

—n [ @ng = —w{ HOU) - FHGy) - GHHY (0. (E133)
Finally, upon commuting H and ¢ (E.102), we arrive at
[(DSO)(4)(f,9) = =*{ f(Hg) —H (fg)} (0). (E.134)

Sixth Order DSO-Diagram

We calculate, for arbitrary real-valued and integrable f, g, h € R, the integral

[(==){,0h):=

n—0+

[(DSOY(6)(f.9.h) = lim / / / F@)g(@)h(w") (F.135)
1

1 ° 1
n+iw/) nt+ilw—w) n+ilw—w")
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- mﬁﬁm///fwmwww>
’ 1

(n—i—iw) n+n +ilw—w) n+n"+i(w—w’)

~ G, i, [ [ [asasar [ [ reaene
3

1
<17+iw> n+iw—ic 7 —w +ie n+iw—1i€ ' —w’ +ie

1 7"
- M / / dedz (Hegty £)(0,0,0, 2, 8)(Heatty 9)(€)* (Heaityrh) ()"

At this stage we perform the limit with respect to n,7',n”; we write

f = t?’]ff R B
g = tn,g o with f,g,h €R, ny,mg,nn >0, (E.136)
h = tnhh

analogously to (E.125). Analogously to (E.127), we note that

///dwdw/dw” //dsds (w)g(w)h(w )<nfiiw>3

1 1
’mﬂ-zw—ze Ng — 1w +ic Ny +iw — i€ Ny —w’ + 1€

(E.137)

and so, going back to Eq. (E.135), we conclude:

I(DSO)(6)(f,g,h)
- (271T)2//d5d5 (Hewt £)(0,0,0,€,8)(Heptg) (e)* (Hexth) (6)*

_ Z//dsdé 5.666(1 — iH)f(2) (1 +iH)g(e) (1+ iH)h(@)

- %IRTA((1+iH)g,555(1—z’H)f,(1+z'H)h) (Def. (E.110))

= 71 IFT4(g,666f,h) (we take the real part; Eq. (E.120))
- / d g(e) / (6.056f) h. (F.138)
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Upon applying the relation
(bwa)b = 0y (ab) — a(w)dyb, (E.139)

as well as the Riemann-integrability (E.100), we get for the inner integral:

/ (6.066f) h = « {H [(866F) h] — (686f) H [A]} (2). (E.140)

As a consequence, with the isometry of the Hilbert transformation (E.65),

n 10T (g,555f,1) =~ x® [ (650 ((Hoh + g(H),  (E41)

=:b

and by the relation

(565F)b = 685(fb) — £(0)366b — (5£)(0)68b — (35.£)(0)5b (E.142)

we obtain:

s = Fmie) ~ sany o). (E.143)

Inserting b = (Hg)h + g(Hh), we note:

3
w10 (g,505f,h) = T {fH [(Hg)h+gHh) — H (f [(Hg)h + g(HR)))}" (0).
(E.144)
Upon applying relation (E.67), and going back to Eq. (E.138), we arrive
at the equality:

’/T3

1(DSO)O)(f,9.h) = TAf (HgHh —gh) — HI{f(hHg+ gHN)] }'(0).
(E.145)

E.3 Application: Sixth Order DSO with In-
finite U

In the present section we give the results for the density matrix and current
as obtained within the sixth order DSO, applied to the STAM with infinite
Coulomb-interaction U. We calculated the emerging diagrams theoretically
in the previous section, and we here note the results in terms of the multilin-
ear forms of that section. Finally, we consider in particular the temperature-
dependence of the linear conductance (the differential conductance at zero
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bias) G. An analysis shows that G(T') diverges logarithmically to +oo with
T — 0 in case the Anderson model’s degenerate level lies below the Fermi
level of the contacts.

E.3.1 Sixth Order Rates

In the same way as within the complete dressed-second-order for infinite
Coulomb-interaction, Eqgs. (3.49), and (3.50), we write the stationary density
matrix and current as function of rates T'":

P00 1 I~
P | = 1, (E.146)
I'+1I+
Pyl + rt
and
1
L = S(L-I)
= poo(Ty =T7) + poo(Ty —T7), (E.147)
where
r+ = Y rf, (E.148)
l

and I" := ' + T'". For simplicity we here assume symmetry with respect
to spin within the quantum dot as well as within the leads; moreover, we
assume equal coupling functions o;(e) (Def. (D.60)) for both leads,

o = a. E.149
I

The rates Fli, on the other hand, are given by the sum of all contributions
of DSO-diagrams up to sixth order to

1
- §TT {Kcu'r'r,l

0><0|}, (E.150)

and to

Tr {Kcurr,l

o ><ol}, (E.151)

respectively. Hence, we shall insert

I = IF(DSO,III), (E.152)
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where
IF(DSO,I1I) := T#(DSO,2) +TF(DSO,4) + I (DSO,6), (E.153)

and where, to each n = 1,2,..., I'F(DSO,2n) is the contribution of all
DSO-diagrams of order 2n to (E.150), and to (E.151), respectively.

