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1 Introduction

In the 1950s and 1960s, it was experimentally recognized that completely different systems can behave very simi-
lar in the vicinity of phase transitions. This similarity is quantified by the comparison of system-specific numbers,
so-called “critical exponents”. It is said that two systems are in the same “universality class” if they have (approx-
imately) the same critical exponents.

Since this discovery, people have been investigating this phenomenon and trying to answer the questions:
1. How many universality classes are there?
2. How can we theoretically calculate the critical exponents?
3. Why are the critical exponents of different systems sometimes so similar?

The aim of this master thesis is to determine the critical exponents of a concrete system, which has a topological
phase transition.

Thus, we strive to take a small step towards answering the first question by resorting to concepts (the functional
integral formalism and the functional renormalization group (FRG)), which have been found in the course of time
to answer the second question. The interesting thing about this work is that we address a concept like “universality”
for fermionic systems away from thermodynamic equilibrium (contrary to the already known universality classes).

This thesis is designed in such a way that students of physics, having completed their undergraduate studies and
having had an introduction to the field theory of many-particle systems (roughly within the scope of the book of
A. Altland [1]) will be able to read and understand this work without further literature.

Chapter 2, “Fundamentals”, briefly reviews the topics that are assumed to be known.

Chapter 3, “Physical Concepts and Mathematical Methods”, introduces the tools that go beyond the basic lectures
which are needed for our analysis of the concrete system in the subsequent chapters 4, 5 and 6. In particular,
concepts from the templates [5], [6], [7], [8] are generalized! to arbitrary fermionic systems and processed, so that
one can easily reference and use the results (in later chapters, but also in future work). Furthermore the equivalence
to Wilson’s renormalization scheme is explained.

In chapter 4 a concrete system from [15] is introduced, which has a formal correspondence to a topological insu-
lator. Just like the underlying topological insulator, as it will turn out in the following chapter, this system also has
a phase transition, which we want to investigate.

In chapter 5, for reasons that are difficult to motivate in advance, we will first use seemingly different but mutually
equivalent approximation-schemes from [16] and [17] to determine the self-energy of our system in first order
perturbation theory. Furthermore, the validity of these approximations is investigated a posteriori by contrasting
control results. Correlators of all kinds are computed, the divergent corrections to the “One-Loop-Approximation”
are determined (these are the only corrections that we are really interested in, which will be explained in chapter

'In the templates there is, e.g., always some sort of momentum dependence assumed.



CHAPTER 1. INTRODUCTION

3) and pictographically presented (with Feynman-diagrams) and finally the divergent corrections are subjected to
another “sanity-check” to make sure that we did not miscalculate.

In chapter 6 we will use the remaining tools from chapter 3 for the functional renormalization of the concrete
system to write down and solve flow equations.

Finally, in chapter 7, the key messages of the thesis are summarized.

To make the structure of the thesis more compact and to facilitate readability, computationally intensive proofs
have been moved to the appendix.
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2 Fundamentals

This chapter briefly lists basic terms and concepts from [1] that are assumed to be known and therefore are not
further substantiated or proven.

2.1 Second Quantization and GraBmann-Numbers

Notation 2.1 Let H = span.{|1),|2),...} be a single-particle Hilbert-space with orthonormal basis. The or-
thonormal, antisymmetrized occupation number states of the corresponding fermionic Fock-space 7 = .7 (H)
are then given by

N N
a) |vac.) = Y sen(m) @) lingy)-
g ; ! EEN @ )

with | vac. ) = 1 € C, where the creation- and annihilation-operators {a,, af, a,, a;, ...} obey the CAR (“[C]anonical
[A]nticommutation [R]elations™) .

{a,a;} = {aj',a;} =0, {ai,aj.'} =6

Notation 2.2 In one-to-one-correspondence to the orthonormal basis {|1), |2), ...} one introduces anticommuting
Gramann-numbers {y, ¥, ¥,, ¥,, ...} and coherent states

|y ) = exp (— ZWJ) | vac. ),
(y | = (vac.|exp (—Zaiﬁl).

1

These form an overcomplete set of states according to which one can expand elements of the Fock-space, with the
help of the Berezin-integral:

1=, = [awe ™y )l @

't is also said that a “resolution of the identity” is obtained.
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where

dy =d(y,¥) = [[dwdy, und |wPP=¥-yv=) vy, 2.2)

Remark 2.2.1 It is helpful to note that GraBmann-numbers always implicitly correspond to orthonormal basis
vectors with whose creation- and annihilation-operators they anticommute. In the later application, starting from
aone-dimensional lattice with Wannier-states, we will make a unitary change of basis, corresponding to a change of
the fermionic creation- and annihilation-operators {a,, af, a, a;, ...} tonew fermionic creation- and annihilation-
operators {d,,d I, d,, d; , ... }. These operators then also yield new GraBmann-numbers {&,, El, &, Ez» .o}

Notation 2.3 Let L be a normal ordered operator

i
L= Z L' gl ---a.Taj1 e a.
i<..<iy
J1<2<e e <1 <Jm

with L;‘lj € C (omitting units for notational simplicity). Then we write for the overlap

......

(wIL|y"y=Ly,y'Xwly),

with

— T1yenns i, — —_ / /
L "N = Z L'y wwow oyl
w,y") I AR IR e 7
i|<...<i,
J1<02< e L1 <dpm

Remark 2.3.1 For operators that are not normally ordered, we adopt this notation and implicitly require that
a normal ordering is performed, where the additional terms arising in the normal ordering are included in the
symbol Ly, y").



3 Physical Concepts and Mathematical
Methods

While the previous chapter merely repeated terms and contents that were presupposed to be known, this chapter
introduces physical concepts and mathematical methods, which mostly go beyond the basic lectures and will be
needed in the subsequent analysis of a concrete system.

3.1 Fermionic Open Quantum System

3.1.1 Lindblad-Equation

Microscopic Derivation

One considers a system consisting of a subsystem which one wants to investigate and a bath which interacts with
the subsystem. It is well known from introductory lectures about physics, that the subsystem is described by a

Ba{:k @)Ma)ja> Q/n}cerac’cma with the ..

... Sub sgskem)

SungS‘Eem oaQ intecest (S)_Hs)\]@

Figure 3.1: The picture visualizes the situation.

density pg, which is obtained by “tracing out the bath” which we symbolically denote by

ps = Trgyy p-

After several assumptions, approximations and calculations! one arrives at the Lindblad-equation:

d

ar’s ~ _%[H’ psl + ; Ka <2LaPsLZ - {LZLwPS}) .

ISee, for example, [2] or [3] for a detailed derivation.
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Within this thesis we will only consider systems whose time evolution is dominated by the dissipative part. Fur-
thermore, for notational simplicity, we drop the index S from now on and include the rate «, into the definition of
the quantum jump operators L, which will not generate confusion at any point in the following. This leads to a
simplification of the Lindblad-equation:

d
3P~ 2 2Ll — (L L0} = Z1p]

Remark Such a microscopic derivation is presented in literature as [2] and [3]. The quantum jump operators L,
are then defined by the interaction between subsystem and environment. In the last century, however, symmetry
principles in particular have proven to be very good guides for derivations of equations?. It is exactly this guide
that we will follow in this thesis when we introduce our particular system: We will present a starting situation and
express a rough idea of what the interactions between the subsystem and the bath should be, will require particle
number conservation and dictate the shape of a steady state, and from this we will define quantum jump operators.

3.1.2 From the Lindblad-Equation to Quantum Field Theory

“Quantum field theory (QFT) provides an extremely powerful set of computational methods that have
yet to find any fundamental limitations. It has led to the most fantastic agreement between theo-
retical predictions and experimental data in the history of science. It provides deep and profound
insights into the nature of our universe, and into the nature of other possible self-consistent uni-
verses. On the other hand, the subject is a mess.”

M. D. Schwartz in [4], p. XV

The remainder of this chapter is mainly devoted to the introduction and generalization of methods and tools (that
mostly go beyond the basic lectures) from the various literatures and templates [5] - [12], unifying different con-
cepts and prefactors-conventions into a common notation.

Translation of the Partition Function into a Functional Integral

Theorem 3.1 A Lindblad-equation®

d .
P = 2 2Ll —{LiL,.p} = Zlp] (3.1)

has the formal solution

p(1) = exp| (1 = (). L101] p(1). (3.2)

Proof 3.1 By taking the derivative one immediately sees that it is a solution.

There are numerous examples in physics. The principle of minimal substitution for a Dirac-particle in an electromagnetic field (de-
manding gauge-invariance, see e.g. [13]), the derivation of the Maxwell-equations by symmetry-considerations (demanding Lorentz-
invariance and gauge-invariance of the action, see e.g. [1]), the Ginzburg-Landau-Hamiltonian describing the phase diagram of a
magnet (demanding rotational-invariance of the action, see e.g. [14]) etc...

3Thus, what is meant is a Lindblad-equation relating to a fermionic many-body system with a single-particle Hilbert-space and or-
thonormal basis as in Notation 2.1.

10
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Hypothesis 3.2 As physicists, we are optimistic* about this particular solution; we believe that we can prepare the
system in such a way that exactly this solution will be realized in an experiment. Accordingly, we also hope that
this solution will coincide in the limit of “long times” with an exact solution of an stationary Lindblad-equation,
which we give later in eq. (4.9) for the concrete system that we study in this thesis.

Remark Due to the linearity and cyclicity of the trace, we get for the partition function

d d d
4z, =, =Tr o =0,
Gl T g re=Trg =Tl

therefore Z = const. After proper normalization of p one obtains

Z =1.

Now we follow the strategy in [9] to convert the partition function of the system, by means of a Suzuki-Trotter-
decomposition, into a functional integral.

Theorem 3.3 In the functional integral formalism the partition function, corresponding to the formal solution of
the Lindblad-equation, assumes in continuum-notation the form

Claim _ wiolpol —w_p) —
Z="Trp(ty) = J@(w,w) 2 exp — Sy .
<W+,o| - W_,()>
where
—Sly.wl=|dt|0,y¥,) w,+w_-ow_+ ) 2L, LT —((L'L), +(LIL,)) (3.3)
ll/’llj tll/"' W+ W tll/ a,+ o,— a —a’/+ a o

and the other symbols will be introduced and explained in the course of the text.
To prove this, we divide (‘“and conquer’) the problem.

Lemma 3.4 With the notation ¢t = t; = t,, where ¢, = nAt +1t;, At = (t;, — t,)/N and p(t,) = p, one concludes for
the partition function

Claim _
Z =Tr p(ty) = dei,N (wonlonl —w_yye™n,

where the notations

—Sy _(|W+,N|2+|W_,N|2_W_,N'W+,N),

J dy, v = J dy, ydy_y = J dy, v dy, v dw_ ydy_

are introduced.

4This optimism for this particular solutions of differential equations is not far-fetched; e.g. the separation approach which leads to the
time-independent Schrodinger-equation captures only one “sort” of solutions which however can describe the real world very well,
as has been confirmed by many examples (the most prominent one is probably the orbital model in atomic physics).

11
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Proof 3.4 See Appendix, Proofs, page 63.
To prove the above theorem we need one more lemma:

Lemma 3.5 Forn € {0, ..., N — 1} one obtains with the Lindblad-equation

<W+,n+l Ipn+l| - lIU—,n+l> = J' dWi,n <ll/+,n|pn| - W—,n) e_AtS[n’nH] + O(Atz)’

where

Vil —Wyn — lrl/—,n+l - W—,n

—AL Sy 41 = A (T R e o A7 + X(Wi,nﬂ»v/i,n)) ,

and

LW i1 W) = Z 2L, (W i1 ll/+,n)Lj;(_W—,n’ W) ((LZ,La)(WhnH W)+ (LlLa)(_W—,n’ _W—,n+1)) .

Proof 3.5 See Appendix, Proofs, page 64.

Proof of Theorem 3.3. We merge the intermediate results and exchange the matrix element (y, y|pn| — W_ y)
by successively adding further auxiliary integrals according to Lemma 3.5 for a matrix element of p, = p(f,):

Z = Trp(t)

-
Lemma 3.4 Sy

= dllfi,N <W+,N|PN| _W_,N>e_

N
Lemma 3.5 —A1 Sy

= | dyey Ay yo (Wenoilonvoil —wonoi)e N e TSN+ O(AFR)

Lemma3.5 [

= Ay, NAW, v 1AWy (W noal ol = W ) @78 Sinanng T8 Sivaime ZSv 1 O(AF)

<W+ Olpol —yY_ 0> —<50+A’ [S[0,1J+"'+S[N—1,NJ] +SN> 2
= d d e d - ’ O(Ar).
J' Van W Y0 (Wiol —w_p) +OA0)
M N-2 ks N”'
ycto) Jvct) Jvct) f(tN_Z yu;,H Bty ) = u-,$) >

Figure 3.2: Schematic visualization for the functional integral construction; The matrix element (y, x|ponx|—W_ y)
is successively replaced with the matrix element (., o|p,| — w_ ) by inclusion of auxiliary integrals.

12
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In the limit N — oo we introduce the continuum-notation® for the action

|
5
&

1 — —
|:ll/+,l’l+1 - lI/+,n W—,n+1 - W—,n

=Sly, vl = At Wit W—,n ) At + "%(Wi,n+l’ Wi,n)]

+ V—,N YN T (W+,N YNt W—,N Yoyt W+,O : W—,O)

Iy
J dr [(a,m) W+ W0+ Y 2L, Ll = ((LIL,), +(LIL,)_) ]

t; a

withy, , = y.(t,) = y,, etc. The continuum-notation is also introduced for the integration measure

lim J' dwi,Ndwi,N—l dll/i,o = J Dy, y),

N—->oo

and thus we obtain the desired result.

Remark If one remembers® that expressions like y_ - 0,_ are actually to be understood as scalar products then
one can, referring to an orthonormal basis of a single-particle Hilbert-space, express e.g. the time-derivatives in
the action as

1 I
j cW_-a,w_EJ d7_(0) - 0,y_(0)

t

t

=[ X7 v 0

i

= ;E Y00,y ).

5!

Corollary 3.6 Looking at the action in eq. (3.3) reveals that some cancellation schemes apply for certain modifi-
cations.

e For quantum jump operators L, that contain only monomials that are linear in creation- and annihilation-
operators it follows that equalling the indices (+, —) + (+, +) truncates the quadratic sector of the action.

e For quantum jump operators L, that contain only monomials that are guadratic in creation- and annihilation-
operators it follows that equalling the indices (+, —) + (4, +) truncates the quartic sector of the action.

Proof 3.6 See Appendix, Proofs, page 65.

Remark 3.6.1 This observation can also be regarded as a “sanity-check” in order to assess whether certain results
are physically meaningful.

SFor scalar field theories (real-valued integration variables) and bosonic systems (complex-valued integration variables) it can heuris-
tically be explained why the transition to the integral often makes sense. (Keywords: “saddle point approximation” and / or “random
phase cancellations”). For fermionic systems this notation is purely formal as there is no metric for Gramann-numbers. Neverthe-
less, the charm of the continuum-notation has prevailed also for fermionic systems and this has its reasons: With this notation and
the Fourier-transform, one obtains a standard-procedure with which one can simplify and approximate the formal derivatives in the
action. The continuum-notation also has weaknesses, which we do not discuss further here. Words of warning about this notation
can be found, for example, in [1], [5], [18], [19].

6Cf. Notation 2.2 or [1], p. 166-167.

13
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Hypothesis 3.7 In the limit of “long times” the expectation values of the system should not depend on the initial
state. We therefore approximate

<ll/+,o|ﬂ0| - W_,o> ~ 1
(Wyol —w_o) '

Remark 3.7.1 (without proof): In the special case
pe=0)= 3 piln )]
where
Zp,:l and  |n,) €N =FH),

one can mathematically support the above hypothesis for the concrete system, which we consider from chapter 4
on: With the Wick-theorem one obtains expectation values which are consistent with the above approximation,
except for disturbance terms which are exponentially damped.

Lindbladian Occupation Number Expectation Values as Correlators

Some standard expectation values are those that link the occupation numbers to the correlators.

Corollary 3.8 For [N — N| < 1 it follows

<W+,NW—,N> = _<aTa>’

<W—,NW+,N> =1- <aTa>,
W) = Iy (1= (@) + Ty - ((a'a)),

W) = Ty (1= (0') + 1+ (@)

Proof 3.8 The crux to derive the given identities is to perform the first step in the transition to the functional
integral carefully and in different ways, to use the basic properties of coherent states and the cyclicity of the trace.
Thus, the proof of Lemma 3.4 serves as an important pattern to find these identities. The concrete calculations are
carried out in Appendix, Proofs, page 65.

Remark 3.8.1 For actions which are quadratic in GraBmann-fields, the above expressions can be generalized for
arbitrary two point functions.’

7See, for example, Theorem 5.10 or [18].

14
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3.2 Fermionic Effective Action

3.2.1 Introduction

We consider a general® partition function Z in the functional integral formalism

Zlj,jl= J Py, y)exp <—S[W,W] + %EGW + Wj)> ; 3.4

with fermionic integration variables y (e), y(e), external GraBmann-valued sources j(e), 7(-) and schematic nota-
tion.

Notation 3.9 We write for the (in the context of this thesis relevant) functional derivatives of a functional F with
GraBmann-valued arguments (again in schematic notation)

Flp+A¢p+A] = Fl¢, $]

A

+ $<5¢ (¢, 1, — > [¢¢]> <A>
l$$<é> WF[Cb ¢] 5¢5¢ F(¢, (15] <é>
2! A Z_Fl¢, ] Fl¢, $] A

5p 6 5¢5¢
—1
+(9<A3,A2A AXNA )

Remark 3.9.1 When it comes to functional derivatives with Gramann-valued variables one must be very careful
if one wants to keep all signs error free: One sees, for example, that in the above expansion the simple functional
derivatives are to be understood as “derivatives from the right”, while in the case of the double functional deriva-
tives one derivative is to be taken “from the left”, while the other is to be taken “from the right”. It’s also convenient
to let (simple and double) functional derivatives act “from the left”. This is then marked by a corresponding arrow
(see below). More identities regarding these subtleties can be found in Lemma 3.20.

Notation 3.10 We write for the analog of Helmholtz free energy in the canonical ensemble’

Wlj.jl = ~log Zlj. j] (3.5)
and for the expectation values
Plo, ), J1 = =2 = (W(o)),5 = ——WIj, ]
0j(e) 0j(*)
— _ 5 - 5 —
. j,j — W o)) - = ——WTIj,jl
Ple.j 1= ++ I . 1= W ();; 50 [, j]

in general

Remark 3.10.1 For j, j # 0 it follows ¢, q’; # 0.

81. e. not necessarily the one from the previous subsection
°In the literature [5], [11] this quantity is known as “generating functional for connected correlation functions”. In the following we
will simply call this quantity “free energy”.

15
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Notation 3.11 With the issumption that the mapping (j ,J) — (¢, E) is invertible, and with suppression of the
dependencies j = j[e, ¢, ¢], we write the fermionic effective action (being the analog of the Gibbs-potential) as a
Legendre-transformation of W

Tlp, ) = Wj,jl+ qﬁ(}p + ¢)). (3.6)

Remark 3.11.1 One immediately concludes that

e Bl = =2 T1. 8] =——2T¢. ),
55(s) 5p()

_ _ g _ S _

ilo, b, §] = ——2—Th, p] = +—=T, BI.

fle. .81 = =52 5T16.9) = +52=T(6.9)

Proof 3.11.1 See Appendix, Proofs, page 69.

Notation 3.12 Under the assumption that the functional I" admits a series expansion, and after one has established
an order relation!? for the generalized indices, one writes

M. ¢l= Y e, VG Xy Ve, VB - B, ), ()
n,;no=0 Vi <V <<y <y (37)
1 — —
- Z n!'m! %E wey, Vi X Yy 35 ) G0 ) - 0 )y ) -+ 6(y;,)
nm=0 """y Y Y Y
with complex-valued coefficients ;/(xi1 sees X5 Vi Y ) € C, such that

r(x
for (x,0) €S, XS,,.

Xy Y e ng(m)) = sgn(x) sgn(o) y(X; ..., X; . ¥; - Y; )

l m

Iy’ ** i 2(n)

Remark 3.12.1 Usually, double counting is avoided for discrete indices, while it is allowed for continuous indices.
Also, oftentimes the prefactors (n!m!)~! are included in the vertex-functions. The concrete definition of the vertex-
functions usually becomes clear in the respective context. Here a concrete choice of these different prefactor
conventions is presented in order to be able to draw important conclusions in the following sections (which are
also valid for any other choice of prefactor convention).

Remark 3.12.2 The vertex-function y(x,, x,, ¥, ¥,) is also known as the effective interaction. It describes the true
interaction between two particles in the many-body system [12].

10To avoid double counting.

16
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3.2.2 Conclusions with Symmetry Transformations

In this section we will see how symmetry considerations will constrain the shape of the coefficients y.

Definition 3.13 We call an invertible linear mapping M (with complex conjugate ‘M) between GraBmann-fields

w(x) — (M - y)(x) zj: M) w(©),  wx)— (M- y)(x) zj: M(x, ) w()
y y

a symmetry transformation if both, the integration measure and the action remain unchanged under the action of
the mapping M (and M):

D, w)=P(M -w,M-y) and Sly,yl=SIM- -y,M- -] (3.8)

Remark 3.13.1 The set of all symmetry transformations, equipped with composition as binary-operation, is a
group. For each action and integration measure one refers to this group as the “symmetry group” of the problem
[12].

Lemma 3.14 For a symmetry transformation M one has

— —T —
Wij.jl=WIM -j,M"-jl. (3.9)
implying the equations
—T T = -1 .
d)[.’M .]aM .]]:(M 'd))[.’.]’.]],
— —T

BleM - j M- T =M - Pl

Proof 3.14 See Appendix, Proofs, page 69.
Theorem 3.15 With the above preparations one obtains for a symmetry transformation M the equation
— _1 -1 =
g, ¢l =T[M""-$,M - ¢]. (3.10)
Proof 3.15 See Appendix, Proofs, page 70.

Remark 3.15.1 Thus, by equation (3.10) we obtain for each symmetry transformation M (respectively its inverse
M~1), by comparing coefficients in eq. (3.7), restricting conditions for the vertex-functions:
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n m
YXi s eees Xy 3 Y5 V) ) = %E oy (H M(xl.l,)“cil)) (H M(yj,,f’j,)) Y& X, V0 ;)
1=1 =1

Vi Yjgsee Yime1Vim

The shape of the coefficients is therefore dictated by the symmetries of the underlying physical system. This
realization will simplify concrete calculations later.

Remark 3.15.2 The above results can be memorized by the following sentence from [5]:

The effective action I shares all the symmetries of the action S.
Remark 3.15.3 Equation (3.9) gives analogous results for the free energy W'.

Remark 3.15.4 The figure summarizes the results pictographically.

Syrl=5[Mu, M-2] A C o rsT T N T _ PNV bY
@(z,z):@m-aﬂz)} WL TI=WIMY M1 TIH,61 = PIM M)

Figure 3.3: Summary for Symmetry Transformations.

