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the fall of 2017 [1]. I assume that the reader is familiar with elementary classical and
quantum field theory, statistical mechanics, and phase transitions. Only a minimum of
thermal field theory is assumed, with clear statements included when results from the
field are used. The specifics of the models studied are covered in full detail, and no
preexisting knowledge is required.
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tions of the formula relating the Polyakov loop and the quark free energy appeared ob-
scure to me, and I thus provided a step-by-step field theoretic derivation of the formula.

Finally, I owe gratitude to the people supporting me during this work. I would like to
thank Professor Jens O. Andersen for excellent supervision, interesting discussions and
thorough feedback on my work. I would also like to thank my housemates and friends
for providing a fantastic atmosphere in which to decouple from physics, with a special
mention to my gym partner Simen Kjernlie. Lastly, I am indebted to my partner Ana
Trisovi¢, who always supports me and forgives me when I am fully absorbed by my work.
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Abstract

In this thesis we study the phase diagram of two-flavor quantum chromodynam-
ics with effective models. We investigate the phase diagram in the baryon chemical
potential-temperature and magnetic field-temperature planes. As approximations to
QCD we use the Polyakov-loop extended quark-meson model (PQM) and the Pisarski-
Skokov chiral matrix model (xM). We take quantum and thermal fluctuations of quarks
into account to one loop, while we neglect bosonic fluctuations. Bosonic self-energy cor-
rections are calculated in order to consistently fix coupling constants at the one-loop
level in the large- NV, limit.

We find that both models have coinciding chiral and deconfinement phase crossovers
at zero chemical potential, and the pseudocritical temperatures agree with two-flavor
lattice QCD simulations. For temperatures up to T' ~ 27, the models agree reasonably
with the pressure, energy density, and interaction measure as calculated on the lattice.
However, the Polyakov loop temperature dependence disagrees with the lattice results.

For quark chemical potentials satisfying p < 7', the PQM model agrees well with the
pressure and quark number density from lattice simulations. The yM model overshoots
these quantities. In the regime p > T the PQM model predicts a quarkyonic phase
while the yM model predicts a deconfined and chirally restored phase.

At constant magnetic fields the two models display magnetic catalysis at all tem-
peratures, which is in disagreement with lattice data. We show that the chiral sector
is responsible for magnetic catalysis. Furthermore, we find that a Polyakov loop model
without a chiral sector displays inverse magnetic catalysis. Finally, we show that in-
verse magnetic catalysis does not occur in the xyM model even when the deconfinement
temperature in the gluonic sector is made to decrease with the magnetic field.






Sammendrag

I denne avhandlingen studerer vi fasediagrammet til kvantekromodynamikk (QCD)
med to kvarktyper ved hjelp av effektiv modellering. Vi undersgker fasediagrammet i
kjemisk potensial-temperatur planet og magnetisk felt—temperatur planet. Som tilnserm-
ing til QCD benytter vi en kiral matrisemodell og kvark-meson-modellen (PQM) utvidet
med Polyakovlgkka. Vi tar hgyde for kvantefluktuasjoner og termiske fluktuasjoner til en
lgkke, mens bosonfluktuasjoner blir neglisjert. Bosoniske selvenergikorreksjoner regnes
ut slik at vi kan bestemme koblingskonstantene konsistent pa en-lgkke nivaet i grensen
der N, er stor.

Ved null kjemisk potensial finner vi at begge modellene har samtidige faseoverganger
for kvarkfrigjgring og gjenopprettelse av kiral symmetri. De pseudokritiske tempera-
turene overenstemmer med QCD-simuleringer pa gitteret med to kvarktyper. For tem-
peraturer opp til T =~ 2T, reproduserer begge modeller gitterverdier for trykk, energitet-
thet og interaksjonsmal til relativt hgy grad. Polyakovlgkkas temperaturavhengighet
overenstemmer ikke med gittersimuleringer i noen av modellene.

For kjemiske potensial p < T finner vi at PQM-modellen reproduserer trykket og
kvark-tettheten pa gitteret, mens xyM-modellen overestimerer disse stgrrelsene. I regimet
> T forutsier PQM-modellen en kvarkyonisk fase, mens xy M-modellen forutsier en fase
der kiral symmetri er gjenopprettet og hvor kvarkene er frigjort.

Ved konstante magnetfelt finner vi at begge modeller har magnetisk katalyse ved alle
temperaturer, og de reproduserer dermed ikke gittersimuleringer. Vi viser at det er den
kirale sektoren som er ansvarlig for magnetisk katalyse og at en Polyakovlgkke-modell
uten en kiral sektor har invers magnetisk katalyse. Til slutt viser vi at invers mag-
netisk katalyse ikke oppstar i y M modellen selv nar man lar den kritiske temperaturen
i gluonsektoren avta med magnetfeltet.
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Conventions

Units

We use natural units where 7 = ¢ = kg = 1. For electromagnetic units we use Lorentz-
Heaviside units, which implies g = pg = 1. This gives a fine structure constant of

_ € : : _ 1
a = £ and an electromagnetic Lagrangian £ = —3 F),, F'.

Metric, Indices and Gamma Matrices

Vectors in space-time are written as v* = v = (v°,v), where bold font indicates a

spatial vector with three components. We use Einstein summation convention when
summing over vectors. Unless otherwise specified, greek indices sum over space-time
while Latin indices sum over space. We choose the Minkowski metric signature g,, =
diag(1, —1,—1, —1), and repeated latin indices do not have an implicit minus sign, mean-
ing

_ v_ 0,0 i
uv, = guuf'v” = vtvT — v’ (0.0.1)

We use the Dirac representation of the gamma matrices

0 __ 1 0 i 0 O'i
vy —<0 N T K (0.0.2)

where o’ are the standard Pauli matrices.

SU(3) and Gell-Mann Matrices

We refer to the Lie algebra of SU(3) as su(3). As a basis for su(3) and as generators
for SU(3) in fundamental representation, we use 7% = %)\“, where A® are the Gell-Mann
matrices. The index a runs from 1 to 8. The diagonal matrices are A% and A%, which
reads

1 0 0 L [t 00
M=o -1 0], M¥=—1|01 o0 |. (0.0.3)
0 0 0 V3lo 0 -2

We write the matrix gluon field in a bold font, A, = A{T*.
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Introduction

In this introductory chapter we start with a brief history of the strong force. We then give
a non-technical description of quantum chromodynamics and its relevance to physical
phenomena.! Finally, we describe how this thesis is structured.

1.1 The Discovery of the Strong Force

After the discovery of the atomic nucleus by Rutherford [2] an obvious question arose:
what holds it together? Some force must overcome the electrical repulsion between the
positively charged protons, yet no such force had been observed at the time. This force
came to be known as the strong nuclear force, and several scientists attempted to explain
its origins in the following years. Most important was Yukawa’s proposition that the
protons and neutrons interact attractively as the result of exchanging a massive particle
known as a meson. There is truth to this idea, and Yukawa was in 1949 awarded the
Nobel Prize in physics for his prediction of the particles that we now call pions [3].

Gell-Mann [4] and Zweig [5] made a breakthrough in 1964 when they realized that the
nucleons, pions, and myriad of new particles discovered in the fifties could be understood
as bound states of more fundamental particles. These came to be known as quarks.
However, it was not until the 1970’s that a proper understanding of the strong forces
was achieved. It turned out that the strong nuclear force acting to bind nucleons was
a remnant effect of the more fundamental strong interaction between quarks. In 1973
the theory of quantum chromodynamics (QCD) was finally published [6], and it is this
theory that today is held to be the correct theory of the strong interactions.

"We remark that the first two sections in this chapter are nearly identical to the introduction in the
specialization project leading up to this thesis [1].
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1.2 Quantum Chromodynamics and the Standard Model

QCD is a part of a collective of quantum field theories together known as the Standard
Model. The Standard Model describes three out of the four known forces of nature: the
strong, the weak and the electromagnetic forces. QCD describes the strong force, while
quantum electrodynamics (QED) and Glashow-Weinberg-Salam (GWS) theory describe
the electromagnetic and the weak forces, respectively.? The Standard Model has time and
again been tested successfully in particle accelerators, and the model describes nearly all
of the observed interactions between elementary particles.> A comprehensive summary
of the most up to date experimental measurements pertaining to the Standard Model
are found in The Review of Particle Physics [8].

. . Gauge Scalar
Fermion generations
bosons bosons
I 11 I11
g H
U c t
Hi
Quarks up charm top gluons iggs
d s b v
down strange | bottom photon
e 1 T Z0
Lept
eptons electron muon tau Z boson
Ve Vy Uy W+
electron muon tau W bosons
neutrino | neutrino | neutrino

Table 1.1: Elementary particles in the Standard Model of particle physics.

The Standard Model contains three classes of fundamental particles: the matter
particles, which are spin—% fermions, the force carriers, which are spin-1 bosons, and the
spin-0 Higgs boson, which is responsible for generating the elementary fermion masses.
The fermions are additionally separated into leptons and quarks, and only the latter
interact via the strong force. It turns out that there are three generations of fermions,
with two quarks and two leptons in each generation. Thus, there are six quarks known
to exist, and we refer to them as having different flavors. Table 1.1 shows the particle
content of the Standard Model. In this work we will deal with the two lightest quark

2Technically, GWS theory also describes electromagnetic forces.

3Combined recent observations by the LHCb, Belle, and BaBar experiments, summarized in the
preprint [7], appears to be showing violations of a property known as lepton universality at the 5o
confidence level.
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flavors, the up and down quarks, which have bare masses at the order of ~ MeV [8]. The
different quark flavors get progressively heavier with each generation, and at sufficiently
low energies only the lightest flavors influence observed physics.

