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Abstract

In this thesis a general framework for calculations of the two-fermion interaction based on the
Functional Renormalisation Group (FRG) approach is developed. It comprises an implementation of
the corresponding flow equations in the spinful and in an SU(2)-symmetric version and for each of
them both, a pure momentum space parametrisation and a form-factor based parametrisation of the
two-fermion interaction are implemented. The form-factor based approach is in terms of the recently
developed Truncated Unity Functional Renormalisation Group (TUFRG) [2], for which this thesis
provides a generalisation to spinful systems. In addition, I show that the resulting implementation is
properly scaling in terms of parallelisation for a large number of multi-core CPUs and with the system
size according to the theoretical limitations. As the exploitation of symmetries of the two-fermion
interactions facilitates the treatment of larger system sizes due to the focus on independent elements,

these symmetries are discussed to some extent within this thesis.

The resulting code is first tested against well-established results for the ¢ — ¢ Hubbard model on a
square lattice, for which also the convergence of the TUFRG approach with an increasing length of
form-factors to the results of the full momentum parametrisation is shown. Based on these successful
tests the code is used to investigate two different three-dimensional systems by an application of the
TUFRG approach:

First, the simple cubic, isotropic Hubbard model is investigated where a transition to an antiferromag-
netic ground state is observed at half filling. The critical scale indicating this transition behaves similar
to the corresponding Néel temperature obtained by other approaches in dependence of the Hubbard-U
parameter in the weak coupling region. When this Hubbard model is successively hole-doped away
from half filling within this weak coupling region, the antiferromagnetic ordering first becomes in-
commensurate before a d-wave superconducting phase emerges. In the case of an even stronger hole
doping a dominant antiferromagnetic phase is observed again, which now features planar ordering

vectors (i.e. (m,,0)) instead of cube diagonal ones (i.e. (m,m, m)).

As a second application, the anisotropic Hubbard model with isotropic hoppings to first and to
second nearest neighbours within the zy-plane and with a weak hopping in the z-direction was con-
sidered, which was chosen to resemble the planar structure of cuprate or nickelate superconductors.
To investigate the influence of the additional hopping on the ¢ — t’-diagram known from the two-
dimensional case, I focused on systems in which the chemical potential is chosen to fulfil the van-Hove
condition of the xy-plane. In this setting an increasing hopping in the z-direction leads to a decrease
of the critical scale for the antiferromagnetic and for the d-wave superconducting phase, while the
phase boundary between them only changes on a small level with respect to ¢’. The most striking
difference is the appearance of a p-wave superconducting phase and corresponding strong fluctuations

at large —t’ values in the ferromagnetic phase.
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Zusammenfassung

Im Rahmen dieser Dissertation wird ein allgemeines Framework fiir die Berechnung der effektiven
Wechselwirkung zwischen zwei Fermionen auf Basis der Funktionellen Renormierungsgruppe (FRG)
entwickelt. Dieses enthélt eine Implementierung der entsprechenden Flussgleichungen fiir den Fall
vollstédndiger Spinabhéngigkeit und fiir den SU(2)-symmetrischen Fall. Fiir beide Varianten existiert
sowohl eine Version, in der die vollstdndige Impulsabhéngigkeit der Wechselwirkung erhalten ist,
sowie eine, in der die Wechselwirkung durch Formfaktoren parametrisiert wird. Die auf Formfak-
toren basierende Variante entspricht der vor kurzer Zeit vorgestellten Truncated Unity Functional
Renormalisation Group (TUFRG) [2], fiir die in dieser Dissertation eine Verallgemeinerung zu spin-
abhangigen Systemen entwickelt wurde. Dariiberhinaus wird eine gute Skalierung der Implemen-
tierung der Flussgleichungen erreicht sowohl in Hinblick auf eine Parallelisierung mit einer hohen
Anzahl von multi-Kern CPUs, als auch in Hinblick auf die Systemgrofie entsprechend der theoretis-
chen Limitierung. Die Ausnutzung von Symmetrien der Wechselwirkung zwischen zwei Elektronen
bewirkt, dass nur die voneinander unabhéngigen Elemente dieser Wechselwirkung berechnet werden
miissen, wodurch grofilere Systeme numerisch behandelt werden kénnen. Dementsprechend werden

diese Symmetrien ausfiihrlich in dieser Dissertationsschrift behandelt.

Der resultierende Simulationscode wird zunéchst gegen die bekannten Ergebnisse des ¢t —¢' Hubbard

Models auf einem Quadratgitter getestet. Fiir diesen Fall wird auch gezeigt, dass die TUFRG mit
zunehmender Reichweite der Formfaktoren zu dem Ergebnis konvergiert, das aus der Parametrisierung
der Wechselwirkung im Impulsraum resultiert. Auf Basis dieser erfolgreichen Tests wird die vor-
liegende Implementierung genutzt, um zwei verschiedene dreidimensionale Systeme mithilfe der TUFRG
zu untersuchen:
Zunichst wird das kubische, isotrope Hubbard Model untersucht, das einen Phaseniibergang zu einem
antiferromagnetischen Grundzustand bei halber Fiillung zeigt. Es wird dabei festgestellt, dass die
kritische Skala, die in unserer TUFRG Implementierung diesen Ubergang anzeigt, und die Néel Tem-
peratur, die aus anderen numerischen Herangehensweisen resultiert, in gleicher Weise vom Hubbard-U
Parameter im Bereich schwacher Wechselwirkung abhangen. Wird das halb gefiillte Hubbard Model
in diesem Bereich mit Lochern dotiert, so wird die antiferromagnetische Ordnung zunéchst inkommen-
surat, bevor eine supraleitende Phase mit d-Wellen Ordnung auftritt. Wird das System dariiberhin-
aus mit Lochern dotiert, so tritt wieder eine antiferromagnetische Phase auf, die jetzt planare Ord-
nungsvektoren (d.h. (7,7, 0)) an Stelle von Wiirfeldiagonalen (d.h. (7, 7, 7)) besitzt.

Als zweite Anwendung wird das anisotrope dreidimensionale Hubbard Model mit einem isotropen
Hiipfterm zu den néchsten zwei Nachbarn innerhalb der zy-Ebene und einem schwachen Hiipfterm in
der z-Richtung betrachtet, um die planare Struktur von Kupfer- oder Nickel-basierten Supraleitern
zu reproduzieren. Um den Einfluss des zusitzlichen Hiipfterms auf das ¢ — ¢’ Phasendiagramm des
zweidimensionalen Falls zu untersuchen, wurde das chemische Potential so gewahlt, dass die van-Hove
Bedingung in der zy-Ebene erhalten wird. In dieser Situation fithrt ein zunehmender Hiipfparameter
in z-Richtung zu einer Abnahme der kritischen Skala fiir die antiferromagnetische und fiir die d-Wellen
supraleitende Phase, wihrend sich die Phasengrenze zwischen beiden in Bezug auf ¢’ kaum veréndert
wird. Im Weiteren ist der auffilligste Unterschied das Auftreten starker supraleitender Fluktuationen

mit p-Wellen Symmetrie in der ferromagnetischen Phase bei groen —t Werten.
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1. Introduction

y he discovery of superconductivity in mercury in 1911 [3] raised the vision of physicists to achieve
this state of matter at room temperature. A material with this property would revolutionise the
energy system by a reduction of energy losses, lead to smaller generators, transformators and engines,
and allow for superconducting electronics which enables a significant increase in computation speed
[4]. However, in the succeeding research superconductivity in several other materials was observed,
which led to an increase in the critical temperature from =~ 4K in mercury, to a maximum of =
30K in niobium compounds. The microscopic mechanism of these conventional superconductors was
theoretically well explained by the Bardeen-Cooper-Schrieffer (BCS) theory [5], according to which a
phonon induces an attractive interaction between electrons close to the Fermi-surface. This results
in the formation of so called “Cooper” pairs of two electrons which behave roughly as bosons, which
condensate into a macroscopic quantum state and which, thus, becomes energetically favourable below

a critical temperature.

However, heavy fermion superconductors [6] and organic superconductors [7], which were discovered
in 1979 and in 1980, could not be described by this theory which led to the name “unconventional
superconductors”. This group was enlarged when the first copper-oxide superconductor (LaSrCuO)
was discovered in 1986 [8], which boosted research, resulting in alloys with critical temperatures above
100K. As this is well above the boiling point of liquid nitrogen (77K), the naming “high-temperature
superconductor” (HTS) was established. In 2006 the first iron-pnictide superconductor was discovered
[9] (LaFePO). The experimental optimisation and a variation of the accompanying elements led to
both, the discovery of iron-chalcogenide superconductors and an increase of the critical temperature
to ~ 100K (for a monolayer of the iron-chalcogenide FeSe on a SrTiO3 substrate [10, 11]) such that the
iron-based superconductors also belong to the group of HTS. Very recently superconductivity was also
observed in nickelates [12], for which one can expect a forthcoming increase in critical temperatures,
such that they may also belong to the group of HT'S. Finally, superconductivity was found in hydrides
[13] for temperatures of ~ 200K with a very high pressure of ~ 100GPa, which is, therefore, far away
from realistic applications, so that we focus on the copper-, on the nickel- and on the iron-based

superconductors.

A feature which appears in the structure of all these HTS is a layer, which consists of the transition
metal ion (Cu/Ni/Fe) arranged on a square lattice and which are connected to each other via oxygen
atoms in the case of cuprates and nickelates or which are connected by tetrahedrically arranged P-,
As-, Se- or Ti-atoms above or below the plane in the case of iron-based superconductors. In both cases,
the ions forming the quadratic lattice are providing the superconducting mechanism. In cuprates, a
few of these planes can be stacked together by Ca-atoms to form an active block, which alternates with
charge reservoir blocks made of alkaline earth oxides. In the iron based case different atoms acting as
charge reservoirs can be placed in the hollow left by the tetrahedra. These properties provide a lot of
possibilities in terms of material combinations, dopants, number of layers, etc. to improve the critical

temperature.

As the critical temperatures of these HTS are still well below room temperature, the understanding
of the mechanisms that drive superconductivity is important, as these can point out modifications
by which the critical temperatures can be increased. While the BCS theory succeeded in this way

for the conventional superconductors, it fails in explaining the superconductivity for HT'S due to a
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shallow reservoir of charge carriers introduced by doping, which, in addition, feature strong Coulomb

correlations. As these connect the internal charge and spin degrees of freedom of the charge carriers a
description in terms of Landau’s quasiparticle picture is insufficient to describe all possible electronic
states [14, 15, 16, 17]. These correlation effects lead to a plethora of different many-particle states like
spin-density waves (SDW) and their peculiar forms of para-magnetism (PM), anti-ferro-magnetism
(AFM) and ferro-magnetism (FM), as well as charge-density waves (CDW) and also superconductivity
with all possible different kinds of ordering vectors and spatial behaviour [18, 19]. As charge, spin or
pairing fluctuations of the different possible orderings influence each other a variation of the parameters
of the system, like, for example, by doping or by an application of pressure, leads to a rich phase
diagram in which some phases coexist. In the case of a hole doping of cuprates, for example, an
antiferromagnetic phase is next to the superconducting phase which coexists with an incommensurate
spin-density wave and a charge-density wave for some parameter region and compete with each other
[20, 17]. Similarly, a coexistence of a spin-density wave regime with superconductivity was found for

FeSe [21, 22] as well as in the iron-pnictides 122 FeAs [23] in contradiction to the Meissner effect.

A lot of effort has, therefore, been taken by theoretical physicists to understand the correlated
electron system and to find out the mechanism of high temperature superconductivity within the last
35 years. As the material-specific properties calculated ab initio by the density functional theory
(DFT) do not include correlation effects because of the mean-field character of DFT [24, 25], by
the GW-approximation include only one of the three pairing channels [26, 27, 28] and are restricted
to weak interactions, or by higher level schemes like T-matrix approaches [29] or Parquet equations
[30, 31] are limited due to their numerical difficulty, the investigation of HTS is mainly based on
models which reduce the full complex system to the physically relevant part. Due to the large amount
of thermally reachable free states, the electrons close to the Fermi-surface are those from which
the correlation effects originate, so that a model, which is based on these states, is sufficient. The
simplest model is the Hubbard model [32, 33, 34], whose two-dimensional version was related to the
unconventional superconductivity in La;CuO4 by Anderson in 1987 [35, 36]. Since then, especially
the two-dimensional Hubbard model has been studied intensively by various methods with the aim
to understand the unconventional superconductivity, suggesting that superconductivity is driven by
antiferromagnetic correlations. However, as the active layers of the HTS are still embedded in a three-
dimensional structure, I will, in this thesis, investigate the influence of this third dimension on the

superconducting order observed in the two-dimensional model.

For the solution of models of interacting electrons suitable methods have to be used. While the
Quantum Monte Carlo method provides most accurate results, it can not be applied to all systems and
to all parameter ranges because of the so-called “sign-problem” [37, 38]. On the one hand, starting from
strong interactions the dynamical mean field theory maps the complex lattice problem to an impurity
model and asserts a local self-energy, by which it can only resolve local effects [39, 40]. On the other
hand perturbative methods start from weak interactions. However, the most commonly used ones are
based on the random phase approximation (RPA) [41, 42, 28] and on the Bethe-Salpeter Equation
(BSE) [43, 28] and treat only one kind of pairing interactions at a time, so that the full competition
between different phases can not be resolved. The corresponding next step in order to combine the
calculations of these different interactions is currently under development in terms of the parquet
approach [44, 45] and the so called T-matrix approach [29, 46]. Besides of these, different methods
have been developed within the last years to efficiently calculate the many-particle interactions, like
the dynamical vertex approximation [47], the dual fermion approach [48], TRILEX [49], QUADRILEX

[50], a dual parquet scheme [51] and others. However, the Functional Renormalisation Group (FRG),



which is a formally exact theory, provides a natural combination of the different possible many-particle

interactions.

Renormalisation Group (RG) methods directly connect the microscopic description of the electron
system with an effective macroscopic one by successively including contributions from the interactions
between the electrons. Therefore, a scale parameter is introduced, which separates the electronic
modes into those, which are already included in an effective interaction, and those, which are not yet
included and whose interaction will be described by it. A successive lowering of the scale parameter
then leads to a full effective description of the system [52, 53]. The FRG approaches take over the RG
idea to generating functionals of many-particle Green’s functions or those of vertex functions which
become dependent on the scale. An expansion of the generating functionals in terms of the external
source fields leads to a hierarchy of coupled differential equations for many-particle Green’s functions
or interactions. Polchinski [54] therefore provided an expansion in terms of the bare interaction
initially for a ¢* theory, which was also adapted for the calculation of fermionic systems [55, 56, 57].
However, a formulation in terms of one-particle irreducible vertex functions, which was first derived
for bosonic systems [58], provided a computationally advantageous form, so that it was transferred to
fermionic systems by three different groups (Kopietz [59], Salmhofer and Honerkamp [60], and Halboth
and Metzner [61]) at the same time. While the provided system of differential equations is formally
exact, it consists of an infinite number of equations so that it has to be truncated. It has been shown
that a truncation at the two-particle interaction level provides good results, when the Fermi-surface

is sufficiently smooth and the interactions are sufficiently small.

As the FRG includes all two-particle channels in an unbiased way, it is suitable for the interaction of
correlation effects. Since its development and its first application the FRG has been further improved
in accuracy, as a small modification of the propagator can already include effects beyond the two-
particle truncation [62, 63]. Furthermore, an extension motivated by the Parquet-equation led to the
so-called multi-loop FRG, which aims at improving the FRG accuracy beyond the two-particle trun-
cation [64, 65, 66]. In addition, more efficient parametrisation schemes of the equations [67, 68] led to
a new approximative scheme called Truncated Unity Functional Renormalisation Group (TUFRG)]2],
due to which a much higher resolution of the interaction becomes reachable and supercomputers can
be used efficiently. Thus, the FRG based on Fermi-surface patching has successfully been applied
to several two-dimensional models containing up to three bands, like bilayer Hubbard models [69],
Graphene [70, 71, 72], the three band Emery model [73], nodal line materials (like ZrSiS) [74], iron-
based superconductors [75] or SroRuQy4 [76, 77] to identify their corresponding phase diagrams. The
TUFRG approach now allows an investigation of three-dimensional models. In the scope of this thesis
I will apply it to the three-dimensional Hubbard model in order to understand the influence of the

third dimension on superconductivity in HT'S.

All in all, this thesis is structured as follows:
In order to provide a unified theoretical foundation and notation the necessary preliminaries will
be introduced in chapter 2, namely the quantum mechanical notation used throughout this thesis
(sec. 2.1, 2.2), as well as the path integral formulation in terms of Grassmann fields (sec. 2.3).
Additionally, some background information on Group theory in the framework of solid state physics
is provided. In chapter 3 the theoretical background of this thesis is layed out. At first, I derive
some properties of the many-particle Green’s functions which are useful to simplify calculations (sec.
3.1). In a short excursus on the perturbation theory I introduce the diagrammatic representations
of fermionic interactions (sec. 3.2). In section 3.3 I provide a connection of the Green’s functions to

fermionic bilinears and susceptibilities, which are the experimentally accessible properties describing
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the correlation effects. The full set of Functional Renormalisation Group equations for systems with

or without SU(2)-symmetry is derived in section 3.5. Therein, I explicitly focus on the flow equations
for the two-particle interactions, the self-energy and the susceptibilities. Finally, the Truncated Unity

formulation for the two-particle interactions with and without SU(2)-symmetry are derived (sec. 3.6).

In chapter 4 the numerical implementation of the full (TU)FRG scheme is discussed by considering
all relevant elements and their behaviour under symmetries used to simplify calculations. Therefore,
I present momentum and frequency meshes as well as the construction of models (sec. 4.1). As the
behaviour of multi-orbital models under point-group symmetries is complicated, I provide a more de-
tailed analysis of it in terms of a natural basis. Based on the point group symmetries, the construction
of form-factors is discussed in section 4.2. In the approximation of static interactions or even zero-
temperature, the frequency integration or Matsubara summation of Green’s functions can be carried
out analytically. The corresponding derivations are, therefore, performed for different cut-off schemes
frequently used in FRG calculations (sec. 4.3). Finally, this chapter is ended by a discussion of the

parallelisation strategy for which corresponding scaling results are presented (sec. 4.5).

Chapter 5 is dedicated to the results obtained by the code presented above for the Hubbard model,
which itself is presented at the beginning of the corresponding chapter. In a first step, we investigate
the two-dimensional one-band Hubbard model and compare it with results previously obtained by
other groups to verify the correctness of our code (sec. 5.2). In section 5.3 the phase diagram of the
half-filled, simple-cubic three-dimensional Hubbard model obtained by the TUFRG is compared with
the results obtained by other methods, resulting in a good agreement between the methods in the case
of weak interactions. As the method provides reasonable results, it is further applied to this model
under doping, which results in a rich phase diagram, including d-wave superconductivity. In order to
return to our initial question I simulate the transition from two to three dimensions by varying the
movement of electrons in the z-direction. Corresponding phase diagrams are discussed in section 5.4
with the van-Hove condition in the two-dimensional planes, showing that superconductivity of p-wave

type can occur for specific sets of parameters.

Chapter 6 sums up all the results and provides an outlook for future developments.



2. Preliminaries

g he field theoretical description of quantum mechanics established in this chapter, section 2.3,
is the basis of the derivation of the FRG equations. To provide the reader a coherent reading, we
introduce the general quantum mechanical notation used in this thesis (Sec. 2.1) and the Fock-space or
occupation number representation (Sec. 2.2) beforehand. To complete the mathematical background
required for this thesis we furthermore provide the reader some basic results from group theory in

section 2.4, which are necessary for the discussion of symmetries and for the derivation of form-factors.

Throughout this thesis we use Planck units, i.e. h = 1, kg = 1, and denote the temperature by T,

while 8 := 1/7 denotes its inverse.

2.1. Quantum Mechanical Notations

The electronic structure of a solid is generated by the electrons, which have to be described quan-
tum mechanically. The corresponding notation of the required mathematical objects and the most
prominent operators used throughout this thesis can be found in tables 2.1 and 2.2, respectively.

In general, the state of a quantum mechanical system is described by the state vector |p), whose

time evolution is defined by the Schrédinger equation

i2 16 = 1) (2.1)

with the Hamiltonian H = HO + I:Iint describing the physical system, which is split into a one-particle
part Hy and an interacting part Hip. This equation can, formally, be solved by the time-evolution

operator
U(t) = exp (%f]t) . (2.2)

However, there is an ambiguity in assigning the time dependence to the operator A, to the state l©)

or to both. Therefore, three different pictures are commonly used:

1

3 dim. vector 7= (T, Ty, T2) unity operator i
configuration space OCR® position operator 7= (Fg, Ty, Ts
state vector lp) € L2(O,C) momentum operator P = (D, Py, P
scalar product () == [ d3r*(r)(r) orbital momentum operator | L = (L, ﬁy, L
operator A spin operator S‘i =( Az, S'y, S
expectation value ( A><p = (| Ap) Hamilton operator H
commutator [/1, E] .= AB— BA particle Number operator N
anti-commutator {A,B}:= AB + BA modified Hamiltonian K=H-uN

Table 2.1.: Table of quantum mechanical notations.

Table 2.2.: Table of basic quantum mechanical operators.



2. Preliminaries

Schrodinger Picture lo(t))g = U(t) o) Ag=A (2.3)
Heisenberg Picture lo) = |¢) A(t) = UT (1) AU (t) (2.4)
Interaction Picture lo(t)); = =it 1) Al(t) = eiflot fe=iflot (2.5)

Regarding the argument of the time-evolution operator, one may consider the system based on an
imaginary time 7 = ¢, which is advantageous for systems at finite temperature 7. Such an imaginary
time picture can be obtained by a Wick rotation of the Hamiltonian, which is a continuation of
the Hamiltonian to imaginary times. As this imaginary time 7 is real valued, it simplifies a lot of
calculations, but also gives rise to other difficulties. We define the imaginary time-evolution operator

in analogy to the real time one, given by equation (2.2), as
U(r) = exp <7H7'> . (2.6)

The distinction between imaginary and real time becomes apparent by the use of ¢ or 7 as argument,
respectively. The different pictures defined in equations (2.3) to (2.5) can be formulated analogously
in imaginary times by the corresponding replacement of 7 = it. The Fourier transformation of the

real time argument ¢ and the corresponding inverse Fourier transformation

o)) = [dre fo0) and o) = 5- [dee ™ folw)) (2.7)

converts the expression to the frequency domain with arguments w and correspondingly back to real

time. The counterpart for finite temperatures is the Fourier series

1 —iWn T . s ? W T
lo(7)) = 3 D e p(wn))  with coefficients  [p(wn)) = / dr ™7 (7)), (2.8)
0
wn
which, for imaginary times, leads to the Matsubara frequencies w,, = 2"[3—“77 for Fermions and v,, = %"ﬂ

for Bosons, indicated via a subscript n of the variable.

If several operators are applied to a system at different times, they have to be in the correct time
order due to the change of state resulting from the measurement process. To ensure this, we define

the time-ordering operator which commutes the operators correspondingly.

Definition 1 (Permutation Group and Time-Ordering Operator)

o The symmetric group of m elements Sy, is defined as the group of all permutations of the
set {1,...,m}.

o Let {Oi(wi,ti)}iN,iSm be a set of m operators acting on some arguments x; at time t;, and
let sgn(m) be the sign of the permutation m € Sy,. Then the tmaginary time-ordering

operator T is defined as

T[Ol (wlv Tl)~ .. Om(:cm,7 Tm)] = Z Sgn(ﬂ—)g(Tﬂ(l) - 7—71'(2))- . G(Tw(mfl) - 7-7r(7n))
TESm

Or1)(r(1)s Tr(1))- - On(m) (Tr(m)s Tr(m))  (2.9)
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The action of the time-ordering operator, therefore, leads to a reordering of all operators, such that
for every pair of operators the left one has a later time argument than the right one. That is, the final

order is
On(zn,Tn). .. Oo(IO,T()) with 7, > 7,1 >...71 > To. (2.10)

An analogous time-ordering operator for imaginary times can be defined straight forwardly.

The general basis of a quantum mechanical system is given by the direct product of the position
or the momentum space and the spin space. The position and the momentum space are spanned by

their eigenvectors, which are orthonormal and complete according to

(rlr'y =8(r —7") and /dr [Py (rl=1

(2.11)
(k|k'y =6(k — k) and /dk k) (k| =1
and which are related to each other according to
L ikr
(rlk) = etr. (2.12)

(27m)?

We define the projection of the state vector |p) to the position or the momentum space basis as

wave-functions in position or in momentum space, respectively, given by

p(r):=(rlp)  and (k)= (klp). (2.13)
Based on equation (2.12) we obtain

p(k) = /dr o(r)e™™ " and  o(r) = (2717)3 /dk o(k) e*r, (2.14)

which we define as the Fourier transformation of the wave-functions from position to momentum space

and the corresponding inverse Fourier transformations, respectively.

The atoms in a solid are positioned in a periodic arrangement, forming the Bravais lattice. All
vectors K, for which e ® = 1 holds for all R of the Bravais lattice, form the reciprocal lattice and
are, therefore, called reciprocal lattice vectors. The Brillouin zone (BZ) B is then the part of the
momentum space, which is closer to K = 0 than to any other K, and we denote its volume by |B].
Due to the condition on K the BZ is a square (cube) of side length 27 for a square (cubic) lattice.

We define the (inverse) lattice Fourier transformation similar to equation (2.14) as
) 1 )
f) =S FR R and (R = e [k S (2.15)
B .

with k € B. In this thesis we treat a perfect crystalline solid state system, such that the periodic-
ity leads to a translational invariance of the Hamilton operator H. Therefore, the solutions of the
Schrodinger equation are common eigenstates of the Hamiltonian H and the translation operator Tr.

Eigenfunctions of the translation operator are the plane wave-functions according to

Trelk) = e 7 k), (2.16)
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where we denote k as Bloch wave-vector. Due to the previous discussions we note that any k' always

has the same eigenvalue with respect to the translation vector as the corresponding Bloch wave-vector
k = k' — K in the first Brillouin zone. It is, therefore, sufficient to find the eigenfunctions of H for
every Bloch momentum k separately, leading to the basis of Bloch vectors

Ui n,s), Where n is the
band index. The band structure of the material is then formed by the eigenvalues e, s as functions

of k, n and s.

While the Bloch vectors are delocalised due to their construction by plane waves, it is often useful
to work with a basis localised at the atomic positions. A direct approach is to take the atomic wave
basis [), , with orbital o and spin s for each atom and move it to its position by @, 5. = o s(r— R).
With

1 .
d)o,s,k = ./v Z ‘@o,s,R) elkR (217)
R

we define a Bloch like vector as a basis for the electron system, which is an eigenstate of the translation
operator. However, the basis created by this approach is only orthogonal on one site, while orbitals

from different sites may overlap. To overcome this problem, we define the Wannier states as
1 ' >
PR = 8] znj / BEUL (k) |k ps) e, (2.18)
or

Wkme) =D Y Uno(k) |PR.o.s) €5, (2.19)
o R

which form an orthonormal, complete basis for the electronic solid state system. U is a unitary matrix,
defining the map from Bloch bands n to Wannier orbitals 0. As a shorthand notation for Bloch and

Wannier bases we only write the set of quantum numbers, i.e.
|kns) == [¥gpns), and |Ros):=|Pros), (2.20)

respectively. If, further, the explicit quantum numbers and bases are of no relevance for a statement,

we combine them according to
|z) := |Ros) and  |k) := |kns) (2.21)

so that x and k also act as combined variables if used as argument. As we typically work with time
arguments for position space functions and with frequency arguments for momentum space functions,
we denote the whole collection of arguments by an integer according to 1 = (z,7) or 1; = (z,t) for
imaginary or real times in position space and 1 = (k,w,) or 1, = (k,w) for Matsubara or for real

frequencies in momentum space.

So far, we have established the basic notations for an efficient description of one particle. But as
we are interested in many electron effects, we introduce the corresponding space, the Fock space, for

their description in the next section.



2.2. The Fock Space

2.2. The Fock Space

The electronic part of a solid state system consists of N € N identical electrons. As the considera-
tions of the previous section 2.1 hold for the basis of each particle, the N-particle Hilbert space H

is the tensor product of all the N one-particle Hilbert spaces H according to
N N
Hy = ®’H with the canonical basis  |z1...2n) := ® @), (2.22)
i=1 =1

equipped with the scalar product and the completeness relation in the form of

-

I
—

(z;|lz})  and S lwnan) (@ an) =1, (223)

T1y- TN

(@1, onlal, . 2y) =
2

respectively. The many-particle wave-function ¥ (7) := (r|z1, ...,z ) for fermions, as electrons are,
has to be antisymmetric to fulfil the Pauli criterion, that is, an interchange of the particles with
arguments x; and x; results in a change of sign. The Hilbert space of fermions Fy is, hence, the space
created by antisymmetrising the states of the full N-particle Hilbert space Hy, equipped with the
same scalar product and a closure relation with respect to the antisymmetrised basis. The expectation
value of an operator A acting on a many-particle state is invariant under the antisymmetrisation, as

the fermions of the systems we consider are identical and indistinguishable.

In this construction we would have to know the exact state of each particle to construct the an-
tisymmetrised product state |z1) - - - |zn), but as the particles are indistinguishable, we have to sum
over all equivalent states in which the particles interchange their states. Thus, it is of more relevance
to know if a state is occupied or not, as fermionic states can only be occupied once. Therefore, we
label all states of the one-particle basis {|xx)}ren, by a natural number A and write their occupation
numbers n; € {0,1} in the state vector |ng---n;---) which have to fulfil N = ). n;. We define the

set of corresponding spaces as Fock space:

Definition 2 (Fock Space)
Let Fn be the Hilbert space describing N -particles. Then the Fock space F is defined by

F = Fn. (2.24)

The operation of adding or removing a state vector to the many-particle Hilbert space is given in
this occupation number representation by setting the corresponding occupation number from 0 to 1 or
from 1 to 0, respectively. This is, therefore, interpreted as addition or removal of particles from a state,
which corresponds to a transition from Fy to Fy41 and vice versa. The corresponding operators are

defined as follows:

I
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Definition 3 (Creation, Annihilation and Number Operators)
Let |ny - +ng---) € F be an N-particle Fock state. Then the fermion creation operator ﬁL is
defined as

+ng---1--+)  for ne,=0 and Z?;()l n; = N<, even
elng - ng ) = —Ing---1---)  for n,=0 and Z;‘l:_ol n; = Neo uneven  (2.25)
0 for mng=1

and the fermion annihilation operator ¢, is defined as the adjoint operator of the fermion

creation one, thus

+|ng---0--+)  forng, =1 and Z;.Zol n; = N<, even
CaIng- - Na-)i=9Q —|ng---0---)  forng, =1 and Z?:_ol n; = N., uneven (2.26)

0 forng = 0.
The number operator n, for state a is defined as
Tig i= &¢, (2.27)
and the total number operator N is defined as
N
N := Zn (2.28)
i=0

s

We remark that, according to this definition, the subscript « of the creation, annihilation and
number operator refers to the state of the one-particle basis it is acting on. In addition, every state
in the Fock space can be described by all the corresponding creation operators acting on the vacuum
state |0). To account for the energy required or released by the addition or the removal of a particle,
respectively, the chemical potential 4 is introduced. The full system with a varying number of particles
is, therefore, described by the generalised Hamiltonian K:=H- uN . The following commutation
relations, again, directly follow from the definition of the creation and the annihilation operators,

which can easily be proved.

Corollary 2.1 (Anticommutation Relations for Creation and Annihilation Operators)
The anticommutation relation of the fermionic creation operators &, and the fermionic annihi-

lation operators ¢, are

{chely =0, {eaist=0 and  {c,e5} = das. (2.29)

The creation and the annihilation operators can be transformed to another basis |8) by the closure

relation of this new basis. Thus, the operators become

eh=> (aB)el, s = (Bla) a- (2.30)

e% a4

10
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When the new basis is the one of the position space {|r)}, then the corresponding representation of
the wave-function ¢,(r) = (r|a) can be identified. The new operators are called field creation and

annihilation operators, which are given by
=Y gn(mel,  and  W(r) =) falr)éa, (2.31)
[e3 (o]

respectively.

In the many-particle setting, operators acting on all particles are classified according to the way

their action can be decomposed. The operator A s called a one-particle operator when its action on

an N-particle direct-product state |z1,...,2y) can be represented by
N
Alzy, . zy) =Y Aila, .. 2n), (2.32)
i=1

that is by the sum of A; acting on each particle. Such an operator is, for instance, the kinetic energy
operator. When the action of the operator A on an N-particle state is given by the sum of Aij acting

on pairs of particles, that is by

A'.’IJ’],...7$N>: Z A” ‘.’I/’l,...7.’I}N>7 (233)

1<i<j<N

like the Coulomb operator, it is called a two-particle operator. Using the transformations given in
equation (2.30), all operators can be transformed to creation and annihilation operators in the Fock

basis. For one-particle and for two-particle operators T and V, respectively, this reads as

T=3 (\T|uéle, with AT i) =D (Na) Ua (alp) (2.34)
)\[l a
S VI ddee,  with Vi) = 3 (nlaf) Vs (aBlup) . (2:39)
Apvp af

As the actions of creation and annihilation operators can directly be performed by changing the corre-
sponding occupation numbers in Fock space, this representation allows more efficient calculations. For
example, the action of annihilation operators on an empty state results in 0, so that it is advantageous
in the presence of several creation and annihilation operators to let the annihilation operators act

first, like in the two-particle operator case. This ordering is defined as normal ordering:

Definition 4 (Normal Ordering)
Multiple creation and annihilation operators are in mnormal order, when all creation operators

are left of the annihilation operators. The notation
D AA; (2.36)

implies that the operators within the colons have to be commuted until they are in normal order.

11



2. Preliminaries

To illustrate the normal ordering, we consider the case of two operators, A; and A]', which can be

creation or annihilation operators. Then, normal ordering implies

AIAA7 for Az = é:r A]' = fij

7AAJ'A,‘ for AL = éi, A]‘ = ¢

<2

While only the lowest N states of a system of non-interacting electrons in its ground state at 7' = 0
are occupied by electrons, at finite temperatures 7' # 0 the system has a finite probability to be in an
other, excited, many-particle state. The whole system based on the set of possible states is described

by the grand canonical partition function.

Definition 5 (Grand Canonical Partition Function)

Let a many-particle system be described by the Hamiltonian H , the total number operator N and
the chemical potential p. Then the grand canonical partition function at inverse temperature
B is defined by

Z.=1r (6*5“?*““) ., (2.38)
and the grand canonical potential is defined as
1
Q= ~3 In(Z2). (2.39)

According to the finite possibilities of the system to be in a particular state, we define the thermal

average of an operator, in which every state is weighted by its probability.

Definition 6 (Thermal Average)
Let the prerequisites be given as in definition 5, and let T be the time-ordering operator. Then

the thermal average of an operator Ais defined as

(A) = L1 (PO TLA)) (2.40)

While the formulation in the Fock basis is quite comfortable, one still requires the one-particle
basis functions, that is, the antisymmetrised eigenstates of the one-particle Hamilton operators. An
advantage is, therefore, to formulate the theory in the eigenstates of the annihilation operator as

shown in the following.

12



2.3. Grassmann Fields and Path Integral

2.3. Grassmann Fields and Path Integral

The eigenstates of the annihilation operators ¢ introduced in the previous section 2.2 are the Fock
states [¢)) € F for which

&ily) =i l) (2.41)

holds. As two fermionic annihilation operators anticommute, their eigenvalues 1, have to be anti-
commuting, too. The Grassmann algebra, in the following defined without mathematical accuracy,
provides Grassmann numbers which fulfil this property. The definition further provides rules for the

calculation with these Grassmann variables.

Definition 7 (Grassmann Algebra)

e Variables v; which anticommute, i.e.

(i, 5} =i+ jhi =0 for i Fj (242)

are called Grassmann numbers or Grassmann variables. Due to the anticommutation

they are nilpotent, that is 1¥? = 0.

e The algebra generated by a set of N Grassmann variables {1;}i<n as generators with an
addition and an antisymmetric multiplication operation is called Grassmann algebra. Its

basis is spanned by all unique products of generators, resulting in a dimension of 2V .

e For N being even, the conjugation of a Grassmann variable is denoted by ¥ and is defined
as the complex conjugate 1 := (1)* of its value. The conjugate of a product of Grassmann

variables is accordingly ¥y, - - -y = (31 -+ hn)*.
o The derivative with respect to a Grassmann variable is defined as

0 0, o

a0, Vi = O a0 Vi =0 %, ¥ :=0. (2.43)

The derivatives anticommute with Grassmann variables and among themselves, i.e.
d (. S B
g9 (Wite) = =515

e The integration with respect to a Grassmann variable is defined as

/ doy; ¥ = 65, / dip;1:=0 and / dipithj = 0. (2.44)

Based on these Grassmann variables, we can define the eigenstates of the annihilation operator.

13



2. Preliminaries

Definition 8 (Fermionic Coherent State)
Let c}L be fermion creation operators with Grassmann numbers ; as eigenvalues, and let |0) be

the vacuum state. Then the fermionic coherent state is given by

) = exp < > m) 0}, (2.45)

and the adjoint fermionic coherent state is given by

(0] = (0] exp (Z %q) : (2.46)

The Grassmann variables 1 (r) and ¢ (r), which correspond to the field operators (r) and 9 (r),
respectively, are called Grassmann fields. All the results which are obtained for Grassmann variables
and their coherent states also hold for Grassmann fields and their coherent states. We collect some

properties of the fermionic coherent states in the following corollary.

Corollary 2.2 (Properties of Coherent States)

1. The fermion creation operator cf acts on a fermionic coherent state like a field derivative,
. T o
that is c¢; [) = =5 ).
2. The fermion annihilation operator ¢; acts on the adjoint fermionic coherent state like a field
derivative, that is (Y| c; = (Y| ‘%1.

3. The coherent states are not normalised to unity, but result in (") = exp (21 1/?3/)2)

4. The closure relation is given by
/Hdlﬁ dy);, exp <— Z’wi’lﬂi) ) (] = 1. (2.47)

. For Fock states i), |j) and for Grassmann states |¢) we have

v

(@) (Pli) = (=15) (ile) - (2.48)

6. The trace of an operator is given by
Tr(A) = /Hd@ dyy; exp <— Zﬁ’zﬁﬂ%) (—vl Aly). (2.49)

7. Let |¢) be a Fock state. Then the Grassmann coherent state representation of fermions is

given by

lp) = / Hdu’»i d; exp (— Z«w) o) ) (2.50)

with () = (Y|e), the wave-function of the state |¢) in the coherent state representation.

14



2.3. Grassmann Fields and Path Integral

8. The matriz element of an operator A(é};, ¢a) based on creation and annihilation operators

in normal-order in the coherent basis is given by
(W A(ele) W) = exp (Z mw;) Al i), (2.51)

where A[sb;, 1)) is the normal-ordered operator with cf and c; being replaced by i and 1;,

respectively.

PrOOF: 1. By exploiting the definition of fermion coherent states (def.8) and the Grassmann

derivative we derive

&) = el (1= ;e [J(1 —w;¢)) [0) (2.52)
i
=l T —w;eh o) (2.53)
J#i
__ 9,4 of _ et
= "o (1= /l)]H#(l ¥;¢;)10) (2.54)
0 <44
= ~ ous ). (2.55)

2. The proof is analogous to the previous one.

3. The scalar product of two coherent states results in
(Wle') = O T+ dac) (1 = 4:¢) [0) (2.56)

0+ ) 2s7)

() "

which, in general, is unequal to 1.
4. We refer to [78], chapter 1.5. for this proof.
5. Equation (2.48) directly follows from the anticommutation of Grassmann numbers.

6. We start by writing out the trace in terms of occupation number states, insert the closure relation
(point 4, eq. 2.47) and the anticommutativity of scalar products (point 5, eq. (2.48)). Thus we

obtain for an operator A

() = 3 ol Al 259)
= [ TLddve =50 5 ol (01 A1) 2.60)
= [ TLab v =5 (g A ) () 21
= [ TLabdvie =5 (ol A 26)
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2. Preliminaries

7. Equation (2.50) directly results from the closure relation (point 4, eq. (2.47)) applied to a state

).
8. Writing (| A(&l,¢,) [¢'), we let & act to the left and & act to the right coherent state. This
directly leads to the result given in equation (2.51). ]

The coherent states provide a new basis for the many-particle system. Therefore, the partition function

can be reformulated in terms of these states as in the following corollary.

Corollary 2.3 (Partition Function in Coherent States)
Let v; and ; be Grassmann variables, and let H, ]\7, w and B be given as in definition 5. Then

the grand canonical partition function Z in a coherent state representation is given by

Z= /H dip; dip; exp (Zd)ﬂlh‘) (—] e PR [y (2.63)

PRrROOF: Applying the trace in coherent states (eq. (2.49)) to the definition of the partition function
in definition 5 directly leads to equation (2.63). |

As the configuration space of many-particle systems is very large, it is useful to define functional
integrals which are integrals over field configurations. We will briefly introduce them and use them

for the derivation of the FRG equations later on.

To motivate the formulation of path integrals we consider the time evolution of a system from state
[1h;) with components v, ; at time t; to a final state (1| with components @a,f at time ty. Then a

matrix element of the evolution operator (see eq. (2.2)) is given by

Ubsty, iti) = (by| e HE 1) (2.64)

ty—ts
M
and denote all intermediate points by ¢, so that we arrive at the original system for M — oo, implying

We divide the time interval between initial and final state into M time steps of equal size € =

€ — 0. At each intermediate time point we insert the closure relation of the Grassmann fields with the
corresponding fields 1, and 1/?&,;9. When applying the Hamiltonian of the time-evolution operator of
the intermediate time slices to the states, the creation and the annihilation operators are in an order
which corresponds to the one generated by the series representation of the exponential function. The
error arising due to a normal ordering of this exponential is quadratic in the size of the time slice €

and will vanish in the limit M — oo. Thus we obtain

U(dha,gts, iti) = (] e HEDAG =0 [y

M—-1 M
i 7y —y Mot D Do ke —ieH[el ¢
= i [ TT T S0 st [ ol ™ 0 0 )

M-1
= lim / H Hddjak dwmke’EQi}l P ba it 401 (X Pkt om1 =i eH o kb i), (2.65)
k=1

M—o0
o

All the integrals in this formula are finite, as there is no metric in the Grassmann algebra. In the
limit M — oo it makes sense to replace the intermediate states 14 by introducing the Grassmann

trajectory 14 (t) and to define the time-derivative symbolically as %wa(t) = % and the
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2.3. Grassmann Fields and Path Integral

T

Hamiltonian of the Grassmann trajectories as H (1o (t),%a(t)) = H(YaksPar—1). Rewriting the

exponential then results in

Palty)

u(q/;a,ftfﬁ wa,iti) = /

Pa(ti)

D[tpa(t)9a(t)] exp (Z %(W)%(W))

tf
exp z/ dt
t,

i

(anu) Hald) _ Hwn@),wq(t)])) . (2:66)

e

which anticipates the definition of the path integral (cf. def. 9).

This formula is derived for the time-evolution operator and will change when, for example, an
operator acts between the initial and the final state. Based on this example, we, therefore, define the

path integral mathematically incomplete as the procedure for obtaining such an equation.

Definition 9 (Path Integral)
The path integral is defined as the limit of infinitely many discrete time-step splittings of the
evolution from an initial state to a final state. We formally define the notation of a path integral

as

M—-1

alty) )
/ " DI (®). Ya(t)] = Jim_ / TT TT ek dtia s (2.67)
k=1

Ya(ti)

e

The representation of the partition function in Grassmann variables (see eq. (2.63)) can be simplified

by means of these path integrals according to the following lemma.

Lemma 2.4 (Partition Function in Path Integral Formulation)
Let H, N, w and B be given as in definition 5. Then the partition function Z in a path integral

formulation is given as

Z= Dl (7),9(7)]
$i(B)=—9:(0)

) ) o )
exp <_/0 dr {Z: i (T) (E - H) »i(T) + HW,-(T),#}AT)]}) . (2.68)

PRrROOF: The continuation of the time-evolution operator to imaginary times results in U (75, ¥;7;) =
(¥ e (=7 |4h;). The partition function in coherent states (cf. eq. (2.63)) can be identified as the
sum over diagonal matrix elements of this imaginary time-evolution operator over the time interval
[0, 8]. Due to the trace there exist antiperiodic boundary conditions for fermions, such that ¢;(8) =
—1;(0). Using the results of the time-evolution operator in equation (2.66), the quadratic term in the

exponential cancels with the one in equation (2.63), such that the partition function becomes

el

Z= Dp(r), (7)) e~ I3 dr {3 di(r) ;—u)w,v(T>+H[y;,(7>,wi(7)]}7 (2.69)
$i(B)==1:(0)

which completes the proof. [ ]
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2. Preliminaries

As the exponential in the partition function is quite lengthy, we simplify the notation by introducing
the action as follows:

Definition 10 (Action)
Let (1), ¥i(7) be Grassmann variables, and let H[tp;(7),4:(7)] be the Hamiltonian of a system

given in the coherent state basis. Then the action is defined as

B
Slitr) ) = [ ar {Z i) (5 = ) ) + HIG (), wn} : (270)

i

Based on these mathematical tools we are able to derive the FRG equations. In order to be able to
understand the symmetries of a solid and to derive the form-factor basis later on, we deal with the

basic theory of finite groups in the following.

2.4. Group Theory

The symmetry of the underlying lattice of a solid state system can be used for important simplifi-
cations, as all solid state properties have to transform under the corresponding symmetry operations.
In addition, the symmetries will be useful for the derivation of form-factors, which we will choose to
be basis functions corresponding to the point group symmetry. The framework for a proper treatment
of symmetries is given by the group theory, whose relevant parts will be introduced in this section,

based on Dresselhaus [79)].

At first, we define the notation of symmetry operations according to Schoenflies.

Definition 11 (Schoenflies Notation for Symmetry Operations)
Consider the three-dimensional lattice of a solid state crystal. The axis with the highest order of

rotations is defined as principal axis. The symmetry operations are defined as:
o E: identity operation
o [: inversion operation, taking x — —x, y+— —y, 2+ —2z
e C,: rotation by 2r/n withn € N
o 0,: reflection on a vertical plane, i.e. through the principle axis

o g4: reflection on a diagonal plane, i.e. through the principle azis and bisecting the angle

between the two two-fold rotation azes orthogonal to the principal axis
o oy, reflection on a horizontal plane, i.e. perpendicular to the principle axis

e S, improper rotation, rotation by 2w /n with n € N, followed by a reflection in the plane

orthogonal to the rotation azxis.

In the following we introduce the mathematical group and define the point group and the crystal-

lographic point group as well.
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T

Definition 12 (Group)
1. Let G = {a,b,...} be a set of elements and let o be an operation between two elements
a,b € G. Then (G,o0) is called a group, if and only if
o for all a,b € G the element aob also is an element of G,

o the operation o is associative, i.e. for a,b,c € G the equality ao (boc) = (aob)oc
holds,

o there exists a neutral element e € G, such that aoe =eoa = a holds for all a € G,
o for all a € G there exists an inverse element a™* € G, such thataca™' =a loa=c¢,
2. If the set G is finite, the group is called finite.

3. A point group is a finite group consisting of elements which are symmetry operations,

which can be denoted by definition 11, and whose operation o is their successive action.

4. A erystallographic point group is a point group which contains only (improper) rotations
with n € {1,2,3,4,6}.

The restriction of n fixes the total number of possible crystallographic point groups to 32, while
there are infinitely many point groups. This restriction is based on the observation made in the
crystallography that no other structures have been obtained. However, quasi-crystals may have point

groups with, for example, n = 5.

Next we consider the multiplication of a group element with itself.

Theorem 2.5 (n-Repetitiveness of a Finite Group)

Let (G, 0) be a finite group. Then there exists an n € IN, such that a™ :==aoao... oaq = e holds
—_———

n times

for any a € G.

PROOF: Let y be a repetition, such that y = 2P = 2? with p > ¢. We can write p = ¢ + n such that
y=af =z =g%02" (2.71)
but, by construction, it is also y = x9. Therefore, it follows that =™ = e. |

To assign a size to a group, we define its order and, based on the previous theorem, the order of a

group element.

Definition 13 (Order of Group and Elements)
Let (G, 0) be a group. Then

o the order of the group is defined as the number of elements in the group,

e the order of an element a € G is the smallest n for which a™ = e holds.

In a next step we relate elements to each other according to the following definition.
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Definition 14 (Conjugate Elements and Class)

1. Let (G,0) be a group and let a,b € G. Then a and b are called conjugate, if and only if
b=zoaox™! forallz €.

2. The set of all conjugate elements of G is called a class.

These conjugate elements obtain some relations to each other, as the following theorem shows.

Theorem 2.6 (Same Order of Class Elements)
Let (G, 0) be a group.

1. Let a,b,c € G and let b be conjugate to a and let ¢ be conjugate to b. Then c is conjugate

to a, too.
2. Let ay,as,...,an € G be a class. Then all the elements ay,as,...,an of the class have the
same order.
ProoOF: 1. According to the definition of the conjugation we can write

b=zoaox !

and c=yoboy ! (2.72)
with z,y € G. By substitution we obtain

c:yozoaoaflyfl

=(yoz)oao(yox) (2.73)

thus, ¢ is conjugate to a as yox € G.

2. Without loss of generality assume a; to have the order n, i.e. af =e. As all a; are in the same

class, they are conjugated to a; according to a; =z oa;o 2~ for any x € G. Then,

a} =(zoaiox ) o(zoarox ") o - o(zoaox ) n times. (2.74)

1 1

Due to the commutativity x o 27" = e, leading to a} = zoafoz™ =zoeo z7! = e, so that

a; has the same order n as a; has. |

So far, we have dealt with one group and its elements. However, it is interesting to relate two different

groups to each other, as it might be easier to deal with one of them instead of the other.

Definition 15 (Isomorph, Homomorph)
Let (G, 0) and (F,-) be two groups.

o If the groups have the same order and there exists a bijective map between their elements,

then (G,o) and (F,-) are called isomorphic.

e If (G,0) has order n and (F,-) has order m > n and there ezists a surjective map M : G —
F, then (G,o) and (F,-) are called homomorphic.
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T

Based on the isomorphic relation between two groups, we can relate the abstract groups to groups
based on matrices, which can be dealt with more easily.

Definition 16 (Representation)

Let G = (G, 0) be an abstract group. Let R be a set of n-dimensional square matrices and let “”
be the matriz-product operation so that R = (R,-) is a group, called substitution group. If R
is homomorphic or isomorphic to G, R is called a representation of G and a matriz R(a) is
assigned to each element a of G, such that R(aob) = R(a) - R(b) holds for all a,b € G.

The representation of a group in terms of square matrices is helpful in several ways. At first
the quantum mechanical wave-function will transform under the symmetry operation similar to the
transformation of its matrix under the application of the symmetry matrix. Secondly, quantum
mechanical operators are typically written in matrix form, so that a symmetry operation in matrix

form can be applied to it more easily.

However, a representation is not unique, as a similarity transformation UR(a)U ! with an invertible
square matrix U generates a new set of matrices, which is also a good representation. Additionally,
another representation can be obtained by combining two representations to a larger matrix, for

example, as

R(a) 0 .
( 0 R/(a)> . (2.75)

This matrix is reducible, as all group elements are in the same block form. But, a similarity transfor-
mation of this latter matrix can mix up all the elements, such that the block form is lost. However,
the matrix remains reducible. Based on these observations we define some more terms to classify

representations.

Definition 17 (Properties of Representations)

Let R = (R, ) be a representation of a group G based on a set R of n-dimensional square matrices
and the matriz-product operation denoted by “”.
1. Then R is called n-dimensional.

2. Let R = (I~?,) be another representation of G. Then R and R are called equivalent, if

there exists a regular n-dimensional square matriz U, such that the equality
N(a)=U-M(a) -U™* (2.76)

holds for all a € G and for the corresponding matrices M(a) € R, N(a) € R.

3. The representation R is called reducible, if it is equivalent to a representation in which all

matrices have a common block structure, i.e.

(M@ 0
M(a)< . MZ(a)). (2.77)

Otherwise it is called irreducible.
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To understand the reducibility in more detail, assume a reducible representation I',. of a group
G which is irreducible in the group G’. This relation indicates that some interaction breaks up a
degenerate energy level in G’ into non- or less degenerate ones in group G. Due to group theory we

know which symmetry is related to this degeneracy and in how many levels it will split up.

As we have already stated, every representation has an arbitrariness with respect to a unitarity
transformation. Therefore, it is useful to work with the trace of a representation, which is called

character, as it does not change under these transformations.

Definition 18 (Characters)
Let G = (G,0) be a group and let R = (R,-) be a corresponding representation. Let a € G be

a group element and let R(a) be its representing matriz. Then the character of a is defined as
x(a) = Tr(R(a)).

As the trace is independent under similarity transformations, the character is also independent. For

the character, the following theorem provides some very helpful relations.

Theorem 2.7 (Properties of Irreducible Representations)

Let G = (G, 0) be a group with N elements, let there be n. classes Cy<,, with n, elements each,
and let there be Nirep inequivalent irreducible representations gien by R; = (R,-), © < Niprep}-
Then

1. the dimension n; of a representation R; is equivalent to the character of the identity map,
i.e. n; = xi(e),
2. the characters x; of R; are the same for all elements of the same class,

3. the number n. of classes and the number of inequivalent irreducible representations Nprep
(i.e. different R; of G) are equivalent,

4. the characters x; of a class Cyq and those of a class Cyq are orthogonal to each other, i.e.

Nirrep

> Xi(Ca)xi(Co) = dag N/ng, (2.78)

Nl

the characters x; of a representation R; and the characters x; of a representation R; are

orthogonal to each other, i.e.

D hgxi(Cy)x;(Cq) = 6y N. (2.79)
q=1

PROOF: For the proofs of these statements we refer to [79], as they are lengthy and out of the scope
of this thesis. |

Based on this theorem it is possible to write down all the characters of a class in an n. X njyrep Square

table, called character table. The orthogonality relations simplify the calculations needed to fill those
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tables. Considering the orthogonality, one can regard the representation I'; creating an h-dimensional

vector space

Vi) = Ry (a1), Ry (a2), ... R (an)], (2:80)

v

in which particular vectors are labelled by the indices I';, u, v. All distinct vectors in this space are
orthogonal, leading to the observation that two representations are orthogonal, if at least one of the

three indices differs.

Finally, we define the projection operator to an irreducible representation, which will be very useful

for the derivation of the form-factor basis.

Definition 19 (Projection Operator)
Let G be a group with irreducible representations R; with character x;. Then the projection

operator

P(R:) =Y xi(9)g (2.81)

9g€eG

projects out the contribution which transforms in R;.

