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Abstract

Ward identities are exact relations between correlation functions of different order. As they
play a fundamental role in gauging the quality of approximations in the context of many body
physics, this thesis is dedicated to studying the U(1) Ward identity of the Hubbard atom and
its fulfillment for various diagrammatic approaches. First, a general introduction to the topic is
given (chapter 1). In chapter 2, the choice of the Hubbard atom as model is illustrated. Next,
methods used in this thesis such as the functional field integral for fermionic coherent states,
Matsubara formalism and basic principles of diagrammatic perturbation theory are introduced in
chapter 3 and 4. These techniques are then applied to the Hubbard atom in chapter 5 to obtain
second-order perturbation theory results for Green’s function, self-energy and four-point vertex.
The second part of the text is concerned with the characterization of symmetries in the path
integral formalism. Based on these considerations, the Ward identity corresponding to the U(1)
symmetry of the Hubbard atom is derived (chapter 6) and verified (chapter 7). To analyze a
violation of the Ward identity in an exemplary manner, expressions for four-point vertex and
self-energy were calculated from the Bethe-Salpeter and Schwinger-Dyson equations (chapter 8)
and substituted into the identity in chapter 9. Finally, a systematic method of finding analytical
and numerical ansatzes for the two-particle irreducible vertex approximation is discussed in
chapter 10 and 11.

Ward Identitéten sind exakte Relationen zwischen Korrelationsfunktionen verschiedener Ordnung.
Aufgrund der fundamentalen Rolle, die Ward Identitéiten bei der Uberpriifung der Qualitit von
Approximationen im Hinblick auf Vielteilchensysteme innehaben, ist diese Bachelorarbeit der
Untersuchung der U(1) Ward Identitdt und ihrer Erfiillung fiir diagrammatische Stérungstheorie
im Kontext des Hubbard Atoms gewidmet. Zuerst wird im Kapitel 1 allgemein in das Thema
eingeleitet. Im Kapitel 2 wird die Auswahl des Hubbard Atom als exemplarisches Modell erlau-
tert. Es folgt die Vorstellung diverser in dieser Arbeit benutzen Methoden wie beispielsweise
das Funktionalintegral fiir fermionische kohérente Zustinde, der Matsubara Formalismus und
grundlegende Prinzipien der diagrammatischen Stérungstheorie (Kapitel 3 und 4). Danach wer-
den diese Techniken auf das Hubbard Atom angewendet, um Ergebnisse in zweiter Ordnunug
Storungstheorie zu erhalten (Kapitel 5).

Die zweite Hélfte dieser Arbeit beschiiftigt sich zunéchst mit der Charakterisierung von Symme-
trien im Pfadintegral-Formalismus. Davon ausgehend wird diejenige Ward Identitit, die zur U(1)
Symmetrie des Hubbard Atoms korrespondiert, hergeleitet (Kapitel 6) und verifiziert (Kapitel 7).
Um beispielhaft eine Verletzung der Identitat zu analysieren, werden Ausdriicke fiir Vierpunkt-
Vertex und Selbstenergie aus den Bethe-Salpeter- und Schwinger-Dyson Gleichungen abgeleitet
(Kapitel 8) und eingesetzt (Kapitel 9). Abschlieend wird eine systematische Methode diskutiert,
um analytische und numerische Ansétze zur total-irreduziblen Vertex Approximation zu finden
(Kapitel 10 und 11).
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1 INTRODUCTION

1 Introduction

One of the greatest challenges in the field of theoretical solid state physics is posed by accurately
describing interacting many-body systems. Even more so, when trying to make predictions about
the behavior of a system of correlated fermions due to e.g. the Pauli exclusion principle. Surprisingly,
formulating a Hamiltonian encoding the interactions of a large number of particles in a solid is
straightforward. However, deriving exact solutions from this Hamiltonian would require almost
unlimited computational effort and therefore approximations need to be made. For one, a model can
be chosen which for example only considers specific parts of the complete many-body Hamiltonian.
To gain elementary knowledge on theoretical methods in many-body physics, the following is a study
of an analytically solvable model that still incorporates interactions: the Hubbard atom. Even for
this toy model, expressions of quantities describing particles themselves and their interactions can
get very involved. Often, the choice of a suitable model is not enough to characterize a many-body
system and one needs to think of further approximations. In that regard, an established method
is given by diagrammatic perturbation theory, which allows to depict perturbation expansions
graphically in the form of Hugenholtz diagrams. With diagrammatic perturbation theory, quantities
such as correlation functions, sometimes also referred to as Green’s functions, can be approximated
for small interaction strengths. As their name suggests, they relate particles and observables at
different points in space and time. Correlation functions are of special physical interest, as they
are closely connected to experimental quantities. To provide physically realistic predictions for
experiments, of course fundamental principles of physics such as conservation laws need to be
regarded. Unfortunately, not all diagrammatic techniques automatically ensure conservation laws.
However, there is a way to check their fulfillment by considering Ward identities. Ward identities
establish exact relations between different types of correlation functions and correspond directly
to conservation laws. By substituting approximated quantities into these identities, we can draw
conclusions about the quality of the respective method.

In this thesis, various approaches to diagrammatic perturbation theory are discussed in the context
of a case study of the Hubbard atom. Methods usually implemented numerically are performed
analytically to obtain mathematical expressions for approximated correlation functions, four-point
vertex and self-energy. For these diagrammatic methods, this work aims to analyze the fulfillment
of the U(1) Ward identity with the aim of minimizing or fully compensating violations. Therefore,
we address the Parquet formalism and the two-particle irreducible vertex approximation. Lastly, it
is investigated how a modification of the Parquet approximation for the two-particle irreducible
vertex could possibly improve the fulfillment of the U(1) Ward identity.
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2 Brief Overview of the Hubbard Model and Its Limits

As this thesis aims to investigate how well Ward identities are fulfilled by a perturbative approxi-
mation, a toy model needs to be selected. A suitable choice is given by the Hubbard atom, a limit
of the Hubbard model, since it is fully analytically solvable. Thus, the first chapter of this thesis is

supposed to serve as an introduction to the Hubbard model and to its limit, the Hubbard atom.

2.1 Introduction to the Hubbard Model

First written down in 1963, the Hubbard model was originally supposed to provide a better un-
derstanding of transition metal monoxides such as NiO and FeO. In spite of classical band theory
assigning these types of materials metallic behavior, in reality they appear to be insulators, which
is explained by the Hubbard model [1]. Surprisingly, a variety of other physical phenomena can be
described by the Hubbard model as well. For example, a current area of research involving the Hub-
bard model is its applicability to the main class of high-temperature superconductors, the ceramic
cuprates [2]. Due to its strong versatility, many analytical and numerical techniques have been

applied to it. Thus, it often assumes the role of an exemplary model in theoretical solid state physics.

We will begin exploring the properties of the Hubbard model by reviewing the assumptions
it makes to characterize interacting fermions. Despite the existence of fermionic and bosonic
variants, the following text will concentrate on the fermionic version of the Hubbard model. In
terms of lattice geometry, this text will consider a square lattice in 2D. Afterwards, the Hamiltonian
will be simply stated, since a full derivation lies beyond the scope of this chapter.

The Hubbard model considers a fixed array of lattice sites, which can either be empty, filled by one
fermion with spin up or spin down or filled with two fermions with distinct spin according to the
Pauli exclusion principle. These fermions interact with each other, if they meet on the same lattice
site. Additionally, fermions are assigned a probability to tunnel to neighboring lattice sites. Lastly,
if we assume the interaction strength and energy scale of the tunneling to be the same across the

whole lattice, the above assumptions applied to a general many-body Hamiltonian correspond to
H=—t Z (c;-fgcja + c}acia) + UZCJTCMCLC%‘L (2.1)
(ij),0 )

with the indices ¢ and j labeling the lattice sites and the notation (ij) standing for neighboring
lattice site pairs. The index o accounts for the spin of the fermions, that is o € {1, ]}. Furthermore,
¢’ and ¢ represent the fermionic creation and annihilation operators.

Using the definition of the number operator 7,, = cf the Hamiltonian is rewritten as

i0Cio
H=—t Z (cgacja + c;gcw) + UzﬁiTﬁil =H,+ H,,. (2.2)
(ig),0 i

Tunneling of fermionic particles on the lattice is described by the first term, whereas ¢ specifies the
probability of a particle "hopping’ to its neighboring site. Normally, ¢ is assumed to be positive.
The interaction strength of electrons of distinct spin is given by the variable U. In the case of
repulsive interaction, U is positive, whereas negative U implies an attractive interaction. However,
this thesis will only consider positive U.

As in the next chapters we will consider symmetries of the Hubbard atom, the most important
continuous symmetries are presented in Tab. 2.1.

More detailed information to all entries of Tab. 2.1 can be found in [3]. Symmetries were used in
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Figure 2.1: Graphic representation of the Hubbard model on a two-dimensional square lattice.
An arrow upwards symbolizes an electron with spin up, an arrow downwards an electron with spin
down.

continuous symmetry symmetry group
Gauge symmetry U(1)
Spin symmetry SU(2)
Particle-hole-symmetry at half-filling SU(2)

Table 2.1: Overview of continuous symmetries of the Hubbard Hamiltonian and their corresponding
symmetry groups

the Bethe ansatz to solve the Hubbard model in one dimension [4]. Despite seeming simple, no
exact solution to the model has been discovered for dimensions higher than one.
Only specific limits of the Hubbard Hamiltonian may be solved easily. Two commonly known limits
are characterized by the relation of ’hopping’ probability to the interaction scale % . The limit
% — 0 in the case of minimal interaction or very high tunneling probability is called no-interaction
or tight-binding limit. In this case, the interaction term fIint can be neglected and the overall
Hamiltonian simplifies to

H=—t Z (c;racja + c}ocw). (2.3)

(i3),0

A special property of this Hamiltonian is that the corresponding grand canonical operator decouples
if the annihilation and creation operators are represented in a momentum basis.
Letting % — oo corresponds to no hopping of electrons between lattice sites. From this case of
independent lattice sites, the definition of the Hubbard atom can be motivated. As the Hubbard
atom represents an important foundation of this thesis, the corresponding limit will be covered in

the following section.

2.2 The Hubbard Atom

In the formal limits of infinite interaction strength or vanishing tunneling in example 7U — 00,
we may neglect the kinetic term in the Hamiltonian completely and simply set ¢ = 0. Thus, the

Hamiltonian reduces to
H=UY . (2.4)

This decoupling corresponds to fully independent lattice sites, so they can be treated separately. A
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single independent lattice site is called a Hubbard atom. Its Hamiltonian reads as

Hatom = H == UﬁTﬁi' (2.5)
Our ’atom’ may either be empty or filled by one or two fermions represented by the four states
{10), | 4}, | 1), | 41}, which are simultaneously eigenstates of the Hubbard atom Hamiltonian.

Now, some elementary thermodynamic quantities in the grand canonical ensemble are derived. For
this purpose, the introduction of a chemical potential y is necessary, which controls the filling of

our lattice site. The grand canonical operator can be formulated as
Hog = H— pN = Uiy — p Y . (2.6)
o

After this transformation, the previously identified eigenstates are still eigenstates of the grand
canonical Hamiltonian. Applying the Hamilton operator to them, we are able to compute the

corresponding eigenvalues:

Hegl0) =0-0) =0 (2.7) Heg| 1) =—p-| 1) (2.9)
Hegl 1y =—p- 1) (2.8) Hegl 1) = (U —2p) - | 1) (2.10)

Taking the previous transformation into consideration, the grand canonical partition function is
evaluated by the general formula'
Zgx = tr (e PHax) (2.11)

Inserting the Hubbard atom Hamiltonian results in
Zax = 14 2ePH 4 e BU=21) (2.12)
From this, the expectation values for energy and occupation may be calculated as follows:

N tr (N . e*BﬁGK) 9 (e/iu + efﬁ(U—w))

)= : - 2.13
< ) tr (e*ﬁHGK) 1+ 2eBr 4 e—BU—2p) ( )
X tr ((Hew + ulN) - e—BHax —B(U—2u)
ity — L Fax ) ) Ue (2.14)
tr (6_6HGK) 1+ 2eBu + e—B(U—2p)

To close this chapter, a transformation resulting in a particle-hole symmetric Hamiltonian is going
to be introduced. As mentioned in Tab. 2.1, an important continuous symmetry of the Hubbard
model is given by the particle-hole symmetry in the case of a half-filled system.
Particle-hole symmetry refers to the Hamiltonian being invariant under the exchange of electrons
and empty spaces, also called ‘holes’. This exchange switches their occupation number

ﬁe,o - (1 - ﬁh,a)ﬂ (2'15)
where the indices ‘¢’ and ‘h’ stand for electrons and holes. Generally, the Hamiltonian of the

Hubbard atom is not symmetric under this transformation but instead transforms as

Ui, — U1 —a)(1—7)) = U1~y — i, + i), (2.16)

LAll expressions and equations in this thesis are formulated in natural units. Therefore, k B, and c are all set
equal to one.
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However, a Hamiltonian invariant under particle-hole exchange

A :U(ﬁT—%) (ﬁﬁ%) (2.17)

only differing from the original Hubbard atom Hamiltonian of Eq. (2.5) by an additive constant,
which doesn’t change physical properties, can be constructed. Applying the transformation defined
in Eq. (2.15)

o(a- 2 (a-2) » o(-a- 1) (oa D) =u(a-2) (1) e

we can verify that H’ is indeed particle-hole symmetric. This marks the ending of the quick
introduction to the Hubbard model and the Hubbard atom as its limit. In the following chapter,
the focus will be on developing methods such as the coherent state path integral to analyze the

physical properties of the discussed systems even further.
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3 Coherent State Path Integral for the Partition Function

In this section, methods fundamental to later chapters of this thesis are going to be presented. The
objective lies in developing a coherent state path integral formulation for the partition function of a
fermionic system, whose Hamiltonian includes one-body- as well as two-body-operators. Since it is
closely related to statistical mechanics, it is more suitable for us to formulate quantum mechanics in
terms of functional integrals than in terms of canonical operators. Especially when later evaluating
correlation functions for the Hubbard atom, this connection is going to be very useful. As correlation
functions can be expressed in terms of expectation values, a functional integral representation of
the partition function is now derived. Previously, the Hubbard atom for fermions was introduced
as exemplary model with its Hamiltonian containing two-body operators. Therefore, the resulting

functional integral formulation will be restricted to these properties.

3.1 Fermionic Coherent States

Before addressing the main focus of this chapter, the coherent state path integral, some prerequisites
have to be introduced. We will start by establishing the concept of coherent states for fermionic
particles.

In the previous chapter, the Hamiltonian of the Hubbard model as well as of the Hubbard atom
were formulated in terms of annihilation and creation operators. In the following, we are going to
look for eigenstates and eigenvectors to these operators. Here, exceptionally ¢ and é' denote the
fermionic annihilation and creation operators to distinguish them from the Grassmann numbers
c and c. However, the notation will only be used for this section. In the following sections, the
operators will be written as ¢ and cf.

Taking the effect the creation operator ¢ has on Fock space states into consideration, it is obvious
that the operator cannot have right eigenstates. Applying the creation operator éj of state i to a
state 1), increases the minimum number of particles in ¢ by 1. Hence, ¥ can’t be a right eigenstate
to éj . However, nothing in principle forbids the annihilation operator to have right eigenstates.

But, keeping in mind the commutation relations for creation and annihilation operators for fermions

{&,¢;}={el,el}=0 (3.1) &, ey =4 (3.2)

7 2]

the respective eigenvalues {c;} need to possess a quite unusual property: The anticommutativity of

the fermionic operators results in anticommuting eigenvalues
(3.3)

Thus, the eigenvalues can’t be complex numbers as usual. Instead, they are defined to be Grassmann
numbers and belong to a set of anticommuting numbers, the Grassmann algebra. A detailed
explanation on the Grassmann algebra and its characteristics can be found in [5]. In this section, we
will not focus on the underlying mathematical structure but rather concentrate on the concept of
coherent states and Grassmann computation rules, which will be useful for later chapters. First, the

commutation relation of Grassmann numbers and creation and annihilation operators is specified as

{c,é} ={¢, ¢t} =0. (3.4)
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With the Grassmann numbers {c;} the eigenstates of the annihilation operator are defined:

lc) = e~ i %C0) (3.5)

Since the creation operator is the adjoint of the annihilation operator, left eigenstates for the

creation operator are given by
(c| = (0fe>« e, (3.6)

Note that in the equation above c; doesn’t represent complex conjugates but instead entirely

different variables. Multiplication of Eq. (3.5) and Eq. (3.6) gives the overlap of coherent states
(c|e’) = eXicici, (3.7)

As the coherent states form a basis in Fock space, deriving a corresponding closure relation results
in

[T @t e e =1, (3.8)

where 14 stands for the unity operator in Fock space. The exponential factor in the integrand is
necessary due to the overcompleteness of the basis of coherent states. A full proof of this identity is
for example given in [6].

At last, some computation rules for coherent states will be covered. They will only be mentioned
and shortly explained for later reference. Again, formal derivations can be found in [6]. Due to the

anticommutativity of Grassmann numbers, squaring a Grassmann number always results in zero:
=0 (3.9)
Therefore, analytic functions on the Grassmann algebra assume the form

fle) = fo+ fic. (3.10)
Differentiation on Grassmann variables is defined as

0, _s.. (3.11)

7= Vi
Oc;

However, to differentiate more complex expressions the corresponding Grassmann number has to
be commuted next to the differential operator, which eventually leads to additional minus signs.

There also exists a concept similar to integration called Grassmann integration, although it can not
be interpreted in the same way as standard integration. It is denoted in the same way as a normal
integral to emphasize the analogy with integration over the complex eigenvalues of bosonic ladder

operators. The rules of Grassmann integration are given by:

/ (de)1 = 0 (3.12) / (de)e = 1 (3.13)

Again, Grassmann variables need to be commuted next to the differential dc to be integrated, which
could introduce additional minus signs. As we will encounter Gaussian integrals in later parts of

this text, Gaussian Grassmann integrals are solved as

/H (dc_idci) E—Zij e Mje 43, (nici+mics)) _ [detM]fleZii ﬁiMijnj’ (3.14)
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where the indices ¢ and j number the Grassmann numbers ¢ and 7. Another type of Grassmann

integral identity necessary for calculations in the text is

_ _ oY e Mye;
in (de;de;) ¢ o€ €5 o e ¥, 6iMije . B
Zde.) e D CMiss =D (CDFML MY (3.15)
le (dc;dc;) e iy €Muss P " e

where the index P stands for all possible permutations. As in the proof of the identity products of
Grassmann variables have to be differentiated, a factor (—1)F arises. Since for Grassmann differen-
tiation the derivative has to be commuted next to the respective variable, the anticommutativity
of Grassmann numbers leads to additional minus signs. The factor (—1)F represents the parity of
the permutation P. Both integral identities are proven formally in [6]. This concludes the quick

introduction to coherent states.

3.2 Time-Representation of the Fermionic Partition Function

After reviewing basics on coherent states, we will now derive the coherent state path integral for
the partition function. The general outline of the following derivation of the fermionic partition
function can be found in [1]. However, further steps have been added for clarity. To begin, let us
revisit the definition of the grand canonical partition function and express the trace in terms of the

complete set of Fock space states {|n)}

Z = tr (e PH-1N)) = N (e AH-1) ) (3.16)

n

with 8 = % and T denoting the temperature. The derivation is limited to a Hamiltonian containing
only one-body and two-body operators. Therefore, the most general form of such a Hamiltonian

that conserves the particle number will be considered, which reads

H(ct,c) = Z hijc;rcj + Z Vijklcgc;-ckcl. (3.17)
i ijkl

This Hamiltonian is written down in normal-order indicating that all its creation operators stand
to the left of its annihilation operators?.

Returning to the partition function, we now switch to an integral representation by taking advantage
of the closure relation for fermionic coherent states Eq. (3.8). This resolution of unity is inserted

into the expression for the partition function

Z = /H (d¢;dc;) e~ 2 % Z<n|c><c|e*5(ﬁfﬂf\7)|n>. (3.18)

n

To now get rid of the summation, we can again use a closure relation, this time for the basis {|n)}:
Z [n){n| =14 (3.19)
n

However, the factor (n|c) in Eq. (3.18) needs to be commuted to the right side of the expression.