3.2.3 The One-Loop-Approximation

Approximation 3.16 In the so-called Tree-Level-Approximation, one obtains for the fermionic effective action

T, ¢l ~ Sip, Pl (3.11)

Proof 3.16 See Appendix, Proofs, page 70.

Remark 3.16.1 This approximation is usually depicted with Feynman-diagrams as in the figure, where the self-
energy X is defined by the Dyson-equation

G'=:Gy'+2

as usual'l,

TRegarding the self-energy, we follow the sign-convention from [7]; In [12] there is the opposite sign-convention.

18
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Tree—Level

r 0,

C

Tree—Level

n_

Figure 3.4: Feynman-Diagrams (schematically) for the Tree-Level-Approximation.

Corollary 3.17 Within the Tree-Level-Approximation, equations (3.6) and (3.11) can be combined, which gives

O S p1=7 and LS9 = ). (3.12)
o¢ 8¢

Proof 3.17 Follows immediately from the approximation and Remark 3.11.1.

Approximation 3.18 In the so-called One-Loop-Approximation, one obtains for the fermionic effective action

Tlg, ¢l ~ Slh, pl - 5 Trl g(w 9] 5¢5¢ 1o ¢]> (3.13)
5250 S($, 5¢5¢ S, @]
where
< 514, ¢]> = < 51, ¢]) ()= —S[3. Pl et
oo o o9 6p(x) 6¢(y)
Proof 3.18 See Appendix, Proofs, page 72.
Notation 3.19 From now on we consider the special case!?
S[W’ W] = SO[IIJ, W] + Sint[llla W]a (314)

with inverse propagator G 1= Gy !(x, ) in the action

121t is exactly this case which we will encounter in the later application; many problems of physical relevance are of this type, such as
electrons in a box with periodic boundary conditions with Coulomb-interaction, or with local, attractive interaction (BCS-theory)

[1].
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Solw, w] = # v(x) Gy (x, ) w ()

X,y

and lastly we assume that the interaction .S, possesses an U(1)-invariance.

Lemma 3.20 For actions of the type in Notation 3.19 the following identities hold

5 B 5° B 52
Sw(x)ow(x,)  SW(x)dw(xy)  Sw(x,)éw(x,)

(3.15)

Proof 3.20 See Appendix, Proofs, page 72.

Approximation 3.21 Expanding the r.h.s. of eq. (3.13) up to quartic order in the GraBmann-fields and neglecting
higher order terms yields

_ _ - 2 _
M9l ~ S6.F -  T|Gy 28,03
- oo
- Loy 'GO-%SM,E]-GT-é—zS-t[¢,$]] (3.16)
2 U7 spep O spop " '
1 - 52 _ 52 _
+ 3 TGy 25,0681 Gy —— 5,16, 9]
- opog oo

Proof 3.21 See Appendix, Proofs, page 73.

Remark 3.21.1 This approximation is usually depicted with Feynman-diagrams as in the figure. The corrections
to the Tree-Level contribution of the effective interaction y(x,, x,, x5, x,) are the particle-particle- and particle-
hole-diagrams respectively.

OM—LOOP
>y - O — —>Q>—

N/

OM;—LOOP
_ I + a
_/ 2 ¥

Figure 3.5: Feynman-Diagrams (schematically) for the One-Loop-Approximation.
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3.3 Fermionic Functional Renormalization

3.3.1 Functional Differential Equation for the Free Energy

The starting point is the special case in Notation 3.19. First, we modify our inverse propagator in such a way that
we implement a dependence on a parameter A € [0, o0):

Gy'(x,3) = G5 = Gy = G\ (x ), (3.17)

where we choose the A-dependence such that

_ G '(x,y) firA—0
1 _ 0 ’
G, \(x,y) = { oo fir A > oo (3.18)

is satisfied. The philosophy of this scheme will be explained in section 3.4.1. This dependence will be inherited by
all quantities of the last sections in an obvious way, which will be implemented in the notation (also in an obvious

way).

Lemma 3.22 Using the so-called “source-trick” from [12], one obtains the following identity for the free energy:

(Zwy)uT1=Te 0,6 - w31 | - § (iwuﬂ (0,652, ) o) (=Wl
2N T sge ey 800 T RO GGy

Proof 3.22 See Appendix, Proofs, page 75.

Remark 3.22.1 For reasons that are explained at length in the literature [7], [12], [20] this is not the flow equation
that we seek to work with.

Remark 3.22.2 For later uses we mention the trivial identity

0 . Ty a/\Z/\ . T
—(a—AWA)U,J]—< 2 )[J,J].

3.3.2 Functional Differential Equation for the Effective Action

This section is dedicated to the derivation of the Wetterich-equation.

Lemma 3.23 On the domain and image which guarantee the invertibility of the mapping (j,j) +— (¢, @) one
obtains the inverse rule

2 . T 2 N ! 52 - 8? -
“Walidl EWA (Tl gEhile el
55 Wali 1 Wi J] s ald @l 2=T(9. ¢l

8j6) C6jo)

21



CHAPTER 3. PHYSICAL CONCEPTS AND MATHEMATICAL METHODS

Proof 3.23 This identity follows immediately from the chain rule, the equations in Notation 3.10 and Remark
3.11.1. The concrete computations are carried out in Appendix, Proofs, page 76.

Theorem 3.24 The Wetterich-equation for the fermionic effective action reads

aAGO‘}A 0
- 1 0 _aAGO_’/r\ - 1
ONT\b.d] = STl | + j: $(x)0,Gy (.9 (). (3.19)
<@FA[¢,¢] WFAM),(/)])
52 - 52 -
a0, 0] =T 1[$.¢]

Proof 3.24 See Appendix, Proofs, page 77.

Remark 3.24.1 The quotient of two operators is well-defined here, although we do not necessarily have commuting
operators, because the trace is cyclic.

Remark 3.24.2 In [6], it is shown how this equation is equivalent to the standard form of the Wetterich-equation
from [21], by introducing the so-called “Wetterich-Legendre-Transformation” FXVe [12].

Notation 3.25 For notational simplicity we introduce the following abbreviations

& =7 8 @
. 62FA[¢’ a] = (5%;§¢FA[¢’ f] 5%55551_‘/\[(1)’ f]) )
sosgt al®: 01 =T (9, &
<G = 6°T,[0,0],
V[l = &T,[0,0] — 8T ,[o, Bl.
-1 — aAG_,l 0
*Gia - < 00 i —0AG(;/T\> ’
e S\(x,y) = <GA . OAG(;II\ . GA> (x, ),
S 0
s, = ( s —Sf) |

Remark 3.25.1 The quantity .S, is also known as “single-scale propagator” [12]. In Remark 3.32.1 it will become
clear why.

Theorem 3.26 With the above abbreviations, the fermionic Wetterich-equation can be further simplified to
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|
=

AN (65" 0.6, 1)
Tr (S, V,) + $ B(x) 9,G, '\ (x, y) p(y)
X,y

Tr (S, Vy - Gy V) (520

N = DN = N =

Tr (S, Va-Gy-V, -G, V,)

Proof 3.26 See Appendix, Proofs, page 78.

Remark 3.26.1 At this point we notice why the sign convention of V, in Notation 3.25 is reasonable, although
defying the convention: In the Wetterich-equation, this gives us an infinite sum without alternating sign.

Remark 3.26.2 In the next section we will express the individual terms by Feynman-diagrams.

The above equation represents an infinite system of coupled integro-differential equations. As will be explained
in section 3.4.1, we are particularly interested in the vertex-functions corresponding to the two-point- and four-
point-correlators. A common approach is the following simplificiation.

Approximation 3.27 In a level-2 truncation'?® one neglects all terms above the quadratic order in the interaction
V,. Thus one arrives at the approximation

oT\[hdl ~  —Tr <GA‘1 .aAGOle>

Tr (S,-Vy) + j: B(x)0,G; '\ (x, ) b(y) 3.21)
X,y

N= N =

Tr (S, Vo Gy V,).

Fact 3.28 To apply this formalism now to concrete problems'* we need two things:
1. A concrete shape of the regulator in eq. (3.17).

2. An approximation / ansatz' to the effective action T',,.

Remark 3.28.1 The most general ansatz for the effective action I',, is obtained by eq. (3.7). At least for non-trivial
systems, it is obvious that this approach inevitably leads to a giant combinatorial puzzle. It is also said in [7], p.
10 (with references to this thesis [...] inserted for better understanding):

13More generally, for n € N, one can introduce a level-n truncation [6].

141 e. actions of the shape in eq. (3.14)

15There are at least two common ansatzes for the effective action; The first one is a so-called “derivative expansion” [12], also known as
“gradient expansion” [10] whereas the other common ansatz (which we will focus on in this thesis) is a so-called “vertex expansion”
[12].
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“Unfortunately, the direct solution of the functional flow equation [eq. (3.21)] is only possible for a
very small number of systems. However, in practice, one is primarily interested in a few number
of 1PI vertex functions. It is therefore convenient to expand both sides of [eq. (3.21)] in powers
of the fields, and calculate the flow only for certain coefficients.”

To reduce the number of vertex functions in the most general ansatz in eq. (3.7) to a “small number”, one usually
exploits the fact that the effective action has the same symmetries as the action itself'®. One can then do the
followings things:

e One can either stare at the action of the concrete problem and conclude by symmetry considerations, anal-
ogous to the calculations in [7], to what extent the shape of the vertices can be restricted,

e or one can start from a Tree-Level- or One-Loop-Approximation to make an ansatz for the effective action.

The advantage of the latter procedure, which we will use in this thesis, is that one does not have to bother with the
details of symmetry transformations and the underlying Lie-groups and Lie-algebras: The non-vanishing vertex-

functions in the Approximation(s) 3.16, 3.18 satisfy the required symmetry properties by construction'”.

Another common strategy, that we will also make use of, is to classify the appearing terms on the r.h.s. of the flow
equations (3.21) by their magnitude [6].

Hypothesis 3.29 The only vertex-functions that govern the macroscopic behaviour of the system'8, are those, that
flow under the influence of terms, that diverge in the limit A — 0 (assuming their existence).

Remark 3.29.1 Building on the analogy to Wilson’s RG-procedure'® one also realizes, that diverging terms not
only govern the contributions to the effective action (with decreasing A) but as one follows the flow, most of the
other terms also drop out due to their “scaling dimension”?°! Thus it is also said in [12], p. 78-79

“Microscopic lattice models are usually characterized by infinitely many coupling constants with
negative scaling dimensions, implying the existence of infinitely many irrelevant scaling variables.
(...) As the RG is iterated there is an enormous reduction of the dimensionality of the coupling
space and all irrelevant terms drop out. The leading singular behavior of physical observables is
controlled by a small number of relevant (and marginally relevant) couplings.”

where we will introduce the word “marginal” in section 3.3.4.

16Cf. Remark 3.15.2

17The proof of this statement for the ansatz by the One-Loop-Approximation is not carried out in this thesis; We content ourselves, for
reasons that will become clear later, with an approach by the Tree-Level-Approximation which, according to Theorem 3.15 satisfies
all the required symmetry properties.

18 As will be elaborated in section 3.4.1: The vertex-functions correspond to correlators, which are known to form the bridge between
theory and experiment.

19This will be elaborated in section 3.4.2.

20This will be introduced in Chapter 6.
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3.3.3 An Example for Flow Equations

Theorem 3.30 One can establish a correspondence between eq. (3.16) and eq. (3.21) if one wisely chooses the
regulator and the approximation / ansatz for the effective action.

The proof of this theorem is embedded in the text of this subsection, and ends with Remark 3.33.1.

Choice 1: Regulator

In eq. (3.17) we choose

Gy'\(x.y) = (Mat[6, ] G,) (%, y)

where Mat[6, ] (x, y) denotes a diagonal, regularized?! Heaviside-matrix

Mat[0, [ (x,y) 1= 6(x =) 0. (f(x) = A), (3.22)

with ...

o(x — y) being a product of a Kronecker-delta and a Dirac-delta for the discrete and continuous part of
the generalized indices,

a “usual” regularized Heaviside-function 6.(s — A) = 0, () with step-position A,

a regularization-parameter € > 0,

a system specific, bounded function f(x) > 0.

A

#(x)
Figure 3.6: Schematically: The graph of the functions

J) = 0.(f(x) = A),
JG) = 10,0.(f(x) = M)

21 A sharp cutoff sometimes leads to technical complications, like performing an integral involving a Heaviside- and a Dirac-function.
It is a prime example of non-commuting limits in physics. However, a regularized step-function is in many cases still much easier to
work with than other choices. For notational simplicity it is also usual to neglect the e-dependence for most of the time and to just
bring it up, when one needs it [12].
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Choice 2: Approximation / Ansatz for the Effective Action

For the effective action we choose the following ansatz

nsatz

g 81 R c(A) + Ty Al 1 + Ty 1[5, 1
where ...
e ¢(A) =-— J dA Tr <G/;1 . aAG(;L\> is a formal constant?2,
o Ty Al @] = j: () Gy '\ (x, ) p(),
X,y

o Ty alh, b1 = j: YAZ0s e 20) P(2)D(22)p(23) (),
(z15...,24)EL

el = {(zl,...,z4) | yTree(zl,...,z4);éO}

and initial conditions
| R O R (3.23)

Remark 3.30.1 This is a similar ansatz as in [6], page 41: The self-energy-feedback is being neglected, but on
the other hand we keep the structure of the interaction from the bare action, and include a A-dependence of the
vertex-functions. A similar strategy was used in [12] p. 229-232 and [10], p. 312.

Corollary 3.31 These two choices satisfy all the requirements demanded by Theorem 3.15 and eq. (3.18).
Proof 3.31 See Appendix, Proofs, page 79.

Corollary 3.32 With the above choices one obtains the identities

® GO’A(-X9 Y) = (Mat[e/\’g] . G()) (x’ Y),
« S\(x,y) & (Mat[s,,]- Gy) (x,y) = —0,G, A(x, ),
« G ~G, .

where 6, (¢) = 6.(» — A) = —0,0.(» — A) denotes a regularized Dirac-delta.
Proof 3.32 See Appendix, Proofs, page 80.

Remark 3.32.1 With the appearance of the regularized Dirac-delta 6, . in S, one immediately grasps the name
“single-scale propagator” introduced in remark 3.25.1.

22The term c(A) corresponds to the term in eq. (3.21) that is constant in the fields.
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Theorem 3.33 For the third summand on the r.h.s. in the simplified flow equation (eq. (3.21)) one has

2 _ 2 —
ST (S Yy Ga Va) & =T [00Gyn =T a6 B1 Gy 2T A3
5¢ 6 6 (3.24)
2 _ 2 _ '
+Tr [aAGO,A : —6—Fint,A[¢’ d1-Gy A - —6—Fim,A[¢’ @]
o 69 o 6¢

Proof 3.33 See Appendix, Proofs, page 80.

Remark 3.33.1 By direct comparison with eq. (3.16) one sees the striking correspondence to contributions of the
effective interaction in the One-Loop-Approximation. This also becomes clear, when we draw the corresponding
Feynman-diagrams, denoting the derivative of a propagator by a slashed line: One immediately recognizes the
typical particle-particle- and particle-hole-diagrams.

d Level-2—trunc.
N_/ _

//
dA ~~ \\

Figure 3.7: Feynman-Diagrams (schematically) for the flow-equations within the level-2-truncation with the above
choices for regulator and effective action.

Remark 3.33.2 In [5] it is also pointed out, how one can reproduce from this equation the One-Loop-Approximation
by approximating the effective interaction and integrating the resulting equation. This also recovers the factors of
1/2ineq. (3.16) and the diagrammatic language of Remark 3.21.1: Precisely this factor is produced by integrating
the expressions of the type “0,G, - G, ---” to expressions of the type “G, --- G, ---” and using properties like
cyclicity of the trace, invariance under transposition etc.

Remark 3.33.3 It is reasonable to note that we used different sets of identities to arrive at the respective equations:
For the One-Loop-approximation in eq. (3.16), we performed a trace-log-expansion up to second order in the
interaction. For the level-2-truncation leading to eq. (3.24) we used the Neumann-series and truncated the expan-
sion after the second order in the interaction. Different techniques yielding equivalent sets of equations obviously
indicate their correctness.
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3.3.4 Universality
Canonical Scaling Analysis
In order to introduce critical exponents, which are quantities of interest when it comes to phase transitions, one

has to introduce dimension/ess vertex-functions, as elaborated in [6], [8] and [12].

Fact 3.34 Since the action in notation 3.19
Sly,w] = %E v(x) G (X, )W) + S lw, vl
X,y

must be dimensionless??, it is evident that the fields v,y and the inverse propagator G, ! possess a dimension that
compensate dimensions from the possible integration measures in the action. Therefore, with Notation 3.10 and
the series expansion in eq. (3.7) it is evident** that the vertex functions

y(le’ 9x,'n9yjl9 me)
and fields ¢, 5 must carry a dimension.

Remark 3.34.1 The common way of introducing dimensionless vertex-functions is by dividing the vertex-functions
from the series expansion in eq. (3.7) by a suitable power of A from eq. (3.22).

Remark 3.34.2 We will elaborate this “rescaling”-process for the specific problem at hand in section 6.2.1. A
general treatment would go beyond the scope of this thesis.

p-Functions and Critical Exponents

Notation 3.35 We choose an enumeration® of the dimensionless vertex-functions in eq. (3.7) and notate them
with the common symbol {g,, g5, g5, ...} as “couplings”, suppressing the A-dependence g, = g.(A).

Remark 3.35.1 Referring to the vertex-functions as couplings happens in close analogy to Wilson’s RG-scheme,
which will be established later in section 3.4.2.

Remark 3.35.2 The couplings are classified as “relevant”, “marginal” and “irrelevant” if their magnitude increases,
stays fixed or decreases respectively, upon lowering the scale A [10]. One of these cases will happen for sure since
we divide the vertex-functions by a suitable power of A as outlined above, giving at least one flowing contribution
from the canonical dimension of the coupling, also called engineering dimension [12].

23This simply follows from the fact that the partition function in eq. (3.4) otherwise is not a number.
24Since the effective action is the Legendre-transformation of the free energy, which is (in our prefactors-convention) simply a number.
25For continuous indices, we pick a suitable discretization as in [23].
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Definition 3.36 We define the f-functions

B> Br: B3, -

from the template [8] with the flow equations as

Bi(815 825835 ---) 1= 0,8

where the r. h. s. is to be understood with the flow-eq. (3.21) and the equation relating dimensionless and
dimensional couplings to each other.

Remark 3.36.1 Thus, the f-functions are vector fields that formalize the functional renormalization group flow.

Definition 3.37 By a fixed point of the renormalization group flow we mean a configuration (g7, g5, &3, ---) such
that for all i € {1,2,3, ...} the equation

ﬁ,(gik,g;,g;, ) = 0

1s satisfied.

Remark 3.37.1 One calls a fixed point (g}, g5, &5, ---) Gaussian if

2 lg1=0,

and non-Gaussian if
2 lg1>0.

After one has found a fixed point, one considers the linearized flow in the vicinity of the fixed point. Introducing
the abbreviations g = (g;, &, &3, ---), etc. then gives

ap.
pG-gr=y <£) @)@ -8)+ OG- &)

J J

Notation 3.38 The matrix B = B, ; defined by

B.. = ——
i (agj> &)

is called stability-matrix. It’s eigenvalues are the critical exponents.
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Remark 3.38.1 Quoting from [12], p. 11 emphasizes the importance of these quantities:

“It turns out that the numerical values of the critical exponents are not simply given by rational
numbers as one might have expected (...) Moreover, the exponents are universal in the sense that
entire classes of materials consisting of very different microscopic constituents can have the same
exponents. (...) All materials can thus be divided into universality classes, which are characterized
by the same critical exponents.”

and also noted on p. 75 of the same book

“One of the most fundamental insights provided by the RG is the connection between critical expo-
nents and the local behavior of the RG flow in the vicinity of a given RG fixed point.”

Further, to summarize our mathematical tools in this context, the functional renormalization group provides a
systematic method for explicitly calculating critical exponents and therefore determining universality classes.

3.4 Comments

3.4.1 On the Scheme

As physicists, we are interested in making predictions that can be verified experimentally. As pointed out in
[1] correlation functions, in particular two-point- and four-point-correlators, form the bridge between theory and
experiment. For actions involving polynomial expressions in the fields with cubic or higher order these correlation
functions usually cannot be calculated in closed form.

But just as in classical mechanics where there are several possibilities? to determine trajectories, there are also sev-
eral possibilities to calculate correlation functions for non-trivial systems in quantum field theory (within certain
approximations):

e If one works with the partition function in eq. (3.4), then one can approximate the correlation functions by
expanding the integrand within the functional integral in its interaction.?’

e If one works with the free energy in eq. (3.5), then one can consider derivatives of it to determine physical
observables.?

e If one works with the effective action in eq. (3.6), then one can arrive at approximated expressions for the
vertex-functions by the One-Loop-Approximation.?

After we used the Wetterich-equation (3.20) to replace the problem
“Solving non-Gauflian functional integrals.”
by the problem
“Solving an infinitely large system of functional integro-differential equations.”

we have other possibilities (i.e. approximation schemes). For instance the choices in section 3.3.3 are just one of
a lot of other choices, leading to other flow equations which might describe the physics of the problem properly.

26F, g. The Newtonian force-ansatz, Lagrangian-formalism, Hamiltonian-formalism, Hamilton-Jacobi-formalism.

27This procedure was used, for instance in [1] at the example of the Ising-model.

28This was done, for instance, in [1] at the example of an electron-gas with Coulomb-interaction (in the grand canonical ensemble) to
determine the expectation value of the particle number within the so-called “Random-Phase-Approximation” of the free energy.

21t is a standard fact (see e.g. [11]) that the correlation-functions can be determined with knowledge of the vertex-functions. This
approximation was used, for example in [5] on the example of the weakly, locally and attractively interacting Bose-gas (in the grand
canonical ensemble).
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3.4.2 On (Functional) Renormalization

The term “renormalization” refers to several similar but in detail mostly different techniques that are typically
applied to systems performing a second order phase transition. The idea is to map the original, “non-renormalized”
system according to a well-defined rule to a so-called “renormalized” system by changing the scale. Oftentimes
the renormalized system is simpler then.

However, in [14], p. 45 it is also said

“Yet the method, known as the Renormalization Group, is not exact nor completely controlled. In-
stead, it should be regarded as largely conceptual - i.e. its application, which relies fundamentally
only on scaling, can be tailored to the particular application at hand.”

The functional renormalization (also known as FRG) that we are concerned with in this thesis corresponds to one
branch of RG-techniques, which are analogous to Wilson’s successive mode-elimination scheme [12].

More precisely, in Wilson’s RG-procedure (exemplified, for instance, by the Ginzburg-Landau-action as one en-
counters it in [5]) in each RG-step the coupling constants*’ are mapped to new, renormalized coupling constants.
The effect is scale invariant under a RG-step if one has found a fixed point of the couplings. With such a fixed
point neither couplings, and therefore, nor correlators change under a RG-step. In particular two-point and four-
point-correlators do not change. These two-point- and four-point-correlators correspond to the numerical values
of the vertex-functions in the series expansion of the effective action in eq. (3.7).