With the mathematical background at this stage, we are in a position to focus on the physical

problem of correlated electrons.
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3. Theory

%ondensed matter systems consist of atomic nuclei in a periodic arrangement and of electrons.
The nuclei of charge Zje (with e being the fundamental electronic charge and Z; the nuclear charge
number) are located at positions R; and generate a periodic potential affecting the electrons. As
the atomic nuclei are significantly heavier than the electrons, calculations of the electronic system for
static nuclei result in small errors only. Therefore, the full condensed matter problem is separated
into an atomic and an electronic one by applying the Born-Oppenheimer approximation. As pointed
out in the introduction, the focus of this thesis is on the effects of electronic correlations, so that we

consider only the electronic problem whose corresponding Hamiltonian

) N N 2
3 p; . e
A=Y [Bavie|+ Y Y S (51
i=1 ) i=1j=it+1 ¢
=:Ho =

2
V) == (32)

of the atomic nuclei. The non-interacting part Hy of the Hamiltonian is a one-particle operator which
sums up the kinetic and the potential energy of each electron. The interacting part Hi is a two-
particle operator, which describes the Coulomb-interaction between two electrons of the system. The
evaluation of this term is the crucial part for the description of the electronic system, as the duality of
representations makes an analytical solution impossible and as the large number of electrons makes a
numerical exact solution impossible, so that additional approximations to the full solid state electron

system are necessary?.

For many materials, like for example semi-conductors, the electronic system can well be described
by the behaviour of one electron in the effective potential of all the other electrons. In this case the
properties of the electronic system can be represented by one-particle expectation values. Many other
materials, like the HT'S we are interested in, are not well described by such an effective one-particle
picture. In those cases, the expectation value of two one-particle operators differs from the product of
their expectation values, so that the electron-electron interaction has to be treated more accurately.
We define the correlation function which provides an objective measure to differentiate these types of

materials.

In many cases, the Hamiltonian of the full electronic part is simplified to a model one, which can be discussed
more easily. To simplify the notation, all the following derivations and definitions are always with respect to the
Hamiltonian H, describing the system, its Fock basis or coherent states.
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Definition 20 (Correlation Function and Correlated Electrons)
Let A and B be operators acting at (imaginary) space-time 1 and 2, respectively. Then their

correlation function is given by
an(12) = (A)BE)). (3.3)
Let A and B be one-particle electron operators. Then the electrons are uncorrelated, if

a2 = (AD) (B@), (3.4)

otherwise they are correlated.

The simplest correlation functions are those in which A and B are fermion annihilation and creation
operators, like in x(1¢,2:) = (chQ). Physically, this is the probability of finding an electron at space-
time 1;, when one is added at space-time 2;. This correlation function is the one-particle Green’s
function and will be discussed later on, as most one-particle expectation values can be derived from

it. In the limit 2, — l:r, for instance, it becomes the expectation value of the particle number.

Increasing the order of complexity, we let the operator product AB consist of two electron creation
and two electron annihilation operators, such that the correlation function describes the correlations
between two electrons. The definition of the term correlated electrons according to equation (3.4)
is based on these operators. Physically, this equations states that electrons are correlated, when
the correlation function of the product of both one-particle operators is significantly different to the
product of the mean field expectation values of each operator. To obtain an operator product as

required, A and B are chosen as fermion-bilinears as given in the following definition.

Definition 21 (Fermion-Bilinears)
Let ct(i) and cs(i) be the creation and the annihilation operators of a particle with spin s in a

solid at site and orbital indez i and let o be a Pauli matriz. Then we define:
1. Charge-Density operator: p(1) =3, ¢t(1)e,(1).

2. Spin operators: S'(1) = %ZS’S, ét(1)o? ¢, (1), where o corresponds to the Pauli matri-
ces with i € {0,z,y,2} .

3. Pairing operator: p(1,2) = ¢, (1)és,(2).

One can directly see that charge- and spin-density operators are one-particle operators, thus

vea(1,2) = xp(L,2) = (B(L)F2)  and (3.5)
V(1,2) = xsis (1,2) = ($1(1)§(2) (3.6)

are the charge- and the spin-density susceptibility, respectively. Contrary, the pairing operator gen-

erates particle pairs only with its adjoint counterpart, so that

Xpd(lv 2) = pr"(172) = <ﬁ(12)ﬁt(17 2)> (37)
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is the pairing susceptibility. When these susceptibilities become non-zero they indicate charge-density-
waves, spin-density-waves or pairing (superconducting) order, respectively. Frequently, the fermion-
bilinears are defined including a form-factor f,(x,y), whose spatial spread represents some typical
behaviour of the bilinears or susceptibilities under lattice symmetries, which is discussed in some

more detail in section 3.3.

As all three correlation functions consist of two creation and two annihilation operators they can

be obtained from a generalised correlation function (cf. def. 22) by taking the corresponding limits.

Definition 22 (Generalised Correlation Function)
Let the system be in thermal equilibrium and let 1,....4 be space- and (imaginary) time-
coordinates. Then the generalised correlation function is defined as the connected part of

the expectation value of two creation and two annihilation operators, i.e.

x(12,34) := <ﬁa(1)a(2)aT(3)aT(4)1>

— (TTe(De(@)é B)e @) — (Ve @) (@) 3)) + (et 3) @) (@) . (3.8)

c

The restriction to the thermal equilibrium ensures that the particle number is conserved, as the
trace is zero in all other cases. The denotion of “connected” will be clarified by definition 29 later
on in this section. In the case of the limits 4 — 1~ and 3 — 2~ this generalised correlation function
becomes the charge-density correlation function after changing the order of operators. With the limits
2 — 17 and 4 — 3~ one directly obtains the pairing correlation function. A similar combination of
exchanging the order of operators and taking limits to equal space-time coordinates leads to the
spin-density susceptibility.

A special kind of correlation functions, called response functions, is accessible by experiments.
They give the response of a physical observable to an external effect perturbing the equilibrium
state of the system. This can be the addition or the removal of particles or a perturbing field.
For the latter case we consider, exemplarily, the expectation value of an operator A(lt) under the
perturbation of the form ¢(2,)sB(2;), which is switched on at time to. With the time-evolution

e—ift'b dt' H+p(2:)B(2:

operator Us(t,tg) = ) the expectation value of the operator A in the Heisenberg

picture becomes

4 <AH(1£)>pert = < Tt tO)A(lt)US(t17t0)> (3.9)
= (Au(1)) +i /j dt'o(20) { [Bu(20), An(1)] ) + O(*) (3.10)

in a perturbation expansion in ¢. The coefficients on the right hand side are called response functions

whose first order or linear term

Xap(li,2) = W = =it — t2) { [Au(1:), Ba(20)]) (3.11)

is also called susceptibility. This is, therefore, determined by the derivative of an expectation value

with respect to a perturbation. Thus, it can be regarded as the second derivative of the grand canoni-

cal potential (cf. def. 5) with respect to some perturbation, as expectation values of operators are the
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first derivative. Extending this procedure to non-local operators and to non-local perturbations, like

magnetisation and magnetic fields, the resulting susceptibilities depend on four arguments. Writing
the effects in terms of field operators, the expression takes the same form as the generalised correla-
tion function. Thus the generalised correlation function also contains the experimentally accessible
susceptibilities.

The calculation of the generalised correlation function is difficult, as the grand canonical partition
function, the grand canonical potential and the wave-function of the stationary Schrédinger equation
of the many-electron problem cannot be calculated for generic interacting electron systems. In the
following, we will, therefore, discuss a general form of correlation functions, which our approach to

solve the problem is based on.
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3.1. Green’s Functions

3.1. Green’s Functions

As all operators can be expressed by creation and annihilation operators in the occupation number

representation, we generalise the previous correlation function to an arbitrary number of operators.

Definition 23 (n-particle Green’s Function)
Let n € N, and let (---) denote the expectation value with respect to K=Hy+H - ;4]\7 and
(--+)o the expectation value with respect to the non-interacting Hamiltonian Ko = Hy — uN, and

let T be the time-ordering operator.

e Let ét(iy) and é(iy) be the creation and the annihilation operators of states x; = (;,04,5;)

in the Heisenberg picture at real times t; € R with iy = (x;,t;). Then
— the n-particle (or 2n-point) real time Green’s function is defined as

GO (1,,...,2n0,) = (—i)" <T [é(lt)--‘é(nt)éT(Qnt)---ét(n+1t)}> and  (3.12)

— the free or non-interacting n-particle real time Green’s function is defined as

G(()Q")(lt, s 2ny) = (—0)" <’7' [6(1s) - é(ne)éT (2my) - -+ etn+ 1,)] >0 ) (3.13)

o Let éT(i) and &(i) be the creation and the annihilation operators of states x; = (r4,04,8;) in

the Heisenberg picture for imaginary times 71, ..., 7oy € [0, 8] with i = (x;,7;). Then

— the n-particle (or 2n-point) imaginary time Green’s function is defined as

GEN(L,.. 2m) = (T [e(1) - e(m)é @n) &'+ 1)) and (3.14)

— the free or non-interacting n-particle (or 2n-point) imaginary time Green’s func-

tion is defined as

G®M@,... 2n) = <”f [é(1) -~ e(n)él (2n) - &t (n + 1)]>0- (3.15)

These Green’s functions are the basic elements of a lot of approaches to many-particle physics and,
hence, are discussed extensively in basic literature ([78, 80, 28, 81, 82]), which this section is based

on.

In definition 23 the basis on which the operators act was chosen as the conventional position
space basis. As discussed in section 2.1 a translational invariant basis is advantageous to describe
solids, especially for working with lattice models. Therefore, we will typically work with lattice
Green’s functions, which are defined with respect to Wannier functions (see eq. 2.18). The basis
transformation is straight forward and results in a replacement of the position space argument by the
corresponding lattice vector argument in our notation. Therefore, we now denote = := (Ros) and
1:= (z7), as already introduced in equation (2.21) and the following paragraph in the preliminaries.
Throughout this thesis we assume in all theorems and definitions in which Green’s functions appear,

that these are well defined according to this definition without mentioning all prerequisites.
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3. Theory

All the properties which will be discussed for the interacting Green’s function in this and in the
following section also hold for the free Green’s function due to the similarity of their definitions.
Based on our notation, we will derive these properties for the lattice imaginary time Green’s function,
although most of the properties also hold for position-space and for real time Green’s functions and
differences will be mentioned in short remarks. As the one-particle Green’s function has an extraordi-
nary significance, which will become evident in section 3.2, the superscript is neglected and we write

G(1,2) := G (1,2).

A comparison of the definitions of the two-particle Green’s function G*) and the generalised sus-
ceptibility x (cf. def. 22) shows that these only differ by the restriction of x to connected expectation

values. They are thus related by subtraction of the uncorrelated part from G® according to
X(1,2;3,4) = G*(1,2;3,4) — G*(1;4)G*(23) + G*(1;3)G?(2; 4), (3.16)

which we will derive in detail in the section about diagrammatic representations (see sec.3.2.2).
Although we formally defined different Green’s functions for real and for imaginary time, both are
equivalent under the identification ¢ = i7 and can be converted into each other. The restriction of the
imaginary time Green’s function to the interval [0, 5] is required to ensure convergence for the trace
in an infinite basis. To illustrate this, let {|¢)} be a complete orthonormal basis built up from the
eigenstates of the modified Hamiltonian K=H- ,uN with eigenvalues F;. For the expansion of the
trace in this basis set we assume, without loss of generality, 71 > 70 > ... > 7, > 7o, > ... > Tpy1

and write the Green’s function as

1 N .
G«(?n)(l7 o 271) _ 2 Z e—(ﬂ+7n+1—7'1)En <Z| éle_TlK. .. ET"+1K6L+1 1) . (317)
n

For an infinitely large system, the number of eigenstates is infinite and its spectrum is unbounded,
i.e. the eigenenergies E; can become infinitely large. Only under the requisition 8+ 7,41 — 71 > 0 the
exponential factor can ensure a convergence of the sum. The choice of 7,41 and 71 as smallest and

largest imaginary time, respectively, enforces all other imaginary times to be in an interval of size (.

3.1.1. Properties of the n-particle Green’s Function

Based on the general definition of the Green’s functions, we will analyse the n-particle Green’s
functions in this subsection and will focus on imaginary time arguments, as we have to deal with
systems at finite temperatures to obtain critical temperatures indicating phase transitions. The cor-
responding Green’s function is antiperiodic due to the cyclic property of the trace, which is also called

Kubo-Martin-Schwinger boundary condition [83].

Theorem 3.1 (Kubo-Martin-Schwinger Boundary Condition)
Let G** be the n-particle Green’s function. Then the Green’s functions G** at time 7; = 0 and
7i =0 for any i € {1,...,2n} are related by

G2n(1‘17'1,. ey LTy = 07 e ,I27L727L) = 7G2"(I17‘1, ey LTy = ﬁ, e ,IgnTzn). (318)
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3.1. Green’s Functions

PROOF: First, we consider a special case and let 7,41 = 0. Then

G* (171, Ty T\i%y o TonTon) = <7’ [@wl(ﬁ) . ..éln+1(0)]>
({0 ]} )
def. 6 %’I‘r (6, (0) K T [er, ()2l (rnsa)] 10

L () T o))

= (T [t w2, L))

2
=-G "(1‘17’1, e 7xn+167 ce 71‘2n7-2n)-

In this derivation we used the cyclicity of the trace in the third line and the definition of a time-
dependent operator in the Heisenberg representation in the fourth line, and the commutation with

W

2n — 1 operators generates the in the second last line. The validity of this relation for the last n
operators is obtained by their anticommutativity relation, while an analogous calculation is used to

obtain the result for the first n arguments. |

Based on this boundary condition theorem, the imaginary time n-particle Green’s function can be
continued to an antiperiodic function for all 7, € R. That is, we can define for 72 € [0, 8] and for

m € Z a time 7™ = 70 + m/3 outside the window [0, 8] such that
G (2171, Ty = T, o o Tan) = (—1)"GP M (T, i = T, L TanTon) (3.20)

defines the continuation of the imaginary time Green’s function to any 7; € R. However, as this
antiperiodically continued imaginary time Green’s function is not antiperiodic for all 7 € R, it cannot

be represented by the right hand side of the original Green’s function in equation (3.14).

Due to the definition of the Green’s function additional symmetries hold, summarised in the follow-

ing theorem.

Theorem 3.2 (Intrinsic Symmetries of the n-particle Green’s Function)
Let G®"(1, ...,2n) be the n-particle (imaginary or real time) Green’s function. Then the following

symmetries hold:
1. Crossing Symmetry: The Green’s function is antisymmetric in permutations of the first

n as well as the last n arguments, i.e.

G™(1, sy ey Gy ooy + 1,0, 20) = =G (1,0 Jy ey 4y oy ;4 1,...20) and (3.21)
G2(1,oninA 1, eydy ey gy oy 20) = —G2 (L, i+ 1, ooy o ooy 8, ... 20) ’

for any index pair i,j € [0,n] ori,j € [n+ 1,2n], respectively.

2. Complex Conjugation: Under complex conjugation the imaginary time Green’s function

shows the symmetry

(Gzn)* (171, . .., TonTon) = G (@on (= T2n), - - ., £1(=71)). (3.22)
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PROOF: 1. Consider the definition of the real or the imaginary time Green’s function. If two
creation or annihilation operators next to each other change their order in the time-ordered
product, their anticommutativity directly leads to a sign change. When other operators are
in between them, additional commutations of both operators with these sandwiched ones are
necessary. As this always requires two commutations, the resulting factor is one, such that the

total sign change is still the result of their commutation with each other.

2. Consider the definition of the imaginary time Green’s function with operators in the Heisenberg
picture and assume without loss of generality 74 > 72 > ... > 7, > 72n > ... > 7T,,41. Under

complex conjugation the time evolution exponents are real valued such that we obtain

2n\* _ /5 71K 4 -nK . 7'n+1K ’f —Tnt1 K
.oy Top = (7
(G ) (T1, 71y, To2nTan) < [e Gy € e e

=7l
= (T [ennun (=T -+, (=72n)el, (=7) -+ 2L, (=] )
— G2 (

7'n+1KA leﬂwlf(,,,e*TlKé; €T1R]>
1
(3.23)

ﬂczn( Tzn) "7I1(_T1))1

where we used the crossing symmetry to arrange both, the creation and the annihilation opera-
tors, in the correct form in the last step. |

Considering the real time Green’s function under complex conjugation, the exponents of the time-
evolution operators are complex and thus obtain a sign change under complex conjugation. Therefore,
following the proof of the imaginary time Green’s function, the time arguments keep their sign under
complex conjugation. Although these “symmetries” are no real symmetries in a physical sense, they
are very helpful to facilitate calculations. The behaviour of the Green’s functions under physical

symmetries is investigated in the following subsection.

3.1.2. Behaviour of Green’s Functions under Symmetries

We first consider a general symmetry operation of the system in order to simplify the derivation of

the behaviour under specific symmetries later on.

Theorem 3.3 (The n-particle Green’s Function under Symmetries)
LetU represent a similarity transformation which commutes with the modified Hamiltonian K=
Hfu]\? of the system, i.e. [Z:{, K} = 0. Then the n-particle Green’s functions do not change under

the transformation U, ie.
Ge,...,2n) = GEM(,. .., 2n), (3.24)

with G") being the transformed Green’s function.

PrOOF: This proof corresponds to the one of Rohringer [82]. The creation and the annihilation

operators change under the symmetry transformation according to

Jeiid

=utelu  and & =U'ad, (3.25)

o
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3.1. Green’s Functions

so that the transformed n-particle Green’s function becomes
GCI(,. . 2m) = (T [aam) - u(m)d(rn) - (rs)] ) (3.26)

For the time evolution of annihilation operators terms of the form

R G o R G o

o

&i(mi)és(ry) = e
— enf( LA{fl @defnf( CT]RZ/A{71 éjz;{efrjf(

=efutate TR U U U U e
K

i €

(3.27)

— enK Z/{71 éz G*Tz‘K €TjK éjuefr]

arise with K = ¢/ K1{~'. This result is obtained for the creation operators, too, and, due to the

cyclicity of the trace, also for the left- and the rightmost terms. In a symbolic notation we thus get
GEVE G K] =GPVl e K, (3.28)

which means that either the operators ¢ and & or the Hamiltonian K can be transformed, resulting
in the same Green’s function. According to the prerequisites U commutates with the Hamiltonian

resulting in K = K. Thus the Green’s functions in the original and in the transformed system

coincide. |

A physical interpretation of this theorem can be obtained from equation (3.28). The left hand
side is the Green’s function, in which creation and annihilation operators are transformed under an
active transformation I{ and are expressed in terms of the old reference system. On the right hand
side the reference system is transformed, which is achieved by transforming the Hamiltonian with the
corresponding passive (or inverse) transformation. Thus, according to the equation, the active and

the passive transformation have to coincide.

We apply this general theorem to some specific symmetries of the system. To simplify the notation,
we will only write out the necessary dependencies which are subject to the symmetry operation in the

following corollary.

Corollary 3.4 (The n-particle Green’s Function under Symmetries of the System)
Let G(2">(17 ...,2n) be the n-particle imaginary time Green’s function of a system described by
the modified Hamiltonian K = h — uN.

1. Time Translation: Let K be invariant under time translations. Then the Green’s function

in imaginary time is invariant under translations in time a € R, i.e.

G (71,...,T2n) = G (11 + @, ..., Ton + a). (3.29)

2. Spatial Translation: Let K be invariant under a spatial translation v’ € R3. Then the

Green’s function is also invariant under this translation, i.e.

G™(ry,..., o) = G (ry 4+ 7, .. ron + 7). (3.30)
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3. SU(2) Spin-Symmetry: Let K be SU(2)-symmetric (spin-symmetric). Then the Green’s
function conserves the total spin, i.e. the sum of the spins of the creation operators equals

the sum of the one of the annihilation operators:
n 2n
Ssi= > i (3.31)
i=1 i=n+1

and it is symmetric with respect to a global spin flip, i.e.

G<2”) (51, ceey SZn) = G(2n)(*51, ceey *Szn)- (332)

4. Point Group Symmetry: Let K be symmetric with respect to a point group I', and let
R €T be a symmetry operation of the point group. Then the Green’s function is symmetric

in the sense of

GEV(R(r1), ..., R(ran)) = GO (ry, . ). (3.33)

. Time and Space Reversal Symmetry: Let K bea purely real function of the creation

v

and the annihilation operators, then the n-particle Green’s function is also purely real.

6. Electron-Hole Symmetry: Let K be electron-hole symmelric, i.e. K does not change
under exchanging creation and annihilation operators up to a constant. Then the Green’s

function is electron-hole symmetric in the sense of

G (,...,2n) = (-1)"GE(2n,...,1). (3.34)

PrOOF: 1. Time Translation Symmetry:

34

We define the time translation operator by T o= e‘RT, which commutes with the modified

Hamiltonian K , as the latter is time-independent. The creation and the annihilation operators

become
& (m)y=efmel (n)e KT =é (n+7)  and

(3.35)

5;1 (1) =57 ey (1) e BT =&, (1 + 7),

which corresponds to a time evolution in the Heisenberg picture with 7; + 7. As this holds for

all operators, we obtain for the choice of 7 =a
GO (1, 19) =GP (1 4 a,..., Ton +a). (3.36)

Due to the commutativity of the time translation operator and K , we can apply theorem 3.3 to

obtain the assertion by
G +a,...,Ton+a) =GP (... Ton). (3.37)

A corresponding result for the real time Green’s function can be obtained by performing the

same lines of the proof.



3.1. Green’s Functions

2. Space Translation Symmetry:

The lattice translation operator T is defined via its action on the creation and the annihilation

operators
=Tt el To=cl,,., and & =T & T = Crpe, (3.38)

which moves their spatial argument by a vector . As the Hamiltonian itself is invariant under
lattice transformations, it commutes with this translation operator. Therefore, the transformed

Green’s function

GO (... an) = <f [til & T Tot el T T ﬂ]>

- <T [511+T,@;2+T, . érmﬂ,b (3.39)

=GO (r 40 e )

is equal to the original Green’s function G2 (r1,...,72,) according to theorem 3.3.

. SU(2) Spin Symmetry:
The SU(2)-group is generated by the spin operators in three dimensions S'g“ Su and SZ, which
are defined in definition 21.2. By definition, a system is SU(2)-symmetric, if the Hamiltonian

commutes with all these generators, i.e.
[H,5]=0 foralliec {x,y,z}. (3.40)

To show the conservation of the total spin, we consider the spin component in z-direction. As S,
is hermitian, the whole Hilbert space can be divided into two orthogonal subsets corresponding
to the eigenvalues. Based on the eigenvectors |S,a) of this space, which correspond to the
eigenvalues of S'Z, the n-particle Green’s function can be rewritten as

G(2n)

S1, - 75271(

1,....2n)
1

ZZ (S, af e PK enkéi1 ek, --eT"Kéi.n e K [S., ), (3.41)
S, «

Nl

with explicitly written traces. The operators of the form ek , 7 € C do not change the value of
., as [S,, K] = 0, but they can change the state from a to o. If we write s = 1 for spin up an

S S., K] = 0, but the; hange the state f to . If t L d

s = 7% for spin down, the commutation relations of 5’2 with the creation and the annihilation

operators become
[S.,él] = sél and [S., 6] = —s é. (3.42)

From these commutators the effect of the creation and the annihilation operators on basis states

|S,a) directly follows as

éls.,a) =S, 4 s,0/) and és 195, a) =19, —s,a'). (3.43)
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Evaluating the expectation value of the Green’s function in the |S,, a)-space results in

(S, a e”ﬁke"‘f(élle’”f{ e eT"Ré_tnefT"K S, a)
= <SZ,04|SZ +s1+ Sy — S — o — 3n+170/> (344)

= CSzﬂlal551+“‘+Sn782n7“‘7Sn+1107

where ¢g, aa’ is a constant depending on S, a and . The d-expression resulting from this
evaluation implies s; + ... + s, = Sop + ... — Sp+1 and thus the conservation of the total spin.

From this we deduce the spin product
2n
[1@s) =+1. (3.45)
i=1
Next, we consider a general rotation of a spin-state by an angle ¢. We define the spin rotation
operator by
D(n, ¢) = =95, (3.46)

where n is a unit vector in three dimensions and ¢ € [0,27). To simplify the derivation we

introduce Pauli spinors

R R
é= (fT> and &l = (ﬁ) (3.47)
Cy C¢

which contain both spin components. The transformation according to the general treatment

results in
ct(n,¢) = eionS gf g=ion-S and e(n, ¢) = ei9nS gemivon-S, (3.48)

To simplify these operators, we take their derivatives with respect to ¢, use the commutator of

S’i and ¢ and obtain the differential equation

%@m (n,¢) = ici*™S[n . §, éD]e-iomS

1 (3.49)
= igin oMM (n, ¢)
with the initial value ém(n, 0) = &M The solution of this initial value problem is
cV(n, ) = eFigne ™ alh) = {cos (g) 1+sin (g) n- 0'<T>} e (3.50)

and can now be used in the Green’s function. As the Hamiltonian commutes with the spin

rotation operator ﬁ, theorem 3.3 implies

G (s, san) = (T [H,E, 6] ) =GB (s1, - 00), (3.51)
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which is a general relation for any combination of n and ¢. A spin-flip process is obtained by a
rotation of ¢ = 7 around the y-axis, m = (0,1,0)7, such that

(1) (1)
0 -1
(@) -( ) () 332)
‘ c
(1) ()

resulting in éT = 769 and éiﬂ = éT . Inserting this into the Green’s function, writing t= — |

and vice versa results, under consideration of the spin product, in
GO (s1,..., s0n) = GV (=s1,..., —52,) (3.53)

as a special case of equation (3.51).

. Point Group Symmetry:
As R is a symmetry operation of the point group of the lattice, we define the corresponding

symmetry transformation by

ey = R7Lél(r) R = &' (R(r)) and &)= R &(r) R =é&(R(r)). (3.54)
According to the general result of symmetry operations, we directly derive

GO (ry, ... ran) = (RN ()R, .. R é(rnpr)R)

_ <6T(R(7:1)). y é(R(Tn+1))> (3.55)
— G(Q") (R('rl), e ,R("'Zn))

= G(2n)(rl7 s 7T2n)7

which generates, due to the commutativity of K and R, the requested relation according to
theorem 3.3.

. Time and Space Reversal Symmetry:
As this symmetry is not considered any further in this thesis, we refer the interested reader to
the proof in [82].

. Electron-Hole Symmetry:
As this symmetry is not considered any further in this thesis, we again refer the interested reader
to the proof in [82]. |

The solid state Hamiltonian (3.1) is invariant under translations by a lattice vector and under time
translations so that theorem 3.4 describes the behaviour of the Green’s function of a solid under those
symmetries. When a time argument of the Green’s function is chosen as the time translation, like,
for instance, a = —79,, the Green’s function depends on 2n — 1 time differences. Therefore, a Fourier
transformation reduces the dependencies to 2n — 1 frequency arguments. When the Green’s function
is defined for lattice sites R;, then a similar treatment for the spatial arguments leads to a dependence
on 2n — 1 lattice vector differences or on n — 1 momentum dependencies. We exploit this reduction of

arguments by considering the corresponding momentum and frequency Green’s functions.
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3.1.3. Momentum and Frequency Green’s Functions

We perform the transformation of the system to frequency and momentum space in order to exploit
the translation symmetries mentioned in theorem 3.4. As the system is periodic on the lattice and in
imaginary time, we can evolve it in the corresponding Fourier series as defined by equations (2.15) and
(2.8). Contrary we need a Fourier transformation for the position space and the real time arguments of
the Green’s function according to equations (2.14) and (2.7), as they are non-periodic. In the following
definition we focus on the Fourier transformation of the lattice Green’s function and imaginary time
one, as they will be needed further on. However, the Fourier transformation of the position space and

the real time Green’s functions can be defined in exact analogies.

Definition 24 (Fourier Transformation of Green’s Functions)

o Let G(Q”)(Rl7 ..., Ray,) be the n-particle lattice Green’s function with lattice vectors R;. Let
k; be in the first Brillouin zone B for alli € {0,...,2n}, which has size |B|. Then the lattice

Fourier transformation is given by the series

GOk, ko) == Y

R, Rz,

e~k Ry | —ikn R gikon Ran | gikng1-Raga G(2")(Rl’ L. 7]{2n) (3_56)

with the Fourier coefficients

\ 1
GP(Ry,...,Ry,) = W/dkl "'/den
B B

GW(QTL)(k17 o k?n) eikl‘Rl L eik?n,'Rn, e_ian'R2'n, . _e—ikn+1 'Rn+1. (357)

o Let G(zn)(Tl,.‘.,TQn) be the imaginary time n-particle Green’s function, and let w; €

{(ZH'TD" le ]N} be Matsubara frequencies ¥ i € {0,...,2n}. Then its Fourier series is
giwen by

1
GO (... o) = B Z

e Wwan

G(Qn)(w17 L »UJZn) e WITL | T WnTn oW2nTon |, oWn+1Tn+1 (3.58)

with the Fourier coefficients

s s
el (W1, ... wapy) = dry ... dro,
Jo Jo

iwiTe |,

e inTn g=iWanTon | oTiWn 4141 G(2")(T1, o 77_2n). (3.59)

38




3.1. Green’s Functions

Corollary 3.5 (Momentum Space Invariance of the Green’s Function)
The momentum space Green’s function is invariant under a shift by a reciprocal lattice vector K,

that is

G (k1 + K, ... koy + K) = G (ky,..., ko). (3.60)

PROOF: Based on the defining equation (3.56) the exponentials become, according to the shift,
exp(i(k; + K) - R). As exp(iK - R) = 1 only the original momentum variables remain, thus yielding

the assertion. |

Theorem 3.6 (Momentum and Energy Conservation)

Let K be invariant under translations by lattice vectors R and under imaginary time translations
by 8. Let further G(Qn)(.’L'lTl,...7ZL‘2nT2n) be the n-particle lattice Green’s function. Then the
Green’s function only depends on (n — 1) time and lattice-vector differences, and the Fourier

transformation is given by

G (kywi, . .. kanwan) = |B| B G (kywi,. .., kan—1wan—1,000520)
25(K+k1 +.oo o d ko ks + oo+ k) w1+ Fwn, Wnt1 o Fwap),  (3.61)
K

with the sum being over all reciprocal lattice vectors K.

PRrROOF: Theorem 3.4 allows us to shift all spatial arguments of the Green’s function. For the lattice
Green’s function we therefore move one argument to the origin without loss of generality, we choose

Rj,,, and the Fourier transformation of equation (3.56) becomes

GOk, ko) = >

Ry Ran

e—ikﬁ Ry . e—zk:ann 6zk:2n-R2n . -eik"“ ‘Rp41 G(2n)(R1 _ R2ns L 71%2”_1 _ RZ'ru 0) (3()2)

As the sums over lattice vectors R; contain all the possible corresponding vectors, we can simply shift

all but Ry, by Rs, and write Ri := R; — Ry,. The Fourier transformation thus becomes

G(z”)(kl. ko) = Z Z Z etk (Ri+Ran) | g=ikn (Rn+Ran)

R, Ry, Ron

etkan-Ran . eik"+l‘<Rn+l+R2n) G(zn)(ﬁh . -,RZn—h 0). (3.63)

Reordering all the exponential terms according to the corresponding lattice vectors R results in the
term ZR2" gilkittka—kon—c—kni1)-Ron which can be evaluated independent of the Green’s function
and results in |B|0(K + k1 + -+ + ky, — ko — -+ — kapt1). In this expression the reciprocal lattice
vector K is required, as all k; are in the first Brillouin zone, while this does not necessarily hold
for their sum. The Fourier transformation for the remaining 2n — 1 arguments can be performed as
before. As the argument Rs, = 0 is constant and not transformed, we leave it out in the Fourier

transformed Green’s function.
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For the temporal Fourier transformation we proceed in analogous steps compared to the spatial
case. Therefore, due to the symmetry under a shift of times, all temporal arguments of the Green’s
function are moved by @ = —7g, such that the imaginary times Green’s function depends on n — 1
time differences. The time differences are then substituted by 7; = 7; — 7o, for all arguments except
for 72,. The transformation of the limits of the integral results in [—72,, 8 — T2, which is outside
of [0,8). However, due to the antiperiodicity of the Green’s function (cf. eq. (3.20)) any integral
over an interval of length 3, as we have got it here, is equivalent to an integration over [0, 8) so that
we can directly perform the Fourier transformation of the 2n—1 elements 7;. The evaluation of the
remaining integral fOB dryy, el@it: - Fwn—wni1— .. ~w2n)72n iy the Fourier transformation then results

in 8,0(w1 + ... +wn,wnt1 + ... +way,), completing the proof. [ |

The d-distributions in theorem 3.6 correspond to the conservation of momenta up to a reciprocal
lattice vector K and to the conservation of energy. That is, the combined energy of all created
particles has to equal the combined one of all annihilated particles in the corresponding expectation
value of the Green’s function. The same holds for the momenta up to K, as all k; have to be in the
first Brillouin zone, which does not hold for their sum. This theorem allows a significant simplification
of calculations, as the number of independent momenta and that of the frequencies is reduced by one.

However, the number of independent orbitals or bands and spins is not reduced.

3.1.4. Time Evolution of Green’s Functions

As the Green’s functions are time dependent, their time evolution is of particular interest and will be
used in the derivation of the perturbation theory (see section 3.2). For means of simplicity, we focus on
the non-interacting Green’s function in position space and write the time evolution theorem in terms

of position space and field operators, although it can analogously be derived in other representations.

Theorem 3.7 (Time-Evolution of Free Green’s Functions)
Let GE)Q") be the free imaginary time Green’s function in position space so that i = (7;,0;, Si, Ti)-

Then the free one-particle Green’s function Gy satisfies the equation of motion

2
B (a% - QV—T; + Vear(r) — u) Go(1,2) = 4(1,2). (3.64)

Forn > 2 the time evolution of the n-particle Green’s function is given by

a V2 .
<an o+ Vert(T) w) Gy (L, 2n)
2n
= Z (71)£—n—1§(1,[)Géznfz)(Q,.‘.,n,n+ 1,...,4,...,2n) (3.65)
l=n+1

with { denoting that the index ¢ is left out.

PRrROOF: This proof is along the lines of the proof of thm. 4.7 in [81]. The free one-particle Green’s

function in terms of field operators in the interaction picture (2.5) is

Go(l, 2) = 9(7‘1 - 7'2) <1/A)1(I17‘1)’12)I(I27‘2)>0 — 9(7‘2 - 7‘1) <1/;;(IZ7-2)12}I(I17—1)>0 (366)
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after having evaluated the time-ordering operator. Here the subscript of the brackets accounts for

taking the expectation value with respect to the non-interacting Hamiltonian in position space, i.e.

Ve Vo) u) ). (3.67)

2m

Ro = iy~ ¥ = [ar' (et (-
The 7i-derivative of Gy results in

anGo(IlTl,?Tz) = 5(7'1 - 7’2) <1/A11(3317'1)1H(3327'2)>0 + 9(7'1 - 7’2) <9nl/}1(3317'1)1ﬂ(33272)>0

R R R (3.68)
+0(m2 — 1) <1/)}L(-T27'2)1/)1($1T1)>0 —8(m2 — 1) <7/);($27'2)an7/)1($17'1)>0 ,

where we used the distributional identity 0.,0(m1 — 72) = (71 — 72). Due to the anticommutation
rules for creation and annihilation field operators (cf. eq. (2.1)) the terms with § functions can be
combined, and their evaluation results in 0(71 —72)d0,,0,9s,,5, =: (21, z2). Both remaining terms can

be combined using the time-ordering operator again, resulting in
0-G(171,272) = 6(z1,22)0(11 — 72) + <"r[aﬁ 1/31(37171)1/3;(;1:272)]>0 : (3.69)

Hence, the remaining problem of this first part of the proof is to obtain the evolution equation for the

creation operator. Due to the interaction picture (cf. eq. (2.5)) the time-derivative results in
r d1(21m) = —eRoT [fr(1), Kole Kom, (3.70)

As the non-interacting part of K consists of terms of the form (z;) (;), the commutator becomes

(1 (1), ] (22) P (22)] = [1(21), Of (22)]0n(22) = (21, 22)0n(w2) = 8(21, 22)dr (1), (3.71)

which leads to the following equation of motion

2

N \v4 .
Orh1(2111) = ( 27:; — Vext (1) + H) Pr(x171) (3.72)

for the field operator 9. The insertion into equation (3.69) leads to the assertion in equation (3.64).

For the general case of a non-interacting n-particle Green’s function in the interaction picture

Gézn)(L e 7277') = <7A/ [1;1 (1317'1) e Z&I(In'rn)"[};r (-r2n7—2n) e IZ)I (In+17—n+1)] >O

o ) ) ! (3.73)
= (71) 2 <T [d’l(l"l‘ﬁ) e "/]I(Inrn)’w[ (ITL+17-1L+1) e 7/}1 (Z.QTLTQ‘IL)] >O

the arguments are reordered according to their index numbering. Like in the one-particle Green’s
function, the evaluation of the time-ordering operator is crucial for the equation of motion, as it leads

to Heaviside functions. This becomes challenging, as all combinations of times are principally possible.

Based on the symmetry group S,,, the n-particle Green’s function can, according to definition 1,

be rewritten as

G, 2y = ()T Y

TES2n

sgn(m)f- (my — m2) -+ - 07 (Ton—1 — Tan) < AI(T)(Wl)- . AI(T)(W2n,)>O (3.74)
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with the abbreviation m; := 7(i). Here, the time argument is included in the argument i and the

notation

(i) for1<i<n (3.75)

oy

U= 4 ,
Pi(i) forn+1<i<2n

simplifies the general expression for all possible time orderings. As the derivative only acts on 7 we

fix this argument and write out all the corresponding terms, i.e. those, in which 7; = 1. All the other

arguments 7; with ¢ # 1 can still be permuted in any possible way, such that the remaining part is

rewritten as a sum over all permutations o of the reduced set Sy, _1:

GEY(L,. ) = (1) Y san(o)

0€San—1
(0-(1 = 02)6-(02 = 0) - 6 (0201 = 20) (Ba(V (02) - -l (a2n>>0
- 07‘(02 - 1)07'(0'2 - 03) e 07‘(0’27171 - U2n) < A[(T)( )1/)1( (T) 02n >0 (376)

0 (02 = 03) -+ 0r (0201 = 10 (1 = 0,) (B (02) -+ i (13 (020))
— 0,(02 = 33) -+ 0,(020-1 = 020)0 (720 = 1) (&1 (@2)81(1) -+ 9 (020)81 (1)) ) -
The 7i-derivative acting on this equation results in d-distributions due to the Heaviside functions
and in time-derivatives of the field operator 1[)(1) like in the case of the one-particle Green’s function.

The time-derivative of the operator is obtained by combining equation (3.72) with the time-ordering

operator and results in

(=) (T [0ni(V) - ()i (n+ 1) -] 2m)] ) (3.77)
= (Zj‘; ext (1) + u) Gé)zn)(l7 .., 2n). (3.78)

In order to evaluate the action of the 71-derivative on the Heaviside functions, we start by considering
only the first two summands in equation (3.76). The resulting J-distributions can be combined as
follows

6 (1= 02) -+ (D (DI (02) -+ ) + bl = 1)+ (a2 (01) ) (3.79)

0

=5,(1—0s)- <{1/)1 ), 9 02} >O. (3.80)

According to theorem 2.1 the anticommutator is zero for oo < n and d,(1 — o3) for n+1 < g9 < 2n,
so that the temporal and the quantum number §-distributions can be combined. For these first two
terms the sum over all permutations o € Sa,_; can, therefore, be restricted by enforcing ¢ := o(2) €
{n+1,...,2n} which leads to

2n
D206 Y sen(@)0n(1 = 0) - Or (0201 = 020) (B{7(00) -+ b{P(020) ) . (3.81)
+1 oc€Son_1

oo={
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In order to obtain a form which can be identified as a Green’s function, this expression has to be

reformulated as a sum over all permutations of the reduced set
{2,3,...,n,. . ... ,2n} :={2,3,...,n,...,.0 — 1,0+ 1,...,2n} (3.82)
instead of the constraint o(2) = ¢. Each permutation o € Sa,_1 is, therefore, decomposed into
o=0 o0, (3.83)

where ¢’ € S,_s and ¢ is a cyclic permutation of all variables up to ¢, making ¢ the first one, while

all arguments behind ¢ are left unchanged, i.e.

(0(2),...,0%2n) = (4,2,...,£,...,2n). (3.84)
Due to the decomposition order the total permutation can be rewritten as

(01,09, -, 011,041, -, 09) = (02, ..., 02n) (3.85)
with ¢’ € Sy,,_1. We note that the sign function then becomes

sgn(o) = sgn(o’) sgn(or) = sgn(o’) (~1)° (3.86)

so that the sum over all permutations in equation (3.81) can be rewritten as one over o’ € Sy,,_1 with
the constraint o/(¢) = £. As { is unchanged under this constraint, only 2n — 2 elements are permuted
so that the sum can be replaced by a sum over all permutations m € Sa,,_o of the reduced set given

in equation (3.82). Equation (3.81) now results in

2(5(1,6)(—1)Z Z sgn(m)0-(1 — o) -+ 0-(m—1 — m41) - 07 (T2n—1 — T2y)

£+1 TES2n—2

(0P )9 (i) 9D (man)) L (387)

which is the result of the 7j-derivative on the Heaviside functions for the first two summands in

equation (3.76). All other terms can be treated analogously, resulting in

Vz I 2n
ﬂ( 0 _ mlvilmm(wl)—u) GEI(1,. . 2m) = (1™ 3T 6(1,0(-1)f

877—1 2m l=n+1
Z sgn(m) (6-(1 —m2) - O (m—1 — mq1) -~ Or(T2—1 — T20)
TESan—2 (388)

+0-(m2 = 1)0-(1 —73) -+ O (m—1 — T41) -~ 07 (T2n—1 — Tan)
bt Oy — ) Op (i — i) o O (an — 1))
@V (m2) - D () (1) -+ - D (2o,

where the index 1 appears at all possible positions in the product of Heaviside functions. Therefore,
the explicitly written sum of products of Heaviside functions (second to fourth line) can be rewritten

as

0-(mg —m3) -+ O (mg—1 — Wey1) -+ - O (M2n—1 — Tan), (3.89)
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which matches the Heaviside function product of a (n — 1)-particle Green’s function. Indeed, after
(n—1)(n—2)
2

reordering the field operators, which results in an additional factor (—1) , the expression

matches the definition of such an (n — 1)-particle Green’s function

Z sgn(m)fr(mg — m3) - - -0, (M1 — Teg1) - Or (T2n—1 — T2n)

TES2n—2
<1/:1(T)(772) T 7/;1(” (me-1) AI(T)(WH) T 1/;1(” (Wzn)>0 (3.90)
= (—I)WGSZH_Z)(Z ceomyn 1 2n).
Substituting the corresponding part in equation (3.88) finally yields the assertion. ||

By equation (3.65), the time evolution of the free n-particle Green’s function can directly be related
to the non-interacting (n — 1)-particle Green’s function. The resulting hierarchy of Green’s func-
tions can, in principle, be solved when the free one-particle Green’s function is known. However, as
correlation effects are relevant for HTS, the time evolution of the interacting Green’s function is of
more interest. Let us consider a system with an interaction of the type V= ‘/ijklégé;élék. Then the
commutator [¢, V], appearing in the time-derivative of the operators in equation (3.70), generates an
expression with one annihilation and two creation operators. This increases the number of operators
in the expectation value by two, so that each n-particle Green’s function additionally depends on the
(n+1)-particle Green’s function. This unbounded hierarchical problem requires intelligent approaches
like the perturbation theory (see section 3.2) to obtain results for interacting systems. A different
approach is the FRG, which takes a different path, but also starts with the non-interacting Green’s
function (see section 3.5). Before we proceed in these directions, we note some observations based on
theorem 3.7.

According to equation (3.64), G is, indeed, a Green’s function in the mathematical sense. Thus, we

define the inverse Green’s function as follows.

Definition 25 (Inverse one-particle Green’s Function)

Let G be given as in theorem 3.7. Then the integral kernel QQ defined by

8
/dx/ %/0 dr’ Q(z, 72!, 7")G(2',7') := (6%— - % + Vear() — N) G(z,7) (3.91)

is called the inverse one-particle Green’s function and we define G§(1,2) := Q(1,2).

Based on this definition, we can reformulate the equation of motion in a dense way.

Corollary 3.8 (Reformulation of the Equation of Motion)
Let G(Tl be the integral kernel as defined in equation (3.91). Then the equation of motion of the

one-particle Green’s function can equivalently be written as

/d3 G3(1,3) Go(3,2) = 46(1,2), (3.92)
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T

and the time evolution of the n-particle Green’s function for n > 2 can equivalently be written as

/dl/ Gy, 1) GP™(1, ... 2n) =

2n
ST DL, G2+ 1 f, L 2n). (3.93)
+1

PROOF: These reformulations directly follow from the definition of the integral kernel (cf. def. 25) in

combination with theorem 3.7. |

Although the results in theorem 3.7 were explicitly derived for a specific choice of time arguments
and in the position space representation, they can be transferred to the other Green’s functions we

are dealing with, as we point out in the following remark.

Remark 3.9

1. Similar time evolution equations can be derived for the other temporal arguments of the

Green’s function, in which the time-derivative changes signs for the last n arguments.

2. Although these equations were explicitly derived for field operators, they also hold in the
general occupation number representation. Then the differential part has to be transformed
to the corresponding basis, so that transformation terms appear in a form like, for instance,

(a| T |’y for the kinetic energy.

3. According to definition 25 and item 2 we will, most of the time, work with the inverse
Green’s function instead of the explicit spatial differential operators, to account for all cases

independent of the specific choice of basis.

4. A similar derivation for the real time Green’s function leads to corresponding results.

Based on these observations we are in a position to find an explicit analytical expression for the

one-particle Green’s function.

Theorem 3.10 (Non-Interacting Single-Particle Green’s Functions)

Let g; be the one-particle energies of the non-interacting time-invariant Hamiltonian Ky such
that E? e, = E,, n € Ny, are the energy eigenvalues of the n-particle system. Then the free
single-particle Green’s function for Matsubara frequencies w,, is represented in the eigenbasis of
Ky by

1,2
Go(z1, B23wn) = - - s 3.94
o(z1, T2;wp) PRa—— (3.94)
and its real frequency Green’s function is represented in the eigenbasis of Ko by
1 0
Golay, va3w) = ——2— 4 ——2 (3.95)

w—gytin  w—eg—in
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PROOF: As the Hamiltonian Ky is time-invariant, the imaginary time Green’s function only depends

on the time difference 71 — 72 (cf. thm. 3.4.1 and thm. 3.6). As 74,72 € [0, 8] the new relative time
is within the interval [—f, 3]. As the imaginary time Green’s function is antiperiodic according to
theorem 3.1 we can write G(x1, 22; 71— 3) = —G(21, ¥2; T1) so that the temporal Fourier transformation
becomes

1 [P .
Go(21, T250p) = 5/ dr Go(21, 29;7) €7
-8

1 [° ;
= 7/ dr Go(x1, 295 7) €7 +
0

s _
5 / dr Go(x1, 2957 — B) gion(7=0)

O_ﬂ (3.96)
/ dr Go(wr, 22 7) (—1)en™
0

N~ N

1 [? ;
:*/ dr Go(l'l,.’ll'Q;T) e —
2 Jo
E .
:/ dr Go(x1,29;7) €7
0

Thus, the time argument of the Green’s function is restricted to 7 € [0, 8], which is equal to setting

7o = 0. The time ordered Green’s function in the basis ¢; is given as

Golwr,azsm = 7.7 = 0) = = (T [a1(N0)])
1 s A -
=2 (dilePRoefore, 07l i)

(3.97)

As we consider the eigenbasis of the Hamiltonian K, for which the creation and the annihilation
operators raise or lower the occupation number of the state they act on, the action of K, on the
state ég [t;) results in E; + €2, because the creation operator adds a particle with energy s to the
system. As only terms with equal initial and final states are contributing, the operator ¢ has to delete

a particle in the state in which 6£ has created one. Hence we obtain

1 . (Bi—Ei—es)r U
Go(x1, w2571 = 7,72 =0) = ~z Z:F,>’/3EHC,>(E1 Bime2)T (4] éxyE5, [05)
i

1 ~
— 2 Y e L= i) b (3.98)
= e e7(1 — nF(E?))(SlaQ’

by an application of the anticommutation relation (thm. 2.1) and the number operator. Using this

Green’s function in the Fourier transformation (3.96), we finally obtain the desired result in

B .
Go(.’El,.’EQ;OJn) = —/ dr e(W"*Ez)T(l — TLF(EQ))(SLQ
0

0 . 0 3.99
=2 (1 (e (e 1) = 2 59
n 2 Wy — €2

=—1

The real time Green’s function does not exhibit a periodicity so that the time-integral spans over
the whole real axis. Thus both time orderings have to be treated separately. As the Hamiltonian is
time-independent, the discussion of equation 3.98 can be done analogously for both terms, resulting

in

G[)(Zlfltl = t, .’Kztz = 0) = 79(t) Ciin(t) (1 - nF(Ez)) 5172 — 1 9(*” (iiislzt 7LF(62) (51.2. (3100)
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As t € R the terms with the Fermi-function for ¢ in the first part cancel with those for —¢ in the

second one, resulting in
Go(ﬂ?ltl = t,xztz = 0) = Z@(t) €_i€2<t) 51‘2 —1 0(7t) €_i€2t 612. (3101)

In order to make the Fourier transformation

oo 0
Go(331t1 = t,xgtg = 0) = Z/ dt Ei(w_52)t (51,2 - Z/ dt Ei(w_62)t 51,2 (3102)
0 —o0
convergent, we add an infinitesimal convergence factor by setting w — w £ in with “+” for the first
and “-” for the second term and with = 0T, i.e. an infinitely small positive number. From this we
obtain
0 1
Go(z1,225w) = L2 - L2 (3.103)

S w—egtin w—eg—in’

which proves equation 3.95. ]

We remark that this property is obtained when the creation and the annihilation operators act
on the eigenbasis of the Hamiltonian. When the Green’s function in another basis set is subject of
the calculation, the change of the basis for creation and annihilation operators, as given by equation
(2.30), has to be inserted. Therefore, the result derived here can be transferred to any other basis by

the application of the corresponding transformation matrices.

These analytic formulas for the non-interacting Green’s functions provide a starting point for the
calculation of interacting Green’s functions, which can be built based on them. Such an approach is

provided by the perturbation theory.
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3.2. Perturbation Theory

As discussed in the previous section, the interacting Green’s function cannot be calculated based
on its time evolution. As the many-body wave-function is unknown a direct evaluation is also not
possible. We will, therefore, develop a perturbation expansion in the interaction V for the grand

canonical potential and for the n-particle Green’s function.

3.2.1. Perturbation Expansion

The corresponding perturbation series are given by the Gell-Mann-Low theorem, whose original
form is based on the quantum mechanical states. Here we provide it in a formulation for expectation

values, as this is more suitable for our purposes.

Theorem 3.11 (Gell-Mann-Low Theorem)
Let V be an interaction operator in the interaction picture (cf. eq. (2.5)). Then the grand

canonical partition function can be represented by a formal power series according to

o0 o B ﬁ N R .
2= Z( kll)k/o dh /o A Tr(e PROT [Vi(Ar) - Vi(Aw))), (3.104)

0

and the interacting temperature n-particle Green’s functions are represented by the Gell-Mann-Low

formula

(T - Vi) &1(r) -+ () h (72n) -+ aLH(TnH)])O . (3.105)

with thermal averages taken with respect to the free modified Hamiltonian K.

ProoF: This proof is a generalisation of the one of theorem 4.6 in the dissertation thesis of Giulio
Schober [81] and the corresponding one in chapter 7 in the book of Fetter and Walecka [80]. The
change of an operator O from the interaction picture to the Heisenberg picture is given by

O(7) = €K7 e 507 O y(7)efom K7, (3.106)
which motivates the definition of a time-evolution operator in the form of

U(r, ') = eKoreK(r=7") =Ko’ (3.107)
for 7, 7/ € R. The change between both pictures can then be rewritten as
O(r) =U(0,7) Or(7) U(r,0). (3.108)
The time-evolution operator satisfies the group property

Ulr, 7 YU, 7") =U(r, "), (3.109)
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is not unitary and fulfils the equation of motion according to
ang’ ) = o fy e~ KG=t) =Ko _ Kot g o~K(r=7') (=Kot
-
— ef(g-r (KO _ K) eff(m- Z/A{(’ﬂ 7_/) (3.110)
= Vi(r)ti(r,7).
For the initial condition ¢/ (10,70) = 1, which holds at initial time 7, the equation of motion has

a unique solution u (7,70) for 7 > 79 according to the Picard-Lindelof theorem. An explicit repre-

sentation of the solution U(7,7y) is obtained by a successive integration of the equation of motion

R N s T1 A1 Ak—1 R R
Z/{(Tl,TQ) :L{(7077'0)+ (71)’6 d)\l / d)\z / d)\k ‘/I()\l)‘/l()‘k)
k=1 To 7o To
00 T1 A1 Ak—1 . .
/ d\; / dXg / dAr VI(AL) -+ Vi(A) (3.111)
—0 0 0 0

= (-1

0 “To

5
>

k=

=]

with \; € [70,71], and with the time-ordering operator in the last line symmetrising the expression.

The definition of the time-evolution operator in equation (3.107) leads to
e KT = e~ Ko7, 0), (3.112)
so that the partition function can be rewritten as
Z =Tr(e ?K) = Tr (e P50 11(8,0)). (3.113)

The insertion of the explicit form of U as provided by equation (3.111) then leads to the desired result.

Turning to the n-particle Green’s function we assume descending times 7 > ... > 7, > 7,41 >
. > Ty, such that

n(n—=1) 1
2

GE(L, . 2m) = ()5 S (7K, () -2l (720)) (3.114)

in which the prefactor results from commuting the last n operators to correct time ordering. By

applying equation (3.112) and by transferring the operators to the interaction picture (cf. eq. (3.108))
this Green’s function becomes

G®M(1,...,2n)

n(n-1) 1 PN ~ . ~ ~ . ~
=(-1)"=z gTr (E_ﬁKou(ﬁ,O)Z/{(O,Tl)cl,xl(Tl)u(Tl,0) . .u(O,Tgn)c;zZn (7’2”)1//(7’27“0)> (3.115)

n(n—1)

=(-1)"> %Tr (eiﬂkqa(ﬁa7_1)614,11(7_1)2:{(7—177—2) - '22(72n7177—2n)é£m2ﬂ (7—271)1:{(7—27”0)) .

All the operators in the expansion of the time-evolution operator u (71, 72) in equation (3.111) are
within the time interval [71,72] and in correct time order. Thus its insertion into this equation for
the Green’s function will maintain the correct time order, and the time-ordering operator 7 can be

introduced without any further changes. All time-evolution operators U can be moved to the left
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and can be combined due to their group property (cf. eq. (3.109)), which results in the time ordered

expression
n(n-1) 1 T IS N N R
GEI(L,. . 2m) = ()5 ST (PR T [U(8,0) e () -+l (720)]) (3.116)
After re-establishing the original order of operators, the Gell-Mann-Low formula
n 1 —BKo 7 |77 Py o
G ,)(17 .2n) = ETr (e BKo g [z,{(ﬁ,o) Cray (T1)- "CIqu(T"H)]) (3.117)

is obtained by using U from equation (3.111). For any time-order different to the one assumed in this

calculation, the proof can be performed analogously, leading to the same result. |

Physically, the Gell-Mann-Low theorem means that an initial state is adiabatically connected to a
final state of the system. For instance, if the system is in the non-interacting ground state at 7 = 0
and the interaction is slowly switched on such that it can not leave this ground state, the system
evolves to the fully interacting state at the first 7;,. Conversely, if the interaction is slowly switched
off after the last time 7y, it connects the fully interacting state with the ground state at 7 = 3. These
relations are more apparent in the original form of the theorem for real times (cf. ref. [80, 84]) where
the system evolves from the ground state at ¢ — —oo to the fully interacting system at ¢ = 0 and back

to the ground state at t — oo.

