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1. Introduction

Strongly coupled systems are realized in a variety of physical situations. From superconduc-
tors, ultra cold quantum gases and neutron stars to heavy-ion collisions and the quark-gluon
plasma, strong correlations between the respective degrees of freedom play a crucial réle
in understanding these scenarios. They give rise to nonperturbative phenomena such as for
instance the dynamical generation of mass or the condensation of particles into bound states.

The tools for this analysis are nonperturbative methods such as the lattice gauge theory
framework, functional methods, effective models or AdS/CFT approaches. Each of these ap-
proaches has its advantages and at the same time struggles with its characteristic drawbacks.
As an example, lattice gauge theory has the great advantage to deal with the elementary de-
grees of freedom without loss of information. However, QCD investigations are limited to
small baryon chemical potentials due to the notorious sign problem. QED; investigations
are hampered because of the large separation of scales that needs large simulation volumes
and is technically difficult at large numbers of fermion flavors. The Dyson—Schwinger ap-
proach also deals with the elementary degrees of freedom but suffers from the necessity to
truncate the tower of coupled equations. Similar pros and cons also hold for other func-
tional methods as the functional renormalization group method (FRG) or effective models
such as the (Polyakov-)quark-meson model or the Nambu—Jona-Lasinio model. AdS/CFT
approaches perturbatively investigate the weakly coupled limit of dual theory to QCD, re-
spectively QED; . Altogether, it is desirable to attack problems from different perspectives
and to obtain the bigger picture from complementary information. In the following, we will
employ the Dyson—Schwinger method for our investigations. For an overview of Dyson—
Schwinger equations and their application to strongly coupled theories, see [1-3].

This work concentrates on two strongly coupled quantum field theories: QCD and QED; .
QCD is an integral constituent of the Standard Model and widely believed to be the under-
lying theory to the strong interaction between quarks and gluons. QED in two spatial and
one temporal dimension, QED;, on the other hand was seen for a long time as a toy model
for higher dimensional, 'more realistic’ theories. However, the application as a low-energy
effective theory for condensed matter systems helped to accentuate the variety of interesting
properties of this theory for its own sake.

QED; and QCD might be considered rather diverse at the first glance, not least because of
their Abelian, respectively non-Abelian nature. A closer look shows however that they share
several features in common. The first is the displaying of chiral symmetry breaking by the
dynamical generation of a fermionic mass. This mass serves as an order parameter to analyze
the transition from chirally symmetric to the chirally broken phase under the variation of ex-
ternal parameters. Furthermore, both theories are asymptotically free. This feature of QCD
is well-known since Gross, Politzer and Wilczek [6, 7] and allows access to QCD at high
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energies via perturbative calculations. Although QED; has an a priori dimensionful cou-
pling, it is asymptotically free in an RG sense, since it is possible to define a dimensionless
(decreasing) running coupling with help of the gauge boson vacuum polarization. Speaking
of the running coupling and asymptotic freedom, it is well known that QCD loses its asymp-
totic freedom when the number of fermion flavors is increased up to a critical number N a'{ "
However, before this critical number is reached, there have been many arguments that QCD
passes a conformal phase. This phase is separated by another critical number of fermion
flavors N ”’"f from the chirally broken phase. The range N‘"”f <N; < N * was coined the

conformal w1ndow and is in itself a phase of high 1nterest On the one hand this interest
arises due to the sensitivity of the conformal window to beyond standard model physics [].
On the other hand, the lower transition from the chirally broken to the conformal phase gives
rise to quantum critical scaling and has been analyzed in a number of works. Considering
QED; under variation of the number of fermion flavors, several authors [9-11] argued that
QED; displays an analogous behavior: Before losing asymptotic freedom, a so-called pseudo
conformal phase emerges (’pseudo’ due to the dimensionful coupling).

A third feature in common is confinement in the quenched approximation (neglect of quark
loops in the gauge sector). However, the confinement in QEDj is purely an issue of dimen-
sionality (a heuristic argument can be found in e.g. [12]). In contrast, the mechanisms of
confinement in QCD are suspected to have their origin in the topological structure of the
theory (confinement by instantons, for a review see [13]) and are intensely debated.

Finally, we would like to point out that the experimental situation motivates the investiga-
tion of both theories under the aspect of inherent anisotropies. In the case of QED;, these
anisotropies are motivated from condensed matter systems, in this case high temperature su-
perconductors (HTSs). They arise from the anisotropic crystalline structure surrounding the
superconducting plane. This results in an effective modification of the underlying spacetime.
In QCD, the anisotropy is of a different nature and arises from external magnetic fields, re-
alized for instance in heavy-ion collisions. The presence of the magnetic field destroys the
translational invariance of the quark propagator. However, in this case, this does not mean
that the spacetime itself is modified.

This thesis is naturally divided into two parts. These are organized as follows. Part I deals
with QEDj; in an anisotropic spacetime as an effective low-energy theory for high tempera-
ture superconducting materials. We analyze the chiral phase transition at zero temperature
under the influence of finite anisotropies of arbitrary sizes. At finite temperatures, we addi-
tionally investigate the scaling behavior close to the merger of the thermal phase transition
line and the quantum critical point at zero temperature. The discussion of QED; can be found
in chapter

Part II reports about the investigations of three-color QCD under the influence of strong
external magnetic fields. We perform our analysis under two main aspects: Firstly, we em-
ploy extremely strong magnetic fields as a probe for the string tension between two static
quarks. We therefore strive to access a new observable for confinement in the framework
of Dyson—Schwinger equations. Secondly, we study the effects of strong, but physically
realized magnetic fields on chiral symmetry breaking at zero and finite temperatures. We
present these investigations in chapter[d] In order to review the most important basic aspects
of strongly coupled gauge theories, we prepend an introductory chapter to the two parts of
this thesis.
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Through this thesis, we will provide more introductory notes on the subject in focus. Further-
more, we will present only the most essential details of the investigated frameworks in chap-
ter [3] and [ and rather allow the presentation of our results to be in the center. Detailed
derivations are collected in the appendices[A]and [B]







2. Basic aspects of strongly coupled
theories

In this chapter, we review some selected basic quantities and concepts that are essential to the
following discussion. More aspects follow in a suited position in chapters[3]and 4] For more
general information on basic quantities, we refer the reader to textbooks such as [14-18]].

2.1. Functional integral formalism in a nutshell

The central quantity of quantum statistical field theory is the generating functional Z. It
represents the analogous quantity to the classical partition function and contains the complete
information of a given theory. The generating functional depends on the sources and is in
Euclidean spacetime given by

Z[J(x)] = fZ)(D(x) exp (—S (DO(x)) + fddx' J(x') - (D(x')) , 2.1

in d-dimensional spacetime. Here, we employ the compact superfield notation for the sources
J and the field variables @, i.e. the superfields are generalized field variables containing all
fields and their associated source fields of a theory. For instance for QED, the superfield
is given by ® = (4, ¢, A,)" with the fermion (antifermion) spinors () and the Abelian
gauge field A, and J = (1,7, j,)" with the Grassmannian source fields 7 and 7 for the
spinor fields and the source j for the gauge field. The path integral measure in the super-
field notation is accordingly given by D®(x) = DYDY DA.... Furthermore, S (P) denotes
the classical action and is given by the d-dimensional spacetime integral over the Lagrangian,

S(@) = [d'xL(D).

We will specify the field content and the form of the classical action separately for QED; and
QCD below. In general, it is possible to compute the n-point functions of a theory from the
generating functional, via functional derivatives with respect to the source fields,

0"Z[J]
0Ji1(x1)...0Jin(X)
However, the n-point function on the right hand side of Eq. (2.2) contains redundant infor-

mation in form of vacuum bubbles, and reducible diagrams. For practical purposes, it is
helpful to define the Schwinger functional,

= (D1 (x1).... Py (x0)) 1, (2.2)

WI[J] =1InZ[J]. (2.3)

that generates only the connected Green’s functions. A further reduction of redundancies is
obtained by a Legendre transform of the Schwinger functional, finally leading to the gener-
ating functional of the 1PI-connected Green’s functions [19]]: the quantum effective action.

11
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It is given by
Il¢] = sup, { f dx J(x) $(x) - W[J]} , (2.4)

with the classical (super)field @(x) = (D(x)) := (&), (¥), ....)T. From the quantum effective
action, 1PI-connected n-point functions can be obtained via functional derivatives with re-
spect to the classical fields @.(x) and subsequently setting the sources to zero. For instance,
the propagator of the fields ®; and ®@; is derived from the quantum effective action by

5’ T[D]
5q)cl,i(x)q)cl,j(y)

G (x,y) = (2.5)

J=0

We will come back to this point in section[2.5] when discussing the Dyson—Schwinger equa-
tions.

Generating functional of QED;
The Lagrangian for isotropic QED in (2+1) dimensional Euclidean spacetime is given by
2
Loy = N {Z Yu (0 +i eaﬂ)} W - iFﬁv, (2.6)
1=0

where ¢ and ¢ denote spin-1/2 four spinors, a, the gauge boson fields and vy, the Dirac
matrices. The field strength tensor is given by F),, = d,a, — d,a,, with u,v € {0,1,2}. We
will come back to the discussion of the fermionic and the gauge boson fields in chapter [3|
For now, we need to clarify the representation of the Dirac y-matrices. We therefore consider
the underlying Clifford algebra,

{yu’ 7v} = 26yv14><4- 2.7)

With the minimum number of matrices, one can find a two dimensional representation which
is given by the Pauli spin matrices

m:((l) (1)) azz(? Bi), 03:((1) _01). (2.8)

However, in the minimal representation, there is no way to realize chiral symmetry, since
there is no other matrix anticommuting with the Pauli-matrices above (except for the (triv-
ial) unity matrix). We therefore need the next higher dimensional representation of the -
matrices for the investigations of chapter 3| The four dimensional matrices are given by:

_ g3 0 . g1 0 _ () 0
70—( 0 _03) 71——1( 0 _Ul) ¥ = 1( 0 _02). (2.9)

Now, two additional matrices can be found that anticommute with vy, y;, ¥y, and with each
other. They are denoted by y; and y5 and read

0 1 0 -1
73=1( ) 7’5=1( ) , (2.10)
1 0 4x4 1 O 4x4

12
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Finally, the commutator [ys,ys]=y3s defines another matrix that commutes with y; and
with ys, but anticommutes with all other matrices. However, the associated mass term,
m (x) [y, ys] ¥ (x), does not respect parity invariance. Therefore, we will neglect this term
in the further discussions. Nevertheless, these additional commutation relations define the
Lie algebra

[Vis Y] =1 €nyn Withl,m,n € {3, 5,35}, 2.11)

that forms a SU(2) gauge group, when including a factor of % into the definition of the ma-
trices given in eq. (2.10). Thus, y3s has to be taken into account at this point. Notice that the
choice of the Clifford algebra that is imposed on the y-matrices is not necessarily defined as
in eq. (2.7). For example in [20], a different algebra is used.

With the Lagrangian fully defined, we proceed with the generating functional for QED; which
is given by

Zoep3[1, 17, J] =f1)[lﬁ¢a] eXP(—S(@W,aHId%’ W-n+i-y+j-al. (212

We introduced the Grassmann-valued sources 7, 7 for the fermions, and the source j for the
gauge bosons. The classical action S (i, ¥, a) is given by f d3x’£QED3, with Logps defined

in Eq. (2.6).

The generating functional in the form of 2.12]is plagued by a divergent functional integral
that has its origin in the presence of gauge-equivalent modes on the gauge orbits defined
by a, — a, + éaﬂa(x). The divergences can be removed with the help of the Faddeev-
Popov gauge fixing procedure [21]], that selects only the physical subspace of all gauge gauge
configurations by allowing one gauge configuration per gauge orbit. This procedure leads to
the gauge-fixed generating functional in the form of

1 1
zg;m[ﬁ,n, Jl =N(§)det(gaz) f@a’ZQEm[ﬁ,U, jl eXp( f d3x2—§(6,,a#)2), (2.13)

with a gauge dependent normalization N(£) and the Faddeev—Popov determinan (éaz).
Remember that in the actual calculation of correlation functions, the additional constant fac-
tors cancel with the normalization in the denominator. The remainder of the gauge fixing
procedure is the gauge parameter £. We will further specify our choice of gauge in section

B.13

Speaking of divergences, one last point remains to be discussed: the renormalized La-
grangian. Since QED;is a superrenormalizable theory and there are no UV divergences
present. It is nevertheless possible to introduce renormalization constants for the fermion
wave function Z, and for the gauge boson Z;, without changing the physical information
of the theory. For completeness, the vertex renormalization constant Z; = Z, by means
of the Ward-Takahashi identity. We will come back to the renormalization constants when
discussing our truncation schemes for the Dyson—Schwinger equations.

Ifor linear covariant gauge conditions G(a) = d,.a, — a(x), with any scalar function @(x).

13
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Generating functional of QCD

The generating functional for QCD, in Euclidean spacetime is given by
- - 1
ZocolT,m1 = f DlynpAlexp {— fd4x [w(ﬂ) +my + Zﬁy]
+ f dx (ALT + 7y + &n)} (2.14)

with the four-spinors  and i representing the quarks in fundamental representation. The
non-Abelian gauge field Aj is given in adjoint representation and describes the gluonic de-
grees of freedom. The color indices are restricted to a, b, c € 1, 2, .., 8. We further introduced
Grassmann valued sources 7 and 7 for the quarks and the source J, for the gluons. The
covariant derivative in the fundamental representation is given by I) = y,(d, + igA,), with
the gauge coupling g and the gluon field A, = Aj1“. The generators * of the gauge group
SU(N, = 3) form the Lie algebra [¢%, ] = if*<t, with the structure constants of SU(N,)
denoted by f*¢. Furthermore, the field strength tensor of the gluons reads

Fro, = 0, AL — 0, A, — g [ ALA;, (2.15)
Finally, the Dirac v matrices obey the Clifford algebra

{7/1, yv} = 25/11/IL4><4- (2.16)

Similar to QEDj , the path integral over all gauge field configurations in the generating func-
tional in Eq. (2.15)) contains an infinite number of gauge equivalent field configurations that
need to be accounted for. However, in contrast to QED;, the Faddeev—Popov gauge fix-
ing prescription no longer cures this problem entirely. Gribov [22] firstly noticed that for
non-Abelian fields, the gauge fixing condition is not unique due to topology of the gauge
field configuration space. In consequence, multiple gauge configurations per gauge orbit
remain also after the Faddeev-Popov gauge fixing procedure, the so-called Gribov copies.
Since there is an arbitrary number of Gribov copies per gauge orbit, the original problem of
divergences is not completely resolvecﬂ However, we know from lattice calculations that
only deep infrared results are affected by Gribov copief] [24], which is not relevant for the
energy range we will investigate. We therefore retreat to the Faddeeev—Popov gauge-fixed
generating functional, which is given by

: _ 1
ZocolT 11,001 = [DluBAIexp {— Jas [wu» w3,

N (6,,?(/1)2
26

+f;i4x(_7lfljj+ﬁgb+lﬁn+o‘c+éa')},

—id, ¢ Dyc] (2.17)

where ¢ again denotes the gauge parameter. In the gauge fixing procedure, the Faddeev—
Popov determinant was rewritten in terms of a functional integral over the ghost fields ¢ and

%For a pedagogical discussion of Gribov copies in a toy model, the interested reader is referred to [23].
3Since we will work in Landau gauge that is not a Gribov-copy free gauge.

14



Chapter 2. Basic aspects of strongly coupled theories

¢ with the sources ¢ and o. The QCD investigations presented in chapter [] are performed in
Landau gauge, i.e. £ = 0.

Furthermore, to obtain the renormalized QCD Lagrangian, we introduce the renormalization
’constants’,

L m — Z,m for the mass renormalization,
Z: W — \Zyp  for the fermion wave function renormalization,

Zy: A —> VZ;5 " for the gluon renormalization,

/3. ¢,c— Zc, ¢ for the ghost renormalization,

Z, g — 72,8 for the coupling renormalization.

Additional renormalization constants are needed for the vertices. However, these are re-
lated to the above introduced renormalization constants via Slavnov-Taylor identities for the
vertices:

Z = Zgzg /2 for the three gluon vertex

Zy=  Z;Z;  for the four gluon vertex

Z,= Z,2;\Zs for the ghost gluon vertex
Zir = Z,Z,\Z; for the quark gluon vertex.

Not all of these will play a réle in the following investigations, as will become clear when
specifying our truncation scheme in chapter 4.1}

2.2. Chiral Symmetry

From the physical point of view, symmetries are the governing concepts of nature. By anal-
ysis of manifest, hidden or broken symmetries, we categorize and understand a broad range
of problems.

Chiral symmetry is the invariance under a set of U(Ny) transformations that distinguish be-
tween left- and right handed particles. It is broken by the presence of fermionic mass terms,
explicitly inserted or dynamically generated, or by anomalies. The dynamical generation
of a mass term depends on numerous conditions, for instance on temperature (in QED; and
QCD) and baryon chemical potential (in QCD). Besides these, one can think of a number of
other parameters that could influence the breaking of chiral symmetry. In this thesis, besides
the ’classical’ parameters such as temperature, we focus on external conditions such as an
external magnetic field in QCD and a material’s anisotropy in QED; .

We shortly introduce the realization of chiral symmetry in both theories.

Chiral symmetry in QED;

In general, QED; contains Ny fermion flavors (N kinds of spinors, see Eq. (2.6)), leading to
an overall symmetry of the Lagrangian in four dimensional spinor representation given by

U(N;) x SU@N/) = UQ2N)), (2.18)

15
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with the U(Ny) symmetry generated by the unity matrix. In section [2.1, we made sure to
chose a representation of the Dirac matrices that allow for the presence of chiral symmetry
and its breaking. The associated chiral-like transformations are given by

T e%’w (2.19)
- ey, (2.20)

with the matrices y; and ys defined in Eq. (2.10). The transformations are chiral-like as they
each have a related Noether current that is conserved if the y-associated mass term vanishes.
This can easily be seen considering for example the current

J* (%) = gy w(x) for u=0,1,2. (2.21)

Since the matrices y* and y* anticommute, the derivative of the current is given by

0uj = (0u0(0) ¥V () = F oy’ v (0,0(x))
= my(x)y’Y(x) + mp(x)y’y
= 2mp(x)y W (x), (2.22)

and thus the current is only conserved if m = 0. Any mass term in the theory, no matter if
introduced explicitly or dynamically generated, necessarily breaks the Lagrangian’s chiral
symmetry

UQ2Ns) — U(Ny) x UNg) x SU(Ny) x SU(Ny). (2.23)

Chiral symmetry in QCD

The fermionic part of the four dimensional QCD Lagrangian without explicit mass terms
separates in left- and right handed particles. Considering only the two lightest quarks, up ()
and down (d), the underlying

UN; =2), x UQ)g (2.24)

symmetry is isomorphic to
SUR2), x SUR)gr x U(1)y x U(1)4. (2.25)

However, since the U(1)y is associated with baryon number conservation and the U(1), is
anomalously broken, the SU(2),x SU(2)z symmetry represents the relevant part of the U(2)x
U(2) symmetry for the following discussion.

The left- and right handed quark doublet is obtained from the projection

s e e

If chiral symmetry is present, they are invariant under transformations of the form

U - eiyso‘l//. (2.27)

16
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The associated conserved axial currents with an implicit sum over left- and right handed
quarks are given by

=0y 0 and 5= 0¥y .

If one introduces fermionic mass terms into the Lagrangian, the SU(2), part of the
SU2),x SU(2)g symmetry is broken. Thus, spontaneous chiral symmetry breaking is de-
scribed by

SU®2);, x SUR)z — SUR)y. (2.28)

Order parameters for chiral symmetry

In its general definition, an order parameter indicates the breaking of a symmetry, that is the
transition between two phases. In the strict sense, the order parameter vanishes in one phase
and has a finite value in the other.

An order parameter for chiral symmetry breaking is the dynamically generated fermion mass.
If no explicit fermion mass terms are present on the level of the Lagrangian, it is chirally
symmetric. As soon as fermion masses are generated dynamically, this symmetry is broken,
as discussed above for the cases of QED; and QCD.

The dynamically generated fermion mass is a nonperturbative effect, resulting from the
fermion-gauge boson interactions, and will be discussed extensively in the following chap-
ters. For now, we consider the general form of a dressed fermion propagator in four dimen-
sions in an isotropic spacetime. The propagator is given by

B(p) —iA(p)p

B*(p) + AX(p)p*’
with the scalar fermion dressing function B(p) and the vectorial dressing function A(p).
The RG-invariant, momentum dependent fermion mass is given by the combination M(p) =
B(p)/A(p). However, already at this point it is obvious that the scalar fermion dressing
function can serve as an order parameter for chirally symmetry breaking: for vanishing B(p),
also the RG-invariant mass vanishes and the theory is in the chiral symmetric phase. For
finite B(p), also M(p) is finite and chiral symmetry is broken. We will investigate the scalar
fermion dressing function as an order parameter for chiral symmetry breaking in QED; in
chapter 3]
Another order parameter is the chiral condensate, (J)), that is obtained from the Dirac trace
over the fermion propagator and describes the affinity of the vacuum to create a fermion-
antifermion pair. Since we will only employ the chiral condensate as an order parameter in
chapter [, we will provide a more detailed discussion in chapter #.1.2]

Sr(p) = (2.29)

2.3. Aspects of phase transitions

Understanding the transition between strongly coupled phases of a given theory is a formidable
task. In general, one distinguishes first order phase transitions, that have a discontinuous
change in the order parameter. Another group is formed by the continuous phase transitions.
In this case, it is the nth derivative of the order parameter with respect to some critical quan-
tity that develops a discontinuity.

17
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An outstanding feature of continuous phase transitions is the behavior of the order parameters
near the critical point that allows the grouping into universality classes. It can be described
by power-laws with the same critical exponent for phase transitions belonging to the same
universality class.

We will come back to the behavior close to a quantum critical point in chapter[3.2] For now,
we turn our attention to a special group of continuous phase transitions, the conformal phase
transitions.

(Pseudo) conformal phase transitions

There has been the proposal that the chiral phase transition in Ny in QED; belongs to a
subclass of continuous phase transitions, the conformal phase transitions (CPTs). We will
summarize the most important points of such a phase transition and follow along the lines of
(9, 110].
CPTs are characterized by several remarkable features that clearly distinguish them from
other continuous phase transitions: The behavior of the order parameter in the critical region
and the kind of spectrum of light excitations in the symmetric and non-symmetric phase.
In more detail, the behavior of an order parameter X in the critical region can be described
by

X~ f(2), (2.30)

where 7 is the quantity that can become critical. For general second order phase transitions,
f is of the general form
f~@E-z)", (2.31)

where v > 0.
For CPTs in contrast, the function f exhibits a different behaviour in the critical region,
namely

f~exp( a ) (2.32)

(ze = 2)
where again, v > 0 and « is a constant.
The conditions for a CPT are now fulfilled, if the function f contains an essential singularity
in the way that

li\_‘mf(z) =0 (2.33)
li/mf(z) + 0, (2.34)

where z ' z. denotes that z approaches z. from the symmetric phase, while z ~\, z. means
that z is approaching from the non-symmetric phase. The continuity of the phase transition is
guaranteed since the limit from the non-symmetric side goes to zero, including a vanishing
order parameter. In the symmetric phase, the order parameter is zero anyway (remember e.g.
the chiral symmetric phase).

Notice, that the scaling behavior Eq. (2.32)) has also been found in two dimensional models,
where it was coined the “Berezinskii—Kosterlitz—Thouless” (BKT) phase transition [25-27].
The underlying mechanism of the BKT phase transition was found to be the struggle be-
tween the entropy of a single vortex and the binding energy of a vortex pair that finally leads

18
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B(g.z)

9
7 9. I+ Z> 2

/\ z=12,

Z<12y

Figure 2.A: The 8 function for a toy model with coupling g and external parameter z. Critical
values have the subscript “x*“. The fixed points are indicated with a dot.

to a vortex condensation. In the derivation of the QED; Lagrangian, it will become clear
that a similar competition is also responsible for the phase transition taking place in high
temperature superconductors.