Thus, if we introduce a discretization for the interval

[ee]

[0,00) = |_JIA;, A},

J=0

then we obtain a discretized form of the Wetterich-equation

_ 1 A\Gy _ B
ML FI AT ) 1 E G0 4,6y () 60)
o IN[ON) Xy
-1 -1
1 Go,/\j+1 - Go,/\j — - -1
— STy =5 Tr[— L <G0’Av+l _ GO,A) x, ) ()
5T, 6.9 | To ! !

and we get again “small” FRG-steps for the vertex-functions (which is analogous to Wilson’s procedure with the
above considerations).’!

30There, the couplings correspond to the prefactors of all the field-terms in the action.
31Building on this analogy for actions that are expressed in momentum space: A specific value of A € [0, 00) represents the boundary

between short-wavelength ( |%| 2 A) fluctuations which have already been eliminated in the Wilsonian RG and the long-wavelength
(|k| £ A) fluctuations [12].
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3.4.3 On Approximations

We consider a concrete observable, that we would like to describe theoretically by considering a linear combina-
tions of correlators as explained in [1]. Then an approximation, expressed by the symbol

is, in my opinion, to be understood in the following way:

The theoretical prediction is in some sense, which must be specified for each observable and each
system in each concrete experimental arrangement, “close” to the measured quantity.

Therefore an approximation can already be considered as “valid” or “good” if simply some proportionality is
preserved.?

In this spirit, the validity of practically any approximation must be assessed by experiments!

32Exactly in this way, e. g., the approximations in the derivation of Fermi’s golden rule are to be understood if one seeks to describe
with this the momentum distribution of electrons from the f~ decay measured by a scintillation counter as in [24]. The transition
rate (as a function of the momentum) represents an observable. The approximations, which are used in the context of the derivation,
deliver the (experimentally verified) proportionality to the density of states.

One also observes (see, for example, [25]) that treating the electrons of a copper sample as a free electron gas correctly predicts
the proportionality of the electrical resistivities temperature-dependence, being the observable to be measured. Nevertheless, the
temperature-independence predicted by the Wiedemann-Franz-law and the numerical value of the Lorenz-number is not reproduced
for arbitrary temperatures. In this spirit, the free electron gas-model can be considered as a “good” approximation for the one
observable, and as a “bad” approximation for the other observable.
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4 The Lindblad-Equation of a Concrete System

The aim of this chapter is to introduce the system and therefore the Lindblad-equation from the template [15],
which is what we would like to investigate in the remainder of the thesis.

4.1 A One-Dimensional Crystal with a Topological Phase Transition

4.1.1 Starting Situation

Notation 4.1 We consider a one-dimensional lattice of length L = M - a, with periodic boundary conditions and
with two! Wannier-states per lattice site and the corresponding fermionic creation- and annihilation-operators>

{a,;»a, ;) =1dl .d, ,} =0,

\/’,]l
+
{a J a /,~/} = 5\/’\/5‘/‘,/‘/,

where (v, j) € {1,2} x {1, ..., M}, etc.

® ® ® ® ®

® ® ® ® ®
1 2 3 4 - M

Figure 4.1: Typical pictographic representation of the initial situation.

s
I

Definition 4.2 For reasons that will become clear in the next subsection, we define® new operators:

L= % ((=D"*ay ;4 +ay)., Foj = % ((=D"™ay; +ay;,) - 4.1

I'These two states could correspond to the two spins of an electron, for example, or to two different energy bands.

2t will be clear from the context whether the symbol a denotes the lattice constant or an annihilation-operator.

3These operators were introduced in a different (“neater”) way in the template [15]. The proof that both representations are equivalent is
given in Appendix, Proofs, page 81. In order to work as “problem-oriented” as possible and to come quickly to concrete calculations
and results, we stick to this representation.
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CHAPTER 4. THE LINDBLAD-EQUATION OF A CONCRETE SYSTEM

Theorem 4.3 The newly introduced operators each fulfill the CAR, i.e.

i _ i _
{lv,j’ lv’,j’} - 5\/,\/’5],]'” {rVaj’ rv’,j’} - 5‘4‘/'5]',]"

{IVJ’ l\/,j’} = {I‘T/’j’ II/’J’/} = 0’ {rv,jar\/,j’} = {ri,j’ri’,j’} = O

Proof 4.3 See Appendix, Proofs, page 83.

We quote (with adapted notation) from the template [15], p. 9:

.10 get some intuition for the operators l, consider the M particle configuration defined by occupation
of all I, states: |L) = [] i l;’jl vac. ). Since we have 2M sites in total, this is a half filled state.
With l;’j = %(—aij gt a;j) we observe that it is a product state defined by an equal weight

superposition (or spin x-state) defined along the solid bonds in [Figure 4.2]. Conversely, |R) =
i r;jl vac. ) is a product state of spin-x hybridizations along the dashed bonds. Second, the
states | L), | R) afford an interpretation of free fermion ground states of distinct topological order.

(..)“

¢ & & & .8
o o e e ®
1 3

2

o

i=

Figure 4.2: Visualization of the M -quasiparticle-states | L) (blue) and | R ) (green).

4o M

The concept of topological order is briefly introduced in the following.

4.1.2 Topology

Corollary 4.4 The states

M
Ly =]]&,vac.), IRy =]]ri,lvac.) 4.2)
=1

are the ground-states of the Hamiltonians*

t T
_ ll’j 1 0 ll,j _ ry 1 0 r
e Z( L, > <0 _1> ( by )’ He = ; "2, 0 =1)\ry; ) 4

“In this case, one also speaks about so-called “parent Hamiltonians” [15], [16].
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CHAPTER 4. THE LINDBLAD-EQUATION OF A CONCRETE SYSTEM

Further, using Definition 4.2, these Hamiltonians can be written as

Proof 4.4 See Appendix, Proofs, page 83.

A look into a basic course on topological insulators (e. g. [26]) reveals that one considers Hamiltonian operators
of this shape more often to introduce so-called “winding-numbers’:

Notation 4.5 One expands the Hamiltonians as

H.(q) = i’(q) 6, + h.(q) - & 4.5)

and defines the so-called winding-number W, as integral

1 [+ (A& _ d h(
W, = — L LT 4q. 4.6
T J_z<h.<q>xdqh.<q>>z ’ @0

a

Theorem 4.6 In our special cases we have

Proof 4.6 See Appendix, Proofs, page 85.

We thus obtain two ground-states of the respective parent Hamiltonians which are in some sense® “‘similar”, with
different winding-numbers.

Recalling now that the definition of a topological phase transition is the abrupt change of the winding-number
[27], it is now reasonable to assume that these two different ground-states correspond in reality merely to two
different topological phases of the very same system. Furthermore, we postulate that these two ground-states can
be transformed into each other (experimentally and in particular also on paper).

The goal is now to model this phase transition by connecting the different operator sets sufficiently smooth with
each other. The most obvious approach would be to connect the operators by a “straight line”®. However, it has
proven fruitful to use sine- and cosine-functions instead. This will lead to many simplifications using trigonometric
identities.

SBoth ground-states correspond to Slater-determinants of “hybridized” wave-functions.
5We mean the mapping [0, 1] t+— (1 — 1) + x.
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CHAPTER 4. THE LINDBLAD-EQUATION OF A CONCRETE SYSTEM

4.1.3 ldentities

Definition 4.7 We connect the operators / and r by introducing a parameter 6 € [0, ] and operators x = x(0) as
x :=1[1-cos@+r-sinb,

where we usually omit the 8-dependence for notational simplicity.

Theorem 4.8 One immediately concludes that

cosf v sin 6 y
= — ((D"ayjp +ay,) + ——= ((-D"ay; + ay,,,) -

xv,j
V2 V2

Additionally, these newly defined operators satisfy the following commutation relations

-

+ _ 1 . _ T i —
(06X 1 = 6, (85 + 3 SIN@ONE i +80,0) s (XX = X ox] ) = 0.

Proof 4.8 See Appendix, Proofs, page 85.

Theorem 4.9 For g € {q, ..., q,,} one obtains the Fourier-transformed operators

1 .
X4 = E e'ix, ;
VM

= (—1)‘”’IL (cos 0 e 9 + sin 0) a,+ L (cos 0 +sin6 e_i"”) a, (4.8)

2 V2

_ 1
=(-D"¢ a,,+ca,,

Further it follows that

(Xopxpgt=1{x xl }y=0,  {x,.x }=6,,6,,(+sin26)cos(ga))
=6,,6,, N(q,0).

Proof 4.9 See Appendix, Proofs, page 86.

So we see that the CAR are satisfied except for a factor that depends on g and 6. To obtain normalized states, we
define new operators that differ from the above operators by a factor as follows.
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CHAPTER 4. THE LINDBLAD-EQUATION OF A CONCRETE SYSTEM

Definition 4.10 We introduce fermionic operators as

x\/,q(g)
d,,0) = m, etc.
satisfying the CAR
{a'vq, v} = 6B {d,, Vq}_{dT L’,}:O
g Xpk = dyp NCRO
Ak =30,k (Xakt 1) X, ) vk = dyk NCk6)

vgi%lk )Q:rhk]f U{xv,b\ ) Xv,k} U{dplb\] v,k]f
R

v A v R
VA
Xp'k: (— /1) C,,1U}\le) Q4,k Vlk | Nx);\ o
+ ki) Ok (k.8)

Figure 4.3: Sketch illustrating the different operators. The operators a' create particles occupying Wannier-states
while the operators d create quasi-particles occupying “hybridized orbitals”.

Remark 4.10.1 A few useful identities are as follows

N(gq,0)* =1 + sin(20) cos(ga),

1 1
1’ ’9 2: 29 70 ZE ’0 2:_—’
|lf(Lg,O|"=1/2,q,0| = 1f(q,0)| S NG.O7
c,(k,0) = % (cosee—ika + sin 0) , cy(k,0) = — (cose + Sinee—ika> ’
2
1 cosO@cosga+sin@ +1icos 8 sinqga 1 cos@ +sinfcosqga +1isinfsinga
/{.9,0) = —= : 2 9 , f2,q,0) = — ! 2 d
V2 N(q.9) V2 N(q,0)

f*(1,q,0)f(2,q,0)  sin(20) + cos(qa)

_ +isin(qa) sin’(0) — cos(0) 0=x/4
|f(q,0)? N(q,6)?

N(q,6)*

1

Proof 4.10.1 See Appendix, Proofs, page 86.
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CHAPTER 4. THE LINDBLAD-EQUATION OF A CONCRETE SYSTEM

Theorem 4.11 The state
M
ID®) = D) :=[] d} |vac.) (4.9)
j=1
satisfies the equations
M
@ IpO) =[], lvac)=10).
j=1
M
(i) [D(x/2)) = |]r3,Ivac) =IR),
j=1
Qi) D)  =]]d,lvac) :=d], dj, --d], |vac).
k

Proof 4.11 See Appendix, Proofs, page 87.

For later reference, we note the trivial expectation values:

Corollary 4.12 The following equations for real-space and momentum-space occupation number expectation val-
ues are immediate from the above theorem

(D|d).dy;|D)=0, (Dld; d,; |D) =6,
(Dld,,d},ID) =6, (D|d,;d} D) =0,
(D|d|,d . |D)=0, (D|d],dyys |D) =6 p,
(D|d,d}, D) =64, (D|d,d], D) =0.

4.2 Introducing a concrete Lindblad-Equation
Definition 4.13 For a = (j,v, u) € {1,..., M} x {1,2} x {1,2} we define’ the operators

— i i i i
L,= 6M,1(5V’1a1’jx1’j + 6v,2a2’jx1,j) + 6”,2(5V’1a17jx2’j + 5V’2a2,jx2’j) (4.10)

and introduce the Lindblad-equation

dp= ) x(2L,pL —{L}L,.p}) = ZIpl.

7In the template [15], the quantum jump operators were introduced in a different way. The proof that both representations are equivalent
is given in Appendix, Proofs, page 88.
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CHAPTER 4. THE LINDBLAD-EQUATION OF A CONCRETE SYSTEM

Remark 4.13.1 These operators satisfy a whole set of physically meaningful properties:

e Since d « x, one recognizes immediately that L |D) = 0 holds. This means that the state p = |D)(D| is a
stationary state that solves the above Lindblad-equation. Thus, the state |D) is a dark state of the Lindblad-
equation.

e Because L, is a monomial consisting of exactly one creation- and one annihilation-operator, it follows (in
the language of second quantization) that the operators L, are particle number conserving.

e In particular, the operators L, act “locally”: If a quasi-particle is annihilated or created at some position
r; = Jj - a, then another superposition of quasi-particles is also created or annihilated at this or the nearest
neighbors position. In this spirit, the quasi-particles “jump” under the influence of the interaction between
lattice sites, illuminating the name “quantum jump operators”.

Remark 4.13.2 The quantum jump operators were introduced in formal correspondence to a topological insulator;
the dark state which solves the above Lindblad-equation is at the same time a ground-state of a topological insulator.
This is a common way to introduce Lindblad-equations. (See, for example, [17], [9].)
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5 Approximations and Functional Integral
Formalism

Let’s recall from section 3.1.2 that we have at least two possibilities to determine the partition function Z corre-
sponding to the formal solution of the Lindblad-equation:

Wecan...

1. use the usual definition as a trace over a Fock-space-basis {|/)} as

Z = Zoy = Trp(0) = Y (T1p(0)I1).
1

2. use Theorem 3.3 and Hypothesis 3.7 to consider a functional field integral (in the literature [28] also known
as [K]eldysh functional integral)

Z=27c~ J P, @) exp — STy, 7.

Our ultimate goal is of course to study the phase transition of the system from Definition 4.13 with quantum field
theoretical methods from chapter 3. As the action of the system of interest has non-trivial quartic contributions!
we need to resort to approximations.

5.1 Self-Energy in First Order Perturbation Theory

In this section we will use seemingly different, but mutually equivalent approximations from [16] and [17] (mean
field theory and Born-Approximation) to prove the commutativity of the diagram

Mean Field Theory MF
Z Op Op
QFT QFT
Born-Approximation ME
K Z" =2z

where the individual approximations are introduced in the next sections.

I'This can be seen from the definition of the quantum jump operators in eq. (4.10) and the formula for the action in eq. (3.3)
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CHAPTER 5. APPROXIMATIONS AND FUNCTIONAL INTEGRAL FORMALISM

5.1.1 Mean Field Theory of the Modes in the Operator Formalism

Approximation in the Operator Formalism

We use the same strategy as in the appendix of [16] to find an effective Liouville-operator for a single mode
pE{g .. ay}-

Approximation 5.1 In the mean field approximation we make the following ansatz
Ansatz
0K R oy =y ® @,
q
where the density p, describes the mode g, and compute the partial traces

Tr,, Zlp).

The resulting expectation values are evaluated with respect to the dark state |D) (which solves the stationary
Lindblad-equation), and the terms which are quartic in creation- and annihilation-operators of the mode p are
neglected.

Theorem 5.2 The mean field approximation yields

Tr,, Zlpl = 2K(d,p,d| +d; p,d,,)—K{d d\,+d,,d, .p,),
with
K =K(p,0) =k - N*(p,0) = k(1 + sin(20) cos(pa)). 5.1
Before proving this theorem, let’s elucidate what it implies.

Corollary 5.3 In the mean field approximation, we obtain an approximated Lindblad-equation for the density p:

2
00 Y, 2 K@O) (2L 0Ly, = (L)L, p}) =1 Liglp]

q j=1

with

Proof 5.3 Follows immediately with the product rule and Theorem 5.2.
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In order to prove Theorem 5.2 we divide (“and conquer”) the problem by using the linearity of the trace:

24
> . J

Tr,, Zlpl =2Tr,, [Z Lale] ~Tr,, [Z L Lap] ~Tr,, [Z pLZLa]

(. J/

Vo ' '

=:1 =:1I =:1II

Lemma 5.4 For contribution I one gets

;
2Tr,, [2 LapLa]

2k * T T
- M Z Try, Z 6ql+q3—(qz+q4)f (V.41 0) f (v, q4’9){x1,41x1"hpxl,qaxl"h

vel{l,2} q1,92-93-94

1\ T T

+( 1) xl,qlxl,‘h pxl,qg,xz’qzt
1\ T T

+( 1) x2,q1x1542 pxl,q3x1’514

il T
+ x2,q1x1542 p xl,q3x2544}

+ % Z Tr# 2 5ql+qs—(qz+q4)f(v’ q1,0).S" (v, 44, )1 X1, x;,qz P x2,q3x:,q4
ve(l,2} q1592:93-94
+ (—1)V>cl’qlx;q2 P xz,‘hx;q4
+ (—1)”)62,4I x;qz P x2,qu1q4
+ X, x;qz p Xy q3x;q4}

=1 D) LW +LM)+ ...+ L),

ve(l,2}

where in the last equality the numbering is from top to bottom.
Proof 5.4 See Appendix, Proofs, page 89.

Lemma 5.5 Evaluating the individual expectation values according to the approximation and neglecting terms
that are quartic in the creation- and annihilation-operators (of the mode p) gives

K dl’pppdfp for j=1andv e {1,2}
LW ~q Kd; p,d,, forj=8andve {12} .
0 else.

Thus one receives for contribution I the equality

_ i~ oy gt
1=2Tr,, [Z LapLa] ~ 2K (dyy0,d], +d},p,ds, ).
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Proof 5.5 See Appendix, Proofs, page 89.

Lemma 5.6 For contribution II one gets

Tr,, [Z L Lap]

_ K * T i
- M Z Tr#P Z 5‘11+‘I3—(¢12+q4)f(v’ 4> 9)f (V, q3’0){xl,q,x1342x1,q3x1’44 p
ve(1.2} q1:92:43:% \
v, T i
+(=D xl,q1x2a42x1,q3x1»’]4 P
vt i
+(=D xl,qlxla‘12x2,q3x1»94 P
¥ ¥
+ xl,q1x2s42x2,q3x1"14 p}
K ¥ i
+ M Z Tr#l’ Z 6Q1+G3‘(Q2+q4)f*(v’ 4, H)f(v, 43, 9){ x2,41x1,q2x1,43x2,q4 p
ve{l,2} 91-42-93-44

v + T
+(-1) X4, %5 4 X1.4,%2, P

1\ i T
+ ( 1) x2,‘11x1,q2x2543x2,q4 p

' p)

¥
+ x2,ql x2,q2 x2,l}3 x2,q4

= Z IL,(v) + IL(V) + ... + IL(v),

vel(l,2}

where in the last equality the numbering is from top to bottom.
Proof 5.6 Is done by renumbering and reordering the individual terms in Lemma 5.4.

Lemma 5.7 Evaluating the individual expectation values according to the approximation and neglecting terms
that are quartic in the creation- and annihilation-operators (of the mode p) gives

K>dj d,p, forj=1landve (1,2}
()~ K3d,,d; p, forj=8andv e {1,2)
0 else.

Thus one receives for contribution II the equality

_ 1 | K (d i
="Tr,, [Z LaLap] K (d)d, 0,4 doyd) 0, ).

Proof 5.7 See Appendix, Proofs, page 92.

If we now combine the results of Lemma 5.5 and Lemma 5.7 and use the cyclicity of the trace (to determine III),
then one obtains the result announced above.

43
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Transition to the Functional Integral in the Mean Field Theory of the Modes

In section 3.1.2 it was shown that the partition function corresponding to the formal solution of a Lindblad-equation
can be written in the functional integral formalism as

7~ J D, 7)exp — S, 7,
where
_S[y. 7] = Jdt [(a, V) v+ v cow + ) 2L, LI —((LIL), +(LIL,)) ]

This formula can now be applied (via the various variable transformations of the Gramann-numbers) to our
concrete exact system. Here we present the application to the approximated system.

Corollary 5.8 For the approximated Lindblad-equation

2
0,p % Z Z K(g,9) <2Lq,ij;,j - {L:;,qu,j > P}> = ZMF[.D]’
q j=1
with

q.j

[ d,; forj=1
T\ d), forj=2"

we obtain (in the functional integral formalism together with the variable transformations in Figure 5.1) the action

- MF[f’ E] = Jdt Z [(aIE+,1)§+,1 +E—,1 at 5—,1 + K(e)(ZE—,1§+,1 - E+,1§+,1 _E—,lf—,l)
q

+ (08, ) €0 +E 20,6 L +KO)(—28, 26, +E, 260+ E_,zg_l)]

— T -
§+,1 at - K(G) 0 d;:+,1
_ $ £, | | 2k0@  4,-KO | e
ta | E+2 0, + K@ —2K@© | | 5+
€2 0 9, +K@)) \ &2

with ¥k N? = k N%(q,0) =: K(g,0) = K(0) and E,p =¢,,(@0 q) where b € {1,2} corresponds to the energy band.

Proof 5.8 Follows immediately by using the definitions.
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Lok = ﬁﬁylkfe)(%/ukJr(—")V%z &) Kk = Sy NCkiO)

U{iv,b\ ;iv,b]j U{%V,h }%Vlk]f U{gw.k ) g_Vﬁgj’

y=4,1 y=41 v=41
\_/j
— v+ . %V
%V[k_ ( /1) C4Lkle)7i4|k g)’ﬂ?\ — N—(h%

‘I‘ C.l(bqe) Z—Luk

Figure 5.1: Sketch illustrating the different GraBmann-numbers; These variable transformations correspond ex-
actly to the base changes in Figure 4.3.

5.1.2 Born-Approximation in the Functional Integral Formalism

The goal is now to reproduce the result of the approximation in the operator formalism within the framework of
another approximation in the functional integral formalism (indicating the validity of the approximations).

We again consider the exact Lindblad-equation from Definition 4.13
op =Y,k (2L.pLY = {LL,,p}) = ZIp]
with quantum jump operators

— i i i i
Ly =6,,00,,a,;%;;+ 06,58, X, ;) +6,,(5,,a,;X,, +6,,a,;X, ).

where a« = (j,v, ) € {1,... , M} x {1,2} x {1,2}.

Approximation 5.9 The action in eq. (3.3) for the exact Lindblad-equation can be simplified using the Born-
approximation from [17] reproducing the action in Corollary 5.8.

Proof 5.9 The basic idea is to approximate the quartic terms in the action by weighted bilinears, and to smartly
avoid the normal-ordering-procedure by introducing additional timestamps. The philosophy of this approximation
and further details are given in Appendix, Proofs, page 94.

5.2 Approximated Correlators and Assessment of the
Approximations

We follow the strategies in [18] and realize that the approximated correlators are analytically accessible, where
we restrict ourselves (for notational simplicity) to the case t, = O and t, = T'.
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5.2.1 Momentum-, Time-Correlators

Theorem 5.10 One has for the first band

_ b4k
o GE(@tp k1) = (&, (g 1)E_ (et ))) = — - :
1 D= En Ak 1;) 2exp (I7; + 1,1 K(q,0))
_ 0.k O
o G (q.t;,k,t) =(&E_1(q,1)E, (k) = " B y ’
| J 1 P exp (1t - 1,1 K (g, 0)  2exp (It + 1,1 K(q, 0))
_ 8, 0t — 1) Oqk
° GT(CI, tnk,t) =(&E, (g, 1)é, (k1)) = > j B y ’
1 J +1 +1 / exp (|ti — tj| K(q, 9)) 2exp (lti + tjl K(g, 9)>
8,00, — 1) gk

.Gf,~,k,~E ,.__ k,. = — ,
@0t ol 1)e-uf tj)> eXp(lti _tle(q’ 9)) 26Xp(|ti +tj|K(Q» 9))

and similar identities for the second band.