The Gell-Mann-Low theorem provides an expansion of the Green’s functions and of the grand
canonical partition function in terms of interactions. To illustrate this, we consider an interaction
V' of m particles which conserves the particle number. Each occurrence of this interaction adds m
creation and m annihilation operators to the expectation value. Therefore, when £ interactions of m
particles are inserted, the resulting expectation value on the right hand side corresponds to the Green’s

. 2n+k-2
function Gé ik 2m)

, where k - 2m legs are connected with interactions. That is, every interacting n-
particle Green’s function is related to an 2n+k - 2m-particle non-interacting Green’s function. The
latter could be determined by the time evolution of Green’s functions (cf. thm. 3.7), such that we
arrive at a consistent set of equations for the interacting system. However, Wick’s theorem provides
a useful simplification to avoid the hierarchies resulting from this approach by combining pairs of

creation and annihilation operators to single-particle Green’s functions.

Theorem 3.12 (Wick Theorem for non-interacting n-particle Green’s Functions)
The non-interacting n-particle Green’s function Gégn)(l, ...,2n) factorises into products of non-

interacting one-particle Green’s functions Gy, i.e.

GEJZ")(L cee2n) = Z sgn(r) Go(1; mpa1) -+ Go(n;man,)
TESy (3118)
=det ([Go(#,n + f)lij=1,....n) s

where the second line is a reformulation in terms of a determinant.
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PRroo¥F: The proof directly follows from the equation of motion of the n-particle Green’s function (see
thm. 3.7). The reformulated equation of motion (3.93) is multiplied with G(2/,1), and an integral

over the new internal variable 1 is performed. With the equivalence

/dl /dl’ Go(2:1) GyM(1;17) GE™ (1,2, 2n)

= /dl’ 5(2,1) G2, 2n) = GPM(2,2,...,2n), (3.119)

the left hand side can be reformulated. A straight forward evaluation of the right hand side results in

n

GEM(2,2,..,2n) = S (=) Go(@ i+ k) GETP @2, mnt L me L 20). (3.120)
k=1

The theorem can now be proved by induction in n. For n = 1 the equation (3.118) trivially holds.
Assuming that it is also fulfilled for (n — 1), that is, it holds for G®"~2)| equation (3.120) becomes

n

GEM(2.2,.20) = ()RR @1+ k) Y sgn(n)

k=1 TESn—1

Go(2;mn+1) - Go(k + 13 mnyx) Go(k + 2; Tntkt2). - Go(n; m2n) (3.121)
Z sgn(m)Go(1;mnt1) - - Go(n; man),
€5,

showing that the assertion also holds for n. Writing the right hand side of this expression in a matrix

form with respect to the arguments, this expression results in the determinant of this matrix. |

When a creation and an annihilation operator are combined to form a Green’s function in the sense

of the Wick Theorem, they are said to be contracted.

An application of the Wick theorem (thm. 3.12) to the right hand side of the Gell-Mann-Low
theorem (thm. 3.11) generates all possible contractions of creation and annihilation operators. To
illustrate this and to introduce some terms, which will be properly defined in section 3.2.2, we assume
a two-particle interaction like the Coulomb interaction. This corresponds to an interaction order of
m = 2 according to the considerations made before providing the Wick theorem. As all variables
introduced by applying the Wick theorem only appear as integral variables they will be labelled as
combined integer index with a tilde (e.g. i) We refer to them as internal arguments and to those
which also appear on the left hand side as external arguments. The Green’s function of equation
(3.105) thus becomes

1 [es] k k B B o
Gaen(, . .,,zn):gz ké,{ (H/dh »--/d4i vo(li.,z;si,4i)>
k=0 i=1

) G (T3 T 2L 20,304, T )
1o~ (=9)*
:gz Tk H/d1 /d4 Vo(ls,2i53i,4) (3.122)
k=0 WESQ,L+4}\_ i=1

x sgn(m)Go(1; Tpy1) - - - Go(n; man) Go(31; i) Go(dy; T, ) Go(3k; 1, ) Goldr; 3, ),

where 7 permutes the last n + 2k arguments creating all possible combinations of the first n+ 2k

arguments with the last n+ 2k arguments. All these possibilities can basically be split into three
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categories: First, there are terms in which a Green’s function connects two external arguments,

which, therefore, describes a particle not interacting with any other particle. Second, several Green’s

functions can connect only internal arguments, thus forming a so called bubble. Third, several

Green’s functions connect external points with internal ones, thus referring to interactions between

particles. As the partition function can be seen as a Green’s function without external legs, it only
consists of terms of the second kind, which, therefore, are called vacuum bubbles, i.e.

2=3 Ly (ﬁ/dl o favai 4))

k=0 2¢K! TESar i=1 ' Lo

x sgn(m) Go(gl;ﬂ'i]) Go(4dy; T3, ) Go(gk;wik) Gold; m3,)-  (3.123)

As the terms arising due to the combination of perturbation expansion and Wick theorem always
have a similar structure, the introduction of diagrams is useful, which on the one hand visualise the

physical processes taking place and on the other hand simplify the calculations.

3.2.2. Diagrams

The numerous terms arising from the perturbation expansion in combination with the Wick theorem
always consist of Green’s interactions, whose internal arguments are connected to each other or to
external arguments by single-particle Green’s functions. Their systematic visualisation is achieved by

the generalised Feynman diagrams, which are defined in the following according to reference [81].

Definition 26 (External and Internal Arguments)

Letl,...,2nandd,..., 2m denote the arguments of a contribution to the perturbation expansion

and Wick contraction of the n-particle Green’s function. Then

1. the arguments 1,...,n are denoted as external ingoing arguments, and the arguments

n+1,...,2n are denoted as external outgoing arguments.

2. the arguments 1,...,7m are called internal ingoing arguments and the arguments
77/1\+/1, ce 2m are called internal outgoing arguments for all m-particle interactions in

the perturbation expansion.

Definition 27 (Generalised Feynman Diagrams)

Let G (1,...,2n) be an n-particle Green’s function given by a perturbation series with the m-
particle interaction Vy (i Ceey é;L) provided by the Gell-Mann-Low formula (3.105) on which the
contractions due to the Wick theorem are performed. Then we define the diagrammatic elements

as follows:

1. All external arguments are represented as points at which exactly one Green’s function starts

(external ingoing) or ends (external outgoing), and they are called external slots.
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1 —3 1 —> n+1

—~— 2 >—~—pr—n+2

le——2  1e>—2 —~— 3 == +3
T ~—""} S~——

Figure 3.1.: The basic diagrammatic elements defined in definition 27 (from left to right): The bare
propagator, the interacting Green’s function, the two-particle interaction and a general n-
particle interaction.

— —
= = = = = =
S— ———— ~— — S— ———
—7 ~ " ~ ~ ~ ~

1 — 9 1 — 1 2=

2 1 2
3 4 3 X 4

Figure 3.2.: Graphical representation of the operation of cutting a propagator line of the left diagram:
An unconnected line is inserted (middle) and a permutation of the slots of the line which is
supposed to be cut with the new external arguments is performed (right).

2. The interaction is represented by a filled rectangle which has m internal ingoing slots for
1,...,7m and m internal outgoing slots for Tm, . % The bare slots are marked by

short unconnected in- or outpointing arrows, respectively.

3. Each non-interacting one-particle Green’s function Go(a,b) is represented by an open arrow

connecting an outgoing slot a with an ingoing slot b, called propagator.

4. Each full one-particle Green’s function G(a,b) is represented by a filled arrow connecting an

outgoing slot a with an ingoing slot b, called full propagator.

A diagram obtained by these rules is called a Generalised Feynman Diagram.

The basic diagrammatic elements are illustrated in figure 3.1. We remark that due to the Wick
theorem there is no need to define a diagram for an n-particle Green’s function. These diagrammatic
elements and their corresponding rules allow us to draw all possible contributions to the n-particle
Green’s function based on the perturbation expansion. The operation of cutting a propagator, which is
diagrammatically illustrated in figure 3.2, is helpful to classify these diagrams. Physically, we consider
a propagator Go(i, é) which connects two internal slots 1 and 2. Cutting this propagator then results

Go(152) > (~1)Go(1;2) Go(1'52). (3.124)

This operation can be viewed as adding a propagator Go(1’;2’) to the full Feynman diagram and then

permuting one of the indices with one of GO(L é), resulting in the minus sign.

We define the following nomenclature taken from [81] for the classification of diagrams, illustrated
in figure 3.3.
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1.

Definition 28 (Classification of Generalised Feynman Diagrams)

Let F be a Generalised Feynman diagram constructed in accordance with definition 27. Then

(a subset of) the Feynman diagram F is called a bubble diagram if it has no connection

to an external slot;

. the Feynman diagram F is called bubble-free if every interaction vertex is connected (by a

series of Green’s functions) to at least one external slot;

. the Feynman diagram F is called connected if it has at least one interaction verter and if

every interaction vertex is connected (by a series of Green’s functions) to all external slots.

In the following, let F be a connected Feynman diagram with 2n external slots. Then

4.

a propagator is called internal if it connects two internal slots, and it is called external if

it connects an external with an internal slot;

. an internal propagator is called non-essential if the diagram remains connected after cut-

ting the propagator and it is called essential otherwise;

. an essential propagator is called an extremity propagator if the diagram is separated

into two parts, of which one has exactly two external slots. Otherwise it is called a torso

propagator;

. the diagram is called one-line-reducible (or one-particle-reducible) if it has at least

one essential line, and it is called one-line-irreducible (or one-particle-irreducible)

otherwise;

. the diagram is called amputable if it has at least one extremity line, and it is called non-

amputable or fully amputated otherwise;

. the diagram is called n-line irreducible (or n-particle irreducible) if it remains con-

nected after cutting n internal lines simultaneously, and it is called n-line reducible (or

n-particle reducible) otherwise.

.
= =S = ’
== )
TR 5 T BN
=

Figure 3.3.: Diagrammatic representation of the terms defined in Def. 28. The lines connecting the graph
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with the labels 1,...,6 are external lines, while all the others are internal ones. The lines
connecting the two interactions in the left (1 -2,3— Zl) and the line connecting the rightmost
interaction with itself (9 fﬁ) are non-essential, as the graph remains connected upon cutting
those lines, while the other two internal lines (5 — 6,7 — 8) are essential, so that the graph
is one-particle irreducible. The graph is also amputable, as the line 7 — 8 is an extremity
propagator, as after cuttmg7 the part of the rightmost interaction has exactly two external
lines, while the line 5 — 6 is a torso-propagator. Considering only the part of the diagram
containing the two interactions to the left, one obtains a two-particle reducible diagram, as
it separates after the simultaneous splittings of the two propagators 1 — 2 and 3 — 4




3.2. Perturbation Theory

According to the rules above two classes of sub-diagrams can be identified which appear multiple
times in the displayed and in higher order Green’s functions. It is sufficient to calculate only one
of them exemplarily, as topologically equal diagrams always result in the same value. First, every
contributing connected diagram can be accompanied by an infinite series of bubble diagrams. As the
partition function in the denominator also consists of an infinite series of bubble diagrams (cf. eq.
(3.123)), these contributions will cancel according to the cancellation theorem 3.13, which we will
introduce next. Second, any unconnected, bubble-free diagram consists of at least two connected
diagrams with lower order in n. To exclude these diagrams, we will deal with connected Green’s

functions, which we will introduce in definition 29 below, in which those contributions are subtracted.

Theorem 3.13 (Cancellation Theorem)
Let G2 be the n-particle Green’s function and let V, be an m-particle interaction. Then G s

represented by the sum over all bubble-free Feynman graphs with 2n external slots and k interaction

o Ak k . N
¢ om =Y OO 5 (H/dli o fazin,
k=0 TE€Santmk  \i=1
7 bubble-free (3125)

X VO(L, ..My nmi, R 2rTvn1)> sgn(m) Go(1; i) -+ - Go(n; man)

vertices, i.e.

X Go(’m/;—/ll;ﬂ'i) s GO(Q/;LIUTVEI) ce GO(m/q‘/lk;?TIk) . GO(é;LM ﬂ—mk)_

PROOF: We abbreviate the expression behind the sum over the permutations in equation (3.122) by

k
Valln, k, 7] := (=) (H /lﬁi /dﬁm %(Ti7~-~mi§miv~--%i)> sgn(m)Go(1; mpr1) -+
i=1

<+ Go(n;man) Go(m+1y; 7TL) e Go(%uﬂml) cee G’O(mfl/lk;ﬂik) cee Go(z/;Lk§7Tﬁlk), (3.126)

where the indices refer to the information characterising a contribution, that is 2n external legs, k

interactions and the permutation 7.

Every Feynman graph resulting from a permutation m € Sa;,4m.kx can be uniquely decomposed into
7 = m’ oo, that is into a bubble-free graph 7’ € Sa,,1n.; and a pure vacuum bubble graph o € S,.(x—y)
with [ € {0,...,k}. The sign of such a decomposition is sgn(m) = sgn(n’) sgn(o) and the contribution

becomes
Val[n, k,n] = Val[n,l,7'] Val[0,k — [, a]. (3.127)

When these terms are inserted into the sum over the permutations, several of them produce the
same contribution, as it is irrelevant which [ interactions are connected to the external slots and which
k—1 interactions appear only inside the bubble terms. Therefore, the sum in equation (3.126) can be

rewritten as

k
> Val[n,k,w]:Zﬁ S Valle xS Vallo.k 1,0, (3.128)
« 1! !

TESn 2k = 7 €Snt2 0ESy (k1)
7'bubble free
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where the stochastic factor counts all the possibilities to arrange those k vertices into a bubble-free

and into a bubble part. The Green’s function can now be rewritten as
GeM(1,...,2n)

-3Y

k=0 1

M»

1
ol E Valln, I, '] (7 g Val[0,k —1,0], (3.129)
7 ESnt2 TESy (k1)
7'bubble free

I
o

where the summation can be rewritten according to

Nk

k oo 0o oo oo
S rgk =1 =" fDe) =D 1) > gl). (3.130)
=0 I'=0

01l=

=
Il

Hence, the desired result is obtained by

i% > lerLlTr]Zl”ZVaIOl/U]
=0

' €Snta €Sy
m'bubble free

z'% > Valn, 7,

' ESntn
7'bubble free

GP™(1,... 2n)

N \

(3.131)

tqu

Il
o

where we identified the sum over vacuum bubbles by the partition function as given in equation

(3.123). As this cancels the prefactor Z~1, the expansion of Val[n, [, 7'] equals the assertion. ]

This theorem provides a proper expansion of the n-particle Green’s function in terms of interactions,
as the expansion of the partition function in the denominator, which could give rise to unbounded
terms, was cancelled. Moving to the second part of reoccurring diagrams, we first observe that the one-
particle Green’s function only consists of connected Feynman diagrams. For Green’s functions with
n > 2, however, the expression still contains non-connected Feynman diagrams, as discussed before.
These non-connected diagrams can be regarded as different combinations of connected diagrams for
ke {1,...,n— 1} particles. As these have already been calculated according to their contribution to

Green’s functions of lower order, the only relevant new contributions are the connected terms.

Definition 29 (Connected n-particle Green’s Function)
Let Val [n,k,n] be defined for an n-particle Green’s function G like in equation (3.126).
Then the connected n-particle Green’s function ngn) is given by the sum over all connected

diagrams with n external ingoing and n external outgoing points, i.e.

S
1
G®M(1,...,2n) Zk— > Valln, k. (3.132)
k=0 TESn 12k
7 connected
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The sum over all connected diagrams is obtained by subtracting all combinations of non-connected
diagrams which are contained in the sum of all permutations. As the non-connected diagrams can be

identified as connected Green’s functions of lower order, this is equivalent to

n—1 n mod(k)
GOV, m) =GP, 2m) = Y sen(o) [ DD (GPM)* . (3.133)
o€San k=1 ip=0 n—1,. _
Shsy kig=n

In this equation

(a) the sum over permutations permutes all external arguments, which, for the sake of shortness,

are not written in the product part,

(b) the product and the sum in the subtracted part create all possible combinations of Green’s

functions of lower order, where

(c) the sums are restricted by modulo operations, as a Green’s function of order k can only appear
n x mod (k) times to fit the requirement of 2n external legs. However, the combination of
Green’s functions can still result in terms with more external legs than the left hand side has,
such that

(d

the restriction 22;11 kix = n is required, stating that only those diagrams contribute in which

=

exactly 2n external legs are obtained.

In order to illustrate this formula, we exemplarily consider the two- and the three-particle Green’s
functions as simplest cases. The subtracted part of the two-particle Green’s function has the form

G @G, on which the permutations yield the connected Green’s function as
GW(1,2;3,4) = GW(1,2;3,4) — G(1;3)G(2;4) + G(1;4)G(2; 3). (3.134)

The subtracted part of the three-particle Green’s function has terms of two kinds, GG and G G G.
By permutations we obtain 24 different possibilities to arrange the external legs for the first case and
six different possibilities for the second case. The high number of 24 for the first case arises as there
are six different possibilities for the external legs to connect to the two-particle Green’s function and
four different possibilities to arrange them at the incoming and at the outgoing legs of it. As the latter
are related by the symmetry of the Green’s function, as discussed in section 3.1.1, it is sufficient to

calculate the value of the diagram only once and then exploit the symmetry relations.

3.2.3. Diagrammatic Groups

Despite all the previous simplifications for the connected diagrams, the right hand side of their
interaction expansion still contains an infinite sum over all interactions. As two-particle interactions,
like the Coulomb interaction denoted by V, and diagrammatically depicted by a wave line, are the
most important ones for interacting electrons, we restrict ourselves to these in the following. The
interaction expansion of the single-particle Green’s function in terms of these two-particle interactions
is diagrammatically displayed in figure 3.4. As some groups of sub-diagrams appear repeatedly we

combine them to the self-energy and to effective interactions as follows.
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1st Order: é
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2nd Order: 2
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Figure 3.4.: Feynman Diagrams of the zeroth, first, second and (incomplete) third order interaction
expansion corresponding to the Gell-Mann and Low theorem and to the Wick theorem
for the one-particle Green’s function. Here, the bare interaction V. is represented by an
undirected wave line. The contributions to the self-energy of this expansion (see def. 30)
are in blue. Those parts of the diagram which can be replaced by a full Green’s function
(see text) are red. The third-order diagrams are grouped corresponding to the channels
they belong to. Remark that this diagrammatic representation does not account for correct
prefactors and signs.

SO +
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©

Figure 3.5.: The diagrammatic representation of the Dyson equation.

Definition 30 (Diagrammatic Groups)
Let F be the Feynman diagram of the n-particle Green’s function G®™ of a system with a

two-particle interaction. Then we define:

o Self-Energy: The sum of all one-particle irreducible sub-diagrams of F with one inter-
nal incoming and one internal outgoing slot defines the self-energy X. The self-energy is

diagrammatically represented by a circle labelled with ¥ with corresponding two slots.

o Effective Interaction: All one-particle irreducible diagrammatic blocks with two internal
incoming and two internal outgoing slots define the effective interaction . It is dia-
grammatically represented by a filled square with two incoming slots on its left side and two

outgoing slots on its right side.

The first contributions to the self-energy and to the effective interaction are diagrammatically

displayed in figure 3.4. As the expansion of the interacting one-particle Green’s function consists of

58



3.2. Perturbation Theory

@?&

Figure 3.6.: Diagrammatic representation of the Schwinger-Dyson equation for the calculation of the
self-energy.

all the sub-diagrams contained in the self-energy connected by a non-interacting one-particle Green’s
function, its formula can be rewritten as

G(152) = Go(1;2) + Go(1; 1)2(1;2)Go (2;

= Go(1;2) + Go(1;1)2(1;2)G(2;

=[G 12 -3(12)]

1) (3.135)

which is the Dyson equation for the Green’s function?, whose Feynman diagram is depicted in fig-
ure 3.5. Here, we implicitly assumed an integration over internal arguments. In a first approxi-
mation only the first-order contributions are considered, so that the self-energy becomes 3(1;2) =
Vo(1,1)G(1;17)5(1,2) + Vo(1;2)G(1;2), which are the well known Hartree and Fock contributions
[85, 86]. To become more accurate we investigate the diagrams contributing to the self-energy and
identify sub-diagrams which appear in the self-energy itself and are connected to the rest of the dia-
gram by two propagators (sub-diagrams in blue in fig. 3.4). Such sub-diagrams will appear at each
internal line in the infinite expansion so that we can convolute those contributions to the self-energy.
In this way the diagram is simplified by replacing the self-energy block and its connecting free Green’s

functions by one full Green’s function.

In the diagrams contributing to the self-energy we can identify contributions of the effective in-
teraction. At first, it seems reasonable to connect the effective interaction with itself to obtain the
self-energy. However, this approach will lead to an overcounting of diagrams such that it is given by

the Schwinger-Dyson equation

$(1;2) = —Vo (1, 1)G(1;2)G(1; 3)7W (3, 2; 4, 2) G(4;

I)
+Vo(1;1

YG(1;11)5(1,2) — G(1;2)Vo(1;2),  (3.136)
in which we explicitly account for the Hartree and Fock terms and which is diagrammatically shown
in figure 3.6.

By the introduction of diagrammatic groups we shifted the difficulty of the calculation of an infinite
amount of diagrams to the calculation of the effective interaction. When we investigate the structure
of the diagrams it consists of, we observe that it contains, on the one hand, the bare two-particle
interaction, which is, in this discussion, the Coulomb interaction V,, but which can in general be
non-local and non-instantaneous, and, on the other hand, it contains complicated diagrams including
several interactions. Within the latter ones there often is at least a sub-diagram in which two interac-

tions are connected to each other by two propagators so that this sub-diagram can be convoluted to

2The first line is motivated by the classification of diagrams, however, the convergence of this series is not guaranteed.
The formally exact form of the Dyson equation is, therefore, provided by the third line, as will be derived in chapter
3.4, corollary 3.16.
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Figure 3.7.: Diagrammatic representation of the vertex decomposition according to the parquet scheme
and to the corresponding Bethe-Salpeter equations.

a two-particle reducible effective interaction. If this procedure is repeated as often as possible, large
parts of the diagrams can directly be obtained when the two-particle reducible effective interaction is
known. The full effective interaction then contains all contributions which are two-particle reducible
and those which are not. As there are three different ways of defining the two-particle reducibility,
three different channels can be identified, corresponding to pairing and to two different particle-hole

channels. This decomposition leads to the Parquet approach, which is defined as follows.

Definition 31 (Parquet Theory)
Consider the generalised Feynman diagrams of the effective interaction v (1,2;3,4) of a system
with a two-particle interaction V,, and let 1, 2 denote ingoing and 3, 4 outgoing slots. Then the

full interaction v is decomposed as
YW (1,2;3,4) = A(1,2;3,4) + DP(1,2;3,4) + (1, 2;3,4) + ®°(1,2;3,4), (3.137)

in which the contributions are defined as

1. Fully Irreducible A: All the diagrams which cannot be separated into two parts by cutting

two full propagator lines, i.e. two-particle irreducible diagrams;
2. Pairing Channel ®P: Cutting two propagators separates the labels 1,2 from the labels 3,4;

3. Direct Particle-Hole Channel ®?: Cutting two propagators separates the labels 1,3 from
the labels 2,4, and;

4. Crossing Particle-Hole Channel ®¢: Cutting two propagators separates the labels 1,4
from the labels 2, 3;

and they are diagrammatically represented by squares with corresponding labels and two ingoing

and two outgoing slots.

The contributions which are not reducible in a channel r are called the irreducible part in
channel r and are defined as " := ~*) — .
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3.2. Perturbation Theory

The set of Parquet equations
A0 ="+ " (3.138)
in combination with the set of Bethe-Salpeter equations (BSE)
AW = 3"+ B(GG)HW, (3.139)

for r € {p, d, ¢} is called the Parquet approach. The approzimation A = V, in the Parquet

approach is called Parquet approrimation.

A contribution which is reducible in one channel (i.e. it belongs to ®") is irreducible in the other
ones (i.e. it belongs to ®,-,) so that the decomposition of the contributions into the different channels
is unique. Therefore the Parquet approach, which is represented in form of diagrams in figure 3.7,
provides a full self-consistent set of equations to obtain the full two-particle interaction v*). The
BSE (cf. eq. (3.139)) generates all the contributions of the corresponding channel, that is all the
contributions which are two-particle reducible in this channel. As a connection of two full vertices
4™ would lead to a double-counting of ladder-type diagrams, the full vertex v is connected to
the irreducible part ®° of this channel. But as the irreducible part of channel r ®* is obtained by
all the contributions from channels 1’ # r, the BSEs of the other channels are required to be solved
beforehand. This can still be resolved by a self-consistency condition including all the contributions.
However, due to the corresponding iterative character the contributions from the previous iteration
have to be removed to avoid a double-counting. This problem can be solved by reformulating the

equation based on ® = ~*) — &' into
' = BT(GG) W, (3.140)

so that only the reducible parts are calculated for each channel. Due to the Parquet equation (cf.
eq. (3.137)), the full interaction consists of all these contributions, such that this set of three BSEs
constitutes a simpler self-consistent approach, which avoids double-counting right from the beginning.
At the same time, the self-energy and this two-particle effective interaction form another self-consistent
set of equations, as the full propagators in the BSE (3.140) includes the self-energy. The connected
two-particle Green’s function now is obtained by adding full propagators to the four legs of the two-
particle interaction. As the discussion of the diagrams is based on two-particle interactions, all the
Green’s functions of higher order will be based on combinations of two-particle effective interactions

and full propagators.

This Parquet approach was proposed by De Dominicis and Martin in 1964 [30, 31] and was applied
to the Kondo model by Abrikosov [87]. Although this set of equations remains numerically difficult it
was used for some basic investigations especially of the Hubbard model [88, 89, 90]. However, due to
the complexity, additional approximations are very common and have to be chosen appropriately for
the physical problem. Taking the initial interaction from a dynamical mean field theory calculation
leads to the DI'A approach developed by Rohringer [82, 91]. A replacement of all the interactions by
the bare interaction leads to the fluctuating exchange (FLEX) method [92, 93, 94], which contains all

the channel contributions in a ladder form.
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A different approach based on one-particle properties is provided by the Hedin equations [26], which
are defined in definition 32 and are depicted in figure 3.8.

Definition 32 (Hedin Equations)

Let V, be a local interaction between two particles, i.e. Vo(17,2). Let Gy be the non-interacting
Green’s function with respect to the one-particle Hamiltonian including the Hartree potential
Ho(1) + Vo(1,2)G(2;27), and let ;. be the self-energy excluding the Hartree contribution. Then

the set of equations

G(1;2) = Gy(1;2) + Go(1;1)240(1;2)G(2; 2), (3.141)
Y.e(1;2) = iG(L )W (AT 2)1(1;2;2), (3.142)
W(1;2) = Vo(1;2) + Vo (1; 1) P(1;2)W (25 2), (3.143)
P(1;2) = —iG(1;1)G(2; 1)I(1;2;2), (3.144)
0(1;2;3) = 6(1;2)8(1;3) + MG(L 3)G(4;2)T(3;4;3) (3.145)

s called Hedin Equations in imaginary time. W is called screened interaction and P is

called polarisability.

This set of equations is focusing on the screening of the bare Coulomb interaction by electron-hole
pairs, which plays an important role in solids and, therefore, treats those explicitly in terms of the
polarisability (cf. eq. (3.144)) and the screened interaction (cf. eq. (3.143)). This, however, corresponds
to the direct electron-hole channel of the Parquet approach, in which the dependence of the Coulomb
interaction on only two spatial coordinates and its instantanity is exploited. All the other channels,
the non-local and the non-instantaneous interactions are generated by the three-point interaction I.

The Hedin equations are usually derived by the Schwinger functional derivative technique, and the
Feynman diagrams we presented here are only used to illustrate and classify the corresponding results.
In the analytical derivation a time-dependent test-potential ¢ is introduced and set to zero after the
calculation. Its effect on the Green’s function and the effective potential gives rise to the set of Hedin
equations [26, 95]. Obviously, the set of Hedin equations has to be treated self-consistently, which is, in
general, not possible, as the functional derivative of the self-energy in the equation for the three-point

vertex can not be treated in an exact way, neither analytically nor numerically.
The simplest approximation is f(l; 2;3) = 0(1;2)d(1; 3). When inserted into the self-energy equation
it becomes ¥(1;2) = G(1;2)W(1%;2), from which the name GW-approximation is derived. In this

approximation the polarisability becomes
P(1;2) = G(1;2)G(2;1), (3.146)

so that the screened interaction is a pure screening of the full interaction by electron-hole terms. An
approximation of this form for the interaction is called random-phase approximation, which is
always present in the GW-approximation. The calculation of band structures based on this approach
is, by now, a standard in solid state theory and is implemented in several codes for ab initio calculations
[96, 97]. In contrast to the density functional theory (DFT) [24, 25], the resulting band structures are

physically meaningful and do not result from an effective one-particle problem. Calculations based
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Figure 3.8.: Diagrammatic representation of the full set of Hedin equations. Due to the locality in space
and time, the bare (effective) interaction is collapsed to a (double) wave line.

s b}

on the GW-approximation therefore provide significantly better results for the electronic structure
of materials compared to the Kohn-Sham bands obtained by DFT. However, in the case of strongly
correlated materials there is still a significant difference between experimentally measured properties
and the GW-based results. This can be achieved by iterating the self-consistent set of Hedin equations
to generate an expansion of the self-energy in terms of the screened interaction [26, 98]. The GW-
approximation therefore accounts for the first order. The second order expression requires the first
order three-point interaction. The insertion of the first order ¥ into the functional derivative results
nW+aG ‘f% of which only the first one contributes to the first order, as the second term generates a
second order contribution in W. The third order contribution to ¥ then consists of the G‘}—Vg part of
the derivative of the first order ¥ combined with the zeroth order I', the W part of the first order
combined with first order I and the derivative of the second order 3 combined with the zeroth order
I". As the expansion becomes more involved in the following orders, this can best be represented by
diagrams (cf. app. of [26]).

For an efficient calculation different contributions appearing in the expansions are typically com-
bined to an effective four point interaction called T-matrix [29, 99]. Due to the different contributions
a T-matrix can be defined for each channel which can be calculated independently by a BSE. There-
fore, it can be seen as an intermediate method between the GW-approximation and the Parquet
approach. These additional contributions to the self-energy become important for physical effects
close to completely filled or to completely empty bands, so that current research aims at adding them
to ab initio calculations in the context of the GW-approximation. With this insight it has been shown

that magnons have an effect on the band-structure of iron, cobalt and nickel [100, 46].

The presented perturbation expansion in terms of interactions is, due to its character, limited to
weak interactions. However, with the different approximations it provides one possibility of calculating
the full interacting Green’s function as well as the partition function of the system. As the physical

observables of correlations are the susceptibilities, we regard their relation in the following.
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3.3. Fermionic Bilinears and Susceptibilities

As the fermionic bilinears and the susceptibilities set up by them are rarely discussed in literature
we discuss their theoretical background at this point and repeat the corresponding definitions for the
sake of completeness. The susceptibilities we are interested in are based on the fermionic bilinears
of the charge, the spin and the pairing operators as provided by definition 21. Here, we generalise
the corresponding definitions to non-local density- and spin-operators and to a generalised pairing

operator as

Zﬂ 2) fu(1,2), (3.147)
5i(1,2) ZaT Yol (2) fa(1,2) and (3.148)
Pn(1,2) = &5, (1)65,(2) fu(1,2). (3.149)

The form-factor f,, allows all possible combinations of the corresponding creation and annihila-
tion operators and can, therefore, be used for a spatial characterisation of the operator. To obtain
susceptibilities of these generalised operators in analogy to those in equations (3.5)-(3.7) we have to
combine the operators with their adjoint, as the expectation value will otherwise be zero. Thus, the

charge-density Xcq, the spin-density Xsq or the pairing susceptibility x, are given by

Xedn (1,2) i= (pn(1,2)p%,(1,2)), (3.150)
N e(1,2) = (85(1,2)(3)1(1,2)) and (3.15)
Xpn(1,2) := (B(1,2)p%, (1, 2)), (3.152)

respectively. A special case of the spin-density susceptibility is the magnetic-density susceptibility
Xmd (Cf [66]) given by

Xmd,nn’ (1: 2) = Xij,nn’ (17 2) = <§TZL(]‘7 2)(3’;/)’((17 2)> (3'153)

Due to the translational symmetry of the lattice it is useful to transform the bilinears to momentum

space, resulting in

T
pn(q) ﬁIB\ Z/dk s (k)el(k + q) fn (K, q), (3.154)
Si(q) 5|B‘ 3 Z/dk és(k U”,c (k+q)fn(k,q) and (3.155)
(@) = 5757 [k (@ B0 (3.156)

For convenience we only choose form-factors which are static and which solely depend on the
fermionic momentum, that is f,(k,q) = fn(k), as they already provide a full set of basis functions
(cf. sec. 3.6). When we consider the susceptibilities in momentum space, the transfer-momentum gq
has to be equal in both bilinears according to the same argument as in lattice space. Therefore the
susceptibilities are momentum conserving. Moreover, g is a bosonic momentum, as it results from
the difference between two fermionic momenta. A similar consideration focusing on the translational

symmetry with respect to time leads to the dependence on a bosonic frequency v, so that the sus-
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3.3. Fermionic Bilinears and Susceptibilities

ceptibilities depend on the generalised bosonic momentum ¢ = (v,q). As four fermionic creation
and annihilation operators appear in all the different susceptibilities and as the total spin s, of a

susceptibility is the sum of them it is bosonic. Hence the susceptibilities behave as bosonic objects.

The generalised form of the one-particle operators also introduces a dependence on two form-factor
indices. As those form-factors describe the spatial character of the particle pairs, they allow us to

categorise, for example, instabilities in terms of an s- or a d-wave character (cf. sec. 4.2).

The explicit form of the density or of the magnetic susceptibility in terms of creation and annihilation
operators reveals that both of them are different linear combinations of the same terms consisting of

two creation and of two annihilation operators, i.e.

Xeamann =@ fa(1,2) £2(1,2) ({0 &0 @) 6,2) + (0 6,12 ,)

+ <4(1) e e 6T(2)> + <a1(1) O eT(2)>) . (3.157)

with a constant a, where the upper line corresponds to X.q and the lower one to xpq. Therefore,
when the four different two-particle expectation values required for the charge susceptibility xca (cf.
eq. (3.150)) and for the magnetic susceptibility xma (cf. eq. (3.153)) are directly calculated they can be
combined to either of the two susceptibilities. Due to this similarity and as xmq is the z-spin-density
wave, we use the extended spin-vector. That is, it includes the identity matrix as zeroth component
such that S0 = p, which leads to xcq = XOO Treating the z- and the y-spin-density waves in the same
Way as Xed/md in equation (3.157) one observes that xZ§ and X2 are different linear combinations
of the same terms, too. A corresponding treatment of the other possible combinations of the spin
operators Gi€{0.2.9.2} Jeads to similar combinations, each consisting of four different terms, which differ
by prefactor signs after changing between z- and y- or between 0- and z- spin components. As all
the different terms in the susceptibilities are different linear combinations of the expectation values of

creation and annihilation operator pairs, we combine them in a matrix:

&yeley) ‘T% T‘D é Qléﬁ (@ Q}Q)

é cIcT) (c el Tc¢) (c CTCLC¢) <CLCTCTCT> (3158)

el ) (&t 16,64 CL> (&t CL%CL) (&t CLCTCT>
é rTrfrT) <r [onel TF¢> (r [oNe l(‘¢> ((‘ [oNe T[‘T>

(e
(e
(e
(e

U
18
i
1
R
€e
e
2

in which we omitted, for the sake of brevity, the form-factors f,(k)f; (k') and the arguments which
have the form & (k)é(k + ¢)ét(K)é(k’' + g) in all the terms. According to the previous discussion, this
matrix splits into four 2 x 2-blocks where the expectation values of 5% and of SY are obtained from
linear combinations of the upper left one, while the lower right one can be combined to form those of

S0 and §7. The lower left and the upper right part of it contain the combinations of both pairs.

A further analysis of the contributing terms reveals that the matrix elements can equally be refor-

mulated in terms of the generalised spin-density operators

n. = e an
T,n(172) . fn(1>2) T(l) T(2) d (3.159)
iy (1,2) = fa(1,2) 2] (1) (2)
and the operators
$F(1,2) = fa(1,2) (Sw(m) +i§y(1,2)> = fu(1,2) (61(1)@(1)) and 160

5-(1,2) = fu(1,2) (31(1,2) 45‘9(1,2)) = fu(1,2) (61(1)@(1)) .
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3. Theory

That is, the lines of the matrix (3.158) correspond to S+, §~, i, and 7y and the elements reflect the

expectation values of their combinations.

In a spin-symmetric system the creation and the annihilation operators corresponding to the same
argument need to have the same spin if their contribution shall not vanish, as it is preserved by
the Hamiltonian. Therefore, only the lower right 2 x 2-block of the matrix (3.158) is non-zero and,

therefore, only the magnetic- and the charge-density susceptibilities do not vanish.

The pairing susceptibility, as defined above, depends on both pairs of spins of the inserted pairing
bilinears so that all spin combinations are possible. In analogy to the charge- and the spin-density

case presented above, we combine all the possible contributions in a matrix:

(3.161)

with the argument structure é(k)é(q—k)ét (k')éf (¢—k') for all the terms. In this matrix representation
we observe a similar block structure and spin combination structure as in the spin-density case. When
we consider the lower right 2 x 2-block of elements, which is built from pairing operators with equal
spins, that is pss, we observe that the spin is conserved on the diagonal ones while it is flipped on the
other ones. Therefore, in the case of an SU(2)-symmetry, only the diagonal ones will be non-zero. We
also can identify the diagonal elements to belong to a triplet pairing with a total spin s, = 1 and a
total magnetic momentum my, = £1. The upper left 2 x 2-block is based on the pairing operators with
opposite spins, that is pgz with § = —s. Therefore, the sum over these elements results in the triplet
pairing susceptibility with the total magnetic moment m; = 0. To obtain singlet pairing, that is with
the total spin s, = 0 and the total magnetic moment m; = 0, we need to subtract the second line from
the first one. The upper right and the lower left block, again, are combinations of the singlet- and
the triplet-pairing operators. Like in an SU(2)-symmetric system non-vanishing terms have to have
the same number of creation operators and of annihilation operators for each spin direction, as the
Hamiltonian preserves the spin. Thus, only the upper left block and the diagonal part of the lower

right block are non-zero, so that it is sufficient to consider the singlet and the triplet pairings.

As the different susceptibilities depend on a characteristic combination of fermion operators, we
denote those consisting of a creation and of an annihilation operator as electron-hole (eh) fermion-
bilinear, those consisting of two annihilation operators as hole-hole (hh) fermion-bilinear and those
consisting of two creation operators as electron-electron (ee) fermion-bilinear. Both, hh and ee fermion-

bilinears obviously belong to the class of pairing bilinears.

To investigate the question whether the system approaches an ordered state, we have to observe
if the corresponding static susceptibility shows a divergence. In the case of a charge-density wave
state the static susceptibility resulting from the sum of the four elements of the lower right block
of the spin-susceptibility matrix diverges. The g-vector corresponding to the divergence defines the
wave-vector of the density-wave, while the form-factors f,(g,p) define their symmetry in momentum
space. This symmetry can exemplarily be shown for the two-dimensional case on a square lattice:
The susceptibility is said to have the character of an s-wave, when a rotation in the plane is not
changing its value. It is said to have a d,2_,2-wave character, when the values differ by the factor of
—1 under a rotation of 7/2. Similar considerations hold for the magnetic susceptibility, which consists
of the same sub-matrix, but with alternating signs according to equal or unequal spin polarisations.

This susceptibility indicates an (anti-)ferromagnetic ordering, spin-density-waves and nematic states
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Xeh =1 >2 + 1 Y Xee=1<T>2+ 1V 2

Figure 3.9.: Diagrammatic representation of the electron-hole (left) and electron-electron (right) suscep-
tibility.

resulting from Pomeranchuk instabilities. Similarly, the system is in a spin-singlet or in a spin-
triplet pairing state when, according to the pairing matrix, the sum of the corresponding pairing

susceptibilities with total spin s, = 0 or s, = £1 shows a divergence.

All the elements of both susceptibility matrices above can be obtained from the generalised
susceptibility, so that the two-particle Green’s function can be used to calculate them. As the two-
particle Green’s function depends on four arguments, while the susceptibilities discussed here only
depend on two of them, the correct limits have to be taken, as discussed subsequent to definition 22.
Diagrammatically this corresponds to connecting the two legs of the two-particle Green’s function
with each other. When we employ the results from the perturbation theory at this point, we obtain

the susceptibilities as

yan(142) = GG 1)+ (3.162)
/di -~-/d41 G:1)G(23) /W (1,%3,1)G3:17)G(3,27)  and (3.163)
Xee(1:2) = f(1;2;1)G(1;2)G(17327 )+ (3.164)
/dl /(146‘ (1;1)G17;2)v%(1,2;3,4) G(3;27) G(3,27). (3.165)

Thus, the susceptibilities consist of a loop of two propagators plus a two-particle interaction that
has two pairs of propagators connected to each other. In the case of (spin-) density-susceptibilities
the incoming legs of the interaction are pairwise connected to the outgoing legs, while for pairing
susceptibilities both incoming and both outgoing legs are connected to each other as illustrated in
figure 3.9. In the SU(2)-symmetric case, both connected pairs differ by the same bosonic spin s, while

in the general case the susceptibility can have different bosonic spins for the two propagator pairs.

The contributions of the propagator loop only contain one-particle contributions and usually diverge
at T =0 (or at A = 0 in the FRG case, cf. sec. 3.5), while the second one contains the effects of
particles interacting with each other, as it includes the two-particle interactions 7(4). Therefore, the
second term is the relevant part to observe real phase transitions at finite 7' caused by correlation
effects. The FRG thus aims at a direct calculation of this two-particle interaction. The FRG also
allows a direct calculation of the susceptibilities, such that we define the generating functionals for

both, for fermionic interactions and for susceptibilities based on fermionic bilinears in the following.
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3.4. Generating Functionals

In the preceding section we observed that the two-particle interaction is a relevant term for the
occurrence of phases based on many-particle effects. For the FRG equations, the field theory is
employed, which basically replaces the creation and the annihilation operators by the corresponding
Grassmann variables in the expectation values. Thus the definitions and the derivations of the previous
sections can be performed analogously. We remark, however, that no time-ordering operator appears
in the field-theoretical definition of Green’s functions, as the functional integral always represents

time-ordered products.

It is well known that expectation values of observables like particle number, magnetisation or
entropy can be obtained as derivatives of the grand canonical partition function. For the particle

number operator N, for example,

- 10lnZ
N) = =
(V) 3 on

(3.166)

holds, so that the grand canonical partition function can be viewed as the generating functional of
the particle expectation value. The aim of this section is to generalise this observation and find
similar generating functionals for the Green’s functions, its connected sibling or the effective action by
corresponding derivatives. These generating functionals will provide a simple generic form for further
calculations. For all the following derivations and definitions we let %, 1) be Grassmann fields and let
S[, ¥ = (¥, Gy ) + V[ih, 1] be the action as defined in definition 10. Based on these prerequisites
we define as follows:

Definition 33 (Generating Functional for Green’s Functions)
The functional

Gl =5 [ Dlwsd] exp (-SIB.vl) exp (0:0) + (5u1) (3167)

is called the generating functional for Green’s functions and the fields 1,m are called source
fields.

Theorem 3.14 (Generation of n-particle Imaginary Time Green’s Functions)

The generating functional G as defined in definition 33 generates all imaginary time n-particle

Green’s functions.

ProoF: The differentiation of G by the source fields 7 and 7 results in

%&;ﬂ = *%/DWM)] e=S (1) BOHEA) = (1)) |, and

g (3.168)
6G[n, n) 1 e et
(D) = E/D[wd}} e~ Sy V(1) (M) +(m) — (1)) “71:71:0’

respectively. Here, the thermal average, as discussed at the end of section 2.3, is identified for vanishing
source fields. The corresponding expectation values will be zero, as Grassmann fields only give non-

zero expectation values in pairs. To obtain those pairs the same number of 1 and 7 derivatives have
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T

to be performed on the generating functional G. Generalising this result and taking care of the minus

sign resulting from the derivatives with respect to some 7 we obtain

&G, ]

GOV, 2m) = (-1)" on(1) - 6n(n)dn(2n) - - - dn(n + 1)

; (3.169)
n=n=0
where the source fields are set to zero at the end, so that only the real fermionic fields remain.
Identifying the field expectation value with the definition of the Green’s function (def. 23) completes
the proof. ]

As mentioned in the discussion of Feynman diagrams, it is advantageous to consider only connected
Green’s functions (see def. 29), as, otherwise, some contributions are calculated several times. The

corresponding generating functional is easily obtained from the general Green’s function one.

Definition 34 (Generating Functional for Connected Green’s Functions)
Let G be the generating functional for Green’s functions as given in definition 33. Then the

functional

Wi =t (D50) = < [ D10, 0) exp (-Slnw) - e (@1.0) + () B170)

is called generating functional for connected Green’s functions.

In this definition the term 1/Z removes the grand canonical partition function from the definition

of G so that only the functional integral remains.

Theorem 3.15 (Generation of n-particle Connected Green’s Functions)
The generating functional W as given in definition 34 generates all connected imaginary time

n-particle Green’s functions.

ProOOF: We will not give a full proof of this theorem, but we will exemplarily show that it holds for
one- and for two-particle connected Green’s functions. By differentiation with respect to the source
fields 77 and n we obtain

577(15(25772 [ln <e(ﬁ,w)+(u1n>>] o

) % [<e<w>+@m>*l<&ze(7’"¢)+(¢’71)>] nmii

<¢18(ﬁ1w)+('l/7m)> <¢2e(ﬁ,w)+(«&,n>> <¢1¢28(ﬁ1¢)+('l/7m)>

(e@w)+@m)? R CCERER
n=n=0

(3.171)

=G.(1;2).

As we consider fermions, all the terms with an unequal number of creation and annihilation field
operators vanish, and, therefore, only the second term in the second last line is non-zero. This term
is identified as the one-particle Green’s function, which equals the one-particle connected Green’s

function as discussed in the section on Feynman diagrams (cf. section 3.2.2).
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For the more interesting two-particle case, we derive

4 _
___ ¢ [m<e<ﬁ,w>+<wﬁn)>ﬂ
dM16726m40m3 =7=0
5 <1;4e<ﬁ,w>+<u1n>><1;,36<ﬁ,w>+<u?,n>> <1Z41/335(ﬁ-,¢)+(1/7w)>
= = + _ —
07672 <e(ﬁ«,1/1)+(1/1,n)>2 {e@)+@.m)

n=n=0

<1/111/)21/;41[;36(ﬁ7¢>+(117,n) >

B (e@n+m) (3.172)

<w21/;36(ﬁﬂ/))+(15,77)> <¢1,;4e<ﬁ,«/)>+<aﬁ,n>> - <¢1¢;3€(ﬁ,«/)>+<w>> <¢21Z4e(77ﬂ/1)+(1/1n)>
(e~ +(@m)?

n=n=0
=GW(1,2;4,3) — G(1;4)G(2;3) + G(2;4)G(1;3)
=aW(1,2;4,3).

From the second to the third line, again, the vanishing of terms with an unequal number of creation
and annihilation operators has been considered. The observation that the second last line equals the
connected two-particle Green’s function given in equation (3.134), completes this part of the proof.
For Green’s functions of higher order corresponding derivatives of higher order have to be calculated

with respect to the commutation rules for Grassmann fields. |

In section 3.3 we discussed that the effective interaction is the relevant part leading to phase
transitions. For a definition of a generating functional for these terms, we have to take into account
that the expectation values of the creation and the annihilation operators are non-zero when the
source terms of W are present. These expectation values define new average fields by

_ . - — .
6i(1.m) = (Yi)iy = —(577,1/\’[77777] and  ¢i(,n) = (Yi)yy = 577_W[77777} (3.173)
K 1
An inversion of these relations leads to an expression for the source fields in terms of these new fields,
that is 1($, ¢) and 7(¢, #). The generating functional for the effective action can now be defined based

on the Legendre transformation of W[7, 5] with respect to the new average fields ¢ and ¢.

Definition 35 (Generating Functional for the Effective Action)

Let W[ii,n] be the generating functional for connected Green’s functions and let ¢ and ¢ be
the average fields of the field variables v and 1), respectively, generated by W in the presence
of sources n and 7] according to equation (3.173). Then the generating functional for the
effective action I' is defined by the Legendre transformation of W with respect to the average
fields, i.e.

L9, 9] := W[ii(, ), 1(6,9)] + (#,1) + (7,9) - (3.174)

In analogy to the Green’s functions the one-particle irreducible n-particle vertex functions are

defined based on this generating functional.
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T

Definition 36 (One-particle Irreducible n-particle Vertex Functions)
Let T, ¢ and ¢ be as defined in definition 35. Then the one-particle irreducible n-particle
vertex functions are defined as

3*"T[o, ¢]

M(1,...,2n) = — -
K ( ) 6¢16¢n6¢2n

. (3.175)
0pn1 ¢=¢=0

Before we derive some properties and relations between both generating functionals we define the

matrices of the derivatives of second order as helpful quantities.

Definition 37 (Matrices of the Second Order Derivatives)
Let 1 and 7j be source fields of G and let ¢ and ¢ be the average fields of 1 and v as provided by
definition 35. Then the second order derivatives are provided by the operators

672](1 2) = _6”7]1 5U2 (5771 67]2 and 635(1 2) — (551(5(7)2 6‘%1(5(% '
54)16432

(3.176)
5771 5772 _6711 6772 6¢1 64)2

Based on these helpful operators and the two definitions above (def. 35 and def. 36) the following

corollary is directly obtained.

Corollary 3.16 (Properties of the Generating Functional for Effective Action)
Let ¢, ¢, m, 7 and T be as given in definition 35. Then the following holds:

1. The effective potential satisfies the reciprocity relations

(3.177)

2. The Legendre transformation of T is the generating functional W.
3. In the absence of sources the effective action is stationary.

4. The matrices of the derivatives of second order of I' and W are reciprocal to each other, i.e.
Jif = (62W) 1. This particularly implies G = (@)1

5. The self-energy ¥ can be written as ¥ = G~ — 43,
6. The expansion of the generating functional I' in Grassmann fields is given by

o]

Z

o ‘,277/)(2)1 "'$n¢2n"'¢n+l- (3178)
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7. The n-particle interactions v are one-particle irreducible and for n > 2 given by

n n S 1
A = (1) ZW > Valamp [0, k, 7, (3.179)

k TESh 2k
7 one-line-irreducible

with Valymp being the amputated Feynman diagrams defined by equation 3.126.

8. The n-particle connected Green’s functions G®™ for n > 2 are related to the one-particle

irreducible interactions v(2™) by

G®M(,...,2n)
= (=D)"G(1,1)---G(n,7) G(2n,2n) - -- G(n+1,n+1)yV(1,...,2n) + R (3.180)
with R being the remainder which consists of all the tree diagrams built up by at least two

interactions v2™) of order m < n connected by propagators and which contains at least one

torso line.

PRrROOF: 1. By performing the differentiation, applying the chain rule and inserting the definition
of the fields ¢ and ¢, one directly obtains

5o (oW 5 W 56, N\ (-~ om o
3, 1Pl = (W ) (6&1’%) w(52m) - (852) + (5209)

(5 S\ _ (00 (s oy LU (3.181)
(@) - (o) o () + ()

= i,

which is the desired result. Remark that we implicitly assumed a summation over the indices

appearing twice. An analogous calculation for the field ¢ results in the companion equation.

2. Due to the definition of I and to the reciprocity relations of the fields as provided by corollary
3.16.1, W is the Legendre transformation of I' according to

Wi, n] = T1é(1,m), ¢(7,m)] — (7,6) — (6,71) - (3.182)

3. In the absence of sources, the reciprocity relations in corollary 3.16.1 are equal to zero. Therefore,
the generating functional does not change with respect to fields and thus is stationary in this

case.

4. The calculation of the derivatives of the average fields and the use of the chain rule result in

O3 § [ ow W 6T 8w §°T
PIER Y I )4 LI ,
dp1 61 | 673 013072 0206 013072 6201

sy 0 ’m}:<52w T >7< 52w 52r7>
’ g1 O :5773 6n30n’ 520y 03072’ $padpr (3.183)
Oz&ﬁzi _L}:_(52W‘§2I‘7>+<(52W 521—‘7>
dpr dor | M3 0730n2 " Spadp1 073072 62801
4

07%77’M}7<62W 6T )_(521/\/ 51 )
- 5¢1 - (5¢1 »67]3 - 677367727 (5(52(5(1)1 (57]3(57_]2 ’ (5¢2(5¢1 ’
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Rewritten in matrix form, we obtain

s 0 8w W 8T 5T
3,1 d2 527735772 5ﬁ3§ﬁ2 5¢225¢1 5¢225¢1
0 63 1 W W 6T 6T

om3on2 T onson2 542001 5201
and it can directly be observed that the matrix of the derivatives of second order for I' is the

(3.184)
= /d2 W SI(2;1),

inverse of the matrix of the second order derivatives of W, in short-hand notation
o;0 = (o)~ (3.185)
When the fields vanish we directly obtain

2 2 2 -1 —
VB =8, =W =G (3.186)

. According to part 4 of this corollary the one-particle effective interaction is the inverse of
the Green’s function. As the full one-particle Green’s function fulfils the Dyson equation (eq.
(3.135)), it can be replaced by ¥(? and rearranged, so that it results in

¥ =Ggt —~2. (3.187)

As GEI corresponds to the non-interacting system, the self-energy corresponds to the difference
between the interacting and the non-interacting system. Therefore, this relation is frequently
used to define the self-energy.

. The expansion of T'[¢, ¢] in Grassmann fields ¢ and ¢ is

N R

12
n=0 (Tl)

' " 52"1—‘[‘5) ¢] Y y
dl - [d2n — - “ Pnan  bn 3.188
></ /( n 5¢1~"6¢n5¢2n“'5¢n+1 ¢;:¢:0¢1 ¢ ¢2 ¢ +1 ( )

where (2™ can directly be identified as expansion coefficients.

. A proof of the one-particle irreducibility and the expansion in Feynman diagrams based on
the FRG method can be found in Schober [81], theorem 5.17. An alternative approach to this
theorem in terms of a diagrammatic expansion is provided by Negele and Orland [78], though,

it is not a rigorous general proof.

. To obtain the expansions for the n-particle Green’s function, similar calculations as performed
for corollary 3.16.4 are necessary with 2n—1 field derivatives acting on ¢;. The result of the
action of a first field derivative has already been obtained in equation (3.183). Additional field
derivatives can directly act either on I', or on W, which then result in additional terms of the
form %. Due to the chain rule the derivative of W is connected to all the terms of the
derivatives of I". As we consider fermions, only those terms with an equal number of Grassmann
and conjugated Grassmann fields contribute, and the derivatives can be rewritten in terms of
n-particle Green’s functions and n-particle interactions. Due to the product rule the sum of all

the possible terms arising from the differentiation has to vanish.

73

I



3. Theory

G4

Figure 3.10.: Graphical representation of a term contributing to the three-particle Green’s function. As

the two-particle interactions are connected via a torso line, the contribution is one-particle
irreducible.