2If the Hamiltonian is not normal-ordered, its operators need to be exchanged using commutation relations. For
fermions, every permutation of an annihilation and creation operators results in an additional minus sign. For
example, the Hubbard atom Hamiltonian is transformed to normal-order by H = U cicTcI c,=-U cicIcTc 1
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Due to the anticommutativity of Grassmann numbers, this leads to an additional minus sign

Z= / [[(@e.de;)e =i 3 (—cle BH=#M)|n) (nc)
: " o (3.20)
B / [[(de;de;)e 2 cecs (—clePH=1N) )

with (—c| = (0]e” %%, Comparing the expression of the time evolution operator
U(t) = et (3.21)

its structure appears to be similar to the argument of the trace in Eq. (3.20). Different are only
the prefactors in the exponent and the use of the grand canonical operator FIGK versus the normal
Hamiltonian H. Thus, we can interpret the trace as a sum over diagonal elements of the time

evolution operator and /5 as an interval in imaginary time

TT— T = p. (3.22)
The imaginary-time interval 8 may be split up into M shorter intervals

B=MAT (3.23)
of length A7. Consequently, the exponent of the trace is approximated by

M-1
(—clePH-1N |e) m (—c| J] e 2 H#N]c). (3.24)
a=0

Inserting the closure relation of fermionic coherent states in between each exponential factor leads

to

Z= / II (H(dcz,adci,ae-zf ) (earle 2T EH 1N ey Mepsq] o (eg e ATE=1N) o)

%

M-1 ) A R
:/ H (H(dci,adci,a)eZiCi’aCi’a<Ca+1|e_AT<H_uN>C&))u

a=0 A

(3.25)

where the index a numbers the resolutions of unity inserted. Furthermore, the additional minus
sign of (—c| was absorbed into the definition of the factor (c,,|. Since H and N are expressed
in a normal-ordered second-quantized representation, the coherent states are eigenstates of both

operators. Therefore, we can apply the operators to the states {c,}:

M-1
7 / 11 (H(dcmd%)ezici,aci,aezici,mq,aAr(H(cm,ca)uzv(caﬂ,ca)))
a= %

a0 N (3.26)
_ / H (d(c—ouca))efA‘rZa;O (AT’l(Ea76a+1)ca+H(c’a+1,ca)fplN(c’M_l,ca))’
a=0

where the short notation

3In an exemplary manner, the quartic term of the Hamiltonian Vin Eq.(3.17) is applied to the coherent states

—ATY . Vs cTcTs c —ATY . Viie1Ch Ci c c _ c G .
(Carile X Vigkii ¢k Ue,) = e Xijar Viiki®i,a+1%5,a+1%, Lo epilea) = e ATV (Ear1€a) g2 G atlCiia Here,

the overlap between coherent states was evaluated as in Eq. (3.7)
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Ca = {Cia} (3.27) d(Cy, o) = [[(dG; pde; ) (3.28)

%

has been adopted. Now, choosing the split-up time intervals infinitesimally small, that is taking the
limit A7 — 0, M — oo, sum and differential quotient in Eq. (3.26) can be identified with integral

and derivative as shown below:

M-1 3 _
ArY o / dr.. (3.29) Cat1 “Ca _ o (3.30)
=0 0 AT

Also, we need to keep the antiperiodic boundary conditions

&(0) = —(B) (3.31) ¢(0) = —(8) (3.32)

in mind. Lastly, the final version of the coherent state path integral for the fermionic partition

function is given by
Z = / D(¢, c)eSled (3.33)

with the measure

M-1
D(e,c) = lelinoo (L[O d(c,,cy) (3.34)
and the action 5
S[e, o] = / dr(c0.c+ H(e,c) — uN(ec)). (3.35)
0

A more explicit expression for the action S

Sle, ] :/ﬂdT(ZCi(T)[(a 11)6;; + hyj] Z ikt Ci(T) ¢ (T)eg (T )01(7>) (3.36)
0

iJ ikl

is obtained by inserting the Hamiltonian from Eq. (3.17).

3.3 Matsubara Frequency Representation of the Fermionic Partition
Function

Perturbative calculations on the Hubbard atom in the next chapters will be performed in frequency
representation. Hence, we will transform Eq. (3.33) with the Matsubara frequencies. For fermions

they are defined as
2n+ )w

wn:T

With these Matsubara frequencies, the function ¢(7) can be expanded

n € Z (3.37)

TZ e—iwnT (3.38)

with the coefficients 5
C, = dre(r)etwnT. (3.39)

_
"B

Substituting Eq. (3.37) and Eq. (3.38) into the time representation of the partition function yields

o\

the Matsubara frequency representation. First, the expansions will be inserted into the action S

10



3 COHERENT STATE PATH INTEGRAL FOR THE PARTITION FUNCTION

from Eq. (3.36). To simplify the calculations, one-body and two-body part of the action will be
covered separately. Expanding the Grassmann numbers in terms of their Matsubara frequency

representations in the one-body part S, leads to

Sy = /Oﬁ dT< > e (1) (0, — w)dy; + hyy) cj(T))

ij

1 [P (3.40)
LS (Sane) (i ) (o)
] Wny
Now the terms are regrouped, such that the integral over 7 can be evaluated easily:
SO - / dT— _zn1 (_iwnz - /'L)CinZe / dT— Z cznl ijCjn, € i(wnliww)T
zg Wy, Zj W,
= 6"1”2 (Z Einl (_iwn2 - :u') zn2) + 5n1n2 ( Z Cznl ij jn2> (341)
(VEEM 1J,w,,

= Z Cin ((—iw, — 1)d;; + hyj) ¢j

ij,m
A similar procedure will be used to derive the Matsubara frequency representation for the two-body

part of the action S,;. Again, we insert the expansions:

= / A7 3" Vil (1) (T ex(r)er(r)
0

ikl

_ =~ +iw,, T - +iw,, T —iW, . T —iw,, T
—/ dT—Z<Z D DD DL DL )
ny Wny Wng Wy

(3.42)

ijkl

This time, the regrouping of the integral will be skipped and rather the expression after imaginary-
time integration will be shown. The arising integrals are analogous to the ones for one-body action

and therefore they produce delta functions, which simplify S, to

1 _
Sint = E E : ‘/ijklcinlcanCkngcln46n1+n2;n3+n4' (343)
ijkl,n;

The frequency representation of the total action then reads

= Z Ezn[(_lwn - p‘)‘%] + hzg]c]n + B Z ‘/ijkléinléjnzCkn3cln45n1+n2;n3+n4' (344)
ij,n ijkl,n;

With Eq. (3.44), we can formulate the partition function in Matsubara frequency representation
Z= / D(¢, c)e~Slee (3.45)

with the measure

D(c,c) = [[d(cn, cn)- (3.46)

Having derived the functional integral as an important formulation for the next sections, we are
finally ready to address perturbation theory. Fundamental concepts to this topic are going to be

introduced in the subsequent chapter.

11



4 MANY-BODY PERTURBATION THEORY

4 Many-Body Perturbation Theory

Before applying perturbation theory to the Hubbard atom, some important preliminaries on
perturbation theory are going to be covered. As a lot of problems in many-body physics are
not analytically solvable due to the high complexity arising from interactions between particles,
one has to think of suitable approximation strategies such as perturbation theory. It is based on

decomposing the Hamiltonian (or alternatively the action) of a system

H=Hy+V (4.1)

into a solvable one-body part FIO and an interaction part V. Supposing that the physical system is
continuous in some parameter [6], which is ‘small’ compared to other quantities of the system, a
perturbative expansion in terms of orders of this parameter can be used to describe the system.
Sometimes, it is advantageous to represent contributions to such expansions graphically. This is
called a diagrammatic approach to perturbation theory. How to generate and interpret suitable

diagrams will be explained in the next section.

4.1 Matsubara Green’s Functions

Often, to obtain information about a system experimentally the response to external perturbations
is measured. Mathematically, this is described by response functions. These are closely related to
Green’s functions or correlation functions. There are many different kinds of Green’s functions, but
since we will work in the grand canonical ensemble, the Matsubara Green’s function is the best
choice for the following perturbation calculations. The Matsubara Green’s function is the thermal
average of a time-ordered product of creation and annihilation operators depending on imaginary
time. Since all perturbation expansions of the subsequent text will be based on the functional

integral formulation, the Matsubara Green’s function is defined in terms of Grassmann variables [7]

i —1m [ .

G = —(=1)™c; 0 ) = —— D(c,c)e;, ...c; e s, (4.2)
For the partition function Z, the action S and the measure, the same definitions and short notations
as in chapter 3 are used. The index %,,,n € N numbers the particles. Here, the time-ordering of the
field variables is already implicit because of the properties of the functional integral. An example

would be the non-interacting single-particle Green’s function, also called the bare propagator

~ [ D(¢,c)e;e;e 1 B -
G .. = —(¢c..)y = — 2 J =——— D c.e”S 4.3
0,5 <C7,C >0 fD(E, C)efSO ZO / (C, C)C c.e -0 ( )

with the one-body action defined as:

B
Sy = / dr (Z ¢ (1) ((0, — w)d;; + hyj) Cj(T)> . (4.4)
0

ij

Thus, the integral Eq. (4.3) is just a Gaussian integral and can be solved exactly. In general, an
integral with an integrand consisting of an exponential factor that is at most quadratic in the

field variables multiplied by a polynomial of field variables is evaluated as covered in section 2.1.

12



4 MANY-BODY PERTURBATION THEORY

Applying the identity Eq. (3.15) to Eq. (4.3), leads to

-1
B
Goij = —(S5 ")y =— (/ d7 (0, — p)d;; + hij) ) (4.5)
0

where (Sj),; is short for the matrix element corresponding to the one-body action. With this, we

can write S, in terms of the bare propagator as

So=— Z ¢;(Got)iz¢ (4.6)
ij
To reformulate the interaction part, we define the bare vertex I'y;;.;, which denotes the interaction

strength between particles. It is related to the previous form of the interaction part of the action as

mt_/ dTZ ki Ci(T)C5(T) ey (T)ey(7) Zrom k1 CiCiCkC;- (4.7)
0

ijkl zgkl

Taking Eq. (4.6) and Eq. (4.7) into consideration, the full action S is rewritten as

S=—=Y ¢(Gygt)ije; — Zrohk,glc CICxCj- (4.8)
ij z]kl

In the last expression, the interaction strength is now described by the bare vertex I'.
Previously, it was mentioned that resorting to graphic representations can be helpful to formally
organize the perturbation series. In condensed matter physics, the formalism of Hugenholtz diagrams
is often used for this purpose. Regarding Hugenholtz diagrams, this thesis is going to follow the
convention defined in [7]. According to this formalism the bare propagator G, is represented by
—<—— and the full single-particle Green’s function G2 | which is also called the full propagator,
by ——— . Moreover, the bare vertex is represented by
After this brief introduction to Green’s functions, let us now focus on quantities of interest, which
we will compute up to a given order in the following chapters. The first of these quantities is the

single-particle Green’s function. As stated in Eq. (4.3), it is evaluated as
_ 1 _ _ g
G, =—(cc;) = 7 D(c, c)c;cie™™. (4.9)

In practice, the action is separated into the two parts Eq. (4.6) and Eq. (4.7) and one expands the

interaction part

1 Z _ = =5, = (_l)r T
Gij = —Z—O . 70 D(e, c)cicje 5 (Z (Sint) ) . (4.10)

We have expanded by Z,, as the factor é cancels disconnected diagrams*. What a disconnected
diagram is will be explained later. For now, one can just say the expansion simplifies the graphical

representation of the expression. Inserting the two-body action from Eq. (4.7) to calculate the r-th

4Below, this is illustrated exemplary for the first few orders. By comparison to the disconnected diagrams of G2,
one observes that the diagrams of Z match them. Therefore, it should be plausible that Z as a denominator cancels
disconnected diagrams. However, this is nowhere near a rigorous proof. For this purpose, one should refer to the
literature as for example [6].

‘818 =888 e -88-88-
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4 MANY-BODY PERTURBATION THEORY

order contribution to G, ., averages over products of Grassmann variables have to be evaluated with

ij>
Gaussian integrals agaiil. This can be done conveniently by using Wick’s theorem. How this is
done, will be covered in the following paragraph.

A full derivation of Wick’s theorem lies beyond the scope of this thesis, so only its general statement
is going to be covered. A proof by induction is for example provided in [8]. To understand the
general statement of Wick’s theorem, the concept of contractions of field variables needs to be

established. A contraction of Grassmann variables is represented by [6]

[

G = (&) (4.11)

J )

with ¢; € {¢;,¢;}. As we will work with functional integrals, only the definition in terms of

1)1

Grassmann numbers is needed. Contractions of Grassmann variables are evaluated as:

ci(T)Ej(T’) = —Go;ij(T —7) (4.12)
&(1)g;(r') = ()ey (') = 0 (4.13)

In Eq. (4.12), Gy;;(T — 7') represents the single-particle non-interacting Green’s function. For a
Hamiltonian not depending on 7, G only depends on the imaginary-time difference (7 — 77). All
Hamiltonians considered in this thesis are imaginary-time-independent, so we restrict ourselves to
the case Gy;;(7,7") = Gg;;(T — 7'). Contractions of the type Eq. (4.13) are zero, which is due
to the definition of a contraction as an expectation value. Expectation values of two creation or
annihilation operators vanish for every Fock state. Thus, the same holds for expectation values of
Grassmann variables corresponding to these operators. Now, the main statement of Wick’s theorem
[6]

(€€ Cj € )o = Z all complete contractions (4.14)

can be addressed. A complete contraction refers to contracting all Grassmann variables {ci1 ...cin}
with {¢; ...¢; } and multiplying them. To evaluate the expression on the left-hand side of Eq. (4.14),
one needs to sum over all possible products of pair contractions (¢;¢;), generated by permuting the
indices j; to j,,. Applying this together with Eq. (4.2) to the evaluation of Green’s functions, the
n-th order non-interacting Green’s function is given by
Go) o (T T T s 7)) = D (=1)P00 o 80y, ar, Gojay (T, =T1) - Gojag, (T, —Th),
(4.15)
where the index P denotes all permutations of the indices 1 to n. Again, due to the permutations
of Grassmann numbers a sign factor (—1)F is needed. If Grassmann numbers are commuted an
odd number of times, an additional minus sign arises.
This statement suggests a graphical representation. Specific rules can be determined to generate
Hugenholtz diagrams for the r-th order term of the perturbation expansion of G for a system
containing only two-body interactions. These rules are found in detail in [6]. For completeness,

they will be summarized briefly. For each complete contraction, one draws r vertices with 4 legs ,
each corresponding to a field variable of the two-body interaction

Furthermore, one represents the arguments of the Green’s function {Eil yeees Ein} as n external points
B o} and the arguments {Ch’ . cjn} as n external points @ fi.

Each contraction of two field variables corresponds to a propagator 7',¢ 7,« connecting either
external points or vertices corresponding to the respective field variables, which are contracted.

Examples of such diagrams are shown in Fig. 4.1.

14



4 MANY-BODY PERTURBATION THEORY

b) c)

X

Figure 4.1: (a) First-order contribution to the single-particle Green’s function G(!). This is
a connected diagram with n;, = 1. (b) Also a first-order contribution to G*). However, it is
disconnected with n;, = 2. (c¢) Example for an one-particle reducible diagram. Cutting the
propagator in the middle, yields two subdiagrams.

Converting a diagram back to an analytical expression, each propagator, external point and vertex
are assigned time and particle labels, if not already denoted in the diagram. Each bare vertex
corresponds to a factor I'y;;,,; and each propagator to a factor G,;;. These factors are then
multiplied. Afterwards, one sums over all internal particles and integrates r times over all 7; from 0
to 8.

Described above is how to generate diagrams for the Matsubara Green’s function G(™(r) in
imaginary-time representation. Diagrammatic depiction of G(™ (w,,) depending on Matsubara fre-
quencies w,, works in a similar way. Instead of assigning time labels, frequency labels are assigned to
each propagator. Because of frequency conservation, the sum of frequencies assigned to propagators
entering a vertex must be equal to the sum of frequencies assigned to propagators leaving the vertex.
Furthermore, to convert a diagram in frequency representation back to a mathematical expression,
instead of integrating over 7 one sums over all internal frequencies.

In general, one can group diagrams into connected and disconnected ones. Connected means, that
all vertices and external points are connected to each other by propagators. Another way to classify
diagrams is by their reducibility. An n-particle reducible diagram means that n lines would have to

be cut to split it into two disconnected diagrams. Examples are given in Fig. 4.1).

To close this introduction on Green'’s functions, we will briefly talk about their generating functionals.
Originally, the expression of the Matsubara Green’s function was only stated in Eq. (4.2). However,

it turns out that this expression may be generated from a functional
217, 7] = (e o 4 Ealalnealr +ea(nIarly, (4.16)
This generating function is given by adding source terms J,, and J,,, which are also Grassmann

variables, to the action. More details on this and the following expressions can be found in [6].
Based on Eq. (4.16), the n-particle Green’s function is generated [6]

n nz[J, J
fo ) oot o (Tl T3 Ty Tp)) = (—1) "l — = [/, J] - -
e 5Ja1(7'1)...5Jan(7'n)5Ja;1(Tn)...5Ja/1(71)

J=J=0
(4.17)

using functional derivatives with respect to the source fields. Note, that the generating function
Z [j ,J] appears to be the grand canonical partition function with additional source terms J,J. In
thermodynamics however, the grand potential W, which is the natural logarithm of the partition
function, has higher physical significance. Thus, it is only natural to wonder, if there is a similar
relation between Green’s functions and the grand potential with additional source terms, which

reads

WI[J, J] = n(Z[J, J). (4.18)

In fact, the grand potential with sources is the generating function for connected Green’s functions.
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4 MANY-BODY PERTURBATION THEORY

This is known in literature as the Linked Cluster theorem [6]. The n-particle connected Green’s

function is then calculated as

(2n),c L AN n+1
al,...an;ai,...a%(Tl’ Ty 71 ""Tn) - ( 1)

W J, J]

5ja1 (1) ... 5jan (T)8J o (17) - 6o (T1) 155,

(4.19)
As thermodynamic quantities are derived from the grand potential instead of from the partition
function, it is in most cases sufficient to only consider connected Green’s function, which only
consist of connected diagram contributions.
We are now able to compute n-particle Green’s functions, expand them in perturbation series and
represent them diagrammatically. Additionally, the same shall be done for the self-energy and

vertex. We will focus on this in the next section.

4.2 Self-Energy

To define the self-energy as well as its properties, we will need an additional generating function for
the one-particle irreducible vertex. It is obtained by a Legendre-transformation of the generating

function of connected Green’s functions W1[.J, .J] [6]

- B _
L[¢a(7), $a(7)] = =WIJ, J] - Z/ dr’ [, (") L, (7)) + T, (7)), (7], (4.20)

0% 0

where the new variables ¢ and ¢ are called field averages in the presence of source fields and
evaluated as ¢, = (c,); ; and similarly ¢,. The vertex function is then given by functionally

differentiating the generating function analogous to the derivation of the Green’s functions [6]:

r(m+") Toi Ty e 5m+nr[¢a<7—)7¢a(7>]

a a,, ;o ,...ol (7-17"'7 n’ /, 7T7/L) = <z - P ; (421)
1o Opial,eag 5¢al(rl)...5¢am(rm)6¢a;(Tn)...6¢a/1(7'1) J—J—o

Here, m is almost always equal to n due to particle conservation at each interaction vertex.
From the two-point vertex function, the self-energy ¥ is defined as the difference between the
interacting and the non-interacting vertex function T 36

r® (11, 7]) = r

Q,0

— Eaha/l(Tl,Tl’). (4.22)

/
Q,0

Thus, the self-energy contains all information about the interactions of the system on the one
particle level. As we will later want to calculate the self-energy up to a certain order from a
perturbation series of the single-particle Green’s function, it is necessary to relate both quantities.