QCD shares many structural features with QED. In the former the interactions be-
tween quarks are mediated via massless particles known as gluons, which are the analogs
to the photon in the electromagnetic force. Similarly to the photons which only interact
with electrically charged particles, the gluons only interact with particles having a prop-
erty known as color. However, while there is only one type of electric charge, there are
three types of color charges, and eight different gluons exist. Furthermore, the gluons
carry color, causing them to interact among themselves.

The fact that gluons carry color causes QCD to become increasingly weakly inter-
acting at high energies. This effect is known as asymptotic freedom, and Gross, Wilczek
[9] and Politzer [10] were awarded the Nobel Prize in 1973 for its discovery. Asymp-
totic freedom also implies that the theory becomes increasingly strongly interacting at
low energies, and a result of this is that perturbation theory breaks down at energies
lower than ~ 1 GeV [11]. This is the regime relevant to hadrons and arguably the most
interesting regime of the theory. Studying QCD below this scale is extremely hard and
requires non-perturbative techniques. As a result, there is still active research on QCD,
and several important unsolved problems exist, with perhaps the most prominent one
being the problem of confinement, which we describe in the following.

1.3 The QCD Phase Diagram

The property of confinement is an essential aspect of QCD. It implies that objects with
net color can never exist freely at low energies, which explains why free quarks have
never been observed.? Confinement has not been proven rigorously, but its existence is
well establishing by simulations that use a numerical technique known as lattice QCD,
where QCD is defined on a discretized space-time.

It is however well known that at high temperatures, nuclear matter undergoes a phase
transition to a state where quarks and gluons are no longer confined. The first direct
observation of this phase was announced by experiments at the Relativistic Heavy lon
Collider in 2005 [12-15] and later also at the Large Hadron Collider [16]. The transition
is known as the deconfinement phase transition, and the state of matter obtained at high
temperatures is called a quark-gluon plasma (QGP). The deconfinement phase transition
in lattice QCD simulations is found to happen at a temperature T ~ 160 MeV [17], which
is outside the perturbative regime of QCD.

It turns out that QCD has a rich phase structure, and there is a large body of work
on the subject [18]. Figure 1.1 shows a sketch of the conjectured phase diagram of QCD.
In addition to the deconfinement phase transition, there is a transition known as the
chiral phase transition. For zero baryon chemical potential lattice QCD indicates that

“Technically, only SU(3) color singlets can exist freely.
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Hadronic

Liquid-Gas

M W, —

N

Figure 1.1: Sketch of the conjectured phase diagram of QCD in the plane of temperature
and baryon chemical potential. Figure from Ref. [19].

the chiral transition happens at the same temperature as deconfinement [17].> The chiral
phase transition is related to that fact that for the lightest quark flavors, QCD has an
approximate symmetry under mixing of the light quark flavors. For massless quarks this
symmetry is exact and is known as chiral symmetry. In the vacuum, chiral symmetry
is broken spontaneously, and as a consequence the pions arise as (approximate) Nambu-
Goldstone bosons, which is a type of particle that appears when a continuous symmetry
is spontaneously broken. At high temperatures, the approximate chiral symmetry is
restored in the chiral phase transition.

1.4 Thesis Outline

Since the most interesting features of the phase diagram lie outside the regime where we
can use QCD perturbation theory, other methods must be employed. Lattice QCD is a
method to study QCD non-perturbatively from first principles, but a technicality known
as the sign problem makes its use at non-zero baryon chemical potential infeasible at
present day [20]. In this work we will instead use phenomenological models to study the
QCD phase diagram and thermodynamics. In particular, we employ the quark-meson

5Zero baryon chemical potential means vanishing baryon density. Increasing baryon chemical poten-
tial means increasing baryon density.



1.4. THESIS OUTLINE 5

(QM) model extended with the Polyakov loop and a recently published [21] model that
we refer to as the chiral matrix (xM) model.

To better understand the deconfinement phase transition, we start out in Chapter 2
by reviewing the basics of Yang-Mills theory and QCD, and we investigate the dynamics
of heavy quarks in a gluonic background. Following this we show how the free energy Fj,
of a heavy quark in a gluonic background at temperature T is related to the expectation
value of an operator ® known as the Polyakov loop:%

e Fa/T — (@) (1.4.1)

This formula was originally derived by McLerran and Svetitsky in Ref. [22]. However,
since the original paper lacks a step-by-step derivation and the author could not find one
in the literature, an independent field theoretic derivation of the formula is provided.
The derivation is based on a similar relation for the Wilson loop at zero temperature
obtained in Ref. [23]. Once (1.4.1) is established we discuss gauge transformations at
finite temperature and the closely related concept of center symmetry. We show that
the deconfinement phase transition for heavy quarks is associated with the breaking of
center syminetry.

In Chapter 3 we construct a toy model for quark confinement by coupling free
fermions to a constant temporal gluonic background, following the procedure pioneered
by Fukushima in Ref. [24]. We furthermore discuss the effective potential in QFT at finite
temperature, its relation to the thermodynamic grand potential, and phenomenological
Polyakov loop potentials. We round off the chapter with a discussion of the relation
between the Polyakov loop (®) and the conjugate Polyakov loop <<i>> at non-zero baryon
chemical potential, which appears to be a subject of confusion in the literature.

The topic of Chapter 4 is the quark-meson model and its Polyakov-loop extended
version. We summarize work from the project leading up to this thesis [1], which consists
of a one-loop renormalization of the QM model at zero temperature in the large- N, limit.
We also justify why the PQM model provides an approximation to QCD and discuss the
relationship between the symmetries of the two.

We proceed to study the phase diagram and thermodynamics of the PQM model
numerically in Chapter 5. We do this in the large- NV, limit where we can neglect mesonic
fluctuations, and we fix the coupling constants consistently at the one-loop level, which
is typically not done in the literature. Furthermore, we carry out the same study on a
modified version of the yM model. We also study the models at finite baryon chemical
potential, which at the time of writing has not been done for the xyM model in the
literature. We carry out a comprehensive comparison of model results with lattice data.

In Chapter 6 we augment the PQM and xyM models with a constant magnetic field.
We study the concept of magnetic catalysis and investigate the interplay between the
critical temperature for the deconfinement and chiral transitions. Finally, we study the
effect of making the gluonic sector of the yM model dependent on the magnetic field,
and we compare the resulting 7.(B)-phase diagram with lattice data.

5Tt is not clear that F is a free energy in the technical sense. We discuss this in Chapter 2.






CHAPTER

The Polyakov Loop

In this chapter we first summarize the basics of Yang-Mills theory and briefly discuss
how it describes the strong force. We proceed to show how the expectation value of the
Polyakov loop operator can be used as an order parameter for confinement in a pure
gluonic theory with static (infinitely heavy) quarks. We then discuss gauge transforma-
tions at finite temperature and how the spontaneous breaking of a symmetry known as
center symmetry is related to confinement. Using center symmetry, we show that only
static quark configurations with integer baryon numbers can exist in the confined phase.

2.1 Yang-Mills Theory

The quantum theory of electromagnetism, QED, is described by a Lagrangian
1 oy .
L= _ZFWFW + 9 [in" (0, — ieA,) —m], (2.1.1)

where v is a Dirac spinor field, A, the photon field, e the electric charge of the v field
and F),, the field strength tensor

Fu = 0,A, — 0,A,. (2.1.2)
Equation (2.1.1) is invariant under a local phase change of the fields given by
W(x) — e @ep(z), (2.1.3)

Au(w) = Au(a) + B,0(z), (2.1.4)

where «a(x) is some arbitrary smooth function on space-time. This symmetry is known
as a gauge symmetry. It is a mathematical redundancy in the description of QED that
is needed to describe a massless spin-1 particle, which only can have two possible spin

7
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polarizations, with a four-component vector object. That a massless spin-1 particle can
only have two spin polarizations is a classic result shown by Wigner in 1939 [25], and it
only assumes that particles transform under irreducible unitary representations of the
Poincaré group.! Fixing the gauge, meaning that we fix a particular property of 4, that
is not gauge invariant but which has no physical consequences, removes two degrees of
freedom and leaves only two [26].

In 1954 Yang and Mills [27] showed that the gauge symmetry in (2.1.3)—(2.1.4) could
be generalized to symmetry transformations that mix components of different spinors
and vectors fields. In the case of electromagnetism, the gauge transformation at each
space-time point constitutes a transformation in the Lie group U(1), which can be de-
fined as the group of complex numbers with unit modulus. We obtain the Yang-Mills
generalization by constructing a Lagrangian with N > 1 Dirac spinor fields that are in-
variant under local SU(N) transformations, where SU(N) is the group of N-dimensional
unitary matrices with unit determinant.? As is shown in standard texts on QFT [11, 26,
28], the resulting Lagrangian is

The Yang-Mills Lagrangian

1 auv oha TS
= _ZF M F + (v Dy — m)y. (2.1.5)

Here v is an N-plet of Dirac spinors, 7* the gamma matrices, ¢ = ¢T~? the N-plet of
Dirac conjugate spinors, Aj; the a-th gauge field, m the fermion mass and D), the gauge
covariant derivative,

Dy = 0, —igA,T*". (2.1.6)

The matrices T® are the generators of SU(NN) in the fundamental representation and
act on the N-plet of spinors, where a runs from 1 to N2 — 1.3 The quantity ¢ is a real
coupling constant and Fy, are the field strength tensors,

Ff, = (0,A% — 0,A%) + gf** A AL (2.1.7)

The numbers f®¢ are the structure constants of the Lie algebra of SU(N), which we
refer to as su(N), and are defined by the relation®

[T, T° = ifebeTe. (2.1.8)

From (2.1.5) and (2.1.7) we see that SU(N) Yang-Mills theory consists of N?—1 massless
spin-1 fields. Furthermore, from (2.1.7) it is clear that they interact among themselves
if fb¢ £ 0, which is the case for all N > 1.°

!The Poincaré group is the group of space-time translations, spatial rotations, and Lorentz boosts.