In the case that all the derivatives first act on W, we obtain the n-particle Green’s function
with v at all but one of its legs. If we, therefore, add G as the inverse to 4?) to all the
corresponding legs, we obtain the pure n-particle Green’s function which has to sum up to zero
with all the other terms. In the other extreme case, in which all the additional derivatives act on
T', we obtain 7(2®) connected to a one-particle Green’s function. Due to the addition of G all of
its legs become connected to such a Green’s function, thus leading to the first term of equation
(3.180).

In all the other terms the derivative leads to a Green’s function connected to at least two, but
less than n—1 interactions. Therefore, only terms of G2"~2 appear in there, such that we can
recursively consider these cases. Starting for the two-particle case, the restriction to fermions

only allows two different terms, resulting in

G*(1,2;3,4) = G(1,1) G(2,2) v®"(1,2;3,4) G(3,3) G(4,4). (3.189)

Considering the three-particle case, one can observe besides the extreme terms containing G or

4(©®  a third term arises from the differentiation, namely

GY(1,2;4,1)vW(1,2;3,1) G(3,2) G(3,5) G(4,6). (3.190)

In this term, we can insert the expression for the two-particle Green’s function, resulting in two
two-particle interactions 4*) connected to each other by one one-particle Green’s function. In
a diagrammatic representation this connection line corresponds to a torso-line, as the diagram
splits into two parts when it is cut. A diagrammatic representation of this argument is shown
in figure 3.10. The procedure just presented has to be continued for Green’s functions of higher

order, resulting in the fact that the residue of equation (3.180) always contains a torso-line. W

Based on these functionals, the calculation of susceptibilities, which was the motivation of our

discussion, is still not directly possible. However, according to the discussion in section 3.3, the

susceptibilities can be obtained by calculating the effective actions and by adding closed Green’s

function loops to them. In the same section we also discussed that susceptibilities behave as bosons.

By adding source terms of the fermion bilinears to the generating functional we are, therefore, able

to derive an explicit expression for them.
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Definition 38 (Generating Functional for the Effective Action and for Susceptibilities)
Let 1, ¢ be Grassmann fields, 0, 7 fermionic source fields, B a boson-like field based on a
fermionic bilinear, and let J be the corresponding source field. Furthermore, let

Sy, T = =, Go ' $) + V[, ¢] + (/. B) (3.191)
be the effective action of the system. Then
Wiij,n, J] = —In / Dy, ] e S0 T1 )t (3.192)

is the generating functional for connected fermionic Green’s functions and for the

susceptibilities and its Legendre transformation

(6, ¢, J] = Wi, 8).1(¢, ¢), J] + (é,1) + (77, ¢) (3.193)

is the generating functional for the effective action and for the susceptibilities.

Any derivative of W with respect to the source fields J leads to the corresponding fermion bilinear
appearing in the the expectation value. Therefore, for any fermion bilinear we are interested in, we
add the corresponding source term. Although the fermion bilinears are treated as bosons, they are
defined by a fixed combination of fermion creation and annihilation operators. As only expectation
values with an equal number of them are non-zero, the non-local charge- and spin-density bilinears
appear with an equal number of fermionic creation and annihilation operators, while two additional
creation (annihilation) operators appear for each (adjoint) pairing operator. As the fermion bilinears
are characterised by a form-factor (see section 3.3), a form-factor index appears for each fermion

bilinear in the expectation value.

In analogy to the n-fermion interactions or vertices as derivatives of the I‘[qg,qﬂ functional, the

Legendre transformation allows us to define corresponding n-fermion and m-boson vertices as follows:

Definition 39 (One-particle Irreducible n-Fermion, m-Boson Interactions)
Let T' be as defined in definition 38. Let n; and n; be the number of incoming and outgoing
slots, respectively, and 2n = n;+n;. Then the one-particle irreducible n-fermion m-boson

interactions (or vertices) are

3G T, 6, J]
5451 e 6&7116¢2n e 6¢nz+1<]1’ e Jm’ ¢=¢p=J=0
(3.194)

(2n,m)

B gt 2 1 m) =

with n denoting the type of present fermion-bilinear fields.

When the fermion bilinear field is replaced by a purely bosonic one, this interaction would require
n; = nj. In our case however, the interaction is only non-zero if the total number of Grassmann

and adjoint Grassmann fields of the fermion bilinear and of fermions adds up to zero, that is if
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ng—nj = > 0(Bm,) with 0(Bm,) = —2,0,2 for B « pf, B « ¢ and B o p, respectively.

Therefore, n; + n; will always be an even number such that we define their sum as 2n.

For the rest of this thesis we will maintain the argument structure of the n-fermion m-boson in-
teraction as incoming fermions, outgoing fermions and bosons when bosons or fermion bilinears are

present. When there is no argument in one of the fermionic parts, we will place a “.” in the corre-
sponding place to clarify the correspondence of the arguments to the fields, while we will drop the

bosonic arguments and the bosonic index n when they are absent.

As the fermionic part of this generating functional equals the one in definition 35, the results given
in corollary 3.16 still hold. The field expansion in corollary 3.16.6, however, now also has to include
the bosonic fields and thus becomes

T, ¢, J] = i Oyi%i)!:;jl/dl ..,/dQn /dl’ -‘./.dm/

MmN, N5 =

X ,.‘/7(7271,777/)(17.“’717:;7” + 1,.“,TL; 1/7"'7m,) 431 "'&7L,1¢2n"‘¢n,+1=]1’ "'Jm’ (3195)

=) ACAG g, ).

m,n=0

Obviously, solely derivatives with respect to the generating Grassmann fields generate the effective
one-particle irreducible interactions 7(2"’0) like before. Each derivative with respect to the source fields
J, however, leads to a bosonic field or a fermion bilinear. Therefore, two derivatives with respect to
the generator of an electron-hole bilinear like p or S? lead to corresponding susceptibilities of electron-
hole type 7(0’2)

oh = Xeh- Two derivatives with respect to the generators of a pairing bilinear p and its

adjoint bilinear p lead to the pairing susceptibility %(8 2)

= Xee- A combination of one derivative with
respect to the source terms .J and one with respect to two Grassmann fields results in vertices (21
representing the interaction between a fermion-bilinear and a pair of fermions. Those interactions
will be called fermion-boson interaction in the following, which also includes the case of fermion-
bilinears due to their boson-like behaviour. If the fermion-bilinear present in such an interaction is

of electron-hole type, it has to couple to a Grassmann field and an adjoint one and we denote it
(2,1)

by 74, /. If the fermion-bilinear is of hole-hole type, the interaction has to couple to two adjoint
Grassmann fields, resulting in the hole-hole fermion-boson interaction 'yﬁ’l), while the adjoint case

of electron-electron fermion-bilinears leads to the electron-electron fermion-boson interaction %(3’1).

Those fermion-boson interactions will be needed in the flow equations in order to generate the full

interacting susceptibilities.

As the following derivation of the FRG equations is based on the n-fermion m-boson vertices (2™

we consider their symmetries, too.

Corollary 3.17 (Properties of Effective Fermion-Boson Interactions)
Let v™) be the n-fermion m-bilinear interaction according to definition 39. Then it obeys the

following symmetry relations:

1. For the fermionic part the crossing symmetries hold

A g 1, 201 m)
=y G g+ 1, 201 m), and (3.196)
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’Y("”m)(lv""ni;ni+17i7"'7j""7'"’277’;1/7"'77”,)
==y g 201 m), (3.197)

while the bosonic (bilinear) part is invariant under the exchange of particles so that

A oty )
=, 2 U m). (3.198)

. The complex conjugation inverts the order of fermionic and bosonic arguments and

changes the times of the fermionic arguments, i.e.

*
2n,m .
(7< )(117—17 s Lo T2 T TL - e 7Im’7—m’)>

= 7(2"’7"') ($2n,(_72n)7 AN ,.7)1(—7'1); CI/'m/(—Tm/)a cee mTl’(_Tl’))v (3-199)

which, in the frequency domain, results in

*
2n,m .
("/< )(Ilwlyu-:1'2nw2n7x1’1’1’7-'-»xm’l’m’)>

=7 (@0 (—wan), -+ 21 (—w1); Ty (Vi ), - - 21 (—w1r)). (3.200)

3. Let H be invariant under a translation a € R in time. Then ~2mm) glso is invariant under

time translations, i.e.

V(me) (7_17 ceey T2n3 Ty - - aTm’) = 7(2"”’”) (Tl +a,...,Ton+a; TG, Ty +G«) (3201)

. Let H be invariant under a translation r' € R3 in space. Then 2™ also is invariant

under spatial translations, i.e.

AU (g oty ) = A (e g s ). (3.202)

. Let H be SU(2)-symmetric. Then ~@mm) conserves the total spin, i.e.

2n m
dosi=D s (3.203)
i=1 i=0

and is symmetric under a global spin-flip, i.e.

~y(21m) (S1y-vy82m; 8175w ey Smr) = fy<2"’m)(—31, ey —82n =81y ey —Smy ) (3.204)

. Let H be symmetric under a point-group I' and let ReT bea symmetry operation of the

point group. Then v2™™) is symmetric under the point group operation R according to

7(2"’7”) (7‘1, ey P Ty, T'm’) = ’Y(Zn’m) (R(Tl), BN R(T2n)§ R(Tl’)v cee 7R(rm’))' (3205)
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7. The Fourier transformation of y?™™)(1,...,2n;1,...,m') is given by
'Y(Znﬂn)(klwly ey k2n"-’2n; kl"’-’l’y L) km’ ) wm’)
1 B B
= —(27{.)d(2n+m)52n+m /d’r‘l e /d'an /0 dr --- /O droy,
e*i(qu‘1+w17’1) - e*’i(kn‘T‘erwnTu) ei(kin""Qu+W2nT2n) - ei(kn+1'7'n+1+w'n.+17-n+1)
e—i(kll Py twyrTyr) e—i(km/»rm/ +wm/-rm/),Y(Qn,m)(17 2 1/7 o ,m’). (3206)

PRrROOF: 1. This directly follows from the anticommutivity of Grassmann fields and from the com-
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mutivity of the corresponding fermionic bilinears and bosons.

2. For the fermionic part, the proof is along the same line with the one of theorem 3.2. For the
bosonic part, the same considerations combined with the observation that B*(7) = B(—7) lead
to the desired result. The result in the frequency domain is directly obtained by the insertion

of the imaginary time relation into the Fourier transformation.
3. This proof is along the same line with the one of corollary 3.4.1.
4. This proof is along the same line with the one of corollary 3.4.2.

5. This relation is proved along the same lines with the one of corollary 3.4.3. Every fermion
bilinear adds terms of £s1/ + so/ to the spin summation in equation (3.44), where “+” refers to a
creation and “—” to an annihilation operator. As the total number of incoming momenta again
has to equal the total number of outgoing momenta, the bosonic spin is maintained within the

interaction, leading to the desired result.
6. This proof is along the same line with the one of corollary 3.4.4.

7. This relation directly follows from applying the Fourier transformation to the generating func-

tional. -
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3.5. Functional Renormalisation Group

The main principle of the renormalisation approach is based on the idea of Wilson [52, 53]. The
underlying concept is to split the whole energy range into windows of a finite energy range and then,
successively, consider interactions within these. In more detail, all high energetic modes above a
first cut-off whose interactions are described by a model Hamiltonian are summed up to construct
an effective Hamiltonian. This is then used for an energy window between the first and a second
cut-off, where, again, all corresponding modes are integrated out to obtain another effective action.
Repeating this procedure down to zero energy leads to the total effective interaction between particles
of the particular model and thus to the correct partition function of the system. Mathematically,
this approach is based on the splitting of the covariance and the measure with respect to the scale
parameter, thus providing a semi-group property. However, such an iterative, analytical treatment is

only possible for a few models like the Ising model [101, 59].

To cast the renormalisation procedure into a generally applicable and numerically treatable math-
ematical form, the limit of infinitesimally sized energy windows is taken, so that a real non-negative
cut-off parameter A defines this window. Thus, ordinary differential equations for the effective one-
particle irreducible n-fermion m-boson® interactions (including susceptibilities) can be derived, which
are called flow equations. The solution to these differential equations is then a flow through the phase
space from the non-interacting system to the full interacting system. This approach is called func-
tional renormalisation group (FRG), as it casts the semi-group approach of the Wilson renormalisation
group into a functional form. There exist different approaches to this method, like, for example, the
one by Polchinski [54] or the one by Wetterich [58, 102]. The formulation for interacting fermions
based on the formulation of Wetterich was derived by Salmhofer and Honerkamp [60, 103], as well as
[59] at basically the same time. While Metzner et al. provide an extensive review on this method in

[104], our derivation is rather based on the derivations by Schober [81].

In order to restrict the energy to a finite window in the formalism, we take the common choice of
modifying the free Green’s function by a cut-off. We remark that alternatives to this choice exist,
like, for example, a regularisation of the two-particle interaction (cf. e.g. [105]). Our choice leads to

the following definition:

Definition 40 (Cut-Off and Regularised Free Green’s Function)
Let Gy be the free one-particle Green’s function of a system. Then we call A € [0,00) the cut-off

parameter, flow parameter or scale parameter, if G is reqularised by A such that

0 A=A
GA = for 0 (3.207)
Go for A— Ay,

GJ s then called the regularised free Green’s function and Q" := (G§)~' is called the

inverse operator or the covariant.

According to this definition, the regularised free Green’s function vanishes when all modes of the

system are cut away, and it becomes the original free Green’s function when all modes are included,

3For reasons of brevity we refer to interactions of fermions and fermion-bilinears also as fermion-boson interactions, as
the latter show a boson-like behaviour.
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that is when the full system is restored. These conditions leave space for different choices of the
implementation of the cut-off. One possibility [106] is to add a regulator R* with R = co and

RAf =0 to the inverse propagator Q = Gal so that
Q"(1;2) = Q(1;2) + R (1;2) (3.208)

fulfils the conditions. Alternatively, one can multiply the free Green’s function with a cut-off function
CA with C% =0 and C» =1 so that

G5 (1;2) = CM(152)Go(152). (3.209)

A further discussion on the actual choice of cut-off functions can be found in chapter 4.3 with some

focus on numerical details.

When the regularised free Green’s function is inserted into the generating functionals G, W or I,
all of these and all of their derivatives become regularised and depend on the flow parameter A. That
is, the average fields ¢ and ¢ needed for the Legendre transformation from W to T, all connected
Green’s functions, and all one-particle irreducible n-fermion m-boson vertices v(2»™) depend on the
scale parameter A, which is indicated by the superscript A 4. Flow equations for v2%™4 are obtained
by the comparison of fields, when the field expansion of T' is introduced into its A-derivative, as we

will derive in the subsequent section.

3.5.1. Functional Flow Equations

As T is the Legendre transformation of the generating functional of connected Green’s functions
WA we first derive the flow equation for WA,

Theorem 3.18 (Flow Equation for the Generating Functional of Connected Green’s
Functions)
Let G’OA be the regularised free Green’s function and let W™ [n,7,J] be the generating functional

of connected Green’s functions given by definition 34. Then its flow equation is given by

A on o [EWN [6QM] swA QM WA
an” ["’”’J]_( 50 ’{JA] 57 )+Tr<{ SN | Snon ) (3210)

PRrROOF: By rewriting the derivative of the generating functional as

d A d A

— WA, 7, J] = -V —eW 3.211
SV, ] =~ e (3:21)
its explicit expression can be written without the logarithm. The evaluation of the derivative results
in

%WA =V / DI, ¥] (&, OMp) e SbI) ) +(m)

—V (=6,, 005y /DW,M o~ SIB.B.T] () +(B) (3.212)

A
e—W

4Most derivations of the FRG equations shift the A-dependence to the source fields 7 and 7, so that ¢ and ¢ remain
A independent. Although both choices result in the same flow equations, our choice appears more natural.
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where the Grassmann fields are rewritten with source term derivatives. The first derivative of the
scalar product gives rise to a term of the form (67—,WA)e*WA. The second derivative then leads to a
similar term with 5,]WA and to a second derivative of WA. The latter term only is non-zero when
both derivatives correspond to fields with the same quantum numbers, as fermionic fields can only

appear in pairs, and can, therefore, be written in terms of a trace. This leads to

d A WA _r [ OWA L SR A 02PWA

— =e Tr 21

AV e o9 o) T\ e ) (8.213)
which is the desired result. ]

In the next step, we use the Legendre transformation to obtain the flow equation for TA[¢%, ¢*, J].

Theorem 3.19 (Flow Equation for the One-particle-irreducible Vertex Generating
Functional)

Let Q* be the inverse, reqularised free propagator, let ¢* and ¢* be average fields as defined in
equation (3.173), let Q™ = (G)™! and G be given by

QY 0 G0 _
Q" = < o QM> and ~ GM = < 0 G“) = (6N sy, (3:219)

with QM(1;2) = QA (2;1) and GM(1;2) = G*(2;1). Let furthermore
SA[pA, 1, T = (GM) ! — JéFA[qﬁA, @, J] be the field independent part of the interaction.

Then the flow equation for the generating functional of one-particle irreducible interactions is
given by the Wetterich equation [58]
o a6N (o 08
oA’ OA SoAT OA

A 1 . _ B
== (0%0%") — 37 (QU @Mt 6N )T, (3215)

d AT A TA

or, equivalently, by
d At 7 5T oo™ 6T 99\ /in Aaa A
al e "’”(W’m% (Wﬁ> = (5n0%") - 1 (@'a")
+ %Tr (-GrQM G (516, 0%, ] + SN, 6M IIGA SN 60 )+ L)) (3.216)

PRrOOF: As W’ depends on the flow parameter, so do the ¢*- and the ¢*-fields, as they are determined
by the relation ¢* = 70,7WA and ¢* = 8,,WA. Then, with the definition of I'*, we obtain

d — d - - d - d
O B G AR GO R G V) R X v B e

The left hand side of equation (3.215) is obtained by identifying n and 7 in the last two terms of the
right hand side as derivatives of I' due to the reciprocity relation (cf. thm. 3.16.1) and by shifting them
to the left hand side. Only the flow equation of W is left on the right hand side, which itself is given
by theorem 3.18. Due to the definition in equation (3.173) ¢ and ¢* replace the first derivatives of W
with respect to source fields. To express the second field derivative of W, which appears in the trace

of ', we will use the reciprocity relation (see thm.3.16.4). Therefore, this term has to be cast into a

81



3. Theory

corresponding matrix form on which the trace acts additionally. As field derivatives anticommute, we

get 050, = —0,05, so that

QA(I17I2)57726711WA = (QA(II’IZ)(S%(STUWA - QA(I27II)67125771WA)

1
2

_ Ly QMa1,x2) . 0 “Om0m  OmOm ) A (3.218)
2 0 7Q (x27331) 5?726711 767]25771
1 A §2y0)A
= —§Tr (Q 5,]W ) ,
where the integration variables of the second term were exchanged in the intermediate step, and the

off-diagonal elements do not contribute due to the trace. With the reciprocity relation (see thm.
3.16.4) 5,2]WA can be replaced by (Jg)FA)’l, resulting in the expression (3.215).

To prove equation (3.216) the definition® of £ is rearranged to
ST, 0% ] = (GY) 71 = 3ot 6", ], (3.219)
and its inverse is expanded according to
_ L\ -1
@) = (1-e'sh) e

:oo INSINNParY
;](GE)G

(3.220)

We note that, although this series is mathematically exact, it only converges if |Gi\ < 1.6

By inserting this into expression (3.215), the term of order zero of the sum —3Tr (Q*G™) is sepa-
rated and becomes, due to the definition of the given matrices, —Tr (Q*G™). By exploiting the cyclic
property of the trace, all the other terms in the trace then directly lead to the expression in equation
(3.216). n

For a deeper understanding of 3, we regard the second derivative of the fermionic field expansion
of I'. Obviously, the constant terms with n = 0 vanish and those with n = 1 become constant in
fermionic fields. Without bosons, this constant coefficient is the inverse Green’s function according to

(2,04
v FA=pA=0 N
out in chapter 3.1, this term was separated and all field-dependent parts were moved to —X4. Tts

= (GM™! ‘J)A:q%:o = diag(G*, —(G*)*)~1. Due to its significance, which we pointed

field expansion, therefore, has no terms for n = 0 and for n = 1, m = 0, while the other terms are

two-dimensional matrices of the second field derivatives of the expansion of T.

As the obtained flow equations are for the generating functionals, a numerical implementation is
not possible. By an expansion in terms of fields we can obtain the corresponding flow equations for

either the n-particle Green’s functions or for the many-particle interaction functions.

5% can alternatively be defined with a global —-sign, resulting in an alternating sign in the expansion of eq. 3.216.
This, however, is fixed by the —-sign appearing in the field expansion of ¥ compared to the alternative choice, cf.
thm. 3.21.

6In weakly interacting systems X is typically small, ensuring a convergence of this series.
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3.5.2. Vertex Flow Equations

Before we introduce the expansion of I'* in equation (3.216) in terms of fields we define some objects

which will simplify the notation later on.

Definition 41 (Single-Scale Propagator and Dual Propagator)
Let G* and Q™ be defined as in theorem 3.19, equation (3.214). Then the single-scale propa-

gator is defined as

SN(1:2) = _/di /dQ GM1;T) 0N 3) GMN3:2) (3.221)
with the corresponding matriz form

Sh = —GM Q" GM = diag(S*, —(SM)). (3.222)
The dual propagator is defined as

LA(1,2;3,4) .= GM(1;3) S2(2;4) + S4(1;3) GA(2;4). (3.223)

The diagonal form of S* directly follows from the diagonal form of G* and Q. L* is also symmetric
under simultaneous exchanges of both, incoming and outgoing arguments, that is L (@1, wo; 23, 24) =
LA(IQ, x1; T4, x3). For numerical calculations it can be advantageous to use another, equivalent form

of the single-scale propagator:

Corollary 3.20 (Alternative Form of the Single-Scale Propagator)
The single scale propagator can equally be written as
_dGA(1;2)

SA(1:2) = —/ 222 . 3.224
(1;2) TN ( )

PrROOF: We start by differentiating G*(G*)~! = 1 resulting in

A Ay—1 Ay—1 A A
d(G*) —_qh d(G*) aA — A d(Gp) GA 4 gA dx Gh=gr LG dx GM, (3.225)

dA dA dA dA dA

where we used the A-derivative of the Dyson equation (3.135) for the reformulation in terms of the
inverse free Green’s function G{}. When the self-energy X/ is fixed, the A-derivative of ©* vanishes,

which leads to the requested expression. ]

Turning back to equation (3.216), an expansion of T'* in terms of fields yields flow equations for the
many-particle interactions 7™ As 3 is defined as EAM)A, AN, J] = (G - 6§)FA[¢A, @™, J) the
field expansion of I'* also induces a field expansion of 3. A flow equation for each n-fermion m-boson
interaction is then obtained by comparing the appearing fields on both sides of the equation, as the
interactions are only the corresponding expansion coefficients. Based on the structure of the equation,
the field derivatives on the right hand side remove fields of the vertices and instead connect internal

propagators to the free slot. Therefore, the first contribution to an n-fermion interaction always is an
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(n+1)-fermion interaction connected to itself by a single-scale propagator. This introduces an infinite
hierarchical dependence on interactions of higher order. The other terms which are generated by the
series are all combinations of n or less fermion interactions, coming along with (2n — 2) fermionic
and m bosonic fields, which form a connected Feynman graph. That is, every fermion interaction is
connected to one or to two others either by one single-scale propagator and by one Green’s function or
by two Green’s functions. Accordingly, the total number of external bosonic lines to the interactions
has to equal the requested one on the left hand side, although the bosons can reside on different

interaction vertices. The set of flow equations we will consider is derived in the following theorem.

Theorem 3.21 (Flow Equations for Interactions)
Let T be the scale-dependent, one-particle irreducible generating functional (cf. def. 38) obeying
the flow equation in theorem 3.19 and let its expansion be given by equation (3.195). Then the

flow equations of lowest order are given as follows:

0) For the grand canonical potential as

_ / di / 43 OM1:3) G 3 ). (3.226)
1) For the self-energy as
sz 1;2) /dl /d2 SM;2) /(02 (1,2;2,1). (3.227)

2) For the two-fermion interaction as
F@0N(1,2:3,4) /dl /d2 SM1;2) 4 CON2,1,2;1,3,4)
+T7521,2;3,4) + TPA(1,2:3,4) + T4 (1,2;3,4), (3.228)
with
TPA(1,2;3,4) /dl /d4L ,2:3,4) yOA(1,2;1,2) /*0OA(3 4: 3, 4)
TPA(1,2;3,4) /dl /d4L (1,2;3;4) y40A (13,3 2) y(HOM( 2.7 4)  (3.229)

TCM(1,2;3,4) /dl /d4L (1,2;3;2) /(407 (1,3;4,2) /(404 (F, 21, 3).
3a) For the electron-hole fermion-boson interactions as

AR (152;1) /dl /dQS L2 1,22, 151)

+35 DAL 33,0)32 0N 3351101, 5:2,T). (3.230)
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3b) For the electron-electron fermion-boson interactions as

(2, 1)A( 01,2 1/)

’Yee n

/dl /d4 LM1,2;3,4) 420 (5 1,2,1) 7 W94(3,451,2). (3.231)
4a) For the electron-hole susceptibilities as

Xeh nn’ 1 2 /d1 /d2 S /Ye(lzx fl)rjz\ (27 L 1,7 2,)

/dl /d4 LML 3,00 35 1) NE T 2). (3.232)
4b) For the electron-electron susceptibilities as

Xé\e,nn’ /dl /(12 S ii 3)75}(2 1 1/ 2/)

b fdl s [ALALER DL GLENGN G B, (3239

PROOF: "The derivations of these flow equations are based on the insertion of the field expansion of T
(see eq. (3.195)) and on the induced expansion of 3 into equation (3.216). In this proof we implicitly
assume an integration or sum over all doubly appearing arguments, to shorten the notation to the
relevant part. In this proof we first discuss terms cancelling each other in the flow equation, then
consider the action of derivatives on terms of the expansion in general and finally derive the explicit

flow equations.

At first, we show that the left hand side of equation (3.216) can be rewritten as

a,Y(Qn,m) _ _
on P Onidane . bnr i e (3.234)

As the presence of bosonic fields will not change the relation, we only treat the coefficient 4204
explicitly, while a generalisation to an arbitrary m is straight forward. Further, we regard, in this
proof, the case of an equal number of ¢ and ¢ fields and write n instead of n; to simplify the notation.
Considering now the first term of the left hand side of equation (3.216), the scale derivative of the field
expansion of T’ can act on the y(2%™) coefficients, as well as on the fields ¢* or ¢*. The derivative

then yields

d n L (2n e
7AA(2 04 = {7(2 7O)A(17 RS 277’/ )(b{\ ¢ ¢2n ) ¢1L+1

Y
A CrOA( ){@&b G BGN oh ¢?W¢l SRS HHH . (3.235)

Here we can see that the A derivative of a field ¢*(i) can be introduced by inserting d;f(;w in front

of it. Moving these two fields to the front of the whole term does not yield a sign. According to this,

the corresponding terms can be written as ((EA SLy 4 (1, {S‘L%).

1R Due to the anticommutativity of

7We remark that the negative sign of ¥ resulting in “—.A” is essential for fixing the signs.
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the Grassmann fields, this exactly cancels the other terms on the left hand side of equation (3.216),

leading to
- (71)n - (2n,m) 1 ) ,11 N IA TA A A 2
> T (L....2m U ..om)@t - ghdd, - dh 1 T T (3.236)
m,n=0 o

Before we move on and compare the terms of different order, we determine the field expansion of
3. Therefore we calculate the action of the different second order derivatives on the terms A2%™. We
start with

71)'”‘7
83 0y, AZV™ =65 6 DY anama L...,npn+1,....2n1,...,m/
o O $a 08 m!ni!n]-!7 ( i n )

(271 ce (ng¢2n s ¢m+1 Jye Iy (3'237)

which is 0 for n;, nj; = 0. To let 64, act on the corresponding fields, it first has to commute through n;
adjoint fields, resulting in a factor of (—1)™*. As n; +n; is even, the sign vanishes. Due to the product
rule this derivative acts on all ¢ fields, resulting in n; additive terms with alternating signs because
of the additional commutation. The resulting Kronecker-¢’s in each term then contract the argument
of the field on which the derivative acted and the argument of the derivative 5. With the integrals
the Kronecker-8’s can be evaluated such that the argument of the corresponding field in (2™ ig
replaced by 3. As y(2»™A i antisymmetric with respect to the arguments, we can move the argument
to the same place and rename the other ones, such that all terms become equal, resulting in a factor

n;. Similarly the action of dz_ results in n; equal terms. Thus we obtain in total

1

6’ (5 2n,m _
30964 ml(n; —1)!(n; — 1)!

AN @2, ngn 1, 20— 1,80 )
QEQ e an, ¢2n—1 e ¢n,v+1 Jl’ e J’m“ (3238)

As the field derivatives anticommute, we have, with
6¢Q(§d’)a¢42n’m — _5(;—586%!~A2n,m7 (3239)

the same result as provided by equation (3.238) up to a global factor of —1 and an exchange of o and
B. The derivative dz &z QAZ”"” vanishes for n; < 1. Otherwise, the evaluation of the derivative dg,
results, like before, in n; equivalent terms. In a similar way, the action of the other derivative on thé
remaining n; — 1 adjoint Grassmann fields results in n; — 1 equivalent terms. Thus the full derivative

is provided by

o5 2n,m __ (71)11]. (2n,m)A - .1/ /
05,05, A —WW By, 3, cynpmn+1,...,2n,51 0.0 m')

(53 e an,-ﬂbzﬂ e ¢7L1'+1 Jl’ e Jm" (3240)

Similarly, the derivative §4_J4,.42™™ can be evaluated, after both derivatives have been commuted
through the ¢ fields resulting in a factor (—1)2™ = 1. Thus the derivative results in

(=1 m)A
S0 0y A2 = mv(%'m) (1,...,npn+1,....2n—2,a,8;1,...,m')

b1 bnPon—z - Gna i T (3.241)
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When we consider the expansion of ¥4 = G=! — 63)1“\ based on these results now, we observe that
G~ cancels the contribution of 492 (a; 8). The expansion of ¥ is, therefore, based on all 42"

where at least two fields of each type appear.

Next, let us consider the first term of the series, that is %Tr (SAiA). Due to the diagonal structure
of 8 and the trace only terms with n; = n; contribute. Evaluating the corresponding term results
in

1 - -
5 (SA(1;2)W<2"vm>A(1, gL, 20— 131 )
SN2 D)y CmmING g4+ 1,. 20— 1,11, .m/)) (3.242)
= S22, npng 41,20 —1,2:1 . om)
by exchanging the variables of v(2™™)  We remark that the corresponding fields of the vertex are not
written here, for the sake of brevity.

The terms of second order in the series are provided by

1 ‘o
STr (8% 82mAm G oZma )
1 A n,m YA n',m’ tA n,m YtA n' m’
— T (S48, A GRG0 AT 4 S 8505 AT GG 05 AP
— SRG505 AP G5 AP — S“‘5¢(5A2""’"GA6$6$A2""’"). (3.243)
The first two terms of these contributions are only non-zero if each of the two interactions has the same
number of free incoming and outgoing legs. In contrast, the third and fourth term also contribute if

the number of fields differs, that is n; # n;. When the trace is evaluated, we obtain for the first two

terms

(S (1:3)05, 80, A% G (23 2)85, 9, A

N =

+ SM(3;1)dg, 65, A2 MG (4 é)5¢55,,;i,42"’vm’) . (3.244)

As we will make a comparison of coefficients to obtain the flow equations, we observe that for any
choice of A2"™ and A2 ™ there is a corresponding one in which both contributions exchange roles.
In this case the S* and G* are exchanged in the second term compared to the first one. Therefore, a

relabelling of the corresponding internal indices allows us to rewrite the expression as
1 A7 5.9 3 n,m n' m’
S LA (1,253, 4)55, 80, AP 05,05, AP (3.245)
Similarly the last two terms of equation (3.243)
1 s x5 o !
-5 (SA(l; 3)63,65, AX TGN (4 2)54, 59, AP
+ SN B 1)0y, 6, A2 MG (T 41)6(536(,31,42"*’") (3.246)
can be cast into

1 ~ o~~~ s
7§LA(1, 2;3,4)85,05, A% 65,05, AT (3.247)
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Based on these general results we can insert the different terms of the expansion and perform a

comparison of coefficients to obtain the corresponding flow equations. We start with the term of order

zero, that is the one which is constant in fields.

88

0)

The lowest order of the expansion on the left hand side of equation (3.236) is n; = n; = m =0,
that is, it is constant in fields. By identifying the corresponding term on the right hand side
of equation (3.216) as Tr (QG) the flow equation for the grand canonical potential is directly

obtained as

500N = BON = T (@GN = QML) GME D). (3.248)

The next order of the field expansion is n; = n; = 1 and m = 0, that is, it is of first order
in fermionic fields, which will lead to the flow equation for the self-energy (cf. eq. (3.227)).
The terms on the right hand side which, contain one of both types of the Grassmann fields,
are (¢™, Q¢™) and according to equations (3.242) and (3.238) one of the form SA~(+0A This

results in
—4@0N1;2) o 68 = —QM(1;2) 6 ¢ — SM(1: 27O (2,1;2,1)00 05, (3.249)

By rearranging the terms, by identifying & = Q — 79 and by using the antisymmetry in
arguments of 7404 we obtain the required flow equation of the self-energy

SA(152) = Q1 — 40N = S (T;2)y O (1, 2;2,1). (3.250)

Due to this and to the field independent flow equation we have taken care of all the terms outside
the trace on the right hand side. Thus, there are only terms originating from the trace which

contribute to the flow equations of higher order.

Next, we consider terms of second order in Grassmann fields (i.e. n; = nj = 2, m = 0) which is,
for the left hand side of equation (3.236)

1 R
10N 23,4) 61 B2 64 0. (3:251)

As this is an equal number of both types of Grassmann fields the first term of the trace on the
right hand side contributes as —1/4S™(1;2)y(®:04(2,1,2;1,3,4). Also all the terms in equation
(3.243) contribute, as they all have two Grassmann fields of both types if 40 is inserted into

both places. Evaluating the first two terms we obtain, according to equation (3.245),

1 e~ o~ ~ ~ ~ ~
5 L1, 2:3,4) 7108 (3,158,2) /0A(4, 2,4, 1), (3.252)
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As we consider fermionic interactions which have to be antisymmetric, this term on the right
hand side has to be antisymmetric, too. As there are two incoming indices and two outgoing

indices, the antisymmetrisation operator A applied to both interactions results in

A(7H0N(3,1;3,2) 710N @, 2,,1)
1 3 5 1 1 5 = ~ ~
= (2')2 (7(4,0)/\(3’ 1; 37 2) 7(4,0)/\(47 2; 47 1) _ 7(4,0)/\(37 2; 37 2) 7(470)A(47 1; 4, 1)

RO 14,3108, 2:3,T) 4400 (5,214,2)4AONE 13.1)) . (3:259)

The first and the last, as well as the second and the third line can be combined, as they equal
each other pairwise by relabelling the internal indices. When the antisymmetry of the interaction

under exchange of its arguments is exploited, this finally results in

1 s oK o o~ <~ -
T 025,0) (1404(1,5:3,2) /04 3, 251, 4)

AAON(3 9.5 3) 440N (] ] 4, i)) . (3.254)

The first term constitutes the direct electron-hole contribution 7 and the second one the
crossing electron-hole contribution 74 up to a prefactor of 1/a. Finally, we consider the last
two terms originating from equation (3.243), which can be considered according to equation
(3.247) and results in
_ELA(i 5:3,4) L woa 9.7 5y Lo@oas .

2 , 253, 27 (1,2;1,2) Q’y (3,4;3,4) (3.255)
This contribution is already antisymmetric, as all the terms obtained from the antisymmetry
operator can be converted to the same form due to the antisymmetry of the interaction. This
is exploited to change the sign, such that we can directly identify it as the pairing contribution
TPA up to a prefactor of 1/4. By combining all the results the prefactors of 1/4 cancel out, and

the flow equation for the two-fermion interaction equals the assertion in equation (3.228).

3) The next terms of the expansion to be considered are the interactions 4(>DA. As the same
boson or fermion bilinear field has to appear in the expansion on both sides, the bosonic terms
appearing on the right hand side have to be of the same kind. First, we regard the fermion-boson

interaction of electron-hole type, which is based on n; = n; =1 and m = 1, that is

@D (1:2:1) Gy doTenn(1). (3.256)

As an equal number of Grassmann and adjoint Grassmann fields is present, the first term of the
series on the right hand side contributes as —S*(1; Q)yéﬁi)/\(L 2:2,1;1"). A second contribution
originates from the term containing the interactions 'yﬁi) and 749 As they can appear in
both positions in equation (3.243) the corresponding terms can be evaluated via equation (3.245).
Combining all the contributions we obtain

UM 19:17) = (1235000 (1,252, 15 1)

eh,n eh,n
1 e~ o~ "~ ~ ~
+5 M3 )40 B2 )N k2 D), (3.257)

in which we exploited the antisymmetry of v(49A to change the sign of the second contribution.
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N

Second, we consider the term
1.
SHEWM (1 1,2:1) 62 d1Jeen (1) (3.258)

based on n; = 0, n; = 2 and m = 1. As this term requires only two Grassmann fields and no
adjoint ones, the second order terms of the geometric series is the first one to contribute. In fact
only the last two terms of equation (3.243) contribute with the interactions 753;}3" and ~(40A

in either position. According to equation (3.247) we thus obtain

1 O -~ ~ -
AEDA 1,21 = 3 LMI,2;3,1) @02 (51,2, 1) v 493,451, 2). (3.259)

ee,n

DA

., can be obtained as

Similarly, a flow equation for 'yf)i’,

HENL251) = 2 A5 3 D303 351014081, 2:1,9). (3.260)
Finally, we derive the flow equations for the susceptibilities Xé\e,n = 752;33/‘ and Xé‘]m = ﬁﬁf}A
The fermion bilinears on the right hand side of equation (3.216) have to correspond to those
which the susceptibilities are based on. As there are no Grassmann fields present on the left
hand side, the first term of the series results in 1/25%(1;2) 77(,2’2)1\(5; 1;1/,2') for both cases with
7 denoting the channel we consider. The second order term on the right hand side can contain
two interactions in which as many fermions are created as are destroyed such that none of them
remains. The electron-hole susceptibility is based on two electron-hole bilinears, such that a
combination of two electron-hole fermion-boson interactions 72}21:;)/\ creates the correct number
of bosonic fields. As both of them contain an equal number of both Grassmann field types, only
the first part of equation (3.243) contributes and equation (3.245) provides the corresponding

contribution. The full flow equation, therefore, results in

. .5 2)A 5.7
o (1,2) = 5127 $28 (2151, 2)
+ LM, 23, 000 33 1) /20N T 2). (3.261)

The electron-electron susceptibility is based on a pairing and on an adjoint pairing fermion-
bilinear so that a combination of the corresponding electron-electron and of the hole-hole
fermion-boson interactions creates the required bosonic fields in the second order term. Both
of the required fermion-boson interactions come with either two Grassmann or with two ad-
joint Grassmann fields, so that only the last two terms of equation (3.243) contribute. These
terms can be combined as in equation (3.247) such that the full flow equation for the pairing

susceptibility is

. A (22)A5. T
Xé\c,nn’(l/7 2/) = S(17 2) ’yéz,:?rz’ (27 1 1/7 2/)
+ LA 23,0020 1,51 400 (3,45 42). (3.262)

\n hh,n’

With these flow equations the proof is completed and noavto pet [107]. ]
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Remark 3.22
As obtained by theorem 3.21, the two last contributions to the two-particle interaction are related

by

TPM1,2:3,4) = —TOA(1,2;4,3). (3.263)

A diagrammatic representation of the flow equations in theorem 3.21 can be found in figure 3.11,
which also visualises the physical significance of the different contributions. Two distinct classes of
diagrams can be distinguished here: First, in the flow equations of interactions with the same number
of incoming and of outgoing slots a diagram appears in which an interaction with one additional pair
of incoming and outgoing slots is connected to itself by a single-scale propagator. By those diagrams,
higher order interactions are included in the interactions of lower order, which constitutes a hierarchy
of interactions. The second type of diagrams are those in which two interactions are connected with
each other by a pairing or by an electron-hole propagator. These dual propagators consist of a single-
scale propagator and a full Green’s function (cf. def. 41) for either of the two particles, although only
one of both possibilities is displayed in the diagrams. Therefore these contributions correspond to pairs
of particles interacting twice with each other. For higher orders than those displayed here, diagrams
with a closed loop consisting of several interactions connected by (single-scale) propagators can appear.
We note that despite our analytical derivation a purely diagrammatical one is also possible, see for
example the PhD-thesis by Jakobs [108].

For the self-energy only one diagram of the first type appears, so that it contains the rescaling
of the single-particle properties due to the interactions with all the other particles at higher energy
scales. The flow equation of the two-particle interaction consists of one diagram of the first type and
thus contains all effective three-particle interactions. In addition there are three two-particle reducible
contributions. Due to the three possible ways of two-particle reducibility they can be identified as
the pairing, the direct and the crossing electron-hole contributions. The electron-hole type diagrams
differ by an exchange of external variables, which diagrammatically results in crossed external legs.
Therefore, the effective interaction at a scale A contains all the possible interactions of a pair of

particles with energies larger than A, as two full interactions are connected to each other.

The flow equations contributing to the fermion-boson vertices are given by the corresponding vertex
connected to a two-fermion interaction by a dual propagator. Thus, they include all the terms in
which their outgoing/incoming particles interact with each other. In the electron-hole case, there is
an additional contribution of a one-boson two-fermion vertex connected to itself, again representing
all two-particle irreducible contributions. Finally the susceptibilities or two-boson interactions consist
of two fermion-boson interactions connected by pairing or by electron-hole propagators. Thus they
represent the creation of a particle pair or of an electron-hole pair from a bosonic field and create a
bosonic field by their annihilation, which we have already seen before for the susceptibilities in section

3.3, where the form-factors could be interpreted as fermion-boson interactions.

Solving the set of flow equations corresponds to a simultaneous integration in the range Ag — oo \, 0
of all of them. The initial conditions are chosen corresponding to the assumption of a free system at
the initial scale Ag. That is, the self-energy is assumed to vanish and the two-fermion interaction is
set to a model dependent interaction. When the flow equation of the susceptibilities is integrated over

the range in the absence of interactions, the integrated susceptibilities have to equal the free part as
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Figure 3.11.: Diagrammatic representation of the flow equations as provided by theorem 3.21

92



3.5. Functional Renormalisation Group

described in equation (3.162). Therefore the initial fermion-boson interaction 77(,2’1)/\ has to be chosen

as the form-factor of the fermion bilinear it corresponds to. These form-factors obtain a different
non-local structure due to their flow-equations, which then leads to the corresponding interacting
susceptibilities. We remark that there are also approaches in which the flow starts with an effective
action obtained by other methods like DMFT [109] which already include some modes, so that the

initial scale has to be adapted as well as the initial conditions.

When we focus on the flow-equation of the two-fermion interaction with its four contributions, we

observe that it maintains its decomposition upon this integration.

Corollary 3.23 (Decomposition of the Two-Fermion Interaction)
Let y4OA be given as in theorem 3.21 and let it obey the flow equation provided by 3.228. Then

for any A € [0, 00), A &N can be decomposed according to

A
SN 4080 o [T AT A BON GA | GPA | DA 4 pCuA (3.264)
Ao
with

A A A
oPA o [Can TP DA = [ an TP gnd CA — / AN TON. (3265
Ao Ao Ao

PRrROOF: The assertion directly follows from the linearity of the integration. |

As these given flow equations are only of lowest order of an infinite hierarchy of diagrams, this
set, of equations has to be truncated. In this thesis we employ the common approximation and only
consider contributions of an order 2n+m < 5, which is neglecting the interactions of higher order,
that is 7604 A (4EDA and 4224 in theorem 3.21.

However, the replacement of S by G, called Katanin substitution (see thm. 3.24) as proposed in
[62], introduces diagrams in which a tadpole diagram 440AGA is on the replaced internal line, so
that it includes contributions of the vertex of higher order 2(n + 1). Hence, if we consider diagrams

up to a fixed power Ny of V there is an unresolved ambiguity of choosing either S* or GA [63].

In the following theorem (based on section 2.2 in [63]) we explicitly show for the (49 interaction
that it contains contributions originating from (%94 which can then be generalised to any order of
Nmax Straight forwardly. To simplify the notation we do not write all the dependencies explicitly, but
keep the notation in form of traces, which is an intermediate step between theorems 3.19 and 3.21,
where the contributing terms due to the expansion have already been identified. In this form the flow

equation for the two-particle interaction reads
1 X 1
40 _ T (SA,y(o,o)A) 5T (SA'\/<4’O)AGA’}/(4’O)A> . (3.266)

The flow equation for the three-particle interaction [63] becomes, in this form,

400N _ —%Tr (SA,Y(S,O)A) " %Tr (SA,Y(G,O)AGA,Y(4,0)A>

1
_ Erﬁ (SA7(4,0)AGA,y(4.,o)AGA,y(4,o)A) . (3.267)
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Theorem 3.24 (Katanin Substitution)
Let v@OM =0 for all n > 4. Consider the flow equation for Y4ON for the initial conditions
~(6:0480 = 0 gnd GM = 0. Then the flow equation (3.228) holds in the approzimation to third

order in 440N with the replacement

1d
A1, 2 = - —G"1;3) GA(2; .
LN12:3,4) = 5 2 GN(1:3) G2 4) (3.268)
and with
1d A (4,00A ~A L (4,00A ~A AN (4,0)A
i T (G AADA GA L(ADA A GA ) (3.269)

replacing the (G0N term.

PROOF: In equation (3.225) we derived
G = 5A L GAAGH, (3.270)

that is the replacement leads to an error of 3. According to its flow equation (3.227) this is of first
order in v(+94 Based on this we consider the flow equation (3.267) of the three-particle interaction
4(6:0A of which the 4(®%A contribution vanishes according to the approximation. While the term in

(4L0A are connected with each other contribute right from the beginning, the contribu-

which three v
tions with (694 being connected to v(+9A only arise during the flow due to the initial condition for

4 (6:0A Therefore, these contributions are of fourth order in v(4+9A and the flow equation becomes
1
,ﬁ/(G,O)A _ _§Tr (SA,Y(4,O)AGA,Y(4,O)AGA,Y(4,0)A> + O((,Y(4,0)A)4). (3.271)

Replacing S by G* in this expression leads to another term of fourth order in 794 due to equation
(3.270). As A-derivatives of 7(+9A also lead to terms of fourth order, we can write the differential

equation as

(6 1d
7(6,0)/\ _ 7651&‘ (GA 7(4.0)A ar 7(410)1\ oA 7(4,0)A> + O((7(4,0)A)4). (3.272)

This equation can be integrated according to the initial conditions when the terms of fourth order are

neglected, which results in
1
HBOA _ - =T (GA AEOA GA L (40N GA 7(4,0)A> . (3.273)

This corresponds to a diagram in which every vertex has two external slots and two internal ones.
When equation (3.273) is inserted into the flow equation of A40)A the single-scale propagator can
connect two slots of the same vertex or two from different ones. In both cases there are three equivalent
possibilities due to the cyclicity of the trace. When a two-particle vertex is connected to itself, terms
of the form y(*9ASA appear, which can be identified as the flow equation of the self-energy %4
Combining these terms with the ones of second order and using equation (3.270) yields

Tr <SA,Y(410)AGA,Y(4,0)A> Ty (GAX'JAGA,Y(4,O)AGA,Y(4,O)A) - Tr (G'A,Y(4,O)AGA,Y(4,O)A) . (3.274)
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The remaining terms of third order in 4+ are those in which the vertices are connected to each
other by SA. By replacing this S* by G* we again obtain an error of fourth order in v(49%, When
the derivative is written in front of the trace we also obtain derivatives of 4494 which also introduce

terms of fourth order. In total, this leads to

1d A (4,0)A A (4,0)A ~A ~A (4 0)A> (4,0)A\4

il ; ) , ’ . 3.2
Sy (GRAIAGAEIAGAGAON) 1+ O(4 10 (3.275)
As we consider the weak coupled regime, the desired expression is obtained by neglecting the term of
fourth order. ]

In the proof of theorem 3.24 we neglected contributions of fourth order in v*9* and inserted
the two-particle self-energy ¥ which is reasonable for our investigations. This scheme was, however,
originally introduced to fulfil Ward identities up to a higher order in a truncated flow equation [62]. In
the corresponding paper it is shown that the frequency or momentum Ward identities are fulfilled for

(4.0A than the truncation to

a momentum or frequency cut-off, respectively, for one order higher in ~y
second or third order. In addition, the substitution of S by G leads to an additional improvement
of the Ward identities, as the non-overlapping diagrams, which are those where a vertex is connected
to itself, are absent. Additionally, it is shown that the Ward identities are exactly fulfilled in the

ladder approximation.

The so-called multi-loop FRG [64, 66] can be regarded as an extension of the results obtained by
this proof. As it originally results from the Parquet equation, we will compare it to the FRG equations

in the following section.

3.5.3. Comparison of the Perturbation Theory and the Functional
Renormalisation Group

The flow equations provided in theorem 3.21 and the Parquet equations defined in definition 31
exhibit some similarities, which become apparent in the diagrammatic representation. However, while
the Parquet equations provide a self-consistent set of equations to calculate the two-particle inter-
action, the FRG equations are differential equations for it. Only when the flow equation (3.228) is
integrated over the full range of the scale parameter from Ay — oo to 0, the full two-particle interaction

is obtained, which is, according to corollary 3.23,

0 0 0 0
FEOA=0 — (40080 _ / dA yEOAGA 4 / dA TP 4 / dATPA + / dA TN (3.276)

Ao Ao Ao Ao

The resulting ~(404=0

is the same object as the two-particle interaction in the Parquet approach.
From the direct comparison of equations (3.276) and (3.137) one would assume that the different
contributions f T: to the FRG flow equation equal ®, of the Parquet equation. This is, however, not
the case, as we will argue in the following®. The simplest way to arrive at this point is to assume
a scale dependence for the Parquet objects and calculate the derivatives. We assume that the two-
particle irreducible contribution A;,, is scale independent while all the other contributions ®, depend
on the scale A. The derivative, therefore, results in 4404 = 3~ ®2. In the BSE for each contribution
the derivative results in derivations of each object, that is 404, A and either of the two Green’s

functions (see fig. 3.7). The expression in which the derivative acts on the Green’s functions is the

8] want to emphasize that the following analysis was performed at the beginning of the work on my PhD thesis and
remained unpublished. However, a similar comparison was published by Kugler et al.[64] shortly afterwards.
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one most similar to the FRG one. However, this Parquet dual propagator contains the derivative of

either Green’s function while the FRG dual propagator consists of a single-scale propagator and a
full Green’s function. If we replace the single-scale propagator by the Katanin substitution (cf. thm.
3.24) this difference is removed. However, the second striking difference, namely that a full vertex
is connected to a channel-irreducible interaction, remains untouched by this. In order to make this
equation equal to the FRG one we require the channel reducible part interaction ®, to become the
full interaction. To obtain this we consider the contribution in which the derivative acts on the full
interaction. In this way the derivative <I>f‘ is itself inserted into the equation, by which we obtain a term
of the form 7(4’D>AGAGA (é?GAGAi)?). The last part of the expression in brackets is two-particle
reducible in the channel r which we consider and, therefore, creates the lowest order contribution to
2. An other contribution resulting from the insertion of ®2 is one in which the derivative acts on the
full interaction again. This allows us to iteratively insert <I>f into the equation and obtain all orders

of reducible diagrams in channel r, which can be combined to obtain the full FRG flow equation.

Although we identified an equivalence between one part of the scale-derivative Parquet equation and
the FRG equation, other contributions appear, too, which, in the FRG case, have to be contributed by
4(6:0A Tn order to replace the derivation of the full interaction and the channel-irreducible interaction
the scale derivative BSEs of the other channels have to be inserted. As derivatives acting on full
and on channel irreducible interactions appear again, this procedure has to be repeated infinitely
often, until all derivatives only act on Green’s functions (see figure 3.12 for an illustration of this
process). A diagrammatical comparison shows that corresponding loop terms are, indeed, present
in the contributions from the six-point interaction. Nonetheless, the FRG equations typically are
truncated by neglecting the three-particle interaction due to their numerical complexity. Therefore
a recent attempt to make both approaches provide equal results is the addition of contributions
arising from the scale-derivative of the Parquet equations to the FRG flow equations for the two-
particle interaction. As the successive insertion of derivatives increases the number of dual-propagator
loops, the contributions can be classified by their total number of loops in addition to the two-
particle reducibility. The scale derivative of a Green’s function appears in only one loop, so that an
inductive structure with the classic FRG equations at lowest order allows an efficient calculation for all
orders. This so called multi-loop FRG (mFRG) has recently been developed, discussed and applied
in [64, 65, 110, 66] and reveals a good convergence of the mFRG interaction towards the Parquet

interaction with an increasing loop-number.

Next, we consider the self-energy provided by the perturbation theory (Schwinger-Dyson Equation,
see eq. 3.136) and compare it to the FRG one (see eq. 3.227). If we proceed in the same way as
before and make the objects of the perturbation theory scale-dependent and consider the derivative
of the self-energy, we obtain contributions of the form V,G from the Hartree and Fock terms. The
term including the two-fermion interaction now splits up into four contributions, as every Green’s
function and the vertex are subject to the scale-derivative. When we take the derivative of the

Green’s function, we obtain terms of the form VAGAGA(4.0A

, of which one is particle-particle and
two are particle-hole reducible. Therefore these contributions, as well as the Hartree and Fock terms,
are contained in v(4OAGA, As G = §2 + GALAGN (cf. eq. (3.225)) this already provides the FRG
flow equation (3.227) as well as an additional contribution FEOAGASAGA  The derivative of the full
interaction itself requires a successive insertion of its own flow equation similar to the previous case for
the interactions. This insertion always leads to a term reducible in one of the channels according to
the combination of two interactions in the SDE. However, in an actual numerical calculation one may

simply insert the derivative of the interaction calculated in the same step. Thus, from an analytical
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+ @. contribution

-+ @, contribution

Figure 3.12.: Schematic representation of the procedure to obtain the derivative of the Parquet equation
for the pairing channel. As the derivative also acts on the interactions, they have to
be replaced by the derivative of its constituents, here we illustrate the insertion of the
direct particle-hole contribution. In the inserted channel the derivative of the two-particle
interactions has to be replaced again, here illustrated by an insertion of the pairing channel.
This procedure continues until only the derivative of the dual propagator remains, thus
resulting in an infinite hierarchy of equations.

point of view, the self-energies based on FRG and the scale-derivative of the SDE differ by two terms,
which is similarly obtained by an actual diagrammatical expansion of the interaction in [65].

Finally, let us take a look at the susceptibilities. In both cases they are characterised by an ingoing
boson which generates a pair of fermions, which annihilates into a boson again. In the FRG case
this creation and annihilation takes place in fermion-boson interactions which may have a momentum
and spin structure. Two of those interactions are then connected by a single-scale propagator and
by a Green’s function to form the susceptibility. On the contrary, in the perturbation theory this
fermion-boson interaction is point-like, that is structureless, and the susceptibility consists of two
contributions. At first there is a bubble, where two Green’s functions connect the two fermion-boson
points. Second, there is a contribution where these fermion-boson points are connected via two pairs of
Green’s functions to a full two-fermion interaction. In order to compare both cases, we reformulate the
susceptibility of the perturbation theory by introducing extended fermion-boson interactions, which
combine the point-like interaction as such and this very interaction connected to the two-fermion
interaction, such that the susceptibility can be rewritten in terms of two fermion-boson interactions
of this kind connected by a pair of Green’s functions, which is a formulation that allows a further

comparison between the FRG and the perturbation theory.