As for the relevance of the conformal phase transitions for this work, we need to mention
that QED;, similar to many-flavor QCD, is a candidate theory to contain a pseudo-CPT,
respectively a CPT. The prefix "pseudo’ in the case of QED;is in order as the conformal
symmetry is broken in both, the chirally symmetric and the chirally broken phase. In the
massive phase, conformal symmetry is broken anyway by the mass term. In the chirally
symmetric phase, the dimensionful coupling of QED; breaks the conformal symmetry. With
respect to the second distinguishing feature of CPTs, the spectrum of light excitations, we
add that QED; is super-renormalizable (contains only a finite number of divergent Feynman-
diagrams) and UV-divergences in principle can be removed. Nevertheless, one can observe
an abrupt change in the spectrum of light excitations at the critical point, as argued in [9, [10].

We will come back to the pseudo conformal nature of the chiral phase transition and the
scaling property close to the quantum critical point in chapter [3.2]

Phase transitions and fixed points

The critical points of second order phase transitions, e.g. of the previously discussed CPTs,
can be identified with fixed points of according RG-equations [28]. The analysis of flow
equations further helps not only to locate a critical point, but also to understand the quantum
critical behavior, i.e. the critical scaling in its vicinity. Critical scaling is characterized by
critical exponents. These allow to group theories into universality classes, that is, theories
with the same critical exponents and therefore the same critical behavior.

One of the outstanding features of (pseudo)conformal phase transitions is the scaling behav-
ior approaching the quantum critical point from the chirally broken phase. The exponential
Miransky- or generalized BKT scaling can be understood in terms of fixed point mergers, as
was argued by [29,30].

We follow [30] in illustrating the emergence of BKT/Miransky scaling from the fixed point
dynamics in a simplistic toy model. For this, we assume a dimensionless coupling g for
convenience. The theory may depend on some external parameter z that can become critical.
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The SB-function is of the form

0
Blg:2) = a—f = (z—2) - (g - g% (2.35)

with the critical values indicated by subscript “«” and ¢ = Inu, where u denotes the renor-
malization scale. One can calculate the fixed points of the coupling in the parameter range
(z — z+) > 0 via the zeroes of the 8 function. This leads to an IR and a UV stable fixed point
marking the transition to a conformal phase. They are given by

8+ = & £ V(z—2z.). (2.36)

It is now clear from Eq. (2.36) that the appearance and the number of fixed points depends on
the value of the critical parameter z. With z — z,, the two fixed points approach each other
until they merge at g. = g, = g- for z = z.. Further decreasing z, thus leading to complex
solutions for Eq. (2.36)), results in the loss of the conformal phase.

To recover the exponential scaling, we consider the external parameter to be in the vicinity
of its critical value in the symmetric phase, z < z., and the coupling at some initial UV scale
guv < &.. We obtain the scaling relation from integrating the 3 function Eq. (2.35)), leading

to

A 1R 8IR d

IR 8
— =ex dt| = ex f _— (2.37)

Agy P f Pl J Bagz<o
tyy guv

~ exp(—L). (2.38)

(z« —2)

The approximation in the last step includes the assumption that |g;z yv — .| > |z — z.|, for
which we can replace the arctan emerging from the integration by /2.

Similar arguments as for this toy model also hold for many-flavor QCD and QED; . Here, the
critical parameter is the number of fermion flavors. Before the critical number of fermions
for the loss of asymptotic freedom is reached, an infrared stable fixed point separates another
phase: the (pseudo)conformal window. This so-called Caswell-Banks-Zaks fixed point [31,
32] governs the conformal dynamics and is destabilized for smaller and smaller numbers
of fermion flavors by the onset of chiral symmetry breaking. This lower end of the pseudo
conformal window in QED; will be analyzed in section[3.2]

2.4. Confinement

Besides chiral symmetry breaking, confinement is another central nonperturbative phenome-
non of QCD. However, in contrast to the above discussed clear definition of chiral symmetry,
confinement is a much more debated subject. There exist several notions of confinement in
the literature, that can basically be divided into the two scenarios of color confinement and
quark confinement. For the scenario of color confinement, the absence of free color charges
from the spectrum of physical particles is central. According criteria for color confinement
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Figure 2.B: Sketch of a quark-antiquark pair separated by a distance R (upper panel) con-

nected by a color flux tube and after string breaking with another quark-
antiquark pair generated (lower panel).

are the Kugo—Ojima [33]] and the Gribov—Zwanziger [34] confinement criteria, that represent
constraints for the form of the gluon and ghost propagator in the deep infrared.

The scenario of quark confinement uses the presence of a linear rising potential between
an (infinitely) heavy quark-antiquark pair as a criterion. In this picture, the quarks are con-
nected by so-called color flux tubes, as indicated in the sketch of Fig. With an increasing
distance R between quark and antiquark, the potential energy between the two particles in-
creases with a slope that defines the string tension. In a strict form of this criterion, a theory
is only confining if the potential between the quark-antiquark pair is infinitely rising with
increasing R. In QCD however, at some point the potential energy between quark and an-
tiquark will be large enough to create another gg-pair: the string, or flux tube breaks (see
lower panel of Fig.[2.B]), which renders QCD, in a strict sense, not confining.

For this work however, we will consider the presence of a linear rising potential as a sufficient
criterion for confinement and investigate the associated string tension.

Wilson loop and string tension

The Wilson loop was originally defined as the spacetime area that is enclosed by the world-
line around the creation of a static quark-antiquark pair at some initial time #; and their
annihilation at a final time #;. In the Heisenberg picture, this reads

W(t;, 17, Ar) = Ol (t;, rY(ts, 12)10). (2.39)

Switching to the Schrodinger picture and imaginary time formalism, we shift the time de-
pendence to the states. Thus, the Wilson loop is given by

W, 1y, Ar) = (Ol exp(H 7;) (1) exp(—H ;) exp(H 77) Y(r2) exp(-H 77)[0).  (2.40)

Inserting two trivial unit matrices in the eigenbasis of the Hamiltonian, we use the cooling
mechanism to recover the lowest energy contribution by sending 8 — oo,

W(t;, Iy, Ar) ~ exp((E1 — Ey)(T; — Tf)) 2.41)
WAL AR ~ exp(=V(APAT), (2.42)

where the potential V(Ar) measures the excitation energy between the ground (vacuum) state
and the vacuum state plus two static charges separated by a distance Ar. In a confining theory,
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Figure 2.C: Sketch of a Wilson loop winding around spacetime.

this potential is for large separation distances R given by
V(R) ~ oR, (2.43)

with the proportionality constant o, that describes the so-called string tension. If confinement
is present, thus the Wilson loop behaves like

W(T7 R) = eXp(_O-TR)’ (244)

with a spacetime area in the argument of the exponential. Therefore the area-law fall-off of
the Wilson loop is an indicator of confinement.

In the following, the so-called spatial Wilson loop will be important. It is defined in an ana-
logous way to Eq. (2.44), except that the charges are created at a fixed position in one spatial
direction, propagate in another spatial direction before they are annihilated. The so-called
spatial string tension is equal to the spacetime string tension from Eq. (2.43)) due to Lorentz
invariance.

2.5. Dyson-Schwinger Equations

Dyson—Schwinger equations (DSEs) are the quantum equations of motion. They come as an
infinite tower of coupled integral equations, interrelating a theory’s n-point functions with
each other. The DSEs are derived from the identity

f g, e ST a0 2 (2.45)
Y

with the action S, the source J and the dummy field variable ¢, expressing the translational
invariance of the quantum effective action in the field ¢. The identity Eq. (2.43) can be

transformed into
6F:6S[:IGE+¢
5900 e |7 J Voo
with the help of general functional relations between the source field and the quantum ef-
fective action. In the master equation, Eq. @, I" denotes the quantum effective action as
defined in Eq. (2.4)) of the theory in consideration. Already at this point, it is visible that the
one-point function on the left hand side of Eq. (2.46) depends on higher n-point functions on

, (2.46)
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Figure 2.D: The pictorial representation of the Dyson—Schwinger equation for a fermion
propagator. The curly lines represent gauge boson propagators, straight ones
fermion propagators. We indicate dressed propagators by adding filled circles
to the basic lines. The dressed fermion-boson vertex is encoded by the empty
circle.

the right hand side. Further functional derivatives with respect to the fields and subsequently
setting the sources to zero yield n + 1-point, n + 2-point functions, efc..

The resulting infinite set of coupled equations still contains all information of the original
degrees of freedom of the theory as it is, without any expansion schemes involved. A di-
agrammatic representation of the fermion DSE is exemplarily displayed in Fig. The
vertex, as well as the gauge boson, obey their own DSEs that are of a similar structure as the
fermion DSE.

Solving the complete system of equations therefore is equivalent to solving the theory itself.
For Landau gauge Yang—Mills theory, such an analytical solution for the deep infrared was
obtained in 35, 36]. Numerically, one has to truncate the equations to make them accessible.
The choice of the truncation scheme decides on the quality of the results and is therefore of
paramount importance. In any case, the scheme has to obey general constraints such as the
conservation of global and local symmetries, multiplicative renormalizability or the repro-
duction of perturbative results in the weak coupling limit.

It is common practice to truncate the equations by considering a more or less sophisticated
ansatz for the fermion-boson vertex function, since the vertex DSE involves the computation
of a four point function of which only very little is known to dateﬂ The vertex ansatz is de-
signed such that it compensates for as many features of the omitted functions as possible. In
practice, this construction procedure is a formidable task as can be seen from the numerous
different types of vertex ansdtze available [37-45]].

For a complete derivation of the DSEs, we refer the interested reader to the works [1} 2]. In
the following parts, we will state the DSEs for the dressed propagators and then project onto
the dressing functions.

“for more information, see e.g.[37]
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3. QEDsin an anisotropic spacetime

Quantum electrodynamics in two spatial- and one temporal dimension, QED;, is the most
simple elementary gauge theory that displays nontrivial nonperturbative dynamics. It fur-
thermore offers a rather agreeable environment for nonperturbative studies that is charac-
terized by several key features: firstly, due to its Abelian nature, it is free of gauge boson
self-interactions. Furthermore, the dimensionality guarantees its super renormalizability, i.e.
only a finite number of Feynman diagrams is divergent. Nevertheless the number of dimen-
sions still allows for a dynamical mass generation, that would be forbidden [46] in a lower
dimensional theory (— the Schwinger model, see [47, 48]]).

Over the decades, the investigation of QED; received a lot of attention. Besides its function
as a potential toy model for QCD, the application of QED; as a low-energy effective theory
for strongly correlated condensed matter systems catalyzed the interest in the theory for its
own sake.

In this first part of the work at hand, we report on the investigations of anisotropic QED; from
a finite-volume Dyson—Schwinger perspective. We focus on an incarnation of QEDj; that
could serve as a low-energy effective theory for high temperature superconductors (HTSs).
Our analysis concentrates on the phase transition between the chirally broken and symmetric
phase.

This chapter is organized as follows: section [3.1]reports on investigations of the phase dia-
gram for the critical number of fermion flavors for chiral symmetry breaking in dependence
on the anisotropies at vanishing temperature. The central questions are

e How large is the critical number of fermion flavors for chiral symmetry breaking?
e How is this number influenced by anisotropies of arbitrary size?

e Which consequences does that have for the physical number of fermion flavors
Ny =2?

Section [3.2] resumes the analysis of chiral symmetry breaking in anisotropic spacetime at
finite temperatures. Apart from approaching more realistic conditions for HTS materials, the
finite temperature scenario offers the possibility to study the generic scaling behavior of the
thermal phase transition line close to the quantum critical point. We consider the following
questions to be at the heart of our investigations:

e What is the effect of finite temperatures on the critical number of fermion flavors at
finite anisotropies?

e How does the thermal phase transition line merge with the quantum critical point?
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e [s the scaling behavior influenced by finite anisotropies?

The results of these chapters have been published in [49] and [50].
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3.1. QED; at zero temperature

3.1.1. QED; as an effective theory for high-temperature
superconductors

The application of QED; as a low energy effective theory for condensed matter systems re-
ceived a respectable amount of interest over the last decades. The reinterpretation of the
fermions and gauge bosons as the low energy quasi-particles relevant for phase transitions
between the strongly coupled phases of e.g. superconducting materials opened up a com-
pletely new perspective on phenomena that are technically applied for years. Since there
is no such thing as confinement of the quasiparticles, the broad range of experimental input
permanently offers new interesting scenarios with an immediate relevance to applied physics.

The attention for QED; was not least triggered by the Nobel Price of Novoselov and Geim for
their works on graphene in 2010, e.g. [S1]. To summarize briefly, graphenes are made up of
two carbon sub-lattices. Close to the crossing points of the energy bands of the sub-lattices,
electrons and holes behave like massless relativistic quasiparticles with a linear dispersion
relation. As electrons and holes are not independent particles, they do not obey separate
Schrédinger-equations but are combined into a two component spinor wave function obey-
ing the massless Dirac-equation. These characteristics motivate the description of graphenes
with the help of Quantum Electrodynamics [52].

Another very prominent application of QED; to condensed matter physics are high-tempera-
ture superconductors. Their description in terms of a QEDj; -like theory was motivated from
several experimental (ARPES) findings, amongst others again the linear dispersion relation
of the quasiparticles relevant for HT'Ss. The works of [53-59] provided the necessary deriva-
tions for a form of QEDj; that allows to capture the features of the so-called pseudo gap phase
of HTSs.

Though both condensed matter systems were shown to be describable by QED; -theories,
there are important differences in these descriptions. For instance, both effective theories
have different fermion-boson couplings and neither are the velocities of the quasiparticles
close to the nodes of the energy-gap function equal. Furthermore, in HTSs, gauge bosons
are confined to the (2+1) dimensional setting from the very start, while the description of
graphene includes ’real’, four dimensional photons. In that sense, the critical behavior is
non-universal. In this work, we concentrate on the application of QED; as an effective low-
energy theory for HTSs. We now summarize their key features as well as the most important
aspects of the deduction of the QED; Lagrangian that is at the center of all subsequently
presented investigations.

Superconductors are generally divided into two subclasses: conventional (type I) and un-
conventional (type II) ones. While conventional superconductors are known since 1911,
unconventional ones were discovered rather recently, in 1986 [60]. However, while the type
I and also the low-temperature type II superconductors can be described very precisely by
Bardeen—Cooper—Schrieffer (BCS) theory [61, 162], no such matching description is known
for a subgroup of type II materials, the high-temperature superconductors.
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Figure 3.A: Left panel: The phase diagram of cuprate superconductors, dependent on the
doping x and temperature 7. Indicated are the anti-ferromagnetic phase (AF),
the pseudo-gap phase (described by QED; ) and the superconducting phase with
d-wave-symmetric order parameter (dSC). The shaded area indicates that the
course of the phase transition lines are not clear. The temperature 7 is the Néel
temperature. Right panel: The sketch of the Fermi surface of HTS materials.
Indicated by dots are the pairwise related nodes of the energy gap function that
happen to lie on the Fermi surface. We further suggest the rotation into a coor-
dinate system located at the node(s). It is in the vicinity of the nodes where the
QED; derivation holds.

There are several reasons for this. One is that in conventional superconductors, the *normal’
phase displays a metallic behavior, which can be modeled in a reliable way. Furthermore, the
order parameter of the transition to the superconducting phase, the energy gap function has
s-wave symmetry and therefore no zeroes. The energy gap function describes the energy gap
between the valence and the conduction band. The non-vanishing gap implies that there are
no fermionic excited states. In contrast, an attractive phonon-mediated pairing interaction
between electrons leads to the formation of bosonic Cooper pairs. They obey Bose—FEinstein
statistics and occupy an energetically favorable state protected by the energy gap. Since the
bosonic quasiparticles can occupy the same state at the same time, it is additionally possible
to describe them by an overall wave function that extends over the entire crystal.

HTS materials however form a subgroup of the unconventional superconductors. They are
distinguished by their high critical temperature 7. > 77 K and made up by ceramic com-
pounds, the cuprates. Their outstanding feature are copper-oxide planes in the crystalline
lattice. These planes are embedded in insulating layers and provide the necessary condi-
tions for superconduction if a critical doping is guaranteecﬂ Furthermore, unconventional
superconductors display the Meissner—Ochsenfeld effect for magnetic field strengths in the
region H.,y, < H <« H_,. For magnetic field strengths below H,,; the field is completely
expelled from the superconductor, as for conventional superconductors. For larger fields, up

'Doping means that an atom of one sort is replaced by one of another sort. This replacement has to be done
in a certain ratio in order to provide the environment for superconduction.
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to a second critical value, H,,, the magnetic field penetrates the material, but is confined to
so-called flux tubes (or vortices) [S8]. These create topological defects that become relevant
in turn of the derivation of the QED; Lagrangian. Above the second critical field strengths,
superconductivity beaks down.

Coming back to the missing overall theory to describe the HTS materials, a first important
difference to conventional superconductors is the anti-ferromagnetic (AF) non-superconduc-
ting phase (see the phase diagram in Fig. [3.A]). The Mott-insulator itself is a strongly corre-
lated system [63] and hard to describe in terms of microscopic degrees of freedom. Further,
the energy gap function, that governs the phase transition from superconducting to insulating
phase was shown experimentally to have d,._,.-wave symmetry [64]. The different symme-
try gives rise to profound changes. On the one hand, the quasiparticles’ spectral properties
[S4] are changed. On the other hand, the d-wave symmetry energy gap has zeroes that were
shown to lie on the quasiparticles Fermi surface (see right panel of Fig. [3.A]). This leads to
quasiparticles, i.e. fermionic excitations, of arbitrary low energies that can exist near the
nodes of the energy gap function. These quasiparticles were found to have a linear disper-
sion relation, thus behaving like massless Dirac particles. Furthermore, the speeds of the
quasiparticles were measured to be different in direction parallel and orthogonal to the Fermi
surface. The ratio of these two speeds turned out to be in the order of 10, thus not at all
negligibly small. Thus, in comparison to pure BCS superconductors, fermionic excitations
exceedingly complicate the interactions and dynamics of HTSs.

It turned out that a description of unconventional superconductors is best approached in an
inverted way, as applied [65]. ’Inverted’ refers to starting with the description of the super-
conducting phase and the investigation of the mechanisms that drive the system to the anti-
ferromagnetic phase (in contrast to the approach of conventional superconductors). The rea-
son for this is the antiferromagnetic phase, a Mott insulator, that represents itself a strongly
coupled system. This approach lead to the finding of another phase, in between the super-
conducting and the antiferromagnetic phase, the so called pseudo gap. This phase is limited
by the Néel temperature 7 (see again Fig. [3.A] left panel), above which any magnetic or-
dering is destroyed and the materials become paramagnetic. The distinguishing features of
the pseudo-gap phase is a non-zero energy gap amplitude, as in the superconducting phase
while at the same time the phase coherence of the gap function is lost (as in the AF phase)
[20]. The destruction of phase coherence results from vortex fluctuations.

The shaded borders of the pseudo-gap phase in the phase diagram of Fig. [3.A]indicate that
it is not clear how it behaves exactly. In particular, it is not certain if there is a pseudo-
gap phase at vanishing temperature for critical doping, or if the antiferromagnetic and the
superconducting phases meet. With a QED; description of the pseudo-gap phase, we will
study the course of the phase borders. In the frame of the QEDj; description of the pseudo-
gap phase, the transition to the antiferromagnetic phase is identified with the breakdown of
chiral symmetry. Therefore, we analyze the chiral phase transition at vanishing and finite
temperatures under the influence of an anisotropic spacetime.
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3.1.2. QED; Lagrangian for HTSs

In this chapter, we wish to state the Lagrangian for anisotropic QEDj; as it was derived by [20),
56,166]. A more detailed summary on the derivation procedure from a BCS-like Hamiltonian
to the actual Lagrangian QED; formulation can be found in App.[A.1]

In the following, we apply the notation as it was introduced by [S6]]. We chose the four
dimensional spinor representation of the (2+1) dimensional fermions, as discussed in chap-
ter These obey the Clifford algebra {y,,y,} = 26,,. We allow for general Ny fermion
flavors, since we wish to study the influence of the anisotropic velocities on the criticality of
N;. Furthermore, we introduce the anisotropic fermionic velocities vy and v, as they arise
during the derivation procedure. They describe the quasiparticles’ speed orthogonal and per-
pendicular to the Fermi surface of the HTS materials and are distinct from the characteristic
speed for the vortex-antivortex excitations, c¢,. This includes the fact, that both v, and v may
be larger than cy, as discussed in Ref. [39].

The anisotropic velocities enter the theory via the metric-like structure g; ,,. The "metric’ has
an additional index i that denotes the node under description. The nodes in HT'S materials
are zeroes of the quasiparticles energy-gap function that were shown to lie on the Fermi sur-
face of the electrons and holes [64]. Due to symmetry reasons, only two out of four zeroes
need to be considered separately [63] (see also right panel of Fig.[3.Al). For convenience, we
chose the anisotropic velocities relative to ¢; which we normalize to 1. Thus, the metric is
given in form of

10 0 1 0 0
(&)= 0 v; 0O (&)=]0 v o @
0 0 0 0 vfc

With the necessary building blocks, the fermionic part of the Lagrangian is given by

2
Laniso — % Z q/j {Z Yy \/gj’w ((9# +1 a#)} ‘Pj- (32)
n=0

j=12

In contrast to the more familiar isotropic QED; Lagrangian, we now have the additional
metric-like factors and the sum over the nodal index j included.

We can now proceed to derive the Dyson—Schwinger equations in momentum space from
the quantum effective action as described in chapter [2.5]

3.1.3. Dyson-Schwinger equations for anisotropic spacetime

The spacetime anisotropies introduced via the metric-like tensor g,, do not influence the
functional form of the DSEs. Diagrammatically, they are represented in the standard way as
displayed in Fig. Nevertheless, the influence of the anisotropies becomes obvious when
considering the propagator DSEs, here given in Euclidean spacetime.
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Figure 3.B: The Dyson—Schwinger equations in their diagrammatic form. The upper panel
displays the fermion, the lower panel the gauge boson DSE. The straight lines
with indicate fermion-, the wiggly lines gauge boson propagators. The dressed
propagators are furthermore distinguished by filled blobs, while the bare propa-
gators have dots. The open circle represents a dressed fermion-boson vertex.

A R
ST = S3Up) +2Zié f 5 ‘)’3<v§,-my‘*sm<q*> Ve (4 ) DB, (33)
DNF) = Dy'(p)-2 =L Zf(z L [VBuw " S (@) NBal (.0 S ()]
(3.4)

The gauge boson hereby depends on the difference of the momenta of the fermions, thus
p—q= k . The nodal index is denoted by i and sums again over the two nodes of the energy-
gap functions on the Fermi surface. Furthermore, the equations include the fermion-boson
vertex renormalization constant Z;. The vertex itself is denoted by I'’( 3, 7).

The number of "metric’ insertions in Eq. (3.3) and Eq. (3.4) already hint at the more complex
structure of the DSEs for the dressing functions. In order to simplify keeping track of the
equations, we define two shorthands.

Firstly, we introduce

Pi=pu g py (3.5)

whenever two quantities are contracted in a similar way. Recall that the nodes of the (energy)
gap function on the Fermi surface of the electrons each demanded its own metric tensor.
The bar-momentum squared thus represents a typical quantity that naturally arises out of
the structure of the equations. Notice also that the bar-momentum squared reduces to the
ordinary squared momentum if the isotropic limit is carried out.

Secondly, we define

Pui :=Aui (P ) py, (no summation convention !), (3.6)

where A, ; denotes the vectorial fermionic dressing function at node i. It affects only the
combination of the fermion vector dressing function A,(7) and an arbitrary momentum p,,
above. In the isotropic limit, Eq. will reduce to A(p?)p, as there is only one vectorial
dressing function for all momentum components in the isotropic case.

31



Chapter 3. QEDj in an anisotropic spacetime

e

Figure 3.C: The diagrammatic representation of the vertex DSE. Wiggly lines denote gauge
gauge boson propagators, straight lines fermion propagators. The dressed ver-
tices are indicated by black dots, dressed propagators by gray dots.

With these abbreviations, we write down the general form for dressed fermion propagator in
the anisotropic spacetime,

Sri(P)=Bi(P)+i V&' vy Puis (3.7)

The scalar fermion dressing function at node i is denoted as B;. In contrast to isotropic
spacetime, the function depends on every momentum component, not only on the squared
vector. The full gauge boson propagator is decomposed into the bare contribution and the
self-energy I1,, (7 ),

PuPv
pz

-1
Du(p) =12 (50 - (1028 11, ). 68)
Notice, that the bare part of the gauge boson propagator is still the isotropic bare propagator.
Since we work in Landau gauge in the following, the gauge parameter is given by & = 0.