The Rates I'"(DSO, 2n)(n = 1,2,3) :

With Fig. 3.1, and with Eq. (3.1), the second order contribution to the DSO
rate [ (DSO) is

2 o ()
I'f(DSO,2) = = Re li de —— L~
l( ’ ) h 6771_% ET]—FZ'(E—EH))
2 T g, aF
— 2 Re lim [ dw M
h n—0 N+ 1w
2T 27
== % T,Emozli(()) == ? Oéli(E]_(]), (E154)

where we have applied the translation 7_g,, (E.48), and the result of Eq.
(E.123). For the fourth order contribution to I';i"(DSO) we obtain according
to Eq. (3.28), and with Figs. 3.5, 3.10:

ai (¢)

2
I'f(DSO,4) = = Re li de — L7
l( ’ ) h enl—r}%) E’I?-l-i(é‘—Elg)

-1 8/ ’7(5/)
n+i(e — Ey) /d n+i(e —¢)

— 2 Re lim wde 1 T E10%] )( )(T—E107)( )
- R iy //d o 77+M) (n+i(w—w'))
= {H( T gy )(T Elory)) (T- By )H(T Elo’Y)} (0)

- 2i {H (o) — of (HY))' (Buo). (E.155)

where we use the notation v := a + o, and where we inserted the result
(E.134) of the integral calculation (E.124). Finally, with Eq. (3.36), with
Fig. 3.10, and upon applying the translation 7" g, to all of the appearing
functions, we obtain for the sixth order contribution to I';f*(DSO):
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2 o (e)
Z Re li de — L \"/
h € nli% 677+i(5—E10)

/dé‘/ 7(8/) 2
E—Elo n+ile —¢)

2
= ﬁ DSO)( ) (T E109) ’T—Elo%T—Em’V) (E-156)

with Def. (E.135). By the result (E.145) for the calculation of the general
integral I(DSO)(6)(f,g,h) we arrive at

I'f(DSO,6) =

I£(DSO)(6) = —{al V2 —42) — 28 [aFyHA] } (B). (B157)

In summary, the sixth order rates within the DSO-selection are given by
IF(DSO,I1I) = TF(DSO,2) +TF(DSO,4) +T5(DSO, 6), where

T*(DSO)2) = %ml (Exo), (E.158)
Ir£(DSO)(4) = 2 2H(F(a+ab) — afH(a+ah)} (Bio)
_ % Bil(DSO)(ai*, a + ), (E.159)
and
I (DSO)(6) = % w?’{ o H [(a +a")H (o + oﬁ)]
- H [a;—“(a +a")H(a+ a+)] }//(Elo)
= % Tril(DSO) (o, a +at,a+a™). (E.160)
The bilinear map Bil(DSO) : R x R — C is given by
Bil(DSO)(f,g9) = =*{H(fg) — [f(Hg)} (Ew), (E.161)

while the trilinear map Tril(DSO): R x R x R — C is given by
3
Tril(DSO)(f,9.h) = - { f(Hg)(HI) ~ foh

~m[fotmn) + f(gn] } (). (B162)

We implicitly assume that the functions Ozli are contained in the set R (Sec.

E.2.1 (Diagram Calculations — Theory)), and we have applied relation (E.67)
for Eq. (E.160).
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E.3.2 Temperature-Dependence of Sixth Order Cur-
rent and Conductance — Theory

Next, we want to analyze the temperature-dependence of the sixth order
rates, and in particular of the conductance obtained from the sixth order
current (E.147). To this end we formulate and prove the following technical
remark and lemma:

Remark (T-Dependence of Derivatives of Fermi Function):

All of the derivatives of the parameter-free Fermi function f(z) = 1/(1+ €”)
decay exponentially: For all n > 1 there is K,, > 0 such, that for all x € R:

fP()] < Ke (E.163)

As a consequence, the following statement about the Fermi function at chem-
ical potential y;, and temperature 7T,

file) = f(gk;}”), (E.164)

holds: For arbtitrary fixed and given n > 0, and r > 0, there is a constant
const(n,r) such, that for all ¢ € R with |e — y| > r, and, independently of
T >0:

1M )] < const(n,r). (E.165)

In particular, the limit limp_.q fl(n) (€) exitsts for all n > 0, and € # .
Proof:
For n > 1, f((x) is a linear combination of terms of the form