20ther gauge groups than SU(N) are also possible.

3The fundamental representation in the case of SU(N) means a representation with N-dimensional
matrices.

“The Lie algebra is the vector space spanned by {7} that is equipped with the bilinear commutator
map.

5N =1 just gives the trivial group and is not considered.
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It is convenient to define the N x N matrix field
A, = AZT“. (2.1.9)

Note that A, is in the Lie algebra of SU(N) since Af is a real field. In this notation we
can write a general gauge transformation Q(x) € SU(N) as

P(x) = Qz)Y(2), (2.1.10)
A,(x) — Q(az)Au(x)QT(a:) — g [0,()] Qf (). (2.1.11)
The Yang-Mills Lagrangian is constructed by looking for the simplest fermionic La-
grangian that is invariant under (2.1.10).6 This forces us to introduce the gauge fields,
their interactions with the fermions and their gauge transformation properties. Another
way to look at it is that for a given gauge group, the Yang-Mills Lagrangian is the sim-
plest Lorentz-invariant Lagrangian that contains massless spin-1 particles that interact
with fermions.

We note that since two general transformations in SU(N) do not commute, Yang-
Mills theory is also known as non-Abelian gauge theory. For a discussion of non-Abelian

gauge theory and derivations of the results in this section, the reader is referred to Refs.
[11, 26, 28].

2.2 Quantum Chromodynamics

If we include Ny different N.-plets of Dirac spinors in the Yang-Mills Lagrangian, each
representing a different quark flavor with a separate mass m;, we get:

N

1 Lo

L= =3 F"EL + 3 019" Dy = my) . (2.2.1)
=1

If we choose N. = 3 and Ny = 6, we get the QCD Lagrangian.” We use the symbol N,

since this value determines the number of different quark colors. With the appropriate

values for the six quark masses and the coupling g, (2.2.1) describes the strong force.
Upon renormalizing the QCD Lagrangian and calculating the running coupling, we

find that the strong force analogue to the fine structure constant at the one-loop level is

[11, 26]

g(A)?  2m 1

47 bo m(A é\CD )

(2.2.2)

where A is the momentum scale at which the coupling is evaluated, Aqcp a dimensionful
energy scale characteristic of QCD and

2
by =11~ 3Ny, (2.2.3)
STechnically the Lagrangian without the gauge field kinetic terms is also gauge-invariant, but this is
not interesting since the gauge fields then have no dynamics.
"N = 6 is because six quark flavors are observed in nature.
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For Ny = 6, where by > 0, the coupling becomes weaker at higher energies. This
is the phenomenon of asymptotic freedom. As A — Aqcp from above we have that
g — 00. Thus, QCD becomes strongly coupled and perturbation theory breaks down
at low energies. The value of Aqcp quoted in the literature varies due to different
approximation schemes used for calculating a(A), but it is typically of the order Aqcp ~
100 MeV to 200 MeV [11, 26]. As a consequence, QCD perturbation theory becomes valid
only at energies higher than ~ 1 GeV.

As described in Chapter 1, confinement is a characteristic property of QCD. It refers
to the fact that quarks are only observed in composite states that are SU(3) color
singlets.® It has never been proven rigorously that confinement takes place in QCD, and
it is not seen in perturbation theory. However, its existence is strongly supported by
lattice QCD simulations [29, 30]. The strong coupling of QCD at low energies likely
gives rise to the confinement of color charge as a non-perturbative effect.

2.3 Heavy Quark Dynamics

To discuss confinement, we will as an intermediate step look at the simplified case of
QCD with a single heavy quark flavor. In the following, we use the same approach as
Lowell and Weisberger [23] to construct the non-relativistic limit of the fermion sector
of the QCD Lagrangian.

Take the quark mass m to be much larger than any other energy scale in the problem,
informally written as m — oco. This is an assumption on the dynamics of the problem
and means that we are working in the extreme non-relativistic limit. We remind that
the quark sector of the QCD Lagrangian reads

Ly =Yy Dy —m)ip. (2.3.1)
Define the operator
— _t jD-) 2.3.2
U = exp ( 5 Di ) (2.3.2)
9

where the latin indices only sum over spatial components. Define also the spinor ¥ via
Y =UW. (2.3.3)
The argument of the exponential is skew-Hermitian,

(i Dj)T = (9; = igA§T*) (/) (=i)
= (—i)(=8; + igAST*)(—7)
— —’L"}/ij, (2.3.4)

8Meaning they are invariant under SU(3).
9For this to uniquely define ¥ we must have that U is invertible, which is the case for a matrix
exponential.
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and we get
(3 . 3 . -

meaning that U is unitary. We used the fact that 7% and 4/ commute since they act on
different objects, that (9;)7 = —9;, that A$ is a real quantum field, that ()T = —+7,
and that 7% is Hermitian. The generators of SU(IV) are always Hermitian, since for a
general infinitesimal SU (N )-transformation  we can write

1=QfQ =@ T e 10" — 1 4 jo(T% — T + O(a?), (2.3.6)

for arbitrary infinitesimal parameters {a®}.
Since U is unitary, we can treat ¥ as the new fundamental field. Substituting (2.3.3)
into (2.3.1) and expanding in m™!, we find

L, = VU (ir°Dy — in'D; — m)UT
=gf (1 + L’ijj +.. ) (i7" Dy — iv'D; — m) (1 — L’Yij +.. > Y
2m 2m

= U (—"m +iDg)¥ + O(m ™)

= U1 (—~Om +id; + gAST)W + O(m™Y), (2.3.7)
where we used {77,7°} = 0, where {-,-} is the anti-commutator. This transformation
is a special case of what is known as a Foldy-Wouthuysen transformation [31]. It shows
that in the m — oo limit, only the temporal component of the gauge fields govern the
quark dynamics.!9 If we kept terms to order m ™' and derived the equations of motion,

we would get the QCD analogue of the Pauli equation.
Let us consider the Dirac representation of the gamma matrices, where

7Y = diag(1,1, -1, —1). (2.3.8)

U= (;) : (2.3.9)

where ¢ and §' are column N,-plets with the upper and lower two spinor components of
the spinors in U, respectively. Inserting (2.3.8) and (2.3.9) into (2.3.7), we find

Define

Ly =q'(—m +id; + gAST )q + G(m + 0, + gAST*)G" + O(m™). (2.3.10)

In the Dirac representation the upper and lower two components of the Dirac spinors
can be interpreted as particle and antiparticle [32], and we thus see that the quark and
antiquark degrees of freedom decouple in the m — oo limit, which is what we expect for
a non-relativistic theory. To get the Lagrangian on the final form, we use that

qrq' = aTaq = -4 156 = —d (1" ¢ = (¢ T°q", (2.3.11)

10We avoid the gauge where A% = 0, which would require us to include higher order contributions in
—1 .
m™" in (2.3.7).
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where we defined .
T = —(T%)" (2.3.12)

and used that the spinor components are Grassmann numbers and thus anticommute.!!
Furthermore, we use that a partial integration gives an equivalent Lagrangian:

04" ~ (097" = ()" 0" (2.3.13)
Redefining §' to be a row object, i.e. (§")T — ¢' and ¢© — §, and inserting (2.3.11) and
(2.3.13) into (2.3.10), the Lagrangian becomes

Ly =q'(—m+i0; + gAFT")q + G (—m + 0y + gAGT*)G + O(m ™)
=¢'Dg+ G Dg+ O(m™), (2.3.14)

where we have defined the operators

D = —m +i0; + gALT?, (2.3.15)
D = —m +id; + gALT®, (2.3.16)

for later convenience.
Finally, we have that the Hamiltonian density is given by

My =iq'0iq+iG' 0 — Ly = q' (m — gAGT*) ¢ + G (m — g AGT*)q, (2.3.17)

where we used that the conjugate momenta are 7, = iqt, TG = it Tyt = mgr = 0. The
static quark Hamiltonian thus is

H, = /d%’ﬂq. (2.3.18)

2.4 The Polyakov Loop and Deconfinement

We will now consider a thermal system of gluons and study the effect of adding a single
heavy quark. By adding a heavy quark, we probe the gluon dynamics in the presence of
a static color test charge. Combining aspects of the derivations of Lowell and Weisberger
[23], and McLerran and Svetitsky [22], we show that the “free energy” cost of adding this
test charge is related to the expectation value of the Polyakov loop operator and that
the expectation value of the Polyakov loop acts as an order parameter for confinement.'?
The free energy appears in quotation marks since it is not entirely clear that what in
the literature is referred to as a free energy actually is a free energy, as we will discuss
in the following.
A theory with only gluons, which we refer to as pure gauge theory, is described by

1
L= —-F%"F

: ‘. (2.4.1)

HYWe suppressed the Dirac spinor indices which are not relevant to the calculation.
2The Polyakov loop was first studied by Polyakov [33] and Susskind [34] using lattice methods.
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Let H4(A) be the Hamiltonian corresponding to this Lagrangian density. The partition
function Z and free energy F' of a thermal system of gluons in the canonical ensemble
at inverse temperature § is given by

Z=e Pl =3" (Ale P |4) = Ty (e PHAN P). (2.4.2)

Here i 4 is a Hilbert-space sum over gauge-inequivalent physical states |A) which can
alternatively can be written as a trace if one includes an operator P that projects out
only physical states.'® Carrying out this sum is complicated by the gauge redundancy,
but we will not deal with it explicitly and refer the reader to Ref. [35] for details. When
the sum is explicitly written out as a path integral, the integral only runs over field
configurations that are S-periodic in imaginary time 7,

Au(x,—it) = A, (x, —iT —if3). (2.4.3)

That the partition function for bosons is obtained by summing over periodic field con-
figurations in imaginary time is an elementary result from thermal quantum field theory
[36, 37]. It follows from the commutation relations of the fields and the fact that the
initial and final states of the matrix elements in (2.4.2) are the same.

