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Zusammenfassung Viele wichtige elektronische Eigenschaften in der Festkorperphysik, wie magnetis-
che Ordnung und Hochtemperatursupraleitung, entstehen durch starke elektronische Korrelationen.
Seit den spaten 1990er Jahren hat die Beschreibung stark korrelierter Systeme im Rahmen des Hubbard-
Modells, dank der Einfiihrung der dynamical mean-field theory (DMFT), enorme Fortschritte gemacht.
Die Art dieser Naherung limitiert die Beschreibung der Korrelationen jedoch auf die rein lokale Ebene.
Obwohl viele Fortschritte vorgeschlagen wurden, um diese Einschrdnkung zu iiberwinden, hat sich
bisher kein klar tiberlegener Ansatz durchgesetzt. In dieser Arbeit diskutiere ich jiingste Verbesserun-
gen an einem dieser Ansitze, der sogenannten Ladder Dynamical Vertex Approximation (IDT'A).
IDT"A gehort zur Familie der Feynmanschen diagrammatischen Erweiterungen von DMFT und nutzt den
Parquet-Formalismus, um verbesserte Propagatoren zu konstruieren, die Nichtlokalitdt durch hohere
Korrelationsfunktionen mittels der Schwinger-Dyson-Bewegungsgleichung einfiihren. Es ist jedoch all-
gemein bekannt, dass Theorien dieser Art inhédrent nicht in der Lage sind, sowohl thermodynamische
als auch Zwei-Teilchen-Konsistenz gleichzeitig zu erfiillen. In dieser Arbeit argumentieren wir fir
eine Behandlung dieses Nachteils auf einem effektiven Nivau, indem wir eine effektive Reskalierung
der Korrelationslédnge in der thermodynamischen Suszeptibilitéit einfiithren, die aus der Zwei-Teilchen-
Konsistenz abgeleitet wird. Die resultierenden Vorhersagen zeigen, dass die Prognosegenauigkeit im
Vergleich zu fritheren Ansétzen dieser Klasse von Naherungen fiir das Hubbard-Modell mit abstofSender
Wechselwirkung, in zwei und drei rdumlichen Dimensionen verbessert wird.

Um ein klares Bild von der Funktionsweise, den Vorteilen und den potenziellen Einschrankungen dieses
Ansatzes zu vermitteln, diskutiere ich zunéchst die notwendigen technischen Details des Formalis-
mus der Greenschen Funktionen und deren Anwendung zur Bestimmung magnetischer Eigenschaften
des Hubbard-Modells. AnschlieSend werden Erhaltungssitze und die Zwei-Teilchen-Konsistenz zuerst
allgemein und dann im Detail fir die vorgeschlagene Verbesserung von IDI'A erértert. Um diese Meth-
ode in den Kontext aktueller diagrammatischer Erweiterungen von DMFT einzuordnen, werden kurz
einige eng verwandte Methoden beschrieben, bevor Vorhersagen fiir das abstoffende Hubbard-Modell
in drei Dimensionen bei Halbbesetzung sowie fiir das zweidimensionale Hubbard-Modell mit Parame-
tern présentiert werden, die bekannte Supraleiter auf Basis von Cupraten nahe der Fermi-Oberfliche
modellieren.

Abschlielend wird eine detaillierte Diskussion der numerischen Details der Methode gegeben. Dies
umfasst einen sehr allgemeinen Ansatz zur verbesserten Summation von Greenschen Funktionen sowie
spezifische Details zu den Herausforderungen der IDI"A Methode.
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Abstract Many important electronic properties in solid-state physics, such as magnetic ordering and
high-temperature superconductivity, arise from strong electronic correlations. Since the late 1990s,
the description of strongly correlated systems using the Hubbard model has experienced tremendous
advances with the introduction of dynamical mean-field theory (DMFT). However, the nature of this
approximation limits the description of correlations to the purely local level. While many advance-
ments to alleviate this limitation have been proposed, a clearly superior approach among them has yet
to be established. In this thesis, I discuss recent improvements to one of these approaches, the ladder
dynamical vertex approximation (IDT'A).

IDT"A belongs to the family of Feynman diagrammatic extensions to DMFT, utilizing the parquet for-
malism to construct improved propagators that introduce nonlocality from higher-order correlation
functions via the Schwinger-Dyson equation of motion. It is, however, known on general grounds
that these types of theories are inherently unable to simultaneously satisfy both thermodynamic and
two-particle consistency. Here, we argue for an effective treatment of this deficiency by introducing
an effective correlation length rescaling in the thermodynamical response function, derived from two-
particle consistency. The resulting predictions are demonstrated to improve the predictive power over
previous approaches in this class of approximation on the repulsive Hubbard model in two and three
spatial dimensions.

In order to present a clear picture of the workings, advantages, and potential limitations of this ap-
proach, I will first discuss the necessary technical details of Green’s function formalism and the applica-
tion thereof to obtain magnetic properties of the Hubbard model. Subsequently, conservation laws and
two-particle consistency are discussed, first in general and then in detail for the proposed improvement
to IDT’A. To provide additional context, abbreviated descriptions of some closely related methods
are also provided before presenting predictions for the repulsive Hubbard model in three dimensions
at half-filling and for the two-dimensional Hubbard model with parameters that are known to closely
model cuprate superconductors close to the Fermi surface.

Finally, a detailed discussion of numerical details for the method is given. This includes a very general
approach for the improved summation of Green’s functions and specific details for challenges of IDT'A .
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1 Introduction

In the pursuit of describing physical systems with a macroscopic number of particles, one must in-
evitably simplify the microscopic details of the theory. What may seem like a concession at first glance
can be seen as an opportunity to investigate a system’s driving physical mechanism systematically. In
fact, many macroscopic effects are more suitably described by effective models, which explicitly con-
sider the collective behavior of the particles. For example, what looks like a cloud of randomly moving
water molecules on one scale can possibly be well described as a wave on another. A generalization
of this principle, in the sense that we cannot construct qualitative descriptions of all phenomena from
microscopic principles but discover new physics emerging, has been most incisively put into the phrase
“more is different” by P. W. Anderson |10]. However, the scale on which new physics emerges will
not be the same for different phenomena. Therefore, one task in theoretical solid-state physics can be
formulated as identifying and describing the correct scale and corresponding driving mechanism for
physical phenomena. Additional complications may arise if competing scales contribute to the descrip-
tions. This is, for example, the case in cuprate high-temperature superconductors and heavy-fermion
systems in which strong electronic interactions give rise to various low-energy states around the Fermi
level.

The goal of this thesis is to systematically derive and investigate a method for the description of strongly
correlated electron systems, including collective phenomena, in particular long-range charge and spin
fluctuations. Strong correlations imply that a description of electrons by means of a single particle in
an effective potential is not possible because the influence of this single electron on the constituents of
the potential is nonnegligible. Long-range fluctuations mean that particles far apart can influence each
other, i.e. the correlations between spatially distant electrons become important. This is, however,
neither a prerequisite nor a consequence of strong correlations because a spontaneous transition in an
effective medium description may well describe these long-range effects.

Both of these conditions are present in electronic systems where the valence electrons occupy narrow
orbitals, typically partially filled d or f shells (leading to strong correlations in these orbitals), and
the system itself has a low spatial dimension or is in the vicinity of a second-order phase transition.
We will investigate two systems that meet both of these conditions. (i) The three-dimensional Hub-
bard model at half-filling, where strong correlations are extremely important, manifests in the Mott
insulating phase, and long-range fluctuations emerge close to the antiferromagnetic phase transition.
(ii) Cuprate high-temperature superconductors, where the quasi-two-dimensional nature of the copper-
oxygen planes induces long-range spin fluctuations, while the superconducting state and the pseudogap
phenomena can be, in large part, attributed to strong correlation effects between electrons.

There have been numerous attempts to describe these kinds of systems, none of which have been able
to capture all aspects of the observed phenomena.

A well-established pathway for obtaining numerical results for the electronic structure of a solid-state
system is ab initio calculations, using density functional theory (DFT) |103], which employ a one-to-one
mapping between the interacting electron system and an effective one-particle system [140|, described
by a density functional. In practice, this mapping cannot be made exact because of the forced choice
of an approximation to the exchange-correlation potential. It was established very early on that the
DFT formalism is not suited to describe certain effects in semiconductors, leading to a gap of the
exchange-correlation potential [191} 229, 87|, such as the strong correlation effects we want to investi-
gate. Among the many proposed improvements that aim to solve this issue is the mapping states close
to the Fermi surface to a low-energy model that can be treated with a higher degree of microscopic
detail. In this thesis, we will investigate a newly extended method for the solution of such a low-energy
model. It is based on a diagrammatic extension of the dynamical mean-field theory (DMFT) [172].
DMFT is able to capture strong correlations but fails to incorporate long-range fluctuations. Diagram-
matic extensions of DMFT are able to reintroduce these effects again. Our approach aims to improve
on earlier attempts in this direction by incorporating consistency relations that arise either from the
Pauli principle or conservation laws as a consequence of Ward-Takahashi identities [286| [258]. Our
construction introduces an effective renormalization of correlation functions obtained from a diagram-
matic perturbation theory around the non-perturbative DMFT starting point that preserves some of
the thermodynamic consequences of these identities without the explicit construction of a conserving
set of diagrams.

In addition to the detailed discussion of this method, this thesis also aims to provide a link to the
existing literature for the numerous mathematical and physical concepts involved and an in-depth dis-
cussion of numerical details.

Structure In chapter 2, we recall the most important points of the Green’s function formalism rel-
evant to this thesis. Here, the most important concepts from the literature are reiterated, and a



1 Introduction

coherent notation is established. Besides an introduction to Green’s functions for many-particle sys-
tems, an emphasis is placed on susceptibilities and 4-point correlators, which are important for the
methods discussed later in the thesis.

In chapter 3, we give an introduction to the Hubbard model, which serves as the low-energy model.
This chapter aims specifically at the most important aspects of magnetic ordering and strong electronic
correlations on the two-particle level.

In chapter 4, we discuss aspects of thermodynamical and two-particle consistency. This chapter builds
the foundation for the newly introduced extension to the ladder dynamical vertex approximation. We
derive Ward identities for the Hubbard model and describe the effective renormalization scheme for
susceptibilities that we employ to restore consistency relations in the parquet-based approaches. These
are based on finding two effective parameters (called Ay and Aq) that renormalize the physical sus-
ceptibilities according to consistency relations between thermodynamical quantities on the one- and
two-particle levels. Furthermore, we also discuss the Luttinger-Ward function as a basis for thermody-
namical consistency in this chapter.

In chapter 5, we present the ladder dynamical vertex approximation (IDI'A ), the recent developments
towards the achievement of an effectively two-particle consistent description, and the dynamical mean-
field theory as its foundation. In addition, closely related methods are also presented here to provide
a context for the IDI"A method.

In chapter 6, we address the numerical challenges and their solutions, which we encountered during
the development of the new 1DI'A scheme. We also discuss aspects that are not critical but closely
related in the hope that the proposed solutions will help future extensions of this work. There are also
two less closely related numerical projects discussed here. A general series acceleration technique and
a machine learning model that was designed to learn features of the Luttinger Ward functional.

In chapter 7, we demonstrate the improved predictive power of the effective inclusion of consistencies
through the A parameters over the non-two-particle consistent variants by discussing two systems that
exhibit strong electronic correlations in conjunction with long-range fluctuations. For one, we discuss
already published results on the three-dimensional Hubbard model at half-filling, close to the antifer-
romagnetic phase transition. Here, we find substantial improvements in the quantitative description of
the model, in particular with respect to a previous, non-self-consistent, IDI"A description in the weak
to intermediate coupling regime. Finally, we discuss preliminary results on the two-dimensional Hub-
bard model with parameters that are known to represent cuprate superconductors sufficiently close
for a qualitative description. Here, we neglect certain aspects, like the charge-transfer character that
requires a multi-band Hubbard model, but nevertheless see a significantly improved qualitative descrip-
tion. Specifically, the influence of non-local charge fluctuations on the emergence of the superconducting
dome even matches quantitative values from the literature.



2 Green’s functions

This chapter serves as a reference for calculations done throughout the thesis and as a
bridge to textbooks. Readers familiar with Green’s functions or the usual notation in
publications such as in Chapter[7 may want to skip it.

However, since Green’s functions and the functional integral formalism are not standard
knowledge for all students in solid-state theory, this chapter aims to connect the notation
in later chapters to the appropriate textbooks and give a very brief introduction to the
most important topics.

We introduce Green’s functions in the imaginary time and frequency domain, then
discuss susceptibilities in some more detail, as they will be central to our methods.
Subsequently, we motivate the core quantities of the functional integral formalism and
finally give a detailed introduction to the two-particle Green’s function. The last section
connects the discussions here with notations and derivations in the thesis of Georg
Rohringer [205]. This reference specifically should be seen as complementary, and
many important points from it will not be repeated here.



2 Green’s functions

2.1 Definitions and ldentities

This section summarizes basic identities and well-known results from textbooks. It serves as a reference
for the rest of this thesis and is a bridge to the literature for readers who are not familiar with the
notation in this thesis.

2.1.1 Notation

The following gives a brief summary of common notions throughout this thesis.

Indices for frequencies and momenta will be placed as superscripts and subscripts respectively. With w
for bosonic and v for fermionic frequencies. We will typically omit Matsubara indices when the context
permits it to shorten the notation:

fi = f(ivn, k) (2.1)
The following abbreviations for integrals over imaginary times, summations over the first Brillouin
zone, and Matsubara frequencies will be used to shorten the notation:

def(T) = fOBde(T) (2.2)

> fuis é dkf(k) (2.3)

2 :=% i f(ivn) (2.4)

The appropriate normalizations for integrals and sums are always implied when they are trivial.
Occasionally, the following combined notation for indices is used when many free indices (for example,
in 2-particle Green’s functions) have to be summed over. A bar over an index means summation and/or
integration:

(1) = (1/1,k1,(71) (25)
F(15;2)9(2;3) = for,00.a102(T1,T2)gos,05,a2a5 (T2, T3)
f(152)g(2:3) = fdk2 >

n’ o2

vovs

[28%
fﬁiﬂz,k1k290203,k2k3 (27)

Usually, however, a more explicit notation is preferred. We will repeatedly need a small regularization
parameter to avoid singularities. We will denote this by 1 and implicitly assume a limit that can only
be carried out if it exists, for example:

ne =Tr I:Gcl;,ke_wn(_”)] _ Z G;ke_w”(_n) - lir% Z Gto/_’ke—iun(—ﬁ) (28)
vk =y
In the previous shorthand notation, this is indicated by a + superscript: f(1%).

2.1.2 Fock basis and coherent states

A commonly used basis for Hilbert spaces for many-particle systems is the Fock basis. It is defined by
the occupation numbers n; for each state |z).

|1/J):|n1,...7n¢,...) (29)

The creation and annihilation operators on these states i are defined as follows:

el ey )= (1 =ng)|. i +1,.0) (2.10a)
Giloooymiy .y =Rl mi—1,.00) (2.10Db)
bl miy ) =Tn ) mi+1,..0) (2.10c)
bil...,ni,...) =/mil...,ni—1,...) (2.10d)

The eigenstates of the annihilation operators are called coherent states:

a;i|p) = 1) (2.10¢)

al |o) = C0i|¢) (2.10f)

We adopt the notation from [111, Chapter 1], fermionic operators are written with the letter ¢é,
bosonic ones with b and & as a placeholder for both. The construction from the vacuum state also

yields the unity operator and matrix element of operators needed, for example, for the construction of
path integrals:

|6} = ¢ T %44 o) (2.11)
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1= [ duce %% 9) (9] (2.12)

The necessary details for the measure and Grassmann algebra for fermions can also be found in |111}
Chapter 1].

Starting from Chapter @, we will discuss consistency relations that can be expressed in terms of conti-
nuity equations. There are two possibilities to formulate these, both of which will be employed. The
first makes use of the operator formalism, and the second uses functional integrals. We will introduce
the former here and then give a brief introduction to the latter in Sec.

To obtain continuity equations, the time dependence of operators is expressed using the Heisenberg
equation of motion.

Definition 2.1.2.1 (Time evolution and Heisenberg equation of motion)
The general time evolution operator is defined as:

U(t,t') = Te Jor dsH () (2.13)

In this thesis, we only consider time-independent Hamiltonians and will therefore use the accord-
ingly simplified version without the time ordering operator (defined below) T :

U(t) = e (2.14)

The time evolution for time-dependent operators is then given according to the Heisenberg equation
of motion. Here, we also assume no explicit time dependence in the Hamiltonian.

da o
SO =ilH,.01)] (2.15)

L0(r) = -[H,0(1)] = [O(), ] (2.16)

To emphasize the notation used here, we quickly go through a proof of the equivalence between
Eq. and the Schrodinger equation. The definition Eq. is clearly a formal solution of the
time-dependent Schrodinger equation. We also recall that the operators Oy (t) in the Heisenberg picture
are time-dependent (and the wave functions are time-independent) and relate to a time-independent
operator in the Schrédinger picture Os.

Ou(t) = U (t)OsU (t),

dU(t) . avt(t) .
o - HU®, = = iUt (t)H (2.17)

We can, therefore, evaluate the time derivative of an operator in the Heisenberg picture:

dog(t) dUt + 005 i dU
= 0osU+U' 222U+ Ut Os—

dt ar YUY T YT Py
=iU'HOsU + 0+ U'Os(~iHU) = iU HUU ' OsU + —iU'OsUU'HU
=i[H,O0s(t)]

The subscripts, indicating the Heisenberg and Schrédinger picture, are omitted in all other places since
the operator and state character are evident from the context.

Commutator Relations We recall the usual commutator relations for the density and fermionic cre-
ation/annihilation operators. These are, of course, well-known but are restated here since they will be
used repeatedly in calculations throughout the thesis.

[AB,C] = A[B,C] +[A,C]B (2.18)
[A, BC] = B[A,C] +[A, B]C (2.19)
[A,BC] = {A, B}C - B{A,C} (2.20)

The fermionic commutation relations then read:
{ele) =65, feses)={elely=0 (2:21)
[fios el,0] = el {Cio el } = {e], 60 Yo io = €],0150500

[Rigs € jor] = &l {Cins o} = {& ¢ o} is = =2 i00ij0uor (2.22)

Expectation Values The ground state and the thermal expectation values are defined with the ground
state |¥o) and the grand canonical ensemble.
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Definition 2.1.2.2 (Expectation Values)
The ground state and thermal expectation values of an operator O are defined as:

{O) 1 = (Yol O[Wo) (2.23)
(0),., - %Tr (OG—B((FI—;LN))) . - Tr(e*B(H*#m) (2.24)

This work almost exclusively discusses finite temperature results. We will, therefore, omit the
subscript T'> 0 in most cases.

We will be working with operators in the second quantization form, specifically Green’s functions.
These intrinsically respect fermionic and bosonic statisticsﬂ which is encapsulated by constructing
the operator in terms of creation and annihilation operators for occupied states with all permutations
included. A shorthand notation for this is the time-ordering operator.

Definition 2.1.2.3 (Time Ordering)
The time ordering operator Ty — for bosonic/fermionic, { +1 statistics — is defined as the time-
ordered product over all permutations.

. . n-1 no
Te[O1(t1) ... On(ta)] = 3 7 H@(tg@ﬂsa(m))lj[log(j)(tg(j)) (2.25)

geSy

1 if o even
Where Sy, is the symmetric group over {1,...,n}, P(o)= .
0 otherwise
¢ = 1 for bosonic/fermionic operators is typically omitted when it is clear from the context that
we use fermionic operators.

The analogous definition for imaginary time operators is implied here.

For example, Def. [2.1.2.3| expands as follows for just two fermionic annihilation operators:

General n-particle operators can be written in terms of creation and annihilation operators for arbitrary

states « as follows:
V=@ (| Vl]aj) [Tak,a o, (2.26)
ij ij
Following the notation from [111, Chapterl] one can shorten the notation occasionally, by defining
(anti-) symmetrized overlaps:

{aBlola’B"} = ({aplo]6'a’} (2.27)

2.2 Green’s functions

Our tool of choice to describe and analyze properties of strongly correlated electron systems will be
the Green’s function formalism. They not only allow the calculation of physical observables but also
formulate approximations incorporating many-body interactions. Furthermore, they can be intuitively
understood as propagation operators. Parts of this section have been adapted from Chapter 3 of my
Master’s thesis [246].

2.2.1 Motivation

Mathematics has established a solid foundation for (what in our case amounts to a special case of)
Green’s functions under the name of Fredholm theory. Here, the Green’s function takes the role of a
fundamental solution of a partial differential equation. The following paragraph aims to give a brief
introduction of Green’s functions from the perspective of differential equations in order to motivate
their subsequent formal definition.

For a linear differential operator L and f,g:R — R (see [33, Chapter 8]):

Lf(z)=g(z), (2.28)

1By this, we mean the minus sign a fermionic wave function picks up under the exchange of two particles. This is the
well-known but deceptively hard-to-fathom spin-statistics theorem |60]




2.2 Green’s functions

the fundamental solution G is given as:
LG(z,z') = 6(z" - x) (2.29)

The full solution f(z) for the boundary value problem can be constructed via a convolution with G.
This can be seen by integrating Eq. (2.28) on both sides and using the linearity of L.

J(@) = [ da'g(a)Glw,a) fo(w) (2:30)

Eq. implies that knowledge of the Green’s function and the homogeneous solution provides
us with full information about the solution to the boundary value problem. The formal integral
type is known as the inhomogeneous Fredholm equation, for which an extensive amount of literature
is available. Of particular interest are the resolvent operator formalisnﬂ and its value in defining
mathematically rigorous perturbation series for linear operators, such as L. As an introduction, we
will motivate a solution of the single-particle Schréodinger equation in terms of Green’s functions. The
argument follows part (I) of [184]. We define our differential operator by rearranging the Schrodinger
equation with a Hamilton operator of a free particle. For this brief motivation, we consider only one
spatial dimension.

(1) = (1)

It is useful to emphasize the operator character with a hat since Green’s function can take on two
different roles. Next, we reorder the Schrédinger equation to bring it in line with our previous definition.

poi 9, L2
L= "ot " 2m
Lpn (x,t) = V (2, t)hn (2, t) (2.31)
LG(z, t;2' t") = 6(x—2')o(t - t") (2.32)

This introduces the notation for the physical Green’s function with z’,¢ being the initial and z,¢ the
outgoing positions and times. For this example, we ignore the complications that arise from the fact
that the wave function (x,t) appears on the right and the right sideﬂ Using the definition of the
time evolution operator Eq. , we expand the wave function of Eq. :

Ot —t')p(z,t) = (2| Ot -t U (t, 1) [¥(t))
=i/<m|—ie(t—t’)ﬁ(t,t')\x'>(x'|¢(t’))dx'
- f GR(z, t;2, ) (2, ') dz’ (2.33)

With Eq. defining the retarded Green’s function, the Heaviside function enforces causality in
the retarded propagator. The factor of —i has been introduced to ensure consistency with the upcom-
ing definition of the many-particle Green’s function. Furthermore, we observe from Eq. and
Eq. that the Green’s function can be used to introduce a potential into the solution for a free
system. This will become especially important when approximations around small interactions are
made since perturbations are naturally suited to be formulated with Green’s functions, for example
in Sec.

The advanced Green’s function, while not causal, is also often useful and defined with the opposite time
ordering. For example, one may describe the propagation of electron holes with this time ordering. We
can easily verify that Eq. is fulfilled and that the Green’s function can be formally written as:

(i% - H) Cla, ;2 t) = 6(x -2 )5(t — 1)

A o A1
G(a,t;2',t") “=7 iz - H
(1:7 ,:Z:, ) [Zat ]

The quotation marks are necessary since only the homogeneous solution is captured and the Green’s
function is only the resolvent kernel, i.e. we need Eq. as well.

As is often the case, we may rewrite the differential equation as an algebraic one by utilizing Fourier
transforms. This will be done in Sec. after extending the definition of the single-particle Green’s
function to many-particle systems and finite temperatures. However, before moving on, let us restate
the formal definitions obtained in this section.

Definition 2.2.1.1 (Real time single particle Green’s function)
We define the Green’s function as the retarded (measuring the response of a system after a pertur-

2A particularly formal approach is presented in |[126] (for example chapter 5) and |138].
3This eigenvalue problem has been investigated with Fredholm theory, and the resulting formal solution will appear
in the section on the spectral representation of Green’s functions, see |36} |126].
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bation) or advanced propagation amplitude between two positions and times.
GR(z,t; 2 t') = —iO(t - t') (x| e ) |2") (2.34)
G (2, ;2 ') = Ot - t) (x| e ) |2") (2.35)

Alternatively, we can understand the Green’s function as a resolvent kernel to the Hamiltonian
operator:

ot

We denote the resolvent operator character by explicit inclusion of the hat symbol.

(Zﬁ _ H) Gl tia ) = 8(z -2 )8(t —t') (2.36)

The definition in Eq. emphasizes the role of the Green’s function as propagation of a state
from one position " and time ¢’ to a different position and state x and ¢. The Heaviside function forces
the retarded Green’s function to be 0 if the initial time lies before the final one, enforcing causality.
These are the main features we want to retain for a generalized definition of Green’s functions that are
better suited to formulate collective excitations in many-particle systems. From this definition, it is also
immediately clear that systems without explicit time-dependent potentials lead to a Green’s function
only dependent on the difference in times ¢ —t'. The same is true for positions 7 and 7 in systems
with translational invariance. Both symmetries are present in our version of the Hubbard model, and
we will, therefore, often write Green’s function with only a single time and position argument. The
advanced Green’s function is especially useful as a tool in the context of spectral functions Sec.
and, therefore, included in the definitions here.

2.2.2 Many-Body Green’s Function

Having motivated the concept of Green’s functions in the previous section, we now immediately jump
to the most general definition for many-body Green’s functions and then work our way back and discuss
all necessary properties.

Definition 2.2.2.1 (Many particle Green’s function)
The general n-point correlator time-ordered in the real and imaginary time domain for states «i,
real/imaginary times t; /7; and bosonic/fermionic statistics ¢ = +1

Gal, (1)) ==i0 %) ([¢ 0 (1), 2k, (1)) ) (2.37)
G, (b1, t0) = (=) (Te [0y (81)+4 a, (80)a], (8)-00, (£)]) (2.38)
Gty (15 s s ) = (T [y (1)1 0, (7], (70)al, (7)) (2.39)
G = FGay g, (T i Th) (2.40)

This specifically impacts the spin index convention in Sec.

We are exclusively concerned with fermionic Green’s functions and, therefore, define T = T¢—_1.
For the frequency representation, we routinely use frequency and spin index conventions to shorten
the notation. These are discussed in Sec. and Sec.[2.71] Furthermore, we omit the subscript
for Matsubara indices (see Sec. below).

A The index conventions and ordering of operators are inconsistent in the Literature. Here, we
follow [111)], which is different from [205].

The extension to the previous concept of Green’s function arises naturally from the change of per-
spective introduced by the second quantization. Eq. extends our previous definition in Eq.
by also considering the propagation of holes through the introduction of the commutator. Note that
we now have three definitions of Green’s functions: retarded, advanced, and time-ordered. However,
they contain the same information (compare Eq. and definitions). As an additional insight, the
relationship between the retarded and advanced Green’s function is also investigated in the calculation
preceding Eq. (2:69).

To illustrate the role of the commutator in the definition of the retarded and advanced Green’s function,
we verify that it selects the appropriate time ordering in the single-particle case:

Gy (1 T2 (T [ oy (D)2, (1))

B0 0t - t')% (a0 (B3} (1) + ciO( - t)% (al, (¢ 0, (1) (2.41)
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2.2.3 Symmetries

All Hamiltonians in this thesis are invariant under the following three transformations [205, p. 33-44]:

St We only consider the paramagnetic case of Im t
the Hubbard model (i.e. no external magnetic A
field). This implies symmetry under a global rota-
tion of the spins (the Hamiltonian is SU(2) sym- _Z7-2 ®
metric) and from that conservation of the total
spin. For single-particle Green’s functions we will,
therefore, omit the redundant spin index. .
—1T1 @
T Systems at equilibrium, without spin-orbit
coupling or inside an external magnetic field, usu- ><
ally experience time-reversal symmetry. This man- van 7Y S Re t
ifests in a time-independent Hamiltonian (H(t) = t X t
H), which allows us to write the time evolution 1 2
operator Eq. in a simplified form:
U(t) =e "t (2.42) Figure 2.1: Illustration for the mapping of points
from the real to the imaginary time
Furthermore, the time dependence of the Green’s axis, under the Wick rotation. The red
function can be rewritten in terms of differences, crosses mark examples of poles that
removing one time/frequency dependency. need to be considered when transform-

G(11,72) = G(r1 - 72,0) - G(7) (2.43) }gfér;i?irlatlon paths under this trans-

For the single-particle case, a short proof is given,
preceding Eq. in Sec. For the general n-
particle case, we then only need 2n — 1 time argu-
ments; a proof is given in [205, Chapter 2.2.2.1].

Tr: Invariance under translation by a lattice vector R analogously yields a reduction of the spatial/k-
dependence by one. Similar to the time-reversal symmetry, space inversion symmetry would then imply
one less momentum index.

Symmetry considerations play a vital role in this thesis in the form of implied conservation laws
through Ward identities, see Sec. There is one much more direct way in which they have been
exploited: Numerical values of functions related by simple operations (e.g. f(z,y) = f*(y,x) are com-
pletely symmetric functions (g(z,y) = g(y,x)) need to be computed only once per equivalent point in
the sample set. Specifically, the symmetries listed in table 2.1 and table 2.2 from [205] have been used
to reduce the amount of computation needed. We will discuss an algorithm that has been developed
for this thesis in order to make use of this minimal representation in Sec.

2.2.4 Imaginary Time and Finite Temperature

First, we want to motivate the introduction of imaginary times in Eq. (2.39).
We will work in the grand canonical ensemble. To shorten the notation, the additional term, which
fixes the density, is absorbed into the definition of the Hamiltonian:

H=H-uN (2.44)

This term can sometimes lead to additional contributions and will be expanded in calculations if needed.
A very important concept in finite-temperature calculations is the Wick rotation. Since we are only
concerned with a 0+ 1 dimensional field theory, some conceptual obstacles present in the mapping
between Euclidean and Minkowski space can be circumvented. The functions we are considering are
meromorphic, giving us the opportunity to view this rotation as an analytic continuation. By extending
the Green’s functions from real to complex functions Ga;as (t) = Gajas(2), we can write

z=t—ir (2.45)
f(r):=f(0-ir) (2.46)

The continuation from real to imaginary times leads to a natural formulation of finite temperatures,
as one could speculate by the similarity of the Fokker-Planck and Schrédinger equation under vari-
able transformatiorﬂ The conceptual advantage becomes clear with the observation that the time

4In some setups, the transition may also help transform oscillatory integrals into exponentially decaying ones. In
general quantum field theories, similar methods transform the integral measure of the associated path integral into
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evolution operator for a time-independent Hamiltonian takes the role of the Boltzmann factor in the
thermal Green’s function. Furthermore, the imaginary-time formalism takes the periodicity (see prop-
erty (1) Sec. |l) into account naturally. This motivates the identification of an imaginary time since
perturbation in the Boltzmann factor, and the interaction term can then be treated with a single
imaginary time evolution operator:

Z=U(B,0)=e " (2.47)

2.2.5 Matsubara frequencies

The § (anti-) periodicity of the imaginary time Green’s function (property (5), Eq. (I8.5))) leads to a
Fourier expansion with discrete coefficients.

[Dr0m~5 & s (2.49)

These are called Matsubara frequencies and are denoted by v, (wm) for fermionic (bosonic) statistics
throughout this thesis. We will give a very abbreviated overview of this formalism here, mostly to
precisely define the notation, which is not consistent throughout the literature.

Definition 2.2.5.1 (Fourier transformations for imaginary times)
We define Matsubara frequencies for bosons and fermions as follows

Vp = w (2.49)
W = 2”7” (2.50)

Furthermore, we abbreviate the notation of the Fourier transforms of imaginary times and frequen-
cies due to their frequent repetition in calculations:

def(T) = foﬁ drf(7) (2.51)

v 1 & .
= 3 > fivn) (2.52)
The (inverse) Fourier transformations are given as follows.
v L. 1 p WnT p W T
Goor =Gl = 5 / dre'"" " Gpar (1) = / d7e”" "G por (T) (2.53)
-B 0
Gaar (1) =3 TGl (2.54)

A The symbols for fermionic and bosonic frequencies are not consistent throughout the literature!
In many references, w instead refers to the fermionic frequencies.

The Fourier transform of the general n-particle imaginary time Green’s function is then (for a detailed
discussion on the domain and symmetries, see [205| Sec. 2.2.1.1]):

Giflly,;;:, _ f e_i(”””"'_”l”){dTi}Gil,.”,i;(Tl; s Th) (2.55)
Giy,oir (T15-570) = {Z} elvime AT g (2.56)

The relationship between Heisenberg and Schrodinger picture of the operators for time-independent
Hamilton operators becomes:

On(r) =™ Oge™™ (2.57)

We will drop the subscript for Heisenberg and Schrédinger picture, as before.
As an important implication of the imaginary time formalism, the time evolution operator is no longer
unitary. We will make repeated use of the following properties:
; 1 1
emP =1, — =z 2.58
S =3 (2.59)

el 1799

e“’nﬂ — _17

the Wiener measure |81, Chapter 3]. The Fokker-Planck equation describes diffusion processes, i.e. the time evolution
of densities under Brownian motion or stock price evolution in financial mathematics [247]. The integrated form
of this stochastic differential equation, using the Feynman-Kac formula, leads to a stochastic Ito integral, directly
linked to path integrals [138].

10
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2.3 Spectral Representation

Our next goal is to give a short introduction to the Green’s function formalism in frequency space. In
the process, we will isolate the spectral function as the central quantity containing all information for
the different finite- and zero-temperature representations of the single-particle Green’s function. This
quantity is also central to this formalism because it is experimentally accessible. We will, therefore,
also give a short overview of experimental techniques that have been developed to probe electronic
systems.
Ain the following, we will often use FE,, as the eigenstate of the grand-canonical Hamiltonian, Eq. ,
to shorten the notation. The energy eigenstates, therefore, have an additional term and should be
understood as

E,=E,-uN, with f[|n) =F, |r) (2.59)

We first compute the Lehmann representation of a general correlator, serving as a building block for
the subsequent spectral representation.

XgléQ (t,t") = (O1(t)Oa(t")) = Tr[e_ﬁﬁeimOA1e_the_ﬁt’OA2e_mtl]

- Z e PEn (n| 6iﬁtéle-iﬁt Im) (m| eth’026—th’ In)
nm

= S e (] Onfm) D (| Op m) e
nm

= S e PP BB (1) O, fm) (m] Oa [n) (2.60)

nm

Equivalently in imaginary time using Eq. (2.57)), we obtain:

(O1(m)02(1)) = Y e P EneEn=Em)(T=1) 111 01 Im) (m] Oa n) (2.61)

nm

These are extremely useful identities for many solid-state theory calculations (whenever the Hamil-
tonian is time-independent and the time evolution operator in the first line can be written in this
simple form), but especially in the context of this thesis. The value lies in the decomposition of the
expectation value for the time-dependent operators into expectation values of static correlators and
a phase factor. We now use this to obtain the so-called spectral or Lehmann representation for the
Green’s function. Other applications in this thesis are the explicit calculation of observables in the
atomic limit Sec. and the implementation of an exact diagonalization solver for the
Mean Field Theory (DMFEFT) method Sec.

The Lehmann representation of the real- and imaginary time single-particle Green’s functions given by

G2 (4,4) = —iO(t £ ) (Te o (t)e, (1))

aa’
1 _ . _ 4!
_ —’i@(t N t/)Ee BEn, Z[ez(En Em ) (t-t") (nlé N |m> <m|é;/ ‘n)

nm

+ ! EnEmED ()16 im) (m] @ o n)] (2.62)

Analogously for the imaginary time Green’s function using Eq. (2.61):

1 _ _ (B, —
Gaar(7) = 50 L[ (] o) (m ¢, ) = 5507 (nl el fm) (m] ¢ o )] (2.63)

nm

The two terms suggest that this procedure becomes much more cumbersome for higher-order correlators,
whith the 4-point correlator already has 3! = 6 possible permutations of time arguments in addition to
4 state summations from the insertion of unit operators. Next, we will discuss the real and imaginary
frequency versions of this representation.

Real frequencies

We will shorten the following derivation by assuming a time independence of the Hamiltonian.
Following from Eq. (2:33), we can omit one argument since G(z,t - t';z") = G(=,t;2't") (see Eq.
for the proof in imaginary time). We start with the original definition of the single-particle Green’s
function, Eq. , but now already for generalized states instead of the special case of a position
basis (in that case, the overlaps become wave functions («|n) — 1, (z)). Here, our goal is to isolate the
real part from the imaginary part before considering the full spectral representation. In the following,
we use the integral representation of the Heaviside function
i e¥iu(t—t')
O (2(t-1)) = o [ (2.64)

vin

11
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NN Im{r} Im{r}

X X % x X dexox in XX X X X X X X X X X

R{v} Re{v} Re{v}

—inx x x x x X x x x x o x x x x x x

G(k,v) GE(k,v) GA(k,v)

Figure 2.2: Singularities of Green’s function with energies relative to the chemical potential. Red
Crosses mark poles of the time-ordered, retarded, and advanced Green’s functions [246].

and Eq. (2:60), to write the Fourier transform of the Lehmann representation as:
FIG®]0) = [T (i0(s) T (aln) (nle " m) (m]a’) ds
- fom € S Goun (| n) € (m ] 0’} ()
==X (aln) fom e B d(4s) (n|a’)
- —izn:(a|n)fomei(u_E”‘)sd(is) (n]a’) (2.65)

ei(uiinfEn)s

=2 {aln)

= (a|[(vxin)1-H] )
= QR 2 [(v+in)l- ﬁ]_l (2.67)

m‘: (n|a) (2.66)

aa’

Here, a small shift 7 is usually introduced to avoid mathematical complications of dealing with the §
distribution, which would otherwise arise from the Fourier transformation of a plane wave. A more
comprehensive derivation is given in [298] p. 23].

In the next step, we isolate the real and imaginary parts of the Green’s function, where the difference
between both one-sided limits recovers the Lorentzian representation of the delta distribution. First,
we use the Green’s function in the eigenbasis Eq. , after evaluating the integral.

graw s laln) (nlo)

2.
~ vxin—-FE, (2.68)

Next, we use the following identity linking the Dirac delta distribution to the limit of the Cauchy-
Lorentz distribution.

. had n nu=zx ;. 0
tim [ 7@ e " i [ o)

1 .
7 du = lim f(nu)m = 7 £(0)

u2

With f(z) a test function (f € C*° and compact support).
We can now calculate the limit of 7 — 0 of the retarded and advanced Green’s functions:

Cowae Ny | (v F i) = En
S P

A%T v-FE,
:;<0¢‘n)<”|a>1}1{% (v-En)2+12

. I\ qs aili
vidfaln) (nfa)lim s

-y D) i o )50 ) 20

This means the retarded and advanced Green’s functions have poles at the eigenvalues of the Hamil-
tonian, which also define the difference between them. In fact, the difference between both has a
straightforward physical meaning, as it encodes the generalization of the density of states to interact-
ing systems, called the spectral function.

Important 2.3.0.1 (Spectral Representation In Real Frequencies)

Following from Eq. (2.68)), the Green’s function then reads in the Lehmann representation:

{m| & an) (nfél, [m)

(2.70)

aa’

R/A,v _ l -BEy -BEm
Gaar = 7 e e ) e i

12
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&
GR Y- GA =t e+ )AL = —2nY Im GRY, 2.71
C [e7e%

With the usual Fermi/Bose distribution

ng = [eﬁ” + C]_l (2.72)

We make two observations here: (i) From the results above, it follows that the (advanced) retarded
Green’s functions have singularities in the (upper) lower half of the complex plane. These positions
correspond to the energy states of the many-particle system. In Fig. the poles are illustrated for
causal, retarded and advanced Green’s function. (ii) From Eq. and Eq. , we observe
that the spectral function exactly captures that excitation spectrum of the many-particle system. This
provides insight into the role of the spectral function as a measure of available states (determined by
the overlap term between the energy states m and n), which have particle numbers differing by one.
In fact, in Sec. we will discuss that the spectral function is best viewed as the generalization of
the density of states to interacting many-particle systems.

2.3.1 Observables from Green's Functions

One important property of Green’s functions is the ability to obtain observables from them. For single
particle operators we can write |70, Chapter 7]:

(0V @) =i¢ ¥ (a]Olaz) Gayas (1) (2.73)
=( Y (a]Olaz) Gayas (157) (2.74)

Specifically for this thesis, we will obtain the density, kinetic, and potential energies from the interacting
Green’s function.

Density Sums over Green’s functions have to be carried out carefully by considering convergence
factors. As an example, we show the sum over one-particle Green’s functions to obtain the electron
density. This is specifically important in our context since we aim to restore the consistency of this
quantity throughout the method discussed later. A derivation of an improved numerical sum formula
for the density, is given in Sec.

Instead of computing the total electron density from the density operator via

i = Ny + My, (2.75)

we can obtain this quantity in terms of the single-particle Green’s function. From the definition of the
imaginary time Green’s functlon in Eq [239) (here ¥, Go(7) = ©(7)(e o(T)eh) —O(-1)(éle o (1)),
the Fourier transform in Eq. and the definition of the density n = Za(éf,é -) we obtain the
following:

hm G(r+n)=1--=>e"G" (2.76)
. _ _ ﬁ _ —iUnn A~V
}715([1) G(r-n)= 5 %:e G (2.77)
ﬁ 1 WWn 1 YV
=3 = %1{1(1) %:e G (2.78)

Throughout this thesis, the last definition will be implicitly assumed whenever the precise limit is not
given.
The argument above is given without momentum dependence. Non-local Green’s function pick up an

additional integration over k-space:
n =2lim Z e G, (2.79)

7]\0

Energies The kinetic and potential energies can be obtained from Eq. (2.74) (for a derivation see |70}
Chapter 7]):

Ekin =Tr [ekGi:] (280)
Epot = }715% Y [0 — e + p] Tr G (7) = Tr [S1Gy] (2.81)
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2 Green’s functions

2.4 Susceptibilities and Linear Response

In this section, we discuss the application of the Green’s function formalism to the responses of the
system. We focus on the effective single particle responses; generalization to the 4 point correlator
functions is deferred to Sec. First, we give a brief reminder of linear response theory, as found in
most textbooks, in order to motivate susceptibilities as response functions. subsequently

2.4.1 Linear Response

A typical method to study physical systems is to apply some external perturbation and subsequently
observe its response. Here, we will discuss the simplest approach to model the response, namely, by
limiting ourselves to linear order.

Let us start by imagining a system described by a Hamiltonian Hy in equilibrium that is disturbed
by an external time- and space-dependent perturbation f(r,t). Examples of such disturbances are a
magnetic field applied to the system, single high-energy photons, or neutrons. The system will react
in different ways, depending on the energy scale and the type of disturbance. This is described on
a microscopic level by different operators coupling to the perturbation. These observables can then
be used to probe the system behavior under certain effects and, thereby, gain insight into the driving
dynamics. Examples of observables could be magnetization, spectral function, and spin susceptibility.
We give a brief overview of some experimental techniques and their relation to the Green’s function
formalism in Sec. In an experiment, we will measure the expectation value of this observable:

(A(r,1)) (2.82)

With a coupling of the perturbation to the observable given as an external Hamiltonian:
Ao = [ drO(e,)f(x,1) (2.83)

The perturbation stemming from a magnetic field, for example, would look like this (see also Sec.
for further examples and the definition of the spin operator S;):

Hexe = —un ) i B(1), (2.84)

Where the integration over the position space collapsed into a sum over positions of spins. The
full Hamiltonian is now given as the sum of the Hamiltonian for the equilibrium system and the
perturbation.

Hp = Ho + Heys (2.85)
We continue by considering weak perturbations of the system, which allow us to take only the leading
(i-e. linear) Taylor term of the response into account. The usual time evolution from Eq. is then
given by:

A~ . t
Ut (t,to) = T~ Jig@sHext() _ g —i/ dsHexi (s) + O(f2(x,t)) (2.86)
to
The system was unperturbed initially, i.e. tp = —oo, lets us assume lims;—_oo Hp (t) = H. Using this

ansatz and that the time evolution of the full (perturbed) system is a product of the equilibrium and
external system, Up (t,t0) = U(t,to)Uext(t, o), yields for the total time evolution operator:

e (t) = U(t)—i[;dsU(t,s)ﬁext(s)U(s) (2.87)

With this result, containing the linear approximation, we are able to evaluate the observable Eq. (2.82)
under some state :

(A(r,0)) = (O A, 6) [9(1)) = (D] A, 0) [p) + [;ds (] [Hexe (), A(r, )] 4) (2.88)

We can then write the deviation of the observable A from its equilibrium value due to the perturbation
in terms of response functions x:

< 8(A(r, 1)) = (A, e ~ (A D)o = [ ds (0l [Fexe(5), ACr, )] ) (289)
=i [ar [ s wl[0e,5), ACe, )] 1) £(r,1) (2.90)
= —ifdr [:dsxgﬁ(r,s;r'7t)f(r',t) (2.91)

The last line defines the retarded linear response susceptibility XgA(r, s;1',t) of an observable A(r, t)

stemming from an external perturbation f(r,t¢) that couples to O (see also Def. [2.4.2.1). This is the
well-known Kubo formula for time-dependent perturbations [149].
In general, we can then write the time-dependent expectation value of an observable A to a perturbation
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2.4 Susceptibilities and Linear Response

O in linear response as:

(A)y = (A) + [:dngA(r, st ) f(x, 1) (2.92)

2.4.2 General Correlation Functions

In general, we consider correlation functions as the difference between their connected and unconnected
parts.

Coy .6, (T, T NTO1(11) ... On (7)) = CF. 6 (11, T )(TcO1 (1) ... On (7))
~C, .0, (71, T ) TcO1(11) ... On(70)) (2.93)

Here, we defined two commonly encountered quantities, the connected susceptibilities and unconnected
susceptibilities. The latter are typically called bare susceptibilities.

X6, 0, (1) = {O1(1)0a(1')) (2.94)
X&, 0, (1,1 = (01N O02(1)) (2.95)

The meaning of the full susceptibility can be motivated in the statistical analog of the quantum me-
chanical correlator, which is also discussed around Sec. From this identification, we understand
that the two-operator correlator with a single time argument is equivalent to the covariance or, more
generally, joint cumulant E

X6,0, () = {(01(1) = (01(1))) (
£)02) = (01 (1))
(

>

-(02))
(

)
2) = {01 (1))(O2) + (O1(t){O2)

> O S

(
=(Oy
= X610, (8) = X,0, (1) (2.96)

This quantity should be zero for uncorrelated observables. In this case, the connected susceptibilities
decouple into the unconnected ones, and one can, therefore, understand this to be the proper definition.
Comparing with the definition of the real-time Green’s function in Eq. (2.37)), we clearly see the
relationship to Green’s functions and may also add the definition of the retarded susceptibility and the
equivalent to the spectral function here.

Important 2.4.2.1 (Susceptibility)
We define the retarded susceptibility x® as follows:

—~ I’ I’ 1 A A U4 14

Xo,0, (r, 651, 17) = ([0 (x, 1), O2(r',1)]) (2.97)
Xo, 0, (BT, 1) =10 = 1)K 5, 6, (. 151, 1) (2.98)
Xotvas (11 72) =GP 0 (1o oma) = G, (71, 72) GEY (73, 7a) (2.99)

Furthermore, the susceptibility X takes on a role similar to the spectral function for Green’s func-
tions.

~w _ i Rw Aw
X7= 5 (X =xM) (2.100)

Eq. (2.116) demonstrates its role as a measure of dissipation in the system.

Lehmann Representation The Lehmann representation in Matsubara space can be obtained analo-
gously to the Green’s function; see also Sec.

1 e*B(En*Em)

Xb102a= 7 (n]O1(q) [m) (m| O2(-q) n) (2.101)

= En - En—iwn

This representation can be used to obtain numerical values with the [Exact Diagonalization (ED)|
method.

2.4.3 Spectral functions

The two main textbook quantities for the description of non-interacting electron systems are the band
structure €,k and the [Density Of States (DOS)l Bloch’s theorem justifies the former and is typically

5Note, that this definition corresponds to correlation functions (or autocorrelation functions if O;(t) = Oz (t)) if one
reinterprets the operator as a stochastic process in time t.
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2 Green’s functions

justified in systems with Fermi liquid behavior (see Sec. where quasiparticles with renormalized
electron masses and velocities take the role of bare electrons). The latter has a more well-defined
generalization for interacting systems called spectral function. Similar to thel@[7 the spectral function
measures excitations in the energy spectrum and can be measured by photoemission spectroscopy (the
best known of which is probably [Angle-resolved photoemission spectroscopy (ARPES)l We discuss
further experimental setups below).

Important 2.4.3.1 (Spectral Functions)
Following Eq. (2.69) and [70, p295], we define the spectral function as the difference between the
imaginary part of the advanced and retarded Green’s function

AL =Im[GRY - GR¥] = —2tanh® (%m) Im[Gy] (2.102)

This identifies the spectral function as the central object, connecting the retarded, advanced, and
causal Green’s functions.

Following our discussion of the spectral representation of the real-time Green’s function, we also
have the spectral representation of the Green’s function

v 1 - . .
Apar = 3 e 75 = O (ml & a[n) (nle], m) 6(v = (Bn = Em)) (2.103)
Furthermore, the spectral function also connects real and imaginary frequencies:

1 AY
GRIAY _ = / S g (2.104)
2m v-v tin

’

v

GVn — i ° Ak
k 27 Jeoo Uy — V!

dv' (2.105)

The spectral function fulfills properties of a probability distribution and is therefore positive and
normalized [162]:

AL>0 (2.106)
S Ap=1 (2.107)
wk

The spectral function is of great special importance to Green’s function formalism because it is directly
measurable in experiments, which we will discuss next.

2.4.4 Experimental Techniques

This thesis is focused on method development for a theoretical model far removed from real materials
calculations. However, no theoretical setup can claim validity without connection to experiments. In
fact, the thermodynamical consistency discussed in Sec. 4] specifically aims to improve two of these
measurable quantities. Specifically, we have the following observables linked to experiments [180,
Sec. 4.3]: The spectral function, which is, for example, measurable by or Scanning Tunneling

Name Observable Technique
Spectral Function Ay ARPES, STS, ERS

Magnetic Susceptibility X, NMR, INS

Charge Susceptibility Xd.q IR, EELS

Table 2.1: Experimental techniques, adapted from |180} Sec. 4.3].

Spectroscopy (STS), is able to probe the available states of the system around the Fermi surface. In
STS, by measuring tunneling through a metallic tip close to the surface [180, Sec. 4.3.2] and [190]
Chapter 14]

f p(w) (nf —nis~Vbies) dw (2.108)
with a bias voltage Vpias. In m the photoelectric effect is used to directly probe the available

states in Eq. .

Electronic Raman Scattering (ERS) is also used for probing systems with vastly differing energy scales
of gaps as a function of k, such as in the pseudogap region of cuprates [260]. While, from the theory
side, certainly seems to be the more prominent experimental technique, it is inherently under-
stood as a single-particle method, while ERS is not [57]. In Sec. [3] we try to argue on the example
of the atomic limit that this poses a problem when trying to determine the strong correlation effects
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2.4 Susceptibilities and Linear Response

of a system. However, careful investigation seems to indicate that is indeed applicable for the
measurement of the bulk spectral function in cuprates [297].

To obtain magnetic susceptibilities, inelastic neutron (X-Ray) scattering (INS)/(RIXS) and Nuclear
Magnetic Resonance (NMR) are regularly used techniques [180, Sec. 4.3.3-4.3.4]. The former, again,
probes the available states directly, as given in the Lehmann representation. This is possible because
neutrons carry a spin but no charge and, therefore, interact with bulk magnetic moments. NMR probes
magnetic moments by aligning them in an external field (typically a strong constant bias and a weak
perturbation) and measuring radiation emitted when excited states return to their ground state when
the magnetic field switches off.

Especially for cuprates, the (dynamic, i.e. w and q dependent) charge susceptibility is of importance
because charge density waves play an important role in understanding the phase diagram around the
superconducting dome Sec. Direct measurement techniques of the dynamical charge susceptibility
seem to be far less established than for optical conductivity in the q — 0 measurement through Infrared
Reflectivity (IR) measurements. In order to directly measure the momentum-resolved charge suscep-
tibility, more recently, a technique to directly probe the momentum-resolved absorption spectrum of
electrons (M-EELS) has been proposed [276].

2.4.5 Positivity of the Susceptibility

Because the physical susceptibility plays a central role in the Sec. method, we derive the positiv-
ity property here. However, comprehensive derivations are left for the literature, for example [266
Chapter 10] and [61, Chapter 3.4].

We will make repeated use of the strict positivity of the physical susceptibility. In fact, this was
the driving motivation for the development of improved Matsubara summation formulas in Sec.
Numerically unstable or poorly approximated quantities can violate this property and lead to severe
qualitative discrepancies in the method that relies on a renormalization of this quantity.

Due to its importance for this thesis, the argument is presented here but can also be found here in
expanded form (266}, Chapter 10.6]. The power dissipation of the external perturbation from Eq.
is given by the work done per unit of time. We use the Kubo formula to evaluate the expression:

AW dHex(t)

dt — dt (2.109)
- [ar (iﬁé(r)e*imf(r,t) — i O f () + eiﬁté(r)ﬁe*imidfg’“) (2.110)
= —[(Ho) + { o)) 221 (2.111)

dt

Computing the total energy W = ]T/2 dtW (t), which must be positive, we obtain after Fourier trans-
formation using Eq. (2.92)) (here we also use a general basis as in Sec. [2.4.2.1] instead of real space):

—fﬂ Row o, (@) [ >0 (2.112)

The same expression, except for a global minus sign, can be obtained under exchange of variables
w — —w and i — j. Adding both expressions together still leaves us with a positive value. Finally, we
use the spectral representation from Eq. (2.70) and obtain

1A o] X, X650, .\ ew
1l rd _ . 2.11
0<W 9 f@ [ ’7(w+i77) w’7(7w+i77) (Zw)fj ( 3)
e [y o 2119
=0<W=w(f) X5,0,07 (2.115)
0T =R o, (2.116)

The last two lines follow since the frequency dependence of the external field is arbitrary.

We will use this property of the analog of the spectral function of the retarded susceptibility, for
example, in Sec.

Even more important is the strict positivity for magnetic and charge susceptibility (see below). From
the spectral representation in Matsubara frequencies, Eq. m, we get for hermitian operators Oy
and 02

X6,65.a = [X6,0,,-a) (2.117)
= Xb,0, = ReX6,0, (2.118)

The usual fraction expansion trick (multiply o}} by (En - Em + iwm)OQ and the analog for 05 to make
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2 Green’s functions

the denominator real values) gives the very important property:

w |m|—o0 1
Rexoléz,q ~ (iwm)2 (2119)
In fact, for the most important susceptibilities we will encounter, the charge and spin susceptibilities
(see next section), the coefficient of this tail is the kinetic energy. Both identities hold for real and
imaginary frequency-valued susceptibilities.

2.4.6 Important Definitions for Susceptibilities

Having introduced the susceptibilities from a linear response point of view, we will now introduce the
common variants of these response functions used in this thesis. As motivated above, the two operator
susceptibilities x4 5, describe responses of one observable Ol, while O changes. Or, more generally,
the generalized covariance of two operators. Consequently, the equal operator susceptibility x4 (7) =
Xoo(T) is a generalization of the autocorrelation function, which is a measure for spin fluctuations in
the system. We first define the pseudospin operators:

.1 ,
Si=5 Selofe (2.120)
o js 0j1 — i6;
o; = ((531 T (2.121)
A 1/, At A Tt ot A 1,4, ot a
:>S;C=§(CIC¢+CICT), Sy:—§ (Cicl_CICT)z SZZE(CICT—Cjci) (2.122)

SU(2) symmetry implies that [H, S, ;] =0, see [205, Sec. 2.2.2.6], with:
A 144 . . A (bt A A A 1.4, o
Sp,xzi(cicj+c¢c¢), Sp,y:—i (cIcI—clcT), szzf(c1c¢+circl—l) (2.123)

These can then be used to define the spin and charge susceptibilities. We call the response of the
system, which is defined through the spin operators Eq. (2.121)), magnetic response, Xm:

Xm = X3, (2.124)

More generally, we define the magnetic and density response in terms of the spin indices of the gener-
alized susceptibility, here already written with the shorthand spin index notation from Sec. [2.7.2.1

Important 2.4.6.1 (Magnetic and Density Susceptibilities)
Later we will often use the charge and spin channels instead of actual spin combinations. These
are conveniently defined in matriz notation as follows:

—_ (X1 Xxn 1 1
- . Ba=[:], Bum-= 2.125
(o) me() () @i

Xd = BiXBa (2.126)
Xm = B XBm (2.127)

A The terms charge and density, as well as the terms spin and magnetic channel, are used inter-
changeably. This holds for many references given in this thesis and even codes in Sec. @

A comprehensive introduction to this notation and symmetry properties can be found in |[180, Chap-
ter 4] or [205, Sec. 2.2.2.6].
The relationship between the static susceptibilities (limg-olime ¢00 Xf{) and observables of the system
is also important for this thesis. These are the magnetization and compressiblity of the system, see

also Sec. [4.4.2

w=0 d<m>
w0 2.12
Xm,q=0 a dh |h:0 ( 8)
it = & (2.120)

2.5 Fermi Liquid and Quasi Particles

This section introduces the concept of quasiparticles from the perspective of Fermi liquid theory. Al-
though not applicable in the arguably most interesting parts of the phase diagram for the Hubbard
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(b) Hlustration of spectral function, adapted
from [39, Figure 14.2]. The peak of the spec-
(a) Two-particle scatting around the noninteract- tral function is interpreted as the excitation
ing surface, adapted from |39, Figure 14.1]. of a quasiparticle with energy & with lifetime
The Fermi surface is shifted by the quasipar- Tk- Zx gives the spectral weight, with 1 — Zy
ticle energy & (here drawn without k depen- being the background, to fulfill the condition
dence) through scattering processes. [dvA, =1.

model, the strong coupling regime, the breakdown of Fermi-liquid behavior is in itself a useful tool
for the analysis of the Mott phase because precisely this fact indicates the onset of a non-perturbative
phase transitiorﬁ Especially the phase diagram of the cuprate high T¢ superconductors shows signs
of Fermi liquid breakdown in the critically doped regime [273]. We will give a very broad overview of
the conditions that govern the applicability of Fermi-liquid theory and the concept of quasiparticles
and parameter renormalizations.

The Fermi-liquid theory describes metallic systems based on the assumption that the ground state of an
interacting system is adiabatically connected to the noninteracting one, known as the Gell-Mann-Low
theorem [78]. The core insight of Landau was that small excitations can be described as deformations
of the Fermi surface, and the newly obtained Fermi surface can be characterized as containing quasi-
particles (for example, electrons with renormalized mass) with similar properties as the real particles
of the noninteracting system [153, [L56| |155]. The physical picture is that interactions excite electrons
from the previously noninteracting system above the Fermi surface, keeping the quantum numbers such
as spin and charge conserved. This excitation leads to a change in the density distribution functions
ony (k) = no (k) -nS (k). In Fig. an illustration of this two-particle scattering is depicted, leading
to a deformation of the Fermi surface, proportional to the lifetime of the quasiparticle. The important
conditions here are that the quasiparticle excitation energy is much larger than a fluctuation introduc-
ing it and the lifetime is sufficiently long. We can see this through the consideration of a perturbed
Hamiltonian, acting on a noninteracting system, over a short time period (we need the time-dependent
version of Eq. here) (39, Chapter 14]:

He = Ho + Hipre ™' (2.130)
Bringing in the adiabatic connection
Jim (o () | Yo (£)) = (Y10 [ 9o ) (2.131)

We can deduce two conditions: (i) the quasiparticle excitation energy must be small on the scale of the
rate of change of the system; (ii) the lifetime of the excitation must be large, compared to the inverse

excitation energy: )
Tk

P & > f3 (2.132)
Before moving on, we want to give a very brief glimpse into the mechanism by which the Fermi-liquid
theory accomplishes the computation of renormalized quantities, such as masses, for the quasiparticleﬂ
For this purpose, the ground state can be assumed to be a Fermi gas with density nl (k) = ©(k - k).
Then, an energy functional of the electron density is minimized to find the quasiparticle energies and
states:

Eno(K)] = Eo+ Y €0 (k)on, (k) + % S G (K, K )10 (K) Oy (K') (2.133)

k,o k,o,k’c’

61t is also known, that in the case of the two-dimensional Hubbard model, which we will be concerned with i the
Fermi-liquid description is valid away from half-filling [25].

"This is meant as an illustration and uses a semi-classical formulation. It does, however, emphasize the assumption
that quasiparticles can only be well-defined when their excitation is close to the Fermi-surface and well described in
an effective mean-field |1, Chapter 1.2.2] and for further discussions in the context of Green’s functions |1, Chapter 4].
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2 Green’s functions

Here we make the two Fermi-liquid assumptions explicit by including the variation of densities (i.e. mean-
field excitations) into account. The function ¢ is a mean-field-like interaction function, coupling density
fluctuations to each other. This functional yields the properties of the quasiparticles via the functional
derivative. For example, the quasiparticle energy can be obtained in this way:

. ( OE
*= (m(k))

Instead of applying this to various interactions and observables (see, for example [39, Chapter 14] for
a discussion), we instead move directly to a description of this principle in terms of Green’s functions.
Here, the density variation is microscopically introduced by excitations of single electrons above the
Fermi surface. To this end, we use Eq. (2.102) (i.e. the spectral function as the difference between
the retarded and advanced Green’s function) and Eq. , giving us the interpretation of Ay as a
collection of excitations. We now study the excitation of one additional mode, appearing as a pole
at &k — iy with residue Zx in the spectral representation. Carefully considering the integration path
(originally [199], see also [70, Fig. 7.2]) to avoid the pole and applying the residue theorem, one is left
with the following:

= (k) + Y o0 (k, K)o, (K') (2.134)
o (k)=n$ (k) Ko!