(1+ ek (14 ™), (E.166)

with integers ky, k_ < —1. Hence, |f™(2)| < K,e 1*!, with K, independent
of z. For any fixed € # p; with |e — | > r:

™ — L (e=m) o (2=t
’fl (5)’ (e —m)" ( kT ) / < kpT )‘
—  0(T—0), and
<

1
— sup { ‘:L‘”Kne_‘x|
r'n,

C T € R} =: const(n,r). (E.167)
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Lemma (T-Dependence of I'7(DSO,I11) and G(DSO, I1I)):

Let y € R,m e {1,2,...}, 1, ..., um € R be arbitrarily given. For T" > 0,
and j =1,2,...,m, we define

ne = 1 (). (E.168)

where f is the parameter-free Fermi function, and consider any natural n > 0
fixed and given. Then, the following statements hold:

i) For all e € R\ {p1,. .., fm} the limit

lim  H™(vfy. .. fn)(e) (E.169)

T—0

(Def. (E.105)) exists. Moreover, for arbitrary r > 0, there is a constant
¢ > 0 independent of T such, that for all £ € R with

min{le —p;|:j=1,...,m} > r (E.170)

the inequality
HOGf . f)E)] < o (B.171)

holds.
ii) Let k € {0,1,...}, fi(e) = %(5). Then, for all € € R\ 4, the limit
lim  H™(f{f7)(e) (E.172)
T—0
exists.

iii) Additional properties of regularity and decay imply that, for a function
a € R, also afy € R, where

fole) = f<5k;;°), (E.173)

where f(z) = 1/(1+4¢€") is the parameter-free Fermi function, and where
temperature 7" and chemical potential p are arbitrary (Ref. [20], App.
A). We consider natural numbers 1, ..., K, € {0,1,...} to be given.
Then, the limit

lim  HY [y f L fr Hafy) () (E.174)

exists for all € € R\ {po, b1, -+, fhm }-
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iv) In addition to the functions a, and fy, of the previous statement iii), let
k€ {0,1,...}, and Ty > 0 be arbitrarily given. Then, for all £ € R\ po:

HO [y~ ffs Hafo)  (2)
oo nl (a)(w) 1 m(T

— E.1
T2 k+1 (,UO _ E)n—H TO> ) ( 75)

where we define the present congruence by the property that the dif-
ference between the two functions of the temperature on the left-,

and on the right-hand sides of the congruence-sign, respectively, is con-

vergent as T — 0; In := exp~!.

Proof of Statement i):
Let r > 0 and € € R with

min{le —p;|:7=1,....m} > r
be given. By Eq. (E.109) we decompose

Hgle) = (E.176)

n! /T/ 2 duw / /
I 71 Y
i 0 wnt 0<tp+1<<t1<w

{9(n+1)(5 +tnr1) + g(n+1)(€ - tn-i-l)}

+ ? /7“;: % {—p(g, 5)n—1(€ + w) + (_l)np(g’ 5)71—1(8 _ w)}

v [ e 0w )

with
g = vf1.. . fm. (E.177)
The integrand of the integral over [0, /2] is pointwise convergent, which can be

seen from the alternative representation of this integrand (Eq. (E.109)). Moreover,
to every [ € {0,1,...} there is ¢; > 0 such, that for all x € R with

min{|lz — p;|:j=1,...,m} > r/2 (E.178)
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the inequality

gV @) < « (E.179)

holds independently of the value of the temperature T' (Eq. (E.165)). In particular,
the integrand of the integral over [0,r/2] within Eq. (E.176) is bounded by

2¢n41
(n+ 1)V

(E.180)

so the integral is convergent for T" — 0 with Lebesgue. Moreover, note that the
upper bound for its value,
Cnt1 T
n+1lx’

(E.181)

does depend on r, but that it is independent of the temperature T', as well as of
the value of the initially given e.

The numerator of the second contributing integral within Eq. (E.176), the
first integral over [r/2, oo, is a polynomial in the integration variable w of degree
smaller or equal n — 1. Its coefficients are obtained from the derivatives of g in
€. Hence, they are convergent with T — 0, and upper bounds for their absolute
values are obtained from the constants ¢;(I = 0,...,n — 1) chosen above.

