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Chapter 1

Introduction

The Standard Model of particle physics covers three of the four forces driving
the fundamental interactions in nature. While it does not treat gravity, it
describes the dynamics and interplay of the electromagnetic, the weak and
the strong force. The electromagnetic and weak sectors have been unified to
form the electroweak sector, whose crucial ingredient, the Higgs-Boson, has
been announced [I] only recently. Apart from the electroweak there is the
strong sector, which lies in the focus of this thesis.

The strong force acts on scales of the order of fermi (1 fm = 1x 107%m)
and binds its fundamental particles to compounds that form the matter we
are made of. The quantum field theory describing the strongly interacting
sector of the Standard Model of particle physics is Quantum Chromodynam-
ics (QCD)Y] Its particle content are quarks and gluons, where each flavor of
the former is a Dirac spinor field in the fundamental representation, while
the latter are vector fields in the adjoint representation of the underlying
non-abelian gauge group SU(N¢).

The coupling between quarks and gluons (as well as among the gluons
themselves) is not a constant, but varies with the energy scale — one says it
runs’. The running of the coupling is such that the phenomenon of asymp-
totic freedom arises, a statement that accounts for the fact that the coupling
strength becomes arbitrarily small at large energy scales, that is, at short
distances. In this ultraviolet (UV) regime, perturbation theory can be em-
ployed, as the coupling is sufficiently small to serve as a parameter suitable
for an expansion. At low energies however, the coupling grows strong and
a perturbative expansion eventually breaks down. The infrared (IR) regime
is thus only accessible through non-perturbative approaches. From a fun-
damental point of view there is no framework available so far that can be

1See 2] for the famous review article by W. Marciano and H. Pagels.
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employed to calculate QCD processes without limitations. Lattice calcula-
tions [3] are a very successful first principle tool to perform non-perturbative
calculations, however, due to the sign problem they are (so far) not capable of
probing the dense regime of QCDE]. Complementary to lattice QCD there are
functional methods, which provide an exaciﬂ non-perturbative framework for
QCD formulated in the continuum. In this thesis we employ such techniques.
We use Dyson-Schwinger equations (DSEs) [5] [6] to study a central object of
QCD - the fully dressed quark-gluon vertex. This vertex is a very important
quantity, needed as input for bound-state equations such as Bethe-Salpeter
[7] and Faddeev equations [§, 9, T0]. A former study [11] suggests also that,
by studying the vertex, one can get insights into two striking features of
QCD: the phenomena of confinement, see e.g. |3, [12], and dynamical chiral
symmetry breaking [I3], 14], 15]. No objects with fractional charge have been
detected so far (see e.g. [106], 17, 18, 19]) and also gluons have not been ob-
served [20]. Color charge carrying degrees of freedom are confined to color
neutral compounds, which is in agreement with the fact that free quarks
are absent from the physical spectrum of QCD. Dynamical chiral symmetry
breaking on the other hand is a mechanism that provides a dynamical mass
contribution to the quarks. Confinement and dynamical symmetry breaking
might be eventually lost in certain regimes of the QCD phase diagram, which
is spanned by the p-T' plane, see Figure for a sketch.

Even though the sketch might suggest that we have profound knowledge
on the actual structure of the phase diagram, we actually know only very
little about the real phase structure of QCD. A lot of experimental and
theoretical effort is put into studies of the phase diagram. Experiments like
the Relativistic Heavy Ion Collider (RHIC), the Large Hadron Collider (LHC)
and the Facility for Anti-protons and Ions Research (FAIR) that is currently
under construction are accompanied by various theoretical approaches to
probe the structure of strongly interacting matter. Relativistic heavy ion
collisions, as performed in these impressive experiments, provide insights
into the hot and dilute regime of the phase diagram. A laboratory for the
intermediately dense and cold regime is the interior of a neutron star. Even
though the interior is not directly observable, one can try to learn about the
inner structure of the star through observable quantities, such as its mass,
radius, temperature and rotation frequency [21], 22].

In this thesis we not only consider aspects of strong quark correlations in
the vacuum (that is, at the origin of the phase diagram depicted in Figure

2For a modern introduction to lattice QCD see the book of [4] .
3However, one has to truncate the system, carefully trying to maintain the parts that
are relevant for the physics that is to be described.
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Figure 1.1: A qualitative sketch of the QCD phase diagram that summarizes
possible scenarios of states of matter.

, but also in the region that has been labeled as being the regime relevant
for neutron star physics. Let me introduce each problem briefly by outlining
the structure of this thesis.

In Chapter [2] we introduce basic aspects of QCD. The calculational tech-
niques employed in this work are introduced.

Chapter [3]is dedicated to the calculation of the fully dressed quark-gluon
vertex DSE in the Landau gauge, the main topic of this thesis. Due to the
considerable complexity of this study, this calculation is also implemented
by a fellow PhD student, which introduces a very high level of reliability of
our results. At the time of writing this thesis we have established a perfect
qualitative agreement of our solutions. We provide a full numerical solution
of the eight transverse dressing functions of the vertex, together with the
numerical solution of the two dressing functions of the quark propagator
DSE we coupled the vertex equation to. The Yang-Mills sector is covered
by employing parametrizations [23], as well as DSE results from a separate
calculation [24] for the ghost and gluon propagators, and a model for the
three-gluon vertex inspired by [25]. Our results are a big improvement of
earlier studies, where much more restrictive truncations have been imposed.
In a recent study [26], a similar analysis to ours is employed in the context of
bound state equations, but without a fully back-coupled Vertexﬂ With the

4The focus of their study is the role of the vertex in bound state equations, so the vertex
solution is needed for complex momenta. A full back-coupling of all tensor structures would
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calculation we present here we lay the foundation for future studies on, or
based on a fully solved quark-gluon vertex in the Landau gauge. We discuss
the importance of the tensor structures of the vertex, which allows for an
improved truncation by taking less than 8 tensor structures into account.
We also provide a very detailed description of the numerical framework to
allow for a relatively easy reproduction of our approach.

Chapter 4| summarizes what we have done to calculate the analytic struc-
ture of Green’s functions. The ultimate goal is to evaluate the analytic
structure of the quark propagator DSE numerically. Even though there are
techniques on the market that are capable of obtaining the analytic proper-
ties within a parabola-shaped region that slightly extends into the time-like
regime [27|, we develop and introduce a novel numerical technique that relies
on simple deformations of the integration contours and is — in principle —
not limited to a subset of complex Euclidean momenta. The calculations
are numerically quite demanding, thus a high level of parallelization is re-
quired, which we achieve by using graphics processing units (GPUs) and
hybrid CPU-GPU clusters. The method is developed by studying a (pertur-
bative) example of Yang-Mills theory that can be solved analytically. We
then apply the method to study scalar glueball operators (071) at the Born
level, where the aim is to investigate the positivity properties for different
gluon propagator parametrizations. Finally, the extension of our method to
non perturbative treatment (such as DSEs) is addressed.

Chapter [5|is the section covering the part of this thesis which is dedicated
to the realm of non-vanishing chemical potential. There, we study inhomo-
geneous color superconducting phases that might be present in the interior
of neutron stars. In this scenario we study the Deformed Fermi Surface
(DFS) phase and discuss a possible instability of the phase. We furthermore
introduce and study the possibility of four-quark condensation in flavor-
asymmetric strongly coupled dense matter by investigating a SU(2)spimn X
SU(2) figvor toy model in the framework of exact renormalization group equa-
tions (ERGES).

In Chapter [0] we provide a summary and point out future directions mo-
tivated by our findings. This chapter is followed by Acknowledgements, as
well as by various appendices providing further details of the calculations.

thus complicate their calculation tremendously.



Chapter 2

Theoretical background

In each of the following chapters we will give a short introduction to the
particular focus of the respective section. In this Chapter, we summarize
the most basic aspects of QCD and point out the relevance of what is being
discussed for the studies presented in this thesis.

2.1 Formulation of QCD

2.1.1 The QCD Lagrangian
The Lagrangian of QCDE] is given by

- 1 i
EQC’D = @D (_/D/_l' m) ¢ + ZFMVF ) (21)
where the 1 are the quark fields and F},, is the Yang-Mills field strength
tensor given by
Fi, = 0,A,— 0,47 — gf“bCAZAﬁ, (2.2)
where f%¢ are the structure constants of the gauge group and Af, are the

gauge ﬁeld. The spin—% fermion fields ¢ transform under the fundamental
representation of the gauge group SU(N¢), the gauge fields Af transform

In this thesis we work solely in Euclidean space, see Appendix |Al for definitions and
conventions.

?In Sectionwe investigate certain properties of a correlator constructed of two squares
of this field-strength tensor. This object is composed of gauge-fields only and corresponds
to a scalar glueball.
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under the adjoint representation. Even though in the QCD case the number
of colors N¢ is threeﬂ we will keep it as a free parameter and introduce a
particular value when necessary. For the No = 3 case, the quarks come in
three colors, and there are 32 — 1 = 8 gluons. The covariant derivative D is
given by

Dy = 0Ou+igAy, (2.3)
with
A, = ARt (2.4)
and where the generators t* satisfy

[t2, %] = if*ere. (2.5)
In (2.1) and throughout this thesis we also use the Feynman slash nota-
tion, defined through

Y = ~,D" (2.6)

where the Euclidean Gamma matrices v are given in Appendix [A] The
covariant derivative establishes a link between the fermion fields to the gauge
fields via the coupling g.

2.1.2 The generating functional of QCD

One can define a generating functional by employing the Euclidean path-
integral formulation,

Z [n,n, 5] = (2.7)
/ D [ A] exp {_SQCD [V, 0, A] + / dia (A%50 + i + zﬁn)} :

where the QCD action follows from the integral over the Lagrangian den-

sity ,
Socp [,6, 4] = / d*x {Locn) (2.8)

3Evidence for No = 3 in QCD is discussed in detail in [2].
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and where we have introduced Grassmann valued sources 1 and 7 for the
fermion fields ¢ and v, as well as a source Jy for the gauge fields Ajj. By
performing functional derivatives with respect to the sources, one can derive
correlation functions of the theory.

2.1.3 Fixing the gauge

The necessity of gauge fixing arises due to the invariance of the action under
local transformations U (z), S [A] = S [AY], where

Ay (@) = Ulx) Ay () U (JG)Jré(auU(fL’))UT (), (2.9)

and
U(z) = ¢ (2.10)

The integration over all gauge configurations in the path integral over-
counts gauge-equivalent configurations belonging to the same gauge orbit.
Only one representative per gauge orbit should be taken into account, thus
one has to find a way to implement this requirement. On the level of the
generating functional, one can perform the procedure proposed by Faddeev
and Popov [28], which gives rise to a modified generating functional,

Zn,n,j,0,0] = (2.11)
/D [WZACE} exp {—SQCD [w,zﬁ, A] + / d*z (AZ]’Z + 0+ W?)}

X exp {/d4x (6c+co) — /d4x ((a’;—?“> — i(?#EDuc> } ,

where the fields ¢ and ¢ are the Grassmanian ghost fields, D, is the
covariant derivative and ¢ is a gauge parameter. In this thesis we study
Green’s functions in the Landau gauge, which corresponds to a choice of ( =0
and implies 0,4, = 0. This gauge is particularly convenient, as it is a fixed
point with respect to renormalization, and it is a preferred gauge for Dyson-
Schwinger studies. Note that the Faddeev-Popov procedure still does not
completely isolate one representative per gauge orbit—there are still gauge-
equivalent configurations left, the Gribov copies [29]. Formally, one can view
the Faddeev-Popov procedure as introducing a hyper-plane in the space of
gauge field configurations. The representatives chosen by the procedure are



8 CHAPTER 2. THEORETICAL BACKGROUND

the intersections of the gauge orbits with this hyper-plane. As a gauge orbit
might intersect the plane more than once, an over-counting arises. Further
restrictions have to be imposed in order to minimize the number of copies.
see e.g. |30, 31l B2] for a discussion.

2.1.4 Renormalization and regularization

Renormalization is a very important concept in quantum field theory. Loop
integrals in a quantum field theory can possess ultra violet (UV) divergences
when the cut-off of the loop momentum is taken to infinity. Physically, such
divergent loop integrals correspond to field-fluctuations which grow large on
short scales, eventually giving rise to ill-defined quantities in the correspond-
ing quantum field theoretical description. In order to render such a theory
meaningful one has to employ a renormalization scheme. In a renormalizable
theory this can be achieved by absorbing the divergences into the (unphys-
ical) bare parameters of the theory see e.g. the book of [33]. For a recent
study on how one can use Hopf-algebras to gain insights into the mechanisms
of renormalization see e.g. [34].

With the renormalized Becchi, Rouet, Stora and Tyutin (BRST) algebra
[35, [36] of the gauge fixed theory [37] we can proceed by considering the
renormalization procedure for our Lagrangian. We introduce renormalization
constants as follows,

L,= (2.12)
Zy) (B + Zmm) 0 — i g Zip (py,t v AL)

where we restrict our consideration to the quark sector for simplicity.
Similarly one has to introduce further renormalization constants for the Yang-
Mills sector. As far as the quarks are concerned, we introduced the quark-
wave function renormalization constant Z5, a renormalization constant to
shift the bare mass my; to its physical value, as well as a renormalization
constant Z;p for the quark-gluon vertex. In our study of the quark gluon
vertex we also have to deal with the Yang-Mills sector, so in addition we
have the renormalization constants Zi, Zl and Zg in our truncation. In
Landau gauge one can employ Z; = 1 [38], and we are left with the ghost
renormalization constant and the renormalization constant for the ghost-
gluon vertex. Using Slavnov-Taylor identities [38] B9] one can establish a
relation between the renormalization constants. In our calculation of the
quark-gluon vertex we will make use of that by employing
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Zy
1F Z ( )

3

where the renormalization of the Yang-Mills system has to be such that
the overall procedure of renormalization imposed on the system is consistent.
In the study of the F? correlator in Chapter 4 we will also have to deal with
divergent loop integrals. There, however, we will regularize the expressions
using the Bogoliubov-Parasiuk-Hepp-Zimmermann (BPHZ) prescription [40,
4711, 142).

2.2 Positivity and confinement

In Chapter 4] we study correlators constructed from purely gluonic degrees of
freedom. One important ingredient for this study is the observation that we
use colored objects to form the correlator of squares of the Yang-Mills field
strength tensor. The correlator itself is then a color-neutral object, meaning
that the transition from absence of the ingredients to presence of the result
in the space of asymptotic states has to be manifest in our calculation some-
how. There are different scenarios of how confinement could be realized in
a quantum field theoretical framework] One possibility to tell whether a
certain degree of freedom is absent from the space of asymptotic states is to
look for positivity violations that might spoil a probabilistic interpretation
through negative norm contributiong’] Correlators with negative norm con-
tribution do not possess a Kéllén-Lehmann spectral representation [48] 49]
and are absent from the space of asymptotic states. In this sense, one can
consider them as being ’confined‘. Positivity violations of the gluons are evi-
dent from lattice studies [50, [51] and from functional studies [52, 53], [54]. For
a two-point function A(p?) of a spin-zero operator ® we may write a spectral
representation,

AW = [ e aae) = [ ar D (214)

?
- T+ =z

with 79 the lowest energy that is possible for a state. The spectral density
p(p?) is related to the discontinuity of a branch cut,

p(p?) = 5— lim [A(=p® —ie) — A(=p® +i€)], (2.15)

“For summaries see e.g. [43] [44].

5In Minkowski space an axiomatic formulation of quantum field theory is provided by
the Wightman axioms [45]. For a Euclidean field theory, an axiomatic system analogous
to the Minkowski formulation has been defined [46] [47].
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with —p? > 75. Thus one can look for positivity violations of the spectral
function by extracting the discontinuity of the branch cut.

2.3 Functional methods

2.3.1 Dyson-Schwinger equations (DSEs)

Dyson-Schwinger equations [5, 6, 55| are the equations of motion of the
Green’s functions of a theory, see [56] 57, 58, [59] for reviews. They provide
an infinite tower of coupled equations for the n-point functions of the theory.
They are not limited to the weakly coupled regime, but can be employed to
study non-perturbative phenomena such as confinement and dynamical chi-
ral symmetry breaking. One big advantage as compared to lattice methods
is, that, as DSEs are formulated in the continuum, all scales are in principle
accessible. DSEs do not suffer from a sign problem, and also the chiral limit
can be studied easily. While the equations are exact once they have been
derived, one has to impose careful truncations on the system in order to solve
the equations.

DSEs follow from the observation that, with appropriate boundary con-
ditions, an integral over a derivative vanishes,

0 = /D [¢] %6—S+fd:c¢(z)bf(x) (216)

- (5[]

Differentiating this equation repeatedly with respect to the sources J, one
obtains an (infinite) set of recurrence relation between the n-point functions.
These are the Dyson-Schwinger equations, see [60, 61] for text books present-
ing the derivation[y| Let us discuss the necessity of truncating a DSE system
by considering the Yang-Mills system in the Landau gauge. The untruncated
DSEs for the Yang-Mills propagators, together with the DSE for the quark
propagator are depicted in Figure [2.1]

The system has to be truncated, that is, certain contributions are ne-
glected. In Figure we show the truncated version of the system, where
we labeled the steps of the truncation with numbers. The quark-loop contri-
bution in the box labeled with "1° corresponds to a quenched approximation.

6The derivation of DSEs can be quite technical, thus there are Mathematica packages
available that can perform DSE derivations [62] and even DSE and ERGE derivations [63]
automatically. Also a framework for solving DSEs is available [64].
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Figure 2.1: The DSEs of the Yang-Mills propagators, together with the DSE
for the quark propagator in Landau gauge. Wiggly lines correspond to gluons,
dotted lines to ghosts and solid lines to quarks.

The matter sector does not couple back onto the Yang-Mills sector, thus we
have also drawn a line between the two realms in Figure The contri-
bution in box number 2, the tadpole, can be neglected as it only amounts
for an overall constant that can be removed by normalization. The last box,
labeled as ’3‘, are the two-loop terms, the sunset and the squint diagram.
As far as the infrared physics is concerned, these diagrams are sub-leading
in the Landau gauge and are also neglected. In our study of the quark-gluon
vertex we employ parametrizations of solutions of the Yang-Mills sector that
has been truncated in this fashion, where also an ansatz for the three-gluon
vertex has been employed.

The main subject of this thesis is a study of the coupled equations of the
quark-gluon vertex and the quark propagator Dyson-Schwinger equations.
As a starting point we take the study of [II]. There, the authors also studied
the quark-gluon vertex in quenched QCD in the Landau gauge. For the
quark-gluon vertex, there are two versions of the DSE, see Figures [2.3] and
24

Without truncations, these two equations are equivalent. In our study of
the quark-gluon vertex we proceed in the same way as the authors in [I1] by
employing a truncation for the quark-gluon vertex that resembles the second
versions of the DSE depicted in Figure [2.4] where all vertices are dressed
and where the last diagram is omitted. Such a truncation can be derived
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Figure 2.4: The vertex DSE can also be written like this, where the external
gluon is coupled to a bare vertex.
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from a 3PI effective action [65]. Note that a similar truncation scheme has
also been employed in a very recent study on the quark-gluon vertex [26].
However, the great improvement of our study is that no fully back-coupled
vertex equation has been considered so far. In this thesis we provide the first
full solution of the vertex with all tensor structures taken into account.

2.3.2 Exact renormalization group equations (ERGESs)

Closely related to the functional integral equations of the DSE framework
are the exact renormalization group equations (ERGESs) [60], for reviews see
e.g. [67, ©68]. They are functional differential equations and express the
change of the effective average action under variation of a regulator scale k.
One starts at an ultraviolet scale with the UV action S and can smoothly
run down to the quantum effective action in the infrared. In this sense, the
frameworks acts like a microscope, the scale being the magnification that
is driven from microscopic towards macroscopic scales. Consider the (scale
dependent) functional for connected Green’s functions,

W, [J] = (2.17)
i [ Dies {—s - a8+ [ d4xe} ,

where J are the sources and y is a field. Hereby we have introduced a
modification as compared to the usual functional. We have implemented an
additional term ASy [x] that acts as an IR cut-off,

ASp[x] = %/ d;q4 x (—q) Ry (q) x (q) - (2.18)

The function Ry (q) has to satisfy certain constraints. For a fixed g,
it has to vanish when k tends to zero, while it should go to infinity as k
goes to infinity (or to the UV cutoff scale). This ensures that the regulator
vanishes as k is taken to zero, giving rise to the full effective action. The
second requirement ensures that we obtain the initial action when the scale
is taken to infinity. As the regulator is quadratic in the fields, Fourier modes
of x with ¢ < k acquire a mass contribution. Contrary, for ¢ > k&, the
suppression of the regulator leaves the theory unchanged. It is thus evident
that it serves indeed as an infrared regulator. There are various choices of
regulator functions available, we will however employ an optimized regulator,
see [69, [70].
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Going back to the functional (2.17) we can perform a Legendre transform
to obtain the average action I'y [Z],

NeE] = —AS[E] - Wi[J] + / diq Jz, (2.19)

where = is the expectation value of y,

Wi [J]
A

Now we want to derive the flow equation. To this end it is helpful to
define

(2.20)

E = (=

[w[Z] = Tx[E]+AS, [T (2.21)

Plugging this into equation (2.19) we obtain

[L[E] = —Wi[J]+ / dq J=. (2.22)

Performing a derivative with respect to k on the last expression, we find

o -

ENEE (223)
~% 1= /dq (6J><8k)+ T=gy
——
2.20,:
o,
= -~

We can compute the derivative of W by looking at its definition in equa-
tion . As we perform the derivative with respect to the scale k, we
expect only a contribution from the regulator term we introduced above.
Thus we are left with

< ASk[ 1) (2.24)
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and Ry, (p,q) = Rk (q) d (p — q) . From the functional for connected Green’s
functions we can derive a two-point function by performing two functional
derivatives with respect to the sources,

Gr(q.p) = %, (2.25)
which can be decomposed according to
EW@WEM@) = Glap)+ x@)Xx(®) (2.26)
= Gl +E@ER).

This expression can now be used to introduce the two-point function in
equation ([2.24)),

g]ffk [E] = (%/d‘ip/d‘lq X (q) %Rk (¢,p) x (p)) (2.27)
— %/d4p/d4q [%Rk (¢,p) G (¢,p) +=(q) %Rk (¢,9)E (p)
= T {G%Rk] + a8, (2]

Now we can use the definition ([2.21]), as well as the fact that the Green’s
function G is the inverse of [F;CQ) (=] + Rk], to write down the Wetterich
equation [66],

Opm - 1 @ (= 19
T [E = §Tr{<rk [4+Rk) %Rk}. (2.28)

In Chapter [5] we will use this equation to study the possibility of four-
fermion condensation in strongly interacting asymmetric matter.

2.4 Bosonization

In Chapter 5| we have to bosonize a theory that features an eight-fermion
interaction term. To this end we use a Hubbard-Stratonovich transformation
[7T, [72]. Here we introduce the procedure by discussing a simple example.
Consider some Lagrangian density . with a four-fermion interaction,
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Z = 1/_) (iﬁ— mo) Y —go (&@2 ) (2'29>
such that the path integral reads

7 = /@m P [ exp{—/d4x$}. (2.30)

The idea behind the Hubbard-Stratonovich transformation is to use the
observation that a bilinear appearing in the exponential function can be in-
terpreted as being the result of a Gaussian integral, i.e. for a one-dimensional

non-functional integral the relation
oo mQ
/ dwexp{—7x2 —gbx} (2.31)

[ 2m g°b?
m2 oXp 2m?2

holds. Applying this observation to the more general case of functional
integrals we can remove the quartic term from the Lagrangian by introducing
a new scalar field ¢ with mass m.,, together with a Yukawa coupling g3 . The
couplings are related by

Y2
g !

Applying this to the example above, we find

exp { / dz g (W)Q} (2.33)
« [olen]- [artmist s ooy}

where the proportional-symbol indicates that the constant factor has been

dropped[].

After the Hubbard-Stratonovich transformation we are left with

7 = / 7 V] 2 V) 2 ¢ exp{— / d4a:$fm} (2.34)

2
Xexp{—/dl’ (%902 +9§¢W>}.

“"Due to the normalization of physical correlators, this constant can be neglected.
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In Chapter 5] we have to apply this procedure once to bosonoize the eight-
fermion interaction, and two further times to bosonize the resulting terms
containing four fermions each. Further details on that particular case are
given in Chapter [5] and in Appendix [[}
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Chapter 3

The fully dressed quark-gluon
vertex in the Landau gauge

3.1 Introduction

In this Chapter we present our study of the dressed quark-gluon vertex,
an object that has been in the focus of many studies in the past, see e.g.
[73, [74l, 111, [75], [76, 26]. One motivation behind this study is to gain deeper
insights into a possible relation between dynamical chiral symmetry breaking
and confinement that might be manifest in the solutions to the vertex [11].
Another reason for this study is to obtain solutions to improve model build-
ing and to provide a minimum of tensor structures that have to be taken
into account to capture the relevant physicsﬂ which is important for stud-
ies that need the quark-gluon vertex as an input. Furthermore, in studies of
QCD with a large number of fundamentally charged quark flavors, the quark-
gluon vertex has been identified to have an impact on the critical number
of fermion flavors above which the coupling forms a plateau [77, [78], which
also requires detailed knowledge of this Green’s function. We work in Lan-
dau gauge, using Dyson-Schwinger equations to perform the calculation in
the strongly coupled regime. The vertex is solved together with the Dyson-
Schwinger equation of the quark propagator, so we seek solutions for two
dressing functions depending on one variable for the propagator and eight
dressing functions depending on three Lorentz invariants for the eight trans-
verse structures of the quark-gluon vertex. The progress of this project has
been reported in conference proceedings [79, 0], a paper with our results is
in preparation. The calculation presented in this thesis is also implemented
by a fellow PhD student [81]. This is necessary, as the computation itself is

I This is related to the question of finding a suitable basis to span the vertex.