We proceed to consider states containing both gluons and heavy quarks, i.e. product
states

) @A), (2.4.4)

where the first ket represents the fermion state. It is intuitive to assume that the free
energy of a system of gluons with a single heavy quark of color a added at x is given by

a0 VY (A @ (ga(x)] e Jqa(x)) @ |4)
= V3, {41 @ (0l aa(x, 0)e™ gl (x,0) 0) @ |4), (245)

where there is no sum over a and H = H4(A) + Hy(A, q,¢). That is, we sum over all
gluonic states that contain a single quark of color a at x. The volume factor is needed
for dimensional reasons, since we have the normalization [qqq = [x]fg. Averaging over
colors, we have the average quark free energy

_BF (x 1 &= _
I =V 33 (A1 (0 aalx,0)e gl (x,0)[0) 2 14). (2.4.6)

This is the starting assumption of McLerran and Svetitsky’s original paper [22]. Most
authors in the literature claim that Fj is a free energy, but it is not entirely obvious that
this is the case. The definition of the partition function of a system, and thus its free
energy, crucially depends on the fact that we sum over all physical states. By inserting
the creation operators by hand we assume that the trace over quark space reduces to

"*The sum ) , (A] - |A) is not a trace, since it is not a sum over a complete set, but rather a sum
over the subspace of states that are physical. See Ref. [35] for how to construct P.
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a single term and that the projection operator P is unchanged.'* Furthermore, the
fact that we sum over different colors means that we take the average of the partition
functions of different physical systems. It is indeed argued by Dumitru, Pisarski and
Zschiesche in Ref. [38] that Fj,(x) is not a free energy, since it does not have the correct
monotonicity properties required of a true free energy. Instead, it is just the thermal
expectation value of the propagator of a heavy test quark, and this does not necessarily
satisfy all the properties that a free energy does.

Whether or not Fj, is a free energy, let us show how it is related to the quark propa-
gator. We manipulate (2.4.6) to find

e b =V 37 ]iiA (A| ® (0] ga(x,0)ePH gl (x,0)ePHePH |0) @ |A)
= Vi ;AZJA (Al ® (0] ga(x,0) (6’8qua(x, O)e’ﬁHfl)T 10) @ e~ FHA(A) | 4)
. zaj ]\17/21 (A] [(0] ga(x,0)gf (x, ~iB) [0)] & FH4(D) | )
=V Z Jéi L (Al{ga(x,0)|ga(x, —i8)) e P41V | 4) . (2.4.7)

In the first line we used 1 = e e=BH  In the second line we used that

Hy(q, 4, A)[0) ® [4) =0, (2.4.8)
in addition to
HA(A)[10) @ [4)] = [0) & Ha(4)|4), (2.4.9)
and
P quePH = PHag, e=PHa, (2.4.10)
The latter holds true since [Ha,q,] = [Ha, H;] = 0, where the second commutator

is correct because H, contains only Aj for u = 0, and [AGT*, Ha(A)] = 0 since the
canonical momentum of A¢ vanishes.!® In the third line we analytically continued the
formula

T O)e MY = Ot + ') (2.4.11)

to imaginary times.
To proceed we must evaluate (qq(x,0)|qq(x, —i3)). We see that it is the zero tem-
perature Green’s function for a quark state evolving under H,,

(G (%, 8%, 0)]aa = (da(x,0)] e 1" |ga(x,0)) , (2.4.12)

analytically continued to imaginary time t = —iT with 7 = § . Furthermore, we note
that the gauge field contained in H, is a classical field and not a quantum field, since A§

1Saying that the quark trace reduces to one term corresponds to saying there are no quark fluctua-
tions, which seems reasonable in the m — oo limit.
Y, contains no T matrices, only products of the gauge fields and their derivatives. But Thy =

a(aa(,iixg) = 0, which is the only potential term in H4 which would not commute with the A§ in H,.
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commutes with ¢, § and H(A), and thus the Af in H, can always act either to the left
or the right on an A-eigenstate. Since £, is quadratic in the quark fields, the propagator
is in practice given by a free quantum field theory. It is known that the propagator for
a quadratic Lagrangian £ = ¢'Dq is the solution to the equation [26, 28]

DG(x,t;x',0) = id(x — x')d(t). (2.4.13)
With D as defined in (2.3.15), we find
[i0; + gAG(x, )T — m] G(x,t;x',0) = id(x — x")d(t). (2.4.14)

When the delta functions are zero this is just the Schrodinger equation, which for a
time-dependent Hamiltonian H (¢) has the well-known solution

T 6—if0t dH(t') _ —imt g IN dt/AS(x,t’)T“7 (2.4.15)

where T is the time ordering operator. With the delta functions included we see by
direct insertion that a solution is given by

G(x, 1x',0) = B(1)8(x — x')e~imt T 9 Jy A AGEHT" (2.4.16)

where 6(t) is the Heaviside step function. This is the retarded propagator, which we
choose since we work in the non-relativistic limit. In analytically continuing this formula
to imaginary times, we will have that that G(—it,x;x’,0) = 0 for imaginary times 7 < 0.
This is because we should analytically continue to imaginary time before carrying out
the path integral to get an analogue of (2.4.14) in imaginary time. Since time and space
are treated equally in this case, and space appears as §(x — x’), time will appear as (7).
Thus, we find

; =B 11 qa \Ta
G(x, —if;x,0) = 0(B)8(x — x')e P T, 9o AATET
B a ;. a
=0(x—x)e T, ¢! Jo ar A5 6o —im)T , (2.4.17)

where we used that § > 0 and defined the imaginary time ordering operator T,. We
now define the Polyakov loop to be

The Polyakov Loop

L(x) = T;exp lz’g /0,3 drAj(x, T)Ta] ) (2.4.18)

where we have introduced the Euclidean gauge field A%
Al(x, 1) = —iA%(x, —iT). (2.4.19)
Hence, we find

(qa(x, O)]qa(x, _7’/8» = [G(X7 _ZB’ X, O)}aa = V_le_lﬁm [L(X)]aa ’ (2420)
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where we used that §(x = 0) = V! in a finite volume. Inserting (2.4.20) into (2.4.7),
we find

- X)—m I & -
e P9 }Zza ﬁCZA (A] [L(x)]aqe Hal) | A)
1™ _
= E} (Al P e 1(x) |4), (2.4.21)

where tr. is the matrix trace in color space. We did not assume any cyclic property of
the sum over |A), since this does not hold as the sum is not over a complete set, i.e.
it is not a trace. Rather, L contains a classical field and can be moved past e~ #Ha(4),
Dividing (2.4.21) by the partition function of the pure gluon system, Z = e~ we find

e BAF () _ Ni (tro L(x)), (2.4.22)

where (-) is the thermal expectation value, defined for an operator O as
1
_ —-BH
(0)=—-Tr (e O) , (2.4.23)

and AFy(x) = Fy(x) — F —m. If it is correct that Fj, is a free energy, then AF would be
interpreted as is the average change in free energy not coming from the rest mass upon
adding a quark to the system.

Defining the traced Polyakov loop operator

B(x) = ]\1[ tro L(x), (2.4.24)

which we will also refer to as just the Polyakov loop, we find

e PAFX) — (P (x)). (2.4.25)

If we accept that I, represents the average energy cost of adding a single quark to the
gluonic system, we draw the conclusion that

The Polyakov Loop as an Order Parameter

$)=0 = AF,=o0c = F Kk t exist.
(®) ’ 5 — B9 ree quarks cannot exis (2.4.26)

= AF; <00 = Free quarks can exist.

Alternatively, we can instead use (2.4.20) to say that

The Polyakov Loop as an Order Parameter

(®) = 0 = The expected color-averaged quark propagator vanishes.

= Single propagating quarks does not exist (on average).
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Hence, it is natural to interpret (®) = 0 as a criterion for confinement, and in a pure

gauge theory we should have (®) = 0 for a confined phase and (®) > 0 for a deconfined
16

phase.

The derivation above is readily generalized to ng, quarks and ng antiquarks by in-
serting the relevant creation and annihilation operators for each quark and antiquark in
(2.4.7). The result is

exp [~BAF(X1, . X0y, 1, ¥ng)] = (B(1) . B0, )B(y1) - Blyn,) ), (2:4.27)

where AF' is the change in “free energy” upon addition of quarks at xi,...,x,, and
antiquarks at y1,...,yn, in a pure gluon system. The quantities ® for antiquarks appear
since we must replace T — T in the Polyakov loop. This gives

I . .
B(x) = ~— tr, T, ¢ Jo drAIGT

efig foﬁ drA$(x,7) (%)

z|= &= &= 2= 2= 2=

tre L7

*
tre (T, 9o dTAZ(X:T)(T“)*)

. B8 *
tr. (T, R fo dTAZ(x,T)Ta>

T
tre

TN N N —

T &9y dTAg(x,T)Ta>
.