Therefore, the explicit expression corresponding to the two-point vertex is obtained as

M (= — (—wi -3 / ﬂdf’[é () I ()] + T () (7")]
ap,af V10 5‘5%5‘%; ) — /s % 0% v v

from the generating function. In the following, time arguments are suppressed for ease of notation

and sums over repeated indices are implicit. Evaluating the derivatives with respect to ¢ and ¢,
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results in

F(Q) _ g _ ow 5jﬁ1 _ 5jﬁ1 ¢ _ j
a0 6(5(11 6j61 5¢a'1 5¢a'1 B1 af
é

114 5°T 5°T ow -
= — — _ + _ — —J (4.24)
5¢a1 6Jf61 5¢ﬁ1 5¢0‘/1 5¢51 5¢a£ Y B1 ' J=J=0
6Ty
= — 1 .
M’al J=J=0
By functionally differentiating the grand potential W with respect to ¢ and J
4
— =04(ry — 74 4.25
5¢a1 (Tl)(s‘]o/l (T1> ( ' 1) ( )
we generate a delta-function. Applying the chain rule to %, leads to
a\T1)0J67 Ty
2w oT
o(ry —79) (4.26)

0Jg, 00, 0 00,

Thus, the two partial derivatives on the right-hand side of Eq. (4.26) need to be inverse to each
other. Taking the limit (J, J ) — 0, we can relate the two-point vertex and the two-point Green’s

function as
2) -1 _pn®
(Gﬁlai) = Fﬁla’l' (4.27)

Hence, the single-particle connected Green’s function and the self energy are related as

(Gt = (Gy) ' — X (4.28)

Multiplying Eq. (4.28) by the non-interacting Green’s function G, from the left and by the

interacting Green’s function G from the right, results in a recursive relation

G? =Gy + G, =GP (4.29)

called the Dyson equation. Graphically, the self-energy ¥ is represented as @
With this, the Dyson equation is depicted as shown in 4.2.

—~— = = ()t =)=+

Figure 4.2: Diagrammatic representation of the Dyson equation.

In fact, the self-energy sums amputated one-particle irreducible diagrams between external points
(a;77) and (@f77). Amputating a diagram means removing the contribution of its external ‘legs’,
which are propagators connected to arguments of a Green’s function. Drawing and evaluating
Hugenholtz diagrams for the self-energy is done by the same principles as for the Green’s functions.
There will be concrete examples in the next chapter, when perturbation theory is applied to the
Hubbard atom.
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4.3 Four-Point Vertex

After introducing the self-energy, now the same shall be done for the four-point vertex. Physically,
the four-point vertex encodes the full interaction between two particles. One may think, that

), the prefactor of the

the information about two particle interaction strength is specified by I‘éQ
two-body interaction Eq. (4.8). In fact, this is not the case, as there are additional contributions to
the interaction such as quantum fluctuations, which are not considered by I'y. In preparation to
investigating the interaction between electrons of the Hubbard atom in the next chapter, a relation
between the four-point vertex and the four-point Green’s function G will be derived. In the
following derivation, we compute G4¢ and compare it to the expression for I'*). We will do so
by differentiating generating functions Eq. (4.17) and Eq. (4.19). The derivatives with respect to
the source terms are evaluated using product rule and chain rule. For the derivatives to act on
Grassmann numbers, they need to be commuted next to the respective variable they act on. The

additional sign changes arising from these permutations were taken into account as well:

B 5 (1 52 ) ‘
Jegmo  076,0J0,00q Z4J.y, J=J=0

(@), _ 5‘71 In(2)
o agiefag 0J, 6J, 6J,6J,,
R e

R ( 1 67 62 187 )
000,000, \ 220Jay 0Joy  Z0J0y000; ) 15, (4.30)

= <Ca2 _o/l ) <ca1 Eo/2> - <Ca1 c_o/l ) <cazc_a’2> + <ca1 cazc_a’l c_a’z>

= Gy Catto, ~ Gy Catra, + Gyt
Above, the first few partial derivatives were evaluated exemplary using the chain rule and product
rule. In the last step, the source terms were set equal to zero. With no source terms present,
fermionic correlation function of odd order vanish. Therefore, we are left with only three terms on
the left-hand side of Eq. (4.30). Now, the only thing left to do is to relate the connected Green’s
function G4¢ to the vertex I'¥). Again, we differentiate a generating function Eq. (4.21) to obtain
the expression

(4) 84T

F 7 — — —
818238162 5¢g; 665,005,605,

3 —
= 56 5(2 5 (_J51)
J=J=0 ¢B£ ¢B; ¢/32 J=J=0

(4.31)

_ 2 ( SW
5¢ﬁ’1 5¢ﬁ§ 6Jf61 6J0‘1 J=J=0
-1 -1 . -1 -1
= (Ggl)ﬁl/) (G(Oi)ﬁz/) G‘(fl)‘;‘z?a,la/z (Ggl)a/l) (G(;z)aé)

for the four-point vertex. To simplify expressions, which occur after the partial differentiation, some
results derived in section 4.2 were used. Setting J = 0, correlation functions of odd order vanish.
As it is not necessary to distinguish between connected and disconnected Green’s functions on the

one-particle level, the second equality follows. What remains to be done, is solving Eq. (4.31) for
G,

(4),c _ @ A2 p@ @ A2
Cayogiota = Fayps Cons L o10:88, O 101 Cay (4.32)
Inserting this into Eq. (4.30) yields the exact relation
() _ @ A2 A2 ~(2 @2 A2 p@ @ A2
Ga1a2;o¢’1a§ o Galai GO‘20‘/2 Go‘zai GO‘10‘/2 + Galﬁé GazﬂéFﬁiﬁé;61B2Gﬁlaa Gﬁzaé (433)

between the four-point vertex and the four-point Green’s function. To represent this equation
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4 MANY-BODY PERTURBATION THEORY

diagrammatically, it is common to introduce additional symbols corresponding to the vertex and

four-point Green’s function. One draws the four-point vertex as r and the four-point
correlation function as G4 B

The diagrammatic repregentatign of Eq. (4.33) is then given by:

elC) = ;5 — ++ + r

Figure 4.3: Diagrammatic representation of the relation between vertex and four-point correlation
function.

This concludes the explanation of basics on many-body perturbation theory. We will refer back

to many formulas and principles developed in this chapter in later calculations. Next up is using

perturbation techniques on an exemplary model, the Hubbard atom.
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5 Second-Order Perturbation Theory for the Hubbard
Atom

Now, the diagrammatic methods established in chapter 4 are going to be used on the Hubbard
atom introduced in section 4.1. This system is chosen specifically, as there exists an exact solution,
which can then later be compared to the expressions obtained from perturbation theory in the
context of Ward identities.

The quantities needed for this comparison are self-energy ¥ and four-point vertex I'® that can
be derived from one-body and two-body Green’s functions G(?) and G¥) as explained in section
4.2 and 4.3. Therefore, the perturbation series of G, G, ¥ and T'® will be evaluated up to

second-order in the interaction strength %.5

At first, let us reformulate the Matsubara frequency representation of the action Eq. (3.44)

as

_ _ . 1 _
S[C, C} = Z cin[(_lwn - /J')dz] + hij]cjn + B Z V;ljklcinlcanCkn3cln45n1+n2;n3+n4

ij,n ijkl,n,;

= Z Ea,n(_iwn - M)Ca,n
o,n

v (5.1)

8 {Z} ET’M 6¢”2 CtnyCing 5”1 tnaingtny
m;

in terms of the properties of the Hubbard atom Hamiltonian ﬁGK = Ufyf — p(iy + ny). Here,
the sum over o represents a summation over spins o € {1,l}. Splitting the Hubbard atom action

up into interaction part S, , and bare part S, and expanding e %t as in Eq. (4.10) yields

U
—S. — =
el + B Z Ctny Cin, cTn3cin45"1+”2§"3+"4

2

+ 252 Z ETnl EULQ CtngCln, 6”1+n2§”3+”4 Z ETml 6im2 CrmgCim, 5m1 tmgimgt+my
{n;} {m;}

(5.2)

With the expression above, let us now compute the perturbation series up to second-order of the

one-body Green’s function.

5.1 One-Body Green’s Function

The general expression corresponding to the time-representation of the one-body Green’s function

is given by Eq. (4.9). Because of its periodicity, it can be expanded as a Fourier series

GO (r) = %} i e G2 (w,) (5.3) G(w,) = /6 dre®n "G (7) (5.4)

0

n=—oo

in terms of the Matsubara frequencies as defined in Eq. (3.37) with n € Z. Inserting the definition
of the Green’s function in time representation and the expansions of Grassmann numbers in terms
of Matsubara frequencies Eq. (3.38) and Eq. (3.39), results in

G(Z) /(wn) = _<conc_a’n> (55)

5Tt may seem unusual to expand in %, as it is not a dimensionless quantity. This is due to the convention chosen
throughout this thesis, which entails that the dimensions of all correlation functions match accordingly. Therefore, it
makes sense to expand in %
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with spin indices o and ¢’. This is the quantity we are calculating in the following. Note, that the
Hubbard atom Hamiltonian doesn’t contain any spin-flip terms. Thus, for the two-point correlation
function GSL, (w,,) only the case o = ¢’ needs to be considered, since correlation functions with

distinct spin components would vanish. Explicitly, c%? (w,,) then reads

@, y_ 2y 1 _ 1 Us
Gs (wn - Z ZO /D ConCont ( Smt 2(Sint) +0 (63>) (56)

For the expansion of §;

it One inserts Eq. (5.1) above. To begin, the zero-order contribution G, is

evaluated as

(2) =-20_ [ D e Lo Con(Ziwn—p)Cs
GO (wn 7 ZO/ ConCon€ . (57)
The integral is solved as
1
G(2> W,) = —" 5.8

by applying identity Eq. (3.15). Diagrammatically, this corresponds to the bare propagator:

n
—_———

Figure 5.1: Zero-order contribution to the one-body Greens function for the Hubbard atom.

Next, we focus on higher-order contributions. The first-order of ng) reads

(2) — ;=S
Gl\o( n __770/D ConCon® OE{2:}CT"1Cl"2cTnscln45n1+"zﬁn3+"4
n’L
ZO
= ﬂ Z Con ancTnlCJ,n2CTn3Cin4>5n1+n2,n3+n4 VA (59)

ZO
= ﬂ Z JnCTn3c¢n4 ancTnlcln2>5n1+n2,n3+n4 7

where in the last step, the product of Grassmann variables was brought into anti-normal-order. As
for this a total of four pair-permutations of Grassmann variables were conducted, there is no sign
reversal to the expression.

The thermal average is then evaluated using Wick’s theorem, which was introduced in section 4.1.
Without loss of generality, we can assume o =7, as the correlation function for ¢ =| would be

numerically equivalent with vertically flipped diagrams. Applying Wick’s theorem, leads to

<cTncTn3 C‘Ln4 C_Tn C_Tnl C_,Ln2 > = <CTnETn>O <CT,n3 C_Tnl >0 <c¢n4 c_inz >06n1n3 5n2n4

B i B (5.10)
+ <CTnCTn1 >0 (cT,ns CTn>0 <Ci,n4 CJ,nQ >05nn1 5nn3 6n2n4’

where the first summand represents a disconnected diagram, whereas the diagram of second
summand is connected. Because of the factor %, only connected diagrams need to be considered.
This is explained in section 4.1. The Hugenholtz diagram corresponding to the connected term

according to the rules discussed in section 4.1 is given by:

n2

(o

Figure 5.2: First-order contribution to the one-body correlation function for the Hubbard atom.
Inserting Eq. (5.10) back into Eq. (5.9), one obtains the first-order contribution to the one-body
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Green’s function

@) _ U, _ U 1
Cllp(@n) = =35G8 (wn) ; Golwn,) = =G 47 ; PP (5.11)

where in the last step the bare propagator from Eq. (5.8) was inserted. What remains to be done,
is the evaluation of the sum Z . Sums of this type are called Matsubara frequency sums and
are analytically evaluated with the help of a weighting function h and a contour integral in the
complex plane, which is explained in more detail in appendix B. In this chapter, only the solutions
to occurring Matsubara sums are written out explicitly. Following the procedure given in appendix

B, the first-order contribution G(f‘c),(wn) is evaluated as

U eBu

G (w,) = — .
1lo(®n) (iw,, + p)? 1+ efr

(5.12)

To compute the second-order contribution to Gf,z ), one proceeds in the same way illustrated above for
the first-order. There are three distinct types of connected diagrams corresponding to second-order

contributions:

n2 ma
n+ng —n3g

n3

Figure 5.3: Second-order contributions to the one-body Green’s function for the Hubbard atom.
Again, both spins corresponding to the input arguments were chosen as 1.

Mathematically, the first diagram Fig. 5.3a is expressed as
@ _U?
Mo Wiy

Note, that the factor % was canceled, as the term of the diagram shown in Fig. 5.3 contributes
two times to the one-body Green’s function, as exchanging the roles of the vertices leads to the
same diagram, just flipped horizontally. However, in terms of mathematical expressions this flipped
diagram is equivalent to the diagram shown in Fig. 5.3. The factor 2 due to the possibility of
exchanging the vertices arises for the following contributions to G<2) as well.

Evaluating both Matsubara frequency sums from Eq. (5.13), G(2 i‘a is given by

2B‘“U2ﬂ
a? — _ e . 5.14
21 (1 + ePr)3(iw,, + u)2 (5.14)
Another diagram corresponding to G(;) can be seen in Fig. 5.3b. It is transformed into
2,6’HU2
2 _ Y 3 (1w
Gg,z\a = G ZGO n2 ZGO m2 (1 1 P2 (i, + 0)° (5.15)

Lastly, there is a third type of diagram representing a part of G£,2 ), namely Fig. 5.3c: In terms of
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equations, the third contribution reads

2 U?
Gy =~ 5z G (Gowna) > Golewn,)Golw, +w,, — w%)) . (5.16)
n3 Ny
Applying residue theorem to the frequency sums, one obtains
Buyr2
62 = £'UPB (5.17)

2,3|o (1 +€ﬂ“)2(iwn _'_u)g.

Now, all contributions to GS? ) derived above are added. The one-particle Green’s function up to

second-order in l—B] is thus expanded as

@_ 1 Uefr L U (4 e+ (2 — Bliw, + 1))
7w, + o (iw, + p)?(1 4 ePr) (1 + ePr)3(iw,, + p)?

. (5.18)

From this expression, one can determine the self-energy up to second-order, which is the aim of the

next subsection.

5.2 Self-Energy

Revisiting the Dyson equation Eq. (4.29), the self-energy is composed of the one-particle irreducible
parts of diagrams of the one-body Green’s function. Hence, we assign self-energy contributions to

the diagrams from the previous section. The self-energy can be expanded in orders of % as well:

U3
S=%,+5,+0 (E) (5.19)

Therefore, the Dyson equation is expanded as
G~ Gy + Gy (31 + 5) (Go + G (E1 +X5)) ~ Gy + GoX1Gy + GG 21 G + GEy Gy (5.20)

Thus, the diagrams shown in Fig. 5.2, Fig. 5.3a, Fig. 5.3b and Fig. 5.3c can be related to the
self-energy. From them, the first-order contribution ¥; and the second-order contribution ¥, are

extracted. Diagrammatically, one has to 'cut off’ or amputate external Green’s functions:

n n n-—+ng —ng
21_—Q Sy =2 7 2—2(_@(

ng

Figure 5.4: First- and second-order contributions to the self-energy for the Hubbard atom.

For the Hubbard atom, the amputation of the Green’s function ‘legs’ is simply done by dividing
by the expressions corresponding to the respective propagators. The self-energy may therefore be

expressed as

Eo’(wn) =

el MU (Lt (L4 Bliw, +p)) | o (U
(1+efm) (1+ ePr)3(iw, + p) +0 (—) : (5.21)

As the self-energy is not dependent on the spin argument o, it has the same mathematical value

for c =1 and 0 =|.
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0.02F ; ——
~0.2390} .
— 0.01} —
3 o 3 -0.2395}
g . 2 —0.2400}
= _0.01} F
—0.2405}
—0.02k .. : . 0.2405 | - |
—20 0 20 —20 0 20
w w

Figure 5.5: Real and imaginary part of the self-energy from second-order perturbation theory for
B=1,U=0.5,u=-—0.3.

5.3 Two-body Green’s function

We proceed in the same way as for the one-body Green’s function to derive the vertex according to
Eq. (4.33). Expanding the exponential factor e, the starting point for the perturbative series of
GW is given by

(4) = -5
G0102§03‘74 (wnlvanwn3 n4 - Z Z D alnl 02n2003n3604n4€ °
0

, s (5.22)
X (1 - Sint + §(Sint) +0 (63 )) 5n1+n2;n3+n4'

This time, we have to distinguish different combinations of spins o, to o,. There are two possible
cases which do not vanish:

case 1: 0y =04;0 =0 o

1 3,02 4 F 01 (5.23)

case 2: 0] =09 =03 =20,

5.3.1 Two-Body Green’s Function for Spin Arguments (1};1})

At first, case 1 from Eq. (5.23) is treated. Without loss of generality, we can assume the spin
arguments to be 0y = 03 =1;049 = 0, =]. Other combinations of spins according to case 1 would
result in flipped diagrams and identical mathematical expressions. Taking only the first-order term

of Eq. (5.22) into consideration, one needs to evaluate

a® Zo

1|Tl§Ti(w”i) = Z Ctiny Clng 1 img € m4cT nsci Ny T my i m2> 5n1+n2;n3+n46m1+m2;m3+m4'

(5.24)

In first-order there is only one connected diagram representing G<14), which is depicted in Fig. 5.6.
ng ng
ni n3

Figure 5.6: First-order contribution to the two-body Green’s function(1}1]) for the Hubbard
atom.

Transforming it into a mathematical expression, reads
U
GO (wnl)GO (an)GO (wn3)G0 (wn4)‘ (525)

(4) —
Gl (en) = 5
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Because of frequency conservation, the Matsubara frequenccy w,, can be expressed as w,, +w,, —W,, -

Next, the second-order contribution

2
(4) _ 4y U - -
GZ\T\L,Ti(wnl) - 7 2B2 Z <CT7"1ClyﬂzCT7m3C~L7m4CTyl3C¢yl4CTyn3C¢yn4cT,m1Cl«amchal1c~Lal2>0
{m;,1;} (526)
X 6n1+n2;n3+n45m1+m2;m3+m45l1+l2;l3+l4

is analyzed. We are once again only considering connected diagrams. There are twelve connected
diagrams, but only six distinct diagram types, as half of them can be generated from the others by

exchanging vertices. Below, they will be listed with their corresponding equations:

a) b) c)
o no on no
lo
n4 "2 ni +ng —ma
ny n3 ; ny ne ny e ng
1 : :
d) e) f)
n m
ni n3 ni ns ni ns
11 mo + n3 — n2 ni

Figure 5.7: Second-order contributions to the two-body Green’s function (1{1)) for the Hubbard
atom.

Expression Fig. 5.7a:

U2
Gt () = =7 Golwn,)Go(wn,)Go(wn,)Go(wn,) 3~ Goler,)
by
260 . (5.27)
B ) (iw,, + 1) (iw,,, + 1) (iw,, + 1) (iw,, + iw,, —iw,, + 1)
Expression Fig. 5.7b:
(@) u? 2
G2,2mm(wni) = _FGO(WM)GO(W%)GO(W%) GO(wn4) ZGO(%)
la
2 : (5.28)
B ) (iw,, + 1) (iw,,, + 1) (iw,, + 1) (iw,, + iw,, — iw, + @)
Expression Fig. 5.7c:
al) _Uq
2,3\?],;T¢(wni) - ﬁ O(Wnl)Go(wnZ)GO(wn3)G0(wn4) Z (Go(me)GO(wnl + wnz - wmg))
- (e —1) (5.29)
T B+ P (2p + iw,, + iw,,) '

1

X
(iwnl + ,LL) <iwn2 + :U’) (iwn3 + /J’) (iwnl + iwn2 - iwn3 + /l)
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a) N4 no b)
ma
ez n2
ma +ng — N2 ma
ni N ng
m nL—n
n ns 2 1 4

Figure 5.8: Second-order contributions to the two-body Green’s function(1111) for the Hubbard
atom

Expression Fig. 5.7d:

U2

Gyirins @n) = =7 Go(n, )Gl )*Golw, ) Go(w,,) Z Golwy,)
_— . (5.30)

BUL+ P (i, + 1) (i, + )2 (10, + 1) (0, + 0, — ity + 1)

Expression Fig. 5.7e:

U2
Grins@n,) = 53 G0 )Go(@n, )G, ) Go @) D (Gl Gom, =, +0n,))
5 — . (5.31)
T (T4 ePR)2 (i, + p)2(iw,, + 1)
Expression Fig. 5.7f:
G\ _ Vg G G G G
276‘Tl;Tl(wni) - 7? O(wnl) 0(wn2) O(wna) O(wn4) Z O(wmz)

i 1 (5.32)

B+ ePr) (iwy,, + p)?(iw,,, + p)(iw,, + p)(iwy,, +iw,, — iw, + ()

Adding these terms would yield the second-order contribution to the connected two-particle Green’s

function for spin arguments as in case 1.