Vertex Specification

As a next step, we need to define the input for the fermion-boson vertex I'?. The vertex in
principle has its own DSE that has to be solved. However, the endeavor of solving the vertex
DSE is rather involved. The reason for this is can be found in the structure of the DSEs: the
equation for the n-point function involves m-point functions, with m > n. In the case of the
vertex DSE, the fermion four-point function appears on the right hand side of the equation
(see Fig.[3.C). To date, only very little information is available on this function.

An alternative is the application of a vertex ansatz. Though there are a rather large number of
vertex ansdtze available [41} 167, 68], studies in isotropic spacetime [11] have shown that the
critical number of fermion flavors for chiral symmetry breaking is only slightly sensitive to
the more elaborate structures of the vertex. In fact, the deviation of the critical number for a
bare vertex (i.e. I', ~ y,) and very sophisticated vertex constructions remained smaller than
five percent. For the investigations presented in this work, we already increased the complex-
ity of the DSEs enormously when considering a maximally anisotropic spacetime. To keep
the computational effort in reasonable limits, we uphold the findings in isotropic spacetime
to apply the simplest available vertex construction that is consistent with our approximations
in the gauge boson sector. In particular, we use the leading term of the Ball-Chiu (MinBC
or 1BC) vertex construction [69] transferred to an anisotropic spacetime as an ansatz for the
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Figure 3.D: Diagrammatic form of the leading order large-N; vacuum polarization of the
gauge bosons. Wiggly lines represent gauge boson propagators, straight lines
fermions. Small dots indicate bare quantities, filled blobs dressed ones.

fermion-boson vertex,

N ALP) + AN
If(l% 9 = Vﬂfa
where we did not apply the summation convention. The momenta p, g denote the in- and
outgoing fermionic momenta at the vertex. As was shown by [70], the MinBC vertex rep-
resents a reasonable approximation to the full Ball-Chiu vertex that is constructed to satisfy
the Ward identity exactly. Besides the MinBC vertex, we will employ the bare vertex in the
context of the large-N or the Pisarski approximation [[71]]

(3.9)

Gauge boson specification - scheme 1

In this work, we investigate two different approximation schemes for the dressed gauge bo-
son. In particular, we firstly analyze the large-N; approximation. From this analysis we hope
to obtain a first rough idea of the influence of anisotropy onto the transition from the chirally
symmetric to the chirally broken phase. As a next step, we proceed to a more elaborate
model, that includes the anomalous dimension of the fermion vector dressing function. In
this sense, our model builds on the results obtained in [[11]].

The large-N; approximation for isotropic QED; was investigated in great detail in [72, [73].
The results of these investigations qualitatively still hold in comparison with less approxi-
mated studies [[L1]].

Considering anisotropic spacetime, investigations of small anisotropic velocities in leading
order large-N; were performed by [20, 56]. One objective of this work is to overcome
these limitations, especially the restriction to small anisotropies. We consider the maximal
influence of anisotropies, that is to say all three velocities (c,, v¢, va), Whereas we normalize
the velocities such that ¢, = 1. The analytically integrated vacuum polarization reads [20,56]

S w &°Pa 8°Ps .
Z\/pf(é’f -——— | IL(@),
i Di

€2Nf 1

16 VFEVA _2.
i

I (p)

1L (7)

(3.10)

The diagrammatic representation of the large-N; vacuum polarization is displayed in Fig.
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Gauge boson specification - scheme 2

The large-N; approximation is a very rewarding approximation scheme to obtain a first idea
of the effects of new parameters, considering the balance between complexity of the equa-
tions and obtained results. Nevertheless, the large-N; scheme is clearly an approximation
that needs improvement.

A main reason for this is the fact that the fermionic vector dressing functions are A; = 1 for
the complete range of momenta. This is a severe limitation, since isotropic investigations
have shown the fermion vector dressing function and the boson vacuum polarization both
develop power laws in the infrared region in the chirally symmetric phase [11].
Additionally, the values of the A-functions at zero momenta in anisotropic spacetime enter
the definition of renormalized anisotropic velocities (c¥, v’;, vR). Tt is questionable, if there
exists a nontrivial definition of the renormalized velocities in the large-N; scheme.

In order to account for these shortcomings, our first steps beyond large-N are built on the
findings of [11]. In [[L1], the authors derived, amongst others, power-law solutions for the
gauge boson vacuum polarization I1(k?) and the fermion vector dressing function A(p?) in
Landau gauge from a self-consistent infrared analysis of the DSEs in the chirally symmetric
phase. For the vertex, the minimal Ball-Chiu ansatz (see Eq. (3.9)) was chosen. In particular,
they found the power-law solutions given by

A(p*) ~ p*, (3.11)
Mipe(k®) ~ k77, (3.12)

with the fermionic momentum p, the bosonic momentum k and the anomalous dimension of
the fermionic vector dressing function, k. The infrared exponent is sensitive to the employed
vertex ansatz. From a numerical study of the fermion wave function and the gauge boson
DSE, including the 1BC-vertex (Eq. @]}), the anomalous dimension for a was determined

as

0.115 0.044
=" 4 + O(1/N?). 3.13
K1Bc N N2 (1/Ny) (3.13)

Based on these findings, we can formulate the isotropic approximation of the vacuum polar-
ization in the chirally symmetric phase, including the infrared exponent «,

Ny (1 K 1 ¢

(k) = : .
W==liesa =g e

(3.14)

For the vertex ansatz (3.9) and the model for the vacuum polarization, Eq. (3.14), the anoma-
lous dimension was determined from N;’m(’dd as k = 0.0358 in isotropic spacetime (see
discussion in chapter [3.1.4). We employ this value of « for our calculations although the
anomalous dimension may, in principle, be a function of the anisotropic velocities k(v ¢, va)
as well. However, at this point we cannot calculate this dependence and therefore assume
k to be constant in the following investigations. Notice that for k = 0, this approximation
reduces to the large-N limit.

Generalized to an anisotropic spacetime with a constant anomalous dimension, the isotropic
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model for the vacuum polarization (3.14)) transforms into
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)= ‘ = (3.15)
16 VFEVA —2 p;
VP!
Here, we used the shorthand p; that we introduced in Eq. 1'

We conclude the introduction of our approximation schemes with some words on the com-
bination of the vertex and gauge boson schemes.

Therefore, we wish to point out in the first place that when truncating the equations, it is
important to define a set of consistent approximation and truncation schemes for the vertex
and the gauge boson. An inconsistent combination of approximations would be to employ
the vertex ansatz (3.9) in the fermionic DSEs and at the same time work in the large-N ap-
proximation for the gauge boson. As a consequence, the critical number of fermion flavors
would go to infinity, N§ — oo, and the fermions remain massive in all cases. This finding is
in contrast to the findings in the pure 1/Ny approximation in both DSEs, where N} ~ 3.24
[72] and to the improved MinBC/boson model results, where NJC, ~ 3.56 [11]]. Therefore, we
will concentrate our investigations of anisotropic spacetime on two approximation schemes:
the large-Ny/bare vertex and the MinBC/boson model approximation scheme. The results
are presented in chapter [3.1.4]

DSEs for dressing functions

With the truncation of the vertex and the approximations in the gauge boson sector intro-
duced, we return to the DSEs for the fermionic dressing functions. We obtain these DSEs
from Eq. (3.3) by projecting onto the scalar, respectively the components of the vector dress-
ing function and tracing.

The resulting equations are given by

&g Bi(7) g Dk

@M B(G) + (G »
. 72 dBq |2(qu gDy (k) = Gui 8Dk )| A i(P) + Aui(@)
) - 2D ( ) i) + Auild)

Pu J Qn)’ B(7) +(q ) 2

(3.17)

Remember that there is no summation over the index u in the vectorial fermion dressing
function. In fact, Eq. encodes three DSEs for the dressing functions of each momen-
tum component. Together with the nodal index i, this would result in eight DSEs for the
fermionic dressing functions alone. However, a closer look at the symmetries of the metric-
like tensor g,, shows that this number can be reduced by interchanging the arguments of the
fermionic functions,

B> (po, p2, p1) s (3.18)
A2 (po, P2, p1). (3.19)

B (po, p1,p2)
A1 (po, p1s P2)
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This reduces the number of equations to solve to four. Similar symmetries can also be
identified for the vacuum polarization, which reduces the number of components to compute
from six to four,

0" (po, p1.p2) = T (po. p2sp1), (3.20)
' (po, pi,p2) = T°(po, pa, p1). (3.21)

Notice that if we wanted to solve the full boson DSE, we needed to find the self-consistent
solution for the DSEs of four components of the anisotropic gauge boson vacuum polariza-
tion. In contrast, there are only four DSEs to solve in total (fermionic and bosonic) in an
isotropic spacetime.

For our investigations of Eq. and Eq. (3.17), we will furthermore set the fermion wave
function renormalization constant Z, = 1 which is convenient in continuum calculations?]
This corresponds to a renormalization point that is far enough in the UV, such that the dress-
ing functions are insensitive to the exact choice.

Finite volume DSEs

As the previous section explained, the introduction of finite anisotropies leads to a consider-
able increase in complexity and computational demand of the DSEs. Any possible simplifi-
cation on the numerical side is therefore highly welcome.

One possibility to preserve computational resources is by choosing a problem-suited un-
derlying manifold and coordinates. In our case, this corresponds to a three dimensional
compactified Euclidean manifold, a three torus. Solving Dyson—Schwinger equations on a
three torus was studied in great detail in e.g. [74} 73], where the interested reader can find
an extended discussion of the transition from infinite to finite volume. In the following, we
only state the most important points of the finite volume formalism.

The compactification is performed by confining the quarks into a ’box’ of finite size and im-
posing (anti)periodic boundary conditions onto the (fermionic) bosonic wave functions. The
box length in direction u is denoted by L,,, the volume by V = Ly - L; - L,. In principle, only
the time direction of the particles has restrictions on periodicity due to the Kubo—Martin—
Schwinger (KMS) relation (see e.g. [[13]). We are free to choose the boundary conditions for
the spatial directionﬂ However, for convenience, we impose the same boundary conditions
in temporal and spatial directions. In consequence, the fermionic momenta are discretized
and denoted by

k,=  #n,  forbosons, (3.22)
k, = zf” (nﬂ + %) for fermions, (3.23)

with the integer numbers n,, € Z. The discretized momentum spacetime leads to a summation
over Matsubara modes instead of previous continuous integration.

& 1
f(zn‘; () = 5 G (3.24)

ni,nz,n3

2A study of the renormalization point dependence can be found in App.
3Earlier investigations of periodic spatial boundary conditions have shown that the results change only
marginally.
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In isotropic spacetime, the O(3) symmetry would now allow the transformationﬁ]of Cartesian
to hyperspherical coordinates that saves a respectable amount of computational resources.
For anisotropic spacetime however, this is no longer possible since the sphere would be de-
formed into a triaxial ellipsoid. At maximum, we can find a cylindrical symmetry in the
case of finite temperatures and equal anisotropic velocities vy = v,, that will be discussed
in chapter [3.2] Therefore the Cartesian summation, as it emerges automatically in the torus
formulation, is the most natural’ way to attack the anisotropic DSEs. The solution process
itself is the same as for isotropic spacetime. A detailed discussion thereof can be found in
Ref. [75]].

However, speaking of the advantages of the torus formulation in anisotropic spacetime, we
need to mention its drawbacks for completeness. Similar to lattice gauge theory calculations,
we have to deal with finite volume, and potentially finite size effects. In isotropic spacetime,
finite volume effects were investigated in great detail in [/5)]. Unfortunately, a comparable
study in anisotropic spacetime is out of reach, due to the enormous increase in computational
demand. We will come back to this point when discussing the numerical results in sections
3.1.4)and [3.2.3] However, our volumes are large compared to lattice settings. This is the
reason why we are not restricted to certain ranges of anisotropy as the lattice calculations
(66} 78, 79]]. Finite size effects on the other hand are expected to be small in our calculations.

“applied in e.g. [75H77]

37



Chapter 3. QEDj in an anisotropic spacetime

3.1.4. Numerical Results: The phase diagram of HTS at zero
temperatures

We now proceed to the discussion of our numerical results. To this end, we solved the
Dyson—Schwinger equations in a finite volume as described in the previous section. We
employed three different approximation schemes including more and more sophisticated an-
sditze.

To set our results into context with earlier studies, we firstly summarize some main findings
in isotropic spacetime. Subsequently, we start the discussion of our results for an anisotropic
spacetime with the Pisarski approximation scheme, originally introduced in [71]. Secondly,
we present a first phase diagram for leading order large-N, expansion (and bare vertices).
Finally, we present the phase diagram for the boson model/MinBC approximation scheme,
specified in Eq. (3.9) and Eq. (3.13).

To complete this numerical results chapter, we add the discussion of finite volume effects
and possible locations of physically realized HTS materials.

The critical N; in the isotropic case

Pisarski’s approximation scheme [71] includes a bare vertex as an ansatz for the fermion-
boson vertex and a scalar fermion dressing function for all momenta, B(p) = B(0) = m. Due
to these approximations, it is possible to solve the Dyson—Schwinger equation for the scalar
fermion dressing function analytically,

m=B0)=cae™ N8, (3.25)

Hereby c is a positive constant and the coupling constant is given by @ = ¢ Ny. As can be
seen from this expression, chiral symmetry always remains broken, regardless of the number
of fermion flavors Ny.

However, N)‘i — oo is in conflict with results from less restrictive approximations, that find
a finite number of critical fermion flavors. In consequence, we can conclude that Pisarski’s
scheme in isotropic spacetime is not suited to extract any information on chiral dynamics,
since it forbids the restoration of chiral symmetry.

More elaborate approximation schemes that allow to study chiral dynamics, are the above
mentioned large-N/bare vertex, the fully self-consistent DSE solution with the MinBC ver-
tex and the boson model/MinBC vertex scheme. For isotropic spacetime, continuum studies
of the second approximation scheme as well as for more complex vertex ansdtze were per-
formed in [IL1].

Building on these results, we can evaluate the new gauge boson model in its isotropic form
[3.14]and compare the scalar fermion dressing functions in both approximation schemes. The
results are shown in Fig.

The three approximation schemes all lead to an exponentially decreasing order parameter in
dependence on the number of fermion flavors. This behavior is known as Miransky scaling
[80] and will play a major rdle in chapter ?? (finite temperature QED; ). However, despite
this common behavior, the critical number of fermion flavors differs for the three truncation

schemes. While analytic 1/N/ calculations yield N;’l/ N~ 3.4 [[72], the self-consistent DSE

calculation including the more elaborate 1BC-vertex leads to N;’lBC ~ 3.56. Judging from
Fig.|3.E, N}’m"del is smaller than N;’I/Nf but still N;"""dd ~ 3.
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Figure 3.E: The scalar fermionic dressing function evaluated at zero momentum for three
different approximation schemes: The large-N/bare vertex-, large-N/1BC ver-
tex and the boson model/MinBC vertex approximation. The scalar fermion
dressing function serves as an order parameter for chiral symmetry breaking.
Figure courtesy of Christian Fischer.

The reason for this smallness can be understood by comparing the gauge boson in the self-
consistent MinBC calculation and in the new model. While the gauge boson is constant in
the deep infrared for Ny < N¢ and decays with a power law only for Ny > N the model is
designed such that the power-law decay is realized also for Ny < Nj. We therefore suppress
the gauge boson’s influence in this region, which results in a smaller Ny in total. Since this
is only a quantitative change, we expect the boson model/MinBC approximation to be a
reliable scheme for our qualitative investigation of chiral symmetry breaking in anisotropic
spacetime.

The critical N;; in the anisotropic case

Before we discuss any results, we specify the chosen finite volume setting. Both phase
diagrams discussed in this section were obtained by solving the DSEs on a torus with
L = 600/¢? and 20° momentum points.

We begin our discussion of the effects of maximal finite anisotropies with the investigation
of Pisarski’s scheme. Although Pisarski’s scheme is based on an assumption that was found
to be insufficient [[72| 73] it was used recently by [59] for several general arguments.

With Pisarski’s assumptions, it is possible to analytically derive an expression for the scalar
fermion dressing function, that is to say the fermionic mass in this scheme. We obtain
the analytic expression for equal anisotropic velocities vy = v,, with the details given in
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App.[A.3] Our derivation yields

m = B(O):caexp[(—ﬂsz vi—l)/ (3.26)

(23— 1+ 22+ ¥arcan( b2 - 1)

This result is clearly different from the result presented [59] that we consider erroneous since
it does not reduce to the expected isotropic limit as discussed by Pisarski [71]. In contrast,
when examining our formula (Eq. (3.26), we find that it indeed reduces to the expected
isotropic limit. Furthermore, it implies that chiral symmetry is always broken in Pisarski’s
scheme in three dimensions, since N}‘; — 00.

We therefore consider Eq. (3.26) to be a reasonable generalization of the isotropic approxi-
mation. Consequently, we consider this approximation inappropriate for any further analysis
of the quantitative behavior of N; with (¢, vy, va).

This conclusion leads us to the investigation of the more sophisticated approximation schemes.
The next improvement would be to consider the 1/Ny-approximation/bare vertex scheme.
The resulting phase diagram for the critical number of fermion flavors in dependence on the
anisotropic velocities is shown in Fig. 3.F, We encode the critical Ny in a colored density
plot, including contour lines to guide the eye. Notice that the coarseness of the contour lines
results from the interpolation between the evaluated points. If evaluated at infinitely many
points, we would expect the contour lines to smoothen.

As remarkable points, we find a plateau around the isotropic point at vy = v, = 1 with a criti-
cal number of fermion flavors of N;.’l/ N~ 10. Compared to the isotropic continuum results,
we obtain an estimate of the size of our finite volume effects. The comparison yields roughly
a factor of three difference between the continuum and our finite volume calculations. This
estimate is, strictly speaking, only valid at the isotropic point in the phase diagram since
the finite volume effects could depend on the anisotropic velocities, too. This needs to be
investigated in a separate study that we will discuss in the next section.

Changing the anisotropic velocities beyond the plateau around the isotropic point, we find an
increasing critical number of fermion flavors. This finding remains no matter if v, and v, are
varied simultaneously or independently. Comparing this result to earlier Dyson—Schwinger
studies in the 1/Ns-expansion under the constraint of small anisotropies of Lee and Her-
but, we confirm the results of [20]. In addition, our studies demonstrate that the findings
remain also valid for large anisotropies within the frame of the 1/N -approximation/bare
vertex scheme.

We proceed to investigate the validity of these results in an improved approximation scheme,
in particular because of the above discussed concerns with respect to the 1/Ny-approximation.
Our last and most elaborate approximation scheme investigated in this work is the boson
model Eq. (3.15)/MinBC Eq. (3.9) scheme. The phase diagram obtained from this scheme is
depicted in Fig. [3.G| The critical number of fermion flavors is color-coded and additionally
indicated by contour lines, same as in the previous phase diagram. Already at first glance,
we find a widely changed behavior of the critical number of fermion flavors compared to the
previous approximation scheme.

We firstly focus on the isotropic point and find a critical value for the fermion flavors
of N;’""’dd ~ 1.1. This value is only slightly deviating from the findings in the 1/N-
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Figure 3.F: The phase diagram for the critical number of fermion flavors N in dependence
on the fermionic anisotropic velocities (v¢,va). To obtain this diagram, we
solved the DSEs as given in Eq. (3.16) and Eq. (3.17) self-consistently in the
1/Ns-approximation/bare vertex approximation scheme. The contours serve to
guide the eye.
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Figure 3.G: The phase diagram for the critical number of fermion flavors NV % in dependence
on the fermionic anisotropic velocities (v¢,va). To obtain this diagram, we
solved the DSEs as given in Eq. (3.16) and Eq. (3.17) self-consistently in the
boson model Eq. (3.15)/MinBC vertex Eq. (3.9) approximation scheme. The
contours serve to guide the eye.

approximation/bare vertex scheme. Consequently, the comparison with the continuum re-
sults yields the same estimate of finite volume effects. However, as far as remarkable points
in the phase diagram are concerned, the isotropic point is no longer featured. In fact, we find
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instead a small plateau around (v¢,va) = (0.4,0.4) with a critical number of fermion flavors
of N;’m”dd ~ 2. The plateau around this value furthermore represents a region of maxima - a
variation of the anisotropic velocities yields a decreasing critical number of fermion flavors.
Varying the anisotropic velocities, the critical number of fermion flavors now decreases.
However, it never vanishes for v, and v, smaller than ¢; = 1. In contrast, if one of the ve-
locities vy or vy ~ 2 the critical number of fermion flavors vanishes and the theory always
remains in the chirally symmetric phase. On a qualitative level, our findings are in accor-
dance with other, complementary approaches.

On the one hand, a corresponding investigation was conducted by [S9]. The authors analyzed
the strength of a one-boson exchange between two fermions in order to access the critical
number of fermions. Their underlying assumption is the so-called ’Lindemann-criterion’ for
QED;, that does not claim to be exact but in general provides an accurate description. It
states that a fermion mass will be dynamically generated as soon as the photon exchange
interaction between two fermions is stronger than some threshold value A,. This threshold
value, and the related critical number of fermion flavors is obtained from an analysis of the
according S-matrix up to second order perturbation theory with another assumption: that this
threshold value is not influenced by anisotropy. The framework of [59] represents a rather
different perspective on the problems considered in this chapter. Although our results agree
with the findings in the one-boson exchange model, the advantage of the DSE formalism can
be seen in the fact that there is no need for assumptions as strong as in [S9], no matter how
plausible they may be.

On the other hand, our findings from Fig. [3.G| are in agreement with lattice calculations of
Hands et al. [66, [79] that provide results at only few distinct points of the phase diagram.
While the setting of lattice gauge theory and our finite volume DSE approach are very sim-
ilar at the first sight, the lattice gauge theory approach struggles with the large separation of
scales in QED;. As we discussed above, this scale separation requires large volumes, that
are hardly accessible on the lattice. Employing smaller lattices however has the drawback
that the infrared and UV cutoff influence the results considerably. On the torus, in contrast,
the effects of the infrared cutoff can be removed by an appropriate choice of the lattice spac-
ing L, i.e. larger box volumes. However, we should remark again that the critical numbers in
Fig. [3.G] nevertheless suffer from rather large finite volume effects, reducing their absolute
value. In summary, we consider our finite volume DSE approach to be better suited than the
lattice to investigate the anisotropic phase diagram, since our approach is not restricted to
certain values of anisotropy.

We conclude the presentation of the phase diagrams with a comment on the large-N/bare
vertex approximation scheme. It ignores essential features regarding the criticality of Ny
in dependence on the anisotropic velocities. The results in this approximation scheme are
conflictive with findings in more elaborate approximation schemes. Therefore, to our mind,
the large-N/bare vertex scheme should not be used for further analysis in HTS-QEDs; .

42



Chapter 3. QEDj; in an anisotropic spacetime

1 5 I § o) N — 303 —

= N=20°
L F 3 .
1.0f - .
OZ“_ i = § i
0.5 _

00 P P P

1.0 1.5 2.0
Vi=V,

Figure 3.H: We show the critical number of fermion flavors obtained from two different tori
with N = 20° and N = 30° corresponding to box lengths of Le* = 600 and
Le* =900, for four selected points on the vy = va-axis.

Volume effects

From the comparison with the isotropic continuum results, we already found a sizable dif-
ference in the critical number of fermion flavors. At the isotropic point vy = vy = ¢, = 1,
the finite volume reduced the critical number of fermion flavors by about a factor of three.
So far, we stated that we assume these differences to finite volume effects without further
investigations. We now come back this issue.

For isotropic spacetime, a detailed volume study with torus sizes up to N = 512° was
discussed in [75]. Although it would be preferable to perform an analogous analysis in
anisotropic spacetime, the enormously increased demand of CPU time renders this an im-
possible endeavor. In anisotropic spacetime, already the solution of the equations on a torus
with N = 20° consumes a considerable amount of time. Since it is nevertheless desirable to
have at least a first estimate of the dependence of the finite volume effects on the anisotropic
velocities, we picked four points on the v = v, axis and solved the DSEs on a torus of
N = 30° points. The results of this study is displayed in Fig.