If the objects in the perturbation theory formulation are assumed to be scale-dependent and if we
keep the higher order interactions fixed for the corresponding A, the newly obtained flow equation
for susceptibilities directly equals the one of the FRG, when the derivative of the Green’s function is
replaced by the single-scale operator according to corollary 3.20. The derivative applied to the equation
of the fermion-boson interaction only affects the Green’s functions because we keep (% fixed, and
because the point-like fermion-boson interaction is scale-independent. Again, due to corollary 3.20, we

can replace the Green’s function with the scale-derivative by the single-scale propagator. Then, only
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the point-like interaction has to be replaced by the extended fermion-boson interaction to make this
perturbation theory based flow-equation equal to the FRG one. This corresponds to the insertion of a
dual propagator and a two-fermion interaction between the point-like interaction and the single-scale

propagator Green’s function pair.

Taking all these arguments into consideration shows that all the contributions of the FRG equations
in our truncation to 2n + 2m < 5 are contained in the perturbation theory. However, by a scale-
dependent treatment of the perturbation theory, additional terms arise. Those terms can partially be

included in the truncated FRG equations by calculating multi-loop corrections [66].

3.5.4. SU(2)-Symmetric Flow Equations

Although we employ the 2n + 2m < 5-vertex truncation and although we don’t use the multi-
loop extension, the FRG equations are still highly involved. In fact, each integration step of the
differential equation of the two-particle interaction requires to perform four integrations (respective
sums) over all degrees of freedom. As many systems exhibit an SU(2)-symmetry, the calculation can
be simplified by exploiting the resulting symmetries according to theorem 3.4.3 (see also [60]). The
spin is, therefore, treated explicitly and is extracted from the general label 7 in this section. According
to the conservation of the total spin the one-particle Green’s functions, the self-energy, the single-
scale propagator and the electron-hole fermion-boson vertex are diagonal in spin space, that is, for
example, G, .5, (1;2) = G(1;2)4

yéiiféz (1;2;1) = %(g"l)A(l; 2;1")85,,—s,. The full two-particle interaction can now be written as

51,0, While the electron-electron fermion-boson interactions become

BOA (1,2;3,4) = —VA(1,2;3,4)06, 605550 + VA(1,2;3,4)05, 5,053,555 (3.277)

’751752;53.54

with VA and V2 being spin-independent interactions. The flow equations of these SU(2)-symmetric,

spin-independent objects are given by the following theorem.

Theorem 3.25 (SU(2)-Symmetric Flow Equations)
Let the system under consideration be SU(2)-symmetric, let the flow equation for the n-fermion
and m-boson interactions Y2™A in the 2n + 2m < 5-vertex truncation be given by theorem
3.21 and let i = (73,0, 7). Let, furthermore, V® be the spin-independent two-fermion interaction
corresponding to 4O, Then the full two-particle vertex is given by

G0N (1,2:3,4) = —=VA(1,2;3,4)04, 05 060.00 + V1,254, 3)80, 01000050 (3.278)

51,52;53,54

and the flow equations are given as follows:

1) For the self-energy as
»4(1,2) = /di /di SAI;2) (—2vA(1,2;2,1) + VA(1,21,2)). (3.279)

2) For the two-particle interaction as

VA(L,2:3,4) = THM(1,2;3,4) + TP (1,2;3,4) + T (1,2;3,4), (3.280)
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with
TPA(,2;3,4) /dl /d4L (1,2;3,4) v2(1,2;1,2) VA(3,4;3,4),
TPA(1,2;3,4) /dl /d4L 1,2;3,4) (—2v*(1,3;3,2) vA(4,2;1,4)

+VA4(1,3;3,2) VA4, 2;

TCA1,2;3,4) /dl /d4Li§§ YVA(L,3;2,4) VA(4,2;3,1).

3a) For the electron-hole fermion-boson interaction as

52N (19 1) /dl /d4L1234»yg§;>A(3§>

(2VA(1,4;2,1)050 - VA(1,4;1,2)) . (3.282)
3b) For the electron-electron fermion-boson interaction as
AWt 1,2;1)

= 7§/d1 /d4L( $3,4) 32 VN(51,21) VA3, 4;1,2). (3.283)

—

4) And for the susceptibilities as

Xé\h,nn’ (1/7 217 Sb)

A TG A 3 T2, ) (1 +6,),  (3.284)

chn 1 Fsy
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PROOF: Due to the conservation of the total spin the interaction can be decomposed into

’ygfglﬁq 3,1(17 2; 374) = _VA(lv 2; 37 4)651,53682754 + VA(L 2 37 4)631754582753

(4,0)A A A (3.286)
“Vs1.s2:54, 5‘3(17 2;4,3) = V3(1,2;4, 3)651154652,53 - V31,24, 3)651,53652,547

where the second line results from the anticommutativity of the arguments (cf. thm. 3.17.1). By

comparing these lines we get
VA(1,2;3,4) = VA1,2;4,3) = VA(2,1;3,4), (3.287)

so that the full decomposed vertex is given by equation (3.278).

Next, we consider the different flow equations of theorem 3.21:
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Due to the SU(2)-symmetry the self-energy $* and the single-scale propagator S* are diagonal
in spin-space. An insertion of the above decomposition into the flow equation of the self-energy

(cf. eq. (3.227)) and an evaluation of the spin-sums then directly results in
A1,2) = /di /dé SAI;2) (—2VA(1,2;2,1) + VA1, 21,2)) (3.288)

By the evaluation of the spin-sum s; = s5 also holds on the right hand side of the equation, as

expected. The resulting spin-ds were, therefore, left out.

When the decomposition of the two-particle interaction is inserted into the left hand side of its
flow equation (3.228) two different terms are obtained. As V* is spin-independent and as both
terms in equation (3.278) are related by symmetry, it is sufficient to consider the flow for only
one combination of spins. Without loss of generality we choose to derive the flow equation for
the spin combination given by ds, s,9s,s, and note that exactly the same set of terms would arise
for the other choice. As the Green’s functions and the single-scale propagators are diagonal in
spins, the particle-particle propagator is given by

A (1,2:3,4) = L*(1,2;3,4)6

$1,82,53,54

Sanss- (3.289)

5183

Now consider the pairing contribution to the two-particle interaction. An insertion of the decom-
position (cf. eq. (3.278)) leads to four terms for which we can evaluate the internal spin-sum. We
observe that due to this evaluation the term which originates from the first part of the decompo-
sition at each interaction and the terms originating from the second part of the decomposition
at each corresponding place obtain the same external argument and spin structure so that both
are. Similarly, the other two terms become equal with an external argument and spin structure
where arguments 3 and 4 changed corresponding to the first case. In combination, the prefactor

thus vanishes and the pairing channel becomes

P.A
7;17%53341234 /dl /d4L1234)
(VA(l 2 1 2) VA 3 4)531‘“63254 VA(l 2 1 2) VA(S ZL 47 3)5813455233) (3-290)

for SU(2)-symmetric vertices. In the direct electron-hole channel no combinations of vertices

are equivalent, so that we obtain

TOA o (1,2:3,4) /dl /d4L (1,2;3,4) (2V*(1,3;3,2)VA(4,2; 1,4)0s, 5505,
5. (3291

5254

—VA1,3;3,2) VA4, 2;4,1)65, 5,060, — VA(1,3;:2,3)VA(4,2;1,4)6
+ VA(1,§;Q, 3)V (4,254, 1)05,5,05555) »

5254 5183

in which the factor 2 in front of the first term of the right hand side results from the spin
summation of the inner loop. According to remark 3.22, the same result except for a global
minus sign is obtained for the crossing channel by exchanging the arguments 3 and 4. All
the terms on the right hand side have contributions from both possible spin-combinations in
equation (3.278), which also appear on the left hand side. As it is sufficient to calculate V4 only
for one spin-combination, we compare the coefficients for the choice of ds,4,0s,s, and denote
the corresponding terms as 7* for each channel. Thus 774 and TS* each consist of one

contribution, while 7P consists of three contributions. We note that by this term, all spin
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3a

3b

Nab2

=

N2

combinations are possible, thus allowing a fermion-boson interaction for singlet- and one for
triplet-pairings.

For this proof we consider the flow equation for the fermion-boson interactions. In the same way
as for the purely fermionic interactions in theorem 3.4 it can be shown that the total spin has
to be zero and is invariant under a global spin flip if the system is SU(2)-symmetric. Therefore,
the electron-electron interaction gains a factor ds, s, s,, While the corresponding factor for the

electron-hole interaction is §, Thus, as fermions have the spin s = :t%, the possible

51—82,8°
bosonic spins are s, € {—1,0,1}. To obtain s, = %1 both electrons must have equal spins in
the electron-electron case, while they must have opposite spins in the electron-hole case. For
the bosonic spin s, = 0 this relation holds vice versa, that is equal spins in the electron-hole
case and opposite spin directions in the electron-electron case. Because of this consideration it
is obvious that the bosonic spin is sufficient to characterise the spin in both cases of y(>V4. Due
to the invariance under a global spin-flip, the cases for s, = +1 and for s, = —1 are equal, so

that we can restrict our investigation to s, € {0, +1}.

When the spin decomposition is introduced into the flow equation of the electron-hole fermion-
boson vertex, we have to consider the different possible spin combinations explicitly, as an
internal spin loop comes into place. The fermion-boson interaction on the right hand side comes
in with &5, 5, o,
(3.278) introduces &

in the same direction, which only is the case for s, = 0. In this case it gains a factor of 2 by the

the dual propagator requires 03,3, and ds,s,, while the first term of equation
54,6,0s1,5,- Lhis term can, therefore, only contribute if all internal spins are
internal spin-sum. The second term of equation (3.278) always contributes and can be evaluated

straight forwardly, such that the full flow equation becomes

AEDA(152;17) /dl /d4L 23,1 77N %3 1)

(2vA(1,4;2,1)0,,0 — VA(1,41,2)) . (3.292)

An insertion of the spin decomposed two-particle vertex (see eq. (3.278)) into the electron-
electron case results in two terms, and for each of them the evaluation of the spin-sums results
in a spin-combination given by d,ts,.s,- By using the antisymmetry of the electron-electron
vertex under the exchange of fermion arguments and the symmetry of V* under the exchange

of both arguments, both terms become equal, resulting in

L) = - [l [ALAE5DENGLEN VAEELY.  (529)

Taking into account the flow equations of the susceptibilities, namely equation (3.233) or equa-
tion (3.232), the same considerations as used above lead to the observation that the incoming
and the outgoing bosons must have the same spin and that it is sufficient to consider s, € {0, 1}.
After performing two internal spin-sums we obtain terms of the form d3, yz, ¢ 0s,14,¢, in the
pairing case and terms of the form 3, 3, ¢ 05, -3, 5, in the electron-hole case. For an evaluation
of the remaining sums the different possible bosonic spin-states have to be considered, due to
the limited fermionic states. There are, in both cases, two different spin configurations to obtain
the s§ = s, = 0 case, such that a factor of 2 arises. Contrariwise, only one possibility exists to

obtain the s{ = s, = +1 state. Thus the assertions for these cases are obtained. |
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Figure 3.13.: Diagrammatic representation of the SU(2)-symmetric flow equations as provided by theorem
3.25.

These flow equations are diagrammatically depicted in figure 3.13. The rectangular box now rep-
resents the SU(2)-symmetric vertex in which the spin is conserved along the short lines. The flow
equations, in general, look similar to those of the spinful case in which the former vertex is replaced
by the SU(2)-symmetric one. The main difference is that the contribution of the direct electron-hole
channel to the effective two-particle interaction now consists of three different diagrams. In contrast
tu the spinful interaction previously discussed in corollary 3.17, the SU(2)-symmetric vertex itself is

less symmetric.

Corollary 3.26 (Symmetries of the SU(2)-Symmetric Vertex)
Let V2 be the SU(2)-symmetric interaction as defined in equation (3.278) based on y*)»*. Then

V' exhibits the crossing symmetry
V(1,2;3,4) =V (2,1;4,3) (3.294)
and the complex conjugation

V(1,2;3,4) = V*(4,3;2,1) (3.295)
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T

ProOOF: This directly follows from insertion of (3.278) into corollary 3.17. |

We note that the other symmetries stated in corollary 3.17 hold in the same way for V as they
hold for v*)-A, Similar to the spinful case the two-fermion interaction decomposes according to the

following corollary.

Corollary 3.27 (Decomposition of the SU(2)-Symmetric Two-Fermion Interaction)
Let VA be given as in theorem 3.25, and let it obey the flow equation provided by equation (3.280).
Then, for any A € [0,00), VA can be decomposed according to

VA = yho + HrA + DA L HCA (3.296)
with

A A A
A ::/ AN TPA L gbA ::/ dAN TP gnd G4 ::/ dA TEA (3.297)

Ao Ao Ao

In order to further simplify the computation, we next consider the translational symmetry in time

and space and use the corresponding Fourier transformations.

3.5.5. Flow Equations in Frequency and in Momentum Space

Up to this point all the flow equations have been derived in lattice space and in (imaginary) time.
Therefore, all the interactions depend on 2n+m generalised quantum numbers, and the integration
over two-particle propagator loops includes four integrals/sums of the generalised quantum index
i = (r;,04, 8, 7). As we consider a time-invariant solid state system with a periodic lattice, a trans-
formation to momentum and to frequency space reduces the number of the corresponding independent
arguments and the number of integrals, due to the conservation of energy and momentum according to
theorem 3.17 and 3.6. Therefore we exploit the notation of the interactions with a reduced number of
generalised momentum arguments while all the spin and orbital indices have to be maintained. When
we denote the fermionic arguments by k& = (k,w), the bosonic arguments by ¢ = (g,v) and when we
use 0 = (0, s) as a combined spin and orbital index the conservation of energy and momentum leads

to the notation

72/112)2),/;304 (F1, k25 k3) B0k, ko kst ks = ’Yfﬁ;,?ﬁml(kl, ka; k3, ka)
2,1)A 2,1)A
A (K Q) B0k kg = Ve o (k15 K25 0)
Vemtoron (5 K150) B0k, +haig = Vo lnos (k1 k23 @) and
0,2)A 0,2)A
1IN 01) B0y 00 = Von (a1, 2).
which can analogously be obtained for the SU(2)-symmetric case.

In order to arrive at flow equations in frequency in and momentum space we simplify the notation

by the following definitions.
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Definition 42 (Generalised Momentum and Position Space Notation)
Let k = (k,w,) and let © = (R,T) be the generalised momentum and position space arguments.
Then their product is defined as

zk == Rk — Twy,. (3.302)

The integral in the generalised momentum space is defined as
/ dk : Z (3.303)
|B|
The integral in the generalised position space is defined as

/dx ::%:/dr. (3.304)

The §-distribution in the generalised momentum space is defined as

Ok ez = | B0k ez Oeor oz - (3.305)

We remark that the number of orbital and spin arguments (in the absence of an SU(2)-symmetry)
can not be reduced in such a way. As the lattice symmetry allows us to represent the interaction with

a reduced number of arguments, we define the corresponding interaction as follows:

Theorem 3.28 (Frequency and Momentum Space Flow Equations)

Let the system under consideration be time-independent and periodic on a lattice. Let o; = (04, 8;)
be a combined spin-orbital index, let k; = (ki,w;) be a generalised fermionic momentum and let
q; = (qi, Vi) be the generalised bosonic momentum. Let the flow equations for the n-fermion and
(2n,m)A

m-boson interactions in the 2n + 2m < 5-vertex truncation be as given in theorem 3.21.

Then the flow equations for the corresponding interactions in frequency and in momentum space
are given as follows:

1) For the self-energy as

A
£ (F) = 5 / A S (R A (N 20 (3.306)

01,02

2) For the two-fermion interaction as

’Y‘g?OOI)/(:JOAA(kll’kQ k‘J) 7-0102 0504(k17k‘27kd)
7:)102 0304 (kl k27 k3) + 7:)10/2\ 0304 (kh k?; k3)7 (3307)

with

T o k) = 5 [ far Z 3 Lo uoa (b, K)

(4,0)A

0102,0102

(1, ko k) o (K, K5 K3) St ey ko

Vo506 64,0304
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1 '
Toosh osos (1, ki kia) = 3 /dk /dk 2204 L6556, (K, k')

SO et ks k) Ve R (K sy ) G s

0103,0302 V5302,5104

1 (3.308)
TR o (er ks ks) = -3 /dk /dk’ > Loysys6. (ks k)
1...04
4,0)A 4,0)A
72153),0452 (kl’ k k4) 72462)4,6103 (k,7 kZ; k) 5k’,k+k4fk1 5
in which we wrote ky = ki + ko — k3 for the sake of brevity.
3) For the fermion-boson interactions as
L (2,D)A 11
Yeh,n;01,00 (kl; " Q) = iﬁ dk Z L5152;5354 (kv k+ Q)
51...04
A L0)A
Y omaiay 6+ @555 @) Voyaros, (k1K + g3 K2), (3.309)
2,1)A 11
’Ye(,e,'n?»,olnz('; k1§q) = §E /dk Z Lf3\16275354(k7q - k)
51...04
2,1)A 4,0)A
AN ) AN (kg ki k). (3.310)

4) For the susceptibilities as

. (0,2)A 1
7£,h,n)n/ (@)= 3 /dk Z L£152,5354(k’k —q)
01...04
2,1)A 2,1)A
Vs s ks @) v o (k= 55 q), (3.311)

R 1
'Y{(»SZ)nA(q) = B/dk Z L/5X1524,5354(k7q_ k)
5164

2,1)A 2, 1)A
AN s Gk a) v (ks —q). (3.312)

PROOF: In order to arrive at the formulation of the flow equations in frequency and in momentum
space a Fourier transformation has to be performed for all the arguments in the equations of theorem
3.21. The resulting momentum space objects fulfil the relations given by theorem 3.6, that is, the
one-particle Green’s function is diagonal in frequency and in momentum space, and the two-fermion
interaction depends on three independent frequencies and momenta, while the fourth is fixed by the
conservation of energy and momentum. Similar relations hold for the fermion-boson interactions, so

that the difference between the two fermionic, generalised momenta is the bosonic one.

Before we perform the transformations explicitly, we note the following helpful relation
g ) B ) )
/dw ¢h—ha)e / dr Z el k1) R=ilwr=w2)™ — BIB(6,,, wy Oy ey = By ks (3.313)
0 R

as the corresponding terms will appear frequently.
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1) The Fourier transformation of the flow equation of the self-energy (see eq. (3.227)) is given by

201 ,02 (kl)[))(slm ko = 201 ,02 (kl; kZ)

= /datl /dm et gthava 3y (215 w)

Z /dml /d’KQ 671k11161k272 (3314)

01,02

. _ L (40)A L
-/dﬂh /dl’z 551,62 (F1352) Vo, Gm:09.6, (T15 T2; T2, T1),

which includes the conservation of energy and momentum (cf. thm. 3.6). To obtain the full
expression in momentum space, S and 794 given in position space have to be replaced by

their Fourier transformed counterparts, that is

1
SMovin) = gy [dk [l Mo e S) (ki) and

FEOA o B1) = @/dk;’ ..A/dkg ik iy 2 ik w2 ik 51 (3.315)

01,02;02,01

Vor ovionor (KT K5 RS KE).

01,02;02,01

Due to the translational invariance in time and space, the momentum space objects can be
replaced by 86 S{,\l 5 (k1) and Bowy 1y ok yih‘jl{‘om (k{, k55 kY). When, after the insertion
of these Fourier transformations, all the terms containing the same z-index are combined and

the corresponding integrals are evaluated, we obtain

/dxl /dgg2 /d;71 /dgi.2 eilbi—ky )1 gilke—ky)wo Li(ki =k )81 p—i(ky—kY)E2

= B0k, ky O by Ok iy kg hy  (3:316)

for these terms. Due to this, all but one of the momentum space integrals can easily be evaluated,

resulting in
4,0)A
Z01,02 (kl 6k1 ka = Z dk2 171 2y (k2)7¢(71 ol ;02,01 (kl’ k;» kl) 51€1,k27 (3317)
01 52

which equals the assertion. To simplify the procedure in the following, we observe that the
internal arguments which are connected by the propagator obtain the same momentum, while
the external arguments obtain the same momentum dependence as required by the expression
on the left hand side.

2) We proceed analogously for the two-particle interaction and leave out the orbital indices, as
we have seen that these are not affected by the Fourier transformations. In a first step, the

transformation to momentum space yields

YO (B, ks Es) BOky 4o sk = ¥ O er, Bias s, Kia)

= @ /dl‘l co. /d:L'4 671k11)1e*1k212elk31362k414ﬂ/(410)/\(117‘,1;2; 3, ;L'4)7 (3.318)
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=

where the right hand side of the flow equation has to be inserted. We will treat all the three terms
of the right hand side separately, starting with the pairing channel. The Fourier transformation

of the two-propagator term results in

LMN(Fy, B3 B3, 84) = /3% /dk-’l - ~/de Wi gikaTa g ikyTs o —ikiTa LA (L L LK)
1 T (3:319)
=5 /dk’1 . -/dkﬁ1 e ikads o= ikoTs o =iRaTa LA (k0 K)Spr s Okt it
while the transformation of the interactions is analogous to the one in the self-energy case with a
change to the correct arguments. When the terms corresponding to either of the eight position
space arguments are combined, each of them again results in a term of the form 3oy, x;, as
expected. Therefore, we can replace the pairs of position space arguments which are connected
by L* with the same momentum argument. This procedure corresponds to the evaluation of all

but two momentum space integrals, resulting in

TPy, ko ks, ka) = /dki /dklz Ok hoa ke kO +E) stha

LAY k) 7SO ey kg k) 3 OM (kY K ks). (3.320)

Due to the combination of arguments, we can rewrite the second J-distribution as 6k, 4k, ks+ks>
such that the reduced argument form corresponding to the translational invariance can be used
on the left hand side and the term equals the assertion. At this point we kept up both momentum
integrals to simplify the notation, as otherwise k% has to be replaced by ki + ko — k] whenever it
appears in L* and 4(+94_ In the electron-hole channels the same steps have to be performed,
but the combinations of the lattice space arguments are different so that different exponential
terms are combined. When the momentum space integrals are evaluated for the direct ph-term,

we obtain

TPk, kas ks, ka) = /dki /dké Oyl ks +k} O 4k Kytks

LA(KY, k) A ON (e, s keg) v O8N (K, kas ). (3.321)

Playing around with the arguments of the d-distribution, we can turn them into the required
form of O, ks, ks+5a Ok —kj ks —ks- AS the crossing electron-hole term is related to the direct one
by simply changing the last two arguments, we can directly read off its Fourier transformation

as

TOM ke, ko kg, ba) = /dki /dké Okey 4k ea k) O koo k4 ks

LA(kllv ké) 7(4’0)/\(1’617 k;? k4) 7(4.0)/\(]6;: ka; ki) (3'322)

for which the d-distributions can be reformulated t0 Ok, 4 ky kstkiOk! —k. ki —kas &S Tequired.
1tk k3+kaYk] —k5 k1 —ka

The Fourier transformation of the fermion-boson vertices is along the same lines. The transfor-
mation rules for the bosonic arguments are similar to the fermionic case with the generalised

bosonic momentum ¢ = (g, ) replacing the fermionic one. From this it follows that the con-
servation of momentum and energy for the fermion-boson vertex becomes 7&2]:11)/&(]@1; kasq) =
'\/é}zlj;)l\(kl; 3q) B Oky—ky ,q in the electron-hole case and a corresponding expression with i, 1, .q
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in the electron-electron case. When we evaluate the expression by the same procedure as above,
the flow equation becomes

A e oz ) /dk’ /dk' LAk k) ) (Kb 5 @) YO (ko Iy o)
Okt~ g Ohy—kf ko —hy - (3.323)

An evaluation of the kj-integral allows us to write the second d-distribution in terms of the
external arguments ¢, k1 — kg, thus enabling the expression with reduced arguments. A similar
treatment of the electron-electron case leads to

AZDAky kasq) = / dk} / dkh LA (K, k) 7208 (5 ki q) v S ON (R K Ky)
Okt 4+ q Ohy +hoa ko (3.324)

which, with the same arguments as in the electron-hole case, equals the assertion.

For the corresponding equations for the susceptibilities, we proceed in the same way and first

obtain the conservation of energy and momentum as
. (0,2)A . (0,2)A
Ko (5 501) By g = v (575 a1, 02) (3.325)

for both susceptibilities, which we consider next. In the pairing case, the momentum space

transformation of the elements in the flow equation then results in
- (0,2)A 2,1)A
A0 —a) = [k [ DN ) LA R k)
Okl g1 Okt —qzr  (3.326)

which can be combined to dx; 45,4, 9g,,—¢» and thus equals the assertion. A similar treatment of

the electron-hole susceptibility results in

’ A
’Ye(lzn ’(I]L)IL (55a 66111,—42 /dk/ /de 'Yi}z] L kia ql)LA(kiykz)rye(ﬁ :L) (ké;-;qQ)
Ok —kfqy 0=k +hqas (3-327)

which completes the proof. |

In the same way we transform the SU(2)-symmetric flow equation to momentum and to frequency

space.

Theorem 3.29 (SU(2)-Symmetric Flow Equation in Momentum and in Frequency
Space)

Let the system under consideration be SU(2)-invariant, time-independent and periodic. Let o;
be an orbital index, let k; = (k;,w;) be the generalised fermion momentum and q; = (g, ;)
be the generalised bosonic momentum. Let the flow equations for the n-fermion and m-boson
interactions v>™A in the 2n 4+ 2m < 5-vertex truncation be given as in theorem 3.25. Then the
flow equations for the corresponding interactions in momentum and in frequency space are given

as follows:
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1. For the self-energy as
. 01,02 /dk, 01, 02 ( ZVO/}OQ,OQCH (k7 k/; k) + Vojch 0102 (k7 k/; k/)) . (3328)
2. For the two-particle interaction as

Vo?(m 0304 (k17k27k3) 7:;102 0304 (k17k21 k3)
T onou (F1s kas k) + Tooon o0, (k1 kai ks),  (3.329)

with
7:50120&04(]{‘1 ka; K /dk /dk/ Z L0102 0304 k k)
01.
Vo/}@ olog(khkz. k) Vo/§o4 os0s By K3 K3) Okt ey +ha—ks

7:)]13012\,0304(]“ k27k3 /dk /dk/ Z L0102 0504 kJ k)ék« k+ks—ki

( 2V01}03 0302 (kl! k k3) 0402 06104 (k,7 k2, k) (3330)
+ ‘/:)/:03 0302 (k17 k‘; k’;) ‘/01}102 0401 (k‘,v k‘Z; k4)
+Vo?o; 6203 (khk“ k ) Vo/:oQ 0104(k/7 kQ; k)) ’

TOR ol ks kes) = /dk /dk’ Z Ly 53.605, (> k')

Vul}ag,ogcm(kl k k ) 0402 0301 (k,7 k27 k3) 6k’,k+k4—k17

in which we wrote ky = k1 + ko — k3 for the sake of brevity.

3. For the fermion-boson vertices as

2,1)A 2,1)A
e(>hn)u1 05 k17 MI Z /dkLmoiS 0204 k k+ )’Y{Eh an,ns(h'ﬂl)

(2VA (k1 k+ g k2) = V25 500 (k1 k+a: k), (3.331)

010430201 0104;0102
’Yg?e 7]L)(/7\102( ;kh =5 /dk Z L020~; 0104 k q— k)
2, 1)A
’Yie,n);ﬁzég (k q) 0401 0102( =k, k; kl) (3332)

4. For the susceptibilities the flow equations are the same as in the non SU(2)-symmetric case
(cf. thm. 3.28) with the additional factors 1405, accounting for doubly occurring terms like
in theorem 3.25.

PRrOOF: The proof is along the same lines with the one for the spinful version in theorem 3.28. How-
ever, the lattice space and the time arguments are exchanged in some terms of the SU(2)-symmetric
flow equations in comparison to this previous case, which leads to a corresponding exchange of momen-
tum arguments. With respect to this let us regard the two terms of the self-energy. While the first term
has exactly the same order of arguments as the one in the spinful case, the third and the fourth argu-
(kKK K.
Observing the contribution of the direct electron-hole to the two-fermion interaction undeI this aspect,

ment of the second term switch places, so that its Fourier transformed vertex is Vo/: o 1020,
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we can find that all three terms differ by an exchange of arguments in lattice space and, therefore, in

momentum space, too. However, the main momentum transfer for all three contributions remains the

same as in the spinful case, that is k1 — k3. | |

An analysis of the structure of the two-particle interaction flow equations in the generalised
momentum arguments reveals that each channel shows a characteristic dependence on one specific
generalised transfer momentum. This transfer is bosonic, as it results from a combination of two
incoming fermionic momenta, so that each contribution can be parametrised by one bosonic and by
two fermionic generalised momenta as defined in table 3.1. For the generalised bosonic momentum
transfer we introduce the Mandelstam variables (cf. table 3.1) with the same notation as used for
two-particle interactions considered in high energy physics. The corresponding contributions to the

flow equation of the two-fermion interaction, therefore, become

TP (s, ke, k) = TV (ky, ko kia)
TP (ks ki) = TP (ky, ka3 s) (3.333)
Tt ke k) = TC (k1 kai k),

and the analogous holds for the SU(2)-symmetric case. The conservation of momentum of the
two-fermion interaction can be described equivalently in either of the channels, as O, 4k ks,ks =
Oky—kg,ka—ks = Oky—kyks—ko- Lherefore, it is correctly described by either of the channel specific

variables, so that

Y EOR (K, ks kig) = FHONP (51, kL)
= 5UOAD (g (3.334)
=Nt ey K)),

and analogously for the SU(2)-symmetric interaction. In the channel contributions 77, TP and 7€ to
the flow equation we observe that the two-fermion interaction appears in the channel specific variables.
The same holds for the contributions to the flow equation of the SU(2)-symmetric interaction VA with

the exception of 7P in which both, VAP and VA€, appear.

The fermion-boson interactions are naturally characterised by one fermionic and by one bosonic
argument due to the conservation of energy and momentum such that both fermionic momenta differ
by or add up to the bosonic one. This naturally introduces a parametrisation of the two-particle
interaction appearing in their flow equations by the same fermionic and bosonic momenta, as well
as the internal fermionic momentum. Hence the two-fermion interaction is required in the pairing
channel parametrisation for the electron-electron fermion-boson vertex, while this is, for the electron-
hole case, a parametrisation corresponding to the direct channel. In the SU(2)-symmetric case the
same observation holds, but with a combination of one interaction in the direct and one in the crossing

channel parametrisation for the electron-hole fermion-boson interaction.

P SZ:k1+k2:k3+k}4 kSI:kl k;Z:kg
D uZ:k]—k3:k4—k‘2 kuZ:kl k:L:k4
C tlzkl—k4:k3—k2 k)tlzkl k,é!:kg

Table 3.1.: Mandelstam variables for the channel-specific momentum transfer.
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The parametrisation just introduced for the two-particle interaction is also motivated by an analysis
of the momentum structure (without frequency) of typical ordering in the ground state. As discussed
in the section about susceptibilities (cf. sec. 3.3), the significant contribution for correlation effects
originates from the two-particle vertex. Because of the closed electron-hole or the particle-particle
propagator loops their incoming and outgoing fermions must exactly differ by the incoming bosonic
momentum. Thus the vertex must have exactly the same momentum structure in the case of charge-
or spin-density waves with the same bosonic transfer momentum. Analysing the vertex at the phase
transition shows that the dependence on the transfer momentum, which indicates the reached phase,

is strong, while the dependence on the two fermionic ones is weak.

Therefore, this mixed fermionic-bosonic parametrisation is more natural and frequently used [103,
67]. However, the different channels for the two-particle interaction require inequivalent fermion-
bosonic arguments which have to be transformed to the full fermionic parametrisation according to
the right hand side of table 3.1. In the following section we will derive a numerically advantageous

form for the calculation of the two-particle interaction which exploits this parametrisation.
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3.6. Truncated Unity Functional Renormalisation Group

Based on the observations in the previous section, a form-factor based flow equation is developed
in this section, called Truncated Unity FRG (TUFRG), which follows the approach by Lichtenstein
and de la Pefia [2|, which was generalised by me in collaboration with others in reference [111].
This approach provides a computationally beneficial parametrisation of the two-particle interaction
for calculations, which was applied to the two-dimensional Hubbard model on square [2] and on
hexagonal lattices [72, 112]. Additionally, a corresponding parametrisation of the Parquet equations
was developed in collaboration with me [113]. Although the fermionic-bosonic parametrisation just
introduced holds for generalised momenta, only the momentum k is explicitly treated in this part, as
an advantageous parametrisation is easily derived from the underlying lattice [75]. On the contrary,
a similarly efficient parametrisation of the frequency domain is not yet available and is still subject
of current research [114, 115, 116, 117, 118], so that the frequency dependence remains unaffected in

this part.

To derive the TUFRG flow equations we first introduce the form-factor basis and projections be-
tween this basis and the momentum space. Based on the decomposition of the two-particle interaction
we then derive the flow equations for three chantices of which each one corresponds to one channel of
the original flow equations. As this parametrisation is for the interaction alone, no flow equations for

fermion-boson interactions or susceptibilities are considered here.

3.6.1. Form-Factors, Projections and Chantices

The full two-particle interaction exhibits the features of an emerging phase when the corresponding
phase boundary is reached. That is a strong dependence on the bosonic momentum, characterising
the emerging phase, and a weak dependence on the two fermionic arguments, which coincides with
the natural parametrisation of the channel leading to the phase. Therefore, it is reasonable to project
the fermionic arguments to a basis of slowly varying form-factors, which is defined in the following.
Beforehand, we remark that all momentum space integrals in this section implicitly cover the whole
Brillouin zone B and contain the scaling factor 1/, that is [dk := fB %.

Definition 43 (Form-Factor Basis)

1. Let {fi(R)}ien with f; : R® — C be an orthonormal set of functions based on linear combi-
nations of the functions g which reference the Bravais lattice vectors R. Then the set is
called a form-factor basis which fulfils the completeness and the orthonormality relations,

i.e.

SR fiR)=0R-R) and > fu(R) fi(R) = 6pmn. (3.335)
n R

2. Let {fi(k)}ien be the Fourier transformation of the set {f;(R)}ien, as defined in 1. Then
the set {fi(k)}ien is called the momentum space form-factor basis which also fulfils

the completeness and the orthonormality relations, i.e.

S fulk) f5(K) = BIS(k — k) and /B ke frn(K) f2(K) = 6. (3.336)
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Here, the lattice space and the momentum space form-factors are related by the Fourier transfor-
mation, that is

R = [dke ™0 wd ()= YRR (R). (3:337)
R
According to the aforementioned convention, the Fourier normalisation factor is absorbed in the

momentum space integral.

The exact choice of form-factors is intentionally left open in the definition. One natural choice is
the direct use of Bravais lattice vectors, which are also referred to as bond vectors, as argument Jg.
As this set has to be truncated for numerical calculations, it is useful to work with a low number
of form-factors, but simultaneously reach a high accuracy. In order to achieve this we choose a
set of basis functions which is symmetric under the point group symmetry of the lattice leading to
linear combinations of the Bravais vectors with the same lengths. It is assumed that even less form-
factors are sufficient to achieve the same accuracy by this approach. Additionally, the momentum
space representation after symmetrisation has a simple form consisting of linear combinations of sine
and cosine functions, which can be equal to the typical form of the form-factors appearing in the
susceptibilities. More details about the derivation and the implementation of the form-factor basis

can be found in chapter 4.2.

This definition leaves a freedom of choice for the real form-factor basis. The obvious choice is a
direct usage of the Bravais lattice vectors, while exploiting the point group symmetry of the solid state
system leads to a symmetrised set of basis functions. As those fit to the system under investigation,
the number of necessary form-factors is expected to be reduced. In addition, their momentum space
representation in the symmetrised form has a simple form consisting of linear combinations of sine and
cosine functions. In order to be able to use the form-factor basis for the two-particle vertex and the
contributions to its flow equation a corresponding projection between the two basis sets is required.
But as the bosonic momenta, which are supposed to be kept up, are different combinations of the
original fermionic momenta for each of the three channels (cf. table 3.1), it is necessary to define the

projection operations separately for all three channels.

Definition 44 (Projection between Form-Factor Basis and Full Momentum Basis)
Let v € {s,u,t} be a Mandelstam variable of the P, D or C channel, respectively, and let k,, and
k!, be the corresponding weak dependencies according to table 3.1. Let X be a two-particle object
(e.g. FHODA YA TPA ) in the natural parametrisation of a channel, i.e. X (v,ky, k), and
let {f;}jen be a form-factor basis as defined in definition 43. Then

1. the projections of X to a channel v in the form-factor space is defined by
BN o (0) 1= [dh, [kl ful) Fi(K) X (0, Kos ) (3.338)

2. the back-projection of an object in the form-factor space to the natural parametrisation of

this channel is defined as

X,k k) = 3 (BulX]n(v)) frulko) fulk)). (3.330)

m,n
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To illustrate the projections just defined, let us consider the projection of the full two-particle
interaction to the pairing channel. In order to apply the projection, first the interaction has to be
parametrised in the momenta of the pairing channel, which is ’7(4’[))(,(:5, s — ks; k.). In a second step,

the projection can be performed, resulting in
ED[V(Z;’O)Lnn(S) = /dkS /dk; Sm(ks) f:(k;) "/(4’0)(’957 s —ks; k;) (3.340)

Hence the notation of the left hand side requires both steps. Similarly, the projection to the other
channels first requires a re-parametrisation in the natural coordinates of the channel, before the actual
projection can be performed. If one inserts this projected object into the back-projection, one obtains,
due to the completeness-relation of form-factors, the original interaction in the natural parametrisation
of the channel it was in. For the case that the projection is applied to the vertices 4*OA and VA
and, due to their decomposition, to their channel contributions ®¥ and ®V, respectively, we define the

resulting objects as follows:

Definition 45 (Projected Vertex and Chantices)

1. Let 7(4’0)A be the full two-particle interaction in the 2n < 5 approzimation, which decomposes

according to corollary 3.23 as

AAOA (4080 GPA | DA 4 GCA, (3.341)

Then the vertex projected to channel v € {P, D, C} is defined as

YoM W) 1= By [y O (v), (3.342)

and the pairing, direct electron-hole and crossing electron-hole chantices are defined, re-

spectively, as

Ppa(s) :=Pp[@™ n(s),  Dpy(w) = Pp[@> mn(u)  and

(3.343)
Comn(t) = Be[®D ] (8).

2. Let VA be the SU(2)-invariant two-particle interaction, which decomposes according to corol-
lary 3.27 as

VA =Vho 4 @PA 4 DA 4 §OA, (3.344)

Then the vertex projected to channel v € {P, D, C} is defined as

V&y{\('u) =P, [VA]mn('U)a (3.345)
and the SU(2)-symmetric pairing, direct electron-hole and crossing electron-hole chantices

are defined as

P2 (s) :=Pp[@PMun(s) DA, (u) :=Pp[®PA]n(u) and
(3.346)

CA () := P[®CM 1 (£).
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As the definition of the chantices® is based on the splitting of the full vertex (cf. eq. (3.264)), the flow
equation of the vertex directly provides a flow equation for each chantex. That is, the flow equation
of the chantex is the contribution of the channel it is based on to the full flow equation, projected to

the form-factor space. In detail, the explicit flow equations of the chantices are given by

P2 ( /dk /dk’ Fmlkes) £ (kL) TP ks, s — kg3 kL) (3.347)
/ dk, / dk! fon (k) £1(KL) TP (y, KL, — us ky — u) (3.348)
A / / C,A / /
Covat) = [k [k funtha) £706) T s K~ KD, (3.349)

When these flow equations are calculated, the full vertex is required in each integration step, as it
appears in the contributions 7. Therefore the back-projections of the chantices to the full vertex are

required, which becomes

PN (K, ko keg) = Z mn (k1 + k2) fr, (k1) fn(ks)
PN (K, ks k) = ZDmn ks) fr.(k1) fr(ky + k2 — ks) (3.350)

M (ker s ey) = Z Cn(ks — ka) fr. (K1) fu(ks)

m,n

by the back-substitution to full fermionic momenta. Before we further consider the flow equations,

we consider the symmetries of the objects in the form-factor space.

Corollary 3.30 (Symmetries of the Projections)
Let X be either the two-particle interaction without spin-symmetry (i.e. 7(4=0)A) or the two-particle
interaction with spin-symmetry (i.e. V*). Let P*,C* and D* or P»,C* and D™ denote the

corresponding chantices according to definition 45. Then the following symmetry relations hold:

1. Let K be a reciprocal lattice vector. If X is invariant under a shift of K in every argument

in the momentum space, then P,C and D are invariant under a shift of K, too.

2. Let P, be the projection to channel v € {P,C,D}. Then the vertex X projected to the

form-factor space is symmetric according to

]P)P[X]mn;omz,wu (s) = (PP[X]nmzngm,owz(S))*v (3-351)
PD[X]WTL;OlOz,Ost; ('U.) = (PD[X]n7n;o403,ozol (U))* and (3352)
PC’[X]TML;uwz,osw (t) = (PC[X]n'rrz:Osm,owz (t))* . (3~353)

3. The chantices are symmetric according to

P;rxln ;0102,0304 (S) (P7/L\m ;0304,0102 (S)) " (3354)
D:}L"‘0102,0304 (u) = (Dﬁm'ou}_g,ozol (’U,)) (3355)
Connsorosonon®) = (Chmiosoron0s () (3.356)

and similarly for the SU(2)-symmetric cases PA DA and CM.

9This corresponds to channel vertices and has no relation to spirituality.
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4. The direct and the crossing channel are symmetric according to

D1ini0102,0504 () = —Crinior0s,0405 (W) in the spinful case.

5. The chantices are symmetric with respect to the lattice symmetry according to

Pfr\m(s) = P}%—l(m)é—l(") (R(S))7 (3357)

where R=1(m) denotes frm(R™1(k)). This analogously holds for the other channels.

Proor: 10

1. At this point, we only consider the pairing channel, as the proof is analogous for the other
channels, so that we have to show P2 (s) = PA (s + K). The projection of a general four-

fermion object X under the considered shift
PP [X]n(s + K) = /dks /dk’g fm(ks) f2(KL) X (ks, s+ K — kg kL)

= Jake far gt £ X ks — ki) (3.35)
= PP[X]mn(S)

reveals a corresponding invariance due to the one of X. The required invariance of the chantex

OPA is obtained by

P results from this relation, if X = ®* is invariant in each argument. As
an integration of 774 over the full range of the scale, it is sufficient to consider the latter one.
In the expression for 77+ the initial translation by K causes a shift of one incoming momentum
of the first and of one outgoing momentum of the second vertex by the same K. As the vertex
is periodic with respect to each argument according to corollary 3.5, this is equal to the vertices
without the shift. Therefore, 7 is invariant under a shift of K and with the first part of this

proof this translates to P2, (s).

2. Due to the definition of the projection operator (see def. 44), the vertex has to be symmetric
with respect to an exchange of arguments. Because of the complex conjugation symmetry (see
cor. 3.17.2) the two-particle interaction in the three different parametrisations becomes

@ON (o K —uiky —u k) = ( @WON (k! o — us K, — u, ku)> (3.359)

’7010270304 7040370201
and, in combination with the crossing symmetry, we get

OA (kg s —kykl,s—k) =~300 (s _k kes— K, E)

Yo103,0304 = Yo201,0403

= ( WOA (s K ks — ks)) and (3.360)

70304 ;0102

WOA (ko K — k) ky —t) = 4408 (k) —t ks ke — t,K))

7”102:03”4 = 7”201:0403

= ( G o (Kl Ty — tkey K — t)>*, (3.361)

Yo304,0102

that is a symmetry under an exchange of k, and k. An insertion of the left and of the right

hand side of these equations in the definitions of the projections (see def. 44) now reveals the

10 Although the vertices in momentum space only have three independent arguments, all of them are denoted here to
help the reader follow the corresponding steps.
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symmetries with respect to the form-factors. As all of the symmetries applied here are also

present in the SU(2)-symmetric case (cf. cor. 3.26) the corresponding proof is in direct analogy.

3. For any v € {P,D, C}, all the contributions 7" to the flow equation show the same behaviour
under the complex conjugation and under the crossing symmetry as the full vertex. Therefore,

the same considerations as presented in point 2 above lead to the corresponding result.

4. In the non SU(2)-symmetric case we get T2 (21, xa; 23, 24) = —T ©* (21, 025 4, x3) (see rem.
3.22), which also holds after a Fourier transformation. Employing this in the projection operator

directly results in the requested relation.

5. Again, we treat this exemplarily for the projection of an object X to the pairing channel, as the
projections to the other channels are analogous. The full vertex is symmetric under the point

group operation R according to

YO Koy ks ks, ea) = 7 SONR(Ry), R(Ks); R(Ks), R(Ka)). (3.362)
Projecting this to the pairing channel leads to

Bol Xl () = [l [k (k) £2(K) X s — ki kD)

- / dk, / Ak, f(ks) F2(6L) XA (R(K,), R(s — ky); R(KL))

(3.363)
= [k, [kl gl o) £ (R 00)) X (s — R )
=Pp [X]Rfl(m)fz—l(n) (R(S))a
where we changed the integration variables from kg to k= I;’,(ks) and analogously for k.,

which leads to the inverse symmetry operation for the argument of the form-factors. We left

out orbital indices, which have their own map with respect to point group symmetries. |

In comparison to our parametrisation there exists a symmetrised one (cf. Lichtenstein [2]) which
preserves more symmetries than our approach does. However, as momenta of the form (ki—k2)/2
appear, the momentum integrations also have to cover the second Brillouin zone and the invariance
under translations by reciprocal lattice vectors is lost. Although symmetry considerations can translate
all the properties back to the first Brillouin zone, we keep the simpler form with a reduced number of
symmetries. However, exploiting those already facilitates the calculation of the flow equation for the

chantices.

3.6.2. Chantex Flow Equations

The equations (3.347)-(3.349) provide the flow equations for the three chantices. However, as the
largest object of the calculations is the full two-particle vertex, it is advantageous to keep only its
form-factor-based version as it will be significantly smaller. It is, therefore, useful to project the dual
propagators to the form-factor basis, too, so that all the elements only depend on the main momentum

and on the form-factor indices.
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Definition 46 (Projected Propagators)

Let L™ be the dual propagator as provided in definition 41. The projections to the form-factor
basis in the pairing and in the electron-hole channel lead to projected propagators which are
defined as

Lf]?A(s) = /dk fi(k) £ (k) LAMk,s — k) and (3.364)
Lf;L’A(u) = /dk Ji(k) £ (k) LAk, k — u), (3.365)
respectively.

This definition seems unfavourable, as the propagators then obtain one additional dependency. Nev-
ertheless, this form is numerically advantageous, as all the objects which appear in the flow equations
for the chantices are provided in the form-factor basis, depending on the same one bosonic transfer
momentum. The right hand side of the flow equation therefore becomes a product of three matrices

in the form-factor space for each channel, which can easily be calculated by standard algorithms.

Corollary 3.31 (Flow Equations for Chantices in the Form-Factor Space)

Let PMCY and D* be the chantices of the pairing, the crossed electron-hole and the direct
electron-hole channel as defined in definition 45. Let furthermore v*OvVA be the full vertex
projected to channel v € {P,C,D}, and let L* be the projected propagator as given by definition
46. Then the flow equation for the three chantices are given by

SA (4, O)PA /BN
P2 (8;0102;0304) E E Yo (8;0102,0705)

ij of..

L%A(s 0104, 040%) 7(4 O>PA(S; 0504, 0304), (3.366)

A . . 2 : (4 O)DA / /
Dmn(u7 010270304 E U 01 ()4,0301)

i 01
eh, 4,0)D,A
Li]" (u; 0103, 050%) 7](n ) (u; 0509, 0103), (3.367)
Cmn(t:010950504) = =) Z 0t 010}, 0407)
ij n1
L{™ (t:0105,050) 77, " (£ 040, 0os). (3.368)

Let the system be SU(2)-symmetric and let P*,C* and D™ be the chantices of the pairing, the
crossed electron-hole and the direct electron-hole channel as defined in definition 45. Let further-
more VA be the full verter projected to channel v € {P,C,D} and let L* be the propagator as

given by definition 46. Then the flow equations of the three chantices are given as

LA . . /!
P (850102;0304) = g E (8;0102,0705)

ij of..

L7 (3504 0h, 040)) VIA (s, 0404, 0304),  (3.369)

i jn

118




3.6. Truncated Unity Functional Renormalisation Group

T

A PhA VSN
Dmn(u 0102;0304) g E L (u; 0103, 050)

ij of..

. / / D,A ) /
(Qsz (u70104,0301) Vi (u; 0502, 0304)

(3.370)
C,A(

X . ’ / Y /
7Vm,i (u?0104,0301) Vin U; 0502, 040%)

CAy/, .. AN DA/, . 1 /
- Vmi (u‘r 010y, 0103) an (uv 0202, 0304)) )

O, (8501023 0504) ==>" 3" VIMt010h,0400)

ij of...0}

LM (s 040y, 0404) V™ (us 0h0a, 0hos). (3.371)

PrROOF: For the chantex of the pairing channel in its corresponding parametrisation the projection

leads to

Prn(8) = P[TT () / dk / dk, / dk.,

ANk s — kg k,s — k) LPM (ks — k) v 4Ok, s — ky kL, s — kL) fin(ks) FE(KL),  (3.372)

where the orbital indices are left out to simplify the notation, as they are of no relevance here. The
insertion of unities corresponding to the completeness of the form-factor basis as given by equation
(3.336) leads to

P /dk/dk’/ k”/dk /dk’ @O Ly s — kg k,s — k)

8k — k) L7 K)ok — k") OMK s — K K8 — KL) fn(Ks) £ (KL)
(3.373)
= 5/dk /dk’ /dk“ /dks /dk; D k) Y OM kg, s — ks ks — k) £ (K)
.3
Filk') VMK s — ) f7 (k') fi (k") Y SONR" s — K K s — KL fr(KL),
where the projection of 7492 and of L* to the form-factor space can be identified according to

equations (3.347) and (3.364), which then provides the desired expression.

The procedure is analogous for the derivation of the other two channels in the non-SU(2)-symmetric
case as explicitly shown in appendix A.1.1. The derivation of the three channels in the SU(2)-
symmetric case is analogous, too. However, as the SU(2)-symmetric D-channel has a peculiar mo-
mentum structure in its arguments, its derivation is shown explicitly here, while we refer to appendix

A.1.2 for the other channels. Performing the same steps as before for the D-channel we get

an ( ) PD [T mn

/dk /dk’/ Kk’ /dk /dk’ ") LA (K, ke — ) (k) (3.374)
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X (Qfm(k’u) VA(kmk —u; ku - u,,k:) f:(k) fj(k,/) VA(k7 k; —Uu; k— u, k::) f:;(k:l)
_fm(ku) VA(kzuk —u; ku - ’U,,k) fz*(k) fj(k,/) VA(kv k:'/u —u; kiu k— u) f;(k'/u)
_fm(ku) VA(ku>k —u; k7 ku - u, ) f:((k) fj (k”) VA(k7 k; —Uu; k- u, kL) f:;(k;)) ’

where the second vertex of the second term and the first vertex of the third term do not have their
arguments in the parametrisation of the D-channel, but in the one of the C-channel. As VA can not
exchange the two incoming or the two outgoing legs alone, this problem can not be healed by exploiting
symmetries of the vertex, as is done in the non SU(2)-symmetric case. Instead, the placement of the
arguments corresponds to a projection of the vertex to the crossing channel at the main momentum
u. Therefore, the corresponding vertices are identified as projections of the vertex to the crossing

channel, and thus the assertion is obtained. |

In the just derived flow equations, the projection of the full vertex to the three different channels
appear. However, it is convenient and memory-efficient to directly project the propagators to the
other channels instead of recovering the full vertex in each integration step. While this projection
is directly obtained from applying the back-projection of a channel and the back-projection to the
other one an analogous formulation in position space can be advantageous for some choices of form-
factors. Therefore the following theorem gives the corresponding channel-to-channel projection rules.
The projection of the full vertex to the three different channels is a fundamental part of the flow
equations of the chantices. When the projections provided by definition 44 are directly applied, two
steps are necessary: First, the full vertex has to be recovered and then it has to be projected to each
channel again. As this intermediate step requires a large amount of memory and as it is, therefore,
numerically demanding, it is advantageous to project the chantices directly from one channel to the
other. In the momentum space, this projection is directly obtained by combining the back-projection
of a channel and the projection to another one. This transformation requires two momentum space
integrals for each bosonic momentum which cannot be simplified due to the involved momentum
structure. As the form-factors are linear combinations of Kronecker-és with respect to bond vectors in
the lattice space, the transformation to this basis is advantageous. The arising combinatorial problem
corresponding to the different non-vanishing combinations of form-factors can be calculated in advance
of the calculation, such that at run-time only the Fourier transformation of the chantex to the lattice

space is required. The expressions for these direct projections are provided by the following corollary:

Corollary 3.32 (Channel-to-Channel Projections)

Let P, be the projection operator to a channel v € {P, D, C} in a form-factor basis {fn}n, and
let P, C, D be chantices according to definition 45. Neglecting the orbital and the frequency
dependency, which is unaffected by the projection, the projections between the channels can be

given as follows:

1. Projection of the D-channel to the P-channel:
Br{Dln () = [k, [kl fnll) F206) 3 17 (k) f(s-K0) D (koK) (3.375)
ij

=Y. D fu(Ri-Ry) fi(Ra=Rs) f{ (Ry) f;(Rz) e "> Dij(Ry).

ij Ri,R2,R3
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2. Projection of the C-channel to the P-channel:
Pp[Clynn(s) = / dk, / Ak, fr (ko) f7(KL) Z fi(ks) fi(KL) OB (ky+K,—s) (3.376)

=Y Y. In(Ri-Ry fn(R2+R3) i (Ry) f5(Ra) €7 Cij(Rs).

ij Ri,R2,R3
3. Projection of the P-channel to the D-channel:

BolPlon(u) = [dhs [kl fulen) £206) 3 F7 () £y =) Ptk —w)
' (3.377)
=Y Y [fu(Ri—Ro—Ry) fi(Rs) f{(Ry) fi(Rp) ¢ =) Py (Ry).

ij Ri,Ro,Rs
4. Projection of the C-channel to the D-channel:
I@’D[C]mn(u):/dku /dk; F(kew) f1(K) Zf W) fi(ku—u) CB(ku—k,)  (3.378)

=Y Y fu(Ri-R.—Ry) fn(_R3) f (Ry) fi(Ra) " Cij(Rs).

ij Ri,Rz,Rg

5. Projection of the P-channel to the C-channel:
BelPlun(®) = [ ks [ak] fuho) £;(K) )35 5(4) Pk (3.379)

=Y > fa(Ri— s)fn<R2+R3>f7~,<R1>fj(Rz)eit‘R3Pij<R3).

ij Ri,Ry,Rs
6. Projection of the D-channel to the C-channel:
BolDlm(t) = [k [ak] £ (k1) £:(0) Zf (ko) £, (ke —t) D (ki) (3.380)

=Y Y fm(Ba- Rz—ng(R3>fi(Rl>fj<Rz>e“‘R2Dij<R3>.

ij Ri,R2,R3

7. These equations can analogously be used to describe the projections between the SU(2)-

symmetric chantices, that is between P, D and C.