5.3.2 Two-Body Green’s Function for Spin Arguments (11;11)

After computing G® for the spin combination defined in the first case, we proceed accordingly for
the spin combinations in case 2 from Eq. (5.23). Without loss of generality 0y = 0y = 053 =0, =7
is assumed. Again, we only consider connected diagrams. If all spin components are chosen equal,
there are no contributions in first-order to G(*). In second-order, one can only draw two connected
diagram types, which are depicted in Fig. 5.8. Below are again written down the equations derived

from both diagrams.

Expression Fig. 5.8a:

U2
Gy s (@) = 5 Goln,)Go(@n,)Golwn,)Golwn,) D (Goltwn,)Golw, +wn, —wn,))

my
U2eBr 1
s (T P2 (i, + 42 (1, + 102

(5.33)
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ws=nT we=mnT wi=nT
0.05
10+
3 0 0.00
~10-
—0.05
—20+ . . . b . . . & ; ; ;
—20 —10 O 10 —20 —10 O 10 —20 —10 O 10
w1 (093] w2
Im[[y 4]
ws=7nT We=T w1 =T 0.010
107 0.005
5 0 0.000
—101 ] _ —0.005
—0.010
—20+, : - - + - . e .
—20 —10 O 10 —20 —10 O 10 —20 —10 O 10
w1 w1 w2

Figure 5.9: Four-point vertex I'; ;| in second-order perturbation theory for chemical potential
pw=-—038, 8=1and U = 0.5. w, stands for the frequency index, for which the frequency was not

set equal to % and not plotted along the x-axis.

Expression Fig. 5.8b:
U2
Gt @n,) = 7 Golwn,)Go(wn,)Go(wn,)Golwn,) D (Golw,)Go(@im, +0n, = w,))

ma
_— . (5.34)

=
"27 (14 e01)2 (iwy,, + p)? (iwy, + p)?

With above diagrams and expressions, we are finally able to calculate the four-point vertex up to

second-order in % This is illustrated in the next section.

5.4 Four-point Vertex

As the four-point vertex is a quantity which will be used to check Ward identities for the Hubbard
atom later, it is the last quantity for which a perturbation expansion up to second-order will be
determined. According to Eq. (4.33), the vertex can be related to the two-body Green’s function
by amputating parts corresponding to the one-body connected Green’s function. Again, we need to

distinguish between the different cases Eq. (5.23) for the spin of the arguments of G%).

5.4.1 Four-Point Vertex for Spin Arguments (1l;1})

To begin, we will concentrate on case 1 (o7 = 03 =T;05 = 04 =]). Comparing the diagrams of
G®@ in section 5.1 and of G® in section 5.3, following diagrams are part of the vertex in first and

second-order:
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ma
ny +nz —ms
I'y = 2 - 2
m3

ma + ng — n2

Figure 5.10: Second-order contributions to the four-point vertex(1)1)) for the Hubbard atom

After amputation, we obtain a mathematical expression for the four-point vertex

u v’ efr —1 U2ePr s
Funlen) =5+ ((1 e u it +wn2>>> “nn (i) +0 (35 )- 639

Again, we just divide by the one-body Green’s functions, which are ‘cut’ in order to generate

the vertex diagrams from the diagrams of G¥). The real and imaginary part of the above vertex

contribution are depicted in Fig. 5.9.

5.4.2 Four-Point Vertex for Spin Arguments (11;11)

Repeating this whole procedure for case 2, in which all spins of the arguments of G® are equal,

the vertex corresponding to this spin combination is given by:

'y, = 2 — 2 ma2+ng—ng ma

mo + Ny — nyg
Figure 5.11: Second-order contributions to the four-point vertex(1111) for the Hubbard atom

Translating these diagrams into a formula, results in

U2 Bu US
Dipipr(wn,) = <m) (Onng = Ongng) +0 (ﬁ) : (5.36)

The result for I'yy.44 is illustrated in Fig. 5.12.

Re[l'+ 1:1 1]
ws=7nT we=mnT wi=nT
10 0.03
3 0 0.00
—10 1 1 —0.03
—20+4 : ; ¥ ; ; ; ¥ ; ; ;
—-20 —10 O 10 —-20 =10 O 10 —-20 —10 O 10

w1 W1 W2

Figure 5.12: Real part of the four-point vertex I'ty.,+ in second-order perturbation theory for
chemical potential 4 = —0.8, 8 =1 and U = 0.5. The imaginary part of I'i.44 in second-order
perturbation theory is equal to 0. w, stands for the frequency index, for Wthh the frequency was

us

not set equal to 3 and not plotted along the x-axis.
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Now, we have acquired all preliminary results necessary for the actual topic of this thesis, the
Ward identities. At last, in the subsequent chapter symmetries are covered from a functional field
perspective. This will also serve as our starting point for the derivation of Ward identities for the
Hubbard atom.
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6 Derivation of Ward Identities for the Hubbard Atom

In this section, a general formalism to derive Ward identities from functional integrals will be
introduced. This functional ansatz is then employed to find the Ward identity corresponding to
the U(1)-symmetry of the Hubbard atom. Before covering the methods necessary for the following
derivations, let’s first address the definition of Ward identities in general. First discovered in 1950
by John Clive Ward [9], they were further developed by Takahashi [10] and are therefore sometimes
also referred to as Ward-Takahashi identities. Depending on the respective literature, there may
be slight differences between Ward identities and Ward-Takahashi identities in terms of their
exact definition and applicability range. In this thesis, we will refer to all exact relations between
correlation functions of different order as Ward identities. Ward identities originate from symmetries
of a system, which we will see later. As Ward identities are exact and always supposed to hold
due to their dependence on fundamental symmetries of the respective physical system, one can
for example use them to verify the quality of an approximation by substituting the approximated
quantities into a Ward identity and checking, if it still holds true.

However, in order to do this we need to be able to associate symmetries with their corresponding
Ward identities. Thus, the next subsection is dedicated to developing such an approach in the path

integral formalism.

6.1 Symmetry Transformations in the Functional Integral Formalism

Starting point for the derivation of a method to obtain Ward identities from symmetry transforma-

tions is the partition function with additional source terms
Z[J,J] = /D(E, C)e—S[é,c]+fd4x(jncn+éme). (6.1)

The definitions of the formula symbols are the same as in chapter 4.1, whereas the only change is the
additional integration of the source terms over the four-vector x = (7,x)T. Furthermore, Einstein
sum convention is used, which means one sums over repeated indices. Therefore, a summation
over n, m numbering the Grassmann numbers is implicit. Now, let us consider an infinitesimal

transformation of Grassmann variables

(@) = o (z) = cp(a) + €Fy oy, 2] (6.2)

enl@) > (@) = (@) + eFle ), (6.3)

Above, € is a small parameter and k, [ index coherent states. Next, we express the partition function
Z in terms of ¢, and ¢, (z). This is done by simply relabeling the Grassmann variables in Eq. (6.1)

to obtain

Z'[J,J] = /D(E’,c')e*S[C’/vc']ﬂ“fd“m(jnc;Jrc’inJm)

o o e )| 4 )
_/D( ’ )‘d ¢ dc,, () Hd i dec,, (x)

e—S[E,c]+fd4x(jncn+éme)+efd4:t[jnFn+FmJ -SSR —SéciF ]

Mmoo ey T M n

X

)

where in the last step, the integration measure was transformed, which generated the determinant

of the Jacobians for ¢, and ¢, as additional factors. Besides, the transformations Eq. (6.2), Eq.
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(6.3) were inserted and the action S was expanded around ¢,, and ¢, up to first-order in e. For

explicit representations of the transformation determinants

oc, . (y)

_ (rloa(ie ) (6.5)
8¢, () ’

’ det

we make use of the identity log(det(A)) = tr(log(A)) for an arbitrary matrix A. Here, we also
¢!
calculated the functional derivative 5= ( ) Now, natural logarithm and exponential function are

expanded up to first-order in € and the trace is evaluated:

’det fsf:;;/((i))’ =1+ (e/d‘lw; %) + O(€?) (6.6)

Accordingly, the transformation determinant corresponding to c;, and c,, is given by

1 (e fary S o (67)

be (y)
dc, (z)

et 5

Eq. (6.6) and Eq. (6.7) are substituted into Z’ and the expression is again expanded to only

contain terms up to first-order in e:

Z'J,J] = /D(E, C)efs[c’,c]Jrfd4;v(jncn+5me)

(6.8)
(1+e/d4xz<5i+—)+FJ 55F +JF—§F>+0(62)

éc,, ™ de,,

Since originally the transformation of the variables ¢ to ¢/, . was just a relabeling, the above

n’ m n)-m

expression needs to be equal to Eq. (6.1). Therefore, setting Z[J, J] = Z’[J, J] leads to

OZ/D(E,C) —Sle,c+ [ diz(J, ct+e,n )

(6.9)
§F, OF,\ - 5S - - 58
4 oon om _ = _
x/dx<§:(6c +5c )+Fme 5o F + T Fy 5 F)

m n

This is a highly important result and we will refer back to it later. Before proceeding with the
derivation, let us now briefly cover some terminology in the context of symmetry transformations.
Generally, a transformation is called a symmetry of a system, if it leaves its action invariant. In
quantum field theory, one can distinguish between internal and external symmetry transformations.
The former refers to transformations only affecting the fields ¢, ¢, whereas the latter includes a
transformation of the four-vector = describing space-time. Additionally, symmetry transformations
which leave the measure invariant are called non-anomalous, and ones that do change the measure
are called anomalous. In this thesis, only non-anomalous internal symmetries will be covered.
Lastly, symmetries can either be global or local. The transformation corresponding to a global
symmetry does not depend on the space-time point z, whereas in the case of a local symmetry the
transformation parameters are dependent on z.

Let us now consider a local non-anomalous symmetry and simplify Eq. (6.9) according to this
assumption. As the measure is invariant under a non-anomalous transformation, the partial

derivatives which arise from transforming D(c¢’,¢’) to D(c,c) vanish. Therefore, we are left with

0= / D(¢, c)eSledt] d*a(Tnen+en Jm) / diz <Fme - ;fsﬁm +J,F, — ;S F, ) (6.10)
C C

m n

31



6 DERIVATION OF WARD IDENTITIES FOR THE HUBBARD ATOM

Now, let us consider some terms in Eq. (6.10) separately. More specifically, we try to relate the
expression to the Noether current. As a quick reminder, the Noether theorem tells us that from
every symmetry of the action there arises a conserved quantity, which is called the Noether current.
In the following, we are concerned with finding a field-theoretical version of this quantity. Thus, we

reformulate the action terms in Eq. (6.10) as
0S - 6S
iy | —F —F
/d T (&:m mt 5 ") (=)

:/d4m

0L 0L _ 0L 0L
— —0,———— | F, — —0,— | F,, | 0(z),
<3c_m “a(auam)> mt (8cn 9@.c ) n| 0@
where 6 denotes the transformation parameter, which is dependent on the space-time point z in

;,Ln)

the case of a local symmetry transformation and the Lagrangian £ corresponding to the action S.
Greek indices like p in Eq. (6.11) number the indices of four-vectors from 0 to 3. In the second
step, the Euler-Lagrange equations for fields were inserted for the variation of the action. Next, we

apply chain rule:

58 68 0L dL _ 0L
tp | —=F +-—F = [d*z |-=ZF, +-————0,F, — = F
/d ! (5c_m " - 5cn n) e(x) /d ! [aém " - a(aﬂc_m)au " 6M (8(8uc_m) m)

0L 0L 0L
P+ 9% s9F —o |22 _F
*ac It 5@ ey Ot O (a(aucn) "ﬂ b(z)

n K

(6.12)

Regrouping some terms in Eq. (6.12), we can formulate them as one derivative of the Lagrangian

density with respect to the transformation parameter

0L - 0L _ 0L 0L

TR 42 HF 422 4+ 2 9 F

36, 8@, 2t o, T 5,0 Ot
B 0L(c+ eOF,c+ eOF,8,(c+ eF),d,(c + efF)) (6.13)
o €0l

1 = / =/ ’ — — 1
= EWC ,¢,0,¢,0,c) — £(¢,¢,0,¢0,c) = ZM‘

We define this variation of the Lagrangian density as
1 p—
E(M’ =0,Jp- (6.14)
Substituting this back into Eq. (6.13), the partial derivatives of the action are given by
oS - éS oL - 0L
d*z | —F —F |6(z)= [ d*zo, | J, — F — F 16
/ x(écm mt 5 ") () / ‘”H(O 0.y ™ 8(80)") (z)

n nen
= —/d4:c<3‘uj"9(a:),

(6.15)

where the Noether current was defined as j* = a(g;n)pn + a(gfcn)F” — Jy. Inserting this into
our original expression Eq. (6.10) and taking the fact into consideration that 6(z) is an arbitrary

function of z, for a local non-anomalous symmetry the identity
/D(E, C)e—s[c’,c]+fd4z(Jncn+c’me)(Fme +J,F, + auju) =0 (6.16)
must hold. This identity is now written out explicitly for specific symmetry transformations fulfilling
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the conditions specified in the former paragraph. We demonstrate this by considering the U(1)

symmetry transformation for the Hubbard atom in the next section.

6.2 U(1) Ward Identity for the Hubbard Atom

Various symmetries of the Hubbard model are listed in Tab. 2.1. To each continuous symmetry there
is a corresponding symmetry transformation, Noether current and ultimately a corresponding Ward
identity. At first, we will focus on the U(1) symmetry, which describes the invariance of the Hubbard
atom action under the addition of a global phase to all Grassmann fields, as its transformation is

rather simple compared to the other symmetries. In particular, the U(1) transformation reads:

e, =e'c, (6.17) ¢, =e ¢, (6.18)

with o denoting the spin and ¢ € [0,27). If ¢ is replaced by € << 1, the transformations F and F
are given by:

(6.19) F

s

F

| =ic = —ic, (6.20)

o

To derive the Noether current for this case, we first need an expression for the Lagrangian, which is
related to the action by time differentiation, as there isn’t any dependence on space in the Hubbard

atom action. In time representation, the action for the Hubbard atom is defined as
B
S(e, o] = / dr(cd,c + H(G,¢) — uN(e,c)). (6.21)
0
Inserting the expressions from chapter 1 and differentiating with respect to 7, yields the Lagrangian
£=>"¢c,0,c, — Uqe coe; — p(eye, + ¢yc). (6.22)
g

Let us now derive an expression for the Noether current for this specific Lagrangian. The value of
Jy is determined by the variation of the Lagrangian under U(1) transformation. Substituting the

transformed variables ¢, c., the Lagrangian is invariant under a U(1) symmetry transformation:

o) Yo
L(c,c) =e el (Z CgaTCU> —e e i%ei?ei?Uc ¢ o) —e et u(ée +pc)) = £(¢,c) (6.23)
(o8

and therefore
0L=0 = J,=0. (6.24)

According to Eq. (6.15), the Noether current
ju = j‘r =—1 Z c_aca (625)
is obtained. Let us reconsider Eq. (6.10) for the U(1) symmetry:

/D(E, C)efs[é,c]ﬁ-fd4w(jncn+Eme)aTjT
] (6.26)
= —/D(E, c)e~Sledtf daTnentendn)(—jc J 4+ iJ c,,)
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6 DERIVATION OF WARD IDENTITIES FOR THE HUBBARD ATOM

From the above expression, we can obtain relations between correlation functions by differentiating
with respect to the source terms and setting them to zero at the end. Both sides of Eq. (6.26) are
treated separately. We first differentiate the left-hand side with respect to the sources:

ii (/D(c_, C)e*S[E,CH—fd4z(jncn+Eme)aTjT>
8J, 6J,

I=7=0 (6.27)
— —/D(E, C)e—S[E,c]-‘rfd4$(Jncn+6me)8TjT(clé2) —_ _87'<ch162>
J=J=0

Differentiating the right-hand side yields

_ii (/D(E, C)e—s[é,c]+fd4z(Jncn+émJm)(_iggja + ijz,/c(,/))
0J; 0J, P
] . o _
=—— ( / D(¢, c)e SteoctS d*alnentendn) (—gy(—ic,J, + iJ,sic, ) + iCyd(T — 72)))
o1 J=J=0
— —/D(E, C)e—S[é,c]+fd4w(jncn+c’me) (iGye 6(1 — 7_1)
+e18y(—iCo Ty i prey) + i E0(T = 7'2)) =1(c;6)0(T — 1) — i{c1G9)(T — 73),
J=J=0
(6.28)
where the relation (;J— = 6(1, — 7;)0,,;, which is a general rule in functional differentiation, was

used to generate the § functions. Considering both sides of the equation, we obtain the relation
—0,(jrc1(1)E3(T3)) = i6(7 — 11 ){c1 (11)Ca(72)) — 10(T — 73){c1 (11)E2(72)) (6.29)

between thermal averages of field variables. Finally, we insert the Noether current Eq. (6.25). The
U(1) Ward identity for the Hubbard atom in time representation is then given by

0, Z (CoCaCy(T1)Ca(T3)) = 8(T — 1) (e (T1)E5(T2)) — (7 — 7o) (e1(11)C2(72))- (6.30)

Next, the U(1) Ward identity is reformulated in Matsubara frequency space. To start, the left-hand
side of Eq. (6.30) is Fourier transformed with the transformation rules Eq. (3.38), Eq. (3.39) and
Eq. (5.3), Eq.(5.4):

9,3 eser (1) fal72)

—9. Z i / drdr,dryeinTelni T giny 2 (6.31)

1 ) _ ; .
X 7 Z i T Oni T s T2 " (o (Wy) ey (W1 )Co(Wyr ) e (wy,))

W r,W oW W 7
n’n’nl no

At first, the expression was brought into anti-normal-order and the transformations were inserted.

Next, the partial derivative with respect to 7 and the integrals over imaginary-time components are
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6 DERIVATION OF WARD IDENTITIES FOR THE HUBBARD ATOM

evaluated as

o,n’

2 — 2 — 4
= Z (([GE) )(wn’)] ' (GE) )(wn/ +wn1 _wnz)) 1) GEII);UQ(wn”wnlﬂwn/ +wn1 _wnz’wnz)) .