Firstly, we find a larger value of N7 for all four values of vy = v, in the larger volume.
This was expected from the comparison at the isotropic point. However, we also find that
the amount by which the critical number of fermion flavors is shifted, is rather similar at
ve =va = land vy = vp = 1.5. We therefore do not expect qualitative changes concerning
the overall behavior of N7 in the phase diagram that was discussed above. Furthermore, we
observe that the vanishing of Ny shifts to anisotropies vy = v5 > 2.2 for the larger volume.
This strong volume behavior supports the necessity of further, more detailed volume studies
as they were presented in [75]]. Finally, it would be even more desirable to have a comparison
with continuum results. A detailed continuum study of the case v¢ = v, is under way.
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Figure 3.I: Selected results for the critical number of fermion flavors at (v¢, va) = (10va, va)
from a torus with Le? = 600. The error bars correspond to our step size when
searching for ;.

The 'physical’ case v//vy ~ 10

Finally, we return to the experimental motivation behind this QEDj; study in an anisotropic
spacetime, the HTS materials. As we mentioned earlier, experiments find an intrinsic anisotro-
py, that is the ratio 4 = v¢/v,, in the range of 10 - 20 for different HTS materials. For in-
stance, ref. [81] reports A = 14 for optimally doped YBa,Cu3;0; and A = 19 for
Bi,Sr,CaCu,0g compounds. Unfortunately, only the ratios of the anisotropic velocities seem
to be accessible for the experiment up to now.

It is therefore impossible to identify the exact location of a certain material in the anisotropic
phase diagram. Nevertheless, one can highlight the regions in the phase diagram, where the
measured anisotropy ratios could be located. We chose (10v,,v,) to represent a possible
set of anisotropies and evaluated the region of the phase diagram that is accessible for our
model. The results are shown in Fig.[3.1, with the calculated points indicated by circles. The
black line represents a linear fit to our data, that approximates the points in an adequate way.

As we already discussed above, the critical numbers of fermion flavors are affected by finite
volume artifacts. However, as we have seen from Fig. [3.H| these artifacts are only mildly
depending on the anisotropic velocities for finite numbers of fermion flavors. In a first vol-
ume extrapolation, we therefore make use of the results obtained in isotropic spacetime (see
[73])). In this work, a functional form of the linearly extrapolated critical number of fermion
flavors for infinite volumes was given by

. b
N.=a

f=a- o (3.27)
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Figure 3.J: Volume extrapolated critical numbers of fermion flavors at (v, va) = (10va, va),
originally obtained from a torus of Le?=600. The error bars correspond to our
step size when searching for N5

With the help of the isotropic point in the phase diagram[3.GJand the isotropic critical number
of fermion flavors N;’i“"’v"l = 3.24, we determine the parameter b = 17.97. It is then possible
to compute the volume extrapolated critical numbers of fermion flavors (in Eq. (3.27) de-
noted by @) from the finite volume critical numbers of fermion flavors displayed in Fig.[3.1]
The results are shown in Fig.[3.J]

Nevertheless, one has to keep in mind that this linear behavior might be changed in the
infinite volume limit. This clearly represents a next point that needs to be studied carefully
in future investigations.

3.1.5. Summary

This chapter reported on the investigations of finite anisotropies of in principle arbitrary size
in QED; in a Dyson—Schwinger framework. To obtain these results, we introduced a consis-
tent approximation scheme beyond the leading order large-N, expansion and analyzed the
criticality of the number of fermion flavors for chiral symmetry breaking.

Our findings include an increasing critical number of fermion flavors with increasing anisotro-
pic velocities as long as vy < 1 and vy < 1 are both satisfied. For vy or v > 1, we find the
opposite behavior, that is a decreasing N5 These results agree with both results from lat-
tice gauge theory [66, [79] and from continuum analysis of the fermion-photon interaction
strength [59] on a qualitative level.
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However, we found that our results are affected quantitatively by considerable finite volume
artifacts. Due to the large demand of computational effort, a detailed volume study as done
in isotropic spacetime [/5] is not possible to date. First steps towards larger volumes in
anisotropic spacetime showed only a small qualitative impact of the anisotropic velocities
on finite volume effects. Therefore, we consider it a reasonable approximation to neglect
this possible dependence and hence to employ the finite-volume correction deduced from
detailed studies at the isotropic point to the anisotropic case. We employed the linear ex-
trapolation of the critical number of fermion flavors to formulate predictive critical numbers
of fermion flavors for *physical’ regions of the anisotropic phase diagram. Nevertheless, a
detailed finite volume study is desirable to quantify the finite volume effects beyond this ap-
proximation.

Additionally, future investigations should address two more central aspects of our investiga-
tions. Firstly, it is desirable to perform an analysis of different fermion-boson vertex ansditze.
Though we know from isotropic investigations [11] that our vertex truncation errors should
be moderate, a detailed study for anisotropic spacetime is pending and could overcome any
doubts. A second point concerns the gauge boson approximation. Although our model for
the gauge boson vacuum polarization includes important features of the infrared behavior of
the full function, more elaboration on the self-consistent solution of the gauge boson DSE is
necessary.

Despite these important points for future investigations, we consider our results to be a fur-
ther, qualitatively reliable step towards an understanding of QED; with respect to its appli-
cation to high temperature superconductors.
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3.2. QED; at finite temperature

Introducing finite temperatures to QEDj is interesting for several reasons. On the one hand,
considering finite temperatures clearly is a step towards a more realistic description of HTS
materials and therefore a reasoned extension of the investigations presented in the previous
chapter.

On the other hand, QED; is a strongly coupled and asymptotically free theory. Several works
argued for the existence of a pseudo conformal window, in analogy to many flavor QCD that
received a lot of attention recently, especially in the frame of renormalization group studies
[29,[82H86]. An aspect of great interest in these studies was the scaling close to the quantum
critical point of chiral symmetry breaking. It was argued, that pure exponential Miransky
scaling is only valid in certain limits of a more general, universal scaling law [86]. The
assumptions under which this universal scaling was derived, are also fulfilled by QED; and
a closer investigation of the scaling region is in order.

To perform this analysis, we generalize the boson model/MinBC approximation scheme that
was already employed in zero temperature calculations (see previous chapter and also [49]).
The results of these investigations agreed with corresponding ones in complementary ap-
proaches [59,79] on a qualitative level. With the feasibility at vanishing temperatures shown,
we dare to firstly tackle the combined problem of finite anisotropies and finite temperatures
in our approach. To our knowledge, this problem has not been approached either in a Dyson—
Schwinger framework or in any other approach.

The employed finite volume setting was introduced in section In this framework, the
consideration of finite temperatures is comparably easy: Since the finite box lengths leads
to sums over discrete Matsubara frequencies, the setting more or less lends itself for the
intended investigations. However, we need to take care to guarantee a large enough aspect
ratio between the number of modes in temporal and spatial direction for the temperature
interpretation to hold.

This chapter is organized as follows: in section [3.2.1] we will introduce the DSEs at finite
temperature as they are employed for all following investigations in this chapter. As a next
step, we will summarize the most important aspects of the universal scaling law introduced
by [84] 86] in section [3.2.2] Finally, we will present our numerical results in section [3.2.3|
regarding the chiral phase transition in finite temperature QEDj; in an anisotropic spacetime.
Here, we first discuss the finite temperature phase diagram for the critical number of fermion
flavors depending on the anisotropic velocities. Next, we address the investigations of the
scaling behavior of the critical temperature in dependence on the number of fermion flavors.

3.2.1. Finite temperature DSEs

Since we work in the identical approximation scheme as for vanishing temperature, the
Dyson—-Schwinger equation formulation in the finite volume does not change. However,
the introduction of finite temperatures slightly changes the continuum formulation of the
equations that represents our starting point. We therefore shortly discuss the equations for
completeness.

Finite temperature is introduced by compactifying the time direction. In Euclidean space-
time, the DSE for the quark propagator is then explicitly given by
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Here, the bosonic momentum &k, is defined by the difference of the external and the internal
fermion momenta p, — g,.. The nodal index is denoted by i = 1,2.

S 55(19) = Zoiyy /8w Py denotes the inverse bare fermion propagator that depends on the
momenta p = (w,, P) with the Matsubara frequency w,. The inverse bare gauge boson
propagator reads D), (p) = Z3p* P}, (p), with the transverse projector denoted by P’

The dressed fermion-boson vertex is denoted by I'’( p,,q, ) and will be replaced by the
ansatz Eq. (3.9). Furthermore, the equations Eq. (3.28)) and Eq. (3.29) include the renormal-
ization constants Z;, Z, and Z; of the vertex, fermion and gauge boson. They are defined
by the ratio between renormalized to unrenormalized dressing function of the corresponding
one-particle irreducible Green’s function. However, due to the UV-finiteness of QED;, we
can set the renormalization constants to one. Notice that the Ward identity Z; = Z, is then
trivially satisfied. The dressed fermion and gauge boson propagator read

S I_?,]j(wp’ 12,

(2m)?

Sii(wpB) = Bi(wp.B)+i V& W P (3.30)
D) = pz(aﬂy_%)Jrnw(wp,ﬁ), (3.31)

where we inserted the explicit form of the transverse projector P7 and made use of the
shorthand notation introduced in Eq. (3.5)) and Eq. (3.6).

We conclude the collection of finite temperature DSEs by stating the projected and traced
DSE:s for the fermionic dressing functions. They are given by

wqa )gﬂyDﬂv(wk’]g)

Bi(w,.B) = Z f oy . (3.32)
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2
Notice that the above equations still do not include the summation over the external index pu.
For the gauge boson vacuum polarization, we employ our model ansatz Eq. (3.15). For more
information on this ansatz, see section [3.1.3] We proceed with the evaluation of Eq. (3.32)
and Eq. (3.33) for equal fermionic velocities v; = va. This choice reduces the number of
vectorial fermion dressing functions, since Ao(w,, p) # A1(w,, P) = As(w,, p). Furthermore,
the nodes are no longer distinguishable and we can drop the nodal index i.

. (3.33)
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3.2.2. Critical Scaling

Critical scaling in the vicinity of quantum critical points allows the definition of universal-
ity classes. A distinguishing feature of pseudo conformal phase transitions is the so-called
Miransky scaling that can be seen as a higher dimensional generalization of BKT scaling.
A candidate for such a phase transition are the chiral phase transitions in QED; and QCD,
triggered by an increase in the number of fermion flavors. Discussions thereof can be found
in several works, e.g. [9-11, 130, 80].
The derivation of Miransky-type scaling is based on rather general assumptions, including
the fixed point structure of a gauge theory, as we shortly discussed in sec. [2.3] with the help
of a toy model. In close analogy to this toy model, Miransky scaling is derived from the 8
function of the four fermion coupling in e.g. QED;. In the gauge theory, one assumes a
constant gauge coupling g,

98> =0. (3.34)

This can be seen as a reasonable approach close to an IR fixed point of the gauge coupling.
From the flow equation of the four fermion coupling, one can then derive the scaling behavior
of the symmetry breaking scale, which we denote by kg,

M 2 2 T
ksp ~ NO(g” — g,) eXp( . H)- (3.35)
The coupling g, is the critical value for the fixed point merger that we discussed briefly
in sec. 2.3] The constant € has to be determined from the actual theory in consideration.
The scaling behavior of the critical scale can be transferred to the scaling behavior of IR
observables, that was found in e.g. isotropic QED; [[11]].

However, a more careful analysis of the dependence of the symmetry breaking scale on the
number of fermion flavors has been performed in [84} [86]]. In this work, the RG flow of the
running coupling has been taken into account. To leading order the scaling of the symmetry
breaking scale is then given by

T

2e [ING - N/

The constant kj serves to fix the scale and the critical number of fermion flavors for chiral
symmetry breaking is denoted by N5 The exponent @ is the leading order term in a Taylor
expansion of the critical exponent © in N and further, the theory dependent parameter € (see
Ref. [86] for details). It is furthermore possible to relate the scaling behavior of the symmetry
breaking scale to the scaling behavior of observables as e.g. the critical temperature. This
leads to

. . L
kSB ~ k() Q(N; - Nf) |N)C‘O - Nfl %o exXp (336)

T
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with a scale ko and the critical value N, of fermion flavors at zero temperature. More details
on the parameters and their dependence on the theory in question can be found in Ref. [86].
In leading order, this yields a power law decay

Tor ~ ko IN%y = N/I7® exp| - (3.37)

Tor = ko IN%y — N/ 7%, (3.38)
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Figure 3.K: The generic thermal transition lines for the cases |®@y| < 1 and |®y| > 1. The
quantum critical points for zero temperature are marked with filled circles.

This relation (Eq. (3.38)) only represents an upper bound for the chiral critical temperature,
as it is insensitive to deep infrared behavior of the [86,87]. Especially fluctuations of Gold-
stone modes can affect the chiral condensate in the deep IR and consequently the critical
temperature. In general, it is a very challenging task to investigate the full scaling law as
introduced in Eq. ( - 3.36) in a finite volume setting, as e.g. our three toruﬂ The reason for
this challenge are the scales present in QED; : The scale set by the dimensionful coupling

= Nye*/4r and that of the dynamically generated fermion mass. Close to the critical
number of fermion flavors at vanishing temperature, N]i’o, these two scales differ largely. In
principle one therefore needs large volumes, respectively a DSE continuum formulation [[75]],
in order to fully analyze the scaling features.

However, even though we cannot resolve the exponential Miransky scaling that dominates
only in the close vicinity of N7, (see Table 2 in Ref. [88] for an estimate of the size of
this region) in our torus setting, we can concentrate on the “intermediate’ scaling behavior.
That is, we strive to find and analyze the power law part of the scaling relation Eq. (3.36)
that dominates further away from N%, before the end of the scaling region around N%, is
reached. In consequence, we cons1der (Eq. (3.38)) as a reasonable approximation for our
investigations. Considering Eq. (3.38)) there are two possible generic scaling scenarios. They
emerge from the absolute value of the critical exponent |®y| < 1 or |@y| > 1. Both scenarios
are illustrates in Fig.[3.K] In the case of |@,| > 1 the thermal phase transition line approaches
the quantum critical point with an infinite slope. For |®@y| < 1 the slope vanishes at the
quantum critical point, which corresponds to large power law corrections to the exponential
Miransky scaling.

Sor Lattice gauge theory
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Figure 3.L: The phase diagram for the critical number of fermion flavors N in dependence
on the anisotropic velocities vy = v, and temperature 7. The left panel shows
the planar phase diagram with N7 highlighted in different colors and separated
by contour lines. Dots indicate the actually evaluated parameter sets. The right
panel shows the same phase diagram with N, as vertical axis. The slope of
decreasing N with increasing T clearly is larger for v/ = vo > 1 than for
vi=va<l

3.2.3. Numerical Results

This section presents our numerical results of the investigation of QEDj at finite temperatures
and anisotropies. We will mainly discuss the case v = v, and ¢, = 1, which correspond to
the diagonal of the anisotropy phase diagrams presented in chapter [3.1.4] We chose this
cut through the phase diagram to make our results better presentable. It is no problem to
compute finite temperature phase diagrams for any off-diagonal anisotropy v, # vx. We will
start with the discussion of the generalized phase diagram for the critical number of fermion
flavors depending on temperature and anisotropic velocities. Next, we proceed with a closer
analysis of “slices’ of the computed phase diagram: We are interested in the critical behavior
of the thermal phase transition line in the vicinity of the quantum critical point.

The critical N in the anisotropic case v, = vs

We start our discussion with the phase diagram for the critical number of fermion flavors
depending on the anisotropies vy = v, (with ¢, = 1) and the temperature 7. The results
are obtained from solving the DSEs (Eq. ) and (Eq. ) on a three torus of (Nf( =
39%) x (N7 = 23) points and a box length of e’Ly = 600. By introducing finite temperatures
on the torus, we have to take care to guarantee a reasonable aspect ratio between the temporal
and the spatial number of lattice points. The choice of Ny = 23 satisfies this demand.

We are interested in the influence of temperature and anisotropy on the restoration of chiral
symmetry. As we discussed in chapter [2] a natural order parameter sensitive to the break-
ing/restoration of this symmetry would be the chiral condensate, with 77 indicating the trace
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Figure 3.M: Fit to the critical temperature for chiral symmetry breaking in dependence on
the number of fermion flavors for a fixed anisotropy vy = vo = 0.8. The blue
dots represent our data that is fitted by a power law (3.38) (straight line). The
fit region encompasses the region close to the quantum critical point, for this
case Ny > 1.25.

over Dirac indices,

- d?
¥y =15 f ﬁtrDSp(wq,c‘[). (3.39)

In close connection to the chiral condensate, the scalar fermion dressing function at any
momentum serves equally well as an order parameter. We chose to analyze the behavior of
B(w,, ) at the lowest Matsubara frequency and two-momentum in order to determine the
critical number of fermion flavors. The results of this analysis are shown in Fig.

The phase diagram displays the critical number of fermion flavors, distinguishable by color
and by contour lines, depending on temperature and anisotropic velocities vy = va. The
grid of evaluated points is indicated by dots and the contour lines serve to guide the eye.
Their edged structure results from the (Mathematica) interpolation of the coarse grid and is
assumed to smoothen for a finer and finer grid. In the white regions of the phase diagram,
the convergence criterion of the iterative solution process is not matched for any nontrivial
number of fermion flavors.

For effectively vanishing temperature, we find a decreasing N¢ for increasing anisotropies.
This is in accordance with the findings discussed in chapter However, the actual values
for N differ slightly since we used similar but not identical torus sizes. At fixed anisotropy,
the critical number of fermion flavors also decreases with an increasing temperature. This
behavior generally holds for any studied degree of anisotropy. However, for vy = vy > 1
the slope of the decrease is considerably smaller than for v = vy < 1 (see right panel in

Fig.3.I).
Critical Scaling

We now proceed to analyze the critical scaling of the temperature in dependence on the
number of fermion flavors. As we discussed above, we do not expect to see the full scaling
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Figure 3.N: The critical temperature in dependence on the number of fermion flavors for
anisotropic velocities from vy = v = 1.0 to v/ = vo = 1.4. The connect-
ing lines between the dots are added for clarity, they do not represent a fitting
function. We concentrated on this velocity range since the curves are nicely
distinguishable. It could be extended to larger anisotropic velocities without
any problems, however the clarity of demonstration would suffer. It is clearly
visible that the size of the region of power law scaling decreases. Compare also
the transition between the two generic scaling scenarios in Fig. @

behavior of Eq. (3.36) in our three torus setting, since we are limited in volume and lattice
size. We therefore focus on an analysis of the intermediate scaling region. To this end, we
need to identify the region where the power law scaling

Tor ~ koINS — NI ™% (3.40)

provides a valid description, separately for all anisotropic velocities vy = v,. For instance,
we consider the case vy = v, = 0.8. Figure displays the calculated critical temperatures
depending on the number of fermion flavors (the blue dots). The straight line shows a power
law fit of the form Eq. (3.38) in the region 1.25 < N; < 1.75. While this N, range is well
matched by the fit function, the region Ny < 0.9 clearly lies outside the scaling region. The
value of Ny ~ 0.9 marks its lower end. Furthermore, we do not find the critical region where
Miranksy scaling dominates the power law scaling. As we discussed above, this is expected
due to the limited resolution in the finite volume. However, this region can be located at
Ny > 1.75, somewhere close to N¢. A more thorough investigation of this scaling region is
a possible subject for a future investigation, based on a continuum formulation of the DSEs.
The fit of the data points in Fig. yields the value for the critical exponent |®@| = 0.5
and for the critical number of fermion flavors at zero temperature, Niy = 2.2. We proceed
with the same analysis of the critical temperatures for anisotropic velocities in the range of
vy = va = 0.6 — 1.5. A first finding is that the extent of the region where we can identify
the power law scaling is correlated with the amount of anisotropy. While the intermediate
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Figure 3.0: The critical exponent ®, plotted as a function of the fermionic velocities vy =
va. Shown are results for the self-consistent photon model Eq. (3.15) and the
1BC-vertex, in the fermion-DSE.

scaling region is large for v = vy < 1, it decreases significantly for vy = vo > 1. Anil-
lustration of this decrease in the size of the power law scaling region can be found in Fig.

The complete set of critical exponents |®y| and critical numbers of fermion flavors for van-
ishing temperatures, N7, (right panel ), can be found in Fig. The behavior of the critical
exponents (left panel) depending on the anisotropies shows that the fermionic velocities pro-
vide an external parameter that allows to tune the generic scaling behavior in the vicinity of
the quantum critical point (compare Fig. [3.K] and also Fig. [3.N). The red dots indicate the
results obtained from a torus of (N3 = 39?%) X (N7 = 23) points, with a spatial box length of
e’Ly = 600.

The critical exponent peaks at the isotropic point, with a significantly larger value than for
smaller or larger anisotropies. While the decrease of |®y| is rather rapid for 0.5 < vy = vp <
0.9, it decays more slowly with larger anisotropies, 1.1 <v; = vy < L.5.

In order to get a first intuition for the size of finite volume effects, we further included the
critical exponents for selected points obtained from a larger torus. This torus consisted of
(N§ = 59%)x (N7 = 23) points and we assumed a box length of e*Ly = 900. We concentrated
on these few points since the increase in volume represents an enormous increase in compu-
tational time. Thus, we picked representable points at, below and above the isotropic point.
The according values of the critical exponent are marked by crosses. As expected from the
results in the previous chapter [3.1.4] our critical values are sensitive to finite volume effects.
In the case of the critical exponent, these effects augment the actual value of |@| at all three
anisotropies. We consider this behavior comparable to our findings at zero temperature, pre-
sented in the previous section, and conclude that the finite volume affects our critical values
mainly quantitatively. As far as finite size effects are concerned, we remind the reader that
the dimensionful coupling of QED; acts as a UV cutoff for large momenta. In consequence,
we expect only mild influence of finite size effects as long as we keep the lattice spacing
smaller than this scale, which is true in our calculations. Altogether, we expect the qualita-
tive behavior of [@|(v/) to also hold for larger volumes.
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Speaking of the qualitative behavior in the critical region, we recall from [86]] that the size of
®, determines the size of power law corrections to exponential Miransky scaling in the close
vicinity of the quantum critical point. From the results in Fig.[3.0] we find small corrections
for |®y| > 1 and large corrections for |@| < 1. |@y| = 5 for the isotropic point therefore
leads us to expect dominant exponential Miransky-scaling, also in the intermediate scaling
region and only very small power law corrections. For large anisotropies and anisotropies
vy =va < 0.9, the power law scaling dominates. More detailed statements on the scaling be-
havior are currently not possible due to our finite volume setting, respectively the smallness
of the region of exponential Miransky scaling.

However, we can comment on the size of the ’intermediate’ scaling region, further away
from N%o- As we shortly mentioned above, the scaling region for |®y| < 1 is rather large,
while it is much smaller for |®| > 1 (compare also Fig. [3.N)). This finding agrees with our
considerations above and in Ref. [[86]].

Finally, we address the zero-temperature critical number of fermion flavors that is shown
in the right panel of Fig. N5, decreases for increasing anisotropies. This finding is in
accordance with earlier studies in a zero-temperature torus setting (see sec[3.1). We remark
again that the actual critical numbers differ slightly to our previous findings. The reason for
this is the usage of similar, but not identical tori as an underlying manifold.

3.2.4. Summary

Section [3.2] presented the results of our investigations of QED; at finite temperatures in an
anisotropic spacetime. We were interested in the conditions for chiral symmetry breaking,
whereas we considered variations of the temperature, the anisotropic velocities and the num-
ber of fermion flavors. To carry out our analysis, we solved a coupled set of truncated DSEs
for the anisotropic fermion propagator together with model input for the photon self energy
determined from the isotropic case at 7 = 0.

Motivated by the application of QEDj; as a low-energy effective theory for high temperature
superconductors, we firstly extended the zero temperature phase diagram presented in sec-
tion to finite temperatures. We found an overall decreasing critical number of fermion
flavors with increasing temperature for all anisotropies. However, we also found that the
slope of the decrease in the critical number of fermion flavors depends on the amount of
anisotropy and is steeper for vy = v, < 1 than for vy = vy > 1.