19
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quite involved, so a high level of reliability of our results is achieved by com-
paring the results of the two independent implementations. For a discussion
of the first comparison of our results, see Section below. Further details
of this study will become available in [81], here we present some first qualita-
tive results. This chapter is organized as follows. In Section |3.2| we introduce
our truncation scheme. Different possibilities of basis systems are discussed
in Section [3.3] renormalization and a step-by-step guide of how to solve the
system are presented in Sections [3.4] and respectively. Finally we present
our results in Section [3.6] and conclude. An alternative approach of how to
solve the coupled system of the quark-propagator and the quark-gluon vertex
DSE is presented in Appendix [C]

3.2 The truncation scheme

3.2.1 The Yang-Mills sector

For the Yang-Mills propagators we used parametrizations [23], as well as a
discrete data set that has been obtained from a separate DSE calculation
provided by [24]. The discrete data set has been extended to an arbitrary
momentum range by matching the data set to an IR and UV solution, for
the intermediate regime we used cubic spline interpolation. The power laws
for the gluon and ghost dressings in the infrared are given by

Z(z) ~ ™, (
G ({lf) ~ "
with Kk = 93_9— V81202. In order to get the renormalization procedure for the

whole system consistent, one has to be careful to adjust the renormalization
procedure according to the Yang-Mills input.

Furthermore, we need the three-gluon vertex as an input, see [25], 82], 83
841, [85], 86, 87| for some recent studies. Here we are interested in obtaining
qualitative information on how important different tensor structures in the
quark-gluon vertex are. The actual model for the three-gluon vertex has
an impact on any quantitative prediction, but it does not alter the overall
picture of important tensor structures. For the results shown in this Chapter
we thus employed a model for the three gluon vertex where the tree-level
structure is multiplied by a function h which is given byf]

2See [25] for details .
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Z(p), G(p)
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Figure 3.1: Gluon and ghost dressing functions are needed as input.
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where we used Z; = 1.01, § = —% and where h; is a constant that can
be adjusted to increase or reduce the strength provided by the three-gluon
vertex. The Yang-Mills sector also provides the renormalization constant Z3

which is needed to determine the renormalization constant Z;r below.

3.2.2 The truncated equations

The system of equations we treat throughout this chapter is shown in Figures
and[3.3] In our truncation, the quark-gluon vertex equation results from a
3PI effective action [65]. This truncation scheme has already been considered
and studied in [II], where the connection to the DSE for the quark-gluon
vertex is discussed in more detail (see also Chapter [2] for some remarks on
the truncation).

Apart from the tree-level structure there are two diagrams contributing
to the vertex equation, the ’abelian‘ and the 'non-abelian diagramﬂ Note
that, contrary to a Dyson-Schwinger equation derived from a 1PI functional,
all vertices are dressed in this self-consistent integral equation. As a last

3The latter is called non-abelian because it contains a purely gluonic interaction vertex.
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B .Y

Figure 3.2: The propagator Dyson-Schwinger equation.

A JCAA

Figure 3.3: The vertex equation in a 3PI formulation.

step in truncating the system we neglect the abelian diagram. On the one
hand, a leading order skeleton expansion shows that the abelian diagram is
suppressed dynamically. On the other hand, the color factors of the diagrams
are such that the abelian diagram is suppressed by a factor of NZ as compared
to the non-abelian diagram. This leaves us finally with the truncated system
we are about to solve, see Figure [3.4]

The truncated system is then given by the propagator equation shown in
Figure [3.2] together with the truncated vertex equation in a 3PI formulation
as shown in Figure |3.4]

Algebraically, the truncated propagator equation is given by

S~ = ZS5 " (p) (3.4)
d'q , v
—Zng2Cp/ 175 ()T (p,¢;p-¢) D' (p — q)
(2m)
where Cp = Nl  The vertex is expanded in a certain basis, see Section

2NG
[3.3] below. The vertex equation reads

AA

Figure 3.4: Our truncation for the vertex equation.
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4

d*w
' (p,q;p-q) = Ziph* +gQCV/ I
(2m)

XTI (p,w;p-w) D" (p — w) TV (p, q,w,) D (w — q)

with Cy = “\270 (see Section . The coupling at the renormalization
point is introduced via the relation

I (w,q;w - q) S (w) (3.5)

a(s) = I (3.6)

3.3 Choosing a basis

Throughout the calculation we use two different basis sets for the quark-gluon
vertex. One set is constructed such that it is orthonormal. This basis set
will be referred to as being the ’outer basis‘, as we will use it to update the
quark-gluon vertex dressing functions in each iteration. Internally, a second
basis set is employed. This set is not orthonormal and is used for every vertex
on the right hand side of the self-consistency equations. We call this basis
the ’inner basis‘. Both basis sets consist of eight transverse tensor structures.
In principle one could use the same basis for the outer and the inner vertices,
but this affects the number of terms in the integration kernels. The here
employed basis sets turned out to be a good choice for this study.

3.3.1 The outer basis of the vertex

The outer basis set is orthonormal and transverse with respect to the mo-
mentum of the gluon. It is constructed from the following elements,

1p 1
\/irYTT ’g
st ® d 5 (37)
d?
#

where the subscript 77" stands for double-transverse (see below for an
explanation). The corresponding basis elements are summarized in Table
B.11

The momentum d"is the normalized gluon momentum,

AH
" = A (3.8)
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p_ L.n B g
= pRB0rr | 75 = \/LygVTT
T =1 st TH = gst
L i gon [y
73 = \/Lid’YTT 7 = Tifgd’YTT

) = ds" T =1 gds"

Table 3.1: The orthonormal basis of the quark gluon vertex, inspired by [8§].

with A¥* = p* — ¢* the gluon momentum. The momentum s* is then
given by normalizing the A—transverse part of the average quark momentum
W =3+ "),

(6 — drd”)

- 3.9
= e =] (3.9)
e —drd-Q
[|Qm — drd - Q|

The subscript T'T in 4. is to indicate that this element is transverse to
both, the normalized gluon momentum d* and the normalized average quark
momentum s, that is,

Vo= (0" = dMdY) A (3.10)
= 7u - d#d,
and
Yer = (6" —s"s") 7 (3.11)
= yp — 8" (sr)
= Al i — s

The relation of orthonormality is then given by
1 _
7o {7,y = 6y, (3.12)

where the bar indicates hermitean conjugation. The conjugate elements
are thus the same as the elements shown in Table except that the ele-
ments number 2 and 7 acquire an additional minus sign.

3.3.2 The inner basis of the vertex

The inner basis is employed for every quark-gluon vertex that appears inter-
nally within another diagram, that is, in the quark self-energy and within the
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non-abelian diagram in our truncation. There is no reason to demand that
the inner basis fulfills an orthonormality relation. However, as we are inter-
ested in the transverse structure we take the same basis elements as before
but do not normalize them, nor do we make them transverse to the average
quark momentum. The elements of the internal basis are combinations of

1 1
'.)/T }g
RIS (3.13)
d*
#d

The elements of this basis are summarized in Table [3.2]

PL=7r | P =i
py =1 "L | pg = gs"
ps = idvy | pr = gdvr
pi =ds* | p§ =i gds”

Table 3.2: The inner basis of the quark gluon vertex.
As before, v} is given by equation (3.10)).

3.3.3 Change of basis

The basis systems are

8

M (p,gp-q) = > filpgp o), (3.14)
=1
and
8
T (p,gp-q) = > g0 ap-q) 0k, (3.15)
=1

where the normalized momenta have to be expressed in the corresponding
Lorentz invariants. The change of basis is now readily computed. The rela-
tion between the dressing functions of the outer basis, f;, and the dressing
functions of the inner basis, g;, follows from evaluating

8
%Tra {TZ‘, > fiap-q) T}‘} (3.16)

J=1

8
1 _
= ZTrD {Tf, Zgj (p.g;p-q) p?} :

j=1
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The left hand side of this equation yields f; (p,q;p - q) per construction,
while the right hand side can be evaluated either by hand or by using e.g.
FORM [89]. Evaluating the right hand side of (3.16|) one finds for the desired

dressings g; (p, ¢;p - q)

G = %fi for i € {1,3.5,7}, (3.17)
= fomhh (3.18)
gs = f4+%f7, (3.19)
g6 = fG_%fh (3.20)
% = fit b (3.21)

V2

3.4 Renormalization

The renormalization of the system is performed by employing a momentum
subtraction (MOM) scheme for the propagator, the vertex is renormalized
by using the Slavnov-Taylor identity, as we will detail below. The quark
propagator has two dressing functions, A and B, see Figure [A. T} The formal
structure of the decoupled self-consistent integral equations is given by

A = Zo+ Z1pXa, (3.22)
B = ZyZ,mo+ ZipXp, (3.23)
with X4 p the self energy parts. In the following, a subscript s means

that the corresponding quantity has to be taken at the renormalization point
s. The renormalized dressing functions A and B are then given by

A = A, +Zip (5S4 — Sus) (3.24)
=1

= 1+ Z1r (84 —24s),

B = B, +Zip (S5 — Sp.) (3.25)
v
=my

= mo+ Zir (X — Xps),
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where we used the renormalization conditions that the dressing func-
tions A and B should acquire a value of 1 and mg at the renormalization
point respectively. The renormalization constant Z;r is determined via the
Slavnov-Taylor identity,

Zy
17 Z (3.26)

3

and is also used for the vertex equation.

3.5 Solving the system

This section is meant as an instruction manual of how the system of the
propagator equation and the vertex equation can be solved. Many aspects
of the procedure are further detailed in Appendix [B] such that the compu-
tation can be reproduced if desired. Note that this calculation is presented
for non-parallel execution. Once the single core code has been written and
tested, one can parallelize it as discussed below. Running as one thread on
a standard desktop computer, the system converges within a couple of hours
with reasonable precision.

3.5.1 Preparational steps

We want to solve the coupled integral equations and . The propa-
gators and vertices are defined as shown in Figures and [A.2] so we have
ten integral equations to solve. Two correspond to the propagator dressings
A and B, the remaining eight equations correspond to the vertex. For the
vertex on the right hand side of equation (3.4) we employ the basis system
for the vertex. The same basis is also used for the two quark-gluon
vertices on the right hand side of the vertex equation . On the left hand
side of equation however, we use the orthonormal basis system given
by equation @ . As a first step, one has to find the equations for A and
B. To this end, we perform the projections

) |
Py = ZTrD{;—ZZ o}, (3.27)
Py = Trp{o}, (3.28)
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on both sides of equation (3.4)), where o has to be replaced by either the
left or the right hand side of (3.4]) respectively. For the vertex equation we
perform a similar procedure, this time using

Py,

7

— 1T, {7 o}, (3.29)

which gives rise to eight equations corresponding to the eight dressing
functions in the orthonormal basis f; (p,¢;p-¢q). The Lorentz contractions
and Dirac traces are conveniently computed using FORM [89], where the
number of terms can be reduced considerably if the gluon momenta in the
non-abelian diagram are abbreviated by introducing new variables, u* =
wt — gt and v* = p* — w’. A further reduction is possible by using the
transverse projected three-gluon vertex, see Section for details on this
step.

3.5.2 Numerical strategy

In this section we briefly discuss the numerical strategy we used to solve
the system of DSEs. For all angles appearing in the system of equations we
use nodes and weights according to a quadrature based on Gauss-Chebyshev
polynomials of the second kind [90] For the radial grid however, we em-
ploy two different grids that have no coinciding nodesﬂ Having different grids
externally and internally provides numerical stability, as numerically patho-
logical points are removed in an elegant way, see Section of Appendix [J]
for details.

Using different integration grids for external and internal nodes makes
it clear that we have to interpolate the quark-propagator and the quark-
gluon vertex throughout the calculation. The internal grid is applied for the
loop momenta ¢ and w, see and , where the former is the loop
momentum of the quark self-energy, the latter the loop momentum of the
non-abelian diagram. The propagators are evaluated at the external grid-
points and are interpolated at the values of the internal grid using cubic
spline interpolation. Employing cubic splines adds global information to the
system, as the functions are expected to be smooth in the end. For the vertex
we have to deal with the same situation, only that we have two external grids,
one for the square of the momentum p and one for the square of g. One could
use bi-cubic spline interpolation here, and in fact we use this technique to
calculate the output once the system has converged to the desired level of
accuracy — however, throughout the iteration the necessity of splining both

4For this study, 8 angular nodes are sufficient
5This procedure has been suggested by Richard Williams.
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external vertex grids at the same time does not arise, as the left vertex in
the non-abelian diagram has one external leg with momentum ¢ and the
right vertex has one external leg with momentum p?. Also in the quark-self
energy there is one leg which only requires external information. It is thus
sufficient to use one-dimensional cubic splines to spline-interpolate at values
of w?, one time for the left leg and one time for the right leg of the vertex.

3.5.3 Parallelization

Designing the system as discussed above provides also a setting that is suit-
able for a hybrid CPU-GPU based parallelization. One can use MPI threads
for coarse graining the external grids of both, the propagator and the ver-
tex equation and use GPUs to operate on the internal grids. A parallelized
implementation will become available at [81].

3.5.4 Validity of the results

This calculation has been implemented also by a fellow PhD student [81].
At the time of writing this thesis we established agreement for a defined set
of parameters, up to a small overall shift of our solutions. The eight vertex
dressings and the propagator are however in perfect qualitative agreement.
We present the numerical solutions of the fully dressed quark-gluon vertex,
an analysis of the importance of the structures, as well as solutions that have
been obtained with a reduced set of tensor structures below.

3.6 Numerical results

Here we present the numerical results that have been obtained following the
procedures described in Section [3.5 and Appendix [B]

3.6.1 Solution with all eight tensor structures

In the following we present the solution of the coupled system of the fully
dressed quark-gluon vertex and the quark propagator. We see dynamical
chiral symmetry breaking as indicated by the mass function acquiring a non-
zero value in the infrared. In this truncation and with our numerical approach
we do not see a scaling behavior of the vertex. The fact that the system
decouples in the infrared might be due to numerical reasons. This issue is
definitely an interesting subject for future studies. We proceed by presenting
solutions of the system with a reduced set of tensor structures and show the
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Figure 3.5: The solution of the quark-propagator dressing functions with all
8 vertex dressing functions taken into account, leading to dynamical chiral
symmetry breaking as indicated by the mass function. The mass function is
obtained from M (z) = ﬁgg The parameters of this and all the other runs
are given in the main text.

impact of the various basis elements on the dressing functions of the vertex
and the propagator. The calculations in this section have been performed in
the chiral limit with an IR cut-off of 10~* GeV?, an UV cut-off of 5x 10* GeV?,
where we used the last node as renormalization point. For this calculation we
used 32 external nodes and 93 internal integration nodes, as well as 8 angular
nodes for all angles. The value of the coupling at the renormalization point
has been put to ay = 0.1, and the renormalization constant Z;r = 1. The
three-gluon vertex has been modeled by equation (3.3). In Figure we
show the solution of the quark-propagator dressing functions with all vertex
dressings taken into account. In Figures [3.6 and we show the solutions
of the chirally symmetric and anti-symmetric tensor structures of the vertex
at the kinematic points where the squares of the external momenta are equal
and where the cosine of the angle between them vanished?|

6In fact, almost vanishes, as we evaluate the expression at the angular node that is
closest to zero. With 8 second-kind Gauss-Chebyshev quadrature nodes this is around
z = £0.1736.
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chirally symmetric structures
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Figure 3.6: The full solution of the four dressing functions going with the
chirally symmetric tensor structures.
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chirally anti-symmetric structures
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Figure 3.7: The full solution of the four dressing functions going with the
chirally anti-symmetric tensor structures.
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3.6.2 Solutions with one tensor structure removed

In this section we provide solutions of the system where one tensor structure
has been removed. By doing that we can see the effect of individual tensor
structures on the system. The tree-level structure p/ = 74 is kept in all
reduced systems. For every solution with {¢;}\g;, j € [2,8], where the g;
are the dressing functions of the basis elements summarized in Table [3.2]
we show the chirally symmetric and anti-symmetric dressing functions of the
quark-gluon vertex. Additionally, the propagator dressing functions 1/A and
M are shown as an inset-plot in the anti-symmetric solutions. In all plots we
show the full solution given by thin solid lines with symbols marking the node
positions. The dashed and dashed-dotted lines correspond to the solutions of
the reduced system. All runs have been made using 32 external radial nodes
distributed according to over a range given by an IR cut-off of 10~* GeV?
and an UV cut-off of 5 x 10* GeV2. We used 3 intermediate Gauss-Legendre
nodes for every interval with neighboring external nodes, such that we have
3 x (32 —1) = 93 internal integration nodes. The renormalization point
used for this calculation is 5 x 10* GeV?. All plots have been generated for
p?> = ¢% and p - ¢ = 0, and represent just one slice of the three-dimensional
array. Qualitative insights into the effects of removing structures can still be
observed, in particular also the effect on the propagator dressings. A quan-
titative analysis of the effect of removing tensor structures will be presented
in a paper on the quark-gluon vertex, as well as in [81], where the effect on
the pion decay constant and the chiral condensate will be studied.

3.6.3 Solution with three tensor structures removed

The analysis of the importance of the tensor structures suggests that we can
at least neglect three structures, namely pf, p§ and pf, see Figures[3.14] [3.15]
[3.16], [3.17], [3.20] and [3.21] The solutions of the dressings with the reduced
system are shown in Figures and [3.23

3.7 Conclusions

In this Chapter we presented solutions of the fully dressed quark-gluon vertex,
coupled to the quark propagator Dyson-Schwinger equation. The propaga-
tor acquires a dynamical mass. The eight vertex dressings show a decoupling
behavior in our numerical implementation. This behavior has to be inves-
tigated more closely in future studies. We investigated the impact of the
tensor structures on the solution of the reduced system. We found two ten-
sor structures to be negligible, the elements pf and p§. They cause only very
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Figure 3.8: Chirally symmetric solutions of the vertex without ph. Neglect-
ing this structure leads to some overshooting of the tree-level structure, the
remaining solutions are practically on top of each other.
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Figure 3.9: Chirally anti-symmetric solutions of the vertex without p4. Only
minor deviations can be found when the second structure is neglected. The
mass generation (see inset plot of 1/4 and M) is close to the one of the full
solution.
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Figure 3.10: Chirally symmetric solutions of the vertex without p§. Ne-
glecting the third structure leads to a significant shift in the dressings of the
other tensor structures.
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Figure 3.11: Chirally anti-symmetric solutions of the vertex without pf.
Without the third structure, no mass is generated (see inset plot of propa-
gator), so it has to be taken into account.
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Figure 3.12: Chirally symmetric solutions of the vertex without pY. The
effect is a slight shift in most of the remaining dressings.

0.75 EEERIE
e g, full
D g, full
g 05| — g, full
é B L gg,full
5 i --- g, {gh\g
a 0.251 2 il o4 8
3 - g (gl
g S g gl
E 0 S emennaes =~ & (81184
E / N Ll oo B - o Lo
> :
e X |
S -0.25| HESH S e—a /A full  H
> 0.6 s M, full ,
& ’ — VA {ghe, [|
= -0.5 — M, {ghe,f
S : = B Lo : 0.'_4 30 g p Qe ) 34
<075 | R 07 0710 1010 107107 107

w0t 107 10* 10" 100° 1000 10° 100 10°

2 2 2
p=q,p.q=0[GeV]

Figure 3.13: Chirally anti-symmetric solutions of the vertex without pj. All
remaining structures are shifted when neglecting the fourth dressing. The
dynamical mass overshoots its original value by almost 100 percent.
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Figure 3.14: Chirally symmetric solutions of the vertex without pf. This
structure can safely be neglected, as there is no visible effect from removing
it.
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Figure 3.15: Chirally anti-symmetric solutions of the vertex without p&. The
solution is practically unchanged when the fifth structure is removed. Also
the propagator dressings are on top of each other.
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Figure 3.16: Chirally symmetric solutions of the vertex without pf. This
structure can safely be neglected, as there is no visible effect from removing
it.
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Figure 3.17: Chirally anti-symmetric solutions of the vertex without pj.
There is a small effect on the propagator dressing functions visible.
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Figure 3.18: Chirally symmetric solutions of the vertex without p%. This
structure has to be taken into account.
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Figure 3.19: Chirally anti-symmetric solutions of the vertex without p4. All
dressings respond to the removal of this structure.
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Figure 3.20: Chirally symmetric solutions of the vertex without p§. This
structure can safely be neglected, as there is no visible effect from removing
it.
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Figure 3.21: Chirally anti-symmetric solutions of the vertex without pf.
Like the fifth structure, this basis element can be neglected.
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Figure 3.22: Chirally symmetric solutions of the vertex without structures
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Figure 3.23: Chirally anti-symmetric solutions of the vertex without struc-
tures pf, pg and pf. Even with only 5 structures left, the system produces
results that deviate only slightly from the full solution.
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slight deviations from the full result. Depending on the desired level of ac-
curacy one might also neglect another tensor structure, namely the element
pk. Also ph does not have a huge impact and might also be neglected. Next
we will have to establish full quantitative agreement of our two independent
solutions and quantify the qualitative discussion presented in this section.
Another interesting aspect for future studies is to investigate the impact of
the three-gluon vertex on the solution. Reducing the system to the four most
important tensor structures might also make non-vacuum calculations feasi-
ble, and one could also try to include the reduced vertex in the study of the
complex quark propagator discussed in Section [4.6] of Chapter [
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Chapter 4

The analytic structure of Green’s
functions

4.1 Introduction

This chapter is dedicated to the computation of the analytic structure of
Green’s functions in Euclidean space. Over the years, various attempts of
calculating the analytic structure of fermionic Green’s functions have been
made, see [91],[92] 03] 94], [52] for a not complete list of studies throughout the
last decades. The constant interest in this field is not surprising, as the an-
alytic structure of Green’s functions plays an important role in bound state
equations such as the Bethe-Salpeter equation (BSE). Additionally, studying
the analytic structure of fundamental Green’s functions is a very interesting
subject on its own, as the notion of reflexion positivity provides a simple
mechanism of confinement by expelling degrees of freedom that violate this
property from the space of physical states. Here we are interested in calcu-
lating the analytic properties of the Landau gauge quark propagator DSE
numerically. Only very recently, a study on this subject has been published
[95]. However, we try to not restrict the area of evaluation to a parabolic
region, but we are aiming at solving the quark propagator for arbitrary com-
plex external momenta. Such an investigation has also become available for
the gluon propagator recently, where the authors solved the gluon Dyson-
Schwinger equation in the complex plane [54]. In order to compute the
analytic structure of the quark propagator, the analyticity properties of the
quark-gluon vertex will play an important role. In [96], the authors consider
the coupled system of the quark and quark-gluon vertex DSE for complex
Euclidean momentd] where they employ a numerical method developed in

See also [26] for a very recent study.

43
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[27]. For a study performed in Minkowski space see e.g. [97].

This Chapter is organized as follows. First we introduce our numerical
technique and apply it to perturbative Yang-Mills one-loop studies, see Ap-
pendix [F] and Sections 4.2} 4.4} [4.5]] In Section we discuss a possible
extension of the method to non-perturbative self-consistent integral equa-
tions. The major difference as compared to the perturbative case is, that
the location of the poles induced by the quark propagator are not known a
priori. As these poles play a decisive role in the determination of the actual
form of the contour deformation, we have to find a way to address this issue
in order to get the deformation right. The numerical setting is also more
demanding as in the perturbative case. In order to make up for the increas-
ing numerical effort, we developed a hybrid parallelization framework using
CPUs and GPUs. While the framework is already set up and tested, the
computation of the analytic structure of the quark propagator DSE is still
work in progress by the time of writing this thesis.

4.2 A test case for the numerical procedure

The aim of this section is to provide the numerical framework that we devel-
oped in order to cope with the problems arising throughout the calculations
of perturbative one-loop amplitudes in the complex plane of squares of the
external momentum. The advantage of studying perturbative expressions
before considering non-perturbative quantities lies in the fact that the an-
alytic structure of the integrand of the loop integral can be fully analyzed,
which allows for the development of contour deformations without having to
deal with the problem that the actual structure of the integrand is not known
beforehand], as it is the case for the dressed quark propagator showing up in
the quark self-energy of the propagator DSE. In order to perform high accu-
racy calculations for a reasonable number of m—point{f] in the complex plane
(x = p?, the square of the external momentum) we use GPUs for paralleliza-
tion. As a test case, we use equation (32) of [100], which is a correlator that
can be computed analytically in the complex plane. The calculation and the
result is presented in [100]. Here we will use their result as a test case for our
numerical procedure, whose most general form is described in Appendix [F]
Furthermore we will use this example to explicitly work out each of the steps
of the procedure, such that the interested reader can apply it to a suitable

2The perturbative method and an application have been published in [98] [99]

3This issue will be addressed below when we discuss the extension of the method to
non-perturbative treatment.