= —tr, LT(x)7 (2.4.28)

[

where we assumed that A is real and that 7 is Hermitian. Furthermore, we used that
the matrix trace is invariant under transposition.

Assuming that A§ is real requires a comment. From the definition iA$(7) = A§(—i7)
and the knowledge that Ag(t) is a real field, it would be natural to assume that A} is
imaginary. However, it is not clear that Ag should stay real when analytically continued
to imaginary times. It turns out that when converting (2.4.2) to a path integral in a
way such that only gauge-inequivalent and gauge-invariant states are counted, one can
initially set A§ = 0 as a gauge choice. However, in the process of implementing the
sum over only gauge invariant states in the path integral, auxiliary real fields A} are
introduced. It turns out that these fields occur in the Lagrangian exactly where —iA§
occurred in the original Lagrangian. Thus, we can directly replace A — iA%, as long
as we remember that A{ is real. For a discussion of the Euclidean gauge field and its
properties, the reader is referred to Ref. [39].

6Note that we have only shown that ® is an order parameter for heavy quark confinement. We have
not shown any relation between gluon confinement and ®, even though it might exist.
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If we want to evaluate the Polyakov loop for an A¢ that is complex, ® is given by

. 1 e
(I)(X) = ﬁ tr. Tr e Y fo drAg (x,7)(T )T
c

T
= - tre (Tee o I drtiteni e

c

1 = _ig [® TA? (x,7)(T*
— ﬁtrcTTe 19[0 d A4(x7 )(T )

C

1
=N tre L(x), (2.4.29)

where T is anti-time ordering, which orders terms in the opposite order from the time
ordering operation. We must change to anti-time ordering upon pulling the time ordering
inside the transposition operation since transposition reverses the order of a product of
matrices. In the last line we defined the conjugate Polyakov loop L, which is a term
we will also use to refer to ®. Why we would want to consider a complex gauge field
is at first sight puzzling. It is related to the case of u # 0, where the Euclidean action
becomes complex. We will postpone the discussion of this until Sec. 3.5.

2.5 Dual Systems

Since confinement happens at low temperatures, we should have that (®) = 0 at low T
and (®) # 0 at high 7. In other words, the system is disordered at low temperatures
and ordered at high temperatures. This behavior is opposite to typical order parameters
such as magnetization in an Ising system and is at first sight puzzling. However, one
can gain insight into this behavior by studying so-called dual systems. It turns out,
as first discovered by Kramers and Wannier [40, 41], that if we write high-temperature
and low-temperature series expansions of the partition function of a 2D Ising model on
a square lattice, there is a special one-to-one correspondence between the terms in the
two series. With a modification of the coupling, one can transform the low-temperature
expansion of the 2D Ising model into the high-temperature expansion, and vice versa.
More precisely, this means that the series expansions of the free energy at low and high
temperatures, I, and F respectively, can be written as

FL(B,J) = I(K) + s(K), (2.5.1)

Fu(3,J) = hK) + s(K), (2.5.2)

where s(z) is an infinite series in x, h(x) and [(x) some finite series in x, and K and
K two functions of 3.J, where J is the coupling between two neighbouring spins. The
significance of these equations lies in the fact that the same series expansion s(z) occurs
in both expressions, only evaluated at different arguments. Since both series give the
exact free energy when they are not truncated, we can write

Fi(8,J) = Fu(B,J) = h(K(K)) + s(K(K)). (2.5.3)
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Thus, with the appropriate modification of the temperature, realized as K — K, the
low-temperature Ising model can be described by an Ising model at high temperature.
Since the mapping K <> K interchanges low and high temperatures, we have that the
dual description of the Ising model has net magnetization at high temperatures. This is
exactly how the Polyakov loop expectation value is shown to behave at the qualitative
level.

While most systems are not self-dual, we can sometimes find two different systems
such that the low-temperature description of one system is dual to the high-temperature
description of the other. Interestingly, the 3D Ising model on a square lattice is dual to
a lattice Zy gauge theory on the same lattice [42], indicating the possibility of SU (V)
gauge theory being dual to some Ising-like system which is ordered at low temperatures.
Feeding this idea is Svetitsky and Yaffe’s conjecture [43], which is obtained using univer-
sality arguments, that a (d+ 1) dimensional gauge theory has the same critical behavior
as a d-dimensional spin model with the same global symmetry.

Finally, we mention, as pointed out in Ref. [44], that in the strong coupling limit an
SU(N) gauge theory at temperature 7" can be approximately described as an XY -model
at temperature ~ T, where (®) corresponds to the order parameter for magnetization
in the latter model.!” With the knowledge of dual systems in mind, the behavior of the
Polyakov loop is less perplexing.

2.6 Center Symmetry and its Spontaneous Breaking

In the study of phase transitions one finds that when an order parameter becomes non-
zero, it is associated with the spontaneous breaking of some symmetry. As was first
shown by t’Hooft [45], and as will be described in the following, this is also the case in
the deconfined phase.

We pointed out in Sec. 2.1 that the gauge transformation of the gluon field takes the
form ;

A,(2) = Q) Au(@)2 (@) ~ * [0,02)] 2 (@) (2.6.1)

for any Q(x) € SU(N.). This transformation leaves the gluonic Lagrangian (2.4.1)
invariant and is thus a symmetry of the action of pure gauge theory. However, for a
generic 2(x) this transformation ruins the periodicity in imaginary time, as required for
the field configurations summed over in the partition function. Let us rename the gauge
fields Af(x,—iT) — Af(x,7), and similarly for the gauge transformations and other
time-dependent fields to be introduced. Restricting to transformations that satisfy

Q(x,7) =Qx, 7+ B) (2.6.2)

solves the problem, but it turns out that there is a larger group of symmetries that leaves
the action invariant. Assume instead a generic gauge transformation that satisfies

Qx, 7+ B) = G(x,7)Qx,7), (2.6.3)

"The XY-model is a generalization of the Ising model, where the direction of the spins can take
continuous values in a 2D plane.
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for some G(x,7) € SU(N,). Let A}, be the transformed field:

7

AL(X,T) = Q(X,T)Au(X,T)QT(X,T) P [0,(x,7)] QT(X,T). (2.6.4)

We then get

i

AL (x, 7+ ) = G(x,7)A,(x,7)GT(x,7) p 0,G(x,7)] G(x, 7). (2.6.5)

If G(x,7) is constant in space and time and commutes with A/, for all (x,7), then
AL(X, T+p6) = AL(X, 7). (2.6.6)

Since A, is a matrix in the fundamental representation of SU(N.), which is irreducible,
G is proportional to the identity matrix by Schur’s lemma. Let G = Aly,, where Iy, is
the N, x N, identity matrix and A € C. Since we know that G € SU(N,), we must have

det G = \Ne = 1. (2.6.7)
Thus, A = A, is one of the N.-th roots of unity, and all possible matrices G are given by
Gp=Mdy, = e 2Ny p=0,...,N.— 1. (2.6.8)

Clearly {G,,} forms a finite group under matrix multiplication that is isomorphic to Zy,.
Since {G,,} contains all elements that commute with all other elements of SU(N,), it is
the the center subgroup of SU(N,).!8

Before proceeding, a comment about terminology is warranted. Non-periodic trans-
formations of the kind shown in (2.6.3) are perfectly valid gauge transformations as
normally defined in Minkowski space. However, if we restrict the term “gauge trans-
formation” to mean transformations that satisfy imaginary time periodicity, as is often
done in the literature on thermal field theory, then we might refer to the transformation
in (2.6.3) with G = G,, # 1y, as a twisted gauge transformation or a center trans-
formation. In this language, twisted gauge transformations are not a subset of gauge
transformations. If we take the view that our fields are defined on a Euclidean space-
time, which then corresponds to the space S x R3, it appears natural to ask that our
gauge transformations are single-valued on that space-time. We will refer to invariance
under twisted gauge transformations as center symmetry.

Restricting the definition of gauge transformations is also useful upon the introduc-
tion of dynamical fermions. A basic result from thermal QFT in the imaginary time
formalism states that for a partition that includes fermions, only fermionic fields satis-
fying

Y(x, 7+ 8) = —Y(x,7) (2.6.9)

¥For any group G, the center group is the subgroup of elements that commute with all elements in

G.




2.6. CENTER SYMMETRY AND ITS SPONTANEOUS BREAKING 21

are included in the sum over field configurations [36, 37]. However, a fermionic field that
changes as ¢ — v’ under a twisted gauge transformation satisfies

P (x, 7+ B) = Qx, 7+ B)Y(x, 7+ B) = —\Qx, T)(x,T) = =\ (x,7),  (2.6.10)

which does not have the required anti-periodicity for n # 0.
Under a gauge transformation, the Polyakov loop transforms as

L(x) — L'(x) = Q(x, B)L(x)Q(x,0). (2.6.11)

This follows from the gauge-transformation properties of the so-called Wilson line, which
is a Minkowski space generalization of L. We do not prove this equation and instead
refer the reader to the proof in Ref. [11]. We note from (2.6.11) that L is not a gauge
invariant quantity, although its trace might be. Since equation (2.6.11) also holds true
for a twisted gauge transformation, it gives that the traced Polyakov loop transforms
into

(x) = ]\17 T [ 2,920, x)L(x)21(0,x)] = )\n]\lrc Tr[Lx)] = Ad(x).  (26.12)

Thus, we see that the traced Polyakov loop is gauge invariant (n = 0), but not center

invariant. This means that
(P) — A\ (D), (2.6.13)

under a twisted gauged transformation. However, if center symmetry is a symmetry of
the partition function, we conclude that

Center Symmetry and the Polyakov Loop

(®) # 0 = Center symmetry is spontaneously broken.