. . 0 .
Ak(t) _ Zkefzt(§k+zwk) " / ge"‘Vt

—joo 2T

[GoY -Gy ] (2.135)

The remaining integral can be approximated if the real part of the pole is much larger than the
imaginary one, which means (in accordance with our illustration in Fig. [2.3b]), that the quasiparticle
weight Zx is much larger than the background noise |1, Eq. 7.35 ff] and [199]:

A (t) m Zyee MERFID iy gy (2.136)

This already gives an intuition of the quantities in the quasiparticle excitation: 4™, the inverse distance
to the real axis, governs the lifetime, Zx gives the weight and £k acts as an energy. We can make this
argument a bit more convincing for a many-body system by involving the self-energy. To do so, we
consider the definition of the spectral function (Sec. and retarded Green’s function in this limit.
Following the idea of small excitations, we expand the Green’s function around wave vectors close to
kr, where |39, Chapter 14.4]:

ok~ ex — i~ —Re EﬁF (2.137)

This leads us to the expression of the retarded Green’s function [1, Eq. 21.28]:
R =[v-ac+p-30]" = [v- (fox -ReSP”) —ilmsf] ™ (2.138)

One can then Taylor expand around small energy deviations around the Fermi surface to obtain:

~ [u - (v-0)d, Re "

T (k - ki) Vi (€o,xc + Re DY

1 -1
0
(2.139)

=kp

-1
—iImEE}’:] =Zx I:l/—ék +1—

where we defined the quasiparticle lifetime 7k, energy &« and spectral weight Zy:

v Z v -1 v= - v
=228 [ZIm S, = (k—ke) ZiVi (€o.x + Re i 0)‘ . Zi'=1-0,ReXy”
Tk k=kp v=0
(2.140)
Finally, we can also express the renormalized mass using &i ~ %BQ, Chapter 14]:
" 7 [1 + Ly Re 21’50‘ ] (2.141)
* kp k=kp

The spectral function is the central quantity connecting the Green’s function formalism to experi-
ments. In the Fermi liquid picture, it furthermore provides an intuitive understanding of the excitation
spectrum for collective modes in the electronic system. We know that the Green’s function for free
fermions without spin has exactly two poles, resulting in the corresponding spectral function having
only two delta peaks. From Eq. we can also follow a § like shape for infinite quasiparticle
lifetimes i = 75.*. Therefore, the following heuristic expression for the spectral function in the form of
a Lorentzian seems appropriat

R,v
—Im¥

(v -+ p-ReZP)” 4 (5B

Af = (2.142)

A=

This corresponds to the form of Fig. where the d-like peak is broadened by the inverse of the
lifetime. The corresponding spectral function will have a sharp peak at & with height proportional
t0 Zx /v and width proportional to 7. The incoherent background takes up the remaining spectral

8Using Eq. (2.136)), it follows that GT(t) oc i©(t)e "¢k e~/ Tk, Fourier transform gives the familiar Lorentzian shape
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weight 1 - Zx.

Restating the necessary condition for a Fermi-liquid:
lim Im Xy =0, (2.143)
Kok

we can use this concept as a tool to investigate the onset of Mott physics, where the condition is violated
and the spectral density at the Fermi surface is suppressed. This encapsulates strong correlation physics
in which the adiabatic connection to a metal-like state is disrupted. Zx can, for example, be measured
by Compton scattering as it is proportional to the distribution function at the Fermi level.

2.6 Diagrammatic Perturbation Theory and Functional Integrals

Many concepts and methods in this thesis are much more conveniently formulated in the functional
integral formalism. They are also very convenient, in conjunction with functional methods, for the
construction of conserving theories such as [Two-Particle Self-Consistent Approach (TPSC)| using the
Luttinger-Ward functional in Sec.

Since this formalism is not too common in solid-state theory, we will motivate it from two perspectives.
The Feynman path integral point of view briefly connects our notation to that of [111], where an excel-
lent introduction can be found. We will then also briefly connect the notion of generation functionals
to the analog concept from probability theory before introducing the necessary quantities for the rest
of this thesis.

Some of the following texts are taken from my master’s thesis [246].

2.6.1 Feynman Path Integral

Although not strictly necessary, a very good motivation for the functional integral formalism used
in this thesis is Feynman path integrals. Here, we give a very brief introduction, jumping directly
ahead into the definition of coherent state (i.e. a formulation in creation and annihilation operators
instead of a spatial basis) path integrals, following the notation from [111} chapter 2]. These integrals
naturally arise from the decomposition of the time evolution operator Eq. (2.14) where the Hamiltonian
is expressed in terms of the creation and annihilation operators Eq.

() A({al
U —m) = e (e, 8 o) (2.144)

To construct the path integral for many-particle states, the propagation is subdivided into N slices,
using insertions of the unity operator of coherent state eigenstates Eq. (2.12)) at imaginary time intervals

e = . The number of slices N is then taken to the limit co, where we assume the existence of
the appropriate integral measure. The k-the insertion of the component « for a coherent state (see
Sec. D is written as ¢, ;
U . ) = -H(7¢-71) . 2.145
(¢f77-f1¢177-1) <$f‘€ |‘rl> ( . )
N-1 . Nel o —
— ]},lm f H Hdlu/(gba,kad)a,k)eizk:l Yo ¢a,k¢‘a,k
- k=1 «
x e S (Za Pk b, o1 HeH (Bh kba k1)) (2.146)

We can transition to a smooth trajectory, following the arguments preceding [111, Eq. 2.61], using

lime_o Pak a1 _ Or o (1), and H (¢, 1y o 11) = H(b,(T), do (7)), to arrive at the coherent path
a,k a,k-1 Ie%

integral formulation used in our setting:

balry)
U(¢f’Tf;¢i’Ti):Aa(r-j D[¢Q(T)7¢a(7—)]

X €XP | = Zo ba (71) b (T5)~fri! A7 (L0 $a(1)07 64 (1)+H (B (1), (7)) (2.147)
L(Ga(T)bn (1))
ga(Tf) - — b, (T T —S[¢,, (T T
_ ](; o D[(;S(T),(b (T)]e Za balr)ba(ry) o =S[¢a (T),¢0 (T)] (2.148)

With the Lagrangian density £ and the action S.

The way in which different evaluations of the action contribute to overall propagation is illustrated
in Fig. 2.4 The factor 1/h illustrates that only the stationary action contributes to the classical
temperature limit.

As before (Eq. ), we can write the partition function, using the trace over the time evolution

9Note, that we skip the normal ordering argument which can be found leading up to |111, Eq. 2.60]
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2 Green’s functions

operator. Here, the boundary value term involving 7¢ in Eq. (2.148|) vanishes:

3

Note, that the —p term obtained from the grand canonical ensemble in Eq. has also been included
here. Furthermore, the trace leads to the (anti-) periodic boundary condition for (fermionic) bosonic
statistics.

The usefulness of this formulation in our setting

stems from the fact that we can apply functional T

generalizations of derivatives as formal operations.

This either shortens derivations compared to the
operator formalism or makes certain reasoning 7y
even possible in the first place. For example, the

® derivability in Sec.

This paragraph only serves as a very broad moti-
vation for the functional integrals, and details are

left to the literature. Our notation specifically fol-

lows [70] and |111].

— B - >y
~ D[¢(T)’¢ (7)] I8 AT(Za P (1) (0r=1)do (T)+H ($4(7),04 (7)) (2.149)
«(0)=5%a(8)

2.6.2 Generating Functionals

Connection to Thermodynamics

Ti
The previously introduced path integral formalism
lends itself well to further generalization. When o
coupling the fields to external source fields (¢, J) i b5
and (¢,J), we obtain the so-called generating Figure 2.4: Cartoon of paths through the config-
functionals. These resemble generalized generat- uration space. The weight of 1/h is
ing functions of probability distributions in that supposed to illustrate that in the clas-
functional derivatives generate all possible correla- sical limit only the stationary action
tion functions, whereas derivatives of characteristic contributes.

functions generate moments and cumulants of the

distribution. We can make use of this analogy to

illustrate the thermodynamic role of the quantities and derive some computational rules in a simpler
form along the Waym

Following the argument in [118,|233], we first remember that the characteristic function of a probability
distribution is defined as its Fourier transform of and the moment-generating function is its extension
to complex numbers (we assume existence for this short illustration):

px(t) =E[],  Mx(t) = px(it) (2.150)
with moments defined as:
_exn - L ® = iy ()| (2.151)
fim = Tom W T atn X\ o ’

The cumulants are then defined as the derivatives of the cumulant-generating function.
155 o
Kx(t) =InE[e”] =InMx(t),  kn = 8TKX(t)| (2.152)
" t=0

While indirectly defined through the logarithm of the moment-generating function, cumulants turn out
to be the more intuitive objects. The first 4 are (up to a normalization of a lower order cumulant) the
mean, variance, skewness, and kurtosis of a distribution. The thermodynamic interpretation can be
obtained by considering the probability of a classical particle in an energy state F;. Then, the classical
partition function Z[3], and the associated moment-generating function are defined as follows:

e PE _B8E;
p(Ei)=m, Z[ﬁ]=Ze 8 (2.153)
= Mg(t) = ZpietEi = % (2.154)
~ K(t) = (2[5 - 1)) - n(Z[5]) (2.15%)

19T his analogy is purely meant as an illustration of the core objects in the functional integral formalism. The value
here is to emphasize the role of the functionals in analogy to thermodynamic quantities. However, there is an actual
connection via the Martin—-Siggia—Rose formalism, connecting stochastic differential equations to path integrals out
of equilibrium [34]. A detailed argument for the role of moments and cumulants in many body theory and thermo-
dynamics can be found in [148| for complex valued functions. Generalizations for operators |27 and applications to

[DMFT| have also been studied [41].
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2.6 Diagrammatic Perturbation Theory and Functional Integrals

With a probability p; of an energy state E;. We have deliberately introduced a functional-looking
notation for the partition function Z here already, to make the connection to the functionals in the
next section clear.

The particular use of cumulants (in our case) and the associated functional W[J] below is the
systematic generation of connected “groups” (Feynman diagrams), while moments are made up of
these connected building blocks. For Feynman diagrams, this is known as the linked-cluster theorem
(connecting Eq. and Eq. ), see Sec. We can sketch this here (similarly to the
replica trick used in the diagrammatic case) by assuming the existence of a Taylor expansion for the
cumulant generating function:

MX(t)zer(t)=exp|:§:1tn' ] Hexp[ ]
i o] ) .

(n)Pn py!

When obtaining the m-th moment, all powers smaller and larger than n will vanish, according to
Eq. (2.151)). We can therefore rearrange in terms of powers of ¢, transforming the product of sums into
a sum over all groups with m=3%, n

= Hm = Z H[ T(Zln)m ] =2 1 (n7 .T.nj,n)iﬁzn (2.157)

[pn] n
—_—

This means the m-th moment can be understood as composed of all possible groupings of m cumulants
into groups of n. Similarly, but without proof, we will use the composition of general Green’s functions
from connected ones, as generated by the functional analogs. The second line can be interpreted as
copies of the system Z", using Eq. . A derivation starting with the thermodynamical partition
function followed by a functional generalization is given in the lecture notes of A. M. Tremblay [266),
Chapter 80], where a number of pitfalls and subtleties when dealing with functional derivatives are
also discussed. Readers unfamiliar with practical calculations will find all the necessary mathematical
details for this chapter in [111] and applications to our specific context with many helpful remarks
in [266].

Both Eq. and Eq. will be generalized to functionals in Eq. and Eq. .
The last generating functional is that of the effective action, obtained through functional Legendre
transformation of Eq. . A statistical analog of I' does exist in the form of rate functions (a
concept from the theory of large deviations). The connection to statistical physics does not seem clear
enough to justify a further discussion in this context. Instead, we will now give a very brief introduction
to generating functionals, by reminding the reader of the most important concepts.

Definitions and Basic Properties

For the construction of generating functionals, we introduce source fields J and .J coupling to creation
and annihilation fields. In our case of fermionic operators, these are Grassmann fields. These serve as
a tool to allow the functionals to generate desired quantities. In our case, the source fields will be set
to zero after the functional derivative acts on the functional. We start with the generating functional
of Green’s functions Z:

Z[7,.J] = fp[g’ ¢ e 199] e Za I Ar[TaIon (D1Fa()Ia ()] <6—(7,¢)—($,J)> (2.158)
With the generalized inner product
(7,9) = ; de'jw(T')a5 () (2.159)
Here we also used the action S, as the integral of the Lagrangian density L:
S[T(r), J()] = ;foﬁdmﬁa, Jo] =[dr [;L(T)(BT ~ @) Jal(r) + H[Ta(r), Ju(m)]|  (2.160)

For example, the actions for the Hubbard and Anderson impurity model (Sec. and Sec. [3.7)) are:

Important 2.6.2.1 (Action For Hubbard and Anderson Impurity Model)
The actions for Hubbard and Anderson impurity model can be computed from Eq. (3.12) and
Eq. (3.99):

Sttustara =AY (910 (1) 65 0r = 1) = 151610 (1) + Ubis 3,4 (6 (NG (o (1)) (2:161)

110
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2 Green’s functions

Sami = ZdedT'@(r)g;,}(T Yo () + deTaT(T)qu(T)al(T)@(T) (2.162)
with

g{;(f -7 =8(r =70 — ) + |Vi|2(9(7' -7 = np(e)) (2.163)

For this thesis, we will use three different functionals, corresponding to generalizations of momentum,
cumulant, and rate generating functionals, according to the considerations in the previous paragraph.

G[J,J ] = Z[; 577 [7.7] (2.164)

W7, 1= (G[],7]) (2.165)

T[6,6] =sup{-W[J,J - (67 )~ (¢ ])} (2.166)
J,J

In reference to statistical physics, we understand Z and W as generalizations of the partition function
and grand-canonical potential, specifically motivated by the analogy with generating functions from
probability theory in the previous section.

In Eq. , we have used the functional generalization of a Legendre transformation. The details
of which are left to the literature, for example [274].

G[J,J ] and W[J,J ] generate full and connected Green’s functions, while T [5, qﬁ] is the generating
functional for irreducible diagrams, called effective action. Especially the effective action and the role
of irreducible diagrams will be discussed below in Sec. ANote that we do not specify which types
of irreducible diagrams are generated by I'. This depends on the type of source field. We will elaborate
on this in Sec. 2.6.3]

One can express expectation values of the fields ¢ = (0] <Z>a |0) and & as functional derivatives. This is
done similarly to the moment trick for the n-th moment of Gaussian integrals, where one writes the
moment as partial derivatives of some auxiliary variable (source field), setting it to 0 afterward.

i} 5
(T.e)
pae (6Ja) (2.167)

We can readily verify this for the single-particle Green’s function:

82G[7,J]

G(l),T;T':T o (e, (D) s =T

(2.168)

This method is central to diagrammatic perturbation theory as the above and similar generating func-
tionals can be used in conjunction with Wick’s theorem to systematically generate Feynman diagrams.
Similarly, derivatives of the functional W[J, J] with respect to the sources yield the (complex conju-
gate) fields, which gives this functional its name of effective potential:

0

EW[?, J] = (& a)j,J :¢a (2169)
k) _ R _
57 W, J1 = =lad)z,s = b (2.170)

Explicit differentiation and comparison with the cumulant generating function from the last paragraph
motivates that this functional generates all connected Green’s function

Definition 2.6.2.2 (Green’s functions as functional derivatives)
We can generate (connected) Green’s functions in this way:

2n 3
GO (e T T ) = o — G, ] - - (2.171)
1..analal, C" 8Ty (11) T (70) S, (Th) Tt (1) | 520
, N om S WT,
G:fn)a ol of (7_17'~'7Tn;7—17~-~a7—n) = (: = = W[J J] p p (2.172)
oo o, 8T oy (10) T e (T ) Jay, () (T1) | 1720

For now, we focus on the most important details of the functional integral formalism that is required

HNote, that the will only consider fermionic non-symmtry breaking Green’s functions in this thesis and, therefore,
derivatives only occur in pairs of J and J.
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2.6 Diagrammatic Perturbation Theory and Functional Integrals

for this thesis. AWhen comparing to [266] one should be careful to not confuse source fields (for us J,
in that reference ¢) and Grassmann fields. We follow the notation of [111].

Important 2.6.2.3 (Functional Integral Identities)
The following identities will be used for calculations later. A gemeralization of the Gaussian integral
identities for fermionic (and for completeness also bosonic) fields:

[ D06 6exp (- X8 Mast 5+ Tub a4 Goda) = [Nedet(M)] € =27 s (9.173)
apB

L ¢=11
NC_{zm', c-1 (2.174)

The expectation value of an observable O:

(0)= [ D[5.9] 0574 (2.175)

We will now connect the functional integral formalism with Feynman diagrams by considering small
perturbations. The goal is to introduce the notation for this thesis; details are again left to the
literature.

Small Perturbations

Green’s functions play an important role in the development of perturbative expansions, which can be
seen from the following argument.

Let H = Hy + WV such that Ho lex) = ek |ex) is exactly solvable and V' a small perturbation. We write
the usual Dyson series in imaginary time as

Uint (7) :TeXP[—deT’V(T’)] (2.176)
0
Tr e—ﬂ(Ho—MN)Uin

z_n] O _ (18 (2.177)

Zo Tt [e-PHo-rN ] 0

Explicit expansion yields:

S (=Dt e " ) . )

= Z;) - fo A7y AT (TV (@], (1) (r))V (@l () g (7)), (2.178)

with the partition function of the non-interacting system:

Z= [ D[6.¢]exp| - Sfdr6,(r) (0 - 1) 6u(r) (2.179)
Gol, (™)

This leads to an expanded form of the interacting Green’s function in terms of the perturbation:

60 .y LT a2l (D), (2.180)
= y\T1...Tp) = .
..o, <Uint(/8)>0

The notation (-), stands for the average with respect to a zero potential Hamiltonian Ho with partition
function Zj.

Wick’s Theorem

A tool for the evaluation of expectation values under the non-interacting Hamiltonian (such as in
Eq. (2.180)) is Wick’s theorem. A pair of creation and annihilation operators is called a contraction
and can be visualized using brackets in the following way:

(ail (7‘1)&12 (7'2)...azm (Tn))o = Z H ngn(ﬂ) <& (1) (Tﬂ(l))&‘iﬂ@)(ﬂf(g)))

weK i=1

(& G (not) (Tﬂ.(n_l))&Lﬂ_(n) (Tﬂ.(n))>0 (2.181)

0

With K € S, (S, is the symmetric group) such that no permutations with two creation/annihilation
operators occur. The minus sign for fermions can be obtained by counting the number of times lines
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2 Green’s functions
cross each other. For example:

—— ]
(alal () dna(m2)dl ()l (74)),, =COaras Go.aras (11 = 75)0104 Go.a104 (11 = 72)

+ 50420@ GO,azas (7—2 - 73)6042(14 GO,a2a4 (7‘2 - 7'4)

Feynman Diagrams

We will simplify the notation for many of the following calculations by using Feynman diagrams.
Creation (field) operators for a state « at time 7 are represented by an outgoing arrow that originates
at a point labeled 7. Annihilation operators are defined in the same way but with an incoming arrow.
Equal times are connected at a single point, called a vertex. This means that the propagation of a
state az to a1 from time 7 to 7 is written as follows:

ooy —— a1t = Gajay (T1572) (2.182)

An instantaneous two-particle interaction with a potential ¥ at time 7 is written in second quantization
form as:

V(a'(r),a(r)) = ;é{aﬂlﬁla’ﬁ’}&*a(r)&g(r)& g (T)a 0 (T) (2.183)

This is graphically represented as follows:

a B
> - < = (ap|v|yd) (2.184)
Y 1

The rules governing these diagrams are too lengthy to define in this context. The notation and example
below directly connect to [111, Chapter 2.3] and |61, Chapter 1.5].

In order to remind the reader of the most important properties and for reference in a later chapter,
we will, however, give the diagrammatic construction for the 2-particle interaction from Eq. .
Using Eq. we obtain the two first-order diagrams:

1

V(@ (T)7dT(7')) = 5 ;6(a5|@|’y(5>& ~(T)a 5(7-)@1;(7-)&2(7.)
(2] =3 o 2 testoha) (@b nay i asto),
1 B
=75 J, 7 Z|(aBlolas) +C{afl0]5a)) Go.a (0) Gos(0) (2.185)

- %C}.@ ______ Qﬁ - g (2.186)
B

These are also often referred to as the Hartree and Fock diagrams. Taking only these two diagrams
into account is equivalent to neglecting fluctuations of quadratic and higher order. An example of this
is given in the context of the Stoner mean-field Hamiltonian for the Hubbard model in Eq. (3.70)"

2.6.3 Irreducible Diagrams

As mentioned before, irreducible diagrams are central objects in the construction of the diagrammatic
extensions to DM_P"TI, which are discussed in this thesis. We begin with the definition of irreducibility.

Definition 2.6.3.1
n particle irreducibility Diagrams that decompose into two disconnected diagrams of a lower
order by cutting n lines are called n particle irreducible (nPI). For example, the diagram

" s " s

=" 4 4
_,_.o_;_*_;_\_,_’_,_ is|One particle irreducible (1PI), while _,_‘_,_‘._X‘_,_‘._,_is not. Ez-

L d
~~__o

12The link here is that we can insert the mean-field Hamiltonian into the free energy functional and find the stationary

2 N N
; 5 - =
value via Fradng WMr =...=Vng - Vng.
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2.6 Diagrammatic Perturbation Theory and Functional Integrals

amples for |Two particle, two-particle irreducible (2PI) diagrams are given in the context of the
parquet decomposition in Eq. (2.244)).

There exists an analog to the generating functional for Green’s functions for diagrams. This
is the effective action I' (introduced in Eq. (2.166)). As the Legendre transform of W[J], functional
derivatives with respect to the (Grassmann) fields ¢ generate the source:

0r16, 9] =—CJa (2.187)

0pa
The 2 x n-th derivative, with the appropriate boundary conditions, yields the n-particle verte)ﬂ

1 82T, J]

r™ - _
" 0 Jay (T1) T an () Jar, (Th)Jar (1) | 1720

7 ’
ay...apaial,

(2.188)

(Tt ooy T3 TLy e, To) =

Let us first tackle the concept of one-particle irreducibility by summarizing the three most important
points (for this thesis) of [111, Chapter 2.4], before considering the implications and construction of
full Green’s functions (in the form of the Dyson and Bethe-Salpeter equation). We will demonstrate
that the effective action acts as the functional inverse of the connected Green’s functions, that it can be
used to generate the full Green’s function via tree diagrams, and finally, use it to construct the Dyson
equation.

We may also use this opportunity to introduce a more compact notation, where we indicate a set of
corresponding indices with just that index, i.e. (71,1) — 1; a bar implies summation/integration over
all corresponding indices (see also Sec. as before further details are found in [111) Chapter 2]).
First, we derive an auxiliary chain rule for an arbitrary functional F:

§F  6F 6J(2) . _OF §J(2) ¢ SF §°r  OF 5T
56(1) ~ 57(2) 06(1)  5J(2)56(1)  "57(2) 36(1)06(2)  3J(2) 56(1)(2)
Then, we expand the unity in terms of a field derivative and use Eq. to expand these fields in

terms of derivatives with respect to the sources. In the second line, we insert the identity from above
to eliminate the outer derivative:

_6p(3) 9 SW
PG = 5501) ~ 5a(1) [—45J(3)] (2.189)
52w 5°r 52w 5°r

T 57(2)8J(3) 66(1)66(2) T 57(2)0J(3) 56(1)39(2) (2.190)

Three similar equations are obtained for the other index combinations. We consider only equal numbers
of creation and annihilation operators and, therefore arrive at the following:

§(13) = G°(1,2)l5,(2,3) =T ,5(1,2)G°(2,3) (2.191)

r Ge
< 5(13) = = (2.192)
= 'M(1,2)=G""'(1,2) (2.193)

This yields an important identity: the connected one-particle Green’s function is the inverse operator
to the two-point vertex function.

Definition 2.6.3.2 (self-energy and Dyson Equation)
The self-energy is the difference between 1 particle irreducible (1PI) diagrams of interacting and
non-interacting systems.

$(1;2) = T'(1;2) - To(1;2) (2.194)

T'o denotes the inverse of the connected, non-interacting Green’s function, according to Eq. (2.193))
With Eq. (2.193)), this is equivalent to the Dyson equation:

G'=Gy'+x (2.195)

And without suppressed indices in Matsubara space and a scalar dispersion relation, a notation we

13No‘ce7 this functional does not generate diagrams! To achieve this, one introduces bilinear source fields that couple
to two fields, resulting in the Luttinger-Ward functional Sec. For details and derivations see |69, Chapter 6].
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2 Green’s functions

will use throughout this thesis, we have:

e (2.196)

The class of fully irreducible diagrams, with the self-energy being the most prominent one, plays a
central role in this thesis as they encapsulate correlation effects, as we will discuss in more detail in
Sec. Rearranging Eq. and using the formal equivalence of the limit for a geometric series,
one can immediately see its role in the difference between the propagation of a free and fully interacting
particle:

G=[G'-%]" (2.197)
= Go - GOEG = G() - GoEGo + GOZGOEGO + .- (2.198)

- _ _ _@ | (2.199)
% % b
=—>——+—'“ (2:200)

Here, we have also introduced a double line for the full propagator that includes all self-energy contri-
butions. From the last expression, the role of self-energy as an effective one-body potential (since it is
the only term that changes in comparison to Go) becomes clear. When it is clear from the context, we
will, however, use a single line even for the dressed propagator.

We have also seen previously in Sec. that the pole structure of the Green’s function is related to
the features of the quasiparticle spectrum and, furthermore, quantities such as the effective mass or
density of states are directly calculated as derivatives of the self-energy.

In Sec. 33| and Sec. [3-4] we will make use of this approach to investigate the leading order of physical
processes in the Hubbard model at the limit of strong and weak interaction strength. Importantly,
this diagrammatic approach will help us to understand the method when introducing
[mpurity Model (AIM) as the infinite coordination number limit of the Hubbard model in Sec. The
central theme for this thesis is to make approximations to the 1 and 2-particle 1 and 2-particle irre-
ducible vertices and then construct the full Green’s functions. The assumption here is that truncations
or approximations in this set of diagrams have a less severe impact or are, in a sense, more tractable
than direct approximations to the Green’s functions themselves. One possible motivation here follows
from Eq. : Whichever approximation is taken for the self-energy, we can still hope to retain
some sort of propagation through the infinite convolution with the free propagator. At least in the
single-particle case, this is additionally a numerically very inexpensive operation due to the geometric
series limit.

Hartree-Fock

It is certainly worthwhile to look at the lowest-order approximation for the self-energy in this context
to illustrate this reasoning with a concrete example. The leading order diagrams of the self-energy are:

1 7 \\
Z—:+Q+L,_:+(_,_._,_‘_,_I+--- (2.201)

The simplest possible approximation takes only the first two diagrams (those with just one interac-
tion) into account; this is the well-known Hartree-Fock method. We do not assume an instantaneous
interaction for now; otherwise, both diagrams would be the same (since the dashed lines contract).

EHF = I + _______ (2.202)
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Algebraically, these diagrams are given as follows:

== 3 (KK |0 [KK') Gl yrgre™nT

k’v'o’

= 0(0)nur (k) (2.203)

N, = ¢ 3 (KK | 0[K'K) 6,00 Gl s g™

=Cv(k - k" )nur (k) (2.204)

v 1 ,
= Zhrk = (v(0) + ¢v(k - K')) nur (k) (2.205)
The Hartree and Fock contributions are given in Eq. (2.203)) and Eq. (2.204). We also set:

Z GﬁF,keiD"n = —(nur(k) (2.206)

This is a self-consistency equation since the distribution function ngr (k) is a function of the self-energy
that again determines the electron distribution. Self-consistency conditions are a core ingredient in
mean-field theories, for which the Hartree-Fock is our first example; see also Sec. We will also
discuss the two-particle version of the Hartree-Fock approximation, [Random Phase Approximation

[RPA]J, in more detail later Sec. [5.2.1]

Bilinear Source fields

The choice of the source fields J is arbitrary and has been motivated by the desired quantities that we
wanted to compute, namely the (connected) Green’s functions and the vertices. However, we will
also need vertices for this thesis, specifically in the context of the Luttinger-Ward functional in
Sec. It turns out that the corresponding generating functional can be constructed by considering
bilinear sources of the form 111} p 119]:

Z[U»ﬁ 77*] = exp dr Znaﬁ$a$[3 + ﬁaﬁ$a¢ﬂ + 77;5 ¢a¢5 (2207)
apB

The resulting effective action I' generates all amputated diagrams. Specifically in the fermionic,
non-symmetry breaking case where only the second term above contributes, we can obtain a version
of T as a functional of Green’s functions, which is closely related to the Luttinger-Ward functional
see Sec. Note that the previous identities of the effective action I' can be derived for bilinear
sources as well [111, Problem 2.12].

2.7 Two-Particle Green’s Functions

Since the primary focus of this thesis is the inclusion of 2-particle correlations in the — and,
more importantly, many technical details of the implementation rely on specific properties of this
quantity — we will collect the definitions and discuss a number of important properties in this chapter.
Furthermore, we will discuss the notation and generalizations of the decomposition into irreducible and
reducible diagrams that will later be used for the method

2.7.1 frequency index convention

Energy conservation allows us to use only 3 frequencie@ We will adopt the commonly used particle-
hole and particle-particle notation, which describes corresponding scatterings with some energy transfer
w.

Definition 2.7.1.1 (Frequency Index Convention)
The frequency representation of 2-particle quantities with translational invariance has three in-
dependent times. We commonly use two conventions for writing the Fourier transform. The

MFor a generalization of the proof from Eq. ([8.1)) to the n-particle case see 1205, Sec. 2.2.2.1]
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2 Green’s functions

particle-hole convention (ph) and particle-particle (pp) convention. Let f be an arbitrary 2 point
correlator of a system in equilibrium.

vv'w = [d i(wtv)Ty iv'0_—ivr] _—i(w+r')Th 0: 1o 2.908
fph,a1.4.a4 = T1T273€ € € € fph,ozl...oz'2 (7_17 3T TQ) ( . )

In terms of Feynman diagrams, we can write a general four-frequency object f(g) (using transla-
tional invariance, only three are independent) on the two-particle level as follows:

’ ’ ’
Vg =V Vo =w+v
(2),vv'w 2 s vl
f L= f( )v1v2;v vy (2.209)
ph,oy...af ph,almoc'2
/
Vi=w+v V=V
(2.210)
V2 =w-—V vy =v
7
f(2)7VV w o f(2),V1V2;V1V§ (2.211)
pp,ai...al pp,aq...ab

The external legs are not one-particle Green’s functions in this case; they are just in the illustration
to mark the free indices of the two-particle object.
A The frequency numbering does not match the one in [205)] (especially page 58) due to the different

definition of the operator ordering in Sec.|2.2.2.1)

The reason for this redefinition of the frequencies is the better physical interpretability, made possible
by the reduction to three frequency indices. (i) The particle-hole channel can be viewed (letting the
time axis in the diagram go from bottom to top) as one incoming electron with energy v + w and
one incoming hole with energy —v’. After the generalized scattering, governed by the function f, the
energies of particle and hole are changed from v — v/, but the difference w remains. (ii) This frequency
index convention yields — after summation over the two fermionic frequencies and momenta v, v’ and
k. k' — exactly the equal time, bosonic frequency operator, that we have introduced in Sec. thus
justifying the name “generalized” susceptibility.

2.7.2 Spin Index Conventions

The many symmetries (usually 4, 5 with particle-hole symmetry, see [205, Chapter 2]) in the two-particle
quantities throughout this thesis are reflected in the number of independent spin and frequency indices.
Furthermore, certain combinations carry specific physical meanings and/or have become customary in
the literature. We will be very explicit in the definition of these conventions here, as they can be
confusing or misleading in the literature, where no coherent notation has emerged yet. In two-particle
quantities (i.e. 4 spin indices) only 6 of the total 2* = 16 remain [205, Sec. 2.2.2.2]. One can, therefore,
shorten the notation as follows.

Definition 2.7.2.1 (Spin Index Convention)
For general two-particle quantities f, we will only use 2 of the formally 4 needed spin indices,
including a bar notation, to obtain the remaining combinations:

fo‘o" = fo'cr’oo" (2212)

fﬁ = fo"cr’oo' (2213)

Furthermore, for many physically measurable quantities, we want to use the physically easier to
interpret conventions:

Ja = font + fonn

Jm = fonat = fon

fs = foptt - fpp,ﬂ

Jo=foot + fop i
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2.7 Two-Particle Green’s Functions

We use a subscript r € {d,m} or r € {s,t} to denote the channel. The context and further subscript
of pp or of ph (Athe ph subscript is suppressed in most cases since it is the more common one)
allow us to identify the definition of r in the context.

Note, that for o = ¢’ above, Eq. and Eq. coincide. The total number of possible
combinations, therefore, matches the 6 independent combinations after applying the symmetries. Fur-
thermore, the crossing symmetry [205, Table 2.1], relates Eq. and Eq. (2:213). For this reason,
we will rarely make use of Eq. (2.213) and, consistent with some of the literature, omit the “ph” sub-
script when the context allows it.

The transformation from the oo’ to magnetic and density channel notation can more formally be
defined using the projection operators from Eq. (2.125):

Pi-BioBT = (! YPu-BaenT-(1 1 (2.218)
1 1 -1 1
One can then subsequently define magnetic and density susceptibility as:
Xm = — ,ZXPm (2219)
Xa = —Pi xPu (2.220)

With chi from Eq. . It is possible to generalize this to the case with fewer symmetries and more
contributing channels, see [180, Chapter 4].

Using crossing and SU(2) symmetry, we can also find two more identities for the singlet and triplet
channels [205 Eq. 2.167]:

o _ wvw vv'w crossing rwv'w v(w-v")w SU(2) vv'w v'w

Ls - Fpp,N L pp, il Fpp,Tl + Fpp,N - QFPP,N - Fpp,TT (2~221)
vv'w _ v w vv'w crossing mwv'w v(w-v")w SU(2) ruvv/w

I =l + 1—‘ppﬂ = Dppfi- 1—\pp,N =" Ipptt (2.222)

Mapping between pp and ph Notation

Using the symmetry relations from [205, Table 2.1] we find two viable mapping between pp and ph
channels.

Wpp = Wph — Vph — Vp’:h: dpp = qph — kpn — k;h (2'223)

Vpp = Vph;, V1/>p = Vrlﬂn kpp = kph, k;p = k;h (2.224)
Or

Wpp = Vph — V;)}u App = kph — k;h (2.225)

Vpp = u;h, I/;,p = —Vph, kpp = k;.,h, k;p =—kpn (2.226)

These mappings are used, for example, for the determination of the superconducting phase transition,
discussed in Sec. [ and Sec.

2.7.3 Generalized Susceptibilities

For the description of our methods in Sec. a slightly different convention for the two-particle corre-
lator is useful. Here, we only consider connected scattering processes; i.e. this correlator becomes zero
for a vanishing interaction. Due to their relationship with physical response functions (see Def. ,
these correlators are called generalized susceptibilities.

Definition 2.7.3.1 (Susceptibilities)
We define the bare susceptibility or bubble term xo and full susceptibility x as:

1 2
X0,01020304(Tl7 723 7'1/77'21) = GL(Tl)o'z (7'1§ T{)G((?';J,)O'4(T2; Té) (2.227)
2
Xoi1o20304 (T17 723 T{77_2,) = G((J'l)0'20'304 (T177_2; Tl’? Té) ~ X0,01020304 (T17T2; T1,7 Té) (2228)

As usual, we can also understand the generalized susceptibility in terms of diagrams as a scattering
process. The full vertex L’,’U”,’f‘f(kq describes a scatting process of two particles at equilibrium, containing
all diagrams. In Sec. we discuss how to partition these into classes, in order to facilitate approx-
imations. Then the susceptibility is given as the difference between the connected and unconnected

(bare) parts:
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2 Green’s functions

o o
w+v’ —_—
vv'w q+k’ ’
X e = F B0 (k- K) (2.229)
kl
cy v

We will often use a channel-dependent interaction U,, the reason is the leading-order diagrammatic
contribution in this channel.

Un=-U+0U?), Uq=U+0OU? (2.230)

Definition 2.7.3.2 (Physical and Generalized Susceptibilities)

The bare bubble, or unconnected susceptibility, is defined in Fourier space, according to Eq. (2.7.3)).
XS,Upﬁ)/pp,kq = 7ﬁ6VV’GgIlZGIZ (2231)

We commonly use partially summed versions of the bare susceptibility:

’ ’
vrw vy w

X0,ph/pp,q = > X0,ph/pp,kas X0,0h/pp,a = ~ > X0,ph/pp,a (2.232)
k !

For quantities without momentum dependence, as encountered forlm in Sec. and later,
the sum is not present.
X;lol"f)kk’q = —/8G£G1]:+q(suul(50-dl - GﬂGiizF::Iik/qGilGﬂl+q (2233)

The physical response functions can be obtained from the generalized ones by summation over the
fermionic frequencies and momenta.

X‘:,ao’,q = XZ’;'kak'q (2234)

kk’

2.7.4 Schwinger-Dyson Equations of Motion

There is a general notion that connects higher-order Green’s functions to lower-order ones. On an
operator level, this is typically encountered when taking the time derivative of an operator, following
the application of the Heisenberg equation of motion Eq. (2.16|). The formal connection is given by
the [Schwinger-Dyson equation of motion (SDE)[and can also be obtained using the functional integral
formalism.

Consider a general functional F' that respects the usual boundary conditions:

f D[¢] 55F¢[f] = I;I / dda 8;[5] =0 (2.235)

We can use this to obtain the [SDE| by expansion of the expectation value for this functional, from

Eq. (2.175):

o Fe fD[¢] % [F[¢]e‘5[$"” Jo-(7.6 )-(3.7 )] (2.236)
- [l [5(;[46] _ Flo] (‘”(;Efﬂﬂ J)] sl5l, (e () _ < o] (555&] +J)> (2.237)
Since this must hold for an arbitrary functional F', we deduce:
35[6,0]\ - 55 [6,¢]\ _
() ()

We then carry out the J and J derivatives according to Eq. and obtain the relating
n particle Green’s functions to n + 1 and n + 2 ones. This is the same hierarchy obtained through
imaginary time derivatives of the Green’s function, as done in Sec. For details on this calculation
(e.g. chain rule for Grassman variables), see [61, Chapter 1.6.1]. We use an interaction appropriate for
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2.8 Parquet Decomposition and Bethe-Salpeter Equation

our setting: Va, .. .a,(71 —71) and with
1

&S
§(Ej:1¢ Z/d 1GO ,aq e (T1a71)¢a (TI) e 3! azg:a del arafalal (7—1 Tl)¢oz2 (TQ)d) (Tl)¢a2 (Tl)

(2.239)
we obtain the for the two-particle Green’s function:

GO (1 S)G(3 2) + Z del ala a oc (7—1 _Tl)Ga a @ 042(7—177—177—1 +77772) 5(1 2) (2240)

0130 a

This is the specific version of the | connecting one and two-particle Green’s functions, see also Eq. (5.54).
We can furthermore obtain the expression for the smgle—partlcle potential energy, Eq. - from thls
expression. Comparison with the Dyson equation (i.e. “Gy lg-1-= 2G7) yields

D(L3)G(32) =~ ) de{Vala'la;ag (71 = 71) Gt ayatan (T1, T = 1571 1), T2) (2.241)

TN,
03(14Q2

Note, that we obtain the Galitskii Migdal formula [75] for the potential energy for 72 — 71 + 7

S(L;3)GE,T+7) = fdﬁfdﬁvw,l%ag (71 =7 Gt oy (71, 73T 7 +17) = 2(V) (2.242)

ajal a4a

After Fourier transformation to Matsubara space we obtain the familiar form for the Hubbard model,
we will use later in Sec. ‘
S ERGRe O = Uiy (2.243)
wk

2.8 Parquet Decomposition and Bethe-Salpeter Equation

2.8.1 Parquet Decomposition

The decomposition of a full Green’s function into a subset of uniquely defined diagrams and a set
of rules to construct the original one is not unique to diagrams as a subset. In this section, we
discuss the parquet decomposition that will be used as a basis for the method (see Sec. @,
following [97]. This decomposition of the full vertex F will be discussed in Sec. (see Eq. (5.57))-
Here, we will introduce the generalization of the Dyson equation, the [Bethe- Salpeter Equation (BSE)|
that connects the connected and full Green’s functions.

Contrary to the single-particle case, for 2-particle Green’s functions, there is more than one possible
way to cut internal lines. This necessitates an additional step before the description of the equations
between the connected and the full set of diagrams. Here, we use the parquet decomposition, which
segments the class of all two-particle diagrams into 4 disjoint set

~

Important 2.8.1.1
The full vertex F' decomposes into four classes: fully irreducible diagrams A and diagrams ®, that
are reducible in exactly one channel r:

F=A+Qpn + P+ Ppp (2.244)

It will frequently be useful to write formulas in terms of diagrams that are irreducible in the channel
r.

r € {ph, ph, pp} (2.245)

They can be written in two ways (i) all diagrams without the reducible ones:
I'.=F-9, (2.246)
(i) all irreducible ones together with the ones that are reducible in exactly one channel r' #r:

To=A+ Y @ (2.247)

rlEr

The three possible combinations, corresponding to different scattering processes, are illustrated here,

15This is not a unique decomposition, as the single-boson-exchange decomposition demonstrates [145]. We will make
use of this decomposition in the context of IDT'A, in a form similar to [125] and formally derived for the 1PI
method [205].
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2 Green’s functions

reproduced from (97, Fig. 5]

(2.248)

The red scissors mark the 2-particle reducibility in the diagrams, while the blobs consist of irreducible
diagrams in the corresponding channel, such that each possible 2-particle diagram falls into one of the
four categories above. I' consists of diagrams, i.e. diagrams that cannot be made unconnected
by cutting two propagator lines. The leading-order diagrams for the fully irreducible 2-particle vertex
are the bare interaction U and the envelope diagram (compare also the self-energy for the one-particle

analog in Eq. ):
3 2
- >< N )ﬂ o (2.249)
4 1

2.8.2 Bethe-Salpeter Equation

With this generalized notion of reducibility, we can now define the construction method to obtain the
full vertex F' from the irreducible vertices, similar to the Dyson equation. This section only gives a
very general idea (specifically, we will omit the exact frequency notation). Details can be found in [205,
Appendix BJ.

The full vertex can be trivially decomposed into the sum of the sets of diagrams that are reducible and
irreducible in any channel r:

F=T,+®, < & =F-T, (2.250)

The insight now is that the reducible diagrams ®, can be constructed from irreducible ones through
a similar construction illustrated in Eq. (2.249)). Using Eq. (2.250), we can express the full vertex
through the irreducible vertex in each channel.

Important 2.8.2.1 (Bethe-Salpeter Equation)
The Bethe-Salpeter equation relates the full vertex F to the two-particle vertex containing only
two-particle irreducible diagrams (we abbreviate this by in the channel r:

F=T,+®, (2.251)
O, =Fx(G+xG)r+T, (2.252)

The star marks a convolution over the appropriate internal indices corresponding to the channel.

In terms of diagrams, the @ in the particle-hole channel is given as follows:

2 3 2 3 2 3

F _ T'on + F Tpn (2.253)
1 4 1 4 1 4

These depend on the channel and can, with illustrations, be found in [205, Fig B.1]. We will frequently

use the in the context of the method in Sec. [5.3]to obtain the reducible vertices in the density

and magnetic channel from F and vice versa, introducing nonlocal corrections in the process.

Note that the full vertex F' appears on the left- and right-hand sides. Luckily, the equations are in our
setting linear in Matsubara space and can be solved through matrix inversioﬂ For the density and

Y

A

60One might consider solving the matrix equation directly, as matrix inversions are known to be numerically unstable.
However, the structure (specifically the third index) of this equation does not allow for such an improvement.
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2.8 Parquet Decomposition and Bethe-Salpeter Equation

magnetic channel, the solution for I' is readily obtained by matrix inversion from Eq. (2.251)):
1
B

Some more details for the actual computation of this quantity are given in Sec. and Sec. For
the physical susceptibilities, one can also rewrite the@ in the following way to obtain the irreducible
vertex from the generalized susceptibility [207, Appendix. B]:

Fg;’;:’w _ Z Fg/l;;w [M—l]llll/ w , Muu’w =1+ GVGVJrWF:{J/l;;W (2254)
51

, /-1

N LR G N (2.255)
From Egq. we can observe, that the irreducible vertex v may diverge when the generalized
susceptibility has eigenvalues crossing 0 p. 129] associated with corresponding critical eigenvalues
of F‘T’”’w. These can be understood as precursors of the Mott transition . This is,
however, not the focus of this thesis, instead, we investigate the divergencies of the generalized (or
more precisely physical) susceptibility, which indicates second-order phase transitions.
The transformation of the spin indices to the density and magnetic channels can be done by using the

projectors from Eq. (2.219). A full derivation including proper definition of all indices can be found
in [205, Appendix B].

Important 2.8.2.2 (BSE for Full gnd Irreducible Vertex)
In terms of the full vertex F', the|BSE]| is given by:

F:Vlw _ F:V’W . Z F:yleul GW+V1 F:lVIW (2256)

vi

In terms of the irreducible vertex and generalized susceptibility is reads:

R AR e (2:257)
vivg
v’ wrr’w -1 vv'w
o N (2.258)

One can also obtain the[BSE] through a generating functional approach by derivatives of the effective
potential, according to Eq. (2.193). We omit all unnecessary indices for this illustration. Details can
be found in Chapter 56]:

ST[Go]
3G,

Xoo! = (2259)

= GO'GO'(sO'Cf, - Go’ [620 6GE:| o

6GF 6;]5/

This form will be used in the discussion of conserving approximations, specifically Sec. With
gg—j =T and g?f = x and reintroduction of all indices (we still combine momentum and frequency
indices here), one obtains the Bethe-Salpeter equation for the generalized susceptibilities given in

Eq. (2.257).

2.8.3 Parquet Equations

The set of equations we will construct can be obtained by first considering the decomposition of

irreducible diagrams in exactly one channel r from Eq. ([2.247). We insert Eq. (2.251)) into Eq. (2.247)
5))

and solve for @, yielding the following set of three (Eq. (2.245))) equations:

@T:FfFT:F*G*G*AwLZF*G*G*@T/ (2.260)

rlEr

Together with Eq. (2.247) and Eq. (2.244)) this can be written in the diagrammatic form of Eq. (2.253))
Fig. 7]:

2 3 2 3 2 3 2

Y
\ 4
\ 4

A
.
A

A
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2 Green’s functions

2 3 2 3 2 3
2 3
) Enlnt
1 4
1 4 1 4 1 4
2 3 2 3 2 3 2 3
- + +
1 4 1 4 1 4 1 4
2 3 2 3 2 3 2 3 2 3
I - -
1 4 1 4 1 4 1 4 1 4
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3 Hubbard Model

In this chapter, a general introduction to the Hubbard model and its magnetic phases
is given. Many of the topics discussed in this section can also be found in textbooks
or lecture scripts and are presented here for the purpose of giving a collection of con-
cepts and methods that are instrumental in our investigation of the antiferromagnetic
phase diagram of the Hubbard model in a three-dimensional lattice at half-filling in
Sec. and in the further development of the newly developed method investigated on
the two-dimensional Hubbard model for arbitrary filling and the application to the phase
diagram of cuprates in Sec.[7.3

Readers familiar with the Hubbard model, mean-field theories, and the effects of corre-
lation in this setting may want to skip this chapter.

37



3 Hubbard Model
3.1 Introduction

In this chapter, we want to motivate the Hubbard model as an abstraction for correlations between
electrons in low-energy lattice modes. This will neglect many degrees of freedom, such as the spatial
positions of electrons or the movement of nuclei. However, this model has proven tremendously success-
ful in describing magnetic ordering, the Mott insulating phase, and superconductivity. Its application
to many problems in solid-state theory is ubiquitous because it has long been believed to capture the
essence of superconductivity |[11] A review of the current state of research and numerical methods can
be found in 13| and [198]

We will now motivate the Hubbard model by walking through the necessary approximations, start-
ing with the general non-relativisticﬂ Hamiltonian for the interactions of N, electrons with positions
denoted with lower case r: and N, nuclei with positions denoted with upper case R:

R Ne p2 ) Nn p2 ) 1 R 1 R Ne N |
H=- ZZ: TWVW - ; oM, VRm + 5 7; ‘/Ye—e(rivrj) + 5 W;’RV"*”(RW’RR) + ; 727; ‘/e’”(ri’Rm) (31)
Te Tn Ve-e Vi-n Ve-n

The 5 terms describe the movement of electrons and nuclei, interactions among electrons, interactions
among nuclei, and finally, interactions between electrons and nuclei. This model not only incorporates
different energy scales, since nuclei move much more slowly than electrons but also results in a system
of 10%® coupled differential equations for macroscopic systems. The first problem can be tackled by
separating electronic and atomic movements. The observation that the ratio of electrons and nuclei is
e ~ 1/2000 justifies this assumption. Therefore, it is justified to separate the wave function into a

My,
product and solve the electronic system with static positions for the ions.

Yrotal ({ri}; {R&}) = Ye ({ri}; {Ri}) x ion ({Ri}) (3.2)

This is known as the Born-Oppenheimer approximation [35], leading to a Hamiltonian for the electrons
in which the lattice vectors R,; only appear as static parameters (and vice versa).

Although there are important applications of the degree of freedom of the lattice, we will exclusively
discuss the electronic structure in this thesif?] Our general Hamiltonian from Eq. will therefore
be reduced to three terms:

A~ Ne ﬁQ 1 N Ne Ny, N
H:_Z - +7Z‘/e—e(ri7rj)+zz‘/e—n(ri7Rm) (33)
T 2me 20 T m

The second simplification, downfolding, is much less straightforward, leading to many Hubbard-related
models. Let us assume that we have access to electronic wave functions from an ab initio method, most
commonly [Density Functional Theory (DFT)||140|. In that case, we denote the Kohn-Sham orbital for a
state « (combined spin and orbital) by ¥« (k). Correlation effects are assumed only to play a significant
role at low energies and partially filled narrow orbitals (d and f). As a reason, we can imagine that the
small spatial extent of these orbitals plays a role in the lack of electron-electron screening. However,
screening is necessary to justify mean-field-like approaches that neglect explicit correlations, as we
will discuss in Sec. Therefore, one needs to find a model for the lowest energy bands (a process
called downfolding, which is in itself subject to ongoing research [15]), calculate corrections to the band
structure, and then map the corrections back to the original band structure. Additionally, to obtain
a lattice model, we also need to determine a local basis for these wave functions. Both requirements,
reducing to the correct bands and orbitals and the localization, can be fulfilled by maximally-localized
Wannier functions [139} [165]. Here, a transformation Un,, is determined, mapping the occupied bands
(this restricts the sum over o below) that belong to the correlated orbitals to this Wannier basis:

1 _ikR
= — dk Mg (K) [Ya(k 3.4
(6309) = 57, ™™ 2 Mo 00) w1 (1)) (3.9
under the localization restriction (i.e. minimal variance),

min{(¢s(r)|r* |5 (r)) — ($5(r)| r|s(r))} (3.5)

We can now transform the Hamiltonian in Eq. (this time already in k space) using the transfor-
mation matrix, with r; and r; marking positions of atoms in the unit cell and the site indices 3, j, &k,
split off from the multi-indices for general quantum-states «,3,7v,5. The “localized” tight-binding
Hamiltonian in real space (the real space basis is chosen to emphasize the locality of the basis) is then

! This is already the first simplification. Relativistic effects play a role in the electronic states of heavy ions, where
spin-orbit coupling becomes significant. These systems will, however, not be investigated in this thesis.

?Note that even for superconductivity in cuprates, which we will discuss, the phonon coupling can usually not be
neglected|86|. However, including these effects in our newly developed methods is left as the subject of future
research. Omne well-known extension incorporating photonic (i.e. lattice) effects is known as the Hubbard-Holstein
model.
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3.1 Introduction

written as follows:

1 —ik(r;-r;
Haﬁ(ri—rj)zﬁfdke k(e J>ZMJWHW;(1<)M5B (3.6)
=H= ZtO‘BALwc pic ¥ 5 Z U;Jﬁk'iéALza :3]0,6 vk C 510 (3.7)

’L] Z]kl
g oo’

With the hopping amplitude ¢ and the effective Coulomb interaction U."; between sites i, j, spins 7,0’
and states (orbitals, bands) «, 3:

= [ @ (Gai(OI T+ Vo |635(1) (3.8)
ggﬁ [ et (fai () 85 (1) Ve (1,57 I (1) () (3.9)

The Hamiltonian has been written in terms of creation and annihilation operators (see Sec. . If
the downfolding and restriction to localized (d and f) orbitals is done carefully (and the system allows
it because the delocalized bands are sufficiently separated in energy), the spatial integration with few
basis functions will not destroy much information, and the obtained model can be assumed to be
a good approximation for the low-energy states. However, this Hamiltonian is still too general for
our purpose, and we typically make further approximations based on the locality of the interactions.
First, we will drop the band index, as we will only consider single-band systems in this thesis. This
approximation is generally not permissible. However, for high-temperature superconductors, which are
candidate materials for the methods in this thesis, two well-known material classes exhibit a sufficiently
well-behaved band structure. Cuprates, while having three bands contributing to the low energy states
through the charge transfer character [93], have only one Fermi crossing; therefore, they are often
qualitatively described in a single-band model, which we will discuss, including a brief introduction to
the literature about the validity of the single-band approximation, in Sec. Nickalates may also
be treated this way [134} 45], although the applicability of this approximation is still disputed [124]
45]. We first tackle various simplifications for the Coulomb interaction. Here, one has to consider
the leading orders of interaction in the system carefully. For example, the consideration of d orbitals
(which do exhibit sizable correlation effects due to their narrow shape) in transition-metal oxides and
iron-based superconductors usually leads to considerable contribution of ¢34 orbitals, with one of the
driving mechanisms being the Hund’s coupling [79]. The resulting simplification reads [123]:

H Ztaﬁ Lwc 5]U+U2naTnal+U Z TLQTTLLN

axfl
1]
o

+ (U =J) Y fachpe—J Y ehycarehie s +J Y eliele piep (3.10)

a<fB,o a3 a3

With flae = él,8 oo being the density operator for spin ¢ in orbital o.

Compared with Eq. ( ., we observe that only some elements for the 8 rank tensor U?‘Z?‘S survive, and
all have associated distinct physical processes. The U and U’ terms correspond to Coulomb repulsion
of electrons with a different spin, occupying the same orbital, with U + 0 only for density-density in-
teractionﬂ but still inter-band effects in the form of the interaction U’ and Hund’s first rule with U'-J.

This thesis will be concerned with
a simpler model and neglect Hund’s
coupling. However, future extensions
of this model introduce the direc-
tion of multi-band, and Hund’s cou-
pling inclusion could be valuable since
the alternatives for treating strong

Figure 3.1: Illustration of simple Hubbard Model for a 2D lat- non-local correlations in compounds

tice with hopping ¢ and Coulomb density-density Such as iron-based superconductors
interaction U are sparse [2]. Our last two approx-

imations are the cutoff for distances

of the hopping and a further restric-
tion on the interaction term. The hopping is assumed to connect only neighboring atoms, at most 3
sites apart. We will usually write ¢, ¢, and ¢’ for nearest, next-nearest, and next-next-nearest neighbor
hopping. All other hoppings, as well as hoppings between orbitals and bands, are neglected.

tij = —% S ba,pe™ ) e, (k) (3.11)
ab

3This gets rid of 2 indices, we also let U;;B S>UeP
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3 Hubbard Model

Note that the simplification in the amount of hopping terms taken into account will have little to no
impact on the computational performance of the calculations for the correlated system. Finally, we
assume that the electron interaction only occurs when they occupy the same site. From that, we get
the Hubbard Hamiltonian used throughout this thesis:

f[:—ztijéjdéjg+U2 ﬁiTﬁii_uzﬁiG (3.12)
ijo [ i0

When only nearest neighbor hoppings are considered, we write (ij) in the summation index. In this
thesis, we are exclusively interested in the repulsive Hubbard model, i.e. U > 0.

Figure [3.1] illustrates the Hubbard model on a 2D lattice. Despite its simplicity with only
2 (assuming for the moment t' = t’ = () parameters, this model can capture important
correlation effects, such as the Mott-insulator transition, and it is believed to be an excel-
lent candidate to encapsulate effects leading to high-temperature super-conductivity [119, |13].
Furthermore, the details of physics arising from this model are still the subject of ongoing research in
many numerical fields [19§].

One may develop an intuitive understanding of the complex physics of this model by observing the
competition between the kinetic and potential energy terms. Specifically, the potential energy term
in the simple density-density interaction version of the Hubbard model in Eq. can furthermore
be fully described in terms of charge and spin fluctuations (we use the definitions for charge and spin

operator in Eq. (2.75) and Eq. (2.122):

U 2 U 2 U U &z &z

Uﬁiﬁi = — ’ﬁi +fli - — ’ﬁi —ﬁi :7731”?”_7 ZSl 3.13

1ar = o (Ray + ar)” = = (i = Rar) ™ = 1 (3.13)

This fact will play a role in Sec. and Sec. when we discuss a renormalization of these quanti-

ties.

Our goal for the following sections is to gain a qualitative understanding of the driving physical mecha-

nisms in limiting cases of the parameter space that allows projection into subspaces with fewer physical

processes. Later, in Sec. we discuss an improvement of the quantitative description over most

state-of-the-art methods for the special case of half-filling, 3 spatial dimensions, and a single band. In
Sec. we will also discuss a method that could overcome the first two limitations.

To better understand the physics of the Hubbard model, we will now discuss different coupling regimes.

3.2 Hubbard Physics and Magnetic Ordering

In the following, we will discuss gen-

eral properties of the Hubbard Hamil- 4 4

tonian on a qualitative level. /| % % | % % | f
Let us first consider the possible elec- r % 4~ % 4~

tronic states of the single-band Hub- 4~ % 2~ % % 1

bard model: Each lattice point can % £ %
" ¥ i< S, i - T
|

have one of four different states, be-
ginning occupied by 2 (|t1)), 1 (|I) or
1)) or 0 (|0)) electrons. It is clear that
the double-occupied state is energeti-
cally less favorable the larger U/t be-
comes. At the same time, double oc-

Figure 3.2: Illustration of Mott insulating state on a 2 dimen-
sional Hubbard Model with an antiferromagnetic
order. Note that this picture does not aim to de-
pict an actual ground state, as the spins are drawn

cupations and empty sites will gener- with classical arrows — furthermore, vacuum fluc-

ally serve as a pathway for lowering tuations will also contribute to a real quantum-
the kinetic energy term. To make this mechanical ground state (such as virtual exchange
more systematic, we will discuss the processes). Lastly, the Mott insulating state does

¥eading—0rder contributions t.o lir.nit- not necessarily imply antiferromagnetic ordering,
ing cases of the Hubbard Hamiltonian. for example, on frustrated lattices.

Using a scaling in the units of 1/¢, the

Hubbard model has, apart from the

temperaturtﬂ three notable degrees of freedom: (i) interaction strength U/t, (ii) electron density n,
and (iii) lattice coordination number. The first two depend on the lattice type considered, while the
last one is (almost) lattice-independent. We will first discuss the implications of the first two limits
and spend some more time discussing (iii), as it is crucial for Sec. Note that the effect of
frustration plays a very important role, as it effectively destroys antiferromagnetic ordering. We will
omit this discussion for this section; however, some aspects are discussed in Sec. The effects of
the lattice on the driving physics of the model are, of course, crucial, typically driven by frustration
and topological effects [157] [293]. For the following considerations, we will, however, assume nearest-

4For this section, we assume reasonably small T/t and discuss temperature dependence only in passing. For more
than two spatial dimensions, finite-temperature phase transitions do occur, but we defer the discussion of the
temperature-dependent phase diagram for now.
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3.3 Strong Coupling Limit

neighbor hopping and a bipartite latticn order to gain a general understanding of the model.
Furthermore, the half-filling case (n = 1) will be central to our discussion, as it is unique in exhibiting
Mott insulating behavior for strong coupling [179]. The Mott phase transition is characterized by a
half-filled band with a Fermi level crossing (that is, a metal according to the band structure) becoming
insulating as the interaction U increases above a critical U.. In the Mott insulating phase, every site
is occupied by exactly one electron and the energy bands are separated by the Mott gap. No conduc-
tion can occur because the electron hopping is suppressed by a prohibitively large repulsive effective
Coulomb interaction U. Figure [3.2] gives an illustration of one example of this state on a bipartite
lattice. However, the insulating state is a singular point on the density axis, and charge fluctuations
start to emerge for any finite doping. What remains outside of the (fully) Mott insulating state, de-
picted in Fig. for finite doping is often the antiferromagnetic orderinéﬂ At weak coupling, this
state reduces the potential energy that arises from U Y ,(7s174,). However, the picture is much less
clear than it might seem at first glance. The competition of itinerant magnetism in the weak coupling
and local moments in the strong coupling regime, together with the dilution of charge carriers, makes
the understanding of the driving mechanisms in the intermediate regimes astoundingly complicated.
The next two sections aim to introduce the limiting cases of strong and weak coupling, their governing
physics, and some common approaches to solving systems in this limit. Chaptersmwill make use of the
groundwork from this chapter and discuss the temperature dependence of antiferromagnetic ordering
as well as the driving mechanisms in the stabilization of the phase in the intermediate regimes and
moderate temperatures away from the limits discussed here.