Secondly, we concentrated on an analysis of the behavior of the critical temperature depend-
ing on the number of fermion flavors close to the merger of the thermal phase transition line
and the quantum critical point. Refs. [84,86] suggested the presence of a universal scaling
law for strongly coupled asymptotically free gauge theories, if the running of the gauge cou-
pling is taken into consideration. Our results could verify the presence of such a universal
scaling law. Furthermore, we were able to extract the critical exponent |®,| for various values
of the anisotropic velocities. This led us to the finding that the anisotropic velocities provide
a parameter that changes the generic scaling scenario of QED; from |®,| smaller than one to
a region with large values of the critical exponent [@¢| > 1.
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Concerning future investigations, it is desirable to improve our results by a fully self-consistent
treatment of the gauge boson sector.

The results discussed in the section above represent the very first exploratory study of the
effects of anisotropy in finite temperature QED;. To our knowledge, there are no results
available from other approaches or from other DSE calculations analyzing a comparable
scenario.
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4. Quenched QCD under strong
external magnetic fields

Quantum chromodynamics (QCD) is widely accepted to be the appropriate description of the
strong interaction between the fundamental particles, the quarks. Besides the common fea-
tures with QED; mentioned above (chap. [T)), QCD distinguishes itself fundamentally by its
non-Abelian nature, including the presence of multiple gauge boson self-interaction vertices,
respectively (color)charged gauge bosons. At high energies or small distances, these lead to
the anti-screening property of the QCD vacuum, respectively a decrease of the running cou-
plingﬂ This asymptotic freedom allows to approach QCD with perturbative methods at large
energies in the first place. However, at low energies or large distances where the coupling
gets strong, nonperturbative phenomena become crucial ingredients to a full understanding
of QCD. Especially the mechanisms of confinement and chiral symmetry breaking in vac-
uum as well as under nontrivial external conditions are of paramount interest. In the case of
finite temperatures and baryonic densities, different states of matter emerge and the transi-
tions between the distinct phases still offer challenges for both, theory and experiment.

Theoretical investigations of the QCD phase diagram are performed in the frameworks of
lattice gauge theory, functional methods (such as Dyson—Schwinger equations and the func-
tional renormalization group) and effective model approaches (such as e.g. the (Polyakov)-
Nambu—Jona-Lasinio model, for a review see [91, 92]] and the (Polyakov)-Quark-Meson
model, for reviews see e.g. [93H93]]).

Based on insights from all of these methods, the structure of the QCD phase diagram became
more and more diverse over the decades (for a very early version see e.g. [96]), especially
under extreme conditions (see Fig.d.A). Extreme conditions hereby mean e.g. high temper-
atures, high baryonic densities/chemical potential,but also strong external magnetic fields.
The effects of this third extreme condition are at the center of this work’s investigations.

Historically, Schwinger was the first to address the problem of a relativistic fermion in an
external magnetic field [97]. Since then, many debates on the influence and the realization
of strong magnetic fields arose, especially in the last two decades. Hereby, first approaches
including nonperturbative effects probed the QCD vacuum at zero temperature under the in-
fluence of magnetic fields. The investigations were performed in both lattice and effective
model calculations and agreed on an increasing chiral condensate with increasing magnetic
field. This enhancement of chiral symmetry breaking was coined *magnetic catalysis’ [98-
104] by earlier studies. (For a pedagogical review see [[105].)

ITo be precise, this is true as long as the sign of the beta function stays negative. This is (for three color QCD)
the case as long as the number of quark flavors is smaller than 16.
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Figure 4.A: A tentative version of the QCD phase diagram, extended with a third axis dis-
playing the magnetic field. The figure is a manipulation of the phase diagrams
of Fukushima [89] and Chernodub [90].

In recent years, the extension of the ’standard’ (7-u)-phase diagram by a third, -the mag-
netic field- axis led to controversial resultﬂ One of these was the possible increase of the
chiral phase transition temperature in the (7-(e8))plane. Findings from effective model cal-
culations [90, 101} 103, 104, [108-133]] and lattice simulations in quenched approximation
(134, 135] and in QC,D with non-physical pion masses [136, [137]] showed opposite behav-
ior to the results of the Budapest-Wuppertal collaboration [138]. The model calculations
still extracted the magnetic catalysis. As a consequence, the critical temperature for chiral
symmetry breaking increased. Contrary to this, the lattice results of [138]] found a suppres-
sion of the chiral condensate, so called inverse magnetic catalysis and a decreasing critical
temperature. After several attempts [133}1139,(140], this controversy could be explained and
understood only very recently [141]]: small (physical) quark masses and ordering effects in
the Polyakov loo;ﬂ were identified to play a crucial rdle for the lowest part of the spectrum
of the Dirac operator. Depending on the response of these modes at different temperatures,
magnetic catalysis or inverse magnetic catalysis is observable in the chiral condensate.

In principle, after the identification of the degrees of freedom that cause the inverse catalysis
in full QCD, the way is paved for further investigations at non-vanishing chemical potential
in the frame of functional methods or effective models Fl

Therefore, a first aspect of this work is to investigate the implementation of magnetic fields
in a Dyson—Schwinger framework. Furthermore we want to understand underlying mecha-

2General reviews on QCD under extreme conditions can be found in [89} 1106} [107].
3More remarks will follow in sec. for an exhausting discussion of the subject, refer to [141]
4Since they do not suffer from the fermion sign problem.
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nisms of magnetic catalysis in light of the established, state of the art approximation schemes
[142]. In the longterm future, these first steps should lead to the possibility to contribute to
the research on the (T-u-(eB)) phase diagram.

Besides the purely academic interest in understanding of the general structure of this three
dimensional QCD phase diagram, strong external magnetic fields are realized in at least three
physical systems. These are heavy ion collisions [[143-1435]], magnetars [146] and the early
universe electroweak phase transition [[147, 148]. For instance, in heavy-ion experiments at
RHIC, LHC (ALICE) and in future also at FAIR (CBM) nuclei collide with high enough
energies to produce a quark-gluon plasma [149, [150]]. For non-central collisions, so called
spectator quarks produce fields |eB]| of the order of AzQCD that may influence especially the
nonperturbative dynamics. It was proposed that the additional magnetic field may lead to
e.g. the chiral magnetic effect [143, [151].

This brings us to another aspect of this work. We chose to work in a finite volume DSE
setting. One motivation for this setting arises from the strongly interacting system of fi-
nite size [152) [153] created in heavy ion collisions. Though this finite interaction volume
cannot be trivially matched with a simulated system in a box, due to e.g. differing bound-
ary conditions, such finite volume studies can clearly help to understand possible effects on
observables. While these effects are expected to alter the phase structure of QCD already
without external magnetic fields (compared to the thermodynamic limit), the amount and
kind of modification is not clear|

Finally, there is one more aspect of strong external magnetic fields, that is central to the in-
vestigations presented in this chapter. Besides their presence in experimental situations and
the extension of the ’standard’ QCD phase diagram, they have a more technical application
in researching confinement. This connection was introduced in form of a dual condensate in
[156]. The dual condensate with respect to the magnetic fields, the dressed Wilson loop, is
an observable that is sensitive to confinement while at the same time derived from the chiral
condensate. It is equal to the conventional Wilson loop in the case of infinitely heavy quarks
and thus allows to probe the string tension between two static quarks. The conventional Wil-
son loop is in the first place defined on the lattice, and not directly accessible from functional
methods. In consequence, the dressed Wilson loop could be a very useful observable for
functional methods, due to its derivation from the chiral condensate. Nevertheless, there is
no work reporting on dressed Wilson loops from other approaches than from lattice gauge
theory. Therefore, we strive to investigate the possibility to recover the dressed Wilson loop
with the help of external magnetic fields in a Dyson—Schwinger framework.

This chapter is organized as follows: we will firstly reintroduce the Dyson—Schwinger equa-
tions for quenched QCD under the influence of external magnetic fields in section To
this end, we discuss the implementation of the magnetic field in the quark propagator before

SVery recently, the relevance of magnetic fields in heavy ion collisions became an even more controversial
point of discussion. Estimates in [154] of the equilibration- and lifetime of the magnetic fields suggest that
the produced magnetic fields might decay too quickly to be of a relevant size to influence the quark-gluon
plasma, which was strictly denied by [[155]. However, since there is no definite conclusion on this subject
yet.
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we write down the DSEs in quenched approximation. Hereafter we review the truncation
scheme for the gluonic and vertex input. Having specified the basic setting, we proceed to
a discussion of the most important points of our finite volume setting. The last step of this
formal section is the introduction of the order parameter for the subsequent sections: The
chiral condensate.

Section [4.2] deals with the results on the dual condensate or dressed Wilson loop, probed
with help of the external magnetic field. To this end, we summarize the concept of the
dressed Wilson loop as introduced in the lattice gauge theory framework and discuss the
main features of our finite volume approach compared to the lattice setting. We then present
the numerical results of the dual condensate from Dyson—-Schwinger equations in varying
settings before we give a short summary. Section [4.3] presents first results for the chiral
condensate for physical magnetic field strengths at vanishing temperature. We close the
chapter with a summary of the advances and outlook on possible next steps concerning the
study of physical magnetic field strengths in a DSE approach.
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Chapter 4. Quenched QCD under strong external magnetic fields

4.1. Formalism

The bare propagator in an external field

We introduce a constant external magnetic field via the principle of minimal substitution,

0, — D, = 0, —ieA,. For convenience, we choose the field pointing in z-direction, namely
A = (0, By, 0,0)", without loss of generality. The minimal substitution procedure introduces
an Abelian correction term F),, to the non-Abelian field strength tensor

ﬂv,ah,B = ﬂv,ab + Fyv ® Lyp. 4.1)

The Abelian field strength tensor is denoted by F,(x) = const = B[6,3,0,1] and it is coupled
to the ’trivial’ unity matrix in color space, 1,,. The modified Lagrangian with suppressed
color indices is then denoted by

_ 1
Lg =y (iDg—myy + 4_17:’”’8 Fv,8- 4.2)

To avoid confusion, let us emphasize that since only constant Abelian terms are considered,
there is no dynamical term for the magnetic field in our Lagrangian.

In a scenario without external magnetic field, we could in a next step deduce the DSE for
the quark propagator in coordinate space. This would be done along the lines of the standard
procedure described in section [2.5] Though, with the magnetic background field included,
the transformation of the propagator to momentum space is no longer done in a straightfor-
ward plane wave decomposition. The inadequacy of this procedure results from the fact that
the propagator now depends on two points in coordinate space, x and x’, and no longer only
on their difference. To circumvent this problem and nevertheless recover a diagonal prop-
agator, there exist several equivalent methods. These are specially tailored for the case of
constant fields and need to be reconsidered when dropping this constraint. The approaches,
namely the Fock—Schwinger eigentime, the Nikishov or the Ritus method were discussed
and shown to be connected by Ritus in [157].

In this work, we apply Ritus’ method and recover the diagonal quark propagator in a constant
magnetic background field along the lines of [157,1158]]. This diagonalization finally enables
us to perform the Fourier transformation and to obtain the propagator in momentum space as
input for our DSEs. We now summarize the most important steps of Ritus’ diagonalization
procedure. The interested reader is referred to Appendix [B.I| for a more detailed overview
of the derivation.

Ritus’ method is based on two main observations. First of all, the quark propagator can only
depend on maximally four independent Lorentz-scalar structures [[159]

D, o - F, (F-D), ys(F - F), (4.3)

or combinations thereof in order to preserve Lorentz- and gauge covariance as well as charge

conjugation symmetry. In Eq. 1) Oy = %[)fﬂ,yv] and F,, = %eﬂmﬁF‘,ﬁ denotes the dual

field strength tensor to F, as introduced above. Secondly, the Lorentz-scalar structures

in Eq. 1i commute with the operator P In consequence, we can solve the eigenvalue
2 . . . . . .

problem of ID” and use its eigenfunctions in order to diagonalize the quark propagator. From
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this diagonalization, we find that the bare quark propagator is of the same structure as the
bare propagator without external magnetic field.

S(p)=Gy-p—-m)~".

However, the propagator now depends on a different subset of momenta p that is restricted
by the solution of the eigenvalue equation of »*. The momenta p are denoted as

P = (0: 0, (P, p3)" - (4.4)

The momentum restriction is realized in the way that the momenta in the plane perpendic-
ular to the magnetic field now only take distinct, discrete values (p;), . These momentum
components encode the Landau level quantization with the index n € Z; and are given by

(P2)no = VIeBI2n + 1) + oleB|. (4.5)

The second index o in Eq. (4.5) describes the spin projection eigenvalue and can take the
values o = +1. Considering the actual values of the momenta (p;), ., we notice that the
momenta for the Landau levels n are spin degenerate, since (p2),1 = (P2)u+1.-1 for n # 0.
Only the energetically lowest momentum component (p»),—o, the lowest Landau level (LLL),
is spin polarized as only the eigenvalue o = —1 contributes. For further convenience, we
rearrange the momentum components p, according to their overall magnitude and sum the
two indices n, o in the overall quantum number «, such that the momentum components now

read
(P2 = V2«le8B|, (4.6)

with k = 0,1,2.... In summary, Ritus’ diagonalization procedure results in a radial-like
discrete momentum in the momentum space plane perpendicular to the associated magnetic
field direction. With the diagonal bare propagator with the restricted momenta Eq. (4.6) at
hand, we need to reconsider the integration over p; and p, in the quark DSE. The integral
over the previously continuous momenta is now replaced by a sum over all Landau levels
and all spin projections, equivalently a sum over the new index «, to account for all possible
momentum states in the p;-p, plane:

dp: N i) = Y dw... (“.7)
k K

(2m)?
Upon the change from integration to summation over energy levels, the additional factor
d(k) compensates for the degeneracy of the eigenenergies with respect to p,. We encoun-
tered these degeneracies explicitly while solving the eigenequations for P in App. The
degeneracy factor counts the number of momentum states per unit area and is denoted by

eS|

d(k) = — fork =0, (4.8)
2

d(k) = @ fork > 1. 4.9
T

The distinction of the degeneracy factors for k = 0 and « > 0 arises from the previously men-
tioned spin polarization of the LLL. Since only states with oo = —1 contribute, the number of
states per unit area has to differ from the higher Landau levels, respectively from higher «s,
too.
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The dressed propagator

With the bare quark propagator in an external magnetic field along the lines of Ritus’ method,
we can now write down the dressed propagator. To this end, we need to include -in principle-
all four Lorentz-scalar terms (according to in Eq. (#.3))) to account for the most general
structure of the propagator and allow for their dynamical generation in the evaluation process.
However, the immediate inclusion of all four terms with their dressing functions would result
in an immense computational effort (for a more detailed comment see App[B.2)). Therefore,
we chose to start with the simplest form of the dressed propagator that neglects all non-
standarcﬂ terms. The dressed propagator is given by

Sr(P)™" = B(P) +i(A(P)Y’w, + A2(P)Y*(P2)e + As(P)Y’ ). (4.10)

The scalar dressing function is denoted by B(p), while the functions A;(p) with i = 0,2,3
refer to the vectorial quark dressing functions. We have to include separate vectorial dress-
ing functions for different momentum components, as the magnetic field distinguishes the
dynamics in the p;-p, plane from the ps-direction. The introduction of finite temperature
further requires additionally considering another dressing function A, for the temporal di-
rection. For vanishing temperature, the dressing function in time direction and in the direc-
tion of the magnetic field are identical, Ao(p) = A3(p). Note that we do not need another
dressed term for p; since our diagonalization procedure in the previous section restricted the
momenta such that p; vanishes (see Eq. (4.4)).

In any case, our approximation, Eq. (4.10), is certainly valid in the limit of small magnetic
fields. For the time being, it therefore represents the starting point for a following systematic
elaboration of the influence of higher spin structures in the quark propagator. The effects
of these terms and the shortcomings of our approximation in the range of intermediate and
large magnetic fields have to be investigated in a future work.

4.1.1. The Dyson-Schwinger equations of QCD with an external
magnetic field

In the following, we specify the underlying Dyson—Schwinger equations and the approxima-
tions for the results presented in the following chapters.

The derivation of the Dyson—Schwinger equations from the generating functional follows the
procedure described in chapter [2.5] Since there are no source terms for the magnetic field,
we arrive at the ’standard’ QCD DSEs in coordinate space. However, the Fourier transfor-
mation to momentum space is more complicated than without an external field due to the
Ritus eigenfunctions. A summary of the most important steps of this Fourier transformation

can be found in App.

In a very first approach, we postpone a large part of these complications and retreat to solving
the *standard’ DSE for the Ritus quark propagator Eq. (¢.10). This corresponds to consider-
ing a spin-summed propagator in a bare vertex approximation, which includes the omission

®The expression ’standard’ refers to the spin-structure terms utilized for DSE investigations of QCD or
QED; without external magnetic field
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Figure 4.B: The pictorial representation of the Dyson—Schwinger equation for the quark
propagator. The curly lines represent gluon propagators, straight ones fermion
propagators. We indicate dressed propagators by adding filled circles to the
basic lines. The dressed quark-gluon vertex is encoded by the empty circle.

of an exponential damping factor for the gluon momentum in the directions perpendicular to
the magnetic field (see App.[B.3). The qualitative effects of this approximation clearly have
to be investigated in a future work. The quark propagator DSE is then given by

SH(P)=2,5"(p) - chZ% % Z d(x) f ‘;i; (78 H@T G, PID(P = D). (4.11)
The equation includes the renormalization constants Z, for the quark wave function and Z
for the ghost. The ghost renormalization constant in the dressed quark propagator will cancel
with another factor Z; in the ghost-gluon vertex, respectively in our phenomenological vertex
ansatz (Eq. (4.12)). Furthermore we will chose Z, = 1 for convenience. For a first, qualitative
study, this choice of the quark renormalization is suﬂicienﬂ The Casimir Cr = (Nf —-1)/2N,
stems from the trace over the color degrees of freedom that amounts to Cr = 4/3 for SU(3)
QCD. In Eq. @.T1)) we already replaced the integration over the loop momenta ¢, and g,
with the summation over the Landau index « as discussed in the previous section. Pictorially,
the equations are represented as displayed in Fig. Introducing a finite temperature via
compactification of the time-direction in the Matsubara formalism (see e.g. [15]) leads to a
replacement of the integral over gy by the sum over the Matsubara frequencies w, = 2nTn,,

Z d
SF(P) =2 87(p) - cpgzz—zT Z Z d(x) f 52 (S H@TU@ D= D). (&.12)

In this work, we will solve the Dyson—Schwinger equations in quenched approximation, i.e.
we neglect quark loops in the gluon self-energy. This choice is on the one hand motivated
by the objective to calculate the dual condensate in chapter 4.2] This observable allows to
recover the string tension between a static quark-antiquark pair. It can be recovered from
the quenched system only, since the string tension is, in a strict sense, only defined for non-
dynamic quarkﬂ On the other hand, the quenched approximation clearly is a necessary
starting point for physical magnetic field strength calculations, too. We will explore this set-
ting in section 4.3]in order to estimate the quality of our approximations.

Furthermore, we will use a temperature dependent fit to lattice data as input for D, (k). The
fit function was firstly obtained by Ref.[42]], and served as input for DSE calculations in the

7 In future, quantitative investigations of renormalization point dependent observables such as the chiral con-
densate, a proper fixing of the renormalization point has to be performed in order to obtain comparable
absolute values.

8Unquenched QCD is in a strict sense not confining since we expect string breaking at a finite distance.
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frame of various investigations, e.g. [142,1160]. The dressed gluon propagator is decomposed

as
Zr (k)

Dok = 229 p1 1y ZL(")

PL (k), (4.13)

with the momentum k = p — g = (wy, k) . The propagator is decomposed into the transversal
and longitudinal contribution with respect to the heat bath. These components can be ad-
dressed by projection via PT ,(k) onto the transversal and PL (k) onto the longitudinal part.
The functions Zz(k), respectlvely Z;(k), denote the accordmg dressing functions. We start
from the projector onto the gluon’s transverse degrees of freedom (with respect to its mo-
mentum k),

2
with (u,v = 0, 1,2, 3). For finite temperature calculations we then can define the transverse
and longitudinal projectors with respect to the heat bath as a next step. They are given by

P;lv(k) = (6/1\/ - @) > 4.14)

, kik;
P,uv(k) = 51J l_c) 51;46]\/9

Py (k)

P,,(k) — P (k) (4.15)

with indices (i, j = 1,2,3). The dressing functions in transversal (7") and longitudinal (L)
directions are fitted by the functions

K2 A2 ¢ P g2 Boa(u) In[k2 /A2 + 17)
ZT,L(k) = (k2+A2)2 {(k2+A2aT’L(T)) + E( ° 47_( ) (416)

The functions a7 (T) and by (T) are determined and tabled in [42], as are the remaining fit
parameters: The scale is given by A = 1.4GeV and the coupling constant at the renormaliza-
tion point by a/(u) = 0.3. The constant ¢ equals 11.5GeV 2. Finally, 8, = M =11 and

the exponent y = —ng—:% = —13/22, since N, = 3 and due to the quenched approx1mat10n
the number of flavors is Ny = 0. The anomalous dimension of the ghost and gluon propaga-
tor, 6 and y , obey the relation 26 +y = —1. This leads to ¢ = —9‘M[\,]Y—j81\,f = -9/44.

In the case of vanishing temperature, the distinction between longitudinal and transversal
part of the gluon propagator vanishes. The gluon propagator D,,, only includes the projector
on the direction transverse to its momentum Eq. (4.14). The dressing function Eq. (4.16) is
now simply denoted by Z and reduces to

K2A2 {( c )b+k_2 (50a(p)1n[k2/1\2+1])7}

Z(k) = “4.17)

(k2 + A?)? |\k? + A%a A? 4n

Finally, we need to specify the input for the dressed vertex function in Eq. (#.12). The
solution of the full set of Dyson—Schwinger equations for the propagators and the vertex is
not feasible at the time. For this reason, we use a model for our vertex function including a
bare vertex, modified by a phenomenological fit function I',(p, g, k),

dy 7 (Boa(,u) In[q?/A2 + 11)2‘5]

(4.18)

I'(q.k, :Z v +
(@.k.p) = Zsy [d2+q2 A+ q? 4n
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Figure 4.C: The pictorial representation of the Pagels—Stokar formula connecting the pion
decay constant with the quark propagator in the chiral limit. The dashed line
denotes the pion propagator, the straight lines quark propagators. The wiggly
line represents an axial vector current, ~ ysy,. The dressings of the quark
propagators are indicated by black dots, the pion BSA by a gray blob.

It is tailored such that the first summand reproduces f, = 88MeV in the infrared. To this
end, we fix the value of d, = 0.5 GeV? and then adjust d; = 7.9 GeV? to reproduce f? for a
vanishing magnetic ﬁel(ﬂ
In practice, we follow the the work of [[161], that provides a fully nonperturbative derivation
of the Pagels—Stokar formula [162]], connecting the pion decay constant with the pion Bethe—
Salpeter amplitude (BSA) in terms of the quark propagator. This relation holds in the chiral
limit and is given by
B(p?)
fo
where I';(k, 0) is the pion Bethe—Salpeter amplitude for a vanishing pion momentum and the
quark momentum k. One can firstly solve the DSE for the quark propagator and then use the
BSA according to Eq. as an input for the Pagels-Stokar equation that is diagrammati-

cally given in Fig. 4.C|

[(p,0) =175

(4.19)

The second term dominates in the perturbative limit and reproduces the behavior of the run-
ning coupling together with the gluon dressing function. It vanishes for small momenta. As
already indicated above, the ghost renormalization constant Z; cancels with the Z; provided
by the prefactor of the integrand in Eq. (4.12). We therefore do not need to fix its value in
the turn of the calculations.

With the input for the propagator DSE Eq. (4.12)) specified, we obtain the actual equations
for the dressing functions Ay(p), A>(p), A3(p) and B(p) after insertion of the propagator
Eq. (.10) and projection on the dressing functions. We will solve the DSEs for the dressing
functions on a compact manifold and discuss the features of this setting in the following
section.

The Dyson-Schwinger equations in a finite volume

We solve the Dyson—Schwinger equations in the above described approximation scheme
(ch.|.1.1)) on a compact manifold. The choice of a finite volume setting for the QCD inves-
tigations is motivated by the calculation of the so-called dressed Wilson loop that we will

9Private Communication with J. Liicker.
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Figure 4.D: Sketch of the compactified x-y plane and the partial area F,p,.

discuss in detail in the next section. In a continuum approach, this observable is not accessi-
ble.