What remains to be shown is the convergence of the contribution

n! < dw n
T, e Geere 0w
! 1r\B, ,(0) (W)
- % /R dw gl +w) % (E.182)

with T" — 0, and the existence of an upper bound which is independent of the
temperature T', and of e. However, the integrand of the latter integral is pointwise
convergent, an integrable upper bound of the integrand is given by

1r\B, ,(0) (@)

e+l

(E.183)

and so an upper bound for the integral independent of temperature and the value
of € is obtained by the Cauchy-Schwarz inequality:

n! 1r\B, 5 (0) (W)
1r\B, ,(0)(w)

IN

(E.184)

Il Hw e
2
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Proof of Statement ii):

We let ¢ € R\ ug be given. Let

roo= |u—el, (E.185)
and decompose H(™g(e) as in the proof of statement 1), where now

g = A (E.186)

The convergence of the integral over [0, 7/2] within the sum (E.176), as well as the
convergence of the first integral over [r/2,00[, is seen in the same way as in the
proof of statement 1).

Hence, we consider only the contribution

N AR 2O e+
™ R

- / dr h(z) (fL15)(), (E.187)
T R

with

1 T —
h(z) = ~(z) R\Z/i(?)(nﬂ E). (E.188)

We note that the function h is bounded and smooth on R\|e —7/2,e+r/2[. Upon
applying an integral transformation the integral turns into

n! / Az () f5) hiu + ksT?). (F.189)
T R

The integrand of this integral is pointwise convergent for 7' — 0, and an integrable
upper bound is given by ||h||s|f’(2)], so the convergence follows with Lebesgue.

Proof of Statement iii):

Let e € R\ {uo, - .., m} be given. We define
r = min{le —p;|: j=0,...,m}, (E.190)

g = ~Afft.. fim H(afo), (E.191)
and decompose H(™ g(e) as in the proof of statement i), Eq. (E.176). Note that,
according to our assumption, afy € R, hence for arbitrary | > 0: H(afg)) =
HO(afy) — the I-th derivative of H(afy) is obtained by applying the transforma-
tion H®) (Def. (E.105)) to afy. Part i) of the present lemma yields thus statements
about the derivatives of H(afy):

For any & # pug, the limit

Jim HY (afo) () (E.192)
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exists, and, to any r’ > 0, there is a constant ¢,»; > 0 such, that for all
e" € R\Jpo — 7', o +7'[:

[HO@f)E)| < e (E.193)

We conclude that the first and the second integral contributing to H™g(e)
within the decomposition (E.176) are convergent for 7" — 0.
The third and last integral is

DTS et (e —w)

T /9
n. 1]R B, /(e w
= 2 [ e 2
_ %' /R do h(w) H(afy)w), (E.194)
with
1r\B, @) (W
M) = Q) ) RO m

Note that h, as well as a fy, are pointwise convergent for T — 0, and be-
cause this pointwise convergence is bounded by a square-integrable function,
the convergence is satisfied also in the || [|,-norm. The Hilbert transforma-
tion is isometric with respect to this norm, so H(afy) is convergent in || ||,
With Cauchy-Schwarz follows the convergence of the integral of the product
h H(Oéfo)

Proof of Statement iv):

We let € € R\ po,
roo= |e— o, (E.196)

g = (=f)ff Hlaf), (E.197)
and decompose H™g(e) in the same way as for the proof of statement i),

Eq. (E.176). We note that the first two integrals within the decomposition
(E.176) are convergent for 7" — 0. The third integral is

|

Do fde (R HeRI@ b (B

with
1p\B, () (W)
(w—g)ntl

h(w) = 7(w) (E.199)
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After a transformation the integral reads

n! dr  (—f"(z))f"(x) H(afo)(po + xksT) h(po + xksT).  (E.200)

™ JR

As we shall show in App. F (Universality), the difference

yr(r) = H(afo)(po +xksT) —  H(afo)(mo) (E.201)

is pointwise convergent for T" — 0, so for each arbitrary value of x, the limit
limy_,o yr(x) exists. Moreover, there is a constant ¢ > 0 such, that for all
r € R, and T €]0, Ty):

hr(@)] < ca. (E.202)

To show the latter statement, we represent

vr(zo) = /0 Y e vr(z), and (E.203)
@ = [ ay Gl (B.204)
T Jo
where
Gur(y) = y12{Fx,T(y)+Fx,T(_y)—2Fx7T(0)}, (E.205)
For(z) = olpo+EkT(z+2) flz+2). (E.206)

The integrand G, 7 is pointwise convergent for 7' — 0, and there is an
integrable map
Gr,: ]0,00[— R (E.207)

such, that for all x € R, T €]0, Tp):
Gzl < Gr (E.208)

pointwise. To obtain such an upper bound for |G, r|(y), we distinguish
between the cases y < 1 and y > 1. We represent

+FmT( ) —2Fx,T(O)
/ / (B (t2) + F (1) (E.209)
0<ta<t;<y

in case y < 1, while for y > 1 we estimate: |G, r|(y) < % ol oo
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It follows from the pointwise convergence of vyr (E.201), and from the

estimate (E.202), that the integral
n!
T [ @@ ) hotokaD). (E210
R

7

is convergent for 17" — 0. Hence, the congruence
[ de (~r@) ) Hlaf) i + skaT) bl + oksT)