Note that we only need to consider one direction of doping for the Hubbard model on bipartite lat-
tices since it is symmetric around half-filling (we still assume t' = ¢ = 0), as demonstrated by the
particle-hole transformation.

=0
7 . _ U
éij; = (_1)2671;0 = é’l—aé;‘ff = (_1)’L+J ézo'é Jjos éliaé,ia =1- éjoé ic = w=p + Z (314)

We will use this fact and discuss doping without specification of the dopant for the discussion of limiting
behavior in the remainder of this section.

3.3 Strong Coupling Limit

In this section, we investigate the physics of the Hubbard model for strong coupling U/t > 1. To
this end, we will first discuss the limiting case for U/t — oo, called the atomic limit, followed by the
exact solution for a 2-site model (Hubbard dimer). This will serve as motivation for the consideration
of dominating processes in the strong coupling regime outside the atomic limit, culminating in the
definition of the ¢ — J model, Sec. and its limit, the Heisenberg model.

3.3.1 Hubbard Bands and Atomic Limit

The U/t - oo limit is, arguably, not a very compelling one, given that many interesting phenomena
emerge precisely from the competition between electron hopping and interaction. However, it provides
us with an entry point for understanding the general impact of the Hubbard U in a situation where not
only charge fluctuations but also Heisenberg-like dipole coupling is neglected. Namely, the understand-
ing of Hubbard bands and the implication of the self-energy for correlated systems will be the subject
of this section. Additionally, we will give an abbreviated overview of the derivation for the one-particle
Green’s function for an atomic limit Hubbard lattice, providing (together with the weak-coupling limit
in Sec. a further introduction to the Green’s function formalism.

Exact Diagonalization

We begin completely disregarding the hopping term in the Hubbard Hamiltonian. Letting Usjx = U
and U/t — oo, the Hubbard model becomes diagonalizableﬂ

HpL=U Zﬁwﬁu - 2 Nic (3.15)

ic

This Hamiltonian factorizes and we can consider the following 4 possible states at each site 7 independent
of the site:

Ty =000), Mty =-ult), W =-uplh), HH)=U-2w)t)  (3.16)
5Viewing the lattice a graph G(V, E) with atoms as vertices V and hopping directions é:.ré j as edges E, the edges can
be segmented into two disjoint sets Vi, V2 and fulfill the condition V(e1,e2) € E: (e1 € ViAes € Va)V(ea € ViAer € Vo).
SThis only holds in our very constrained parameter space! The Mott insulating state does not directly imply anti-
ferromagnetism; the Mott insulating phase suppresses charge fluctuations, and different magnetic ordering can be
obtained, for example, on frustrated lattices.
"The challenge in the intermediate coupling region stems exactly from the fact that the Hamiltonian can not be
simultaneously diagonalized in the hopping term which is diagonal in the localized Wannier basis for the Coulomb
interaction.
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3 Hubbard Model

Ep Er

Figure 3.3: Illustration of formation of Hubbard bands from the perspective of photoemission spec-
troscopy, as computed through the spectral function. The left side shows a half-filled band
with double-occupied states. The right side illustrates the band structure after the applica-
tion of a strong Hubbard interaction. It now consists of 2 bands, one of which is completely
filled, while the other (containing the double occupation states) is separated by an energy
of U. The illustration was adapted from [167|, where also the case of a doped system is
shown.

= H; = diag{0, -y, —p, U — 2u} (3.17)

Inserting the Hamiltonian in this basis into the Lehmann representation yields the partition function
and the Green’s functio

Zi=Tre PHi o1 42" 4 P20 (3.18)

w] = —51‘;‘% [e’” + e(”_U)HEM] (3.19)

1 —(B-7)H 4 —TH 4
G’iAjf‘g(T) = —5i]-ETr [e (B=1)H 5 o€ Hat

We can drop the spin index, as the Green’s function does not depend on it for the SU(2) symmetric
case. We perform a Fourier transformation to the Matsubara space and obtain:

5 i 1 1+€6M eﬂu +e—5(U—2H)
GYaL = 5ijfdm Gy =5 ( N

W+ p i +u—-U

In this limit, however, we can obtain a closed-form expression for the retarded Green’s function and,
subsequently, the spectral function.

Ry 1+ e 1 e 4 e BU-2m) 1
GLp = - - (3.20)
Z v+p+in Z v+pu-U+in
1 Bu B -B(U-2u)
A%y = +Ze 6(y+p)+%6(u+u—U) (3.21)

The spectral function A%%;, consists of two § peaks with an electron-density filling prefactor (see also
the calculation preceding Eq. for a justification). This particular form can be understood in
the context of Fig. |3.3] where the Hubbard interaction splits a single band into two Hubbard bands
separated by an energy U. It describes two possible excitations separated by an energy difference of U.
A noteworthy remark is that the spectral function is precisely the same as in the non-interacting limit,
with separated bands located at energy levels —U/2 and U/2 (see Sec. . However, the distinction
in the physical situations between these two scenarios is reflected in the difference of the self-energies.
For simplicity, we consider the half-filling case and assume a constant energy level ex = U for the
non-interacting system, in accordance with our 2-band picture from above:

e = [Gan] ™ - [GE-o] ™!
-1 -1
1 1
=216(k-K + -
[( )(il/n+l2] iVn—g)] I:iun+U+U:|

-1
1 U , U? )
U2:| —wn+§+e(k):[zyn—m]—[zun+§—U]

WWn

= div,
v v
T2 div,

8This is also the way exact diagonalization methods solve the Hubbard model on finite lattice sizes. For exam-

0o 1 0 0 0o o0 1 o0
s . . s . . .J]0 0 0 O .]0 0 0 1

ple, the annihilation operators in this basis are: ¢ = o o0 o 1l'¢=lo o o ol - One then has to sum over
0O 0 0 0 0O 0 0 0

the trace with 4 summands, of which one 2 survive in our case: (|| e PH 1(‘r)é;L [4) = e?# (i Hrg ¢€7HT|T,L> =
B (Y FI7 e 1o UBIT ) 2 B (4] T (U207 1) 2 (uO)THB and (0] e PRy (r)el [0) = (0
Evaluation of the o =| Green’s function yields the same result. For more details, see also Sec.

e
O¢ ¢efHT 1) =e!".
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3.3 Strong Coupling Limit

As we will see in Sec. this is not enough to explain important processes of the Hubbard Model
and will therefore give quantitatively wrong results, as evident by the quantitative shortcomings of
iterated perturbation theory [122], see also [246, Chapter 6]. The formal derivation for this result can
be found in [66].

Correlations and self-energy

The distinction between noninteracting and atomic limits through the differences of the self-energies is
somewhat unsatisfying because we need to impose the vanishing self-energy as additional knowledge for
the U = 0 Green’s function. Only then do we obtain the difference to the atomic limit Green’s function,
according to the Dyson equation Eq. . Moreover, while the self-energy does contain strong
coupling interactions, namely Mott physics, the spectral function (as measured from experiments

cannot distinguish between two bands originating from a band insulator and a Mott insulator directlylﬁ
But by virtue of our argument in Sec. the spectral function contains all information for the
construction of the single-particle Green’s function. Therefore, an argument can be made that strong
correlations are inherently a two-particle property and can only be treated on an effective (or better,
projected) level when considering one-particle quantities exclusively. Here, the effect of correlations can
be obtained by the difference between the full two-particle Green’s function and the product of single-
particle ones. Similarly to the way the interacting and non-interacting Green’s functions are connected
via the self-energy, the factorization of G® into a product of single-particle Green’s functions GM s
prevented by correlation effects with the irreducible vertex I'""'“ as the two-particle counterpart to the
self-energy.

Two particle correlator and consistency

The two-particle Green’s function and the fully irreducible vertex can also be obtained explicitly [205)
Sec. 3.2] and [263]. The more complex structure and possible divergences do not lend themselves to
a high-level discussion. However, we may use the technique from Sec. @ and obtain a 2-particle
correlator through the equation of motion. We use Eq. to evaluate the time derivative, following
(in our much simpler case because U/t - oo) |66, |65]:

aé io A 5 N A A ~ ~
5, = [Cio,H aL] = UXleiotjin ] =p Y [¢ ot jor]
J jo'!
(ﬁ itleioy o ji]l + [Eio, T j1]R0 jl)—ﬂzéia&ﬂa'o

jo'!

Eq. (2.19)
« €19 ;5
jo

(ﬁ jTé iadij&,l +C ,-(,51-3-6017% jl) - /Jé io

Eq. (2.22]
« €3 ;5
jo

= Unpey+Utihi—péic =UY ¢ x5 — € io (3.22)
el o R
oy = -U Zczd,n i+ pél (3.23)

Inserting Eq. (3.23) in the definition of the Green’s function Eq. (2.39), using the chain rule and
0:0(1) =6(7) yields:

0600
or or

=46(T) + <T(Uz;é ior (TR 35 (7) — pé iU(T)) éIU)

=0(r)+U <Té i (T)R i;(T)éL) - ,uGEl)AL (1) (3.24)

g,

[0() (¢ i (1)l ) + O(=7) (€], 2 40 (7)]

=0(r) + UG, (1) = nGL 1 (1) (3.25)

We have dropped the j index due to the locality of the Hamiltonian (avoiding the d;; prefactors) and
introduced the superscripts (1) and (2) to emphasize the coupling of lower to higher-order Green’s
functionﬂ This was, of course, expected after our considerations in the Green’s functions chapter.
However, in this special case, the hierarchy does not continue. This is a special case. because the
density operator commutes with the Hamiltonian ([FIAL7fLiU] = ..[Njor, Ric] = 0 = In/IT = 0). We

9There are, however, numerous ways to approach the distinction between band and Mott insulators experimentally.
One can, for example, make use of the fact that Mott bands exhibit particle-hole (local) excitations instead of band
excitations (nonlocal). It is also possible to use other signatures of Mott physics (some of which we discuss in
this chapter), such as doping-dependent spectral weight transfer between the charge-transfer band and the Mott
gap [106]. See also Sec. for a very brief overview.

ONote that we did not obtain the full two-particle Green’s function here. The imaginary time arguments are contained
to just one instead of three. One time argument is lost because we assumed symmetries in the one-particle Green’s
function and then derived the equation of motion instead of working with the unconstrained version.
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3 Hubbard Model

furthermore need f;xMis = Nir and can then evaluate the imaginary time derivative of the higher-order
Green’s function:

aG('Z)AL (1)

io,

= =6(7) (Riz) + U (T (U Z ¢ i (T 13 () = pé w(f)) f ﬁ,(r)e;,>
= 3(7) (iz) + UG\ (1) = G2 (1) (3.26)

After using the imaginary time formalism for the derivation of the consistency equations, we now switch
back to Matsubara space solve Eq. (3.26]), using use F[4(7)] =1 and F [%(:)] =ivp f(ivn):

1, (2) (fiz)

’ =—1 3.27

i0,AL iUn + - U ( )
1-(fw iz

=Gl = o) , _{Aer) (3.28)

W + [ wp+u-U

For one, this recovers the one-particle Green’s previously obtained from the Lehmann representation
Buo—B(U-2u)
€ +e

in Eq. (3.20) with (f;z) = “—%5———. More importantly, it demonstrates the following:

Important 3.3.1.1 (Conclusions from the Atomic Limit)

(1) Correlation effects can be obtained naturally from the consideration of the higher-order Green’s
functions.

(2) The electron density contributes at the lowest order to the Green’s functions at the one- and
two-particle levels.

Observation (1) follows by considering we did not have to make an assumption about the existence of
a free Green’s function and the self-energy to arrive at Eq. . The single-particle Green’s functions
of the atomic and free limit can be mapped to each other by choosing a suitable dispersion relation
ex = +U/2, as can be seen by comparison to the derivation in the limit of no interaction U = 0 below
(see computation preceding Eq. ) This suggests that the lack of correlation effects in the U =0
limit is specifically contained in the premature truncation of the correlator hierarchy and, therefore, a
feature of the two-particle correlator.
Observation (2) might seem trivial at this point, but the violates specifically the consistency
of the electron densities when computed on the one- and two-particle levels. We will later introduce
approximations in the equation of motion connecting both levels. That leads to a violation of the
conservation of the particle number. The implication from this observation is that consequently the
lowest-order tail contributions in the self-energy are then also no longer consistent. In Chapter |4l this
will be discussed in more detail.

3.3.2 Hubbard Dimer

Prior to relaxing the U/t — oo limit and permitting certain fluctuations, it is useful to develop an
understanding of the underlying physics by considering the simplest version of the Hubbard model, one
with only two sites. This Hubbard dimer is a minimal model example of a system in which to study
Mott physics. It will prove useful because of its closed-form solution, which provides a first example of
the interactions that are involved beyond the purely localized atomic limit. We summarize only some
points that are conducive to the arguments in this chapter. A detailed derivation can be found, for
example, in [188, Chapter 7] and [62]. Therefore, we also fix the number of electrons to that of the
lattice sites.

The Hubbard dimer already has 4% = 16 possible states without further restrictions. However, because
we do not allow for fluctuations in particle number and the uniform interaction U;j, = U does not
allow for spin-flip terms, we can focus on a smaller sector of the Hilbert space. This is done by
considering the two operators associated with these operations. They need to commute with the
Hamiltonian if they leave the system invariant, and we can thus find a common block-diagonal form
and diagonalize individual blocks (each of which has a pair of these two quantum numbers associated)
independently. Here, we will consider the sector with total spin 0 and particle number 2 (i.e. half-filling)
as an example. The basis for this block consists of the states |1},0),|t,!) and ||, 1) |, 11}, leading to the
following Hamiltonian:

u -t -t 0 E_

+ 0 o —t| . fo].

4 0 0 -t = Vdiag U \% (3.29)
0 -t -t U by

With Eigenvectors for U : % (10,1) —=114,0)) and 0 : % (|4,1) =11,1)). E. is defined below.
We can make two observations here: (1) The separation between the energy levels of U (apart from a
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3.3 Strong Coupling Limit

constant energy shift because we did not include a chemical potential p = U/2 term) is an indication of
the Mott gap already discussed above. (2) Taylor expansion around U/t — oo results in the following
asymptotic behavior beyond the zero-order Mott energy gap of U:

U VU2+1682 U (U 42 4 U+J
=t —= — — + O(t) =

B, (3.30)

2 2 2\ T " -7

This is the antiferromagnetic exchange coupling that governs the costs of spin flips between sites.
Note that this exchange coupling appeared even though we did not include explicit non-local spin flip
terms in the Coulomb interaction above (we set Ui = U). We will see this term reemerging when
approaching the limit U/t — oo from the perspective of the projected subspace in Sec. where this
energy scale is determined by neighboring spins (anti-) aligning. In Fig. the lowest and highest
eigenvalues of the Hubbard dimer and the asymptotic behavior are shown in first order. We observe
that the Heisenberg limit (see next section) is reached at U/t ~ 3.5. This qualitative behavior turns
out to be transferable to more general situations. For example, the results show convergence to
this limit for the 3 dimensional cubic lattice in Sec. [7.1l

An additional advantage of this model
and our approach to the solution is
the demonstration of the method.
This is a commonly used numerical
scheme to solve model systems. The \
Fock basis can, for example, be en- 20¢ \
coded with bitstrings of 1 and 0; the ~ —U
Hamiltonian is then constructed from _U;gh
inputs for a predefined model. Anal- I — —_—U+J
ogously to the approach by hand, 7 - =J
the Hamiltonian is block diagonal- /
ized, using good quantum numbers of —20¢
the system (in this example, N and I
S). Afterward, each block is diago- I
nalized, using linear algebra routines —40 & . ; ' y
. . 0 5 10 15 20
(this could also mean only computing U
the largest or smallest by employing

a Krylov subspace method, such as Y Tl
the Li;nczos algrz)rithm [152]). The ex- Figure 3.4: Hubbard dimer energies % + % and their

act diagonalization method has been asymptotic behavior J = % and U +J.

heavily employed during my thesis for

DMFT calculations and other projects Sec. Although mostly replaced by [continuous time quantum
Monte Carlo (CTQMC] for state-of-the-art materials calculations, outperforms when it
comes to predictability and numerical performance at high to intermediate temperatures, which can
outweigh the benefits of (theoretically) exact results of The code used to generate the
results in this paragraph is available at . For a more detailed discussion of the algorithm, see
also Sec. [6.8.3

Finally, we also want to discuss the Green’s function in this limit. Using the Lehmann representation,
we first find a = @’ = i,0. We notice that the sectors for different particle numbers are now connected,
unlike in the atomic limit. Intuitively, this makes sense since the Green’s function measures the impact
of particle excitations. The derivation is a straightforward extension of the approach above, now with
all sectors; see Appendix A] for the derivation. We will follow the argument from that source, as
it illustrates one more important concept for this thesis: the impact of correlations on the self-energy;
here, specifically, the momentum dependence. This will be discussed in depth on a quantitative level
for the 3-dimensional and 2-dimensional Hubbard model in Sec. and Sec. respectively. Finally,
this also provides an introduction to the quantities used to describe the infinite coordination number
limit in Sec. The local Green’s function (i.e. Gy, not containing G;; terms as given in Eq. 9];
see also Sec. 3.6

40'\

Wy w- w- Wy

GiiZ‘ + - + - + -
v —E_—t+p wwp-Ei—-t+p wwp-E_+t+pu - Ei+t+p

(3.31)

with
1 t
Wy =—+

4 /U2 -16t2

The Fourier transform of the Hubbard dimer consists of two terms, one at the nodal (k = ) and
anti-nodel (k = 0) points.

(3.32)
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1 1 1 1
GY = i 3.33
T it u A t-58  2ivm ity (3.33)

u u? 1
oL 2 3.34
79 4 vy +p - 5 - 3tetk (3:34)

2

t

:>A2=E;—ES=U7 3 (3.35)

(36)2 - (ivn +p-§)°

The last line demonstrates that a momentum differentiation appears depending on the filling, with a
minimal difference of zero at half-filling. The method (which we will discuss in Sec. and
Sec. neglects specifically this momentum dependence by scaling t o< 1/\/3 with d - oo. This
obviously also leads to AY = 0 in our toy example. However, specifically, the momentum differentiation
of the Fermi surface is relevant to the pseudogap phase, one of the most interesting phenomena in the
context of cuprate superconductors; see Sec. The real part of the momentum dependence of the
self-energy is directly linked to that of the Fermi surface through:

lim Re S = 1= € (3.36)

It is desirable to develop methods that can capture the physics of this kind. A key aspect of the method
developed during this thesis is the introduction of momentum dependence on top of the locaﬂ
results.

This concludes our investigation of the Hubbard model in the effectively exactly solvable strong-coupling
cases. Using the knowledge of the dominant energy contributions in the atomic limit and dimer case,
we will now finish the considerations of the strong coupling regime by considering a mapping to the
dominant subspace of the full Hilbert space.

3.3.3 t-J and Heisenberg model

Our goal for the last section of the investigation in the strong coupling regime is the generalization of the
concept of spin-exchange interactions by presenting an abbreviated version of the derivation for the t—J
model. Furthermore, we will be able to relax the condition of (almost) complete localization in this case.
We do this in preparation for the
thorough quantitative studies that in-

volve considerably more numerics of
l / the Hubbard model in 3 and 2 dimen-

sions in Sec. and Sec. respec-
tively.

/
{ )
‘/ t - J Model

We start by considering the Hubbard
model at strong coupling, near half-
filling, and putting no restrictions on
the type of lattice, except for short-
range hoppings. This does allow for
frustration effects, for example, in tri-
angular lattices.

We will now systematically derive how, on frustrated lattices or doped systems, double occupancies
are unavoidable, but their formation still is on a different energy scale than the propagation of elec-
trons or already doubly occupied electron/hole pairs. There are several approaches to exploit this
energy separation in order to obtain a simplified description of the system. On bipartite lattices close
to half-filling, the Hilbert space “almost” factories, i.e. a hopping between Hubbard bands discussed
in Sec. is strongly suppressed, but still possible. First, we relax the strong approximation of
Sec. and allow a kinetic energy term to act, still keeping the U/t > 1 limit and the accompanying
energy separation of double-occupied states. We could completely truncate the Hilbert space, as was
done in the derivation of the Hubbard model itself. However, leaving a small perturbative connection
between two energetically very different sectors of the Hilbert space simplifies the model while still
keeping some amount of coupling between the subspaces. This was first used by Schrieffer and Wolff in
relating the (see Sec. [3.7) to the Kondo model [224]. The central idea is to decouple the Hilbert
space segments in the first order of a perturbative expansion. We will abbreviate some ideas of this
projection of Hubbard to the ¢t — J model, following the review by Jézef Spatek, who first derived the
t — J model [236]. Our goal is to partition the Hilbert space into two segments that are only “weakly”
connected. The weak interaction between the subspaces can be quantified in terms of a perturbative
expansion of an operator S, which connects the two partitions of the Hilbert space only in second order

Figure 3.5: Illustration of a coupled pair propagating, giving
an alternative picture to the allowed processes in
the projected subspace of the ¢ — J model.

HwWe will quantify this in Sec. Specifically, it allows to capture the non-perturbative physics of the Mott transition.
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e B e

Figure 3.6: Illustration of the virtual hopping in the superexchange mechanism, with amplitude J = %
The process can be understood as suppressed by 1/U due to the virtual double occupancy
during the exchange of the spins.

in the following way:

X N 2
H = He™ = A+ A8, H]+ i[s, [S,H]]+-- (3.37)

Hy+A[S, Hol 20 (3.38)

In the strong coupling limit, we perturb around small ¢/U = A. According to our initial goal, we want
to separate the Hilbert space with double occupancies and will therefore rewrite the original Hubbard
Hamiltonian, using operators for the creation and annihilation of double-occupied sites, a doublon
stat@

dt = Aza(l - Niz), dis=¢ io (1 - 7)), Vig = UZIUCZ ios (3.39)
In the context of this operator, we may interpret d' as the propagation of a bound state of two electrons.
An illustration of such a pair propagating through the lattice is given in Fig.[3.5

I:I = - Z tij (ézgé jo +Li;[0(ijo-) + UZ ﬁiTﬁu + Z (cﬂoé jo +ézoéijg) (340)

(ij)o (ij)o

Hy Hy

Following [43], we now insert this Hamiltonian into the perturbative expansion Eq. (3.37) and use the
Schrieffer-Wolff condition Eq. (3.38):

2 2

= B’ = Ho+ Hy +1[8, Ho] +1[8, Hy] + S [8,[8, Holl + =[5, (8. E1]] + .. (3.41)
. ~ , 2! 2!

An important observation has to be noted here: Instead of the naive approach that would treat the
double occupancies themselves as a perturbative effect, this form treats the formation and destruction
of double occupancies as perturbations, but already formed spin-up spin-down pairs still propagate.
The condition Eq. is met by the following ansatz ([H1, cfja] = UCZIO):

§= %ty (dle 0 —lyd ) (3.42)

(ij)o

Lengthy calculation of the commutator [S , H 1] (neglecting all terms involving creation of annihilation
of doublons, i.e. uneven numbers of d operators) due to the suppression of charge fluctuation in this
subspace, leads to the following Hamiltonian |6} [101]:

. tiit; FR I
Higo== Y tiydl,d jo+ Y ]?]k (d]dl - CZ:-W}T) (d id k= d jid m) (3.43)
(ij)o (ijk)

This is the full ¢t — J Hamiltonian. The first term propagates electrons but does not allow the creation
or destruction of doubly occupied states. These are captured through virtual processes in the second
term. An example of such a coupling is shown in Fig.

For our purpose of approaching the driving mechanisms of increasingly strong coupling, there are still
terms remaining that can be neglected. First, we will disregard the three-site hopping term, as it scales
with ¢?, and rewrite Eq. with fermionic operators. Furthermore, we assume uniform hopping
tij =1t

Hey==t Y & éjrd ¥ (si 'S; - %) (3.44)
(i) i3

12We will leave out the - X5 N term, implying half-filling. In fact, a solution including this term is rather complicated
and is still the subject of current research [159|. The resulting segmentation of the Hilbert space includes additional
processes beyond superexchange and three site hopping mechanisms, allowing additional doublon-holon interactions.
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with the usual spin operator in terms of the vector of Pauli matrices o (see Sec.|2.4.6):

o T o
A 1(é¢ it C 4t
Si=—- ool | 3.45
¢ 2 (é il 7 Cil ( )
Here we have also explicitly written the antiferromagnetic exchange coupling J = %. This model

still describes many important aspects of the Hubbard Hamiltonian for strong interactions while being
defined over a simpler Hilbert space.

Heisenberg Model

Our final consideration is again concerned with the limit in which charge fluctuations are completely
frozen, this time from the perspective of the Hilbert subspace consideration above. In Sec. [7-1] we
will use this limit as confirmation that the strong-coupling physics is indeed recovered by our non-
local correction approach. Neglecting all charge fluctuations in Eq. , but allowing for anisotropic
exchange interactions J — J;;, we arrive at the Heisenberg model:

Hu = —% > JijSi-S; (3.46)

ij

Where J;; = J;; and the factor % account for double counting. From the fact that the Heisenberg model
is obtained as the strong coupling limit of the Hubbard model, we can (again) deduce that the Hub-
bard model will prefer antiferromagnetic ordering with no charge fluctuations at strong coupling when
permitted by the lattice. This limit will be used in Sec. in order to verify correct critical behavior
in the strong coupling limit. However simple, this model still contains rich physics encapsulated by
spin dynamics that stem from magnetic ordering, such as frustrated magnetism and spin liquids, that
do not require charge carrier mobility.

3.4 Weak Coupling

In this section, we discuss the opposite limiting case from the previous one. The Hamiltonian now
becomes (almost) diagonal in the momentum instead of the position basis, and we can employ a new
set of approximation methods. Mean-field approaches are particularly useful and will, therefore, be
discussed in some detail. Later in this chapter, we will expand this and introduce the DMET] method
as a very successful approach to describe local correlations in the Hubbard model.

We start with the obvious fact that the Hubbard model approaches the solution of the bare dispersion
in the limit U = 0, where we recover the tight-binding solution of the noninteracting free Fermi gas
(we only consider more than one spatial dimension). However, even at arbitrarily small distances from
this limit, nontrivial physics starts to reemerge. For example, the limits lim«o U/t and lim o U/t are
not adiabatically connected |198|. Nevertheless, being concerned with the repulsive Hubbard model
exclusively, it is reasonable to assume that physics close to the non-interacting case can be attributed
to nesting effects of the Fermi surface (which could be deformed in the context of Fermi liquid theory,
Sec. .

Let us first look at the Green’s function in the noninteracting case and then move on to some results
in the vicinity thereof, turning to an overview of weak coupling schemes.

Because the Hubbard Hamiltonian is diagonalizable without the Coulomb interaction, we can directly
switch to the momentum basis for the creation and annihilation operators E

U =0= HU:() = - Z tijé;rgé jo — quLig = - Z (ti]‘ + /L(sij) éjgé jo (347)
ijo i0 ijo
[:IU:O = (Ekg - ,LL) Nko (348)
sn Lore e, (r)el | 0<7<
Gro(r) = (e Moo (Nel,) =37 " (A) ko & (3.49)
-5 Tre botxo(T), 0>7>-0
i Tre T (1-é e (7)), 0<T<B [ PN (1-np(ar)), 0<7<f (3.50)
~+ Tre?Me] ey (1), 0>7>-8 |- *np(ea), 0>7>-08 '
With the Fermi distribution ng(ex) = ﬁ. We therefore obtain the free Green’s function in imaginary
time and frequency space as:
Gi(7) = ¢ "< (O(7) (1 - nr(ex)) + e (a)O(-7)) = € 7 (np(ac) - O(7)) (3.51)
1% 1
G — (3.52)
Wn + U — €k

13as mentioned before, the kinetic part of Hamiltonian is diagonal in the momentum basis, while the interaction part

is diagonal in the position basis, making both parts not simultaneously diagonalizable
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3.4 Weak Coupling

The analytic continuation to the real frequency Green’s function yields (using the Sokhotski—Plemelj
theorem and the Cauchy principal value):
1 1

v _ - - - :
Gk S —— PV+“76kiz7r (v+p—ex) (3.53)

From this, we follow with the definition of the spectral function in Eq. (2.102)):

Important 3.4.0.1 (DOS as Limit of the Spectral Function)
From Eq. (3.53)), we obtain the spectral function in the non-interacting limit:

Ay =278(v + p - ex) (3.54)
- A = fdka(waek) - D(E) (3.55)

This demonstrates that the k-integrated spectral function becomes the m in the noninteracting
limit (the normalization factors of ™ have been absorbed into the integral).

As in the previous section, we can also employ the equation-of-motion approach here. We are
specifically interested in how the two-particle Green’s function looks in the noninteracting limit after
we discovered in Sec. that it encapsulates the correlation physics. As before, we calculate the
derivative of the Green’s function by employing the Heisenberg equation of motion first for the creation
and annihilation operators:

aé lo N 75 A N A A~ A
9 - [¢i0,H v=0] = Z tij[é io,ng'C;U,] —MZ[C loy T jor |

ij,0! jo!

Eq. (2:20) PO R . A oA PO
o &2 Z tij ({C lo,Cja'}Cj-U/ - Cjo"{c sz;U/}) - ,MZ[C lo,M ja’]

ij,0’ jo!
= - Z tz]é ja"(slj(;o-a-’ - ,LLé lo
ij,0!
==Y tulic — pé 1o (3.56)

This result allows us to calculate the derivative of the Green’s functions:

0G2o,=0(7)
= ]‘8!77?70 =06(7)d;5 — <TZ (tijé io(T) — iz é i(r(T)) é;r-a>
J
_ N T (et ) A (el
=6(7)0i; Zt,j (Tc w(T)cja> (Tuéwc w(T)ch) (3.57)
ij

Analogous to the previous calculation after Eq. (3.26]), we Fourier transform and solve to obtain the
equation of motion and finally an explicit expression for the single-particle Green’s function:

iunGii}g]:O =1+ MGII:G(}U):O - 6kG;’o(,1l)/:O (3.58)

v _ 1
=G, g = m (3.59)
Again, this reproduces the Green’s function obtained through our diagonalization approach. But
compared to the case of the atomic limit in Sec. the hierarchy of higher-order correlators ends.
This time it does not even yield a 2-particle Green’s function. As discussed in the previous section,
correlation effects are not captured explicitly on the single-particle level, whereas the two-particle level
incorporates them natively.

3.4.1 Nesting and Slater Ferromagnetism

In the simple cubic lattice with lattice constant a at half-filling, the Fermi surface can be connected by
a constant vector Q = (7/a,7/a,...), with

€k+Q = €k (3.60)

This property is illustrated for 2 dimensions in Fig. W The response function without interactions (see
also Sec. [5.2.1)) is given by the bare susceptibility.

w Gu+w Gu _ ’I’LF(€k) - nF(€k+q) 3.61
X0,q B ; 0,k+q*~70,k ; W + €lrq — €K ( )
— B D
Eq. f Da(e) tanh(%)dg (3.62)
-B €
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—7r/_aﬂ_ a 0 w/a

Figure 3.7: Illustration of the Fermi surface of the two-dimensional square lattice (unit er/t). In blue,
the nesting vector (7/a,7/a) connecting two parts of the Fermi surface is shown.

With Dg(€) being the d-dimensional density of states with a bandwidth B. This function will have
a finite value for most dimensions, as shown in Fig. [3.9] and we obtain a logarithmically divergent
susceptibility for low temperatures xo,q ~ 2D(0) In(8Ey) (with Ep ~ B). The two-dimensional density
of states in Fig. has a van-Hove singularity at € = 0. This leads to a quadratic enhancement
of the susceptibility at the ordering vector Q = (7/a,m/a) over q = 0, indicating antiferromagnetic
ordering Sec. 6.2.1]. This tendency towards antiferromagnetic ordering through an instability of
the susceptibility introduced by a nesting vector is known as Slater antiferromagnetism. This Hartree-
Fock approach, therefore, predicts antiferromagnetic ordering at all interaction strengths, with a Néel
temperature at weak interactions U <« ¢ is then given by Sec. 6.4]:

T ~ Boe TP®  (d>2) (3.63)
Ta ~te2™0  (d=2) (3.64)

In two dimensions, this is an obvious violation of the Mermin-Wagner theorem Sec. However, the
qualitative result of an onset local moment ordering in this temperature range will remain true. Methods
beyond the mean-field treatment of this Hartree-Fock approach, that take additional correlations into
account, will then lower the Néel temperature. We discuss this in more depth for the 3 dimensional
case in Sec.

3.4.2 Mean Field Treatment: Stoner Criterion and Pauli Susceptibility

This section serves two purposes: (i) we will discuss a simple (and analytically solvable) mean-field
theory; (ii) it gives us the opportunity to discuss susceptibilities for the evaluation of dynamic properties
of a system. We have already encountered the simplest versions of this in the case of the Hubbard
dimer in Sec. where the momentum was restricted to 0 or 7.

A weakly interacting system can be well described through the following mean-field idea: Consider a
single electron in a static potential from the ionic lattice. This single-particle problem can be easily
solved and yields a potential for other electrons. Now, this potential can be “copied” to all other
electrons in the system, and the new total potential energy is a superposition of all these copies of
the single-particle potential. This gives rise to a new single-particle problem, which can be solved,
yielding a new potential that can be copied to the other electrons and so on. If this process has
a fixed point, i.e. there is a self-consistent solution, we call this the mean-field solution. We will
explore two variants of this idea in this chapter: the traditional mean-field method here will lead us
to results in the weak-coupling regime, where the itinerant magnetic order arises from delocalization
of the electrons (i.e. Slater determinants), and later we will discuss in Sec. which expands
around a complementary limit of complete localization.

Stoner Mean-Field Model

In the following, we will consider the Hubbard model in a mean-field decoupling approach, yielding
the same results as with a Slater variation Ansatz (therefore, we will also call this Slater mechanism
in Sec. . The result will be a ferromagnetic ordering because of the way we employ the mean-field
decoupling scheme here. The aim is to introduce mean-field methods in a concrete example. The
concrete ordering vector is secondary, and we will discuss how to obtain antiferromagnetic ordering at
the end of the section.

For the following, it is more convenient to work with the Hubbard interaction term in momentum rep-
resentation. Fourier transformation and conservation of momentum yield (we absorb the normalization
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Figure 3.8: Illustration for ferromainetic differentiation of up and down densities, as obtained by the
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Stoner model. the [DOS| for the three different regions of ¢ = =% from Eq. (3.76) are

shown. dn marks the difference in occupation numbers.

constants into the sum, as usual):

Zekckac ko + Z ck+q ock, qa,c K,0'C ko (3.65)
ko kk’

/
oo

This index convention also provides an intuitive interpretation of the Coulomb interaction in momentum
space: two electrons with momentum k and k' exchange momentum q in a collision with amplitude U.
We now apply the mean-field decoupling, i.e. we neglect fluctuations 8X of second order around the
mean-field (X) (the normal expected value from the previous chapter), giving an abbreviated derivation
of the argument found in many textbooks, for example, in [39].

X =(X)+ (X - (X)) =(X)+6X (3.66)
= XV = X(V)+6X(V)+ 5?<X>+5X5Y:X(?>+(X_<f(>)<f/>+(f/_(?>)<X>+af(ay
~ X(Y) +(X)Y - (V)(X) (3.67)

Furthermore, we make the mean-field assumption that the interaction is only acting for k = k’
(el wo) = Slacnico (3.68)

Applying this to the Hubbard Hamiltonian we obtain the mean-field version of the Hamiltonian, using
éL oéL o = Ck,0C ko =0 and the usual commutator relations Eq. (2.21) (we follow [39, Chapter 4]):

4
HMF - Zekckac ko + D) Z Ck+q, Crer q, o"c ko e k,o
kk',q
0‘0”
2 U A Af At At t t
~ Hygn + — Z [(ck+q SCuo ) qorC Kol O g K o (s o CK, o) — (ck+q’oc kvg)(ck,_q’a,c Ko
kk'q

’
oo

(ClT(qu UC k’,o">éll_q’oylé k,o — é]iJrqygé k',O"(éltl_q’alé k,a) + <Cl1;+q o-c k’,o”)(é]tl_q’o.lé k,o‘)]

Eq. (3.68) £ AT N AT A
= Hyn + — Z I:(Sqonko- (Ckl o C Ko T C ;C ko~ NK/o!
2 7 > s
kk'q
O'U,

At . K R
- 6k’,k+ana(ck17q’o./c k,o t CkJrq’UC k/,o! — 600”nk0’)

We can now also decouple sums over momenta k and k’, since these only appear in the mean-field
parameters and operators separately. with

Ng = ana = Z CkaC ko ) MF, (3.69)
This allows us to define:
Hur=-Y ¢l degek/{,F—UannUwUan (3.70)
ko oo’

With the mean-field dispersion
ko =ac+U Y nz (3.71)

Using the assumption of a free electron gas at zero temperature (i.e. the Fermi function is a Heaviside
function), we can determine the mean field parameters, i.e. fillings for spin up and down. This is a
self-consistency equation, as is usual with mean-field theories (see also Sec. [5.1)):

na—ZD(e My = an(eka) (3.72)
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dk k®
= (27T)3®(M— % —U’n/;) (373)
2/3
= u= 7(67‘-2na) +Unz (374)
Me

These two equations (for o =1 and o =|) can be solved (e.g. [39, Eq. 4.47]):

_mp-ny B QmEU(n¢+n¢)1/3
- = (3.75)
=1+ - (1-0)*? (3.76)

Allowing for three qualitatively different solutions: ¢ =0, ¢ =1 and ¢ € (0,1). The solutions correspond
to a normal state (no difference in the occupation of up and down electrons), a strong ferromagnet,
and a weak ferromagnet.

In Fig. the three solutions are illustrated. We can observe from the ranges of v o U that the
mean-field treatment predicts a wrong solution (ferromagnetic instead of antiferromagnetic) at strong
coupling. AThis is an effect of the way we decoupled the operators in the interaction term of Eq. !
Since we chose to couple the mean field with an ordering vector of q = 0, the effective background field
made it advantageous for a spin to align with this field, thus amplifying the self-consistent solution
of all spins aligning and strengthening this field. However, had we chosen (élé k+q) for q = (m,7,m),
antiferromagnetic ordering would have been preferable.

This emphasizes a weakness of mean-field theories: One has to understand the dominant physics of
the system before applying a mean-field decoupling scheme because the predictions of the resulting
model qualitatively depend on that choice. This deficiency can also be remedied by investigating the
ordering with a different scheme first. The susceptibility XB’;O, discussed in Sec. will show
an instability at g = 0 in the dilute limit n < 1 and an antiferromagnetic (q = IT) ordering, due to the
nesting property from the last section, around half-filling.

3.5 Summary

In this section, we have given a brief overview of the energy scales and magnetic properties of the
Hubbard model on bipartite lattices (specifically, this neglects the effects of frustration, leading to
substantial changes in the magnetic ordering because of the suppression of antiferromagnetism) in
more than one spatial dimension and in the limit of strong and weak coupling. Here, we only focused
on broad observations to develop a general picture of applicable conceptualizations, leaving detailed
discussion to the next chapter. At half-filling, we observed an opening of an energy gap from weak to
strong coupling, proportional to the Hubbard U, called the Mott gap. Away from half-filling, charge
fluctuations, previously suppressed by the Mott phase, start to reemerge. Here, we have discussed
magnetic ordering. In the strong coupling regime, the Heisenberg exchange coupling emerged as the
defining feature for the onset of this limit, leaving us with the interpretation of a local moment-driven
magnetization. In the intermediate to strong coupling, we also found that the virtual superexchange
mechanism, through the derivation of the ¢t — J model, is an important constituent of the governing
physics.

The weak coupling regime was treated as a Fermi liquid, and we used the opportunity to introduce the
concept of mean-field theories (with the example of the Stoner model) and description of second-order
phase transitions in terms of susceptibilities. The description through Fermi-liquid theory has already
been discussed in Sec. 2.5

Until now, the discussion served purely to set the stage for our detailed discussion of the Hubbard
model for three- and two dimensions in Sec. [7} leaving a comprehensive overview of the current results
on the Hubbard model to the literature, for example [13} [198].

The next section still discusses a limit of the Hubbard model but already marks the transition to the
methods chapter, as it will become important only in the context of

3.6 Infinite Coordination Number

This section discusses the extremely important (for this thesis) limiting case of infinite coordination
number. We will discuss here how the Hubbard model can be mapped to the Anderson impurirty
model (see next section) in this case. Subsequently, in Sec. we will discuss the method
as an approximate solution for the Hubbard model before moving on to the corrections necessary to
remedy the infinite coordination number approximation in 2 and 3 spatial dimensions.

As repeatedly done in the chapter for Green’s functions, we will follow a probabilistic approach to
motivate the limit of infinite coordination number first. We will then substatiate our findings by
considering the Feynman diagrams in the infinite coordination number limit.
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3.6 Infinite Coordination Number

3.6.1 Example: Weiss Mean Field for the Ising Model

Ising Mean-Field Following the pedagogical approach from [189, Chapter 1], we first discuss a classical
mean-field model in infinite dimensions before applying the approach to the Hubbard model. This
approach was pioneered by Pierre Weiss in order to understand ferromagnetism and, for this reason,
the associated mean-field quantities still often have his name associated [287].

Consider the Ising model (the classical limit of the aforementioned Heisenberg model):

H = —J Z SiS5 — thi (377)
(4,3) i

With classical spins, i.e s; € {+1,-1}. Following the mean-field idea, we investigate a single spin in an
effective field:

Hi:si[zzz J8j+h] = -5 [sz+h][J ZZ:(sjm)] (3.78)

J=1
Now we neglect fluctuations and introduce the mean-field in Eq. (3.80) below:

H; ~ -s;[zJm+ h] (3.79)
The self-consistency equation is obtained by computing the average spin:

_ Tr[siexp{Bsi(zJm +h)}]

m=(s;) = T [oxp{Bsi (2 Jm + A)}] = tanh (8zJm + Bh) (3.80)

This leads to the ordinary (non-linear) equation that can be solved numerically.
H; = tanh (BzJm + h) (3.81)

We can see in Eq. (3.78]) that the approximation becomes exact if we define a renormalized J — Jj*
and let z —> oo, so the number of neighbors (coordination number) also approaches infinity.

lim > J—sj =J" (m) (3.82)
z—>ooj:1 VA

There are two points to make about this example: (i) the mean-field idea was applied in the local
moment regime (contrasting our considerations in the weak-coupling section). This idea of considering
a local moment in an effective bath, stemming from an infinite coordination number, will carry over to
the idea. (ii) The classical field coupling is scaled by 1/D. This is an often repeated distinction
between classical and quantum mechanical mean-field theories. However, since the hopping amplitude
appears squared in the exchange coupling J = 2 /U, as obtained through the full quantum mechanical
argument in Eq. , we may already expect a 1/ /D scaling of ¢ when we go from classical complete
localization back to the full Hubbard model that also includes a hopping term.

3.6.2 Hubbard Model
Scaling Behavior of the Hopping Term

Let us take the hypercubic lattice on the Hubbard model with isotropic hopping between nearest
neighbors (i.e. t;; =t) as an example. The dispersion relation in d dimensions is given as

d
ex = -2ty cos(k) (3.83)
i=1

Following the original argument by W. Metzner and D. Vollhardt [172], we can understand the hopping
amplitudes in infinite dimensions by viewing the hopping as a random process, described by a random
variable

ki ~U(-7, ) (3.84)
X; =v2cos(k;) (3.85)
The mutual independence of the scattering processes in the infinite coordination number limit is mo-

tivated by the fact that the scatterings become randomized by umklapp processes [173} [171]. It is
straightforward to showE that X; is distributed as follows:

Fr@) =2t e[-V2VA (3.86)

T2 -2

4 Using the usual transformation of variables with P(Y < y) = P(\/Z2) cos(Y) <y) = arccos(—y/\/i)/ﬂ' and fy (y) =
% arccos(-y/V2)/m = (2 - y2)_1/2
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Figure 3.9: for different dimensions on a hypercubic lattice with dispersion eo(k) =
—2t* Y cos(kqa). A Gaussian distribution is shown in orange, illustrating the conver-
gence of the [DOS| towards this limit. The bandwidth becomes infinite for D — co. Image
adapted from @, originally reproduced from .

ﬂ 1
:E[Xi]:/ ;\/2_x2 e
Var[Xi]:/fd %¢i E2[X;] = 1(arcsm(x/\/_) Vo x2)|f§:1 (3.88)

This calculation explains the factor of v/2, it is used to fix the variance, which turns out to be the
bandwidth for our infinite dimensional system, to onﬂ The full dispersion relation is then the sum
over these hoppings of different momenta k;. By virtue of the central limit theorem, this sum is (in
infinite dimensions exactly) normal distributed. A reminder of the CLT in the Lindeberg-Lévy version:
Let X; be a sequence of independent, identically distributed random variables with finite first two
moments y, o2, then the sum X; = 2?:1 Xz/\/gl is normal distributed with:

. m|ﬂ

50 (3.87)

(X — ) ~N(0,6%) (3.89)

For our choice of X; we have =0 and o?=1

€k = ILHBO q2 ZX (3.90)
CLT = e ~N(0,1) (3.91)
= D(E) = %:5(E—ek) = %e’fzﬂ (3.92)

This means for a scaling of the hopping amplitude by

tx— _ tij

¥} \/a?
we obtain a normal distribution for the infinite coordination number density of states, which has a
bandwidth of 1. The convergence in this limit is shown in Fig. Note that the m in one
and two dimensions exhibits van Hove singularities, making it deviate drastically from the limiting
distribution. Although interactions smooth out these divergences, the DMFT|approach (which we are
working toward with this limit) is known to exhibit limitations in this kind of lattice types [300]. This
has been pointed out early on by E-Miiller-Hartmann, and can easily be argued by considering the
characteristic function |181] Eq. 8].

(3.93)

15Fixing the second moment as we did here, for the infinite bandwidth, which can be very helpful when comparing
different lattice types. Therefore, an appropriate scaling of the hopping has been adopted throughout this thesis.
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3.7 Anderson Impurity Model

Lastly, we should point out the form of the scaling 1/\/3 This factor leaves the density states finite
(higher or lower powers would lead to infinite or zero bandwidth), thereby preserving competition
between kinetic and potential energy terms in the limiting mean-field Hamiltonian.

Diagrammatic Contributions
Next, we will discuss the implications on the Feynman diagrams of the Hubbard model under this limit.

For that, we consider the kinetic energy part of the Hubbard model and scale the hopping amplitude

according to the proper scaling argument %

Brino = S (el o) = St f dvGY; et (3.94)
(ij) (i5)

The potential energy term U Y, 74474, does not scale with the connectivity because it already is local.

d—oo i—7 lri_r-j‘ 1
GO,ij(T) o< O(t‘ ]‘):O(d 2 ) MO(ﬁ)+5“O(1) (395)
Here we used the rescaled hopping from Eq. (3.93]). This scaling also leads to a collapse of diagrams
for infinite dimensions (tables for the collapse of the first three orders in the self-energy are computed
here [172]). As one might guess from this argument, the collapse of the propagators results in a purely
local self-energy [181]:

}im YY(ri,rj) = 6i; 2" (ri, 1) (3.96)

From this follows by Fourier transformation a momentum independent self-energy in the infinite-
dimensional limit

lim DI 3ig (3.97)
It is important to note that the particles are not localized but only the transition between fixed lattice
points 7 and j becomes negligible (as it should, since there are now infinitely many neighbors). The
remaining class of skeleton diagrams are exactly equivalent to those of the These are diagrams
without any self-energy insertions, i.e. no subgraph is The following diagram is an example of a
non-skeleton diagram, due to the insertion of a diagram on one of the propagators:

(3.98)

We will now discuss this model, specifically comparing it to the Hubbard model, before moving on
to the methods chapter. There, we will discuss the DMET| method, which uses the correspondence
between the Hubbard and Anderson impurity model at the limit of infinite coordination number to
construct a mean-field solution for the former.

3.7 Anderson Impurity Model

The Anderson impurity model is defined as a non-interacting bath with a single correlated site. It was
introduced by P. Anderson in order to describe the effects of localized states on magnetism [9] but is
today also often employed as a local reference system when constructing non-local solutions for the
Hubbard model. It is related to the Hubbard model with U;; — d;0U and t;; = d;0 (Viéjoé 0i + Ve ioégi),
Furthermore, the chemical potential for each bath site is given by €;

Hama = > tz‘jé;r-aé i+, (Vz'@;raci .+ Vi'd Uézo) + UMy =1y o (3.99)
0,1j#0 7 o
=Ho+ Ha + Hy (3.100)

d' and d are the creation and annihilation operators for the impurity. The density operator only acts
on the impurity 7, = UZI,J . Due to the single-site problem, we could also use the Fourier representation
of Ho = Yy, ekl ko and Ha = Yy, (Ve d o + Viid o0 ).

The parameters ¢, and V; are called Anderson parameters in this thesis, specifically in Sec. where
we present one of the methods of solving this model by explicitly constructing the Hamiltonian in a
basis with finitely many parameters [ < co. The more modern (but also numerically more expensive and
sometimes less reliable) method, which gives unbiased results for the infinite bath site model,
has been discussed in detail in my master’s thesis [246]. The possibility of constructing the Hamiltonian
explicitly already gives an indication of the usefulness of this model, due to the greatly reduced number
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Vitizds
(a) Ilustration of a two-dimensional square lat- (b) Illustration of the Anderson impurity model as
tice, with embedded impurity. The impurity a star geometry, mapped from (for example)
couples with a hybridization amplitude V; to from the lattice in Fig. [3.10a} often used by
neighboring, non-interacting bath sites I. No impurity solvers for [DMFT]

hopping between bath sites occurs, thereby
transforming this lattice into to one shown in

Fiz. f0

of Hilbert space dimensions compared to the full Hubbard model. This is useful for this thesis for two
reasons: (i) The can (in the sense of the skeleton expansion of the self-energy) be viewed as the
infinite spatial dimension limit of the Hubbard model, giving rise to the discussed in the last
section and Sec. (ii) It is an exactly solvable model, which still contains important physics, such
as the Kondo effect. We will use this to construct exact pairs of Green’s functions and self-energies in
our attempt to learn some structure of the [Luttinger-Ward Functional (LWf)[in Sec.

3.7.1 Limiting Cases
We can obtain the Green’s functions in the non-interacting and atomic limit, analogously to our deriva-
tion in the Hubbard model (here, we just abbreviate the calculation presented in [205| p. 2.2.7.1]).
Interaction Limit: By letting U — 0, the Hilbert space again becomes diagonalizable:
078 io(7) = —€:8 10 (7) = Vid o (T) (3.101)
0rd ig(T) = = 3 Vit i (T) + i ie (3.102)

Analogously to the derivation in the Hubbard model, we find for the Green’s function:

= 0-Go,ij = —€iGo,ij — ViGa,i — 6(T)di; (3.103)
0-Gai=-Y ViGoij+ pGa (3.104)
87'GImp == Z ‘/iGA,i + NGImp - 5(7’) (3105)

Here, we defined the commonly used names for the impurity, bath, and hybridization Green’s functions.
This set of equations can be solved, thereby defining the impurity Green’s function and hybridization
function A", the self-energy of the hybridization Green’s function:

Gimp = [ivn +p—A"] (3.106)
2
Ny L (3.107)
T Wn — €

The spectral function can be obtained from the analytical continuation (using the Sokhotski—Plemelj
theorem) of the hybridization function, according to Sec. [2.4.3.1

1 Im A”

A =2ImG* =
T (ivn)? + (ImA¥)

(3.108)

We observe that an increase in the imaginary part of the hybridization broadens a quasi-particle peak,

according to Eq. (2.142]).

The atomic limit becomes trivial in the case of the since the Hilbert space is not only diagonal-
izable, as in the Hubbard model, but additionally consists of a single site. This directly reproduces
the result from Eq. , without the site index. Accordingly, we can again observe a Hubbard band
splitting of +U /2 in the spectral function.

With Interaction For the the explicit calculation of the time derivative above can also be done
using an interaction term.

a‘ré ic (T) = _Gié io(T) - VLdA i0 (T) (3109)
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3.7 Anderson Impurity Model

0rd io () = = Y Vit io(7) + it io + [, d o (7)] (3.110)
== Vitig(T) + pt ic + ~Uniz(7)dy (1) (3.111)

This, again, leads to a set of coupled equations of motion. However, this time, they are not explicitly
solvable. The is particularly useful in describing Kondo physics, i.e. spin-flip scattering of electrons
on impurities in a conduction band. One of the defining attributes of this is a screening of the impurity,
resulting in a constant, non-zero limit of the scattering rate when the temperature approaches zero.
For us, the physics described by the is less important for the description of our system (because it
only serves as a surrogate for the Hubbard model solution within but from a numerical point
of view. Within the m approach that we use to obtain m solutions for the two-particle Green’s
function (see Sec. , one has to consider the Kondo screening as a limiting effect for numerical
precision at low temperatures. As the screening becomes more important, the number of bath sites,
e.g. Fig. needs to be increased, exponentially enlarging the Hilbert space and thereby limiting
the approach to a relatively high-temperature range when compared to [CTQMC]
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4 Conserving Approximations and Two-Particle Consistency

This chapter is concerned with the foundation of conservation laws on the thermody-
namic and microscopic levels. Thermodynamic consistency will be discussed in the form
of the Luttinger- Ward functional and its role in the construction of conserving theories.
We then derive Ward—Tokahashi identities as another consequence of symmetries. Sub-
sequently, a mechanism for restoring consistencies between single and two-particle levels
on an effective level is introduced. We thereby investigate the concept of two-particle
and thermodynamic consistency. Some details and derivations are provided here to
illustrate important concepts; for the understanding of the IDI'A method, it is, however,
sufficient to note a number of identities.

We furthermore review some properties of thermodynamics and phase transitions that
are important to understand the role of the \-corrections.
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4 Conserving Approximations and Two-Particle Consistency

4.1 Thermodynamics and Phase Transition

We will now investigate the generating functionals introduced in Sec. in the thermodynamic set-
ting. Specifically, the Luttinger-Ward functional is of interest, as it forms the basis for approximations
that satisfy thermodynamic consistency and conservation laws. Theories that fulfill these conservation
laws consequently also satisfy continuity equations and may, therefore, be assumed to have better ex-
planatory power for questions regarding transport observables. We also sketch why this consistency
is, in a sense, orthogonal to the two-particle consistency discussed in Sec. Fulfillment of the Pauli
principle, the Mermin-Wagner theorem (Sec. , and consistency between observables when calcu-
lated from the one- and two-particle levels must be considered separately.

Our goal for this chapter is to develop an understanding of what a conserving theory is, how they are
constructed.

Subsequently, we will discuss consistency conditions for the one- and two-particle levels. This means
agreement of the values for the observables when calculated from two- or one-particle operators. We
also put an emphasis on the difference between thermodynamical and many-particle consistencies. In
fact, it has been convincingly argued that for all parquet-based approaches, only exact theories fulfill
both 234} 113] and [227, Chapter 6].

4.2 Ward ldentities

4.2.1 Motivation

It is a well-known fact that continuous global symmetries lead to locally conserved charge densities
and the associated Noether current via Noether’s theorem [183|. Here, we want to investigate their
consequences in the Hubbard model, specifically by virtue of Ward-Takahashi identities [286, 258]. We
will give a brief introduction and then derive the Ward identities required for the construction of our
effectively conserving method in Chapter [4.5.1

As a reminder of the relationship between symmetries and conservation laws in classical theories, we
reiterate the most important steps for the proof of Noether’s theorem (abbreviating the take-home
message from [61, Chapter 2.3]): A continuous, global (e(z) = €) transformation F[z,9(z)] of a
classical field ¥;(z) with components j

Yi(x) = ;(z) +ieFj(z), (4.1)

that leaves the Lagrangian density unchanged, implies a conserved Noether current j = (jo,j):

Bujo() + Vi(z) =0 (4.2
Q=- [, $2=0 (43)

We will encounter conservation laws in the form of such a continuity equation below in Sec.
Ward identities lift Noether’s theorem to quantized field theories. Here, a local transformation of a
quantized field ¢}(z) - ¢;(x) +ie(z) F; (xﬁthat leaves the functional action Siy¢ invariant (we do not
need to assume the existence of a Lagrangian density) leads to the following change in the total action
(compare Sec. for the notation):

S =80+ Sint + Sy = —%¢(T)G51(1 2)$(2) + Sint (4.4)
=05 =650 +0Sy = 8e(r1m)F(1)G5' (1,2)p(2) + 65, (4.5)

We have also taken the coupling to the external generator fields J from Eq. (2.158) into S;.
Since the transformation leaves the partition function unchanged, the expectation values must remain
the same:

(¢'(1),...¢'(n)s = (¢(1),...¢(n))s (4.6)
We follow that the functional must be stationary:
68 = fD[¢] eSSJ[ > F(1)Glayar (1,2)0(2)6(2) +J(1)F(1)] =0 (4.7)

Expanding the free Green’s function and pulling the derivatives outside of the expectation values gives
a more familiar-looking form of this generalized continuity equation when compared to Eq. (4.2]) and
Sec.

i0r(jo) + V- (J) :—iZk:Jak(Tvr)(Fak(Tar)) (4.8)

I This is a transformation in the position and (imaginary) time domain z; = (r1,71), leaving state indices «, such as
the spin, unchanged. The combined indices are still defined as 1 = (a1,r1,71) and sums over just the states a are
then written explicitly as ¥, f(1)
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4.3 Luttinger Ward Functional and Conserving Approximations

Concrete Ward identities for the n-point correlator are then obtained through n functional derivatives,
setting the source J = 0 afterwards:

(h5n (Tn) - - Bsy (£1) Fary (1)$(M)0(2)) G105 (1, 2)
=- g 3(x = 2k ){Dj (Tn)Pjrir (Tns1) « o Yy (k) By (Tr-1) - - - )y (1)) (4.9)

This discussion motivates the role of the effective action I'[¢] in the formulation of Ward identities
since it naturally incorporates the source-coupling term in Eq. . It is possible to derive the Ward
identities, discussed in the following, using the functional formalism above [61, Chapter 2.3]. Here,
also, the relationship between local (e(z)) and global (e(z) = €) transformations and the emergence of
Goldstone bosons from global transformations is discussed. We are, however, not focused on sponta-
neous symmetry breaking and will instead choose the much more concrete operator formalism. This
will also provide more immediate results for the case of the Hubbard Hamiltonian.

4.3 Luttinger Ward Functional and Conserving Approximations

We will now give a brief summary of some of the points made first by (i) G. Baym and P. Kadanoff |23,
22| for the investigation of macroscopic conservation laws and a method to construct approximate
theories that fulfill these; (ii) J. Luttinger and J. Ward [162], specifically linking the core quantity
to a generalization of the grand canonical potential and (iii) M. Potthoff for the non-perturbative
construction of the functional.

The Luttinger-Ward functional ®[G] is closely related to the effective action, in this context. We have
already discussed some aspects of this functional around Eq. . This is the case because ® turns
out to be the sum over all closed, dressed skeleton diagrams [194]. Comparing with the definition
of the effective action functional in Sec. 2.6.3] we can therefore define it as the difference between
interacting and non-interacting 2P1 effective action [69, Sec. 6.4.5]:

®[G]=T[G]-To[G]=T[G] - Trln(-G) - Tr ((G5' -G™H)G) (4.10)

The usefulness stems from the relation to the grand canonical potential, as well as the ability to generate
irreducible functions from derivatives with respect to the full Green’s function.

Q=TrIn(G)-Tr (£G) + [G] (4.11)
This functional is stationary for the exact self-energy of the system:

5[G] _ 59[C)6G _ 60

5% G 0% on 0 (4.12)

This then implies fulfillment of thermodynamic consistencies in theories based on approximations of this
functional, as will be discussed in Sec. [f.3] There are two important properties of the Luttinger-Ward
functional (specifically in the context of [DMFT]) [194]:

B[G]=0,ifU=0 (4.13)
®[G] universal (4.14)

The second property means that ® is the same for two Hubbard systems with identical U regardless of
the hopping parameter t. This is central to the application inlUM_FTl Importantly, the non-perturbative
construction demonstrates that the M exists, even when a perturbative construction is not possible.
The leading order diagrams are given as follows [194]:

<I>—©++E E+ (4.15)

Since functional derivatives can be graphically represented by cutting one closed line, it can be under-
stood by comparison with Eq. (2.201) that the functional derivative generates the self-energy. This
also yields property Eq. of the [LWf} when the interaction vanishes, only diagrams of zeroth order
are left [195].
There are two subtleties to consider: (i) the existence of the is deduced from a “vanishing curl”
condition [22]:
6X(1;1)  6%(2;2)
5G(2;2) ~ 6G(17;1)

(4.16)
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4 Conserving Approximations and Two-Particle Consistency

The curl condition is equivalent to the property that the functional derivative with respect to the
Green’s function yields the self-energy 266, Chapter 72.1]:

0P[G] o
5G@i 1 (152" (4.17)
(ii) the mapping G[Go] must exist and be unique, which has been demonstrated not always to be the
case [88]. Although this could pose a significant issue due to a potential breakdown of a well-defined
parquet decomposition, we ignore this pitfall in this thesis.

Our application for the Luttinger-Ward functional will be to discuss conserving approximations, specif-
ically and Furthermore, we will discuss an attempt to learn certain features of the
through a machine learning approach in Sec.