To this end, we confine the quarks into a four dimensional ’box’ in Euclidean coordinate
space. We denote the box length by L, in the directions u = (0,1,2,3). However, in
subsequent calculations, we will always choose an equal boxlength in spatial directions,
L, = L, = L3 = L. For vanishing temperature settings in torus calculations, the box lengths
in time- and space directions are equal, such that we have only one box parameter denoted
by L. For finite temperature calculations, we need to take care of the aspect ratio between
the box length in time direction Ly and in space direction L. In the following, we will only
point out the most important aspects of the finite volume setting for the QCD calculations.
We compactify the underlying Euclidean spacetime by application of antiperiodic/periodic
boundary conditions for quarks/gluons. These guarantee that we respect the KMS-relation
for the timelike momentum component. For the spacelike momentum components, we are
free to choose periodic boundary conditions for fermions as well as for bosons. This leads to
a replacement of the integral over the timelike momentum component g, and of the momen-
tum component parallel to the magnetic field by Matsubara(-like) sums, i.e.

dqsdqo T
oy () — ZZ(...). (4.20)

ng,n3

In the plane perpendicular to the magnetic field direction, in our case the x — y plane, the
limited volume leads to a quantization of the magnetic field. This can be understood picturing
the magnetic flux through a partial area of our x — y-plane, F'y,;, and through the complement
area, Fy,;, — Ly L, = Fy,;, — L2. For an illustration, see Fig.

A charged particle circling F';,;, must pick up the same phase shift no matter if we consider
the magnetic flux though F,;, or through its complement, since it describes the same physical
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situation. Considering this constraint for the particles’ wave functions, we end up with

exp(ieBF) = exp(ieB(F — L[2))
2
=eB = b, 4.21)

as quantization condition. Consequently, the magnetic field can only take distinct values with
the integer field ’quantum’ b = 0, 1,..co. The momenta, previously defined in continuous
momentum space by Eq. (4.4), are now counted by

T
2
5= (27rT(no +1/2),0, 4 /2Ke—;b, Tﬂm) :

The magnetic field strength, as well as the Landau levels and the momenta p, and p; are
unbound from above. However, to perform the actual calculations we need to introduce
an artificial cutoff for each momentum component in order to make the sums finite and
numerically tractable. The particles’ wave functions in coordinate spacetime then become
coarser, since we encode the information obtained in momentum space in less Fourier modes
than necessary. However, the associated coordinate spacetime and the functions defined in
coordinate space are and stay continuouﬂ This fact distinguishes our setting from a lattice
gauge theory setting. The difference becomes crucial for some of the results presented in the
following sections.

19We emphasize this point since one might easily mistake the pure existence of a p,,., as a sufficient indicator
for a discretization of coordinate space.
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4.1.2. Chiral condensate

The chiral condensate, (), is the order parameter associated with chiral symmetry break-
ing. It measures the affinity of the vacuum to create a quark-antiquark pair and is defined in
terms of the generating functional by

- T 0
Yyr) = _‘_/6_mln Z.

It can equivalently be recovered by a Dirac trace over the full quark propagator,

Wy = Tr(S £ (p)) (4.22)

Once we know the quarks’ dressing functions, and thus the full quark propagator Eq. (4.10),
we proceed to determine the chiral condensate with the help of Eq. (4.22). The four dimen-
sional chiral condensate then reads

475N, Z d(k) B(p)
L2 B(p)* + Li(Ai(p) p)*’

np,n3,K

W) (b) = (4.23)

with the index i running over {0, 2, 3}. In the following sections, we will additionally calcu-
late the condensate from a quasi two dimensional setting. To this end, we will collapse the
temporal and the 3-component of our momenta in Eq. by additional Dirac delta func-
tions 0(py)d(p3) in the integrand. We determine the solution to the previously four dimen-
sional equations and subsequently recover the chiral condensate in the plane perpendicular
to the magnetic field. This is done by tracing over the remaining momentum components
and yields

4Z,N. Z d(x) B(p)
L? B+ (Au(p) p)*

The condensate in four- and also in two dimensions is divergent with the UV Cutoff A.
To remove these quadratic (4d), respectively logarithmic (2d) divergences, we define the
subtracted chiral condensate, that is recovered from the chiral condensate for a light and a
heavy bare quark mass,

)2a(b) = (4.24)

K

Myight

WY B)sup = W) (b, Miigne) — W) (b, Mipeary)- (4.25)

heavy

In general, the cutoff A is also depending on the magnetic field . We compensate this depen-
dence by adjusting the number of included Landau levels for each field strength separately as
will be explained in more detail in the following section. The main point is that the momenta
obey the condition

bmax

(pl)/% < A2 < Kmax < b ’

that leads to more or less the same cutoff for every b. Small variations are caused by the fact
that we can only consider integer numbers of Landau levels (see e.g. Eq. (4.30)). However,
generally speaking the subtracted chiral condensate as defined in Eq. (4.25)) should serve its
purpose and cancel the largest part of the UV divergences.
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4.2. The dual condensate from external magnetic fields

Understanding the mechanisms of dynamical mass generation and confinement are the cen-
tral objectives of research related to the QCD phase diagram. While dynamical mass gener-
ation is tied to the breaking of chiral symmetry, already the exact definition of confinement
is controversial. Respectively, there are several scenarios in discussion how to describe con-
finement from a fundamental point of view. One of these is motivated by a mutual order
parameter, the Polyakov loop. Its expectation value is sensitive to center symmetry breaking
and likewise indicates deconfinement [163]. Additionally, Gattringer [164] found that the
Polyakov loop can be related to the spectrum of the Dirac operator, if the boundary con-
ditions are generalized. This relation is important since it can be seen in analogy to the
Banks—Casher relation [1635]] that connects the chiral condensate to the infrared eigenvalues
of the Dirac operator. Thus, the eigenvalues of the Dirac operator could serve as the connect-
ing degrees of freedom between confinement and chiral symmetry breaking. In the course of
research for a better understanding of the contribution of the separate eigenvalues [166-169]],
yet another observable connected to the Polyakov loop was discovered, the dressed Polyakov
loop [1770, [171]]. This observable can be pictured as a collection of loops winding once
around the temporal direction of the spacetime manifold. While the winding number is fixed
by projection, in principle all possible detours in spatial directions contribute[ﬂ In the limit
of infinitely heavy quarks, the dressed Polyakov loop reduces to the conventional, or ’thin’
Polyakov loop. Due to the connection to the Dirac operator’s eigenvalues, it can be computed
by Fourier transforming the chiral condensate with respect to generalized boundary condi-
tions. These boundary conditions are controlled with the angle ¢. The expectation value of
the dressed Polyakov loop is equally well suited to investigate center symmetry breaking,
respectively confinement, as the expectation value of the thin Polyakov loop. However, the
(thin) Polyakov loop, identically to the Wilson loop, is an observable primarily defined on
the lattice. Since there is no straight forward connection between the Polyakov- or Wilson
loop and an n-point function, as there is one for e.g. the chiral condensate, there is no direct
way to address their expectation values in a functional methods framework. With the con-
nection to the chiral condensate however, the introduction of the dual condensate opened a
new way to obtain complementary results from the functional method approacl‘H

In analogy to the dressed Polyakov loop, Bruckmann and Endrddi [156] introduced a second
dual condensate, the dressed Wilson loop. The dual observable can be seen as a collection
of loops in a spatial plane, having the same area but different circumferences. The loops
of different areas can be distinguished from each other by their response to an external,
constant Abelian magnetic field. In the limit of infinitely heavy quarks, the authors of [156]
have shown that the dressed Wilson loop connects to the conventional Wilson loop. The
conventional Wilson loop is sensitive to confinement and decays with an area-law in the
confining phase. This connection allows to extract the string tension also from the dual
observable. For certain, the extraction of the string tension from the dressed Wilson loop is
an unnecessary effort for lattice calculations. Nevertheless, the dual condensate might once
again turn out to be a valuable observable for functional methods. Since there is no straight
forward relation between the Wilson loop and an n-point function, it is not possible to extract
the string tension from a Wilson loop, or a Wilson loop-like quantity in e.g. a Dyson—

! Although these are weighted according to their length and spatial detours therefore are suppressed.
2For more information on the dressed Polyakov loop from a DSE point of view, refer to [172,[173]]
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Schwinger framework to date. After the successful study of the dressed Polyakov loop with
the Dyson—Schwinger method (e.g.[160]), the following section presents a feasibility study
to extract the string tension from the dressed Wilson loop.

The dressed Wilson loop from the lattice

The dual condensate associated with the dressed Wilson loop is the Fourier transform of the
chiral condensate. One of the dual variables is given by the area S, that is enclosed by
a loop in the p-v-plane and pierced by the magnetic flux ¢g. The second is the magnetic
field strength B that is linked with the area by the magnetic flux. In a lattice gauge theory
framework as well as in our finite volume DSE setting, the magnetic field strength is dis-
cretized. The dual condensate is therefore obtained by a discrete Fourier transform of the
chiral condensate depending on B,

1

> ) e 1505 (4.26)

(uv) beZ.,

W(S) = 5

For quenched QCD and in the limit of infinitely heavy quarks, this dual condensate is associ-
ated with the conventional Wilson loop. Therefore, we expect the dual condensate to follow
an area-law decay in the confined phase that allows to extract the string tension oy,

UN($S)mseo ~ EXP(=T4A,). (4.27)

The enclosed area is denoted by A;. We would like to comment on the fact that the propor-
tionality factor o describes the spatial string tension, while the common definition of the
Wilson loop includes a loop winding around one spatial and one temporal direction. First of
all, since we are working in a zero temperature setting, Lorentz-invariance guarantees that
we still extract the string tension in its strict sense. However, even if we consider finite tem-
perature, the spatial string tension still is an important quantity. Working with finite explicit
quark masses, we still expect to recover the area law from the dressed Wilson loop. However,
we have to account for the fact that this string tension can depend on the seed mass, o3(m).
Thus, a seed-mass study is mandatory in order to classify the obtained results.

Let us now proceed with some aspects of the simulation. In the lattice gauge theory frame-
work, coordinate space can be decomposed into smallest area units, the plaquettes. The
existence of the plaquette translates into a maximum representable magnetic flux and there-
fore into a maximum value for the dual variable, the magnetic field strength [137/,|174]. The
connection can easily be seen from the additional phase caused by the external field and in-
troduced into the link variable via the shift in the vector potential. The plaquette should be
equal with and without the external field. This leads to the condition

U%(x) = U(x)
o1 = eina e—iB(x+u)a
2r = Bmaxaza

that defines the maximum magnetic field strength 8B,,,. = 27/a*. a denotes the lattice spacing
and results from the ratio of the boxlength and the number of spacetime points N,,/L, in a
certain direction y. We rearrange the equation after plugging in the discretized form of 8B,,,,
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from Eq. (#.21)). Thus we obtain b, = Ny, with the maximum number of points in the u-v-
plane denoted by N, = N,,-N,. The quantized magnetic field strength Eq. (#.21) is therefore
limited to the interval b € [0, N,,)]. The restriction of the magnetic field automatically
leads to a periodicity of all b-depending observables, especially of the chiral condensate.
Furthermore, the dual condensate (Eq. (4.26)) is now obtained from a finite, discrete Fourier
transformation of the chiral condensate,

bmax

2, N D). (4.28)

Wp)(s) =
W) = 5 2,

Here, we additionally replaced the previously continuous area S with the quantized area in
the u-v-plane, § = s#;. This relation arises naturally due to the lattice spacing a in each
direction.

In the DSE framework, several of these definitions need to be adjusted to the basic setting of
our manifold in order to use a similar relation to obtain the dressed Wilson loop.

The dressed Wilson loop from DSEs

In the finite volume setting as introduced in section[4. 1], we firstly solve the Dyson—Schwinger
equations with a finite UV momentum cutoff. This cutoff is chosen such that we fix a maxi-
mal momentum in the direction parallel to the magnetic field, Af = (2r/LN,)?. The momen-
tum cutoff in the direction perpendicular to the magnetic field is defined to be symmetric,

A2 = A%, From the definition of the momenta p, from Ritus’ method and the demand that
only the lowest Landau level should be inside the momentum cutoff, a maximum value for
the magnetic field strength is fixed:

buar = |7NZ ] (4.29)

with | | being the Gauss brackets, i.e. the floor function. However, this b, is a technical
cutoff, introduced not by the formalism itself but by the necessity to make the equations
numerically manageable. By definition of our finite volume itself, the momenta p, and
therefore also the magnetic field b are infinite. Thus, we do not expect observables to be
periodic in the magnetic field, as we do within the framework of lattice gauge theory. In
addition, this means that the maximum magnetic field in Eq. (¢.29) does not imply that we
can lay hands on a minimum area. The area in coordinate space still is a continuous quantity
S € [0, L?], limited only by the box area. In fact, the consequence of our momentum cutoffs
is that the functions we want to represent in coordinate space become somewhat unsharp
and 'noisy’. This is due to the fact that we use less modes in Fourier space than necessary
to preserve full information. With the cutoff prescription at hand, we proceed to solve the
DSEs for the dressing functions {.12] for each magnetic field strength b € [0, b,,,]. For each
value of b, we determine the number of included Landau levels according to

pa(k,b)? < Aiy
k(b) < V’Z‘"|, (4.30)
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with | | again indicating the floor function. With the quark dressing functions and the chiral
condensate at hand, we will then determine the dual condensate with the help of

bmax

W) = = ) I GHb), (4.31)

b=0

where s is now a continuous variable.
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Figure 4.E: The chiral condensate recovered from the four dimensional propagator as a
function of the magnetic field strength b and the number of included Landau
levels . The bare mass is given by m = 5MeV at u = 3.3 GeV.

4.2.1. Numerical Results
Four dimensional studies: fixed number of Landau levels

We start our investigations by considering a fixed number of Landau levels for all magnetic
field strengths. This implies a magnetic field dependent UV cutoff that complicates the com-
parison of observables. It is nevertheless instructive to study the influence of a subsequently
increasing number of Landau levels. For instance, the lowest Landau level is dominant for
low energies as long as the quark mass is smaller than the magnetic scale, m < +/]eB)| and
leads to a dimensional reduction of the theory describing the spectrum of low-energy excita-
tions. Beyond this lowest Landau level approximation (LLLA), we are interested in how the
chiral and the dual condensate behave for fixed numbers of Landau levels.

To this end we solve the Dyson—Schwinger equations, with the truncations and approxima-
tions specified in sectiond. 1], on a (N7 = 8)X (N, = 33) torus. The magnetic field takes values
b € [1,16%] 2|eB| ~ 2 GeV. The underlying box lengths is (6fm)* and the bare quark mass
m = 5MeV at the renormalization point u = 3.3 GeV. From the quarks’ dressing functions,
we calculate the chiral condensate according to Eq. (4.23). Figure displays the renor-
malized chiral condensate for a varying maximum number of Landau levels « as a function
of the magnetic field b. Notice that the chiral condensate is trivially zero at b = 0 due to
the (degeneracy) prefactor proportional to b (see Eq. (4.9)). We find that the lowest Landau
level monotonically increases with the magnetic field strengths. Including higher Landau
levels leads to a larger absolute value of the chiral condensate on the one hand. On the other
hand, the higher Landau levels lead to a non-monotonic behavior of the chiral condensate:
after a steep rise for low to intermediate magnetic fields, the condensate saturates and then
decreases before it increases again. It is remarkable that the chiral condensate converges for
strong magnetic fields with an increasing number of Landau levels, what is in accordance
with the expected dominance of the lowest Landau level at large magnetic fields. However,
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for small and intermediate magnetic fields, the chiral condensate converges only very slowly,
if at all, with an increasing number of Landau levels.

From the chiral condensates in Fig. i.E| we compute the dual condensate by performing the
Fourier transformation defined in Eq. (4.31) for several chosen numbers of Landau levels.
The resulting dual condensates for « = 20, 25 and 40 are displayed in Fig. All dual con-
densates show a region at small to intermediate area units where we can identify an area-law
decay. This region increases with an increasing number of Landau levels. At the same time,
the slope of the decay gets smaller. Due to the finite number of summands in the Fourier

K Vo [GeV]
1 1.02
10 0.47
20 0.35
25 0.31
40 0.31

Table 4.1: The string tension +/o for a different number of Landau levels « extracted from
the dual condensates displayed in Fig. F.F|

transformation, the dual condensate crosses zero at some area s. The size, for which this
zero crossing happens, is influenced by numerical artifacts. Scanning the dual condensates
for a larger range of Landau levelﬂ we find that the more Landau levels and the more mag-
netic fields b we include and thus the better the quality of the Fourier transformation, the
more the zero shifts to larger areas s. The slope of the linear fall-off can be identified with

3Not included in Fig. for reasons of clarity in presentation.
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Figure 4.G: The chiral condensate recovered from the four dimensional propagator de-
pending on the magnetic field strength b. It was recovered from a torus with
Ny x Ny = 20 x 20 points, a four volume of Ly x L* = (6fm)* a magnetic
field strengths b < 314 2|eB| ~ 2.2 GeV? and a seed mass of 5 MeV. The plot
displays the window up to 0 < [eB| < 1 GeV>.

the string tension of a static quark-antiquark pair, according to Eq. (#.27). The extracted
string tensions are listed in table .1 We find a decreasing string tension that converges to a
value of 0.31 GeV for approximately twenty Landau levels included.

Although this convergence is encouraging, we expect the results for the chiral and in conse-
quence also the dual condensate to be affected by the differing UV cutoffs per magnetic field
strength. We therefore improve our numerical setting in the way that we impose a magnetic
field independent cutoff. The results of these investigations are discussed in the following
sections.

Four dimensional studies: fixed UV cutoff

We begin our investigations with the solution of the four dimensional DSEs for the quark
dressing functions derived from Eq. (4.12)). To this end, we confine our system into a box
of length L = 30GeV = 6fm in all four dimensions. In terms of a torus finite volume set-
ting, this effective zero temperature calculation corresponds to an absolute temperature of
T = 33 MeV. We choose the same number of points in temporal as in spatial direction, that
is Ny = Ny = 20 points. With the truncations and approximations specified in section §.1]
we evaluate the chiral condensate according to Eq. (4.23). The first result for a bare quark
mass of m = 5MeV is depicted in Fig. 4.G| The figure displays the (unrenormalized) chi-
ral condensate depending on the magnetic field quantum b. For lower to intermediate field
strengths, the chiral condensate shows an oscillatory behavior that changes into a stepwise
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linear increasing condensate with increasing b. This behavior resembles, to our best knowl-
edge, a quantum field analogon to the quantum mechanical De Haas—Van Alphen effect. The
De Haas—Van Alphen effect is originally defined for a quantum system in a finite volume
under an external magnetic field. It describes the oscillation of the free energy as a func-
tion of the external field until a distinct field strength where all particles occupy the lowest
energy state. The overall energy of the particles then increases linearly with the increasing
magnetic field. The oscillations in the free energy arise due to two competing effects: A par-
ticle ’living’ on a certain Landau level is pushed to higher energies, since the Landau level
energy is proportional to the increasing magnetic field (see Eq. (4.5)). Thus the overall free
energy increases. On the other hand, the next lower Landau level can contain more and more
particle states, since with an increasing magnetic field also the degeneracy per Landau level
increases (see Eq. (4.9)). So from a certain field strength on, it is energetically preferable
for the particle to occupy the next lower Landau level. This results in a decrease of the free
energy, when the particles change Landau levels from n to n — 1. As soon as all the particles
are assembled in the lowest Landau level, the free energy increases linearly as there is no
lower energy state available.

In the quantum field theoretic setting, we first of all deal with the chiral condensate instead
of the free energy. However, the quantum field theoretical analogue of the free energy is the
Schwinger functional,

F < 1/B1In(2),

with the inverse temperature 8. The relation between chiral condensate and generating func-
tional is given by

. %)
) = =5 In(2).
m

Neither the inverse temperature nor the derivative with respect to the seed mass m changes
the dependence of the generating functional on the magnetic field. Therefore, we expect the
chiral condensate to depend on b in the same way as the generating functional and to show
an analogous behavior to the free energy.

However, the ray pattern at intermediate to high magnetic field strengths displays a peculiar
behavior: with every ’step’, the next ray starts at lower values for the chiral condensate. This
can be understood by going back to the way we set our finite volume and how we imposed
the momentum cutoff. In analogy to the quantum mechanical scenario, we see the competing
effects of occupation of higher energy states and the degeneracy of lower Landau levels for
lower to intermediate external field strengths. Since we assume a fixed momentum cutoff
also perpendicular to the magnetic field, the number of Landau levels still inside the plane
is adjusted for each b. We therefore reach the field strength b4,;, where all -in our finite
volume- available energy states are filled. The chiral condensate increases linearly until the
highest included (and fully occupied) Landau level increases beyond our energy limit. It
therefore drops out of the considered contributions for the chiral condensate: We see the
first decrease in the chiral condensate. Going to higher external field strengths, the total
amount of the chiral condensate increases again linearly, since still all available Landau lev-
els are occupied. The increase proceeds until the next Landau level is energetically pushed
beyond our momentum cutoff. In that way the ray pattern emerges until we have only one
-the lowest- Landau level inside our volume, what defines our maximum magnetic field b,
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Figure 4.H: The figure shows the chiral condensate at fixed cutoff and volume, but with
varying bare quark masses. We only find a quantitative shift, but no obvious
qualitative changes in the chiral condensate.

(compare sec. d.2). Going to larger fields, b > by, already the lowest energy state, respec-
tively the lowest Landau level, lies outside of the considered momentum space volume. It is
not available for our quarks and no dynamical mass is generated. In consequence, the chiral
condensate vanishes for magnetic fields with b > b,,,, by definition of our four torus.

Figure furthermore shows the chiral condensate for varying bare quark masses. There
are no qualitative changes for different quark masses. We find a simple shift to larger values
of the chiral condensate.

Let us now proceed to the discussion of the dual condensate. Considering Fig. 4.G| and
Figs. 4.H| we anticipate that the calculation of the dual condensate according to Eq. (.31
will not be straight forward. The reason for this suspicion lies in the behavior of the chiral
condensate at b,,,,, which is physically well understandable and expected (discussion see
above), but problematic from the mathematical point of view. Let us discuss this point in
more detail: we used the hybrid Fourier transformation to change from finite, but continuous
coordinate space to an infinite, but discrete momentum space. We had to reduce momentum
space to make the sums appearing in our DSE:s finite. This we did in the most convenient way
by cutting the modes outside of a symmetric cutoff in all four momentum components. This
procedure can be pictured as forcing the momentum states into an infinitely high potential
well, or mathematically speaking as the convolution of the dressing functions with a step
function. In the chiral condensate, this convolution leads to a jump at b = b, that is
clearly visible in Figs. By calculating the dual condensate to the chiral condensate,
we change again to coordinate space. This time however, our setting resembles more that
of a discrete than a hybrid Fourier transformation, since we have only a finite number of
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Figure 4.1: The dressed Wilson loop recovered from a four dimensional chiral condensate
as a function of the continuous area s. We only show the dressed Wilson loop in
the range of small areas. Already these first results show that the loops around
the different areas are too noisy to be distinguishable in the current setting.

Fourier modes left. By definition of the momentum space box we additionally introduced
the leakage effect into our dual condensatelﬂ We therefore expect the dual condensate to
behave like a modified sinc-function, hopefully with still strong enough signatures of the
contained physical information.

Figure 4.1 shows that our expectations prove to be true. We find indeed a sinc-function with
slope, frequency and amount of undershooting depending on the underlying chiral conden-
sate. However, it is now not clear how or if we can extract the string tension from this dual
condensate. We therefore wish to include some investigations on the qualitative behavior of
this dual condensate under the variation of external parameters. Although we cannot imme-
diately identify a region with a well-defined area-law, we believe it to be interesting if and
how much the dual condensate responds to variations. We investigate the behavior of the
dual quark condensate with a variation of the bare quark mass, since the dual condensate is
supposed to make contact to the conventional Wilson loop for infinitely heavy quarks. Fig-
ure [.J|displays the results of our investigations, that is only minimal changes of the dual
condensate as a function of the bare quark mass. Still, there is hardly a region where the dual
condensate develops an area-law like behavior.