Proof 5.10 See Appendix, Proofs, page 97.

Assessment of the Approximations

First, we note that the presence of K(g, ) in the propagators is completely intuitive: the temporal evolution of the
system is affected by the effective rate of the interaction.

Second, we mention that our mean field action passes the “sanity-check™ from Corollary 3.6, since one has for
each band

0, —K(g.0) + 2K(g,0) + 0,—K(q,0) =0.
Third, the approximations are self-consistent in the sense that we reach the dark state | D) from eq. (4.9) in the
limit of “long times”. We put the following facts together to form an overall picture:

(1) The momentum-, time-correlators for the approximated quadratic action were analytically calculated in
Theorem 5.10.

(2) Corollary 3.8 links expectation values with respect to the formal solution in eq. (3.2) to correlation functions
for “long times”.

(3) In Hypothesis 3.2 we mentioned that we are optimistic about the identity between the formal solution in eq.
(3.2) and the exact solution in eq. (4.9) in the case of “long times”.

(4) In Corollary 4.12 we gave some expectation values for the occupation numbers of the dark state.

Our approximations are consistent with all these considerations, because for | N — N | < 1 we obtain
) @, ® .
0 R GF (ty-1y) = (d] d\ ) =(D|d{ d,,|D) =0,
M () + ©) +
L= G} (ty,1y) = 1 =(d] d,,) =1-(Dld] d,,ID) =1,
) 0) + ® + + @
Sy % Gl t) = Ty (1= (], d1) ) = Taw - (], d1 ) = Ty (1= (D14} dy, IDY) = Ty g - (D1d],d,, 1D) Z 6y 5,
n 5 0) + ® + + @
Syt % Gyt t) = Ty (1= (], d1) ) = T - (d],d1 ) = Ty (1= (D14} dy, IDY) = Tyo - (D1d]d,, 1D) = 6y 5.

The terms on the leftmost side obviously agree with those on the rightmost side. Analogously all identities for the
second band are fulfilled.
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5.2.2 Momentum-, Frequency-Correlators

In literature as [1], [S] and [18], the following question was answered (for functional integrals similar to those
discussed here) in the affirmed:

Can one (at least in some situations), instead of dealing with the tedious details of discrete derivatives
(and sums), use instead the powerful tools of differentiation (and integration) suggested by the
continuum notation of the action?

Indeed, there are very many examples in which this continuum-approximation yields predictions that are consistent
with experimental experience.?

Approximation 5.11 In this thesis, we are optimistic that one can approximate the time-derivatives (via a Fourier-
transform neglecting infinitesimal phases) by frequency-multiplications. With this approximation the action sim-
plifies:

&) (o, - K0 0 £
_ SMF[&, E] = #: é—,l . 2 K(q’ 9) at - K(q’ 9) - . g_’]
ra| Sv2 9, +K(q,0) —2K(q.0) | | =2
s-2 0 9, +K(g.0)) \ &-2
& ' (Ciw—K(q.0) 0 £,
N J do y £, 2K(q,0) iw—K(q,6) | e
Tl &, —iw +K(q,0) —2K(q,0) E,s
E—,z 0 iw + K(g, 0) [
— T
§+,1 —g(0) 0 §+,1
_ $ £ | [e+eno —g© | &
B o | &z g" (@) —(g+g")0) $io
., 0 5(0) Es
— T
§+,1 g(0) 0 §+,1
2 — i | |—(&+8900) g(0) | éo
= Howrlycl = j:Q i, —©0 +0| | &
£, o -0 )&,

where in the approximation-step the integration measure was implicitly adapted to the almost unitary transforma-
tion?, g(0) = g(6,Q) = iw + K(q, ) etc.

ZFor real-valued integration-variables, one reproduces, for example, the Euler-Lagrange-equations for point-like particles from classical
mechanics in the mean field theory (taking 72 — 0) of Feynmans path integral-formulation for a Schrodinger-particles propagator in
one dimension. (See, for example, [1].)

For complex-valued integration-variables one reproduces, for example, the excitation spectrum of a weakly, locally and repulsively
interacting Bose-gas in the Bogoliubov-approximation by a saddle point approximation. (See, for example, [5].)

For GraBmann-valued integration-variables one derives, for example, the “gap-equation” of BCS-theory after applying a Hubbard-
Stratanovich-transformation, a mean field approximation, and a series expansion of the resulting action. (See, for example, [1].)

There are many more examples for each case.

3Prefactor-convention for the frequencies (surpressing branch- and band-indices): £(t,q) = % Yo el E(w, q) = I g—iei‘”’f(a), q). This
transformation is unitary up to a (divergent) factor.
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Remark 5.11.1 In the context of the above approximation it is also obvious that “integration by parts” can be
carried out within the action: If one lets a time-derivative o, act “to the right” on &(e), then one obtains (after

changing the basis) a multiplication with ie. If, on the other hand, one lets a (signed time-)derivative (—1) - 9, act

“to the left” on &(s), one also gets (after changing the basis) a multiplication by iw.

Remark 5.11.2 We will keep the discreteness of the momenta for the moment, as it’s easier to detect the divergence

in Lemma 5.18 this way.

Corollary 5.12 For the first band we obtain (in the “frequency space”) the approximated correlators

o GF(Q,Q) = (&, (QE_,(Q)) =0,
(g+89(0) _ Soq

6Q,Q’

* G7(QQ) = (£ 1(QE,,Q)) = 5oq

g  g®
— 5 ’
e GI(Q.Q) = (&,,(QE, ,(Q) = %
- _ O ~
e GIQ.Q) = (& ,(QE_ Q) = gf(’(;).

For the second band one obtains the approximated correlators

(g+&90) _ Soq

')’

6Q,Q’

[} G;(Q, Q,) = <§+,2(Q)E—,2(Q,)> = _5Q,Q' |g(9)|2 - g(g)

e G;(QQ) = (£ ,(QE, Q) =0,

_ On
. GT ’ "N — "y — _ Q.Q ,
,(Q,Q) = (£, ,(Q)&,,(Q)) (0)
~ —_ 6 12
° G'ﬂ— , / — / - _ Q.Q )
,(Q,Q) = (£_,(QE_,(Q)) 20

Proof 5.12 The correlators can be calculated using the inverse rule for 2 X 2-matrices

in Appendix, Proofs, page 98.

g*(0)’

. The details are carried out
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5.3 One-Loop-Approximation

5.3.1 Demanding Self-Consistency

Demanding self-consistency of the previous approximations is equivalent to including the interactions into the
action as perturbation again:

Syr = Swr + Sine-
This action will be approximated in the next step again (this time in the framework of the One-Loop-approximation).

5.3.2 Diagrammatic Language

Notation 5.13 Looking at the interacting part of the action in the variables {&, £}, one quickly realizes why physi-
cists were so receptive to the concept of Feynman-diagrams. For example the term

%K 8(Qy +Q —(Qs + Q) W, 1 (QDT 1 (Q) 7,1 (QW_,(Qy)
Qs Qy
2 £*(1,q,,0) (1,4, 0) /= _ _
=MK o 0(Q; +Q, —(Q; +Qy)) 2 (ll—l[;tzl |f(qlq)é; <§+,1(Q1) - §+,2(Q1)> 5_,1(Q2)5+,1(Q3) (6_,1(Q4) - 5—,2(Q4))
where

6(Q, +Q, —(Q; +Qy)) = 6(w, + w, — (w5 + w,)) 5‘11+q2_(‘13+44)

can be succinctly denoted by the following Feynman-diagram:

'!-_L+l/l(&,> §+m(&3>

£,.(0) L Q)

Remark 5.13.1 This notation will be crucial when we depict the One-Loop-corrections as Feynman-diagrams in
the next subsection.

Remark 5.13.2 The quartic contributions of the action in eq. (3.3) for the exact Lindblad-equation are summarized
in the tables in Appendix, page 103.

Remark 5.13.3 Also note that the collectivity of quartic contributions passes the “sanity-check” from Corollary
3.6, which is outlined in Appendix, Remark 8.1.2.
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5.3.3 Sorting and Classifying Terms in the One-Loop-Approximation

Resorting to Hypothesis 3.29, we will search for those terms in the One-Loop-Approximation that have diver-
gencies. It will turn out that those divergent corrections only appear at the phase transition (i.e. for 8 = z/4).
Therefore we will agree on the following notation:

Notation All equations in this chapter are to be understood for § = 7z /4; In this spirit we mostly omit the 6-
dependence in the respective equations.

We use Approximation 3.21. To do this, we first introduce the inverse Green’s-function

Swmas$ &) Gy (@, a)E(@),
where o/, @ = (w,q,b,v) ER X Q X {1,2} X {+,—}. Looking at eq. (3.16) we introduce the symbol

2 _ _
O s [EE=VIEE =V,
SE 5E

For reasons that will become clear later, we are interested in the “particle-hole-terms” in this expansion. The trace
of this term is then evaluated by stepwise “matrix-multiplication”, i.e.

Tr [GOVGO V] - %E (GyV Gy V) (. )

a

=$ G, B)V(B.7) Go(r.€) V (e, ) (5.2)
a,p.y.e

After matrix-multiplication and performing the trace (with respect to the energy bands) one is left with a series of
terms in sums of the type
g: (-o0)s
a) g1 (1) (D)

with oD, gDy ) € R x Q x {+, —}. Every resulting term becomes further evaluated by matrix-multiplication
and performing the trace (with respect to the branches). The resulting terms (about 5000 in total), which can be
sorted according to their monomials, are examined below.

Theorem 5.14 All summands on the r.h.s. of eq. (5.2) have the form

+25 8(Q, +Q, —(Q + Q)-Z(y. /iy, fis, i1,)-L(Q;, Q. GF,, GF,, 0y, my, sy, )€1 (Q)E, (Q)E (Q3)E,,(Q,)
QjseQy

with functions L (as “[L]oop”)

L =L(Q,, Qj, GF,, GF,, ny, ny, ny, ny)

2K f*(”l’ qa)ﬁ(nﬁéo)f(nz’ qa)‘s("ﬂﬁo)f*(ny qe)ﬁ(ng#o)f(,u’ qe)é(n4;é0)
= — 60(Q; —-(Q; GF GF
7R N (Q; +Q.-(Q; +Q,)) GF,(Q,) GF,(Q,) TCAEIAE
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and

(i, iy, i, ) = f*(ﬁla (11)5@1#0)](*(’712’ (Iz)é(ﬁﬁo)f(ﬁy %)ts(ﬁﬁo)f(ﬁm 44)5@4#0)
127820 1835 184 ) — i

2115, 1/(g))l

where i,j € {1.....4}, (i, fip. i, /i) € {0,1,2}%, GF,, € | J{G].G].G5.G;} and
b=1,2

4
2 5(n; #0)+5(; #0) =4 with 5(A¢B)={(l) gﬁig
j=1 |

Proof 5.14 Follows by insertion in the formula and staring at the resulting expressions. Alternatively one can
also conclude this with the concrete form of the interaction: each quadratic functional derivative gives either zero,
one or two multiplicative f-valued contributions in L. Correspondingly, in Z there are then two, one or zero
multiplicative f-valued contributions.*

To proceed now, we first notice the factorization of the loops as

2k 1 dw
L(Qi’ Qja GF]’ GFZ’ n]’n27 n37 n4) Mz_ 2 (q’ Aq7 n]a ety n4)J GF (Q) GFZ(Q +A Q)

1 5.3)

EM?Z 7(q,Aq,ny, ..., n,) - J(GF|,GF,, AQ),
q
with the factor
(n,, )°0 £(n,. )50 £ (o g + Ag)P™%0 £(ny, g + Ag)*#0)

ﬂ(q,Aq,nl,...,n4)=f( 1»q) f(ny, @) f*(n3,q + Aq) f(ny, g+ Aq) ’ (5.4)

|l f (@I f(g+ Ag)|?

and the abbreviation

Q-Q=AQ=(Aw,Ag).

We divide (“and conquer”) the problem, by considering the two factors in eq. (5.3) separately.

¢ The Factor %

We consider (in “wise foresight”) the sets N/ , 5, where

N, ={(1,1,1,1), (1,1,2,2), (2,2,1,1), (2,2,2,2)},
N, =1{(1,1,1,2), (1,1,2,1), (1,2,1,1), (2,1,1,1), (2,2, 1,2), (2,2,2, 1), (1,2,2,2), (2,1,2,2)},
N;=1{(1,2,1,2),(1,2,2,1),(2,1,1,2),(2,1,2, )}

4With this consideration, and later with Lemma 5.15, it will also become clear, why only particle-hole-diagrams, and not particle-

52 52
@ and == e can create either zero or one multiplicative f-valued

contributions in the particle-particle-diagram-version of L. These are not enough f-valued contributions to compensate the factor of
1/1 (@)% f(g,)]? in L that cures divergencies, (as will become clear later)!

particle-diagrams diverge: Functional derivatives of the type
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Lemma 5.15 It holds

3
(nl,...,n4)5neUM =  Z(q,Aq,n)=1.
i=1

Proof 5.15 Follows immediately with the identities in Remark 4.10.1.

o The Frequency-Integral 7.

By the continuum-approximation, we can treat the frequency-integral with the residue theorem. Since GF,
and GF, are respectively linear combinations of 1 /g and 1/g* (cf. Corollary 5.12), it is sufficient to compute
a single integral.

Lemma 5.16 It holds
J do 1 1 1

21 g(w.q) g w+Aw.q+Ag) —iAw+K(q) +K(g+Ag)

Proof 5.16 By closing the contour in the upper half plane. See Appendix, Proofs, page 99 for details.

Notation 5.17 We introduce the abbreviation D (as [ D]ivergence)

2 1 !
M 22 - iAw + (K(q) + K(g + Ag))’

DQ;.Q)) = D(AQ) = (5.5

Lemma 5.18 It immediately follows

2 1 K(g) + K(q + Agq) _ 3

Re D(AQ) = V2 Zq o) + (K@ + K@t bR Re D(AQ) =Re D(-AQ),
_2x 1 —Aw - _ _

Im D(AQ) = — P Eq o)yt K@)+ K@t 207 Im D(AQ) = —Im D(—AQ),

D(—AQ) =Re D(=A Q) +iIm D(~A Q) = Re D(A Q) —iIm D(A Q) = D*(A Q).

and at the phase transition, i.e. at @ = z /4, one has an infrared-divergence

DAQ—>0) « const. + lim

Proof 5.18 See Appendix, Proofs, page 99.
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Lemma 5.19 Forn = (n, ... ,n,) € Uf’zl N one obtains the mapping

(GF,,GF,) = L(Q,,Q,,GF,,GF,,n) = ¢, D(A Q) + ¢, D*(A Q),

where

This provides the table in Figure 5.2.

01’2 E {_1,0, +1}.

Proof 5.19 Follows immediately with Lemma 5.15 and Lemma 5.16, and subsequent expansion.

NN
<« 1o lololo]o]Oofo]oO
& O J2red | D | N |FRD| O | =M | -D
4 0 ¥lOo| X[l O0|-x]| O
QT O DO |-D>1o | o |-
by O |2Red|-d | -% Jard] O ¥ | »
o | O lOoJolo|lOlo]lO] O
o | o s fafo]>|o )
o o N{O|x ]| 5[ O ¥[O

Figure 5.2: Image of the function

(GF,, GE,) — ¢, D(A Q) + ¢,D*(A Q)
with D = D(A Q).

Theorem 5.20 The only terms in the One-Loop-approximation that give divergent corrections are those corre-

sponding to the sets N , ;.

Proof 5.20 See Appendix, Proofs, page 101.
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Theorem 5.21 Writing

T} _Loopl&: €1 = o[£, €] + Ty o [€, €]
Uil &, €1+ T [E, €] + Tpey €, €]
=T_[&¢E] +Tlé &l

with the obvious phraseology” gives with the abbreviations

2 = E(Ql’ § Q4) 2K 5(Q1 + Qz _(Q3 + Q4))

M 2L 1)
the following table for the divergent terms:
Index | Vertex-Function
17 7, 1202Q,...,Q) = 4ED(Q,,Qy)
25 mﬁ%i(Ql, ....Q) = —=8EReD(Q,,Q,)
28 | 7,322Qp,....Q) = 4ED(Q,,Qy
30 ool_l_lrlr(Ql, ....Q) = —=8EReD(Q,,Q,)
36 |7, QL..Q) = 4EDY(Q,,Qy
47 17,122Q,....Q) = 4ED*(Q,,Qy
60 001+1 LL(QI, Q) = 4E D(Q,,Q,)
85 | 7,:222Qy,...Q) = 4EDY(Q Q)
or |7y, '22@Q.....Q) = 42 D*(Q,,Q,)
94 |1 ,32@Q,....Q) = 42 D(Q,,Qy)
97 |7,32@Qy,....Q) = —16ERe D(Q,,Q,)

Proof 5.21 Follows by numerical analysis. (Approximately 2000 lines of code in a Java-program.) Available on
request.’

Remark 5.21.1 The numbers of the indices originate from the tables beginning on page 103 in the appendix. There
the divergent vertex-corrections of the One-Loop-approximation are again contrasted to the vertex-functions of
the action itself.

ST, possesses divergent vertex-functions y,.
6Sebastian.Kalhoefer @ Gmail.com
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Pictographic Representation of the Divergencies

Fact: All the divergencies obey a diagrammatic interpretation as particle-hole-diagrams with loops generated by
correlators that correspond to the expectation values of GraBmann-numbers from Wannier-states.

For example’, the approximation of the vertex-function

Yiij_%(Qp s Q) }/oo_l:_iz_(Qp 5 Qy)

can be represented and decomposed as

Q) )

g_-H’IL&,D g+|4(0\3>

Z
On;;c_l_/oop A/ \W
N_/ + <H'+|Vi_|’4>t&£> \\ /I <H‘+.vi+n;4>(_&4>

=11
L0) ) s

g_mtaz) g"it&b

where the factor of 1/2 from the trace-log-expansion has been eliminated by incorporating the symmetry GF, <
GF, and non-divergent diagrams have been neglected. Similar decompositions can be written down for all other
divergent vertex-functions, which can be seen from Lemma 5.15.

5.3.4 “Sanity-Check”

By Lemma 3.6 the corrections should truncate each other if we make the substitution (+,—) + (+, +) for the
branches. Indeed we obtain ...

For the 1111-Quadruples:

(Vo030 F Yo0.36 F Yo0.60) =4E (-2 ReD + D* + D)=0.

|(+.—)»—> (++)

For the 1212-Quadruples:

(yoo’17 + yoo’47 + y00,91 + }/00’94 + }/00’97> = 4E (D + D>k + Dﬁ< + D - 4Re D) = O.

A )

For the 2222-Quadruples:

(700,25 t Veo2s T 700,85) =4EZ (-2ReD + D + D*)=0.

ety b

which is a strong indication that we have not miscalculated along the way.

"Note that we have omitted the GraBmann-quadrupel E +1(Qp) E +2(Q2) &4.1(Q3) &_ »(Qy) in the first equation for notational simplicity.
The two equations are equivalent to each other, but differ by “multiplication” of the GraBmann-quadrupel.
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6 The Renormalization Group and its Flow

In this chapter we will concretely apply the formalism we have introduced in section 3.3.3. We enumerate the
quadratic vertex-functions according to

}/é\’o(Ql > QZ)’ y£1 (Q]’ Q2)7 LR Y£15(Q1 > Qz),

and the quartic vertex-functions according to!

yﬁO(Ql’ QZ’ Q}’ Q4)’ yﬁ](Ql’Qb QS’ Q4)’ ey yﬁgg(Ql’ Qz’ Q37 Q4)

Then for « € {0, ...,99}, the flow equations in eq. (3.21) can be written as?

d
a}/i\’,(Qh 7Q4) = <g:l:7/£()’ ’y£157y20’ ,}/i\’gg]- (61)

/{m TI:\IQ‘I

Tndex

n \J- A_AMAX
>P\p_ Y h

Pe gjection.

o

g;\;/\mx
|

Figure 6.1: Renormalization concept for fixed momentum configuration (Q,,...,Q,): The different couplings
“flow” when A changes. Since all quartic couplings have the same dimension, one can (at least for a
fixed momentum-configuration y,’, = y‘{‘.(Q1 ,...»Q,)) represent the flow in the complex plane.

I'See also the table in Appendix, page 103.
ZNote that we are using the symbol .%, instead of f, (from section 3.3.4), since the beta-functions have been introduced for dimensionless

couplings, while the vertex-functions might carry some dimension.
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6.1 Wetterich-Equation, Regulator, and Flow-Equations

The divergencies of the one-loop-approximation arise from a singularity for a certain momentum-mode (¢ = 7 /a)
which arises in the loop-contributions in the Q, = Q, = Q; = Q,-sector. In section 3.3.3 we therefore choose

nsatz

f(a) = f((l), Qa ba V) = K(q’ 9)’ 7./\(Q1’ QQ’ Q3’ Q4) Az 5(Q1 + Q2 _(Q3 + Q4)) . 7’.(/\),

where e € {0, 1,...,99} and consider the flows of the couplings in this sector. This procedure is very similar to the
so-called “two-patch approximation” in [6] section 4.4. In the spirit of section 3.3.3 we obtain for the A-dependent
Green’s-function

Gy \(@.a') 1= (Mat[0,,]- Gy) ' (a,a)),
where Mat[6, ] (a, ') denotes a diagonal, regularized Heaviside-matrix
Mat[6, ] (a, a') 1= 8(a—a')b.(K(q,0)—A), (6.2)
and, as before, «’,a« = (w,q,b,v) ER X Q X {1,2} X {+,-}.

Theorem 6.1 For the r.h.s. of eq. (3.24) one obtains dominant contributions from terms of the shape

+ 35 5Qy+Qy ~(Q + Q) (M) (M) - Ly, &y (QUELQEL (Q0)E, Q).
Qy,--,Qy

with functions L, , (as ,,[L]oop*)

L,.=LQ,Q, mat[s, ] - GF|, mat[6, ] - GF,)
= $ 5(Q+Q.—(Q; +Q,)) (mat[s, ]-GF,) (Q,) (mat[6, ] GF,) (Q,)
QuQe
= Z (mat[5, ] - GF,) (Q) (mat[6, ] - GF,) (Q+AQ),
Q

where i,j € {1,....4}.GF,, € | J{GL.G].G5. G} k.1 €{0.1,...,99}. I, , € {+.—} x {1.2} and
b=1,2

mat[§, 1(Q, Q) = é(w — @) §,(K(g,0) = N),

leading to regularized divergencies D, .