Thus, deconfinement in pure gauge theory with static quarks is associated with sponta-
neous center symmetry breaking.
From (2.4.28) we see that ¢ transforms as

D \ND=)\,'D (2.6.14)

under a twisted gauge transformation associated with the center element \,. Consider
the correlator C' between n, quarks located at xi,...x,, and n; antiquarks located at

Yi,--- ynq:
C=(D(x1) ... ®(x0,)B(y1) .- (yn,) ) - (2.6.15)

Under a center transformation the correlator transforms as
C — (M)t (. (2.6.16)

Assume now that we are in a phase where center symmetry is not broken. Then C should
transform into itself under (2.6.16). But this is only possible if either C' = 0 or if

(ng —ng) =0 (mod N.), (2.6.17)
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since A, is an N.-th root of unity. Consequently, in the confined phase C' = 0 unless
the correlator probes a configuration of quarks with integer baryon number, where the
baryon number is defined as

B = (ng — ng)/Ne. (2.6.18)

Thus, a configuration with non-integer baryon number will (on thermal average) not
propagate. If we accept that AF is an energy cost, we have that e #2F = C = 0 im-
plies infinite energy cost associated with a quark configuration with non-integer baryon
number.

2.7 The Polyakov Gauge

In choosing a gauge for the A, fields, it is convenient to use a gauge which simplifies
the Polyakov loop as much as possible. An obvious candidate would be the Weyl gauge
where A4 = 0, in which the Polyakov loop would be trivial. However, quite reassuringly,
it turns out that the Weyl gauge is not compatible with the time-periodicity required of
the thermal gauge fields [46, 47]. Instead, we can choose a so-called static gauge, where

0-Ay = 0. (2.7.1)

That we can choose such a gauge is shown in Ref. [48]. One can furthermore rotate the
gauge fields so that Ay is in the Cartan subalgebra of su(N.) [44], which is the algebra
spanned by the generators of SU(N,) that commute with each other. Combining these
gauge choices gives us the Polyakov gauge, in which A, is diagonal and time independent.
We then see that the Polyakov loop takes the simple form

L(x) = 99843) — diag(ePAan  oigBlA)]Nene ) (2.7.2)

where square brackets [-];; mean that we are referring to the (7, j) matrix element. This
is a significant simplification, especially since we could drop the time ordering operator
which makes the Polyakov loop hard to manipulate in practical calculations.

In the case of SU(3) there are two Cartan generators. We use the most common set
of generators for SU(3) in the fundamental representation, which is given by 7% = %)\a,
where )\, are the Gell-Mann matrices [11, 26]. We can then write

1
Ay = §(A3A;°; + X AY), (2.7.3)

where A3 and Ag are the two diagonal Gell-Mann matrices, given by

1 0 0 1 1 0 O
As=10 —1 0|, x=—=[01 0 (2.7.4)
0O 0 O V3 0 0 -2
Defining
3 V3
q=-—gBA}, r=-—gBA}, (2.7.5)
47 47
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we get,
2
9BAs = 7 ding(q + 7, —q + 7, ~2r), (2.7.6)

which gives that the Polyakov loop is

o Z [a(0)+r(x)] 0 0
L(x) = 0 et [a(x)+r(x)] 0 ) (2.7.7)
0 0 % 1-2r()]

From (2.4.29) we see that the conjugate Polyakov loop is given by

o1 Zla(x)+r(x)] 0 0
L(x) = 0 e [a()+r(x)] 0 : (2.7.8)
0 0 ot 5 [2r(x)]

If A is real, then L(x) = Lf(x). Irrespective of whether this is the case, the traced
Polyakov loops are

2mir/3 ) 9
o= ° ; {62“““ + 2cos ( gq)} : (2.7.9)
B —2mir/3 ) 9
o= ¢ 5 {62“” +2cos < gqﬂ : (2.7.10)

When Ay is constant in space, and thus also r» and ¢, we have

0, g=1,r=0
D (2.7.11)
1, ¢g=0,r=0

at the classical level. Recalling (2.4.26) we conclude that a state with ¢ = 1, » = 0 is
a confined state, while a state with ¢ = 0, » = 0 is a deconfined state. For a quantum
state we reach the same conclusion if the given state is a simultaneous eigenstate of r
and ¢ with the eigenvalues being the above combinations.

Note that if we in (2.7.9) and (2.7.10) set r to some integer, we get states which only
differ by a center transformation, and |®| is identical for any r € Z. Furthermore, ® is
periodic in ¢ and r, with both having periods of 3. Thus, we can with full generality
restrict ¢ € [0, 3] and r € [0, 3.

Finally, assuming that A, is spatially constant means that we ignore the possible
formation of domains with different “center phases”. This is analogous to how we can
have domains with opposite magnetizations in an Ising model.






CHAPTER

Modeling Quark
Confinement

In Chapter 2 it was shown how the Polyakov loop is an exact order parameter for a
gauge theory with infinitely heavy quarks. However, in theories with quarks of finite
mass, such as QCD, our analysis breaks down, and center symmetry is explicitly broken
by fermionic terms. Despite this, lattice studies have shown that the Polyakov loop
still is an approximate order parameter for deconfinement [44]. This is analogous to the
fact that magnetization in an Ising model is an approximate order parameter upon the
introduction of an external magnetic field.

Due to the challenging nature of studying non-Abelian gauge theories, the QCD phase
diagram is often instead studied with effective models without gauge fields. Examples
of such models include the Nambu-Jona-Lasinio (NJL) model [49, 50] and the linear
sigma model [51]. The latter initially described nucleons and mesons but was later
reinterpreted to describe mesons and quarks, and it is usually referred to as the quark-
meson model. These models do not take confinement into account in their standard
form, but in 2004 Fukushima [24] showed how the NJL model could be extended to
also have a confining mechanism. This involves including a static temporal background
gauge field and a phenomenological potential associated with it. In this chapter we show
how the Polyakov loop can be incorporated into a fermionic Lagrangian to model quark
confinement.

For a review on effective Polyakov loop modeling, on which this section is partly
based, see Ref. [44].

25
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3.1 The Partition Function of Fermions in a Gluonic
Background

One of the elementary results of thermal QFT in imaginary time is that the grand
canonical partition function of a field ¢ with canonical momentum = is given by the
path integral [36, 37]

Z— / Dgf)/DTrexp{/oﬁ dT/d% (706 — H(m, &) + uN (r, ¢)]}, (3.1.1)

(A)PBC

where p is the chemical potential corresponding to the conserved charge density N.
(A)PBC refers to the fact that in imaginary time, we should only integrate over fields
satisfying either periodic and anti-periodic boundary conditions, where the latter must
be choosen for fermions. More precisely

o(x, 7+ B) = p(x,7) if ¢ is bosonic, (3.1.2)
d(x, 7+ B) = —o(x,7) if ¢ is fermionic.

Note that Z must be dimensionless, and thus so must D¢Dw. This is achieved by
interpreting the path integrals as integrals over the dimensionless Fourier coefficients of
the fields.

Consider an N -plet of Dirac spinor fields in a background temporal gauge field that
is treated classically. The Lagrangian reads

L =P [iv" (0, — ig80A0) — m] ¥, (3.1.4)

where we remind that Ay = A§T®. We can think of the background gauge field as the
mean value of the quantum gauge field Ay = (A{"). The Lagrangian is clearly symmetric
under ) — e, which via Noether’s theorem leads to the conserved current

J* = . (3.1.5)

This gives the conserved charge
Q= /d3:cj0 _ /d%@b%, (3.1.6)

which is the conservation of quark number (and thus also baryon number). We refer to
the chemical potential corresponding to this conserved charge, i, as the quark chemical
potential, and define up = 3u to be the baryon chemical potential.

The conjugate momenta for ¢» and ' are Ty = ipT and myt = 0. Deriving the
Hamiltonian corresponding to (3.1.4) in the usual way, setting V' = j° and introducing
the Euclidean gauge field, we find that

H = pN = [i70; — ig7* A+ m| ¢ — pgn®y
=) [miai — 2 (igAs + p) + m} Y. (3.1.7)
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Thus, we see that A4 plays the role of an imaginary chemical potential. Alternatively,
the chemical potential acts as an imaginary gauge field. Combining (3.1.1) and (3.1.7),
we have that the partition function is

B )
Z = / iDY Dy exp {/ dT/d3.Z"QZ}T {—GT — "0 +igAs 4+ p — 'yom} w}
0

ABPC

= / iDY D exp (—Sk), (3.1.8)

ABPC

where we in the second line defined the Euclidean action Sg.

Assume that we are in the Polyakov gauge, as described in Sec. 2.7, and that Ay
does not depend on the spatial position. Since A, by assumption is spatially constant
and, by gauge choice, time-independent, we can write the action as a sum over Fourier
modes. We insert the Fourier expanded fields

1 .