T Jr

|

% Hiaf)(u) [ do (7)) hyo +akaT) (211

7

~
Iy
(=)

holds, so we have slightly simplified the integral (E.200) whose logarithmic
divergence with T" — 0 we want to show.
Now, we want to prove the relation

H(afo) (o) = O‘f”m(%): (E.212)
We represent
4 af) ) =" [dr (—F())alu + ksTe). (E.213)

dr
and for 17" €]0, Tp):

H(afo)(po)|"="" — 04(7;:())1n (g>

To
— H(afo) (o)< — *2 /T ar /R dx

T
(—F (@)2(00) (o + kpTa),  (E.214)
where the latter integral is convergent for T — 0.
Finally, we note

n! a(uo) In (%) /Rdx (—f"(z)) f*(x) h(po + zkgT)

T Jr

™ ™

= %!a(?)ln(%) [ £ ). @219
T / dr (—f'(@)) f5(x) k(o + 2ksT) — hijw)
< h%‘ T (bl [ do (-1 @) @)l

— 0(T'—0) (E.216)
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with de I’Hospital.
In summary,

H™ (=) f5 H(afo)l (o)

! (ay) (ko) 1 (T
™ k41 (uo—s)”ﬂl (To>' 0 (E.217)

S
Iy
o

E.3.3 Temperature-Dependence of Sixth Order Cur-
rent and Conductance — Practice

The lemma of the previous section implies the existence of the zero temper-
ature limit
lim T (DSO, I11), (E.218)
T—0

of the rates T;°(DSO, I11) (Egs. (E.158), (E.159), and (E.160)) within the
sixth order DSO for infinite U in case

B # i (E.219)

In particular, the lemma’s statement i) (E.169) implies the existence of the
zero temperature limit of the fourth order contribution T';"(DSO, 4) (E.159),
while statements i) and iii) (E.174) imply the existence of the zero tem-
perature limit of the sixth order contribution I'f(DSO,6) (E.160). As a
consequence, the zero temperature limits

71}% p, and %1310 I,
of density matrix (E.146), and current (E.147) also exist.

Linear Conductance within the Sixth Order DSO

Expressed by the bilinear and trilinear forms (E.161), and (E.162), the sixth
order current [;(DSO, II1) for infinite interaction U reads:

L(DSO,III) =

2{ —oel )(E1) + Bil(DSO)(a?—af,a—l—aﬂ
+ Tm'l(DSO)(a;“—af,a—koﬁ,a—i—oﬁ) }/)00 +

2{ “)(Ey) + Bil(DSO)(af — a7 ,a +a*)

+ Tril(DSO)(a; —a; ,a+ at a+ah) } Poo- (E.220)
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We let the chemical potentials be a function of a bias voltage V; according
to

M = Ml(%) = EF+)\16%, (E221)

with dimension-less constants A; > 0, \; < 0 satisfying \; — \; = 1, so that

mVa) — Vi) = eV, (E.222)

We determine the linear conductance G by differentiating the particle-
current, multiplied by the electron charge —e, with respect to the bias, and
by evaluating this derivative in particular at zero bias:

d(—e)I,(DSO, I11)|"=°

G(DSO.,III) = ) E.223
(DSO, 111) = (5,223
We obtain:
G(DSO,IIT) =
4 2
726 (P00 + poo) { m(aufr.ep)(Ero) + Bil(DSO)(ufr ey, a+at)
+ Tril(DSO)(aufrepa+at,a+a™) } (E.224)
with
— —1 (€~ Ep o g _ e— FEp
fres(e) = kBTf ( T ) = 50 f)( T > (E.225)

according to (3.47). Note that the function fr g, is positive, has total weight
one, and that its weight is distributed over a region around the Fermi level
E'r whose size is proportional to kgT'.

Divergence of G(DSO,I1I) with T"— 0

We investigate the dependence of G(DSO, I11) on the temperature as 7" — 0.