To express the factors iw arising from the partial time derivative in frequency space in terms of
non-interacting Green’s functions, 0 = p — u was added. Let us now transform the right-hand side
of Eq. (6.30) as

O(1 — 71){e1(m1)ea(T3)) — O(T — 7o) (e (1) o (T3))

1 ) ) )
— /3_/ |:de7’1(17'26“""7-62“’"17—1 e Wny T2 Z e WnyT1glWny T2
’ s (6.33)
( T—T1){¢y (Wn;)52 (Wn;» —0(r = 1){ey (Wn’l)EQ(Wn;») ]
=G

( ) 12 non’ G @ ( )6126n1n"

After transforming to frequency space, we now want to express the U(1) Ward identity in terms of
vertex and self-energy. Thus, we reformulate the four-point correlation function in Eq. (6.32) in
terms of the four-point vertex by using relation Eq. (4.33), which in Matsubara frequency space is

given by
(4) _
G ol;02 (wn’7 Wp, > Wy + Wy, — Wp,, W )6n/+n1 in+n’+n,

= G (W, )G (W, )8120, . — GF (w0, )G (W 18148308,

lo%20%n'n,

2 2
+ Gl(" ) (wn/)G(l )(wnl)r01;02 (wn/ » Wn s Wy + Wy, = Wp,, W

n27 ’I’LZ)

el (Wyy +wp,, —w

Substituting the above expression into Eq. (6.32), yields the U(1) Ward identity in terms of the

four-point vertex
> (1657 @)1 =[G @+, = w0, )171) (G5 (@) G ()12, m,
= G5 (0,) G (@0 )815025 0,0,
+GY (wn/)G(f) (Wi ) o1502 (Wnr, Wy s Wy + w0, — w ,wnz)G,(f) (Wyy + Wy, — wnz)G(;) <Wn2))

na

=G® (wn2)6125n2n’ -G (wn1)5125n1n/'
(6.35)

Lastly, we would also like to include the self-energy in the Ward identity. Hence, expression Eq.
(6.35) is multiplied by [G?) (wnl)]_l[G<2) (wn, )" The right-hand side of the equation then reads

[[G(2)<Wn1)]_1512 - [G(2)<Wn2)]_1512~ (6.36)
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For the left-hand side of the expression, the multiplication results in

-1

Z ([ng) (wn’)]_l - [G§)2) (wn’ + wnl - wnz)]_l) (G‘(TQ) (wn’) (G<12) (an)) 6125n1n2

]

n'ny“ning

-1
— G (W) (G (w,,)) 0100550

2 2
+ Gl(f )(wn’)ral;o2 (wn/v Wp, s Wy + W, — W, wn2)G¢<7 )(wn’ + Wn, — wnz))

=0— (G (W, N7 =[G (W )I71) + 3 (IGP (w1 =[G (wpr + w0, — wi)]7)

X GEE) (wn/)ral;UZ (wn’ 2 Wny Wry + Wny T Wnys wnz)GE’z) (w’”/ + Wn, — w"2).

Revisiting the definition of the self-energy from the two-point correlation function ¥ = [G;"]™ —

[G<2>]’1, the whole equation is reformulated dependent on ¥ as

ST G @) =[G (@ +w,,, — w1 7)

o,n’

(2)
x Go (wn’ )F01;02 (wn/ y Wny s Wy + Wn, = Wn, Wn,

= (6] = (687 + ([68 0] = [60n,] )

by adding the term ([G(()Q)(wnz)]*l — [GE)Q) (wnl)]*l). Finally, the U(1) Ward identity in Matsubara

frequency space in terms of the four-point vertex and self-energy is

S (IGY (@)1 = [GE (@ + wy, —w, )7

o,n’

X Gz(72>(wn’)ral;02 (wn’awnl Wt F Wy = Wy, wnz)G‘g)(wn' +wn, — an) (6.39)

= El(wnz) - El(wnl)'

Deriving the above equation concludes chapter 6. In the next section, we will insert the perturbation

expansions derived in chapter 5 and compare this to the substitution of the exact expressions.
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7 Verification of the U(1) Ward Identity for the Hubbard
Atom

As Ward identities are exact relations, they are expected to hold for the exact solutions, as well as
for each order in perturbation theory respectively. Therefore, the results from chapter 5 are used to
check the Ward identity derived in 6.2. Furthermore, as mentioned in section 2.1, there exists an
exact expression for the vertex and self-energy of the Hubbard atom, which will also be substituted
into the U(1) Ward identity.

7.1 U(1) Ward Identity in Second-Order Perturbation Theory

In this section, first- and second-order of the self-energy and four-point vertex are inserted into Eq.
(6.39). Whereas in the previous chapters the convention of double indices with a letter corresponding
to the respective quantity and a number numbering the frequency arguments of these quantities
was used, in this section we resort to just numbers as frequency indices, since we are not considering
specific diagrams and thus do not need to distinguish between different vertices. Therefore, the
change from double indices to single indices provides an ease of notation. This goes along with
changing the notation of Kronecker-delta symbols from containing frequency indices to containing
the frequencies themselves, such that it is still clear, if frequencies or numbers are the arguments of
the respective Kronecker-deltas.

Expanding the Ward identity Eq. (6.39) in terms of orders of L—B], reads®

(iwy — iw,) Z [G0<w> + Gypp(w) + Gz\a(w)] [F1\a1;02 + Dyjots00 (W, wp, w4 wy — WQ;WQ)]

X [Go(w Fw; —wy) + Gyp(w+wy —wy) + Gop(w+wy — Wz)] (7.1)
U3
= [21\1(%12) + 22\1(0%2)] - [21\1(‘*’1) + 22\1(‘*’1)] +0 (ﬁ) .

Above, the first index of each quantity denotes its order in the interaction strength. For some
orders, spin indices and frequency arguments were omitted, as the terms do not explicitly depend
on them. Now, let us analyze each order separately, starting with zero-order in % It is trivially
fulfilled, as zero-order contributions do not exist for vertex and self-energy. Next, the first-order

terms are investigated, which are given by

(iwy — iwy) Z Go(w)ruanazGo(w +w; —wy) = El|1(wn2) - El|1(wn1)' (7.2)
Since for the Hubbard atom the first-order contribution to the self-energy is frequency-independent,
the right-hand side of Eq. (7.2) yields

UePr UeBr
El\l(“)nz) - E1\1(“')711) = _(1 I eﬁl‘) + (1 + 66”) =0. (73)

Now, the left-hand side of the equation is considered. First, the spin sum over o
(twy — iwy) Z [Go (@W)yjqy Golw + wy —wy) + Go(w)Tyy Golw +wy — WQ)]

w (7.4)
= (lwy — iw,) Z [GO("J)FIMJ,;NGO(W +w; — w2)]

SWhy an expansion in % makes sense, even though it is not a dimensionless quantity, was covered in chapter 5.
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is written out explicitly. Without loss of generality, spin index 1 =] and 2 = is assumed. As we
are not considering magnetic fields, I' .|, is equal to I'4,+4 and vanishes in first-order. In the next
step, the perturbation theory results from chapter 4 are inserted and the Matsubara frequency sum

over w is computed as

(1w, — iwy) Z [Go (@)L Go(w + wy — WQ)]
ebBu ebBr

B W+ piw + fwy — iwy + 14+efr 14 ebr
(7.5)

using the techniques described in appendix B. Upon summation, it was proven that the U(1)-Ward
identity is fulfilled in first-order as well.
We proceed accordingly for the second-order perturbation theory results. The Ward identity in

second-order in the interaction strength is given by

(iwy — iwy) Z Go(W)T1j51502G 1o (W + wy — wy)
+ Go (W)L 901,02 (Ws W1, W + Wy — Wa, we) G (W + Wy — W) + G1p (W) 51,00Go (W + wy — wy)

= Z]2|1(W2) - E2\1("-’1)-
(7.6)

Again, each side of the equation is considered separately. At first, the self-energy terms on the
right-hand side are subtracted as

U2ePr(iw, — iw,)

(€A + 1) (i + iwy ) (4 + iwy)

E2|1(W2) - E2\1(‘*’1) = (7.7)

Next, let us focus on the left-hand side, which consists of three distinct types of summands. The

first summand reads
(1w, — iw;) Z Go(W)1101;02C 1) (W + Wy — wy)

= (iwy —iwy) D Go(w)Tyjy 4, G1 (W + wy — wy) (7.8)

(iwy — iw, ) U?ePr _ BUZePr

= B T Dt i@t oy i T (g 1

Again, we assumed spin indices 1 =| and 2 = . Similarly, we evaluate the third summand of Eq.

(7.6), which equates to Eq. (7.8) with shifted frequency arguments
(1w, — iwy) Z G110 (W)T'1]61;,02Go (W + wy — wy)

= (iwy — iwy) ) Gy ()Tyjy14,Go(w + wy — wy) (7.9)
(iwy — iw, ) U?ePr BU%e2PH

- _Xw: Blefr+1) (p+iw)(u+i(w, —wp +w)) — (eBr+1)°

It is apparent that the terms Eq. (7.8) and Eq. (7.9) cancel each other. What remains to be done,

38
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is calculating the second summand from Eq. (7.6)
(iwy — iwy) Z Go(w F2\al o2 (W, w1, W+ wy — wy, Wz)Go\a(w + wy —ws)
(iwq — dwq Z Go(w I‘2|u (W, wp,w+ Wy — wy, W2)Go\a(w +w; —wy) (7.10)

(iwy — iwy ZGO W)Ly (W, w1, W+ Wy — Wo, wy )G (W + wy — wy),

which should then be equal to the difference between self-energies Eq. (7.7). As the Hubbard atom
Hamiltonian is SU(2) symmetric, L'y)yy;y is mathematically equivalent to I'yjpq,44. Inserting the

result for the vertex contribution with all spins equal reads

>

T (P 1) (4 iw) (4 6wy — wy +w))

iwy — dw, ) U2ePH(§ — 4
2 1

Wy —wsy w27w)

7.11
_ Uz@ﬂ“(wl — W) ( )
(e84 +1)* (wy — i) + ieop)
Finally, the term from Eq. (7.10) containing the vertex Lyjpy50y 18 evaluated as
2 _ _ 28p _ B ;
§ U= (<14 €2 — BBl (O +iw+ ) 1)

= B(e +1)7 (4 iw)(2p + i(w + w))) (ip — w — w; +w,)

Note, that the left-hand side of the Ward identity only depends on vertex components with all
spin arguments equal. In fact, this is not only the case for the second-order but for all orders in
the interaction strength and the exact quantities. The reason for this is the SU(2) symmetry of
the Hubbard atom 2.1, as this leads to another Ward identity with which the above statement
can be proven. However, this lies beyond the scope of this thesis. This statement can for example
be inferred from the form of the SU(2) Ward identity for the Anderson impurity model, which is
described by the Hubbard model Hamiltonian with an additional term representing a bath, derived
in [11].

Adding all non-zero terms from the left-hand side of the U(1) Ward identity Eq. (7.6), we obtain

(iw2 - iwl) Z GOF1\01;02G1|0 + GOPQ\al;UZGO\o’ + G1\0F1\01;02G0

o,w
U2ePr (wg —wy)

T (P 1) (wy — i) (i + i)

(7.13)

which is indeed equal to the right-hand side of the identity Eq. (7.7). Therefore, it was proven that,
as expected, the Ward identity holds in second-order perturbation theory.

7.2 U(1) Ward Identity for Exact Vertex and Self-energy

If the U(1) Ward identity for the Hubbard atom has been derived correctly, it should be fulfilled for
the exact solutions to vertex and self-energy. The exact quantities used in the text are derived in
[12]. As the expressions for the exact vertex and self-energy are rather complex for general chemical
potential, only the case of = —% at half-filling is considered. Under this assumption, the exact

single-particle Green’s function and self-energy are given by [12]:

G (w) = _ A (7.14) Y(w) = _ U — 2w) (7.15)
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Above, spin indices were omitted, as for the Hubbard atom without magnetic fields the single-particle
Green’s function and the self-energy don’t depend on the spin components. Next, the expressions
for the exact vertex components of the Hubbard atom will be stated. Even for the half-filled system,

the exact vertex component with distinct spin components [12]

U? (U? + 4w?) (U? + 4w3) §
32wiw? (e% + 1)
U2 (U? + 4w?) (U + 403) 6, _,,, tanh (Z7) . U2 (U2 4 40?) (U? + 4w2) 6
64wiws 32wiw? (e% + 1)
N —3U% — 4U3 (w? — w3(wy + wy) + wywy 4 w3 4 w3) + 16Uw; wows(wy + wy — wsy)
168w; wows (W) + wy — wy)

Wa—Ww3

FTL;Tl(wlaw%w&wl +wy — w3) =

" witws  (7.16)

is a rather lengthy expression. The last exact quantity required for verifying the Ward identity at

half-filling is the vertex contribution with all spin components equal [12]

U2 (U? + 4w?) (U? + 4w3) (6

wy—wg 5w27w3) (7 17)
64wiw? ' )

Ly (wy, wo, ws, wy +wy — wg) =

Due to frequency conservation at each vertex, the vertex components only depend on three
Matsubara frequency arguments. As indicated above, these exact quantities are substituted into the
U(1) Ward identity Eq. (6.39). Similar to before, both sides of the equation are treated separately.
First, the difference between self-energy terms on the right hand-side of the equation is calculated
as 2 )
U= (iw; — iw,
Y(wy) — B(wg) = —————=~, 7.18

() = =) — (7.18)

Again, evaluating the left-hand side of the expression is more complex. We start with the summand

containing the vertex contribution with equal spins

(fwy — fwy ZG W) T4 (W, w1, W + Wy — Wo, wo ) G(W + Wy — wy)

_ U (U2 + 4w1) (w +tw; — w2)(6w—w2 — 5w1—w2) 7.19
- dww? (U2 4+ 4(w + w; — wy)?) (719
Uiy —iw,)

4w, wq

As the vertex with all spins equal is proportional to a sum of Kronecker-deltas, there is no need to

compute the frequency sum. Besides, the summand proportional to d equals zero due to the

Wi —Wy
prefactor (iw, — iw;). The result from Eq. (7.19) is equal to the left-hand side of the Ward identity
Eq. (7.18). Under these conditions, the summand of the vertex component for spins /1| must
vanish, if the Ward identity is fulfilled for the half-filled system. Indeed, this is the case, as we will

calculate in the following. To start, the contribution

ZG W) T (W, w1, W + Wy — Wo, wy )G (W + Wy — wy)
4w (BUP +4UB (w? + w(w; — wy) 4 wi — wywy + w3) — 16U ww; wy(w + w; — wy))
Buwwy (4w (U? + 4w?) (U? + 4(w + wy — wy)?))
BU2e% Oty BU? (U? 4 4w7) 6,y (0 4wy — wy) (7.20)
2w (e% + 1) (wtw; —wy)  2ww? (eBTU + 1) (U2 + 4(w + w; —wy)?)
/J’U2 (U? 4 4uw?) 8, —,, tanh (%J) (W~ w; — wsy)
dww? (U? + 4(w + wy — wy)?)
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is explicitly written out in terms of the frequency arguments. Evaluated, the expression Eq. (7.20)

reads

BUZes BU? BU? (eﬂTU — 1)
_2w1w2 (6% + 1) 2wy wy (eBTU + 1) 2w, wy (e% + 1)

=0. (7.21)

Hence, the U(1) Ward identity is fulfilled for the exact vertex and self-energy, which was to be
expected. Moreover, it can be used to gauge the quality of approximations as proposed at the
beginning of chapter 6. Specifically, the text will examine approximations for the vertex and

self-energy motivated by the Parquet formalism, which is the topic of the next section.
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8 Derivation of Self-Energy and Vertex from the Parquet

Equations

In the last chapter, it was proven that, besides the exact solutions for the vertex and self-energy, the
quantities from second-order perturbation theory fulfill the U(1) Ward identity. Let us now address
other approximation methods for the four-point vertex and self-energy and examine the fulfillment
of the U(1) Ward identity. Given that the U(1) Ward identity represents particle conservation, it
can be used to gauge the accuracy of approximation methods. In the following, we will analyze

approximations obtained from the Parquet formalism, which is introduced in the next subsection.

8.1 Basics on Parquet Formalism

Regarding the calculations in chapter 5, with increasing order in the interaction strength the
complexity of perturbation theory increases as well. This is a general principle in many-body
physics, so it is not feasible to calculate diagrams up to arbitrary order to characterize the properties
of a system. The Parquet formalism provides the opportunity to only consider subsets of diagrams
and one is able to generate higher-order terms to physical quantities much more efficiently. As
the Parquet formalism plays a fundamental role throughout the rest of this thesis, elementary
knowledge on the Parquet formalism is covered in the following. This introductory section is mostly
a short summary of chapter 2.3 from [7] but without derivations of the respective equations.

In chapter 4, reducibility was presented as a way of classifying diagrams. Furthermore, the self-
energy was defined as the sum of one-particle irreducible diagrams. In the Parquet formalism,
diagrams are categorized by their two-particle reducibility. There are three distinct ways to separate
two-particle reducible diagrams by cutting two propagator lines, which correspond to three different
channels, namely the antiparallel a, the parallel p and the transverse-antiparallel t channel. How to
divide diagrams into these three groups, can be best understood graphically. Therefore, exemplary
diagrams from the four-point vertex of the Hubbard atom in second-order and the respective
classification into one of the three channels are shown in Fig. 8.1. Of course, there are also diagrams
which cannot be separated into subdiagrams by cutting two propagators that together form the
fully irreducible part R.

To connect the self-energy, a one-particle irreducible quantity, and the four-point vertex, a two-
particle reducible quantity, one needs exact relations for both. The vertex can be obtained from

the Bethe-Salpeter equations in each channel [7]:

Yal12;34 = Ia\15;64G67G85F72;38 (8.1)
1

Vpl12;34 = §Ip\12;68G65G87F57;34 (8.2)

Yt|12;34 = — t|52;64G67G85F17;38 (8.3)

Here, all indices are multi-indices and include spin as well as frequency. Moreover, Einstein sum
convention is used and thus summation over repeating indices is implicit. Above, 7,, r € {a,p,t}
represent the two-particle reducible vertices in each channel and the irreducible parts I, are
calculated as I, = R+ 3

relations are derived in this thesis. For a more detailed discussion, one should refer to [7]. As any

e T Neither the Bethe-Salpeter equation nor any of the following

diagram is either two-particle reducible in only one channel or totally two-particle irreducible, the
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four-point vertex can be written as [7]

=R+ > 7. (8.4)

re{a,p,t}

This is also called the Parquet decomposition of the vertex. Regarding the one-particle reducible

self-energy, the Schwinger-Dyson equation [7]
1
213 = —Loj12,34Gas — §FO|12;68G42G87G65F57;34 (8.5)

is considered. Note that both the Bethe-Salpeter equations and the Schwinger-Dyson equation
depend on the four-point vertex, one-particle Green’s function and therefore implicitly on the
self-energy, see Eq. (4.28). In the Parquet formalism, one chooses initial values for the self-energy,
the two-particle reducible vertices and the two-particle irreducible vertex R. These initial values
are inserted into the Bethe-Salpeter equation to obtain an expression for the full four-point vertex.
Next, the vertex from the Bethe-Salpeter equation is substituted into the Schwinger-Dyson equation
for an expression of the self-energy. The new vertex and self-energy are in the next iteration again
inserted into the Bethe-Salpeter and Schwinger-Dyson equation. With each iteration of this cycle,
the approximations for the four-point vertex and the self-energy improve. Normally, the process
described above is done numerically.

One finds that the results can depend strongly on the choice of the approximation for the two-particle
irreducible contribution to the four-point vertex R. Most commonly, the Parquet approximation
R = % =TI, is chosen. While the Parquet approximation only takes the first-order two-particle
irreducible diagram into consideration, the next actual contribution arises in fourth-order in the
interaction strength. As a matter of fact, the Parquet approximation possesses a lot of useful
properties such as fulfilling crossing symmetry. Therefore, it is in some practical applications
reasonable to neglect higher-order diagrams.

Nevertheless, self-energy and four-point vertex from the Parquet iteration with the Parquet ap-
proximation as irreducible vertex contribution do not automatically fulfill Ward identities. This
originates from the fact that Parquet mixes different-order diagrams and therefore exact relations,
which are fulfilled for each order respectively, do not hold anymore. As Ward identities directly
correspond to conservation laws, in order to have a physically realistic approximation they should
hold for the approximated quantities. In this thesis, we search for an alternative to the Parquet
approximation, which ensures that vertex and self-energy of the Hubbard atom fulfill the U(1)
Ward identity and therefore the particle conservation law. Our approach is to perform one Parquet
iteration analytically starting from the second-order perturbation theory results for the Hubbard
atom. By inserting the approximated quantities from this iteration into the U(1) Ward identity,
the deviation is computed. This deviation is then used to improve on the two-particle irreducible
vertex R. The rest of this chapter is dedicated to obtaining approximations for the self-energy and

the four-point vertex from the Bethe-Salpeter and Schwinger-Dyson equations.