We conclude that although we are working in a finite volume with the above described sim-
ilarities to the lattice setting, it is not straightforward to extract the same information. One
possibility to improve the discrete Fourier transformation of the chiral condensate could be
a rethinking of the implementation of our momentum space cutoff. As described above, we
use a hard cutoff and assume all (dressing) functions to vanish outside of our momentum
space box. In analogy to e.g. signal processing theory, utilizing a window function instead
of a step function for the dressing function’s cutoff might improve the signal strength in our
dual condensate. Consequently, an encoded area-law might become more visible.

Besides this possibility, it is, on a more basic level, an open question if the dual condensate
with respect to the external magnetic field contains information on the string tension also in a
non-lattice setting. This is clearly an issue that needs further attention. However, this subject

14 The effect describes the modification of the Fourier transformed chiral condensate, compared to the *origi-
nal’ dual condensate, due to a limited observation time, i.e. our limited number of momentum modes.
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Figure 4.J: The dressed Wilson loop recovered from a four dimensional chiral condensate
depending on the continuous area s for different values of the seed mass m. We
only show the dressed Wilson loop in the range of small areas.

of research lies beyond the scope of this work and is to be addressed in a future project. In the
following, we will stay in the above described setting and investigate the chiral condensate
in the two dimensional plane perpendicular to the magnetic field.
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Figure 4.K: The dressed Wilson loop (right panel) recovered from a two dimensional chiral
condensate (left panel) in dependence on the continuous area s. We only show
the dressed Wilson loop in the range of small areas.

Two dimensional study: Scenario |

In this section we will proceed to discuss a slightly different setting than described previ-
ously. In lattice gauge theory, the dual condensate is recovered in the two dimensional plane
perpendicular to the magnetic field only. In ref. [156], the authors state that the four dimen-
sional dual condensate is qualitatively the same as in two dimensions in lattice gauge theory
calculations. However, it is harder to recover the signal of the dressed Wilson loop, since
non-planar loop contributions worsen the signal-to-noise ratio significantly. In that sense we
would like to probe the two dimensional plane, as outlined in sec. [4.1.2] in order to compare
the results to our four dimensional findings (see above) and to lattice results.

It is important to note that this is an effective reduction of dimensions. We do not switch to a
theory defined in two dimensions but carry over features of the four dimensional setting. We
wish to emphasize this point, since otherwise, in two dimensions only, the theorem of Mer-
min, Wagner and Coleman [175}176] would forbid chiral symmetry breaking right from the
start. With (yif),4, we then calculate the dual condensate according to Eq. . We solve
the DSEs in the compactified p, — p, plane for magnetic fields in the range of b € [1, NX?].
Note that for the ’dimensionally reduced’ problem, we can solve the DSEs for much larger
UV cutoffs and volumes than in four dimensions. We can therefore use artificially large
strong magnetic fields to probe the chiral, respectively the dual condensate in two dimen-
sions in still reasonable CPU times. With the obtained quark dressing functions for bare
masses of my,,, = SMeV and my,,, = 50 MeV, we compute the chiral condensate. From
these two condensates we calculate the subtracted chiral condensate according to Eq. (4.25).
The results for the subtracted chiral condensate are depicted in the left panel of Fig.

The chiral condensate is monotonically increasing in the lower range of the computed mag-
netic field strengths. We do not observe the De Haas—Van Alphen oscillations at small mag-
netic field strengths. We assign this to the extremely large UV-cutoff that allows the inclusion
of an extremely large number of Landau levels at small & (O(x) = 10000). Increasing the
magnetic field strengths, there are supposed to be transitions between different Landau lev-
els at practically all times. Thus on average, we do not expect to be able to resolve the
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Figure 4.L: The chiral condensate for varying effective couplings g obtained from the two
dimensional setting.

oscillations on an integer magnetic field ’grid’. However, we still observe a ray-pattern as
soon as the number of Landau levels inside our UV cutoff is considerably reduced for very
large values of b. Thus, the chiral condensate in two dimensions is still overall an increasing
function of the magnetic field and thus qualitatively unchanged compared to the four dimen-
sional condensate. We therefore expect a similar behavior of the dual condensate, too. We
compute the (subtracted) dual condensate with the Fourier transformation Eq. (4.31) from
the subtracted chiral condensates. The results are displayed in the right panel of Fig.
and confirm our expectations, since we still see a modified sinc-function with no obvious
area-law decay as expected for the dressed Wilson loop.

Two dimensional study: Scenario Il

It can be questioned if our two dimensional chiral condensate from the quenched DSEs is
really equivalent to the definition in the lattice framework. Firstly, there is the discussion
if quenched’ has the identical meaning in the lattice and the DSE framework. Though a
detailed study of this question is still pending, agreements in previous investigations [[177]]
suggest that the equivalence of definitions indeed holds. Secondly, it is not clear if our com-
putation of the two dimensional propagator is equivalent to the lattice calculation. Another
possibility to recover the two dimensional chiral condensate would be to e.g solve the full
set of the four dimensional DSEs and to only compute the chiral condensate in the plane
perpendicular to the magnetic field.

In the following, we address one last point that is related to different interpretations of the
two dimensional chiral condensate in the Dyson—Schwinger framework. That is, we’d like to
ask if the coupling between quarks and gluons stays unchanged in the dimensionally reduced
truncation/approximation scheme in use. We do not want to argue the general form of the
gluonic lattice input. However, when we evaluate our equations in the finite volume, only
distinct gluon momenta contribute due to the discrete quark momenta. The number of those
is again reduced when we solve the two dimensional system. It might therefore be more
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Figure 4.M: The left panel shows the chiral condensate for the smallest coupling g, in use
for different UV-Cutoffs. The right panel displays the dual condensate that is
obtained from the two dimensional setting for a small coupling g.rr = /900
and different UV-Cutoffs.

appropriate to introduce an effective coupling between quarks and gluons in order to account
for discretization and dimensional reduction effects.

In any case, it is interesting to study the influence of such an effective coupling onto the
solution of the DSEs and in consequence on the chiral and dual condensate. In order to get
a very first idea of the influence of an effective coupling, we evaluate the effectively two
dimensional DSEs for different values of g.ss. The Dyson—Schwinger equation for the quark
propagator in this scenario is given by

dgsd
S@)@m>&MFZmJ$$nmwmmmwmmmw.

We solve the DSEs for the quarks’ dressing functions in a ’box’ of side length L = 6 fm and
b € [1,40%]. Figure displays the chiral condensate for different values of the effective
coupling g.r¢ ~ a. We find a decreasing condensate with a decreasing quark-gluon coupling,
which, in general, is to be expected. However, we also note that the condensate becomes non-
monotonous for very small effective couplings. The left panel of Fig. shows that this
behavior is persistent also for larger UV cutoffs.

We interpret these findings as an artifact of our approximation scheme (see section[4.T)). Ne-
glecting in particular the exponential damping factor of the gluon momentum in the p, — p,
plane (see App.[B.3) amplifies the gluon contributions to the fermion self-energy and thus
the chiral condensate. We suspect that this additional contribution might prevent the strong
increase of the chiral condensate for large magnetic fields. In consequence, this might even
help to recover the signal of the dressed Wilson loop in the dual condensate.

Due to the vanishing of the chiral condensate for large magnetic fields (see Fig. 4.M)), our
continuation (of the dressing functions) by zero to larger momenta is smoother than in the
previously discussed cases. We therefore expect the dual condensate to show a stronger
signal of the chiral condensate than of the boundary condition.

The right panel of Fig. confirms that this is indeed true. The dual condensate now
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Figure 4.N: The string tension for varying external parameters: cutoff (left panel), volume
(right panel). The string tension is extracted from the dual condensate, com-
puted in the plane perpendicular to the magnetic field only, with an effective
quark-gluon coupling g, .

displays an area law decay with an increasing area s, from which we extract the associated
string tension. To this end, we further analyze the dependence of the equations with the
effective coupling on our setting parameters. The results for the string tension for different
UV cutoffs are displayed in the left panel ofFig. for different volumes in the right panel.
For both, the increasing volume and UV cutoff, we find a converging string tension. This
leads us to the conclusion that it is in principle possible to extract a string tension via the
dressed Wilson loop in a DSE setting. However, as the various discussions in this chapter
have shown, our current approximation scheme needs to be improved in future investigations.
Furthermore, more work needs to be invested in order to clarify on the details of the effective
coupling, the possibility of a "better’ Fourier transform by different UV cutoffs and finally,
on the best way of solving the DSEs for a discrete coordinate space.
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4.2.2. Summary

In this chapter, we investigated the accessibility of a recently introduced lattice observable,
the dressed Wilson loop, in a finite volume Dyson—Schwinger framework. This work aimed
to evaluate if it is possible to extract the string tension from the dual condensate although
functional methods in general do not have direct access to the Wilson loop. One could
also reformulate this task, namely if the information about the string tension is indeed only
encoded in the gauge fields. Or if this information is also extractable from fermionic observ-
ables and especially if our finite volume setting is apt to grant us access to this information.
To this end, we introduced an external magnetic field along the lines of Ritus’ method and
chose a finite volume framework resembling the lattice conditions in [[156]. In this very first
approach, we chose a rather strong approximation scheme in solving the ’standard’ DSE for
the Ritus propagator with a bare (spin summed) vertex ansatz. Our analysis encompassed
the computation of the dual condensate from four different scenarios.

In the first approach, we solved the four dimensional DSEs for a fixed number of Landau
levels for all magnetic field strengths. While we found a monotonically increasing chiral
condensate for the lowest Landau level, the inclusion of more Landau levels led to a non-
monotonicity of the chiral condensate for small to intermediate magnetic field strengths. We
could recover the dressed Wilson loop and extract the string tension as a function of the
number of Landau levels. However, this approach has the caveat that the UV cutoff depends
on the magnetic field strengths.

In the second scenario, we therefore imposed a largely magnetic field independent UV cutoff
by adjusting the number of included Landau levels with 4. This lead to De Haas—Van Alphen
oscillations in the condensate for small magnetic fields and an increasing behavior for inter-
mediate to large external fields. Due to the increasing chiral condensate for large magnetic
fields, we cannot extract a definite value for the string tension in this setting. The reason
for this is the hard cutoff at a certain value b,,,,. This cutoff signal dominates the Fourier
transform and we cannot identify the clear area law decay that is needed for an extraction of
the string tension.

We therefore switched to the third scenario, that is closer to the lattice gauge theory setting
of [156] in the way that we compute the two dimensional chiral condensate. To this end
we solved the effectively two dimensional DSEs and calculated the planar chiral condensate
perpendicular to the magnetic field. As expected from lattice results, the two dimensional
results for the chiral condensate are qualitatively the same as for the four dimensions: the
overall increasing chiral condensate for an increasing magnetic field. In consequence, there
is no possibility to extract the string tension from the dual condensate.

Finally, in the fourth approach, we solved the DSEs for an effective coupling between quarks
and gluons in an effectively two dimensional setting. Our results show that there exists an
effective coupling strength for which we can minimize the cutoff effects in our dual conden-
sate. For this case, the dual condensate displays an area law decay and we could extract a
string tension that converges for large volumes and large cutoffs. This finding furthermore
suggests that the approximation/truncation scheme of the DSEs is too strong, since the omit-
ted exponential damping of the gluon momentum would have a similar effect as the effective
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coupling.

In summary, the findings of this chapter have shown that the computation of the dressed Wil-
son loop in a Dyson—Schwinger framework suffers from more technical problems than the
dressed Polyakov loop. It turned out to be a delicate task to identify a finite volume setting
that allows to extract an area law decay in the dual condensate. The reasons for this are on
the one hand technical aspects and on the other hand assigned to our approximation scheme.

Regarding the technical aspects, we firstly miss the periodicity of our observables with re-
spect to the magnetic field b that makes the dual condensate accessible in a lattice framework.
Furthermore, our chiral condensate is increasing for large magnetic fields close to the cutoft.
This is in principle in agreement with the phenomenon of magnetic catalysis in quenched
QCD || However, this also means that our dual condensate is spoiled by cutoff effects, and
that we do not see a clear area law decay. Our results for an effective coupling and for a fixed
number of Landau levels for all b however suggest, that the dual condensate might neverthe-
less be an accessible quantity in a Dyson—Schwinger framework. However, also regarding
technical aspects, more investigations are needed in order to establish a reliable setting that
allows to extract the true QCD string tension.

To this end, we propose two different starting points. Firstly, based on the above presented
results, we suggest to stay in the basic approximation/truncation scheme, but to modify the
cutoff procedure in the magnetic field. It might be sufficient to introduce a damping factor
for the dressing functions outside the momentum space volume. Although this is clearly an
artificial ingredient, it might permit a minimization of the cutoff effects in the chiral and dual
condensate[]ﬂ Secondly, one could choose a momentum space configuration such that the
coordinate space is discretized, toﬂ This would lead to a lattice-like theory that is auto-
matically periodic. However, this second alternative represents a formidable task and an, in
principle, independent project.

However, the most important point for future investigations is certainly the improvement of
our approximation scheme. The effective coupling study suggest that the additional gluonic
damping functions are essential for the recovery of the dual condensate. Including this factor
as well as the spin-dependent vertex will be subject of a future investigation.

ISWe therefore do not attribute the failure of the string tension extraction to our approximation scheme only

16Note that the periodicity of the chiral condensate from lattice calculation is also artificial” in the sense that
it is inherent to the theory, but not a physical feature of the quarks.

1"This procedure would probably be in analogy to condensed matter techniques that allow to change between
coordinate and reciprocal space.
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Chapter 4. Quenched QCD under strong external magnetic fields

4.3. Physical Magnetic Field Strengths

In this chapter, we will present first results for the implementation of magnetic field strength
as realized in physical systems. In contrast to the previous chapter, we will limit the field
strength itself to 2GeV2. This is a common value estimated to be produced in peripheral
heavy-ion collisions [144]. We will consider the four dimensional equations and chiral con-
densates only. Before we discuss our numerical results in section 4.3.2] we need to redefine
the cutoff in the plane perpendicular to the magnetic field direction in the following section.

4.3.1. Cutoff Scheme

We start our investigations for vanishing temperature and the truncation scheme as discussed
in section .1l We wish to impose a symmetric momentum cutoff in all four momentum
directions, and firstly fix A2 to some value depending on the torus size. Since the range of
the external magnetic field strength has an upper limit for physically realized situations, we
use this B,,.; = 2GeV? to determine the maximum number of Landau levels «,,,, in order to
obtain A2

Xy?

Az = Aiy,

27n; : 1
max — . 4.32
: [( L ) 2|e8max|J (432)

In contrast to the previous cutoft scheme for the dual condensate, we still have more than the
lowest Landau level inside our momentum space box at maximum magnetic field strengths.
The magnetic field strength itself is regulated by the integer b that is limited to b,,,, =
[MJ. Finally, we obtain the number of included Landau levels per magnetic field b

2
from the relation

2 2
(pz)/(b S Axy

Kmaxbmax

With the adjusted cutoff in the plane perpendicular to the magnetic field we can start to solve
the Dyson—Schwinger equations for the quarks’ dressing functions.

4.3.2. Numerical Results at zero T

In this section we present the numerical results obtained from solving the equations Eq. (#.11)
in the truncation scheme from sec.d.T|with the above (see sec.[d.3.1)) specified cutoff scheme.
We solve the DSEs for the dressing functions in a four dimensional volume with a box length
of Ly = L = 30GeV™! = 6fm and a momentum space grid of N, = N, =2 x N pointﬁ The
magnetic field strengths is limited to 2 GeV?, which means that we are always beyond the
lowest Landau level approximation, even for maximum external field strengths. We solve the
DSEs under varying external parameters and calculate the (four dimensional) chiral conden-
sate according to Eq. (4.23)). Figure [4.0]displays the results of our investigations for varying

18 N will be further specified in Figs.
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Chapter 4. Quenched QCD under strong external magnetic fields

bare quark masses (upper panel of Fig. d.0)), varying UV cutoffs (left lower panel) and two
test volumes. Remember that we cannot compute the limit » — 0 in the Ritus formalism
as introduced in sec. 4.1} Due to the degeneracy factor in front of the integral, the chiral
condensate is trivially zero.
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Figure 4.0: The chiral condensate as a function of the magnetic field b at zero temperature.
The upper panel displays a study of the seed mass dependence of the chiral con-
densate. The lower panel shows the chiral condensate for varying UV cutoffs
(left) and volume (right).

The chiral condensate for different bare quark masses nicely shows the transition between the
smoothly increasing condensate for small masses and the ray pattern for large bare masses.
We observed these two behaviors before in the dressed Wilson loop calculations: the chiral
condensate was smoothly increasing in the two dimensional setting, where we could impose
large UV cutoffs and where the dominant Landau levels were far away from the cutoff. The
ray pattern emerged for intermediate and large magnetic fields in two and in four dimensions,
as soon as the dominant Landau levels start to be shifted beyond the UV cutoff.

For small masses, the number of Landau levels that lie below our UV cutoff is so large that
transitions between the levels happen more or less at every b, washing out the oscillations.
Since the UV cutoff is for small masses large enough that the dominant (lower) Landau
levels are still inside our momentum space volume, there is no ray pattern observable. An

88



Chapter 4. Quenched QCD under strong external magnetic fields

increasing bare quark mass however naturally increases the chiral condensate. The quark
momenta, especially the Landau levels are shifted to higher energies and thus the dominant
(lower) Landau levels are earlier, that is at lower magnetic field strengths, sensitive to the
UV cutoff and therefore the ray pattern is observable.

The left hand side of the lower panel shows the chiral condensate for varying UV cutoffs. As
we would expect from our previous findings, there are no qualitative changes in the behavior
of the chiral condensate. However, the value of the chiral condensate increases for an in-
creasing cutoff. Note, that the UV cutoffs employed in these calculations are rather small in
comparison to the large cutoffs employed for the two dimensional calculations. The reason
for this is the large demand of computational resources: our cutoff prescription allows a com-
parably large number of Landau levels up to intermediate magnetic field strengths. Together
with the four dimensional setting, that is three quark dressing functions, this represents a
considerable amount of necessary CPU time.

A similar reasoning applies to the chiral condensate for different volumes. We therefore
chose only two representative volumes. The resulting chiral condensates are displayed on
the right hand side of the lower panel of Fig. 4.0] For a larger volume but at fixed UV cutoff,
we find a slightly smaller chiral condensate.

4.3.3. Summary

In this chapter, we investigated the four dimensional chiral condensate under the influence
of physical magnetic field strengths. In comparison to chapter 4.2] this results in a modified
cutoff prescription in the plane perpendicular to the magnetic field.

We analyzed the condensate as a function of bare quark masses, the UV cutoft and the size
of the volume. For all variations, we found an overall increasing chiral condensate with an
increasing magnetic field strength. This finding is in accordance with the phenomenon of
magnetic catalysis, that was also found in other approaches.

However, we are aware that the presented investigations were performed in a very strong
approximation scheme. This approximation scheme needs to be improved before it is rea-
sonable to proceed with investigations at finite temperature or even for the unquenched equa-
tions. Nevertheless, we consider the results of this chapter to be a very first step towards a
Dyson—Schwinger study of the effects of physical magnetic fields on QCD.
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5. Conclusions and Outlook

In the work at hand, we employed a finite volume Dyson—Schwinger framework to investi-
gate primarily the chiral phase transition in both, QED; and QCD. Both of these studies were
carried out in an anisotropic environment.

We considered QEDj; in an incarnation that was derived to serve as a low-energy effective
theory for high-temperature superconductors. In this form, QEDj; also includes the exper-
imentally found anisotropy of the high-temperature superconducting materials. With this
starting point, we investigated the effects of the anisotropic spacetime on the critical num-
ber of fermion flavors for chiral symmetry breaking. This transition is associated with the
breakdown of the so-called pseudo-gap phase of high temperature superconductors and the
transition to the antiferromagnetic (non-superconducting) phase. Our analysis at vanishing
temperature was the first study including an arbitrary amount of anisotropy and to go beyond
the large-N; approximation in a functional methods framework. To this end, we employed
an ansatz for the gauge-boson vacuum polarization that accounts for the anomalous dimen-
sion of the fermion vector dressing function in isotropic spacetime. Although our results
are affected by finite volume artifacts, they give a qualitative picture of the phase diagram
for the critical number of fermion flavors in the full anisotropic plane. Our phase diagram
agreed (on a qualitative level) with results from photon-exchange and lattice calculations, at
the points where these approaches provided results.

Furthermore, we included finite temperatures in our considerations of QEDj; in an anisotropic
spacetime. Besides the extension of the QED; phase diagram by a thermal axis, this scenario
offers the possibility to study the critical scaling behavior close to the pseudo-conformal
window of QED;. That is, close to the merger of the thermal phase transition line with the
quantum critical point, two generic scaling behaviors can emerge, dominated either by expo-
nential scaling or power-law contributions. From our finite temperature phase diagram, we
found that the spacetime anisotropy provides a parameter to tune the generic scaling behavior
of QED; . While the power-law contributions are dominant for small anisotropies, we found
a dominant exponential scaling with only small power-law corrections around the isotropic
point.

Another aspect of this work was to investigate the anisotropic environment created in QCD
by introducing external magnetic fields, i.e. to study the effects of the magnetic fields onto
the chiral phase transition. With this information, our investigations aimed at a feasibility
study of the calculation of the dressed Wilson loop from Dyson—Schwinger equations. The
dressed Wilson loop is a dual variable to the chiral condensate and was originally introduced
in a lattice framework. This observable is of great interest, since it potentially offers func-
tional methods access to a direct calculation of the string tension. However, our studies found
considerable technical problems due to the quantized, but still continuous magnetic field in
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the DSE framework. Although we found certain finite volume settings where we observed
an area-law decay of the dressed Wilson loop and extracted a string tension, these settings
were highly sensitive to the choice of parameters. We could assign this sensitivity on the one
hand to an unfortunate choice of boundary conditions for our finite volume and on the other
hand to the shortcomings of our very strong approximation scheme.

Finally, we employed our finite volume DSE setting with external magnetic fields to evaluate
the chiral condensate at physical magnetic field strengths. In the context of these investiga-
tions, we found magnetic catalysis, what is in accordance with lattice and effective model
calculations. These findings represent first steps towards a satisfying analysis of the effects
of magnetic fields on the QCD vacuum due to the already mentioned strong approximation
scheme that we employed throughout a part of this work.

Outlook

Already in the course of this work, many new questions and ideas for new projects arose. In
the following, we strive to address the most important ones.

In zero temperature QEDj;, it is desirable to improve our truncation/approximation scheme
beyond our gauge boson vacuum-polarization ansatz to a fully self-consistent treatment of
the gauge boson sector. Furthermore, a detailed study of more sophisticated vertex ansditze
and of finite volume effects is necessary to obtain also quantitatively reliable predictions for
the phase diagram of the critical number of fermion flavors as a function of the anisotropic
velocities.

The finite temperature QEDj setting furthermore lends itself for a continuum study in the
case of equal anisotropic velocities. Since we can exploit the cylindrical symmetry, the com-
putational demand of a continuum study should be manageable, if not reduced in comparison
to our finite volume torus setting. If we could access the anisotropic plane, or certain regions
of it, in a continuum calculation it should furthermore be possible to resolve the exponential
scaling region in the close vicinity of the quantum critical point.

In the course of our studies of QCD with external magnetic fields, one recurring question
concerned the definition of ’quenched’ in a lattice gauge theory and a Dyson—Schwinger
setting. On the one hand, results from e.g. dressed Polyakov loop calculations [178]] suggest
that both definitions are equal. However, there is no systematic study to prove the equiv-
alence of both realizations of a ’quenched’ system. To exclude all possibility of doubt, it
would be desirable to have such a systematic study.

Another aspect that arises in the context of the comparison with the dressed Wilson loop
from lattice gauge theory calculations, concerns a Dyson—Schwinger setting for a discrete
coordinate spacetime. Put in a different way, one could also ask for what happens if one
applies the Dyson—Schwinger machinery to a lattice gauge theory.
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Finally, a crucial next stelﬂ for any Dyson—Schwinger calculation including magnetic fields,
is the inclusion of the fully-fledged Ritus eigenfunctions, including the gluon damping- and
vertex spin functions. Furthermore, it may be necessary to include higher spin structures in
the dressed propagator. With these improvements, one could extend the Dyson—Schwinger
setting to finite temperatures and even begin to unquench the DSEs. As we already men-
tioned at the very beginning of the QCD chapters, unquenching the equations would be
crucial to contribute to the ongoing debate over (inverse) magnetic catalysis at finite temper-
atures.