4.3.1 Conserving Approximations

As mentioned in the previous section, the is closely related to the grand canonical potential. It
acts as a functional generalization of a thermodynamic potential, extending the definition from static
to dynamic quantities, thus representing the full state of a system. Consequently, theories obtained
through approximations of this functional are conserving in a thermodynamical sense [22] and by
making approximations to the one can develop theories that retain this conserving nature. These
theories are called ®-derivable and are supplemented by the set of equations discussed above (just as
a thermodynamic potential is complemented by equations of state involving the natural variables):
0P[G] /. §¥(151) B r o

G117 3(151), 5G(22) r(1,1;2,2) (4.18)
Note that we cannot disregard the second argument in the self-energy, even for equilibrium calculations.
Furthermore, the 2-particle 2-particle irreducible vertex I" appears, but not the 2-particle Green’s
function itself. ®-derivability makes no statement about how to obtain those or quantities generated
from it. This will be discussed in detail in Sec. .5l
A detailed discussion of ®-derivable theories along with concrete examples for choices of approximate
® in the setting of mean-field theories, in [28].
Note, however, that the arbitrariness in the choice of an approximation for the m leads to an infinite
amount of conserving theories [5]. This undercuts the argument for consistency already; in Sec.
we will present another argument for the inconsistencies that can arise from a purely Phi-derivability-
based approach.

Conservation of Particle Number

Theories constructed via the m i.e. ®-derivable theories, conserve the number of particles. This

follows by construction and also demonstrates the equivalence of the m to the free energy. We try

to illustrate this by computing the electron density from ®, following [194]. The traditional way of
obtaining the electron density is:

n=Te[G] = ¥ Gl e on ) - 1O Z 09

vk B Ou Op

First, we note that Eq. (4.19) and Eq. (4.18]) with a change of variables gives the following identity:

(4.19)

(4.20)

09[G] Tr[§<I>[G] aﬁ] . [EO—G]

o 0G  Op o
We then use Eq. (4.11)) to demonstrate how to obtain the electron density by functional derivation of
the [CWE

== [#(G]+ Te(n 6] - T{=G]
TG RN PSLR P
a1
=Tr[G]=n (4.21)

Where we used integration by parts in the third line, the Dyson equation in the 4th line and finally
the definition of the free Green’s function Gy' = v — € + p for the 5th line. A very thorough discussion
of the and ®-derivability is given in 28], specifically section 5.
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4.4 Ward Identities for the Hubbard Model

More examples and a textbook introduction to conserving theories, specifically the [RPA] and [FTuctua-]|
fion Exchange (FLEX] approximations [30, [29} 228] are given in [227].

We will now switch to the complementary point of view for consistencies through Ward identities
obtained through the operator formalism. These are needed to provide a full understanding of how
consistencies are only restored on an effective level in IDI'A .

4.4 Ward ldentities for the Hubbard Model

The following section is based on lecture notes and private notes by Georg Rohringer. Most derivations
follow these notes verbatim. These have also been derived in a more general setting. A particularly
comprehensive derivation was given by F. Krien, including the symmetry broken phase and an arbitrary
non-interacting part of the Hamiltonian [143| Chapter C.1], [147], earlier works include 280, {200, (48|
265 112} [166L |91]. A textbook introduction is also given in [61] Sec. 2.3.4]

Our goal here is to derive Ward identities and the f-sum rule in the Hubbard model used for the
consistency conditions of IDT'A in detail.

Continuity Equation for the Hubbard Model

We start by obtaining the discrete continuity equation on the Hubbard lattice 9; = 97, (7) = [ﬁla, ﬁ]
Evaluation of the time evolution for the density operator 7n;, reads as follows:

6Tﬁlo'(7—) = [ 7’fllo'] = Z tzg [é io"é;gm ¢ lo’éja] +U Z [,ﬁi,T’fLi,h ﬁl,o’]
ij,0" i
=0
(2.18) o R A A A A oAt 14

= tij (C io’ [6}0-77 c lacjo-:l + [C io’y C locjo-:l C;g/)

ij,0!
(2.20) A A A A A A A A A o A o o o At A
- tij (_C ic!C lo {Cj'cr” CL—} +C o’ {q‘;ﬁ” & la} Cjo- —Clo {C io’ C;o'} C;L-o./ + {C io’y C lg} C;UCIO,)

ij,0!
E23 JUR JUER
= (tilc iocj(,— —tic loC;'rU) (4.22)

i
This is a continuity equation on the discrete Hubbard lattice.
Analog, but more tedious computation yields for the creation operator of the general Hubbard Hamil-

tonian H = -3, tijézé it Xijkl Uijklé;ré;é k€1 — Y, N, the equation of motion:
0ref (1) = = Y (tu + Sup)el + 3 (Uit — Usju el el (4.23)
i ijk

Note the formal similarity to the functional form in Eq. (2.239)), which underscores how we could have
obtained the @ through the operator formalism as well.

4.4.1 Two-Particle Continuity Equation

To obtain the Ward identities for the Hubbard model, we first derive the continuity equation of the
two-particle Green’s function by application of Eq. (4.23)).
The notation here is shortened by writing ©;; := ©(m; —7;) and ;5 = 6(7: — 75)

Important 4.4.1.1 (Continuity Equation in Imaginary Time)
The imaginary time derivative of the two-particle Green’s function of the Hubbard model is given
by:

gl mijl imjl
0n G (11,11, 2, T3) = Y (tmiGz”,(n, 1,72, 73) = tim Gy oy (T1, 71, T2, 73))
m

+5125z‘j 5UU'G“ (7'1, T3) - 6135il500’Gji (7'27 7’1) (4~24)

For the derivation of the symmetry-broken case, we refer to [143, Section C.1].

We will now prove this identity, starting from the definition of the two-particle correlator and

Def. 2123
Giijl(7'177'177'277'3) = ©12023(Ns(11)E ja’(TZ)éZUI(TS))

- ©13052(f1io (11)E],,(73)E jor (72))

2This is the Heisenberg equation of motion for the density operator. The non-lattice form of the density operator
p =P 0sh —1PpOs1p™, recovers the usual continuity equation from electrodynamics 9:p + V - j = 0, which analogously
describes the flux of electrons in the classical and continuum limit.
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4 Conserving Approximations and Two-Particle Consistency

(& jar (r2)11i0 (11)él, (73))
— ©31012(¢], (73) 035 (11)¢ jor (72))
+ 023031 (¢ jU'(T2)éIU/(T3)ﬁw (11))
~ 032001 (&, (13)é jor (T2)756 (1))

lo’

Note first, that BTJ. é(m) = 8.rj ef (7:) = 0 for ¢ # j and only density operators with time argument 71
appear. Therefore, we let 9; — 0, .

0 GoZy (11,71, 72,73) = 0r, ©12023(1i (11)E jor (12)E],,(73))
ﬁio’ ~ A
+912@23<§(7’1)C ja'(7'2)czrgr(7'3)> + o
= 022023(M;,(11)¢ jo'(Tz)éga/(T?s»

+612@23< Z (tmié mgéZTO_ —timC igéing) (7'1)6 jU'(TQ)é;ro/(TS)> + ..

m

We group all derivations of ©-functions and all those of density operators together. In addition, we
note that for the first case, only pairs 71,72 and 71,73 appear, and Vi : 90;2/071 = 30;1/011 = d1;. The
second case yields two 2-particle Green’s functions.

= Giz[ O1(Rio (11)2 jor (11)él(73)) = O13(2 jor (71)io (1), (73))
=031(e], (73)11iq (11)¢ 501 (7)1 (€], (73)¢ o1 (71)io ()]
+513[ — O12{Miy (11)8] (11)2 jor (72)) + ©r2(e] , (T1) 120 (T1) jor (72))
+021(€ jor (T2) M0 (T1)€ 167 (1)) = O21(C jor (T2)€ 167 (T1) P00 (T1 ))]

+012023 Z (tmi<é mU(Tl)éIU(Tl)é ja'(72)é;rgf(7'3))
_tim<é;ro-(7—l)é m(r('rl)é jo"(TQ)éjg'(T3)))
013032 3 (tmil mar (11)e], (11),(73)¢ jor (72))

~tim (L, (11)¢ mo (71)E],1(78)¢ jor (72))

+ ...

= 512[ O13([ric+ € 1o 1(11)El, (73)) = Os1([fricr, € 1o 1(11) 8],/ (73))
+812] = ©12([12i0 &l 1(71)¢ jor (7)) + O (€ s (7)) (7)) |
+ 3 i GI =S i G
=3 (tmiG ~ tim G

+ 012015050/ G (11, 73) = 613011050 G (T2, 71)
Which proves Eq.

4.4.2 Ward Identities

We now move to the momentum representation by Fourier transforming the previous result. This will

then enable us to obtain several Ward identities for the Hubbard model, listed in Sec. From
time and space translational invariance we can follow:

R, = 0, A 13=0 (4.25)

= G 1) =G —1,0) = G'(7) (4.26)

Proceeding with the Fourier transform of Eq. [4.24] we also abbreviate all sums and integrals into

one symbol here (e.g. for the 2-particle Green’s function: ¥,,., [, [i/ [q — ). We use the usual

representation of d12 = % /= dwe™(11772).

1350 i -kR. —i[(v+ —(k+q)-R i[(v/ + —(k'+q) 'R, !
G::g, _ ja(vn i) e i[(v+w)Ti-(k+q)-R;] -el[(” w)r2—(k'+q)R;] 'ng’fkk’q

—iwr1—iqR;  _i[(v'+ -(k'+q)R; !
,i,e iwri—iqR; | il(v+w) 2= (K +q) J],G;Z,vfkqu

64



4.4 Ward Identities for the Hubbard Model

oo’ oo’ kk’q

GmijO _ i ei(uTl—k-Rm) . e—i[(u+w)7'1—(k+q)~Ri] . ei[(v’+w)72—(k/+q)-RJ‘] . Guulw

imj0 _ i(vri-k'R;)  —i[(v+w)Ti—(k+q) R ] _i[(v/ +w)T2—(kK +q)-R;] v'w
Goa’ = i e e mie 7 'Gaa’,kk’q

800101201, G1 (1) = 8 Y € 1T AR A I R G
500,6(7_1)51,0Gj—i (r2-71) = 500r5(T1)5i0Gj(T2) = Sgor i e—i[le_Q'Ri]ei[(u’+w)T2_(k+q).R]']Gﬁ::z

Here, we have explicitly written out all constituents of Eq. and use that the hopping is only
dependent on the momentum transfer inside the summation, i.e. ty; = tim = UR;-Rm| = IR, and space
inversion symmetry of the lattice (e_x = ex):

) . —_aR.; . ’ (K’ R, ’
- }f(_w)e flom-aRy] | 0 s ma- (s Ryl vl

;f e-iwri-aR:) (W +w)m2]- (K +a) R,

! -ik R i(k+q)-R "+ !
x [GZZ’?kk’q Z b (6 Rt _ iUt ) R ) +05.07 (Gluc’+: - Gluc’) ]
ml

€k ~€k+q
0= i e—i[wn—qRi] . ei[(u'+w)72—(k'+q)~Rj

x [(iw + e~ Ererq) Gl arq + Oaor (Gﬁ’,::; - Gﬁi)] (4.27)

This Ward identity also holds for the generalized susceptibility, which can be seen by inserting the
definition of the generalized susceptibility into Eq. (4.30):

. l/l/’w V’+W V,
E(zwm + €k — €k+q)Gool kk'g = 0o’ (Gk/+q - Gk,)
wk

@ 2 (iwm + e~ cra) (Yoo taca — Bluod(a - 0)GLGH) = 8,0 (Girt - Gi)

wk

We can now use, that iwdwo =0 and §(q - 0)(ex — €x+q) =0

= Z (iwm +ex — €k+q) lez;":)kk’q =050 (Gluc’::; - GII:’) (4028)
wk

Letting o =t and summing over o', one obtains expressions for the density and magnetic channel (see
Eq. (2.214) and Eq. (2.214)). On the right-hand side, this sum only cancels 0,,s resulting in the
same Ward identity for the generalized susceptibility in Eq. (4.31)) and with the definition of the non-
interacting Green’s function G, we also obtain the form in .

The last important Ward identity for us is the one connecting one- and two-particle irreducible vertices,

which can be obtained by inserting the [BSE| Eq. (2.257)), into Eq. (4.32). This is more conveniently
written in the symbolic 4-vector notation with v = (v,k) because we do not need any more explicit
Fourier transformations.

Gw-H/ _ Gu — GquH/I: ((GBH—V)—I _ (Gg)—l)
4 Zruulw Z ((GL6J+V2)*1 _ (Ggg )71) Xr/lugw:l

GW-HI_GV WU\ — v\— vriw w+vg \— Vo \— vivow
o e (G5 - (G ) = ST D (G - (@) )
v1 vy

Here, we use the Dyson equation and Eq. (4.32)), to obtain
Py EV—HU + EV _ Z l—\uulw Z (Gw-H/z _ Guz) (429)
v1 v2

This can be viewed as the integral form of 6I'/dG in Eq. (4.18).
In summary, we have derived the following Ward identities.

Important 4.4.2.1 (Ward Identities) ,
From Eq. [£.27) we get a Ward identity formulated in terms of G® or x**'“. Because we present
paramagnetic calculations in this thesis, the spin indices are suppressed where possible.

Soor (G = G ) = 3 [iwm + exc = equi] Gl (4.30)

GY" - G¥ = Z [iwm + €x — €quik] XW’W (4.31)

!
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4 Conserving Approximations and Two-Particle Consistency

Z[ Ge™) T - (GO X (4.32)
DR =Z[ G - ']r"”'“ (4.33)
=Z[ Gy -Gy e e (4.34)

Connection to Fermi Liquid

The Ward identity Eq. (4.34) allows us to make a connection to Fermi liquid theory (see Sec. (61}
Sec. 4.4.4] and [147, D.10]. This can be seen by choosing w = wy = 27/8, v’ =v_y = -7/ and q = 0.
Then ex = €x+q, and we can write:

Ew1+u0 _ El/_l _ Z [Gw1+u _ Gu] FVV—lwl

wi1+tr_1 V-1 _ . vrU_1wi w1tV vV
z DY w1 Fy 100 00 Gose Gk
kvo!

With -1 = (£-1)* and 2vp = w; it follows that

2Im X0
- Tk _ Z Fl’(’l':,&‘;’lg GGy (4.35)
Yo kvo’
~ 0, Re ™ (4.36)

This can be seen as an approximation for the quasi-particle weight Zyx at finite temperatures from

Eq. @38), 0, ReSy|

Matsubara frequency when approaching the Mott transition for 7" — (ﬂ demonstrating a direct effect
of thermodynamical properties on the two-particle quantities.

implying a divergence of the full vertex (in each channel) at the first bosonic

Connection Thermodynamics

The IDI"A method presented in Sec. does not aim to restore violations of the Ward identities directly
but instead renormalizes physical susceptibilities, which are the dominant contributions in the vicinity of
second-order phase transitions (where the corresponding susceptibility at the ordering vector diverges).
However, these thermodynamic consistencies do not imply fulfillment of the Ward identities in return,
leaving properties that rely specifically on these microscopic identities ambiguous. To illustrate the
connection, we give an example of how Ward identities relate to the physical susceptibilities: They can
be obtained either as a sum over the generalized susceptibilities or directly through the Ward identities
that connect these to the self-energy. For example, the spin susceptibility can be calculated via the
left-hand side of Eq. (see |147) Section D.6] for the derivation):

Sy-%y L, dTy

e R A 14 (4:37)
The static susceptibility can be obtained from the generalized one;
v’ w= O (nE> - (n0'> d<m> w=0
hm 20 Z Xom W =0 ‘h:o = —Xm.q=0 (4.38)

Similarly to the magnetic response with the magnetization as observable, the static charge susceptibility
corresponds to the compressibility kM = n~29,n of the system:

Xiao = (n?) = (n)? = kP M (4.39)

The thermodynamic quantities and how to obtain them from one- and two-particle functions are dis-
cussed in Sec. The last equation indicates the problematic discrepancy between calculations of
thermodynamics calculated from the one- and two-particle levels that we will explore in detail in the
next sections.

SHowever, the static susceptibility does remain finite [116|, as careful consideration of the limit demonstrates |[147}
D.10].
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4.5 Two-particle and Thermodynamical Consistency

4.4.3 f-sum Rule and Asymptotic Behavior

One important consequence of the Ward identity in Eq. (4.32)) is the f-sum rule. By summing both
sides in Eq. (4.32)) over the fermionic degrees of freedom Y,/ at q =0, we get

imef{:o =0« X::(()) =0, (4.40)

because ¥y, (Gaty ~Gy) =0and ¥, ((G5™) ™' - (G§)™") = iwm. Eq. describes a gapless exci-
tation at q = 0, since X[a)/m,q:() vanishes for arbitrarily small energies. In the symmetry-broken case, at
finite magnetic fields, which can be related to the existence of a Goldstone mode [143] Section D.1].
This identity is of no immediate use for the IDI'A itself but serves as an important numerical check.
One can easily verify that the Lindhard function for see Sec. fulfills this condition. More
importantly, the physical susceptibilities as obtained from do as well and, by extension, the ones
in IDI'A . This is because the tails of x; 4 are unchanged by the A corrections discussed in Sec. m
Deviation from the behavior in Eq. therefore indicates faulty data or insufficient frequency and
k-sampling grids.

By using the definition of the generalized susceptibility and the asymptotic expansion of the bare
bubble from Eq. 7 one obtains the asymptotic behavior of the generalized susceptibility.

v w+v

, Gy -G
Xt = NBo(k - k’)ayy,% +0O(1/w?) (4.41)

m

Where we used the connected part of the susceptibility G« G« F « G« G = O(l/wz), we then sum over
the fermionic degrees of freedom to obtain the f-sum rule.

Important 4.4.3.1 (f-sum rule)
The f-sum rule connects the susceptibility to the density response:

‘ l‘im (iwm) X m.q = . (26K = €keq — €k-q) Tk (4.42)
w|[—> 00 k
=23 (26 — €xrq — €k-q) Gk (4.43)
vk

This is also often expressed differently using the (for this thesis everywhere implicitly defined) con-
vergence factor of e™"” in the sums over the bosonic Matsubara frequencies of the Green’s function.
Doing so for Eq. (4.43)) results in the form

> (einw - eiinw) Xijma = 2 (26K = €kiq — €k—q) Nko (4.44)
w k

The most important consequence of the f-sum rule for our context is the relationship to the kinetic
energy because it provides a direct connection to a thermodynamic quantity. Furthermore, the f-sum
rule defines the high-frequency asymptotic contribution of the physical susceptibilities, that are crucial
for the numerical stability of the IDT'A method.

4.5 Two-particle and Thermodynamical Consistency

While ®-derivable theories based on the m functional, as discussed in Sec. provide thermody-
namically consistent theories, they are not two-particle consistent, a concept we will now explore.
The two-particle Green’s function does not enter the directly and must be obtained through the
ﬂ where the irreducible vertex is the input and the two-particle vertex is then obtained, see
Eq. or Eq. . The single-particle Green’s function obtained through the Eq. ,
and the thermodynamical quantities obtained from it will generally not coincide with the thermody-
namically consistent ones obtained from the Concretely, this can be expressed as follows (we omit
channel, momentum, and frequency indices here):

5P 5%
E(l) _ 2% F(l) _
G’ 5G6G
F(l) _ 1‘\(1) _ F(1> +G* G * 1‘\(1)
Y@ =S+ GGG FD 2 x® (4.45)

Here, the self-energies obtained from one and two-particle vertices do not coincide; see also Sec.
This superscript notation for quantities calculated in these two different ways will be used for all oth-
erwise ambiguous quantities in the following.

4Extensions to the formalism that incorporate two-particle consistency have been developed |50} |52]. These methods
are still being extended, e.g [132], where a renormalized irreducible vertex is defined in this framework. However,
methods that make use of this formalism are still rare and come with their own challenges.
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4 Conserving Approximations and Two-Particle Consistency

While thermodynamic consistency is crucial for an accurate description of transport phenomena, static
two-particle consistency is important for phase transitions, and the dynamical two-particle quantities
cannot be neglected when quantum mechanical fluctuations start to dominate |115,|107]. For example,
it was demonstrated that approximations with static vertices become unstable with respect to spin-
flips for temperatures above the Mott transition [113]. Furthermore, the inclusion of local correlations,
particularly through the non-perturbative (Sec. seems essential for capturing important
phenomena such as high-temperature superconductivity [133]. For example, the fluctuations leading
to a divergence of the magnetic susceptibility and consequent onset of antiferromagnetic ordering at
the intermediate coupling regime in the three-dimensional Hubbard model are due to dynamical fluc-
tuations of the system contained in the dynamical two-particle vertex |253 (115].

In order to retain Ward identities arising from thermodynamical consistency and capture quantum
dynamical criticality at the same time, the divergence of response functions x“ that correspond to
thermodynamically critical behavior must be matched to critical behavior that emerges because of
quantum fluctuations, encapsulated on the two-particle level through the use of the [115] [23].
However, it is known that any conserving two-particle vertex that is antisymmetric under the exchange
of outgoing particles must contain all possible diagrams [234]; all approximate diagrammatic construc-
tions must therefore fail to be thermodynamically consistentl'ﬂ This means that the discrepancy in the
criticality between I'D and I'® can only be reconciled in the exact solution.

For this thesis, our objective is to motivate an effective method that disambiguates critical behavior
between two- and one-particle levels by renormalizing the physical susceptibilities in a way that restores
thermodynamical consistent consequences of the Ward identities without requiring a consistent vertex.

4.5.1 Thermodynamic Consistency and A-corrections

In Sec. we will discuss a method that uses the fully non-perturbative but local solution fromlﬁM_Wl
and then add non-local corrections through the and This leads to (i) the problem presented
in Eq. , where a thermodynamical inconsistency is introduced; (ii) the vertex retains
mean-field artifacts such as unphysical phase transitions, violating the Mermin-Wagner theorem and
mean-field critical exponents. By introducing effective mass-renormalization parameters A into the
physical susceptibilities, we aim to improve the in both aspects [125, [202].
Our core assumption for the following consideration is that non-local fluctuations in the theory are
predominantly captured by physical susceptibilities. This is certainly true in the vicinity of second-
order phase transitions, where the susceptibilities diverge at the critical temperature Tc, ordering
vector qc and channel rc.

Aim Xeor qeae = (4.46)
Our approach will be to correct the susceptibilities obtained through [DM_FTL which contain all local
contributions, by a rescaling determined through consistency relations that take non-local effects into
account. This scaling is achieved in a way pioneered by T. Moriya for the description of itinerant
magnetism [177, [176]. Here, the corrected susceptibilities are defined using a static parameter A in
the following way:

1 -1
Xnm = [ — ,\T] (4.47)

X'r,q
Our approach relies on the Ornstein-Zernike form of the susceptibility (Eq. ) that was first
designed to incorporate long-range fluctuations into short-ranged ones in classical systems [185], it
can, however, also be employed for quantum mechanical systems and is routinely employed in liquid-
state methods |92, Chapter 3]. Here, one typically introduces a pair correlation function h(r) =
((A(r)n) - (n)z) /p with the number density p (compare also Eq. for our definition of correlation
functions). One then introduces a direct correlation function ¢(r) that is responsible for short-range
interactions, with a redefined correlation h(r) = c¢(r) +p [ ¢(r—r")h(r")dr. In Fourier space, the convo-
lution decouples, due to the convolution theorem Sec. and one obtains a geometric type structure
hy = 1fpkc = ¢k + pek * ¢k ++--. Comparing with the definition of the A correction in Eq. (4.47)), we moti-
vate that the role of the short-range correlation is taken up by the local susceptibility, while the
density p that is responsible for the coupling of these correlations, is taken on by the A-parameter. Near
a second-order phase transition, the Ornstein-Zernike of the susceptibility (for a discussion, see [49,
Eq. 15], [208] and 202 Appendix B]) is:

. . w=0 A
lim lim x4 ~

_ 4.48
a-qc T-T¢ la—qcl? +¢2 ( )

5For an alternative argument see Eq. (4) to Eq. (5) in [115]. Here, the condition for the divergence can also be achieved
through the minimum of the span of the convolution operator [115, Eq. 5-6]. More concretely, in the notation of this

’
thesis, the divergencies are linked to the structure of the eigenspace of the generalized susceptibilities x”” ¢ 207,
263).
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4.5 Two-particle and Thermodynamical Consistency

Where (, is the correlation length for the channel r. In this form we find that the \ parameter in
Eq. (4.47) rescales the correlation length:

G2=G2+ A (4.49)

This parameter carries not only information about non-local correlations but can also contain informa-
tion about mixing between the magnetic and density channel, as explained in detail in Sec.

The X\ parameters can be employed to fix consistencies between quantities that are defined through
one-particle and two-particle (the susceptibilities) operators. In the following, we give an overview of
the thermodynamic consistencies we consider and their one- and two-particle representations. These
are numerically non-trivial to compute, due to a significant impact of the high-frequency tail behavior
on their values, which will be discussed in Sec. [6.2] and Sec.

Potential Energy The potential energy is obtained through the self-energy in the one-particle case,
and x{} q in the two-particle case:

B = Tr[2G] = > SKGK = Uliniu) (4.50)
(2) w w n2 w n2
By = UZ(Xd,q_Xm,q) +U? = UZXN,q+U? (4.51)
qw qw

We omitted the A superscript here. Note that also self-energy and non-local Green’s functions contain
these implicitly because they are computed from A-corrected susceptibilities. We will discuss how they
are obtained in Sec. 5.4l

Consistency of Electron Density The consistency in the electron density, leading to the fulfillment of
the Pauli principle, also leads to behavior according to the Mermin-Wagner theorem (see Sec. . We
list several consistencies here that will be used in the construction of the thermodynamically consistent
variant of the IDT'A method in Sec. and therefore make some forward references at this point.

The main equations that fix the A\q parameter are:

pp® = g (1 - g) (4.52)
PP® - > (X‘&J,q + X;,q) = > Xitat (4.53)
qw qw

However, the electron density appears in more places, and inconsistencies between these can lead to
problematic effects, most often observed as non-causal self-energies.

niTe[G] =Y Gre ™0 = 3 Grmra (4.54)
kv vk
n n ! w m,w
5 (1-5) E D e i) (4:55)
wq
vl (1 - E) L lim Re [iy (2"”" - @)] (4.56)
2 2] noeo Tk 2 ’

The first condition, Eq. (£.54), is then satisfied by fixing a chemical potential, implying upmrT # fDrA
(see Sec. [5.4). Eq. and Eq. are non-trivial. One fixes the Pauli principle as stated above
in Eq. (4.53]). However, the electron density appears in the high-frequency tail of the self-energy as
well. The structure of this equation (involving a limit) is different from all others considered here.
Furthermore, no susceptibility enters this equation explicitly on either side of the equation. One
could attempt to employ the \q parameter to fix the high-frequency tail of the self-energy. However,
motivated by the form of the A\ correction as the renormalization of response functions close to phase
transitions, we choose to emphasize the importance of thermodynamic consistency, which uses one of the
A parameters for the consistency condition of the potential energy. We, therefore, go a different route
for the fulfillment of this condition and apply either (i) an ad-hoc fix reminiscent of the self-consistency
condition in the dual boson approach [271, Eq. 4] where the fulfillment of this condition leads to an
intrinsic consistency between the potential energies; or (ii) by explicitly breaking the symmetry between
spin channels. A discussion will be given in Sec. Note however, that the first introduction of A
parameters for the IDI"A method chose to emphasize the tail condition Eq. over thermodynamical
ones |125| Sec. V], so our selection of A-parameter enforced conditions is neither binding nor unique.

Kinetic Energy The kinetic energy stands out against the Pauli principle and the potential energy as
only contained in the high-frequency asymptotic of the susceptibility. Specifically as consequence of
the f-sum rule Eq. (4.43)), we obtain after summation over q:

EL) = Tr[aG] = Y aGr (4.57)
kv
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4 Conserving Approximations and Two-Particle Consistency
By = Jm (i0m)* 3 Xijm.q (4.58)
w|—>0o0 a

The kinetic energy may be treated sufficiently on the single-particle level, being defined as the expec-
tation value of a single-particle operator [202, Sec. IV.A]. However, it is, in fact, possible to also keep
this quantity consistent by explicitly enforcing the f-sum rule. This will be discussed in Sec.

4.5.2 Critical Exponents and Mermin-Wagner Theorem

There are many versions of the Mermin-Wagner theorem and a review or introduction is beyond the
scope of this thesis and therefore left to the literature |170} 104} [282} |77]. For us, it is sufficient to state
that magnetic phase transitions (which specifically exclude infinite-order phase transitions such as the
Kosterlitz-Thouless transition) are prohibited in two or fewer dimensions at finite temperatures in a
Hubbard-like model.

It can be argued that methods that predict phase transitions in two spatial dimensions should be
scrutinized concerning their three-dimensional predictions more carefully as well. We, therefore, want
to enforce this property, which is not directly linked to the two-particle consistency discussed before.
Instead, it stems from the fact that susceptibilities in approximate theories may have spurious divergent
susceptibilities in low dimensions.

Following |277), Section 3] closely, we show that the form of the A corrected susceptibilities in Eq.
naturally enforces finite susceptibilities. The fulfillment of the Pauli principle (#?) = () is a sufficient
condition for the fulfillment of the Mermin-Wagner theorem:

Xt = 2y = (Ayiy) = n = 2(giy) (4.59)
wq
SXALY = 2nnin) + 2y ) = n o+ 2ngiy) - n® (4.60)
wq

The sum and difference lead to our definition of the two-particle Pauli-Principle Eq. and potential
energy Eq. (4.51). The A, superscript already indicates that we employ these two free parameters to
enforce fulfillment of Eq. . We can now observe that at a phase transition, leading to a form of
the susceptibility given in Eq. we prevent a divergence of the susceptibility at all finite values of
Ar, even when the uncorrected correlation length diverges, according to Eq. . This is necessary,
since the non-corrected susceptibility x; is obtained from a mean-field theory and will linearly cross
the phase boundary at Tc (see below).

Ay ,w=0 1 diq |
o ~ =C 4.61
Xr,q+qc f qQ + C]:/[zF + )\'r (27T)d ( )
_n n AW
0'25(1_5)_0%“«‘1 (4.62)

C is finite because the subdominant channel has a finite susceptibility. The integral in Eq. (4.61) can
be evaluated and yields a finite value, even at an artificial mean-field phase transition with {mMp — o
in 2 spatial dimensions. Setting d = 2 the integral in Eq. (4.61)) evaluates to

X?y’gf(jg ~In(A,) < o0 (4.63)

C' has a temperature dependence and has been analyzed in the context of and |178} 1208].
Most importantly here, the existence of a non-zero )\, parameter prevents a divergence of the suscep-
tibility in Eq. , which would lead to a spurious phase transition in 2 spatial dimensions.

Near the phase transition, scaling laws with critical exponents obtained from renormalization group
techniques take over. Here the susceptibility and correlation length scale as (e.g. |61, Chapter 10])

~
————

CrIT=Tel™, x~[T=Te[ V™, Cy~|T-Tel* (4.64)
For mean-field theories, it is known that
1
V=g n=0, v=1, a=2-d/2 (4.65)

Mean-field theories become exact in the vicinity of phase transitions above the critical dimension of 4,
where fluctuations become less important. Furthermore, mean-field theories may be exact up until a
critical region with a size defined through the Ginzburg criterion of size [154]

ATe ~Té (4.66)

This behavior is indeed observed in our numerical studies for the 3 dimensional cubic lattice, discussed in
Sec. where the A-corrected susceptibilities follow mean-field behavior up until a critical region. Here,
the critical exponent starts to deviate from the mean-field one. As of the writing of this thesis, the exact
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4.5 Two-particle and Thermodynamical Consistency

exponent is unknown. For the Berlin-Kac spherical model universality class was determined
which could be assumed to also hold for IDI"A due to its similar rescaling of the correlation function.
More importantly for our considerations here, the argument concerning the critical exponents suggests
that the rescaling of a mean-field susceptibility is also valid in regimes above the critical region
since the correct behavior is recovered with A-(T') - 0. Indeed, we find in Sec. that at most a static
shift in the mean-field critical exponent far above the critical region is observed. Furthermore, we also
find a scaling of the critical region with T¢.
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5 Methods

In the following, we will discuss several methods for calculating quantities in strongly
correlated many-particle systems. Each method will be presented from a pragmatic point
of view with a brief summary of the assumptions and an overview of the algorithmic
solution. Subsequently, we will discuss the properties with respect to conservation laws
and two-particle consistencies, as presented in Sec. [], building up to the IDI'A method,
whose extensions were developed as the main focus of this thesis. Here we will go into
more detail and also thoroughly discuss the numerical details in Sec. [0
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5 Methods

5.1 Dynamical Mean field Theory

In this section, we present the DM_FT] method. Due to its immense success of describing strong
correlation physics in real materials, for example, by virtue of there are plenty of well-
written and pedagogical introductions to this subject matter available |80} [281) |62]. Nevertheless, a
very brief derivation will be presented here as well since the construction of approximations to the full
many-body problem does play a critical role for this thesis in that the fulfillment of conservation laws
can follow from the construction; see also Sec.

5.1.1 Cavity Construction

In the following, we give an abbreviated version of the cavity construction to obtain the DM_FT] method,
originally in [80) Sec. III.A] and later [281]; parts of the derivation are also excerpts from my master’s
thesis [246).

The central idea for the cavity construction is the same as the mean-field constructions discussed in
the limits of the weak coupling and infinite coordination number of the Hubbard model Sec.
and Sec. Specifically, we will use the correspondence between the Hubbard model and the
Anderson impurity model Sec. As indicated by our previous considerations in Sec. the Feynman
diagrams that contribute to the self-energy of the Hubbard model and [AIM] are identical for an infinite
coordination number (see discussion around Eq. ) We will assume an interacting bath, i.e. full
Hubbard model, and then prove that the Anderson impurity model yields the same action in infinite
dimensions. This will result in the condition that the self-energy of the bath and the impurity must
be equal, making the bath interactions also implicitly dependent on the interaction U, as we have
seen during our discussion of the self-energy in the case of strong coupling Sec. and weak coupling
Sec. Algorithmically, this means that self-energy plays the role of the average spin field in the
traditional Weiss mean-field theory Sec. however, the role of the mean-field is indeed taken on
by the Weiss Green’s function G, as discussed below.

Action of the Hubbard Model in d = oo Details for the following abbreviated calculation can be found
in |80, Sec. III.A] and (84} Sec. 2.2.2].

We set i = 0 to be the impurity lattice point and write down the action of the full Hubbard model
(using the definition of the action in Eq. , we use ¢ and ¢ for the Grassmann fields):

SHub = Slattice + Scavity + Shyb (51)
Slattice —de %: 42510(7') — ] ¢io () - _ZO: tijaia (T)djo (1) +U Z(:)gn(T)d)iT(T)au(T)(ﬁil(T)
i#0,0 ij#0,0 i*

Scavity :de (Z 50[, (T) [8-r - N] ¢Oa(7') + UEM(T)(%T(T)&N (T)¢0¢(T))
Sy = = [ 475 10 ($10 (1) 0o (7) + B, (1)1 (7))

For the last line we used tio = to;. The mapping to an effective single-site problem is obtained by
tracing out all sites except i = 0. Subsequently, we will argue that for the and Hubbard models,
the resulting thermodynamic averages are equivalent under the approximation (at z = 00). We
first perform the integration over the bath and call the remaining action of the lattice site 0 mean-field
action.

1 s 1 _ s
e =—— [ ] D3, i) e 5"
ZMF qun 0,0
Z [ H D[¢zg7¢lu] Slatt]ca[¢z¢007¢1$og] Shyb[¢1,(71¢bg] Scav:ty[¢007¢00-]
full 1#0,0
1 =S t. / =S -5 Zlattice - S
- cavity D ] hyb o~ Slattice _ e~ Seavity (o =Shyb ) 5.9
qull #I;Ia ¢zo‘7 ¢ZU qull ( )lattlce ( )
Z
= Zur = ol (5.3)
Zlattice
-S
SI\/IF = Scavity - 1Og [(6 hyb )latticc] (54)

Using this mean-field action, we can write the hybridization under the expectation value of the lattice
action. Next, we expand the hybridization action (Eq. (5.2))) and find the leading order of %, in order
to apply proper scaling.

ZMF=/D[5OU]D[¢OU]

[ L _ _
x g Semity (%m 1'[[ f drn 3 (iogzsw(rm)asw(m)+tm¢oa(rm)¢w<rm>)]

m=1 g lattice
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- f D[40, ] P[0 | € ”“‘"[1

= [ar S (t0810 (100 (1) + toidho, (7)1 (1)

. 1#0 lattice
f drdr’ tlotjo¢zo(T)¢Oa(T)¢]a(T )¢00(7— >l i
0,540 attice
1 _ _
o [[drdr’ T (toitiodos (T)oi0 (18,0 (P00 (7))

(7
("

tOztOJ ¢Ocr (T)¢20' (T)¢Oa (T )¢]0 (7-

0,1,7#0

> |
z
(tlotOJ Gio (T) P00 (T) b0 (77 )bijo
> |

)
f drdr’ ))

lattice

+O(t) (5.5)

Here we apply the knowledge from the infinite coordination number limit of the Hubbard model that
a proper rescaling eliminates all terms of order Q(tB), see Eq. (3.93) for a discussion. The first order
as well as the first and third term of the second order, are equal to 0, and we arrive at:

Z\mF = f Do, | D[¢0a] e Seavity [1 —/ drdr’ ; <$OU(T) 12;0 (tiotoﬂm (T)¢ja(7',)) $0o (T’)]> '

(5.6)

With the usual definition of the expectation value G (...) = (T'[--]) we can then write:

lattice?

Smr = cavlty /dedT ZQZ)QU(T)tzOtO] lattlce( _T/)¢00(T) (57)

aij

Here we define the Weiss function %, (7 — 7') with the name in reference to the mean-field approach

from Sec. B.6.1]
Goa(T—7") = =8ij (Or — 1) = Y. tioto; G5 (7~ 7') (5.8)

ij
Or in frequency notation,
-1
D o= [zun + - Ztoltoj Glamce:l . (5.9)
ij

Finally, we can now write the mean-field action of the Hubbard model under the z — oo approximation
(Eq. (5.5)). For comparison, we also restate the full action of the Hubbard model. G;;(7—7") contains
the full Hubbard interaction for each site.

Stiup = f f Ardr’ Y 3, (1)G7) (7 = 7)o (1) + U Y f A7, (7)bur ()5, (7) by (7) (5.10)
Smr =ffd7—d7—’zgoo(7')€%_; (1 =17 )oo (1) + U de@dT(T)QSdT(T)gdL(7—)¢>dl(7—) (5.11)

Action of the Anderson Impurity Model We will now derive the equivalence of the mean-field action
for the Anderson impurity model. The derivation follows [83].

As before in Sec. ds is the annihilation operator of the state « for the impurity and é, the
annihilation operator for the bath. The Grassmann fields for impurity and bath are denoted by a ¢
and d subscript, respectively.

- / D[34. 64, 6. 6. | e S1Partateec]
S 6 00.00.00] f A7 [Ge.0(7) (Or = 1) o (7) + Hart [60(7): G0 (7). B0 (7), Ba ()]

-2/ dr[(pd,a(r) (0 = 18) G0 (7) + HU [64,6(7), 6.0(7)]

o B (Buan) 60 ) s
ij
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+ ae,ia (T)‘/l:; ¢d,0 (T/) + Ed,o— (T)‘/iff ¢c,io’ (T,))]

We have again split the action into three contributions. The first line of the equation above is the
mean-field action, the second line is the bath action, and the third line is the hybridization.

->f/ deT’[d,M(T)GOl(T - )64 (7)

- Zf(—$c,ia(7')Mij$c,ja(T') +0ij @i (T) Jio (T7) + 6i5T o (T) ¢c,ja(T')) ] +Su

Here, we introduced the following symbols:
Jio (1) = Vie ¢a,0(T), Jio(7) = 0g o (T)Vig,  Mij=—(0-+p—e)

This allows us to use Eq. (2.173|) in order to integrate out the bath into a constant factor. The constants
and pre-factor of In(det(M)) is absorbed into Zur.

SAIM =A —Tr(ln [(5»” (67— —€e; +/J,):|) =A- S() —Tr(ln(GE’lijg(T)))

We denote the bath Green’s function with G, ,(+)
- Zde [@40(7) (0 = 1) s (7)] + Zde dr' Sy () [MY], T30 (') + S0
1o 1jo

=t Zde dr' e, (1) [AU(T - T/)]ij quG(T')
ijU N—— — —
:VitTGD.,cr(i’j'T_T/)vja

‘We can now insert the Hubbard model as the local Hamiltonian:

Sani = ) [ [drdr’d,,(7) (6 =) (0 = 1) + AT = 7)) 630 (1) + U [ 476, (1) ()3 (1) ()
1j0
(5.12)

Comments Comparing the action with the mean-field action of the Hubbard model (in Eq. (5.11))) in
z — oo, we conclude that both are identical, with the relationship between the hybridization function
and the mean-field Weiss Green’s function given below. The action formulation of the @ allows
for sampling of the impurity Green’s function through Monte Carlo, by randomly sampling imaginary
times 7; at which the hybridization A(7;) or Weiss Green’s function Go(7;) acts. A Markov chain can
then be constructed by evaluating the transition probability between a state with and without this
interaction at 7; [83| [246]. This setup is called and has been used for some of the results
presented in this thesis. It allows the unbiased (i.e. when the number of Monte Carlo samples goes to
infinity the resulting quantity is exact) computation of the impurity Green’s functions for an infinite

bath number compared to the [ED] approach discussed in Sec.

Important 5.1.1.1 (Mean-Field Quantities)
Here we gather important quantities used in the context of|DMFT|. The hybridization function Ay
and Weiss Green’s function 95 , are defined as follows:

Ay (T - T') = Z |Vlg|2(®(7 - T,) -nr(e)) (5.13)
7

v Vio |
AL = B — .14
c-y Ll (5.14)

v . vy-1 . |‘/IU‘2 -
Goo=livn+p-Ag] =livn+p-y ——— (5.15)
7 Wn — €

The parametrization through the Anderson parameters Vi, and €; is useful for exact diagonalization
impurity solvers, but not required for m

Despite being only exact in the infinite coordination number limit, DMFT]is surprisingly accurate
for most lattice types and interaction ranges. We have seen in Sec. and Sec. that perturbative
approaches from the strong- and weak-coupling limits cannot explain the physics of the other case,
respectively. The non-perturbative nature of m in the coupling strength is, therefore, a qualitative
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5.1 Dynamical Mean field Theory

improvement that is also capable of fully capturing intermediate regime physics. Only when going to
systems with dominant non-local correlations, such as in the vicinity of second-order phase transitions
or in two spatial dimensions, one finds significant qualitative deviations from the local solutions. The
first case will be investigated in Sec. where the discrepancies for the antiferromagnetic ordering
in the 3-dimensional simple cubic lattice are discussed. The effects of two spatial dimensions will
be investigated in Sec. Here, the mean-field nature of [DMFT]| actually predicts an erroneous
phase transition, which is prohibited by the Mermin-Wagner theorem Sec. Furthermore, the
k-independence of the self-energy implies a Fermi-liquid behavior of the lattice Green’s function. This
stands in contrast to the Fermi liquid breakdown in the pseudogap regime of the cuprate phase diagram.
In the following, we will discuss the concrete algorithmic construction of local solutions, using DM_FTl
Subsequently, we will discuss a method that introduces non-local corrections diagrammatically.

5.1.2 DMFT Algorithm

The equivalence of the actions for the
Hubbard model in the limit of infinite
Initial guess for Go, A or coordination number and the Ander-
parameters Vj, ¢ son impurity model allows for a self-
consistent solution method, as usual
for mean-field methods.
GY _ from One begins with an initial guess for
@y (CH'|IB_)|NTY ED) 4_[ F[f)(r) if CTQMC } the mean-field, here the Weiss Green’s
A (CT-HYB, ED) function ¥y, or the hybridization
function AY. This gives rise to an ef-
d fective single-site equation called im-
s purity problem.  Solving this, for
1D example, with exact diagonalization
Sec. [6.6] yields a (momentum indepen-
“copy” self-energy to lattice dent) Green’s function for the impu-
~ 4 rity Ginp. Following from Eq. ,
Gy if bath one obtains a relationship between
changed the impurity and Weiss Green’s func-
Update bath to impurity field tion given in Eq. below (80,
J Sec. IIL.C].
One then applies the newly con-
structed self-energy to the bath
(Eq. (5I7)) which gives the bath
Green’s function Gy;. Keeping in mind
Figure 5.1: Program flow of the DMFT loop that the previous Weiss Green’s func-
tion or hybridization was only an ini-
tial guess, we are now looking for a method to obtain the correct ones. Here, we impose the self-
consistency condition Gi,p, = ¥ kGyk (Eq. ) and, again, use the relationship between Weiss and
impurity Green’s function closing the loop to an updated Weiss Green’s function (or hybridization). In
order to find a solution for this self-consistency, one could try to employ a root finding method, such as
Newton’s method Sec. to find correct parameters V; , and ¢, that fulfill the condition Eq. .
In fact, this is a viable option [255] but is generally not used due to stability issues. Instead, the
solution is obtained using a Jacobi iteration by computing a bath Green’s function from the impurity
self-energy, using Eq. . This gives rise to a new Weiss Green’s function or hybridization that
poses a new impurity problem, etc. The Jacobi iteration method is so closely associated with the usual
solution method for the self-consistency equations that it is commonly not even stated as such,
but as an integral part of the method itself. This algorithmic way of constructing a solution is shown
in Fig. 5.1
Note that specifically high-precision fixed density calculations usingm as an impurity solver, different
root-finding methods may be better suited, since they are able to recover the full spectrum of the
solution in the hysteresis region of the Mott insulator transition [255]. However, most of these methods
require the calculation of the Jacobi matrix, which can be prohibitively expensive. The introduction
of automatic differentiation to most languages due to the increased popularity of machine learning
techniques can help solve this issue. We will discuss some aspects in Sec.

Vv

N

Impurity Problem

Gy or AY

Important 5.1.2.1 (DMFT Self-Consistency)
The Dynamical Mean Field Theory consists of the following set of equations that must all hold
simultaneously. Usually, the left-hand side of the following equations is computed from the right-

7



5 Methods

hand side. The relationship between impurity and Weiss Green’s function:
v vi— v -1
X = [go ] - [Gimp] ) (516)

The lattice Green’s function, which incorporates the correlation effects from the impurity by virtue
of the local impurity self-energy:

(GL] " =ivn +p-ac— 3 (5.17)

The self-consistency equation requires the local (k integrated lattice) Green’s function to be
equal to the impurity Green’s function:

Gl = Y K (5.18)
k

Note that Eq. (5.18) implies, for the self-consistency cycle with as an impurity solver (dis-
cussed below) the following: One defines the Weiss Green’s function in terms of the bath param-
!

eters that are obtained from some sort of minimizer (in practice BFSG) with the condition 45 =
(S (ivn +p—ac-X")] "+ 27

Impurity Solvers

For most implementations, the only non-trivial part of the M algorithm is the impurity problem.
The solution to the effective single-particle problem can be obtained given a hybridization or Weiss
Green’s function. This step is called the “impurity problem” and its solution is typically responsible for
almost all computational efforts of the solution. Since any algorithm that can (approximately)
solve simple quantum mechanical problems can solve the impurity problem, there are a large number of
different solvers, all with their own advantages and disadvantages [85]. Two well-known ones that have
been routinely used during this thesis are and A more comprehensive investigation of the
former can be found in my master’s thesis [246]. A short introduction to and an implementation
that has been used for this thesis are found in Sec. [6.6

m yields, in principle, the exact solution, m approximates the solution with a finite bath,
i.e. the sum over bath sites in Eq. is truncated, usually between 4 and 12. However,
as a Monte Carlo sampler has to be truncated in the number of samples to be drawn. This results in
unbiased estimators for each function measured at each Matsubara frequency, but non-zero noise for
any finite runtime. This makes the [ED] algorithm favorable for the development of our diagrammatic
extensions, since the reliability of deterministic, exactﬂ results is preferable to unbiased but noisy data
for the development of a method. We have, however, routinely verified the results with m and
in the case of cuprates the single-particle solution has always been obtained this way (see Sec. for
a description of the numerical setup).

Note also that it is possible to measure any correlator on the impurity. These quantities belong to a
local solution of and are computed after the root of the system of equations is obtained. We
will use the two-particle Green’s function and physical susceptibilities obtained in this way for the
construction of the dynamical vertex approximation in the next section.

5.1.3 Fulfillment and Violation of Consistencies
Thermodynamic Consistency

DMFET|is a ® derivable method [114], according to our definition in Sec. Specifically, the locality
implies that the Luttinger-Ward functional consists of diagrams from local propagators.

However, this constructs a theory that is only exact for the purely local limit - the Anderson impurity
model. For the Hubbard model in finite dimensions, the correspondence to the local model becomes
approximate. A direct approximation of themm this case is unknown. In practice, one still relies on
the cavity construction and the approximate equivalence of the Hubbard and Anderson impurity model.
Even for superperturbation theories, like dual fermion [209] and dual boson [210], that expand around
a local reference system this problem cannot be solved. While it may be possible to construct a
dual this functional does not directly imply the Baym-Kadanoff conservation laws |242, Sec. IVEI
does not respect momentum conservation due to the local nature of the reference system.

1Again7 the is solved exactly, the approximation lies in the fact that this model with a finite number of bath
sites does not correspond to the infinite bath of the Syr action.

2Furthermore, numerical limitations require (i) a truncation of the infinite hierarchy of n-operator vertex functions
and (ii) a further truncation of the infinitely many diagrams at each order leading to conservation laws that can in
practice only be numerically verified and are not guaranteed under the required approximations [110].
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5.2 Static Vertex Methods

This can be reconciled in a ®-derivable way by considering the contributing diagrams to the
systematically or in the context of the dynamical cluster approximation (DCA) [99] (specifically
Appendix D). This class of methods remains thermodynamically consistent but imposes a finite size
cluster that can induce spurious long-range correlations (corresponding to the periodicity introduced
by the finite cluster) and may suffer numerically from the fermionic sign problem . Especially
near second-order phase transitions, where thermodynamical consistency is important, the correlation
length diverges and the momentum resolution becomes a limiting problem. There are attempts within
the DCA to overcome this problem ; our approach, however, will be to use the local solution as a
starting point and introduce non-locality through a diagrammatic construction.

Two-Particle Consistency

The discussion of two-particle consistency in|[DME'T|is ambiguous. With respect to impurity quantities,
one retains this consistency because an exact solution to the is computed. One can obtain then

a fully local and vertex according to Eq. (5.19) and Eq. (4.18]) from impurity quantities.
e, P e
§G T GG

We can now directly plug this into the from Eq. (2.256)), solving for the full vertex F. This will

yield a 2 particle-consistent method because we solved the 5 M| exactly. Using the jequation of motion|

from Eq. (5.50),

(5.20)

sv_Un

21/ — 5 U Z GD'Gw+V'FT11V,wGw+I/ _ El/ (521)

With ¥¥ being the self-energy obtained from the and & the one from the and
However, in the following, we will use exactly the to reintroduce non-locality that arises from the
Hubbard model in finite dimensions by replacing G” with G{ in Eq. This directly leads to
non-local self-energy using the [SDE| which does not satisfy Y, X # ¥”. Therefore, quantities such as
potential energy (see Sec. |4.5.1]) are not the same when computed on the one- and two-particle levels
for non-local quantities [253]. Therefore, is not 2 particle consistent.

Mermin-Wagner Theorem

As a mean-field theory, neglects precisely the non-local fluctuations that are instrumental to
the proof of the non-existence of finite temperature phase transitions in 1 and 2 spatial dimensions in
the context of the Mermin-Wagner theorem . Furthermore, as a mean-field theory,
fails to capture the correct critical exponents Sec.

5.2 Static Vertex Methods

We will outline 4 approaches that employ a static vertex, starting with the Being a very crude
approximation, m has many deficiencies, and there are several methods alleviating some of those,
which are worth discussing before moving on to dynamical vertices, i.e. I' - %, We will give a
brief overview of the [277], which employs the idea of two-particle consistency in some ways
similar to IDI’A. A different approach to which focuses on the restoration of two-particle
consistency through sum rules resulting from the Pauli principle (crossing symmetry of the vertex), is
the explicit reintroduction of symmetries to the in a parquet-like manner used by .
Also worth mentioning in this context is the GW approximation, which considers only ring diagrams
in the . This results in an effective screening of the bare Coulomb interaction, a route we will
not take for the derivation of IDI"A and therefore leave a discussion to the literature .

Finally, we briefly mention A-RPA that has very recently been investigated as a bridging method
between and IDT'A . Tt is worth outlining these attempts here because they address the restoration
of 2-particle consistency in different ways: exploits the parquet-based approach used for DT'A ,
while and, to an even greater extent, A-RPA, employ an effective renormalization scheme. A
comprehensive discussion and comparison of these methods is available in and [5].

5.2.1 Random Phase Approximation

We will now make the simplest non-trivial assumption for the construction of a conserving method:
taking only the lowest-order, i.e. Hartree-Fock, diagrams for the irreducible vertex in the particle-hole
channel (Eq. (5.42)) into account. This will allow us to discuss the two-particle and thermodynamical
consistency concretely and introduce effective mass-renormalization parameters to fix the violations on
an effective level in Sec. [.2.5] However, we will also see that neglecting the frequency dependency
induced by local correlation effects does not yield qualitatively satisfactory answers. Having built up
the machinery, we will then discuss a similar method for the restoration of two-particle self-consistency
but incorporating all local diagrams by using an approximation of Sec.

3In fact, we solve the two times, for the local and the non-local path. See Sec.

79



5 Methods

The discussion of follows the derivation from 266 Chapter 56]. The simplest form for a guess of
the m is the Hartree approximation:

9G]~ 5 3 Go(1T)G(1, 1) (5.22)

This leads to a self-energy consisting only of the static Hartree term (compare Eq. (2.205)):

> _6(1)[G:|_U’I’L§
77 G, 2

=Xu (5.23)

The irreducible vertex is then obtained similarly. Note again that 0% is a shorthand notation for the
second derivative of @, and one should not use the expression obtained from Eq. (5.23)) for explicit
calculations.

To(1,2;3,4) = % = %5(1—2)5(1—3)5(2—4) (5.24)
Ioo(1,2;3,4) = % =0 (5.25)

We now use the projected version of the from Eq. (2.259) and the projections from Eq. (2.219))
and Eq. (2.220)) to write the density and magnetic susceptibilities as:

r = X0 — GUBTTFM,% [P + Pa]l (Xoor Bl )Go (5.26)
) ) I
= o | —=r + =L - 2
= Xd X0+G |:5GT+5G¢:|XdG (5 7)
5% 6%,
m = - Go— =~ T <= mGa' 528
Xm = X0 [5@ 3G+ ] X (5-28)

With the bare susceptibility defined as xo = -fGG. The frequency indices from Eq. are sup-
pressed here; they are given in full in Sec. ITI.A-B]. All frequency summations of the susceptibilities
entering the (Eq. ) can be carried out analytically in the case of the frequency-independent
irreducible vertex and we obtain, using Eq. and Eq. :

w w U w
Xd/m,q = X0,q [l + axd/m,q] (529)
X s —oa (5.30)
1+ 5X0,q

Where the bare susceptibility x5.q = = X,k 8G0 kG0 qsx can be written as the Lindhard function
ey Oy fex) = f(exra)

0.q (5.31)

K Wm — €k + €kiq

for a non-interacting Green’s function.

5.2.2 Fulfillment and Violation of Consistencies in RPA

Since we obtained the self-energy from a diagrammatic approximation of the [[W1 we can call this
theory thermodynamically consistent. In fact, one can easily verify that the f-sum rule from Eq.
is satisfied due to the properties of the Lindhard function. is not two-particle consistent, as the
computation of the self-energy through the [SDE| demonstrates:

v U w w W+
=2 = Ung + T S (UnXiq + Uaxi.q) Gl b (5.32)
vq

Eq. (5.32) is different from the Hartree self-energy we obtained from the in Eq. (5.23)), providing
us with a concrete example of the two-particle inconsistency described in Eq. (4.45)). Furthermore,

the Mermin-Wagner theorem is not fulfilled. This can be seen by considering that xo,q is diverging
at T — 0 (on a bipartite lattice); therefore, the expression for the spin susceptibility in Eq. can
become negative for sufficiently large U at the nesting vector qn, regardless of the dimension.

The Pauli principle is also not fulfilled either, because the crossing symmetry I'(12;1'2") = -T'(1,2; 2, 1")
is not fulfilled from Eq. . We can verify this by computing Eq. explicitly and comparing
it with Eq. (£.52).

n n w Eaq. E30) 1 X0, X,
2(1‘2)ZZX11,qq—-2Z( R » )

U, w U, w
wq wq 1+2X0,q 1+2XO,01
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5.2 Static Vertex Methods

Figure 5.2: (a) Two diagrams that should cancel due to opposite sign because of crossing symme-
try/Pauli principle (in our model setup these diagrams do not contribute, because of the
11 interaction). (b) Two diagrams: the first is included in and the second is not,
demonstrating the violation of the Pauli principle in Figure from [61} Fig. 6.11].

2

=y (XB”,q + UT (Xoa)" + O(U3)) (5.33)

Since ¥4 X6q = 5 (1 - g) and xgq > 0 the last line demonstrates that the Pauli principle is not

satisfied. This can also be argued from the violation of the crossing symmetry, demonstrated in

Fig. 5.9
Note that the conserving nature of does not hold when the bare Green’s function is replaced by a
dressed propagator. For example, the f-sum rule is violated in that case [277, Appendix A]. Because

this is usually also called one often refers to as being not conserving.

5.2.3 Two Particle Self-Consistent Method

The two-particle self-consistent method aims to improve upon by explicitly enforcing consistency
while extending the (approximate) fulfillment of the f-sum ruld®} The is thereby approximated

as (compare Eq. (5.22))) [277, Eq. 32]
1 S — 1 — S
®[G]~ 3 Go(T,T)sGx(1,T) + 5 M Go (1,1 )06eGo(1,17) (5.34)

With a yet-to-be-determined, static irreducible vertex I'. The susceptibilities are defined as in
but with the static vertex:

w
X0,q9

_ 5.35
1+ Fd/mXBJ,q ( )

w
Xd/m,q =

One then considers the two local sum rules for the magnetic and charge susceptibilities, which, however,
still contain the double occupancy.

X q = -1+ 2(Rny) (5.36)
wq
Y Xdq = 1= 2(gy) (5.37)
wq

A third equation is then supplied by an ansatz, motivated by the local field approximation |109, [278,
298|

o g
o= Uy )

This set of equations can be solved, even though some additional considerations are necessary to
stabilize convergence [298| Sec. 5.3]. The two-particle self-energy is computed as

(5.38)

U w w w+rv
Sy’ = Unz+ - 3 (TmXina + Taxda) ol (5.39)
wq

Violation of Consistencies Note that we have Green’s functions and self-energies obtained from the
two-particle level (G(Z) =[Gyt - 2(2)]71) in Updating the right-hand side in the equation of
motion, Eq. m, as in|FLEX] thereby moving towards a thermodynamically conserving theory, is not
desirable. This is discussed in detail below equation (46), in [277], many important features, such as

4This still involves the non-interacting Green’s function. An extension called TPSC+ that extends this notion to
interacting Green’s functions has recently been proposed 76|

81



5 Methods

Figure 5.3: Diagrams in the for from Fig. 9.5].

Mott physics and pseudogap behavior, would not be captured by this approach. One, therefore, chooses
to forgo the consistency of propagators between two and one-particle levels while fixing thermodynam-
ical consistency between these levels. In the context of IDT'A | investigations of fixing this violation are
discussed in the context of the partially self-consistent IDT'’A method in Sec. Furthermore, the
high-frequency tail of ©(® is not correct, another property we will discuss in the following chapter for
the self-energy obtained from IDT'A .

directly fixes the potential energy consistency Eq. and Eq. 7 contrary to

the Pauli principle and can be shown to fulfill the Mermin-Wagner theorem using the argument in

Sec. |4.5.2] given in [277].

5.2.4 FLuctuation EXchange Approximation

The |[FLEX] enforces thermodynamical consistency by the construction of an approximate (see
Fig. [5.3) and enforcement of the Pauli principle through the explicit restoration of the crossing sym-
metry [29]. We leave a detailed derivation and discussion of this method to the literature
Chapter 6] and summarize the most important features of this method for our context. The construc-

tion of the parquet equations, Sec.|2.8.3] with a static vertex function F,@”,w =T, leads to the following

equation of motion:

v Un U w w w w+v
£ - U U (3380 - 20x50) + ] G (5.40)

With x7q as in the case Eq. . However, the Green’s functions are self-consistently up-
dated, using the EoM Eq. and the Dyson equation. However, the susceptibilities that fulfill
Ward identities are not the ones appearing in the equation of motion. This inconsistent treatment of
vertex corrections in the equation of motion leads to numerous deficiencies in the predictive power of
Appendix B]. While manages to achieve thermodynamical consistency, it suffers
from inconsistencies between one and two-particle levels. Most importantly, the potential energies
(double occupancies) can become negative and does not seem to respect the Mermin-
Wagner theorem . It is also known that many important features of strongly correlated electron
systems, such as Hubbard bands, are not captured within this approximation (see discussion for.
These problems of the traditionalapproach are important to mention here, because the EoM high-
frequency tail correction scheme for the self-energy in IDI"A seems to inherit some of these (particularly
a deficiency in describing pseudogap behavior), due to a similar structure of the

5.2.5 A RPA

A different approach to the restoration of the consistencies enforced by is the effective rescaling
of the susceptibilities by a Moriya-like parameter, as discussed in Sec. [£.5.1] This leaves the two-
particle vertex at the static Coulomb interaction, just as in but attempts to restore the same
consistencies through the fit of A\ parameters. This method, therefore, can be argued to possess the
same properties as m while giving more freedom in the choice of which consistencies to enforce or
give up. Several sub-methods enforcing different consistencies are shown in Fig. |5.4] which have been
defined in Sec. The partial self-consistency explicitly replaces G™ on the right-hand side in
Eq. by G? = [G51 - 2(2)]_1 in a self-consistency loop, also discussed in Sec. The equation
of motion is:

v U w w v
BN = Una+ o 3 (3ymxi i+ vaxd g+ U) GEA (5.41)
wq
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—— RPA -+ RPA A : E-asymp. DMFT
-+~ RPA A: Pauli -2~ RPA A : X—asymp., E,, DMFT A : Pauli
—2- RPA A: Pauli, E,, @ RPA ) :T—asymp, B, SC DMFT A : Pauli, E,

-8- RPA A: Pauli, B, SC

0.10 -
2%}
5
B
5 0.08
[=H
g 0.06 1 e
P S
0.04 A a1 a_,a
.l'
.B’a
0.02 -
L |
0.00 2 1 IPRPETEL: . |

T T
1.5 2.0 2.5 3.0 3.5 1.0
on-site interaction

0.0

Figure 5.4: Néel temperature for ARPA and IDI'Ain the three dimensional Hubbard model at half-
filling, compare also Sec. Figure from . The orange lines are the data points
discussed in Sec. The purple lines correspond to the A-correction schemes discussed
in Sec. @:5.1] The blue lines use the magnetic A-correction value to fix the self-energy
asymptotic instead of the Pauli-principle, as discussed in Sec. W

One of the advantages of this approach is the ability to investigate the influence of particular consis-
tencies in the case of a static vertex on an individual basis. requires the full set of consistencies
to be enforced simultaneously due to the coupled consistency equations. In A-RPA, it is possible to
selectively enforce these in different channels. Furthermore, it gives a clear pathway towards the inves-
tigation of these types of consistencies when frequency dependence is introduced because, contrary to
the vertex is not changed in order to restore these symmetries and may, therefore, be replaced
with a frequency dependent one. For example, if we replace I'r = U (the A-RPA case) with the one
obtained from we recover the IDT'A method.