Y(x,7) = — w(p,n)e’(p'”“’“), (3.1.9)
2D

Wi(x,7) = le S (p, e P xHnT) (3.1.10)
p,n

where the factors V3 are separated out to make the Fourier coefficients dimensionless.
The antiperiodicity of the fermion fields give

eime =1 = Wy, = (2n + 1)7rT (3111)

The energies w,, are known as the fermionic Matsubara frequencies. After inserting the
Fourier expansions, the Euclidean action is given by

—Sp = B ¥ (p,n) [~iwn +igAs + 1+ 97 — 7°m| v(p,n) (3.1.12)
p;n

Inserting (3.1.12) into the partition function and writing the path integral as integrals
over the Fourier coefficients, we find

z=11 / id[y!(p,n)] [ (p,n)] e~ (PrIPEmIL(RN), (3.1.13)
n,p

where
D(p,n) = iff |~icwn + igAs + pr+1"7'p; —7°m] ,
= iB |(—iwn + p+1°7'Pi = 1"m) ® In, +igls ® Aa], (3.1.14)

In the second line we wrote out explicitly the identity matrices to emphasize that D(p, n)
are 4N, x 4N, matrices. Changing integration variable it)f — ! and using the well
known formula for a Gaussian Grassmann integral [11, 26]

/ dvldye "4 = det 4, (3.1.15)
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we find that
InZ = lanet D(p,n) = Zln det D(p,n). (3.1.16)

n7p n?p

Defining the 4 x 4 matrix
K = —iwp + p++"'pi — 2°m, (3.1.17)

D(p,n) takes the block matrix form

K+ (ig[A4]11)I4 0 c.. 0
S N el '
6 - K+ (ig[A4]NCNC)I4

(3.1.18)
Using that the determinant of a block diagonal matrix is the product of the determinant
of the blocks, we find

Nec
InZ=>"In|@EB)"N ] det (K + z’g[A4]jj)
n,p 7=1

Ne
= >3 Indet |iB(K +ig[Ad;;)].
n,p j=1

Note that K (u)+ig[A4lj; = K(pu+ig[Aaljj), where p is to be interpreted an argument of
K. Thus, from here our derivation coincides with the derivation of the partition function
for a free Fermi gas, except we have N, independent fermion types labeled by ¢ which
each have a different effective chemical potential that is given by

fij = pu+ ig[Aqlj;. (3.1.19)

The next step is to calculate the determinant of the matrices K (fi.) and carry out the
sum over the Matsubara frequencies. This procedure can be found in any treatment on
elementary thermal field theory [36, 37] and is also carried out explicitly in Appendix A.1.
The result, after taking the thermodynamic limit where can replace

d3p
> = V/—, (3.1.20)
> (2m)?
is
Nc d3p ~ ~
mZ=2Vy / W{Bwp +1In [1 + e*ﬁ%*f‘f)} +1In [1 + e*ﬁ(“p“ﬁ)] } (3.1.21)
j=1

which is the well known result for the partition function of a free Fermi gas, except that
we have N, fermion species with different chemical potentials fi.. The different signs
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of the chemical potential correspond to particles and antiparticles. The factor of two
arises because each spin—% fermion has two spin polarizations. We finally note that the
first term is divergent. It is the famous vacuum energy, which we for the time being will
ignore, but whose divergence we cure with renormalization in Chapter 4.

We can rewrite (3.1.21) in terms of the Polyakov loop, by using that

Ne Ne
Zln [1 + e—B(Wp_ﬂj)} — Zln {1 + eiﬁg[Aﬂjje_/B(wp_N)}
j=1 J=1

Ne
= Zln [1 + [L]jje_ﬁ(wl’_u)}
j=1
= trIn [14 Le Plr=n)] (3.1.22)

where we in the last line use that the logarithm of a diagonal matrix is taken by applying
the logarithm to each diagonal element. Analogously we get the conjugate Polyakov loop
for the antiquark contribution with the opposite sign of fi;. Thus, we achieve the result
commonly cited in the literature:

Partition Function of Free Fermi Gas in Background Temporal Gauge Field

3 _
InZ =2V / ((2:1—2)93{ tre In [1 + Le_ﬂ(wp_'“)} + treIn {1 + Le_ﬁ(wpﬂ‘)} }
i " (3.1.23)
p
+2VN,8 / B

We emphasize that the derivation of this formula required the Polyakov gauge and that
A, is spatially constant. By writing L instead of LT we also allow for A} being complex,
which is a topic we return to at the end of the chapter.

3.2 Quarks in a N, = 3 Gluonic Background

Let us consider the case of SU(3). Equation (3.1.23) is not the most useful way to write
the partition function. Instead, we write

[1

Ne 3
> oIn |14 [L]jzePCe ] < | TT (14 [L]ye e | (3.2.1)
j=1 j=1

The argument of the logarithm on the left hand side reads

14 (Lyy + Lo + Laz)e™ + (L1 Lag + LaoLsz + LazLi1)e % + Lyy LagLaze ™Y, (3.2.2)
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where y = B(wp — p). From (2.7.7), which gives the matrix form of L in the N, = 3
Polyakov gauge, we see that

Li1 + Lo + Lgz = 39, (3.2.3)
Ly1Loo + LogLss + L3zl = 3&3, (3.2.4)
Ly1LooL33 = 1. (325)

The result for antiparticles is obtained by interchanging ® < ® and y — —pu. Hence,
for N. = 3 the partition function reads

d3p
(2m)3

InZ =2V / In 1+ 3B Ap=h) 4 3he20pi) 4 ¢=33lepi)]

3 —
+ov / (‘2“)73 In [1 4 3BePrtin) 4 3pe20ptn) 4 =35(uptn)] (3.2.6)
s

d3p
+2VNCB/(27T)3wp.

The expectation value of the quark number, where quarks and antiquarks count oppo-
sitely, is

10
N) = </ d3x/\/'> =—-—InZ 3.2.7
(V) o (3:2.7)
since for a general system in the grand canonical ensemble with a conserved quantity N,
10 110 1
-2 -7 —B(En—pN) - — —B(H—pN)
Gop InZ = 57 0 zn: (n|e In) = 7 Tr{e N}. (3.2.8)

Differentiating (3.2.6) with respect to p, we get

ng = <N>/V=6/(;1i1;,){np (ﬁ[wp—u],<1>,<i>) — i (ﬁ[wp+u],<1>,q>)} (3.2.9)

where
- 14 20e¥ + e
np(y, ®, o) = i , 3.2.10
ry ) 1+ 3PeV 4 3De2Y + e3¥ ( )
_ 1+ 2®eY + D2V
fip(y, ®, D) +2%e’ + %e (3.2.11)

T 14 30eY + 3Bey 1 v’

are the effective Fermi distribution fu_nctions for the quarks and antiquarks, respectively.
In the confined limit where ® = ® = 0, we have that the distribution functions are

Fermi Distribution Functions in the Confined State

1
np(Blwp — pf,0,0) = 11 oBGwop—31) (3.2.12)
(B wp + 1] ,0,0) = ——— (3.2.13)

1 + eBBwp+3p)
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These functions are exactly the Fermi distribution functions for free fermions with energy
3wp and chemical potential £3u = +pp. We interpret this result to mean that in the
state where ® = ® = 0, the relevant degrees of freedom are baryons and antibaryons, at
least in a statistical sense. We have not yet implemented any mechanism for determining
® as a function of 7', but knowing that ® = 0 should occur at low temperatures, we
might reasonably call the above the low-temperature limit.

Let us also consider the case where ® = ® = 1. The Fermi distribution functions
then take the form

1+ 2e¥ + e (1+e¥)? 1

L1) =nr(y,1,1) = = = : 3.2.14
TLF(y7 ) ) nF(y7 ’ ) 14 3e¥ + 3e2y + e3y (1 + ey)?, 14 e ( )
Hence, we have Fermi distribution functions
1
np (B lwp —p],1,1) = 1 oBln—m)’ (3.2.15)
- 1
fir (B [wp + :u] ,1,1) = (3.2.16)

1+ eflwptn)’

that describes free quarks and antiquarks, as expected in the deconfined phase. Since
we should have ® = ® = 1 at high temperatures, we refer to the above as the high-
temperature limit.

If i = 0 the quark number satisfies (IV,) = 0. This is as expected since with =0
we have not introduced any imbalance in the numbers of quarks and antiquarks.

We should also ask if two-quark bound states form in the confined state, thus de-
scribing mesons in a statistical sense. In the expression for (N) in the confined limit, we
did not find any terms (1+4e~2%¢)~1 indicating that mesons do not form. However, such
a state would not contribute to the quark number (N), since each meson state has net
quark number zero. On the other hand, mesonic states should contribute to the energy
density. The energy density e = (H) /V is given by

- % [Mi(mn 7) - aaﬁ(ln Z)}, (3.2.17)

which one can promptly work out from the definition of Z. Carrying out these derivatives
and setting ® = ® = (), i.e. considering the confined limit, gives

d’ 3wp 3wp
o 2V/ (2m)? [1  BGup—30) | 1 1 oBGuwpta) | (3.2.18)

Thus, it appears that the quarks confine into only baryonic states in our toy model. In
Chapter 4 we will see that this makes it natural to combine the model presented here
with separate mesonic fields.

3.3 The Effective Potential

In the previous section we showed how a constant classical background gauge field Ay
could induce quark confinement, given that its value is chosen appropriately. However,
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Ay, and thus also ®(A4) and ®(Ay), is a free parameter since we have not included any
dynamical mechanism for determining A4 as a function of temperature and chemical
potential. We do not want Ay to remain free since the external gluon field is not a
quantity we can manipulate in the laboratory. Thus, we need to find a way to determine
A 4. To do this, we will use the concept of an effective potential.