4We used 1282, 2562 and 5122 lattices in the complex plane.
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problem.
The correlator of the test example is given by

o [ dPk 1 1
70 = / @2m)* (p — k)* — V202 k2 +iv/202 (4.1)

In Ref. [100] they show, that in four Euclidean dimensions, with the
choice of 2¢/26? = 1, the solution of the (regularized) correlator (4.1 takes
the form

G () = — (1 LT VT ceos (x)) | (4.2)

- 1672 2x x

The aim is to obtain this result employing our numerical procedure, where
we furthermore rescale the result such that the trivial pre-factor is gone,

T V1— 22

gsub,rescaled (ZL‘) = (1 - % + T arccos (l‘)) . (43)

Now we can elaborate each of the steps outlined in Appendix [F]

4.2.1 STEP 1 (A): Hyper-spherical coordinates

We have to evaluate (1672) x [Eq. ([@#.1))] for D = 4 and with 2v/26> = 1.
Switching to hyper-spherical coordinates using equation (A.7)), we get

1677'2 00 1
grescaled (IE) = (27)3 /0 dy Yy /_1 dZ\/ 1—22 (44)
1 1

Cry-2vaymE-1) (y+ 1)

4.2.2 STEP 2 (A): Regularization

The superficial degree of divergence follows from equation (4.1) with D = 4.
The integral measure yields four powers in the loop momentum k, and the
propagators yield -2 powers in k£ each, such that we are left with a superficial
degree of divergence s = 4 —4 = (0. The integral diverges logarithmically.
Using equations and we construct the regularized integrand,
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Fsub (x, Y, \/E\/ﬂz) = (1 — to) F (;E, v, \/5\/52) (4.5)
1 1

(z+y—2vryz—35) (y+3)
1 1
-3+
—z + 2\/x,\/yz
(z+y—2vayyz—35) (P +1)

With this integrand the correlator becomes

9 o] 1
grescaled (33) == ;/ dy y/ dZ\/ 1-— 22 (46)
0 -1

y — + 2\/1,/yz
2y 3) (7 1)

where we also canceled the trivial pre-factor.

4.2.3 STEP 3 (A,N): Analysis of the integrand

In this step we have to determine the analytic structure in the complex plane
of the radial integration variable, induced by the angular integral. First, let
us follow the procedure outlined in Appendix [D] With the definitions

2 [ Y
grescae = - dy 4.7
ted (2) W/o y(yg_i_%) (4.7)

A

1
— 2
></ dzv'1 — 22 vt 2y A
-1 (Jf +vy— 2\/5\/§Z — 5)/

B

we see that A features two poles in the complex y—plane at y = i%.
The angular integral B induces a branch cut in the y-plane. Following the
analytic approach first, we look at the denominator (now again expressed in
terms of momenta p and k) in search for all values of k such that

p® + k* — 2pk cos 0; — % =0 (4.8)
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is satisfied. We find two redundant solutions for this equation, which can
be used as a parametrization for the branch cut,

g(p2,01) = pcosfy £/ —p?sinb; + %, 0<6, <m. (4.9)

As we have found the solution with respect to k, the parametrizations of
the branch cut in the complex plane of the radial momentum square, y, is
given by

—\ 2
5(]?2,91) = (\/PCOS 91 + A/ —p2 sin 01 + %) s 0 S 91 S . (410)

We have found complex conjugate poles, as well as a branch-cut in the
complex y-plane, where the pole information can be read off term A of equa-
tion (4.7]), while the branch cut parametrization is given by equation (4.10)).
We also performed this analysis numerically, where we used again GPUs to
evaluate the angular integral for a given value of x with high precision. Figure
[4.1] shows that we find perfect agreement with the analytic prediction.

Now we have to work out the restrictions imposed on the contour by this
branch cut. In this case it turns out that there is a parabola shaped region in
the complex plane of x where no contour deformation is necessary, see Figure
42

It is convenient to split the complex plane into regions where different
classes of contour deformations are employed. Region 1 does not need any
deformation, so we only have to find contour deformations for the regions 2
to d.

e Region 2 and 5

— Cemna: 0<t<1
C25),1(t) = 15t exp{iarg(z)}
— Gope2: 1<t<2
Clo5)2(t) =15(2 — t) exp{iarg(z)} — (1 — t)A?

¢ Region 3

- C5371 - 0 S t S 1
C51(t) =10.41
- %3,2 | S t S 2
C52(t) = 0.1(sin((2 — t)m) + i(cos((2 — t)m) + 5))
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Im(y)
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Re(y) Re(y)

Figure 4.1: The analytic structure in the complex y-plane for given x € C.
The solid lines are visualizations of equation , the density plot in the
background has been obtained numerically on a GPU. The arrow running
from the origin along the positive real axis represents the undeformed radial
integration contour. Only in the upper left plot the contour is not affected
by the branch cut.
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Re(p?)

Figure 4.2: In the parabolic region one can keep the contour undeformed,
while in the region outside of the parabola the contour has to be modified.

Re(p?)

Figure 4.3: The complex plane is split into regions where different classes of
contour deformations are employed.
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— 633: 2<t<3

C53(t) = (3—1)(0.60) — (2 — t)13exp{iarg(x)}
— 6341 3<t<4

C34(t) = (4 —t)13exp{iarg(x)} — (3 — t)(—20 + 18q)
— Gy A<t<5H

Cas5(t) = (4 —1)(—20 + 18i) — (3 — t)A?

e Region 4

- %471 -0 § t é 1
%471(15) == —t042

*%4721 1<t<2

— 613 2<t<3

Gus(t) = (3 —1)(=0.6i) — (2 — t)13 exp{iarg(z)}
— Gua: 3<t< A4

Cra(t) = (4 — t)13exp{iarg(r)} — (3 — )(—20 — 18i)
— Gu5: 4<t<5H

Gas(t) = (4 —1)(—20 — 18i) — (3 — t)A?

Figures to show examples of contours in this regiong?]

4.2.4 STEP 4 (N): Initialization

For this test case we used a discrete lattice for the complex values of x of
size 128%. We restricted the region in the complex plane to —5 < Rz < 5
and —5 < Sz < 5. The discrete points are equally distributed over the
these intervals. This preparation step is performed on a GPU, where the
complex matrix is filled with the discretized x values. Patches in multiples
of the warp sizd| are executed in parallel on the GPU. In this preparation
step, but also for the actual evaluation, each thread running on the GPU
operates on one point of the external grid only. The fact that blocks can be
2-dimensional quantities allows for a straight-forward mapping of the threads
to the grid-points. A perturbative integral in the complex plane is a perfect
candidate for parallelization on a GPU, as there is no communication be-
tween the individual threads required. One could also use multiple GPUs,

5Two dimensional animations of the contours moving with the external parameter x
can be found on the DVD enclosed to this thesis. For a short description of the movies
see Appendix

6See e.g. [98] for a brief discussion of GPU programming.
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Figure 4.4: The dots are poles, the circular line is the branch cut. The

contour is composed of straight line segments. Left: Contour deformations
employed in regions 2 and 5. Right: This point lies within the parabola, so

one could also keep the contour undeforme
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Figure 4.5: The dots are poles, the circular |
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ine is the branch cut. The contour

is composed of straight line segments. Left: Contour deformation employed

in region 3. Right: The pole is avoided by
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Figure 4.6: The dots are poles, the circular line is the branch cut. The
contour is composed of straight line segments. Left: Contour deformations
employed in region 4. Right: Again the pole is avoided by a small circular
deformation.

as we employ for the non-perturbative case. There, however, communication
becomes important.

4.2.5 STEP 5 (N): Evaluation

This is the final step of the procedure. For each value in the matrix that
has been constructed in the previous step, a dynamically adjusted contour is
computed by a thread on the GPU. As before, each thread operates on one
entry only and performs the integrations, where the radial integration now
runs along the appropriate contour. As always we use non-adaptive Gaussian
quadrature rules to perform the numerical integration. For visualization, we
processed the data using Mathematica.

4.2.6 Numerical results

In Figures 4.7) and we show the results of our computation. The solid
plots show the exact solution (4.3)), the blue dots are the numerical solutions
on a 1282 grid. Running times on the GPU are summarized in Table
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Figure 4.7: The imaginary part of the solution. The solid plot corresponds
to the exact solution (4.3)), the blue dots have been obtained numerically by
employing our algorithm on a GPU.
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* Re(G(p?)
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Figure 4.8: The real part of the solution. The solid plot corresponds to
the exact solution (4.3)), the blue dots have been obtained numerically by
employing our algorithm on a GPU.
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Intel CPU NVIDIA GPU
Device Xeon X5650 | GTX 550 Ti GTX 480 Tesla C2070
Runtime 252m 2s 6m21s 4m21s 2m38s
Speedup (A) 1 ~ 39.6 ~ 57.9 ~ 95.5
Speedup (B) 1 ~ 3.3 ~ 4.9 ~ 8.1

Table 4.1: Comparison of running times on various GPUs. In case A we
compared the GPU running time against one thread running on the Xeon
CPU. This is however a quite unfair comparison, so we included case ’B°,
where we use the one-thread data and adapted it to 2 x 6 = 12 hypothetical
threads running on the 6 cores of the Xeon using Hyper-Threading.

4.2.7 Conclusions

The procedure outlined above, as well as the results of the test case depicted
in Figures and show that we have developed a framework that allows
for fast and reliable numerical calculations of the analytic structure of Green’s
functions. If a higher level of parallelization is sought, one can easily extend
the procedure to use multiple GPUs, as we employ for the non—perturbative
case. Even though the test case can be solved without the need of any
numerics, it still features all the non-trivial obstacles typically arising in this
kind of calculations. This particular test case is a very valuable opportunity
for a comparison, as it allowed us to learn how to cope with the obstructive
structures arising in the radial integrand. The method is now ready to use
and has been published in [98].

4.3 Scalar glueball operators at the Born level

In Section we proved the validity of our numerical approach that evalu-
ates correlators perturbatively at one-loop level in the complex plane. Now
we want to apply this procedure to a case that cannot be solved analytically.
While still operating at the perturbative level, we are interested in calculating
the analytic structure of a correlator of two Yang-Mills field strength tensor
squares, (F?(x) F?(0)), which corresponds to a scalar glueball. Details of
this study can be found in [99, T0I]. Glueballs are studied in a variety of
approaches, for a review see e.g. [102]. The expression of the momentum
space operator corresponding to the F'? correlator in d Euclidean dimensions
is presented in [I00]. In Appendix |G| however, we give an explicit deriva-
tion for the expression and re-obtain the result of [I00]. The d-dimensional
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expression at the Born level reads

9 ddk 2 2 9 2 2
ﬁ’(p)z/(%)dg(k)g((p—k))(k (p— k) +(d—2) (k- (p— £))?).
(4.11)

where
2 2 ddp . 2
(F?(2)F?(0))q = 2 P {ip-2} 04 (p*). (4.12)
Born level means, that throughout the construction of & (p*) we com-
pletely neglect the presence of the non-abelian term in the field strength
tensor. The functions ¢ (p?) are the scalar parts of the gluon propagators
we plug into the expression,

Do (p?) = <5W . p;f”) G(p?). (4.13)

The transverse projectors of the gluons have been absorbed throughout
the construction of the expression. Even though the self-interacting part
of the field strength tensor is missing, we are now in the comfortable posi-
tion that we can use non-perturbative gluonic expressions as an input. The
advantage of being able to do that is at least two-fold. On the one hand,
using fits to non-perturbatively obtained gluon propagators introduces some
amount of self interaction again, such that from this point of view one might
consider this framework as being semi-perturbative. On the other hand, as
we are interested in using positivity violation as a signature of ’confinement{|
here, so we use positivity violating parametrizations as an input. The con-
struction should then take care of producing a positivity respecting quantity,
which is an interesting thing to observe. In the following we study the two-
dimensional and the four-dimensional case, where we use two different types
of parametrizations for the gluon propagators in the latter case.

4.4 The analytic structure of F? in two dimen-
sions

We start by considering the two-dimensional case, because in two dimensions
the expression corresponding to the correlator diverges only quadratically,

"By this we just mean that degrees of freedom possessing negative norm contributions
are absent from the space of asymptotic states.
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Figure 4.9: Imaginary part of the solution of (4.12)) using (4.14)) as an input.
There are two branch-cuts (one lies behind the peaked structure).

allowing for an easier treatment. The two-dimensional case features only one
type of solution, whose infrared parametrization reads [52]

1

pg 1+2k
G(p?) = W (m) : (4.14)

with x = 0.2 [103]. The value £ = 0 has also been considered and ex-
cluded by [104]. The parametrization (4.14]) reproduces lattice data [105], 106]
and solutions from functional methods [104] with w = 1.065 and A = 1 GeV.
However, we used the 4-dimensional parameters w = 2.5 and A = 0.51 GeV
also for the two dimensional case, which allows for easier comparison. UV
and mid-momentum deviations are small and irrelevant for this study. Us-
ing Cutkosky cut-rules [I07], one expects a branch cut at the position z =
—1.04 GeV% However, the cut-rules are not exactly applicable in this sce-
nario, see for example [108]. Nevertheless we can perform the analysis out-
lined in Appendix [E]to predict the position of the branch-point. This analysis
confirms the point © = —1.04 GeV? as a branch point, however, we find an
additional branch point at © = —A? = —0.2601 GeV?.

4.4.1 Numerical results

Performing the numerics on a GPU, we obtain the results shown in Figures
and {10



4.4. THE ANALYTIC STRUCTURE OF F? IN TWO DIMENSIONS 57

50

° Re(O(p2)

Figure 4.10: Real part of the solution of (4.12)) using (4.14) as an input.

There are two branch cuts showing up in the solution, as predicted by the
analysis of the integrand. One starts at ; = —1.04 GeV? and runs towards
Rx — oo. The other cut has an opposite discontinuity and opens at z, =
—0.26 GeV?, running towards the first branch point x1. The discontinuity
has been extracted and is shown in Figure[d.T1] The peaked structure located
at x; is also shown as a density plot in Figure £.12

4.4.2 Conclusions

The extraction of the analytic structure of the two dimensional case only
served as a technical test case for to prepare the numerics for the four di-
mensional investigation. Interestingly, we get an additional branch cut of
finite length in this case. The origin of this cut might be some truncation
artifact. The remaining branch cut gives rise to a negative spectral density,
signaling the absence of the computed quantity from the asymptotic state
space. This is of course expected, as in two dimensions there are no glueballs
present. The resolution of the branch points however worked well and the
calculation produced smooth and trustable results. We can thus move on to
the physically more interesting four dimensional case.
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Figure 4.11: The discontinuity of the 2-dimensional case. There are two

branch cuts present, see main text.
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Figure 4.12: A density plot of the peaked structure that arises in the 2-
dimensional case around x; = —1.04 GeV?.
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4.5 The analytic structure of F? in four dimen-
sions

4.5.1 Decoupling propagator

Let us start the discussion of the four dimensional case by considering prop-
agators of the decoupling-type first. From the functional equation point of
view, there are two solutions to the gluon propagator, depending on the
chosen boundary conditions of the equations [53]. There are solutions of the
decoupling type [53, 109, 110, 111}, 112] and the scaling type [53| 1T3], 114} 25],
see also [IT5], 116l [3T] for reviews on the subject. At zero momentum, the
decoupling solution acquires a non-vanishing value, such that ¢(0)~! serves
as a screening mass. The scaling solution, on the other hand, vanishes like
(p2)** " in the infrared, where x = 0.595353[103, [117].
A decoupling fit of the form

G(p*) ~1/(p* +m?), (4.15)

featuring a constant mass is not suitable for reproducing lattice data
[118, 119]. The introduction of a mass with momentum dependence, i.e.
m — m (p?), leads to better results. A model for the IR part of m (p?)reads

4
Mg

2/, 2

= 4.16

mh () = s (4.16)

see [120], where also terms with the correct UV behavior are presented.

In the Refined Gribov Zwanziger (RGZ) framework, more parameters are

needed due to the dimension two condensates, see [121], 122]. A suitable
fit-form reproducing lattice data is given by [123]

G = o— Pt (4.17)

p)= ph 4 u2p? + 2 )

The fit eq. (4.15)) with (4.16]) is contained in this more general expression

when choosing s = u? = t = m2. For our study, we used the parameters

summarized in Table
Here we only employ and investigate the fit (4.17), but we do not work
with the RGZ actiorf] A similar propagator has been used in a recent study

8If we did, we would get mixing between the F'? operator with other operators [124].
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C 1] [s [GeV?] | t [GeV?] | u [GeV]
0.784 2.508 0.72 0.768

Table 4.2: The parameters for the fit (4.17), see [123].

Im (y)
=

Re(y)

Figure 4.13: The imaginary part of the obstructive structure in the complex
y-plane for an external momentum square x=-2+42i. The lines are cuts, dots
correspond to poles. This parametrization has been obtained analytically,
following the prescription in Appendix [D]

and allowed for a pole mass extraction via bubble-resummation within the
toy-model [125].

The decoupling case turned out to be rather complicated, as the numerical
evaluation has to be performed very carefully. Following the steps of the
procedure outlined in Appendix [F], we have to perform a thorough analysis
of the analytic structure of the radial integrand. As shown in Appendix [D]
branch cuts show up in the complex plane of the radial integration variable
y. In the particular case of a propagator of the form , we find two
branch cuts and a pair of complex conjugate poles in the complex y-plane.
The exact shape and location of these non-analyticities has been extracted
analytically, as well as numerically, see Figures and [4.14]

Knowing the obstructive structure is most important, as the contours
have to be adjusted in order to avoid them. They also allow for a prediction
of where to expect the branch points of the result, see Appendix [E] for the
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Figure 4.14: The imaginary part of the obstructive structure in the complex
y-plane for an external momentum square z=-24-2i. This solution has been
obtained by solving the angular integral for 1282 values of y € C numerically
using a GPU. The obtained structure perfectly coincides with the one shown

in Figure [1.13

procedure. One can also employ the Cutkosky cut-rules. From the previous
analysis we know that there are poles located at

ki, = —0.29+0.661. (4.18)

Taking these values to Minkowski space, we can use

(\/—7;% \/—75>2 (4.19)

to predict the branch-points. Hereby ¢ and j are either 1 or 2. Taking
the result back to Euclidean space, one obtains a branch point located at
x; = —2.03 GeV? for i # j. For i = j, there are two solutions, wg3 =
—1.18 4+ i2.63 GeV?. The latter cuts are considered as being unphysical, as
they spoil the possibility to write down a spectral representationﬂ However,
strictly speaking we used the cut rules for a situation where they are not
applicable. However, we find agreement with the cut-rule based result when
we employ the procedure of Appendix [E] The result of our analysis is shown

in Figures [4.15] [4.16] and [4.17]

9This was one of the motivations for the introduction of the so-called i-particles in

[100].
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Im (y)
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Figure 4.15: This configuration gives rise to the physical branch cut (lines).
The poles are depicted as dots. Even though one might think that a contour
connecting the origin with the UV cutoff can be obtained by continuous
deformation from the axis, this is not the case, because regardless of whether
the contour is closed above or below, one always picks up the residue of one
of the poles. The external value for this situation is z = —2.03GeV?.

Im (y)
()

Re(y)

Figure 4.16: The configuration in the y-plane for x = —1.18 — 2.7¢. Lines
correspond to cuts, dots to poles. Also this value of x corresponds to a branch
point of the overall expression.
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Figure 4.17: The complex conjugate situation of [4.16]

There are three 3d-movies concerning the obstructive structure and the
branch-point locations of the overall expression on the DVD enclosed to this
thesis, see Appendix [K] for a short description of the movies.

4.5.2 Numerical results: Decoupling propagator

The obstructive structure of the decoupling propagator fit we employed made
it quite hard to produce a robust result numerically. We succeeded in getting
smooth results, however, the branch point locations were very hard to resolve
and led to a bad numerical signature for smaller values of x. In Figures
14.18| and [4.19] we show the imaginary and real part of the F? correlator
using decoupling fits as input. All three branch cuts are clearly visible.
Despite the bad resolution of the branch points, which causes a small dip to
negative values of the discontinuity of the physical cut, the spectral density
corresponding to the physical cut is positive everywhere, see Figure [4.20]

4.5.3 Scaling propagator

In the infrared, a four dimensional fit to the scaling propagator is given by
[52]

2 1 P’ 2
90 = () (4.20)
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Figure 4.18: The imaginary part of the solution using a RGZ propagator
fit. There are two unphysical cuts, as well as a physical cut in the solution.
The branch point resolution is very bad, as the obstructive structure in the
complex y-plane gives rise to a very noise numerical signal.

Re(p?) [GeV?]

Figure 4.19: The real part of the solution using a RGZ propagator fit as
input.
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disc[O(p")]
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Figure 4.20: The discontinuity of the physical cut shown in Figure Due
to numerical issues, the discontinuity becomes negative in the beginning and
rises too early, that is, the branch cut is expected to open much later.

with £ = 0.595353 [103], 117]. Here we neglected the UV part of the
parametrization, as we are solely interested in the non-perturbative part of
the propagator. The absence of the UV tail is also an advantage from a
numerical point of view, as there is less structure to deal with. For the
parameters in the fit we took w = 2.5 and A = 0.51 GeV. The obstructive
structure arising in the complex y-plane can be avoided easily in the scaling
case, such that the numerics is well under control for that case. The expected
branch cut opening at 2 = 1.04 GeV? was nicely reproduced.

4.5.4 Numerical results: Scaling propagator

The results of the F? correlator using scaling propagators as an input are
shown in Figures and [4.22]

The discontinuity of the branch cut gives rise to a positive definite spectral
density, see Figure [4.23]

4.5.5 Conclusions

As a non-trivial application of the numerical technique developed in Ap-
pendix [F] and Section we studied the analytic structure of an operator
corresponding to the correlator of two Yang-Mills field strength squares in
four Euclidean dimensions at the Born level. FExpressing the operator in
terms of scalar gluonic input allowed us to investigate the analytic struc-
ture of this expression depending on the parametrization (fit) of the gluon
propagator. We studied parametrizations of the 'decoupling‘ and ’scaling’
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50

0
5y ImO(p)

Figure 4.21: The imaginary part of the I’ correlator with scaling propagators
as input. As expected, a branch cut opens at z = 1.04 GeV?.

-20
Re(O(p2))

Figure 4.22: The real part of the F'? correlator with scaling input.
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Figure 4.23: The discontinuity of the branch cut arising in the scaling case,
leading to a positive definite spectral density.

type. The former leads to an analytic structure that features two unphysical
branch cuts in addition to one that can be considered being physical, while
in the latter case only a physical branch cut remains. There are no poles
signaling the glueball mass, as we are operating solely at the Born level. In
both cases we used positivity violating gluon input, which spoils a probabilis-
tic interpretation and can be understood as an indication for the absence of
these two-point functions from the asymptotic state space. After convolving
the gluon input to calculate the F? correlator, we find physical cuts whose
discontinuities give rise to positive definite spectral densities in both cases.
The composite object respects positivity and is thus, at least by this simple
argument, not removed from the physical subspace. Note that for the decou-
pling fit, two additional unphysical branch cuts are present[r_UL Even though
one might argue that these unphysical contributions might be canceled once
higher order contributions are taken into account, it could still be interpreted
as a shortcoming of the proposed fit form employed for this propagator. This
statement is also supported by a recent study, where the analytic structure
of the gluon propagator has been calculated non-perturbatively by solving
the gluon DSE in the complex plane [54].

After a successful test (Section [4.2)) and application (Section [4.3) of our
method we are now ready to go one step further and extend the procedure
such that it is suitable for non-perturbative investigations.

10See [100] for how to cure this issue.
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Figure 4.24: The discretized complex external momentum plane close to the
origin.

4.6 The analytic structure of the quark propa-
gator

4.6.1 The numerical method

As in the perturbative case, we have to discretize the plane of external com-
plex momenta, which from now on will be referred to as the z-plane. In
the perturbative case it was sufficient to restrict the calculation to complex
momenta to the region of interest. For the DSE approach however, this does
not apply anymore. Here we have to choose a mapping from the complex
numbers to the discretized z-plane, C — X, in a way that allows for a high
resolution in the infrared, while the node density in the ultraviolet is less
important. A further constraint is, that the (discretized) real axis should be
a subset of the discretized x-plane, including the origin} In our setting, the
grid is constructed such that it features a Gauss-Legendre node distribution[]
in real and imaginary direction. Figure shows a closeup of the (loga-
rithmically mapped) density of the external complex momentum nodes close
to the origin. Note that the discretized real axis is a subset of the discrete
z-plane.

The overall structure of the grid is shown in Figure [4.25]

As we will use Gauss-Legendre quadrature integrators to perform the

1We solve the real-axis DSE in a separate computation and compare it against the
complex calculation. This provides at least some check for the numerics, as in the complex
study the real axis solution is computed as any other point in the complex plane, involving
the full machinery of deformations.

12Gee [90] for the Gauss-Chebyshev quadrature.
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Figure 4.25: The discretized plane of complex external momenta, see text for
explanation.

radial part of the integration, the grid features nodes corresponding to the
roots of the Legendre polynomials on the interval [0, A%], where ngl nodes
are used. The grid points are then remapped in a way to provide a better
resolution of the infrared region. After generating the nodes on the real axis,
the nodes are flipped and assigned to the negative real half axis. As we
want the grid to feature an even number of nodes along its two dimensions,
the grid ends one node below the cutoff at negative values. Then the same
procedure is applied to the imaginary axis, where again the negative half-axis
features one node less than the positive half axis. Thus we are left with a
matrix X € 4 (n xn,C), n = 2 ngl. This matrix provides the values of
where A and B are to be evaluated. Thus, the dressing functions A and B
are matrices in the same space, and the usual real-valued solutions A(x € R)
and B(z € R) are contained within them. An absolutely crucial ingredient of
the method is the way of interpolating the data. Here we perform a complex
bi-cubic spline interpolation, see Section of Appendix [J] for details on
our routine. Apart from the non-analytic points expected to show up in the
solution, A and B are smooth functions. Using bi-cubic spline interpolation
implements this information in our calculation. Test calculations showed
that the level of resolution increases tremendously by using bi-cubic splines.
With this technique we can deform the contours in the complex plane (and
thus also in the matrices A and B), using a very high resolution along the
radial integration contours.

The main problem in the non-perturbative case is, that the structure of
the integrand changes throughout the iteration steps. To account for that,
we start the iterations by guessing the deformation of the contours. Here
the experience with the perturbative integrals is very helpful, as it allowed
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us to gain some insight in the generic features of obstructive structures. A
standard deformation would thus be to start integrating into the direction
of arg (z), before closing the contour above (Quadrant I and II) or below
(Quadrant IIT and IV). The occurrence of complex conjugate poles at some
values xy ,(Zp), can then be read off from the solution, as their position is
indicated by numerical noise starting at angles equal or larger than arg(z).
Additionally we take ’snapshots‘ of the y-plane every couple of iterations to
check on the dynamically generated obstructive structures, re-adjusting the
contours if necessary.