In Fig. a comparison between the various sub/schemes of IDI'A and ARPA is shown. Here, we ob-
serve that the dynamical nature of the vertex is crucial to obtain quantitatively good results. However,
even at the RPA level, effective restoration of two-particle consistency leads to a greatly improved qual-
itative description, extending the applicability to interaction strengths into the intermediate coupling
regime.

Details for this method can be found in .

5.3 Dynamical Vertex Approximation

5.3.1 Introduction

The foundation for the diagrammatic approach that the dynamical vertex approximation is built upon
was first introduced by Dominicis and Martin and further developed into a computationally
applicable method for the Hubbard model 29].

Motivated by the success of m where the only approximation was made in the locality of the
single-particle irreducible one-particle vertex, the self-energy, one can envision a hierarchy of higher-
order irreducible vertices that are approximated to be local, with lower orders computed in a non-local
setting from them. This allows for significant further improvement, as the irreducible vertex is now
obtainable from a non-perturbative setting. Approaches like this are called diagrammatic extensions of
In one of them, the core idea of which is to compute the vertex A from .
In the context of older diagrammatic constructions such as this introduces a dynamical vertex
in place of a static one (typically the bare interaction U).

We will discuss the core concept here, which employs the relationship between irreducible and full
two-particle Green’s functions illustrated in Sec. together with the [SDE] Sec. to push the
locality assumption of the irreducible vertex back to the two-particle level, gaining a nonlocal single-
particle solution in the process. Algorithmically, one first determines a solution according to the
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method, Sec. From this solution, for example, Anderson parameters in Sec. one can then
obtain the vertex. The first diagrams of a perturbative expansion of this vertex are (compared to

Eq. (2.249)):

(i,l/g) (i,l/3) (i,l/Q) (i,l/3) (i,l/g) (i,l/3)

(iy11) (i,v4) (,11) (i,v4) (i,11) (i,v4)

Together with the 4 parquet equations (see Sec. we have a complete set of equations that can
now be solved (see Fig. . These calculations involve objects with 3 frequency indices and (apart
from A) 3 momentum indices. The only input (and purely local) quantity in this approach is the fully
irreducible vertex A. Numerical studies indicate that this quantity is more local than the self-energy
or the full vertex . This suggests obtaining it from (thereby neglecting the momentum
dependence) as the only externally determined quantity is a reasonable approximation one could make
at the two-particle level. After having obtained the two-particle solution, one can either map back to
a new local impurity system, solve the local model, and start the process again with a new A until
convergence, or converge the set of self-consistency equations with A as a fully external parameter.
This process is depicted in Fig. [5.5]

In principle, this algorithm defines a systematic approximation in the sense that higher-order local
Green’s functions introduce more non-locality to all through the hierarchy in the equations of motion.
In practice, even the full parquet on the two-particle level remains extremely challenging for
modern supercomputers, and one has to resort to approximations of the approximation, as we do with
our method in Sec. Fig. demonstrates two ways of closing the self-consistency in (i)

Impurity Model

N+1
v w w' w
l—‘kk’ qr Fkk’q
Convergence
Q<
{500
N
594@ <&
(7 Q<
0,7 (o)
OF §5.>
o8, N
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Figure 5.5: Dynamical Vertex Approximation scheme. m provides the local input A. The Bethe-
Salpeter and parquet equations from Sec. provide irreducible vertices for each channel
T'; and the full 2-particle vertex F'. The Dyson equation provides, together with the lat-
tice Green’s function G, the non-local 1-particle Green’s function. This is the Green’s
function that enters the equations in Sec. (i.e. all full lines are the NN iteration non-local
Green’s function). Convergence is achieved when the Vertex is no longer changing with each
iteration. Blue marks the m input, orange the self-consistently determined quantities,
and gray the external parameters.

purely on the two-particle level, by following the solid lines; (ii) via an update of the local reference
system by following the dashed arrow. The first version adds non-local correlation effects on top of the
solution and is the framework we will use in the following. Option (ii) achieves full consistency
between one and two-particle levels (but no consistency between local lattice two-particle quantities
and the two-particle quantities on the local reference model) but does not correspond to any [DMF l]
solution. In practice, the self-consistency in Fig. H is solved by Jacobi iteration, as with [SM_FI‘[

’
VY w

The fixed point is a consistent set of Fy;, Fﬁi’ﬁ,r and Xy that fulfill the parquet and Bethe-Salpeter
equations.
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5.3.2 Fulfillment and Violation of Consistencies

The method is by design two-particle consistent, as shown in Fig. All consistency relations
argued in Sec. are therefore fulfilled. While parquet-based methods are known to fulfill the Pauli
principle (due to the explicit construction of the crossing symmetry) they violate Ward identities to
some extent since only the exact vertex can be both conserving and antisymmetric . Many approx-
imations of DI'A violate in addition the crossing symmetry and, equivalently, the Pauli principle
Sec. IV], as will be discussed in the next section.

5.4 Ladder Dynamical Vertex Approximation

We will now discuss the ladder variant of the dynamical vertex approximation, so-called for the types
of diagrams considered. It was first developed without the inclusion of a correlation length renormal-
ization , then improved by the introduction of a Moriya-like susceptibility rescaling in the
(for the investigated system) dominant magnetic channel . Subsequently, the introduction of ther-
modynamic consistencies improved the predictive power of this approach and . A thorough
review has been given before . Further explorations in improvements to the methods since this
publication have been the inclusion of a self-consistency , application to the attractive Hubbard
model [54], the ordered magnetic phase and the inclusion of consistency in potential energies
as well as partial self-consistency to be discussed below and in Sec. Recently, the predictive power
for addressing the phase diagram of high-temperature superconductors that can be reasonably well
approximated with a single band Hubbard model, such as nickelates and cuprates, has been demon-
strated [135]. We will discuss this method in this section; details regarding thermodynamic and
two-particle consistencies are given in Sec. numerical details in Sec. and applications to the
repulsive Hubbard model in 3 and 2 dimensions in Sec. and Sec.

The ladder approximation can be understood as a one-shot approximation of the parquet DI"A method
discussed before, with the self-consistency cycle outlined in Fig. [5.5] By disregarding feedback between
channels through the parquet equations, Eq. and Eq. (2.244)) one is left with non-local ladder
diagrams constructed from local vertices, and by subsequent evaluation of the [SDE| the con-
sistency between one and two-particle levels is broken. The diagrammatic contributions are similar to
m but with fully frequency-dependent vertices instead of the bare Hubbard interaction. Neglect-
ing mutual screening between channels, which is introduced through the mixing in Eq. and
Eq. , is then reintroduced on an effective level, conceptually similar to by fixing consis-
tency relations between one- and two-particle levels. Not only do we fix thermodynamical consistencies
this way, where focuses on the correlator equivalence in Eq. and Eq. , IDT" A fixes
the consistency of the Pauli principle and the potential energies between one and two-particle levels.
This means the equivalence, this is done in a self-consistent way, i.e., both quantities on the single and
two-particle levels are computed from IDT'A. The overall scheme of this method is given in Fig. [5.6

Impurity Model
—C O
‘ va’a)’ GY
| 5
Parquet
Bethe Salpeter /_/
Inconsistent = 4, [—i]

S
N
2
N
é‘%er &
70, &
” o5 &
"oy, N
/0,
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Figure 5.6: Ladder Dynamical Vertex Approximation scheme. This is a one-shot approximation

of Fig.

contrasting the full parquet flow in Fig. |5.5] Here, the initial two-particle inconsistency between the
local self-energy and the IDI'A self-energy becomes apparemﬂ and is marked with a red arrow
indicating the setup for which we use the A corrections. The framework for fixing this inconsistency on
an effective level was already obtained in Sec. [£.5.1]

5Because after the evaluation of the the newly obtained self-energy is not consistent with the full vertex F,
which is (contrary to parquet DI'A) not updated.
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5.4.1 Method Details
(0) DMFT

The input of this method are the following quantities obtained from [DMFT} (i) one-particle Green’s
function, (ii) self-energy, (iii) irreducible vertices for magnetic and density channel I'y,/q and (iv) local
generalized susceptibilities or full vertices x;’n”/,d“’ or I’;ll/’;“’ from (i) and (iii). input (iii) requires the
inversion of the for the local two-particle Green’s function Sec.

(1a) Bare Susceptibility

The first quantity to be constructed is the tight binding lattice (i.e. helper quantities, symmetry reduc-
tion mappings, and so on Sec. and the non-local bare susceptibility, obtained from the
Green’s function:
Xb = -BY GLGaTL (5.43)
Kk

This is done using the convolution theorem and a symmetry-reduced lattice Sec. For all quantities
(including the local ones), the asymptotic information discussed in Sec. [6.2] and Sec. [6.3]is computed
and stored as well.

(1b) Bethe-Salpeter Equation

Next, the non-local is inverted for each @ and q (here explicitly fixed to indicate the matrix
inversion in the fermionic frequencies) but immediately separated into the susceptibility and triangular
vertex parts:

'w=& v w=a vw=w \~ -1
Xlata® = [ e 1 ()| (5.44)
Xoq= X4 (5.45)
e = A AT U] (5.46)
N = Sx (5.47)

This decomposition into the triangular vertex -, q and the physical susceptibility X, o does not only
reduce system memory demand by a factor of N, (typically around 300) but is also essential for the
A corrections. 7,q does not contain any physical susceptibilities and can therefore be assumed to be
treated sufficiently well on the level [125]. This can also be explicitly understood by considering
the U,-irreducible generalized susceptibility from [205, Eq. 4.125]:

*,vv w=@ v w=o vw=@\~1 -1
Xd}rr),q:fl = I:FT FU+1 (Xoﬂq:‘i) ] (548)
Vifma = (66a) ™ DX * 1 (5.49)

(2) X Corrections
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(a) Rebalancing of weights between density and (b) Rebalancing of weights between density and
magnetic channel. The plot shows, color- magnetic channel. The plot shows a solution
coded, the difference between the Pauli prin- for Am as function of A\q. The plot shows the
ciple values on one and two-particle levels as solution line at which the Pauli principle val-
a function of the \ parameters. All solutions, ues on the two- and one-particle levels match.

regardless of the condition for Agq, must live on
the white line in order to fulfill the Pauli prin-
ciple. While the values change with the Hub-
bard and lattice parameters, the general shape
has been observed to be universal for all lattice
types, interactions, and hopping strengths that
we have investigated.
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5.4 Ladder Dynamical Vertex Approximation

Having obtained the physical susceptibilities, one can now determine appropriate A, values, accord-
ing to Sec.
As discussed in Sec. and Sec. the A\ corrections provide a way for effective mutual renormal-
ization between channels. This is illustrated in Fig. where we give an example of the permissible
solutions of the (Am,Ad) tuple. The specific solution (A, A]) that fulfills the thermodynamic con-
sistency relations from Sec. then determines the amount of shift between both channels. Note
also that the partially self-consistent variant does not change this behavior. The specific value for
the potential energy will change, changing the curve of permissible solutions, but the shape, including
monotonicity, remains; see also Sec. We distinguish the following sub-methods:

IDT'A,,:  Here, only the Pauli principle in Eq. and Eq. is enforced. The A, value is used
as a free parameter since this method works well in models with strong non-local magnetic fluctuations
where the density renormalizations are negligible . We also discuss a scheme below where, instead
of fixing the Pauli-principle value, the high-frequency asymptotic behavior of the self-energy is fixed
with this condition. This, however, is not addressed in this thesis and will be explicitly pointed out.

IDT'Aam: Here, also Eq. (4.50) and Eq. (4.51) are enforced. This introduces an indirect re-balancing
between channels (see, for example, Fig.|5.7b|) that significantly improves the predictive power Sec.

IDTA,s.: This method introduces a partial self-consistency by exchanging the propagators
in the equation of motion with non-local ones, as explained in Sec. Specifically, the bare sus-
ceptibility in Eq. This reduces some overestimation of non-local effects and improves spectral
property predictions for models far away from thelDM_FTl limiting case. It does, however, only have a
minor impact on the thermodynamical quantities, see Sec. The A-correction can be either one of
the previous two cases.

IDT'A,tsc: The added t in the subscript indicates tail-self-consistency of the physical susceptibility.
This is achieved by enforcing the f-sum rule Eq. explicitly, see also Sec. Currently, we do
not have a clear picture of the advantages and disadvantages of this method and present it as an outlook
for future investigation. We have, however, been able to investigate this method on several lattice types
in 3 and 2 spatial dimensions and have found similar results to the method without enforcement of the
f-sum rule.

Determination of Free Parameters The three free parameters A\, A4, and g must be obtained in a
hierarchical form, as explained in more detail in Sec. Fig. m shows a schematic of the possible
program flows, depending on the A correction type. The quantities marked with a star in equations

(0) DMFT (2a) u
IYV'e, G¥,n, Lattice \ [ ]
(2b) A4

(1) BSE

(2) Consistencies

Figure 5.8: Program flow of the IDI'A methods including consistencies for the various sub-methods.
K¢ is the sum over the A\”“ vertices, defined in Eq. (5.56). Box 2d refers to the self-
consistent determination of the self-energy with a non-local internal propagator as discussed

in Sec. Boxes (2d) and (2b) are optional, and one can leave the internal propagator
DMET]

at the DMFT|level or omit the potential energy consistency. Especially (2d) seems to only
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2a to 2d are fixed external parameters; for example, Ay, enters the root finding algorithm for the
calculation of \q in Eq. (2b) of Fig. externally. More details are discussed in Sec. m

(3) Self-Energy

Computing the self-energy stands out from the remaining quantities here because this needs to be re-
calculated many times (typically on the order of ~ 10* for the IDI'A 4., method and ~ 10° for IDI'Agm sc,
because it is needed to compute the potential energy. Moreover, because of the focus on the enforcement
of thermodynamic properties, IDT'A tends to give less reliable results for spectral properties. Details
will be discussed in Sec. [6.2]

The general form of the connecting the two-particle Green’s function with the single-particle one
has already been sketched in Sec. The diagrammatic version reads:

cy G == O

GY GY et et .\ Fiiq o
- + GY > &> > G} (5.50)
GLTU-H/

The momentum indices for the Green’s functions have been absorbed into the frequency indices (i.e. v —
(ivn, k), w = (iwm,q)). Note, however, that the specific type of these propagators is important. As
mentioned above, the IDT'A, . variants of this method replace the internal propagators here in a self-
consistent way by Green’s functions obtained from Xi..

The from Eq. (5.50) reads:

v n v’ w v tw v Avtw
Ek = UE - U Z Fkqu Gk’:qu’Gk:q (551)

v'wk/q

This simplifies in the ladder case, where the two-particle irreducible vertex remains on the local level
and the non-local corrections to particle-particle interactions are neglected (see Fig. 1 in [264]):

v n v’ w vitw v vtw
Zk,lDFA = UE -U Z Fq,lDFA Gk’quk'ij—q (552)
v'wk/q
Fitsion = = (Fa - B ) + Bty ™ - ! (P - ™) (5.53)
qa 2 qaQ, qaQ, k/—k,m 2

As noted in the derivation in (Sec. B [264]), the last term in Eq. subtracts the double-counting of
the local contributions. Following [125], we can now shift the frequency and momentum summations
and rewrite the IDT'A vertex in order to isolate magnetic and density fluctuations from bare electronic
ones [125] [205):

v n UU' l/l/, 1%
Yk pra = Ug -U Y Fiioraxeo  Giig (5.54)
v'wk/q

UU'W _ 1 Ul/,w UU’W 1 UI/,UJ Ul//w

Fyipra = 3 (3Fq,m - Fqa ) -3 (Fm - Fy ) (5.55)
rw Ul/,w V’/’LIJ 1 rw rw rw
Kg? = Fiora Xao” = 3 (3Xam — Aaa - o) (5.56)
1 14 14 v

= 5 (3’%1#11(1 + UX:,m) - th‘(}i(l - UXg,d) -2- A05";1) (557)

This form of the M is needed in order to introduce A corrections and also provides considerable

I/V/w
F AN

>

>

Figure 5.9: Illustration of the transformation for the equation of motion from Eq. (5.50)). This demon-
strates that the EoM can be understood as a scattering process between electrons and
(para-) magnons. This decomposition is also needed in order to introduce A corrections.

numerical advantages. Kg* is a shorthand notation for the sum over the Ag“ vertices which we
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5.4 Ladder Dynamical Vertex Approximation

sometimes refer to. Fig. shows the diagrammatic version of Eq. . Here we see that the
bosonic propagator x; couples electrons to the triangular (for this specific role, also called electron
paramagnon vertex) vertex |[125]. The calculation of the self-energy, including the necessary steps for
obtaining the free parameters pu, Am and A\q are shown in Fig. Here, also the (optional) partial
self-consistency discussed below is included.

5.4.2 Limitations of the \-corrections approach

There are two limitations to the A parameter correction approach that are worth mentioning. (i) The
dominant ordering vector does not change from that of in the A-corrected DI'A approach. (ii)
The effective restoration of consistencies is not fully reflected in the A-corrected full vertex F;\ya’””'“.
The first limitation can be immediately obtained by considering (wlog) two vectors Letting A :=
Xf&)MFT,qi and B = X;J’(]’DMFTﬂj we consider the three possible signs and use, that at a phase transition
the susceptibility approaches infinity, jumps from +oco to —oo and then tends towards —0. We therefore
have three possible cases in which q; is the dominant ordering vector, compared to q;:

1 1 1 1

A>B <35 FHA <5+ A

A<B ={%<E ={F+M<5+A (5.58)
1 1 1 1

A>B <5 FHA <5+ A

Because the A\, parameters are defined such that the susceptibilities become strictly positive, the terms
in all three cases above are now positive on both sides.

1

(—+)\) >(4+A) fA>0AB>0
= (—+)\) (§+)\T)71 if ASOAB<0 (5.59)
(% +)\) (§+)\T)71 if A<OAB<0

This means the largest susceptibility (for some ordering vector q;) remains the largest (case 1) or the
first divergent susceptibility (case 2 and 3) becomes the largest. Both cases do not change the sequence
of most dominant q vectors and 1IDI'A ; therefore, it retains mean-field character in the determination
of the ordering symmetry.

Case (ii) has already been discussed in Sec. We do not aim to construct consistent full vertices,
but instead obtain consistent effective renormalizations of the susceptibilities. The effects of this are
directly visible in the A-corrected full vertex in Eq. . Here we observe by direct comparison with
Eq. and Eq. @ that the v, " dependence of the asymptotic behavior in the full vertex is
not changed from m These contributions arise exactly from the susceptibilities, that are in all
other places renormalized in the IDI"A schemes. Specifically for strongly renormalized susceptibilities

S b

SN

in the vicinity of spurious mean-field second-order phase transitions, the full IDT'A vertex F,f\,a’””/‘“ has

to be treated carefully and should not be used for calculations, similar to G@ in[TPSC| A potential
extension, that treats the asymptotic contributions in the full vertex explicitly is discussed in Sec.

5.4.3 Partial Self-Consistent Extension

This extension of the IDI"A method introduces non-local correlation effects into the propagators in the
in Eq. . Note however, that we do not update the bare susceptibility xoq. As discussed
in [128], this method can be employed to extend the IDT'A formalism to multi-orbital systems by
avoiding A corrections. Because of the additional complications introduced by this method, such
as the stability of the self-consistency, uniqueness of the fixed point, potential double-counting, and
thermodynamical consistency, we proceed with the form in Eq. and only update the single
Green’s function entering the @ directly without further comparison with this method.

This is done by evaluating the @:to obtain a non-local self-energy ¥i.. Using the Dyson equation, we
calculate an updated interacting Green’s function Gy, that is not used for an updated bare susceptibility.
Instead, just the new A, parameters are determined, and subsequently, a new self-energy is calculated.
This is repeated until convergence. Fig. shows the A corrected charge susceptibilities for partially
self-consistent and non-self-consistent methods with two different X tail correction schemes. We observe
almost no difference between both methods in the thermodynamic properties over a wide range of
parameters in 2 and 3 spatial dimensions and tail correction schemes, as demonstrated here on an
example that is particularly far away from the approximatiorﬁ Most importantly, the sign
of the non-local correction of the charge channel remains the same, demonstrating that the predicted
enhancement of charge fluctuations due to non-local correlations in the charge order regime for cuprates
(as discussed in Sec. does not depend on this choice.

The spectral properties, however, are influenced more substantially by the choice of method and tail
corrections scheme. This is demonstrated in Fig. Both panels show the estimated Fermi surface
as a black line. In the left panel in Fig. L we show the linear extrapolation of the real and imaginary
parts of the self-energy lim,_o X}, over the ﬁrst Brillouin zone for the 2 dimensional cubic lattice with

5In these cases, IDT'A recovers the correct solution, since the consistencies are already fulfilled, by finding A, = 0.
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Figure 5.10: A corrected charge susceptibilities for 2D simple cubic, U = 2, 3 = 20 (see Sec. [7.2) at two
different fillings. The upper and lower panels are obtained using different X tail correction
schemes, discussed in Sec. The ExpStep variant is not shown here since it also yields
results within 20% deviation from the others.

hopping parameters t = 0.25,¢ = 0.05,¢” = 0.025 at n ~ 0.83,8 = 20 and U = 2. One can observe a more
pronounced momentum differentiation in the self-consistent method, as expected when replacing the
[DMFET] Green’s function with the IDT'A one, which contains non-local corrections. In the right panel
in Fig.|5.11| we show an approximation for the quasi-particle weight Zyx ~ (1 —Re (X" - X"°) g)_l (see
Sec. [2.5)). Here, we also demonstrate the dependence of this method on the self-energy tail correction
scheme by showing data for the modified [EoM]and full-tail replacement variant, discussed in Sec.
Two of the methods seem to show slightly non-causal behavior in the vicinity of k » 0. While this may be
an artifact of the linear extrapolation and noisy input datﬂ the modified equation of motion correction
stays clear of this issue. This does, however, come at the cost of breaking the degeneracy in the spin
channel and treating two of them on a local level, potentially also leading to defects such as a failure
to fully capture pseudogap behavior in cuprates Sec. The right panel in Fig. demonstrates
substantially modified behavior; specifically, for the direct (i.e. not partially self-consistent) method,
the momentum differentiation is much closer to the local [DMFT] input. The momentum-integrated
quantities do not exhibit this issue, as demonstrated above in Fig.

As a final remark, we want to point out that the partially self-consistent method introduces numerical
instability that can be observed predominantly around half-filling and low k resolutions. We, therefore,
often employ the method without partial self-consistency, specifically when only thermodynamical
properties like phase transitions are of interest.

5.4.4 Kinetic Energy Consistency

One can make use of the f-sum rule Eq. (4.43)) and directly replace the q-dependent l/o.;2 tail:

| l‘lm (iwm)2x(§/m’q =2 Z (26k — €k+q — Equ) Gﬁ =2 Z tk,qul: (560)

wlmoo ko ko

= lim (iwm) Xl £ 23 tie g G (5.61)
w|—>00 ’ kg

The A-corrections leave the 1/w? tail unchanged, as can be seen via Taylor expansion of the definition in
Eq. . This extension was already proposed as a future improvement in . ‘While some versions
of the code do support an approximate scheme for this method, we did not find sufficient evidence of
large violations of the kinetic energy consistency between one- and two-particle levels in any models we

"While we do use which does not exhibit statistical noise such as|CTQMC] the truncation of Lehmann summands
and finite bath-sites effects (in our case 4) required to obtain results often introduces nonphysical or non-convergent
behavior in the IDT'A algorithm.
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Figure 5.11: Left panel: Linear extrapolation of ImX} to v = 0, including estimated Fermi surface
in black for different tail correction schemes, with and without partial self-consistency.
Right panel: Linear extrapolation estimate of quasi-particle weight Zy, including estimated
Fermi surface in black for different tail correction schemes, with and without partial self-
consistency. Data is shown for the 2 dimensional cubic lattice with hopping parameters
t=0.25,t"=0.05,t" =0.025 at n ~ 0.83, 3=20 and U = 2.

investigated. These are typically well below 5% for the full tail correction of the self-energy and below
3% for the EoM tail correction scheme. Consequently, the additional numerical challenges introduced
by this method due to inherently noisy data from the 1 /ou2 high-frequency tail as well as the ambiguous
choice of the correction schemes (because A corrections do not affect the 1/w? tail of the susceptibilities),
we do not present a further discussion here. However, it is worth keeping in mind that without this
correction, the kinetic energy on the two-particle level remains on the[DMET]level, and the discrepancy
to the two-particle value should be observed as an internal consistency check for all other A\ correction
schemes.

5.4.5 Fulfillment and Violation of Consistencies in IDT'A

By design, the A\ corrected 1DI"A method fulfills the Mermin-Wagner theorem Sec. and at least
some two-particle consistency by enforcing potential energy between and Pauli-principle values between
one- and two-particle levels to match .

We stress that this is only enforced on an effective level and one has to make concessions in approximate
methods. The possibly best example is the electron density n, which appears explicitly in the following
equations (also discussed in Sec. :

n Y G (5.62)
vk
E _ E L Ad,w Am,w
: (1 2) L g.;l (Xd,q + X ) (5.63)
Ul (1 - ﬁ) L lim Re [il/ (2“*(1’“” - @)] (5.64)
2 2] v "\ Tk 2 ’
‘ llim (1wm) X m.q = 3. (26K = €krq — €k—q) Nk (5.65)
w|—>00 k

Having access to 3 free parameters (Am, Ad, 1) we are only able to fix 3 of the 4 conditions, through these
parameters, at most. Furthermore, the structure of Eq. and Eq. , which involves limits,
makes a systematic correction on finite grid sizes ambiguous. In addition, one also has to consider the
feedback of the other correction parameters on the Green’s function in Eq. (5.65), when computing
Nk = Yok Gl’:""\d’". The various sub-methods discussed above give some freedom for the choice of
which consistencies to preserve and which to use as an internal consistency check. In Fig. [5.10] and
Fig. we argued that the remaining inconsistencies predominantly influence the spectral properties
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Figure 5.12: Comparison of magnetic and charge susceptibilities for the simple cubic lattice in 3 di-
mensions at U =2 and 8 = 1. the blue and orange lines show the asymptotic method with
different starting points I';, = +U is labeled “RPA start”.

of the system and are certainly a valuable concern for future extension of the method. However, for
the systems we investigated in Sec. and Sec. we did find only minor improvements with added
consistencies beyond the IDI"A4,, method, so specific models in which, for example, the inconsistency
of the f-sum rule Eq. contributes significantly to the driving physics of the system.

5.5 Asymptotic Ladder Approximation

This section describes an attempt to incorporate the asymptotic contributions discussed in Sec.
directly into the method. As of the writing of this thesis, there are still many open questions and
the results presented here are preliminary. This is especially true for the aspects of this method that
introduce effects beyond the ladder approximation by introducing a channel mixing in the irreducible
two-particle vertex. Nonetheless, I want to give a short introduction here, because initial benchmarks
show very promising results for many parameter regimes of models that are notoriously difficult to
access by the previously described methods. However, the code as discussed in Sec. and Sec. [6.8.6]
already supports this method partially for the particle-hole symmetric case where xa = Xpp-

The idea is to replace the irreducible vertices I', for each channel by their asymptotic contributions,
derived in . These consist of physical susceptibilities that can be obtained from the after an

initial guess of (FZ"’“ = +U) or IDMFT] (see also Fig. |5.12)). Iterative computation of physical
susceptibilities, replacement of I';Y” ¥ etc. did indeed lead to convergence in our tests at half-filling.

While more rudimentary in the structure of the vertex in the core regions, this method includes feedback
beyond the capability of the ladder approximation. Specifically, the diagonal contributions of F} ;’“
from Eq. and Eq. (derivation and discussion from ) which are the local physical
susceptibilities, stay local, while only the background changes, as can be verified from the construction

in Eq. (18.40).
FcliJ/I;rrlc:)asympt ~ U — U2Xw - U - szé’w (566)

By replacing the asymptotic contributions explicitly, we not only eliminate the remaining local contri-
butions but also introduce full parquet-like feedback between scattering channels. Moreover, extensions
of this method could be considered, in which a core region is an irreducible vertex I" that is still taken
from to retain local non-perturbative contributions.

Scaling to IDT' A

The method can be extrapolated towards the IDI'A variants by the introduction of a cutoff parameter
Nﬁ‘“ of an inner region for the irreducible two-particle vertices I'r. One then inserts the vertex
instead of the asymptotic contributions in this region. Clearly NS™ — N2 recovers IDT'A. An
intriguing open question that could be investigated through this method would be how the non-local
update in the full vertex F*¥* (which remains on level in IDT'A) affects the predictive power
of this class of methods.

Open Questions

While the stabilization of the self-consistency seems to be possible for the three-dimensional cubic
lattice at half-filling and moderate interaction strength (up to U = 2 and 8 = 20), the validity away
from half-filling and in two dimensions needs to be established. In addition, this approach seems to be
a viable path for the investigation of further inter-channel renormalization effects beyond the effective
renormalization that we introduced with the A corrected IDI’A method. This could be of interest by
comparison with the A method since the irreducible vertex of (which is T, £ U) can be
systematically extended, by including the physical susceptibilities. This comparison is certainly also
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interesting from the point of violation of consistencies between one and two-particle levels, which could
as well be reintroduced by A corrections in the asymptotic case.
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6 Numerical Details

In this chapter, we will discuss numerical methods that were either necessary to stabilize
the method or were developed for related projects. Readers who are developing
methods involving Feynman diagrammatic techniques will hopefully find useful discus-
sions here. For a general understanding of the capabilities of these approaches and the
understanding of the phenomena they describe, this chapter may be skipped.
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6.1 Improved Summations (Series Acceleration)

This section is somewhat isolated from the rest of the chapter, as none of it is applicable to the programs
developed during the thesis. The methods discussed here were tested in a first attempt to improve the
summation of functions over Matsubara frequencies. However, after thorough testing, it turned out
that sums over multiple indices (such as needed in the equation of motion) can suffer from considerable
stability issues. We will give an overview here nonetheless, because the general resummation formulas
are very general, whereas the method discussed in Sec. serves as a reference for more specialized
summation methods or can be used when no other methods are available. Furthermore, the general
idea of improved summations, (i.e. obtaining a limit from a finite number of summands of an infinite
series that is closer to the true limit than plain summation) without introducing additional physics-
related information will serve as a preparatory step. Lastly, the concept of improved summation has a
surprising connection to the analytical continuation problem that we encounter whenever moving from
the Matsubara formalism back to retarded Green’s functions. In fact, a direct generalization of this
concept can, for example, be used to obtain critical exponents in the 3 dimensional XY model [212]
or assign a limit to divergent perturbation series [213]|. The code implementing some of these ideas is
publicly available [248] (see also Sec. [6.8.1)).

6.1.1 Introduction

Our task will be to improve the estimation of infinite series from a finite number of summands. The
reason is, of course, that Matsubara sums run over infinitely many frequencies, but one has to define an
energy cutoff for numerical computations. Here, we discuss several ways to deal with this inconsistency
and improve the estimation of the true value of the sum above plain summation over just some subset
of indices. We therefore introduce the index set Iy = {a,...,b} with N=b-a+1.

S Fo> Y Py (6.1)

nelso nelpn

Note that the approximation may depend heavily on the index set. This is especially important since
we often have very well-behaved, symmetrical tails for both N — oo, and unique features appear only
in a limited region. Centering the summation around that point can yield greatly improved results.

6.1.2 Series Limits

In the following, we derive formulas for the improved numerical summation over functions of Matsubara
frequencies. We will, for now, not assume any knowledge of the convergence to infinity and present some
well-known general summation formulas before presenting techniques that incorporate the coefficients of
a Taylor expansion around co. These coefficients can be obtained from diagrammatic considerations and
allow us to sum up contributions analytically, leaving only higher-order sums for numerical evaluation,
thus reducing finite-size errors.

In both cases, we split the summation of a function F,, with n € Q into two. Typically Q= Z or Q = Z2.
However, we leave the definition for the index set intentionally general for now since these sets can
have slightly more complicated definitions. Specifically, for two indices, one may depend on the other,
see Sec. Let T;, be some analytically known function with T3, ~ Fl,, i.e. limpoo Tn/Fn = 1 [40
Chapter 3].

ZFTL: Z(F7L_T7L+T’IL)

neQY neQ
= Z (anTn)ﬁ‘ Z (anTn)ﬁLZTn
neQecore neQghenl neQ
~ Z (Fn_Tn)+ Z Tn (62)
neQecore ne2

In the last line, we made the necessary approximation only to include numerical data in a finite
interval. However, by choosing a good approximation T3, of the function F,, we can hope to improve
the numerical accuracy since some contributions are included up to infinity. This may also be motivated
as follows: Taylor expansion of F;, around oo gives rise to some series Y, % By choosing T;, as the first
few terms, we only have to numerically sum terms that tend to 0 quickly. For later reference, we first
rewrite partial sums over Matsubara frequencies in terms of a closed expression, using the definition
of special functions. This helps readability and implementation performance (because there are fast
implementations available, for example, using the Euler-Maclaurin summation formula or tabulation
of the Bernoulli polynomials).

6.1.3 Useful ldentities

We first collect a number of definitions and identities that are used for the derivation of the improved
sum formulas or their evaluation. This is mainly used for the numerical evaluation of the sums;
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6.1 Improved Summations (Series Acceleration)

the references to the codes are given below. The Hurwitz ¢ and polygamma functions are defined,
respectively, as

¢(a,b) = nio ﬁ (6.3)
9 (b) = = ajl InT(z) (6.4)

For our purposes (finite temperature Green’s functions), we will only need integer arguments of these
functions. Here, the series representation of the polygamma function Q/J(m)(z) can be used:

Cla+1,b) = (- 1)“1’ o) (n+bl)(a+1) +5ao(i %—w) (6.5)

n=0 n=1

Note also that an index shift leads to a formula for finite and linearly transformed sums:

nzzoﬁZC(a7b)7n:§:+lﬁ:C(Cb,b)*c(a,N+1+b) (66)
i 1 1 d-b
> emay =< %) 61

We will use these identities to express sums over Matsubara frequencies. For autocorrelation tails, we
will use:

L. ! - (ﬁ)k . (6.8)

(1w + ivn)* (z'(”g)”n@";l)”)k Ti) (2m+n+1)F

Furthermore we can rewrite Matsubara sums for fermionic (iv,) and bosonic (iwy,) frequencies as
follows:

=3 () ) Sy ) Sy
(o) Z ooy () (o 5) 69
() - (5) cam o0
=3 () = () (e 3) <o) 611
2 () - (53) €o-cear=) 612

Note that sums over Matsubara frequencies pick up an additional normalization factor of % that is

omitted here. The first (approximate) values, which are used in our calculations, are given in table
for reference.

n factor | ¢(n)

1 % 00
2 72

2 ‘(%)3 3

31 i(£) | 12021
4 s

4 (%)S 5

51 -i(£)" | 1.0369
6 76

6 —(%)7 915

71 i(Z) | 1.0083
8 8

8 (%) 9450

Table 6.1: Zeta function values

6.1.4 Aitken’s A2-Process and Shanks Transformation

The arguably simplest series acceleration method can be obtained by assuming that the residual term

of the partial sum (Sy = ¥,,c1,, Fn) follows a power law:

Sp =S =aq" (6.13)
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6 Numerical Details

Where the exact limit is .S, and the error decays with some ¢ < 1. The 3 parameters «, g and S can
then be obtained by evaluating Eq. (6.13) at three different partial sums [40, Sec.8.1]:

S=8,-aq"+0(¢"), S=S5m1-ag"" +0(q"), S=Sn2-ag"?+0(q") (6.14)
This can be solved, yielding the Aitken A? process [3):

Sn+1Sn71 - STQL

n-1
n)=—"—"—"—7—]—]""""" 1
(an) S +S5._._25. +0(¢") (6.15)
(AS,)*
=S, - 6.16
AQSn ( )
Where we defined the forward difference operator of the k-th derivative:

k b k
A%ag = Z(—l)”( )ak,n (6.17)

n=0 n

Eq. is numerically more stable compared to Eq. (6.15)). In fact, the denominator can be used to
check for underflow in the iterated Aitken’s A%-process.

(an) is a sequence constructed by this process that often converges faster toward S than S,.

Around 1980 it was independently discovered by Berzenski and Havie, that the error term in Eq.
can be treated more generally (94, [37]:

k-1

Sn =5+ Z ijj (TL) (618)

J=0

Where fj(n) are known, but arbitrary (even divergent) functions. The extrapolation of the series
limit then follows analogously to the A%-process, but for k equations [289]. Using Cramer’s rule, the
extrapolated value is obtained via

s, Sk 1 1
er(Sh) = fo(:n) fo(n.+ k) fo(.n) fo(n.+ k) (6.19)

foa@m)  foamaB)] ) - fua(nek)

er (S») stands for the transformation operation and has the value of the improved sum. Eq. can be
solved via a recursive algorithm instead of (the numerically unfeasible) ratio of determinants. However,
the very general form is in practice often less useful than specific choices for the sequence of functions
fi [289]. Let us briefly mention the two most prominent cases. The Levin-Weniger transformation,
where fj(n) = (n+3)™ was first used by H. Levine and J. Schwinger to compute diffraction of scalar
planar plane wave |160].

The Shanks transformation, with f;(n) = A™ can be thought of as fitting the sequence of derivatives
of the partial sum sequence 223} [230]:

Sy =co+ A" S, + a8, + e, AFTS, (6.20)

Again, there exist specialized algorithms circumventing the calculation of the expression from Eq. .
Specifically Wynn'’s e-algorithm [292]. Because this approach turned out to be unsuccessful for the pur-
pose of this thesis, we leave the discussion to the literature [289]. The implementation used for initial
versions of the IDI"A method with improved asymptotic treatment is available as a Julia package |248]
(see Sec. . The close relationship to Padé approximantsﬂ makes this technique seem especially
intriguing for Green’s functionsﬂ If the Shanks transformation is applied to a function of the type
f(2) = £52 auz', the result is a Padé approximant (that can be obtained by Wynn’s e-algorithm)

n+k
k

exfn(2) :[ ] () (6.21)
f

A very approachable derivation and discussion of features and disadvantages of the methods above and

respective algorithms including source code are given E. J. Weniger in [289]. Extensions to resummation

techniques of divergent series are discussed in [40, Chapter 8].

6.1.5 Richardson

One of the oldest schemes for accelerated summation of series is the Richardson extrapolation. It was
first formally introduced by L.F. Richardson in 1911 |201] but was already used by Huygens for the
calculation of 7 in 1654 [285| |38]. This method specifically excels at slowly convergent series of the

1
‘Wynn
2Here7 these are often used to analytically continue Matsubara Green’s functions to the real axis. There has also been
work on choosing a Shanks-like transformation specifically for Green’s functions [47].
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6.2 Asymptotics

form a
k
Sn=> oF (6.22)
kel
With I. ¢ No being a set of exponents, which must include 0. We can immediately notice that for
limy oo Sn = G0 = Yper., f(iwn) will yield the limit. It is possible to obtain ao from closed form
expressions, |40, Eq. 8.1.16]:

an = S Sn+k(n+k)N(_1)k+N
’ 1;) kNN - k)!

(6.23)

Specifically for the case of Matsubara summations over symmetric domains around 0, one can also
obtain a version that does not require the computation of factorials but instead extrapolates via a
matrix-vector multiplication (202, G. 9]:

Nmax
ap = Z ’w()nSn (6.24)
n=Nmin
with
Nmax .
Win = Mj'n™, My= Y n'n™ (6.25)
n=Nmin

Here, M can be precomputed for the desired domain. Both methods have been implemented and tested
for one- and two-particle Green’s functions in [248|. However, for two-particle Green’s functions, this
method proved to be extremely unstable and was not further developed. Instead, the significantly more
stable approach using the known diagrammatic contributions for the high-frequency tail (discussed in
the following) was implemented in [244].

6.2 Asymptotics

In this section, we will discuss the asymptotic behavior of all quantities used for the IDI"A method.
These asymptotic contributions will then be used to improve the sum of the respective quantities in
Sec. For the following sections, we occasionally deviate from our usual notation of k-space integra-
tion as a sum. Instead, we use an integral symbol to indicate that this k-space integration is independent
of the sampling chosen for the that implies the sampling for all other IDI"A related quantities (for
the numerical setup in this thesis) as a consequence of the convolution algorithm Sec.

The derivations of the asymptotic contributions and improved sum formulas are based on unpublished
notes by Georg Rohringer and [256].

Spectral Moments of Green's functions

We start with the best-known high-frequency expansion, that of the single-particle Green’s function.
The so-called spectral moments ¢; x can be obtained via integration by parts from the imaginary time
Green’s function:

8 :
Gy = / drGi(1)e™"
0

) = 1P B ;
:[Gk(r)i%ez(%”)ET] —_i dT(%Gk(T))eW"T

o tn Jo

1 . = 1 B )
[ lim Gk(T)el(Qn“)) 27 — lim Gk(T)eZ(Q”“) ﬁT] - / dr (in(T)) e’
iVn 70+ 0 dr

T8 Wn

7[_Gk(ﬁi)_Gk(0+)]—%fOBdT(;—TGk(T))eiV"T

L [Ge(0) - Ge0)] - [ ar (-G e

VUn

Where we used the 8 periodicity of the imaginary time Green’s function, also discussed in Sec.
Note also that lim,_3- and lim,_q+ have to be treated carefully and partial integration is only allowed
because lim,_o G(7)e™"" exists.

Iteration of the integration-by-parts formula yields a series expansion of the Green’s function,

v_w €
Gp=Y == (6.26)
with spectral moments, defined by the time derivatives of the imaginary time Green’s function

(1-1) (1-1)

crac= (1) ( im, dd S Ok(7) | dd(l 1)Gk(T)) (6.27)
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We can evaluate this explicitly for the first terms of the Green’s function of the Hubbard model:

Important 6.2.0.1 (Spectral Moments of the Hubbard Model Green’s Function)

Evaluation of Eq. (6.27) using the Heisenberg equation of motion Eq. (2.16) with the definition
of the [AIM Eq. (3:99) (local) or Hubbard Hamiltonian Eq. (3.12) (non-local) yields the following

spectral moments for the one-particle Green’s function:
c1=1 (6.28a)

Un {o local
W+

(6.28b)
ex non — local

2 2 2 1 1
0371(:(@—[1) +f§:(@—,u) +U2n(1—n)+{2lvl oca (6.28c¢)

2 2 2 €1 + 2€xc (% - ,u) non — local

Fig.[6-1]and Fig.[6.2]show the asymptotic behavior of impurity and local Green’s function respectively
for the first 400 Matsubara frequencies. The Green’s functions were obtained using with 4 bath
sites on a square lattice with parameters U =2, p = 1.4 and n ~ 0.2395 at 8 = 20. These example plots
here are meant to give an idea of how we typically investigate the convergence of quantities to their
asymptotic behavior.
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Green’s function, and Gi,, - v. (Gimp =5 ) v (Gimp— 5 —33) v

Figure 6.1: Tail coefficients for impurity Green’s function, obtained from ED with 4 bath sites, with
U=2,u=14,n~ 1.087. Convergence of the Green’s function multiplied with the tail,
demonstrates the correct asymptotic behavior.
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C2ky. 3
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Figure 6.2: Tail coefficients for local Green’s function on a square lattice, obtained from ED with 4
bath sites, with U =2, p=1.4, n~ 1.087.

6.2.1 Bare Susceptibility

The bare susceptibility is defined as the autocorrelation (particle-hole channel) or convolution (particle-
particle channel) of the Green’s function. We can therefore obtain the asymptotic behavior by
investigating the contributions from the Green’s functions for both arguments to the x§q and sort
the coefficients by powers of iv,, + iw,, using partial fraction decomposition to decouple fermionic and
bosonic sums.

Xoq=-BY.GiiaGr=-B8>.> > Cr 5 Cs ktq
vk

k neNreNso (iV")T seNsq (’Ll/n + in)s
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This is a more specific form of the general expansion, that does not assume further knowledge about

spectral moments:

Gqu-H/ _ GIV( - giﬂ
KA (Gar) T - (G

1 Gi - Gaik 11

:al+(ek+2k—eq+k—2q+k)/w;_w

6.2 Asymptotics

(6.29)

(GY - GeH) + O(1/w?) (6.30)

The first few terms of the moment expansion are given in the following table. Note that the expansion
only holds for w # 0, since the % factor is not well defined otherwise. However, in this case, the left-hand
side is readily evaluated instead. Each line corresponds to a pair of coefficients, where all contributions

with coefficients c;x with j < 3 are listed.

(1) crxcrira’  or (V+1w)1 =56 -v2)

(2) crxearrat LR Ty (‘(ufm) (5 os)
(3) cLksaC2i: 2 (l/+1w)1 =5( ) tor (-0 + o)
(1) cxesxia’ Torap  —u (‘(u+1w>3) tor E_(”l“)z)
(5) c2xCokiq: leﬁ =1.0 +2r (B + (le)z
© ot e =5(B) k()

(7) caiesira’ 2grgp = o0 T ( (u+1w>3)
(8) c2x+qC3k: y%ﬁ =1.0 +5-( %)

therefore, arrives at:

(1): —5(,,70%
(4),(6): 5w,0%; + ! _wiw’og
(5): 5w,of—; —zlfwi‘“’og

Next, we sort by orders of 1/w' and evaluate all coefficient combinations for the local and non-local

o (- ms)
tor (3 5%)
R Qo)
+w13§ 1/12+(V+2w)2§ +o1 (-
o (-E ) o

o
W
=

(

Nw W

)

Here, many terms vanish, since VI >1: ), ﬁ =y, ﬁ and terms with odd ! do not contribute,
according to Eq. (6.81)). For the analytical sums without the coefficients over the 8 terms above one,

+

Figure 6.3: Tails for xg coefficients as a function of the bosonic Matsubara index, according to table

at B = 5. The sums are carried out numerically without the use of the improved sum

technique and are shown to converge against the limits computed in this section.

cases. This will result in the corresponding coefficients for the expansion in 1/w of the bare susceptibility.

We also simplify using ¢ x » 1 and V fi : [ firqdk = [ fidk.

3
Xg,q = 6|:5w70 7§ f 1+ % (63,k+q +C3k + C2,kc2,k+q)

keBZ keBZ

1
+ g f (C2,k+q - C2,k)

()
m keBZ
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6 Numerical Details
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(a) Asymptotlc contributions to the full ver-
tex F¥“'“. The physical susceptibility X (b) Example of full vertex F¥'“ at w3y with a shifted (by

counteracts the double counting from both -15) fermionic grid. The axis labels show the indices.
AY¢ and )\g “.  The illustration shows a The size of the central features is dependent on the tem-
schematic view Fruu’w of for a fixed wy, as a perature. Here, 8 = 20 on a 2D simple cubic lattice
function of v and v’. The blue region is the around half-filling was used to generate the full vertex.

constant (in wy,) background consisting of
U £U%xp.

Figure 6.4: Asymptotic Structure of the full vertex

1
Giom)? g (cs,keq + €3,k = 2€2,kC2k+q)
m keBZ
1 1
+m§ f (Cz,kcs,k+q - Cz,k+q63,k) +0 (F) ]
m keBZ
62
= 0,0 RRT f (2¢3,x + C2,kC2,k4q)
keBZ
2
1
—% f(CS,k —CokC2k+q) | +O (J)
m keBZ

= 6w,o(%—f—8(253+52,q)) i )2( cQ,q)+o( ) (6.33)

Where we have defined the tail coefficients for xg  (in terms of the coefficients of the Green’s function):

5 ( 5 = ) local
= 6.34
“ keé 2k {f (% - p+ec)dk  non-local (6.34)
Un _
C2,q = [ C2 kC2 k+q ( 2 ) local (6.35)
bz (ek W+ T) (ek+q W+ —) dk non-local
_ (U2" ) U2"(1— )+Zl local
= = 6.36
C3 ke!; C3,k {[ (ek -+ M) U2§ (1 - 5)dk non-local ( )

The derivation here was presented for the particle-hole channel. For the particle-particle channel, the
formulas are obtained by a formal substitution of v+ w - w-v and q+k - q - k.

6.2.2 Full Vertex

For the remaining quantities, we will use the known asymptotic contributions to the local full vertex

P We restrict the discussion to the particle-hole channel for this section. The full vertex
asymptotlc behav10r is given by

v’ w U2 v -v 3U2 2 v+ +w vw v'w 2w
Fd ,asym =U+ 7Xd + —2 Xm -U pr + UAd + U)‘d +U Xd (637)
vv'w U2 v v U2 vi-v 2 viv'tw vw viw 2 w
Frhasym=-U+—Xa - —=Xm +U Xpp +UAn + UL +U X (6.38)

2 2

Fig. gives a schematic overview of the asymptotic contributions to the local full vertex Fy vie,
Here, the green regions correspond to the physical susceptibilities (xf;’/m /pp), the orange areas to the

A7 and the dark orange regions are the overlap of A\;/“ and )\‘T"“’. Algebraically, \;“ and /\Z,“’ both
contain v/v’ independent contributions from the susceptibilities x%’, that are double counted and must
be subtracted accordingly. The blue region is the constant +U and U 2y background. A vertex
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6.2 Asymptotics

obtained from [DM_FT] will have a significant low-energy frequency dependence, which is not captured
by the asymptotic contributions.

The contributions for the irreducible vertex I'*' are given by:

l/V’ UQ l/’—l/ 3U2 U’—I/ v l/’

Fd,asb;m =U+ 7Xd + TXm - UQXp; e (639)
l/l/,b.) U2 V’—U U2 V’—L/ v l/’ w

Pilabym = U+ i ™ = o™+ U™ (6.40)

The derivation of the asymptotic behavior is left to the literature [207] 131} [290} [256]. However, we
will make use of the location of the intersection of the susceptibilities, given by the green bars in the
illustration Fig. For this, we consider the possible scattering processes at a bare vertex U, which
are given by where the susceptibilities (which decay as 1/w2) intersect when v =v' and v+ v/ +w = 0.
This is the case at v = —w/2 (see also [256] for a discussion of this shift). We, therefore, employ a
sampling scheme that centers around this feature. In Sec. we discuss details in conjunction with
symmetry reductions.

6.2.3 Triangular Vertices

Here, we derive the asymptotic behavior of the triangular vertices. The calculations for the improved
sums of the IDI"A quantities are a verbatim copy of unpublished notes from Georg Rohringer.

We will discuss two different derivations of the asymptotic behavior: (i) an algebraic version, using
Ward identities and the decay of diagram classes, (ii) a Feynman diagrammatic derivation.

Algebraic Derivation: We start with the local (DMFT]) case, at the Ward identity:
Z (zwm 4 AIJ’ B Awﬂ/) XE/Vr;lw _ Gw+u _ GV (641)
V,
Eq. (834 ’ / ,
q UJm _ AV + Aw+u _ ’me ZGU Gw+u F(;//l;nw
_ Z (AV, _ Aw-ﬁ—u’) Gw+V’F(Ii//VH’]w _ (Gw-ﬂx _ GV) (X(I;w)_l (642)
Eq. (821
4 wm =AY+ A Fiwm A
SY (A = A G RS =i 4 - A -2

) , +
—iUp — W — e+ XY

 FiwmNijmia - 2 (A7 - A“’*"') G Ry = -5 ¢ 2o (6.43)
U O(1/w)
o(1/w)
, IS 1
@ Njfm=t———2+0 (— ) (6.44)
WWm, 1Wm,

For the non-local case, we start with the local version of the Ward identity in Sec. 4.4.2.1

. VU’LU W+ v
> (iwm + €k — €xiq) Xajm k' = Gaik — Gk (6.45)
vk’
. VV’W w+v v
Z (iwm + €x — €xeq) Xd/m,kk’q = Gaik — Gk (6.46)
vk’
Eq. (I8.34) . v ~wrr ov’w
< —lWm — €k T €k+q — Wm Z Gk'Gq+k’Fd/m,kk’q
vk’
W+V’ VV’W w+v 17 rw -1
- Z (Ek’ - 6q+k’) Gq+k’ Fd/m,kk’q = (Gq+k - Gk) (XO,q) (647)
vk’
Eq. (18.21) X vw
S =W — €k * €ktq T WWmAd/m kq
4
w+v vrw . v
- Z (Ekl - Eq+k’) Gq+k’ Fd/m,kk’q =1Vnp + U — €k — Zk
vk’
. . wtv
—iVn — Wm — U+ €q+k + Zq+k
. rvw W+U' Ul/lw v w+rv
<~ ?zwm)\d/mykq - Z (Ekl - Eq+k’) Gq+kl Fd/m,kk’q = —Ek + Eq+k (648)
v'k’ ~—
Su+0(1/w)
O(1/w)
Yk -Xu 1
< Aifmkg =+ ——— + 0= (6.49)
W w
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With the Hartree part of the self-energy as usual Xy = %

Notably, the bosonic frequency tail of the triangular vertex is independent of the bosonic momentum
q.

Alternative Derivation and Ao: The correction term in the IDT'A equation of motion Ag'y exhibits the
same asymptotic behavior. Here, an alternative derivation is presented, relying on the fact that only
the irreducible diagrams of the full vertex F' do not decay in 1/w:
VV’LAJ VV’W Z/V,w VV’LAJ 1
F; =7+ =T+ 0|~ (6.50)
w
We furthermore use the partial fraction decomposition strategy from Sec. to rewrite the bubble
term

GiG = - (k-G + o) (6.51)
This leads to the same result as before:

Adjm,kq = * le GLGE Fye (6.52)

P BB (Gi - ey R -0 5) (6.53)

Ba. -Lj (GL— GErE) T (%) (6.54)

" ERsi -z o () (6.55)

LSk
_ lzw ( ) (6.56)

The high-frequency tail of the local correction term for the IDI'A equation of motion Agj, 4 can be
obtained directly from the definition in Eq. ([8.22)).

Summary The A asymptotic in 1/w™ is not explicitly used in the improved summation formulas of
IDT'A but is nevertheless important for the understanding of the asymptotic behavior in this method.
Specifically for the understanding of the self-energy tail from the restoration of the Pauli principle, we
require the 7,.¢ asymptotics.

Important 6.2.3.1 (A and v High Frequency Tail)

B L 1
Nifu =222 40 (E) (6.57)
o -9 1
A ka = ii‘;wm fr0 (E) (6.58)
rw 1
Aot = O (ﬁ) (6.59)

For the triangular vertex without susceptibility contributions, we have the static limit of 1:

Vq,w: lim v =1 (6.60)
V—>+o0o
vq,v: wl_i)rinm Yrg =1 (6.61)

6.2.4 Self-Energy
Single Particle Case

The high-frequency tail of the self-energy can be immediately obtained from the tail of the Green’s
function.
1 1

Gu=lv+n+ il = — (6.62)
l/1+ Vk

Where we have defined f, as before, absorbing the difference between local and non-local versions. A"
is the hybridization function, here expressed in terms of | bath parameters,

TN (6.63)
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1 2 local
=O(i)+EH+1U2E(1—E)+ vy LV loca
V2 v 2 2 —€x non-local

From this, we follow for the self-energy tail:

v 1_on n 1
k=2 -U'=(1-—= — .64
k H+1/U 2( 2)+O(u2) (6.64)

Two-Particle Case

We can also obtain the (non-local) self-energy from IDI'A through the Here, we obtain the asymp-
totic behavior by considering the full vertex F'.

Sk=Su-U Y GuGiiaFaaGiia (6.65)

v'wk/q

We start with the following observations: (i) Gyl = 2.:” +0 (,%2), following the proof for Eq. .
(ii) We only need to consider constant (v-independent) contributions of the full vertex for the leading
orders of the high-frequency expansion of the self-energy because the Green’s functions suppress all
contributions by at least O (%)

In order to obtain the constant contributions for (ii), we need to consider the Bethe-Salpeter equation in
the 1| channel, which implies the substitution of Fﬁ”,w with a full vertex of different spin and frequency
arguments (the [BSE| mixes these, see Eq. or [205, Figure B.1]). The lowest order contribution

1S:

’ G(T/J+ll GTW’ G#’”’ G‘f“’l > Grﬁ,/ .
Fie - " e 0 () (6.66)
e @ o e Gl
=U U S G O Flea + O () (6.67)

We used the SU(2) symmetry and set Fﬁl”’“’ = FT”TIV"” in the above equation. With the first-order
contribution in hand, we find the asymptotic behavior of the self-energy:

v V’ w l/, 1 17 w+v v l/,UJ 1
Sk=%u-U 3 GuGgio— (U +U Y GRGai Fﬁfklk,q) +0 (ﬁ) (6.68)
v'wk/q n viky
Eq. l] U2 viv'w 1
TEE Sur Y X{kat© (ﬁ) (6.69)
n viv'wkik/q
2
By, U (), o) (6.70)
Wy 2 2 2

This proves the correct asymptotic behavior of the self-energy when obtained from the [SDE] for the
general non-local self-energy. However, IDI'A leads to an approximate full vertex F' that depends only
on a single momentum index q. The term FY@+) 0 9) which leads to the factor of 3 in front of the
magnetic full vertex in Eq. introduces an imbalance between the local and non-local 1| vertices
that in turn leads to a violation of the asymptotic behavior of the self-energy. Moreover, we typically
do not compute the full vertex, only the susceptibilities and triangular vertices. On the level of these
quantities, we can construct an explicit expression for the condition required to fulfill the correct tail
asymptotic.

2

wq

v U v m> 2 N v vv'w v
Yp=3n-— Z (—3’Ymufq(1 + UX?n,qw) + 2+ Ydq(1 - UXﬁ,dqw) - ZXo,gFN,DMFT) G:Ik (6.71)

V—00 U v Vi v
TS o 3 (B + 24085 G

2 &
(20X U+ UXQ + Un(1- 2 i)+(’) 1 (6.72)
Xma THXma THXaq TURETH )]G 2 :
v—00 U w Am,w n 1 1
- (ZUg(:l (a0 ~ Xa") - Un (1 - 2)) o4O (ﬁ) (6.73)

The last line follows from the fact, that the DMFT|equation of motion exhibits the correct % behavior
and therefore

Jim v 37 (2= 3y +ila) Galid = -
wq

Un (1— g) —2U 3 X% 1oe (6.74)
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6 Numerical Details

This leaves the following error term to be considered for the correct tail behavior:
SV U2 Am,w w
Etc - - Z Xm,q - ZXm,loc (675)
wn \ 54 ”

Instead of using the exact limits, we typically use the difference between local and non-local summed
susceptibilities instead, to also incorporate error compensations (because both susceptibilities have
been obtained over the same truncated Matsubara frequency space):

U2 Am ,w 1 Ad,w 1 w
E‘lc/c i [Z Xm,ci - ZX&,IOC + g Xd’d(i - g Z Xd,loc (676)
Wn wq w wq w

The second term is derived by assuming the same decomposition into x; and v/“ in the local correction
term as in the non-local Another approach of forcing correct high-frequency behavior is to modify the
directly. Here, we argue that An’y still contains the local, not A-corrected magnetic susceptibility
Xi, in the 1/(v + w) tail. This can be fixed by introducing the correct asymptotic behavior as follows:

1+ UXW 1
- ~:ﬂw — s]w m,loc 677
Ym,q = a7 +UXIAD%W ( )
For the equation of motion, we then use:
SR =B = -U Y (20 - My ) G (6.78)
wq
1 rw rw rw rw w+v
- UY (5 (N + angT) + s - ,\N,q) Gaix (6.79)
wq
_ 1 vw Ad,w 1 vw Am,w
- _UL;:I (§’Yd,q (]- - UXd’q ) - §7m,q (1 + UXm,q )
~Aia (1+ Uxae") )Gali + U S N (6.80)
wq

In Sec. we discuss the tail correction schemes for improved summation and the correct asymp-
totic behavior in more detail, including an analysis of the validity of this approach, where the trans-
verse spin fluctuations remain local. Fig. m shows the tail behavior of the individual parts of the
non-local self-energy. The square brackets indicate which summand of the equation of motion is used,

e.g Xlxm] = § Touq (3705 xarg") Gaik and S[a] = § Toq () Galii.

Consistency Checks We occasionally replace the local Fy, vertex with Fy, for the local counter term
in the equation of motion. This can be done since Fj4 does not contribute to the asymptotic, as
demonstrated in the following. This heuristically tends to improve numerical calculations due to

—_— E[)(m]

t HHHHHTHH Tn , X
R %(1 -h-vx
=
2 Un n
5 =3)

— Z[x,

— X, v, 2

S

]

Ao ;,,;

() —e— 3N,
o~ LN

B —— i, %"

0 25 50 75 100

Figure 6.5: Example for the asymptotic behavior of different parts of the non-local self-energy.

better-conditioned summations.
The following calculations further verify that we did consider all contributing diagrams by checking
that the sum rule for the two-particle Green’s function is fulfilled.