ProoOF: We exemplarily prove the projection of the D-channel chantex to the P-channel and refer to

appendix A.2 for the other proofs. In order to project the D-channel to the P-channel, the arguments
of ®P have to be expressed in the coordinates of the P-channel, i.e. ®P(k, — k%, ks, s — k). In the

back-projection (see eq. (3.339)) the coordinates u, k,, and k!, also have to be expressed in terms of

the P-channel ones, leading to

bons) = [k [, fnll) 57000 ) 3250k o = ) Dt = K, (3.381)
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which equals the first line of the assertion (cf. eq. (3.375)). A Fourier transformation of the part
behind the sum into the position space leads to

YooY R (R e TR f(Ry)em e TR RS Dyj(Ry). (3.382)
%, Ri,R2,R3

Resorting the exponentials according to the appearance of ks and k., and assigning them to the

remaining first part of the expression results in
/ dk / Ak, fon(ks) e FImR) fo()) ik (TR2mRs) gmis Rz, (3.383)

where the integral over the form-factor multiplied with an exponential with the same argument can

be identified as the Fourier transformation of the corresponding position space form-factor, resulting

in
Po[Dlpn(s) =Y Y fm(Ri — Rs) f(~Ra — Rs) f}(Ry) f;(Rz) e ™ ™2D;;(Rs), (3.384)
%j Ri,R3,R3
which is our second assertion in equation (3.375). |

Based on the flow equations given in corollary 3.31 and the projections in corollary 3.32 the TUFRG
flow equations for the two-particle interaction can now be performed. The Fourier transformation of
the chantex based on the lattice space expression can be combined with the combinatorial prefactor
arising from the four form-factors, thus resulting in a square matrix with the size of the number of

momenta which describes the full projection.

If the calculation of the flow equation for susceptibilities is additionally requested, the full vertex
has to be recovered, as it appears in the flow equation of the fermion-boson vertices. However, if a
projection of the fermion-boson interaction to the form-factor space is introduced, it might be possible
to directly evaluate its flow equation as a matrix-vector product in the form-factor space. On the other

hand, if the susceptibility is calculated in a post-processing way it becomes, by the insertion of unities,
ee A 4,00P,A A -
Xoin(8) = 3 LI () 907 (8) LI s), (3.385)
ij

which is also easy to evaluate.

Before we discuss the numerical implementation of the full flow equations, we shortly compare the
TUFRG to other, similar approaches which the TUFRG is based on.

3.6.3. Similar Form-Factor Approaches to the Functional Renormalisation Group

Preceding to the Truncated Unity approach presented here, two other parametrisations of the FRG
equations based on form-factors were developed. In the “Exchange Parametrisation” proposed
by Husemann et al. [67], the full vertex was decomposed into contributions representing the three
physical channels, that is the superconducting channel &)SC, the magnetic channel @y and the forward

scattering channel . This decomposition is defined by

bsc(s, ke, k) = ®F (ky, 5 — ky; k)
Brp(t, ke, k) = D€ (ky, k| — t; k) (3.386)
Br(w, ky, k) = —20° (ky, u — kL u — ky) + 0% (ky, u — K k).

u? u?
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Thus, the superconducting and the magnetic channels are equal to the P- and the C-channel de-
fined in this thesis, while the forward scattering channel is a linear combination of the D- and the
C-channel of the TUFRG approach. In the exchange parametrisation, the interactions of these chan-
nels are decomposed into a bosonic propagator and two fermion-boson vertices. The latter ones are
then parametrised by a momentum-dependent form-factor and by a fermion-boson vertex which only
depends on frequencies and the bosonic momentum argument [114]. A proper formulation of this
decomposition generates A-dependencies on all the introduced quantities. Hence, flow-equations for
all the objects of each channel, that is the bosonic propagator and the fermion-boson vertices, have to
be solved, while the form-factors are typically approximated to be scale-independent. On the contrary,
the TUFRG uses a projection to a fixed form-factor basis, thus not introducing any additional flow

equations.

As the introduction of form-factors results from an expansion of the vertices, it is not straight
forward to introduce an additional set. Therefore, the dual propagator can not be projected to the
corresponding form-factor basis, and thus the main dependence remains the momentum index. For
numerical calculations, this leads to an ambiguity concerning the order of the elements with respect

to their argument, which is always disadvantageous for parallelised approaches.

In the “singular mode” FRG (SMFRG) proposed by Wang et al. [68] the full vertex is projected
to the three different channels as given by definition 44. That is, three different versions of the same
object are treated, and for each one a separate flow equation has to be calculated. In this approach
the dual propagators are also projected to the form-factor basis, such that the flow equations are a
matrix product in the form-factor space like in the TUFRG case, which is numerically advantageous
compared to the exchange parametrisation. In total, this SMFRG approach requires three numerical
steps: First, the calculation of the projected electron-hole and of the particle-particle propagator.
Second, the calculation of the vertex projected to channel X VX by projecting the previous change of
all the channels Y §VY to it. Third, the calculation of the new change of the full vertex projected to
each channel. This approach has been successfully applied to different model systems like graphene
[68], the Kagome lattice at van-Hove filling [119], superconducting FeSe systems [120, 121] and doping
effects in LaOCrAs [122].

The steps of the SMFRG are analogous to the ones in the TUFRG, but it is based on the chantices
instead of the projected full vertex. This basic element of the SMFRG, however, leads to a difficulty
when the exchange propagator is of interest like, for example, for a stability analysis. In addition,
reconstructing the full vertex to, for example, calculate the flow of self-energies or fermion-boson
vertices, even poses ambiguities. When the back-projection of a projected vertex is considered, only
sharp momentum structures of this particular channel are reconstituted, while those of the other
channels are smeared out. Therefore, this back-projection should be combined with the decomposition
of the full vertex (see cor. (3.23)), which additionally requires the inversion of a large matrix to filter
out the contributions of the other channels. On the contrary, the full vertex can easily be recovered in
the TUFRG approach, as each chantex directly corresponds to one contribution to the decomposition
of the full vertex. Thus, the back-projection directly results in the full vertex and at the same time

the chantices represent the exchange propagators.
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4. Numerical Implementation

d numerical calculation of the flow equations in theorems 3.28 or 3.29 is a challenging task. At
this point we exemplarily consider the two-particle interaction (%A or VA, respectively, which are

the most important objects in our calculation and, at the same time, the most costly objects in
3

terms of memory as well as numerical operations, as they scale with n? - n2 - n, with ny being the

number of momenta, n,, the number of frequencies and n, the number of orbitals® of the system under

3
w

in the case of the TUFRG vertex flow equations (cf. thm. 3.31).

investigation. The scaling becomes ny - nZ - n3 - n?, with ng representing the number of form-factors

In this chapter we now present our numerical approach to overcome these difficulties. At first,
we provide some information on the general scheme of the FRG calculation (section 4.1) and the
calculation of form-factors (section 4.2). As the calculation of the particle-particle propagators is a
numerically expensive task, we provide some additional approximations in combination with their
analytical results, simplifying the numerical calculation in section 4.3. For further simplifications, we
exploit both, the symmetries of the vertex itself (cf. cor. 3.17.1, 3.17.2) and the symmetries of the lattice
(cf. thm. 3.17 and 6) in the way described in section 4.4. Finally, in section 4.5 the parallelisation
scheme of the code is described, which employs vectorisation and shared and distributed memory

parallelisation.

4.1. Numerical Setup

Our implementation of the FRG flow equations is written in object oriented C++ and its basic
structure is displayed in figure 4.1. In order to perform the corresponding calculations, a momentum
mesh and a frequency mesh are required, as well as form-factors in the case of truncated unities (cf. sec.
4.2). Based on these objects the initial interaction v(+9%0 (or A0) is set up according to a provided
model. Typically, the fermion-boson interactions and the susceptibilities at the initial scale are set to
zero, but they could also be initialised in agreement with the provided model. From this setup the
FRG flow loop is started. For each integration step at A; the right hand side of the flow equation has
to be calculated. So first, the electron-hole and the particle-particle propagators are calculated, which
require the momentum and the frequency mesh and, in the case of the TUFRG also the form-factors.
For a TUFRG calculation the second step is the projection from one channel to the others, so that the
projection of the full vertex projected to one channel is obtained. Then, the product of the vertex,
dual propagator and vertex with the correct combination of momenta, frequencies and orbitals can
be calculated. The following integration step for the interactions can then either be performed by
the crudest approach, that is VA1 = VA 4 dVAi . dA, or by integration schemes of higher order for
which we use the odeint library [123]. If neither the vertex diverges nor the final scale for A is reached
(typically Ay = 0) a new A;4; is determined and a new flow step is performed. Otherwise, the flow is

stopped, and the final vertex is analysed.

In the following subsections we present some properties of the momentum mesh, the frequency

mesh, the model and implications derived from the choice of the band or the orbital basis.

n the spinful case the spin index is treated as part of the orbital index so that the number of orbitals is doubled.
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Figure 4.1.: The basic scheme of the code developed within this thesis for the FRG with the vertex in
a pure momentum representation (left) and in the TUFRG parametrisation. To simplify
the representation we use the abbreviation v := y*% for the two-fermion interaction and
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Figure 4.2.: Left: Representation of the N-patch FRG discretisation taken from Metzner [104]. The
Brillouin zone is divided into N patches. All interactions depending on a momentum in the
patch are represented by the corresponding momentum located at the Fermi-surface, as the
dominant interactions are expected close to the Fermi-surface.

Right: Regular two-dimensional lattice of 25 x 25 points used in the presented code with the
inset displaying the refinement of 15 x 15 points, which is used for the evaluation of the dual
propagator.

4.1.1. Momentum Mesh

The momentum mesh can be restricted to the interval [0,27) for each dimension as the vertex is
2m-periodic in each argument, although the basis vectors of the momentum mesh are not necessarily
orthogonal. Therefore, all the additions of momenta have to be back-folded into this momentum space.
Due to this it is sufficient for the bosonic argument to be located in this very momentum space, when

the mixed fermionic-bosonic notation is used.

As the low energy momenta which are close to the Fermi-surface are the most relevant ones for
driving phase transitions, the first FRG approaches used an N-patch scheme [124]. This means that
N momentum points are defined on the Fermi-surface on which the vertices are represented, and
the whole Brillouin zone is divided into IV patches, each belonging to exactly one momentum point
(cf. fig. 4.2). Thus, two momenta normally do not exactly add up to another momentum point so
that the resulting point is projected to the point on the Fermi-surface of the patch it results in,
thus destroying momentum conservation. This approach was improved by adding further shells of
momenta, but, nevertheless, it did not heal the problem of destroyed momentum conservation. In
order to maintain this, we choose a uniform momentum grid (as first done in [125]) which has to be
sufficiently small spaced, so that the Fermi-surface has a proper resolution. Furthermore, a proper
resolution is even more important for the dual propagator term L, as it has a strong momentum
dependence, because some combinations lead to divergences. Therefore, each momentum of the vertex
grid is resolved into a set of fine momenta for the dual propagator calculation. The contribution of the
dual propagators to the corresponding vertex elements is then calculated as the average over those fine
points. In our approach the refinement is chosen to be uniform for each coarse momentum. However, a
different refinement can be implemented for the particle-particle propagator and for the electron-hole
propagator, where only the points which exhibit sharp features are treated more accurately, as it has
been done by Lichtenstein and de la Pena [2, 126, 112].
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4.1.2. Frequency Mesh

For the frequency mesh there does not exist such a restriction. Formally, infinitely many Mat-
subara frequencies with a spacing of %‘ have to be taken into consideration. A proper choice of
truncation, therefore, mainly depends on the inverse temperature 8. An appropriate frequency in-
terval [—wh,...,wy] has to be chosen such that at least Matsubara sums of the propagators for the
temperature converge with respect to w,. As the addition of frequencies can lead to frequencies out-
side of the chosen interval, the interval for bosonic frequencies has to be at least twice the size of
the fermionic one. However, this separated treatment of fermionic and bosonic frequencies opens the
possibility of different approximations for both of them. When the addition of vertices is outside the
frequency box, the required vertex element is chosen as the one with the largest frequency in this
argument. That is, when the addition of frequencies is outside the interval, the closest one in the

interval is chosen, which destroys the energy conservation.

Contrary to this, Wentzell, Hille and Tagliavini [115, 66] use a mixed fermionic-bosonic frequency
mesh. In their approach the exact flow inside the full frequency interval is accompanied by a flow
of three different objects representing the asymptotic behaviour of the vertex for large frequencies.
These three asymptotic limits are achieved by a) sending one fermionic frequency to infinity while
maintaining the dependence on the bosonic and on one fermionic frequency; b) by sending both
fermionic frequencies to infinity while maintaining the bosonic one; and ¢) by sending all frequency

arguments to infinity.

Alternatively, each channel may only conserve its full bosonic frequency-dependence. When the
projection between the channels is required, one may only use the zero-frequency part of the other
channel or the zero-frequency of the current channel expressed by the other one [117, 118].

A description of the frequency-dependence in terms of Lorentz curves has been suggested by Huse-
mann [114]. However, these functions do not provide a natural basis of the frequency domain. There-
fore an analogous expansion in frequencies similar to the TUFRG one is not available so far. A
corresponding frequency-dependence of the interaction is, therefore, not yet implemented in the code

presented here.

4.1.3. Model and Basis

Our code is capable of calculating the FRG flow for different types of models which have to be
provided by the user through a specific C++ class. Typically, a model is an approximation to the full
many-body problem of the solid state Hamiltonian given by equation (3.1), which makes computations
of the physically most relevant part feasible. As most effects occur close to the Fermi-surface, usually
only those orbitals are considered, which create the bands close to it, while the effects of all the
other electrons are included by effective or screened interactions. We will describe the approximation
exemplarily for the Hubbard model in chapter 5.

A generic model Hamiltonian in the Wannier basis |R, 0) (cf. eq. (2.18)) has the form of
H:HO+Hi11t (41)
with the one-particle part

Hy=Y">" ¢k, Ho(Ro,R'0) trro (4.2)
R,R’ 0,0’
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4.1. Numerical Setup

and the interacting part
Hipi = Z > V(Rior, ..., Rios) ey, Chooy CRios CRY0s- (4.3)
. R401,...,04

Here, Ho(Ro R’'0’) is the expectation value of the one-particle Hamiltonian in Wannier orbitals provid-
ing the kinetic energy, and V is the interaction between two particles. A generalisation to interactions
between 2n-orbitals is straightforward. In our case the orbital index o also contains the spin quantum
number when required. A transformation of the operators to reciprocal space leads to a representation
of the Hamiltonians in Bloch states |k, o), which can be used in our framework. Then, the one-particle

part is given by

Hy = Z/dk & Ho(k,0,0") o (4.4)

0,0

and the interacting part is given by

Hipe = /dk1 <-~/dk4 N Vikior,..., Raoa) &, Chon Chion Chyos- (4.5)

01,...,04

However, it is advantageous to work in the band space, as the one-particle Hamiltonian is diagonal
here. The basis, in this case, has the additional advantage that the one-particle Green’s function can

easily be set up. This is achieved by the basis transformation
|k, n) Z Uno(k) |k, 0) (4.6)

with the unitary matrix U(k), which diagonalises the one-particle Hamiltonian according to

= Uy, Ho(k,0,0") Unor (k), (4.7)

0,0

such that the operator can be written as
Hy=>" / dk &l Bo(k,n) . (4.8)
n

The Bloch states |k, n) as the corresponding eigenstates of Ho(k,n) are only defined up to a phase ¢,

which we will discuss later in this section.

The transformation of the interacting part of the Hamiltonian takes the form

Hipe = /dk1 "'/dk4 Z YO (kyny, - kany)
T1ye ey Ng
X U;:lol( ) Ungoz (kQ) UTL404 (k4) Unsog (kJ) éLlnl élzznz ékﬂu éks"z' (4-9)

In our numerical approach, the model can be provided either in a band setting (i.e. by eq. (4.8) and
eq. (4.9)) or in an orbital setting (i.e. by eq. (4.4) and eq. (4.5)). In the latter case, the one-particle
Hamiltonian is numerically diagonalised by using the Eigen library [127] to enable the construction

of one-particle Green’s functions in the band basis. As the transformation matrices U(k) are thus
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obtained, it is possible to perform the flow either in orbital or in momentum space. In the former

case, the one-particle Green’s function is obtained by calculating

G oy (k) =D Uy, (k) G (k) Unoy (k) (4.10)

for every set of quantum numbers, which increases the numerical work. Contrary, due to the diago-
nality of the Green’s functions, a reduction of numerical demands is expected for a calculation in the
band basis. Therefore, two of the internal orbital sums can be evaluated analytically so that the band
indices at the propagator lines have to be equal to those at the vertex. In this case, however, the ver-
tex has to be transformed to the band basis according to equation (4.9). A momentum-independent
interaction can become momentum-dependent by the transformation matrices, which is called the
orbital makeup. This orbital makeup can have a significant impact on the results of the correspond-
ing calculations, like, for example, the phase diagram [75]. At the end of the calculation, however,
the interaction between different orbitals is usually analysed such that a back-transformation to the

corresponding basis has to be performed.

Turning back to the free phase ¢, (k) of the eigenstates in the band basis, a transformation of the
form |k,n) — e**»(¥) |k n) leaves the one-particle part invariant due to its cancellation. An analogous
transformation can also be defined for the orbital states. As this transformation by a phase leads
to a convolution in position space, it has a strong influence on the localisation of Wannier orbitals.
Therefore, it can be used to find the maximally localised Wannier functions (MLWF'), when these
are calculated based on bands, like, for example, Kohn-Sham bands from density functional theory
(DFT) calculations [128, 129](cf. also the code Wannier90 [130]). In the following, however, we will
use this phase to construct a so called “natural basis”, which ensures the point group symmetry of

the two-particle interactions. The corresponding discussion is based on Maier [131, 132] (sec. 2.2.2).

In the multi-orbital Wannier basis the point group transformations can be represented by orbital-
dependent matrices M := M, (k), which combine the three-dimensional matrices corresponding to
the mesh and the transformation map of the orbitals. The latter is necessary, because a symmetry
operation could map a p,-orbital to a p,- or to a p.-orbital including a phase factor or, in the case
of a lattice with more than one kind of atom in the unit cell, it could map an orbital of atom A to
an orbital of atom B. As the Hamiltonian describing the system should be symmetric with respect to
this point group, the following theorem provides a sufficient condition to exploit it for a reduction of

the calculations.

Theorem 4.1 (Point Group Symmetry of the Hamiltonian in Wannier Basis)

Let |ko) be the Wannier basis in momentum space and Ho(k,0102) the corresponding Hamilto-
nian. Let further M(k) be a unitary matriz representing a point group element of I' transforming
momentum and orbital arguments so that |ko) — ‘é(k)0’> = M(k) |ko). Then the Hamiltonian

is symmetric under the point group if and only if
Ho(R(k)) = M(k) Ho(k) M (k) (4.11)

holds for the one-particle Hamiltonian, and
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1% (ﬁt(kl)ola R(k2)os, R(k3)os, R(k4)04)
= D Mo (ke) Mooy (ko) M, (k) M, (ks) V(K10 kaoh, k3o, ko)) (4.12)

. .
[T

holds for the interacting Hamiltonian.

PROOF: We consider the Hamiltonian Hy and write the creation and the annihilation operators as

vectors in orbitals as ég and éL, respectively, and the Hamilton matrix as H such that

Hy = /dk &l H(K) ég. (4.13)
In the following we will only consider the part under the integral on the right hand side of this equation.
By the transformation é — é/fi’,(k) = M(k)ég, it becomes

(&) ko HEB(R)) &) = €4 M (k) H(R(K)) M (k) éx, (4.14)

which equals the non-transformed Hamiltonian if equation (4.11) holds.

Transforming the operators for the interacting part in the same way leads to equation (4.12). H

When this Wannier basis in momentum space is transformed by a phase, that is by |ko) —
e™@(®) |ko), it results in an equivalent basis, and the transformation matrices M(k) have to change

their form according to
]\/[0102 (k) - 614Pol (}%(k)) ]\/[OID‘Z (k) e—i¢02 (k) (415)

Thus, the precise form of the matrices M depends on the phase ¢, such that a momentum-independent
matrix Mo, ,, gains a momentum-dependence. Moreover, the multi-orbital model is invariant under a

point group symmetry, irrespective of the phase ¢.

Concerning the band basis, we would like to obtain a similar relation for its behaviour under point
group symmetries. As the eigenvalues of the band Hamilton matrix B are invariant to unitary matrices,
which is the case for the transformation matrices M(k) in theorem 4.1, B can be cast into a form
such that B(R(k)) = B(k) holds. However, the fulfilment of the requirements on the interacting part
becomes more intricate. This requires the transformation matrices to fulfil an additional condition,

as given by the following theorem.

Theorem 4.2 (Point Group Symmetry of the Hamiltonian in Band Basis)

Let |ko), Ho(k,0102) and M(k) be as in theorem 4.1. Let further U(k) be a unitary trans-
formation matriz diagonalising Ho(k, 0102) to B(k,n) in the corresponding band basis |kn) =
>0 Uno(k) |ko). If the transformation matrices additionally fulfil the condition

U(R(k)) = U(k) M (k), (4.16)

then the one-particle and the interacting Hamiltonian in the band basis are symmetric under point

group symmetries at the same time.
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PROOF: For the one-particle Hamilton matrix we use
B(k) = U(k) Ho(k) UT (k) (4.17)
in combination with equation (4.11), which leads to

B(R(k)) = U(R(k)) H(R(k)) U' (R(k))
k) M (k) M' (k) U (R(k)) (4.18)
k) U'(k) B(k) U(k) M (k) U' (R(K)).

When we insert U (R(k)) according to equation (4.16) the unitary matrices cancel each other, so that
we obtain B(R(k)) = B(k).

Considering the many-particle interaction the transformation leads to

Vinamana (R(k1) R(ks), R(k3) R(ky))
Unzor (R(K2)) Vo, 05 00, (R(K1 ) R(K2), R(k3) R(k)) U, ., (R(ka))Us, ., (R(K3))
Mo,o, (k1) Unyo, (R(K2)) Moy (K2)

Voo 040, (k1ka; kska) My, (ka) U, (R(K4)) M, o (ks) Ug, (R(ks)),

040/ 04My o3ng

(4.19)

where the sum over indices appearing twice is implicitly assumed. Implying condition (4.16) makes

the matrices M vanish due to their unitarity, so that this expression becomes

Viinamans (B(k1)R(k2), R(ks)R(K4))
= Unlol (k]) UnzOQ (k2) Vo'loé,oéo;(klkZ; k3k4) U; (k4) U (kg) (420)

04Ny o3Nn3
= annz,n3n4 (kl kZ; k3k4)-

This equation shows the invariance of the interaction under the corresponding transformation. |

Theorem 4.2 imposes an additional condition on the diagonalising matrices U (k), which has to be
fulfilled for a point group symmetric Hamiltonian. It corresponds to the requirement that #o(R(k))
and (k) have to be diagonalised by the same U (R(k))M (k), which is unique for a U(k) due to
the group properties. A band basis in which the Hamilton matrix is point group symmetric is called
natural basis. Such a natural basis is a basis for which the transformation matrices additionally fulfil

the condition provided by equation (4.16).

The natural basis, however, is still invariant with respect to a basis transformation e?#~) with
on(R(k)) = @n(k). This leads to new basis states and, as discussed before, to a change of the
transformation matrices M(k) such that condition (4.16) has to be formulated with respect to the

transformed matrix.

This undefined phase factor ¢(k) might, however, cause some difficulties in the corresponding
calculations, as it can have a significant effect on the transformation between lattice and band space
as this phase factor is undefined in numerical calculations. Therefore, the transformation matrices
have to be smoothed so that all of them correspond to the same smooth phase factor ¢(k). However,
when only one band is considered, as in the Hubbard model in chapter 5, the transformation to a

band basis trivially results in a natural basis.
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T

4.2. Form-Factors

In order to determine the form-factors we consider bond shells, that is, the set of all Bravais lattice
vectors with the same length. The number of form-factors corresponding to a shell has to equal
the number of its constituting Bravais lattice vectors. In principle, these vectors themselves already
form a sufficient set of form-factors. However, form-factors corresponding to the lattice symmetry
are assumed to provide better results for the same number of form-factors. The derivation of the
corresponding symmetrised form-factors is, therefore, based on the results of group theory, presented
in section 2.4 for the 32 crystallographic point groups. When a projection is applied to a trial bond
vector of the shell for every irreducible representation according to theorem 19, a linear combination
of bond vectors is obtained which requires the character table of the point group. This result is the
corresponding symmetrised form-factor, unless it is the null-vector. Therefore, the code contains a
generic algorithm to derive the set of form-factors (based on Platt [75], appendix 6.3.3), which is
described in the following:

1. For a given shell j, find all Bravais lattice vectors R; with respect to the origin, which can be

obtained by applying the symmetry operations of the group.
2. For each irreducible representation R;:
a) take a trial vector R of this shell and
b) apply the projection operator P(R;) =3_ s X;(9)g to it.

c) If the result is a (non-zero) linear combination of R; vectors of this shell, take it as m-th
form-factor fy(,{) of this shell; otherwise this reducible representation does not contribute to

the form-factor basis.

d) If this representation is of higher dimension, i.e. n(E) > 1, and if the projection of this
representation does not reach all the vectors of this shell, repeat the previous three steps
(a-c) with linear independent trial vectors of this shell, until all vectors are reached. If
this leads to more than one contribution, diagonalise the coefficient-vectors by the Gram-

Schmidt procedure.

3. Normalise the coefficients so that ", £ )*(R) 14 )(R) =1 with R denoting all Bravais lattice

vectors.

4. Finally, take R; = do,r; and perform the Fourier transformation of the form-factors into mo-

mentum space.

In order to exemplify this procedure, we consider the point group of a two-dimensional square lattice,
which is labelled Cy4, in Schoenflies notation, and has the character table displayed in table 4.1. The
symmetry operations that map the lattice on itself are a rotation by /2 forming the group C2, and

rotations by 7/4 and by —m/4 which form the group C4. In addition, there are the two classes of

C4v E 02 204 20’1, 20’d
Ay 1 1 1 1 1

Ay 1 1 1 -1 -1

B, 1 1 -1 1 -1
By 1 1 -1 -1 1

Eq 2 -2 0 0

Table 4.1.: Character table for the crystallographic point group Ciyy.
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Lattice Space Representation

rrep| shell 1 shell 2 shell 3 shell 4
A F(ReAR o+ Ry+R_)F(Riviy+R iy + R o y+ Rivy)[f(Roa t R 2o+ Ry + R w@v%mﬁw.ms;llw 20-y+ R zioy+Riwoy+R 0siy+Rize y+Rizioy+R o 2y)
A, 0 0 0 ﬂﬁwtic‘fm 20yt Rogioy+Rigoy—Roopiy—Rizpy—Rizioy—
B: w:wﬂ...wwwalmulmw\@v 0 wﬁww&...mw\mﬂImwelmwwwv%mﬁm~+ms+e+ﬁw\mséIww\?rwcImwwﬂwwm+~wwwu+m+~w+maéImwiimuI
mwN 0 Wmm+ﬂ+@+mwa+@\mwﬂwc\NNJET@V 0 wﬁm+mﬂ+@+mwwﬂwt\m\niw@\m»ﬂ\w@\mwwﬂi\\~N+Nﬂ\@+m+ﬂ+mc+~w\%\m@v
E(V L(R.—-R..) L(Riziy—R o y) L(Rao—R 22) L (RiseryRooey)
mmwv wﬁwc\mév wﬁww@\mwgv FMA\mg&m\mé\mcv
B : N R T5 (R wi2y-Rizay)
mum& B - - wA\mwtgl\\m\mfév
Momentum Space Representation
A1 | 5= (cos(ks)+cos(ky)) £ cos(ka) cos(ky) £ (cos(2k, ) +cos(2ky)) 2k cos(ky)+cos(kq ) cos(2ky
A, 0 0 0 2ks) sin(ky)— Q@ ) sin(2ky
Bi | 5=(cos(ks)—cos(ky)) 0 5= (cos(2kz) —cos(2ky ) 2ks) cos(ky VIoOmQA ) cos(2ky
Ba 0 ﬂﬁ:g ) sin(ky) 0 2k, vw:H ) +sin(kz ) sin(2k,
EW sin(kz) (ko +ky) (2kz) in(2k, + ky)
EP (ky) (—ku+ky) (2ky) ? E; + 2ky)
mmuv N - _ in(—ks + 2ky)
mmb N _ - (2k2 — ky)

Table 4.2.: Lattice and momentum shell form-factors of the point group Cay up to the fourth shell. The

given vectors are provided by R4y, = £nas, Riny = tna, and Ri,+y = fa, £ ay.

The

trial vectors are chosen as Ry., Riz4y, R2. and Rayyy = 2a. + a, for the first, second,
third and fourth shell, respectively, for all representations except of mwmv-mm&. For mmmv the
trial vectors are chosen as R,, R;,—, and Ry, for the first, second and third shell. For the
fourth shell more representations are required, so that we used the additional trial vectors
Rypyy = 2az —ay and Rey2y = £aq +2ay. The momentum space form-factors are obtained
by a Fourier transformation of the lattice space ones.
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reflections, each consisting of two operations. Class o, is created by the reflection planes along the -

or the y-axis, class o4 is formed by the planes bisecting the angle between the x- and the y-axis. As
representation of the group Cy4, we can, therefore, use the group which consists of the corresponding

matrices .

The zeroth shell only consists of the on-site vector R = 0, leading to the form-factor fo(R) := do,r
with the constant momentum space representation ﬁ7 with d denoting the dimension. The first
shell is formed by the vectors R € {R4,, R+y}, with R, = ae,, R, = ae,, R_, = —ae, and
R_, = —ae, being the corresponding lattice vectors in positive and negative z- and y-direction with
the lattice spacing a. The projection of the first irreducible representation A; acting on the trial

vector Ry, results in

PA)R .z = Xi,(BE)R . + X4, (C2)R & + X4, (Ca) Ry + X4, (CL R,
+ le (o‘},)Rﬂ + XZl (UE)R% + ngl (Ué)Rw + le (Ugl)Rfy (4.21)
=2R,,+2R . +2R ,+2R_,.

This form-factor is normalised by a division by 8, as each term yields non-zero only if R = R4, or
R = R.,. The real space form-factors resulting from this procedure applied to all the irreducible
representations of the point group Cy, are summarised in table 4.2 for the first three shells of neigh-
bours. However, as the irreducible representation E; is the only one with a dimension of n = 2, we

additionally regard it in more detail. For the trial vector R,, the projection results in
PE)R.,, =2R., —2R_,, (4.22)

and hence does not reach all the vectors of this shell. Taking the trial vector R.,, which has not yet

been reached, this projection results in
P(E)R., =2R,, - 2R, (4.23)

so that now all lattice vectors have been reached, resulting in the two contributions corresponding to
the representation displayed in table 4.2. Applying the Fourier transformation to these lattice space
form-factors in the upper part of table 4.2 leads to their momentum space representation as displayed
in the lower part of table 4.2, which are smooth functions, as they are linear combinations of sine and

cosine functions.

For the fourth shell there exist eight neighbour vectors of the same length, but we only have five
irreducible representations. As there are no zero-entries in the character table for the one-dimensional
representations, it can reach all of their corresponding vectors leading to four form-factors. Concerning
the four missing form-factors we observe that the E;-representation does only reach two bond vectors
at a time. Hence, a repetition of the projection operation to the E;-representation with four different
trial vectors is required to reach all of them. Thus, we finally obtain the total number of eight form-
factors for the fourth shell, which are also shown in position and in momentum space in table 4.2. A

simple test directly shows the orthogonality of all form-factors obtained so far.

In the case of the Oy-symmetry, the E,-representation results in two non-orthogonal coefficient-
vectors for the form-factors, corresponding to the momentum space representations 2 cos(k,)—cos(kz)—
cos(ky) and 2cos(kx) — cos(ky) — cos(k.). By applying the Gram-Schmidt orthonormalisation pro-

cedure the second expression becomes cos(k;) — cos(k,). We provide the resulting momentum space
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form-factors of the Oy-point group for the nearest neighbour and for the second nearest neighbour
shells in the section on the 3D-Hubbard model (table 5.2 in section 5.3).

For a later discussion we define the following naming convention for some of the form-factors:

Definition 47 (Form-Factor Denomination)

1. The form-factor f = (2+)” is called on-site or s-wave form-factor.

2. The form-factor f = ﬁ(cos(kx) + cos(ky)) in two dimensions, and analogously f =
ﬁ(cos(kz) + cos(ky) + cos(k.)) in three dimensions, is called extended s-wave form-
factor.

3. The form-factor f = ﬁ(cos(kz) — cos(ky)) is called dg2_,2-wave form-factor.

4. The form-factor f = (2710(, (2cos(k,)—cos(ky) —cos(ky)) is called d2_y2_ - or d,2_,2-wave

form-factor.

5. The form-factor f = ﬁ sin(k;) with i € z,y, 2 is called p;-wave form-factor.

4.3. Implementation of Green’s Functions

Based on the implementation of the basic elements, the momentum mesh, the frequency mesh, the
model and the form-factors described in the previous sections, we are now at a point at which the
Green’s functions and the electron-hole and the particle-particle propagators can be calculated. We
only consider their representation in band basis, as the transformation to the orbital basis has already
been discussed in section 4.1.3. We start this section by defining some of the most frequently used
cut-off functions, which are all multiplicative according to equation (3.209) and whose explicit form

is important for the functions mentioned above.

Definition 48 (Definition of Cut-Offs)
Let C% be a cut-off function which regularises Gy such that G& = CAGy fulfils the requirements
of definition 40. Then C™ is called a

o sharp momentum shell cut-off if and only if C*(k) = 0(|ex| — A),
e smooth momentum shell cut-off if and only if C*(k) is a smooth function of the momentum,

sharp frequency cut-off if and only if C*(w) = 0(|w| — A),

smooth frequency cut-off if and only if CMw) is a smooth function of the frequency,

w-frequency cut-off [67] if and only if C*(w) = #21\2,

mized cut-off if and only if C*(k,w) depends on both, momenta k and frequencies w,

interaction cut-off [125] if and only if C* = A, and

temperature cut-off [124] if and only if CA=T=T1/2 | with temperature T as flow parameter.
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The basic idea of these cut-off functions is to regulate the low energy part, in which the typical infra-
red divergences occur. Although the type of cut-off varies according to this definition, the physical
properties of the system remains the same independent of the specific choice, as a first basic discussion
[125] pointed out. However, small differences in the critical scale might appear which vanish when the
multiloop FRG is applied [66].

Before some of the different cut-off schemes are discussed in more detail, we present some derived
forms of the full Green’s function and the single-scale propagator, simplifying the implementation

later on.

Corollary 4.3 (Full Green’s Function and Single-Scale Propagator with Cut-Off)
Let the free Green’s function be defined by a multiplicative cut-off function (cf. eq. (3.209)). Then

the full Green’s function takes the explicit form

Gh = CiA (4.24)
iw—e— CATA
and the single-scale propagator takes the explicit form
gh (iw — £)OAC™ (4.25)

" fiw—e— CATAR’

PrOOF: Based on the Dyson-equation (3.135) and on the explicit form of the free Green’s function
(cf. thm. 3.10) we obtain the desired result from

@M= -zt (4.26)

by inversion. With theorem 3.20 the single-scale propagator then becomes

d A A AA . A
gh— S on _ onC N AC’ o (C ) _ (iw — €)OpC 7 (427)
dA 7 g gpeq Ww—e—CAXA  fiw—e— CAZA2  [iw —e — CAXA]?
which is, again, the desired result. -

This corollary shows that the difference between the cut-off schemes stems from their explicit form
and their derivatives. In the following we, therefore, discuss those cut-off schemes in more detail which
are relevant for this thesis, that is the sharp frequency cut-off (cf. sec. 4.3.1), the w-frequency cut-off (cf.
sec. 4.3.2) and the interaction cut-off (cf. sec. 4.3.3). For these cut-offs we, furthermore, provide results
in three steps of approximations. First, in the static vertex approximation we assume a frequency-
independent vertex. We assume the most important interactions to happen at zero frequency transfer
and with the lowest fermionic frequency, such that we approximate the full vertex by the corresponding
one. In the flow equation of this static vertex the internal arguments are thus related to each other due
to the conservation of energy, so that the remaining Matsubara sum can be calculated independently.
In the case of the self-energy the internal frequency only appears in the single-scale propagator,
so that the corresponding Matsubara sum can be evaluated independently, too. However, this will
not lead to a frequency structure of the self-energy, when the calculation initially started with a
frequency-independent self-energy. We will often use this approximation, as it was shown for the two-
dimensional Hubbard model that the inclusion of higher frequencies changes the results only slightly

[67]. However, this approximation allows an analytical evaluation of the Matsubara sum, as only the
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propagators remain frequency-dependent, so that a significant numerical advantage can be achieved.
Second, to target the ground state phase we additionally go to the zero-temperature limit, where the
Matsubara sums become integrals. Third, in addition to the previous approximations, we neglect self-
energy effects, which enables simplified analytical evaluations of the propagator loops. In section 4.3.4

we finally provide some short comments on momentum-shell cut-offs and on temperature cut-offs.

4.3.1. The Sharp Frequency Cut-Off

In the case of the sharp frequency cut-off C* = (|w| — A), the flow parameter runs from Ag — co
down to N\, 0. Although Matsubara frequencies are not continuous, we work with the formal A-
derivative which, in this case, is only given in the sense of a distribution, as dyC* = —§(jw| — A). As
the Matsubara frequencies have a finite spacing, the resulting expression is only well defined in the
limit 7" — 0, where the Matsubara sum converges according to %an — 5 [dw . The expressions
of this cut-off result in products of Heaviside functions with a Dirac-delta distribution, which can be
solved with the help of the Morris Lemma [133].

Theorem 4.4 (Morris Lemma)
Let 6, be a function which converges to the Dirac-6 distribution for oo — 0, and let 6, be a
function that converges to the Heaviside function in the same limit. Let further f(z,0(x)) be a

sufficiently smooth function in both arguments. Then

5u() f (2, 0(2)) =% 6(x) /0 duf (0, ). (4.28)

PRrROOF: For a proof of this theorem we refer to [133]. ]

Based on this lemma the single-scale propagator can be reformulated as

A IRT _ iw*€k
57k, w) = = lim oIl = N o T = A e, o 2
1 iw—ak
= —0(jw] — A)/O du E——T Y (4.29)

S(Jw| = A)
iw— e — XA (k,w)’

while the Green’s function becomes

(| = A)

A —
k) = e =0l = A (k)

(4.30)

The frequency integral in the flow equation of the self-energy becomes an integral over the single-scale

propagator, which is evaluated according to

1 /dw 5(jw| — A) 1 ek + X2k, A) +ep + 22k, —A) (4.31)

Tom iw—cp — SMkyw) 27 (ih — e — Ak, A))(—iA — ef, — XA (k, —A))
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As the reformulation in equation (4.29) only holds when no other Heaviside or Dirac functions are

present, the propagators are given as
1 8(|w| — A) (iw' — ex)d(|w’| — A)
21 iw — e — O(jw] — MDA (k,w)  [iw — err — 0(jw'| — A)SA (K, )2
— (w, k) & (W, K), (4.32)

L (kw, sv) =

with w’ = w + v and k' = k + s for the electron-hole propagator and w’ = —w +v and k' = ~k + s
for the particle-particle propagator. These expressions can, principally, be reformulated due to the
Morris lemma (thm. 4.4), resulting in very lengthy expressions, which we do not present here?. In the
static vertex approximation v = 0 the frequency integral can be solved, as only terms with |w| = A

give contributions which result in the electron-hole propagator

1 iA — Ek!

LA, (kw,u0) = ——
ph(kw,u0) = o ((iAfsk — TSNk, M) (i — ep — 1XA (K, A))2

A pp—— %EA(k,?\Z)I)X(:iT,— o — %EA(k',A))Z) (4.33)
and in the particle-particle propagator
Lpp (b, 50) = —5- ((m “en — 15A(k, A_)Z)[(X—_z/ik— cp — LXA(K/, A))2
Ry pp— %EA(k,Z/j\\))_(iif; P %ZA(k’,A)V) - (439
In the Katanin scheme (see thm. 3.24) the propagator becomes
O(|w = A) — (i’ — e)d(|w'| = A) + 0(|w'| — A)OAD" (K, ')

A _ .
Lk, sv) = o (o = oA (k) i — e — 0('| — A)EA(k, )2

+ (k,w) <> (K',w'), (4.35)

which requires the derivative of the self-energy for a calculation. This derivative can be obtained
either by first calculating the corresponding diagram, or by taking the result of the previous step.
However, as this is unknown, a further analytical treatment is impossible. By neglecting self-energy

effects we are able to further evaluate this term in the static vertex limit, resulting in

1 1 1
L (kw, u0) = o ((m oA —errn) T A —en) (i = gk%)) (4.36)
and
1 1 1
Lpp (k. 50) = - ((m o) (i — e pe) (b —en)(iA = g_k+s)) (4.37)

for the electron-hole and for the particle-particle propagators, respectively.

2The result is easily obtained, for example, by Mathematica and fills half an A4 page.
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4.3.2. The w-Frequency Cut-Off

The cut-off of the form C* = @?/w2+4? has a scale-parameter of the form A : co \, 0. The derivative
of this function is dAC* = —2Aw2/(w2+A2)2, leading to the Green’s function

w?

G (kwn) = Wz 3
( ) iw—en(k) — ﬁﬁ]ﬁ(kw) ( )

and to the single-scale propagator

2 s (iw — en (K))

A = —
) = k) - e m (k)

(4.39)

Combining both of them leads to the two-particle propagator

2“)2 z —2A 7,2‘”,2 EAV) iw — En K
LA (kw, sv) = - = +sz x C AT (w/z A( ) 2
iw—en(k) — G ih(kw) (W —en(kK) — sy En (Kw))

+ (kyw) © (K,o'), (4.40)

with, again, w’ = w + v and k' = k + s for the electron-hole propagator and with ' = —w + v and
k'’ = —k + s for the particle-particle propagator. In the Katanin scheme this becomes
2 . w?
LM (kw, sv) = T —2A Gy (1 — en(k)) + G 0a En (e)
B R L) (i — enlW) = S Sh(Ww))?

+(kw) & (K,o). (4.41)

In the static vertex approximation discussed above we have already pointed out that the self-energy
will not develop a frequency dependence, so that the Matsubara sums of the single-scale propagator
and the two-particle propagators can, in principle, be evaluated in the standard procedure by using the
residue theorem. However, the cut-off causes the denominator to be a polynomial of third order whose
zeros are very lengthy expressions. Therefore, we skip an analytical evaluation and directly consider
the approximation of the vanishing self-energy where the scale-derivative of the full Green’s function
and the single-scale propagator coincide, that is $*|s—o = —dyG*|s—¢ = —dAG} with the derivative
of the free Green’s function. The evaluation of the Matsubara sum of the single-scale propagator (cf.
app. B) then results in

SN k)l = Gy = daGo (k) = 55 inifgk))wp(_[\) A +/;n(k))n/F
2
S () + g ey () g e (k). (142)

(=)

An analogous calculation can be performed for the particle-particle and for the electron-hole prop-
agator, which leads to lengthy expressions due to the sum of four poles, of which the poles at £A
have second order, and the poles at 1 and €2 may become degenerate, such that two cases have to
be treated (for the explicit expressions see appendix B). However, in the zero-temperature limit the

Fermi-function, which is used as weighting function, becomes a Heaviside function so that the resulting
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expressions can significantly be simplified. In fact, the zero-temperature particle-particle propagator
thus becomes

1 Blerl+A) | ea(3leal+A)
ertea) (Eiwsﬁmﬂ + e tas > for e1 # —

A
Ly, = (4.43)

—3e2 —4eq [A+A?

S ENENL for 61 = —eo,

and the electron-hole propagator is

1 e1(3le1][+A) e2(3le2]|+A)
it (R - HER) fra e
A, = (4.44)
3e244le1|[A—A2 _
W for £1 = €9.

4.3.3. The Interaction Cut-Off

When the interaction cut-off function C* = A is applied to the free Green’s function, it requires a
flow from Ay = 0 to Ay = 1 to obtain the correct limiting cases. When the fields are rescaled corre-
spondingly, this leads to a continuous scaling of the bare interaction with A2. Hence the interaction is
continuously increased from vanishing at Ag = 0¢ to its full form at A = 1. However, it does not lead
to a physical regularisation, which is one which regularises divergences. Thus it is only applicable for
investigations in which no divergences occur, which is typically achieved by sufficiently large temper-
atures. But in the approximation of the neglected self-energy this cut-off leaves the dual propagator
terms in a simple form, which can be calculated at the beginning and which only requires numerically
cheap modifications during the FRG flow. Thus it can be well applied to screen temperature ranges

to deduce an estimate for the transition temperature to some ordered phase [125].

With this cut-off the full Green’s function and the single-scale propagator become

A
iw — en(k) — AZA (kw)

G* (kwn) = (4.45)

and

iw — e, (k)
(iw — en(k) — AZA (kw))?’

S™(Rewn) = (4.46)

respectively. The resulting two-particle propagator is then obtained as

A iw' —e(k)
LMk = . kw) o (K, (447
(ke @) = ) — AT (k) (i — e () — ASA ()2 (o) € (Rw) - (4.47)
again with w’ = w + v and k' = k + s for the electron-hole propagator and with w’ = —w + v and
k' = —k + s for the particle-particle propagator. In the Katanin scheme this becomes
A iw' — (k') + A20, X0 (k'
LM kw, qu) = w = e() AN (K)o w), (4.48)

iw —en(k) — ASA(kw)  (iw’ — en (K) — ASA, (K'w'))?

Again, in the static vertex approximation, it is possible to evaluate these expressions by the residue
theorem, as the self-energy will not develop any frequency dependence. We have, however, not cov-

ered this case and, therefore, directly consider the approximation of neglected self-energy and static
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vertices. In this case the A-derivative can directly be evaluated and be moved out of the Matsub-
ara summation, which now equals the standard two-particle propagator Matsubara sum. Thus the

two-particle propagators become

— nr(en(k)) — nr(en (g — k)

1
LA (k,q) = 2A 4.49
() k) + 2 (a — h) (49
for the particle-particle case and
n k)) — n’ k
Lﬁh(k,q):m\”F(E (k) = n(ew (k + ) (4.50)

en(k) —en(k+q)

for the electron-hole case. The scale-independent part of these expressions can be evaluated at the
beginning of the calculation and only has to be multiplied by the actual scaling parameter A in the
following integration steps to obtain the actual dual propagator. This is already a very simple form,
which can be calculated very efficiently. By an additional 7' = 0 limit the Fermi-functions become
Heaviside functions, which simplify the calculation in the way that more dual propagator terms become

exactly zero and do not contribute.

Beside of these frequently used cut-off schemes other ones are possible, which will be discussed in

the following. A special case is the treatment of the temperature as a cut-off parameter.

4.3.4. Further Cut-Off Schemes

The temperature spans the mesh of Matsubara frequencies by w, = (2n + 1)7T such that each
frequency n itself decreases. In this case it is, therefore, useful to keep n instead of w,, as an argument.
In corresponding calculations, however, the energy conservation still connects the entries with the same
n, which previously was the frequency number. In order to obtain the temperature as flow parameter,
the temperature dependence has to be shifted from the bare interaction to the quadratic part, which
is achieved by a rescaling of the Grassmann fields to ¢’ (kn) = T%/*¢(kw,) and ¢’ (kn) = T3/*¢)(kw,,).
The corresponding bare propagator thus becomes

T3
G (kn) = -

o —eR)’ (4.51)

and the flow equations can be derived by the same procedure as given in chapter 3.5. Formally,
this corresponds to a cut-off function of CA=T = Tz. The flow equations for n-particle vertices are
analogous to the previous ones up to a factor of T% . This cut-off has the advantage that it directly
leads to a critical temperature for the phase-transition in one calculation, while other cut-off schemes
need several calculations at different temperatures to determine it. Additionally, local symmetries
and their Ward identities are fulfilled for the exact flow at every step of the it. Thus it is easier to

consider them for truncated schemes.

Momentum cut-off schemes have the advantage that the frequency structure of the propagators and
of the vertices are not affected, so that the evaluation of Matsubara frequencies can often be performed
analytically. However, when self-energy corrections are present, the Fermi-surface changes during the
flow, so that the momentum cut-off has to be adapted to the new surface. Additionally, these cut-offs
suppress electron-hole excitations with a small momentum transfer ¢ in the shell [e(k+q)| — (k)| <

2A. Therefore, the limits ¢ — 0 and A — 0 do not commute any more, so that the forward scattering
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spinful SU(2)-symm.
indep. elements share indep. elements share
no symmetry 120,472,567 1.00 7,529,536 1.00
complex conj. 60,313,120 0.50 3,783,976 0.50
crossing sym. 30,272,592 0.25 3,765,160 0.50
comp.+Cross. sym. 15,174,810 0.13 1,901,788 0.25
Cyy sym. 22,127,616 0.18 1,382,976 0.18
all above symmetries 4,131,255 0.03 519,189 0.07

Table 4.3.: The number of independent elements in the two-dimensional Hubbard model, when different
symmetries are exploited, and the share to the full calculation. In the spinful case both spin-
orbitals are treated separately, while in the SU(2)-symmetric case only one band is present.

for ¢ — 0 can only be investigated at the end of the flow, making stability analyses difficult [104].

Due to these problems, we have not used any momentum shell cut-off in our investigations.

4.4. Symmetries

In order to reduce the numerical demands in terms of memory demand and computation time we
exploit the symmetries of the system, which have been presented in theorem 3.17. For this purpose
it is sufficient to save only one representative for each of the symmetrically equivalent elements. For
each representative another structure holds the full set of indices it belongs to. In order to obtain
the other elements again, a pointer to the saved element and two integers of +1 are saved, which
represent the possible sign change and the complex conjugation in form of a multiplication, so that
comparison operations can be avoided which may slow down the code. But the total memory demand
is hardly reduced by this approach. However, the number of elements which have to be calculated
is significantly reduced for the vertex as well as for the dual propagators. In table 4.3 we show the
number of elements which have to be calculated for the two (spin-)orbitals and for the one-band
two-dimensional Hubbard model in the static-vertex approximation based on a momentum lattice of
14 x 14.

For the case that both vertex-inherent symmetries are exploited, this table shows that it is sufficient
to calculate only every fourth vertex element in the SU(2)-symmetric case and only every eighth in
the spinful case. This should already reduce the calculation time to approximately 25% and to
13 % compared to the full vertex ones. As these symmetries should always be present, even systems
without point group symmetries can gain such speed-ups. However, when the point group symmetry
can additionally be exploited, the calculation of only 3% and of 7% of the vertex is necessary in the
spinful and in the SU(2)-symmetric case, respectively. Thus the calculation can gain a speed-up of
up to an order of magnitude by exploiting all symmetries. Additional symmetries may lead to even
further gains in performance. However, as the full vertex has to be recovered for the flow step leading

to some overhead, these performance gains can only be achieved approximately.

Contrary to these considerations, a phase transition is typically accompanied by a break of symme-
try. Hence, when the symmetries are explicitly encoded to obtain the gain in performance, it might
become impossible to obtain the phase originating from a break of symmetries. Therefore, in our code
all the symmetries have a switch, so that one can either profit from the symmetries of the system or

have the possibility of investigating all possible symmetry-breaking phases.
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4.5. Performance and Parallelisation

The largest object we are dealing with in our FRG approach is the two-particle interaction (%04,
Now let us consider the case of a momentum mesh spanned by ng momenta, a frequency mesh using
Ny fermionic and ny,,; bosonic frequencies and a model which requires n, (spinful) orbitals or bands.
Then the size of the full vertex is nj - n2_ - nu, - na. The calculation of the right hand side of the flow
equation in each FRG integration step (cf. eq. (3.28)) requires a momentum space integration and

a Matsubara frequency and orbital summations for each vertex element. This results in a numerical
3

complexity of nj, - nd_ - ng, - ns. Due to this bad scaling in orbitals, only a few orbitals are feasible
within the FRG approach. As pointed out in section 4.1.3 a treatment of the system in band basis,
however, reduces the internal summations so that the scaling in bands (which have the same dimension
as the orbitals) becomes nS. Alternatively, when SU(2)-symmetry is present, only half the number
of orbitals is necessary. Hence, the size of the vertex is reduced by a factor of 16, and the numerical

complexity of an FRG step even is reduced by a factor of 196.

Employing the TUFRG with npp form-factors only has an effect on the complexity in momentum
space, so that we only consider the corresponding part here. The size of the vertex then becomes
ng - n¥p instead of ny and with equations (3.366)-(3.368) the numerical complexity of one TUFRG
integration step becomes ny - n%F instead of ni. However, in each integration step a projection
between the different channels as provided by equations (3.375)-(3.380) is required. If this projection
is performed in momentum space (first line in the corresponding equations), it has a total complexity of
ny -nip for each element. By shifting the arguments in such a way that the vertex which is projected
only depends on one of the integration variables, the other integral can be calculated in advance.
Thus, the runtime scaling is reduced to ni . n%F. We implemented this projection as a product of
three matrices of which the vertex-independent ones were calculated either once at the beginning of
the flow (KS,AM) or for each RG step to save memory (KS,SM). A fit to the corresponding scaling
curves of these two versions (cf. top row of fig. 4.3) indeed reveal a scaling of n? - njp in good

agreement to the assertion.

When the projections are performed in position space (second line of the corresponding equations
(3.375)-(3.380)), the sum over position space arguments can be performed in advance, resulting in
a numerical complexity of ng - n%F, which is of the same order as the matrix multiplication of the
TUFRG step. However, in this approach the vertex itself has to be Fourier transformed to lattice
space which has a complexity of ng - Nhonds, With nhonds referring to the number of bonds required
by the combinatorial evaluation of the form-factor and the position space sums. We implemented
a corresponding projection (RS,SM) which reveals an impressive scaling (cf. fig. 4.3) of nQ? - n&§,
which is even better than expected. As the pre-evaluation of the combinatorics allows us to only sum
the non-vanishing form-factor combinations, the scaling behaviour can be improved. However, the
projection to lattice space can be combined with the combinatorial evaluation providing an ng X ng
matrix for each form-factor projection (RS,AM). As this requires nip of those matrices this approach
is restricted by the available memory, so that we can not obtain a proper scaling in momentum space.

However, this approach reveals a form-factor scaling of nip, as expected.

A comparison of the four different projection schemes displayed in figure 4.3 shows that the pro-
jections in lattice space with a pre-evaluation of the combinatorics with a separate treatment of the
Fourier transformation to lattice space of the vertex (RS,SM) is superior to the other approaches, as
it is memory efficient, fast and the best in terms of scaling. It even beats the matrix multiplication

approach, which usually is advantageous on modern processors.
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Figure 4.3.: Scaling of different implementations of the projection operation (described in the text) be-
tween channels (top row) and the calculation of the dual propagators in form-factor space
(bottom row) with respect to momentum resolution and form-factor resolution. The gray
dashed lines represent fits to the scaling curves.