4.6.2 The truncated quark DSE

The ansatz for the inverse quark propagator is

ST (p) = —ip A(p®) + B (p°) (4.21)
and the quark propagator becomes

ip A(p®) + B (p?)
p*A%(p*) + B (p*)

S (p) (4.22)

The bare inverse quark propagator is
St (0°) = Za (=ip + Zmma) , (4.23)

and the free Landau gauge gluon propagator reads

v NS
D}Lree (p) = p_2 <5M - p2 ) (424)

The rainbow truncated quark propagator DSE is then given by

Stp) = S (p)+ZlF92]\§N;1/(;lﬂC§4 (Z ((p—q)°)

x (p—q)* D, (p— ) v"S (9)7"] . (4.25)

where we already dealt with the color space, and Z is the gluon dressing
function. In order to solve the equation numerically, we have to isolate the
quark propagator dressing functions A and B. As before, we apply ({3.27))

and (3.28) to both sides of equation (4.25). The traces are taken in Dirac
space. The decoupled equations are then
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2Ne

3B(q*) }
*A*(¢?) + B*(¢?)
In order to get rid of the renormalization constants Zsand Z,, we demand
that the dressing functions A and B become one and my at the renormal-
ization point respectively. They can be subtracted in a straight forward way
by employing a momentum subtraction (MOM) renormalization scheme, see
Section [3.4l The functions A and B on the real axis serve as a check for
the subsequent complex evaluation of the equations, where the real axis is a
subset of the external grid and is treated in the same, more general way as
all other complex values of the external momentum. In particular, a differ-
ent integration grid is employed, as the integration contour is deformed in
several steps and the integration boundaries are mapped to 0 and 1 respec-
tively. Taking the quark-gluon vertex in the self-energy as a bare quantity
alone is not sufficient to generate dynamical mass in the propagator. The
Maris-Tandy [126] interaction we used in the beginning of this study,

2y — Ziwg* N —1 [ d'q | Z((p—q)°)
A(p) = Zy p?2  2No /(2@4 (p_q)g
A(g?) o2
X mag) + g (T (4.26)
+p.q (P* + %)) + 2p.q)]
B(p?) = ZoZwmo+ Zirg? Ng 1 / (d4q Z((p—q)°)

2m)t | (p—q)?

(4.27)

Z Ar? K2
ZlF gzﬁ = FD]CQG w2 (428)
12
472 5320y ~F (k?),
1 2 _ _k2
3 10 {e ”(”Azw)}

with
1 B2
F () = ﬁ(l—e 4%)., (4.29)

with parameters Ny = 4, Agg;l = 0.234 GeV, w = 0.3 GeV, D = 1.25
GeV? and m; = 0.5 GeV, turned out to be a rather complicated case to
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start with. Thus we switched back to taking the vertex just bare, multiplied
by some arbitrary constant to generate mass. One could also use a 1 BC
constructionﬁ, which we have on the agenda. However, in order to learn
how to deal with the non-perturbative case, a constant times the tree-level
structure is a reasonable setting.

4.6.3 Computational strategy

By now, we have fully developed the numerical framework to study the non-
perturbative case with our method. The code is designed to run on hybrid
clusters with CPUs and GPUs and features a coarse and a fine grained level
of parallelization.

e (Coarse grained parallelization: The strategy is to use as many Message
Passing Interface (MPI) threads as GPUs are available on the cluster.
Each MPI thread is assigned to a subset of the set of complex numbers
contained in X € # (n xn,C), n =2 ngl. Each MPI thread claims
one GPU that performs the fine grained parallelization.

e Fine grained parallelization: Each GPU operates on the subset of points
contained in the partition that has been assigned to a particular MPI
thread using CUDA Fortran [128]. Within this subset, each thread
evaluates the DSE at a particular point, using an appropriate con-
tour deformation. Once the results of all points are available they are
broadcasted over the cluster using MPI. This step corresponds to one
iteration of the system.

4.6.4 Conclusions

This project is still work in progress at the time of writing this thesis. How-
ever, we successfully constructed the whole numerical framework needed for
this study and reduced the problem to a truncation that is suitable to refine
and adjust our numerical procedure. We have found a promising strategy
of how to cope with the dynamically generated obstructive structures in the
complex plane of the radial integration variable, which is the main issue that
has to be dealt with in such calculations.

1315 term of the Ball-Chiu vertex construction, [127].



Chapter 5

Color superconductivity in flavor
asymmetric quark matter

5.1 Introduction

In the QCD phase diagram Figure is a region marked as 'neutron stars’,
which is situated at the cold and intermediately dense regimeﬂ. This chapter
is dedicated to study this region. Contrary to asymptotically high densities,
where the coupling of QCD becomes weak, the intermediately dense regime
features a strong coupling that does not allow for perturbative expansions.
The phase structure in this regime can be explored employing Nambu—Jona-
Lasinio (NJL) based approaches [129] 130}, T31], 132], but there are also studies
of this regime based on Dyson-Schwinger equations availablﬂ see e.g. [130],
137, 138, 139, 140, 141]. Our focus lies on color superconducting phases that
might arise in this scenario, [142} [143] 144 145, 132, 146, 147]. In particular,
we are interested in the scenario where the chemical potential of the two
species forming a Cooper pair are different—the case of asymmetric matter. It
is convenient to introduce a common chemical potential i = %(,ul + p2) and a
parameter for the separation of the Fermi spheres ou = % (1 — p2), p1 > po,
such that the individual chemical potentials can be written as ji1 0 = 1+ 0p.
This situation is a more realistic scenario than a system featuring a common
chemical potential for all species and arises in a broad variety of systems,
ranging from ultra-cold atoms to quark matter [148]. In the latter case,
the asymmetry is induced by the strange quark mass and the requirement
of beta equilibrium and charge neutrality as demanded for quark matter in
a neutron star [149]. At vanishing separation, the Fermi seas coincide and

1See [22] for an introduction to dense matter in compact stars.
2For Dyson-Schwinger studies at lower densities see e.g. [133, 134} [135].

73
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standard Bardeen-Cooper-Schrieffer (BCS) [I50] pairing can occur. There,
the constituents of the pair are arranged at antipodal points on the Fermi
sphere, such that the pair has a vanishing net momentum. While in the
original context of BCS the attractive interaction is phonon-mediated, in
QCD one finds an attractive channel in the anti-symmetric anti—tripletlf] 34
[142]. As the separation of the Fermi spheres grows large, the benefit from
Cooper pair formation decreases. This is due to the fact that one can put a
quark of the first species at its Fermi surface at zero costs in free energy, while
one has to 'pay‘ the difference in free energy to bring the second constituent
of the Cooper pair up to the position where it features a momentum that
is equal in modulus but opposite in direction to the momentum of the first
constituent. At some point the gain in energy due to condensation does not
compensate the costs of pair formation and the ground state of the system
goes from the BCS-like state back to the normal (unpaired) state. This
transition has been predicted to be of first order [I511 [152] by Chandrasekhar
and Clogston. In the vicinity of the phase transition — the Chandrasekhar-
Clogston limit (CCL)— however, the true ground state of the system might
correspond to neither of these two possibilities, but to an inhomogeneous
phasd]

A first study concerning the physics of quark matter in this regime has
been performed in [149]. They investigated the LOFF| phase [154, [I55] in
the context of quark matter. The LOFF phase, named after Larkin, Ovchin-
nikov, Fulde and Ferrell, is a particular type of an inhomogeneous phase that
features a crystalline condensate. A LOFF-like phase for quark matter in a
neutron star might provide an explanation of glitch phenomenaﬁ of neutron
stars through the pinning of rotational vortices in the rigid structure of the
crystalline condensate [143] 149, [146].

While the LOFF phase breaks rotational and translational invariance,
another inhomogeneous phase has been proposed that breaks rotational, but
maintains translational invariance, the Deformed Fermi Surface (DFS) phase,
see [159, (160, 161, [162]. This sets the stage of our investigation[} This
Chapter is organized as follows. In Section[5.2]we review the DFS phase in the

33®3 = 3, ®6, where the symmetric sextet channel features a (much weaker) induced
pairing, see e.g. [146] and references therein.

“Here and in what follows we are interested in di-quark condensation only. However,
one can also study chiral condensation in asymmetric systems, see [I53] for a nice review
on the subject.

®Sometimes also called FFLO phase in the literature (pronounce ['fafolou]).

6A glitch is a sudden increase in the rotational frequency of a radio pulsar, see e.g.
[156], 157, [158].

I am very grateful to Mark Alford and Kai Schwenzer for introducing me to this
exciting field of physics.
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5.2. THE DEFORMED FERMI SURFACE PHASE 1)

context of strongly interacting quark matter. In Section we introduce the
idea of four-fermion condensation in the context of quark matter with large
flavor asymmetry, using exact renormalization group equations (ERGEs) to
study a SU (2); x SU (2),, toy model.

5.2 The Deformed Fermi Surface phase

The idea behind the Deformed Fermi Surface (DFS) phase [159} 160, 161, [162]
is, that the system spontaneously chooses a direction along which it breaks
rotational invariance by deforming the Fermi spheres. Starting from the
spherical case, the Fermi surfaces of the fermionic species (e.g. up and down
quarks) are deformed to an ellipsoidal shape such that the Fermi surfaces are
close to each other in a certain region. This is achieved by deforming one
Fermi sphere to an oblate, the other sphere to a prolate form, see Figures
and . Following the procedure as described in [I59], the chemical
potentials 17—, 4 are deformed according to the prescription

iy = fiy (1+ (es £ ea)sin® V), (5.1)

where the upper sign goes with u and the lower sine with the d quarksﬂ
Equation (5.1]) corresponds to an expansion of the spherical Fermi sea in
Legendre polynomials, where only the 0°* and the 2"¢ order polynomial have
been taken into account,

- 1
iy = E priPr(cosv) = o + K125 (3cos®¥ — 1), (5.2)
1=0

and where we defined

_ 1
Hf = Hfo — §Mf,2 (5-3)
and
3 u
esia =] (% + ‘;i) . (5.4)

In Appendix[H| we show that these definitions lead to consistent equations.
We furthermore detail the calculation in this and in the following section.

8Note that in [I59] a cosine appears instead of the sine given in equation (5.1). Also
they used the opposite sign convention for up and down quarks, which is why we give a
redefinition of £5/4 below.
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Figure 5.1: The larger d-quark and the smaller up-quark Fermi surfaces prior
to deformation.

Figure 5.2: Deforming by means of equation (5.1)) brings the Fermi surfaces
close to each other in a certain region. Note that only proper normalization
ensures conservation of the particle densities.
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Note that the Fermi surfaces are not really deformed, but their shape
is modified by removing and adding particles. There are four parameters
controlling the process, fi,, 115, €s and £4. In [I60], the authors present a
comparison of the LOFF phase and the DFS phase for isospin asymmetric
nuclear matter. Letting LOFF and DFS compete with each other they find
LOFF to correspond to a local minimum, while the state with the lowest free
energy is DFS-like. This raises the question whether the state with lowest
free energy is LOFF or DFS-like in flavor asymmetric quark matter around
the Chandrasekhar—Clogston limit.

5.2.1 Estimate of the DF'S free energy

In this Section we provide a very crude estimate of the free energy of a DFS
state in flavor asymmetric quark matter. In a full-fledged calculation the
system would adjust its deformation in a self-consistent way, however, here
we assume that there is an optimal deformation parameter that provides the
biggest gain in pairing at a minimum of deformation costd’] The aim is, to
provide a parametric expression for the difference in free energy between the
DFS state and the unpaired state in terms of the quantities of the average
chemical potential, the gap and the separation of the Fermi surfaces. Equa-
tion (84) in [143] provides such an expression for the 2-flavor superconducting
(2SC) phase. It is convenient to switch to an ellipsoidal coordinate system
that suits this particular type of deformation,

p(sindd) sin v cos ¢
s (sind) sin ¥ sin ¢ (5.5)
pr(sind) cos v

=y
I

fiy (14 (es £ e4)sin®d) sind cos
= iy (1+ (s £ea)sin®d) sindsing |,
fiy (14 (es £ea)sin® ) cos ¥

where ¥ and ¢ are the usual spherical angles. Treating the u and d quarks
as massless, the Jacobian can be written as

det (J), = ék; (2+ (e5 + £4) (5.6)

X —(eg & 4) cos 20)° sin 0

= k7 (14 (eg £ ea)sin’ 19)3 sin .

9This is of course a very rough estimate, but we are only interested in how the free
energy of the system scales parametrically.
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As in [I61], we will not establish beta equilibrium or charge neutrality,
but we will proceed in such a way that the baryon density is kept constant
throughout the deformation process. In order to do this, we need the particle
number density of the ellipsoidal Fermi seas. We thus have

3
ny = C/V ks (5.7)

(2m)3
C /kpﬂf /v7r
= dk d?
(2m)3 Jo d 0
2

X / dok? (1 + (e £ £4) sin? 19)3 sin ¥,
0

with C' a general factor dealing with degeneracy (spin degree of freedom).
Solving this expression (see Apendix , we find

C k3
ny = 67T§f (14 2(cs +e4) (5.8)
8 16
+g(€s +e4)+ %(55 +e4)°|.

This result can be used to readjust the deformation such that the particle
density is preserved. The normalized parameter kg ¢ (and fif in equation ({5.1))
respectively) depends on the momentum k;plj} of the undeformed spherical
case,

3
Am (k}?h') 47t k3 8
T’f L 3F’f |:1 +2(egtea)+ 5(55 + 5A)2 (5.9)
16 :
+£<€S + EA)5:|

s 8
= kry Iklf;}' [1+2(85i8A)+5(85i8,4)2

16 -1/3
e ieA)B] | (5.10)

Now we have to evaluate the energy integrals for the deformed case. The
calculation is again presented in Appendix [H| and yields the deformation
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‘costs’ in terms of the energy density wu,
C ki, 8 48 )
Udeform = 87‘(‘2 |:1+§(€S+EA)+1—5(€S+€A)
64 5 128 4
— — A1
+35(€5+6A) -}-315(654—8,4)} (5.11)
4
c (k)
~ 8n?
C k%, 8 48
> 1 e o - o 2
+ ) { +3(€S £a) + 15(65 £4)

64 128
—F%(ES — 8,4)3 + —(65 — €A)4}

315
C (k;g’j-f

872

In this rough estimate we are only interested in an asymmetric deforma-
tion, i.e. £, = 0. Therefore an optimal €4 can be determined which provides
the best overlap of the two Fermi surfaces. For simplicity, the optimal choice
of €4 is obtained by demanding that the Fermi surfaces acquire the same
value at a fixed inclination angle ¢ = 7. The optimal asymmetric deforma-

tion is then given by

¢ ! ¢
kra (1+eX") = kpa(1-cY)
=
k:Fu k:Fu t t
) + ) 601) — 1 _ 6017
kra  kpa * 4
_ kF,u
opt kF,d
€A - A
F,u
L+ kr,q
8opt o kF,d - kF,u
A = —
kpa+ kry
1
opt 2 (:ud - :u’u) _ 6:“
gA pr - = .

% (,ud + Mu) 2

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)

In order to establish a consistent choice of the parameters Elo,ft and the

properly normalized kg s, the system of equations (5.10) and ([5.15) has to

be solved in a closed form. This can be done numerically, however, as we
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are interested in leading order effects only we will look into this matter ana-
lytically ﬁrs The system has to be treated in a closed form, because E?ft
depends on the properly normalized momenta kf ;, and the properly normal-
ized momenta kp y depend on the optimal deformation parameter, gzpt. Thus
we have to look at the condition for the optimal epsilon eq. again and
modify it by inserting the properly normalized kg eq. (5.10). We find an
optimal %" of

5
e~ 38 (5.17)

see Appendix [H] for the derivation. We assume that within a certain
region of the deformed Fermi surfaces, BCS pairing is possible E First, we
consider shells of width 2A centered around each deformed Fermi surface,
where A &~ O(dpu). The pairing region is then given by the overlap of the
shells of the two Fermi seas, see Figure [5.3] for an explanation.

The resulting region where pairing is considered to occur is depicted in
Figure [5.4

The pairing region consists of two disjoint parts, one for hole-hole pairing
below the up Fermi surface, and one for particle-particle pairing above the
down Fermi surface. The regions are obtained by demanding that a point
belonging to the region is either below/above the up/down Fermi surface,
as well as within one A of the down/up Fermi surface. The regions can be
parametrized as follows. Each region has two different ¥-dependent bound-
aries for the radii 7;;, where the first index ¢ denotes whether the radius
belongs to surface one or two, while the second index j labels the radius as
inner or outer radius of that region. The radii are

= fa(l—easin®d) — A, (5.18)
re = fu (14easin®d), (5.19)
ro1 = [l4 (1 — e sin? 19) , (5.20)
roo = fu (14 easin®d) + A (5.21)

The first boundary value for the angle ¥;; (where the first index again
labels the surface while the second index labels the upper or lower value of
the angle) are then obtained by solving

10Tn a numerical check we found agreement with our leading order result.

11 Again we stress that the whole estimate is based on assuming a particular form of the
optimal deformation parameter. Nevertheless our approach should be capable of capturing
the parametrical behavior on a qualitative level.
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Figure 5.3: A part of the pairing region. To obtain this picture, we sliced the
Fermi surfaces along the z and y axis and zoomed in to the region where the
shells overlap. The dashed line is the Fermi surface of the up quarks, the thick
solid line corresponds to the Fermi surface of the down quarks. Each surface
serves as the center of a shell of width 2A. The region where BCS pairing is
possible is the green area, which is the set of all points which are below the up
Fermi surface but still within one A from the down Fermi surface, as well as
the set of all points which are above the down Fermi surface and still within
one A from the up Fermi surface. For this plot we used the following values
for the undeformed Fermi seas: puq = 1, p, = 0.95, du=0.025, A=0.025.
The radii of the deformed Fermi surfaces, as well as the optimal asymmetric
deformation parameter € 4 have been determined numerically and are in good
agreement with the leading order calculation derived in the main text.

Figure 5.4: The three-dimensional region where pairing is considered to oc-
cur. The pairing region consists of the inner part (solid) and the outer part
(opaque), which are disjoint. The structure of the pairing region is quite
complicated. A section through the geometrical region is shown in Figure
For the calculation of the region we used the same parameters as in

Figure 5.3
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!

fig (1 —easin®d1) — A = [, (1 +easin®dyy) (5.22)
=
/ld — A — /Eu = (ﬂu -+ ﬂd) €A Siﬂ2 1911 (523)
=
S = arcsin |4 fu—2 (5.24)
(Mu + Md) €A

. [op— %
= arcsin —=,
€Al

The second boundary, 9,2, follows immediately by symmetry, i.e.,
1912 =T — 1911. (525)

Analogously we get for the first boundary value of the second surface

!

fig (1 —easin®Va) = [y (L4+easin®dar) + A (5.26)
=
fg — flu — A = (fiy + jig) €4 5i0% ¥oy (5.27)
=
AL
Y91 = arcsin Ha= 2~ Mu (5.28)
(fiu + [ia) €4
. [op—3
= arcsin —=
gald
as well as
’1922 =TT — ’1921. (529)

The boundary angles are the same, so we can drop the region index for
the angle,

|

S —
Eaft
192 = 7T—191. (531)

, (5.30)

¥, = arcsin
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Figure 5.5: A section of the pairing regions we consider for our estimate.
We assume that in the regions only either hole-hole pairing (lower region) or
particle-particle pairing (upper region) is possible.

The cross section of the regions where both, hole-hole pairing and particle-
particle pairing are possible are shown in Figure [5.5] This regions have to be
integrated in order to estimate the gain due to Cooper pair condensation.

Assuming that pairing is possible in a shell of thickness 2A around the
Fermi surface, we take a look at the standard BCS situation where the Fermi
surfaces of the two species are level with each other. We thus have to integrate
over the pairing regions, which we did by using Mathematica. We find that
to leading order the benefit due to pairing in the DF'S case is given by

/ AdA ~C —\f 2A(SM/4+—
pairing region

which is parametrically of the same order as equation (84) in [143].

this simple approximation one cannot find a parametrical suppression of thls
phasd as compared to otherd™]

5.2.2 The stability of the DFS phase

In this section we provide a numerical stability check of the deformed phase.
To this end we investigate the possibility of flavor-changing and non-flavor
changing scattering processes numerically, taking energy and momentum con-
servation into account. We consider the following particular processes,

( ) = (kp+A)+ (kg +A), (5.32)
(K% — A)+ (K% — A) — (k% +A) + (k% + A), (5.33)
(kE = A) + (kg —A) = (kE+A) + (kF + A), (5.34)
(kg — A+ (kF —A) = (kE+A) + (kE+A). (5.35)

12First calculations of this kind with weak equilibrium and charge neutrality taken into
account suggest that the overall behavior remains unchanged.

13We also investigated the breached-pairing phase [I48] in a similar manner and found
roughly the same parametrical behavior.
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Hereby we make the simplified but conservative assumption that all species
are gapped with A over their whole respective Fermi surfaces, thus these
regions are not accessible for scattering processeﬂ. We are looking for scat-
tering processes where two filled particle states undergoing this process, both
taken one A below their respective Fermi surfaces, scatter into two empty
states just one A above their respective Fermi surface. States of width 2A
around each Fermi surface are assumed to be blocked due to pairing. We find
that all processes — can occur in this setting. This means that
momenta can not only be exchanged by different species, but also among a
single species. Examples of such processes are depicted in Figures [5.6 [5.7]
£.8 and (.9

From this very simplistic calculation we conclude that there are scattering
processes that are out of detailed balance, as it is possible to scatter particles
(even within one species) across the Fermi surfaces in the presence of the gap.
In particular one can scatter into regions where no particles are present, as
the system is not isotropic. Processes of that type cannot occur in reversed
order, so they are leading to a violation of detailed balance. We conclude that
due to this processes the system has the ability to re-arrange itself, and we
deduce that the proposed ellipsoidal deformed surfaces will become unstable
due to this freedom of re-arrangement. Then it is a natural question to ask
where the system is driven to, but this is very hard to answer without having
a numerical framework that computes the free energy of the deformed system
while allowing for (arbitrary) deformations due to the scattering processes
- . However, providing at least an educated guess one might
anticipate that the system acquires a form similar to the breached pairing
(or interior gap binding) [148], [163] scenario, if not running into the LOFF
or unpaired state.

5.2.3 Conclusions

We derived an estimate for the gain in free energy for the DFS phase by
comparing the deformation costs in free energy with the pairing benefit due
to some (assumed) pairing region. From this crude approximation one cannot
draw a conclusion that shows whether DF'S or 2SC is favored, as the net gain
in free energy in both cases is parametrically of the same order. We then
addressed the stability of the DFS phase by looking for momentum and
energy preserving scattering processes that allow for a re-arrangement of the

14This assumption is very exaggerated, but also very generous in the sense that we
consider a much larger region around the Fermi surfaces to be blocked than it would be
the case for the real DFS state. This provides additional ’stability‘, as it is not possible
to scatter into this region.
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PARAMETER LIST
p—down spherical 1

p—up spherical 0.95

p—down normalized 1.0531

p—up normalized 0.903501

strange mass 0.25

gap parameter A 0.025
Spnormalized 0.0747994
pnormalized 0.978301

goptimal 0.0764585
CONSISTENCY CHECK
energy balance 0.

momentum x—comp balance —4.16334x1071°

momentum y—comp balance | -5.55112x107""

Figure 5.6: This plot shows a (numerical) solution of a flavor-changing scat-
tering process, , that gives rise to an instability of the ellipsoidal Fermi
surfaces (see text). The outer solid line is the Fermi surface of the down
quarks, the inner solid line the one of the up quarks. The dashed lines within
the respective Fermi surfaces mark the depth of one A. Note that the Fermi
surface of the strange quarks almost coincides with the one-A depth mark of
the down Fermi surface. Starting form the 12-o’-clock position going clock
wise, the dots mark the in-going down quark one A below its Fermi surface,
the outgoing strange quark one A above its Fermi surface, the ingoing up
quark one A below its Fermi surface, as well as the outgoing up quark one A
above its Fermi surface. Ingoing particles are marked blue, outgoing particles
are marked green, to provide some guidance for the eye. The parameters of
this particular calculation are summarized in the table on the right.
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u+u->u-+u

CONSISTENCY CHECK
energy balance 0.

momentum x—comp balance | -6.93889x 107"
momentum y—comp balance 0.

Figure 5.7: This plot shows a (numerical) solution of the scattering process
eq. (5.33)).

d+d->d+d

CONSISTENCY CHECK
energy balance -4.44089x1071°

momentum x—comp balance —2.08167x107%®

momentum y—comp balance | -2.22045x107°

Figure 5.8: This plot shows a (numerical) solution of the scattering process
eq. ((9.34).
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u+d->u+d

CONSISTENCY CHECK
energy balance 0.

momentum x—comp balance | 6.38378x107°

momentum y—comp balance | 1.11022x107%®

Figure 5.9: This plot shows a (numerical) solution of the scattering process
eq. (5.35)).

Fermi surfaces even in the presence of a gap. We found that such processes
can indeed occur and conclude that the phase featuring ellipsoidal Fermi
surfaces seems to be unstable.