6.3 Improved Matsubara Sums

In this section, we will derive improved summation formulas for all quantities in the DI'A variants.
We will use the asymptotic behavior of the quantities derived in Sec. to improve the numerical
value of computed limits. The central idea was already discussed in the introduction of Sec. but is
now extended to summations over two indices, and explicit formulas will be computed. Many of the
examples here, including further documentation, can be found in 4 Jupyter notebooks. Sigma_Tail
and Thermodynamics of the LadderDGA. j1 project; BSE_Asym_Demo and Bubble_Test of the BSE_Asym
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6.3 Improved Matsubara Sums

3~

Qf asym (W)

’ w.
—Xm
VYNmax ~2

wim
VNmax 3

Un

Figure 6.6: Illustration for core and asymptotic regions. The orange region has full numerical data
available. The gray region is known from asymptotic contributions, but no further data is
available. Note that the center of this region may not be at 0, depending on the quantity
and chosen sampling of the Matsubara space.

project (see also Sec. and Sec. [6.8.6]).

Fig. [6.6] illustrates how summation regions are set up, in this case for a 3 frequency object like the
full vertex (which has asymptotic contributions shown in Fig. [6.4a]). Numerical data is available in the
orange core region, while leading-order asymptotic contributions are assumed to be sufficient for the
gray region.

The following calculations involve quantities with 4 different superscripts:

core: f°™ denotes a quantity that is obtained by plain summation over the numerically available
points in a region; The frequency indices in this region are also written with this subscript.
Furthermore, we give an f or b, indicating fermionic or bosonic summations, e.g. Q¢ core(w) for
fermionic summation over a core region, which may be shifted (Sec. .
asym: f*Y™P' is the analytically obtained asymptotic contribution. Summations of asymptotic contri-
butions will sometimes be split into f***"" asymptotic contributions outside the core region) and
fre™ for remaining asymptotic contributions from inside the core region.

impr: f™P" indicates the improved expression that contains numerical and analytic tail information.

We again indicate terms that can be obtained with higher accuracy in k-space (since they do not
depend on the k-space sampling of the and related convolutions, see Sec. [6.4.2), by using the
integral symbol.

6.3.1 Bare Susceptibility

We start with the improved summation formula for the bubble term, using the asymptotic contributions
obtained in Sec. Here, we use general sum formula of the form

vrw C1,k 1S5 Clk
z(Fk Sk )ﬁzz

v n=—oo ('LVn + 'me) n ’Ll/n + zwm)l
_ l - S @Cn+7r  .(2m)w -
'ﬂl=2”"‘n§w( 5 "B )
1 & ir\ & 1 1
=El§cl’k(ﬁ) n;m(2n+1+2m)
7_[_2 —/82
= z 2562,1( sin~ (CEm)
w3 B3 cos(Tm)

Cap -
8 mp Ok sin®(zm )
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6 Numerical Details

4 4 2
+ LA Cak- (sirf4 (xm) + 7(:?5 (xm))

48 w4 sin (2., )
...
with zp, = @ This can further be simplified, using Vm € Z : sin(xm) =1 Acos(zm) =0
B B B’
_— P o 81
1 Cok + 18 C4.k 180 C6,k + (6.81)

Note, that the limit does not depend on iwy,.

The coefficients for the local (x¢) and non-local (xgq) bare bubble improved sum terms are readily
obtained from the asymptotic behavior derived above in Sec. This leads to the following improved
sum:

- [ Saiegi=- [ (Sokosi Y orosk) (6.82)

v ve
keBZ keBZ oy, core(m) Q¢ asym (M)

3 3
core,w Cj,kCl,k+q f Cj,kCl,k+q -5
= - e X L O (jw + 6.83

Xo.q f ;1; Vi (v +w)! ;1; Vi (v+w)l (|w vl ) ( )

keBZ '~ keBZ]’Q core (@)
= Xgi’ée’“’ + Xg,szm’w - Xge;n “ 10O (|w + 1/|_ ) (6.84)
with
3 3
asym,w Eq. /8 ﬂ ~ ﬂ 1- 6w0 ~ ~
Xo.4 = —d, (T + CQ,q@ teagr) - B 52 (@3 —¢2,q) (6.85)
i = - L Y ok (6.86)
Qf,corc(w)
3
rem,w _ Cj,kcl,k-%—q
Xo,q = Z ; f Vj(I/+oJ)l (687)
Qf core ew)ll‘ Bz
3]:1;11,4*1 _ glem,w _ Xge’;n,w (688)

The improved summation formula in Eq. leads for the bare susceptibility to a correct tail up
to 5th order. The necessary tail coefficients have been derived in Eq. to Eq. . We again
indicate k-space integrations that are independent of the sampling for the IDI'A quantities with an
integral sign.

The implementation of this can be found in the xg 4 constructor of the IDI'A code (see Sec. [6.8.6)
and also demonstrated in the example notebook for the asymptotic improvement code (see Sec. [6.8.6)).

6.3.2 Triangular Vertex

Next, we derive the improved summation formula for the electron-boson vertex Aq”. The IDI'A method
uses the Hedin vertex v¢“ instead, because it does not contain any susceptibilities and can therefore

be treated on a|[DMFET|level. However, it is sufficient to formulate improved summations for Ag” and

Xq and then use Eq. (I8.25)) to obtain ~v¢*. For the following calculation, the upper sign corresponds
to the charge, the lower to the magnetic channel.

’ ’
vv'w VW privaw | Valv w
Z XVV w 1 Zu’ (XO,q - Zul vo XO F’r ! XO,q ) 1
Fl==+ ¥
XO,q XO’Q
wprivaw  var'w
Zu’ (Zulug XO a Frl 2 XO,zq )
XO,q
w+r] virvaw v w+ro
:(:ZV’ (ZV1V2k1k2 (5’”’16G Gq+k1)F ( v’ V2ﬂG Gq+k2))
v (Iw+v
G Gq+k
Gl/ Gw+1/Fm/'w Gy/ w+v’
Zu’ kYq+kt'r k/’Mq+k’/ oo ) i
==+ GDGW+V :iZ(FT‘ Gk'Gq+k’)
q+k v’

m/lw w+l/' v’ w v ywrr!
—iZ( Y q+k/)iZ(FT. GkrG(ﬁk,)

’

)\l/w —

T,dq

v'e
Qcore(w) Qshen (w)
m/ w w+u’ VY w w+v
N+ Z ( GYk’ q+k') + Z (Fr abymGk’ Gq+k’)
r

Vv €
Qcore(w) Qspen (w)
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6.3 Improved Matsubara Sums

=G Y (F;”y';;,r +UNS & U) GLGey (6.89)

Qsnen(w)
-1

P )\impr,uw _— 1 F U Z G}ZiG:j:ﬁ: . ()\COre,Vw + )\asym,uw)
’

7, T,q T,q
Qshelr (w)
-1
pa (L Uxgat) (A7 + Apymre) (6.90)

Eq. (6.89) is obtained by considering Eq. (6.38) and Eq. (6.37) as well as the asymptotic regions of
Fr””’u depicted in Fig. We have also defined:

vv U2 l/—U’ U2 U—V’ v l//
Foiymm = X T T X F Xppots (6.91)
UU, U2 V—U’ 3U2 U—l/, 17 1/,
Fasyr::,d = 7Xd + TXm - Xp;,N-Hd (6.92)
asym,rvw vv'w v ~wrr’ shell,w
ARSI - S P GGt £ Ux's! (6.93)
Qshizll(w)

Note, that the )\;’,“ term does not appear in F;’;;,rﬁr This is due to the fact, that the )\‘T’,“Gﬁi g:ﬂ:
term is (i) unknown in the asymptotic region (ii) decays as O(1/v?).

The susceptibilities appearing in Eq. and Eq. are local and can be directly obtained from
the [DMET] impurity solver, see for example Sec. [6.8.3] This is a feature of the ladder approximation
that arises from the fact that the vertex is not self-consistently updated through parquet equations, as
discussed in Sec. Here a numerical parameter determines the size of the asymptotic region over
which to approximate the limit of this sum and in which the asymptotic object F:sl;l,ir is constructed
according to Fig. From our experience, values of additional 10 to 30 frequencies lead to a
convergence of the improved sum for A\ in terms of double precision accuracy.

Additional approximations can be made to a”:;,,,ﬁ,« in order to increase the numerical performance for
the evaluation of the asymptotic contributions further. Details are discussed in Sec. and example
plots are presented in the supplemental notebook BSE_SC_test.ipynb of that project.

6.3.3 Physical susceptibilities

The physical susceptibility can be obtained in a similar fashion. However, the additional summation
requires some attention to avoid double counting the dark orange regions in Fig.

w v'w vv'w vriw v vew | vav'w
Xra = 2, Xr,q ZZ X0, ~ Z Xo,q Fr Xo,q

v/ vv! viva

_ Vl/,w GV GerVFVV’wGVI GW+V’
= X0,q ~ Z kYq+kt'r k’“Tq+k’

v/ v/
core,w VVIw v w+r VV’L/J l/’ (/J+V’
=Xr,q 7T Z X0, ~ Z GrGa Iy " GG
vi'e vv'e
Qasym(w) Qasym(w)
core,w VV,LA) v w+r Vl/’w w V, W+V’
~ Xr,q + ZXO,q - Z Gqu+k (Fasym,r + U(:F]- + UXr,loc)) Gk’Gq+k’
4
€
Qasym(w)  Qasym(w)

— UyShethe D (#1+ X)) GuGaik - Uyhethe (:l:l + /\Z:Iwoc) Gl”(i :K: (6.94)
ve

0,9 0,
Qsnen (w) Qsh]:ue(w)
2

_ Xi?crle,w 4 le:ll,w 4 Xi?gml,w + U(:Fl 4 UX‘:,q) (X;{]celmw)

—2UXY I (21 + NY) GRGaly (6.95)
ve
Qsnen (w)
core,w w shell,w 2 asym,w
=Xra C+U(FL+Uxrq) (Xog ) + X4 (6.96)
impr,w shell,w 2\~1 re,w asym,w

e = (1= (UXEM)T) (e +x33™) (6.97)

Eq. again uses Fig. to collect all asymptotic contributions. Here, the A/ and Y terms
correspond to the left/right and top/bottom regions for any given w. The U(F1+ Ux} ) is the double
counting subtraction from the overlap of the horizontal and vertical A/} regions. Note, this is the
non-local susceptibility; the local contributions are contained in the F;’s’;,'rﬁr term, as before. The +U
term subtracts the double-counted background contribution in the shell region, which is already taken
into account by xiq. The factor 2 in front of the v sum in Eq. comes from the fact that
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SN =3 XT’I“’. The contribution of A\”“ in the asymptotic region with v and v/, both outside of

ED T ED
—+— improved —+— improved
—@— plain 6 | () —@-— plain
5 |
E
38 4
=
3 |
2 -
1 ks L L L L L
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Figure 6.7: Demonstration of improved summation for physical susceptibility. Orange circles show x3

directly sampled from the impurity, red crosses the improved summation with y!™P™* =

DI X‘T"”“’ and green for the plain summation. The range with nonphysical (negative)
susceptibilities is shaded.

the core region, has to be neglected (this is allowed because it decays as 1/v, as discussed before) since

we cannot obtain A,y in that region, as already mentioned in the previous section.

We have also defined:

asymq,w _ shell,w 2 v ~wrv v’ w v ~wrr

Xr.q =FU (XO,q ) - Z Gqu+kFx,r,asymGk’Gq+k’ (698)
VV,E
Qasym(‘“)
asym,w _ _ shell,w asymy ,w shell,w vw vV Wty
Xraq  =Xoq TXra -2UX0,q (il + )\qu) Gy Ggik (6.99)
ve
Qsnen (w)

Details for the numerical evaluation are, again, discussed in Sec. m
Fig. [6.7] shows the local (i.e. [ DMFT} the is used with xg'q obtained from the impurity Green’s

’
v w

function) physical susceptibility x; obtained from the generalized susceptibility x; in the magnetic
and density channel. In this case, the physical susceptibility can also be directly sampled (see Sec. m
and Sec. . This is shown with orange circles. Fig. shows the same for the non-local case,

(i.e. XZ,"qI“’ is obtained through the |BSE| from the k depended local Green’s function) as discussed for
the IDT"A method in Sec. The local susceptibility is also shown here but serves only as a reference
for the change of fluctuations due to non-local correlations.

Kinetic Energy
From the f-sum rule in Eq. (4.42)), we know that the kinetic energy can be obtained as
E) = lim (iwn)® Y X7 (6.100)
m—00 q
This energy remains on the [IDMF'T| level unless we employ the partial self-consistent method from

Sec. to explicitly replace it with the IDT'A value. We can therefore explicitly use this tail for
summations over g-summed susceptibilities, according to table [6.1}

4 > (Z ) E® 8
impr w in
Xr 2= Xra |~ 7 - = (6.101)
\5 (iwm)? 12
Importantly, the A-correction (see for example Sec. [5.4.1) does not change the tail as Taylor expan-

sion of (021:2 + C4m4 + et /\)_1 demonstrates (all susceptibilities are real in the context of this thesis
and we therefore only consider even powers). This improved summation is used, for example, in the
computation of the Pauli-Principle value for the A-correction of the magnetic channel.

110



6.3 Improved Matsubara Sums
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Figure 6.8: Demonstration of improved summation for non-local physical susceptibility. Red crosses

the improved summation with y™P™* = g x‘ﬂ;“ and green for the plain summation.
The range with nonphysical (negative) susceptibilities is shaded. Orange circles show X}
directly sampled from the impurity; for the non-local case, this purely serves as a reference

to the change due to non-local correlations.

6.3.4 Self-energy

There are three components to the correction of the self-energy term: (i) the w-sum, (ii) the local
correction term, and (iii) the asymptotic correction. Out of all improved summation formulas, the
improved summation of the self-energy (i) has the smallest impact on the numerical calculations in our
experience. In fact, the change between plain and improved summation is typically only barely resolv-
able with double precision. However, the correction term (ii) significantly depends on the summation
type. The tail correction term (iii) has already been discussed leading up to Eq. (6.108)). Here, we also
discuss potential numerical fixes to avoid a substantial change of lim,_o Xy with that term.

Sum Correction

We start with the equation of motion for the self-energy from Sec.

v v’ w+u v’ w w+u w+u
Ek_EH:UZZGk’ q+k’FN q+k—UZ)\ q+k

wq 'k’
v o ov’w w+u w+u
=-U) > GuGEF{" Gy = UZA Gaik
wq 'k’
’
v w+l/ v w wrr vw ~yw+r
= Z Z GrGai P "Gk = UZ)‘m Gaik
wq 'k’ wq
w+u
=U Z YkaGark —

We can use Eq. (6.49) to obtain the improved summation formula:

v vw v +(X Y 1
Ek*EH:ZEkq:UZE:ZEk ZS: ((7,1(:) )2H>+O(E) (6102)
vd Qcore(”% Qasym(l’)
-1
o s _ HUZ( w| VEDG +2H+0( ) (6.103)
Qasym(l’) o Qcore(l’%

This formula carries over when rewriting 3y in the usual IDT'A from:

impr,v U 12 m,w s vw Lu v
D :EH—52(—zm,q(1+UxA )+ 2470 (1-Uxgly™) = M) Galic + UZ (zw )2 (6104
wq "

Qaqym )
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Ao Correction

The [DMFT| correction term Ag'gq can be obtained again by considering the asymptotic contributions of

F*Y'“ in Fig. given in Eq. (6:37) and Eq. (6.37). We obtain:

A= S GLGE (6.105)
v'k!
v ~wrr ov’w v ~wrr vw 2 v-v 2 v
= ZGk'Gqu/FTl +ZZGkIquk/ (U(1+)\u )+U Xm -U Xpp ) (6106)
V’ kl l/, kl
Qeore () Quent ()
core,vw shell,vw vw 2 shell,vw vi-v vi-v
=Aon, +UXp Q+X7)+U Xo.q Xm .~ Xpp (6.107)
olpen ()

The calculation of the Ag’y term is done in the calc_AO_impr function of the code discussed in Sec.
In practice, the diagonal term involving the local susceptibilities was often omitted because its contri-
bution was negligible, while it has the largest performance impact for large q grids.

Self-Energy Tail Correction

Obtaining the correct tail for the self-energy is not just limited to the improved summation technique,
but also requires a correct counter term, as discussed in the previous section. At the same time, the
correct asymptotic behavior is crucial in order for the partial self-consistency method (see Sec. .
It furthermore contains the filling, which we aim to keep consistent in all other places. Therefore,
considerable effort was put into fixing this issue.

Ad-Hoc Fixes This section discusses the method of fixing the self-energy tail via an ad-hoc fix. To
this end, we use the known deviation in the IDI'A self-energy and add the difference in the 1/v tail
back in:

v U2 w w
Etc,Full =TT (Z Xf\nr,n(i - ZXm,loc) (6108)
Wn wq ")
U vw m,w vw w vw w+v
Yplain = X1 — o Z <_37m7q(1 + UXfr\l,(i ) +2+7d,q(1 - UXc)i\:i(i ) - )‘O,q) quk (6.109)
wq
Ell; = E]l;,plain + E‘lc/c,Full (6110)

This method is referred to as £Tail_Full in the codes. It can be expected that this method considerably
over-corrects low frequencies, and it does, in fact, sometimes lead to a positive imaginary part of the
self-energies at some k-points (we never observed this at the Fermi surface), as demonstrated in Fig.|6.11
where it is shown in green. If we assume that the lowest frequencies are captured correctly by the non-
tail corrected formula, we can employ a fade-in of the tail correction. In the codes, this is referred to
as LTail_ExpStep{d}. Here, we introduce a numerical parameter § that governs the transition speed
of a step function. As a measure of the proximity to the asymptotic behavior, we use the difference
between the high-frequency limit of the tail and the impurity self-energy:

2
AY = Re[Sh. - ivn] + —UQ" (1 - g) (6.111)

.y AY 2 y
Etc,ExpStep = exp (_ ( S )E ) ZtC,Full (6.112)
EIVC = E1’:,1313Lin + E':Vc,ExpStep (6113)

This method is shown for different values of § for two different fillings n in Fig. The 6 parameter
interpolates between the full (6 — c0) and plain (§ = 0) corrections and governs how fast the tail correc-
tion is switched on, proportional to the distance between the impurity self-energy and the asymptotic
tail. While the imaginary part of the self-energy is negative, contrary to the example shown for the
full correction method, we can now observe problematic behavior in the intermediate regime. Here, the
self-energy exhibits an unusual behavior when the slope changes. While this may seem certainly more
acceptable than the previous attempt, we now have a numerical parameter that can have a substantial
influence on the potential energy. The potential can depend on the choice of ¢, and the difference in
potential energies on the one and two-particle levels may lead to different solutions for the Aq param-
eter (even be accompanied by a sign change in Aq). This is demonstrated in Fig. Note that the
solution range is not arbitrary because any root for the potential energy condition must fall between
that of the £Tail_Full and the £Tail_Plain method. We furthermore stress that the role of the \gq
parameter is that of renormalization for the susceptibilities. For a detailed analysis of the influence of
the tail correction schemes, see Sec.

While the potentially non-causal self-energies and parameter-dependent Aq solutions are problematic,
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Figure 6.9: Comparison between different exponential step parameters § for self-energies at two different
fillings. Data is shown for the first tail coefficient 1/v at k = (0,0), for the 2 dimensional
cubic lattice (see Sec.[7.2) at § =20, U = 2.

the parameter range in which they can occur is exotic. Specifically, very large corrections to the den-
sity channel due to non-local correlations and substantial doping are required to observe this behavior
combined with insufficient k-space sampling. The roots for the fade-in method are also typically unique
since the left side of curves, such as the green one shown in Fig. [6.16] can be excluded for different
reasons as will be discussed in the root-finding section Sec. @ This can be done by iteratively
searching for condition curves with increasing ¢§, such as shown in Fig. until a unique solution is
obtained. As demonstrated in the right panel of that figure, even in numerically unstable cases such
as these, the solution does not change qualitatively.

Giving up on the Pauli Principle Instead of using the A, value to restore two-particle consistency for
the density and thereby fixing the Pauli principle, one can also use the A, parameter to fix the tail
explicitly, as done in the first publication of the A corrected 1DI"A method .

Using the knowledge of the [EoM] tail, we can achieve the corrected tail in a closed form by requiring,
similar to the dual boson self-consistency condition , which is fixed by computing the appropriate
Am:

U Vi w w+r
2—2H=_52(—37m,q(1+UX “)+ 24955 (1- UXQSY) - M) Galk (6.114)
wq
v U w de 2n n
2 _ 2 _ m,wW _ —(1 == 1
szq( U - Uxay”) - U5 (1= ) (6.115)

! ¥ w
= Z X = ( (1 - 5) =2 Xd' ) (6.116)
wq

Where )] is an external parameter, as usual, and we used the asymptotic behavior of lambda and that
g AoaGaile ~ U?n(1- 5). Here, we call this tail correction scheme ZTail_A, (or just tail, e.g. in
Fig.|5.11] - Eq. (6.116]) is the condition used to determine Am

This method has not been used in practice for three reasons: (i ) The central idea of this thesis to restore
thermodynamical consistency stands opposed to the emphasis on microscopic features (such as the high-
frequency tail) of this tail correction scheme; (ii) The results tend to produce unacceptable levels of
causality violation of the self-energy or otherwise nonphysical solutions such as extreme suppression
or enhancement of the susceptibilities, see Fig. thereby not even improving spectral properties;
(iii) The A values and consequently the thermodynamical properties obtained from this method tend
to follow the equation of motion scheme (discussed below) closely.

Modified EOM The modified version of the equation of motion has already been discussed in Eq. (6.80]).
Here, we want to discuss some numerical properties. Fig. and Fig. show self-energies and the
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Figure 6.10: Comparison between different tail correction schemes for the self-energy. Data is shown for
the first tail coefficient 1/v at k = (0,0), for the 2 dimensional cubic lattice (see Sec. at
B8 =20, U =2. A\q =150 has been chosen deliberately large to demonstrate the differences
in schemes. The value fulfilling the potential energy condition is on the order of A\g ~ —1
and would show almost no visual difference between the schemes.

first tail coefficient for this modified equation of motion in blue, using the removal of the A-corrected
susceptibility from a portion of the magnetic channel:

~Vw vw 1+ Uxfn,loc
Ym,q = VmaT 7 oo
4 L+ Uy

m,q

(6.117)

vw
= )\m,DMFT,q

The orange line shows a slightly modified version, where instead 4,4 is calculated by using the g-

integrated non-local susceptibility instead.

vw vw 1+ UX; loc
Fmq = Mma o o 6.118
4 N+ U D g (6.118)

In Fig. we observe that this scheme is the only one that tends to move the solution closer to
the local one (shown with dark yellow triangles). This does not necessarily translate to the predicted
values of the A-parameters, as demonstrated in Fig. where the \q is greater in magnitude than
for the other correction schemes. This version of tail corrections has been observed to be the most
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(a) Electron density n = 1. z-axis is over the (b) Electron density n ~ 0.83. z-axis is over the
fermionic Matsubara index n fermionic Matsubara index n

Figure 6.11: Comparison between different tail correction schemes for the self-energy. Data is shown at
k = (0,0), for the 2 dimensional cubic lattice (see Sec. at =20,U =2. \g = -1 was
set externally since the potential energy conditions do not agree between tail correction
methods. In fact, the plain and full tail correction produce non-causal self-energies for

n ~ 0.83. See also Fig. [6.12
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stable, with no positive imaginary parts of the self-energy or unstable solutions for the potential energy
condition in any lattice type. Fig. demonstrates that the equation of motion correction keeps a
causal self-energy over large ranges of Aa. We can often restrict the range of admissible A\gq to cases
with causal self-energies, as will be discussed in Sec.
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Figure 6.12: Im Eﬁfﬁg}ax with kmax being the k vector that maximizes the imaginary part of the self-
energy. Data is shown for different tail-correction methods, for the 2D simple cubic, U = 2,
B =20 (see Sec. , The magnetic A-correction for each A\q value has been done before
obtaining a self-energy.

The full self-energy in this modified equation of motion approach reads:

U rw m,Ww rw w rw w rw W+
EEoM - EH = 5 Z (_’Vm,q(l + Uxfr\l,c; ) - 27m,q(1 + UXm,loc) +2+ Wd,q(l - ngfic; ) - AO,q) quk
(6.119)

wq

Validity of the EoM approach and alternatives

By breaking the symmetry between the magnetic channels, we violate not only this symmetry but
also a core assumption that the spin fluctuations must be renormalized close to phase transitions
because their non-local components are not treated within [DM_FTl However, even in two dimensions
at relatively low temperatures and away from half-filling, where as a mean-field theory will
certainly produce inaccurate results, including spurious phase transitions that violate the Mermin-
Wagner theorem Sec. the thermodynamic properties do not change qualitatively between the
different tail-correction approaches, except the modified EoM approach. We demonstrate this, for
example, in Fig. [6.16] This again shows that two-particle consistencies (such as the fulfillment of local
sum rules for the density in the self-energy tail, discussed in Sec. and thermodynamic consistencies
(as discussed in Sec. are, in large parts, independent of each other in this approximate theory. One
has to decide which questions a (necessarily approximate many-body) theory one wants to answer in
order to make a decision on which consistencies to violate or preserve.

We focus on thermodynamic consistencies and thereby expect quantities derived from these to be more
precisely captured in the IDI"A theory. However, if one wants to obtain spectral properties, such as the
retarded self-energy via analytic continuation, one has to give up on some properties that may stabilize
thermodynamical calculations. This is clearly illustrated by the problem of choosing a suitable tail-
correction scheme. Here, one could also choose to give up on the Pauli principle and instead obtain
A\ parameters that explicitly retain the correct tail behavior, as done in the first publication of the
IDI"A method . As argued in Sec. the conservation of the particle number is closely connected
to thermodynamic consistencies, and therefore we find this approach to be less desirable. Moreover,
in the case of our investigations in Sec. the differences in the tail-correction schemes are so minor
that we neglected them altogether (in the three-dimensional case they all roughly coincide). There is
another significant downside to the applicability of this tail-correction scheme discussed in Sec.
as it may not be able to fully capture the momentum differentiation in cuprates. This demonstrates
that for any investigation involving spectral properties, one must carefully argue which form of the
self-energy is deemed appropriate and for what reason.

6.3.5 Energies

The potential and kinetic energies obtained from the one-particle level can also be computed using
improved summation formulas. The two-particle summations use the high-frequency tail of the suscep-
tibilities discussed in the last section.
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Potential Energy

The 1-particle potential energy is obtained via the Galitskii-Migdal formula.

EW =fZG§2§ (6.120)

pot

keBZ Y

The corrections terms rely on the high-frequency expansion of the Green’s function (Eq. [6.28) and
self-energy (Eq.[6.64). We also disregard the 1/v® term, as it is asymmetric over a symmetric interval
and therefore 0. Furthermore, we use Y., % = %

E(l),asympt: 1 %7“+Ek + (?_M)2+U272L(1_g)+€i+25k([]2n_u):|

—+
pot v 1/2 7/4

.[WW’%(l-Z)]w(l)

2 v vt
with
P = L;" (6.121)
cS:U%(k%%%(%ukfp)

Carrying out the sums over the asymptotic contributions analytically, analogously to Sec. we
obtain the following coefficients. Because the third tail coefficient of the potential energy is unknown,
the coefficient é4 is incomplete and we only use ¢o and ca.

& by o1 -8 B
%[7*?+7 AR rET AR (6122
~ Un
G-
Un|Un
g e
2 2 2) " 2 | 2 el

N Un 2 n n Un n n
CZ:[(Q_M) *U22(1‘2)+f€i+2(2‘”)fﬁk]'[wz(l‘z)]
keBZ keBZ

The resulting improved summation formula is then

1),impr R4 C2 k ~ 1 ~ /8
BT =30 (GkEk SOSE ) +ey -y (6.123)
Deone () "

Kinetic Energy

The 1-particle kinetic energy is given by the usual improved summation formula for the single-particle
Green’s function with the coefficients given in Sec.|6.2.0.1] Note that, as for the potential energy above,

3
> (m) =0 and we therefore only need to take the first two coefficients into account.

impr 1 C2 k 1 - /8
E(l)v pr _ v_ _ > — — 124
kin ; > (eka o)L~ (i )2 ) Tty (6.124)
Qeore (&)
6.3.6 Filling
We use the Hurwitz ¢ function, as in Eq. (6.12)):
2 N2l 2( B8 \? 1 8 1
z =2 () e N-2)=-¢(2N-= 12
B & (ivn)? 6(2m‘) C@N-3)=-55@N-3) (6.125)

Again, we only need to consider the two first tail coefficients, because the third tail coefficient does not
contribute because of the symmetric sum over an antisymmetric function):

32 0k= % Gi+ ¥ GR
k,v

k,Qcore k,Qasym
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Fig. demonstrates the convergence behavior of the plain summation over Matsubara frequencies
against the analytically computed one. In Fig. [6.13b) m the convergence of plain (green) and improved
(orange) summation for the electron density is plotted against the number of summands (Ngyt). This
is done for the impurity Green’s function for which the exact result can be obtained directly.

6.4 Symmetry Reductions and Convolutions

We have already discussed symmetries of two-particle Green’s functions in Chapter [2] which were also
derived in detail for the full vertex FW “ and the generalized susceptibilities X””’“’ in [205]. Fig.
demonstrates some of these visually. In addition, there are also the well-known lattice symmetries that
are present in the non-local quantities. In this section, we will discuss how these can be exploited in
order to reduce the system memory demands and runtime of the IDI"A algorithms. We will discuss the
general setup; some additional details can be found in the description or the SymmetryClasses and
TightBinding codes in Sec. and their documentation. By symmetries in the context of this section,
we also include relationships that are trivial to compute, such as f(z) = - f*(-x).

6.4.1 Algorithm for Minimal Sampling

The following algorithm is implemented in the EquivalenceClassesConstructor. j1 Julia package (see
also Sec. and is used for Matsubara grids and k-space sampling.

It requires a sampling space (e.g., a list of 3-tuples with Matsubara indices or a list of k-vectors) and a
list of relationships, for example, £(x) = [-£(-x),£"(x + 3)]. Furthermore, a list of operation identifiers
can be given, for example, here [1,2] El The algorithm then constructs a forest of trees with all sam-
pling points being nodes, connected by labeled edges for each relationship. This is done by setting up
two parent arrays (the code uses hash maps to avoid constructing an additional list that maps between
the node index and content, requiring the user to specify the vertices in a compressed format for very
large inputs; see Sec. [6.8.2)). The parent array contains at the index i, the child index of the node
with index i. The parent_edge hash map does the same for the operation that leads from the child
to the parent. Furthermore, a hash map of open (not checked) vertices and a stack of next-to-check
vertices are defined. The parent arrays are initialized with each vertex being its own parent (i.e. the

3There is a version of the code available that operates on a set of predicates and constructs an adjacency matrix. This
version is not used for the IDI'"A method and will not be discussed here.
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graph initially consists of a forest of a forest with trees of size 1).

Then, each node in the sampling space is checked in an outer
loop if it is marked open (with the corresponding index in the

0
open list set to false). The node is first pushed to the search .—2
stack. Then the current search stack is iteratively treated as 7
follows: One element el is removed. If it is marked open, then .

all neighbors ne are obtained from f(«). If the neighbor is con-

tained in the sample space and marked open, it is pushed to °©

the current search stack, and the parent arrays are marked with \
parent [el]=ne. The parent arrays are then returned. Fig.[6.14]

2
shows a representation of the graph for our example from be- 15.‘2 .
fore. This representation is not unique, as it depends on the ‘ .gl
ordering of the lists of nodes. 2

This graph can now be used to determine the minimal set re- .
quired and the mapping from the minimal set back to the full 1'.

sampling set. This is done by iterating through the parent ar-

ray and picking out all root nodes as class representatives. In  Figure 6.14: Example for symmetry
our example above we obtain -5 and -3. The reconstruction of classes graph.

the full grid is then later possible by iterating through all nodes

of the sampling space and following the parent array values up

the tree (tracking the operations here is crucial) until a computed value is found. This must be the
case at least for the root node; the unknown elements along the path are then obtained recursively; see

also Sec. [6.8.71

Matsubara Grids and Lattice Symmetries The algorithm above is used in two places for the IDT'A re-
sults: Generation of (i) Matsubara frequency grids (ii) k/q sampling for the first Brillouin zone. Case
(i) is completely detached from the actual runtime but only required as a postprocessing for the
solution. We exclusively used [ED] for the two-particle Green’s function since the noisy [CTQMC]| data
is less suitable for method development and requires significantly more compute time. This means a
self-consistent impurity Green’s function is obtained (possibly with a different impurity solver such as
from which the Anderson bath parameters ¢ and V; are fitted (see Sec. . These can
then be used to obtain a two-particle Green’s function from the Lehmann representation with a set
of frequency triples. Because these terms are independent between frequencies (see, for example, in
the one-particle case in Eq. (6.160])), it is sufficient to pre-generate a minimal frequency grid accord-
ing to the symmetries in Table. 2.2], perform the summation of all energy eigenstates and then
restore the full vertex. There is no performance benefit in using the reduced frequency grid in the
IDI"'A method. This method is dominated by the impact of the k-space sampling, and repeated reduc-
tion and expansion in the frequency space does not yield a performance benefit. This is particularly
important close to a phase transition, where the k-space resolution becomes the limiting factor.

The reduction of the k-sampling is done in the tight-binding module (see Sec. . Some lattice
types have hard-coded reduction and expansion algorithms, but the option to implement new ones
rapidly is aided by this module. Here, the reduction and expansion are crucial for the performance of
the IDT'A method. Specifically, the convolutions and cross-correlations, which have been implemented
using the [Fast Fourier Transform (FFT)| require the expansion to the full sample space, as we will
discuss next.

6.4.2 Convolutions

There are two places in the [DI'A] algorithm where we encounter sums of the following type:

hohop i = 2, KaGaik (6.131)
q
Xosq: Kq=Gq, (6.132)
Sh: Kq= Y e NS - (6.133)
re{d,m}

Where K refers to the g-sampled quantity at some externally fixed frequency indices. The two occur-
rences are the calculations of the bare susceptibility xg% and the non-local self-energy Xi.. Especially
the second quantity requires a fast algorithm since it typically has to be computed many times to
obtain a solution for the Aq parameter. Here, every step of the Newton algorithm requires at least 3
evaluations (one for the value of the function, two for an estimator of the derivative) of the self-energy.
The self-energy requires N, x N,, convolutions of k-sampled quantities. This number is typically around
100,000. If the partial self-consistent method is used, this is further multiplied by the number of self-
consistent iterations.

The bare susceptibility is only calculated once for the setup discussed in this thesis, but the code does
allow for a fully self-consistent IDI"A cycle as described for a much more generic setting in . Here,
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the fast computation of this quantity is crucially important. For these reasons, we employ the convo-
lution theorem to reduce the runtime for the computation of Eq. for Nx k-points, from (’)(Nﬁ)
to O(Nklog(Nk)).

We define the operations for convolution and cross-correlation as follows:

Conv [K, G]Z = ZKjGifj (6.134)
J

CrossC[K,G], = Y. K;Giy; (6.135)
J

The convolution theorem then allows us to rewrite these as the element-wise multiplication of the
Fourier transform of f and g and subsequent inverse Fourier transformation F~.

Conv [K,G]=F " (F[K]-F[G]) (6.136)

We can map the cross-correlation to the convolution within O(Ny) by including 2 reverse operations,
denoted with a R superscript below. This reverses the N dimensional array along each dimension,
ie. G®(ky,ky,...) to g(~ks, —ky,...).

R

R
CrossC [K,G], = Y KuGqux = (Z KkG,q+k) = (Z K. Gg&k) (6.137)
k k k

= (Conv [K.GM] )" (6.138)

Even though we are in principle dealing with a continuous function over k-space, the application of the
fast Fourier algorithm requires a discrete and evenly spaced (see discussion regarding sampling below)
sampling. This is, as usual, emphasized by using sums over k-space. The discrete Fourier operation is
then defined as follows in our context (N; is the number of k-points in each dimension):

Ni=1 on Niz2 oy
Fla]= > e M > e Ny (6.139)
K ks

For the computation of convolutions, we employ provided by the FFTW3 packageﬂ The algorithm
design and properties are very thoroughly explained in the publication of the lead developers [72]. We
will therefore skip an explanation here, but instead comment on some points that are important to the
implementation within the IDI"A method.

Expansion to Full Grid and Sampling As discussed in the beginning of this section, the symmetries
of the lattice can be used to reduce memory and computational costs. All quantities in q space only
need to be computed and stored over the minimal set. The [FFT|implementation requires the data fully
expanded and pre/post-processed. This is accomplished by the tight-binding module described further
in Sec. The important concepts here are (i) buffers for the repeated expansion, reverse, and
multiplication operationﬂ and (ii) index maps for reduction and expansion. The buffers are essential
because millions of convolutions are computed in a single IDI"A run, while the index maps provide fast
copying between reduced and expanded forms of the data.

Specifically, at low temperatures and close to phase transitions, one would prefer a k-sampling with
an adaptive mesh that centers around the dominant q-vector at which the susceptibility becomes
spiked. However, while there are non-equidistant [FF'T] algorithms available, they do typically require
approximations and are far less straightforward to use. Consider, for example, the sum over Gi.iq
in Eq. . In case of an arbitrary (or even just different) sampling of k and q, the sum or
difference between both would certainly fall on values that have not been calculated. This would
require interpolations for these values, and we, therefore, use equal spacing in all k-grids.

6.5 IDI'A Details

This section describes necessary algorithms that are specific to the IDI"’A method. The general structure
and characteristics of the code used to produce the results for this thesis are outlined in Sec. m
Here, we discuss the most important numerical algorithms of the method.

6.5.1 Root finding

The )\ parameters and their role have been extensively discussed in this thesis. Their algorithmic
determination using a root-finding algorithm, such as Newton’s method, will be substantiated here.

4speciﬁcally the Julia frontend, FFTW. j1.

5In addition, the result fromrequires a circshift operation to recenter the data, in our case, so the q = 0 vector
is at the expected index. This reordering of the output is a somewhat sparsely documented but very prevalent
property of many implementations ofm algorithms.
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The IDT"A method requires some considerations with regard to these algorithms due to (i) divergences
and physically admissible solution ranges, (ii) uniqueness of the solution, and (iii) variation in the
numerical cost of a function call. These have to be considered in detail because the correction in the
density channel is either impossible numerically (when the divergences and non-uniqueness are not
treated properly) or dominates the total runtime by an order of magnitude when obtained without
choosing a suitable algorithm. The second issue then excludes the partial self-consistency from being
numerically feasible.

The X parameters in the IDI"A method are obtained by finding roots to the corresponding two equations
for the Pauli principle and the potential energy. There are 3 functions for which we need to determine
a root for Am, Aq and pu:

1
fa ) = 5 ¥ (% ) - 5 (1-5) (6.140)
wq
1 2 A
Jm ) = 5 2 (05" - U - g DGR (6.141)
wq v
SN = () < 5 v+ e ) (6142)
vk

These must be solved in the following hierarchical structure:

1. A fixes the Pauli principle and must be determined first to obtain a well-defined potential energy
and filling.

2. u determines the filling and needs to be adjusted when computing the Green’s function.

3. Ad, just as Am, requires specific attention with regard to the smallest value Aq,min, since there
are divergencies for smaller values. The admissible interval may depend on the value of u, as
discussed in the next section. Note that we used the previously discussed improved summation
for the electron density, making the last equation in Eq. approximate

A simultaneous determination including An is impossible because the algorithm would pick pairs (or
triples) of values that do not lead to physical self-energies and routinely lead to infinities, causing
the algorithm to crash. g and Aq could be determined simultaneously, but our tests have shown that
the performance gain from this change is negligible in exchange for significantly deteriorated stability.
The reason is vastly different requirements for the root-finding algorithm for both cases, which we will
discuss next.

Eq. is well-behaved, without divergencies, and the derivative is accessible analytically and
through automatic diﬁerentiatioﬂ A call to this function is numerically as expensive as Eq.
(see discussion below). It is also strictly monotonic in a reasonable range around the initial guess and
changes little from the chemical potential of further increasing performance. We will discuss

suitable algorithms below in Sec. after investigating the properties of Eq. (6.140) and Eq. (6.141]).

6.5.2 Divergencies and Minimal Values

Next, we discuss the admissible range of A\ parameters and our choice of algorithm to guarantee a
solution in that interval. As also discussed in Sec. only the largest root of Eq. (6.140) and
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Figure 6.15: Conditions for minimal A values.

Eq. (6.141)) guarantees positivity of the susceptibilities according to Eq. (4.47).

8 Automatic differentiation replaces the argument, in this case p with a dual-type, that traces f(x) as well as £'(x)
through the full function, thereby almost completely eliminating the computational overhead of computing the
derivative while also yielding exact results.
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Both Eq. and Eq. have divergences at i = _Xc)i\:j(iw and i = —X?n",“dw according to
this definition. The largest divergence (in A,) can be determined in the following way. We want to
renormalize the susceptibility at the classical frequency w = 0, at which the susceptibility will diverge
towards the phase transition and become negative below it, then approaching 0 from belowﬂ therefore,
we only need to consider the q index. The Nq divergences in Eq. are at the points A\q = —X%O,
Ta

the largest of which (called A, min) guarantees the positivity of X?,"gq‘“’:

)\r,min = 7min|: })0 ] (6143)
a | Xr,q

As is also discussed in more detail in Chapter 2.4], differentiation of Eq. with respect to
A demonstrates that fm () is strictly monotonically decreasing and therefore has exactly one root in
the admissible region. Note that the form of Eq. needs to renormalize the largest positive, but
crucially, also all negative susceptibilities. Those are present when the phase transition has
already been crossed. It is clear that this form guarantees exactly the desired behavior.

Fig. shows the divergences of Xﬁff‘d‘”o. This range marks the lower bound of both Eq. .
There is another constraint we typically want to enforce: the causality of the self-energy. As demon-
strated in Fig. for some datasets and tail-correction schemes, it is necessary to restrict further the
value A\gmin. This is done by also imposing a causality constraint on the self-energy. The comparison
for the two different schemes of determining A, min is demonstrated in Fig. Especially in the
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Figure 6.16: EW _ B® ¢ different tail-correction methods. Data for 2D simple cubic, U =2, 8 = 20,

pot pot

n ~ 0.83 (see Sec. .

left panel of Fig. for the plain correction scheme, we see that a typical dataset can produce a
very noisy condition curve. Details are discussed in the next paragraph. We observe that the EoM tail
correction scheme almost always succeeds in doing so, even in otherwise numerically unstable cases. In
Sec. we have demonstrated that this does not impact thermodynamical properties severely. Refined
(typically extremely numerically costly) computations for the input can, therefore, often be avoided.

Potential Energy Term Eq. exhibits the same divergencies as Eq. , but the right-hand
side (for Am it is n(1 —n/2)) is no longer constant, but self-consistently dependent on the left-hand
side. Monotonicity and even divergencies from the previous consideration can be different, depending
on the choice of tail correction for the self-energy. This is demonstrated in Fig. for a particularly
badly behaved parameter set. Here, the DM_F"Tl vertex was obtained with very aggressive numerical
cutoff parameters in the energy differences of the Lehmann representation, and a small number of k
and q points was chosen to illustrate potential problems with this condition. For many temperatures,
it is not feasible to calculate the vertex or Brillouin zone sampling any better, but one can still find
suitable algorithms to stabilize a solution.

We employ two different schemes: For the full and EoM tail correction (see Sec. , Ar,min Can
be obtained as for Eq. (6.140). Here, the stability of the causality condition for the self-energy (see
Fig. and discussion) leads to a stable single-particle potential energy over a wide (or even full)
spectrum of the A\q parameter. The ExpStep method, however, can show singularities of the right-hand
side (GAZA) in extreme parameter ranges. Specifically, this happens when the self-energy violates the
causality condition and the calculation of the Green’s function from Dyson’s equation diverges:

B =3 [ivn +p- e EQ’”]_I s
vk

= Ad,min, Epor > Adymin3In 1 i0n + p — € ¥ S (6.144)

This clearly depends on the self-energy at the lowest Matsubara frequency Ef;’wo, which is the first to
become positive. We can therefore check this condition to obtain a larger Aq,min and avoid divergencies
in the search range.

71/)(:% (T) ~T - Tc around the phase transition for mean-field theories such as[DMFT)
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Of course, one should instead try to obtain a vertex with less numerical instability on a larger fre-
quency grid to avoid unphysical (i.e., non-causal) self-energies. However, for many questions, we are
not interested in the spectral properties but in thermodynamic ones. These do not involve self-energy
directly but instead are derived quantities governed by normalized susceptibilities. Even for this de-
liberately problematic input vertex, we observe little change in the difference between the obtained
renormalization parameters A,, which determine the thermodynamical observables.

Time per Call The last point that separates the three condition equations is the time per function
call and the availability of a derivative. This plays a crucial role in the selection of a good algorithm, as
one typically has to trade off the order of the method (higher order means faster convergence) against
the number of calls to the function. Eq. is just a sum over an array and the derivative can be
determined analytically. The runtime for the function is negligible, and therefore, high-order methods
are a natural choice. We will discuss this below.

Eq. still possesses an analytic derivative in p and has no significant runtime. Here, however,
two circumstances make those methods less appealing: (i) memory allocations for the computation of
the Green’s function from the self-energy (and potentially also the derivative), (ii) a very precise initial
guess is available. The chemical potential does not change much from to IDI'A or between
self-consistency cycles of the partially self-consistent IDI'"A method. Therefore, even the lowest-order
derivative-free methods converge very quickly.

Condition Eq. is different from the last two in that a function call can take many core hours (in
the case of the partially self-consistent method). To complicate matters, we do not have access to the
derivative of the functiorﬂ which excludes many algorithms. Together with the problematic behavior
in many parts, due to divergencies or nonmonotonicity, this condition requires the most attention.
We will next discuss which algorithms have been tested, are available in the code, and have proven
successful for all three conditions.

6.5.3 Root finding Algorithms

The very different requirements for the equations above require us to pick an algorithm based on
very specific details. However, at least the asymptotic efficiency is one generic measure that is often
employed and useful in our context. As a definition of asymptotic efficiency, we follow [296] where it is
defined through the order of convergence ¢ and the number of required function calls r:

eff = ¢/ (6.145)

With r being the number of function calls and the order of convergence ¢, which is defined for a
sequence (Zn)nen With limit 2 and rate of convergence p as:

|m(n+1) _ IL’*|
M e e A (6.146)

Newtons Method

Probably the best-known method for determining the root of a nonlinear equation is Newton’s method.
It constructs the solution by iteratively moving closer to the root from an initial guess x¢ with steps
that are obtained from the value of the function at that point divided by the slope.

f'r(xn+1)
f'r’“(InJrl)

Tn+l = Tn+l —

(6.147)

One can see that direction and step length scale as desired by considering all 4 possible cases (f 20

and f’ < 0). More generally, the class of Householder methods of order p [105, Chapter 4.2] is given by:

(/)P ()
(/)™ (2n) (6:148)

This recovers Newton’s and Halley’s method for p = 1 and p = 2 and has an order of convergence of
p+ 1, from which we follow an asymptotic efficiency of pl/;7 [105, Chapter 4.2]. Increasing orders p
improve the asymptotic efficiency but also require higher-order derivatives, which, even if these are
available, can also decrease numerical stability and lead to more function calls (note the chain rule in
Eq. , which generates the additional terms). The efficiencies for Newton and Halley’s method
are then effyewon = 2/% » 1.41 and 3'/° = 1.44.

This class of methods is well suited with high order for Eq. where little numerical instability
is expected and lower orders for Eq. which may exhibit some instability. For the latter, we

Tn+1 = Tn+1 — (P+1)

8 Automatic differentiation is tough to impossible to implement because one cannot easily build automatic differentia-
tion on top of the existingimplementation, which is required for the evaluation of the equation of motion with
each A\q step. This means that each evaluation of a derivative requires at least 2 function evaluations to obtain an
approximation of the derivative.
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have already arrived at our choice of algorithm. However, the previously discussed divergencies of
Eq. (6.141) require a modification to avoid jumping to a solution with Am < Am, min-

Bisection and Regula Falsi

Following Eq. , we want to restrict our search to the open interval of the largest root (Amin, o0).
This can be achieved directly by the so-called bracketing algorithms. These typically have a lower order
of convergence but have a guaranteed search interval. Moreover, some of them require only a single
function call per iteration, making them especially well-suited for condition Eq. (6.141).

We first set up an interval [Armin, Ar,max], choosing some arbitrary A;max. In case the interval is
non-bracketing, i.e. f(Armin) and f(Ar,max) have the same sign, the Ay max is increased.

The most straightforward bracketing method is the bisection method. Here, one divides the initial
interval in half, evaluates the function at that point, and then continues recursively with the interval
that fulfills the bracketing condition. With an order of ¢ = 1 and a number of function calls » = 1 we
have eff = 1 for this method.

The bracketing method that turned out to be the best suited for our purpose is the regula falsi or
false position method. It is with certainty the oldest method for finding roots to non-linear equations,
predating the formalization of algebra, as it has been described in problem 26 on the Rhind Papyrus
1550 BC [127} p. 15]. For a bracket [a,b], the estimation of the root is given by

f(®) - f(a)
which can then be improved by bisection. The order of this method is ¢ = v/2 improving the asymptotic
1

efficiency over the bisection method to effrr = V2" =v/2. The real-world performance can further be
improved using different weights for the function calls |74 Table 1]. We found that the Anderson-Bjorck
algorithm [§] works particularly well for our problem, with typically fewer than 15 function calls. This
makes the regular falsi the optimal candidate for Eq. , especially for the partially self-consistent
case.

Variable Transform and Reset

Instead of bracketing algorithms, there are also two modifications to Newton’s method that enforce
the correct root of Eq. . These are advantageous for Eq. , where the function call is
relatively cheap and the derivative is available. The one we typically refer to as NewtonTransform is
based on a transformation that has been studied for secular equations [168, [169], where the variable is
transformed so that convergence to the correct root is guaranteed, often with increased performance.
In order to achieve that, we introduce a transformation function g with the following properties (this
is according to [168|, where also the rate of convergence, admissible transformations, and their effect
have been discussed):

Jim g(2) = Amin,  lim g() = oo (6.150)
Vz:g'(z)#0 (6.151)
Vz:g"(x)<0 (6.152)
A natural choice is
9(2) = Amin + vV, () = % 9" (z) = —%%/2 (6.153)

Since the root can become complex in cases of numerical unstable solutions, we also often employ
g(x) = Amin + x% Newton’s method can still be applied directly on f(g(x)), keeping the chain rule in
mind:

__ fl@)
f'(g9(x))-g'(x) (6.154)

Note that the root of f is then given as g(z*) with z* determined as a fixed point of the Newton
iteration of Eq. .

This has by far the fastest rate of convergence in our performance testing but does require additional
function calls. Therefore, it is typically used for Eq. . Table shows that there is little
difference between some bracketing methods and the transformation method. However, empirically, it
performs better over a wide range of datasets.

Another method that has been developed for a previous variant of the IDI'A implementation, we will
call NewtonReset [206]. Here, in each Newton iteration, one checks if A\; < A min and, if so, instead
reverts to a bracketing method. This has a slower convergence rate than NewtonTransform but typically
requires fewer function calls. Table gives a comparison for slow function calls, such as Eq. .
Here, we can immediately notice that the total runtime is completely dominated by the number of
function calls. The Newton methods could outperform bracketing methods but require at least two
additional function calls for each step because the derivative is not available analytically or through

Tn+l = Tn
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Method Time (ms) Function Calls Method Time (s) Function Calls
A42 151 12 Bisection 4.09 33
NewtonReset 103 24 AlefeldPotraShi 2.53 20
Bisection 101 32 Ridders 2.25 18
AlefeldPotraShi 36.5 11 NewtonTransform 2.17 18
ITP 34.2 19 Brent 2.15 17
Ridders 32.0 14 Chandrapatla 2.14 17
Brent 31.3 9 A42 2.12 17
FalsePosition 27.2 7 NewtonReset 1.89 15
Chandrapatla 25.0 12 ITP 1.88 15
NewtonTransform 24.0 10 FalsePosition 1.16 9
Table 6.2: Comparison of methods by exe- Table 6.3: Comparison of methods by exe-
cution time and number of func- cution time and number of func-
tion calls for an intermediate size tion calls for an intermediate size
dataset. Methods implemented dataset. Data for A4 correc-
in [254] and [275]. Data for An cor- tion. Methods implemented in [254]
rection. Compared to the Aq cor- and [275). The time serves (i) as
rection we observe that higher order a reference for the order magni-
methods with more function calls tude for the A\g-correction with a k-
can outperform lower order meth- sampling of 400 points on a 300°
ods. The time is given to provide Matsubara frequency grid and (ii)
an intuition on the performance im- as a relative comparison between
pact of the root finding step. methods.

automatic differentiation, as discussed before.

Future extensions of the method may want to adopt more sophisticated bracketing methods for the
Halley and Newton methods, presented in [4]. The algorithms presented here are sufficient to make the
A corrections (including the partially self-consistent version) negligible in computational costs compared
to the inversions involved in the solution for the

6.5.4 Implementation Details and Usable Ranges

We will present some auxiliary considerations that are necessary for the IDI'A method to work properly;
more details can be found in the documentation for the code [254].

Handling of Improved Summations

All data shown in this thesis is computed for shifted and reduced Matsubara grids. How these can be
obtained is discussed in Sec. Sec. and the appendix of Sec. After reading the input, a
helper struct is initialized by the code described in Sec. This deals with all quantities involved
in improved summation formulas and keeps asymptotic quantities and caches (used, for example, in the
improvement of Ag%) allocated. The summations of k and frequency axis are then carried out using
specialized functions that take the high-frequency expansion into account automatically.

Usable Ranges

In order to exclude data from insufficiently sized fermionic Matsubara grids and allow computations
without improved summations, we also compute usable intervals of iw,, frequencies for physical suscep-
tibilities. This interval is defined in such a way that ¥, X7 q is positive and monotonically decreasing
from iwo (see also Fig. . The frequency range is then adjusted internally to a suitable range to avoid
unphysical cancellations in the equation of motion. Note that this algorithm must take the divergence
(and subsequently negative) susceptibility at second-order phase transitions at wo into account and not
treat these negative values as the end of the usable w,, range.

The computation of the @ presents another pitfall regarding the frequency ranges. The previously
discussed shift in the fermionic Matsubara frequencies leads to a v dependence of the w range. Specif-
ically for v > Vmax/2 we have less w frequencies available than below. This has a noticeable effect on
the tail behavior, which then starts to deviate from the asymptotic behavior. We solve this issue by
defining a cutoff v-frequency that is set to wy, /2 for shifted grids. Starting from that point, we use
the local tail of the impurity self-energy. The partially self-consistent IDI"A method requires repeated
evaluation of the equation of motion and would otherwise reduce the length of the usable v range to 0.

Sanity checks

Because the two-particle Green’s function is very costly to obtain, approximations are often made. Most
prominently, there is a cutoff for small energy differences in the Lehmann representation when using
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m and small frequency grids. This can lead to problems that are sometimes hard to detect. To help
identify problematic input data or program settings, a number of “sanity checks” are employed. The
local full vertex FY '@ and irreducible vertex F?”I“’ can be checked manually for the correct asymptotic
behavior according to [256]. This often has to be done by hand as there is no clear threshold to which
contributions have to be converged, how large the “inner region” is, and how many deviations affect the
IDT'A calculations. The code responsible for asymptotic summations, Sec. provides a notebook
with a summary of all values that can be checked. However, most of the time, the derived quantities
are sufficient to exclude bad data.

Because the impurity solver constructs an exact solution of the we know that the equation of
motion must be fulfilled for the input data. We can, therefore, give the discrepancy between the
impurity self-energy and the self-energy obtained from the two-particle Green’s function as a measure
for the error in the full vertex:

ASimp = (6.155)

5 [zH Uy Fﬁ"’waﬁ;pc:;:;’af;g] .

v

[2%4

However, this does not reflect possible cut-off effects that are amplified through the inversion of the local
and non-local which is used to obtain the irreducible vertices F?”’“’. This effect can usually only
be observed from the physical susceptibility (obtained from Eq. ) by checking the magnitude of
the violation of Eq. .

Axr =

Z Xr.q=0

w=#0

(6.156)

6.6 Exact Diagonalization

The exact diagonalization method has many shortcomings compared to tailored approaches for certain
physical limits or more accurate Monte Carlo methods, but it does excel in terms of simplicity and
numerical stability. This is the reason why it is still of great use when numerically stable observables
in settings with small enough Hilbert spaces are required. This was, for example, the case for the
Green’s function inputs of in this Thesis. Although somewhat well knowrﬂ and easy to derive,
the following contains a very brief derivation of the formulas for the 1 and 2-particle Green’s function.

6.6.1 Lehmann Representation of 1 and 2-particle Green’s function
1 particle Green’s function

We have already derived the Lehmann representation of the single-particle Green’s function in Sec.

GS}/(A(t) _ —%@(:tt) Z (e—BEW, 4 e—ﬁEm) ez'(En—Em)t| (n] & ox |m) |2 (6.157)
1 — —_ — T A

Gaw(r) = 5 3 (775 + P ) PP (n] & guc fm) 2 (6.158)

raw_ L pm,  pm,) |(n]éox|m)
_ 1 ok 1
GY Z(e te )I/:tin+En—Em (6.159)
v _ L1 sm, B, 1{n]¢ox|m)
G = — n m) Dok T 6.160
ok Z(e e )iyn+En—Em ( )

Note that the Wick-rotated version of this derivation (i.e. finite temperature) also has a factor of ¢
missing in the exponent, according to Eq. and that the energy levels are shifted by —un, as
before. This expression is algorithmically evaluated in 3 steps: (1) definition of a Fock basis and
corresponding basis states in terms of actual vectors, (2) diagonalization of the Hamiltonian in this
basis, (3) computation of the overlaps. I will give a very brief overview of how the jED.jl code
accomplishes these steps as an example of how to obtain a solution concretely.

Step (1) For the N-site Anderson impurity model a Boolean vector of length 2N is defined, the first N
entries store True if a o =1 electron is present at that site; the second half of the vector does the
same for o =| (compare file States.jl). The basis contains a set of all possible combinations
(i.e. 4V vectors).

Step (2) The eigenspace is constructed by explicitly iterating through all possible transitions H;; = (j] H |2)
with [i),]j) € basis. Typically, one segments the basis into blocks of good quantum numbers
first. For example, if the Hamiltonian is particle number conserving, only blocks of equal particle
numbers need to be considered (and those can decompose again). After constructing the (blocks
of the) Hamiltonian as an explicit matrix H;; in this way, a diagonalization routine is called to
obtain eigenvectors and eigenvalues (compare file Eigenspace. j1).

9At least in the case of the 2-particle Green’s function, the Lehmann representation is still subject of current re-
search [90) [232].
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Step (3) The list of overlaps is constructed similarly to step (2), although this is now done in the eigenspace
(compare _overlap_cdagger_ev!) and finally, one iterates over the eigen energies and desired
number of frequencies.

2 particle Green'’s function

The procedure above is similar for arbitrary combinations of creation and annihilation operators. How-
ever, the number of possible time-ordering combinations that we were able to circumvent in the single-
particle case grows faster than exponentially. We will go through the derivation of one term as an
example and then give the full expression for example, derived in the documentation of this code [241].
We first note that of the 4 spin indices only 2 survive (see Sec. and then start with Sec.
written in a more compact form of ©1,2-3 := O(71 —72)O (72 — 73) furthermore, we used En m = E, — En
and lnnop(1,2,3) = e PEmemBmmn er2BnocsFop (compare Eq. [@.71.1)).

vv'w - [4q i(wtv)Ty iv'0_—ivr] —i(w+r')Th 0: ro
fph 1. = T1T2T3€ € € € fph,oq...oz'2 (T17 77-177-2)
We now insert a full basis, as before in the one-particle case:

G (11,05 72,73) = Z e_’BE"l[

mnop

O152:3lmnop (m| €5 (1) In) (n]é 7(72) [0) (0] & =(73) p) (pl &L (0) Im)

+ Ots352lmnop (M|l (1) In) (n] € 7(73) |o) {0l & (72) p) (pl € (0) [m)
= O2:153lmnop (m| € 5(72) ) (n| &5 (1) [0) (0] & (73) |p) (pl &5 (0) [m)
+ O2:351lmnop (m| € 7(72) [n) (n] € 7(73) |0) (0] & (1) [P} (p| 5 (0) [m)
= O3> 152lmnop (M| € 5(73) [n) (n| &5 (1) [0) (o] € 7(72) |p) (pl &5 (0) [m)
+ Oss251lmnop (] € (73) [n) (n] € =(72) o) (ol &L (1) Ip) (p \AU(O)Im)]

We obtain the Matsubara frequency representation by Fourier transform. The frequency arguments
f1, f2, fs are arbitrary and a matter of convention, see Sec. 2.7.2.1] and Sec. [2.7.2] Straight forward
calculation yields [241]:

l~mn0p(fl,f27f3)::/dTSeiflTs-[dTQGifQTZ/dTleiflTlel>2>3lmn0p(1,273)
o BEo , gBEp  BEn _ BBy

g e | )
= +
f1+E'm,n f2+En,o f3+Eo,p f2+f3+En,p
o8B0 4 oBEp  ,BEm , ,BEp

1
_f1+f2+E'm,o( f3+Eo,p _f1+f2+f3+Em,p

The exchange of the frequency arguments then leads to the following representation.