8.2 Four-Point Vertex from the Bethe-Salpeter Equations

At first, second-order self-energy and four-point vertex are substituted into the Bethe-Salpeter
equations. However, to obtain a valid four-point vertex for the Hubbard atom in the absence of
magnetic fields specific symmetry requirements need to be fulfilled. When performing multiple
numerical Parquet iterations, the Bethe-Salpeter equations preserve these symmetries. However,

when inserting second-order perturbation theory, the result depends on the order of contraction of
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a) Ty b) Tyt

a p R a t

e
X X ¥

Figure 8.1: (a) Two-particle reducible diagrams in the antiparallel channel a, parallel channel p
and two-particle irreducible Parquet approximation R for I'y ., | in second-order. For this vertex
contribution, there is no t-channel diagram in second-order (b) Two-particle reducible diagrams in
the antiparallel channel a and transverse-antiparallel channel t for I';, ; in second-order. For this
vertex contribution there is no p-channel diagram in second-order.

the irreducible vertex in each channel with the full vertex resulting in the symmetry properties of
the four-point vertex not being fulfilled anymore. The reason for this is that some diagrams that
would be needed to preserve the symmetries are only generated one iteration later. To begin with,
the vertex is computed from the usual version of the Bethe-Salpeter equations as defined in [7].
Only afterwards, we will consider the necessary symmetrization.

Let us specify the inputs to the Bethe-Salpeter equations. In this chapter, particle-hole symmetric

expressions are used, for which the chemical potential u is set to —% :

1 U U?
Gy(w) = ——— 8.6 S(w) = —— — — 8.7
O (5.6) @ =5 (87)
U 1
FTL;TL(wlvw%wB) = E + ZU2(6w1+w2 - 5w27w3) (88)

(8.9)

wy—wsg 5w2 —ws )

1
Ly (wy, wo, w3) = ZUZ(‘S

As with frequency conservation the fourth frequency argument of the vertex is automatically
determined from the other three, it suffices to only specify the first three arguments. The single-
particle Green’s function in second-order is calculated from the self-energy according to Eq. (4.28).

Starting with the antiparallel channel, Eq. (8.1) is rewritten for the Hubbard atom as

Yal12;34 = Ia|15;74G7G5F72;35567585' (8.10)

We split the above equation into two parts considering the vertices v, .4 and 7,441 separately.

Writing out the spin sum and applying frequency conservation, y,,.4; becomes
Yalpisps (W1, wo, wy) = Z Ty (W, ws, W Fwy —w, ) G(ws +wz —wy )G ws )Ty gy (w5 +wy —wy, wy, wy).
Ws
(8.11)

An overview of all diagrams necessary to build the irreducible part of Eq. (8.11) and the following

calculations is given in Fig. 8.1.

Inserting the irreducible vertex in the antiparallel channel, the vertex and Green’s function, the
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two-particle reducible vertex in the antiparallel channel is computed as

ot 1) g u(auet o)
’ya‘”;u(wl’wz’w?’) = 60-’2*“’3 BU 2 2 nZ BU 2
8(e7 +1) (U2 + 4uw?) 26 (¥ +1)
3 Uw?é‘wl*w 4(wytwy—w3g)
+ v “1 <_ U2+4“’§3 B ﬂ<U2+4%W1fW2*3W3)2)) N 4U3w2w3
U? + 4w? B(U? + 402) (U? + 4w2)
U3 (eBTU — 1)

28 (e +1) (U2 + (wp — w3)2)
(8.12)

As in this chapter the calculations and especially sums over Matsubara frequencies are rather
complex, Wolfram Mathematica [13] was used for lengthy computations. The notebooks containing
the calculations regarding the Bethe-Salpeter and Schwinger-Dyson equation are linked in the
bibliography [14]. Therefore, in this thesis only ansatz, input values and results to the two-particle
irreducible vertices are written out explicitly. For more information, one should refer to the
mentioned Wolfram Mathematica notebooks. Next, the vertex in the antiparallel channel for all

spin arguments equal

Valprspt (Wi, W, Wa) = Loy (W, ws, Wy + wy — wy)Glws + wy — wy)Glws )Ly (w5 + w3 — Wy, wy, ws)

+ Loy (W1, w5, w5 + Wy — wy)Glws + w3 — wy)G(ws)T 44 (w5 + wg — wy, wy, ws)
(8.13)

is computed. Considering the second summand of Eq. (8.13), we have not calculated an expression
for I'\4.4, in chapter 5. Fortunately, the Hubbard atom is crossing-symmetric and therefore there is

a relation between FlT;TL and FTL;TL:

T (g, we,ws) = =Ty 4 (wy, Wy, wy + Wy — ws) (8.14)

However, concerning the two-particle reducible channels one needs to be careful. For them, the

relations

Yajrisir (W1, Was wWs) = —=Yyjqyy (W1, wWo, wy + wy — w3) (8.15)

Yplts; 1 (@1, Wa, w3) = _’Ypm;u(wp Wo, Wy + wy — w3) (8.16)

hold. With this, the second summand from Eq. (8.13) is formulated as

Iam;w(wl’ w5, w5 + w3 — wy)G (w5 + w3 — w2)G(w5)FH;N(w5 + Wy — wy, Wy, ws) (8.17)
= L4 (W1, ws, w1 +wy — w3)G(ws + wg — wy)G(ws) Ty 4 (W5 + w3 — W, Wy, ws).

Inserting the quantities Eq. (8.6), Eq. (8.7), Eq. (8.8) and Eq. (8.9), the two-particle reducible
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vertex in the antiparallel channel for all spin arguments equal Yaltts11 18 expressed as

U3 (eBT‘U — 1)
s ) = ) G

LU wy (wy + wy — w3) n WaWs

@1tz \ (U2 + 4w?) (U2 + 4(wy +wy —w3)?) (U2 + 4w?) (U2 + 4w?)
_U% ( 2w, (wy 4wy — w3) n WaWs )

T \ (U2 +407) (U2 + 4wy +wy —ws)?) - (U2 + 4w3) (U2 + 4w3) (8.18)

U
ey Utw (wy +wy — ws) i U’ (62 71)
v \ (U2 +407) (U2 + 4wy +wy —w3)?) 28 (e% + 1) (U2 + (wy — wsg)?)

U(ﬁUe% +ePU — 1))
28 (¥ +1)° '

Next, the two-particle reducible vertex in the parallel channel according to Eq. (8.2) is calculated

for the Hubbard atom as )

Vp|12:34 = B p\12;68G65G87F57;34- (8.19)

The Bethe-Salpeter equation for spin arguments 1|1} reads

1
Vol (W1, we, w3) = EIpN;u(Wp wy, ws)G(ws)G(wy + wy — ws) Ty 4 (w5, wy + wy — wy, ws)
(8.20)

1
+ §Ipﬂ,;“‘(wl? wy, w5 )G(ws)G(wy +wy — ws)L g (W, wy + wy — wy, ws).

For the second summand of Eq. (8.20), the relations due to crossing symmetry Eq. (8.15) and Eq.

(8.16) are again applied. With this, the summand is expressed in terms of diagrams from chapter 5

as
1
§IpT,L;,LT(w1? wy,ws)G(ws)G(wy +wy — ws)L g (W, wy + wy — wy, ws)
1
= §Ipm;u(w1a wy, wy + wy — ws)G(ws)Glw) + wy — w4 (s, wy + Wy — w5, wy + wy —wg).

(8.21)

Determining the irreducible parts in the parallel channel I;, as shown in Fig. 8.1, we evaluate the

frequency sum over wy and obtain the expression

( ws) 1 8U3w,wy " U? (eﬁU —1)
41 W1, Wa, =35
s ) =5 { BT+ aR) 0+ 4D 5( o 1) (02 4 (g 4 o))

2
8U ws(wy + wy — ws) n u? (5U€% + PV — 1) 22U
B U7+ 43) (UF + 4l +wy —w)?) 1 +1) ()
U (BUES (U2 + () +wp)?) + €2 (w) +wp)? — (wy +w,)?)
BU 2 wqtwsy
Be=T +1)" (U2 + (w; +wy)?)

2U4w1w26w17w3
(U? + 4w?) (U? + 4w3)

+
(8.22)

In the parallel channel, Vit only consists of one component, with an irreducible part in the

parallel channel depicted in Fig. 8.1. The corresponding mathematical term is evaluated easily, as
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8 DERIVATION OF SELF-ENERGY AND VERTEX FROM THE PARQUET EQUATIONS

the whole term is proportional to Kronecker-deltas, which can be seen from [14]:

1
Vol (W1, W, W) = §IpTL;lT(w1ﬂ wy, ws)G(ws)G(wy +wy — ws)L g (W, wy + wy — ws, ws)
4 (8.23)
2U w1w2(6w27w3 - 5w17w3)

(U? + 4w?) (U? + 4w3)
According to Eq. (8.2), the transverse-antiparallel vertex for the Hubbard atom is calculated as

Yt|12;34 = t|52;64G7G5F17;38567585- (8.24)

Evaluating the spin summations, 7y, ., is given by

Veppispe (W1, wo, wg) = —Iygy 4y (W5, w, wy + wy — wy)Glws + wy — wy )G (ws) Ly (wy, ws + ws — wy, ws)

— Ly 0 (Wsy wo, Wy + ws — wy)G(ws + wy — wi)G(ws) Ty 4 (We, w3 + Wy — wy,ws).

(8.25)
Explicitly, vy3,, reads
(w1, wa w5) = — 4U3w ws _ 4AU3wy(wy + wy — ws)
T 0 0 8] = T g 2) (U2 + 4w2)  B(U2 + 4w2) (U2 + A(wy + wy — wg)?)
LUAs B wiws B wy(wy + wy — ws)
wites (U2 4+ 4w?) (U? + 4w2)  (U? + 4w3) (U? + 4(w; + wy — w3)?)
(8.26)

U2 (ﬂUe% +efU—1)4
8 (eﬂTU + 1)2

1U4S wiWws i wo (W + wy — ws)
vames \ (U2 4+ 4w?) (U? +4w3) (U2 +403) (U? +4(w; +ws —w3)?) )

Wy —ws

Lastly, we require the component 7,44, computed from the Bethe-Salpeter equations, which is

given by

Vet Wiy Way W3) = —Lyjp ) (W5, Woy wy + wy — wp)G(wy + ws — wy)G(ws) Dy (wy, w3 + ws — wy, ws)

— Iy (W, o, w3 + ws — wy)G(ws +ws — w1 )Glws) Ty (W, wy + ws —wy, ws).
(8.27)

Again, for a full treatment of Eq. (8.27), see [14]. Here, we restrict ourselves to only stating the

result
( ) U3 (eﬁTU — 1)
Vitrrorr (W1, Wo, wa) =
[\ 2 3 26 (eﬂTU T 1) (U2 N (w1 - w3)2)
_U4s wiWs n wy(wy + wy — wg)
e \(U? +4wi) (U2 +403) (U + 4w3) (U2 + 4(w; + wy — w3)?) (5.28)
su .
—+4 U(ﬂU62 +eBU71) . Utwy(w; + wy — ws)
w1mws 23 (eﬁT‘U + 1)2 (U2 + 4w§) (U? + 4(w;y + wy — w3)?)
LU% wyWs n 2wy (w1 + wy — ws3)
“s \ (U2 +4w?) (U2 +4w3) (U2 +403) (U? + 4wy +wy —w3)?) )

Normally, 7, with r € {a,p,t} and R would be summed for the full vertex. However, if this
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was done with the expressions for «,; from this section, which will subsequently be denoted with
an additional 1 as index, the resulting vertex would not fulfill the symmetry requirements. The
additional index numbers the contributions to the full four-point vertex upon symmetrization.

Explicitly, the four-point vertex needs to fulfill the following relations:

P12;34(w1,w2,w3) = F12;34(_W1, —Wy, —W3) (8.29)
Dyg34(wy, wa, w3) = Typyg(wy, wy, wy 4wy — ws) (8.30)
r12;34<w17w2aw3) = F34;12(W3,W1 +wy — Ws,wl) (8.31)

In principle, a suitable vertex is constructed as follows: First, the Bethe-Salpeter equations are
evaluated with exchanged frequency arguments of the irreducible and full vertices. To obtain the

symmetric vertex

1
Ppsp(wy, wy,w3) = §(FBSE1 (wy, W, w3) + Tpgpa(wy, Wy, w3)), (8.32)

the results from both forms of Bethe-Salpeter equations need to be added. Above, I'ygg; stands for
the original vertex computed in this section, whereas the index BSE2 denotes the vertex contribution
necessary to account for all diagrams. I'ggp, Wwould be obtained from switching the role of the
irreducible parts I and T', as when inserting perturbation theory results the contraction order of
these quantities does make a difference. Luckily, computing the Bethe-Salpeter equations all over
again can be avoided by switching frequency arguments in the results from the first calculations

depending on the respective channel, to obtain I'gggs:

Va2 (W1, Wa, W3) = Va1 (Wo, w1, wy + Wy — w3) (8.33)
Vo2 (W1, Wa, w3) = Yy (W3, w1 + Wy — ws, ws) (8.34)
Yoo (W1, Way W3) = Vi1 (Wo, Wy, Wy + Wy — W) (8.35)

Applying Eq. (8.32) then leads to the final form of the four-point-vertices, which fulfill all symmetry
requirements. Fig. 8.2 illustrates the vertex contributions from the Bethe-Salpeter equations. The
expressions to their full extent are found on the next page. They are explicitly written out, as the

results are important for the next chapter.
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Ty (w0, wy, wy) = uls n 32U%w, w,y _ 32U%w; (wy + wy — wy)
L E2E T8 B T B(U? +4w?) (U2 +4wd)  B(U2 +4w?) (U2 + 4wy + wy — w3)?)
B 3202w, wy B 3202wy (w; + wy — ws)
AU +4w]) (U2 +4w3) B (U2 + dw3) (U2 + 4(wr + wp — w3)?)
4U2 (Y —1) 3202w (w; + wy — ws)
B (eﬁTU + 1)2 (U2 4 (wy + wy)?) B(U? + 4w3) (U? + 4(w; + wy — ws)?)
_ 16U 2w, ws - 16U2wqws B 4U? (eBTU — 1)
BU7+ ) (0P T 4] (074 4d) (BUP  438) 3 (% 4 1) (U7 4 (g — o))
8
s (4 (BUE (U + (w1 +0,)°) + Py +en) — (w1 +00)°) 403
witw 2 - 2
o B +1) (U2 + (1 +w)?) (U2 +42)
8U3w ws 8U3w,y (wy + wy — ws) 4U3 w3

075 ) (02 7 3) (07 7 4) (U7 + 4oy F 0y —o0®) (02 4 )’
U(ﬁUeLZU + eﬁU — 1) v ( 12U3w1w2
(% 1) o T ) (0 1 )

AP w;(wy +wy — w3) + U(ﬁUe% e - 1) 5 AU3w?
(U? +4w3) (U + 4(w; +w; — w3)?) (¥ +1)° “ \ (U2 + 4w?)?

+

402 (e —1) 8%, A2
B(e7 +1) (U2 + (wy — wy)?) T wR) (07 &3) (U2 + 402)?
.\ U(BUe™ +ePU 1) 4 (BUE™ + eV —1) . 8U 3w, (wy + wy — w3) )]
(e% +1)2 ﬁ(e%u _|-1)2 (U2 +4w3) (U? + 4(w; +wy —w3)?)
(8.36)

€T +1) (U2 + (W —ws)?) B +1) (U + (w, —wy)?)
2U°% (wy — w2)5w1+w2 (U? — dwywy) (w1 + wy — 2w3) (U? + 4wy (—w; — wy + ws))
(U2 + 4w}) (U? + 403) (U? + 4w3) (U2 + 4(w; + wy — w3)?)
i (_ Udwyw,y B 3U3w; (wy + wy — w3)
w1ms (U2 4+ 40?) (U? + 4w2) (U2 +4w?) (U? + 4(w; + wy — w3)?)
UPwws UPwy(wy 4wy — w3)

(U2 +40}) (U? +4w3) (U 4 4w3) (U2 +4(w; +wp —w3)?)
Ulwg(wy + wy — w3) 3U w,ws BUeZ 4 eV — 1)

U? (e —1 U2 (T —1
D (wy, wo,ws) = %U lﬂ( (e ) (6 )

(0 +28) (0P F Ao T =) O+ 4) (U2 T 38) (o 1 1)]

N U? (6% - 1) N Uw,w, B BUe™ + eV —1
TN BT 1) (U4 (wy—wy)?)  (UP+4]) (U +4ef) g (% + 1)2
UBwyws n Uw; (wy + wy — wy) n 303w, ws
07+ 4) (07 1 4]+ (07 4 ) (U F Ao+ ) (07 1 4) (U2 7 4)

30w, (wy + wy — ws) Ulws(wy +wy — ws) )}
J’_
(U2 +4w3) (U2 + 4wy +wy —w3)?) (U2 +4w3) (U2 + 4(w; + wy — ws)?)

+

+

(8.37)
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Re[l'y 4] — U/B:

ws=7nT we=mnT wi=nT 0.05
10+
3 0 1 0.00
~101
—0.05
—20+ . . . & . ; . & . . .
—20 —10 O 10 —20 —10 O 10 —20 —10 O 10
w1 w1 w2
Re[l'y4;14] :
1
ws=7nT we=mT wi=nT 0-10
104 . . 0.05
3 0 0.00
—101 . 1 —0.05
—20+ . . R ; . : & T T T —0.10
—20 —10 O 10 —20 —10 O 10 —20 —10 O 10
w1 w1 (090

Figure 8.2: Contributions to the four-point vertex derived from the Bethe-Salpeter equations
for the parameter set U = 0.5, 8 = 1. The label w, stands for the frequency index, for which the
frequency was not set equal to % and not plotted along the x-axis (label below each plot). For both
combinations of spin arguments considered, the imaginary part is equal to zero.

As a consistency check, the expressions Eq. (8.36) and Eq. (8.37) can be expanded in terms
of orders in the interaction strength and compared to the expansion of the exact quantities Eq.
(7.16) and Eq. (7.16). Since the Bethe-Salpeter equations are exact relations and second-order
perturbation theory results were used as initial values, the expansion vertex contributions should
agree with the expansion of the exact vertices up to third-order in the interaction strength. First,
the exact solution is expanded. Expanding the vertex from the Bethe-Salpeter equations up to
third-order, leads to

wytwy 6w27w3) +

1
Ly (wy, wy,w3) = ZU2(5

e N

8

ﬂU3 2 (w% tw (w2 — "‘)3) + w% — Wows + wg) _ 5‘*’14"*’2 _ 6“’1_‘*’3 _ 5‘*’2_‘*’3 + 0([]4)7
B2 wows (wy + wy — wy) 2 2 2

(8.38)

1
FTT;TT(w17w27 OJ3) = ZU2 (6 - 5w27w3) + 0(U4> (839)

wy—ws

Indeed, the expansion coefficients up to third-order are the same as for the exact solution. Therefore,
the Bethe-Salpeter equations were applied correctly and the result for the four-point vertex can be

used to determine the violation of the U(1) Ward identity in the next chapter.

50



8 DERIVATION OF SELF-ENERGY AND VERTEX FROM THE PARQUET EQUATIONS

8.3 Self-Energy from the Schwinger-Dyson Equation

For evaluating the U(1) Ward identity, an expression for the self-energy is needed. In numerical
implementations, the self-energy is calculated from the vertex obtained after a Parquet iteration.
However, the Matsubara summations appearing turned out to be prohibitively complex. Therefore,
we do it differently: Again, second-order perturbation theory results are selected as initial value of
the four-point vertex for the Schwinger-Dyson equation.

To begin, the Schwinger-Dyson equation Eq. (8.5) is rewritten for the Hubbard atom as
1
21 = Topg12G2 — §F0\12;57G2G7G5F57;12- (8.40)

Taking into consideration that for the vertex with all spin arguments equal the first-order contribution
in the interaction strength vanishes and that frequency conservation holds, Eq. (8.40) is written

out explicitly as

Y(w) =~ Z (LoG(wy)) — % Z (FOG(W2)G(W +wy — w5)G (w54 4 (Ws, W + Wy — ws, W)

+ DG (wy) G(w + wy — ws) G(ws)T 44 (w5, w + wy — wy,w)) -
(8.41)

To express the second summand in terms of vertex contributions from chapter 5, relations due to

crossing-symmetry Eq. (8.14) are applied:

LG (w2)G(w + wy — wy)G(ws)T 4.4 (w5, w + Wy — wy, w) (8.42)
=[G (wy)G(w + wy — w5)G(w5) Ty 4 (W, W + Wy — ws, wy)

Inserting Eq. (8.42) into Eq. (8.41), an expression for the self-energy can be calculated. Next, the

frequency summation was evaluated.