5.3 Cooper Quartetting

When considering Cooper pair formation from a renormalization group point
of view (see e.g. [164], [165, [166]), one finds that the operator corresponding
to the two-fermion condensate is a marginal operator due to the kinematic
restriction of the Cooper pair constituents having momenta which are equal
in modulus and opposite in direction. Its coupling grows strong once the
relevant scale — the distance to the Fermi surface — is driven towards zero.
This corresponds to the picture of Cooper pairing formulated in the elegant
language of the renormalization group. As we are considering systems of
asymmetric quark matter here, the kinematical requirement directly affects
the possibility of pair formation, as in a system with differing chemical poten-
tials our original argument of costs and gain through pairing as presented in
Section [5.1] applies. There are at least two possible ways out of this dilemma.
On the one hand, one can give up on the idea of translational invariance by
allowing the Cooper pairs to carry some net momentum (LOFF-phase). On
the other hand, however, one can loosen the kinematic restriction by taking
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two more fermions, considering quartetting rather than pairinglﬂ. There are
many ways to arrange four momenta around the Fermi spheres such that the
overall momentum vanishes, even if the difference of the Fermi surfaces is
large. This is the idea of Cooper quartettinglﬂ for strongly coupled quark
matter we investigate further in this chapter!’}

Clearly, the operator corresponding to a four fermion condensate is ir-
relevant, and no kinematical constraint will render it marginal. In a weakly
coupled system we thus do not expect the four fermion condensate to play
any role. However, dealing with QCD in a strongly coupled regime with
two-particle condensation being suppressed opens the possibility that the
four-fermion condensate might become a viable candidate. In the following
we present this idea in more detail and investigate this possibility in a toy
model.

5.3.1 A toy model

Our strategy is to use a spin—% toy model with two flavors. Taking SU (2), x
SU (2) s as a toy model with a very particular eight-fermion interaction that
allows for bosonization through sequentially performed Hubbard-Stratonovich
transformations. Taking gauge interactions into account complicates the
search for a viable condensatﬂ considerably, so we are after a proof-of-
principle calculation in this first exploratory study. The Lagrangian of our
toy model is given by

o 045
L = U4 (B — (1 +Suos) vt +m) (5.36)
o aBys Te Tnenflt 70 T
—ou (V5UR TR0 ) (DspTEl e bt
where greek indices label spin and latin indices label flavor. The tensor
TX@VC&D represents the four fermion interaction in our model and is given by

afByd . roos t u
Typep = ErstuCaaCBBCC~CDS- (5.37)

The quantities c’;,, are tensor products of unit vectors in spin- and flavor-
space, responsible for arranging the fermions in such a way that the overall

15Tn principle one could also consider three quarks, however, we are interested in the
spin singlet case only.

16T am grateful to Mark Alford for suggesting this possibility.

17For a study of four fermion condensation in the context of homogeneous nuclear matter
see [167].

18] want to thank Krishna Rajagopal for suggesting candidates for more realistic con-
densates.
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wave function of the condensate is totally antisymmetric with respect to
its indices, and &,4, is the 4-dimensional Levi-Civita tensor. Having the
Lagrangian (5.36)) at hand we will proceed by bosonizing the theory in two
steps.

5.3.2 Bosonization of the toy model

With the first Hubbard-Stratonovich transformation we identify

exp {/d4$ 91 (Vi Tijrahiihn) (IﬁmlﬁnTJlnopl/_}O&P)}
/@ exp{ /da: “|H]2} (5.38)
X exp {—/d4xg—45*¢i¢jﬂjkl¢k¢l}

X exp {— / 4$g—4:¢m¢n mnopwowp}

Up to this point, the path integral becomes

[-fes

xexp{—/d‘*x%w} (5.39)
-/
{

Y
X exp —/d4$%5¢m¢nT$nop&O&P} :

Now we have to bosonize once more. In order to do so, the exponents of
the exponentials have to be written in a bi-linear form with a real symmetric
non-singular matrix connecting the fields, otherwise the integral would not
be of the Gaussian type. In Appendix [[] we show that the four fermion
interaction terms of equation can indeed be brought to the desired
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form. We can thus proceed by writing

2

2
x /@[@] exp{—/d%%@i]ﬂjm@kl}

y
X exp {/ d%%v E*Tijkz@ijwsz} ;

exp {/d% @ <@>2¢i¢jﬂjkz¢k¢l} (5.40)

where the couplings are related by

(5.41)

In equation we used the freedom to choose the relative sign in the
binomial of the completed square of the Gaussian integral in order to produce
a real-valued Yukawa coupling. Note further, that the fields ©;; are bosonic
tensor fields with spinor indices. They do not carry baryon number and obey
Fermi statistics, so they are ghost-like. Treating also the last term, we find

2

m2 .
X /@[@] exp{—/d‘le@@iji@kl kl}

Y

exp {/d4a: @ (@)2 wmwnTranopwowp} (5.42)

where the same relation for the coupling holds. The path integral of our
theory after full bosonization becomes
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7 = / 9 [0) 2 [0) 2 5] 2 (O] (5.43)

exp {—/d4$ (gfree)}
2
X exp{—/d4x%|512}
2
m2
X exp {—/d4$T®@ijﬂjkl@kl}
Y
X exp {/d‘lxg?@v E*Tijkz@iﬂbk@bz}
ma .
98 o
X exp {/d4x7e\/§T£kl@?j¢k¢z} :

5.3.3 Towards the solution

Our intention is to study the possibility of the four-fermion condensation
discussed above in the framework of exact renormalization group equations.
Taking the bosonized theory as a starting point, we write down an
action that is appropriate for our study,

o aﬁ
S = /d4m <¢A (@ — (n+ opos)y* +m), A (5.44)
1 1
+= (10,21 + 5 (19.0])
2 2
2
m a a3y0 9
"‘TGGA%TA?CD@Z*D
gg [ relnf ¢ 0
Ty :*TEI?GHGEFwZ‘wH
96 T T
— I VETINGpONIN GV
U (12]) + 575, [E10705, +me 1OF)
It turned out to be sufficient to treat the © fields as real-valued. We

furthermore add a term for the potential of the four-fermion condensate,
as well as a vertex between two O-fields and a = field. These terms are
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allowed by symmetry and can be generated by the dynamics. They have to
be included to allow for a formation of a four fermion condensate. The flow
equation reads

8 . 1 (2) -1 (9
%Fk [¢] = §Tr { [Fk [¢] + Rk] %Rk} ’ (5.45)
with the regulators [69, [70]
B () = 2, (K — ) © (K — &) (5.46)

and

Rl (¢%) = ¢ <\/§ —~ 1) e (k* - ¢%) (5.47)

for bosons and fermions respectively. Note that this system cannot be
solved in a mean-field like approximation, as the two-fermion condensate does
not acquire a non-zero expectation value in the regime we are interested in.
In order to derive the flow equations we have to calculate

19 )
[r,?) [¢]+Rk] R = MR, (5.48)

where I’f) is the second functional derivative with respect to the various
fields. This yields a Hessian of the form

v Y Z B 0
@00000
e ¢ 0 0O O

A~ Loe s )0 (5.49)
= 0 0 e e e
O 0 0 o e e

where the e stands for the non-vanishing entries to be derived below. In our
truncation we thus exclude mixing among fermionic and bosonic fields, so
they decouple and can be treated separately. Furthermore it turned out
throughout the calculation that a v/Z -term always goes along with a
VZ*-term to form a modulus of Z, so we can also treat the Z-field as
real-valued. The Hessian thus reduces to
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Y Y = O
1@ e o (0 O
H ~ p e e 0 0 (5.50)
= 0 0 o e
© 0 0 o o
The fermionic block, for example, becomes
528
M = —, 5.51
N o
529
M = —, 5.52
W = Somaig .
528
M = — 5.53
52S
M = —. 5.94

We are interested in the fermionic contribution to the coupling of the
O-0O-Z= vertex, so let me briefly outline the procedure. In order to obtain the
contribution, we have to perform functional derivatives with respect to ©, ©
and =, where we put all vacuum expectation values except the one for = to
zero in the end. Let us consider the derivative (;]gég first. The highest order
of © appearing in M ~! is one, thus the second derivative with respect to ©

vanishes, such that we are left with

62M

_ = (5.55)
RISISRICIA

o [ OM N e
500 5037

Lo [(OMO) e (M M,
50 BICH

where we have exploited the fact that the derivative acting on the unit
matrix vanishes to reshuffle the derivatives acting on an inverse matrix to
act on non-inverted matrices only. The plan now is the following: first, we
have to perform the derivatives as denoted in , then we will multiply
the result with the field-independent off-diagonal regulator matrix R. The
derivative with respect to = will be performed afterwards. As we evaluate the
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expression at vanishing vacuum expectation values (except the one for
Z), the matrix M ! acquires an off-diagonal structure. This is because the ©
fields in the diagonal entries are set to 0, and only the (regulated) propagator
terms in the off-diagonal entries remain. The matrices fs—jg acquire a diagonal
form, as we will discuss now. The entries of the matrix M are of the form

_ A st
M = ( s B ), (5.56)

which, upon matrix inversion turns into

B —S7!
-1 1 1
M = AB-5718;1 ( -S;t A ) ’ (5.57)
= vev O = 0‘

B 0 S,
- S 0 )

where the S; correspond to the propagators. These terms are the only
terms that survive, because the expressions for A and B contain one instance
of © each, which we put to 0 as we evaluate the expression at its vacuum
expectation value. Once the derivatives on M are performed, the off-diagonal
structures of M equation vanish, as they contain the propagator terms
with no field content that might be hit by the derivatives. The overall struc-
ture is thus given by the matrix product
6?M!
5000

- 0 SQ D1 0 0 SZ
N S0 )LV 0 E)\US 0 )7
Dy 0 0 S
N0 Ey )OS 0
+ 0 SQ D2 0 0 SZ
S0 )L 0 Ey )"\ S O
Dy 0 0 S
‘N0 B J\US 0

0 SQElSlDQSQ
S1D15:E15, 0

+ 0 SQEQSlDlSQ
S1D2S5:E15, 0

(5.58)
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%% O%r

Up

Figure 5.10: A sketch of the fermion loop that contributes to the coupling
of two O-fields to the =-field. This is just a sketch of the actual diagram,
as in the derivation the square roots of = and =* always go along to form a
modulus of =.

Hereby, S, D and E are the propagator as well as the functional derivative
with respect to © on the upper and lower non-vanishing matrix entry re-
spectively, the indices 1 and 2 refer to it being the derivative with respect to
the first or the second O field in the term in the first line of equation ([5.58]).
We will perform the derivative with respect to = later. As a next step, we
multiply the result of with the off-diagonal regulator matrix R, which
also has an additional sign because of the derivative,

MY\ 0

B 0 $183D1 Es 0 &R
— \SiSDyE 0 "\ ZR 0
. gR 81322D1E2 0
~ Ok 0 S3SDyEy )

In order to obtain the flow equation one has to take the trace over all
spaces, as well as the Matsubara sum, as we are working at non-vanishing
temperature. From the fermionic block, we can thus derive a flow equation
for the couplings gfféL by derivatives with respect to ©, ©® and Z. This
contribution is driven by a fermionic loop, see Figure for a sketch.

Furthermore, we need a flow equation for the potential of =, which receives
contributions from the bosonic block only. The separately obtained equation
for the coupling can then be plugged into the flow equation for the potential.
We performed some preliminary calculations of the potential of =, which
indicate that condensation can indeed occur. The results are however too

preliminary to be presented in this thesis.
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5.3.4 Conclusions

In this study we investigate the possibility of four-fermion condensation in
strongly coupled asymmetric matter. In our toy model we consider two
flavors with spin. As a first step, we successfully bosonized the system. This
step already turned out to be non-trivial, as we had to bring the four-fermion
interactions arising from the first Hubbard-Stratonovich transformation to a
form that allows for an application of further bosonization steps. We then
provided a setting that is suitable for a treatment within the framework of
renormalization group equations and presented a way of how the system can
be solved.



Chapter 6

Conclusions and Outlook

The main subject of this thesis was to provide a full solution of the coupled
system of the quark-gluon vertex and the quark propagator Dyson-Schwinger
equation in the Landau gauge. We found a stable solution of the fully back-
coupled system and compared the results of two independently implemented
calculations. We have found perfect qualitative agreement in the behavior
of all dressing functions. A subsequent qualitative analysis of the impor-
tance of the various tensor structures used to span the vertex revealed that
two tensor structures can be neglected with almost no effect on the results.
Another tensor structure can be removed while maintaining still good agree-
ment with the full solution. The reduction of necessary components leads to
a significant simplification of the system. There are many future task that
can be addressed as a next step. Apart from investigating the possibility
of a scaling solution, it would also be very interesting to study the effect
of the three-gluon vertex on the quark-gluon vertex by solving them in a
full self-consistent way. Also the inclusion of the abelian diagram that has
been neglected in this first study would be a logical next step. One can also
consider a reduced system and study the vertex for complex momenta or at
non-vanishing temperature and/or density.

We furthermore started to investigate the analytic structure of the quark-
propagator Dyson-Schwinger equation for arbitrary complex Euclidean mo-
menta. In particular we are interested in a method that is capable of provid-
ing results in the deep time-like regime. We thus developed a novel numerical
method to solve perturbative one-loop expressions for arbitrary Euclidean
momenta. After a successful test of the method, we applied it to study a
correlator of two Yang-Mills field-strength tensor squares at the Born level,
using different gluonic input. We investigated two popular positivity violat-
ing gluon parametrizations and found that one leads to a positivity respect-
ing analytic structure, while the other develops additional unphysical branch
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cuts that spoil the validity of the parametrization. We then started to ex-
tend the method to apply it to the non-perturbative quark-propagator DSE.
Having successfully constructed a numerical framework that allows for an
adequate treatment of the equations we are very optimistic that first results
will become available soon.

Another part of this thesis is dedicated to inhomogeneous phases in the
context of strongly interacting flavor-asymmetric quark matter. We reviewed
the Deformed Fermi surface phase and derived a parametrical expression for
the benefit in free energy due to pairing in a rough approximation. We found
that the DFS phase scales parametrically roughly like the LOFF phase, so
the true ground state of the system cannot be determined from this naive
consideration. We then looked into scattering processes that are allowed by
energy and momentum conservation in the DFS phase. We found that this
phase might suffer from an instability induced by these scattering processes,
as they allow for a rearrangement of the Fermi surfaces even in the presence
of a gap.

Finally we looked into the possibility of four-quark condensation in the
regime of large flavor asymmetry. In this regime, two-fermion condensation
is suppressed. The hope is, that, while the two-quark condensate suppres-
sion results from a kinematic constraint imposed on the system, a four-quark
condensate is not affected by this restriction and might become a viable
candidate in this scenario. In the beginning it was unclear how one could
study four fermion condensation in a reasonable approach. Now we have
found and constructed a framework that allows us to study four-fermion
condensation using ERGEs. To this end we constructed a toy model and
successfully bosonized the corresponding eight-fermion interaction, by apply-
ing further Hubbard-Stratonovich transformations to deal with the resulting
four-fermion interactions. We furthermore found a suitable truncation to
employ ERGEs and we are now able to start employing them. The goal is
to deliver a proof of principle that a phase with four-fermion condensation is
possible in a strongly coupled system with large flavor-asymmetry.
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Appendix A

Conventions and notation

In this section we establish the notation and convention used throughout
this thesis. Here and throughout this calculations we will use the standard
representation for the Gamma matrices,

s (0 —iok , (1 0 s (01

with o the Pauli matrices, such that

o= (A.2)
N (A.3)
and
2 2 2
(") =0 =06 "= ) =1 (A4)
Furthermore, the Clifford algebra
") = 20" (A.5)

is satisfied. The charge conjugation matrices are given by

C=+'2 o'=C'=C"'=-C. (A.6)

As all investigations are performed in Euclidean space it is often con-
venient to express an integral over a four momentum k in hyper-spherical
coordinates,
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2 0o ™ T
/ d'k — / do / dk k* / df; sin® 0, / dfysinfy (A7)
R4 0 0 0 0

y = k? — dy = 2kdk
= 0, = arccos z — dbf; = _\/1(1—57
0, = arccosw — df, = _\/%

1 2m 0 1 1
= —/ d(/ﬁ/ dyy/ dzvl—zQ/ dw.
2 Jo 0 -1 1

The definitions of the propagators and vertices needed for the quark-gluon
vertex study are presented in Figures and [A.2]

= 571 Zoy <-—ip+ Zom m0>

i J
—1
. = by (—ipA+1B)

) J

. - 5., WA+1B

. Y p2 A2 B2
l J
7 v

m = Sab (5#1/ _ &;Qﬂu> %@—2)

Figure A.1: The inverse bare, inverse dressed and dressed quark propagator,
together with the gluon propagator.
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Figure A.2: The bare and dressed quark-gluon vertex and the model for the
three-gluon vertex.
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Appendix B

Solving the quark-gluon vertex
DSE

In this Appendix we outline the steps that have to be performed to solve the
coupled system of the quark-propagator and the quark-gluon vertex DSE.

B.1 Prerequisites

B.1.1 Coordinate frame and momentum routing

Contrary to the alternative approach discussed in Appendix [C| we use the
quark momenta p* and ¢* explicitly here. The coordinates are chosen as
shown in Figure [B.1]

The momenta are routed such that a minimum effort on interpolation
and extrapolation is necessary. This means in particular that we compute the
vertex exactly as it is needed for the self-energy term of the quark propagator,
see Figure [B.2]

There are three momenta involved. According to our choice of coordinates
they are

0 0
0 0
_ L= , B.1
P o Ty B
o ala

0
RN N
|w|\/1 — 2323 ’

[w|2
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Figure B.1: The choice of coordinates.

p—yq

q D q

Figure B.2: Our choice of momentum routing .
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where

zi = cosb;, i€ {1,23}. (B.2)

It is important to note the cosine of the angle between the momenta w
and ¢ is given by

oS Lyy = \/1 — z%\/l — 2223 + 2129, (B.3)

B.1.2 Expressing the basis elements

In the previous section we defined the momenta p, ¢ and w. The vertex is
computed for external momenta ¢ and p, but is also needed for the momenta
q and w (left vertex in the non-abelian diagram), as well as for the momenta
w and p. For all these pairs of momenta we thus have to express the basis
elements in terms of the Lorentz invariants p?, ¢*, w?, p-q, p-w and ¢ - w.
For example, the normalized momentum d for the left quark-gluon vertex in

the non-abelian diagram is given by ((3.8)

lwt =gl /@ + w2 —2w-q
[B3) (w — Q)M

\/q2 + w? — 24/w2q? <\/1 — 23 /1 — 2223 + 2122) |

The normalized vector s* for the left quark-gluon vertex in the non-
abelian diagram is obtained by following the prescription of (3.9)). The aver-
age quark momentum for the left vertex is

Q= %(q”—i—w“). (B.5)

Taking the part that is transverse to the gluon momentum we have

(0" — d"d”) Q) (B.6)
= Q' —d'd-Q
CONHE (02 2
_ 1(q#+w#)_1(w q)" (w* —q°)

2 2 ¢?+w?—-2w-q
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This expression has to be normalized, so we take the square first, where
we drop the factor of % as it is canceled by the normalization anyway.

(w— )" (w? = ¢*)\”
(¢ + w? — 2w Q)2) (B

(w? — )’ (]

((CJ“ +w") —

= ¢F+uw+2w-q+

(wr — i) A2
2
= ¢
(w — g#)’
2 . 2)\2
= q2+w2+2w-q—(w—Q)2,
(wr —g*)

and we find that the vector s/ is given by

1
S? = (wz_qz)Q (B8>
(g - GO,

P +w?—2w-q

where w - q is

w-qg = Vw?q? (\/1—2%\/1—2’%Zg—|—2’122). (B.9)

Similar expressions have to be computed for the right quark-gluon vertex
in the non-abelian diagram, as well as for the quark gluon vertex on the left
hand side of the equation.

B.1.3 Color pre-factor of the vertex equation

The color factors of the vertex equation including the bare vertex and the
non-abelian diagram on the right hand side becomeﬂ

IThe symbol = is to remind the reader that this is not an equation, but just the left
and right hand side in color space.
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(ta)ij = (ta)ij + (tm)it(t0) kg FamtOrmms Ou Ot (B.10)
(ta)ig = (ta)ij + (L)t (t)kj fami (B.11)
~————
(tmt1)ij
(ta)ij = (ta>ij+<famltmtl)ij (B12)

tai = i+ 5 Lalij, (B.13)

thus only the non-abelian diagram obtains a non-trivial color factor of
i No
5.

B.1.4 Reducing the number of terms

This step is crucial, as it reduces the number of terms, that have to be com-
puted to obtain the vertex dressing functions, considerably. Here we partic-
ularly focus on the evaluation of the Lorentz contractions and Dirac traces
using FORM [89]. In the non-abelian diagram we have three relative mo-
menta, see Figure [B.2] Even though these momenta have to be expressed in
terms of the Lorentz invariants constructed from p, ¢ and w, it is convenient
to introduce the momenta

AF = pt—gH, (B.14)
u' = wh - (B.15)
ot = pt—wh, (B.16)

as in the definition depicted in Figure [A.2] Apart from the pre-factors,
the three-gluon vertex reads

Dhr = 6 (A+u) + 0% () =6 (0 + A (BIT)

999

Exploiting transversality,

T = o

for some momentum z, one can reduce (B.17)) to

TRET T TEYY = 2 (AP — §"Pub — §PHAY), (B.18)
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where we used the projections

A+uw) = (p—2¢+w), (B.19)
T (p—2q+w—p+p)” = (2p—2q)° =247, (B.20)

and similarly
(w—uy = (p—2w+q)", (B.21)
T (p—2w+q—q+q)" = (20— 2w)" = —2u", (B.22)

and

(w+A)” = @p-w-q)", (B.23)
T 2p—w—q—q+q" = (2p—2q)" =24 (B.24)

The momenta A, u and v can then be expressed in terms of d, d; and d,,
as they only differ by a normalization factor. This reduces the number of
terms further, and one obtains scalar expressions with a reasonable number
of terms. The orthonormality of the momenta s and d can be exploited for
each set individually,

s-s = d-d=1, s-d=0, (B.25)
S-S5 = dl'dlzl, Sl'dl:(), (B26)
Sp 8 = d,-d. =1, s,.-d. =0, (B.27)

where the indices [ and r label the left and right basis elements in the non-
abelian diagram, and the momenta without a label belong to the outer basis.
The output of FORM is processed using Linux shell-scripts together with
sed-scripts. The shell-scripts manipulate the integration kernels in such a
way that it can be interpreted by the compiler. This step is crucial, as it does
not require any modifications of the output by hand, which would introduce
a source of errors. The output is expressed in terms of scalar products among
the momenta appearing in the diagrams. The scalar products were computed
using Mathematica [168], where the output of Mathematica is also processed
by the shell-script. The script merges the output of the two computer algebra
systems and produces the compilable source code. This also allows for fast
change of basis elements, as all necessary input is generated by just calling
one script.
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B.2 The structure of the program

In this section we give the details on how the system is solved. The structure
of the program is shown in Figure

B.2.1 Initialization

In this section the grids are initialized as described in Section [J.I]of Appendix
[Jl The angular grid?|is computed using Gauss-Chebyshev polynomials of the
second kind. We employ the same grid for the angle 6, in equation (A.7))
by modifying the weights for this angle accordingly. Using Gauss-Chebyshev
quadrature for the angular integration proved to be very efﬁcientﬂ The
discrete solutions of the Yang-Mills system [3.2.1] are read and stored to an
array, the second derivatives needed for the cubic spline interpolation are
computed. The dressing functions of the quark propagator are initialized us-
ing the fit-functions (6.85) and (6.86) from [23]. All vertex dressing functions
are initially zero, except the two structures of the outer basis that contribute
to the tree-level structure, f; and fs. They are put to f; = v/2 and f = 1
initially, such that g; = 1 after a change of basis has been performed. The
parameters of the run are written to the standard stream and the system
starts to iterate.

B.2.2 The iteration process
B.2.2.1 Vertex update

Each full iteration consists of two vertex iterations and as many propagator
iterations as needed to achieve convergence. The two vertex updates are
performed first. Equation is evaluated for all eight dressings f;, after
each vertex iteration a change of basis is necessary to transfer the information
from the f; dressings of the outer basis to the g; dressings of the inner basis.
This step also involves spline interpolation as discussed in Section [J.1] as
the g; dressings are tied to the internal grid, the f; dressings to the external
grid. For the first seven iterations we do not take the full information from
the newly calculated vertex dressings, but only a certain percentage of the
solution, where the complementary part that adds up to one is the fraction
we take of the old solution from the previous update (or initialization if it

2We only use one angular grid for all angles arising throughout the calculation.

3We also used 12 angular nodes and found no significant deviation from the 8-node
result. In principle one could also use sinh-tanh quadrature [I70], but this rule is quite
sensitive to the cut-off.



APPENDIX B. SOLVING THE QUARK-GLUON VERTEX DSE

112

O~ S92B43 Wi Blepdn” euiLED #

xapan BBE: ndur WA s@2eJ) wNu@lepdn ewwen _

_ st Indul” WA T|_ 1soyB AR INdUT A T|A 1soybTs38u0sipandul A _

ndino aumndino

P

_ eydje:induiT WA I uon|BTAnz:andui A T “ uon|6”

s1840sipIndur” A g 7 uonB ndur

WA T ] a1epdn xayanislepdn ewwes

uds::uaUopUny

ééﬁ_uemé_dmm:_"Em:u_y:E 4

aoengieiepdn s aepdn ioiebedold:izjepdn’s 7

aoenvieepdnTs

1soyB suedaid:ul
uon|6”siedsid: yul

ulew

ndino Jajaweled::yndino

au|dsiiusuoIBUny

Indino~uoiielan: indino

uonejediaiuaulds T a1gna "I USUoIpuUny

siseq sbueys” pueTsiejodisiulisiseq _

sjuod UoIIBZI|BWIoUS) SZI[RIYIULI U _

zayoneb:iusuoipjuny
SpUBBzZI[RIULI U

Y UBUOIBUNY Bajnef:: uauoipuny

Figure B.3: The structure of the program. This plot has been generated

automatically using doxygen [169].
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is the first update). This stabilizes the first iterations and allows the system
to adjust itself to the iteration. The ratio of the percentage of the old and
new solution is gradually driven towards one, such that after 7 iterationsf_f]
the system runs at full updates.