Proof 6.1 Follows directly through the formal correspondence mentioned in Remark 3.33.1: The terms ineq. (5.2)
translate naturally to the terms of the flow equations in eq. (3.21)

2 _ 2 _
Tr [Go VG, V] — Tr [aAGO,A : f—rim,/\[‘ﬁ’ ¢1-Gy - f—rim,/\[d” Pl|.
oo o6
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Now, we follow the logic in the last section and use Hypothesis 3.29:

Theorem 6.2 In the Q, = Q, = Q; = Q,-sector one obtains the flow equations

Sy L) & 22 (4D,,) 23,

Sp 1) &y 220 (4D,,) ),

3 Sr ) Ay W) - (4D, ) A, 63)
Sy 12N &y 220 (4D,,) - r 22,

Sy R W) (8D, ) )+ p IR (-8 D) 2R

Proof 6.2 Follows by numerical analysis. Available on request.

Corollary 6.3 With symmetry considerations one concludes that one can solve the system of differential equations
in Theorem 6.2 if and only if one can solve the following system:

d d

N W RPN (4D, ) v, XTI ) R 7 (W) (4D, ) - Feo()
—

d d

N Ry 22N - (=16 Dy ) v LI 1) R 7y (M) - (=16 Dy, ) - 1o(A)

Proof 6.3 The terms y.,(A) and yge(A), 7,,(A) and y,,(A) obviously coincide in the limit A — oo which can be
read off from the tables starting on page 103 using the initial conditions from eq. (3.23). The first four equations
are therefore equivalent, and in the last equation one can simply collect the contributions from vertices that flow
in the same way.

Therefore, the flow-equations can be reduced to the set of equations for the dimensional couplings

-

d

dA

d
—7Ye6(N) ®
JdA™® (6.4)

d
a}’gl(l\) ~rn(A) - (4 DA,E) * Ye6(N)

— M) =~

d
dA797(A) R Yo7(A) - ( 16 DA,e) “Yeo(N)

3Sebastian.Kalhoefer @ Gmail.com
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6.2 Critical Exponents

6.2.1 Dimensional Analysis

Before we look for fixed points of the flow-equations we have to do a dimensional analysis. For the introduction
of dimensionless vertex-functions, it is common to rewrite the action in continuum-notation. Looking at the mean
field action from Approximation 5.11

— T
§+,1 —iw — K(g, 0) 0 $in
o fdov| 2| | 2K@d i0-K@0 | &,
%M§5~Jzn§:gﬂ —iw+Kg.0) —2K@.0 || &, |
E_ ) 0 iw + K(q, 0) 5_’2

we see that we can transition to the continuum-version of the action by rescaling* GraBmann-fields as

E—

S
S

where L = M a, yielding

gJT —iw — K(q,0) 0 &,
SwmﬁzFLJ% ol I |
2z ) 27| E,, —iw+K(g,0) -2K(g,0) Ei2
E_’z 0 io + K(q, 0) $ o
QJT —iw — K(q,0) 0 &,
=J dQ [ ¢ | | 2K(g.60) iw-K(g,0) | 6
) @n?| e, —iw+K(g,0) -2K(g,0) S+

0 iw+K(q.0) | &,

Now as

K(g + Aq,0) = k (1 4+ sin(20) cos((g + Ag)a)) ~ (Aqa)z,

in the vicinity of the critical point (0, q) = (x /4, = /a), we conclude that

w ~ k2, with g ~ k.

Therefore we have d Q ~ k°. Introducing now

E~vE~NKS

gives the first equation

4The integration measure is implicitly adapted and the momentum-integral extends over the first Brillouin-zone.
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0=34+24+2.5 < s=—%.

To proceed, we remember the series-expansion from eq. (3.7)

(o8]

FA[:,E]st: o, i Xy DEG ) e £ DEG) €,
n, m=0 Vi <Vjy <<y <y

100

2 P, +P, + J D rNQ1,Q Q1 Q€ (QE;(Q,)E, (Q)E, Q) + Py
Q..

~~,Q4 j=0

and focus on a quartic term

J rMQ1,Qy Q3 Q) €, (Q)E; (Q)E,(Q3)E,,(Qy).
Qs Qy

The translation-invariance and our ansatz imply

YMQ1Q Q1 Q) = 8(Q, +Q, —(Qs + Q) 7,(A),

such that counting the powers

«dQ ~ k°,

«5(Q, +Q, —(Q; + Q) ~ %
* J/j(A) ~ kr9
&~ g~ KT,

gives a relevant coupling

0=4-3-3+4+r-4-5/2 < r=1.

Therefore we arrive at dimensionless couplings 7 by division of A:

J’.(Qp Qz’ Q3» Q4)

?.(Ql’ QZ’ Q39 Q4) = A <=> y.(Ql’ Q2s Q3’ Q4) = A . 7.(Q1, Qz’ Q3’ Q4)

implying

(6.5)

(6.6)
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6.2.2 S-Functions and Fixed Point

Theorem 6.4 The flow equations in eq. (6.4) lead to the following f-functions for the dimensionless couplings

-

B11(7115 Vee> Vo15 Yo7)
Bes (V11> Ve6» Yo15 Yo7)

_j;ll/A
Y66/ A
o /A + ¥ <4DA,6> Yoo

~Tor/ N+ Vo7 - <_165A,e> * Voo

Q

Q

Q

4 O
Bo1 (7115 V66> Yo15 Yo7)

Q

Bo7(V11> Ve6» Yo15 Yor)

“

with D, , = A-D, .
Proof 6.4 Inserting eqs. (6.5) and (6.6) into the flow-equations (6.4) yields the desired result.

Corollary 6.5 The vector (7:‘1, 7;6, )7;1, ;7;‘7) = (0,0,0,0) is the only fixed point. Therefore (within our approxima-
tions) all the critical exponents equal to zero and we have found an instable fixed point.

Proof 6.5 Equating all f-functions to zero, and inserting the first two equations into the last two (with the order
indicated above) gives the desired result.
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7 Conclusion

This thesis was supposed to answer two questions:

1. “Can one generalize the concept of universality to fermionic systems away from thermodynamic equilib-
rium?”

2. “If so, can we determine non-trivial critical exponents for the system in the literature [15] (performing a
topological phase transition) when we combine a Mean Field Theory with a One-Loop-FRG?”

The first question was answered in the affirmative:

Having found the translation of the partition function to the functional integral formalism yielded access to all the
tools from quantum field theory. Generalizing the mathematical and physical concepts from the various literatures
to arbitrary GraBmannian functional integrals that one can encounter (by this translation) was straightforward.

Also, the system that we studied from chapter 4 to chapter 6 featured the typical hallmark from FRG-analyses:
Focusing on divergencies yielded an enormous reduction of complexity (infinitely many coupling constants that
might be considered) to simplicity (in our case: four flow equations that needed to be solved).

The second question was answered in the negative:

The system of interest was introduced in formal correspondence to a topological insulator and yielded an action
with quartic terms. After determining the self-energy in first order perturbation theory (the Born-Approximation
from [17]), and demanding self-consistency of this approximation, we easily realized that the interaction terms
corresponded to relevant couplings.

Finding divergent One-Loop-corrections (these are typical for systems performing phase transitions) to the effec-
tive interactions marked the starting point of the FRG-analysis. Building on the inherent analogy from FRG to
Wilson’s RG-scheme, we also conjectured, due to the positive scaling dimension of the couplings, the existence of
a non-trivial (“Wilson-Fisher”) fixed point for the effective interactions. What we found was an instable Gaussian
fixed point (yielding trivial critical exponents).

Assuming the existence of a non-trivial fixed point for the effective interactions, the insight of our calculation is
that a One-Loop-FRG with our ansatz is not suited to find it.

Elaborating the aforementioned analogy to Wilson’s RG-scheme, we might consider us in a situation similar as
with the O(1)-model in d dimensions, as in [5], after working through the first order pertubation theory. Now
going over to the second order perturbation theory as in [5], might correspond in our case to including more
vertex-functions to our ansatz in section 3.3.3.

Of course, the inclusion of vertex-functions corresponding to terms in the series expansion that are higher than
quartic is unreasonable, as they scale to zero when the FRG is iterated. But it might be an option to conclude
(from symmetry-considerations) which vertex-functions are theoretically allowed but not represented as One-
Loop-divergencies. Especially those vertex-functions that differ by diverging couplings exclusively by the action
of a symmetry-transformation might be interesting to include into our ansatz.

62



8 Appendix

8.1 Proofs

8.1.1 Proofs to Chapter 3

Proof 8.1 of Lemma 3.4 The definition of the trace reads

Z =Trp(t) = Trp(ty) = Y (I]p(t)IT).

I

Now, we include a resolution of the identity (cf. eq. (2.1)) and obtain'

D lpe )Ty = | dy e (ol )ly )yl T)
1 1

= | dy e Y I Iptn)] = w)
1

= [ dye™F (ul Y I plr) = w)
1
N——

=1

= | dw e ™ (wlpty)| — w)

_ 2
dw—,Ne o] <W—,N|p(tN)| _W—,N>'

Inserting another resolution of identity

]]+,N = J dW+,Ne_W+'NW+’N |W+,N><W+,N|

IRegarding the second equation sign: In order to “find” this minus sign in the derivation of the grand canonical partition function for
fermionic many-body quantum systems as in [1], one has to use the block-diagonality of the second quantized Hamilton-operator w.r.t.
the number of particles. Here one has to give a similar argument: From eq. (3.1) it is apparent that the action of the Liouville-operator
% does not change the ratio of creation- to annihilation-operators in a monom of the type

s s
¢ | vac. ){ vac. lej, -=-¢j, s
although the action of the Liouville-operator on such a monom can create more than one term. Likewise the action of any power of
the Liouville-operator (as in a series-expansion of eq. (3.2)) does not change this ratio. In the spirit of Hypothesis 3.7, we choose our
initial state as in Remark 3.7.1. The argument (i. e. the derivation of the minus sign) is completed analogously to the aforementioned

derivation in [1].
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yields the desired result:

Z = dlI/_,N e V-V <W—,N| T]+,N PN — W_,N>

dl//J_r,N e ¥ NN TH VN YN <W+,N lp(En)| — II/_,N>

= | dyy (W nlon| =y ) em Ve PHvenFoaven)

= dll/i,N <W+,N|PN| - W_,N> e™ow,
Proof 8.2 of Lemma 3.5
With eq. (3.2) we conclude together with the identity
eM¥ = + At x + O(AF?) 8.1)
the equation
<W+,n+1 |pn+1| - lI/—,n+1> = <W+,n+l |pn| - l)U—,n+l> + At <W+,n+1 |‘=§/ﬂ[pn]| - W—,n+1> + O(Atz)‘ (8'2)

Furthermore, one has the decomposition

_ 2 2
pn = JdWi,n € (|W+,n| +|l/’—,n| ) |W+’n><_l//—,n| <W+,n|pn| - l//—,n>'

Then, it follows for the first term on the r.h.s. in eq. (8.2)

At [(01W+,n)‘/’+,n+W—,n oy

_ 2 2
<W+,n+l Ipnl - W—,n+l> = JdWi,n € (|W+’"| +|W7'n| ) <W+,n+1 |W+,n><_ll,—,n| - W—,n+l> <ll/+,n|pn| - W—,n)

dll/iyn ¢ ’"] 1 <llj+,n|pn| - W—’n>a

with discrete partial derivatives

W—, +1 — l//—,
oy_, = #, etc.

For the second term on the r. h. s. in eq. (8.2) we obtain quite analogously

At <l//+,n+l |$[pn]| - l//—,n+1>

= J dy, , TVt Tvon) At (yr, o 1L [T =Wl ]l = W) (Wl Pl = W) = .
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which can be further expanded with the definition of the Liouville-operator in eq. (3.1) to be

L. = [ dll/i,n e_(w+,nvl+,n+W—,n‘V—,n)At Z {2([//_'_’"_’_1 |La|l//+’n><_llf_’n|Ll| - l//_’n+1>

- <W+,n+1|L2La|W+,n><_W—,n| - W—,n+1>
- <W+,n+1 |l//+,n><_l//—,n|LZLa| - W—,n+l>
Hwpalpal —w_,)

or, with the abbreviations introduced above:

= J dy, e [OFvrt T ne o ol = ).

If we now use eq. (8.1) again, we get in total

<ll/+,n+l |pn+l| - l//—,n+1> = <W+,n+1 |pn| - W—,n+1> + Ar (l//+,n+1 |$[Pn]| - l//—,n+l> + @(AIZ)

— dwi’neAt [(01W+,n)l//+,n+w_y,,0,ll/_,n] eAt j(wi'nﬂ’wi’n)(lll-{—,nlpnl _ W—,n> + O(Atz)
— dwi’neAt [(0,%,,,)114,,,+Wina,w,,n+f/@¢,n+1,Wi,n)] <l//+,n|pn| _ W_’n> + (‘)(At2)

= | dy, e ™Sy, L lp,l —w_,) + O(AF)

= | dy,, (W, lp,| —w_,) e ™ S + O(AL),

the result, which was needed to be proven.

Proof 8.3 of Corollary 3.6 This follows immediately by looking at the concrete form of the Liouville-superoperator
LW, 4415 W, ) in the proof of Lemma 3.5. Neglecting the infinitesimal time-differences gives exactly this result.

Proof 8.4 of Lemma 3.8

Preparation: For any operators A, B one has
(AB) = Tr(AB py)
= Y (nlAB py|n)

= Y(nl1_yABpyln)
= Z J dy_ y e ¥-NYN (nlw_yHw_nIAB py|n)
= J dy_ n e V- Y-y <1//_,N|AB PN Z |n){n| — W_,N>

_ J dy_y e T35y IAB py| — v y).
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With the cyclicity of the trace one concludes
1. (AB) = [dy_ e "-w-~(y_y|ABpy|—w_y),
2. (AB) = [dy_ y eV~ (y_y|Bpy Al —w_y),
3. (AB) = [dy_yeV-~n"-~(y_y|py AB| —y_y).

The identity (y, vy _y) = —(a'a).

We use the first equation with A = @', B = a and insert a resolution of identity between density and annihilation-
operator:

(a'a)y = dy_ v e_w_’Nw_’N<W—,N|aTaPN| —Y_nN)
= dW_,N e_w_’NW_'N<W_,N lapy| — W—,N) (_W—,N)

= dW_,N eV-NY- <W_,N|au+,NpN| - W_,N> (_W—,N>

= dl//i,N <W+,N|PN| - W_,N> e™SN (_W+,NW—,N>

= _<W+,NW—,N >’

where in the last step the calculation was continued analogously to the proof of Theorem 3.3.
The identity: (y_yy, v) =1 — (a'a).

We use the second equation with B = a' and A = a and insert another resolution of identity:

<aaT> = dW—,N e VNV (W_,N| a' pyal— W—,N>

= |dy_y e ¥-NYN (W—,Nl‘ﬂ+,Na+ Pyl —W_N) (_W_,N)

= d‘l’i,N <W+,N|PN| - W_,N>e_SN ('HI/_,NW.;.,N)

= <W—’NW+,N>7

where in the last step the calculation was continued analogously to the proof of Theorem 3.3.
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The identity: (v, yv_,v, y) = —(a'a).

We use the first equation with A = a' and B = a:

(a'a) = dy_ e VY <W—,N|a%apN| —W_n)

= dW_,N eV <W—,N |1 +’NaTapN| - lI/_,N>

s

= dy, v <W+,N| apy| - W—,N) e N (_W+,N>

S

= dl//i,N a<llj+,N|pN| - W—,N)e_ N (_w-hN)

Lemma 3.5

= J dy, n dwy voya (o nlonal —vo v e "4 Siv-iv g TSN (_W+,N) +O(Ar)

= J' dy, v Ay, yvo (W nvoilonvoil =W v e A Sinm e ~IN (_W+,N—1W+,N> +0O(Ar)

= _<W+,N—1W+,N>’

where the identities

ae™Vr vVt = a(y, v e yo ) = (W v lalye o) = (wn W vo )W yog = €70evvevty, o

have been used and in the last step the calculation was continued analogously to the proof of Theorem 3.3.
The identity: (v, v, v) =1 — (a'a).

We use the first equation with A = a and B = a':

(aa’y = | dy_y e "-"-N(y_ylaa py | —y_y)

= | dy_y e VNV <W_,N| ‘ﬂ]+,1\1aJf pn | — ll/_,N>

= [ dy, y (Wi nloN] =W ) ey (W+,NW+,N>

(Wi NV

where in the last step the calculation was continued analogously to the proof of Theorem 3.3.
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The identity: (y_yw_ ) = (ad’).

We use the second equation with A = a, B = a'. Then it follows

(aad"y = | dy_ye"=""-N(y_yla"pyal —y_y)

= [ dy_ye - (y_ylpy | —v_n) (VoNV_n)

= | dw, v (wonlonl =Wy e™ (W yw_y)

= (W—,NW—,N>’

where in the last step the calculation was continued analogously to the proof of Theorem 3.3.
The identity: (y_yw_y_,) = —(a'a).

We use the third equation with A = ¢" und B = a:

(aTa) = dy_ e V-NY- <W_,N |PNaTa| - W_,N>

= dW_,N e_wiNWﬁN(W_,Nlﬂ.'.,NPNl - W_,N> : (_aTW_,N>

= | dy,y wonlonl —w_y) eV (=aTy_y)

Lemma 3.5

= J dy, v Ay, y (W noilon-l - ‘//—,N—l>e_AtS[N_l’NJ e - (_aTW—,N) +O(A7)
= J dyy y AW vy (W vl = W vy e T8N e ™IV (Y iy ) + O(AF)

= J' Ay, v AWy oy (W v ool = Wy e 78S e ™SV e (—y ) + O(AF)

= _<W—,NW—,N—1 )

where the identities
eV-N-1Vn gf = (=w_ Nl —w_n) a'
=(-yv_n_| a'| - W_n)
=(=w_noi |l —w_n)- <_W—,N—1)

= e+w_,N—I'W—,N (_W_ N—l)

have been used and in the last step the calculation was continued analogously to the proof of Theorem 3.3.
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Proof 8.5 of Remark 3.11.1. One has

8j(x)

0 - 1) . 0 . S(s) = $ <6j(x) - 5J(x)>
—7T ’ - w ) [ R— w ) : ¥l *
=TI 35( WUk =W u) (Mx)) +50+ T ( L5000+ doE S

6¢(e)

_ AN 5J(x) — 8j(x)
_ $ <—¢(X), d)(x)) . (%) +j(o)+ $ <_5‘(]]5(°)¢(X) + ¢(x)5fl)(')>

5(+)
= J(®),

and

6j(x)

_ _ _ CA 5_ _ 5 .
2 g, ¢1= 35 <5~5 WLl = WUJ]) - <i§?§€3) —j(->+§5( 2 40y + B0 J_(")>
Sp(*) J&) 5j(x) — Sp(*) Sp(s)

5(s)

= —j(s).

Proof 8.6 of Lemma 3.14.

For the first equation we compute

W[.]’j] = - lOgJ' '@(W’ W) exXp <_S[W’W] + %EGW + WJ))

__ 1ogj DM -y, M -y)exp <—S[M cw, M -yl + %: J(X) (M - y)(x) + (M - W)(x)ﬂx))

X

using now
j:x JOOM - y)(x) = j:x $y JOO M(x, y)y(y) = % $X MT(y,%)j(x) w(y) = j:y(M RRELE)
and analogously one has
j:x(ﬁ )0 J(x) = j:y O - ).
Then, it follows (together with Definition 3.13)

= —10gJ Py, y) exp <—S[W,W] +$ M- DO W) +70) (M -j)(y)>

=WI[M -j,M"-j].

For the second equation one has
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Gl M -j,M"-j]= _#_W[HT.J-’MT 7]
S(MT - j)(e)

=—2 __wiij)
BMT - )(e)

Now one calculates

JjoO=M"T-M"j)x) = %E M0, ) (M- ()

and therefore

-

L__%: <%‘()> $M %o
sMT-)) T\ D" 5o

It then follows with Notation 3.10

-

$M1 )5.
0j(x)

#M C x)( = >—+§E M7 o, x) plx, j jl= (M ™" - @) [, ), ],

Analogously, one obtains

oM MGl = ——— W= j:M (x)( 509 L/J]) (M 3) 1,70
5(M - j)(e)

Proof 8.7 of Theorem 3.15.

With Lemma 3.14 one can prove the theorem very easily:

M- g, M  -gpl=W[M -j,MT-J] +j: MT-HM™ - @)+ M )M - j)x)
=Wlj,jl+ j: J(%) p(x) + p(x) j(x)
=T, b].
Proof 8.8 of Approximation 3.16.

Starting with eq. (3.6):
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n¢@=wuﬂ+$ﬂ+%

We do the following things:
1. We multiply this equation by —1 and apply the exponential-function to both sides,
2. we insert the definition of the source-dependent partition function Z[j, j] from eq. (3.4),
3. we use the invariance of the functional integral by Gramann-valued translations v — ¢ — A, etc.

This gives in equations

exp (~T'16.91) = Z1j. Tlexp (— j:}qb + 51)
- j Dw. T exp (—S[w,m n gE}(w @~ E)j>
= J (A, A) exp <—S[¢>+ A p+A] + $7A +Zj> .

The action §' can now be expanded analogously to Notation 3.9 (again, in schematic notation) in the variation

S[p+A,p+A] = S(¢p, p]

o — 0 — A
_S , , __S , . _

+ j:(&p .91, =5l ¢]) <A>

52 - 52 -
) (223 20 O
2! 8) \Zsl0.9] Z=Sle.41) \A
+0O <A3,A2Z1,A1K2,Z3>.
With this we get
exp (T 61) = exp (-S4, 61 J (A, B) expP(A, A, b, b) (8.3)

with a polynomial P in the integration-variables and in the classical fields. In the so-called “Tree-Level-approximation™
one now approximates?

J@(A,Z) expP(A A, ) =~  O).

So, one assumes that the functional integral (which, when evaluated, is again a polynomial expression in the
classical fields) gives essentially ¢-independent contributions.

>The meaning of the symbol “~” is discussed in section 3.4.3.
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After applying the logarithm and using the inverse property (also for GraBmann-valued polynomial expressions?!)
we thus obtain

I, dl ~ Sld, Pl + const.

Remembering now that the physically relevant part of the effective action is in the numerical values of the non-
trivial correlators (and thus in the coefficients of the non-constant monomials in I" (cf. the series-expansion in eq.
(3.7) and section 3.4.1), then, one usually simply notes for convenience:

T, ¢l ~ S, Pl

Proof 8.9 of Approximation 3.18.