2
1 2iUw (U2 (266% +efU 4 1) + 4w? (eBTU + 1) )
Seppw) = U | -1 — (8.43)
SDE D) o 5
(e +1)" (U2 + 4w?) (9U2 + 4w?)

The corresponding explicit calculations can be found in the respective Wolfram Mathematica
notebook linked in the bibliography [14]. Graphically, the real and imaginary part of the self-energy
from the Schwinger-Dyson equation are depicted in Fig. 8.3.

0.02F . 0.0
— 0.01} :—0.1»
3 -. 3 —02’
~ a0 ~
1 0.00f [N
El s 2 —0.3f
—0.01} _o.4f
—0.02t . b . _ . . .
—20 0 20 0-5 —20 0 20
w w

Figure 8.3: Real and imaginary part of the self-energy from the Schwinger-Dyson equation at

B =1, U = 0.5. The real part consists only of the Hartree-term, which is constant and equal to
_vu

5
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Similar to section 8.2, the self-energy obtained from the Schwinger-Dyson equation up to third-order
in the interaction strength ,

Tspp(w) = —g - % +0(U*) (8.44)
should now agree with the exact self-energy Eq. (7.15). Comparing this to the expansion of Eq.
(7.15), note that as expected they are in fact equal.

Summarizing, we have now found approximations to four-point vertex and self-energy, following
the basic principles of Parquet formalism with some adjustments to generate expressions which
may still be handled analytically. The violation of the U(1) Ward identity for these new quantities

is investigated in the subsequent chapter.
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9 Fulfillment of the Ward Identity after BSE and SDE

In the following, the quantities from the Bethe-Salpeter equations and Schwinger-Dyson equation
are substituted into the U(1) Ward identity. Originally, it was planned to analyze the violation of
this equation with the primary goal to improve the Parquet approximation and cancel the violation.
An additional term, which was added to the approximation of the two-particle irreducible vertex,
was to be figured out through an educated guess from the mathematical form of the violation. This
term then should have ensured the fulfillment of the identity.

However, doing this posed a prohibitive challenge due to the complexity of the calculation. It
caused especially great difficulty to evaluate the Matsubara frequency summation necessary for
evaluating the left-hand side of the U(1) Ward identity Eq. (6.38). The primary reason for this was
the extraordinary number of function poles, which the Green’s function derived from the self-energy
Eq. (8.43) introduced to the left-hand side of the Ward identity. Hence, the respective contributions
possessed many residues (see appendix B) and the evaluated expression was way too long to possibly
find a suitable alternative to the Parquet approximation I'y or even draw any conclusions from.
Therefore, we resorted to an alternative approach, which is the subject of chapters 10 and 11.
Regarding the vertex and self-energy from the previous section, the corresponding violation is

computed numerically. Explicitly, the Ward identity reads

(iwy — iwy) Z G(w)G(w + wy — wy)I'pgp (W, wy, w + wy — wy) = Xgpp(ws) — Lgpr(wy)- (9.1)

Above, G refers to the single-particle Green’s function, which is given by G = m For ease
of notation, spin indices were omitted. The general form of the Ward identity with all indices is
given by Eq. (6.39).

For obtaining a numerical value for the violation, the summation

Z G (QM/IBM) T (%73”’“’17 QMZ%H T = “’2) G (m% tw — Wz) (9.2)

has to be performed. Here, n denotes the index of the summation frequency w. From n, the
corresponding w can be evaluated according to Eq. (3.37). Due to the structure of the Green’s
functions (see Fig. 9.1), a large range for the summation index has to be used in approximating
9.2 to ensure convergence. More specifically, the bare vertex multiplied by the product of Green’s

functions is alternating and not symmetric to n = 0 and thus poses difficulties upon summation.

— e w=1Trws= — 117
§ ° ° w1 =17Tmws= — 37
| 0.003f
3 . . Figure 9.1: Product of Green’s func-
' 0.000! sessssen ®occceees® tions from the U(1) Ward identity for
3 s x the self-energy from the Parquet equa-
Si tions for U = 0.5, = 1.
3 —0.003} . .
G
—20 0 20
w

To aid convergence, one can add and subtract terms from Eq. (3.37) and evaluate the summation
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of simpler ‘problematic’ terms analytically. For example, Eq. (3.37) could be transformed as

Z (G(w)G(w + w; —wy) [I'(w,wy,w+ w; —wy) — U]
i (9.3)
+U[G(W)G(w + wy —wy) — Go(w)Go(w + wy — w,y)] + UG, (w)Go(w + wy — W2)> :

Above, the only term causing convergence problems is given by the last summand UG(w)Gy(w +
w; — ws), which due to the simple structure of the bare propagator can be summed analytically via
the usual Residue theorem ansatz.

In principle, to simplify the evaluation of Eq. (3.37), the summation frequency can be shifted such
that the sum would be (almost) symmetrical to the extremal values of the Green’s functions. This
type of shift does not change the value of the infinite summation. However, one needs to ensure that
the shifted summation frequency still possesses the properties of a fermionic Matsubara frequency.
In summary, without changing the original expression Eq. (3.37) the only option to guarantee
accurate numerical results is to choose a large range for the summation index. This motivates
the switch from Wolfram Mathematica to the programming language Julia [15] for the upcoming
numerical calculations, as in practice it reduces computation time drastically. Moreover, with
the package MatsubaraFunctions.jl [16] Matsubara functions and frequency summations can be
implemented very conveniently. Results from evaluating the violation Eq. (9.1) are depicted in Fig.
9.2, Fig. 9.3 and Fig. 9.4 for different temperatures. The Julia implementation is linked in the
bibliography [14].

For all parameter choices, the violations are roughly an order of magnitude smaller than the actual
values of left-hand side and right-hand side of the Ward identity. For w; = w,, the Ward identity is
trivially fulfilled due to the self-energy difference on the right-hand side evaluating to zero and the
proportionality of the left-hand side to the factor (iwy — iw;). This results in the diagonal from the
top-right to the bottom-left in the density plots of the Ward identity difference. Both the self-energy
and the summation over the vertex contribution Iy, 4, display a ‘cross-like’ structure, whereas the
vertex contribution I'y .| accounts for the diagonal structure in the Ward identity difference and
assumes large values for large frequency differences. Therefore, for large differences |wy — w;| the
violation increases, which is rather unexpected. Regarding different interaction strengths, this
increase especially influences the violation for small l—% This suggests convergence problems caused
by the summation of the product I'yG(w)G(w + w; — ws) included in 'y ;| as cause of the increase,
as for low temperatures first-order terms in U are dominant. Some approaches to dealing with these
issues were discussed above but not implemented at the time of writing.

All in all, the Ward identity does not hold for the quantities ¥gpp and I'ggy, whereas the absolute
value of the violation increases with the interaction strength. While for small U the violation
of the Ward identity seems to be due to the asymptotics of the last summand, for larger U a
cross-like structure appears in the violation. The first issue should be fixable with some effort,
whereas the second one is non-trivial. In the following, we try to develop a systematic method
to ensure fulfillment the U(1) Ward identity by improving on the two-particle irreducible vertex

approximation.
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RHS of the WI LHS of the WI Difference RHS-LHS
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Figure 9.2: From left to right: Imaginary part of the right-hand side of the U(1) Ward identity
(self-energy difference), imaginary part of the left-hand side of the U(1) Ward identity and violation
of the U(1) Ward identity for U = 0.1, 8 = 1.
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Figure 9.3: From left to right: Imaginary part of the right-hand side of the U(1) Ward identity
(self-energy difference), imaginary part of the left-hand side of the U(1) Ward identity and violation
of the U(1) Ward identity for U = 0.5, 8 = 1.
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Figure 9.4: From left to right: Imaginary part of the right-hand side of the U(1) Ward identity
(self-energy difference), imaginary part of the left-hand side of the U(1) Ward identity and violation
of the U(1) Ward identity for U =1, 8 = 1.
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10 Analytical Approximation for the Irreducible Four-Point

Vertex

Finding an ansatz to approximate the two-particle irreducible vertex, which ensures that the U(1)
Ward identity holds, is now done analytically for a simple case. In general, this section should serve
as a proof of concept. It is meant to give some ideas on possible approaches to mathematically
finding rest terms ansatzes. In later sections, the procedure is repeated similarly for a more complex
case.

However, we first restrict ourselves to compensating the violation of the Ward identity in second-
order perturbation theory in the particle-hole symmetric regime. Inserting second-order quantities
separately, the Ward identity is fulfilled (see chapter 7.1) but it is not when zero-, first- and
second-order diagrams are substituted at the same time and the Green’s function is computed from
the second-order self-energy according to the Dyson equation, analogous to the evaluation of the
Green’s function in the last chapter. The quantities considered are then given by the four-point
vertex contributions Eq. (8.8) and Eq. (8.9), the self-energy Eq. (8.7) and the single-particle

Green’s function: )
1 4iw

¢= Gl T =%,  UZ+4u?

(10.1)
Now, when calculating the Ward identity violation, violations in orders higher than second-order
Y(wy) — B(wq) — (iwg — iw,) Z G(W)G(w + w; — wo) Ty (W, w1y, W + Wy — Wy, wy)

+FN;T¢(W, Wy, W+ Wy — Wy, w?)

_1U2(iw —iw)) 2tanh(BTU) B 160w, Wy . 1 (10.2)
ST T et (U ) (U7 4 ) e

=(iwy — iwy )e(wy, ws)

arise. Our objective is now, to add something to the vertex to cancel the violation e(w;,ws).
Therefore, let us at first discuss the mathematical form of rest terms for the four-point vertex: Due
to symmetry requirements, the four-point vertex needs to fulfill Eq. (8.29), Eq. (8.30) and Eq.

(8.31). Hence, our ansatz for R also needs to possess these properties. This imposes the condition

Ry (w1, we,ws) = f(wy,wq, w3) + flwy, wy,w; +wy —ws) + fwg +wy — w3, w3,ws) (10.3)
+ f(wg, wy +wy — w3, wy)

on R. Here, f is an arbitrary function of Matsubara frequencies w;, w, and ws. In general, the rest

term R4 is given by

Ry (W, wy, wg) = Ry (w, wy, wg) + Ry p (W, w, wg). (10.4)
Hence, from crossing symmetry the relation

RTT;TT(w17w27w3) = RN;N(wl,w2,w3) - Rum(“m wy,ws) (10.5)

between the rest term R, ; and Ry arises, which is defined as the rest term corresponding to
the vertex contribution I'y.4;. Additionally, time-reversal symmetry needs to be regarded, as it is
not automatically ensured by choosing a rest term of the form Eq. (10.1). It is trivially fulfilled, if
R depends only on even products of its frequency arguments. Taking Eq. (10.3) and Eq. (10.5)
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10 ANALYTICAL APPROXIMATION FOR THE IRREDUCIBLE FOUR-POINT VERTEX

into consideration, instead of looking for a suitable R we search for a function f to construct the
two-particle irreducible vertex approximation from.

Let us now revisit the explicit expression of the violation Eq. (10.2). Note, that the violation is
made up of three distinct summands. They are now considered separately to find rest terms and
corresponding functions f, which cancel them.

Of course, there are many different options to cancel each summand of e(w;,w,). Nevertheless,
even for a violation consisting of only three rather compact summands it proves itself to be difficult
to find an ansatz for new expressions which sum up to the violation when evaluating the infinite
Matsubara sum. Though definitely possible, a much faster way is given by choosing a function
f and therefore a rest term fully proportional to Kronecker-delta symbols. Especially, choosing

an f containing either the factor § which vanishes in the Ward identity due to the prefactor

wy—wy?
i(wy —wy), or containing 6., ,d, ijuz, 2which cancel out the Matsubara frequency summation over
w. Another advantage of choosing rest terms proportional to Kronecker-delta functions is them
being very convenient in further calculations and especially frequency summations including the
modified four-point vertices.

For the first summand, a suitable f is given by

U? (U2 + 4w3) (U + 4w3) 6, _,,, tanh (Z7)
128w,w; (U2 + (wy — wp)?) '

fl(wl’WZaWB) = (10'6)

It can be verified that this function indeed cancels the first summand of the violation € by
constructing the rest terms according to Eq. (10.3) and Eq. (10.5). As the full expressions of the
rest terms are again rather elaborate, the end results to the rest terms counteracting the full € are
found at the end of this paragraph. The verification that with the modified four-point vertex the
U(1) Ward identity holds was performed with Wolfram Mathematica [13] and is illustrated in a
notebook linked in the bibliography [14].

The function f, corresponding to the rest term canceling the second summmand of €(w;,w,) is

given by
1
f2(w1v Wa, UJ3) = §U26w2_w3- (107)

At last, the function to construct a rest term corresponding to the third summand is determined:

U? (U? + 4w?) (U? + 4w3) 6, _
(U7 + 8) (U 4 )0, wos)

W1, Wq, Wg) =
f3(wy,wy,ws) 2560, w205

Next, the rest terms are constructed from the functions introduced above. If they were added to
the four-point vertex contributions, the U(1) Ward identity would hold for these quantities by

construction. The subsequent page is dedicated to showing the full ansatz for the irreducible terms.
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1
Ry (wy, wp, w3) = 57 U?

2 (U? + 4w?) tanh (BTU) (U? + 4(w; + wy — w3)?)
256 “1mws

wy (U2 + (w1 — wy)?) (W + wy — wy)

2 (U2 + 40.)%) tanh (ﬁTU) (U2 + 4(w1 4wy — w3)2) 2 (U2 + 4w%) (U2 + 4&%) tanh (ﬂTU)

wy(wy +wy —w3) (U? + (w; +wy — 2w3)?) wows (U2 + (wy — wy)?)
2 (U? + 4w?) (U? + 4w?) tanh (BTU) . (U2 + 40?) (U2 + 4w, + wy — w3)?)
wows (U2 + (wy + wy — 2w3)?) wiwy(wy + wy — wy)
N (U? + 4w?) (U? + 4(w, +w2—w3)2) (U? + 4w3) (U2+4w§)
wiw3(wy + wy — w3)? wyWiws

N (U? 4 4w3) (U? + 4w3) 395
wow3 (wy + wy — wy) wahs

(10.9)
2 (U? + 4w?) (U? 4 4w3) tanh (2Y
Rﬁﬁ(w1aw2,w3) = _U2 - : ( 3) ) ( < )

i 256 273 wiws (U2 4+ (w; —wy)?)
B 2 (U?% + 4w?) (U? + 4w?) tanh (ﬁTU B 2 (U? + 4w3) tanh (BU) (U2 + 4(wy + wy —w3)?)

wiws (U2 + (wy + wy — 2w3)?) Wy (U2 + (wyg — wy)?) (wy + wy —wj)
 2(U° + 4wd) tanh () (U + 4(w1 + 0y —w3)®) (U + 403) (U + 4})

Wo (w1 + wy —w3) (U2 + (wy +wy — 2w3)?) Wiwyws
_ (U? + 4w?) (U? + 4w?) B (U? + 4w3) (U? + 4(w; + wy — w3)?)

wy w3 (wy + wy — ws) wyw (W + wy — ws)

2 42 2 4 _ 2
(U2 4 4w3) (U2 + 4(w; + wy wg))+32)

wWaws(wy + wy — w3)?

5 2 (U? + 4w?) tanh (BTU) (U? + 4wy + wy — wg)?)
+
“rms w1 (U2 + (wy — wy)?) (wy +wy —wj3)

2 (U2 + 4u?) tanh (%I) (U? + 4(w; +wows)?) 2 (U? + 4w3) (U? + 4w?) tanh (%J)

wy (W 4wy —w3) (U2 + (w; +wy — 2w3)?) wows (U2 + (wy — wy)?)
2(U? +4w3) (U + 4w3) tanh (ﬁTU> n (U? + 4w?) (U? + 4(w; + wy — w3)?)
wows (U2 + (wy + wy — 2w3)?) wiwy(wy + wy — wy)
(U ) (0% 0y —y?) | (U7 ) (U7 )
wiw3(wy + wy — w3)? Wy W3w3

N (U? + 4w3) (U? + 4w?) B 32>)
w2wf2;(wl +wy — wy)
(10.10)
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Let us now compare the modified vertex in second-order with the new approximations Eq. (10.9)

and Eq. (10.10) added to the exact four-point vertex contributions introduced in section 7.2.

Re[Tuod1 157 1] =

wy=mnT wy=m7T wi=nT 0.10
101 0.05
3 0 0.00
—104 i , —0.05
—0.10
—20+ ; . & . . . - . . .
—20 —10 O 10 —-20 —10 O 10 —20 —10 O 10
w1 w1 (%%
Re[Texact 1:1 1] ¢
ws=7nT we=mnT wi=nT
0.05
101
3 0 0.00
—10-
—0.05
—20+4 . . L . . . » . . .
—20 —10 O 10 —-20 —10 O 10 —20 —10 O 10
w1 w1 w2
Re[Texacti1 151 1] — Re[Cuodi 151 1] :
wy=mnT wy=mnT wi=7T
10 ] 7 0.025
5 0 0.000
—101 —0.025
—20+ ; ; - ; . . & . . .
—20 —10 O 10 —20 —10 O 10 —-20 —10 O 10
w1 w1 (990

Figure 10.1: Comparison of the modified four-point vertex contribution Iy, 441,44, Which is given
by the four-point vertex I'y; ;4 in second-order in the interaction strength with rest term Eq. (10.8)
added to it to the exact vertex contribution I'gy,c4j41,4+- The comparison considers the particle-hole
symmetric regime for the parameters § = 1, U = 0.5. The axis labeling is explained in the caption
of Fig. 8.2.
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Re[Twoat 131 1] — U/B:
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Figure 10.2: Comparison of the modified four-point vertex contribution Iy, .4 ;3,, Which is given
by the four-point vertex Ty, in second-order in the interaction strength with rest term Eq. (10.8)
added to it to the exact vertex contribution I'gy,.j4),+;- The comparison considers the particle-hole
symmetric regime for the parameters § = 1, U = 0.5. The axis labeling is explained in the caption
of Fig. 8.2.

It is apparent that the exact vertex and the modified vertices structure-wise look very similar for
all spin arguments equal. This stems from them both being mostly proportional to Kronecker-delta
coefficients in the particle-hole symmetric regime. Nevertheless, the absolute value of the modified
vertex contribution I'y, 441,44 is about a factor 2 larger in comparison to the exact solution for the
parameters specified in the caption of Fig. 10.1. Regarding the vertex contribution I';) 41 .4,, the
modified and the exact vertex contributions are in the same order of magnitude for the parameters
chosen, as can be seen in Fig. (10.2). Again, extremal values of the vertex contributions are found

on the diagonals due to proportionality to Kronecker-delta symbols.
Although this has shown that taking an educated guess on the form of R to fulfill the Ward
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Second-order violation Third-order violation Parquet violation
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Figure 10.3: Comparison of the violations of the U(1) Ward identity for vertex and self-energy
in second and third-order and derived from Schwinger-Dyson and Bethe-Salpeter equations for
U=05,p=1.

identity is in principle possible, the rest terms derived in this chapter are not beneficial to our main
objective: Cancellation of the violation for vertex and self-energy from BSE and SDE. To see why,

the violation €(w;,ws) compensated in this section is expanded as

BU° s> +0(U*) (10.11)

€(wy,wy) = m

in orders of the interaction strength.

Corrections from the rest terms Eq. (10.9) and Eq. (10.10) start in third-order. Since the vertex and
self-energy from BSE and SDE are exact quantities up to third-order, adding rest terms constructed
from the functions f; to f5 from this chapter would overcompensate violations in third-order. Espe-
cially for small U, the coefficient of €(w;,w,) proportional to U3 dominates higher-order corrections
and accounts for an even larger violation of the Ward identity for I'gqp, and Xgpg. As perturbation
theory itself is only valid for small interactions % per definition, it is not to be expected that a
modification of I'gqp with the same rest terms as above would change anything for the better. A
comparison of the violations in second-order and the violation from last chapter is depicted in Fig.

10.3.