B.2.2.2 Propagator update

After two vertex updates, the propagator is iterated till it Convergesﬂ After
each update of the propagator, the propagator dressings have to be spline
interpolated again to transfer the information from the externally calculated
propagator dressings A and B to the internally required fine grained dressing
functions Ai an Bi. As in the vertex case, we switch on the iteration process
gradually by taking more and more information from the newly updated
dressing functions into account.

B.2.2.3 Iteration output

After each iteration consisting of the two steps described above we compute
a control-output that shows the maximum value of the deviation between
the old and the new solution, as well as the maximum and minimum value
of each dressing function. We furthermore compute a rough ASCII plot
of the propagator dressing functions 1/A and M (see Listing for the
iteration output). The ASCII plot is very convenient because one can read
off tendencies of the iteration procedure just by looking at the standard
stream throughout the calculation. The information is also stored to a log-
file separately. The ASCII plot has been computed by allocating a character
array and initializing it with white spaces. We then computed a mapping
of the external grid to the width of the character array, the 'y-axis’ of the
character array has been mapped from 0 to 1. Each letter in the ASCII
diagram is a point of the external grid and has been mapped to the region
covered by the character array. Each letter ’A‘ corresponds to a point of the

function % , and each letter "M * to a point of the mass function.

-dressing --max.deviation------ min------------- max

A 0.00E+00 1.00E+00 1.26E+00
B : 8.67E-19 3.84E-07 3.54E-01
f1 4.19E-03 1.42E+00 3.92E+00
f2 5.14E-05 -5.70E-01 2.52E-05
£3 : 1.23E-03 5.92E-10 1.25E+00

4These iterations are full iterations of the whole system, consisting of two vertex updates
and a converged propagator.

5In fact we did not apply a criterion of convergence, but rather implemented a fixed
number of iterations. Usually we run 100 propagator iterations and consider the system
as converged.
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f4 8.17E-05 -1.15E-01 1.17E-01
£5 1.82E-04 -6.40E-02 6.28E-02
f6 2.91E-03 9.93E-01 2.72E+00
£7 2.32E-04 -2.81E-03 7.54E-01
£8 3.67E-04 -8.88E-01 -4.83E-10
gl 2.97E-03 1.00E+00 2.77TE+00
g2 7.83E-05 -5.92E-01 3.43E-03
g3 8.69E-04 -6.64E-06 8.97E-01
g4 1.77E-04 -2.43E-02 5.95E-01
g5 1.36E-04 -4.60E-02 4.52E-02
g6 2.22E-05 -2.56E-01 -2.11E-04
g7 1.66E-04 -2.02E-03 5.34E-01
g8 1.00E-04 -3.30E-02 6.14E-04
————————————— min ------------ max ---------- avg ---
Z1F 1.00E+00 1.00E+00 1.00E+00
----------- checking propagator integrity -----------
——————————————————— propagator 0K ----------—--—-—-—-----
1 AAAAAAAAAAAA

| AAA

| A

| AA

| AAAAAAAAAAAAAA

|

|

|

|

|

|

|

|

|

|

|

|

| MMMMMMMMMMM

I M

| M

| M

| M

| M

0 MMMMMMMMMMMMMMMM

IR o uv

Listing B.1: It is convenient to write an ASCII-plot of the quark-propagator
dressings to the standard stream after each iteration step of the system
vertex-propagator.

B.2.2.4 Finalization

Depending on the Yang-Mills input, the system converges to a reasonable
amount of precision within roughly 10-12 iterations. The information of the
vertex and propagator dressings are written to files, which are then processed
further by awk-based Linux shell-scripts.




Appendix C

An alternative approach to the
quark-gluon vertex DSE

Here we present an interesting alternative to the approach we employed in
the main textE]. The truncation is the same as the one presented in the main
text [3.2], however, here we use a different momentum routing in the vertex
equation. The idea is to use a tensor decomposition for a sub-diagramf|
contained in the non-abelian contribution. This vertex consists of the two
quark-gluon vertices, connected by one dressed quark propagator. In Figure
we show the momentum routing for the vertex equation employed in this
study. We use the average fermion momentum p,

1

p=5Pi+ps), (C.1)
the average gluon momentum 3,
1 /
and the momentum A,
A+Q-Q=0 = A=Q-Q\ (C.3)
pi—i-A—pf:O = A:pf—pi. (C4)

IThis procedure has been suggested by |Gernot Eichmann, who successfully employed
a similar construction for a study involving the fermion Compton vertex [I71].

2The sub-diagram consists of two fully dressed quark-gluon vertices, connected by a
dressed quark propagator. It thus corresponds to a non-1PI four-point function, see Figure
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With (C.2) and ((C.3)) it follows that

2_%(Q+Q—A) N Q_z+§, (C.5)
Zz%(A%—Q'—l—Q') = Q’:Z—%. (C.6)
Furthermore, for the average momentum p; we have
b= pitp ), 1)
and together with

pi—p—2N+1=0=>p+Q=p+2
it follows that

(C.8)
1 Q
pp= i+ Q) =pit 3 (C.9)
On the other hand, p = 3 (p; + py), such that through adding and subtracting
a term we get
1 1 1 1 Q O
= _p 4+ —pr— = = = 1
Pl = gpik b —gPrtgpity =Pt (C.10)
=p _a
Ly
where we also used (C.3)) and (C.4)). Similarly we find
1
p; =5 P+ E+py), (C.11)
and with
p+X—-Q —-p;=0=p+X=Q +p;s (C.12)
we have . {
P = 5 (Q +ps+pr)=ps+ §Q'~ (C.13)
Using p = 3 (p; + py) again we finally get
1 1 1 1
p;«r =:pit3

1 /
L o A C.14
3 2p{+\2pf 2pj—|-2Q P+ 5 ( )

~~
=p
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Figure C.1: The momentum routing for the vertex equation.

Figure C.2: This four point function is contained in the non-abelian diagram.
It is spanned by 128 basis elements, see text.

where we used (C.3]) and (C.4) as before. The three momenta p, > and A
produce 6 Lorentz invariants,

{p2, Y2 A% p.3 pA, Z.A} ) (C.15)

We rename these invariants as follows:

p2 N p2 A

pA - Z fermion  glyon

2 = o Yt

AQ N t =>{p,z,y,t,a,Z}. (616)
YA = 7

pYX — Yy

C.1 A basis for the lower quark line

The coordinates are chosen as shown in Fig. [C.3]
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Figure C.3: The choice of coordinates.

The vectors A, Y and p are then

0 0 0
B 0 B 0 o5 VI -2
A=) o | E=Vo| g | P= VP VI 2y
1 A z

(C.17)

Next we will use transversality with respect to the external momentum

A, which we denote by a subscript T', as well as transversality with respect
to both, A and Y7, denoted by a subscript t:

S = TRYSY = (&w - AMA") g (C.18)
where the ~ indicates normalization. For the double-transverse p we have
X
pf = ph — T, (C.19)
X7

Let us introduce the normalized external, transverse and double-transverse
momenta d, s and 7,

" = Ar (C.20)
sho= S (C.21)
= p. (C.22)
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The vectors d, s and r are orthonormal:
d=s=r"=1, ds=dr=sr=0. (C.23)

Together with the totally antisymmetric Levi-Civita symbol e#*%7 a fourth
orthonormal (pseudo-)vector can be constructed,

ot = ghaPrpeshn (C.24)

where an additional 75 is needed to make v* transform as a vector under
parity. Taking this into account we can form a complete and orthonormal
tensor basis by appropriate combinations of the following elements:

{17 £ d, 0t st d' ) (C.25)

The vectors v, r, s and d are just the Euclidean unit vectors in 4 dimensions:
1 0 0 0
0 1 0 0

v=lol "=l 5= 1 |: d= 0 (C.26)
0 0 0 1

The aim is to span the lower line of the non-abelian diagram by the orthonor-
mal basis. We define the lower line of the non-abelian diagram as

I =T"(py, —Q)S(p + DIV (p, @), (C.27)

i.e. it consists of two full vertices connected by a full quark-propagator. This
object can then be spanned by the basis

( IL 3\
7
Vs Y5vY ;g;
rt rY
o (O & (D) e (0 (C.28)
d* dv yd
#
[ 7r#d )
Tf: = X"™(r, s,d) [ 71 } Ta(r, 8, d), (C.29)
5 1y

where the 5 has to be chosen if the corresponding X; contains one quantity
of v#. Thus we can write

I(p, 5, A) = (C.30)
16 8 1

SO foalo?s 2ot 0, Z) X0, 5, d) { ] ra(r,d).

P— —— | V5 | ——

Lorentz Dirac
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X{“’—\%(v“v + rhr?) X“”:%(r“s +str) | =1
Xy = \%(v“v” —rirt) | X1 = \%(v“s + sY) | =7
XU = \%(v“r” + oY) | X1 = \%(r“s” —strV) | T3 =4
X" = \%(v“r" —ripv) | X1 = \%(v“s” —stY) | m=d
X = \%(3“3 +drd”) | XS = \%(r“d” +drrY) | s =98
X = \%(s“s” —drdv) | XY = \%(v“d” + d“v”) = ¥
X = \%(s“d” +drs”) | XY = \%(T“d” drr?) = 4d
X = \%(s“d” —drs”) | Xig = \%(v“d” d*v") = yéd

Table C.1: The basis elements as presented in [I71].

The basis elements summarized in Table obey an orthonormality

relation,
1

_Tr{ ZVaH JHZ} XMVXMV Tr{TaTb} 5ij5ab7 (C.3l>
where T means
Tra(r,s,d) = Ol (=1, —s,—d)TC. (C.32)

C.2 Outer quark-gluon vertex basis (orthonor-
mal)

We will employ two different basis sets to span the quark-gluon vertex in
this calculation. For the actual evaluation of the quark-gluon vertex dressing
functions we use an orthonormal basis, while for the evaluation of all vertices
appearing internally we will use a non-orthonormal basis. For the orthonor-
mal basis we use another frame, where we exploit the Lorentz invariance of
the equation. There we use the momenta as depicted in Figure [C.4]

The momenta p and X are redefined,

0 0
0 V1—=22/1 — 2

p=p —= | B=Vo \/fVZny , (C.33)
z

and A is defined as before. The transverse part of the quark-gluon vertex is

then given by
8

0, A) = 3 filp, A)r? (R d), (C.34)

i=1
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Figure C.4: The choice of coordinates for the orthonormal basis.

The orthonormal basis elements read (equation (D22) of [8§])

1 p 1
\/5% d
R ® , (C.35)
dH K
R

where we used the normalized gluon momentum

d = Ar

, (C.36)

>
_ o O O

and introduced the normalized average momentum transverse to the gluon
momentuin,

(C.37)

o = O O

Note that the element 74" is transverse to d and R, i.e.

v = (0" = d"d")+", (C.38)
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% =7 — (r-R)R". (C.39)

This gives 12 tensor structures in total. We use the 8 transverse structures
to span the vertex, i.e. the ones obeying

dr; =0, (C.40)

see Table

= \/Liyfﬂ T = RF1

=T | =
™= sk | T = RR
T = Al | T = MR

Table C.2: The orthonormal basis of the quark gluon vertex, [8§].

Again the basis elements fulfill an orthonormality relation,
L i
ZTI'{’Ti ’7']- } = 51']" (041)

where 7/' = (/)7 is the hermitean conjugate of the basis element.

C.3 Inner quark-gluon vertex basis

The dressed quark-gluon vertex also appears in the lower quark-line of the
non-abelian diagram. There we employ a different basis to span the two
dressed vertices, as there is no benefit from the basis elements being or-
thonormal there. The basis is taken from [I71], equation (89). Its elements
are shown in Table and we choose the coordinates as depicted in Figure

In this frame, the momenta are

0
0

, K=k \/@ , (C.42)
3

Q"=Q

_— o O O

where Q* is the gluon momentum and k* the average quark momentum.

Hereby, ¢! reads
thY = a - bo" — b a”, (C.43)
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Figure C.5: The choice of coordinates for the inner basis.

Pl = tQQ’Y p5 = V iky
Py = Qij Q5" 4] pa—t k”%

ps =3 [7“ Q] pr = tW k- Qy”

N:%7 K. 4 Pg—téﬁ[v”,ﬁ]

Table C.3: The inner basis of the quark-gluon vertex, [I71]. The momenta
are shown in Figure [C.5]

and the triple-commutator is
la,b, c] = [a,blc + [b, c|a + [c, alb. (C.44)

The transverse parts of the quark-gluon vertex are then spanned by

I (k, Q) = Zgz K, Q% k- Q)pl(k, Q). (C.45)

C.4 Change of basis

The quark-gluon vertex dressings are evaluated in an orthonormal basis, but
for the determination of the dressing functions of the four point function
and the quark propagator a different basis is employed. Therefore we have
to calculate the projections of the orthonormal outer onto the inner basis.
This gives the desired dressing functions in the inner basis in terms of linear
combinations of the dressing functions of the orthonormal basis. Suppressing
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momentum dependence, the vertex reads

8

re =y fal, (C.46)
=1
8

T = Y g, (C.47)
=1

such that the relations between the dressing functions g; and f; are obtained

by

[ed]
[ed]

D gl o) = fulpl ). (C.48)

j=1 k=1

The scalar product (-,-) means Lorentz contraction and Dirac tracing,
1 1
l; = ZngTf{ﬁfpﬁ} => fk;le{ﬁfTig} =T (C.49)
j=1 k=1

The projections on the left hand side, [;, result in linear combinations
of the inner quark-gluon vertex dressings g;, i € [1,8|, while the right hand
side projections, r;, hold linear combinations of the orthonormal quark-gluon
vertex dressings f;, i € [1,8]. This system of linear equations can then be
solved to obtain the desired dressing functions.

C.5 Analysis of the vertex equation

Here we study the structure of the vertex equation by employing the basis sets
defined in the preceding sections. We want to span the four-point function
as follows,

I (p, %, A) = (C.50)

16 8 1
S il st X ) | L] s
5 | .

i=1 a=1 A

where we can use the orthonormality relation

1 14 14 14 14 —
ZTr {fi757]4fb} =XV X;‘ Tr{7.m} = 0ij0ab (C.51)
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to obtain the dressing functions f;,. Considering the Lorentz and Dirac
structure only, we have

fi,a(p2727yataU>Z) (C52)
1
_ —Tr{Xf”fa(r,s,d){ . } rg”}
Y5 |,

(2

Z gk<p}-7 _Q/)gl(pj-v Q)X,;W(’f‘, S5 d) X

=1

s ! ]ipz<p;,—cz’>s<p+z>p7<pr,@>}.

A,

Il
Eod =~
i Moo
AN

Vs

Note that the quark-gluon vertices in this expression are spanned by the in-
ner basis . The angular dependence of the dressing functions (variables
y, z and Z) will be expanded in Chebyshev polynomials. For the evalua-
tion of the vertex equation we plug the expansion of the four point function
into the non-abelian diagram. Now we use the orthonormal basis ,
which allows for easy disentanglement of the dressing functions. The vertex
equation reads

Z 502 2, 07 (p, A) = (C.53)

16 8
N,
. 9 dVC 2
ZlF’yp_’_Zg T/Ezz.fz,a(p 7Zay7taJ7Z)

i=1 a=1

fo”(T,s,d)[ I } To(r, 8, d)
V5ol

x PV (53, A) DM () D' (Q),

where I'?#*" and D" are the 3-gluon vertex and the gluon-propagator re-
spectively, Z;r is the renormalization constant. The factor of ¢ and the sign
has already been chose in a consistent way, also color space has been taken
into account (see Section for the computation of the color factor). The
integration is performed over the loop momentum 3. In hyper-spherical co-
ordinates this corresponds to a radial component o, as well as to the two
angles y and Z. Exploiting the orthonormality of the outer quark gluon
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vertex basis we find
1
fr@? 2, t) = ZlF—Tl"{ﬂf(Z% Ay}

—Zg —/Zz.fzap < yat g, Z)

i=1 a=1

1
xS T{ (b, M) XL (1, 5,d) [ . } ra(r, 5, d)
> 1y

<D (S, A)DM(Q) D (Q)}-

(C.54)

The pure Lorentz part of the right hand side of this expression can be dragged

out of the trace, such that the summand factorizes. Considering the integrand
of the right hand side only, we thus have

fza(p < y7t g, Z) Tl"{Tk<p, )

fo“’(r,s,d){ I ] Ta(r, 8, d)
V5o

XD (S, ) D(Q) D (Q)}
- fi,a(pzaz7y7taaa Z)

x X! (r, s d)rﬂ“’”% >DW’<@'>DV’”<@;

(C.55)

[\

MYy o,
1
—Tl"{Tk p, A [ } (rys,d)}

Using these pre-calculable structures, equation (C.54) becomes

5. 2.8) = Zue (L 0. A7) =i (C56)

=:Mp,

/ZZfMp z,y,t,0, Z)Mp(y,t o, Z)M!

kza
i=1 a=1

*Mkza(ytaz)

LY
= ZirMy — 29270

/Zwap 2,Y,t,0, Z) My a(y, t,0,2).

i=1 a=1



C.6. THE STRUCTURE OF THE ELEMENTS Mg 1 4 127

The M), and My, .(y,t, 0, Z) can be calculated in advance, using a computer
algebra systemrf].

C.6 The structure of the elements M, ;,

Besides the dressing functions of the four point function, the only input to
the vertex equation are the elements of M ; ., which hold the information of
the contracted Lorentz- and traced Dirac space, where

Mk,i,a(y7tuaa Z) = Mf<y7t70-7 Z)M/ii,a' (C57)

With the quark-gluon vertex dressing label k£ € [1, 8], the four point function
Lorentz-part label i € [1,16] and the four-point function Dirac-part label
a € [1,8], the cardinality of the set of {k,7,a} 3-tuples of indices is k-i-a =
816 -8 = 1024. However, we are fortunate here, because many of the My, ,
turn out to be zero. While in the most general case one would have to sum up
i-a = 16-8 = 128 products of the four-point dressings times M}, ; , elements
for every of the 8 ks, here their number is reduced significantly, as for each of
the 8 ks at most 16 elements have to be summed up. The cardinality of the
set of relevant{k,i,a} 3-tuples drops from 1024 to 104, meaning that only
104 out of 128 vertex dressings have to be evaluated. Let us work this out
to see which of the 4-point function dressing are needed.

Once the My ;, are known, the structure of the non-vanishing elements
can be studied. For a given k € [1,8], the ¢ and a indices of the nonzero
elements come in two classes of symmetry. The first symmetry for the indices
i and a is established for the elements k € [1,4], the second symmetry class
for the i and a indices is realized for k € [5,8]. Let us start with k € [1,4].
Here all indices of i € [1,16] appear, but for each of the 16 is only one a
leads to a nonzero element M}, ;,. For a given value of 7, the corresponding
values of a follow a pattern, see Tables [C.4] and

1| 1121314 (5678910111213 |14 |15 16
o | X XYY XX XXX Y[ X|Y[X|Y | X]|Y

Table C.4: The symmetry pattern for nonzero elements of Mjc(14),a-

This accounts for k-7 = 4 - 16 = 64 nonzero elements, because each 7 is
only paired with just one a. The second symmetry class is realized for values

of k € [5,8], see Table and [C.7]

3Here we used FORM [89] and Mathematica [I68] to have two independent calculations
for comparison.
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»-lkwl\:)r—\‘??‘
oocnmw‘x
wcnmoo‘»—<j

Table C.5: The as belonging to k£ and ¢ are obtained by plugging the values
of X and Y into Table [C4]

¢ | 11215678911 ]13|15
a|Z|\Z\|\2|Z2|2|2|\Z2|7Z |7 |7

Table C.6: The symmetry pattern for nonzero elements of Mycs 8)i,a-

This accounts for k-7 =4 - 10 = 40 nonzero elements. Thus, in total we
have the 64 + 40 = 104 nonzero elements, which are summarized in Table
C.8]

Using the symmetry, equation becomes

fk<p27 Z7t) - ZlFMk - (C58>

Y
29270/ > hW 2yt 0, 2) My, t,0, Z),
ZlEPk

where the index [ runs through the 104 nonzero elements in partitions Py
of 16 for k € [1,4], and in partitions Py of 10 for k € [5,8]. The dressing
functions of the four point function have to be stored in the [-indexed array
according to the order of their appearance in the M} ; elements. Note that
each of the 104 dressing functions appears exactly one time for all ks, i.e. the
set of the four point function dressings contributing to a particular quark-
gluon vertex dressing labeled by k£ is disjoint from all sets contributing to the
other 7 quark-gluon vertex dressing functions labeled by [1, 8] \ {k}.

C.7 Relation between the dressing functions

In general, the four-point function is spanned by 128 basis elements, dressed
with 128 functions, see equation (C.50). There are 16 Lorentz- and 8 Dirac-
parts, giving rise to the 16 x 8 = 128 elements. The quark-gluon vertex
equation takes 128 dressing functions as an input, see equation (C.54)). Above
we have shown, that equation reduces to equation , where the
My, ;.o elements are the pre-calculated trace of equation . The indices
k, i and a label the quark-gluon vertex dressing, the Lorentz-part and the
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OO\]@OT‘?T‘
\IOJ.AH‘N

Table C.7: The as belonging to k and ¢ are obtained by pairing the is of
Table with the Z as given here.

E| XY |Z
1121810
2161510
3151610
418120
210]0]1
61004
710103
8101017

Table C.8: Summary of nonzero elements. For a given k, take the non-zero
values of X, Y and Z and plug them into the Tables and to obtain
the corresponding a for a given i. The resulting 104 3-tuples of {k,i,a} are
the non-zero elements of Mj,; ,.

Dirac-part respectively. In the most general case, for each of the eight quark-
gluon vertex dressings the full double sum would have to be carried out, i.e.
a sum over 128 elements. However, here the symmetry of the construction
can be exploited. In fact, most of the 1024 M}, are zero, and the terms
appearing in the £ sums are also mutually exclusive, which reduces the 8
double sums from 128 terms down to 16 or even 10 terms each (see Section
for a discussion). The 104 non-zero elements summarized in Table
have thus been labeled by a multi index [, see equation . The fact that
the terms in the eight sums are mutually exclusive, plus the fact that there
are 104 non-zero elements leads to the conclusion, that 24 combinations {i,a}
need not to be evaluated. The 104 remaining dressing functions are either
imaginary or real. Table summarizes the dependence of the quark-gluon
vertex dressings on the four point function dressings.

All traces needed for this calculation have been performed using FORM
[89]. The FORM output is then processed employing sed and bash shell
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scripts.

C.8 Solving the system

One iteration consists of several steps:
1. Four-point function trace evaluation
2. Vertex update
3. Change of basis
4. Propagator update

The system has been parallelized and designed to run on a CPU cluster us-
ing MPI. Here we have chosen a simple way of parallelization, where 104
threads evaluate one four-point function dressing each. This is the compu-
tationally most expensive part. The results of the dressings are broadcasted
to all threads once the calculation has been performed and the vertex and
propagator can be evaluated. One problem of this approach is that one has
to store a four-point function depending on 6 Lorentz invariants times 104,
as we have 104 dressing functions. This might become a problem on smaller
clusters, where RAM capacity per thread is not big. In order to reduce the
memory consumption we thus used a Chebyshev expansion for the three an-
gular variables of the four point function. Even though the system iterates
stable by now and converges, the dynamically generated mass is too low.
This issue is currently under investigation.
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fi proportional to f; ,

12 |22 | 38 | 48 | 52 | 62| 72 | 82 | 92 | 108 | 112 | 128 | 132 | 148 | 152 | 168

f1
fo | 16 | 26 | 35 | 45 | 56 | 66 | 76 | 86 96 105 | 116 | 125 | 136 | 145 | 156 | 165
fa | 15 | 25 | 36 | 46 | 55 | 65 | 75 | 85 95 106 | 115 | 126 | 135 | 146 | 155 | 166

fa | 18| 28 | 32 | 42 | 58 | 68 | 78 | 88 | 98 | 102 | 118 | 122 | 138 | 142 | 158 | 162

fs | 11 | 21 | 51 | 61 | 71 | 8 | 91 | 111 | 131 | 151 — — — — — —

fo | 14 | 24 | 54 | 64 | 74 | 84 | 94 | 114 | 134 | 154 | — | — | — | — | — | —

fr | 13123153 |63 |73 |8 |93 113|133 183 | — | — | — | — | — | —

fo | 17 | 27 | 57 | 67 | 77T | 87 | 97 | 117 | 137 | 157 | — — — — — —

Table C.9: Summary of nonzero dressing functions. The f; in the column
on the left are the quark-gluon vertex dressing functions given in equation
(C.34), appearing on the left-hand side of equation . The f;, elements
whose indices ¢ and a are shown in a concatenated way in the following cells
are the four-point function dressing functions appearing on the right-hand
side of equation (C.56). Elements marked with an under-bar are imaginary.
The table shows the dependence of the quark-gluon vertex dressings on the
dressings of the four point function which are labeled by the indices ¢ and a,
where i € [1,16] and @ € [1, 8]. For example, in the first line, i.e. for f; the
first entry reads 12, meaning the first dressing contributing to fi is fi, = f; 5,
which is an imaginary quantity. The 8" entry of f; on the other hand reads
111, meaning f; , = fi1,1. For a given quark-gluon vertex dressing f;, only the
elements shown in the corresponding line have to be taken into account by
summing them up after multiplication with the corresponding My, element.
The quark-gluon vertex dressings fo, f3, f5, and fg inherit the imaginary
nature from the multiplication of the four-point function dressings with the
purely imaginary My, ; , elements. The elements in the various basis systems
are chosen such that the dressing functions going with the inner basis are
real-valued quantities.
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Appendix D

Induced branch cuts in the radial
integration-plane

As induced branch cuts are a major obstacle when extending one-loop ex-
pressions to the complex plane, we briefly discuss how they come about and
how they can be dealt with. To this end consider a (Euclidean) two-point
function of the form

d*k f (p,k,cosb)
om)* g (p, k,cos b))

4@ =0w o= [ (D.1)

The fact that the integrand is expressed as a fraction of two functions
allows us to access the non-analyticities of the integrand via the zeros of g
(where we assume that zeros in g give rise to integrable singularities, f is
assumed to be analytic and non-zero everywhere). Depending on the super-
ficial degree of divergence it might be necessary to regularize such integrals,
e.g. by employing a BPHZ procedure. Using the relation to switch to
hyper-sphericals, as well as performing the trivial angular integration, one is
left with

/A2 dy y/ dsz(x v, ) (D.2)

g(z,y,2)

where, as usual, we use the abbreviations p* = z, ¢*> = y and cos £, , = z.
The f is to signal that we absorbed the trivial constants from the integral
measure and the angular integrations into f, A? is the UV cut-off. As long
as r € R, the integration can be performed in a straight-forward manner.
However, we are interested in the case where this is not the case. The problem
that might arise here is that the angular integral can induce branch cuts in the
complex plane of the radial integration variable for a given x € C, such that

133
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Re(y)

(Kug

H
2 ‘\17‘1 ,1’ f‘ T ;
1m|f<y)1&#' S

1 0 -1 -15
Re(y) 215 -10 -05 00 05 10 15

Figure D.1: The branch cut arising form equation (D.3) for y € [—1,1].

the contour has to be deformed in order to avoid the branch cut. Consider

for example the integral
y+b
b
:1og<y+ ) (D.3)

b
dz
f(y)=/ = log z

With the arbitrary choice of a = —1 and b = +1 one finds a branch cut
along the interval y € [—1, 1], see Figure .