The second demanding part in each step is the calculation of the dual propagator in the form-factor
basis (cf. eq. (3.364)-(3.365)) which involves a momentum space integral so that its theoretical scaling
is ni -nZp. Our implementation, as displayed in the lower row of figure 4.3, indeed reveals a scaling
of ny? - n&?, as expected. As the integral is performed on a mesh where each coarse momentum is
refined, this calculation scales linear with the number of refined momenta both, in theory and in the

implementation.

The two operations discussed above are in terms of total time the most relevant ones for the
calculation of the right hand side of the TUFRG flow equation. Comparing both of them we note that
the calculation of the projected dual propagator is always significantly more time demanding than the
projection according to the (RS,SM) scheme. However, this only holds for small momentum meshes
and for a low number of form-factors in the other projection schemes, due to their disadvantageous

scaling behaviour.

Still, with a total scaling of nf -n%, TUFRG calculations are computationally demanding in order to
gain results in a desirable precision. Therefore, we aim at using all forms of parallelisation which high-

performance computation is offering, that is single-instruction multiple-data (SIMD), shared memory
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parallelisation (OpenMP) and distributed data parallelisation (MPI), which will be regarded in more

detail in the following subsections.

4.5.1. Single-Instruction Multiple-Data and Memory Access

In order to gain an insight into SIMD parallelisation we regard the CPU as the heart of a computer.
Modern CPUs (e.g. Intel Haswell) use registers with a length of 512 bits on which the arithmetic
logical unit (ALU) can work. As such registers can typically store eight values of double precision
(compiler-dependent), the same operation can simultaneously be performed on all of them by this
ALU. As this can be regarded as treating the successive values in the register as a vector, this
procedure is also called vectorisation, which is the most prominent implementation of SIMD. When
the corresponding CPU architecture-dependent option is provided to the compiler, it tries to optimise
the code for those operations. Modern CPUs contain several ALUs which are specialised to perform
add, multiply or combined multiply-add operations. The data required for the operations have to
be loaded to the processor. This is typically (architecture-dependent) done by passing three levels
of cache, which become larger, but also slower to access, the further away they are from the CPU
and the closer they are to the main memory. The vertex usually is too large to fit into the cache, so
that a permanent data transfer from the main memory to the CPU is required. Such a data stream
is possible, when the elements of the vertex are accessed successively, which then is also in perfect

alignment for vectorisation.

However, in a straight forward implementation of the flow equations we may move through the
elements of the first vertex successively, but the values of the second vertex are distributed in mem-
ory, as they are determined by momentum and by frequency conservation. To enable a good data
throughput we only treat those parts of the vertices and the bubble which we put in a memory aligned
structure. Hence, the corresponding part of the calculation has a perfect memory access and can use
vectorisation perfectly, too. Although all values have to be touched twice, this approach significantly

improves the performance of the code.

4.5.2. Shared Memory Parallelisation

A compute node of a cluster consists of several CPUs which share their memory. In our code we
employ OpenMP, which distributes the loop over the elements whose calculation is assigned to one
node, namely to a number of threads which run in parallel. In the perfect matching case, the number
of threads equals the number of CPUs of a node. When a CPU is assigned to more than one thread,
this is called multi-threading, which can still result in a gain in performance. This shared memory,
however, leads to difficulties, as all processes work on the same memory. While one process has loaded
some data into its cache and performs some calculations on it, another thread may have changed the
original data. As the loop over elements which have to be calculated is parallelised, each element is
only written to by one thread, while unchanged vertex elements are read. In cases in which this can
not be verified in such a simple way, every thread obtains its own part of memory in which it saves

its results, which are combined with the results of the other threads at the end of the parallel section.

In figure 4.4 we show the shared memory scaling of our SU(2)-symmetric TUFRG implementation
on JURECA [1] based on a calculation of the two-dimensional Hubbard model with 35 coarse mesh
momenta refined by 15 momenta in each direction and 3 shells of form-factors. We employ one node

which contains two Intel Xeon E5-2680 v3 Haswell CPUs with 12 cores each. The implemented code
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Figure 4.4.: The OMP (left) and MPI (right) scaling behaviour for the calculation of the right hand side
for one RG step obtained on JURECA.

scales well up to 12 threads, where the scaling totally breaks down. This probably corresponds to one
of the two CPUs blocking the memory access of the other one, so that only 12 of the 24 nodes can work
properly. When more than 24 threads are assigned to one node, more than one process is executed
on one core, which is called Simultaneous Multi Threading, which provides a slight performance gain

in our case.

4.5.3. Distributed Memory Parallelisation

Compute clusters consist of several thousands of nodes, each with its own memory, which are
connected to all the others by a high-speed network. To parallelise the calculation for all the nodes
we distribute the vertex increment dV', which results from the right hand side of the flow equations
(cf. eq. (3.28)), to all the nodes participating in the calculation. Due to the distributed memory each
node only knows the part of the increment that was calculated by itself. The results of each part of
the vertex are, therefore, sent to all the other processes by a collective communication scheme. For
this task we employ the Message Passing Interface (MPI) standard. In fact, for the momentum-grid
FRG it is sufficient to have only one communication, after the right hand side of the flow-equation has
been calculated, so that the integration step can be performed for all processes in the same way. In
the TUFRG case the projection is already distributed over several nodes, so that one communication
is required to pass the results of the projection to all processes, and a second one is necessary to
distribute the results of the right hand side of the TUFRG flow equation (see eq. (3.366)-(3.371)).

In figure 4.4 we present the scaling behaviour of our code with respect to the MPI parallelisation.
The timing is obtained for a calculation of the two-dimensional Hubbard model without the usage of
symmetries on a coarse lattice of 55 momenta refined by 25 momenta in each direction and 2 shells
of form-factors. For this setting we observe an impressive, almost perfect scaling up to 256 nodes for
our implementation of the TUFRG flow equation. Such a scaling allows us to employ a large number

of nodes to obtain results from TUFRG calculations within a reasonable amount of time.

Finally, we remark that the systems we have been investigating were sufficiently small, so that each
node could save the full vertex. When the system becomes too large, this parallelisation scheme has
to be modified such that one node only holds one part of the vertex and obtains the part required for

the calculations from the other nodes.
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ds we discussed at the beginning of chapter 3, it is not possible to solve the full solid state
Hamiltonian (see eq. (3.1)), neither analytically nor numerically. The numerical limitations of a
bad scaling with the number of bands also restrict the application of the (TU)FRG developed in the
previous chapter, which formally could be used to calculate the full solid state interaction starting from
a free electronic system. It is, therefore, necessary to employ a simplified model, which is sufficient to

obtain the relevant interactions.

In the scope of this thesis we aim at developing methods to determine the electronic ground states
of materials with correlation effects. As the energy levels close to the Fermi-energy are the most
relevant ones for those effects, it is reasonable to use a simple model which describes the bands close
to it. One of the simplest ones is the Hubbard model, which contains an approximate kinetic term and
an interaction term, as we will derive in the following. So far, this model has been used to describe
copper- and iron-based superconductors and basic metals, but it has also served as a toy model for

method developments, which is the case for us, too.

The non-interacting part of the solid state Hamiltonian is diagonal in the Bloch-Basis, such that

the Hamiltonian can be written as
H= /dk > (ekms = 1) Ehpy Chons + Hin- (5.1)
n,s

We remark that this Hamiltonian is not necessarily invariant under point group transformations of
the momentum lattice as discussed in section 4.1.3, and a unitary transformation to the natural basis
is required to achieve this property. In this discussion, however, the natural basis is not required and

we express the Hamiltonian in Wannier states according to equation (2.34) as

’}:[ = Z Z (_tRo,R’o' - /Msoo’(sRR/) éTRas éR’o’s

s oo’ ,RR;
1 R R R R
+ 5 Z Z Z UR]"""‘*R“’“ CTRHHS cTRzozs’ CR303s’ CRy04s (52)
ss’ Ry...R401...04
with
2

tRo.Rro = — (Ro| <72”7m + V(f)> |R'o)  and (5.3)

2

e
URyo1,...Ri0s = (R101| (R202] [ |R303) |R303) . (5.4)

Basically the terms t g, g/ represent the overlap of orbital o at atom R with the orbital o’ at atom R’
with respect to the kinetic energy and the atomic potential operators. Figuratively, one speaks of the
kinetic energy of an electron which moves from the latter orbital to the former one, and the parameter
t is called “hopping” parameter. The terms Ugr,o,,....R40, Stand for the energy of the interaction of

two electrons scattered from orbitals o3 at R3 and o4 at R4 to orbitals oo at Ry and oy at Ry.

As the Wannier basis states are linear combinations of Bloch states they are, in general, not eigen-

states of the non-interacting Hamiltonian. However, in the case of flat bands the dispersion eg,
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becomes k-independent, such that there is a one-to-one correspondence between Bloch bands and
Wannier basis orbitals. This corresponds to electrons tightly bound to atomic nuclei which are thus

localised. This is the case for partially filled d- or f-orbitals in transition metals and rare earths.

The Hamiltonian in equation (5.1) still is the full solid-state Hamiltonian in a different basis and
therefore still not computable. Based on the physical significance of the different terms of the Wannier
Hamiltonian we can derive reasonable approximations to describe the physics of the system under

investigation.

As the ground state phases are mainly driven by low energy excitations, we focus on the one-particle
energy bands g, close to the Fermi-energy in the low-temperature limit 7' < Tr. We further simplify
our model by the assumption that only one band crosses the Fermi-energy and all the other bands are
strictly separated from this band. Hence we drop the orbital dependence of the hopping parameter

and write tg g’ and Ug, ... R,-

In addition, the materials of interest in this thesis have half-filled d- or f-orbitals which are localised,
such that the Wannier basis functions ¢(r — R) have their maximum at » = R and decay rapidly with
increasing distance |r — R|. In the crudest approximation, namely the atomic limit, these functions
do not overlap, such that the one-particle energy ey, becomes k-independent and tr r = €dr r'-
Therefore, in this approximation no inter-atomic transport is possible, such that additional terms
have to be taken into account to describe the physics of interest. Hence we allow for nearest and
for next-nearest neighbour hoppings and set all other hopping parameters to zero. We simplify our
notation by writing ¢;; = tr, r, and < i,j > for nearest neighbour sites and < i,j > for second

nearest neighbour sites.

For an approximation of the interaction term we assume that the Wannier orbitals are sufficiently
strong localised, such that they do not overlap. As the Coulomb interaction decreases by 1//r and as
the overlap of Wannier orbitals is rapidly decreasing due to their localisation, we only consider the
on-site interactions and the nearest neighbour interactions. This is also motivated by the assumption
that the strongest interactions dominate the physics at low temperatures. For the local interactions,
all Wannier orbitals are located at the same site R which can, due to the Pauli principle, only be

occupied by one spin-up and by one spin-down electron. The corresponding term thus becomes
1 SRR SO 4o At 4 P
2 > > Urr.rr ol bRy Ry = YU Salrith tri = > Uiy (5.5)
R; s,s’ R; R;

with U := UR,R;,R;R;- The nearest neighbour contributions can be of two different kinds. First, the
classical electrostatic Coulomb interaction between two electrons located at neighbouring sites R; and

R; is described by the direct interaction Ur,r; r;r,- This term can be rewritten as

Aot & & — A A 5
E E Ur;R; R;R; CR,s Cr;s' CR;s' CRis = Z Z Vij g Tojgr- (5.6)

<R;,R;> s,s’ <R;,R;> s,s’

Second, the other term originating from the nearest neighbour contribution is the exchange contribu-
tion, in which the creation and the annihilation operators of different spins are at the same site R; or

R;. Using spin and charge operators, this term can equivalently be written as

S S Urimmir, St fme ma= =2 S0 Ty (s ﬁzninj) (5.7)

<R;,R;> s,s’ <R;,R;>
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Figure 5.1.: Schematic representation of the effects included in the Hubbard model with onsite-repulsion
U (blue), nearest neighbour hopping ¢ and second nearest neighbour hopping ¢’ (red) on an
isotropic two-dimensional lattice.

with J;; := URr,R; R;r;- Considering only this term, a coupling of J;; > 0 decreases the energy for
a parallel alignment of spins, thus inducing a tendency to a ferromagnetic phase, while a coupling
of J;; < 0 reduces the energy for an antiparallel alignment of spins, thus inducing a tendency to

antiferromagnetism.

Hubbard [32] estimated the strength of the different contributions based on the atomic 3d-orbital
wave-functions as Wannier functions and arrived at U ~ 20eV, V;; ~ 6eV and J;; ~ 0.03eV for
transition metals. These rather rough estimates, and the assumption of very well localised Wan-
nier functions with little overlap offer the possibility of approximating the interaction by the local

interaction term alone.

Combining all the approximations from above, we arrive at the Hubbard model Hamiltonian

H=- Z tij ‘A’Is Cis — Z tij ds Cis T Uzﬂm Ty (5.8)

<i,j>,8 <Li,5>,8 i

The different effects are illustrated in figure 5.1: the kinetic energy corresponds to a hopping of
electrons between the sites, while the interaction represents the costs of two electrons being located
at the same site. Comparing this Hubbard Hamiltonian with the original one, reveals that it has been

significantly simplified. Therefore, let us shortly recapitulate the most important approximations.

First, due to the restriction to one band close to the Fermi-energy all the interactions with electronic
states in the other bands are neglected. Although these terms are small in comparison to the intra-
band interaction, they are not negligible. Hence the Hubbard-interaction U has to be chosen in such
a way that it contains the screening effects of the other bands. As these screening effects depend on
the form and on the energetic location of the other bands, a general construction of U is not possible.
For real materials this can quite accurately be done by constrained RPA calculations. In the scope of

this thesis it is, therefore, treated as a phenomenological parameter.

Second, the restriction to the on-site interaction is justified by a comparison of the parameter
strengths. While screening effects reduce the values estimated by Hubbard, the exchange contribution
Jij is still two to three orders of magnitude smaller than the on-site interaction, and thus its negligence
is justified. However, Hubbard [32] estimates that screening reduces the direct interaction V;; only by
a factor of 2 and thus remains 10 — 20 % of the on-site one. While Hubbard estimates these values
for 3d electrons in transition metals in general, we observe a similar range of values obtained from
DFT calculations for electrons in the O p-orbitals and La 3d-orbitals in LaoCuO,4 which form the
conduction band [134] (see table 5.1). Therefore, this direct interaction also has to be considered for
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Schluter [134] McMahan [135] Hirayama [136]
Uy 10 —12eV 9.4eV 9.6eV
Up 6 —8eV 3.6eV 6.1eV
Via < 4eV 0.8eV 2.7eV

Table 5.1.: Parameters of the extended Hubbard Hamiltonian for LazCuOy4 taken from ref. [134] and ref.
[135]. Here, p refers to O p-orbital electrons and d refers to La 3d-electrons, so that Uy and U,
are the on-site interactions at the La and the O sites, respectively, and V4 is the interaction
between these sites.

an accurate description of those materials, leading to the extended Hubbard model, which is out of

scope of this thesis.

Finally, we restrict ourselves to nearest and to second nearest neighbour hoppings, which is justified
in the case of strong localised orbitals. If the orbitals become less localised, this limitation can be
lifted by including longer ranged hopping terms. In the scope of this thesis we also treat the neighbour

hoppings as phenomenological parameters.

Despite its simplicity there exists neither an analytical nor a numerical solution for the Hubbard
model. While the hopping terms are diagonal in momentum space, the interaction is diagonal in lattice
space. Thus, there does not exist a common basis which prevents an analytical solution. Physically
spoken, the kinetic term tends to delocalise the electrons, while the interaction tends to localise them.
For a numerical solution, one has to represent the Hamiltonian in one of the bases and one is restricted
to a finite lattice of N sites. But as every site has four possible states, the total number of states
scales as 4"V. Thus, an exact numerical solution is restricted to small systems in which finite size

effects become important and might spoil the physics.

Despite these limitations, the Hubbard model has frequently been used in the solid state theory, as it
contains the two most important energy scales, which are the kinetic energy given by the hopping ¢ and
the potential energy of the repulsion of two electrons at the same site given by U. In the ground state,
the total energy has to be minimised, which leads to a competition between these effects. Considering
the half-filled case on a square lattice with nearest neighbour hopping only, the kinetic energy is
minimised when every particle can hop to all neighbouring sites. This is the case when every first site
is doubly occupied while every second site is empty, or if every first site is occupied by a spin-up and
every second one is occupied by a spin-down electron. However, a double occupation of a site goes
along with an energetic cost of the Hubbard interaction U > 0, making the first state less favourable,
while every hopping in the second case leads to a double occupancy of the corresponding site and hence
goes along with an energy cost of U. Hence, the ground state phase of the Hubbard model depends
on the relation U/t. Thus, by tuning these parameters and those of the extensions to second nearest
neighbour hoppings and to nearest neighbour interactions the Hubbard model exhibits a big variety
of features like metallic or isolating behaviour, (unconventional) superconductivity, magnetic phases,
Mott-insulator transitions and more. Therefore it is frequently used as basis model for correlated

electron systems.

However, despite more than 50 years of research on this model, it has only been solved for some
special cases like the single site (¢ = 0)-limit, the non-interacting (U = 0)-limit [137] or in one-
dimension [138] or in infinity-dimensions [139]. In the following sections of this chapter we will first
present the computational details of our calculations and then discuss the two-dimensional case, the

three-dimensional case and the transition from 2D to 3D.
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5.1. Computational Details and Analysis

The calculations of the Hubbard model presented in the upcoming sections were performed based on
the FRG code presented in section 4. As the Hubbard model is SU(2)-symmetric, the corresponding
SU(2)-symmetric flow equations were employed to obtain the two-particle interactions. The reference,
against which the TUFRG is tested, are calculations based on the SU(2)-symmetric full lattice space
FRG provided by equation (3.280) in section 5.2. Based on this successful comparison, the two-
and three-dimensional Hubbard models are investigated based on the SU(2)-symmetric TUFRG flow

equations presented in corollary 3.31 with the lattice-space projections of corollary 3.32.

As we aim at treating large numbers of momentum points, we take the static limit such that the
interactions become frequency-independent®. As the ground state phase is independent of static self-
energies which mainly cause a shift of the chemical potential, we neglect self-energy contributions
in our calculations. Employing the Q-cut-off we can, therefore, analytically solve the Matsubara
frequency sum according to section 4.3.2. With these approximations we have an effective one-band
model which is only treated in momentum and in form-factor space. To obtain even larger systems we
additionally exploit the lattice symmetry to reduce the computational costs as presented in section 4.4.
The lattice sizes for the interactions as well as for the propagators which were used for the different

calculations are always presented in the corresponding sections.

The initial parameter Ay at which the flow starts should be significantly larger than the band width
and is presented separately for each investigation, as it is model-dependent. The initialisation of the
vertex as V' = U is trivial for the full lattice FRG, while there is an ambiguity in the TUFRG case. In
principle, the initial interaction U can equivalently be cast to the different channels or be treated as
a flow-independent component, as its projection to any channel is simply U for all on-site form-factor

components. For our calculations we take it as this flow-independent component.

As we are interested in the transition to ordered states, the natural choice would be to perform the
(TU)FRG flow at finite temperatures. If the metallic state is the ground state, no phase transition
appears and A = 0 can be reached. If a phase transition takes place at the investigated temperature,
a divergence appears at a finite critical cut-off A.. Therefore, several calculations of the same system
parameters for different temperatures are required to obtain a transition temperature. As our calcu-
lations typically require 20-30 hours on 14 compute nodes for one parameter set, we want to avoid
such a large number of calculations. Therefore the (TU)FRG flow is performed at T' = 0 so that we
will obtain a divergence of the flow at a finite critical cut-off scale A for all sets of model parameters.
This A. defines a window of modes which were not integrated to obtain the interaction at this critical
scale. In comparison to this, the band gap results from an integration of all modes except those within
the band gap in the BCS theory of superconductivity or in the spin-density wave mean-field theory
in the weak coupling limit at a constant density of states. The band gap itself then corresponds to
the critical temperature up to a factor of unity. We therefore assume that the critical scale A, is an

upper estimate for the critical temperature.

Starting with the initial configuration the (TU)FRG equations are evaluated for decreasing A, and
the largest element of the two-particle interaction is obtained in each step. If this largest element
exceeds a threshold which also depends on the bandwidth, the flow is stopped, and the corresponding
cut-off parameter is taken as critical parameter A.. The type of the phase the system turns into can

be obtained by the divergence of the corresponding susceptibility (see discussion in section 3.3). To

1We also take the T' = 0-limit, which will be discussed below.
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obtain the full description of the system the flow should be continued to A = 0, which requires an
accurate treatment of symmetry breaking. This can be done in a purely fermionic way [63] or by the
introduction of bosonic fields due to a decoupling by a Hubbard-Stratonovich transformation [140].
However, the current (TU)FRG approach is not suitable for this. Hence the phase has to be deduced
from the susceptibility which is obtained either by integrating its flow equations [103, 61] or by a
post-processing calculation. It has recently been shown that the post processing susceptibility based
on the flow of the two-fermion interaction with the multi-loop extension converges to the susceptibility
obtained by its flow equation [66]. The post-processing susceptibility which is based on the two-fermion
interaction in the corresponding channel at the critical scale can be compared with the flow-based
susceptibility at this scale based on references [103, 61] which display both of them. For the two-
dimensional Hubbard model these representations reveal that the two-fermion vertex itself already
exhibits the features of all possible arising phases. That is (see sec. 5.2.1 for more details), for example,
a strong divergence for a momentum transfer of (7, 7) and one of half the intensity for a momentum
transfer (m, —) if the anti-ferromagnetic susceptibility diverges, or a strong ordering feature with total
momentum 0 which changes in sign upon a rotation by /2, if the d-wave superconducting susceptibility
diverges. In this way, the final interaction can be compared to an effective Hamiltonian, which exhibits
the corresponding features [104]. This becomes more accurate, when a mean-field decoupling of the
two-fermion interaction at the final scale is performed to obtain the phase properties, as described in
references [141, 142].

Hence, we did not calculate any susceptibilities, but focused on the effective interaction at the critical
scale. Thus, the emerging phase is obtained by a comparison of the final two-fermion interaction of
the full lattice space FRG calculation to the effective mean-field Hamiltonians, as we consider a well-
known parameter range as a reference. In the TUFRG case the diverging component of the vertex
projected to one channel, which leads to the termination of the flow, is directly associated to the
emerging phase. Hence we directly obtain the diverging channel (pairing, charge or magnetic), the
ordering vector (s, u or t) and the form-factor symmetry based on the form-factors associated to the
corresponding indices. This approach is reasonable, as a post-processing susceptibility based on these
two-fermion interactions corresponds to the product of two dual-propagators projected to this channel
with the projected vertex. As these dual propagators in general exhibit their largest values at the
same momenta as the interaction and as the product of them with the projected interaction is largest
for equal form-factors, the post-processing susceptibility will just show the same type of phase as the
projected vertex. Although the approach performed in this thesis is less accurate than the FRG+MF

one it is sufficient to indicate which ordering tendencies can be expected in different parameter ranges.
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HgBa,CuO,,; YBa,CuOp.; La,,SrCu0, T1,Ba,Cu0,;
(Hg1201) (YBCO) (Lsco) (T12201)

La,Sr

Figure 5.2.: A: Unit cells of the lattice of different copper-oxide superconductors. The characteristic CuO
square layers in which the superconductivity takes place can be identified at the top and
at the bottom of the unit cells except for YBCO, where it is above and below the Yttrium
atom.

B: The relevant CuO-lattice with the Cu d,2_,2 and O p, orbitals forming the valence bonds
is displayed. Figure taken from [143].

5.2. The 2D-Hubbard Model

Copper-based high-temperature superconductors consist of active layers of CuOs, where four copper
atoms form a square structure, while they are connected to each other by oxygen atoms (see fig. 5.2).
A few of these layers, glued together by Ca- or Y- atoms, form an active block, which is wrapped
by charge reservoir blocks. Similarly, iron-based high-temperature superconductors have an active
layer of iron-atoms, which are connected by P-, As-, Se- or Te-atoms, which lie above or below the
iron-plane and form a tetrahedrical substructure. The holes left by these substructures can be filled
with alkali-metal atoms or with a combination of them with an oxygen layer.

Planar superconductivity is observed in these compounds which takes place within the active layers
of Cu- or Fe-atoms on a square lattice. The electron hopping between two active layers is small and,
therefore, often neglected, so that it suffices to consider the simpler two-dimensional lattice [36]. In
this section we will, therefore, also consider the two-dimensional Hubbard model on a square lattice,
while the influence of a finite coupling in the perpendicular direction is investigated in section 5.4.
In iron-based superconductors typically three bands originating from Fe-d-orbitals cross the Fermi-
surface [144], so that a corresponding three-band model is required, as supposed by Eschrig [145].
Focusing on patches around the well localized electron- and hole-pockets which are formed by the three
bands, these materials were already treated in the scope of N-patch FRG by Platt [75]. In cuprates,
typically only the d,2_,» band crosses the Fermi-energy [146], so that the 2D electronic structure can
well be reproduced by a one-band Hubbard model [147, 148]. Therefore, we consider the Hubbard
Hamiltonian on a square lattice, including nearest neighbour and second nearest neighbour hopping
terms as illustrated in figure 5.1. As we assume the lattice to be isotropic, the nearest neighbour
hopping is equivalent in z- and in y-direction, and we define this hopping t := t, = t, as our energy
scale. The second nearest neighbour has the same hopping-distance in every direction, and we denote

it as ¢ = t;,. Thus, the Hubbard Hamiltonian of the two dimensional square lattice is

H==t S dl =t S & e, +US iy, (5.9)
(). (i) i
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Figure 5.3.: Density of states (DOS) (left) and Fermi-surface (right) of the 2D-Hubbard model. At the
top for various values of p at ¢ = 0t. At the centre and bottom for various values of t’ at
p =0 and p = evu, respectively.
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All in all there are, thus, four parameters ¢, ¢, U and p which can be tuned. However, a simultaneous
rescaling of all of them leaves the system invariant, which justifies our ad hoc choice of t as energy
scale. The non-interacting part of this Hamiltonian can be computed analytically, resulting in the

single-particle dispersion
e(k) = —2t (cos(ky) + cos(ky)) — 4t cos(ky) cos(ky) — p, (5.10)

in which we included the chemical potential p. This dispersion relation exhibits saddle points at
(0,£7) and (4m,0) (which are pairwise equivalent due to the 2m-periodicity) leading to logarithmic
van-Hove singularities in the non-interacting density of states at the energy eyg = 4t' — i as shown in
figure 5.3. This figure 5.3 a;so displays Fermi-surfaces for different parameter sets of p at ¢ = 0¢. In
the half-filled case (i.e. u = 0t), the Fermi-surface is a perfect square, in which the connection of the
points (7,0), (0,7), (=, 0) and (0, —7) leads to a perfect nesting. This means that the same vectors
k = (m,m) and k = (7, —7) correspond to a mapping between large segments of the Fermi-surface.
Moreover, the four segments of the Fermi-surface touch each other at the van-Hove points, which
leads to a large number of free states around these points. When the electron density is reduced,
the Fermi-surface moves away from the van-Hove points towards the I'-point and becomes a smooth
curve. The straight lines, which lead to the perfect nesting, slowly fade away, and hardly any remaining
contribution can be identified for a filling below one quarter, where the Fermi-surface is almost a circle
around the I'-point. The Fermi-surface behaves similarly, when the electron density is increased above

half-filling with the difference that it moves towards the (7, 7)-point and forms a circle around this.

If ¢/ is varied and the chemical potential is fixed by u = 4t so that the van-Hove points are always
an element of the Fermi-surface, the Fermi-surface bends towards the I'-point for ¢ < 0 and to the
(7, m)-point for ¢ > 0, while it maintains its linear feature close to the van-Hove points (see fig. 5.3).
When the two-particle interaction is perturbatively calculated for the van-Hove filling, the particle-
particle channel diverges as log;2 at s = 0 and as log at s = (m,7), while the particle-hole channel
as log diverges at t = 0 and as log at t = (m,7) either for ¢ # 0 or as log? for ' = 0 [61]. As
these multiple divergences indicate a competition between different orders, we investigate the case of
the van-Hove filling in more detail. As a side effect the only free remaining parameter is the second

nearest neighbour hopping t'.

5.2.1. Phase Diagram of the 2D-Hubbard Model

In our calculations we chose U = 3, as the calculation of the 2D-Hubbard model aims at comparing
our results with previous ones (see [2, 67]), and we vary t’ in the range of [—0.45¢, 0¢] while maintaining
the van-Hove condition for the chemical potential p. This means that, in the extreme cases, the system
is almost empty for ¢’ = —0.45¢ or half filled for ¢’ = 0¢. The calculations were performed for various
values of ¢ within this range for static vertices at T = 0 with the full vertex (cf. eq. (3.280)) while
exploiting the Cyy-symmetry of the lattice. The initial scale was chosen as Ag = 60t and the flow
continued until the largest vertex entry exceeded a value of VAe = 70, which resulted in the critical

scale A..

The A, — t'-phase diagram of the two-dimensional Hubbard model which is calculated on a rather
coarse 12 x 12 lattice for the vertex and a 180 x 180 lattice for the propagator pair (this kind of setup
is exemplarily shown in figure 4.2). An analysis of the full momentum vertex structure at this critical

scale in the way as described in section 5.1 reveals three different phases: For small values of —t' (i.e.
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Figure 5.4.: Phase diagram of the 2D-Hubbard model based on the vertex with a full momentum
parametrisation.

—t' < 0.2t) the vertex divergence occurs for an ordering vector of Q = kg — k3 = (m,m) and at the
same time with about half the value for Q = ki — ks = (m, 7), indicating a divergence in the C- and
the D-channel, respectively. In a drastic simplification this feature can be regarded as a broadening of
a vertex consisting of delta-functions as V(k1, ka; ks) = 7/4(20k,—ky,0 + Ok1—ks,@), Which is matched
by an effective antiferromagnetic spin-interaction of the form J (i,3) eiQ(RZ’R"')SiS’j with uniform
Heisenberg-interaction J [104]. Thus, we obtain a phase with a long range antiferromagnetic ordering
by a vector Q = (m,m) for small values of —t/. This ordering vector is exactly the perfect-nesting
vector described above, which connects a large number of states at the Fermi-surface with each other.
As the Fermi-surface bends away from the perfect nesting when —t' is increased, the critical scale
decreases. However, the antiferromagnetic phase remains intact, although a thorough analysis shows
that the ordering vector moves slightly away from the perfect-nesting vector Q. This is due to the
effect of the Fermi-surface bending, which leads to a set of vectors with a similar length and with a

similar direction which map the Fermi-surface to itself.

In an intermediate range of values for —t', i.e. 0.2t < —' < 0.34t, the dominating phase changes.
The vertex at the critical scale in this phase has a divergence at ki + k2 = (0, 0), that is in the pairing
channel with zero-momentum transfer, which indicates a superconducting ground state. When the
incoming wave-vectors and the outgoing ones are close to the same saddle-point (+, 0) of the Fermi-
surface, the interaction is attractive, while it is repulsive, when the momentum pairs are at different
saddle points. As this change of sign is represented by a d>_2-symmetry, this correspondingly
indicates a d,2_>-wave pairing. This can be described by an effective Hamiltonian of the form Vysc =
> kk d(k)d(k/)éL,Téik,ié,kiém with d(k) = do(cosk, — cosk,). When —t' is increased within this
region, the critical scale indicating the onset of this d-wave superconducting ground state decreases

by at least one order of magnitude to A, ~ 1073 ¢.

Beyond the range of this region another phase appears at —t' & 0.34¢. The vertex at this point
turns into a state which diverges at k3—k; = (0,0). This corresponds to the vertex in the C-channel
parametrisation, and thus indicates ferromagnetic order. The critical scale exhibits a drastic decrease

between the FM and the dSC phase, which is argued to originate from a competition between these two
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Figure 5.5.: Phase diagram of the 2D-Hubbard model calculated in this work in comparison to results
obtained by others, i.e. Honerkamp [150], Husemann (’09) [67], Husemann (’12) [114] and
Lichtenstein [2]. The critical temperature obtained by Honerkamp is directly compared to
the critical cut-off scales of the other references, revealing the divergence appearing at similar
scales, such that a comparison of both properties is reasonable. Further, the critical scales
obtained in our calculation are in good agreement with those obtained in the presented

works.
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Figure 5.6.: Convergence of the TUFRG approach for the 2D-Hubbard model with an increasing number
of shells towards the full momentum space result. According to section 4.2 0, 1, 2, 3, 4, 5, 6
shells correspond to 1, 5, 9, 13, 21, 25, 29 form-factors, respectively.

orders which exclude each other. The van-Hove singularities on the one hand lead to a log? divergence
of the Cooper pair scattering, while, on the other hand, the logarithmic divergence of the density of
states supports ferromagnetic tendencies. As these processes have opposite signs, they suppress each
other [104]. While this point is under the debate of being a quantum-critical point [124, 149], our

results, in agreement with the observation by others [67, 2], do not support this.

We compare the data obtained by our FRG approach in figure 5.5 with those obtained by other FRG
calculations based on the exchange parametrisation [67] or on the N-patch scheme [150], which used
the static approximation, too. One can see that the three different approaches reveal good agreements
among each other. However, the behaviour of our approach differs in the indicated transition value
of ¢’ from the other ones due to a reduced number of investigated t' values. We further attribute

differences and especially the discrepancy in the FM region to the coarse momentum resolution.

159



5. Application to the Hubbard Model

5.2.2. Convergence of the TUFRG Approach

The TUFRG approach should result in the same phase diagram as the conventional full FRG case,
when the basis sets have the same size, that is the number of form-factors are equal to the number of
points which discretise the Brillouin zone. As calculations with such a large number of form-factors
are not feasible due to the O(niyp)-scaling, we investigated the convergence by increasing the number
of form-factor shells taken into consideration, by starting with the on-site one going up to the sixth
form-factor shell, which are 29 form-factors according to the C4,-symmetry of the lattice. Hence,
the form-factors correspond to those displayed in table 4.2 and to those created for longer ranged
bond-vectors in the same way. These calculations were performed on a coarse lattice of 45 x 45 points
for the interactions and a on refined lattice of 1125 x 1125 points for the dual propagators, while the
initial scale and the critical vertex value were chosen as above. In figure 5.6 one can see that the
zeroth shell TUFRG is not capable of reproducing the results of the full vertex calculation in the
d-wave SC-phase. This is due to the missing d-wave form-factors, which only come into place with
the first shell of form-factors. When these first shell form-factors are included, the TUFRG already
reproduces the full vertex result of the previous section very well. If even more form-factor shells are
taken into consideration, there are hardly any changes of the critical scale in the AFM-phase. In the
dSC and FM part of the diagram there are always shell-ranges with almost identical critical scales.
Therefore, we only observe a change in the critical scale in the SC-phase when moving from the third
to the fourth form-factor shell. However, there is already a change from the first to the second shell
in the FM-region and another one from the third to the fourth shell, each of them decreasing the
critical scale. This most significant change which appears at the transition between the SC- and the
FM-region is expected, as an increased number of shells improves the resolution of both competing

orders.
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5.3. The Isotropic 3D-Hubbard Model

In this section we consider the isotropic three-dimensional Hubbard model described by the Hamil-

tonian

H=—t ) 0,6, +UD iy, (5.11)
7

(i,3),0

with the corresponding dispersion relation
(k) = =2t (cos(ky) + cos(ky) + cos(k.)) — . (5.12)

The corresponding Fermi-surface at half-filling can be regarded as tubes along the three coordinate
axes, which are smoothly connected by a bending Fermi-surface (see fig. 5.7). The density of states
(fig. 5.7, right) has a plateau for [—2t,2¢], while it has a tangent-like increase (decrease) for below
(above) this part, revealing a discontinuity at the connecting point ¢ = —2¢ (¢ = 2¢). Due to the
curved character of the Fermi-surface and the absence of singularities in the density of states, there
is no hint towards any perfect nesting. For a TUFRG treatment the form-factors correspond to those
generated by the algorithm presented in section 4.2 and displayed in table 5.2, as the corresponding
simple-cubic lattice belongs to the Oy-point group. We remark that large parts of the TUFRG analysis
of the three-dimensional Hubbard model, which are presented in the following part of this section, are
published in reference [151].

5.3.1. Half-Filled Hubbard Model

Using the nearest neighbour form-factors for TUFRG calculations with SU(2)-symmetry and a
momentum mesh of 162 with a refinement of 352 for the propagators we calculated the phase diagram
of this 3D-Hubbard model at half-filling for the interactions of 0¢ < U < 5¢. For the whole range
of parameters we observed a transition to an AFM ground state with the ordering-vector (7, 7),
as exemplarily shown for U = 1¢ by a line-scan in figure 5.8. The critical scale tends to A, = 0¢
for U ~ 0t and increases parabola-like with the interaction strength (see figure 5.9). While other
methods obtain a Néel temperature for the phase transition, we treat the critical scale as an effective
temperature. A comparison of published results in references [150] and [67] shows that the critical

scales have values of the same order of magnitude as the critical temperature, which justifies a direct

o T
| 0.2
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‘ < 0.1 =
—n'\\\ |
I —6 0 6
0 \\\\
o e(t)

Figure 5.7.: Fermi-surface of the three-dimensional Hubbard model at half-filling (left) and at u = —2t
(centre) and the density of states at half-filling (right).
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Name Shell Momentum Space Representation
s 0 const
ext. s 1 cos(ky) + cos(ky) + cos(kz)
dy2_y2 1 cos(kg) — cos(ky)
d2 1 —cos(ky) — cos(ky) + 2 cos(k;)
Da 1 sin(ky)
Py 1 sin(ky )
D2 1 sin(k.)
3 2 cos(k,) cos(ky) + cos(k;) cos(k,) + cos(ky) cos(k)
gy 2 sin(ky) sin(ky)
d.T,z 2 Sln(k,) sin(kz)
dy. 2 sin(ky ) sin(k,)

Table 5.2.: List of form-factors f;(k) used for the calculations. For the calculations of the A. vs. U-phase
diagram at half-filling in section 5.3.1 only the first seven ones were used, which correspond
to the on-site and the nearest neighbour form-factors were used, while for the phase diagram
of the doped system in section 5.3.2 the full list was used, including some second nearest

neighbour form-factors.

Ve /10

U=1t

40

R X T X M T R X

Figure 5.8.: Linescan along the high-symmetry lines connecting I' = (0, 0,0), X = («,0,0), M = (7, m,0)
and R = (m,m, m) for the final vertex projected to the form-factor resolved C-channel (left)
and the P-channel (right) at half-filling for an initial interaction of U = 1¢.
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Figure 5.9.: Phase diagram of the half-filled three-dimensional Hubbard model. The critical scale A. ob-
tained in this thesis (TUFRG) indicates a transition to an AFM ground state with (7,7, )
ordering. This result is compared to the Néel temperature indicating a corresponding phase
transition obtained by other methods, i.e. spin-fluctuation corrected Random Phase Approx-
imation (RPA) [34, 152, 153], Dynamical Mean Field Theory (DMFT) [154], Dual Fermion
(DF) [154], Quantum Monte Carlo (QMC) [155], Dynamical Vertex Approximation (DI'A)
[156], Determinantal Diagramatic Monte Carlo (DDMC) [157] and Dynamical Cluster Ap-
proximation (DCA) [158].

comparison. However, this is still a hand waving argument so that we rather focus on the shape of

the transition curves.

The limit of weak interactions of this model is well described by a perturbative treatment of the
relevant charge-pairing channel, which results in a Stoner condition for the corresponding divergence
[152]. Freericks et al. [153] showed that a division of the critical temperature Tx by 3 can account for
local contributions of the pairing channel [34]. The corresponding behaviour is well reproduced by our
TUFRG results (see also the inset in fig. 5.9). However, the TUFRG has a slightly larger curvature
leading to a transition at smaller critical scales for semi-weak interactions (1.5t < U < 4¢), which
is caused by the full inclusion of the other channels. The shape of the TUFRG curve also fits well
to the one of the density functional theory (DMFT) [154] and to the one of the dual fermion (DF)
approach [154] for semi-weak interactions. In the U ~ 0¢ limit the negligence of non-local correlations
in DMFT leads to an overestimation of the critical scale in comparison to RPA. At U = 4t the
critical scale A. of our method is in good agreement with the critical temperatures obtained by
quantum Monte Carlo (QMC) [155] and by the dynamical cluster approximation (DCA) [158]. For
stronger interactions U > 4t the TUFRG method overshoots all the other results similar to RPA. In
order to understand this we first regard the limit of strong interactions, where the three-dimensional
Hubbard model becomes the Heisenberg model with J = t*/u and the Néel temperature approaches the
Heisenberg limit Ty = 3-83t/u [159, 160]. While this magnetic ordering temperature decreases, a metal-
insulator transition can be observed [155] at a higher transition temperature for U = 12¢, leading to
an excitation gap for the magnetically disordered phase. Thus, the Néel temperature increases from
both sides towards intermediate interactions, where a maximum of it is reached going along with a
pseudo-gap like behaviour [161]. These observations reveal that frequencies and especially self-energy
effects play a crucial role in the phase diagram of the three-dimensional Hubbard model beginning at
intermediate interactions U ~ 4t¢. As those effects were neglected by our TUFRG approach and in

the RPA, both methods are expected to fail in the corresponding parameter range. Contrary, they
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Figure 5.10.: Phase-diagram of the three-dimensional Hubbard model upon doping. For p < 0.8¢ the
flow did not converge within the precision range provided by our resolution, indicated by
a horizontal dashed line. An investigation of the resulting vertex at the final scale and of
the increase of the channels during the last steps of the flow lead to the indicated ordering
tendencies in this range of parameters.

are explicitly included in the other methods. In addition, RPA and FRG are known to work well only

for the weak and for the weak to intermediate interacting regimes, respectively.

Summarising these results yields that the TUFRG without self-energy effects provides good results
for a weak interaction strength U < 4¢, and the critical scale corresponds well to the Néel temperature

of the isotropic Hubbard model.

5.3.2. Doped 3D-Hubbard Model

According to the previous results the TUFRG is capable of a rigorous investigation of the effect of
hole-doping on the ground state of the Hubbard model at U = 4¢. Upon corresponding doping the
tubes of the Fermi-surface along the axes become smaller until they completely close at = —2t (see
fig. 5.8). At this value the Fermi-surface has exactly the same square shape in the x =0-plane as in the
half-filled two-dimensional Hubbard model, thus revealing perfect nesting conditions for vectors of the
form (0,+m, 7). The same applies for the other planes orthogonal to the axes with corresponding
alternative nesting vectors. The density of states for u = —2t is exactly at the discontinuity which

indicates the beginning of the plateau.

For the calculation of the phase diagram we used two shells of form-factors of the Oy point group
(see table 5.2) and a momentum mesh of 142 points, refined by 35% points for the propagators, which
was limited by the granted computation time. Based on this we estimated the energy resolution to be
of the order of @(107?) so that the flow is stopped at this scale, if no divergence (i.e. VX > 30¢) has
occurred before. Thus we observe a transition for p > —0.7¢, while the resolution does not allow to
obtain one for smaller values of the chemical potential. Despite the limited resolution we investigated
the two-particle interaction in the different channels at the end of the flow for all calculations and,

thus, observed three different ground state phases (see fig. 5.10).

At half-filling the system is in an AFM state with the ordering vector (,m,7), as discussed in the
previous section. For a weak hole-doping (—0.5¢ < p < 0.0¢) this AFM order becomes incommensu-

rate, as the main peak moves along the Brillouin-zone surface-planes towards their centre, that is it

164



5.3. The Isotropic 3D-Hubbard Model

VA (¢, =)

s

Ve 1, =)
T 50
/2 40
2 0 30 >
/2 20
10
—T

—r—-r/2 0 w/2 =
t

xr

Figure 5.11.: The s-wave form-factor contribution of the full vertex at the final scale A, projected to the
C-channel is displayed in the z = m-plane for p = 0.0¢ (left) and p = —0.4¢ (right). The
AFM nesting vector (m,m,7) splits up and becomes incommensurate upon doping, and,
thus, moves along the (z, 7, 7) and along the (7, y, ) lines.
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Figure 5.12.: Linescan along the high-symmetry lines connecting I' = (0,0,0), X = (7, 0,0), M =
(m,7,0) and R = (m,m,7) for the final vertex projected to the form-factor resolved C-
channel (left) and to the P-channel (right) with u = —0.6¢.

moves along the x =y =m-axis from z = 7 to z = 0, as displayed in figure 5.11, and correspondingly for
the other axes. At half-filling one can always find a vector of the form (7,7, 7) mapping one segment of
the Fermi-surface to another one. Upon doping the Fermi-surface changes, so that a mapping is only
possible for the corresponding vectors of the form (7, 7,7+ ¢€), with € being the difference with respect
to the perfect nesting. While this phase transition is observed at critical scales Ac/t &2 1072 — 1071,
this critical scale drops by three orders of magnitude to 107°, when the chemical potential is further

decreased.

In the doping range of —0.9¢ < pu < —0.5¢ we observe the divergence of the flow in the d,2_ .-
pairing channel for s=0, leading to a corresponding ground state (see fig. 5.12). In the doping range
of —1.3t < p < 0.9t no divergence was reached, but we observed strong pairing fluctuations in the
very same channel. In this region we assume a tendency to this superconducting ground state, as
the increase of this contribution is one order of magnitude larger than the AFM one, although the
largest coupling at the end of the flow was observed in the AFM channel (see fig. 5.13 and 5.14). As
the form-factor of this SC-state belongs to the same irreducible representation as the d2_,2 one, a
similar behaviour should be observed for the latter one, as their coupling strengths are related by a
constant factor. Correspondingly, in figure 5.12 (right) a peak in this form-factor can be observed
with a significantly weaker strength. As the relation between these two couplings roughly remains

constant throughout the flow, until the divergence is approached, we assume that the numerics can
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Figure 5.13.: Full vertex at the final scale A, projected to the C-channel (left) and to the P-channel (right)
for 4 = —1.0t. For the C-channel the s-wave contribution is shown in the z = w-plane,

while the ds,2_,2 form-factor contribution in the z = 0-plane is shown for the P-channel.
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Figure 5.14.: Largest attractive and repulsive increments of the different chantices (i.e.
maxi,s(d/dAPz/}i(s)), maxi_t(d/dACf}i(t)), maxi,u(d/dADﬁi(u)) and similarly for |min|)
for p = —1.2¢ (left) and p = —1.4¢ (right), indicating a tendency to SC and AFM order,
respectively.
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Figure 5.15.: The s-wave form-factor contribution of the full vertex at final scale A. projected to the
C-channel for ¢ = —1.8¢ in the z = m-plane (left) and in the z = 0-plane (right).

not provide this relation close to a phase transition. If we take a look at the channel corresponding to
the AFM instability, the corresponding incommensurate ordering tendency can still be observed (see
fig. 5.13, left), while the tendency towards (m, 7, 0) ordering vectors continues. However, the coupling
strength of this ordering is smaller than the superconducting one and has a lower increase during the

last steps, so that it is suppressed compared to the favoured SC state.

However, for an even stronger hole-doping of —2¢ < pu < —1.3¢ this incommensurate AFM-phase
dominates over the superconducting one with a set of AFM ordering vectors of the type (7,7, ¢€) in
every direction (see fig. 5.15). As the Fermi-surface at u = —2¢ corresponds to the perfect nesting
two-dimensional one in every plane, the nesting vector becomes (m,7,0), exactly as expected. The
observed incommensurate AFM order for a filling away from this is, therefore, also in good agreement
with this expectation, as the Fermi-surface bends to the outside and thus requires a corresponding

adaptation of the ordering vectors.

The results are in good agreement with those of Scalapino and co-workers [162] who investigated
the doping of the simple cubic three-dimensional Hubbard model based on the spin-fluctuation theory.
Their results revealed a spin-density wave state for the para-magnon propagator for p > 0.8 ¢, which fits
to the AFM state we observed. In the region below they observed a d,2_,2- or a ds.2_,2-pairing until
i~ —2t, where the system changes to a d,,-pairing. While we observed the same d-wave ordering for
—1.3¢ < pu < —0.8¢, we observed a (m,m, 0)-AFM state for —2¢ < p < —1.3¢. On the one hand, our
flow did not diverge into a final state in this parameter region. Thus there exists the possibility that we
might have missed the appearance of this phase-transition. On the other hand, in the spin-fluctuation
theory used by Scalapino et al. [162] the interaction is calculated in a diagrammatic RPA-like fashion
which only includes singlet and triplet electron-hole diagrams. Moreover, the coupling constants are
calculated by Fermi-surface integrals. Our TUFRG approach, however, contains all diagrammatic
channels in an unbiased way and their inter-channel couplings. At the same time a fine resolution
of the full Brillouin zone is used for the integration, so that no possible contribution may be missed.
Hence, the results are assumed to be trustworthy. However, an analysis with an improved resolution
would still be of interest to confirm if the phases we extrapolated from the vertex at the end of the

flow form the actual ground state phase.
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5.4. Non-Isotropic 3D-Hubbard Model

As described in section 5.2, the layers of atoms arranged on a square lattice are the active parts lead-
ing to superconductivity in iron- or copper-based SCs. Therefore, approaches considering only these
two-dimensional sheets are quite successful in describing the relevant pairing mechanism. However,
these layers are embedded in a three-dimensional solid, which influences the tendency to superconduc-
tivity. Some previous studies compared the Hubbard model with second nearest neighbour hopping
on a two-dimensional square lattice and one on a three-dimensional simple cubic lattice which were
either based on a phenomenological spin-fluctuation theory [163] or on the fluctuating exchange ap-
proximation [164] or on the mean field theory [165]. In the phenomenological theory it was shown that
the critical temperatures in 2D as well as in 3D are similar, when the parameters are scaled by the
bandwidth. In the other two studies it was observed that the transition temperature to a d-wave SC
state is significantly larger in the two dimensional case than in the three dimensional one. Moreover,
these two studies revealed a tendency to a singlet d-wave superconductivity close to the AFM phase,

which is stronger than a triplet p-wave SC order in the proximity of FM order.

While these results are consistent the studies only consider an isotropic setting. As the inter-
plane-hopping between the active layers of the superconductors will, of course, be smaller than the
intra-plane-hopping the investigation of anisotropic 3D-Hubbard models is of interest. Therefore, we

model the system by the extended anisotropic Hubbard Hamiltonian

H=- Z tz‘j(ézoéj,a + é},aéi,u) - Z t;j(éz,aéj,o + éjgém) + Uzﬁmﬁi,p (5.13)
<i,j>,0 Li,j>,0 i

where, again, <> denotes nearest neighbours (NN) and <> denotes next nearest neighbours (NNN).

The hopping parameters are chosen to be

t for i,7 NN in z-y-plane t'  for i,7 NNN in z-y-plane

by = t
t, for ¢, NN along z-axis Y ', for i, NNN in z-z- or in y-z-plane,

(5.14)

thus resulting in the dispersion relation

e(k) = —2t(cos(ky) + cos(ky)) — 2t cos(k.)
— 4t cos(ky) cos(ky) — 4t (cos(ky) cos(k) + cos(ky) cos(k.)) — . (5.15)

which has a bandwidth of 4t +4¢' + 2t + 8t/,. This set of parameters enables an activation of the third
dimension by increasing ¢, and ¢,. This means that, on the one hand, the two-dimensional Hubbard
model discussed in section 5.2 is again obtained for the choice of ¢, =0t and ¢, =0¢. On the other
hand, the extended isotropic 3D-Hubbard model is obtained for ¢, =¢ and ¢, =¢', which becomes the

model discussed in section 5.3 for a vanishing second nearest-neighbour hopping, that is for ¢’ =0¢.

This approach of ¢, and ¢, as parameters simulating the three-dimensional character is justified,
as they represent the overlap of Wannier orbitals? of different layers stacked in the z-direction. As
a rough estimate, the relation between the zy-lattice parameter a and the distance a, between two

layers in z-direction correspond to the relation between t and ¢,. If the planes are close to each other,

2The type and orientation of the orbitals is, in general, of importance. As this can be included in the considerations
by an additional scaling factor we only, for simplicity, discuss the isotropic orbitals, that is s-orbitals.
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that is @ > a,, then the orbitals have a large overlap, leading to an enhanced electron mobility in the
z-direction t < t,. Therefore, t, > t corresponds to a transition from the three- to the one-dimensional
Hubbard model [166]. If the distance of one atom to its neighbours in z-, y- and z-direction is similar,
that is a = a., then the orbitals have a similar overlap, resulting in the isotropic case t ~ t,. Finally,
if the two layers are further away from each other, that is a < a., then the orbitals in the z-direction
have a small overlap, resulting in a reduced mobility in the z-direction compared to the one within

the zy-plane, that is ¢t > ¢,.

In the case of copper-based superconductors the bonds in the square-plane are formed by oxygen p-
orbitals and by copper d-orbitals, which are directed within the planes and therefore only have a small
extent in the z-direction. Hence, these materials are described by a parameter setting corresponding
tot >t,.

Daré et. al. [167] investigated the anisotropic d-dimensional Hubbard model for ¢ =t/ =0t at
half-filling with a two-particle self-consistent approach based on RPA and derived scaling laws for

the transition to the AFM state with the d-dimensional ordering vector Q = ().

The resulting
critical exponents are the same as the n — oo-limit of the O(n) classical model. However, as the
perfect nesting in two dimensions leads to an exponential increase of the correlation length instead of
a power law in terms of temperature, the transition from 2D to 3D was only considered for a quasi
two-dimensional system with ¢, < t, i.e. £, < 0.1¢t. In this case, the authors observed a regime
in which the phase transition occurs, before the movement of single particles between the planes is

possible due to thermal fluctuations, as t, < Tx.

In a FLEX based study, Takimoto and Moriya [18] considered the transition of the extended Hub-
bard model from two dimensions to three dimensions by varying the anisotropic parameter ¢,, which
is in the range [0.1¢, 0.8¢], for various electron densities below the half-filled one. The next near-
est neighbour hopping in the zy-plane was fixed to ¢ = —0.2¢, while the anisotropic next nearest
neighbour hopping was accordingly scaled as ¢, = ¢, - ¢/. In this setting, in good agreement with
the differences between the pure 2D- and 3D-phases mentioned above, the d-SC-phase is gradually
suppressed, when the hopping in the third direction ¢, is increased, while the Néel temperature for
the AFM-phase close to half-filling increases. However, the d-SC-phase turns into an incommensurate

SDW-phase, which, for small anisotropies of ¢, ~ 0.3 ¢, coexists with the SC order.

With our calculations we aim at extending the parameter range covered for the transition between
the 2D- and the 3D-Hubbard model, and we investigate the importance of the features of the Fermi-
surface in the zy-plane. For that purpose, we fix the chemical potential to fulfil the two-dimensional
van-Hove condition in the (k, =0)-plane, that is u = 4¢’ — 2¢,. At the same time we vary both, ¢/
and t,, and consider first a vanishing ¢, (cf. sec. 5.4.1), and second a scaled one ¢, =t -t (cf. sec.
5.4.2) in the same way as Takimoto and Moriya did [18]. Thus, only ¢’ and ¢, remain as independent

parameters which have to be varied, resulting in the the electron densities displayed in table 5.3.