Icurrently work in progress
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A. Aspects of QED;

A.1. Derivation of the QED; Lagrangian

In this appendix we follow the derivation of the QED; Lagrangian presented under different
aspects in [53-55, 157, [179].
The starting point is a BCS-like Hamiltonian in Nambu form,

H = Z WIH W (A.1)
k

where the index & denotes the quasiparticles’ momentum. The Nambu spinors ¢; contain the
creation operators for particles (cT 121) and holes ( ¢ I?T)' They are denoted as

¥, = ( & ) (A2)

where the arrows T, | additionally indicate the spin of the electron, respectively the hole. The
Hamilton matrix H in Eq. can be decomposed into particle-particle (pp) and particle-
hole (ph) interactions [56]. Under the assumption, that the energy-gap function is dominated
by pp-interactions, one neglects the ph-interactions as ‘residual” H,,;, =~ H,,, thus leading to

A»
eﬁ ) +H.,s, (A.3)

k

€
_ _| &
7_{—7—{17p'|'(]_[ph—( Ar —
k
with the “*” indicating complex conjugation. The contribution of interest, #,,, contains
kinetic and pairing energy and can be further rewritten to [63]],

_ i ot .
Hpcs_jike = Z €C, o T Z AEC/?TC—/Q + Z AECETC_,?l. (A4)
g k k

ko

Here, we sum over o, denoting all possible spin directions of particles/holes in the first term.
The kinetic energy €; of a quasi-particle is expressed in reference to the chemical potential u
and given by
e
L= — —y, A5

6k 2m H ( )
where m is the quasiparticles’ mass and K its momentum.
The pairing energy contribution is represented by the energy-gap function A;. It is charac-
terized by an amplitude A and a phase field ¢y

Ag = Al exp (i) (A.6)
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The amplitude A, := |A| is assumed to be constant over the considered sample, which is a
valid assumption for regions in the phase diagram with 7 <« T* and H < H, (London
limit).

Before we proceed in the derivation, the d-wave symmetry of the energy-gap function needs
to be considered. The symmetry implies that the gap function has zeroes. Experiments
show that these 'nodes’ lie on the Fermi surface of the electrons and holes that are the build-
ing blocks of the quasiparticles [64]. Since we will concentrate on low-energy excitations,
these quasiparticles close to the nodes of the energy-gap function are the relevant degrees of
freedom for our investigations. We therefore switch into a more suitable coordinate system
located at these nodes (as indicated in Fig.[A.A). For low energy excitations, we expand the
particles’ energy contributions in terms of their momenta denoted as ¢; and g5,

viqi + O(¢), (A7)
(vag2 + O(g») exp (i) (A.8)
The first order expansion coefficients are denoted by vy and v,. They describe the velocity of

the quasiparticles orthogonal and parallel to the Fermi surface and introduce the anisotropy
on a formal level. The linearized Hamiltonian matrix #;,, now takes the form

lin = ( VFQI_. quz_eXp(w’? ) (A.9)
vag2 exp(—igy) VEQ

The standard approach to describe a quasi-particle spectrum in a spatially inhomogeneous

system [38] is to solve the eigenvalue problem of the linearized Hamiltonian, also known as

the Bogoliubov-de Gennes (BdG) equation,

H,;, ¥ = EY. (A.10)

However, with the present form of the Hamiltonian, this is still a formidable task. Since we
restricted ourselves to the pseudogap phase with H < H., and T < T*, vortices (magnetic
flux tubes) pierce the material in a hexagonal lattice structure [55) 56]. While the vortices
are bound in the superconducting phase, they start to fluctuate and interact with the quasi-
particles. In particular, the phase field of the energy-gap function picks up a 27 shift when
winding around such a vortex. This leads to a non single valued gap function. Ways to
avoid this are for example to diagonalize the linearized Hamiltonian with the constraint that
the wave function remains single-valued. This is quite a formidable task as branch cuts
would have to be introduced, which complicate the calculations significantly [54]]. To cir-
cumvent this problem, Franz and TeSanovi¢ proposed a single-valued phase transformation
(FT transformation)[53]].

The idea of this transformation is to map the original Hamiltonian onto a Hamiltonian with-
out phase field contributions in the off-diagonal parts via the singular phase transformation.
This phase transformation acts differently on the singular and on the regular parts of the
phase field of the gap function [S3]].

&
Ay

Singular FT transformation

We will follow the main steps of the FT transformation in the next lines. Firstly, the phase
field ¢; is decomposed into groups of singular (s) and of regular () phase contributions,

Y= ¢rt @s. (A.11)
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Both of these groups contain vortices. Therefore a second, different grouping redistributes
the vortices into the two groups A and B,

QOA = % + SOS,A ’
¥ = % *+ ¢sB- (A.12)

These phase fields contain both a regular contribution and an integer number of vortices.
Notice that we have only grouped the phase contributions differently; their renaming and
ordering is only for further convenience in calculations. From the two groups of phase fields
A and B, one can build a local gauge transformation U}, that acts differently on the particle
and hole wave functions contained in the Nambu spinor,

[ exp(ipa) 0
Uy = ( 0 exp(—igp) ) (A.13)

Carrying out the transformation,
‘I’]’z =UY; (A.14)

and Fourier transforming the Hamiltonian H;;,, we obtain the Hamiltonian 9H’, which is then
given in coordinate space by

H = U H,, U = ( ihve [1(0194) + 01] —ihv [1(0204) + 0] )

—ihvp [=1(0rpp) + 02] —ihvp [-1(01¢p) + 01]

The phase field contributions define two new fields a, and v, that represent the gauge fields
of the theory,

(A.15)

1

a, = 55;1 (wa — ¥B), (A.16)
1

Vy = an ((PA + ()03) . (A17)

While eq. (A.17) still contains singular and regular parts of the phase field ¢, eq. is
built only of singular contributions of ¢. Introducing these gauge fields into eq. (A.13), the
Hamiltonian H’ changes to

lTlVF [(91 + ia] —ZTZVA [82 + ias]
—ihvp 02 + 1as] —ihvp [0 + iaq]

H' = ( ) + v,-terms. (A.18)
The contributions of the gauge field v, are not specified in eq. (A.I8)), as these terms will
lead to a source term representing charged current interactions. The quasi-particle fields do
not carry charge, which legitimizes the focus on the a,-field contributions.

Recombination into spinorial representation

As a next step, we combine the four nodes of the energy-gap function on the Fermi surface
into four spinors. The reason for this is that we can easily rotate opposite lying nodes into
each other and only need to consider the dynamics at two different nodes [63]].

¥, () = ( ii g; ) (A.19)
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2 ' 1
FRY
"'l \“qz
. e,
............ N

) o

/ky i 3 5
K,

Y

Figure A.A: The Fermi surface is indicated by dashed lines. The dots represent the nodes of
the gap function [63]].

This simplifies the notation considerably, if we now recast the Hamiltonian into the new
form,

(A.20)

7{//:(?{’ 0 )

0 —-H
Further rewriting of the Hamiltonian with the help of Dirac y-matrices in natural units brings
us closer to the effective QED; Lagrangian as can be seen from

H = | &xP@)H"Y(X) = f d*xP (2) {y1vr (0 + iay) + y2va (02 + iax)} ¥ (X). (A.21)

The Dirac y-matrices obey the Clifford algebra {yﬂ, yv} = 26,,,, which were further specified
in chapter 2]

The final step is to include possible time dependencies that we neglected so far. A way to
do this is to switch to the path integral formalism [[14] by introduction of the generating
functional Z,

Z= f DY DY exp(-S), (A.22)
wherein the action S is defined by
B
S= f dr f d*x¥ (%, 1) (0 + H) V(¥ 1), (A.23)

0

with 8 = %, the inverse temperature. In momentum space, the creation operators contained

in the Nambu spinors (Eq. (A.2)) obtain an energy dependence (c,; - c,g(w,,)).

The frequencies w,, known as the Matsubara frequencies, naturally result from the finite
time interval on which we evaluate the path integral. They contain the boundary conditions
for fermions and bosons and are given by

B
%”n for bosons,

2z (n + %) for fermions
w, = (A.24)

where n denotes an integer number n € Z,. The time derivative d;, is the transformed time
derivative
8y = U '0yU = (dy + iag) + v,-terms . (A.25)
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The v,-terms are again omitted. To cast the action (A.23) into its final and most elegant form,

eqs. (A.2T)), (A.23)) and (A.25]) are combined. This yields:

S = de deX {\Pl (X, 7) (y0 (Qo + 1ag) + y1vr (01 + iay) + y2va (02 +1a2)) ¥ (X, 7)

+ W5 (%, 7) (70 (8o + ia0) + y1va (01 +ia)) + y2vr (8 + ia2)) W2 (X, T)} ,» (A.20)
which contains the desired QED; Lagrangiarﬂ

It is important to recognize the influence of the two different speeds of the quasiparticles
(ve,va) close to the Fermi surface in the action given above. They display an inherent
anisotropy of the theory, if v # v, 1s valid. Experiments showed [81] that for HTSs (e.g.
YBCO) the so called anisotropy @ = z—i is about 14. This evidence clearly prohibits the
neglect of anisotropy motivates its investigation.

IFor more detailed information on the intermediate steps see e.g. [180].
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A.2. Renormalization Point Dependencies in QED;

The renormalization factors of QED; appear as additional factors in the DSEs. In particular,
only the fermion wave function renormalization Z, remains in the final version of the equa-
tions. In this section, we state the main results of the analysis of the renormalization point
dependence of the solutions for the fermionic dressing functions obtained in [[181].

To probe the qualitative dependence of the fermion dressing function on the choice of the
renormalization point, we solve the DSEs for several values of Z,. The results are displayed

in Figs|A.B|and

Brax(N=10; Le?=600; Z,=1.0)| ||B.x(N=10; Le®’=600; Z,=0.7)
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Figure A.B: The scalar fermion dressing function for Z, = 1 and Z, = 0.7, evaluated on a
momentum lattice of (2 x 10 — 1)? points and a lattice spacing of Le? = 600.
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Figure A.C: The time component of the fermionic vector dressing function for Z, = 1 (lhs)
and Z, = 0.7 (rhs), evaluated on a momentum lattice of (2 x 10 — 1) points
and a lattice spacing of Le? = 600.

Qualitatively, there is no change in the dressing functions observed. We find a simple
rescaling of the dressing functions. To exclude all doubts, we additionally calculate the
RG-invariant mass function defined by

B(p)

M;(p) = A (p)'

(A.27)
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The results for the time component of the M-function for different Z, values is shown in
Fig. [A.D]and displays no renormalization point dependence. We therefore conclude that our
choice of Z, = 1 represents a valid option and apply this choice to all following calculations.

M1(N=10; Le’=600; Z,=1.0)| || |M1(N=10; Le’=600; Z,=0.7)
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Figure A.D: The renormalization group invariant time component of the M-function. The
plot on the left hand side shows the result for Z, = 1, while the right hand side
displays the result for Z, = 0.7.

A.3. QED; :Anisotropic NJi in the Pisarski approximation

In the following, we provide the details of the derivation of the scalar fermion dressing
function in Pisarski’s approximation for anisotropic spacetime. In the case of vy = v, we
insert the large-N vacuum polarization, Eq. (3.10), into the scalar fermion dressing function.
The scalar dressing function is implicitly given in Eq. (3.3). The equal anisotropic velocities
lead to an inherent cylindrical symmetry. Thus we switch to problem suited cylindrical
coordinates. Given the abbreviations

A = 25 VP + 20+ 162G4NP + 2 + ) +
8198 VP + 22 + @ + 128 VP + 22 + 30))

B = rzvi-zz((l + vi-)2 V2 + 2207 + 828V + 2 + 24\/?r ez
F16VEVI + 2 + (2 + 507 +v))a)

C = 2°0AVP +20? +42@ VP + 2 +a + v (16 + 2 +
202V + 2+ (5452 +vha))

D = N+ + v;z2)2(8 Vi +2 +a)

& = 64r' + 26401 + V)2 + 8V + 2a + vV:aB VR + 2 + ) +
V22642 + a(16 VP + 22 + @)

we arrive at

2r o0 o

B(p) = 1 fffdgodrdzl63(ﬁ)ra(ﬂ+8+c). (A.28)
0 0 0

(2m)3 DE
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Pisarski’s approximation [71] now implies that we assume the the scalar fermion dressing
function B(p) equal to a constant B(j) = m for all momenta in the range a > p > m. All
other momentum contributions are neglected in the integration. Since r < « and g < «,
we only keep terms with the largest power of @ in the numerator and denominator of the
integrand. The resulting equation is of a more compact form and reads

16mr 2r + (1 +vf)2z +2v4z4)
fdgofdrfdz . (A.29)

Nf(r2 + zz) 2 +v z2)2

"= ny

At this point, we perform the integration in z-direction and again neglect the terms not pro-
portional to . This leads us to

| j’d j’id Sm(‘/v}—1a+(2+a)arctan[,/v§.—1])
= o | dr .
(2n)? - o Nyra /v? -1

As a next step, the perform the integration over r and ¢, using the fact that « is the largest
scale in the problem for a last time. We finally arrive at

N 2m( JU+v2+ 2+ 1) arctan( W)) ln(z)’ o

mNy 1+ vfc

that can be rearranged into the form given in the main text, Eq. (3.26):

m=BO) = ca exp|(~mN; i = 1)/ (243 = 1422+ arctan( (b2 - D).

(A.30)
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B.1. Ritus’ method for the quark propagator

Ritus’ method is used to diagonalize the quark propagator in momentum space. In this
appendix, we follow the steps of [[157]. For a more pedagogical presentation and discussion
in the light of QED applications of Ritus’ method, the interested reader might also refer to
(182} 1183].
The quark propagator in the external magnetic field has to satisfy the Green’s function iden-
tity,

(B, — m)S (x, ') = 6(x — x). (B.1)

Here, the external field couples to the charged fermion via the covariant derivative, D, =
Omu — 1eA,. The bare mass is denoted by m. Due to the external field term that does not
commute with the momentum, we cannot use the standard method to extract the propagator
from[B.1l

The propagator has to be Lorentz- and gauge invariant, as well as invariant under charge
conjugation. In consequence, only four Lorentz-scalars remain as a basis for S,

S(x,x') ~ D,o - F,(F - D).

All of these commute with the operator * and therefore have simultaneous eigenbasis. Its
eigenfunctions can be used to diagonalize S (x,x") in momentum space. Thus, we refor-
mulated the problem of solving the Green’s function identity into solving the eigenvalue
problem,

DB, (x) = B, (x)yp*, (B.2)
For a constant magnetic field in z direction, this can be rearranged to
|D? + eB3|E, = p’E,, (B.3)

where o3 denotes the diagonal Pauli matrix with eigenvalues o = +1. Since the eigenprob-
lems decouple, we can solve the eigenvalue equations for the separate components,

D;E, = p;E, DiE, = p3E, (B.4)

(D} +D)E, = (p*-pi-p)E, =k,E,. (B.5)

Here, we denoted the eigenvalue of the coupled equations in 1-2direction by k7,. We proceed
with a separation ansatz for the eigenfunction E,(x) = E,,(x) w,. The function w, is a
bispinor containing the eigenvectors of o3 and can be written as diag(d,.1, 9g.—1, 0515 Ocr—1)-

Furthermore, the E, , separates into the plane waves as solution for the 0 and 3-component
and the eigenfunction for the 1,2 components,

E,-(x) = Nexp(=i(poxo — p3x3)) Fp, p,.o(X),
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with the normalization constant N. Altogether, [B.5]is nothing more than the Pauli equation
without an electric field, that is basically a shifted harmonic oscillator equation,

|01 = (=02 + eBx1) + 0eB| Fj . 0(X) = ki F (3. (B.6)

The eigenvalues are given by k;» = VeB(2n + 1 + o). The quantum number 7 counts the
quantum mechanically known Landau levels. All Landau levels, except for the lowest, are
twice spin degenerate due to the contributions of the eigenvalues of the spin matrix, o = +1.
Another degeneracy of the eigenenergies arises from the free momentum in 2 direction,
0E, »(x) = p2E, +(x). From it is obvious that p, only shifts the center of the oscil-
lations. The eigenenergy of the harmonic oscillator is independent of p,. The additional
factor introduced in[4.9)accounts for these degeneracies, whenever we integrate over all pos-
sible momentum states. The eigenfunctions of the shifted harmonic oscillator are given by
parabolic cylinder functions,

Feoo(x) = N() D, ( V2eB(x| — é’—é)), (B.7)

that form an orthogonal and complete basis. The normalization constant is given as N(n) =
(4meB)"/*/ Vn!. Finally, we can return to the original eigenvalue problem of ) that is now
solved by

DE,, =B, p, (B.8)

where we introduced the momentum vector p = (po, 0, (p2).» p3)- For convenience, we
renamed the momentum component k1, — (p>),. This subset of momenta satisfies p =
Py + (P2, + p3 = p*, as it is easy to convince oneself. This brings us back to the Green’s
function identity that is now straight forward to solve,

(D — m)o(x, x')

fdp (D,u - m) E}; O(p) Ep

f dpE} (P, —m)o(P)E,

f@@@

o(x — x"). (B.9)

The last step holds due to the orthogonality property of the Ritus eigenfunctions. We find that
the diagonal bare propagator in momentum space takes its ’standard’ form, but now depends
on the special subset of momenta,
_ 1
o(p) =0 (P) = ——.
p—m

The eigenfunction matrix that diagonalizes the bare propagator is given by

E,(x) = ) Epe(x) (o) (B.10)
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B.2. The dressed quark propagator

Ritus originally stated in his papers that there are four possible, non-trivial Lorentz-scalar
structures that the propagator can depend on. Including all of them with an according dress-
ing function would be a formidable task. However, investigations of Leung and Wang, [[184],
have shown that terms proportional to o*”F),, lead to a fermionic mass that depends on the
direction of the magnetic field. This structure is therefore also forbidden in the quark propa-
gator.

In principle, the propagator can still depend on Lorentz-scalar structures of the form
(F - D)* and ys(F - F). (B.11)

in addition to the ’standard’ Lorentz-scalars D, ¥. However, it is not clear if these structures
are relevant for the chiral dynamics investigated in this work, or if they might even suffer
from similar caveats as the term proportional to o F),.

In chapter[d] we therefore started our investigations with the simplest possible Lorentz struc-
ture for the propagator,

Sr(P)™" = B(P) +i(A(P)Y’w, + Aa(P)Y*(P2)e + As(P)Y’ ). (B.12)

The investigation of an extended propagator with additional dressing functions for the terms
Eq. (B.T1) is relegated to future investigations.
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B.3. The Dyson Schwinger equation in an external
magnetic field

In the very first sections, we extracted the quark DSE from the generating functional. The
derivation procedure lead us to equations in coordinate space that we Fourier transformed
to momentum space, where we wish to solve them on a compact manifold. With an ex-
ternal magnetic field, the discussion of Ritus’ method in App. [B.I] showed us, that this last
part needs further attention. The propagator depends on a special subset of momenta (4.4,
and is only diagonal if we consider the non-plane wave eigenfunctions. Besides a manifest
spin dependence of the quark propagator itself (via the eigenfunctions) and of its argument
((p2)n.o) the parabolic cylinder functions lead to a modification of the quark-gluon coupling.
The detailed steps of the Fourier transformation can be found in [185]], or discussed under
different aspects in [184} [186H189]. In the following, we provide a summary of the most
important steps and specify our approximations.

The DSE in coordinate space reads

S, x) =5t (0, X)) —iZ1rg? f d*ud*wy, S (x, X) T\, w, ') D, (u, X'), (B.13)

with the dressed vertex I',(u,w, x") and gluon function D,,(u, x"). The color indices are
suppressed. With the help of Ritus’ eigenfunctions, we can write down the corresponding
equation in momentum space,

ST'P) =" (p) + f d*xd*x’ E,(x) Z(x, X) E,(x'), (B.14)

where we need to elaborate on the Fourier transform of the self-energy term X(x, x’). We
insert the Fourier transformation of the propagator into the self-energy kernel in Addi-
tionally, we replace the dressed vertex function I', by a second bare vertex in order to better
keep track of the equations. The self-energy then reads

2pp) = [ By (58 () 1Dl = X)) By

X

fd“xd“x'E ) [y iﬁEf(x)S(p')Er(x’)
P M (271,)4 14 P

d4k —ik(x—x") ’
Vy We D, (k)| | Ep(x"), (B.15)

Wherezrd4 P = Yo f dpodpidps. To further evaluate this expression, we need to solve
to integrations over coordinate spacetime. Before we concentrate on this integration, we
introduce the shorthand for the spin-vertex construction w(o)y, w(0”’) =: Y¢ye. This will
simplify to keep track of the equations. Furthermore, since the integrand over x and x’ are
basically the same, we only consider the integration over x as an example,

(9]

f d*xE,(x) 7, Epy(x) e = 2n)’8(py + ko — po) (P + ko — p2)o(ph + k3 — p3) X

—00

Z NN x (B.16)

f dx, D, ( V2eB(x; — &))Dn, (\/2e8(x1 - &) eihiny
eB eB
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The integration yields three Dirac J-functions, that we would also obtain without an external
field. Due to the Ritus-eigenfunctions however, the momentum transfer to the gluon, in p,
direction is now modified by the parabolic cylinder functions. The integral in x; direction can
be further rearranged and simplified with the help of some general properties of the cylinder
functions. The integral B.16|then yields

f dxE,(x)y,E,y(x) e = Qn)’TLé(p; + ki — pi)eikl(p;+pz>/<2e8>e—(k§+k§)/(2@) v
D I3+ k2 )

— Youo -

o Vnln'! 2v2e8) "

with i = 0,2, 3. The function J,,, arises from the integral over the cylinder functions and is
given by

ei(n—n’)arctan (kz/kl)J (
nn’

/(kf+k§) :’”’"Z‘":”’ nin'! ( K2+ K2 )”*” “am

"\2v2eB8] L omln-m)\w -m)!\ 2428

With a similar result for the integral over x’, we can go back to the equation for the self-
energy in momentum space that reads in full glory

ei(n—n’ +n’"”—n"") arctan (kp /kq)

2PV pepor o = iZngz(zeB) Z f —e o~ (ki +h3)/(2V2eB) o
o o ‘o D Nl I ]

(kf+k§)J (k2 k ) ® S(7)
n |\~ — " n’ v 70’ o’ P yO'”’vo"’-
2V2eB 2vV2e8) " !

Since large gluon momenta in 12 direction are damped by the exponential, the self-energy
can be further simplified by only keeping small powers of J,,, (k1, k»),

k2 + k2 %1 k2 + k2 [n—n’|
( ) [max(n, m)I' |, 55 + % — 16, (B.17)
2vV2e8B In—n|! 2V2eB
The DSE then reads
Z(ﬁ)a(p2)n,a’(P2)n”,a” = 1Zng2(2eB) Z Z 6}’!,}’!’6}2,}’1/" X
P2 gi

d*h ey y
B T Dk i S (P Y

This is the result for the quark self-energy obtained in [187]. For this work, we further
approximated this expression for first investigations. To this end, we imposed an artifi-
cial momentum conservation in 12 direction, thus neglecting the damping factor for large
gluon momenta. Additionally, we neglected the spin-matrix modifications of the vertex,
w(o) Yt w(o’) ~ y,t°. In consequence, our first investigations are dedicated to study the
Dyson—Schwinger equation for a magnetic field modified quark propagator only. We address
this approximation as the bare vertex approximation throughout this work.

X(p) = iZirg (ZeB)I: r )47yS(q)’yy D(p - ),
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wherejd“c'] = f dgodpidgs ., and the momenta are given by kg = po — Go, k3 = p3 — Gs,
p1 = g1 =0and g, = V2eBk. In a second step, we include the exponential damping of large
gluon momenta, but still insert spin-summed vertices. The quark self-energy then reads

d‘qg (" dk,dk,

e ) @np e VD D)7, S @) 7y
T T

SB) = iZirg(2eB) }i :

The investigation of the full magnetic field DSE, including the additional Lorentz scalar
structures in the dressed quark propagator (see [B.2)), will be subject of future studies.
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