The “One-Loop-approximation” builds on the Tree-Level-approximation. If we use Corollary 3.17, then (in the
context of the Tree-Level-approximation) in eq. (8.3) the terms linear in A and A cancel out. Then we can use
this to connect to eq. (8.3), by neglecting the contributions to the polynomial P of order A” A with n + m > 3:

L T Cetn T — 1 A TRl Sl¢, b A
exp (~T1b &1 ) ~ exp ( S[c/),c/)])J@(A,A) exp zﬂ:(K) <—S[¢ 5 @S[d) 5] (3

b 6¢p b6
= exp <_S[¢’E]) Pf (5(]55(15 [¢ d)] 5¢5¢ [d) ¢]>

5500 Sl b 5¢5¢ S, ¢]

If we now take the logarithm on both sides and use the inversion-property between exponential-function and
logarithm (?!) and fundamental identities for the matrix logarithm (also for GraBmann-valued matrices?!), we get

T, $] ~ —S[, §] + log Pf (W 20 s¢a¢ S1o. ‘“)
oo [d) ¢] 5¢5¢ [d) d)]
2 _ —S
= —S[¢, d1 + %10gDet (54’54’ o059 2 ¢]>
Fall ¢] 5¢5¢ S, Pl
52 g ’—
= —S[.b] + > Trlog<5¢5¢ 9.9] g1 ¢]>
56 Slg. d)] wa’ @]
> +T16, 61 ~ +ST6.61 - 2 Tr log<6¢5¢ 9] 6¢5¢ Si¢- ] >
praalle ¢] 5¢5¢ S, p]

Proof 8.10 of Lemma 3.20.
First Identity

One has not only for the quadratic sector
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52 v 52 _
— 00 — 16k — p) = O |
5W(J’1)5W(y2) w(x)) w(x,) (xy = ¥2)0(x; — yy) 5?()71)5‘//()’2) w(x)w(x,)

but also for the quartic sector

5’2

-y (X)W (x) w(x3) w(x,) = (6(x; — yDw(x,y) — 8(x, — yw(x D(6(x, — y)w(x3) — 6(x3 — y,)w(xy))
oy (yow(y,)

52

= WW(XI) W (X)) w(x3) w(xy),

where the Delta-symbols denote a multiplication of a Kronecker-Delta and Dirac-Delta for the discrete and con-
tinuous part of the generalized indices.

Second Identity

Here, one also has for the quadratic sector

& v 52 _
=  —6(x, = y)B(x, —y) = — O |
5W(y1)6w(y2)W(xl) w(x,) (x5 = ¥2)6(x; — yy) 5W(J’2)5W(Y1) y(x)w(x,)

but also in the quartic sector

gz

_—W(M)W(xz) w(x3) wxy) = (6(x; — M)W(xz) —o(x, — yl)W(xl))(5(x3 — 1w (xy) — 6(x4 — y)w(x3))
ow(yoy(y,)

52

= e Gosrn SO TED Y v )

The proof is finished by using the U(1) invariance of the action, implying? that in a series expansion of the fields
each monomial possesses equally many y-variables as y-variables. Then one considers a monomial of this type
w(x) - y(x)w(x)) - w(X,)

and proves the identities by induction* over the number n € N_ ;. Noting the linearity of the derivates completes
the proof.

Proof 8.11 of Approximation 3.21.

One separates the second variation according to

Cwbw¢]MM[¢@>=<QI4%3+<MMMM¢]Mwmw¢v
2551001 ==Sle.0l) \Gp 0 23Sl d. 0] ==S[¢. 9]
Vig. 4]

11l
()
SN
+

3See, for example, [7].
4As this is a little bit lengthy (but very easy), it is not documented in this thesis.
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Using now that

(0 G\ _(0 G
o=\G;t 0 “\-G¢I o)

it follows, after simplifying the notation V[¢, 5] =V, that

Tr log [Qo_l +V] = Tr log [Qo_l (1 +Qov)]

N

= Trlog [Qo'l] + Trlog [1 + Gy - V]

O(1) + Trlog [1 +go-v].

The first term again provides a (in ¢ and ¢) constant (and thus physically irrelevant) contribution. The second
term provides (physically relevant) corrections. Therefore, we focus on the second term and expand the logarithm
in its series representation for “small” corrections to the identity:

SP)?
_(gozv) _]

= 1[G v| -3 [G VG Y]

Trlog[1+QO-V] ~ Tr [QO-V

+

First summand. One computes

gov — < OT G > 5¢5¢ mt[¢ qﬂ 5¢5¢ 1nt[¢ ¢]
=Gy 0 \ 5 Smle. 4] 5¢5¢ Siwlp. ]
_ < GO ﬁ mt[d) d)] GO 5¢5¢ 1nt 4) ¢ >’

- Gg 5¢5¢ mt[¢ ¢] _GOT 5¢5$ mt[d)’d)]

where the formal products are to be evaluated by insertion of corresponding “unities’.
Because of Lemma 3.20 one easily concludes that
T
5 - 52 T 4T T
—— Sl dl = — | =——S,.[¢. 4] and  B'A =(AB). (8.4)
6¢6¢ o¢po¢
Due to the cyclicity of the trace we arrive at the first term in eq. (3.16).

Second summand. We write

VGV = Gy - 5¢5g> Suld ¢l Gy W? Sl®- 61\ ([ Go- W? Sl ¢1 - Go- W? Sl P, &1
=Gy - 5055 Sl ¢l -Gy - = Sinl . ¢l =Gy 557 Sl d] =G - =S,.[0, @]

5¢5 5¢5
A+B -
- C+D)’
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(the secondary diagonals are irrelevant if one takes the trace and only provide corrections on higher orders of
perturbation theory) with

52 _ 52 —

A=Gy ——Suld. @] G- ——S,,[¢. &1,
oo oo
B =-G '6—25‘ (¢ E]'GT'S—zS‘ [, }]
0 5$5$ intLF 0 5¢ 5¢) intL%# ’
C =Gl 5,16.81- Gy ——5,,19.9]
0 54) 5¢ intLY% 0 5555 intL%> )
8’ P
D=G, - ——=Sl$.4] G - Siulb. B1.
5¢5¢ 5(]55(15

Now, one has Tr B = Tr C. Due to the cyclicity of the trace and Tr A = Tr D because of eq. (8.4). Eq. (3.16) is
now proven.

Proof 8.12 of Lemma 3.22
This proof is easy on the surface, but difficult when it comes to details.

Preparation: We will first proof that exp + W, [/, j] can be commuted with any other GraBmann-valued polyno-
mial expressions.

Since
Salw, vl =§E v(x) Gy (6, W) + Siplw, ¥l
X,y

with an U(1) invariant interaction .S,
U(1)-invariance.

it follows from Remark 3.15.3, the free energy W must also have an

int »

From this, we can conclude’ that the free energy W, expressed by its series expansion, possesses only monomials
which have an equal number of j- and j-fields.

With the expansion of the exponential-function, one follows that exp + W, [/, j], written by its series expansion,
possesses exclusively monomials with even numbers of GraBmann-variables, proving the statement in the prepa-
ration.

Now we use the so-called “source-trick” from the literature [12]:

(0uW) 71 = —exp (WAL 1) dp exp (- Walii 1)

-1 oo (WU3) | 2097w (0,6 A) (%, ) w(y) exp <—SA + Liv +w>
X,y

= —ix’yexp (WA[_] j]> T ; )< ©G, A>(x y)

B 5 B < 5 .—.> 5 =
= — —W 0 G N _—W N 0 —_W H
j:x’y ( 5ol n)( Gily) o) (=Wl T)) + (G ) Gy Wl

2o (w1

3See, for example, [7] for details.
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Using Lemma 3.20 twice gives for the second term

$ (0,65, ) D w7 = j: (0,65, ) PW—" w7
PR 5j()5)(y) AN 57(1)8j(x)
_ 52 .
=Tr [()AGO’IA . —5}& WA[],j]]

and completes the proof.

Proof 8.13 of Lemma 3.23

‘We now show

| VA 774 * r,. Z.r ,

55N 557N\ [ e N saes A roon [0 =x) 0

52 _521 52 52 (x b x) - /
fWA ﬁWA _FA —_FA 0 5(x - x)
6j6j 6j6j 56 56

by applying the chain rule:

With the expansion j(x) = $ d(y) < 0 Jj (x)) + E(y) < _5 Jj (x)) one immediately arrives at
y 56() ()
N
8 =) = 52 ()

[ 5 5 - N[5
_ §E < 5j(x,)¢<y>> < y ¢(y)J(X)> + ( - j(x,)¢(y)> (5%)/@))
52 = > 52 — ( —52 - ) —52 —
$y <5j<x')6j(y> M (6¢<y>6¢<x> * ) 5i6nsj» M <6¢(y>6¢<x> * >

Further, it follows

) < o ¢<y>) (Lj(m) +< o E(y)) o)
y \8j(x") 6¢(y) 8j(x") Sp(y)

2 _ _S2 _ _S2 _ _s2 —
= ;E <%WAU,J‘]> (—5_FA[¢, ¢]) + (%WAU,A) (%Fm ¢]>.
v \87(x37(7) 5$()5P(x) 57(x")8j(») 5P(SH)

Analogously, one gets
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—>

5(,)1()

) 5 5 -
-1 (51( 390) (5567%0) + <5J(x')¢(y ) <5$<y>’ (X))
i( 5 W[.—.])< - —]> ( —5? W[.—.]> e 6.3
= -_— Py R — Py + S — ) - ) .
LG M Serse M0 5i68i» )\ st 9

And last but not least, one has

- 5: _
= ¢(y)> <—J( )> < ¢(y)> ( j(X))
%E <5](x’) 6¢(y) 8j(x") S(y)

52 —>< 52 —) ( —52 .—.> 52 -
= — 2 W, l.Jjl) | ———T[¢. 0] | + | ———W,[j.j] || =——T\[¢.0] }.
$y<5j<x'>5j(y) AT N 8j(x")8j () o SPNEP(x)

Proof 8.14 of Theorem 3.24

The important thing in this calculation is to consider the A-dependence of the sources j und j: First it follows
from the linearity of derivatives

16,31 =0, W71 +0, % (70 + )

— oW1+ L (019 + 70, ).

We now concentrate on the first term. With eq. (3.5) and Remark 3.22.2 we get

O\ WiLj.T] = —0, log Z,J. 7]
0\Z _ _ B
= — < AZAA> [,],.]] - $ <(aAJ) <W>J;A + <W>J;A aAj>

—+ (Zw ) udi- L (Do +Fo.)

Thus, the derivatives of the sources cancel out and using the remaining identities in Notation 3.10 and the flow
equation in Lemma 3.22, we obtain
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ONTAlp, B =+ (W, ) 1.7

L4 8 - 8 5
=Tr <0AGO,A- 655jWA[J,J]> —$ <5]T AlJs J]) < 0. A) (x,) (%WA[J J])
X,y

=Tt (aAGO-}A - quﬂ) +1 9 (0.6,) o0 =

We now use Lemma 3.23 to see the equation

5 17— <5¢5¢ INCXD 5¢5¢ L[, ¢]>

855) 5030 X 5¢5¢ L@, 9]

Now, we combine these results, use the cyclicity of the trace and the antisymmetry of the corresponding operators,
and thus obtain

8AG(;1[\ 0
1 < 0 -0 G‘T> _
L=t ¥ j: B (0565, ) () 90,
(Wmcp 9] W T\l9, qb])
AR WA

Proof 8.15 of Theorem 3.26

First we calculate using the Neumann-series (which is valid in the present case (?!))

(67 - vA[qa,E])_1
-1

<1_GAvA[¢’$]> 'GA
(1 + G, - VA[$, 6l + G, - V[0 G, - V[, d] + ) -G,

(#rsi9.31)

where we used (AB)~! = B~'A~! and the geometric series. Then by substitution into the Wetterich-equation

- 1 a/\GO_IA ey 1
NN 3 Tr m + $ B(x) 0,Gy ,\ (x, y) p(¥),
ALP Y

it follows for the first term of the r.h.s. with the cyclicity and linearity of the trace
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0,G! _ B B
Tr( 2A oﬁA__> = Tr((aAG&1A> . (1 + G, -V, Pl + G, - V[, Pl -Gy - Vi, ] + > 'GA>
6FA[¢9¢]

=Tr (G, - 0,65, ) + Tr(SA- (VA19. 81+ V16,81 G, - V(6.1 + ))

If we now use fundamental identities of the trace again (invariance under transposition, cyclicity and linearity)
and sort the terms in the Wetterich-equation, we get the desired result.

Proof 8.16 of Corollary 3.31

From Theorem 3.15 it immediately follows that the choice of effective action satisfies the required symmetry
properties. Also eq. (3.18) is obviously satisfied with this choice of regulator; A typical choice® for a regularized
Heaviside-function would be

+

(fx)—A) +— 0€(f(x)—A)=larctan<M> l
/4 € 2

Then, one has for A =0

1
(6.(f(x)—0)) = <larctan <&> + l) — 1 for €-0.
b3 € 2

Similarly, for f(x) << A the limiting behavior is

(6.(f(x) = N)) ' x (%arctan <—A> + —) — 400 for €—0.

Proof 8.17 of Corollary 3.32

The first identity is clear. The second identity follows with Notation 3.25. For the third identity we have, after
introducing the abbreviation

Mat[0, ] (x,y) = 6(x = y) 0. (f (x) = A) = 6(x — y)g, (%),

the identities

Go,/\(x’ y) = $ 9A’€(X, o) Go(a’ y) = g/\(x) Go(xa »),

a

0
(0,65, ) (.39 =$ Gy () 056 (@.9) = =G (x. ) gAAg(Ay()i)'

®This function converges (as a Schwartz-distribution) to a Heaviside-function. Correspondingly its derivative converges (again as a
Schwartz-distribution) to a Dirac-delta-function (up to a factor).
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These two identities can be combined to

((aAGOle) . GO’A> (x,) = %E (0AG0',1A) (x,a) - Gy A(@, )

a

_ G-! ’ 0 8\ (a )G
#a 0 (x )gA() o, y).

In total one gets

Sy = (Gox - 0,Gy 'y Go.p ) ()

= é: G,(x,a) - <0AG(;1/\ : GA> (a, )

_ 0,81 (B)
=- j: ga(x) Gy(x, ) - j: G, ' (a, f) =22=Gy(B, y)
« s gr(p)
aAgA(ﬁ)
=-X g\(x)o(x—p) Gy(B.y)
% A g (B °

= - AgA(x)GO(xa )

= _a/\Go,A(X’ »)
implying (referring to Notation 3.25)

Y EUNEWN 0 Sy 0

Sa= < 0 +0AG({A> - < 0 —SAT ’ (8.5)
the announced result.
Proof 8.18 of Theorem 3.33
In order to calculate

1 1 - -
_5 Tr (SA : vA : GA : v/\) = +§ Tr (aAGO,A : 62FA,int[¢’ ‘15] ’ GO,A ’ 62FA,int[¢’ d’])

we first take the trace w.r.t. ¢»- and E—components, by multiplying the matrices. One gets

a G . 621—1 ) [(]’) a] — <aAGO,A O T > . 5¢5¢ A 1nt[¢ ¢] 5¢5¢ A mt[¢ d)]
AT0,A A,intl®P> 0 —GAGO A 5¢5¢ Ly inl ¢] 5¢5¢ Uy il s q')]

( 0Gon- w Canl®. @ 0,Gon - 2=Ts 1l )
= 52
aAG A 5¢5¢ A int ¢ ¢ —0 Gg A 5¢5¢ A int ¢ d)

and analogously one gets
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— 0,A "
GO,A : 62FA,int[¢’ ¢l = ( ’ i
_G(F)F’A 5(]55(]5 A,int[d)’d)

With this one arrives at

/\ int [d) ¢]

5¢5

Gy p- 5‘1“5?’ Ly il ¢] >

_Gg/\ ¢A1nt¢¢

oo

A+ B
aAGO,A'VA'GA'VAZ< C+D>’

(the secondary diagonals are irrelevant if one takes the trace and only provide corrections on higher orders of

perturbation theory) with

52 _ 52 —
A= aAGO A ——FA,int[¢’ é1- GO,A ) ——FA,int[¢’ ¢,
¢ o o¢p
B=-0,Gy 0T, . B1-GT 2T\ 6]
AMO0,A 5$5$ A, int s 0,A 5¢5¢ A, int ’ ’
C=—0,G] - =T, (.31 Gy - —2—T . 5.
A A 5¢5¢ A, int ’ O,A 555 A int
- 52 _ T 52 —
D = aAGO’A . —_FA,im[(p’ ¢] : GO,A I_1A 1nt[¢ ¢]
oo o6

Now, one has Tr B = Tr C due to the cyclicity of the trace and further one has Tr A = Tr D because of eq. (8.4).

8.1.2 Proofs to Chapter 4.

Proof 8.19 of the footnote on page 33

In the template [15] the operators / and r are introduced as

| :=V,a :=ei>(E"t + E®)a,
ri=Veia = S5 (E" + E®t)a,

where

a=(a,,a,, ... ,aM)T,

— T
=(a1J, azj) )

X, =0;,®1withj € {x,y,z},

mat(E™)) = 6,,8;,.

1 denotes the translation-matrix, i.e. (mat(?)), ;

=0

i+1,j°
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Preparations:

e For!:

e Forr:

e For both operators:

1 0 a, a .
(El,l ta) — < > < 1j+1 ) — ( 1,j+1 > ,
J 00 as iy 0
00 a . 0
22 _ i\ —
* a)j_<0 1><a2,j>_<a2,j>'

. _ (10 a; \_ [ a
(& ")J’_<o 0)\a, )7L 0
00 a ; 0
=B (3)-(2)
( ) 01 2,j+1 a2,j+1

T < 1 (.7 k
exp (1ZZy> = kZ ] (12% ® Id)

With this one gets ...

had 1 r\2k 1 2k
=y_LGEy 4Lz Id
kz:: 200! <14> MRV <l4> oy ®

_1)k 2%k i (_1)k 2k+1
200! (%) +1(;(2k+1)! (%) )"y@’m

e for the concrete expression of /:

and therefore
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e for the concrete expression of r:

.
r;=Vza), =¢€> (E"' + E**1) a;

- ()2 (5 )+ (e )

and therefore

Proof 8.20 of Theorem 4.3 The equations
T T _ .t T _
{lvj’ } {l l//} {rvj9 \/’}_{rv’j’r/-/}_o
are trivial. Further one has

1 1
{Vj’ V.j /}_ {( 1)V+ alj+1+a2j’( 1)V+ 'lrj+1+a;,j’}

1
2
1 v+

“ s, (o)
= 6,5,

and analogously one has

{rv’j,rT, 1 =6,,0;

Vi Jsd'

Proof 8.21 of Corollary 4.4.
The Hamiltonian H;

Using definition 4.2, we obtain for the first Hamiltonian

+
_ oY (1 oL ) v .

We examine both contributions separately; for v € {1,2} we then obtain

Z Lyh = 2 <( e an Tt a;,,-) (=D"*"ay 4 +ay;)

1 vl i i
= 3 Z ( ay @ + (-1 <a17j+]a2’j + az’jal’jH) + az’jaz’j>
J
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which can, with the Fourier-transform’

S ea,
q

§\~

be further simplified to

1 ; . . . . .
_ qXi1 AT a—ipxiq v+1 igxi. ,t A-ipx; gx; T A—ipxy igx; ,t .—ipx;
< ay e ray , (=D ( Ma e a,, + e Ja, e""a, | +eta) e a,
J:p-q

(a gy + (=1 ( ‘q”aI Mg te ‘q“a; a1q> +a;qa2’q>.

This then provides in total

+iga
_ T T — iga T —iga t 14 0 ¢ Qiq
Hy = le,jll,j L= Z(e a g te "ay alq) Z( a,, e-iga () a, )
) .

J q

The Hamiltonian Hy

Quite analogously one obtains again with definition 4.2 for the other Hamiltonian

T
r 1 O
m=3 (1) (o 5) () =Tt
S ,

We again consider both summands individually and calculate for v € {1, 2}

" (Dal + ), ) (CDay, + 0y )

i v+l
<aljalj+( 1) (a 8241 +a21+1a”)+a2]+1a2ﬁ1>

= N= N

i 1\l iga T iga T T
<a1’qa1’q+( D™ (e™a, ,ay,+¢"a, alq)+a2’qa2’q>.

M - M

And with this we finally get

a 0 g iqa a
o= B e o= (00 ) (o 57 (0):
.4 lg +iga
- a,, e 0 a,,

7Cf. Theorem 4.9 for the prefactor-convention.
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Proof 8.22 of Theorem 4.6

First we notice the decompositions

cos(qa) - o, —sin(qa) - o, fore=1L
cos(qa) - o, +sin(qa) - o, fore=R ’

H.(q) = {

which give with Notation 4.5

. cos(ga) . cos(ga)
hi(q) = |-sin(ga)|, hg(@) = |sin(qa)
0 0
d- —sin(qa) d- —sin(qa)
= @hL(q) =al|- cog(qa) , @hk(‘ﬁ =a cos(()qa)

This immediately gives

—ae, fore=L

- d -
hi@)x 3 @) = { var fore—R

Substituting in eq. (4.6) then yields

WL:—%J_; dgl=-1, WR:+%L: dg1=+1.
Proof 8.23 of Theorem 4.8
The equations
{xy o Xy} {xi,j’xt/,j’} =0

are trivial again.
As preparations we compute

o (L .rl b= 50D ay y Hay,, (D e +a] ) =2 (DS 46 0),

o {r;. 1 b =AD" a +ay,, (D e+ a Y = (D 6.

Then it follows with Remark 4.3

{x,) xt,’j/} ={l,;cos0+r, ;sinb, ll',’j/ cosf + ri/’j, sin 6}
— : ¥ il
= 6,8, +sin0c0s0 ({10l ) + (01 ,))
=6

8, +8,,s0c080 (8,1 +8,,,)

.
= 81 (8, + 351020) (6,001 +81) ) -

v,V
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Proof 8.24 of Theorem 4.9

For the concrete form of x one calculates
1 Z i
X = — e qxjx .
v,.q v,J
VM

1 igx, [ COSO v sin 6 y
- \/ﬁ - eq,( \/E ((_1) +1al,j+1+a2,j)+ \/5 (( ! ,j+a2’j+l)>

oL z) ST
v+l | Sln 0 igx; sin 0 1 igx; —iga
+(—1) \/_ Ze +$ \/—MZG J+la2’j+l c
J

= (=1 cos Ha cos 0a2,q + (1) sin sin 6 —iga

1,qe_“’“ + a,+——ay,
\/5 V2 V2 V2

= (- 1)V+1 - 2 (cosBe™ +sin ) + i;’% (cos @ + sin fe™4¢)

=: (-D"*'¢,(q,0)a,, + ¢,(q.0) ay,.

For the commutator one uses Theorem 4.8:

— i(gx;—px;r) T
{ vq9 } Mzequl P {xv,jv xvr’j/}
JJ’
O,y . , .
Theogm 48 Oy Z (e1(p—q)xj +sin@cosd (el(qxj—pxj+1) + el(qxj—pxj_l)))
M

J
=6,,0,,(l +2cosfsinb cos(pa))
0,0,y (1 +sin(20) cos(ga))
= 5v,v/5q,q/ N(q, 9) .

Proof 8.25 of Remark 4.10.1

The first and third line follow immediately with Theorem 4.9. For the identities in the fourth line we compute with
the inverse-rule for 2 X 2-matrices

Xie \ _ [ @k, 0)  cy(k,0) ay
< Xo ) B (-Cl(k, 0) c(k, 9)) < a > =

Accordingly we get

< a > _ 1 <c2(k, 0) —cy(k, 9)) ( a )
ay, 2¢,(k, 0)ey(k,0) \c(k,0) ¢ (k,0) ay )

5\/,2
2 2c2

f(v,k,0) = (8.6)

If we now expand this further with the third line, we get
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1
5 " cosfeka +sin §

1
> " cosd + sin @ e~ika

f(1,k,0)= f(2,k,0)=

1
(cos 6 coska+ sin@) —isin kacos 8

1
(cos 0 + sin @ cos ka) —isin kasin 0

_cos 0+ sinf cos ka +1isin ka sin 8
1 + sin(20) cos ka

cos @ coska +sin@ + isin kacos @
1 + sin(20) cos ka

-l -
-l -

For the second line it suffices (because of eq. (8.6)) to show, that

And indeed, it holds that

| =cic, = (e “cos 0 + sin 9) (e_ik” cos 6 + sin 6)

|Cl 1

%l

(e cos @ + sin ) (e cos @ + sin ) - e~ katika

(cos 0 + e *egin 9) (cos 0 + e**?gin 9)

§|~§|~&|H
§|H§|~

2
= e,

Il
o
%

2€

Further it follows

> == (e"cos 6 +sin@) (e cos @ +sinf) =

e, (1+sin@cos O™ + 7)) = %(1 + sin(26) cos(ka)) .

| —
| —

and with this also the last identity in the second line.