Gire= % |

mnop

)] (6.161)
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{p
+ Lnop (w0 + v,w + V=) (ml el (71) In) (n] € (73) [o) (0] & #(72) p) )
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The frequency arguments can be obtained from our definition in Eq. , ie. fi =vn+twm, fo=-vn
and f3 = —wy, +v,,. Further considerations in equilibrium let us use symmetry to avoid computation of
some terms [241]; moreover, we can avoid the computation of some lnnop(1,2,3) by introducing cutoff
parameters for the exponents, disregarding summands. Nonetheless, the number of summands grows
very quickly, and one is limited to 4 bath sites for reasonable ~ 300% frequency grids and 5 bath sites
for smaller 50% grids. We found these parameters to be sufficiently close to calculations in all

investigated models and parameter ranges.

6.6.2 Parameter Fitting Details

The choice of algorithm and cost function for the fitting of bath parameters has an immense influence
on the quality of the 2-particle Green’s functions. I will, therefore, give a brief overview of the setup
that ended up producing reliable vertices.
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Even though m has become the state-of-the-art algorithm for solving the impurity problem in
because it is able to produce an unbiased solution for the infinite bath-site there are
advantages of usingm especially in method development. Importantly for our case, it produces exact
(in the sense of a solution for the finite bath site values without Monte Carlo noise. Additionally,
vertices over large frequency grids can be obtained in a very reasonable time by trading off accuracy
through a lower number of bath sites or cutoffs in the Lehmann representation (see last section).
However, the greatly improved performance is brought about by several free numerical parameters
that need to be adjusted correctly.

Fits

Our fit method for the [ bath parameters uses the local Green’s function (for[CTQMC] the hybridization
function is often preferable in order to suppress noise).

-1

G LS (wn+p-ac-5")| +3 (6.168)
k
. 1
Gy = — (6.169)

; l
LR DY et

We found that the Broyden-Fletcher-Goldfarb-Shanno (BFGS) yielded the best results [71]. As a
gradient-based method, one has to take care to use a reasonable initial guess, often based on the
atomic limit Sec. Direct methods such as least squares fit have been outperformed by this
method in our tests over a large range of lattice types, temperatures, and interaction strengths.
Another numerical degree of freedom is the choice of the distance function. Finding one for the specific
application is crucial, and the [ED] code written for this thesis contains a benchmark script comparing
different ones. After thorough testing and advice from H. Kitatani, we found that the following distance
and transformation functions yielded the best results at low temperatures:

|f(Ghivn) = F(D ivn)[* =0 (6.170)

f(G"v) = (6.171)

1
GY - v
For more details, see also Sec. and the examples in the referred code.

Consistency Tests

We employ multiple checks for the validity of data, 4 of which are done on the single particle level and
3 on the two-particle level. On the single particle level, we check that all bath sites contribute, and the
correct high-frequency tail is obtained by checking the following values.

1
SV is (6.172)
l 4
min Vi > ecus (6.173)
min |e; - €| > €cut (6.174)

With ecut ~ 0.01.
These tests give a good indication if the and fitting routine have been successful and can, of

course, also be employed when calculating a solution with and then fitting an bath to
obtain the 2 particle Green’s function and physical susceptibilitied™"| there.
Checks on the 2 particle level are:

¢ Calculation of the local equation of motion
e Direct asymptotics checks

o Violation of the f-sum rule.
Since [DMFET]yields the exact solution of the (finite bath site) [AIM] the local equation of motion must
hold.
G G G = S, (6.175)
For valid solutions this holds to around 0.1%t05% accuracy at the lowest frequencies.
The check of asymptotics is done using the known high-frequency behavior of I';y” ¥ and F/” %, see

Sec. and [256].

The violation of the f-sum rule can be checked by comparing the following condition [277]

Z |X:),q:0’ < €cut (6176)
w=0

10Physicaul susceptibilities are needed for our improved summation formulas in Sec. Equal time operators are
notoriously difficult to obtain from Monte Carlo samplers.
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The last condition is also dependent on the choice of the k-sampling, and a strong violation may still
lead to valid results, but it is an indication of problematic parameter settings or corrupt input data.
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6.7 Compressed Representation of Single-Particle Green’s Functions

In this sub-project, we trained a neural network to learn some structure of the m discussed in
Sec. While not fully successful as of the writing of this thesis, two unrelated but very promising
partial results were obtained from this project. Some of the code for this project was developed with
help from Daniel Springer and Marco Knipfer.

6.7.1 Neural Networks

Machine learning, in general, and neural networks especially, have become very popular in almost all
fields of research in the past years. This field is by far too vast and too far out of the scope of this thesis
that we can hope to give an appropriate introduction here [32, [82]. Therefore, we focus on two of the
simplest network types and investigate their applicability to the Green’s function methods discussed
in this thesis. Specifically, we will use feedforward neural networks and autoencoders. Feedforward
networks, while algorithmically just a sequence of linear algebra operations, can be thought of as
layers of neurons v; that are activated with a (non-linear) activation function f, via weighted edges e;;
from other neurons f(e;;). This is implemented as repeated matrix-vector multiplications with each
resulting vector modified by the activation function f (typically some Fermi-function-like step function,
e.g. tanh) [32, Sec. 6.3]:

o = fO O™ 1 p®) (6.177)

The index | enumerates the layers of the network, and b® is a vector of bias weights in each layer. The
entries of the matrix M) and the bias vector b are called parameters of the model and need to be
learned from training data. This is done by supplying known input-output pairs (x,y). Training with
such labeled data is called supervised learning. The prediction of a network with L layers, § = o ), is
then compared to the known label, yielding an error under a distance function (called the loss function)
d:

E(x) = dist(§,y) (6.178)

Note that we distinguish predicted values from labeled (i.e. given during training) data with a hat.
The parameters of the network can be learned using backpropagation [32, Chapter 8], which uses the
gradient of the error to tune all parameters of the network.

Besides the parameters, there are several undefined quantities, such as the choice of loss function, non-
linear activation function, and so on. These are called hyperparameters and are also subject to tuning
for a given use case. These, however, are typically set explicitly by the programmer after performing
experiments with the datasets. We will also employ autoencoders, which work exactly as feedforward
networks, by having size-restricted layers, i.e. M D ¢ R™™ with n < m for the first few layers and
n >m after that. The innermost layer with the fewest nodes encodes data of the so-called latent space.
Here, the essential information of the data is contained in a compressed representation. In order to
train autoencoders, one sets the labels equal to the input (x,y) — (x,x), where the difference between
predicted output F = dist(x,¥) and input data is called reconstruction error.

6.7.2 Connection to the Luttinger Ward Functional

The aim of this project is to learn the structure of the by obtaining data from an exactly solvable
model, the [AIM|and use the identity Eq. (4.18)), % = %(1;1). Two open questions need to be

answered before this project can be concluded: (i) By providing pairs of G and ¥, some relationship
between both is learned. However, at the time of writing, it needs to be clarified how the functional
derivative should be formulated and built into the machine learning apparatus; (ii) We currently employ
an equilibrium solver. This means 1 = 1, which clearly makes it impossible to learn a structure
that would be able to generate the two-particle irreducible vertex Ve (even though "0 could be
learned).

Nonetheless, approaching a model that is able to learn some relationship between the Green’s function
and self-energy of a system with some residual universality from the would certainly be valuable.
Moreover, we were able to achieve two important results, purely on the level of Green’s functions as a
partial success of this project, which will be discussed below.

6.7.3 Setup and Hyperparameters

Because the rest of this thesis is focused on physics, we give a brief introduction to common terminology
and our algorithmic setup that is typically omitted in publications. For the current training runs, we
chose a 2 bath site m as training data with variable hybridization and onsite energies V; and ¢
and a range of chemical potentials u. The interaction strength U has been fixed since it is also an
external parameter to the m the temperature has been fixed in order to avoid different spacings
of the Matsubara frequencies v,. Furthermore, the dataset has been pruned not to include extreme
electron dopings, with n ¢ [0.1,0.9]. These restrictions may seem severe, but many of them, especially
the number of bath sites and the temperature, have been relaxed in tests without problems for the
model, but hugely increased computational and memory demands. In order to validate the applicability
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of this model, these tests need to be systematically investigated.

The current neural network architectures employ automatic differentiation for the backpropagation
algorithm that updates the weights. These algorithms typically are not implemented for complex
numbers, and we therefore prepare the input data as follows:

x = [n, 8, ReG”,ImG" ] (6.179)

6.7.4 Hyperparameters

We investigated a number of commonly used hyperparameters for different network setups. The follow-
ing gives a short introduction to their generally expected effect on networks and their specific impact
on our models.

Test and Validation Data, Epochs For supervised learning, the full dataset is split into three parts:
training, test, and validation sets. The training set is used to train the network. After all training
data has been seen, the performance of the model is tested on the validation set. Here, the optimizer
can use the loss on this unseen data to tune hyperparameters like the learning rate. One such cycle is
called an epoch. The test set is withheld from training and used to judge the final performance of the
model. It is important not to mix any information from the test set into the training process to detect
potential overfitting and measure the ability of the model to generalize to unseen data. One can also
decide to segment certain classes of inputs (for example, Green’s functions belonging to insulators) in
this set.

Optimizer The optimizer governs the minimization of the loss function. They find a (local) optimum
(or even just a saddle point), similar to the fitting procedures discussed in the previous sections for the
bath parameter fit in [ED} however, in much higher-dimensional space. Because of the high-dimensional
space, many traditional optimization methods are ineffective. We employ a version of gradient descent
that uses an adaptive learning rate. In the first algorithm of this class we are using, AdaGrad [59], the
weights wa) at epoch 7 are updated using a learning rate n (an important hyperparameter for the
training) and a stability parameter § [32, p. 7.3.3]:

D =r D 4 (0, B(w))? (6.180)
w =w - (5, E(w)) (6.181)
T’ET) +4

A further development was RMSProp (Root-Mean-Square propagation) |[100] and Adam (adaptive mo-
ments) |[130]. We tested Adam and a plain version of SGD (Stochastic Gradient Descent). Adam is known
to converge much faster but seems to prefer steep minima, sometimes leading to worse generalization
performance [299]. SGD, however, requires much more fine-tuning and practical experience with the
training of models. Since we did not manage to find hyperparameters for SGD rivaling the performance
of Adam, all training runs, except these tests, were performed with the latter.

Dropout Dropouts (statistically ignoring individual neurons) lead to fewer co—adaptationﬂ between
neighboring neurons, resulting in networks that generalize better and are, therefore, used to regularize
overfitting. Our experiments with dropout layers in hidden layers yielded smoother functions in predic-
tion. This was especially noticeable in the test runs for the denoising network. The range of dropout
percentages we found to work the best in our case was between 10% and 40%.

However, dropouts in the input layer result in substantially worse models (not even the general shape
of the self-energy is captured). These results, for now, do not fall in line with the common wisdom that
dropouts in the input layers of autoencoders lead to a denoising behavior. Consequently, dropouts will
have to be revisited in future extensions of this work. We would expect that the optimizer would push
the network in a direction where co-adaptations responsible for high-frequency behavior (manifesting
as noise in the self-energy) are eliminated.

Activation Function Not many tests have been done using this hyperparameter with different choices.
Initial scans over the typically used ones did not make any significant difference. We therefore stuck
with ReLU:

ReLU(z) = max(0,x) (6.182)

One has to keep in mind that this activation function is not self-normalizing, so normalization layers
should be tested, especially in deeper networks. It is known that increasingly deep neural networks run
into the problem that some weights grow disproportional to others, leading to diminishing returns when
more layers are added. This can be partially counteracted by normalization layers or self-normalizing
activation functions [137].

11Co—adaptations are highly correlated weights, i.e. there is less information stored in the set of co-adapted neurons
than in independent ones.
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Batch Size Grouping multiple instances of training data results in much faster training and can
smooth out the gradient while learning. However, with increasing batch size, the network parameters
are updated less frequently, and the training time typically increases. Especially for our training setup
with an with only 2 bath sites, we are working with (relatively) small datasets and networks. We
did, however, perform several experiments with different batch sizes between 4 and 4028 and observed
that training performance improved when larger batch sizes were chosen for the initial epochs of the
training process, where smoother gradients are especially useful and then gradually reduced. The batch
size obviously depends on the dataset size and type of data. In our case, 32 to 128 seemed to give
the best results for Set1 results. Fewer instances result in extremely long training due to the under-
utilization of GPU and difficulty determining the learning rate of the optimizer gradient. The batch
size parameter needs to be adjusted for each new training set and GPU memory.

Normalization Normalization layers can improve performance by rescaling data between layers’ out-
puts along different ranks of the tensors: & = *=#=. This form is only practicable for input data. Within
the network, the normalization is typically done over a batch or layer. Accordingly, these are called
BatchNorm, InstanceNorm or LayerNorm) [32, p. 7.4.1]. In our experiments, we found that for very few
layers (N < 10), normalization does not make any difference. With more layers, the loss can diverge
without batch normalization layers. However, for the small models discussed here, we were able to
obtain results avoiding this additional dimension in the hyperparameter space.

Loss Function As a choice for the loss function, we investigated the commonly used mean squared
error MSE = % Yo (y— 17)2 and a scaled version that attempts to bring the real and imaginary parts to
a similar scale:

Sre = max(yre) (6.183)
max(yre) — min(yre)
Sim = maX(Yim.) (6184)
max(yim ) — min(yim)
scaledMSE(§,y) = mean(sre(Fre — ym)2) + mean(sim (Fim — y1m)2) (6.185)

The scaledMSE did improve the predictive power in some test cases but did not yield as consistently
good results as MSE. Especially for the autoencoder setups, the scaled loss did not perform well and
was therefore not used. However, one has to keep in mind that datasets over a wider range of physical
parameters (temperature 8 and interaction strength U) will lead to more variation in the input, and
the scaledMSE could be more stable in these cases.

We have been able to converge all networks presented here to a degree where further improvements in
the loss function seem unnecessary. However, for future extensions, one should also keep in mind that
the lowest frequencies of the self-energy are the most important ones for the determination of physical
properties on the real axis. One should, therefore, keep the distance functions discussed in Sec. m
as an option for the loss function in mind.

6.7.5 Training Data and Setup

The following datasets have been used in training. For all training, a 80/20 split between the training
and validation set has been performed. The order of the training set was randomized before storage,
but not the split, in order to prevent leakage of information with repeated training. A further dataset
(Set0) has been generated exclusively for testing, with little to no overlap with the other datasets.

Setl: Set 1 is a 2 bath site Anderson model, i.e., the Weiss Green’s function is defined as:

7 V—€

95:(1/+u—2 Ve ) (6.186)

With the following parameter range: U: fixed at 1.0; g8: fixed at 30; u: 20 samples, linearly spaced
between —U and 2U, V;: 30 samples, linearly spaced between 0 and 1; ¢;: 30 samples, linearly spaced
between —2U and 2U. Samples with an electron density smaller than 0.1 or larger than 1.9 have
been removed from the dataset. This leads to 2.7 million data points for 2 bath sites. This set has
been generated for 3 and 4 bath sites, with the latter having fewer sampling points for the Anderson
parameters.

Set2: After the initial training on 2 bath sites, an extension to 3 is the next step in order to verify
that the model extends to more realistic physics. While the test with predictions of models exclusively
trained on 2 for 3 and 4 bath sites test data (Fig. and Fig.|6.18b)) already indicates that the sparse
encoding remains in good agreement, we also prepared a dataset with 210 million data points. Here,
35 samples for each bath level ¢; and hopping V; and 20 samples for p were taken for 3 bath levels.
Again, the density was pruned to n € [0.1,0.9] (by removing all samples that have fillings outside this
range after the dataset has been generated).
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Set3: This dataset was generated for testing and has not yet been used in training. Ilt consists of
approximately Ns » 10.000.000 sample points (~ 30GB) in the range of Set1 with s = [N;NBH J samples
for each bath level ¢;, hopping V; and p. All sample points are smeared out by a Gaussian distribution
with z; = x; +/\/'(asi7 012,)7 where we chose o, to be the mean distance between samples of the non-noisy
parameter (¢, Vi, u). Extreme densities are pruned, as before. This dataset has a significantly improved
coverage of the space of possible Green’s functions for this model. However, due to its significantly
larger size and lack of reproducibility, we did not use this dataset in training.

6.7.6 Outline of Models

In order to facilitate more consistent learning of the properties of the m the overall architecture of
this project is as follows: Two autoencoders are trained. One for the Green’s function and one for the
self-energy. These pre-trained networks are then used in conjunction with a third network, connecting
the latent spaces of both, an illustration is given in Fig. |6.21] This setup is meant to ensure that
the mapping between Green’s function and self-energy is learned just from the relevant data, possibly
using different network architectures. This approach is compared to a baseline mapping achieved
by a dense feedforward network directly mapping the Green’s function to the self-energy. We will,
therefore, now discuss three different architectures: (i) autoencoders and their capabilities to encode
Green’s functions and self-energies; (ii) fully connected networks mapping Green’s functions to self-
energies; (iii) a combined architecture that maps Green’s functions to self-energies using a compressed
representation.

6.7.7 Autoencoders

The autoencoders we investigated consist of 1 to 30 layers with dimensions linearly interpolated between
the input dimension of 200 and the latent dimension of 4 to 50. This means, according to Eq. ,
that we took the first 100 positive values of the Green’s function (the electron density is not given to
the autoencoder network). After initial tests, we found diminishing returns for more than 3 layers,
independent of the latent dimension, and will therefore only show results for 3 or less.

Training Setup

For the training of the AE, we used Adam as the optimizer algorithm with a dynamically determined
learning rate. The maximum number of epochs was 250. For this small network with less than 100k
free parameters and, accordingly, small training sets, the batch size had the largest impact on the
training speed of the model. Furthermore, the probability of convergence to a better optimum seems
greatly enhanced when starting with a very large batch size and gradually decreasing it. This could
also be achieved with careful tuning of the learning rate (including a scheduler).

Latent Dimension Scaling

Fig. shows the validation loss as a function of the latent dimension for shallow autoencoders. We
observe an exponential decrease in the validation loss as a function of the latent dimension up until 10
to 16, depending on the number of layers. After that point, an improvement in accuracy is negligible on
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(a) Validation loss as a function of latent dimension (b) Validation loss of autoencoder for the Green’s

for 1,2 and 3 layers. The latent dimension en- functions for two different training batch sizes as
codes the real and imaginary part of the Green’s a function of the latent dimension. Dataset 1 was
function. The encoders were trained on (complex- used

valued) Green’s functions cut off after 100 frequen-
cies.

Figure 6.17: Scaling of autoencoder for batch-size and latent dimensions.

the scale of the variance. This means 10 to 14 real values are enough to reconstruct a complex-valued
Green’s function over 100 data points up to machine precision. Note that the single-layer autoencoder
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without activation function is just a linear transformation Az +b with a closed-form solution [240]. This
falls in line with the concept of sparse modeling via a singular value decomposition |186} [283].

We observe in Fig. that the 3 layer network seems to be outperformed by the 1 and 2 layer ones.
This, however, is the case due to a more stable convergence with a wider range of hyperparameters
in smaller networks. Hyperparameter tuning and tests on the larger input set Sec. indicated
that the larger networks indeed outperform the smaller ones when trained more carefully. Since we
already achieved a reconstruction error close to machine precision, the final hyperparameter search to
attain optimal performance has been postponed until the full setup, specifically the prediction of the
latent representation of the self-energy from one of Green’s functions, is completed. Furthermore, large
datasets require an increase in model size as well in order to prevent overfitting. The larger dataset
was, therefore, also not suitable for most initial model exploration tests.

Fig. demonstrates convergence to a slightly better minimum by choosing a smaller batch size.
This serves as an example of how hyperparameters can influence the performance of the model. Note
that the relationship between hyperparameters, such as the batch size and network performance, is
seldom linear and can change during training. For example, choosing a small batch size at the start
of the training will typically lead to inferior performance. In the end, using gradient accumulation of
512 to 1 times the batch size, decreasing over the first 80 epochs, turned out to be the most stable
approach. We investigated the previously mentioned hyperparameters in a wide range but found that
dropouts and normalization layers degraded the reconstruction error.

Scaling in Bath Sites

Fig. shows the reconstruction loss of various AEs when applied to Green’s functions generated
from 3 bath sites after being trained exclusively on 2 bath site Green’s functions. We observe some
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(a) Loss of AE for Green’s functions generated (b) Loss of AE for Green’s functions generated
from 3 bath sites. The model has been trained from 4 bath sites. The model has been trained
exclusively on 2 bath sites. exclusively on 2 bath sites.

Figure 6.18: Test loss on input with different number of bath sites, than seen during training.

decrease in performance, but the loss changes by less than an order of magnitude. This indicates clearly
that generalization in the number of parameters is possible even without giving examples of different
bath site data points.

Green’s Function Compression and Denoising

As a side effect of this approach, we obtain a network that is able to compress one-particle Green’s
functions, even outperforming others, at the moment, more general setups using basis functions [231}
283| [175]. It is known that shallow, linear (without activation functions) autoencoders are equivalent to
principal component analysis (PCA) [193], i.e. yield the same results as singular value decompositions
(SVD) [240]. For this reason, we expect similar results for our autoencoder setup in this edge case, as
previously obtained from SVDs [283].

Even without convolutional layers and training on noisy data, the autoencoder architecture turns out
to be very capable of predicting denoised Green’s functions. This was achieved without the use of
dropout layers, indicating that the sparse representation is sufficient when the network is trained on
data without noise. Fig. shows the prediction of a 2 layer AE that has been trained on noise-free
data (set 1[6.7.5). The orange lines show the imaginary (left panels) and real (right panels) parts of
the Green’s function data points as calculated with [ED] The green lines show the same data but with
added Gaussian noise (o = 0.01). Blue and red lines show the compressed and then decompressed data
for the non-noisy and noisy data, respectively. We observe a negligible decrease in the validation loss
from non-noisy to noisy data of less than a factor of 5.

6.7.8 Fully Connected Network

We now switch the discussion from just encoding of either the Green’s function or self-energy to a
prediction of ¥¥ from G”. We will first investigate a simple, fully connected network and then discuss
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Figure 6.19: Predictions of 2 Layer AE with a latent dimension of 4 with added Gaussian noise (o =
0.01). The input data is shown in yellow, and the data with added noise is in green. The
predictions of the autoencoder from the data without (with) noise are shown in blue (red).
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Figure 6.20: Loss of fully connected network, trained on 2 bath sites (Set1l), loss computed on tests
sets generated from 2, 3 and 4 bath sites for Set3.

a more sophisticated setup.

Tests for a fully connected network with 202 inputs, according to Eq. with G to G"°, Ny
dense hidden layers with width W4 ; = 200, 1 output layer of width 200 (real part X“, imaginary
part ). The number of dense layers is a hyperparameter that we tuned by training networks with
Ng € {1,...,16}. Fig.[6.20| shows the loss as a function of the number of layers (number of trainable
parameters). The blue line shows the loss on the training set Set1l. The other three lines show the
loss on Set3 generated for 2, 3, and 4 bath sites. It appears that the model performs better on 3 and
4 bath sites than on the original set. As of now, it is unclear why the datasets with more bath sites
perform better. One potential explanation is that a substantial percentage of the Green’s function/self-
energy pairs generated by very few bath sites are not representative of the vast majority of these data
points for more bath sites. This would mean that data points for a larger number of bath sites have
a higher probability of being “easy” to predict. An example of a rare data point is the particle-hole
symmetric case, for which the bath levels are paired up with opposite signs and equal hoppings. A
further investigation with even more bath sites would be beneficial to substantiate this point. However,
generating a sufficiently large dataset that is consistent with the definition of Set3 becomes impossible
because of the low number of samples for each bath site, while other methods risk sampling an effective
dimensional space by keeping one bath site fixed.

The performance of this model, again, indicates an exponential decrease in loss with an increase in
layers and a saturation at around 4 layers (163618 parameters), which could also be attributed to the
rather small training dataset Set1 and lack of normalization or dropout layers for this reference model.
Further improvements can certainly be made to this approach in the future.
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Figure 6.21: Illustration of the latent mapping. Two autoencoders are pre-trained to encode a sparse
representation of G¥ and ¥¥. Then a network is trained that maps the latent space
representation of G¥ to that of X".

6.7.9 Latent Space Mapping

For this architecture (below referred to as AE_FC), we combine the pre-trained autoencoders with (for
this first attempt) a fully connected network in latent space; the network setup is illustrated in Fig. [6.21
Here, the encoder part of the pre-trained Green’s function autoencoder network and the decoder part
of the self-energy autoencoder are connected by a fully connected network. The combined network is
then given the same training data as the fully connected network. Note that in this setup, we are very
unlikely to exceed the loss of the autoencoder that is responsible for the latent space representation.
To allow the network to find a better encoding for the transfer part, we investigated a setup with
and without freezing the parameters of the autoencoders. Frozen parameters are not allowed to change
during the training process, so in this case, the previously learned latent space representation of Green’s
function and self-energy is enforced.

After identifying 14 AE latent dimensions as sufficient for the sparse representation of Green’s function
and self-energy, we keep the latent dimension fixed at that value. However, the dimension of the
fully connected network may be larger. This means the restriction layer of width 14 still exists, but
the network may use wider layers after that, before again restricting to 14 layers before the self-energy
decoder part. Fig. shows the logarithm of the MSE on SetO0 for different numbers of fully connected
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Figure 6.22: Comparison of fully connected networks with different dimensions and number of layers.
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layers and dimensions of these layers. Fig. shows the number of parameters for the corresponding
models, and Fig. shows the log loss divided by the logarithm of the number of parameters. It is
worth noting that the hyperparameter search for this model has not been completed as of the writing of
this thesis. Therefore, models with a large number of parameters, especially, have a significant error bar
attached to their performance (test loss). It can be expected that this performance could be significantly
improved by carefully fine-tuning the parameters of the optimizer. The same is true for the bath site
scaling as in the fully connected case, even though the encoding is worse, according to the AE section
above. However, we observe a clear trend that the test loss does not seem to improve significantly
after a network size of 1000 parameters is reached. In terms of modern neural network architectures,
this is incredibly small and indicates that the inclusion of more bath sites would certainly be possible.
Fig. and Fig. show examples for predictions of the FC and AE_FC network, respectively. The
left panels are for 2, and the right panels are for 3 bath sites; the networks have been trained on 2 bath
sites. These are not the best-converged networks but just general examples of an average network of
this type.

In Fig. we also show the log(MSE) for predictions of the networks from Fig. with test data
from Set 3 for 2, 3 and 4 bath sites. As before, the network has been trained on Set 1 with 2 bath
sites. We, again, observe better performance for an increase in the number of bath sites, but the
performance is below that of the validation loss by about 0.5 to 2 orders of magnitude.
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(a) Test log-loss for 2 bath sites.  (b) Test log-loss for 3 bath sites. (c) Test log-loss for 3 bath sites.

Figure 6.23: Comparison of test loss for a network trained on two bath sites with Dataset 1 and tested
on data from Set 3 for 2, 3 and 4 bath sites.

6.7.10 Open Questions

The generalization of these models must be explored in more detail. Here, it would be desirable to find
more parameters that divide the input space in a meaningful way. Examples would be insulating or
metallic behavior or Green’s function within or outside the Kondo regime.

The convergence of the models has not yet been explored in detail. From observing the convergence
of loss rates over many experiments, it seems that a systematic exploration of the hyperparameter
space, specifically employing different learning rate schedulers, optimizers, and training set sizes (for
example, more noisy sampling), could improve the performance of larger models by at least one order
of magnitude.

Scaling of performance in both bath sites and temperature would add more information to learn for the
networks, specifically by learning different representations because the temperature induces a changed
spacing of the samples on the Matsubara axis.
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6.7 Compressed Representation of Single-Particle Green’s Functions

6.7.11 Appendix

Here we demonstrate selected predictions from the FC and AE_FC networks.
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(a) Prediction on 2 bath site Green’s functions.  (b) Prediction on 4 bath site Green’s functions.

Figure 6.24: Predictions by the FC model with 9 fully connected layers of width 80, trained on 2 bath
sites. Examples have been selected from the set with a loss below the average.
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Figure 6.25: Example predictions of the AE_FC model trained on 2 bath sites, predictions by the AE_FC
model with 9 fully connected layers of width 80. Examples have been selected from the
set with a loss below the average.
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6 Numerical Details

6.8 List of Codes

In the following, I will give a short introduction to the codes developed during this thesis. Most of
them come with their own documentation and examples in the form of scripts and Jupyter notebooks.
However, extensions or improvements of the method will necessarily solve similar problems
and hopefully benefit from some of this work. For this reason, the following sections contain a brief
introduction to the core ideas and algorithms needed for each of the sub-problems.

6.8.1 Sum Extrapolations

The improved summation code was written for the first (failed) attempt to obtain better numerical re-
sults for Matsubara summations before the method discussed in Sec. [6.3| was developed [248]. However,
the very general setup makes this technique an interesting black-box approach for many applications.
The code has been published as an official Julia package and is capable of calculating improved sums
through the Richardson method using two different algorithms. Some capability for the Shanks method
is also implemented. Since this method was not successful in obtaining an improved Matsubara sum,
it has not been further developed beyond these initial tests.

6.8.2 Symmetry Classes

Two-particle Green’s functions have many symmetry relations as derived and further discussed in detail
in [205]. These are not necessarily direct symmetries but also relationships of the form f(x) = - f(z+p).
Another example of symmetries is the k grids required for the calculation of non-local quantities.
The code developed |245| for this is very general with the core idea explained above in Sec. For the
two use cases above, scripts are given that compute (i) lists of frequencies that the solver for the
two-particle Green’s function can read (see also Sec. (ii) functions that facilitate the generation
of reduced k-grids. Specifically, the second capability is crucial for the tight binding module (see
Sec. , which is responsible for the reduction and expansion of all k/q indexed quantities in the
IDT'A code Sec. Without this reduction (the expansion is required for FFT base convolutions, see
Sec. , the IDT"A method would be at least one order of magnitude slower. The mappings between
reduced and expanded lattice are computed from the list of well-known lattice symmetries and returned
by the corresponding function. All further capabilities are delegated to higher-order libraries.

The algorithm for the computation of these mappings is not well optimized for very large sample spaces,
as also mentioned in Sec. Specifically, the script for the frequency representation circumvents this
issue by mapping symmetries and their operations to representation with as few bits as possible. Since
the construction of a mapping to a reduced representation is very general, there are approaches discussed
in the literature, and future development of this code or replacement by a different one should take
more optimized algorithms into account.

6.8.3 Exact Diagonalization

The jJED.jl1 |121] code is one of the core algorithms developed for this thesis. While there are man,
Well—developedand codes available, having very tight control over this simple algorith
proved necessary to construct usable input for the IDT'A method. The code has, therefore, also been
written with a priority on readability, which should allow students to extend it where needed. Further-
more, the very specialized nature of this implementation allowed for very rapid computation of Green’s
functions, employed in the machine learning project Sec.

There is a large number of examples available that may be instructive for students learningand
investigating different numerical obstacles DM_FF] faces.

This code relies on the tight-binding module from Sec. for the construction of the local Green’s
function.

6.8.4 TightBinding

This module [252] serves as a library for all codes using any type of k grid. It can generate tight-binding
dispersions and export a struct from a string definition of the lattice. This struct can then be passed
to any exported function that operates on arbitrary data sampled over this lattice. Specifically, the
k-space integration, reduction, and expansion from and to reduced representation, convolutions, and
autocorrelations (see Sec. can be done over arbitrary data, supplying this struct in addition to
the data itself. There are internal caches to avoid repeated memory allocations for convolutions that
require mapping from reduced samplings to full ones and back.

6.8.5 LadderDGA

LadderDGA. j1 implements all functionality assiciated to the IDT'A and related methods [254]. Besides
IDT"A , the code also provides helpers for the asymptotic IDI"A method discussed in Sec. and A-RPA

20ne just needs to construct a basis in Fockspace, diagonalized the Hamiltonian in this basis and can obtain the
Green’s functions from the Lehmann representation.
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6.8 List of Codes

from Sec. E The original version of this code was very close to a previous implementation by
Georg Rohringer [206] but has evolved a lot throughout this thesis. Nevertheless, the core structure
remains compatible, and there are dedicated I/O functions to move data between both programs.
This code aims to provide a set of functions and data types that are often needed for IDT'A and then
typically used in script-like Julia codes to obtain specific results. There exist examples, scripts, and
notebook directories with a large number of use cases for which the code has been employed. Some of
them are outdated by now due to changes in the API but should nonetheless be easily adaptable.

A typical 1IDI"A calculation consists of the calculation of the bare susceptibility XS:: , the non-local
physical susceptibilities x7 and the triangular vertices 7. The code provides functions that cal-
culate these quantities (see example00.jl). From that point on, the program flow depends on the
project, and the code does not attempt to impose a predetermined flow. There are numerous functions
available to handle typical operations such as calculating A values, k/q integrations, frequency sum-
mations, calculating the non-local self-energy, calculating the non-local Green’s function and fitting a
chemical potential, calculating the potential and kinetic energy, calculating the leading eigenvalue for
the linearized Eliashberg equation (on a sub-sampled lattice).

The code has been written with readability and extensibility in mind, forgoing many performance
considerations, including parallelizatiorﬂ As such, the code is meant as a baseline for others to un-
derstand the method, test extensions, or be used as a reference for more performant implementations.
This code also provides a helper struct (of type RunHelper, sub-typed for either regular IDI'A ;| asymp-
totic DT'A or A-RPA calculations) that provides a context for functions of this package (i.e. all auxiliary
variables for a run).

LambdaCorrections

This is a submodule of the LadderDGA.jl code, responsible for the calculation of the A correction
values [254]. It exports the main variants of corrections presented in this thesis as functions. These
are both types of IDI'Ay,, IDT'Adm, IDT'Adm,sc, and IDT'Ay, o, see also Sec. All calculations
are returned in the form of a struct that contains additional information, such as validation for
consistencies and the A-corrected non-local self-energy (specifically important for the partially self-
consistent method).

The different custom Newton methods and wrappers for the bracketing methods (which were discussed
earlier in this chapter) are also implemented here.

6.8.6 BSE Asympt

This library |244] is responsible for the improved Matsubara sum from Sec. While it can be used
separately, for example, in order to construct a self-consistently improved full vertex [256], it is mainly
used as a library for the LadderDGA.jl code Sec. In order to facilitate fast summations, one
first obtains a helper struct by supplying the asymptotic values that are required for the improved
summations Sec. This struct also contains caches and auxiliary information required by functions
that implement these summations. One can also specify some approximations; for example, one can
choose to disregard the diagonal part of the asymptotic expansion of the A\ 1, because it rarely has any
influence but is responsible for more than 90% of the computation time.

6.8.7 Vertex Postprocessing

The calculation of IDI'A input data from the local two-particle Green’s function requires inversion of
the local and some other linear algebra operations. While rather simple, these routines are also
very general and have therefore been exported to a standalone code [249|. Noteworthy is the capability
of dealing with shifted grids (i.e. Matsubara grids centered around —w., /2), expanding vertices from the
reduced representation (through the use of Sec. and the combination of two vertices (useful for
high precision calculations in the core region and lower precision outside of it). This code also calculates
the particle-particle vertex from the particle-hole notation, in case that vertex is not provided, using
the frequency mapping from Sec. .71}

6.8.8 PythonWrapper

The IDT"A method relies on a number of other codes (as also demonstrated by this list) in order to work
properly. This glue-code [251] is responsible for managing these multi-stage calculations of

(0) Setup of dependency queue; preallocation of space; editing, copying and compiling of all codes;
writing of input files and startup scripts

(i) The core| DMFT|loop in either or [CTQMC|

(ii) Fitting of bath parameters and consistency checks, early stopping if necessary.

13The A\-RPA portion has entirely been developed by Frederik WeiBler|288|.
4There are some less maintained parallel versions of performance-critical functions, such as the inversion of the
available.
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6 Numerical Details

(iiia) Calculation of physical susceptibility and triangular vertex from the bath parameters .
(iiib) Calculation of the two-particle Green’s function

(iv) Vertex post processing Sec. including preparation of particle-particle vertex

(v) 1DT'A calculations

(vi) Data post processing and cleanup

This code manages these steps: can submit jobs, check for failed jobs, and restart them if necessary,
saving many potentially bug-introducing manual steps. While probably the most useful piece of code
for this thesis, it may also be the only one without any relevance for future work on this method.

6.8.9 Machine Learning Code

This PyTorch based neural network [250] has been used for the attempt to learn details about the
from the Green’s function self-energy pairs generated from the
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7 Ladder DI'A Results for the Hubbard Model

The following two sections present results of the IDI'A with two-particle consistent im-
provements for the repulsive Hubbard model in three and two spatial dimensions. The
first section is a verbatim copy of previously published results [255], while the latter is
still in preparation as of the writing of this thesis.
Here we want to demonstrate the improved predictive power of the IDI'A method under
restoration of an effective two-particle consistency.
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7 Ladder DI'A Results for the Hubbard Model

7.1 Results on the Hubbard Model in three dimensions

7.1.1 Introduction

The description and understanding of interacting many-particle systems represents one of the fundamental
challenges in contemporary physics. It arises in various research areas which include nuclear and atomic
physics [98], solid state theory [96] or soft matter systems [67]. In the latter two cases we are typically
concerned with a very large (Avogadro) number of interacting particles which facilitates a statistical treat-
ment of the problem. Of particular interest are the one- and two-particle correlation functions of the system
such as the (position dependent) pair correlation function in classical statistical mechanics or the position
and time dependent one- and two-particle Green's functions in many-body quantum systems which de-
scribe one- and two-particle excitations. Apart from being interesting on their own, they provide access to
thermodynamic observable such as pressure, entropy or free as well as kinetic and potential energies. The
calculation of these correlation functions is, however, difficult in the presence of interactions between the
particles. For weakly interacting systems, an effective independent particle description is possible which is
exploited in static mean field [211] or density functional theories [44] [120] where the interaction between
the particles is replaced by a selfconsistent field. At stronger coupling this procedure yields increasingly
unreliable results since the interaction between the particles must be taken into account explicitly. As there
is no exact solution to this problem for more than two particles one has to consider approximations. For
classical systems, the Ornstein-Zernicke equation [185] together with specific closure relations |117] can be
exploited while quantum mechanical Green's functions can be calculated by Feynman diagrammatic per-
turbation theory [1]. Unfortunately, the correlation functions obtained in this way lead to thermodynamic
inconsistencies. In classical systems thermodynamic observables such as pressure or free energy can be
obtained from the pair correlation functions in different ways. For the exact solution all results of course
coincide, however, an approximate pair correlation function typically provides different results depending on
the route which is exploited for the determination of thermodynamic variables [268]. Such thermodynamic
inconsistencies can be also observed in the quantum case where potential and kinetic energies differ [271}
147] when they are calculated from one- and two-particle Green's functions respectively. It is obvious that
these discrepancies limit the predictive power of theoretical calculations.

A good example for such thermodynamics inconsistencies is the dynamical mean field theory (DMFT) 172,
80]. For a (finite dimensional) lattice model with purely local interactions between electrons at the same
lattice site, such as the Hubbard Hamiltonian, DMFT approximates the irreducible part of the one- and
two-particle Green's function (i.e. the electronic self-energy 3 and the vertex I, irreducible in the scattering
channel r) by summing up all purely local Feynman diagrams for these correlation functions. In this way all
purely local correlation effects in the system are captured exactly while nonlocal correlations are described
on a mean field level. Since DMFT is a conserving theory it satisfies all conservation laws of the system
(except for momentum conservation [99]) which guarantees consistent results for the kinetic energy at the
one- and the two-particle level. However, the potential energy obtained via the one-particle self-energy X
differs from the one calculated by the two-particle vertex I',.

A similar situation is often observed for the diagrammatic extensions of DMFT [204} 264, [209, 210,
205, 261, |20, |18} |19] that include non-local correlations beyond the local ones of DMFT by a Feynman
diagrammatic expansion around the DMFT starting point. Which of the sum rules and conservation laws
are violated in this case depends of course on the actual choice of Feynman diagrams. For example, the
dynamical vertex approximation (DI'A) [264} 269, 63, [146, [144, |16] and the QUADRILEX [18] approach
are based on the parquet formalism |58, |28, 294, [259, 17| using the fully irreducible vertex of DMFT [203,
263|. The parquet equations lead to a fulfillment of the Pauli principle and all sum rules depending on
the EoM, specifically guaranteeing consistency of the potential energy between one- and two-particle levels.
However, for all approximate choices of the fully irreducible vertex, it has been demonstrated [234} 42| that
the parquet formalism violates conservation laws and the related f-sum rule. This implies different results
for the kinetic energy when obtained from one- and two-particle correlation functions.

Another limitation of the parquet formalism is its very high numerical complexity even for single-orbital
models, making its extension to realistic multi-orbital systems unrealistic in the foreseeable future. Hence,
other routes have been pursued to achieve consistent results for the potential energies. Within the dual
boson (DB) method [242, [192] a purely local reference system (analogous to DMFT) with an effective
frequency-dependent interaction is introduced. The latter is determined by the condition that the local
parts of the lattice charge and spin susceptibilities are equal to the corresponding ones of the local reference
system. While this approach certainly improves the consistency between the one- and the two-particle
level, it has recently been shown that an additional term in the calculation of the potential energy from
one-particle correlation function emerges due to the frequency dependence of the interaction [147], which
again destroys the consistency. Moreover, the DB approach requires the repeated solution of an effective
Anderson impurity model (AIM) with a frequency-dependent interaction making it numerically challenging.

In this work, we will consider the consistency of the potential energy within another diagrammatic extension
of DMFT, the ladder version of the dynamical vertex approximation [125) [203, 216 217, [218]. Within this
approach, the sum rule for the up-up susceptibility (which corresponds to the Pauli principle) has been
already restored by means of a so-called A-correction parameter in the spin channel. More specifically, the
correlation length of the DI'A spin susceptibility is renormalized with a constant parameter A, determined by
the above-mentioned sum rule. Here we will extend this idea [202] by also correcting the charge susceptibility
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7.1 Results on the Hubbard Model in three dimensions

by a second parameter \q. Both parameters are then simultaneously fixed by the sum rule for the up-up
susceptibility and the requirement that the potential energies at the one- and the two-particle level should be
equivalent. This idea shares some similarities with the two-particle self-consistent approach (TPSC) 278,
277| where the fulfillment of two-particle consistency is achieved by considering (different) effective Hubbard
interaction parameters in the charge and spin channel. However, the latter approach is restricted to the weak
coupling regime, while the DMFT input in our improved version of ladder DI'A makes the method applicable
to the entire range of the coupling parameter. With this method, we achieve an improved description of the
phase diagram in the weak-to-intermediate coupling regime and consistent results for the potential energy
in the entire parameter space. Finally, we also restore the correct hierarchy of the kinetic energy between
DI'A and DMFT in the weak-to-intermediate coupling regime.

The paper is organized as follows: In Sec. we discuss the general formalism of the ladder DT'A
approach and introduce our new method. In Sec.[7.1.3]we present our results for the three-dimensional half-
filled Hubbard model on a simple cubic lattice and discuss the impact of the extended A correction scheme
on charge and spin susceptibilities, phase diagram, electronic self-energies as well as on the potential and
kinetic energies. In Sec. [7.1.4 we conclude our work.

7.1.2 Method

In this study we will consider the single band Hubbard model,

H=-t > el ejo+ Uanmw (7.1)

(ij)o

with hopping amplitude ¢ between nearest neighbors and effective Hubbard interaction U between particles
at the same lattice site. We will restrict ourselves to the half filled (n = 1) 3 dimensional simple cubic lattice
with nearest neighbor hopping. The energy scale will be fixed to D = 21/6t which corresponds to twice the
standard deviation of the noninteracting density of states. Furthermore, we will use v = (2n+1)7 to indicate
fermionic and w = 2mﬁ for bosonic Matsubara frequencies. 8 = 1/T denotes the inverse temperature of the
system. Lastly, the factor of % for Matsubara sums is omitted, i.e. ¥, = %Z;‘;_m and integrals over the

momentum vectors k or q over the Brillouin zone (BZ) are written as sums Y = @ Jaz dk

ladder DT'A formalism

The method employed in this work is based on DI'A [264] in its ladder approximation [125} 202]. DI'A is a
natural generalization of DMFT in the following sense: DMFT assumes the one-particle irreducible vertex
(1PI), the electronic self-energy ¥, to be purely local, i.e. k independent. DT'A raises this concept to the

4
vv'w
oo’

two-particle level and assumes the 2P| vertex to be local. This is a controlled approximation in the

/
sense that the theory becomes exact in the limit of n — oo for local nPI vertices. A%, introduces nonlocal
correlation effects on top of the local ones of DMFT via a momentum dependent self-energy i, which is

obtained from the equation of motion

Yp=—-U ZFﬁ”kli, feidte! g,igGﬁjg (7.2)
v wk'

’
vv'w
oo’

The full vertex Fﬁf’]iﬂ,q is calculated from through the Bethe-Salpeter and parquet equations [58]

259|. The former connect AZZ',W with F{f;ﬁ,q in three different ways, corresponding to fluctuations in the
charge, spin and particle-particle channels. The latter takes into account the mutual renormalization effects
between these three different channels. However, this approach is not only numerically very expensive but
the inherent self consistency loops are also not guaranteed to converge due to intrinsic singularities [215]
,‘;Z(’,',“. The ladder approximation therefore omits the self consistency and calculates the full vertex
only once via a one-shot Bethe-Salpeter equation in the relevant scattering channels. For the repulsive
particle-hole symmetric Hubbard model these are the charge (density, » = d) and the spin (magnetic, » = m)
channel while particle-particle fluctuation are typically strongly suppressed and sufficiently well captured by
DMFT. Moreover, also the Green's functions appearing in Eq. remain on the DMFT level, contrary to
self consistent methods like parquet. Unfortunately, the ladder approximation violates the two-particle self-
consistency. This leads to (i) a spurious 1/iv asymptotic behavior of the self-energy [202] and (ii) ambiguous
results for the potential energy. To overcome these problems it is necessary to rewrite Eq. in terms of
physical susceptibilities. To this end we introduce the bare, generalized and physical susceptibilities as well
as the triangular vertex which are defined as follows (the upper sign corresponds to the spin, the lower to
the charge channel):

in

st]w = _ﬁéuu' Z GﬁGch:: (73)
X:::lw — XSflqw _ Vl/ W Z I‘\VV]W l/] V w (7'4)
Xoa= DXV (7.5)
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’ -1 ’
Y= 2 (e (12 Uxia))  Xa®. (7.6)

!

GY =[iv+pu—ex—X"]"" is the DMFT lattice Green's function and £ the local DMFT self-energy. FZ",“’
denotes the local vertex which is irreducible in channel r. These quantities allow us to reformulate the
equation of motion: [203] 125} [202|

S-S -U Y [1+ 505a0 - Uxia) -
v'wq
3 rw w OJ VVLL/' v+w
g'ym,q(l"'UXm,q) XOq ] k+q> (7.7)

where Fm"",“’ is the local full vertex of DMFT.

With these definition we can formulate above problems (i), which corresponds to a violation of the
consistency relation for the 11 (i.e., the sum of charge and spin) susceptibility (equivalent to the Pauli
principle), and (ii) the ambiguity in the potential energy, as

1 Asw . Amaw) L T n
5 WZ (deq + Xm.q ) = 5 (1 - 5) (78&)
U )\d w Am,w ’I’LQ ! AU\, v
52( — X )+UZ—V’ka DI (7.8b)
B3 By

where we introduced the free parameters Aq and A, to fulfill these consistency relations. The \'s enter
into the formalism via a renormalization of the physical susceptibilities in the spirit of the Moriya theory of
itinerant magnetism [176] as follows[202]

A 1 !
Xp" = (— + )\T) (7.9a)
Xr

A previous version of ladder DI'A[125] has already exploited a simpler version of this idea where the sum
rule in Eq. has been enforced by considering a A correction only in the spin channel (i.e. Aq = 0). In our
new approach we achieve a higher degree of consistency by overcoming the ambiguity in the determination
of the potential energy with a corresponding renormalization in the charge channel.
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of U at 8 = 10 and B = 14. The divergence of tained from one- and two-particle correlation
Am(Aq) indicates the largest pole of XAda as a functions as on the right and left hand sides of

function of Aq [see Eq E] after Wthh this Eq. (7.8b) respectively as a function of A\q where
e d " T . . Am is obtained (for a given A\q) from Eq. (7.8a).

susceptibility would become negative making all .

solutions with smaller Ay unphysical. Results at three different values of U at § = 10

and B = 14 are shown, corresponding to weak, in-
termediate and strong coupling. The crossing of
the lines with the z-axis indicates a solution for

the set of consistency Eqs. (7.8).

Figure 7.1: Conditions for A corrections.

7.1.3 Results

In the following we present results for the charge (density) and spin (magnetic) susceptibilities and the
related magnetic phase diagram, the self-energies as well as the potential and kinetic energies, which are
obtained by our method. We focus particularly on the mutual renormalization effects between charge and
spin fluctuations which are introduced by the consistency relations in Egs. . Moreover, we compare our
findings with previous ladder DT'A calculations [125} 203} 202, |217], where only the spin channel has been
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7.1 Results on the Hubbard Model in three dimensions

renormalized, as well as to other diagrammatic and numerical techniques.

In order to more concisely distinguish the different methods, we use the following notation: The previous
version of DI'A will be denoted with IDI"A,,,. The index “m" indicates that only the magnetic susceptibility
is renormalized by a parameter A\, # 0 while \q = 0. IDI"Aqn, refers to our new approach where both the
charge and spin susceptibility are corrected by renormalization constants Aq, Am # 0.

The local DMFT self-energy X and vertex functions FZ”I“’ have been obtained from an exact diagonal-
ization (ED) impurity solver using four bath sites. While the applicability of ED is certainly limited by the
necessity of fitting the hybridization function to a finite bath, it does not suffer from any statistical noise
which typically arises in quantum Monte Carlo calculations. The latter particularly affects the two-particle
vertex F;”"“ which is obtained from a matrix inversion in the space of the fermionic Matsubara frequencies
v and v'. For the development of the new method we deemed statistical fluctuations of the input data as
problematic, since the effect of specific features in the approach and the statistical error on the results can-
not easily be disentangled. Such problems are indeed absent in ED which is in any case expected to provide
reliable results at the rather high temperatures above the Tx of DI'A. We have nevertheless checked our
numerical findings for a broad range of points in the U vs. T' phase diagram with continuous time quantum
Monte Carlo (CTQMC) calculations in the hybridization expansion implementation using the w2dynamics
package [284].

Physical interpretation and determination of Aq and A,

Considering an Ornstein-Zernike form for the physical charge and spin susceptibilities

w 1
X", ~ —2 (710)
4 q2 - §r2
it is obvious that the A-corrections introduced in Egs. ((7.9)) corresponds to a renormalization of the correlation
length (£,)72 = (&)7)72 = £.2 + )\, or, after rewriting, £, — &7 = —=._— _ Let us remark that, from field

V1FAEr

theoretical perspective, &2 corresponds to the mass of the propagator of the corresponding charge and spin
fluctuations and, hence, A, can be also interpreted as a mass renormalization. The actual values of the
parameters A\q and A, are determined be the consistency relations Eq. for the Pauli principle and
Eq. for the potential energy, respectively. A numerically efficient algorithm to determine Agq and Am
from these equations is discussed in appendix Here, instead, we present a solution method which
better highlights the physical content of our approach. This method consists in two steps:

First, we use only sum rule Eq. , corresponding to the Pauli principle, to calculate A\, for given
values of Aq. In this way we obtain a function Am(\a) which is depicted in Fig. for three different
values of U at § =10 and 8 = 14. The values for the temperature are chosen such that the distance to the
phase transition is similar (c.f. Sec. . The allowed range of values for Aq and A, is determined by the
condition that both the density and the magnetic susceptibilities x4 o, and Xy, q must be real and positive
for all frequencies w and momenta q (see also appendix for a discussion of the physically relevant
interval). We observe that A, is monotonously decreasing with increasing Aq. This behavior can be directly
understood from Eq. : A larger value of Aq corresponds to a smaller x4 ,. Hence, in order to fulfill this
sum rule the decrease of xg , must be compensated by a corresponding increase of x5, 4 which is achieved
by lowering the value of A,,. Therefore, Eq. provides in a simplified way the mutual renormalization
of the charge and spin susceptibilities as it is usually achieved only by a full parquet treatment [227} 269,
146| of the problem. To determine the value of A4 we have to consider Eq. which corresponds
to the consistency of the potential energies between the one- and the two-particle level. In Fig. we
show the difference between the left and the right hand side of this equation as a function of A\gq for three
different values of U at 8 = 14. The value of Aq at which the curve crosses zero corresponds to a solution
of the consistency equation for the potential energy Eq. . For each of the considered values of U we
find such a crossing for positive values of Aq. Moreover, we observe that the slope of the lines decreases
with increasing interaction strength. This behavior can be attributed to the overall magnitude of charge
fluctuations in the respective parameter regime. At weak coupling (U = 1), x4 4 is still comparatively large
and, hence, its inverse is small. Correcting a small value by Ay and inverting again [see Egs. ] results
in a substantial modification of x{§ 4 and all quantities depending on it. On the contrary, at larger values
of U (U =2 and U = 3.5) close to or beyond the Mott metal-to-insulator transition charge fluctuations
are strongly suppressed and xg o becomes very small. Consequently its inverse gets very large and is only
weakly affected by the addition of the parameter A\q in Eq. explaining the overall weaker dependence of
observables on Aq4 at strong coupling. This observation has also implications for the numerical determination
of Aa: In fact, the calculation of Aq becomes gradually more difficult upon increasing U as the correction
of the already strongly suppressed charge susceptibility requires an increasingly higher numerical precision.
This also implies that the solution starts to depend stronger on small changes in the DMFT input in this
parameter regime which requires a particularly precise evaluation of the DMFT correlation functions 3 and
I‘?”'“’.

Let us briefly address the signs of the (real) renormalization parameters Aq and Am. On general grounds
we expect that DMFT overestimates nonlocal fluctuations described by x;’ as it is a mean field theory with
respect to spatial degrees of freedom. Hence, the A corrections should suppress these DMFT fluctuations
by assuming positive values A, > 0. This assertion is indeed true in in the entire parameter regime as can
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be seen in Figs. In Fig. [7.1b] the curve corresponding to the consistency relation for the potential
energy crosses zero at positive values of Ay for all U which is confirmed by the heatmap of A\q as a function
of U and T in Fig. In the latter, we indeed observe \gq > 0 for all values of U and 3 which is also true
for Am = Am(Aa).

Density and magnetic susceptibilities
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Figure 7.2: Momentum integrated susceptibilities in spin (top row) and charge (bottom row) channel
for IDI’'Adm (red squares) vs. DMFT (i.e. Ag = Am = 0, orange circles) and 1DT'A,, (green
hexagons). Data is presented in the weak (U = 1), intermediate (U = 2) and strong (U = 3.5)
coupling regime above the critical temperature of DMFT. Note that for IDI'A,, no charge
renormalization is performed making it equivalent to the DMFT solution in the lower panel.

The local impurity susceptibilities of DMFT (brown triangles) are shown for comparison.

In this section we discuss the lattice susceptibilities x;’ in the charge (r = d) and spin (r = m) channels.
These observables are interesting on their own as they are subject to the renormalization procedure discussed
in the previous section. Moreover, they determine the antiferromagnetic phase transition and transfer the
effects of charge and spin renormalization to the electronic self-energy as well as to the potential (and
kinetic) energies via Eqgs. and .

Figure [7.2] shows the frequency dependence of the momentum-integrated charge and spin susceptibilities
obtained by three different methods. The red squares indicate the IDI" A4y, results where both the charge and
the spin susceptibilities have been renormalized by a A correction. They are compared to the corresponding
DMFT results where A\g = A = 0 (orange circles) and the IDI'A,, where only the spin susceptibility is
corrected using Eq. ([7.8a)) (green hexagons). For further comparison, we also present the local impurity
susceptibilities x . (brown triangles) which have been obtained directly from the DMFT impurity solver.
We present our data for three different values of U in the weak (U = 1), intermediate (U = 2) and strong
(U = 3.5) coupling regimes at temperatures slightly above the DMFT phase transition.

We observe that the introduction of A-corrections leads to an overall suppression of the charge and spin
susceptibilities with respect to DMFT in the entire parameter regime. For the spin susceptibility in the upper
panels, this reduction becomes more pronounced upon increasing U. This observation can be attributed to
the overall increase of spin fluctuations by the gradual emergence of a local moment for larger interaction
values. In fact, the absence of two-particle self-consistency in DMFT leads to a substantially larger violation
of the sum rule Eq. when local spin fluctuations enhance the nonlocal spin susceptibility [55]. Let
us remark that the renormalization of the spin susceptibility becomes also stronger when the temperature
is decreased. This can be readily understood by the substantial growth of this correlation function upon
approaching Tx of DMFT (where it actually diverges) leading to a stronger violation of Eq. (7.8al).

Let us now address the difference in the spin renormalization between the IDI'A,,, and IDI" A4y, methods.
The reduction is larger for IDT'A,,, where only the spin fluctuations are renormalized by means of Eq.
(green hexagons) compared to 1DI"'Aq4m, where we consider a A-correction in both the spin and the charge
channel (red squares). As discussed in the previous Sec. m this behavior can be understood from
Eq. where a suppression of x4  through Aq > 0 must be compensated by a smaller value of Ay and,
hence, a larger xim,q compared to IDT'A, where Agq =0, to match the constant on the right hand side of
this equation. This effect is more pronounced at weak coupling (U = 1, upper left panel) and gradually
decreases upon increasing U. In fact, while at intermediate coupling (U = 2, upper middle panel) the
difference between IDT'A,, and IDT" Ay, is still visible (albeit very small) both methods provide virtually the
same result at strong coupling (U = 3.5, upper right panel).
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Figure 7.3: Inverse of the antiferromagnetic susceptibility xar(7") = xm(w=0,q=1II) as a function of
the temperature T:% for U=1.25 (left panel) and U =2 (right panel) obtained by DMFT
(orange circles), IDI'Ay, (green hexagons) and IDT'A 4y, (red squares).

On the contrary, the (relative) change of the charge susceptibility due to the introduction of Aq is rather
constant (about 30%) in the entire parameter regime (see difference between red squares and orange circles
in the lower panels of Fig. . However, the effect of this renormalization on other physical quantities
strongly depends on the coupling strength. At weak coupling (U = 1, lower left panel), charge fluctuations
are still significant (compared to the value of the spin fluctuations) and their correction by means of Aq is
indeed highly relevant for the fulfillment of sum rule . In fact, at U =1 the charge renormalization
is almost solely responsible for the enforcement of this consistency relation as the spin susceptibility is
more or less equivalent to DMFT (cf. red squares and orange circles in the left upper panel of Fig. .
Upon increase of the interaction strength to U =2 and U = 3.5 the overall size of the charge susceptibility
decreases by one to two-orders of magnitude. Hence, the effect of the charge correction on the spin
renormalization becomes gradually smaller and almost vanishes in the strong coupling regime where only
the spin susceptibility contributes significantly to Eq. (7.8a)).

It is also instructive to consider the deviations of the momentum-summed lattice susceptibilities of DMFT
(orange circles) from the local ones of the AIM related to the DMFT solution of the Hubbard model (brown
triangles in Fig. . Since DMFT is not a two-particle self-consistent theory considerable differences
between these quantities are to be expected. This is indeed true for the spin channel (upper panels), while
no significant (relative) difference can be observed in the charge channel. Introducing a A correction solely in
the spin channel (green hexagons) we observe that the consistency between the momentum summed lattice
susceptibility and the local one of the AIM is implicitly restored. While at a first glance this effect from the
IDT"A,,, method appears to be preferable, we argue that in fact the opposite is the case. The local impurity
model of DMFT contains no nonlocal correlation effects. Hence, its local correlation functions are expected
to deviate from the local part of the corresponding DI'A lattice correlation functions which indeed contain
such nonlocal contributions. These nonlocal contributions can be included in an impurity model only by
introducing an effective frequency dependent interaction U(w) as done in the dual boson approach [210].
In this method, a consistency between local lattice quantities and the corresponding impurity quantities is
indeed meaningful because nonlocal correlation effects are partially encoded in the frequency dependence
of the effective U. Since we do not consider such a modification of the impurity model within the ladder
DT'A, a consistency between momentum summed and impurity correlation function at the two-particle level
is not to be expected. On the contrary, an additional \-correction in the charge channel leads to physically
reasonable deviations from the correlation function of the AIM (red squares).

Phase diagram

In three dimensions, the half-filled Hubbard model on a bipartite simple cubic lattice features an anti-
ferromagnetically ordered phase at low temperatures for all values of the interaction parameter U. The
second-order phase transition to this antiferromagnetic state is indicated by the divergence of the antifer-
romagnetic susceptibility xar(7) = xm(w=0,q=1II). In Fig. we present the results for the inverse of
this observable as a function of the temperature for two different values of U. A divergence of xar(7), i.e.,
vanishing of xar(T") marks the onset of antiferromagnetic order. We observe the same hierarchy of curves
as in the previous section: The DMFT antiferromagnetic susceptibility (orange circles), which corresponds
to Ad = Am = 0, is larger than the DI'A susceptibilities (green hexagons and red squares) where A-corrections
have been applied. Consistent with the discussion above, the IDI'Ay, results where A\g = 0 (green hexagons)
are smaller than the ones obtained by IDT"A 4y, where both the charge and the spin channels are renormal-
ized (red squares). As has been detailed in Sec. this is explained by the consistency relation
where the suppression of charge fluctuations by Aq > 0 requires a larger spin susceptibility compared to
the case where \q = 0. The difference between the two approaches is particularly pronounced at weak and
intermediate coupling while it gradually decreases for increasing U when charge fluctuations are strongly
suppressed and, hence, have lesser effect on the overall physical picture.
Close to the transition temperature Tn, xar(T") takes the form of a universal scaling function [31]

XAF(T) ~ a\T—TNrV (7.11)
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where + is the critical exponent associated with the susceptibility. The mean field (MF) value v = yur = 1
is consistent with the linear temperature dependence of the DMFT xat(T) in Fig. (orange circles).
The renormalization of this DMFT susceptibility by a A parameter leads to a modification of the mean field
behavior and provides a v > 1 which is clearly visible for the green hexagons and red squares in Fig.
The deviation from the linear mean field behavior can be only observed in the critical temperature region
ATy o< TE according to the Ginzburg criterion[154]. This explains why the bending of yat(T') is more
pronounced in a wider temperature range for U = 2 where Ty is substantially larger than for U = 1.25 (for
lower values of U the critical regime is hardly visible at all on our scales). In Ref. [54] it has been discussed,
that the ladder DI'A provides critical exponents consistent with the spherical symmetric Kac model[239]
where v = 2, similar as in TPSC [49]. However, fitting the exponent of a scaling function such as Eq. (7.11])
is intrinsically difficult and v = 2 can be only achieved by including subleading terms in the fit as has been
shown in Refs. [226] [54].