The branch cut shows up in the complex y-plane because the angular
variable z picks up singular values. This can be already read off the integrand
without solving the angular integral. One only has to find all values of y € C
(for a given = € C) for which the z-integrand becomes singular. For equation
with integral boundaries 1 this is trivial, as all values of y for which
the integrand can become singular are obviously given by y € [—1,1] (if 2z
runs from —1 to +1, let y run from +1 to —1). In the more general case
one can parametrize the branch cut using the angular variable z, while
there is some extra dependence on the square of the external momentum =
that remains,

z=+1
c(r) = yol(x,2) : (D.4)
z=—1
and yo (, z) is a solution of
g(x,y,2) =0, 2 € C, x const., z € [—1,1]. (D.5)

It is important to note that this provides all branch cuts parametrized by
the angular variable and all non-analyticities that are purely y—dependemﬂ

!'Note that 2d and 3d animations of branch-cuts induced by angular integration can be
found on the DVD enclosed to this thesis, see Appendix |E| for details.
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Predicting the branch point
locations of the solution

The branch point locations in the solution of a one-loop expression in the
complex plane can be predicted easily once the analytic structure in the com-
plex plane of the radial integration variable has been obtained, see equation
. In this analysis we re-obtained the long known results published in
[1T72, 173, 107].

The calculation is formulated in a language suitable for the problems
we are dealing with, further details can be found here [I74]. This analysis
serves as guideline for the validity of the result of the numerical complex
one-loop integration. As can be seen in the main text, sometimes there
are more than just one branch-cut showing up in the result. Resolving the
branch points numerically can be very hard because the numerics becomes
dominated by noise present through the non-analyticities of the result in the
vicinity of the cut. For the perturbative case one can however easily predict
the exact locations of the branch-point(s) in the result. This is an obvious
statement, as a non-analytic point in the result has to originate somehow
from the one-loop integral that represents the correlator. From this point of
view it is clear that one has to look for situations in the complex plane of the
radial integration variable that do not allow for the existence of an arbitrarily
deformed contour. These points can be extracted analytically, providing a
valuable check for the result of the numerics. There are three simple analytic
steps that have to be performed.

e STEP 1: (Integrand analysis) In this step one has to perform a thor-
ough analysis of the analytic properties of the y-integral after the z-
integral has been performed. This yields all poles and cuts in the
y-plane.
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e STEP 2: (Identify candidates) Candidates for possible branch-point
locations can be found by putting the end-points of the z-dependent
branch-cuts to values where only y-dependent poles are located.

e STEP 3: (Check contours) Now one only has to check the validity of
the contour for the situations resulting from STEP 2

Let us discuss the procedure by considering a generic Euclidean correlator
with masses m; € R* and ms, € RT,

d4k f (kap - k)
@2m)" ((p—k)* +m?) (k2 +m3)’

() = (6 (9) O (—p))as = / (E1)

with f (k,p — k) being a function built from the Lorentz invariants. Using
hyper-sphericals (A.7)) again, we get

_ > ' /1 — 22 f((E,y,Z)
///(x)—/o dyy/_ld ! (z4+y—2vz/yz+mi) (y+mj)’ (E2)

where we used the identifications = = p2~, y = k% and z = cos f; as usual.
Trivial constants have been absorbed into f.

e STEP 1: Using the procedure outlined in Appendix [D| we find one pole
and a branch cut,

h = _mg’ (E?))
Yo, 2) = —mi— a2+ 222° — 2\/—mf:cz2 — 222 + 2224,
ys(z,2) = —m?—ax+ 202+ 2\/—m%x22 — 2222 4 2224,

e STEP 2: Here we have to solve the equations ys(z, z) = y; and y3(z, 2) =
y1 (where z = £1) with respect to x. This yields

= —(my +my)?. (E.4)

e STEP 3: An analysis of the two solutions show that only the solution
with the '+ ¢ sign gives rise to a branch-point in the solution, see Figure

[E1l

From the procedure we conclude that the only branch-point in the complex
x-plane of the correlator (E.1|) is located at

r = —(my +my)?. (E.5)
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x=-0.25 x=-2.25-0.05: x=-2.25 x=-225+0.05:

4 4 4 4
~ 2 ~ 2 2 2

K g (W kS 1/ g \/
-2 -2 -2 -2
-4 ] —4 -4 -4

—-6-4-20 2 -6-4-20 2 —-6-4-20 2 -6-4-20 2
Re(y) Re(y) Re(y) Re(y)

Figure E.1: The plot to the very left shows the analytic structure in the
y-plane for x = — (my — m2)2, my, = 0.5 au, my = 1.0 au. This point x
is no branch point, as the contour is not affected by the structure in the
y-plane. The remaining plots show the analytic properties of the y-plane
slightly below, at, and slightly above the point z = — (my +ms)*, my =
0.5 au, me = 1.0 au. This point is a branch point, as the contour cannot
connect the origin with the UV cut-off without hitting the cut and picking
up its discontinuity.

This is in agreement with the solutions provided by [172, 173, 107] if
applied to the Euclidean case, that is, using negative mass squares:

= —(my +my)’ = (z\/gf—l—z\/;%)2 = <\/—m% - \/—mg)Q. (E.6)
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Appendix F

Numerical evaluation of 1-loop
terms in the complex plane

Working in four Euclidean dimensions, a one-loop expression might be writ-
ten as

4
9 (%) :/ Tk 7). (F.1)
i (21)

with .Z (p?, k?,p - k) the integrand as a function of the external and loop
momentum squared, p* and k2, and their scalar product p - k. Formulating
the task is simple: evaluate expression for p?> € C numerically. Here
we provide the procedure we developed to evaluate expressions of that type.
Each of the steps in this procedure bears a label marking it as being a task
to be either performed analytically ’A‘ or numerically "N*.

e STEP 1 (A) : (Hyper-spherical coordinates) As we are seeking a solution
for a one-loop integral in four Euclidean dimensions we can employ
hyper-spherical coordinates and remove the two trivial angles,

d4l€ A7) 1 27 00 1 1
d d dzv1—2%2 | d
/R4 (2n) “ 2(27T)4/0 ¢/0 yy/1 vies /1 Y
1 00 1
= W/o dy y/_ldzx/l—ZQ, (F.2)

which we can apply to expression ([F.1)) to find

1 00 1
Y (x) = W/ dy y/ deV1 — 2.7 (z,y,v/x\/yz), (F.3)
7T 0 -1
where we have used the abbreviations p* =z, k? = y and cos 2, = z.

139



140

APPENDIX F. 1-LOOP TERMS IN THE COMPLEX PLANE

e STEP 2 (A): (Regularization) The one-loop integral (F.1) might be a

divergent quantity (otherwise one can proceed with STEP 3). Power-
counting reveals the superficial degree of divergence, that might be
removed in the spirit of BPHZ [40), [41), 42]. Let the superficial degree
of divergence be n. The regularized expression is then obtained by
employing a Taylor subtraction operator " to the integrand .# of the
divergent integral, where ¢" is given by

L )
" = Zu {WLO' (F.4)

=0

The regularized integrand can be written as

Fsub (x,y, \/E\/@z) = (1-t" 7 (a:,y, \/E\/@z) ) (F.5)

After this step has been performed, we are left with

A2 1
G (x) = ﬁ/o dy y/l dzvV1 — 22 F g (x,y, \/E\/gz) , (F.6)

where we also replaced the upper integration boundary by some finite
cut-off A%, This is legitimate, as the BPHZ procedure removes any
cut-off dependence from the regularized expression.

STEP 3 (A,N): (Analysis of the integrand) In this step one has to ana-
lyze the analytic structure in the complex plane of the radial integration
variable. Usually, a non-trivial (obstructive) structure arises through
the angular integration in the variable z. For a given € C, a branch
cut might show up in the complex plane of the radial integration vari-
able (see Appendix@to learn how this comes about). This branch cuts
change their shape, size and orientation with varying external momen-
tum square x, so eventually they spoil the validity of an undeformed
contour along the real axis that connects the origin with the UV cut-
off. A parametrization of the branch cut can be obtained by following
the procedure outlined in Appendix [D] but one can also perform this
step numerically. In the main text we show results obtained by both
procedures. After identification of regions in the complex plane where
the radial contour has to be modified, this step leaves us with

1
(2m)°

gsub ('I) =

1
/dy y/ A2Vl — 2 F 0 (2,9, /yz),  (F.7)
4 -1

with ¢ an appropriate contour.
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e STEP 4 (N): (Initialization) Following the previous steps we are finally
left with equation . In this step we have to initialize the grid of
external nodes stored in an L = (M x N,C) matrix, where M and
N are the number of grid points in the real and imaginary direction
respectively. In our approach this step is performed on a GPU [9§].
Furthermore one has to define and initialize all contour deformations
resulting from the previous step.

e STEP 5 (N): (Evaluation) In this final step the integrations are per-
formed using a GPU. For every given grid point x € L we evaluate
equation by using non-adaptive quadrature rules for the inte-
grals. Subsets of the matrix L are evaluated in parallel on the GPU,
where the architecture of the GPU determines the maximal size of the
subset.

The tremendous level of parallelization provided by the GPU allowed us
to sample the integrand with a very high level of accuracy, which becomes
important if one wants to resolve a branch point (see example in main text).
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Appendix G

Constructing the F? correlator

In this section we construct an expression for (F?(z)F?(0)), which corre-
sponds to a scalar glueball (07"). The expression we are after can be found
in [100], however, we derive it here and find agreement with their result. To
this end we are solely operating at the Born level, that is, we turn off the
non-Abelian term by putting the coupling to zero. The field strength tensor
becomes

Fy, = 0uA®v — OvA"p, (G.1)

such that the correlator of F? reads

(F*(@)F*(0))a = ((OpA™y — dvA*p)* (2) (OuA"v — vA*p)* (0))a.  (G-2)

As we are working in Euclidean momentum space, we are looking for a
momentum space operator &y (p?) that corresponds to (G.2)) ,

(F2(2)F2(0)) = / (;7;4 exp {i p-a} Oa (7). (G.3)

Omitting the space and color labels, as well as considering only one of

the two squares on the left hand side of (G.3), we have

F? = (OpAv — ovAp) (OpuAv — OvAu) (G.4)
= (0,4,) (0,A)) — (0,A,) (0,A,) — (0,A,) (0,A,) + (0,A,) (0,A,)
= 2 (auAu) (auAV) -2 (auAu) (aVA#) )

where the Einstein sum convention applies. Diagonal terms (u = v) van-
ish because of the '—’ sign, so we only have to consider terms where u # v.
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Reintroducing the space and color dependence we take two squares appear-
ing in expression ((G.2)), where each square is expressed as in the last line of

(G.4)), we have

lim ( [2 (0045 () (9ur A2 (1)) = 2 (DA (2) (0 AL ()] (
[ (ap,yAb ) (apyA ) —2 (8,, yAG (y ) (80?;/4 (y))} >
= lim (40 (a5 (2)) (Dua A3 (2)) (0045 ) (O Ay () )

)
—4( (90 A5 (7)) (O ( ) (9o A% (1)) (005 AL (1) )
_4< (O Ay () (avx ) (8,) yAY (y ) (8,) yAb ) >

+4( (0048 (2)) (D0 A ( )) (Orss ) (Ory 4y () ) -

The overall structure of terms appearing in (G.5)) can be described in a
general way by writing

aaé)'y&gne(‘r?y) = (G6)
= ((OawAf (7)) (04245 (2) ey AL (1)) (0 A5 (1)) ).

which will become useful later. Expanding a 4-point function to zeroth
order in the coupling ¢ yields

(0 (21) ¢ (22) ¢ (23) ¢ (24))

(¢ (z1) 9
(¢ (w1) ¢
(9 (

+ o+ 4

O (g)-

Using this expansions and taking only connected terms in x into account,
we find

‘Zﬁ?y&e(jn@('x? y) - (G8)
= < (aaawALa? (x)) (66@*’42‘ (y)) >< (&, 2 A§ (7)) (877 yAg (y)) >
+ < (aa,mA% (x)) (677,1/14(9) (y)) >< (8%55"4; (I)) (86,1/142 (y)) >

According to this prescription we can now decompose the terms of equa-
tion (G.5)), such that each of the 4-point functions making their appearance
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there is written in terms of two products of two-point functions. This al-
lows us to insert a transverse gluon propagator DZ?, (x — y) for the two point
functions. Following this procedure, we get

o2 0p,y (AS (2) A3 (y) ) = (G.9)

J/

-~

D% (z—y)

Pk | .
= sy [ e (e 9) K DB

-/ Pk cxp {i (= y) - k} (ika) (=iks) D (k)
————

D
(2m) o
dPk ,
— / (27r)D exp{i(z —vy) -k} kaks
o (5 o

where we introduced the transverse projector and the scalar part of the
gluon propagator, which is denoted by ¢ (k). In each of the two terms of the
building block we have a product of two terms of the form , thus
we have to introduce two integrations. The integrand (without the integral
kernels of the Fourier transforms) fg%weme(x,y,k’,q) of this most general
building block is then given by

INZ%v&eCn@(k7 q) = (G]_O)
= (804750867311)?32‘ (z — y)) (a%xamyDgg (v — y))
+ (8047908777yDgz (-’” - y)) (awcangg (x - y))

= 89 (k)9 (¢°) Kkak (564 _ %))

on(-2)
kgkg 459
- ) o).

Now we rewrite by introducing an auxiliary tensor .&Z that ex-
presses the most general building block of equation by making
use of expression . Note that the order of the indices is crucial here,
as it determines whether an index goes with k£ or q. We get
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’Qfaﬂ'yéegnﬁ (kv Q> - (Gl].)
= 0°Y (k)Y (q) kag, [k‘eqnéﬂcéw + k0 5%

1
¢ (/feqnq(sqeéﬂ ‘+ /fnqe%q&w)

1
— 5 (kekgkeqy8” + kykskoqed®®) +

; (kekskeanasqo + kokskogeqsac) | -

1
k2q2
Expression ((G.11)) can now be used to write down the integrand (without

the integral kernels of the Fourier transform) in d Euclidean dimensions,where
we make the summation of indices explicit,

d d d
(2,9, k,q) = 42222 %"fuympg (k,q) (G.12)
=1

p=1v p=1 o=1
%aum/poop ( g )
%afuppopo ( g ) %afuppoop (]{7, q)) :

Because of symmetries among the indices appearing in this expression
one can easily work out the combinations to find that the expression for .o/
reduces to

ALy (k,q) = (G.13)

Q,

= Y (k)9 (q) kg, [k‘gqnéﬂcéw + k‘nqeé'g%‘sq :

This step can be verified either by hand or by using a computer algebra
system. For example, using FORM [89] one only needs a few lines to show
that the expressions and for the indices appearing in ((G.12))
give the same result, see Listings and for the FORM code and the
result respectively.

Dimension 10;

On statistics;

Vector k,q;

Indices alpha,beta,gamma,delta,eps,zeta,eta,theta,mu,nu,rho,
sigma;

Symbols ook2,00q92,00kpq2,Gk2,Gq2;

Local masterterml = 4*xGk2%Gg2*k(alpha)*q(gamma)*(k(eta)*q(eps
)*d_(beta,theta)*d_(delta,zeta)+k(eps)*q(eta)*d_(beta,zeta
)*d_(delta,theta)-oo0q2*(k(eta)*q(delta)*q(zeta)*q(eps)*d_(




10
11
12
13
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beta,theta)+k(eps)*q(delta)*q(eta)*q(theta)*d_(beta,zeta))
-ook2x(k(beta)*k(eta)*k(theta) *q(eps)*d_(delta,zeta) +k(
beta)*k(zeta) *k (eps)*q(eta)*d_(delta,theta))+ookpq2*(k(
beta)*k(eta) *k(theta)*q(delta)*q(zeta)*q(eps) +k(beta)*xk(
zeta) *k (eps)*q(delta)*q(eta) *q(theta)));

Local masterterm2 = 4xGk2*xGg2*k(alpha)*q(gamma)*(k(eta)*q(eps
)*d_(beta,theta)*d_(delta,zeta)+k(eps)*q(eta)*d_(beta,zeta
)*d_(delta,theta));

Local termll = (d_(alpha,mu)*d_(beta,nu)*d_(gamma,mu)x*d_(
delta,nu)*d_(eps,rho)*d_(zeta,sigma)*d_(eta,rho)*d_(theta,
sigma))*masterterml; Local terml2 = (d_(alpha,mu)x*d_(beta,
nu) *d_ (gamma ,mu) *d_(delta,nu) *d_(eps,rho)*d_(zeta,sigma) *
d_(eta,sigma)*d_(theta,rho))*masterterml; Local terml3 = (
d_(alpha ,mu)*d_(beta,nu)*d_(gamma ,nu)*d_(delta,mu)*d_(eps,
rho)*d_(zeta,sigma)*d_(eta,rho)*d_(theta,sigma))*
masterterml; Local terml4 = (d_(alpha,mu)*d_(beta,nu)x*d_(
gamma ,nu) *d_ (delta ,mu)*d_(eps,rho) *d_(zeta,sigma)*d_(eta,
sigma)*d_(theta,rho))*masterterml;

Local term21 = (d_(alpha,mu)*d_(beta,nu)*d_(gamma,mu)*d_(
delta,nu)*d_(eps,rho)*d_(zeta,sigma)*d_(eta,rho)*d_(theta,
sigma))*masterterm2; Local term22 = (d_(alpha,mu)x*d_(beta,
nu) *d_ (gamma ,mu) *d_ (delta,nu)*d_(eps,rho)*d_(zeta,sigma) *
d_(eta,sigma)*d_(theta,rho))*masterterm2; Local term23 = (
d_(alpha ,mu)*d_(beta,nu)*d_(gamma ,nu)*d_(delta,mu)*d_(eps,
rho)*d_(zeta,sigma)*d_(eta,rho)*d_(theta,sigma))*
masterterm2; Local term24 = (d_(alpha,mu)*d_(beta,nu)*d_(
gamma ,nu) *d_ (delta ,mu) *d_(eps,rho) *d_(zeta,sigma)*d_(eta,
sigma)*d_(theta,rho))*masterterm?2;

Local totall = (termll - terml2 - terml3 + terml4d);
Local total2 = (term2l1 - term22 - term23 + term24) ;
Print +s, totall,total2;

.end

Listing G.1: A simple FORM code that shows the reduction from (G.11)) to
(G.13), here for 10 dimensions.

The result of the simple program shown in Listing is given in Listing
G2l

totall = + 8%k.k*q.q*Gk2*xGqg2 + 64xk.q " 2*xGk2*
Gq2 o

total2 = + 8%k.k*q.q*xGk2*Gq2 + 64%k.q"2*%Gk2x*
Gq2 ;

Listing G.2: The result of the code in Listing [G.1]

Here we made an arbitrary choice of the Euclidean space-time dimension
by putting it to 10. Using the simplified expression (G.13)), one can immedi-
ately calculate the d-dimensional integrand of the Fourier transform. To this
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end it is convenient to introduce a table showing the relation of the indices,

see Table

’term\sign\a\ﬁ\y\é\6\(\77\9‘
1 + \plvip|lv|iplolp|lo
2 - plviplv|iplolo|p
3 - plvivip|lplo|pl|lo
4 + jplvivipglplo|lo|p

Table G.1: Indices to insert in equation (G.13]) to obtain the d-dimensional

integrand (G.12)).

The integrand becomes

d

d d d
Id (k7 q) = 4 Z Z Z Z AZII)/Z?ZJ/Tpno'pJ q) (G14)
p=1 o=1

p=1 v=1

_Aab sym (k,Q) Aab sym (k,Q) + Aab sym (k,Q))

LYV poop /wz/,upapo LYV Upoop

= 09 @3S ST S g G+ kg,

p=1 v=1 p=1 o=1
,u,q#( pqaéuoaup_i_k qp(sypézla

)
— ki (k0" 6" + k077 6"
gy (ko070 + kpq,0"°6"7)]
— 46"9 (k)9 (q) [2(k-q)*d =2 (k- )" =2 (k- )" + 2K*¢’]
— 80" (k)9 (q) [F*¢ +(d—2) (k- )],

which is the final result that holds for arbitrary Euclidean dimensions
d >2. With the trace in color space N¢ we can finally obtain the desired
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integral corresponding to the momentum space operator & (p),

(F*(z)F*(0)) = (G.15)
= d'h d'q exp {1t -
= e | e / oy P 0) )

= X9 (k)9 (q) (K*¢* + (d—2) (k- q)°)

q=p—k

™

= ddp exp{ip-x
= M%/kQV p{ip-z}

x/ki@g%@%u%%ﬁ%%p—@?+w—2ﬂk%p—@f%

-~

=0(p?)

such that the final expression is

d
o) = [ G ()9 (0= k7) (00 + (=2 (- (o= 0)),
(G.16)

where we expressed the momentum dependence of the scalar parts of the
gluons (¥¢) in terms of momentum squares.
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Appendix H

Calculations in the DFS phase

Here we present the details of the calculation discussed in Section of
Chapter 5] Let us start by showing that equation (5.1]) indeed follows with

the definitions (5.3]) and (5.4]).
py = [if [1+ (g5 £ea)cos® ] (H.1)

1
= (Mf,o - §Mf,2>
3 u
X [1+ <— (@4‘ M_’Q)
4 Hd jan
3 "
+ - <@ — 'M’Q)) 00520]
4 Ha o
1 3 (2 2
= - — 14+ = == U
o= b) (22
1 3 For2 2
_ Mf,o__uf,Q) [H_ (—) cos? i
( 2 2 \ 0 — 3452

1 3 ([ Hyoky2 ) 2
= Hfo— sHf2t 3 (— cos” v
2 2 \ o — 3hs2

3 '“3“72 2
_Z (T COS 19
:uf7 Qluf,Q

1 _ 1
2 Ko — gHf2

1
= [0+ S [3 cos? 1) — 1] ,

which shows that the definitions are consistent. The particle number
density of the ellipsoidal Fermi surfaces is given in (5.7)). Performing two of
the three integrals we get
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nf:

&9 [(1 + (25 % £4) sin? ) sin 19} (H.2)

= ’/dﬁ[sin19+3(€5ﬂ:5,4)sin319
0

+3(es £ e4)?sin’ I + (eg £ £4)” sin” V]

Integrating the remaining term finally yields

C k3
ng = (2 l;’:]; [2+4(€5:|:€A) (H3)

)
16
5

32
-+ (5S:t5A)2+_(€S:l:5A>3:|

35

oy

8 16
+g(85 + 5,4)2 + £<85 + 6A)3:| .

Next, let us calculate the energy density of the deformed case. The lin-
ear dispersion relation enters the integral together with the Jacobian. The
momentum reads

k| = ky(1+ (e E£ea)sin®d) (H.4)
X [Sir1219cos2 ¢ + sin® ¥ sin? ¢ + cos? 19]%
= k(14 (es £ea)sin’?) .,
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and the energy density becomes

uf

3
C/ é:)];k? (1+ (g5 £ea)sin® 19)4

C /‘kF’f T 9 2 5
dk / d / dk
(27m)3 Jo ! 0 0 d

x sint (1 + (g5 £ £4) sin® 19)4

( : ) 1471{(85 + €A)k sin%ﬂ ¥

T
C Fry / dv [sinﬂ +4(egEey)sin®d
0

+6(e5 £ e4)?sin’ ) 4 4(eg £4)*sin”
+(eg £ €4)* sin’ 19} )

Performing the integral we get

uy

%(as )’ + %(55 + 5A)4}
CSfT?;f [1 + 2(65 +eq)+ 11_553(55 teq)”
—|—%(5S +e4)% + %(55 + EA)4:| .