Proof 8.26 of Theorem 4.11

The identities (i) and (i1) are immediate. The identity (ii1) follows by explicit computation:

D) = Ha’;ilvac.) S - <H e‘“ﬁ"i) Hd;’q‘lvac.)
i \/M qyse-dm J J !

= \/ﬂ 6; (He 95())%; ) Hdzq()lvac.)

= Z sgn(a)He W11 Hd2 [vac.)

Al €Sy

= Hd;qlvac.).
q
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Proof 8.27 of the footnote on page 38.

With the definition of the matrices on page 81, the operators L were introduced in the template [15] as

[ d E*x, forn=1
L, = al E“*xMe forn=2 "
Because of
([ (1 O
Y e <O 0) fora =
- 00 ’
1 0 fora=2
(/0 1
. <0 0) fora =
- 00 ’
0 1 fora=2
it follows
( a(l)’i > fora=1
° Ea,] < al,i > =4 0 ,
G < > fora=2
L a,;
T
af < aé’i ) fora =
[ J ,E‘a’2 < %’i ) =< O s
D2 ( ¥ ) fora=2
a4;

and with this it immediately follows that

Lo = VE (d] By + 22855,
p— »{- »{_ -I- -I-
= \/E (5;1,1 <5a,lal,ixl,i + 5a,2a2’ix],i> + 6,1’2 (5a7lal’ix2’i =+ 50,2a2,ix2,,~>>

coinciding with our definition.
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8.1.3 Proofs to Chapter 5

Proof 8.28 of Lemma 5.4

We compute

T T T
2 Z LaPLZ =2k Z Z (5,,’1 <5a,1a1,,-x1,i + 5a,za2’ix1’i) +6,, <5 14y, ,x + 6, 2a2,x21>> p X
o i an

i i i i
<5n,1 <5a,1x1 'al,i + 5a,2x 'a2,i> + 6n,2 <5a,1x2,ia1’i + 5a,2x2,ia2’i>>

— T a
—21(2 Z a, xllpx a,; + a,x 2sz21 Vi

i ve(l2)
=2k aTx x! + a X, .
- llp 1,\/1 V12p 21 v,i

ve{l,2} i

2K 2 Z ) X x' a + a _x px, a
p1+03—(Dr+ps) Lp, P 1,p3 VaP4 V.p| 2,p2p 2.03%vpy ) °

vE{l 2} p1.P25P3:P4

Using now the formula from Remark 4.10.1 gives immediately
o al, X, 0x], a,, = FO )WL, + (1 %, px] G+ (CD',) )

. av,,,]x;,,,szz,,,3az,,,4=f<v,p1>f*(v,p4){(xl,,,,+(—1)Vx2,,,l)x;,,2pxz,p3<x1, + (=15 )b

which, after dissolving the parenthesis, reproduces exactly the terms that were to be found.

Proof 8.29 of Lemma 5.5
We evaluate the terms I;(v) for (j,v) € {1,...,8} X {1,2}. The procedure is divided into several steps:

1. In each quadruple sum )] we consider quadruples (p,, ..., p,) which contain +p with different mul-

tiplicities®.

P1:P2:P3>P4

In “wise foresight” we consider each of the terms I, ,(v) and I5  ¢(v) separately.

g(V).

We perform simplifications obtained by the special shape of the summands in I, _,(v) and I5

.....

We evaluate the non-vanishing terms.

A

We merge the results.

8Those terms, which are constant, linear or cubic in the creation- and annihilation-operators (of the mode p) do not yield nontrivial
contributions after taking the trace; The quartic terms are neglected in the framework of our approximation.
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Index | p; | p, | P3| Pa Index D D> D3 | Pa

2 |p|p|-|- 2 p p Py -

3 |p|-|p]|- 3 p 2p—ps | P | -

4 p|-|-|p Opytps—(pty) 4 p ps |- P

5 -|lp P - 5 2 p p| -

6 | -|p|-|P 6 |2p—p; p -lp

7 -l -lplp 7 12 - p|p
Table 8.1: Quadruples (p;, ..., py) Table 8.2: Quadruples (p,, ..., p,) that con-
that contain +p with tain +p with quadratic multiplic-
quadratic multiplicity. ity and (inclusive) satisfy p, + p; —

(p, +py) =0.

For I;(v), ..., I,(v) further simplifications come up: Each contribution I, _,(v) contains respective summands of
the form ,,Factor* - xz 2 X1, P xT Kb, with (a, b) € {1,2}?. This eliminates many contributions:

5D,
« i
Index P y2) P3| Dy 2 Tr;&p 5p]+p3—(p2+p4)f (V’ P1 G)f(v, Ps> e)sz,pl xl,ﬂz p xl,p3 xb’l’4
2 p p Py | -
3 p 2p—p, | P | - =0 since (xb’mxl’zp_m) =0
_ . T _
4 ) P -l p =0 since (xl,prl’h) =0
5 Dy p P | - ,
6 2p — py p -l p =0 since (x?p3 x(;,Zp—p3> =0
7 pz - p p

Table 8.3: Quadruple-configurations which (anyway) do not contribute in I; _,(v).

The remaining terms can be evaluated quickly:

* i T
IndeX p] pz p3 p4 2 Tr¢p 6p1+p3—(P2+174)f (V7 pl 4 e)f(v’ p4’ 0)x1’p1x1,p2 p xl,p3x1,p4
— 1 T —
2 plp|ps| - =0 since (x17p4x1’p4) =0
5 pa|lp | P - #0 since (xl’mx;m) #0
— ; i —
7 p,| - | p| P =0 since (prle’pQ) =0

Table 8.4: Evaluation of I,(v = 1, 2).

Index | p; | py | P3| Pa | 2 Tr;ép 6p1+p3_(p2+p4)f*(v, P, ) f(v,py, o9)x;plx1’p2 p x?p}xz,p4
2 plp|p| - =0 since (ximxz’m) =0
5 pa|lp| P - =0 since (x2’p4x1p4) =0
7 Dl - PP =0 since (xihxl’pz) =0

Table 8.5: Evaluation of L,(v = 1, 2).
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Index | p; | p, | P3| Ps | 2 Tr,, 5p1+p3_(p2+p4)f*(v, D1, 0)f (v, ps, 0)x;plx1’p2 p x;f’paxl’p4
2 Pl PPyl - =0 since (x:’mxl’m) =0
5 Ps| P | D | - =0 since (xl’mx;m) =0
7 Dl - PP =0 since (x;ple’h) =0

Table 8.6: Evaluation of I;(v = 1, 2).

Index | py | py | P3| Pa | 270008, 4y pipS “ (Vo1 O)f (Vs Py H)x;’plxl’pz px}p}xm
2 plp|p| - =0 since (x;"mxz,m) =0
5 palp| P - =0 since (x27p4x;p4) =0
7 Dl - | PP =0 since (x;hxl,pz) =0

Table 8.7: Evaluation of I,(v = 1, 2).

Since

K
II(V=1’2)=H<ZI)'x1,ppp NK(pae)dlppp Lp’

k#p
the first part of the statement is proven.

For I5(v), ..., Ii(v), we follow the same procedure and observe the further simplifications: Each contribution

I5 s(v) contains summands of the form ,,Factor”- x, , x;pz P Xy, x;p4 with (a, b) € {1,2}?. This eliminates many
other contributions:
Index |  p, P | ps | Pa | 208, s g S VPOV (Vi Py )X, X5, P X0, X,
2 p P | P4 -
3 p 2p—p, | P | - =0 since (x zzp p4) =
4 p D3 - | p =0 since (xlp3 2’113) =
5 Py p__|P| -
6 2p — ps p - p =0 since (xz’p3xa72p_p3> =0
7 P - plp

Table 8.8: Quadruple-configurations which (anyway) do not contribute in I5  ¢(v).

The remaining terms can again be evaluated quickly:

Index | p; | py | P3| Ps| 2 Tr;&p 5p]+p3_(p2+p4)f(v, D1,0)f*(V, pys «9)xl,p1 x;pz p xz,p}x;p4
2 p| PPyl - =0 since (x2’p4xip4) =0
5 pa|lp| P - =0 since (x;mxl’m) =0
7 Pl - | p|p =0 since (xl’hx;h) =0

Table 8.9: Evaluation of I;(v = 1, 2).
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Index | py | py | P3| Py | 2T, 5p1+p3_(p2+p4)f(v, P, f*(v, pys H)XLP1 x;pz P xz,mx;p4
2 p|p|py| - =0 since (xz’mx;m) =0
5 pa|lp | P - =0 since <x;,p4x1’174> =0
7 P, - | p| P =0 since (przx;pz) =0

Table 8.10: Evaluation of I;(v = 1, 2).

Index | p; | py | P3| Py | 2Ty, 5p1+p3_(p2+p4)f(v, P10 f(V, g 49)x2’p1x;92 P xz%x?p4

2 plp|p| - =0 since (x27p4x;p4) =0

5 palp| P - =0 since (x;"mxz,m) =0

7 Dl - | PP =0 since <x27P2x-2‘-,p2> =0

Table 8.11: Evaluation of I,(v = 1, 2).
* T i

Index Py | Dy | D3| Py 2 Tr;ép 5p]+p3—(p2+p4)f(v’ Py e)f (Va Py> e)xz,pl x2,p2 p x2,p3xb’p4

2 plp Dbyl - =0 since (x2’p4x;p4> =0

5 pa|l PP - #0 since <x;,p4x2a1’4> #0

7 Dl - PP =0 since <x2a1’2x;,p2> =0

Table 8.12: Evaluation of Ig(v = 1,2).

Since

K
18(‘/=1’2)=M(21) x prZpNK(p g)dzppp 2,p°

k#p

the statement is proven.

Proof 8.30 of Lemma 5.7

We evaluate the terms in complete analogy to Lemma 5.5 and follow the five steps in the above proof.

For II,(v), ..., II,(v) one agam has further simplifications: Each contribution II; ,(v) contains respective sum-
mands of the form ,,Factor* - l,pl Xgp, X ZP Xip, P with (a, b) € {1,2}%. This ehmlnates many contributions:
Index Di Dy P3| Py | Try, 5p1+p3—(pz+p4)f(v D2, 0) (v, ps, t9)xT xa,pzxz’p}x]’p4 p
2 p p Pyl - =0 since (xbp X, p4> = 0
3 p 2p—p, | P | - =0 since (x,,, , X;,) =0
4 p P3 - P
5 Dy p p | - =0 since (x 1p4) =
6 2p—ps p - p =0 since <x12p ;. bp3) =
7 D, - plp =0 since (x;p2 ap) =

Table 8.13: Quadruple-configurations which (anyway) do not contribute in II, ,(v).

.....
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The remaining terms can again be evaluated quickly:

* il i
Index ‘ P ‘ P> ‘ P3 ‘ P4 ‘ Tr;ép 5Pl+p3—(p2+p4)f(v’p2’0)f (V7p37e)xl,plx],ple’p3x],p4p
4 ‘ p ‘p3 p ‘ #(0 since (x15p3x1p3) #0

Table 8.14: Evaluation of II, (v).

* i T
Index ‘ P ‘ P> ‘ P3 ‘ Py ‘ Tr;ép 5p1+p3—(p2+p4)f(v’p2’0)f (V’p3’0)x1,p1x2’P2x1,p3x1»P4p
4 ‘ p ‘P3

— ; i —
p ‘ =0 since (xz’Ple,m} =0

Table 8.15: Evaluations of 1L, (v).

* T i
Index ‘ D ‘ D> ‘ D3 ‘ Dy ‘ Tr.p, 6, 4ps—pyinp S (Vs P2 O (V’Ps’e)xl,p1x1,p2x2,p3x1,p4P
4 ‘ p ‘P3

— ; i —
p ‘ =0 since (xl’p3x2’p3) =0

Table 8.16: Evaluation of IL;(v).

* T T
Index ‘ P ‘ Py ‘ P ‘ Py ‘ Tty 0p 1 p-oytp S Vs P2, OV (Vi D3, 0)x) | X5, X5 Xy, P

4 ‘P‘P3

— ; i —
p ‘ =0 since (x23p3x2’p3) =0

Table 8.17: Evaluation of IL,(v).

Since

_ _ K T _ K(p’ 9) T
II, (v = 1,2) = m <Z 1) ‘xl,pxl,p Pp= 2 dl,pdl,p Pp>
k#p

the first part of the statement is proven.

ForII5(v), ..., Ilg(v) we follow the same procedure and observe further simplifications: Each contributionIls (v)

contains summands of the form ,Factor* - x, , x xb’P3x; b P with (a, b) € {1,2}2. This eliminates many other

contributions: o
Index D1 4 P3| Py | Try, 5p|+P3—(p2+p4)f*(V’ P2, 0)f (v, ps, 0)x2’p] xZ,psz% x;’mp

2 p p Pyl - =0 since (xb,pr;m) =0

3 p 2p—py | p | - =0 since <x2,2p—p4x;p4> =0

4 p D3 - p

5 D4 p p | - =0 since (xz’p“x;m) =0

6 2p—p; p -1 p =0 since (xz,zp_%xb,p}) =0

7 P, - plp =0 since <x2,p2x2,p2> =0

Table 8.18: Quadruple-configurations which (anyway) do not contribute in I

The remaining terms can again be evaluated quickly:
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¥

s i
Index ‘ 14 ‘ Py ‘ b3 ‘ Py ‘ Tt 8p spy—toytp S (Vs D2, OV f (Vo 3, 0)%, ), Xy ) X1, %, P
4 ‘ P ‘p3 -|p ‘ =0 since (x?p}xl’l)}):o
Table 8.19: Evaluation of ILs(v).
* i T
Index | pi | pa | P3| Pa | 0y Opapmioring /" P2 O (v 23, O0X2, X5, X1, %5, P
4 ‘ p ‘p3 - p ‘ =0 since (x;’psxl’p3)=0
Table 8.20: Evaluation of II;(v).
i T
Index ‘ Py ‘ Py ‘ P3 ‘ Py ‘ Tr#l’ 5P1+P3—(P2+P4)f*(v’p2’o)f(v’p3’e)xz,mxl,pzxz,mxz,mp
4 ‘ D ‘p3 - p ‘ =0 since (x;pgxz’PS):O
Table 8.21: Evaluation of IL,(v).
x T t
Index | py | o | P3| P | T02p 8y tp—pypn S “ (Vs P2s O (Vo p3 033, X)L X3, %,
4 ‘ p ‘p3 - p ‘ #0 since (x;yp3x2,p3)=0
Table 8.22: Evaluation of II4(v).
Since

1= K P _ K@)
y(v=1.2)= 7 <2 1> X0, 0y =~y d) p,

k#p

the statement is proven.

Proof 8.31 of Approximation 5.9

As mentioned earlier, the basic idea is to approximate quartic terms in the action by weighted bilinears. To illustrate
this concept we consider the following identity (in schematic notation):

According to standard-literature as [1], [18], it holds that

J H dwj exp — Z W[A,-,jllfj =det A
J ij

for an arbitrary, complex-valued matrix A. Applying Wick’s-theorem then gives’

<WaWb> = Aianbv
(W W ) = —Ap Ay + A ALY,

where

YWith AIY = (A™)  etc.
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J Hj de W W, EXp — Zi,j WiAi,jo
I H/ de eXp — Zi,j WiAi,jo

(Wy,) =

and therefore one has in particular

<Wawbwcwd> = _<Wawc>Aim’ + (Wa?d>Ainv
— <_WaWcAmV + WngAmv )

This allows the series of equations
H dy; exp| — 2 YAy, | exp [21222324]
o .] - l i -
= H dy; exp| — Z VALY (14 2,2,252,)
Y L & ]

<[ TLomes] - E7nm] (02, -0
< i

= Hdwj exp| — ZWiAi,jwj exp [z Z; Alnv -2z,24 Alzr;Vz;]
I L & ]
For two quartic terms one can now do the following approximation:
J H dy; exp[ - Z WiAi,le/j] exp [J’U’zysﬂ + 21222324]
J iJ
BCH
= Hdllfj CXP[ Z Vi ;JWJ] exp [J’1J’2)’3J’4] 282 [Z Z22324]
J
= J Hdl[/j exp[ Z v, ,,W,] 1 + y1y2}3§4) (1 + zlz2§324)
J
~ _ vy T AV 5 4inv S Ainv inv
~ JHde exp[ lefiAi,jV/j] (1"‘)’1)’3 Ay2;4 y1y4Ay2;3> (1 + 2,23 AZZ— Z21Zz 4A2223>
J LJ

BCH inv
= Hdw,GXP[ ZWA,,W,] exp [ylyzA — VA + 2 AT — 22 414%]
J

in which some correlators (those between y and z, and those between z and y) are neglected.

g Ba Ze G Yo B4 2. G Yo Bs Za G Yo 24 2 S Y 2, 27, G B Ta T
e o o o
— L I
oo =T XTFI ] XFAX XK [F69)
d & 7 F & & =B E g 4 = F & 8 =B FE & 8 B FE & & T Z,
G Yo Ba Z G e Ba Z G G Ba Ze G G EBa E
4.4
~ LXK+ X
g; & %5 z. E! 5} ga Z, g) a Zﬂ & éjw z, Z,
Figure 8.1: The step involving an approximation in above equation (schematically): Some correlators are being
neglected.
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Thus, following the above principle, one can perform these approximations for general functional integrals such
as those studied in this thesis. Schematically:

exp{ Z “Quadratic Terms” + Z “Quartic Terms”}
~ exp{ Z “Quadratic Terms” + Z “More Quadratic Terms”}.

In the approximation of [17], one evaluates the resulting correlators not with respect to the matrix A, but with
respect to the dark state, which is a solution of the stationary Lindblad-equation. In this sense, the approximation
is called “self-consistent”.

The concrete case

In our situation, the interaction term of the action reads

S (v, wl= K$ 2L, LT - ((L'L),,+(L'L)_,)

t,a

= KZAtZ [+11+1I0,
t, a

where (neglecting boundary terms)

_ <l//+,n+1|La|W+,n><_W—,n|LZ| - l:U—,n+1>

o1 =2L, (W, 1> Ve ) LW —w_ 1),
<l//+,n+1 |W+,n><_w—,n| - ll/—,n+1> ol T * ’ .
<W+n+1|LTLa|W+n>
o [I =— . ¢ — = — LTLa (W w1 V. n)’
W W) (Lake) Fomrro v
<_W—n|LTLa|W—n+l> + —
o Il = — —- — =~ (L, L,) (=w_,, —w_ 1)
<_W—,nlw—,n+l> ( ¢ ) ’ .

Now for each @ = (j,v,u) € {1,..., M} x {1,2} x {1,2} we obtain an expression that is quartic, e.g. for Il one
has a contribution from v = 4 = 1 that is

i i
i <w+,n+1|x1’ja1,ja1’jx1,j|l//+,n>
j=1 (7 |7
i i i
(W |x1,q| (1, — x2,42)(x1,q3 B x2,43)x1,q4|l//+,n>

<W+,n+l | W+,n>

=_% D 6+ 4y — (@ +a))f (1,45, 0) (1, 45, 0)

q1s---544

Avoiding the normal ordering by introducing additional timestamps as in [17] gives four terms. These can be
approximated in the sense above (by means of a change of variables y — y) to give

443

_m11,+(t, Q4)71,+(q1, H+0+0+0,
29

compensating the respective f-valued prefactors. The control results are

96



CHAPTER 8. APPENDIX

Io=2 Z XD ) =2,y (t,9),
q
=Y -7 D1 @) + T (D1, (1,0,
q

=) ~7, ()0 (6.9) + 7o (D) 1r (1, 9).
q
Rescaling to y — &/ \/5 | £] gives the desired result.

Proof 8.32 of Theorem 5.10

We follow the strategy in [18]. For the first band and a mode g, we obtain the inverse propagator in discrete
notation

— T —
$ii 0, — K(q,0) 0 ( S > _ z Z Z -1 /
d —_ . ! ° = D G s Vs s s byt ! st )
J t( - ) ( 2K(q.0) 0,—-K(g.0)) \ & 0110 G, (@ VoV ) €0 (@ 1)

nn vy e{—+}

with a 2(N + 1) X 2(N + 1)-matrix Go‘ll(q, v,V t,t") = Go‘ll(q, v,V/,t,,1.), such that one arrives for N = 3 at the
matrix ’ ’

1 0 0 0]-1 0 0 0
A -1 0 0/0 0 0 0
0 A -1 0|0 0 0 0
0 0 A -1/0 0 0 0
Gor@ vVt t) =500 1T 4 0 0 ’
O B O 0|0 -1 A 0
O 0 B 0|0 0 -1 4
O 0 0 1/]0 0 0 —I

v,V .n,n'

where A = 1 + At K(q, 0) and B = At K(q, ). This matrix can be inverted analytically to

T
Gal(q, tn, tnl) GO’I(q’ tn, tn/)

T <
Gy.(q, v,V t,,t,) = <Go’l(q, ) Oy (@ t,,,’n’)>
0,1\ > Vo ¥V s bys byt ) — )
v,V

where
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-1 A(A*+ B+ A’B) A%(A%? + B) A3
GT (@utt)) = 1 —A -1-B A3(A% + B) A*
01(@ 1 tw) = §orm—5 Gor @ |42 —A(1+ B) -1-(1+A%»B A’
—A3 —A%(1+B) —A(l+ B+ A’B) —1—-(1+A*+A"YB) |
1 A A AP
< B 1 A A2 A3 At
GO,I(q,f,,,t,,r)— Det Gog](q) A2 A3 A4 AS
A3 A A A°)
—1-(A°+(Q+A+AYB) —A-1-(A*+ B+ A’B) —A%(A’+B)-1 -A3
G (at1)= 1 —A-1-(A*4+ B+ A’B) —(1+ B)(A*+ (1 + A*)B) —A(1 4+ B)(A*+ B) A?.1-(1+B)
T Go. (@) —AX(A2+B)-1 —A(l1+ B)(A’+ B) —(14+0+A»)B)A2+B) —-A(1+B+A%B)-1
—A3 —-A%2.1-(1+B) -A(l+B+A’B)-1  —(1+(1+A*+AYB)-1) |
-1 —A —A? —A3
G (at1)= 1 A(A*+B+A’B) -1-B —A(1+ B) —A%(1+B)
014w fur) = B Gy (q)| AX(A*+B) A3(A*+B) -1-(1+A>B —A(l+ B+ A’B)
A3 A* A’ -1-(1+A*+4YB)

and

Det Gy (q) = 1+ A°+ (1 + A> + A")B.