We assume, that
Eyw # FEp, (E.226)

and consider in particular the divergent contribution

(oo + poo) Tril(DSO) oy fr,a+at,a+a™)

2% (000 + poo) (—7)H [arfr(a + o) H(a +a™)]" (Bw)  (E.227)

(Def. (E.162)).
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By the statements (ii) (E.172), and (iv) (E.175), of the previous section’s
lemma we conclude:

T—0  e’m? 603 (E T
G(DSO,III) = N (poo + poo) ﬁ 111(70

(E.228)
Thus, the linear conductance obtained by the sixth order DSO for infinite
Coulomb-interaction U diverges logarithmically to plus infinity with 7" — 0 in
case Fy < Er, and it diverges logarithmically to minus infinity if Fyg > Ep.
Upon taking into account all diagrams for the STAM at infinite U up to
sixth order, the divergence to plus infinity in case Fy < EF is still present,
and the pre-factor of the logarithm is increased. On the other hand, in the
case Fig > Ep, the pre-factor of the logarithmic term no more contains the
probability pgo, but only p,, [20]. Hence, the logarithmic divergence is much
weaker in the case Fqy > Er within the exact sixth order.

Conclusion

The current I; across a quantum dot as function of the bias Vj, can be repre-
sented as

Lo L v (%0 (E.229)
fv dvy 5& ) (V; < 0)

We showed that, within the approximation of the sixth order DSO for infinite
Coulomb-interaction, the zero temperature limit of the current I; exists, as
long as the energy of the quantum dot level is different from both chemical
potentials Eyg # ju, g7. In particular, at zero bias, the differential conduc-
tance dl;/dV,, diverges logarithmically to plus infinity with 7" — 0, if the
energy Eyg lies below the Fermi level. Hence, the divergence of the differen-
tial conductance at zero bias can be only a singular behaviour, and we can
expect to see a peak in the graph of dI;/dV} vs. the bias around zero bias,
logarithmically getting more and more pronounced with 7" — 0.
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Appendix F

Universality in the
Temperature-Dependence of G

In the present appendix we analyze the expressions for the linear conductance
for infinite Coulomb-interaction obtained within the DSO (3.53), as well as
within the RTA (3.52). Our aim is to represent the expressions for the
conductance by functions which take a small number of scalar arguments,
and which are otherwise parameter-free, and in this sense universal (cp. Fig.
3.14). On the way to this, we show the existence of the zero temperature limit
limy_o {pp+ (Er + 2kpT) — pp+ (Er)} (cp. Fig. 3.11), and give its parameter-
free representation (Fig. F.1). Moreover, we show that py,+(Ep) diverges
logarithmically with temperature as 7" — 0.
For a start, we concentrate on the expression

2 2 2
GRTA 4&1@%2 / de ”;Eggg) Fro (). (F.1)
for the conductance within the RTA (3.52), where the denominator is d(¢) :=
(o + at)*(e) + (€ + Patat(€) — E19)®>. We here study only the relative
conductance G(T')/Gpaz, and so we analyze only the integral-part of the
present expression. To this end, we write the coupling function «(e) as the
product

ale) = a(Er)b(e) (F.2)

(cp. Fig. 3.12), and divide both the numerator and denominator of the
integrand within the present equation (F.1) by a(Er)?. Moreover, we write
e = Fr + xkgT, and integrate with respect to x instead of ¢.

The integral is concentrated in a region of few multiples of the thermal
energy around Er, hence, it is justified to estimate b(e) = 1, and p,(e) =

205
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po(Er); po(Er) here is zero since we choose the function b(¢) to be symmetric
around Fr (Fig. 3.12). Upon applying these modifications we obtain the

integral:
m2a?(e) B —7°f'()
/d€ W fT,EF(g) - /dx72(1+f($))2+¢2(l')7 (F?))

where we use the abbreviation

kgT  Ep — Ejg
= E kT FA4
o(x) $a(EF) + o(Er) + o+ (Ep + xkpT), (F.4)
and where the function b* is given by b (¢) = b(e)f ((e — Er)/ksT) (cp.
Fig. 3.11), with f the parameter-free Fermi function (Eq. (C.78)).

Logarithmic Divergence of py+(FEr):

We now analyze the behaviour of the function py+ (Er + xkgT'), and, first of
all, we consider its depencence on the temperature in x = 0. We obtain for
the derivative of py+ (Er) with respect to the temperature:

d
diT Dp+ (EF)

R e Gl

drT 0 w
= % Rd$(—f,)(x)b(EF+$kBT) ~ 11_,, (F5)

provided that, within a range of few multiples of kgT" around the Fermi level,
the approximation

ble) =~ 1 (F.6)

holds. We conclude that, for temperatures 7" below some fixed value T, at
which the present approximation is satisfied:

- _ T
o (Bo)™™" =~ ppe(E)[™™ 4+ In (7) .7

The Pointwise Limit limy_,g {pb+ (EF + Q?k‘BT) — pb+(EF)}Z

Next, we consider the difference

Pp+ (EF + l’kBT) — Dp+ (EF) =
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JoT % {(b(Bp + kT (x+y)) f(x+y)
—b(Er +kTy)f(y)
—b(Ep + kpT(z —y)) f(z —y)
+b(Er — ksTy)f(—y)}- (F.8)