5.4.1. The t,, = 0-Phase Diagram

We investigate the range of t' € [—0.5¢,01¢] like in section 5.2 and simulate the increasing influence of
the next plane by varying ¢, over two orders of magnitude, that is ¢=/: € {0.01, 0.05, 0.1, 0.5}. For some
parameter combinations the Fermi-surface of the non-interacting system is displayed in figure 5.16.
Upon variation of ¢’ the Fermi-surface changes for all ¢, values in the (k. =0)-plane in the same way as

described in section 5.2. For small values of ¢, this shape of the Fermi-surface is basically maintained
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Figure 5.16.: Fermi-surfaces (left and middle column) and energy maps in the (z = m)-plane (right
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column) of the non-isotropic Hubbard model. The anisotropy increases from top to bottom
corresponding to t=/+ = 0.01, 0.05, 0.1, 0.5. For t. = 0.5, i.e. in the lowest row, the next-
nearest neighbour hopping is t. = 0t (left) and ¢’ = —0.24¢ (centre and right) while in
the other three cases it is set to ¢’ = 0t (left) and ¢’ = —0.45¢ (centre and right). When
t' = —0.24 ¢ is further increased for t. = 0.5¢, the Fermi-surface does not reach the (z = )-
plane any more. Similarly, for ¢, = 0.1¢ and ' = —0.45¢ the Fermi-surface only reaches
the point (0,0, ).



5.4. Non-Isotropic 3D-Hubbard Model

t' t.
0.01¢ 0.05¢ 0.1t 0.5t
0.0t 0.98 0.93 0.90 0.64
0.01¢ 0.89 0.86 0.81 0.55
0.015¢ 0.85 0.81 0.76 0.49
0.02¢ 0.82 0.77 0.71 0.42
0.024¢ 0.78 0.72 0.67 0.37
0.026 ¢ 0.76 0.70 0.66 0.34
0.028¢ 0.73 0.68 0.62 0.31
0.030¢ 0.71 0.66 0.59 0.28
0.032¢ 0.68 0.63 0.58 0.26
0.034 ¢ 0.66 0.59 0.53 0.23
0.036¢ 0.63 0.56 0.50 0.21
0.040¢ 0.56 0.49 0.42 0.16
0.045¢ 0.44 0.33 0.23 0.09
0.050¢ 0.0

Table 5.3.: Electron densities for ¢, = 0t and the various parameter sets ¢’ and t.. The electron densities
in the case of ¢, # 0 are almost identical.

t,=0.01t t,=0.1t t,=0.5t
0.75 - 1 1 .
v 0.50 A g g
o
[a]
0.25 - 1 1
0.00 e e .
-3 0 3 6 9 8
e(k)/t e(k)/t e(k)/t
— t'=0.0t t'=-0.15t t'=-0.26t t'=-0.34t —— t'=-0.45t
—— t'=-0.1t t'=-0.2t t'=-0.3t —— t'=-0.4t —— t'=-0.5t

Figure 5.17.: Density of states (DOS) for t=/+ = 0.01, 0.05, 0.1, 0.5 from left to right and for various
values of t'.

along the k,-direction, although the edges originating from the van-Hove condition become rounded
and slightly move inwards. For increasing values of ¢, the Fermi-surface moves further inwards along
the k,-direction. Thus, the Fermi-surface has a square-shape in the (k, =m)-plane for ¢, = 0.1t over
the whole range of values of ¢, while for ¢, = 0.5¢ it is circular for ¢’ > —0.25¢ and closes completely

before reaching this plane for ¢’ < —0.25¢.

The density of states (DOS) for ¢, < 0.01¢ resembles the two-dimensional one (see fig. 5.3), that is
a diverging DOS at ¢ = 0t on top of a small offset resulting from the third dimension. For ¢, = 0.05¢
the DOS only features a divergence for all ¢ = —0.5¢. For small values of —t' it starts to exhibit a
plateau between € = 0t and a small € > 0t similar to the DOS of the three-dimensional Hubbard
model (see fig. 5.7). When —t' is increased, the lowest possible state is moved to higher energies by
which the corresponding shoulder evolves into a peak, so that two peaks close to the Fermi-energy
are present: One originating from the low-energy shoulder and one at € = 0¢ which dominates. For
t. = 0.1t the main peak remains at the Fermi-energy, while the peak of the left shoulder and the end
of the plateau move to larger energies, so that the left peak and the main peak merge into one for
t' = —0.45¢. For t, = 0.5t the onset of the plateau remains at € = 0¢t, but as the peak of the left
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Name Mom. Space Representation
S const
- cos(ky) + cos(ky)
dy2_y2 cos(ky) — cos(ky)
- cos(k,)
Px sin(k,)
Dy sin(ky )
D2 sin(k.)
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Figure 5.18.: Flow of the charge chantex in the on-site form-factor (C s-wave) and pairing chantex in
the p. (SC p-wave) and the d,2_,2 (SC d,2_,2-wave) form-factors towards the critical
scales. The sets of parameters correspond, from left to right, to a final antiferromagnetic
(' = 0t), d-wave superconducting (' = —0.24t), ferromagnetic (¢ = —0.4t) and p-wave
superconducting (' = —0.45t) phase as t. = 0.05¢.

shoulder moves to positive energies, the main peak remains at the Fermi-energy only for ¢’ > —0.25¢,

while it moves to values of higher energy upon increasing —t’ in the other cases.

As different ordering vectors are favourable due to the Fermi-surfaces and as a divergence of the
DOS indicates a van-Hove singularity, we expect the system to evolve into different ordered states. In
order to detect them and to resolve which is the dominant one, calculations employing the TUFRG

were performed for these parameters.

As the anisotropy in z-direction breaks some symmetries in comparison to the simple-cubic Hubbard
model (see section 5.3), this model has the point group symmetry Dy, which is, as well as the SU(2)-
symmetry, exploited to reduce the numerical costs. The form-factors belonging to this point group are
displayed in table 5.4, where the similarity to those of the V4, group can clearly be seen. Therefore,
we are able to use 21 momenta in each direction for the interactions and resolve the dual propagator
integrals on a mesh of (21-11)% ~ 12.3-10% momenta in a static TUFRG calculation with an Q-cut-off.
The flow is started with an initial interaction of U = 3t at Ag = 100¢, and it is stopped, when one

vertex entry exceeds the value of V.4 = 70¢, signalling a divergence.

During the flow to low scales we keep the maximal values of the chantices for all form-factor
combinations under surveillance. As we observed that those with unequal form-factor indices are
significantly smaller than those with equal ones, we focus on the latter ones. In figure 5.18 we display
the corresponding maximal values of the vertex with equal form factors for four different parameter
sets, which represent the four possible orderings we observed in the calculations. During the flow,
the on-site C-channel chantex starts to increase right from the beginning of the flow, but reaches a
plateau at A ~ 1t with a finite value in the order of 1¢. This behaviour displays the emergence of AFM
fluctuations and is similarly observed for all investigated parameter sets. Contrary, the behaviour at

lower energy scales differs in several ways. In some cases a further increase of the on-site C-channel
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Figure 5.19.: Phase diagram of the anisotropic 3D-Hubbard model with ¢, = 0t in two different repre-
sentations. Due to the limited numerical resolution no divergences for A. < 1075 ¢ could be
observed, so that all the corresponding cases are displayed by a critical scale A, = 9-107"¢
without a favourable ordering in the left plot. In the right plot, u as unidentified refers to
an appearance of features of different ordering tendencies at the same time, such that even
an educated guess is impossible.

chantex is leading to a divergence. In other cases, the P-channel in the d,>_,2-form-factors or in the p,-
and in the p,-form-factors rapidly increases, faster than the C-channel, so that its contribution leads
to the divergence. As these divergences occur at parameter specific values of A and as the assumption
of a weak interaction which the TUFRG is based on breaks down, the flow is stopped at this scale
which we denote as critical scale A., as pointed out in section 5.1. While the form-factor resolved
behaviour of the chantices during the flow already hints to an emerging phase which will probably
occur at the critical scale, an analysis of the vertex at A, projected to the different channels is required
to verify this phase and to obtain the ordering vector. In the case of p- or d-wave superconductivity
the ordering vector is always s = (0,0,0) in our case, while ordering vectors of the vertex in the
C-channel are located at the corner of the Brillouin zone for an AFM ordering (i.e. three-dimensional
at t = (m,m,m) or planar e.g. at t = (m,7m,2)) and at t = (0,0,0) for an FM ordering. In several
cases the vertex at the critical scale not only exhibits the feature of the dominant, but also those of

suppressed phases.

The resulting phase diagram based on the parameters introduced above is displayed in figure 5.19.
In the figure on the left we observe that the general shape of the A. — t’-curve is maintained for
t, < 0.5t at all the investigated values of ¢’ except for t' = —0.5¢ and that it resembles the one of the
two-dimensional Hubbard model (see fig. 5.4). The difference between the curves is a reduction of the
critical scale with an increasing importance of the z-direction, which is due to the reduced DOS at the
Fermi-energy. Regarding the different phases, we observe a large variety of different AFM orderings

for small values of —t’ due to the different importance of the z-direction.

First, we fix ' = 0t and note that the third dimension is less important for small values of ¢,
so that an AFM ordering vector (m,7, z) exists for all values of k., which is denoted as the xyafm-
phase (see fig. 5.20, first row). This results from the Fermi-surface which basically is a tube with
the characteristic square-like shape in the xy-plane enabling perfect nesting. We further note that
the critical scales for the onset of the AFM-phase are significantly larger than t,, as A, ~ 0.18¢ for
t, = 0.01¢t. These observations for weak interactions are in good agreement with the suppressed

hopping in z-direction, as pointed out by Daré [167].
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When the z-direction becomes more important (¢, = 0.1¢), the Fermi-surface bends further away
from the perfect nesting condition towards the surface of the Brillouin zone, so that the perfect nesting
is only possible close to the (k,=0)-plane. Therefore, we only observe a divergence in this plane (see

fig. 5.20, first row) and denote this phase as xyOafm-phase.

Next, we consider small finite values of —t' and note that the xyafm-order which was observed for
t' = 0t is preserved, before the d-wave pairing becomes dominant when ¢, is small. However, for
t. > 0.05t between the xyafm or the xyOafm order and the d-wave SC order a three-dimensional
incommensurate AFM order (iafm) becomes dominant (see fig. 5.20, first row). This results from the
fact that, on the one hand, already small finite values of —t’ lead to a bending of the Fermi-surface
within the zy-plane and that, on the other hand, the values of ¢’ cause an additional bending in the
z-direction. Thus, the perfect nesting is no longer fulfilled for (7,7, 2) or (m, 7,0 + €), but instead
a nesting of (7 + €, 7 + €, m) becomes favourable, similar to the doped 3D-Hubbard model (see sec.
5.3.2), which agrees well with the observation of reference [18]. The phase diagram (cf. fig. 5.19)
suggests that, in comparison to the xy(0)afm-phase the critical scale is enhanced for this phase, so
that we assume a three-dimensional AFM ordering with the ordering vector (m,, ) suppressed by

the dominant two-dimensional density of states with a corresponding perfect nesting.

When —t' is further increased, a broad range of d-wave SC appears as a divergence of the P-channel
based on d,2_ »-form-factors (see fig. 5.20, second row), which starts at smaller values of —t" and at
lower critical scales A, when ¢, is increased. These smaller values of A. are due to the reduced DOS
with increasing values of ¢, at the Fermi-surface. As AFM SDW appear at larger scales A of the
flow, this SC instability is driven by them. At the final scale features of the incommensurate AFM
order can still be observed, of which the ordering vector moves further away from (r,, ) towards
(0,0,7) (see fig. 5.20, second row). This can also indicate a coexistence of AFM order and of d-wave
SC order in this range, as observed by Takimoto et al. [18]. The transition to the d2 — y? symmetry
goes along with a reduction of the Cy4, symmetry in the zy-plane to Cay, as a rotation of 7/2 results
in a global minus-sign. In the phase diagram we further observe that the d-wave superconductivity
tends to very small values of A, for ¢’ = —0.34¢, which are beyond our momentum space resolution.
At these points we can only take the flow of the chantices in the form-factors in which we expect
the divergence and the interaction at the final scale, and then make an educated guess on the final
dominant phase. This is done for the non-diverged flow in the right plot of figure 5.19. For some
parameter sets the arguments indicating the possible phases are exemplarily shown in table 5.5 and
in more detail, including the corresponding figures, in appendix C. When the indications towards
two different phases are comparable, we denote this as w in figure 5.19. Although we observe an
incommensurate AFM phase in several cases, there might still appear a d-wave SC one, as this phase

rapidly evolves during the flow.

At the critical point ¢ ~ —0.36¢ the FM phase sets in for all investigated values of ¢,, indicated by
a divergence of V¢ in the on-site form-factor for an ordering vector of (0,0,0). If ¢ is further reduced,
an FM ordering in the zy-plane is observed for ¢, = 0.01¢. This results from the Fermi-surface which
hardly changes in the z-direction, so that the FM ordering vector is independent of k,. This zy-plane
FM order is denoted as xyfm ordering. For slightly larger hopping strength in z-direction, that is
t, = 0.05¢, we first also observe an FM order when #' is decreased from the d-wave SC phase, but
at t' = —0.45t a p-wave SC order appears. As p, and p, are equivalent due to the symmetry of
the system, this ordering maintains the symmetries within the zy-plane and can be observed in Vp
corresponding to either form-factors. This p-wave pairing is in strong competition with the AFM
ordering which survived throughout the d-wave SC phase and the emerging FM phase (see figure 5.20,
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t’ I Possible Phases ‘ Observations
t, =0.05¢
—0.341¢ iafm intermediate iafm interaction,
dy2_,2-SC weaker d2_,2-pairing,
dy2_,2-channel starts to increase
—0.36¢ iafm intermediate iafm interaction,
fm slightly weaker fm interaction
t,=0.1t
—0.32¢ iafm intermediate iafm interaction,
dg2_y2-SC dy2_,2-channel starts to increase
—0.34¢ iafm intermediate iafm interaction,
fm weaker fm interaction,
p-SC, dys_,2-SC C-, p- and d,2_,2-channel start to increase
—0.36¢ fm strong fm interaction,
iafm slightly weaker iafm interaction,
p-SC p-channel starts to increase

Table 5.5.: Exemplary discussion of possible phases for calculations which did not diverge for A > 1077 ¢.
tafm corresponds to incommensurate anti-ferromagnetic ordering, p- and d-SC refer to su-
perconducting ordering with the corresponding form-factor shape, fm denotes ferromagnetic
ordering.

third row). As we did not trace the ordering vector of the chantices during the flow and as both, the
anisotropic AFM and the FM order are contained in the on-site form-factor C-channel vertex, we can
not distinguish if the p-wave ordering is driven by AFM fluctuations or by FM fluctuations, which is
the case for p-type superconductivity in the isotropic 3D-Hubbard model [164, 165]. For ¢, = 0.1¢ we
observe the same competition between incommensurate AFM, p-wave SC and the FM order which
dominates at this point (see fig. 5.20). In all cases with ¢, > 0.01t we observe a significant drop in
the critical scale for ' = —0.5¢. This corresponds to the fact that the system is empty due to the

applied van-Hove condition on the chemical potential.

Finally, in the case of t, = 0.5¢ an AFM ordering in the zy-plane could be resolved for ¢’ = 0t at a
significantly lower critical scale than in the other cases. This corresponds to the strong influence of ¢,
on the number of electrons in the system due to the van-Hove nesting condition in the zy-plane (see
table 5.3), so that the system already is heavily hole-doped. Both t., and the electron density lead
to a change of the Fermi-surface, which, therefore, has a circular shape in the zy-plane towards the
surface of the Brillouin zone. Thus, it is impossible for the same ordering vector to connect large parts
of two Fermi-surfaces, even with the help of a finite z component. As this nesting condition becomes
destroyed by increasing —t’, the critical scale rapidly drops beyond our resolution. By investigating
the chantex resolved flow to the final scale and the interaction at this end point we estimate which
phases might result if the flow is continued to even lower scales. For most parameters we obtain an
FM phase, but also a d-SC phase for ' = —0.24¢ and a p-wave SC-phase for ¢’ = —0.28 . However,
as the SC phases are driven by spin-density fluctuations, the magnetic phases may still change into
a corresponding SC one. For parameters close to t' = —0.36¢ different phases were competing with
each other, so that an educated guess was impossible. Only for # = —0.5¢ we obtained an FM phase
with a similar critical scale as observed for ¢, = 0.1¢, which is due to the fact that both show a similar

behaviour in the DOS at this point.
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Figure 5.20.: Cuts through the full vertex projected to one channel at the end of the flow.

176

First row: Visualisation of the different antiferromagnetic ordering vectors based on cuts
through the s-wave form-factor contribution of the full vertex projected to the C-channel
in the (k, = m)-plane for, from left to right, ¢/t = 0.01, 0.05, 0.1 at ¢’ = 0¢ and (right)
t. =0.1¢ at t' = —0.1¢.

Second row: For parameters t' = —0.2¢ and t. = 0.05¢ (left pair) and t. = 0.1¢ (right
pair) the cuts through the on-site form-factor contribution of the full vertex projected to
the C-channel in the (k, = 7)-plane (left in each pair) and through the d,2_,2 form-factor
contribution of the full vertex projected to the P-channel in the k, = O-plane (right in each
pair) show a dominating d-wave superconductivity and a suppressed antiferromagnetic or-
dering.

Third row: For t. = 0.05¢ and ¢’ = —0.45¢ a cut through the on-site form-factor contri-
bution of the full vertex projected to the C-channel in the (k, = 0)-plane (left), in the
(ky = m)-plane (centre) and a cut through the p,-form-factors contribution of the vertex
projected to the P-channel in the (k, = 0)-plane shows the competition between antiferro-
magnetic, ferromagnetic and the dominating p-wave superconducting order.

Fourth row: same as third row with ¢, = 0.1¢ and dominating ferromagnetic ordering.
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While we only considered a second-nearest neighbour hopping in the zy-plane and neglected the
corresponding one in the z-direction, it is physically reasonable to include it corresponding to the

upcoming section.

5.4.2. The t/, =t, -t Phase Diagram

As we initially discussed in this section, the parameter ¢, can be regarded as a measure of the
proximity of neighbouring layers. As this parameter corresponds to the overlap of orbitals directly
positioned above each other, and as ¢’ corresponds to the overlap of orbitals of second nearest neigh-
bours within the zy-plane, it makes sense to include the overlap with second nearest neighbours in
the xz- and in the yz-plane by a scaled parameter ), = ¢, - t’. In this way ¢, and ¢’ remain the two
independent parameters, when we imply the van-Hove condition on the chemical potential, that is
u = 4" — 2t, and investigate the same range of parameters as before, that is ¢ € [—0.5¢,0¢] and
t=/t € {0.01, 0.05, 0.1, 0.5}. As t/, is at least one magnitude smaller than ¢, in our parameter range,
it has almost no influence on the Fermi-surface for the quasi two-dimensional case t, = 0.01¢. In the
other cases, the influence on the Fermi-surface is small for small values of —¢t/, that is —t' < —0.32¢
(see fig. 5.21). When this threshold is reached, the ¢,-parameter leads to an increased bending in the
z-direction, resulting in a tube with square shape close to the z=m surface of the Brillouin zone. At
the same time, the inward bend of the Fermi-surface in the (k,=0)-plane is increased, resulting in a
star-like shape, while the opening in the (k, =m)-plane is enhanced. In the case of t,=0.5¢ this leads
to the formation of electron-pockets centred at (0,0, 7) (see fig. 5.21). As well as the Fermi-surface,
the DOS hardly changes for —t' < 0.32¢ and over the whole ¢’ range for the quasi two-dimensional
system. However, in the cases where the Fermi-surface changed, the DOS did so, too. In these cases
the peaks of the left shoulder and at the Fermi-surface become more pronounced when ¢/, takes larger
values (see fig. 5.22). In the case of t, = 0.1t and ¢’ = —0.45¢ both peaks are on top of each other, so
that the DOS at the Fermi-surface is significantly increased.

The phase diagram for this set of parameters is obtained in the same way as described in the
preceding subsection by an analysis of the form-factor resolved flow of the chantices and the interaction
at the final scale projected to the different channels. For ¢, = 0.01¢ the phase diagram (see fig. 5.23)
equals the one of the previous case with ¢, = 0¢ over the whole range of ¢’-parameters. Therefore
we focus in the following on the cases of t, = 0.05¢ and ¢, = 0.1¢, for which the phase diagram
resembles the one resulting from ¢/, = 0¢ for values of t' > —0.3¢, both in the critical scale A., which
are numerically almost equal, as well as in the resulting phases. For example, a cut through the vertex
at the critical scales results in figures similar to those displayed in figure 5.20, first and second row, for
the corresponding parameter sets. This can be expected, as the Fermi-surface is only slightly changed
compared to the case of ¢/, = 0t. Therefore, the same AFM fluctuations arise and drive the system

into an AFM or d-wave SC phase.

In the region of ¢’ ~ —0.3t we observe an increase in the critical scale, at which d-wave pairing
appears. On the one hand, the Fermi-surface in the (k, =0)-plane is linear in the proximity of k. =0
while, on the other hand, it is less dependent on k, and k, close to k, =n compared to the case of
t’, = 0t, while the Fermi-surfaces in the (k, =0)- and (k, = 7)-planes maintain their quadratic form
(see fig. 5.24). This setting enhances the incommensurate spin-density waves with a transfer of k, =7
which are driving the d-wave pairing. If ¢’ is further increased, the bending of the Fermi-surface in

the (k,=0)-plane is increased to a star-like shape, so that even incommensurate nesting vectors can

177

I



5. Application to the Hubbard Model

T T s

Figure 5.21.: Fermi-surface of the anisotropic Hubbard model with (from top to bottom) t. =
0.01¢, 0.05¢, 0.1¢, 0.5¢ and (from left to right) ¢’ = 0.32¢, —0.4¢, —0.45¢ while t, = ¢, -t'.
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Figure 5.22.: Non-isotropic Hubbard model: Comparison of the density of states (DOS) for ¢t. = 0.05¢
(left) and t. = 0.1¢ (right) with ¢, =0¢ and ¢, = ¢, - t'.
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Figure 5.23.: Phase diagram of the anisotropic 3D-Hubbard model with ¢, # 0t in two different repre-
sentations. Due to the limited numerical resolution no divergences for A. < 107%¢ could
be observed, so that all corresponding cases are displayed as A. = 9 - 1077 ¢ without a
favourable ordering in the left plot. In the right plot, u refers to an appearance of fea-
tures of different ordering tendencies at the same time, such that even an educated guess
is impossible.
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Figure 5.24.: Comparison of the Fermi-surface in the (k. = 0)-, (k. = m)- and (k, = 0)-plane (from left
to right) resulting from ¢, = 0t and ¢, = ¢, -t for ' = —0.32¢ and ¢’ = —0.45¢ in the top
and bottom row, respectively, at ¢, = —0.1¢.

not connect two larger parts of the Fermi-surface. This heavy distortion of the Fermi-surface leads to

the suppression of any order within our resolution.

However, at t' = —0.45t a single point of FM ordering within our resolution can be observed. For
this parameter the Fermi-surface is a rectangular tube which is only deformed in the (k, = 0)-plane,
to fulfil the van-Hove condition (see fig. 5.21 and 5.24). Therefore, large parts of the Fermi-surface can
be connected by corresponding nesting vectors which drive the formation of ordering at large critical
values. As this setting is easily distorted and we only investigate a coarse set of ' parameters in this
region, it appears as a single point. We note at this point, that the p-wave pairing observed in the
t’, = 0t case does not appear any more. However, the final interaction still exhibits a corresponding

feature.

Such features can also be found when we analyse a the final interaction at the end of the flow when
a divergence was not reached. In these cases the p-wave SC order is in a strong competition with

incommensurate AFM and FM orderings, which also cause the low critical scales.

Finally, in the case of t, = 0.5¢ the critical scale is, again, for almost all parameters out of scope of
our resolution. Only in the case of ' = —0.32¢ we could resolve a peak, which is due to a favourable
nesting condition as the Fermi-surface in the k.-direction resembles a quadratic tube. In all cases
we analysed the final interactions in different planes as well as the form-factor resolved flow of the
chantices resulting in the phases displayed in the right phase diagram of figure 5.23. That is, we obtain
dominating FM fluctuations for most parameters, only for ¢ = —0.2¢ a tendency towards d-wave SC

and for ¢’ = 0.28¢ a tendency towards p-wave SC.
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5.4.3. Discussion of the Anisotropic 3D-Hubbard Model

Although the results of the previous sections are based on the abstract Hubbard model, conclusions
for the design of superconductors can be drawn from them. While we treat the system at zero tem-
perature, we assume in our discussion that the critical scale corresponds to a critical temperature at
which the observed phase sets in. In two dimensions, however, no transition which breaks any con-
tinuous symmetries at finite 7' can occur according to the Mermin-Wagner theorem [168]. Therefore
our results for the two-dimensional Hubbard model in section 5.2 violate the Mermin-Wagner theo-
rem. However, this can be assigned to the approximations in our approach, as Hille et al. [169, 170]
showed that this theorem seems to be fulfilled if frequency dependence, self-energy contributions and
contributions from loops of higher order according to the multiloop FRG scheme are taken into ac-
count. Although we neglected those effects, we could show that the different phases observed in the
two-dimensional case even exist in the case of three dimensions. Therefore, the general assumption
that superconductivity and magnetic order can appear in two-dimensional planes does not violate the
Mermin-Wagner theorem as they are embedded either in a three-dimensional solid or are subject to

the upper planes of a substrate.

Although the three dimensionality is important to allow long-range ordering at all, the highest
critical scales can be reached if the hopping between the superconducting planes is small and the
planes are therefore well isolated. This is the case in copper and iron based superconductors, in which
the electron mobility between the superconducting planes which we model by ¢, is small. This regime
is in our case observed for ¢, < 0.1t where the two-dimensional features dominate the system, as
k.-independent phases appear. This situation of large anisotropy was investigated by Dare et al. [167]
for half filling, leading to the observation that the anisotropy ¢, is in these cases significantly lower
than the critical scale. Similarly, we observe t, < A, at ¢’ =0t which is close to half filling in the
case of large anisotropy (cf. table 5.3). This situation is inverted (i.e. Ac < t.) for t, =0.5¢, while
t, = 0.1t = A holds in the intermediate case. For t,=0.01¢ we observe a k.-independent FM phase
at the other end of the #' scale, for which ¢, < A, also holds, while a three-dimensional FM phase is
obtained for # = —0.4¢ with A. < t,. In this way we note that the resulting phase is 2-independent,
if the for the critical scale A. > ¢, holds. To explain this, A. is associated with a critical temperature,
so that corresponding Matsubara frequencies can be defined of which the first one is even larger than
the bandwidth in the z-direction. The motion of the electrons between the planes is therefore still

quasi-classical when the transition occurs, which explains the observation of planar phases for A, 2 ¢,.

All the observations so far indicate the importance of a good separation between the superconducting
layers in cuprates. Although the structure is much more complex, we note that a slight increase in
T. was observed for rare-earth 123-HTS materials, when the distance between the CuO layers in the
active block was increased [16], which is in a general good agreement with our observations. However,
the real structure of these materials is much more complex, as the active blocks of a few CuO planes
alternates with charge reservoir blocks, by which we require a different treatment of the hopping
between CuO planes within one active layer and from one active block to the next one is required.
At the same time the additional charge reservoir blocks induce a doping into the active layers. As
this doping can be regulated quite easily, the corresponding dependence was intensively investigated,
for example by Takimoto et al. [18] for the anisotropic three-dimensional Hubbard model. In our
calculations we consider also a substantial hole doping (cf. table 5.3), as we fix the chemical potential

to the van-Hove condition within the (k,=0)-plane.
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Figure 5.25.: Phase diagram A. versus electron density n for the anisotropic 3D-Hubbard model for
t., =t, -t. The symbols are the same as in figures 5.19 and 5.23.

As Takimoto et al. fixed ¢’ = —0.2¢ and considered an electron density in the range of n € [0.75,1.0]
for ¢, > 0.1t the parameters investigated by us were not covered. However, a decrease of the critical
scale with a decreasing electron density was observed. Therefore, the resulting d-wave pairing phase
with A. = 0.0039¢ from our calculations for t, = 0.1¢ and n ~ 0.72 aligns well with their results.
Takimoto et al. further observed a gradual suppression of the d-wave pairing phase in the T.—n-phase
diagram when ¢, is increased. To compare our results with this observation, we compare the resulting
phases for different ¢, and ¢ parameters according to the corresponding electron density displayed
in table 5.3 (see fig. 5.25). This reveals a slight reduction of the critical scale for d-wave pairing
regime when ¢, is increased similar to the observations of Takimoto et al.. Further, the range of
electron densities for which pairing occurs is shifted to larger values for smaller ¢, values, but has a
similar width. Thus, we assume that the pairing tendency can be stabilised by implying the van-Hove

condition in the (k,=0)-plane or by increasing the anisotropy, that is decreasing t..

However, as the parameters describing the mobility of electrons within on sheet of active layers of
a HTS (i.e. t and t’ in our case) are quantities depending on the materials in the active layer, they
can not easily be modified. In contrast, the electron density can easily be varied, such that additional
investigations on the doping away from the van-Hove filling are of interest. Moreover, the breakdown
of the two-dimensional phase diagram between t, = 0.1¢ and ¢, = 0.5¢ should be in the scope of
further investigations.
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6.1. Conclusion

%nconventional and high-temperature superconductivity as observed in copper- and iron-based
superconductors and, lately, also in nickelates are among the most important topics in current con-
densed matter research. The majority of the materials under study are quasi two-dimensional, and
therefore the investigations regarding the mechanisms of superconductivity in these materials is often
performed in two-dimensional models. As a competition between different spin- and charge-density
phases, magnetic orderings and superconductivity was observed in these materials, all the differ-
ent possible fluctuations have to be treated in an unbiased way. Such an unbiased approach is the
Truncated Unity Functional Renormalisation Group (TUFRG), which has already successfully been
applied to two-dimensional models. Yet, for a more realistic description and for conceivable other
interesting questions, I extended this approach to work in three dimensions. In this way, the influence
of the three-dimensionality on the magnetic and on the superconducting phases which was observed
in the two-dimensional model was considered by including a weak electron hopping in the direction

perpendicular to the two-dimensional planes.

After introducing the required nomenclature and the fundamental theory in chapter 2 and the
many-particle Green’s functions in section 3.1, I proved some elementary properties of these many-
particle Green’s functions, which are exploited to simplify the numerical calculations significantly. In
section 3.2 the perturbation theory for temperature Green’s functions as well as its representation
in terms of universal Feynman diagrams were derived, providing the definition of connected Green’s
functions and of effective actions. Based on the results I provide a short overview on different well
established approaches to correlation effects which are based on the perturbation theory: the set of
Hedin equations with the GW-approximation and the Parquet approach, which allow the calculation
of an effective action. This is the basis for a comparison of perturbation approaches with the functional

renormalisation group (FRG) which is derived in a later section of this thesis.

In section 3.3 fermion bilinears were introduced as generalisations of local density- and spin-
operators which is barely found in literature. The susceptibilities which result from their expectation
values were discussed and related to the Green’s functions, so that a simple form for their calculation

is obtained based on the effective action.

In section 3.4 generating functionals for full and connected Green’s functions were introduced, from
which Green’s functions, effective interactions and susceptibilities can be derived. These functionals
provide an alternative way of deriving perturbation expansions in comparison to section 3.2 for the
corresponding objects. The generating functionals for effective interactions and susceptibilities are
used in section 3.5 to obtain the hierarchy of flow equations for many fermion-interactions as well as
for fermion-boson interactions and susceptibilities (see thm. 3.21) as central result of this section. In
contrast to previous derivations based on Nambu fields, I displayed one based on Grassmann variables
revealing a more intuitive insight into the structure of the field expansions. In subsection 3.5.3 the FRG
equations were compared to the Parquet equations, as the structure of the corresponding equations
is similar. Contrary to this similar structure, this analysis reveals that the Parquet equations already
contain contributions of interactions of higher order which are typically neglected in FRG calculations.

Further, I presented a spin-symmetric version of the flow-equations as well as their Fourier transformed
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form in momentum- and in frequency-space. Based on the characteristic momentum structure of these
equations I introduced a natural parametrisation of the different contributions to the flow equations.
These are the basis of the TUFRG approach introduced in section 3.6, which provides an efficient
approximative parametrisation of the effective fermion interactions. As I proved co-working with
Eckhardt and Schober in [113], this approach can directly be transferred to the Parquet equations,

which therefore and for the sake of brevity is not presented in this thesis.

The central part of this thesis is the development of a high performance implementation of the
(TU)FRG equations as described in chapter 4. Here, I presented considerations concerning the sim-
ulation of multi-orbital systems, which require the representation in a natural basis to exploit point
group symmetries of the system. Using a highly efficient projection routine, I was able to achieve
a scaling with respect to the number of form-factors which outperforms the theoretical expectation.
Further, the scalability of the final implementation, which exploits all the levels of parallelisation
revealed an almost perfect scaling up to 256 nodes. This code was applied to the Hubbard model in

two and three dimensions in chapter 5.

First, the two-dimensional Hubbard model was reinvestigated in section 5.2. On the one hand it
verifies the correctness of the implementation and on the other hand it shows the convergence of the
TUFRG approach to the same results of a calculation treating the full interaction when calculating
the t-t’-phase diagram at van-Hove filling. In section 5.3 I investigated the isotropic three-dimensional
Hubbard model by applying the TUFRG. This revealed a qualitatively good agreement of the critical
scale indicating a phase transition to an antiferromagnetic ground state obtained by our TUFRG
calculation with the corresponding Néel temperature obtained by other approaches. Thus the TUFRG
is a very efficient tool for the investigation of corresponding systems. When I applied it to the three-
dimensional Hubbard model with an increasing hole doping, the antiferromagnetic ground state with
a (m,m,m) ordering vector first becomes incommensurate, then turns into a d,2_2-superconducting

phase and finally transits to a planar antiferromagnetic phase with a (,m, 0)-ordering vector.

The final and central part of the section on results was devoted to the influence of orbital overlap
in the direction perpendicular to the square-plane on the corresponding phase diagram in section 5.4,
which can also be regarded as the transition from two to three dimensions. For a comparison of
the corresponding phase diagram with the two-dimensional one, the chemical potential was chosen
such that the Fermi-surface in the zy-plane resembles the two-dimensional one. For a weak to an
intermediate hopping in the z-direction, the shape of the phase diagram and the appearing phases
resemble the two-dimensional one, while an increase of the mobility in z-direction reduces the critical
scales, in good agreement with the expectations. In addition, strong p-wave pairing fluctuations were
found in the ferromagnetic regime, that is for large —t'-values. A corresponding superconducting

phase may, therefore, be found for a specific choice of parameters.

Although the Hubbard model investigated in this thesis was significantly simplified, it supported
the previous approaches which used a two-dimensional model to describe superconductivity in copper-
and in iron-based superconductors, as the mobility in the z-direction in those materials is known to
be weak. Furthermore, our results support the assumption that the superconducting phase transition

is driven by antiferromagnetic fluctuations, which is in good agreement with reference [150].
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6.2. Outlook

The implementation presented in this thesis provides the basis for a flexible, modular and therefore
easily extendible FRG code which is supposed to be openly accessible and shared by different groups
working on FRG methods. The results presented in this thesis are based on the static two-fermion
interaction obtained by the TUFRG approach at T'=0. A natural extension of the code evidently is
the inclusion of the frequency dependence of the interaction and of the self-energy effects. This has
previously been done in the scope of the exchange parametrisation [114], which led to a significant
increase of the critical scale in the two-dimensional Hubbard model. In the same setting, although it is
numerically significantly more demanding, a treatment of the system at finite temperatures is desirable,
as this offers a quantitative comparison to critical temperatures obtained by other approaches for
correlated systems. Such a finite temperature approach with its own frequency parametrisation [115]
has recently been combined with the TUFRG approach and with the multi-loop extension of the FRG
equations [66, 169]. This approach appears to fulfil the Mermin-Wagner theorem in two dimensions,
but at the same time only provides an mediocre scalability, so that an extension of the code, which is
presented within this thesis, to include the mentioned features is of great interest while maintaining
the numerical efficiency. A recently suggested alternative parametrisation in terms of frequencies may
lead to further computational improvements of the calculations [171]. In this way realistic three-

dimensional calculations of correlation effects become possible.

In the approaches mentioned above, the (TU)FRG still comprises the problem, that it runs into
a divergence when the critical scale or the transition temperature is reached. In order to obtain
the correct ground state and reveal a simultaneous existence of different phases it is, therefore, of
interest to overcome this limitation. This can be achieved by including the bosonic terms in the fields
which result from the corresponding Hubbard-Stratonovich transformation [140, 172]. However, these
extensions are computationally demanding and will, in most cases, provide only additional information

on the ground state of the materials.

Besides methodological improvements of the recent code, it provides a powerful tool to be applied
to other models of correlated systems. While the Hubbard model in its spin-symmetric form only
depends on one band, a calculation of multi-band models and of spinful systems is in reach due to
the advantageous scaling, as the truncated unity approach is also applicable in these cases [111].
Therefore, a full TUFRG investigation of the Rashba model with a spin-splitting [173, 174, 175] or a

multi-orbital model of cuprate-, iron- or nickel-based superconductors [145, 176] is possible.

Finally, realistic materials like cuprates (e.g. LaaCuQy), iron chalcogenides (e.g. FeSe) or pnictides
and even nickelates (e.g. Ndg gSro2NiOJy) are in the reach of calculations with the FRG. While the
basic mechanisms of superconductivity and of magnetism can well be studied by treating correspond-
ing models, realistic materials are significantly more complex. As density functional theory (DFT)
calculations are by now a standard approach to study a condensed matter system starting from ab
initio, it provides a reasonable starting point for further calculations. However, as the resulting sys-
tem obtained from DFT is still too large for (TU)FRG calculations, it is reasonable to treat most
degrees of freedom with the random phase approximation and the remaining ones of low energy with
the presented (TU)FRG. This could also be combined with a preceding GW-calculation or a dynamic
mean field theory-calculation [109] which provide a correlated starting point for the FRG approach.
In order to obtain the full description of a condensed matter system the (TU)FRG thus takes the
efficient interaction of all the other bands with the target bands and with a Green’s function which is

close to the actual one as starting parameter.
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A. Details of some Derivations

In this part of the appendix we provide details of some derivations we used in chapter 3.

A.1. Derivation of Propagator Flow Equations

A.1.1. Spinful Case

In the proof of corollary 3.31 only the derivation of the flow equation for the pairing channel in the
spinful case was shown. The derivation of the flow equation for the direct channel is based on the
definition of 7;1A according to equation (3.28) in theorem 3.28 and on the corresponding projection
operation Pp defined in definition 44 and exemplified in equation (3.348). This leads to

Dyn(u) = Pp[T / dk / dk, / dk!,

YO (o, ke — s Ky, — w, k) LPA (ks ke — ) 0 (R, K, — ws b — w, ) fon (Ru) £ (KL) (A1)

and the insertion of unities leads to the derivation

/dk /dk’/ dk” /dk /dk’ A0 (ke ke — s ky — u, k)

% 5 k— kl LphA(k/ K — 5( k//) (40)(k// k/ —u; k:”—u k/) fm(ku) f;(k;)
/dk /dk’ / dk” /dk /dk/ me YO (K, k= ke, —u, k) f7 (k) (A.2)

x fi(K') LPMA (K K — ) f'*(k ) £ (k") YO (K ey, —us K~ k) fr (k)
4,0)D,A . 4,0)D,A
" () L () 750 ),
2]
in which we identified the corresponding projected vertex and the dual propagator. For the crossing

channel we proceed analogously with 72 and P leading to

Conn(t,0102,0304) = Pc[Te]ymn(t, 0102, 0304) /dk /dkf /dk Z fm(ky)  (A3)
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When we insert the unities of the form-factor basis into this expression as follows, we get

Conn(t, 0102, 0304) / dk / dk’ / dk” / dk, / dkj >

0705030}
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and we observe that this expression does not explicitly fit the definition of the projection of a ver-
tex to the crossing channel. This problem can, however, be overcome by exploiting the symmetry
y40)(1,2:3,4) = —~4(*49(1,2;4,3) (cf. thm. 3.17.1), which changes the order of the orbital indices,

resulting in
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which finally equals the corresponding equation in theorem 3.31.

A.1.2. SU(2)-Symmetric Case

For the SU(2)-symmetric case we only showed the derivation of the flow equation for the direct
channel (see thm. 3.31). The projection of T (see eq. (3.330) in theorem 3.29) to the pairing channel
as defined in definition 44 leads to

Prn(8) = P[Tp]mn(s) /dk /dk /dk’

VA(ky,s—ky k,s—k) LPPMN(k,s—k) VA(k, s—k; k., s—k.) fm(ks) f1(KL). (A.6)
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The insertion of unities then results in

/dk/dk’/dk”/dk /dk/VAk s—ks k,s—k)
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which is the flow equation given in equation (3.369). For the crossing channel we proceed analogously,

so that the projection of 7 to the form-factors by the operation of P¢ results in

Crnn(t) = Pa[Tmn( /dk /dkt /dk VAR, k—t; k, ki —t)
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The insertion of unities turns this expression to
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which equals the flow equation given in equation (3.371).

A.2. Channel to Channel Projections

In order to complete the proof of corollary 3.32, in which only the projection from channel D to
channel P was explicitly shown, we now consider all the other projections between the channels.
We reconsider that these projections (defined in def. 44) are analogous for the SU(2)-symmetric
propagators P, D and C and for the spinful two-particle propagators P, D and C, as only the
momentum dependencies are affected. In the following we, therefore, only show the projections for

the latter ones and neglect orbital and frequency indices, as they are not affected by the projections.

The definition of the projection of the full vertex to the P-channel and the one of the back-projection
from the C-channel to the full vertex in which the C-channel momenta are expressed by the P-channel

ones lead to

BolClun(s) = [ake [ d, fu(lo) £:(0) ) 357 ) 06 Co s+, ), (A.10)
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which is the first line of the corresponding expression (cf. eq. (3.376)). The second line of equation

(3.376) is obtained by Fourier transformations of the form-factors into momentum space as

Pp[Climn(s /dk / Ak, fn(ks) F1 (R D> >
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For the projection of the P-channel to the D-channel we proceed analogously with the momentum

arguments expressed in the variables of the D-channel. The definitions 44.1 and 44.2 directly lead to
Pp[Plmn (1 /dk /dk’ Fm (k) [ (KL) Z I (k) fi(ky —w) Pry(ky + k) —u),  (A12)

which is the first line in equation (3.377). Again, Fourier transformations lead to

P [P]n / dk, / K], fn(ku) (kL) > >

4,j Ri,R2,R3
eiku R f*(Rl) —i(ky—u)-Ra2 ,fj(RZ) e—i(k1L+k1’L7u)~R3 Pij(RS)

=2 2 / dk, / K, (k) et PR Be) () ) ik e (A13)

i,j Ri1,R2,R3

X £ (Ry) fi(Ry) €™ F2TR) Py (Ry)
=3 Y Jul®i - Ro— Ry) [i(Rs) f{(Ra) f;(Rz) e R"F) Py(Ry),

i,j Ri,R,R3

which is the second line of equation (3.377).

The projection of the C-channel to the D-channel is treated in the same way, which in the first step

results in
Pp[Clmn(uw /dk: /dk/ Fm(ky) fi(KL) Zf w) [i(ky —u) Cij(ky — k), (A.14)

and in the second step, due to Fourier transformations this leads to

/ dk, / Ak, fk) £EDSS S

4,j Ri,R2,R3
iku.Rl f*(Rl) —i(ky,—u) Ro f](RZ) E—i(k“,—kib)-Rg C”(Rg)

=2 /dk /dk' e A N S )

i,j R1,R2,R3

X fi(R) fi(Ry) €™ Cyij(Rs)
=3 3 fu(Ri—Ro— Ry) fi(~Rs) f; (Ry) f;(Rz) " T2 Cyj(Ra).

4,j Ri1,R2,R3
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A. Details of some Derivations

which are the first and the second line of equation (3.378) in theorem 3.32.

The projections to the C-channel are derived by performing the same steps. The momentum

arguments have to be expressed by the arguments of this channel, thus leading to
[P(/[P m.n /dkf /dk f7n kt k/ Zf kt f] 1] (kt + k, - t) (A16)

which is the first line of equation (3.379). The Fourier transformations then lead to

PG [P)mn (t) /dkt /dk fm(Ret) fa( Z >

4,j Ri,R2,Rs3
ek Ra f*( ) —ik,-Rs f( 2) efz(kf,+k27t)4R3 Pij(Rg)

_Z Z /dkf /dk F(ke ikt (Ri—Rs) f (k:’) —ik} (R2+Rs3) (A.17)

i,j Ri,R2,R3
x f{(Ry) f;(Ry) €™ Pij(Rs)

=Y. > fu(Ri—Ry) fi(Re+ Ry) f{(R:) fi(Ro) ™ Py(Ry),

4,j Ri1,R2,R3

which is the second line of equation (3.379).

Finally, the projection from channel D to channel C is obtained by performing the same steps as

before, resulting in
P[ Dl (t) / dk; / Ak} fon (ke) £ (KL Z I3 (Kt) fi (ki —t) Dij(ky — k). (A.18)

This expression is the first line of equation (3.380), while the second one is obtained by its Fourier

transformation according to

P[D]yn (t) / dk, / Ak, fo(ke) f2(K)) Z >

i, Ri,Ra,R3
e By fr(Ry) e TR fi(Ry) etk Rs Dys(Ry)

=Y S [k [kt et g ()

i,j Ri,R2,R3"
x [7(Ra) fi(Rz) '™ Dyj(Rs)
=Y > fum(Ri—Ry—Ry) [;(~Ry) [{(R1) [;(Rs) ¢ Dij;(Ry).

i,j R1,R2,R3

These derivations now complete the proof of theorem 3.32.
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B. Evaluation of Matsubara Sums

We consider the Matsubara sum over the free Green’s function with w-cut-off

d A — 1

. B.1
dA [)’dAZw2+A27w —e(k) (B-1)
As the Fermi-function ng has poles at exactly these w,, the sum can be rewritten according to the

residue theorem as

d o d 1 —z? 1
e T aAzm 7{ & ) (B-2)
—_— —————

=g(z)

with the substitution z := iw. The poles of the Fermi-function are entirely located on the imaginary
frequency axis, so that the contour is along this line in both directions and closes in the negative and
in the positive real part segment. Due to a deformation of the contours, they only enclose the poles
of the original function, which, in this case, are z = A and z = ¢(k). Applying the residue theorem
again we, therefore, can sum over all these residues instead of calculating the contour integral, so that

we get

d 22 1
7GA il Z Res., <z2707> np(z0)
0

dA dA 2o poles of g(z) — A2z — (k)
_d A A "
Ty (mmm Fam ey mnF(s(k))> .
= 75(14) A ,
T 2(A - s(k))an(A) + 2 g(k))nF(A)
€(k) A , 252(,(:)/\
mnF(_A) + MHF(—A) + W'ﬂp‘(g(’g))

This expression is the one given in equation (4.42).

For the electron-hole propagator we proceed with the same steps. In the term

1 1
/3’ dA Z w2 + A2 — e(k) Fiw, — (k')
=f

LA /

(B.4)

the upper sign (“-”) stands for the particle-particle and the lower sign (“+”) for the electron-hole
propagator. This function has poles of second order at z := iw, = +A and poles of first order at
z = ¢(k) and z = Fe(k’), which become poles of second order if e(k) = £e(k’). Therefore, we treat
these two cases separately. It has to be kept in mind that cases can occur in which one of the energies
also equals A, which leads to poles of third order. However, in our approach A can be chosen such

that it does not equal one of the energies present at our grid, so that we can avoid those cases. In the
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B. Evaluation of Matsubara Sums

following we replace (k) and e(k’) by €1 and £, respectively, to shorten the notation. In the case of

different energies we then obtain the following residues for the particle-particle channel:

B = Res [f(2)ne(2)) = <‘3glj§;i€g;@i€jﬁ;A2)Am(—A) T WQQWWFH) (B.6)
€= Res [(@ue(@)] = — () (®7)
D= Res [f(ne(a)] = oo mnrt=a) (B

When we label the first and the second summand of A and B by 1 and 2, respectively, the A-derivative

leads to
g = B,y B e MO ateh,

S e (B9)

d(i\ - 73515(2512)[\2(7;;5722;3/\2 ne(A) - (735152+25;2\E;ji&2)1'&3€;?j)/(j£+51 752)AnF(fA)
e k) Ba1)
e =+ e U VRS o) s e )
diAC = —%np(sl) (B.13)
d_ S e (B.14)

dA (e1+e2)(2—A2)3
The corresponding results for the electron-hole channel are obtained by replacing 2 by —és.

In the second case mentioned above the energies in equation (B.4) are of equal size, that is &1 = Feq

«

(again “—” for the particle-particle and “+” for the electron-hole case). In this case both channels

become equal with the residues

_ *3€1A+A2 A2

E = ggi[f(z)m«“(z)] = mnF(A) - 4(817/\)271%(/\) (B.15)
2 2
P Res [Fene(2)] = Jiane o) = k) (B.10)
4A28:I’ g‘ll ,
G:= j’{:esl [f(z)np(2)] = Wup(a) - Ww(sl). (B.17)
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Taking their derivatives with respect to A results in

d —3e2—4e 1 A+A2 5eiA—A? A2 ,
ac= Wnr( ) — 4(517A)3np(1\) - 4(517/\)2711;(/\) (B.18)
d —Bed+4e1 A+ A2 5eyA+A2 A2

aa" =T e Y e Y e Y (5.19)
d 8Ae3(2A24-¢2 44

ant W”W” ~ @) (B.20)

For the full dual propagator we, therefore, have to differentiate between both cases and add all the
corresponding contributions, that is those in equations (B.9)-(B.14) in the case of &1 # 2 and those

in equations (B.18)-(B.20) in the case of equal energies.

Finally, we proceed to the limit 7' = 0 or § = oco. In this limit the Fermi-function ng becomes a
Heaviside function, its first derivative becomes a delta-distribution and the second derivative equals
zero. This allows us to simplify the above expression a lot. First, as A N\, 0 the terms of nf(£A) only
contribute at the very end of the flow. The terms of ng(—A) always contribute, while those of ng(A)
never contribute, as A > 0. For the Heaviside functions of the energies we now have to distinguish
between different cases, as the energies €1 and 5 can be positive or negative. These observations
result in the particle-particle propagator of the form

e2e2(3e2—A)+(3e2—A)A® o1 A(e2+6e3A—3A2)

4(e1+A)3(e2—A)®

1 e1(361+A) (3e2+A)
e ( Esli-lA)-* + 6?523_2/\)3 ) for e; > 0 and g5 > 0,

2 « « 3 2 . QA2
elea(Be2+A)—(Bea+A)A°+e1 A(—546c2A43A%)
4(e1—N)3(e2+A)3 for £y < 0 and g5 > 0,

4(51152) (Eég(?il/:){g\) + Efé‘:’iﬂ;@) for 1 < 0 and g5 < 0.

for e1 > 0 and 5 < 0,

A
L = (B.21)

An expansion of the first and the third case by €1 4+ 2 and the introduction of absolute values allows

us to combine all expressions into the simple form

by g (20N Gl ) B.22)
PP 4(ey +€9) (|€1|+A)3 (le2| +A)3 ’ '
In the case of equal energies £; = —¢e5 the zero-temperature limit is obtained analogously, resulting in
352 — 4|81|A — A2
LA =T e B.23
T e[+ A (B.23)

As mentioned beforehand, the electron-hole propagator is obtained by changing the sign of £2 and the

global sign. Thus the electron-hole term in the zero-temperature limit becomes

1 Bleal+A) _ ea(3leal+A)
A _ ) TG (shaﬂw ~ arar ) for &1 # &2,

ph 3e244[er |[A—A?
1 1 —
I(Jer|—A)7 for €1 = €&2.

(B.24)

This equals the equations presented in equation (4.43) and (4.44).
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C. Discussion of undiverged flow of the

anisotropic 3D-Hubbard model
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y = m-plane, in the P-channel d-wave form-factor in the y = O-plane, flow of the largest

values of the three main channels and their derivatives for ¢’ = —0.34¢.
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y = O-plane, in the y = 7m-plane, flow of the largest values of the three main channels and
their derivatives for ' = —0.36¢.
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Figure C.3.: From left to right: Cut through the interaction in the C-channel on-site form-factor in the
y = m-plane, in the P-channel d-wave form-factor in the y = O-plane, flow of the largest
values of the three main channels and their derivatives for ¢’ = —0.32¢.
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Figure C.4.: From left to right: Cut through the interaction in the C-channel on-site form-factor in the
y = O-plane, in the y = m-plane, flow of the largest values of the three main channels and
their derivatives for t' = —0.34t.
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Figure C.5.: From left to right: Cut through the interaction in the C-channel on-site form-factor in the
y = O-plane, in the P-channel p-wave form-factor in the y = O-plane, flow of the largest
values of the three main channels and their derivatives for ¢ = —0.36¢.
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Figure C.6.: From left to right: Cut through the interaction in the C-channel on-site form-factor in the
y = O-plane, in the y = w-plane, flow of the largest values of the three main channels and
their derivatives for ¢ = —0.1¢.
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C. Discussion of undiverged flow of the anisotropic 3D-Hubbard model
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From left to right: Cut through the interaction in the C-channel on-site form-factor in the

= O-plane, in the y = m-plane, flow of the largest values of the three main channels and
their derivatives for ¢’ = —0.15¢.
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Figure C.8.: From left to right: Cut through the interaction in the C-channel on-site form-factor in the

y = O-plane, in the y = 7m-plane, flow of the largest values of the three main channels and
their derivatives for ¢ = —0.2¢.
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Figure C.9.: From left to right: Cut through the interaction in the C-channel on-site form-factor in the

y = O-plane, in the y = 7m-plane, flow of the largest values of the three main channels and
their derivatives for ¢’ = —0.24¢.
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Figure C. 10 From left to right: Cut through the interaction in the C-channel on-site form-factor in the

y = O-plane, in the y = w-plane, flow of the largest values of the three main channels and
their derivatives for ¢’ = —0.26¢.
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Figure C.11.: From left to right: Cut through the interaction in the C-channel on-site form-factor in the

y = O-plane, in the y = w-plane, flow of the largest values of the three main channels and
their derivatives for t' = —0.28¢.
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Figure C.13.: From left to right: Cut through the interaction in the C-channel on-site form-factor in the
y = O-plane, in the y = m-plane, flow of the largest values of the three main channels and
their derivatives for ¢’ = —0.34¢.
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Figure C.14.: From left to right: Cut through the interaction in the C-channel on-site form-factor in the
y = 0-plane, in the y = m-plane, flow of the largest values of the three main channels and
their derivatives for ¢’ = —0.36 ¢.
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Figure C.15.: From left to right: Cut fhrough the interaction in the C-channel on-site form-factor in the
y = O-plane, in the y = 7-plane, flow of the largest values of the three main channels and

their derivatives for ¢’ = —0.4t.
10° F T , 10% - n
VE (5, =0) v (k, =) R A,
™ 45 ™ ST it S
=107 \ 1 & 107 1
1.8 \ s Y
30 N
o0 . g W 1.6 107 . ) 1010 . N
7 2 -6 2 2
15 1.4 10 10 10 10 10
- " d : A A
-7 0 L
¢ t, — SCd,:_,-wave — SC p-wave — Cs-wave

Figure C.16.5 From left to right: Cut through the interaction in the C-channel on-site form-factor in the
y = O-plane, in the y = m-plane, flow of the largest values of the three main channels and
their derivatives for ¢’ = —0.45¢.
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