(H.5)

(H.6)

The ’costs‘ for the deformation in terms of the energy density reads
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C k., 8 48
eform — —FF |1 =
Ugef o2 { + 3(55+5A)+ 15(€s+5A)
64 128 A
S H.
35(es+a,4) +315(55+5A)} (H.7)
4
C (kag)
B 872
C kg 8 48 )
+ 32 {1+§(65—€A)—|— 15(85—€A)

64 . 1928 ,
ta5(es —ea) 4 g5 (es —ea) ]

C (/g;fjﬁ)é"

82

Next we have to re-adjust the optimal deformation parameter £° A :

kpa (14 eP") = kpa (1 -7 (H.8)
- kF,u,s (1 + Eopt) (H9>
[1 + 2% + (82’”)2 + % (5%”)3}
; kF,d,s i (1 . 6?4;715)

-2+ 2 () - 2 ()]

Kpus
[1 + 26Opt + 3 (&?Zpt Opt ]
(1 + (7 43 (€7 +3e°pt>

! k%‘ds

IS GO ICUN

X (1 (5%’1&) +3 (e Opt) — 35?)

=

(H.10)
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o K. (1 oy ey - 2 (afft)g) (H.11)
X (1 + (5fft)3 +3 (5?)2 + 35fft>
16

: o 8 o 2 o 3
L, (14274 1) 4 35 (1))

x (1= (1) +3 (7" - 3:7")

o b (120 1) - 3 G (112)
R =6 () 4 2 () - 5 (1)

A
BB () -6 () + 2 ) - e (1)
(

1
R 2 S g )

& ki, (1+€Zpt—g(€?ft)2—§(s?ft)3 (H.13)
50 , oond 8 opns 16, o6
o5 (1) + 32 (1) — 55 (X))
o T opin2 . 23 ooin3
. k%d78<1 eApt—g(Eft) +£(5ft)
50 , ooind 8 s 16, o6
v 1)~ 3 (39~ 3 (49")

The optimal deformation parameter €4 has to satisfy [H.13] where we can
safely neglect orders higher than linear in €4. As the expansion parameter
for the squared term has the same sign on both sides, the next contribution
depends on the (small) difference of the Fermi momenta cubed. The sup-
pression of terms of order of 3 or higher due to the small parameter ¢4 is
obvious, such that we can safely neglect higher orders form here on. The
modified condition for the optimal deformation parameter 4 is then
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Frus (LX) = kpg, (1—<7) (H.14)
=
k3 —]{?3
eV = (H.15)

k%,d,s + k%‘,u,s
(4 0p)° = (p = op)°
(1 +0p)° + (1 — 0p)’
6p?(dp) + 2(dp)°

2013 + 64(5p)?
4O

1

Q

We also confirmed this result by solving the system numerically in a self-
consistent way.



Appendix I

Details of the bosonization

In this Appendix we show that the four fermion interaction ¢4 can be written
as a bi-linear of two tensor fields,

s = Eiuiie (I.1)
= XiMinja

where M is a real symmetric non-singular matrix and y are vectors storing
the tensor fields ¢;; composed of two fermionic fields 1; and ;. To this end
consider the Levi-Civita tensor in the multi-index notation involving 7, j, k
and [. In total there are 4! = 24 non-trivial contributions. The idea is to
use the anti-symmetry of the Levi-Civita-symbol to re-arrange the terms in
such a way that they can be reduced to multiples of the 6 non-vanishing
combinations in the Levi-Civita tensor, see Table [[.1]

O12 | ©13 | O14 | O3 | Ogy | O3y permutation
O] 0 0 0 0 0 1 | sgn(1234) = +1
O3] 0 0 0 0 | -1 1] 0 |sgn (1324)

O3 0 0 1 0 0 0 3gn(2314) —i—l
Oy 0 -1 0 0 0 0 sgn (2413)
O34 1 0 0 0 0 0 sgn (3412) = —1—1

Table I.1: Non-vanishing pairing patterns after bosonization are used as a
basis, see text.
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The desired bi-linear form is then given by

VM. = (L.2)
O\ /0 0 00 0 1 O,
O3 0 0 00 -1 0 O3
| e 00 01 0 0 Ou
| ey 00 10 0 0 Oy |’
Oos 0 100 0 0 Ouy
Ous 1 0 00 0 0 Qs

where M is a real symmetric non-singular matrix. In order to cover all
combinations occurring in the Levi-Civita tensor we make use of the anti-
symmetry of the fermionic fields under exchange. The term e;;11:%;vVr
can then be written in a bi-linear form of tensor fields ¢;;,

() (% ) () 13)
- (—%)T( S )

= '4M ¥,

>

where the lower entry of the vector corresponds to the basis elements
shown in Table[[.T|with their indices flipped, hence the *-* sign. Let us discuss
the bosonization in greater detail. The interaction we want to bosonize after
the first Hubbard-Stratonovich transformation reads

exp {—/d4xc§ﬁnt} (1.4)
— o {- [ daut T
In order to use the bi linear form constructed above, the interaction term

in the exponential on the right hand side of ([.4)) has to be re-written in a
suitable form. As the tensor T is totally antisymmetric, we may write
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+ o+ o+ 4+

Vi T

Eijkt Vit bk

V19ah3ths — P1patbathy — 1hathaths + V193banhs
V1Yatotp3 — P1athsihy — ath1h3thy + Path1ards
Yoh3th1hy — hath3iathy — Yohath11bs + athatbsin
VY31tatha — P3th1hathe — Psthath1ths + Y3thaidaih
Y3haP19e — 3athathy — Path1tbaths + PYathr1ibsipe

Ya)oth11hg — Paath3i)y — Pathzhiy + Path3rharhy.

We want to express the interaction (.5 in the basis shown in Table ,
where the basis elements correspond to the six combinations

Bi = +i11etbsidy,
By = —i1siarfy,
By = +194tbat)s,
By = +atpsihi)y,
Bs = —tathyih1ts,
Be = +13141190.

(L.6)

Permuting the terms of ([.5) by shuffling each line to a certain basis

element we get

+ o+ 4

U1Y93ths + V1ath3hy + Y1thothsthy + Pr1ibathsihy
V1Yathaths + h1atbaths + V114 1aths + Y1hathaths
Uath3h1hg + hath3haihr + Yat3th1thy + Yothsthithy
Y1h3hathy — V131athy — Y1th3hathy — 13ihathy
VY3hap1e + Y30a1s + 3athitha + 3thathieby

Vathahrths — aath1s — hathathr1 s — PathaPrifs
4By + 485 + 4By + 4By + 4Bs + 485

6
42 B..
=1

For the interaction ([.4) we can now write
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exp{— / d%fmt} (L8)
= exp{—/d4x§44§:8i}.

=1

This, in turn, allows us to perform the bosonization in a straight-forward
way,

exp{/d4x(—§4)4i8i} (1.9)
x / ﬁ Z2[S exp{— / d4xm7%4>ziz\~4ij>zj}

m,n=1
m<n

X exp {_ / d4xgg4M7,j)~<21/)]1¢j2} )

where we used an implicit way to write down the bi-linear form and
the Yukawa term for the new fields. However, now that we have the desired
bosonic fields ©;; (in fact they are tensor fields carrying baryon number 0 and
they obey Fermi statistics) we convert them back to an expression involving
the Levi-Civita tensor. Making the last expression explicit in the indices of
the bosonic fields, as well as using their antisymmetry under exchange of
their indices, we have
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AxiMijx; (1.10)
= 4 (0126034 — ©13024 + ©14093
+623014 — 024013 + 034013)
= ©12034 + 12034 + ©12034 + O12,034
— 01302 — 01302 — 01301 — 0130

+ ©14023 + ©14023 + 14023 + 146023
+ 093014 + O23014 + O23014 + O30
— 024013 — 02013 — 024013 — ©2,013
+ 034012 + 034015 + 034013 + 034017
= 012034 — 021034 — ©12043 + O210,3
— 013024 + 031024 + 013042 — O304
+ 014023 — 041093 — 014035 + 04,039
+ 093014 — 032014 — O30, + O304
— 024013 + 042013 + ©21031 — 04203
+ 031012 — 043012 — 03109 + 0430
= 012034 — 012043 — O13021 + O13042
+ ©14023 — 014033 — 091034 + 09,043
+ 093014 — O304 — 024013 + ©2403
+ 031024 — 031049 — 032014 + O304
+ 034012 — 034091 — 04103 + 04,03,
+ 042013 — O4203; — 043015 + O30

= Eijkl@ij@kh

where we just rearranged the terms in the same way as we got them when
evaluating equation ([.5). Making also the last term in ([.9)) explicit, we find

4Mij>~(i¢j1wj2 (Ill}
= 4(012¢3104 — O1303104 + O14134
+O2313104 — O2413104 + O34131)4)

= |[same calculation as (.10

= €O V.
From equations (I.10]) and (I.11]) we thus infer that the bosonization steps

(5.40) and (5.42) are justified as long as T;;x is the Levi-Civita tensor, that
is, €ijmWivj iy can indeed be written as a bi-linear form.
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Appendix J

Algebraic and numerical
techniques

In this section we introduce some techniques that we employed to perform
algebraic and numerical calculations.

J.1 Radial grids for the quark-gluon vertex

Throughout the computation of the quark-gluon vertex we employ two dif-
ferent grids for the radia]F_-] components of the momenta. This procedure has
been suggested by Richard Williams. Taking points on the external grid
slightly different from internal points excludes nodes that might become nu-
merically troublesome. This procedure still places points very close to the
external nodes. First, the external grid is constructed. It spans the dis-
tance from the IR-cut-off to the UV-cut-off and features nodes which are
distributed according to the prescription

i—q

T, = Tir (xw) o , 1€ [1,n], (J.1)

L

where x;. and x,, are the IR and UV cut-off respectively, and n is the
number of external nodes. On a log,, scale, the nodes obtained by this
prescription appear equidistant. For our calculation we considered z;, =
107* GeV?2, z,, = 5 x 10* GeV? and n = 32. The external grid is employed
for the left hand side of equations and , that is, the propagator and
vertex dressings are evaluated at these nodes for all their radial variables. For

'Radial with respect to hyper-spherical coordinates, see (A.7).
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Figure J.1: A sketch of the external momentum grid as obtained from equa-

tion (J.1)).

the propagator there is only p?, while in case of the vertex the grid is used for
p? and ¢2. Internally, for the loop integrals in the quark self-energy and in the
non-abelian diagram, we use a different grid. The internal grid is obtained
from the external grid as follows. For all neighboring nodes on the external
grid, compute ng abscissas and weights according to the Gauss-Legendre
quadrature rule [90], using the neighboring external nodes as boundaries for
the Gauss-Legendre rule. The external grid has n nodes, thus there are n —1
such intervals. Starting in the IR and working towards the UV one can then
store the nodes and weights obtained through that procedure to arrays of
dimensionality ng (n — 1), which hold the full internal grid-points and their
weights after this step. The external nodes are then automatically removed
from the internal grid, as they serve as end-points for the Gauss-Legendre
quadrature rule and are as such not roots of the Gauss-Legendre polynomials
that are used to construct the abscissas. In Figures[J.1] and [J.3] we show
the procedure graphically.

J.2 Treating systems with broken Lorentz in-
variance using FORM

In the following we briefly summarize how to treat systems with broken
Lorentz invariance using the computer algebra system FORM [89]. In such
systems, usually one encounters scalar products of different dimensionality,
which requires slight modifications of FORM code written for the Lorentz
symmetric case.
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Figure J.2: The internal grid points are distributed between the external
nodes according to the Gauss-Legendre quadrature rule, applied for n, = 3
points for every interval with neighboring external grid points.

Figure J.3: The actual internal grid consists of ns(n — 1) nodes resulting
from the Gauss-Legendre quadrature rule. The external nodes are not part
of this grid.

When evaluating the tensor algebra of systems at non-vanishing tem-
perature and/or density with computer algebra systems (CAS), the broken
Lorentz invariance requires that the CAS is capable of treating the different
types of scalar products arising from three and four-dimensional contractions.
The computer algebra system FORM [89] has been specifically developed to
perform algebraic manipulations arising in the evaluation of Feynman dia-
grams very efficiently, but it assumes Lorentz symmetry to be maintained,
at least as far as any straight-forward application of the routines provided
by FORM is concerned. FORM is however a quite powerful tool, so it is
quite easy to exploit the native features of FORM to make it suitable for non
Lorentz invariant systems.

In FORM one can define the space-time dimension using the Dimension
statement in the preamble of the FORM code, for example

On Statistics;
Dimension 3;
Symbol x,y,z;

Listing J.1: Defining the dimension.
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The Dimension declaration statement determines the dimension of all
indices that have been defined without giving an explicit number for their
dimension. As FORM uses Einstein’s sum convention, the number given
here directly affects the results of contractions of various quantities. Our
goal is to treat three and four dimensional quantities in one FORM code at
the same time. This is very convenient when performing computations at
non-vanishing temperature and/or density, as can be seen when e.g. looking
at the photon polarization tensor at non-vanishing temperature [I75],

I, = FP,L+GP., (J.2)

PL =P =, PL =65, — Q;fgf, (1.3)
L _ unu T

Pl = dw— g~ Pl (J.4)

where F' and G are some dressing functions. Note that Latin indices
run from 1 to 3, Greek indices from 1 to 4, which makes it clear that once
this propagator is connected to other ingredients of some Feynman diagram,
mixed scalar products of different dimensionality will occur after the contrac-
tions of all indices have been performed. One can achieve this with FORM
quite easily.

FORM comes with the feature that, despite the overall dimension deter-
mined by the Dimension statement, one can define indices of different dimen-
sionality. In particular one can assign a dimensionality of 0 to a particular set
of indices, which suppresses the sum convention. The actual dimensionality
of these indices is inherited from the Dimension statement.

On Statistics;

Dimension 3;

Indices i=0,j=0,k=0,1=0;

Indices mu=4,nu=4,rho=4,sigma=4;

Listing J.2: Indices of different dimensions. If the value 0 is assigned to an
index, Einstein’s sum convention is not implied for that particular index.

In Listing we have defined a dimension of 3, which means that all
sum convention based contractions involving indices with no dimension as-
signment are performed with respect to three dimensions. Furthermore we
declared Greek indices to be four-dimensional, while the 0 going with Latin
indices prevents the sum convention from being executed for these indices. In
principle one could also put the value for the Latin indices to 3 at this point,
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which would result in the correct expressions coming from e.g. 9;;, which
would simply yield 3. However, this would spoil the possibility of identifying
three and four dimensional scalar products as distinct quantities, as both
expressions p(i)-k(i) and p(mu)-k(mu) would yield p.k. Thus we perform
the computation in two sequential steps. In Listing we show examples of
several scalar products and Kronecker-delta contractions.

On Statistics;

Dimension 3; * contratctions wrt dim=3 (
despite the fact

* * that we want to perform 4-
dim Euclidean

% 5k 5k %k k >k %k %k %k % > 5k %k %k %k %k %k %k %k % * computatj_ons we put the

internal dim to 3)
**xx DEFINITIONS * %
sk ok ok ok sk sk ok ok ok ok ok ok K K %k % % % % k

Symbol k3,k4,p3,p4,pk3,pké; * 3 and 4 dim scalar products

Vector p,k; * two momenta

Indices mu=4, nu=4; * greek indices run over 4
dim

Indices i=0, j=0; * latin indices are not

summed over
%k 3k %k 3k 5k %k 5k Xk %k 3k %k % Xk %k 3k Xk %k Xk % %k
**x*%x TEST CASES  *%*x
ok ok ok %k ok K K ok K ok K K ok Kk K Kk K
Local testl = d_(i,i);
Local test?2 d_(mu,mu) ;
Local test3 = p.k;
Local test4 p(i)*xk(i);
Local testb p (mu) *k (mu) ;
ok %k % ok %k ok %k k ok K ok K k k kK k
STEP ONE
contract 4-dim
indices first
and identify
the resulting 4d
* quantities. *
5k % 5k %k ok K * ok K >k K * ok K ok K kK k
repeat;
id p.p = p4~2;
id p.k = pké4;
id k.k = k4°2;
endrepeat;
5k % % ok % >k K k K * >k K k K * k % k K
STEP TWO
Sum over the

should give 3
should give 4
should give pk4
should give pk3
should give pk4

* ¥ ¥ X ¥

* ¥ ¥ X *
* ¥ ¥ ¥ *

* ¥ ¥
* ¥ ¥

3-dim indices
and identify the

*
*
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* remaining *
* quantities as *
* three dimensional*
3k 3k %k ok % ok 3k % 5k %k ok 3k K >k % ok k K k
sum i, j;

repeat;

id p.p = p3~2;

id p.k = pk3;

id k.k = k372;
endrepeat ;

ok 5k % ok % ok 5k %k ok %k ok %k %k >k k K k K k
*x* PRINT RESULTS *x*x*
3k 3k % ok % ok >k %k ok % ok >k % >k % ok k K kK
Print +s testl;
Print +s test2;
Print +s test3;
Print +s testé4;
Print +s testh;

.end

Listing J.3: FORM code giving some examples of 3 and 4-dimensional
contractions.

In the first step of the computation we perform all 4-dimensional contrac-
tions. The index dimension of 4 of the Greek indices ensures that expres-
sions like the Kronecker delta yield the correct number of Euclidean space
time. All Latin indices remain untouched at this point, and we can use the
repeat and id statements to assign the final 4-dim expressions to the inter-
mediate results. The following sum i, j; command performs the remaining
contractions, which are performed with respect to 3 dimensions, as this is the
standard dimension defined above. We successfully applied this procedure
to derive the gluon DSE at non-vanishing chemical potential (a project that
is not part of this thesis), where we confirmed the result by cross-checking
with an independent (much slower) Mathematica computation. However,
one should always be careful and check the correct behavior of the code by
evaluating test-cases suitable for the particular problem.

J.3 Bi-cubic spline interpolation in the com-
plex plane
Interpolation of two-dimensional complex data is a crucial aspect of the an-

alytic structure calculations, as the integration contours are deformed to
arbitrary shapes in the complex plane. The data however is discrete and
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only accessible via tabulated functions. As the result in the end should be
a smooth function (apart from non-analyticities, in that regions we will ap-
ply bi-linear interpolation), we use a complex bi-cubic spline interpolation to
obtain information at arbitrary points in the complex plane. If the function
that is to be interpolated is known to be a smooth differentiable continuous
function, cubic spline interpolation can be used to obtain function values at
arbitrary points in good approximation, as long as the point lies within the
boundaries of the region that is to be interpolated and the resolution of this
area is sufficiently high to capture local variations of the function. The spline
interpolation is performed in two steps.

Consider a complex tabulated function f(X) whose values are known
on & Nyea X Nimag rectangular grid (parallel to the axes), where N,y and
Nimag denotes the extent of the grid in real and imaginary direction and
X € M (Nrear X Nimag, C) is a complex matrix holding the values of the
independent variable (boundaries z,; = minRX, z,, = maxRX, z;; =
minJX, z;, = maxJX) respectively. Our goal is to interpolate the function
f(zo) at some value zy € C, where x,; < Rry < 2., and z;; < Trg < T4 4.
We will use the routines spline and splint of [I76]. Note that the values
of X have to be strictly increasing in real and imaginary direction in order
to apply these interpolation routines.

e STEP I: For every y; € JX, spline along the corresponding real values
of X for this given imaginary number y; and interpolate the real part
of the function f(x) at the real part of the interpolation value Rz,
which gives a one dimensional grid Ix(y;) of length N4, as there are
Nimag different imaginary numbers y; in the rectangular grid. Spline
once more along the real values of X belonging to any given imaginary
number y; and interpolate the imaginary part of the function f(x) at
the point Rz again, storing the results to I¢(y;) . After performing this
step we have two one-dimensional grids Iz and I¢ of length Njp,q, that
hold the real part-interpolated real and imaginary part of the function
for all discrete imaginary values. See Figures and for this step,
where only one situation (real or imaginary part) is shown.

e STEP 2: To obtain the real part of the function at the interpolation
value, R f (o), we have to spline the previously obtained set Iy and
interpolate at the imaginary part of Jzy. To obtain the imaginary part
of the function at the interpolation value, Jf(z¢), we have to spline
the previously obtained set Iy and interpolate at the imaginary part of
Jxg. This step is depicted in Figure [J.6
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Figure J.4: Bi-cubic spline interpolation. The (smooth) function is known
on a discrete lattice, the point to be interpolated is depicted by the green
dot.

Figure J.5: In STEP 1 one has to spline interpolate at all discrete imaginary
numbers along the real direction and store the result to an array (yellow
dots).
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Figure J.6: In the second step, the array obtained in the previous step has
to be spline interpolated at the value of the imaginary part.

To test the routine we set up a complex tabulated function on a regular
12 x 12 grid, Rz € [-5,5], Jz € [-5,5]. The function is constructed in
such a way that it features a Gaussian centered around Rx = 1 in the
real part, and a Gaussian centered around fRx = —1 in the imaginary part.
The function is then interpolated using the routine described above, where
a regular 128 x 128 grid, Rz € [—5,5], Jx € [-5,5], is used. While the
tabulated function is only known on 144 discrete points, after interpolation
we have an approximation of the function on 16384 points. As the Gaussians
are very smooth functions, the interpolated values give nice results. The
results of this test-run are summarized in Figures [J.7 to

For this particular run we mapped the complex plane to the matrix X in
such a way that the imaginary part of the values stored in X decrease with
increasing index of the matrix. As the interpolation routine requires strictly
increasing behavior, the corresponding arrays have to be reversed before they
are passed to the routine.

In our study of the complex quark propagator this routine is also a good
tool for calculating a grid needed for generating plots, because the internal
grid features a high density of nodes close to the axes and the origin. The grid
points have been mapped logarithmically to resolve that region, which is a
bad setting for 3d plotting routines which try to interpolate the data in order
to generate a smooth surface. Here we use the spline interpolation routine
to go back to a equally-distanced grid which can then be used conveniently
to plot the result.
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Figure J.7: Complex bi-cubic spline interpolation (see text). Left: Absolute
value of the tabulated function. Right: Absolute value after complex bi-cubic
spline interpolation.
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Figure J.8: Data points before (144) and after (16384) complex bi-cubic
spline interpolation.
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Figure J.9: Real part before and after interpolation.

Figure J.10: Imaginary part before and after interpolation.
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Appendix K

Supplementary material: Movies

These movies have been calculated using Mathematica 8 by Wolfram Re-
search [168]. The movies show the analytic structure in the radial integration
plane of the correlator of the square of the Yang-Mills field strength tensor
(F?(z)F?(0)) at the Born level after the angular integration (see [98],[174]).
The 2-dimensional movies are dedicated to contour parametrizations for the
case of i-particle propagators [100] that we used to develop the numerical
procedure of massively parallel complex integration using GPUs [98]. The 3-
dimensional movies show the analytic structure arising in the complex plane
of the radial integration variable after the evaluation of the angular integral.

K.1 2d Movies

There are four 2-dimensional movies showing the obstructive structure in the
complex plane of the radial integration variable y for the correlator (4.4)).

K.1.1 The movie 2d_movie_1.mp4

The left panel shows the branch cut (blue line) and the two poles (green
dots) situated at y = :I:% in the complex y-plane. The right panel shows
the complex z-plane. As the movie progresses, the imaginary part of the x-
variable is varied, as one can see on the right panel. The left panel shows how
the branch cut changes shape, size and orientation in dependence on z. The
three red points mark the positions where the branch cut hits the axis. They
have been used as adaptive orientation points for a dynamically deformed
contour. However, in the end it was not necessary to use these points, the
simple contour deformations presented in Chapter [l were sufficient to produce
robust results.
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K.1.2 The movie 2d_movie_2.mp4

This movie shows the same setting as the first one, but now the real part of
x is varied.

K.1.3 The movie 2d_movie_3.mp4

This movie shows a dynamically deformed contour (red line) that connects
the origin with the UV cut-off in the complex y-plane. The corresponding
value of x = p? is shown explicitly. This contour deformation is not the one
we used ultimately, but it also produces the right result. The contour is how-
ever more complicated to compute as it requires more dynamical adaptions
than the ones presented in Chapter 4l The situation shown in this movie
corresponds to region 4 in Figure {4.3]

K.1.4 The movie 2d_movie_4.mp4

This movie shows a similar setting as the third movie, this time covering
values of x corresponding to the regions 5, 1 and 2, see discussion in Chapter
M The blue line blocking the contour in the last third of the movie is a
numerical artifact.

K.2 3d Movies

There are three 3-dimensional movies regarding the analytic properties of
(F?(x)F?(0)) at Born level, where Gribov-type propagators have been used
as an input. The movies have been calculated by producing a 3d plot with
Mathematica, changing the position of the camera by small steps. The plots
show the analytic structure of the radial integration variable after the inte-
gration of the angular variable has been performed. Apart from a pair of
complex conjugate poles (visualized as purple pillars in the movies) there are
also two intersecting branch cuts showing up. The size, shape, orientation
and position of the branch cuts has been calculated for all given parameters.
However, for the purpose of visualization we furnished them with a brick-wall
texture to indicate that they are obstacles for the radial integration contour
connecting the origin with the UV cut-off. Several relevant parameters are
shown in the movie to allow for orientation in the complex plane. This head
up display‘ is depicted and explained in Figure [K.1}
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Figure K.1: The ’head up display’ used in the 3d movies for orientation in
the complex plane.

K.2.1 The movie 3d_movie_1.avi

This movie shows a 360° panorama at the point yy = 1 GeV? for an external
momentum square of p? = x = —2 4 2i GeV?. A compressed version of this
movie (mp4) can be found in the folder '3d-movies-compressed’.

K.2.2 The movie 3d_movie_2.avi

This movie shows a possible path of a radial integration contour connecting
the origin with the UV cutoff. The camera moves along the contour by
passing the pole in the second quadrant on the right side in order to avoid
a modification through its residue. The camera moves out far enough such
that the obstructive structure is left behind and heads straight for the UV
cutoff, which is called £? in this case. The external momentum square is
again given by p? = = —2 + 2i GeV?.

K.2.3 The movie 3d_movie_3.avi

In this movie we show how non-analyticities arise in the result of the overall
expression. The camera moves up and hovers above the plane while looking
down on it. Then we vary the external momentum square and identify three
points where the endpoints of the cuts coincide with one or both poles, com-
promising the existence of unaffected contours. These points are the branch
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points of the result.
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