For every single value of y, the limit 7' — 0 can be taken. We suppose that
the zero temperature limit of the present integral exists, and that it is given
by the integral of the pointwise limit,

g(x) = 7% {flz+y) - f)
—flz—y)+ f(=y)}. (F.9)

For the proof we want to apply Lebesgue’s convergence theorem, so we need
to determine an integrable upper bound for the integrand within (F.8) which
is independent of the temperature T' — below some arbitrary but finite value
Ty. To this end, we note the abstract form of the integrand:

i {(AB)(x +y) — (AB)(y) — (AB)(z — ) + (AB)(~p)},  (F.10)
where

A(Z) = b(EF + kBTZ), (Fll)

B(z) = f(2) (F.12)

Moreover, we decompose the integral (F.8) according to fooo = fol + floo, since
the two different intervals make different treatments necessary.

Integrable Upper Bound over |0, 1]:
We group the terms within (F.10) according to

{AB)(w+9) ~ (AB)( =)} (F.13)

- §{<AB><y> — (AB)(~)}. (F.14)

and consider the present two differences separately. Upon adding and sub-
tracting the mixed terms A(x + y)B(z — y), and A(y)B(—y), respectively,
we see that there is even a constant upper bound within this interval. The
conditions to be satisfied by the function b(e) are as follows:
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e The function b(¢) is bounded, |b(¢)| < bso, b independent of €.
e The function satisfies a Lipschitz condition of the form:
b(e) —b(e")| < Lle —¢€'l, (F.15)
L independent of ¢ and &'.

We note that the Fermi function, too, has these two properties. Moreover,
a lorentzian, any other function within the space R (App. E.2.1 (Diagram
Calculations — Theory)), or the function b sketched in Fig. 3.12 has the
present two properties.

Integrable Upper Bound over [1, 0o[:

To determine an integrable upper bound for the integrand of the integral
(F.8) over [1, 0], which is independent of T' €]0, Ty], Ty sufficiently small,
we group those terms with equal sign in front of y into pairs. We add and
subtract the mixed term A(x+1y)B(y) to estimate that part of the integrand
with positive sign in front of y by

b(Er +kpT(z+y)) [f(z+y)— fy)l

+ = f(y) [M(EF+ kpT(z +y)) — b(Er + ksTy)], (F.16)

LI, L|

while we estimate that part with a negative sign in front of y by

b(Er + kpT(z —y)) |f(x —y) — f(—y)

+ = f(~y) |b(Er + kpT(z —y)) — b(Er — kgTy)|.  (F.17)

LI,

The first line within the expression (F.16) is bounded by
B/y|f(x +vy) — f(y)|, which is integrable, because:

!f(w+y;—f<y)| ey - fW)

< max{|f'(2)] 12 —yl < lz|}[«].  (F.18)

=ma(y)
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Since the value of x is fixed during the present considerations, and because
the Fermi function’s derivative f’ decays exponentially, m,(y) is integrable.

To determine an integrable upper bound for the second line within (F.16)
we define

[b(e”) = b(€)]

L.(g) := sup{ ———:e<e< 5”} : (F.19)
g —¢

We estimate then:

5 F(9) [(0(Er + ksT(z + ) — (Er + ksTy))|
< |;—2| [Ep + kT (y — |z|) — Er + kgT|x|]

L>(Ep + kpT(y — [x), (F.20)

for which we multiplied and divided the left-hand side by kg7 |z|y. We note
that the value of the square bracket within the present estimate is kgT'y, that
for sure L. (¢) < L (Eq. (F.15)), and make the additional assumption that
the function €L (¢) is bounded over any interval which has a lower bound,
i.e., for any gq:

L7 (g9) := sup{|eL= ()] : € > 0} < 0. (F.21)

This present assumption is satisfied whenever the derivative of the function
b(e) € R decays at least like 1/(1 4 |argument|), or else, also for the choice
of the function b(e) according to Fig. 3.12.

Exploiting these properties, we obtain for arbitrary temperatures T €
10, Ty], with Ty some arbitrary but fixed value, the upper bound

|y33_2| {L(|EF| + |z|kgTy) + L~ (Er — |z|ksT0)} (F.22)
for the expression (F.20), and hence for the second line within (F.16). This
upper bound is integrable with respect to y over the interval [1, 00|, and
independent of the temperature 7' €]0, Tp).