As a rest term for the violation of the Ward identity including I'pgy and Xgpp needs to ac-
count for violations in fourth-order and upwards, finding a rest term based on third-order might
be able to cancel the violation from chapter 9 at least in parts. Therefore, the exact vertex and
self-energy Eq. (7.15), Eq. (7.16) and Eq. (7.17) are expanded up to third-order in the interaction
strength:

U U? 1
E(W) = - - — (1012) FTT;TT<w1=w2>w3> = ZU2(5w17w3 - 6w27w3) (1013)
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1 1 1 1
FTi;Tl(wlvw%wB) = B (U + ZU2(ﬁ6w1+uJ2 - /860-?27(-03) +U? (1_6ﬁ25w1+w2 + 1_6/8260.)1*0.!3

—w? + wy(w; +wy) —wywy —wj —wh ) )
dwywows (W + wy — wy)

(10.14)

1 2
+ 1—6[3 5w2_w3 +

Again, the Green’s function is obtained according to the Dyson equation. Evaluating the Ward
identity as in Eq. (10.2) for the third-order quantities yields the violation

¢ o, 5) = g (( 16U —2)  tanh () (U7 +4(r —,))

+2]. 10.15
U7+ 42) (U7 + &) 02+ () —wn)? ) (1019)

8wy wy

Expanding € (w;, w5 ) indeed shows that its lowest-order term in the interaction strength arises in
fourth-order. Before computing rest terms which sum up to €' (w;, ws), let us compare the violations
of the Ward identity from this and last chapter depicted in Fig. 10.3.

The comparison Fig. 10.3 makes it obvious that cancelling the violation in the Ward identity
for the vertex and self-energy from BSE and SDE is not possible by making assumptions about
the two-particle irreducible vertex based on standard diagrammatic perturbation theory. The
third-order violation is also not able to compensate the violation from chapter 9. One observes a
‘cross-shaped’ pattern in the third-order as well as the numerical violation. However, the latter is
dominated by diagonal features coming from the suboptimal numerical treatment of the asymptotics
of the bare contribution.

In summary, the results from this chapter tell us that for determining rest terms compensating
the numerical violation from chapter 9, the ansatzes cannot be based on perturbation theory but
ideally should come from the numerical violation directly. Moreover, we were able to get a feeling
on how rest terms for the four-point vertex can be determined in a fast and easy way. In the next

chapter, this is applied to the numerical violation.
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11 Numerical Approximation for the Irreducible Four-Point

Vertex

Having obtained some experience on finding rest terms in the previous section, we will repeat the
procedure to obtain a numerical addition to the four-point vertex I'gqp, with which the version of
the U(1) Ward identity from chapter 9 holds.

As before, there are two main difficulties in finding additional terms which cancel the violation.
For one, approximations for the two-particle irreducible vertex need to fulfill the symmetries of
the four-point vertex. This is automatically ensured by choosing a specific form of ansatz for the
rest term. One possible form is given by Eq. (10.3). Therefore, the goal is again to find a suitable
function f from which we can construct the rest terms according to Eq. (10.3) and Eq. (10.5).
Furthermore, the Matsubara frequency summation poses difficulties in determining rest terms.
Whereas for the analytic case (chapter 10) it was possible to make assumptions on R based on the
mathematical structure of the violation, we cannot do this for numerical values. In principle, the

equation

Ayr(wy,w
ZG(w)G(w+w1 —wy)R(w,wy,w+w;, —wy) = % (11.1)

needs to be solved for R. Here, Ay denotes the violation of the Ward identity and the summation
index o indicates a summation over spin arguments. Note, that when |w; — w,| = 0 one seemingly
would have to divide by zero to determine R. However, as the Ward identity is trivially fulfilled for
|w; —wsy] =0, R is just set to zero on this diagonal in the frequency plane.

There are different options to deal with the summation on the left-hand side of Eq. (11.1).
However, in any case assumptions about the form of R or equivalently the form of f, from which
wlwlzws could be

considered, which contains prefactors ensuring the sums converge. Alternatively, we could avoid

R is constructed, need to be made. A frequency proportionality such as f o

the frequency summation completely by postulating f being fully proportional to Kronecker-delta
symbols. Due to the prefactor (iw, — iw;) in Eq. (11.1) for the Hubbard atom, or more general
([Go(W)] ! = [Go(w+w; —wy)] ™), terms proportional to 4, _,, generally vanish in the U(1) Ward
identity, whereas terms proportional to d,,.,, ;0,.,, cancel the Matsubara frequency summation.
To find f, the latter method of postulating proportionality to Kronecker-deltas is chosen because of
its simplicity and generality, as it is applicable to any form of numerical violation. If fis demanded

to be proportional to only one Kronecker-delta symbol, there are two options

fl(wlvw23w3) :5w1—w3f1(w17w27w3) (112)

fo(wy, wo, w3) :5w27w3f2(w1’w27w3> (11.3)

which cancel out the summation upon construction of a rest term R. Although a combination of f;
and f, is also thinkable, we will restrict ourselves to either choosing the proportionality of option

f1 or fy. If the four-point vertex is constructed from f; according to Eq. (10.3) and Eq. (10.5), the
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left-hand side of Eq. (11.1) simplifies to
ZG(w)G(w +w; —wy) R(w,wy, w4+ wy —wy)
w,o

= ZG(w)G(w + wy — wy) (Ryppy (wywy,w + wy —wy) + Ry (W, w0y, w0 4wy —wy))

= ZG(W)G(W +wy —ws) [25w1—w2 (Filw,wy,w+wy —wy) + fr(wy, w, wy)
z i ) (11.4)
+ fr(w+ Wi — wo, W, w) + f (o, w 4wy —wa,wy)) = by, (Fi(wr,w,w 4wy —wy)

+ fr(w,wy,wy) + f1(w+ wy — wy, wy, w1 ) + [ (wy,w + wy — wy,w))]

= —2G(w;)G(w,) (f1(w1aw2aw1) + fl(UJQ,UJl7U.)2)) = _4G(w1)G(w2)f1(w17wQawl)'
The same procedure is repeated for the rest term constructed from f,:
ZG(w)G(w +w; —wy) R(w,wy, w4+ wy — wy)

= ZG(W)G(W +w; —wy) [25w—w2 (Fi(w, w1, w+wy —wy) + fi(wy,w,w,)

w

+ fi(w+ Wi — wy,wo,w) + fi(wy, w 4wy — wy,wy)) =0y, (filwy,w,w+w, —wy) (11.5)

+ fiw,wy,wy) + fr(w +wy — wy,wy,wp) + f (wy,w + wy — wy,w))]

= 4G(w;)G(wy) (f2(w2,w1,w1) + fQ(wl,wz,wQ)) = 8G(w;)G(wy) fo(ws, wy,wy)

Regarding their respective structure, the expressions Eq. (11.4) and Eq. (11.5) for f; and f, only
differ in prefactors and sign. From the derivations of the functions above, depending on the option
1 or 2 either only the vertex correction Ry, (option f;) or both Ry 1y and Ry 4 (option f,)
contribute to the compensation of the violation.

In both Eq. (11.4) and Eq. (11.5), the last equality is based on f being a crossing-symmetric
function, which we can assume, if we define f in a specific way. Suppose, we are looking for a
function f; for which the condition f,(w;,ws,w;) = f;(wy,w;,w,) holds. Therefore, we define f,
to be of the form

fi(wi,wy,ws) = (f1(wy, wa,wq) + f(Way w1, ws)) 0y, (11.6)

with f} (wy, Wy, ws) = fi (W, Wy, w;) + fi(ws,wy,ws). Per construction, this fulfills the requirements
we demanded. Similarly, one can construct f, such that fy(wy,w;,w;) = folwy,wsy,ws,) holds. Still,
in the following we write f instead of explicitly inserting for example Eq. (11.6). Even so, the above
definitions of the functions f; and f, make our previous transformations valid.

To obtain an expression for f, (w;,w,,w; ) and fy(wsy,w;,w; ), we solve Eq. (11.1) for f by substituting
the numerical values for the violation from Parquet. The resulting functions fz are depicted in
Fig. 11.1. One can clearly recognize the increase to higher frequencies as with the violation of the
Ward identity Fig. 9.2. On the other hand, the increase in violation around the corners of the
‘cross-shaped’ feature is not observable and both functions f; and f, assume very small values for
either w; or w, having a frequency index close to zero. However, the structure of the functions f;
and f, should not be compared directly to the structure of the violation, as in the Ward identity
the four-point vertices constructed from f; and f, are multiplied by Green’s functions, which take

on extremal values for small frequencies (see chapter 9).
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11 NUMERICAL APPROXIMATION FOR THE IRREDUCIBLE FOUR-POINT VERTEX
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Figure 11.1: Functions which can be used to construct the rest term for the four point vertex form.
a) Density plot of f;(w;,wq,w;) b) Density plot of fy(wsy,w;,w;). For these plots, the parameters
U = 0.5, =1 were chosen.

If a rest term R is now constructed from one of the functions introduced above, the U(1) Ward
identity is fulfilled. As the rest terms should serve as correction to the four-point vertex, it is not
enough to only know the rest term’s frequency dependence on two arguments w; and w,. The
general expressions R(w;,wq,ws) and f(w;,w,,ws) are needed, whereas f denotes either f; or f,.
Fortunately, R(w;,ws,ws) can be inferred from f,(w;,ws,w;) or fy(wsy,w;,w;) using symmetry
considerations and the proportionality to Kronecker-delta symbols. To construct in example a rest
term from £, (w;,ws,w;) for the U(1) Ward identity according to Eq. (10.3), the terms

fi(way wi,wy +wy —ws) = f(wa, Wy, wy +wy —ws)dy, . = fi(wy,wr,ws)d, .
Frlws,wi +wy —ws,wp) = fi(wg,w; +wy — w3, W1 )0y, g = fl(wlaw23wl)5wl—w3 (11.7)
fi(wy +wy — w3, w3, ws) = f1(wy + wy — Wy, w3,ws)0,, . = f1(wa,wr,ws)d,, .

are needed. With fl defined as in Eq. (11.6), the general form of the rest terms for the four-point

vertex reads
RN;N,(“‘JI’W%WS) =4f (W17W2,W1)5w17w3 (11.8)

RTT;TT(wlvw%w?;) = 4f~1(w1aw2»w1)5w17w3 - 4];1(&)2,&)1,&)2)5&)2,“]3. (119)

Accordingly, a rest term corresponding to f, could be obtained.

Therefore, we guessed a general rest term, which ensures the fulfillment of the U(1) Ward identity
of the Hubbard atom. However, this method of guessing functions to construct rest terms from
can be generalized to other models as well. Why obtaining alternatives for the irreducible vertex
approximation such as described above might be helpful to improve on the qualities of approximations

from Parquet formalism, is reviewed in the conclusion (chapter 12).
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12 CONCLUSION AND OUTLOOK

12 Conclusion and Outlook

To summarize, this thesis has derived and investigated the U(1) Ward identity for the Hubbard atom
in the context of perturbation theory and the Parquet formalism. For this purpose, diagrammatic
approximations were calculated, stretching the limits of analytic calculations in the context of
perturbative expansions. Regarding this specific aspect of the text, it is concluded that higher-order
perturbation theory computations in the general case are only feasible numerically. In the second
part of this thesis, these perturbation theory results were used to develop a systematic method to
analytically and numerically guess irreducible four-point vertex approximations, which ensure the
fulfillment of the U(1) Ward identity.

In principle, this method of finding ansatzes of rest terms could be applied after each Parquet
iteration. If convergence of the Parquet equations could be achieved, this would yield a high-quality
approximation of the four-point vertex, which fulfills the U(1) Ward identity and thus particle
conservation. As the approach is not restricted to the Hubbard atom, it could be tested for other
models as well. Setting up the code to try including the rest terms in actual numerical parquet
iterations is beyond the scope of this thesis but definitely worth a try.

Another possible continuation of the results from this thesis would be a refinement of the rest-term
ansatzes. Currently, they are restricted to rest terms proportional to Kronecker-deltas, whereas in
practice the part of the two-particle irreducible vertex not proportional to Kronecker-delta symbols
is of even greater interest. Possibly, one could look for a systematic method to make educated
guesses on these types of rest terms either analytically or numerically as well. On the other hand, as
from each continuous symmetry arises a corresponding Ward identity, one could also try to find rest
terms approximations based on the fulfillment of multiple of these identities. As the Hubbard atom
possesses a total-irreducible four-point vertex contribution not proportional to Kronecker-delta
symbols [12] as well as an additional SU(2) symmetry, it again would fit the criteria of an exemplary
model to explore the ideas in this paragraph further. Not least due to its simplicity but also due to
its exact solvability, the Hubbard atom has proven itself to be the perfect choice of model when
testing out new methods or to learn basics on diagrammatic perturbation theory.

All in all, the fulfillment of Ward identities in the context of diagrammatic approximation methods
as the Parquet formalism is of high significance to obtain physically realistic results. As many
diagrammatic methods are not designed to automatically ensure Ward identities to hold, funda-
mental conservation principles are often violated for approximated quantities, which makes further

investigation necessary.
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APPENDIX A

A Introduction to Functional Derivation

This section serves as short review of the calculus of functionals, which are necessary for the calcula-
tions in this thesis. The following text will mainly be a short summary of [17] and the first chapter

of [18]. A lot of statements are not proven and one should refer to the literature for this exact purpose.

One can think of a functional as a function of functions and their variables. Geometrically
speaking, a functional of one variable is a function of curves and a functional of several variables can
even take surfaces as input. Whereas calculus of functionals has many applications in physics, we
mostly need concepts to derive generating functionals with respect to field variables in order to derive
correlation functions and other related quantities. As our generating functionals are dependent on
many field variables, we will focus on functionals of several variables. For simplification, we only

consider functionals of two variables containing up to first order derivatives

(2] = //RdxdyF(m,y,z(as,y), Bzgz; y), 825;;,3/)) (A1)

but the concepts can be easily generalized. Here, z(z,y) is an arbitrary function which is a variable
of the functional J[z]. R is some region where F is well-defined. Probably, even if there was no
formal introduction to functionals yet, every physics student has come across the term variation or
calculus of variations for example in theoretical mechanics. A variation can be interpreted as a
differential of a functional. It can be obtained by incrementing the functional J[z] by a nearby’

function h(z,y) and subtracting the original functional, which has not been incremented:
z+h) O(z+h z z
AJ=J[z+h]|—J[z] = // da:dyF(x y,z+ h, 6: ) (3-?: )) F(m,y,z,%,g—y) (A.2)
R

Expanding the integrand up to first order yields the variation of J:

OF Oh  OF oh
o oh on A
07 = //d‘”dya "t 50,2 02 T 900,2) oy (A.3)

Additionally, one can prove that the variation of a functional is unique [18]. Similar to determining
extrema of functions, at stationary points of a functional its variation is zero. Determining stationary
points of functionals is a concept often needed in physics for example in the Hamiltonian principle
where one considers the variation of the action.

If there exists an analog to differentials in functional calculus, it is only natural that there is also
an analog to the derivatives of functions, which is called the functional derivative. At first, let’s

consider the fraction
J[z + k] — J[7]
Ao '

Again, h is a function nearby to z. This time however, we impose an additional constraint on h:

(A.4)

it is only nonzero in a neighborhood of point (z,,y,) The denominator Ao stands for the ”area”
or "volume” between z and h. Now, let Ao and simultaneously the region where h is nonzero go
to zero. If Eq. (A.4) converges to a limit under these conditions, this limit is the variational or
functional derivative at point (z,y,) and is denoted by & 5 | . In fact, the same rules which are

usually defined for normal differentiation such as sum rule, product rule, chain rule etc. also hold

TWhat nearby means, is determined by the space the variables are defined on and the respective norm. Functions
are defined as components in function space. For example, one can choose the space of all functions with continuous
derivatives 2D, for which the norm is given by the maximum absolute value of a function. However, one normally
chooses the space based on the concrete form of the respective functional one wants to describe. More on function
spaces and suitable choices for functionals can be found in [18].
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for functional differentiation [18]. Therefore, even if the functional derivative is technically different,

in the case of this thesis we can often treat it almost in the same way as derivatives of functions.
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APPENDIX B

B Evaluation of Matsubara Sums

While working in Matsubara frequency formalism, one often encounters infinite summations of the

form

S= 3 fliw,) (B.1)

n=—oo

with f being a rational function of the Matsubara frequency w,, = . In this section, it will be

(@n+l)m
explained how fermionic Matsubara sums can be evaluated in a converfient way following the outline
given in chapter 4 of [1]. As in appendix A, the mathematical reasoning behind the calculations
will not be discussed rigorously.

The basic idea behind simplifying the computation of terms as Eq. (B.1) is replacing summation by
the evaluation of an integral by using Cauchy’s residue theorem. It implies that on a connected open
subset U of C the integration of a holomorphic function over a closed path is equal to the residues
at the poles of the function enclosed by the path. To apply this theorem to our case, note that
every polynomial g(z),z € U is holomorphic. According to the composition rules for holomorphic
functions, the quotient of two holomorphic functions is holomorphic as well and therefore the
rational function f from Eq. (B.1) is holomorphic. Next, we choose a holomorphic weighting
function, which has poles located exactly at the values iw,,. Functions, which fulfill this property

are for example given by:

_ B _ =B
hi(2) = e (B.2) hy(2) = 15 ope (B.3)
We verify the defining property for a suitable weighting function by inserting z = iw,,:
eﬂi(ZnBJrl)w _ eiﬁi(’anl)w _ 1 (B4)

Hence, at z = iw,, the denominator is 0 and the weighting function has poles for all n € N. The
selection of a specific weighting function only plays a role if the Matsubara sum to be evaluated
does not converge. For example, h; controls the divergence in the left half of the complex plane,
whereas h, is used to control convergence in the right half. However, if the frequency sum converges,
the final result should not depend on the choice of the weighting function. After choosing between
for example h; and h,, we can express the sum as a contour integral in the complex plane according

to residue theorem as

211

> i) =5 § FGI() (B.5)
The minus sign in front of the integral arises, as for fermions the Matsubara frequencies are encircled

counter-clockwise. The transformation to a contour integral is represented graphically in Fig. B.1.

Cauchy’s residue theorem also states that deforming the integration contour doesn’t change the
value of the integral, if the same poles are enclosed by the deformed integration path. Thus, we
deform the contour in Fig. B.la such that the value of the integral in Eq. (B.5) can be determined
easily. The choice of the contour is dependent on the specific Matsubara summation to be evaluated.
In the case of no branch cuts, which is the case for most Matsubara summations in this thesis, a

suitable choice is given by Fig. (B.1)b). In the following, this choice is discussed exemplary. The
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Im Im
A

T

Figure B.1: Schematic overview of how residue theorem can be used to determine the value of
Matsubara frequency sums, similar to Figure 4.2 from chapter 4 of [1]. a) location of the function
poles iw,, on the imaginary axis. b) instead of just integrating along the imaginary axis, the contour
is closed such that residue theorem can be applied.

integration path in Fig. B.1b is separated:

2m%f dz = o (/ f(z dz—k/2 f(z)h(z)dz—/73 f(z)h(z)dz—/ f(z)h(z)dz>

Ya
(B.6)
~5 and -, are half-circles with their radius R going to infinity in order to encircle all Matsubara
frequencies on the imaginary axis. In the limit R — oo, their contribution to the integral Eq.
(B.6) vanishes. This can be seen by inserting the parametrization of a circle into the integral and

evaluating the limit, for example for 74

—B

hm / d¢Rf Rewb)w

_ ; oy B\ _

— [ a0y (ReReO) s ) =0 (@)
V3

Above, limit and integral are exchanged under the assumption that the integral converges, which

will not be proven here. The last equality follows from the domination of the exponential function

in the limit R — oo over any rational function of the radius. Applying this reasoning to the integral

over the other half-circle, its contribution vanishes as well and therefore

2m?§ US = oni / f(2)h(z)dz + / F(2)h(z)dz. (B.8)

Using residue theorem and relating the contour integral back to the original frequency summation,

one obtains

i fliw,) == Y Res(f(2)h(2), 7). (B.9)

poles zg
As the function f(2)h(z) has a finite number of poles z,, we successfully have reduced an infinite
frequency summation to a summation over a finite number of residues, which are computed as

m—1

Res (f(2)h(2), 29) = - lim ((z=2)™ f(2)(2)) (B.10)

(m — 1)! 252, dzm1

with m being the order of the function pole z,.
This concludes the explanations on evaluation of simple types of Matsubara sums. Cases of more

complex frequency sums leading to branch cuts need to be considered individually.
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