Analogously to [18] one can compute the generalization of the N = 3-example to arbitrary N € N_, by using the
finite geometric series'® and using further

B AtK(q, 0) 3 1
1-A2 1-(1-ArK(g6)? 14+0(Ar)
to be
1 — AN
DetGy () =1+ AN + 1+ A%+ ...+ AAV"HB=1+4" + WB =2+ O(A1)
and e.g.
n—n' n'=1
—ar (14 B L) 4%) for n > '

1
GT , t ,t 1) = < ’
010> 1> ) 2| A2N-G'-m) 4 p2n+(n'-m) (ZkN;)(”" ) A2k> B forn<n

0, —1,) 1
exp (ltn - tn’l K(q’ 0)) 2eXp (ltn + tn’l K(q’ 9))

and analogous identities and calculations for the remaining correlators.

Proof 8.33 of Corollary 5.12 For the first band one computes

10By a clever multiplication of a one, one obtains a telescoping series

l—q_l—q”“

l1—g¢ l—q

n
qu= (1+q+q¢*+...+4")
k=0
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< 2(0) 0 )“‘Vz 1 ( g"(0) 0)
~g+g70) ®) Tl@F \c+)0 z0)

and for the second band one has

(—g*(m (g + g*)(9)>“‘v _

[ (—g(9) —(g +g*)(9)>
0 —8(0) '

EGE 0 —g*(0)

With this the corollary is proven.

Proof 8.34 of Lemma 5.16

The function

1 1 1 1
glw,q,0) g*(w+ Aw,q+ Agq,0) i+ K(g,0) —i(w+ Aw)+ K(qg+ Ag,0)

Cowt> = f(w) e C

possesses simple poles at ® € {+i1K(q,0),—-1K(qg + Aq,0) — Aw}. With the residual theorem (it holds that
K(g,0) > 0) we obtain, with y denoting the path in the figure,

1
—iAw + K(q,0)) + K(qg + Ag,0)

Jg—wf(w) = LCJ; dz f(z) =iRes(f,1K(q,0)) =
va 2z ],

Tw

Re

Figure 8.2: Visualization of the curve y over which is integrated.

Proof 8.35 of Lemma 5.18.
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The first two identities follow immediately with eq. (5.5). For the (anti-)symmetry of the argument we first note
with eq. (5.1)

K(—¢g) = x (1 + sin(20) cos(—qa)) = k (1 + sin(26) cos(ga)) = K(g).

And since

D f@= ) f(-a),
q q

one concludes the equation

2k 1 K(q) + K(q — Aq)
M 22 & (Aw)* + (K(q) + K(g — Ag))?

2k 1 K(=¢) + K(=(q + A9))
M 22 & (Aw) + (K(=9) + K(=(q + A9)))

2k 1 K(q) + K(q + Aq)
M 22 & (Aw)* + (K(q) + K(q + Ag))?

=Re D(AQ),

Re D(-AQ) =

1w —Aw
M 22 & (Aw)* + (K(q) + K(g — Ag))?
2K

1 Aw

M 2> & (Aw)* + (K(=q) + K(=(q + Ag)))?

_2_Ki K(g) + K(g + Ag)
M 22 & (Aw)* + (K(q) + K(g + Ag))?

= —Im D(A Q).

Im D(=A Q) =

For the infrared-divergence we consider the A Q = 0-sector and decompose the area of integration with € > 0
according to

0,2 =10,Z-ouE-c,Z+eu® +e 2.
a a a a a a

Then, it follows

K(g =

SRS

+6) ~ %52 fir 6 € (—e,€)

and with this one calculates
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1 1 dg 1
DAQ=0) x — —zJ'——
M;K(m 27 K(q)
Z_e 2z Zt+e
_JH%I+J”%1+J”%1
0 27K(@ )z 27K(@) ) 27K(g)
+e 1
~ const. + J_e dé ?

there is a “1/0” (division by zero) for ¢ = =

a

Alternatively one immediately sees that in the sum Z ﬁ,
q
q

Proof 8.36 of Theorem 5.20.

The basic idea is to show that a loop-term L in eq. (5.3) cannot diverge if .% in eq. (5.4) is at least quadratic in

1/f.

We first consider those quadruples (n,, n,, n;, n,) = n that contain at least two zeros. Because of the symmetry of
F(q,Aq,n,,n,,ny,n,) = % (q,Agq,n) and since we are inthe AQ =0, 6 = %-sector, it is sufficient to consider
the three cases n = (0,0,1,1),»n =(0,0,1,2) and n = (0,0, 2, 2).

Case 1:
Forn = (0,0, 1, 1) we have with eq. (5.4) and Remark (4.10.1)

L-1-f*1,g+0)f(L,g+0) _ 1
|f(@I?]f (g + 0)? |f(@]?

such that the divergence in the loop-contribution is cured because then one has

Z(q,0=2Aq,0,0,1,1) = =2(1 + cos(qa))

F(q,0 = Aq,0,0,1,1)
-0+ (K(g) +K(g +0)

x 1 # oo for any value of ¢,

and therefore one no longer divides by zero for g = %
Case 2:
Forn = (0,0, 1, 2), because

f*(la q, H)f(z’ q, 0) 9=;/4 1
|/ (q.0)I?

we have again

F(q,0=1Aq,0,0,1,2) x K(g),

such that no diverging terms can arise.

Case 3:

For n = (0,0, 2, 2) we obtain with Remark (4.10.1) a calculation analogous to case 1.
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Because of the symmetry of .% the further configurations of n with exactly two, three or four zeros

n=(0,0,2,1),(0,1,1,0),(0,1,2,0),(0,2,1,0),(0,2,2,0),(1,1,0,0),(1,2,0,0) etc.

do not generate divergent corrections.

We now consider the quadruples for the function .% that have exactly one zero. Therefore we consider the sets
M 534, Where

M, ={(0,1,1,1), (1,0,1,1), (1,1,0,1), (1,1,1,0)},

M, ={(0,1,1,2), (0,1,2,1), (0,2,1,1), (1,0, 1,2), (1,0,2,1), (1,1,0,2), (1,1,2,0), (1,2,0, 1), (1,2,1,0), (2,0,1, 1), (2,1,0,1), (2,1,1,0)},
M, =1{(0,2,2,1), (0,2,1,2), (0,1,2,2), (2,0,2,1), (2,0, 1,2), (2,2,0,1), (2,2,1,0), (2,1,0,2), (2,1,2,0), (1,0,2,2), (1,2,0,2), (1,2,2,0)},
M, =1{(0,2,2,2),(2,0,2,2),(2,2,0,2),(2,2,2,0)}.

For these quadruples .% cannot cure a divergence in a loop-contribution. It holds, e. g.,

1 = 1 + cos(ga) q/a=r
f*(1,q) 1+ cos(qa) —isin(ga)

F(q,0=1Aq,0,1,1,1) 1

but the terms that correspond to these quadruples for the prefactor .# miraculously cancel out in the Q, = Q, =
Q; = Q,-sector (in the sector, in which the divergences are generated) which was shown by the numerical'!
calculation.

With Lemma 5.15 and Lemma 5.19 the statement is now proven.

I Available on request. Sebastian.Kalhoefer@Gmail.com
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8.2 Tables for some Vertex-Functions

Theorem 8.1 With the abbreviations

. 1 . o 26 8(Q, +Q, —(Q;+Q,)
4500 = 3/ (,afl.q),  E=EQ,...Q)= T 122 H‘; |f;qi)| -,

where f(i,q) = f(i, q,0) is as in Remark 4.10.1, and

6(Q; +Q, —(Q3 + Q) = 6(@; + @, — (03 + ®y)) by 1y, (g, 44,

we obtain the following table for particular vertex-functions.

Remark 8.1.1 The number of quartic vertex-functions being exactly 100 is a mathematical accident. It is easy
to derive this number: Consider a monomial of degree 4 from the series expansion of the effective action (e.g. a

term from the equation in Theorem 5.14):
£,(Q)EL(Q) &, (Q)E, QY. (8.7)

with I; € {+,—-} x {1,2} for j € {1,...,4}. As mentioned in Remark 3.12.1, one usually avoids the double-
counting for discrete indices while one allows the double-counting for continuous indices. Due to the symmetry
one must now only look for the number of linearly independent monomials of the type

¢,(Q3)¢1,(Qy) (8.8)

for a fixed momentum-configuration (satisfying Q; # Q,) which is visualized in Figure 7.2 pictographically. This
number is 10. Therefore one has in total 10 - 10 = 100 different monomials of the shape in eq. (8.7).

11 1144 1214 14 A 11 1
++ 1 +— ] —+ | — ++ | +— ——
172 11211212 12112 1 2
T+t =T | MM% ; Tt -
2 1 2 1 2 4 2 4 duuble—coum’c.iv%_ 2 4

++ 1 +—|—F | +—

22|22 )|22|22 220122 22
++ ] +— | —*+ | +4+ | +— ——

Figure 8.3: Visualization of the counting scheme: monomials in eq. (8.7) correspond to a quadruple being built
up from two pairs. All possible pairs (allowing double counting) are depicted left, and two pairs
of the same color are linearly dependent on each other, because of the commutation relations of the
GraBBmann-numbers. The right part of the figure therefore counts all possible pairs (avoiding double

counting).
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Remark 8.1.2 One can easily calculate, that the sanity-check from Corollary 3.6 is fulfilled for the Tree-Level-
approximation. One easily calculates

For the 1111-Quadruples:

(yTree,O + yTree,33 + yTree,Gé) |(+’_)._>(+’+) = 0
For the 1112-Quadruples:

(7/Tree,l + yTree,34 + yTree,67) |(+’_)’_>(+’+) = 0
For the 1211-Quadruples:

(yTree,IO + J/Tree,43 + yTree,%) Iy (o) = 0.
For the 1212-Quadruples:

(yTree,ll + yTree,44 + yTree,97) |(+,7)._>(+,+) = O
For the 1222-Quadruples:

(yTree,IZ + yTree,45 + yTree,98) |(+,—)~—>(+,+) = O
For the 2212-Quadruples:

(yTree,Zl + yTree,54 + yTree,87) |(+‘_)’_}(+‘+) = 0
For the 2222-Quadruples:

(yTree,ZZ + yTree,SS + yTree,SS) |(+,_)._>(+,+) = O
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Index | Vertex-Function In 'y InT"

0 |7 1@Q,....Q EC(1,Q,,Q:) + EC(2,Q,,Q5) 0

Ly Q... Q) 2C(1,Q,,Q) —EC(2,Q,,Qp 0

2 | v Q. Q) 0 0

317 1Qy Q) 0 0

4 | l12Qp..,Q) 0 0

5 | r22Qp Q) 0 0

6 |70 1Qn,....Q) 0 0

7| l2Qn Q) 0 0

8 | r)[2Q....Q) 0 0

9 |7 }lHQp, ... Q) 0 0

10 |7 21NQ,...,Q) | —EC(1,Q,Q)+EC(2,Q,,Q;) 0

1| 7/212Q,,....Q) | = X ECG,Q,,Q) +EC(,Q,,Qy) 0

12| 7/222Q,,....Q) | -EC(1,Q..Q)+EC(2,Q,,Q)) 0

137 21Q ..., Qy 0 0

14| 7 212Q ..., QY 0 0

15 | 7 222Q,...,Qy 0 0

16 |7/ 21Q,....Qy 0 0

17 | r/212Q, ..., Q) 0 42 D(Q,,Qy)
18 | 7 722Qy ..., QY 0 0

19 |7/ 2'2Q),...,Qy 0 0

20 | y221Qy,....Qp) 0 0

21 | y22lHQy, ..., Q) 2C(1,Q,,Q:) —EC(2,Q,,Q5) 0

22 | y22rNQy, .5 Qy) EC(1,Q,Q) +EC(2,Q,,Q) 0

23 | y2HNQ Q) 0 0

24 | y2H2Qy, ... Q) 0 0

25 | r222Qy, Q) 0 —8Re ED(Q,,Q,)
26 |22 1Qy, .. Q) 0 0

27 | r22Qy, Q) 0 0

28 | y22rAQy, -5 Q) 0 42 D(Q,,Q,)
29 | r2HQy, .. Q) 0 0

30 | 7MHQy ... Qp) 0 —8Re Z D(Q,,Q,)
31 |y HQy, Q) 0 0

32 | r112HQy, Q) 0 0

33 | yMQy, . Qy) EC(1,Q,,Q) + EC(2,Q,, Q) 0
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Index | Vertex-Function InI'p.. InT -loop, Div.
34 | y!2Q,, ..., Q) EC(1,Q,,Q) —EC(2,Q,,Qy) 0
35 | 7122Qy, -, Q) 0 0
36 | y''Q,....Q 0 42 D*(Q,,Q,)
37 | y112Qy, ..., Q) 0 0
38 | r!'P2Q), ..., Q) 0 0
39 | y!HQy, ... Qy) 0 0
40 | y!211Qy,...,Qy 0 0
41 | y1212Qy, ..., Qy) 0 0
42 | y1222Qy, ..., Qy) 0 0
43 | y21Q),....Q) | —EC(1,Q,Qy) +EC(2,Q,,Q;) 0
44 | y1212Qy ., Qy) | = X ECG,Q,,Q) +EC(,Q,, Q) 0
45 | 7'222Q;,....Q) | -EC(1,Q,,Q)+Z=C(2,Q,.Q,) 0
46 | 721'Q,.... Q) 0 0
47 | y'212Qy ..., Q) 0 4E D*(Q,, Qy)
48 | y1222(Qy, ..., Q) 0 0
49 | y!212Qy, ..., Q) 0 0
50 | y2211Qp, ... Qy) 0 0
51| y22/3Qy, ... Qy) 0 0
52 | y2222(Qy, ... Qy) 0 0
53 | r2211Qy, -, Qy) 0 0
54 | r22'2Q ..., Qy) EC(1,Q4,Q;) —EC(2,Q,,Q5) 0
55 | r222(Qps .5 Qy) EC(1,Q4,Q) +EC(2,Q,,Qy) 0
56 | y2211Qy, ..., Q) 0 0
57 | v2212Qy, ..., Q) 0 0
58 | v2222(Qy,-.-5Qy) 0 0
59 | r22'HQ, ..., Qy) 0 0
60 |y, '11Q....Qp 0 42 D(Q,,Q,)
61 | y!''2Q;,....Qy) 0 0
62 | y!'2XQ;, ... Q) 0 0
63 | v''Q;,....Qy) 0 0
64 | v '12Q,...,Qp 0 0
65 | v!'22(Q;,....Qy) 0 0
66 |7 11Q,,....Q) | —2EC(1,Q;,Q) —2EC(2.Q,.Q,) 0
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Index | Vertex-Function InI'p.. In Fl—loop, Div.

67 | v[1}2Qy....Q) | 2EC(1,Q;,Q) -2EC(2,Q;,Qy) 0

68 | 7!'22(Q,....Qp) 0 0

69 | v!12Q....Qp) 0 0

70 | r/21Qy, Q) 0 0

71| y[2NQ,, ... Q) 0 0

72 | y[22Q,....Q) 0 0

73| 7211Qp ... Q) 0 0

74 1 y[212Q.....Q) 0 0

75 | r!222Qy. ... Q) 0 0

76 | r,21Q ..., Q) 0 0

77 | v[22Q....Q) 0 0

78 | r1222Qy.....Qp) 0 0

79 |y 20Q....Q) 0 0

80 yf_zﬂ(Ql,...,QQ 0 0

81 | y222(Q,....Q) 0 0

82 | y22NQy,....Q) 0 0

83 | r211Q ... Q) 0 0

84 | y212Q,.... Q) 0 0

85 | r222Qps ... Q) 0 4ED*(Q,,Qy)
86 | y22(Q.....Qy 0 0

87 | y2212(Q,....Q) | 2EC(1,Q,,Qy) —2EC(2,Q,,Q5) 0

88 yf_zf_z(Ql, Q) | —22C(1,Q,,Q5) —2EC(2,Q,,Q5) 0

89 | r212Qy, ., Q) 0 0

9 | 712 }Q....Qp 0 0

o1 | 7 2NQp....Qp 0 4ED"(Q,,Qy)
92 |y 22Q.....Qp) 0 0

93 | r!211Qy.....Qp) 0 0

94 |y 12Q,....Qp) 0 4E D(Q,,Qy)
95 | r!122(Qs .5 Qy) 0 0

96 y_‘fl_l(Ql, ...Q) | —2EC(1,Q,,Q,) +2E5C(2,Q,,Q,) 0

97 y_lfJ:_Z(Ql, s Qy) 221.2=1 EC(1,Q,,Q)+EC(1,Q,,Q5) | —16Re E D(Q,,Q,)
98 y_lff_z(Ql, Q) | —2EC(1,Q,,Q3) +2EC(2,Q,,Q3) 0

99 | 71212Q,,...,Q,) 0 0

107



Bibliography

(1]

(2]

(3]

(4]

[5]

[6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

A. Altland, B. D. Simons, Condensed Matter Field Theory: 2" ed., Cambridge University
Press, 2010.

H.-P. Breuer, F. Petruccione, The Theory of open quantum systems, Oxford University
Press, 2002.

D. Manzano: “A short Introduction to the Lindblad Master Equation”, arXiv:1906.04478,
June 2020.

M. D. Schwartz, Quantum Field Theory and the Standard Model, Cambridge University
Press, 2014.

S. Diehl: Class Lecture, Topic: “Quantum Field Theory I, 11
University of Cologne, Cologne, 2020-2021.

M. Scherer: Class Lecture, Topic: “Interacting Fermi Systems”
University of Cologne, Cologne, 2019-2020.

R. Thomale, C. Platt and W. Hanke: “Functional Renormalization Group for multi-orbital
Fermi Surface Instabilities”, arXiv:1310.6191, October 2008.

J. Braun, H. Gies, D. D. Scherer: “Asymptotic safety: a simple example”,
arXiv:1011.1456v1, November 2010.

F. Tonielli, J. C. Budich, A. Altland and S. Diehl: “Topological Keldysh field theory and
a Coleman-Hill theorem for driven open quantum systems”, (in preparation).

W. Metzner, M. Salmhofer, C. Honerkamp, V. Meden, K. Schonhammer: “Functional
renormalization group approach to correlated fermion systems”, RMP, vol. 84, p. 300-319,
January - March, 2012.

M. E. Peskin, D. V. Schroeder, An Introduction to Quantum Field Theory, CRC Press,
1995.

F. Schiitz, L. Bartosch, P. Kopietz, Introduction to the Functional Renormalization Group,
Springer Spektrum, 2010.

M. Zirnbauer: Class Lecture, Topic: “Advanced Quantum Mechanics”
University of Cologne, Cologne, 2010-2011.

A. Cheung: Class Lecture, Topic: “Notes on Phase Transitions and Collective Phenomena”
University of Cambridge, Cavendish Laboratory, Cambridge, 2021.

A. Altland, M. Fleischhauer and S. Diehl: “Symmetry Classes of Open Fermionic Quantum
Matter”, arXiv:2007.10448, July 2020.

C.-E. Bardyn, M.A. Baranov, C.V. Kraus, E. Rico, A. Imamoglu, P. Zoller and S. Diehl:
“Topology by Dissipation”, arXiv:1302.5135, February 2013.

108



CHAPTER 7. APPENDIX

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

F. Tonielli, J. C. Budich, A. Altland and S. Diehl: “Topological Field Theory far from
Equilibrium”, arXiv:1911.07834, November 2019.

A. Kamenev, Field Theory of Non-Equilibrium Systems, Cambridge University Press,
2011.

M.R. Zirnbauer: Class Lecture, Topic: “Quantum Field Theory I, II”
University of Cologne, Cologne, 2019-2020.

T. R. Morris: “The exact renormalization group and approximate solutions”, arXiv:hep-
ph/9308265, October 1994.

J. Berges, N. Tetradis, C. Wetterich: ‘“Non-Perturbative Renormalization Flow in Quantum
Field Theory Statistical Physics”, arXiv:hep-ph/0005122, May 2000.

M. Scherer: Class Lecture, Topic: “Introduction to Renormalization with Applications
in Condensed-Matter and High-Energy Physics”, University of Cologne, Cologne, 2017-
2018.

L. Ryder, Quantum Field Theory, 2" ed., Cambride University Press, 1996.

S. Kalhofer, C. Lange, Y. Schaden, “Report on the Experiment f-Scintillation”, University
of Cologne, Cologne, Germany, 2019.

S. Kalhofer, J. Reuter, Y. Schaden, “Report on the Experiment Transport Properties of
Copper”, University of Cologne, Cologne, Germany, 2020.

J. K. Asbéth, L. Oroszlany, A. P. Palyi: “A Short Course on Topological Insulators: Band
Structure and Edge States in One and Two Dimensions”, arXiv:1509.02295, September
2015.

L. Li, C. Yang and S. Chen: “Winding numbers of phase transition points for one-
dimensional topological systems”, arXiv:1508.01680, August 2015.

L. M. Sieberer, M. Buchhold, S. Diehl: “Keldysh Field Theory for Driven Open Quantum
Systems”, arXiv:1512.00637v2, August 2016.

109



CHAPTER 7. APPENDIX

Declaration

I hereby confirm that I have written this thesis independently and that I have not used any aids other than those
indicated. The passages in the thesis that are taken from other works (including internet sources) in terms of
wording or meaning have been marked with an indication of the source.

Date: Signature:

110



	Introduction
	Fundamentals
	Second Quantization and Graßmann-Numbers

	Physical Concepts and Mathematical Methods
	Fermionic Open Quantum System
	Lindblad-Equation
	From the Lindblad-Equation to Quantum Field Theory

	Fermionic Effective Action
	Introduction
	Conclusions with Symmetry Transformations
	The One-Loop-Approximation

	Fermionic Functional Renormalization
	Functional Differential Equation for the Free Energy
	Functional Differential Equation for the Effective Action
	An Example for Flow Equations
	Universality

	Comments
	On the Scheme
	On (Functional) Renormalization
	On Approximations


	The Lindblad-Equation of a Concrete System
	A One-Dimensional Crystal with a Topological Phase Transition
	Starting Situation
	Topology
	Identities

	Introducing a concrete Lindblad-Equation

	Approximations and Functional Integral Formalism
	Self-Energy in First Order Perturbation Theory
	Mean Field Theory of the Modes in the Operator Formalism
	Born-Approximation in the Functional Integral Formalism

	Approximated Correlators and Assessment of the Approximations
	Momentum-, Time-Correlators
	Momentum-, Frequency-Correlators

	One-Loop-Approximation
	Demanding Self-Consistency
	Diagrammatic Language
	Sorting and Classifying Terms in the One-Loop-Approximation
	``Sanity-Check''


	The Renormalization Group and its Flow
	Wetterich-Equation, Regulator, and Flow-Equations
	Critical Exponents
	Dimensional Analysis
	-Functions and Fixed Point


	Conclusion
	Appendix
	Proofs
	Proofs to Chapter 3
	Proofs to Chapter 4.
	Proofs to Chapter 5

	Tables for some Vertex-Functions
	Bibliography
	Author's Declaration