We have found an integrable upper bound for the expression (F.16), finally
independent of 7' > 0. We treat the expression (F.17) analogously. To this
end, we introduce functions L. (¢), and L<(g), symmetric to L~ (¢) (F.19),
and L~ (¢) (F.21), assuming the function e L (g) is bounded over any interval
of the form | — oo, g¢], analogous to the assumption (F.21).
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Figure F.1: A plot of the function g(z) defined by Eq. (F.9), i.e., the normalized
shape of the functions py+ () around the Fermi level in units of the thermal energy
(cp. Fig. 3.11). The growth of g(z) is logarithmic in the sense that z¢'(z) —
1 (|z] = oo) (not shown within this work).

In summary, we showed the existence of an integrable upper bound for
the integrand within the integral (F.8), which is finally independent of 7' > 0.

With Lebesgue we conclude:
po+ (Er + kgTx) — pp+(Ep) — g(z) (T —0) (F.23)

for arbitrary x, where the limit g(z) is given by Def. (F.9). We show the
graph of the function g(x) in Fig. F.1.

Approximation for the Integral (F.3):

Earlier, we noticed that the dependence of py+(FEr) on the temperature is
logarithmic. Putting the two equations (F.7), and (F.23), together, we ap-
proximate:

pb;(EF +2kgT) = p+  (Ep)+in <

Ta(ER)

) + g(x), (F.24)

Oé(EF)

where the temperature Ti, (g, is defined by the condition

kBTa(EF) == Oz(EF>. (F25>

[To emphasize the fact that the function b* has the parameter T, we here
add the temperature T' as index, and write “b1.”.] Upon inserting the present
approximation into the integral (F.3) we obtain:
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B () (.26)

We now define a reference value for Eyq, “E10”, by the demand that ihe value
of the second line within the present expression is zero for Eig = F19. The
integral (F.3) has then the form

/de WQdOEi()g) fre-(e) = FRTA (E;(é)(;flo, a]z%i)) ; (F.27)

where the definition of FETA ig

RTA L . —7T2f/(95)
d ww"i/dﬂ0+ﬂ@P+ﬁA@’ (F-28)

with
Gap(z) = g(x) — a + xb+ In(b). (F.29)

Approximation for GP%9:

The corresponding integral within the formula for GPY (Eq. (3.53)) can be
represented in an analogous way:

2 2 Ew— Ey kgT
GDSO ~ Ak Kfe— FDSO ( 10 107 B ) : F.30
"\ o) o) T

where the DSO rates I'5; = Y, Ffm are given by (3.51), where

D . —mf'(2)(1 + f())
FPS0(q.p) '_/d$7T2(1+f(ﬂf))2+¢§,b($)’ (F.31)

and where

EIO = EF + Oé(EF)pb¥ (EF) (F32)

a(Ep)
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The factor (2/ (1 + %)) =1+ poo (Eq. (3.49)) is two minus the particle-
number on the quantum dot, and thus a function of the rates — still containing
the temperature. However, for temperatures kT < a(Er), the tunneling
rates become essentially independent of the temperature, so we can focus
on the temperature-dependence of the rest. The integral with respect to x
contains the derivative of the Fermi function, and is thus concentrated on an
interval around zero, whose length’s order of magnitude is one. Therefore, we
can, in the case of small temperatures compared to o(FEr), kT < a(EF),
neglect the linear term within ¢, () (F.29), and estimate

2

GPS0  ~ 4/11117%(1—1—/)00)
DSO _EIO_EIO T
A (P ) (F33)
with
DSO[ N ._ —mf'(x)(1 + f(x))
R e oy e S

Kondo Temperature

We note that

lim FP%9%c) = 0, (F.35)

|e] =00
and, generally, F?9C(c) > 0. Let “c,q.” be the one value of ¢ for which the
function FODSO(C) reaches its maximum, and let “c;/o > ¢pqe.” be defined by
the condition

FP59(cip0) = 1/2F7%9(Comaz)- (F.36)
We define the temperature Tk by the demand ¢ = ¢;/2, where we insert
Ey— Ey T
c ———+1n F.37
o) " o (0
(cp. Eq. (F.33)), so
Ey— Er
T = 2 —_—
e (i)

Ton(5p) XD (—pb+ (EF)) . (F.38)

Ta(ER)
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The second line depends on the tunneling coupling «(FEr); however, this
dependence is weak, since the quantity prTr(Ep) depends logarithmically on
the temperature (Eq. (F.7)).

As long as a(Er) < W, the quantity

exp (—pb+ (EF)) (F.39)

Ta(ER)

is proportional to the width W, as introduced in Fig. 3.12. Hence, also
Ty is proportional to W under this condition, so we arrive at kgTx =
TWexp ((Eip — Er) /a(EFr)) (Eq. (3.58) within Sec. 3.2.2 (Dressed Second
Order for the SIAM with Infinite Coulomb-Interaction)), where we obtain
the factor “7” numerically.
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