In any case, the determination of T from numerical data is stable, and its value depends only very weakly
on changes in «y [54]. We have, hence, fitted the results for xar(7") to the scaling function in Eq.
in order to obtain the transition temperature T for different interaction values U. The transition curves
Tn(U) for DMFT (orange circles), the IDI'A,, (green hexagons), and IDI' A4y, (red squares) are depicted in
Fig. [7-4B] where also results obtained with other methods are shown for comparison. Overall, a reduction of
T obtained by both versions of DI'A with respect to the DMFT curve can be observed. This is indeed the
expected behavior as mean field theories (such as DMFT) typically overestimate the transition temperature
to an ordered state. This can be attributed to the fact that nonlocal correlations, which are included in DI'A
in an effective way by the A corrections but not in DMFT, destroy the order in an intermediate temperature
regime and predict a reduced Tx. Remarkably, in the weak to intermediate coupling region (U ~ 1 to
U ~2) this reduction is much more pronounced when only the renormalization of the spin susceptibility
through Eq. is taken into account (green hexagons). This is a direct consequence of the mechanism
which has been discussed in Sec. for the susceptibilities: The positive A\q leads to a decrease of the
charge susceptibility x4  in Eq. requiring a larger spin susceptibility xi  (corresponding to a smaller
value of Am with respect to the case where only the spin channel is corrected). Consequently, the related
antiferromagnetic spin susceptibility xar(7") will diverge at a higher temperature T in IDI'Aqm, giving rise
to a higher transition temperature T with respect to IDT'A, .

For U < 1 our numerical data for T coincide with the corresponding DMFT results. This means nonlocal
correlations do not reduce the transition temperature in this parameter regime, which is indeed the expected
behavior and has been predicted by analytical considerations and numerical simulations [257} [221} 55]. In
fact, it was demonstrated that T is affected mainly by local particle-particle fluctuations (which are of
course already included in DMFT) in the weak coupling region. In the intermediate coupling regime (U ~1
to U ~2) we observe a reduction of T with IDT'A 4y, with respect to DMFT which is in good agreement with
dual fermion (DF) [102] and diagrammatic Monte Carlo [142] results. This is consistent with the fact that
within the DF treatment of the problem both the spin and the charge fluctuations are renormalized within a
self-consistent update of the generalized susceptibilities in the dual space [204] (although a consistency of the
potential energy has not been demonstrated in this framework). Diagrammatic Monte Carlo calculations
provide (in principle) the exact solution of the problem. In the intermediate coupling region, they also
predict a Tx in good agreement with 1DI"Ag4,, which can therefore be considered a more reliable method
than IDT"A,, for the estimation of the transition temperature in this parameter regime.

Finally, in the strong coupling region U 22 the results of both DI'A schemes coincide and match excellently
the data from the Heisenberg model onto which the Hubbard model can be mapped at large interaction
strength. This is consistent with the fact, that in this parameter region the charge degrees of freedom are
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Figure 7.5: Imaginary part of the electronic self-energy at the nodal [kn = (5,7, %)] and antinodal
[kan = (m, 5,0)] points on the Fermi surface for three different coupling strengths at 5 = 10
and 3 = 14 as a function of the fermionic Matsubara frequency v. We present data for DMFT
(orange circles), IDI'Ay, (green hexagons and blue pentagons) and IDT'A 4y, (red squares and

brown triangles).

almost frozen and, hence, the renormalization in the charge channel has no effect on Tx.

Self-energies

In this section we discuss the momentum dependent imaginary part of the electronic self-energies obtained by
IDT"Aam as a function of the Matsubara frequency v at the nodal kn = (7/2,7/2,7/2) and antinodal kan =
(m,m/2,0) momentum on the Fermi surface. In Fig. we compare our findings (red squares and brown
triangles) to the corresponding local self-energy ¥ of DMFT (orange circles) and and to 1DI’A,, results
(green hexagons and blue pentagons) for three different values of U at 8 = 10 and 3 = 14, slightly above
Tn of DMFT for the respective U values. In general, the absolute values of the momentum dependent
self-energies in both DI'A schemes are larger than the corresponding DMFT correlation function. This is
the expected behavior [202] as nonlocal correlations typically suppress the spectral weight at the Fermi level
(in addition to the suppression due to local correlations which are already captured by DMFT). As has
been discussed in several previous papers [202} |204], the enhancement of X is stronger at the antinodal
point kan than at the nodal point kn which is confirmed by our data (for both variants of DI'A). We
observe that the IDI"A4,, method yields larger (in absolute value) self-energies than the ones obtained by
the IDT"A,, method over the entire U range. This can easily be understood from the different magnitudes
of the spin and charge susceptibilities in both approaches and the way how they enter in the EoM .
To this end we split Eq. into a magnetic contribution, a density contribution and a remainder which
accounts for the remaining terms on the right hand side of this equation:

2
U
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Figure 7.6: Left: Imaginary part of the self-energy i  split into contributions from the charge suscep-
tibility (blue pentagons and brown triangles), the spin susceptibility (green hexagons and
red squares) and an remainder (blue heptagons) according to Eqgs. at B=14,U = 1.
Results are presented for IDI'Agm (red squares and brown triangles) and IDI'Ay, (green
hexagons and blue pentagons). Note that the correction term is equivalent for both meth-
ods as it does not depend on any A parameter.
Right: Same as in Fig. but for U = 3.5.
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Figure 7.7: Potential energy as a function of temperature for three different values of U as obtained
by the DMFT (orange circles and brown triangles), IDT'A,, (blue diamonds and green
hexagons), and IDI'"A4m (red squares). Note that for DMFT and 1DI'Ay, the results for
Epot calculated from the one- and the two-particle level [corresponding to the right and left
hand side of Eq. , respectively| differ. Vertical lines indicate the transition temper-
ature Tn of the respective method. Due to the unphysical large scale of the two-particle
potential energy of DMFT at U = 3.5, the data is shown as inset.

Note that the remainder term does not contain x4 of Xim,q and therefore does not depend on any A
parameter. It is for this reason equivalent in the IDI'A,, and IDT" A4y, method. As discussed in Sec.
Xm,q is larger for IDI'"Aqm than for IDI'A,, . This property is directly transferred to X}, , in Eq. (7.12b])
where at weak coupling (U = 1) we indeed observe a larger contribution of spin fluctuations to the self-energy
for IDI"A4m (red squares) compared to IDI'Ay, as shown in Fig. The opposite behavior is observed
for the charge susceptibility. It is smaller for IDT"'A4m with respect to IDI'A,, and the same behavior is
observed for the corresponding contribution to the self-energy ¥ . However, since the charge fluctuations
are substantially smaller than the spin fluctuations, the former are less relevant in the equations of motion
which leads to an overall larger self-energy for Aq > 0. The same should in principle hold in the strong
coupling regime. However, as discussed in the previous sections, due to the extremely small values of charge
fluctuation also the differences in the self-energies and their various contributions are strongly suppressed
and almost no differences in the results for IDT'A4m and IDT'A,, can be observed as it is shown in Fig.

Potential and kinetic energies

Figure shows the potential energies obtained from
DMFT (orange circles and brown triangles), IDI'A,, (blue
diamonds and green hexagons) and IDI"Aqm (red squares).

’ 0.10
Let us stress that for the first two cases (DMFT and o 0.15
IDT"'A., ) the potential energies obtained at the one particle 0.09 .
level (Eé;t) orange circles and blue diamonds) deviate from 0.08 0 010
y o 0.05

the corresponding results at the two-particle level (Eéft) &o0.07
brown triangles and green hexagons) as these approaches 0.06 °
are not two-particle self-consistent [c.f., Eq. (7.8B)]. The 0.05
vertical lines indicate Ty for the respective methods.

We observe the same hierarchy of curves for all values
of U. The largest potential energy is Eéit) of DMFT (or- U
ange circles) which is obtained via the right hand side of
Eq. with the local DMFT self-energy and the (lat- Figure 7.8: DMFT ;CWO particle potential en-
tice) Green's function of DMFT. Considering the DMFT ergy E;(m}c as function of T"and U.
self-consistency relation we obtain
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v
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Y Xd X = U{nyny), (7.13)

Sl

where Gy, is the DMFT lattice Green's function and G” denotes the local impurity Green's function which
is equivalent to the local (i.e., momentum summed) DMFT lattice Green's function due to the DMFT self-
consistency condition. g, are the local impurity charge and spin susceptibilities and (n4n,) corresponds to
the impurity double occupancy. Note that the AIM is solved exactly and, hence, all consistency relations, in
particular the local version of Eq. , are fulfilled as also indicated in Eq. ([7.13)). This implies that E;;t)
of DMFT is equivalent to U times the double occupancy of the auxiliary AIM which is obtained directly from
the impurity solver. Alternatively, the same results can be calculated by summing the local susceptibility
X7 = %[Xt{ — Xm] over all bosonic Matsubara frequencies w. In Sec. we have demonstrated that
the momentum summed spin and charge lattice susceptibilities in IDI"A,, (green hexagons in the upper
and orange circles in the lower panels of Fig. are almost equivalent to the corresponding correlation

1Note that the momentum summed lattice susceptibility of IDT'A,, in the charge channel is equivalent to the corre-
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Figure 7.9: Kinetic energy as a function of temperature for three different values of U as obtained by
the DMFT (orange circles), IDT'A, (green hexagons), and IDI' A4 (red squares). Vertical
lines indicate the transition temperature Tx of the respective method.

sft) of IDT'A., (green hexagons) is
(1)

function of the AIM (brown triangles in Fig. . This explains why E

almost the same (or only very slightly smaller) than the DMFT potential energy E;./ (orange circles) in

pot
Fig.
The DI'A values for E'F(,it) (blue diamonds) on the other hand, are considerably smaller than the corre-

sponding DMFT results which has been also reported in Ref. [202]. In latter reference it has been discussed,
that this is indeed the expected behavior at weak coupling where the antiferromagnetic ground state is
of Slater type. Within such a weak coupling Slater mechanism, the antiferromagnetic phase is stabilized
by a decrease in the potential. Our results indicate that this mechanism is reflected in the corresponding
antiferromagnetic fluctuations above Tx where the inclusion of nonlocal correlations leads to a suppression
of Epet with respect to DMFT. We observe the same behavior at strong coupling where, in principle, a
reversed order of the hierarchy in magnitude of potential energies could have been expected due to the
antiferromagnetic phase being of Heisenberg type and a stabilization through a gain of kinetic energy [202].
This is, however, not observed as DI'A always leads to a reduction of the potential energy with respect
to DMFT, indicating that this change in the nature of the antiferromagnetic order from weak to strong
coupling is not fully captured by the corresponding fluctuations above Tx (see also the discussion of the
kinetic energy below). Whether this behavior is an artifact of the ladder DI'A method or the correct result
requires further investigation.

The IDI'A4m approach (red squares), where by construction EW - g®

pot pot + Predicts much smaller potential
() and E) of IDI'A, (blue diamonds and green hexagons) and EY) of DMFT (orange

pot pot pot
circles). For Eéit)) this difference can be easily explained by the different magnitudes of the lattice charge
and spin susceptibilities which have been analyzed in Sec. In fact, X q is smaller for IDI"Aqm than for

IDT"A, while the opposite behavior is observed for x3, o which is larger for IDI"’Agm compared to IDT'A, .

energies than E

Equation 1) for Eégt) then implies that the corresponding potential energy for IDI"Aqn, is larger compared

to the one obtained with IDI'A,, .
The fact, that the potential energy of 1IDI"Aq4y, is smaller than Eéit) of IDT'A, can be easily understood
by the difference in the size of the self-energies in both approaches. In fact, considering Eq. (7.8b) for the

calculation of EY) we find that

pot
E(l): YGY = il/+,u‘7€k -1
pot ; ke Vzk: iV —ex —iJm¥Y
U w— €k
-2 1 7.14
4 Dzl; ilv - JmXY] - ex (7.14)
In the second line we have used that u = % = ReXy, for half filling (n = 1). Considering that JmXy < 0

for v > 0 (at least for the most relevant momenta kr at the Fermi level as well as in the asymptotic
high-frequency regime), it is obvious that a larger self-energy will lead to a smaller potential energy E;it)
(and vice versa). As we have discussed in Sec. m the self-energies for IDI'Aqr, are indeed larger than
the corresponding self-energies for IDI’A,, in the entire parameter regime which explains the corresponding
differences in the potential energies.

Let us also briefly comment on the DMFT potential energy Eégt) (brown triangles in Fig. which is
obtained from the charge and spin susceptibilities x4 4 and Xy, q Without any A correction via the left hand

side of Eq. 1) In the first and third panel of Fig. we observe that B2 of DMFT is smaller than

pot
the corresponding Eéft) for the IDT"A, approach. This can be understood by the fact that x5,  is larger for

DMFT compared to IDI"Ay, (c.f., orange circles and green hexagons in the upper panels in Fig. [7.2) and
enters into Eq. 1) for E'2 with a negative sign.

pot
The situation is more complicated for IDI"A 4., where an additional renormalization via A\gq > 0 is applied
to Xd,q- Such a correction has the opposite effect compared to the X correction in the spin channel because

the charge correlation function enters in Eéft) with a positive sign. Hence, the introduction of A4 tends to
suppress the corresponding potential energy with respect to DMFT while A, typically increases it. At weak

coupling (U =1, left panel in Fig.[7.7)) we can see that the renormalization of the charge susceptibility has

sponding DMFT results as no A correction is applied to charge fluctuations (i.e., Aq = 0) within IDT'A,, .

151



7 Ladder DI'A Results for the Hubbard Model

indeed a more pronounced effect and the Eéﬁﬁ of DMFT (brown triangles) is larger than the corresponding
results for IDT"Aam (red squares). On the contrary, at strong coupling (U = 3.5, right panel in Fig.
the reduction of the potential energy due to the spin susceptibility dominates and Eéft) of DMFT s located
below the corresponding IDI"Aqy, result. In fact, at these large values of U, E,Eft) of DMFT becomes even
negative due to the large value of the unrenormalized spin susceptibility. This unphysical behavior at strong
coupling has already been reported for the two dimensional Hubbard model in Ref. [271]. In the heat map
for Eéft) of DMFT in Fig. it can be clearly seen that such unphysical negative values emerge beyond

U ~ 2.5. Note also, that below T of DMFT Eéft) becomes numerically ill defined, since the divergence of
the magnetic susceptibility around the antiferromagnetic ordering vector introduces k-sampling dependent
noise.

Let us finally comment on the temperature dependence of Ey for the different methods. At weak

coupling (U = 1, left panel in Fig. [7.7]) we observe an increase of E{) for DMFT (orange circles) and
g g g

pot
E;;t) as well as E,§§3 for IDI"A,, (green hexagons and blue diamonds) upon decreasing temperature. For
DMFT this is indeed the expected behavior as the system becomes more metallic at low temperatureﬂ
For the IDT"A,, results, on the other hand, this increase with decreasing temperature is indeed unphysical
as the double occupancy is expected to become smaller when approaching the antiferromagnetic order at
Tx. The latter (physical) behavior is indeed observed when we consider A\q > 0 in the 1IDI' A4, approach
(red squares) which further demonstrates the improved consistency of our new approach with respect to
the IDT'A,,, method. At intermediate and strong coupling (middle and right panels) both versions of DI'A

feature the physically correct decrease of E;it) with decreasing temperature.
Let us close this section by briefly discussing the kinetic energy of the system as depicted in Fig. It
is calculated via the equation

Eiin = ) exGx (7.15)
vk

At weak coupling, the antiferromagnetic state is of coupling Slater type. As it has been discussed extensively
in Ref. [202], this implies that the symmetry broken phase is stabilized by a reduction of the potential energy
while the kinetic energy is larger in the symmetry broken than in the normal state. It has been demonstrated
in the latter publication, that at the very small value of U = 0.75 this also holds for the corresponding
fluctuations above T and is reflected in the kinetic energy of IDT'A,, .

At a slightly larger value of the coupling on the other hand (i.e., U = 1.25, left panel of Fig. FEin for
IDT'A,, (green hexagons) is located beyond the corresponding DMFT result (orange circles). This implies
that within the IDI"A,,, method the system is already in an intermediate coupling region. On the contrary,
our new result for IDI"A4y, (red squares) predicts a kinetic energy above the one of DMFT indicating that
the system is still in the weak coupling regime. This is indeed consistent with the predicted Tx which is
very close to the DMFT result at this value of U. Overall one can see that the IDI"Aq,, approach extends
the range where a Slater type antiferromagnetism is observed with respect to the IDI'A,, method.

At intermediate and strong coupling, both DI'A approaches predict a kinetic energy below the one of
DMFT which is the correct behavior in this parameter regime. Interestingly, Eyi, for IDT'Ag4n is always
larger (smaller in absolute value) than the one obtained via IDI'Ay, . This is again a consequence of the
larger self-energy in the 1DT"A4m approach and can be explicitly demonstrated by rewriting Eq. for
Eiin into a similar form as the equation for Eéig in Eq. . The difference between E, of the two
versions of ladder DI'A decreases upon increasing U as the charge renormalization becomes gradually less
important and eventually almost vanishes at the strongest coupling U = 3.5 (see also the corresponding
discussions in the previous sections).

7.1.4 Conclusions and Outlook

In this paper, we have presented a method which takes into account nonlocal correlations beyond the local
ones of DMFT and fulfills specific exact sum rules which connect one- and two-particle correlation functions.
Our new approach is based on the ladder dynamical vertex approximation where nonlocal corrections to the
purely local DMFT self-energy are obtained via a diagrammatic expansion around DMFT. More specifically,
within this method a momentum dependent self-energy is constructed from the DMFT Green's function and
the DMFT charge and spin lattice susceptibilities. Since we do not perform a fully self-consistent treatment
of the problem the results initially violate certain sum rules for these susceptibilities which control the total
density and the potential energy of the system. To overcome this problem, we have introduced a mass
renormalization of the charge and spin susceptibilities by means of (constant) parameters Aq and A, which
are determined by the requirement that the above mentioned sum rules are fulfilled. A simpler version of
this idea, where a correction is applied only to the spin channel, has been already successfully exploited in
previous research works [125} [202].

We have applied our new approach to the three dimensional half-filled Hubbard model on a simple
cubic lattice with nearest neighbor hopping which features an antiferromagnetically ordered phase at low
temperatures for all values of the interaction strength. The introduction of the correction parameters \q
and A\, leads to a mutual renormalization of charge and spin fluctuations which can be usually only achieved

2Note that the one-particle as well as the impurity quantities of DMFT are not affected by nonlocal antiferromagnetic
fluctuations in the proximity of the antiferromagnetic phase transition
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Figure 7.10: Full vertex FI‘I’]”'“’ as function of v,v" at 5 different w. Labels indicate the (integer) index
of the Matsubara frequency. Shaded colors indicate points connected to others by sym-
metries. Upper panel: unshifted grids, lower panel: v, v’ shifted by —w/2

in far more complicated theories such as the parquet approach. The latter is, however, restricted to simple
one-band models due to its numerical complexity while our method is, in principal, applicable for multi-band
systems or systems with a nonlocal interaction.

We have demonstrated that our method, which takes into account the renormalization of both the charge
and spin susceptibility, improves several results compared to the above mentioned previous version of DI'A
where only the spin susceptibility has been renormalized. In particular, at weak-to-intermediate coupling it
predicts a higher transition temperature T to the antiferromagnetically ordered state with respect to the
old approach which is in good agreement with dual fermion and diagrammatic Monte Carlo calculations.
At strong coupling it gradually becomes similar to the old technique as charge fluctuations are strongly
suppressed and their renormalization has (almost) no effect on the physical results.

We have also analyzed the potential energy which is obtained by our new method. In contrast to DMFT
and the previous version of DT'A, it is uniquely defined and lower than the corresponding ones obtained
by the latter approaches. Moreover, at weak coupling it always decreases upon decreasing temperatures
approaching the antiferromagnetic phase transition which is indeed the expected behavior for a Slater type
antiferromagnet where the ordered phase is stabilized by the potential energy. The kinetic energy is located
above the one of DMFT at weak coupling which is also consistent with Slater type antiferromagnetism
while the previous non-selfconsistent version of DI'A predicts a lower kinetic energy with respect to DMFT.
Overall, our new approach describes the weak and intermediate coupling regime, where charge fluctuations
still play an important role, substantially better than the previous approach where a renormalization of
charge fluctuations is absent.

Let us finally state, that our new method is not yet fully two-particle consistent as it violates sum rules
which originate from conservation laws in the system. The inclusion of such consistency relations in the DT'A
formalism (and also other diagrammatic extension of DMFT) is an interesting future research perspective.
Moreover, the extension of the presented approach to more realistic multi-orbital systems can potentially
lead to an improved theoretical description of nonlocal correlation effects in real materials.
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We acknowledge financial support from the Deutsche Forschungsgemeinschaft (DFG) through Projects
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7.1.5 Use of symmetries

!
The irreducible vertex I'Y” “, which is required for the calculation of the lattice generalized susceptibility
I’
v w

Xrmg" in Eq. , is calculated from the local generalized susceptibility XZVIW via a local version of Eq. .
The latter is obtained directly from the ED impurity solver which represents the numerically most expensive
part of the entire method. To reduce the number of frequencies for which Xi’f’,w has to be evaluated
explicitly we have considered two algorithmic improvements:

(i) We have shifted the fermionic Matsubara frequencies (v,v') by -

<.
since the main nonperturbative structures of x;” * are centered around (-%,-%) (see Refs. [207, 205]).
This can be seen in the upper panels of Fig. where we present the full vertex F,’,’l”’“, which is obtained

This improves our calculations
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from XZ,”,‘" by amputating the four outer Green function lines|207], as a function of v,v" at different w
slices. The main structures, indicated by the crossing of the yellow and blue diagonal contributions, indeed
move to the center if the frequency grid is shifted by —%.

(ii) We have considered all physical symmetries of Xﬁ”'“ which allows us to reduce the actual calculation
to a subset of Matsubara frequencies in the selected frequency grid. In fact, the generalized susceptibility
Xﬁ”’“ is equivalent for all frequency triples (v,v'w) which are related to each other via a specific physical
symmetry. Consequently, it is sufficient to determine this correlation function for only one of this related
triples. In Fig. the frequencies which are related to another one by a symmetry are shaded. Overall
this leads to a reduction in the number of triples (v,v’,w) by more than a factor of 10.

For the determination of equivalent arguments for the Green's function we have proceeded in the following

way:
1. Define the grid of size Niot = N2 x N,,, possibly with shifted v, 2" values.

2. Define the symmetry mapping, i.e. f(p) = “list of points p maps to". This includes only direct
symmetries, so for 5 symmetries in the system, the list will have the length 5.

3. Construct an undirected graph with Nt vertices, each representing a point on the grid while edges
for each vertex v are given by f(v). It suffices to loop over all vertices and call f on its value,
disregarding double edges. In case the equivalent points are related by some operation other than the
identity, for example complex conjugation, one has to track the operation connecting two vertices as
edge “weight”, for example in a parent array.

4. Determine all connected components, for example using depth first search [68|, and choose a (random)
node as representative. The construction of the mapping from the reduced to the full grid, including
the “weights”, can be done with a modified depth first search as well.

5. Hand off the reduced grid and mapping to the full grid to the impurity solver and DI'A code.

7.1.6 Improved asymptotics

For the IDI" A4, method it is necessary to solve the two coupled equations in Eq. and Eq. for
Am and A4 simultaneously. This requires a precise evaluation of the corresponding frequency sums in these
relations as well as in Egs. and (7.6). For a numerical evaluation, these sums over an infinite number
of Matsubara frequencies obviously have to be restricted to a finite frequency grid. A plane summation in
such a finite frequency domain is typically not sufficient to determine A\g and A, but the consideration
of the high-frequency asymptotic behavior of all involved correlation functions provides accurate and stable
enough results, even if small frequency grids or noisy Monte Carlo input data is used. This section gives an
overview of the improved Matsubara summation method used to perform the Matsubara frequency sums for
the determination of the A parameters. The central idea for this summation technique is to divide functions
of Matsubara frequencies f“, where w is now a generic variable which can represent a (set of) fermionic
and/or bosonic Matsubara frequencies, into a core and asymptotic region. The summation is then performed
separately for both. In the core region (indicated by a subscript “c”), a sum over the exact numerical data
for f“ is carried out while in the asymptotic high-frequency regime f* (or shell region, indicated by a
subscript “s") is replaced by leading order diagrams T which do not decay as a function of frequency. The
frequency sum over the latter can be performed semi-analytically. Formally, this idea can be represented as
follows:

MO -T T+ (S -TY+T)

we we
Qcore (V) Qasym(l’)
mZ(fW_TW)+ZTW’

we w
Qcore (V)

where in the second line of this equation we have neglected the term f“ — T in the high-frequency
shell region as it rapidly decays with increasing frequency w. As discussed in appendix the core
region Q. = Q¢ for the bosonic or fermionic frequency w can depend on a (fermionic or bosonic) Matsubara
frequency v which is not involved in the summation when shifted grids are considered for the calculation. If
two indices are used for a core or shell summation, the notation implies that the tuple lies either within the
core or the shell region. In the following we will denote quantities summed over the core and shell region by
corresponding superscripts. Furthermore, we use a tilde to distinguish quantities obtained through improved
summation from ones obtained through plain summation. For the bare susceptibility (“bubble” term) this
reads as follows:

X = B X GRGily
k

w vw vw core,w shell,w
X0,q = ZXO&I + Zxoaq = XO,q + XO,q .

ve ve
Qcore (w) Qghel (w)
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Figure 7.11: Improved sums and minimal A values.

The asymptotic contribution to the bare susceptibility x;; shell can be obtained directly from the high

frequency tails of the DMFT Green's functlons. Following the derivation of the high frequency behavior
of the vertex functions F”;“ and FW “ as discussed in Refs. [207, |256| 290|, we obtain for the improved
frequency sums for the calculation of x7’4 and v, in Egs. (7.5)) and (7.6)) the following expressions:

M= (e o) (g« 205) (7.16)
Ra= (1= (ONE)") - (o« xile™) (7.17)
I D\

Vra = m- (7.18)

We have introduced the following abbreviations:

Fm/w _ 1 v-v' 1 v-v' viv +w
m,diag = §Xd - §Xm + Xpp, 14
vv'w 1 v-uv' 3 v-uv' v +w

Fy diag = SXd - F5Xm o T Xep

Xl/l/ w
core,vw Aq
Arq =+ Z v = I3

0.4 »q
Qcore(w
shell,vw shell,w v'w vw
Arq =Uxo,q ¥ U* Z F diagX0,q
v
sheII(W)
Core w v’ w
=2 X
vi'e
Qcore (w)
shell,w shell w vw l/l/ w_ vw
XT,q =xU ( ) U Z Xo ,q 'r dlagXO,q
vi'e
Qe\sym(W)
ZX” Jl1+2v0 Z(A F1)X0n
Qe () Lere ()

’
v w

The local physical susceptibilities x;’ for the diagonal term F 4.2 of the full vertex are local and can be
obtained directly from the DMFT impurity solver. The contributions from ;gi';g’ are typically negligible,
when the physical susceptibilities in the three channels fall off sufficiently fast with increasing frequency.

Fig.[7.11a| shows a benchmark for our improved summation method for the summation of the purely local

vv'w

generallzed susceptibility xm (in the spin channel) over the fermionic Matsubara frequencies v and v/
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yielding the physical susceptibility xm. The xm obtained via our improved summation technique (red crosses)
agrees excellently with the exact results (orange empty circles) obtained directly from the impurity solver.
The x;. obtained through a plain sum on a finite frequency grid (green filled circles), on the other hand,
shows substantially larger deviations from the exact results (see inset in Fig. and eventually features
unphysical negative values at larger frequencies w which is not observed for the improved frequency sum.

7.1.7 Root finding procedure

Finding the roots Aq and An for Egs. and can be done with any root finding algorithm, but
requires two considerations in order to yield reasonable results: (i) the physical tails must be free of finite
size effects and (ii) the unphysical, g dependent poles of Egq. must be avoided in the calculation
(i.e. the resulting A\ corrected physical susceptibility must non-negative).

The first difficulty can be overcome by using the procedure for treating the high-frequency asymptotic
tails of all correlation functions as explained in appendix [7.1.6] The second requirement has been avoided
by the procedure described in Sec. However, this method is not applicable for large simulations, due
to the numerical cost of the many evaluations of the equation of motion, required to obtain the curves in
Figs. [7.1al and [7.IB| over a large range of X values. Instead, a more elaborate root finding algorithm, such as
the Newton method, is preferable requiring substantially fewer evaluations of the EOM. To avoid unphysical
solutions, let us consider that the A corrected physical susceptibilities are continuous and monotonically
decreasing (as a function of A) for all A\ values larger than the largest pole, i.e. Ay > Armin [219]. The
location of the largest pole is:

.1
>\T‘,1nin = min )
a4 Xr,q

Ap,w

The monotonously decreasing behavior follows directly from the derivative of x;74“ with respect to A

S0 =- 2 () <o

T wq wq

d
dA

In Fig. the difference between right and left hand side of Eq. is shown for U =1 and =14 as a
function of An,. Here we see the g-sampling dependent divergences for Am < Am min. Since both A corrected
physical susceptibilities exhibit the same behavior, the A, min values can be determined independently. This
pole structure leads to an interval [ A min, o) in which a single root for Eq. is located. Eq.
could in principle exhibit non-monotonous behavior, since the right hand side is a function of both \ corrected
physical susceptibilities. However, as discussed in Sec. (see Figs. [7.1a]and [7.1b]), this does not happen
for our calculations. Therefore, by means of the following transforming one can obtain a result, guaranteed
to yield exactly one, physically correct, root.

A = M(tanh(&) +1) + Aromin (7.19)
Ar,max Can in principle be arbitrarily large, but a reasonable value can be chosen from the known fluctuations
strength of the system. This transformation is then applied to the function, before it is handed over to the
solver and the resulting root is transformed in the same way.

For our purposes, we use the multivariate Newton method, which is a reasonable choice over more
modern methods such as BFGS, due to the low dimensionality of our problem and the smoothness of the
search space [see Sec.[7.1.3]. The Jacobian was determined by finite differences since Eq. involves a
convolution over numerical data, making automatic and analytic differentiation challenging. Note, that the
transformation in Eq. concentrates sampling points at the borders of the search interval. For very
high precision, especially at strong coupling where the Jacobian becomes small (see also Fig. , one can
first run a low precision pass with the transformation and then use the obtained result as a starting point
for a high precision search.
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7.2 Results on the Hubbard Model in two dimensions

7.2.1 Introduction

The well-known family of high-temperature superconductors with quasi-two-dimensional layers of cop-
per oxide, cuprates, has been of immense interest since their discovery in 1986 . Among their many
interesting and unique properties, the prevalence of strong electronic correlations and interplay with
magnetic ordering stands out, for example, manifested in the pseudogap (PG) phase, one of the most
interesting phenomena in condensed matter physics. Here, a momentum-dependent partial suppression
of weight around the Fermi surface (see Fig.[7.12)) and anomalous (linear in T') resistivity are observed.
The importance of strong electronic correlations was realized early on by P. Anderson with the proposal
of the superexchange mechanism . However, many details of the phase diagram still remain the
subject of ongoing research. The current consensus for the hole-doped region is shown in Fig. [7.12
(Fig. 4 from [108]). As a function of hole doping, one finds several distinct phases. Close to the
Mott insulating phase at half-filling, antiferromagnetic fluctuations prevail but are subsequently re-
placed by a pseudogap phase. Inelastic neutron scattering experiments suggest that this phase is
associated with a collective magnetic mode that hides a quantum critical point at T = 0 [272].
Interestingly, the ground state of the PG
phase has a restored Fermi surface, contrast- uD oP oD
ing the characteristic non-Fermi liquid be- . T
havior at finite temperature . In fact, Iy k
antiferromagnetic fluctuations start to ap- - \
pear already above the critical temperature : I
for the superconducting phase Tc and seem i |
to be influencing the Fermi surface recon- B>0 0
struction in this region as well ‘ It has N
also been experimentally confirmed that the ‘ 9
remnants of Mott physics for finite hole dop- N
ings and the ensuing transition to the mul- )
titude of phases like spin and charge stripes L
and spin glasses 7 are a generic
feature of these electronic structures and
not unique to the traditional cuprates .
Here, we investigate the impact of non-local
electronic correlations in the finite tempera-
ture regime as a function of doping. We use
the two-dimensional Hubbard model, where r
full antiferromagnetic ordering is prevented
by the Mermin-Wagner theorem. Nonethe- A
less, the particulars regarding the break- F
down are intricate with numerous proposed
scenarios and measurements of
the magnetic susceptibility demonstrate a
strong dependence not only on doping but
ZISO on tmpurities 295). It has been b o7 19: Fig. 4 from [i08).
emonstrated that a qualitative description
of the physics can be achieved by solely con-
sidering electronic correlations . Here,
we will employ a method that is able to
mix different electronic scattering channels,
similar to a previous work . However,
the effective nature allows for much finer k-
space resolution. In addition, this method
has been demonstrated in the 3 dimensional
cubic lattice at half-filling to capture anti-
ferromagnetic fluctuations very well on a quantitative level .

Strange metal

Pseudogap

Temperature

1
i
\
il
1

]
0 0.05 0.1 0.15 /0.2 0.25 0.3
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Schematic representa-
tion of the hole-doped phase diagram, in-
cluding the pseudogap (PG), charge-ordered
(CO), and superconducting (SC) regions.
Inset shows the evolution of the Fermi sur-
face from under-doped (UD) over optimally
doped (OP) to over-doped (OD). T, marks
the region of superconducting fluctuations,
see Sec. 5] for the in-depth discussion.

7.2.2 Model

Here, we consider the single-band Hubbard model
=Y (e~ W), e ko + U Y iy (7.20)
Kk i

on the two-dimensional square lattice with the well-established hoppings for cuprates , specif-
ically for BSSCO e = —2t (cos(ks) +cos(ky)) + 4t cos(ks ) cos(ky) — 2t (cos(2ks ) + cos(2ky)) with
t =0.25, t' = 0.05,t"” = 0.025, in order to facilitate comparison with [17). It has long been estab-
lished that van Hove singularities are linked to the transition from non-Fermi liquid to Fermi liquid
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behavior at the quantum critical point , Specifically, the next-nearest neighbor hopping ¢’ in the
non-interacting tight-binding model is vital for the description of the pseudogap phase .

The single band Hubbard model does have certain deficiencies in the quantitative description of
cuprates, especially in the electron-doped regime. It has however been demonstrated that a good
quantitative agreement in the hole-doped regime can be expected . Furthermore, electron-phonon
coupling is known to enhance T¢ in the underdoped regime due to a suppression of antiferromagnetic
fluctuations . These effects have been neglected in our approach as well.

7.2.3 Method

We employ the ladder DI'A method in a modified version that enforces two-particle consistency in the
potential energy . For details of the definition of the IDI"A method with two-particle
consistent potential energy, we refer to Sec. I1.A] and Sec. Compared to the previous iteration
of this method, we introduce three changes: (i) partial self-consistency in the Schwinger-Dyson equation
of motion; (ii) introduction of a IDI'A chemical potential for calculations out of half-filling; (iii) high-
frequency tail correction schemes for the self-energy.

The partial self-consistency in the Schwinger-Dyson equation of motion is achieved by replacing the
DMFT propagator in the equation with the IDI'A Green’s function:

A, v Un 1 vw Ag,w 3 vw Am,w 1 viw v’ w A, v+w corr,v
R ~UY [+ 77401 -Uxag") = 5ma(l+ Uxiniq") + 2 5X0.a I Jersre -
wq v/

(7.21)

Where Gﬁ;’:w is determined from Ei’” via the Dyson equation. Here, the chemical potential is fitted
in order to keep the electron density consistent with the DMFT calculation. Lastly, we introduce
a correction term X" that restores the otherwise violated high-frequency asymptotic behavior of
lim, oo B¥ = U2 (1-2).
The numerical setup has been discussed in detail in Sec. and Sec. Here, we employ the
IDT"A method with and without partial self-consistency in the equation of motion. The Matsubara
summations are carried out using the improved tails, derived in Sec. and Sec. Let us briefly
reiterate the necessary steps here that are required for this version of the IDI"A method.

In preparation for the calculations, we generate a frequency grid and tight-binding solution using the
codes presented in Sec. and Sec. The frequency and k grid for the two-particle Green’s
function is generated using known symmetry relations, as discussed in Sec.

We then obtain a [DMFT] solution using either [CTQMC] or [ED] as an impurity solver, depending on
the temperatures (above 8 ~ 50, the solutions between both impurity solvers match within numerical
accuracy, and the stability and low computational cost of the [ED]solutions with 8 bath sites, are prefer-
able). Ascode, we use Sec. Subsequently, a 4 bath site is fitted to the solution,
using BFGS as a solver, [G”-\/v] ~ as transformation and |v|* as a distance function (see Sec. .
We then obtain a two-particle Green’s function from the local reference model and generate the local
irreducible vertices in the particle-hole and particle-particle channel using the code from Sec. m
Subsequently, the IDT"A code presented in Sec. is used to compute the bare susceptibility x¢.q. Fi-
nally, the physical susceptibilities x;  and triangular v, vertices in the density and magnetic channels
are computed from the local irreducible vertex wusing the Bethe-Salpeter equation.
Depending on the specific sub-method, we now obtain An,
Ad and p values according to Fig. In the case of the par-
tially self-consistent method, this yields a new self-energy
Eim”\d’” as Wel As alast step, we perform a sub-sampling

of the k grid, compute the full IDT'A vertex Fp”;:;’, as de-

scribed in Sec. {4l Depending on the size of the subsampling,
either a matrix-free or direct diagonalization method is em-

!
vv' w=0 :
pp,kk/0> USING

ployed to obtain the leading eigenvalue of
the code from Sec. [6.8.5

Figure 7.13: Illustration of A parameter 7.2.4 Susceptibilities
effect. and Renormalization Parameters

We first present the values of the A correction parameters. Their role as renormalization of the cor-
relation length due to non-local correlations (see Sec. serves as a qualitative indicator for the
fluctuations due to electronic correlations that are not captured in the (local) approach. The
values of A, strongly depend on numerical parameters such as k space resolution and frequency grid.
This has been considered by calculating all values for a sweep at one temperature at fixed parameters.

3The A, values and the self-energies are usually obtained for all tail-correction schemes described in Sec. m
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7.2 Results on the Hubbard Model in two dimensions

A parameters Fig. and Fig. show the A\, values for 4 different inverse temperatures 8 and the
self-energy correction schemes presented in Sec. Using the Ay, value to fix the tail instead of the
Pauli principle does not yield roots and is therefore not shown. Around half-filling, the solutions for the
A values become numerically difficult to stabilize (due to small charge fluctuations, high numerical pre-
cision is needed) and have, therefore, not been computed for all temperatures. Note that the ExpStep
method interpolates between Plain and Full, depending on the ¢ parameter and can, therefore, be
used to obtain a stable solution if either one of both converges. The data here is shown for § = 0.8. Both
limiting cases, therefore, also provide insight into the range of potential solutions obtainable through
different values of this numerical parameter. The IDT'A ,,, method does not depend on the choice of the
self-energy tail correction scheme because this quantity only appears as an exogenous quantity, similar
to

In addition to the values, we also show a color-coded background in the lower panels (to keep the plots
less busy the upper panels are shown without the background) indicating the ordering vector.
As discussed in Sec. the IDI'A method does not reorder the q vectors. The colors are pink for
Amax = (7,0), blue for gmax = (0,0), orange for gmax = (w,7) and green for incommensurate ordering.

For high temperatures (3 = 12), the Am(n) curveﬂ Fig. is mostly featureless, with a peak at around
half filling and a minimum in the hole-doped region at around 20% for the 1IDT'A 4, and IDT'A 4 sc
methods, while IDI'A ,,, is monotonically decreasing. The Plain tail correction scheme already begins
to show the onset of a maximum at around 25% hole doping (only observed at lower temperatures for
the other tail-correction schemes).

We observe a slight asymmetry between the electron-doped and hole-doped regimes. This suppression
of magnetic fluctuations compared to is specifically pronounced in the vicinity of half-filling,
where antiferromagnetic fluctuations play an important role. For inverse temperatures of 5 = 30 and
above, the Am(n) functions show a local minimum at around 15% and a local maximum at around
30% hole doping. These doping values coincide with the end of the charge-ordered phase and the end
of the super-conducting dome fillings (compare Fig.|7.12)). The beginning of the Fermi liquid phase at
30% hole doping shows an inflection point in the A, parameter. We note that these features are not
present in the IDT'A ,, method, while both methods that incorporate re-balancing between channels see
an increased suppression of magnetic fluctuations due to non-local correlations. The IDI'A ., scheme
predicts larger spin fluctuation (the Am parameter is small) in the region of optimal doping than the
other methods, which is interpreted as a deficiency of this method due to a lack of this re-balancing.
This is supported by the established notion in the literature that the interplay between spin order in
the form of anti-ferromagnetic fluctuations and charge ordering plays a vital role in the emergence of
the superconducting dome.

The magnetic fluctuations are monotonically decreasing as a function of both electron- and hole dop-
ing. Comparison between the IDI'Agy, and 1IDI'Agm sc schemes shows little difference in the magnetic
channel corrections. As a function of temperature, we observe that the antiferromagnetic fluctuations
are being pushed towards half-filling with a lowering of the temperature.

The Aq parameter in Fig. [7.15|also experiences a slight asymmetry in the doping around half-filling.
Opposite to the magnetic channel, the larger correction due to non-local effects is in the hole-doped
region. Next to the minimum at around half-filling (where, due to frozen charge fluctuation, neither
local nor non-local contributions play a role), we observe two peaks at around 5% electron-doping and
hole-doping.

Most importantly, we observe a sign change at around 15% hole-doping, coinciding roughly with the
transition from uniform to stripe ordering in the charge channel (on the level, note also that
the magnetic fluctuations are orders of magnitude larger.). This enhancement of charge fluctuation due
to non-local correlation effects (compare Fig.|7.13) persists throughout the full superconducting dome
but decreases towards the Fermi-liquid regime. Here, we observe decreasing non-local corrections, indi-
cating that the charge fluctuations are fully captured within the local approach. These effects
can only be captured by the IDT'A 4 and IDT'A 4 sc methods, due to a neglected charge fluctuation
renormalization in IDT'A ,,,. In the charge susceptibilities, we observe no significant quantitative dif-
ference between the values predicted from the IDI'Agy and IDI'Agm sc approaches. In all self-energy
tail correction schemes, the 1DI’Aq4,, seems to overestimate the non-local corrections. Similar to the
magnetic channel, the Plain tail correction scheme seems to predict the largest effect and is the most
numerically unstable scheme, while the inverse is true for the EoM scheme.

In the Fermi-liquid regime, ferromagnetic fluctuations dominate. We stress that our approach is not
capable of capturing all details of the interaction between charge density and spin waves due to the
neglected phonon interactions, reduction to a single-band model, and mean-field ordering vectors.
Nevertheless, the ferromagnetic ordering (seen by the blue coloring in the Ay figures) at very high
hole-doping levels has also been observed in experiments |141] [235] 214] and calculations [262].
The persistence of enhancement in the charge response beyond the CDW region also has some support
in experiments [174].

4Note that we use the electron density n on the z-axis and the hole-doping p has to be read off from n = 1 to the left.
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7 Ladder DI'A Results for the Hubbard Model

Susceptibilities Fig. and Fig. show the A corrected susceptibilities in the magnetic and
charge channels. In the magnetic channel, the agreement between self-energy tail correction schemes
is much closer, especially qualitatively as a function of the electron density n. The agreement between
tail-correction schemes remains quantitatively on the same level as for the correction parameters. We
also note that the spurious divergence of the magnetic susceptibility due to the mean-field character of
[DMET] is renormalized, but sizable antiferromagnetic fluctuations remain. Note that the A-correction
does not change the ordering vector, as by design of the A-correction method, discussed in Sec. [£.5.1]
The charge fluctuations are suppressed around half-filling and enhanced in the doping regime of the
superconducting dome. The ngi«i:ix curve is mostly featureless at high temperatures and the Full tail-
correction scheme. However, at sufficiently low temperatures, an enhancement in charge fluctuations
between 15 and 30% hole doping can be seen.

Energies and compressibility Fig. and Fig. [7.19] show the potential and kinetic energy using the
same setup as before. Here, we observe a strong asymmetry in the potential energy (due to an increase
of double occupancies in the electron-doped regime) around half-filling that is not fully reflected in
the kinetic energy. Interestingly, the tail-correction scheme has a much more pronounced impact on
the energies than the susceptibilities. The Full schemes do not see a local maximum in the potential
energy as a function of hole doping in the superconducting regime, while the EoM and Plain do have a
moderate and strong local maximum at 25% hole doping. We attribute this to an over-correction of the
lowest Matsubara frequencies because the ExpStep, which retains the Plain solution for low and the
Full solution at high frequencies, also predicts a maximum of the potential energy at around optimal
doping. This maximum is also accompanied by a local minimum at 10% that is much less pronounced
in the modified EoM approach and only appears at lower temperatures. We do not see this reduction
in potential energy reflected by an increase in the kinetic energy. The accompanying feature in the
one-particle compressibility r suggests that this feature is driven by the non-local charge corrections.
The kinetic energy shows a sudden and strong decrease at 15% hole doping for the Plain tail-correction
scheme, after which it slowly increases towards the overdoped regime. This behavior is washed out in
the IDI"Agm sc approach and less pronounced in the remaining tail-correction schemes, but visible in all
of them at low temperatures and not captured with m

We also note that the Plain correction scheme can result in negative potential energies between 5% and
15% hole doping, serving as a further indicator that no tail correction can lead to unphysical results.
Importantly, we note an indication that the partially self-consistent method sees a slight increase (local
maximum) of the kinetic energy at low temperatures (8 = 30 and 8 = 50) around 10— 15% hole doping.
This coincides with the (CO) phase and is not captured fully by the other approaches. This feature
is also reflected in a suppression of the compressibility. However, because only very few data points
contribute to this feature, further investigation should exclude potential numerical problems in this
doping range.

Lastly, we note that around 20% hole doping, at which the PG phase ends, the kinetic (potential)
energy has a local minimum (maximum).

Fig. and Fig. show the compressibility obtained on the one-particle 9, /9, and two-particle
2ngcif(‘)’ levels. These are not consistent through the A\ correction scheme but match qualitatively
somewhat closely. In general, the one-particle exhibits not only significantly more numerical noise (due
to the derivative) but is also only indirectly renormalized through the Aq parameter. Here, we generally
observe inverse behavior to the kinetic energy, as expected, suggesting the validity of both quantities,
that are not explicitly made consistent in this method.

7.3 Self-Energies

In Fig. we show the difference of the imaginary part of the self-energy at the lowest Matsubara
frequency between nodal kx = (7/2,7/2) and anti-nodal kan = (7,0) points for several temperatures.
For obvious reasons, the momentum differentiation in self-energy is the most pronounced difference
between tail-correction schemes, but the partial self-consistency also substantially modifies the result.
For one, we note that the EoM does not capture any consistent momentum differentiation in the pseu-
dogap regime. This failure of the type equation of motion has been observed before [277] and
seems to be a clear deficiency of this tail-correction scheme. The Full and Plain schemes both show a
significant momentum differentiation in the 1DT"A 4, method with a maximum at 9% hole doping that
increases with lower temperatures. For lower temperatures, we also observe an inversion of the nodal
and anti-nodal point with a significantly less pronounced momentum differentiation at 5% electron-
doping.

The partial self-consistent method shows no inversion of nodal and anti-nodal points in the electron-
doped region but instead a spurious inversion for low temperatures at around 15% hole-doping for the
Full tail-correction scheme. At the moment, it is unclear if this is a numerical issue, a problem with
this particular tail-correction scheme, or a failure of the partially self-consistent method. At least for
the ExpStep and Plain schemes, it seems to yield reasonable results up until g = 30.
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7.3 Self-Energies
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8 Conclusion and Outlook

In this thesis, we presented a new extension to the existing IDI"A method, which restores two-particle
consistency on an effective level. We provided verification for the improved predictive power of this ex-
tension for the antiferromagnetic ordering in the Hubbard model on the three-dimensional cubic lattice
at half-filling and the two-dimensional lattice with parameters relevant for high T¢ superconductors.
As for the first, we demonstrated that the two-particle consistency improved the predicted Néel tem-
perature and restored the correct stabilization mechanisms of the ordered state, characterized by the
relative magnitude of potential and kinetic energies. This improved description can be attributed to the
introduction of renormalization effects between the channels. For the cuprate parameters, we found
that non-local correlations lead to an enhancement of charge fluctuations in the pseudogap region.
Here, we also found that momentum differentiation in the non-local self-energy is enhanced by the
introduction of a partial self-consistency in the Schwinger-Dyson equation of motion. We concluded
with an in-depth discussion of the numerical challenges this method faces and the solutions employed
for this thesis. Specifically, the numerical discussion may prove useful for future work in the direction
of this method and is not limited to only the IDI"A method.

Besides providing these results, this thesis is written with many references to textbooks and well-
established knowledge in the hope that it provides a good starting point for students in the process of
learning DT'A and related methods.

There are several open questions and possible improvements which were pointed out throughout this
thesis. The most prominent ones are: (i) The restoration of the kinetic energy consistency via the
f-sum rule has to systemically be investigated on a suitable system. (ii) The ambiguity of the restora-
tion for the correct self-energy high-frequency tail and its influence on the thermodynamical properties
(through the feedback in the potential energy consistency) is still not fully understood. (iii) The rela-
tionship to the recently introduced A-RPA method has not yet been fully explored. (iv) The proposed
asymptotic IDI"A method has not been shown to converge and yield reasonable results but has not been
explored in any detail. (v) Multi-band systems cannot be solved using the IDI'A method yet; however,
the necessary consistency equations have been derived for the case [298|. (vi) Electron-phonon
coupling, for example by extending IDI'A to the Hubbard-Holstein model, cannot be treated yet.
Besides these methodological improvements, the very promising partial results of the machine learning
approach for the learning structure of the Luttinger-Ward functional have not been brought to a con-
clusion yet, due to time constraints.
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Appendix

1 Properties of single-particle Green's functions

Following are proofs for some identities of single-particle Green’s functions that are used throughout
this thesis. They have been taken from my Master’s thesis [246]. The identities can be extended to
higher-order Green’s functions, since the trace properties can be applied analogousl

From the real-time definition in Def. we get:

Property (1): Periodicity of the finite temperature Green’s function
1 _BH A R
Garan (t3t1) = =i Tr [ Mel, (11)2 ap (11)]
1 [ -pi i _ifrey_BA B
= _iE Tr [e ﬁHe“HtléToq(())e iHty BH =BH o s (t'l)]
1 Bt PO
= 4’2 Tr [eZH(tl Z’B)éTozl(O)e iH(t1-i8) =BH 5 O42(75'1)]
- il [e"mé s (E)e (1 - zﬂ)]
Z

= Ga1a2 (tl —-1i3; tll)

Property (2): A time-independent Hamiltonian implies time translational invariance For time-
independent Hamiltonians, the Green’s function only depends on the difference in times. Let 7 > 7

%Tr[e_ﬂﬁé Q(T)ég (T,)] = % Tl‘[e_ﬁHeTHé a(o)e—fﬁer’ﬁéL(O)S_T/ﬁ]

Gaoc' (Tv T/)

1 -BH —7/YH 4 —(r=7")H 4
ETr[e FH = e 0 (0)e )HCL(O):I

= Gaar(T=7",0) = Gaar (T = 7") (18.1)

Property (3): A lattice with translational symmetry implies translational invariance For a system on
a discrete lattice, such as the Hubbard model, the same argument applies for spatial invariance under
translation of some lattice vector R.

1 _BH 1 _BH
Gr,r’(Tv 7'/) = E Tr[e BHT,rrTrlé I'(T)T,rlTrréI, (7'/):| = E TI'I:T,,‘IB BH@ r— r/(T)Tr/éi,(T/):I
1 ah
- Tr[e PHey - r’(T)Tr,ei,(T’)T,r,]
= Grpro(1,7) (18.2)

Property (4): Complex conjugation Complex conjugation of a Green’s function is equivalent to the
swapping of state arguments.
[Gaor (D] = — Tef (e el (0)e 72 o/ (0))}

=~ (e, (0)e e a(0)e™ e )

=N

=~ Te(e el (0)e e a(0))

— Gra(7) (18.3)

N

The same is true for the frequency representation (see next section):

B . g B8 .
[Gaw )] = [T (Gaar(M]'dr B [T dre ™ Gora(7) = Guvai) - (184)
0 0

Property (5): 3 (anti-) periodicity in imaginary time This extremely important property is the reason
for the inherintly discrete representation of imaginary time Green’s functions in frequency space — the
Matsubara formalism.

Goar(7=8) = 2 Te (7T [ 0 ()il (8)]) = ¢ T (T [al (92 o(1)])

! Generalizations of properties (4) and (5) is somewhat lengthy to proof. They are given following Eq. 2.33 and
Eq. 2.116 [205].
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= c% T (e 77 al, (0)e i (7)) = 4% T (e *"a o (r)al, (0))
=(Gaur (1), 0<7<p (18.5)

2 Lehmann Representation for physical Susceptibility

The physical susceptibilities must be obtained from the impurity model, in addition to the one and
two-particle Green’s functions, in order for the improved summation formulas to work. These equal-
time correlators are notoriously difficult to obtain through traditional methods. Therefore,
we sample them fromm For this reason, we need the Lehman representations, which are then directly
evaluated by using a finite number of basis states.

Charge Susceptibility

C FPIRA
Xph,a(T) = (A(T)7)
. Ee 1 r— —r o A Af A
Ea Z > (7=A) En =T Em (n|cIc Lm) (m|cIc vn)

e(T_ﬁ)En_TEm, (
ne{t,tl} me{l, 11}

[T | BT | rBYU-2)r)  r-BNU-2)r(U=2) ]

nléfe fm) (mléle | n)

¢

NI= N[~ N~

[eﬁu 4T UBu | r(U-p)=(U-2p) | e*B(U*%)]

Magnetic Susceptibility

Xm() =x¢, = ((eles+éer) () (e +éler)) (18.6)
1

T=-B)YEn-TEm SN SN AT A At A
2 3 TIETE (gl ) (ml el ) + (] e s ) aml ] 1 n)

nm

+(n|éje|m) (m|éfe | |n) + (n] éfe + |m) (m| e[e 1 n) ) (18.7)

1 T— -7
= ST En T Em (6n,¢5m,¢5m,¢5n,¢ +6n,10m, 1 Om, 1 Ont + O,y O 4 O, 1Oy + 5n,¢5m,¢5m,¢5nn)

(18.8)
2.0+2.e™TACEW)-T(-1) 9. B
= ~ -
(18.9)
20 = = S e (nl(eley + éfe 15.10
Xm( )_Eze (n|(CTCl+C¢CT)|n) ( . )
= (18.11)
B )
Xim = X = Xm” = f dre™m X (1) = 0 (18.12)
0
2¢HB
:6w,01 +26+/3H +e*B(U*2ll«) (1813)
U w 1
H=75 = Xm = 5w,0m (18.14)
3 Common Quantities
The following gives an overview over commonly used quantities in the IDI'A context.
1 l/l/,
Xr = 5 Zxr “ (18.15)
A and v terms for spin and charge channel

ngjpl‘;},q = —Bouu Z GIZG:III: (1816)

k

l/l/,UJ _ _é v w—V

Xo,pp,a = 75 S Y GrGEK (18.17)

k
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X0phia = 2, Xompha = ~GRGGIK (13.18)
Xo,pp,a = 2, X0,pp,q T T 5 Pk Ta-k (I8.19)
1 Zy’ Z/Vr,ﬂw
>\(l:l/7m = ii# F1 (1820)
B Xg
= S XbEFE (18.21)
VV’W 1 VV’UJ VVI(A)
Ay =5 (A A ) (18.22)
AL L — (18.23)
B (1 Un )X
= N = i (17 Uxim) 71 (18.24)
v w 1=+ Acui/umw
Yd/m = T (18.25)
1¥ de/m
)\E)/f:; = Xo,q Frlll,/DowaT (18.26)

!

4 Linearized Eliashberg Equations

We have obtained the second-order phase transition for the Néel temperature by fitting the critical
behavior of the IDI'A A-corrected susceptibility (Sec. and Sec. . For the investigation of d-
wave conductivity, we need to incorporate nonlocal spin-fluctuations and, therefore, go beyond the
one-shot approach of IDI'A. Instead, we obtain the signal of a phase transition from the eigenvalue
of the irreducible vertex and do so from the renormalized physical susceptibility |136]. We, therefore,
write down the (Eq. (2:258)) in the particle-particle ((s)inglet and (t)riplet) channel.

’ ’ 1 ’
v'w _ _ vv'w _ vriw vriw S,V1Vawq . Vol w
Xs,a = ~Xo0,pp,kk’q 2 Z (XO,pp,kk’ ~ Xs,q )Fs,kk’q XO,pp,kk’q’ (1827)

vive

The susceptibility diverges when the largest eigenvalue of F;ﬁ,‘;"OGﬁiG:ﬁ: approaches 1:

MY = S TE e GG AL (18.28)
vk

This approach of determining the largest eigenvalue of the linearized Eliashberg equations (the frequency-
dependent generalization of the BCS gap equation) is discussed in the literature as well [26, Chapter 3].
However, we need to reconstruct I's;; from the particle-hole channel. Furthermore, the k and k' depen-
dence of this object makes it necessary to employ some additional numerical tricks to obtain results.
Specifically, the k resolution required for the stabilization of the A\ correction is too large to store the
full vertex or obtain eigenvalues.

In order to obtain the particle-particle vertex F;;;T,kk’q,lDF a we make use of the frequency mapping
from the particle-hole to the particle-particle channel discussed in Sec. Here one can select from
one of the two options, depending on the available data in the particle-hole channel.

In order to construct the A corrected version of the IDT'A full vertex, we make use of the U irreducible
formalism from Eq. , for a derivation see the original definition in [205, Eq. 4.125]. F is then
expressed as follows:

l/l/ w v wy—-1 2 vwy—-1_ *#vv’w l/'w -1
r,q = ﬂ ( X0,q ) - ﬂ (X ) Xr,a )
U -0 (65) ™ 3 X xme " (xba) ™ (18.29)

= B () - B o) T )™
FU(1-UnxX) (e # 1) (7 7 1) (18.30)
=B ( ”"”) + 8% (b)) e (xS,’Zf)_l (18.31)

In this formalism, we can replace the physical susceptibilities, with the A corrected ones in Eq. (I8.30)).
Using the we can also find the expression for the generalized susceptibility:

Xoa = X = S XTI (18.32)
vivy
= X0ia — Xo.a Z L2y (18.33)
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= X8 - ng;“F:gWng;W (I8.34)
-1
[ X+ 5 ?”m“é] (18.35)
= U (L= UixEa) X e (18.36)
vivy
=X U (1 = U )T (18.37)
We then obtain for the A\ corrected full vertex F":
v’ ww) L vw \~1 v’ v\t
o =82 (x6”) - (xba) " xe™™ (xos) (18.38)
_ X: wv'w U, (1 U, XAT,w) Z X:’;ulw :;gu w (1839)
vivg
=B () - OB T ) Un (L - U s (18.40)

Using this reformulation, &4, = %(Cbs + @) and the index shift for the mapping, we obtain the following
expression for the irreducible vertex in the singlet channel:

Aov'w 1 Am,vv’w Ag,vv'w v(v+w) (v v 1 v’ w vv'w
Fipra kk'q = 5 (Fd,q -l ) - Fm,k:r—k - 2 (Floc,d - Floam) (18.41)
)\Vuw_ v () (v-v') vv'w
Ps kk/q ‘Fladder K/ (k) (k-k’) = Ploc,skk’q (18.42)

Omitting the \ superscript for better readability, one then obtaines for the singlet and triplet channel:

v’ w 1 v () (v-v') v (—v)(v-v') v v(-v -v v (~v)(v-v vv'w
= Ps,kk%zo = 5 (Fd k-k’ - Fm,k—k’ ) - Fm,k’—k ) - Floc(,u ! K q’loc 50 (18-43)
1 A (—v)(v-v") 3 v () (v-v") v (~v)(v-v') v’ w=0
= 2Fd k-k’ 2Fm,k—k’ - FIOC,N — Pioc,s (18.44)
vv'w 1 A (—v) (v-v ) 1 A (~v) (v=') vi(-v)(v-v') vv'w
Ft,kk’?q:O = 2 Fd k-k’ 2 Fm,k—k’ - Floc,u - ‘I’mc,pg (18-45)

We can then insert this into the linearized Eliashberg equation at the dominant frequency wp and
obtain the leading eigenvalue, which approaches 1 for T' - Tc.

)\AU:— lewo uw,A/ 14
Kk BNk Zk: kk'q=0 Xo,5 k' Dk (18.46)
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