We first consider some thermodynamics. The grand canonical potential G for a
system in the grand canonical ensemble is defined as [52]

G(T, 1, V) =T, p)V = -Tlog Z, (3.3.1)

where we also defined the grand canonical potential density Q.! As indicated by the
name, G is a thermodynamical potential, meaning that it is a Legendre transform of the
internal energy E(S,(N),V) = (H), and it can be written as

G(T, 1, V)= E —TS — p(NY, (3.3.2)

where S' is the entropy. Since G is a thermodynamical potential, it is subject to a general
minimum principle which states that in a system in equilibrium, any unconstrained
dynamical parameter in the potential will attain a value which minimizes the potential
for the given state variables [53]. Thus, the equations we need to determine Ay4(p,T),
and by extension ®(u, T) and ®(yu,T), are

aaqg(u,T) =0, gg(u,T) =0, (3.3.3)
where ¢, r are the parameters used to parametrize A4 in Sec. 2.7. However, using the
partition function in (3.2.6) to calculate G does not provide a good model since we have
excluded all gluon dynamics. We are not modeling the energy cost of having a gluonic
background field Ay. To address this problem, it is useful to consider the effective
potential. We cover the subject following the approach of Ref. [39], which is based on
the original work in Ref. [54].

For simplicity, let us consider the partition function for a real scalar field ¢ with
Fuclidean action Sg, which is given by

Z:/D@*E (3.3.4)

after the conjugate momentum is integrated out.? Consider writing Sg and D¢ in terms
of the dimensionless Fourier modes ¢p ,, of ¢(x), so we get

exp[—pVQ] = Z = / d¢o,o / [ 1T d¢p7n] e~ SeUdpn}) (3.3.5)
o (p.n)#(0,0)

where we in the first equality just inserted the definition of {2 in terms of Z and in
the second factored out the (0,0)-mode. Let us rename ¢pg = ¢ and refer to it as the

"Writing G(T, 1, V) = Q(T, 1)V assumes that the system under study is homogencous.
2We implicitly assume the imaginary time periodicy requirement.
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condensate. Imagine now carrying out the integral over all Fourier modes except ¢.
Define the result to be

exp[-0VE) = [ doexp [-BVU(3)] (33.6)

where Uegr is the effective potential density, which we usually just refer to as the effective
potential. Expanding Ue.g about a minimum ¢,,,>

_ _ 1 -
Ue (d)) - Ueﬂ”(¢m) + 9 é/ff(¢m)(¢ - ¢m)2 T (3-3'7)
we can approximate the partition function to be
expl=pVY = exp [~pVUr(on)] [ dbexp [~ () (6 - 62

- 27
=exp | —BVU(dm _— 3.3.8
exp | =8Vl (9 ||| 207 s (3.338)

which gives that |
Q = Usgp(drain) + O (r;v) . (3.3.9)

From this equation we draw the conclusion that in the thermodynamic limit, when
V — oo, the effective potential evaluated at the minimum coincides with the grand
potential density. Thus, in the thermodynamic limit we need not consider fluctuations
in the condensate mode, and it will take on the value that minimizes Ueg ().

It should be noted that the way we have defined the effective potential here differs
slightly from the typical definition used in texts on QFT, such as Refs. [11, 26, 28],
which is based on the Legendre transform of the generating functional in the presence of
an external source. However, the two definitions are entirely equivalent, as pointed out
in Ref. [54].

We now have a hypothetical process that can be used to generate an effective potential
for the static background field A4. Namely, using the pure gluonic Lagrangian (2.4.1),
we can integrate out all the spatial gauge fields and all the Fourier modes of A, except
the condensate mode,? in the same way as in (3.3.6), to obtain a potential for the
background gauge field. Physically it means that we integrate out all quantum and
thermal fluctuations on top of the constant background field A4. As a result we get a
potential Uyiue(q, 7, 1) that represents the free energy cost of having a constant temporal
background gauge field in a pure gauge theory. We can then add Uyue to the grand
potential obtained from (3.2.6) to get a model that incorporates a sensible dynamical
way of determining ®(u, T') and ®(p, T'). Note that this process still is an approximation,
since we do not include the fermion-gluon interaction term \T/i’y“AZTa\I/ when we are
integrating out gauge fields to obtain Ugue, and we are still coupling only the temporal
gauge field to the quarks.

3If there is no unique minimum, as is the case when there is spontaneous symmetry breaking, we
must choose a particular minimum by adding a source to the action [39].
4The temporal Fourier modes of A4 are zero by gauge choice and need not be integrated out.
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3.4 Phenomenological Polyakov Loop Potentials

Calculating Ugpye from first principles is highly non-trivial, and one usually instead uti-
lizes phenomenological potentials Ugiye (P, ®, T) whose form are based on symmetry con-
siderations and whose parameters are fitted with data from pure glue lattice simulations.
To understand common choices of potentials we should summarize some of the results
from SU(3) lattice gauge theory.

It is known from lattice simulations that a pure SU(3) gauge theory undergoes a first-
order phase transition, corresponding to gluonic deconfinement, at Ty = 270 MeV [55].
A first-order transition is expected on the basis of universality, as argued by Svetitsky
and Yaffe in Refs. [43, 56]. In addition to the location of the phase transition, various
thermodynamical properties such as the pressure and internal energy as functions of
temperature have been established [57-59]. Finally, one also has simulations of the
Polyakov loop as a function of temperature [60].

With knowledge about pure SU(3) gauge theory from the lattice one can fit a phe-
nomenological potential. We can for example fit the potential so that three quantities
from lattice simulations are reproduced: the critical temperature where Ugye admits a
phase transition, the pressure of the gluonic system at the phase transition, and the value
of the Polyakov loop at the phase transition, i.e. Ty, P(Tp) and ®(Tp). The first require-
ment necessitates that the form of the effective potential admits a first-order transition
in the first place. For the second criterion, we can find the pressure from the effective
potential as

P = ~Uyjye(®, @, 7T) (3.4.1)

by using the general relation P = —g—‘g/. It should be noted that the above argument
only justifies why three fit parameters are likely to be needed, and it is not meant to be
a claim on how to best perform the fit. In reality one would likely obtain better results
with first fixing the phase transition point and then doing a simultaneous least squares
fits of P(T") and ®(T") versus lattice data.

Multiple things can be said about the form of Uy, on the basis of general consider-
ations. Uglye must be symmetric under center transformations since the gluonic action
is center symmetric. Remembering the transformation rule for ® and ® under center
transformations, (2.6.12) and (2.6.14), we see that the potential can be a function the
terms ®®, ®3 and ®3 only. Additionally, there is no reason for any asymmetry between
® and ® in a pure gluonic system, and we thus require that the potential be symmetric
under ® < P. Finally, we must demand that the minimum of Uy, at low temperatures
is at ® = ® = 0. At high temperatures it should preferably equal to or asymptotically
approach ® = ® = 1.

Several potentials have been suggested in the literature [61-64], and some of the most
frequently used are compared in Ref. [65]. The number of fit parameters vary from two
[63] to seven [61]. One of the models by Ratti, Rofner, Thaler and Weise [62] takes the
form

“R;}W - _%Q(T)q@ +b(T)In [1 = 60® + 4(3° + &%) — 3(@B)?] , (3.4.2)




3.4. PHENOMENOLOGICAL POLYAKOV LOOP POTENTIALS 35

with the temperature dependent parameters

o(T) = a1 + az (?9) + az (1;9)2 , (3.4.3)

b(T) = by (?)3 (3.4.4)

with Ty = 270 MeV and fit parameters a1 = 3.51, as = —2.47, ag = 15.22, by = —1.75.
Fukushima proposes a similar potential of the form [63]

U;Lj‘“ - —% {ce™M/TeD 4 1n [1 - 60 + 4(* + &°) — 3(9)?| }, (3.4.5)
with free parameters a, b, ¢, Ty. The parameters a and Ty occur as a product, and they
can thus be considered together as one independent parameter a = a7p. In his original
work Fukushima does not fit o and b to lattice data, but instead chooses « so the
deconfinement temperature is reproduced and b so that the chiral and deconfinement
phase transitions happen at the same temperature when the potential is combined with
the NJL model. ¢ is chosen to be ¢ = 54.

Figure 3.1 shows the potential Uy, as function of ® = @ at three different tem-
peratures with a = 2.46. The latter chosen so a phase transition occurs roughly at Tj.
Figure 3.2 compares the minimum location of the Fukushima and RRTW potentials as
function of temperature.

The appearance of the same logarithmic factor in both potentials deserves a comment.
The term is motivated by the integration measure, also known as the Haar measure, of
group integration over SU(3). It turns out that for the Polyakov gauge, the argument
of the logarithm in the potentials (3.4.2) and (3.4.5) corresponds to the Haar measure
[63].

The potentials presented above do not take into account the backreaction of quarks
onto the gluonic sector. This is due to the approximations noted at the end of Sec. 3.3.
However, from the fact that the running coupling in QCD depends on the number of
quark flavors, as evident from the one-loop expression

g(A,Np)? o 1

dr (-3N) (52

(3.4.6)

we conclude that the behavior in the gluonic sector should also depend on Ny, since
g determines the strength of the interactions between the gauge fields. The authors in
Refs. [66, 67] parametrize this dependence as

A _ 27 _2 -1
To(Nj) = Te oo MmN (3.4.7)
where 7 = 1.77GeV and ag = 0.304, which yields To(N; = 0) = 270MeV. This
expression is heuristically obtained by assuming that the temperature dependence of g
is governed by (3.4.6) with A = T and that the phase transition occurs at a specific
coupling, so that we can solve

9(To(Ny), Ny) = 9(T0(0),0) (3.4.8)
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Figure 3.1: Upue/(VT3) as function of ® = P for a = 2.46 for three different tempera-
tures. A first-order phase transition happens at roughly Tp.
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for To(Ny). With Ny = 2 the relation (3.4.7) yields
Ty ~ 208 MeV. (3.4.9)

Finally, we point out that some works introduce a p-dependence in Ty [66]. How-
ever, it was shown in Ref. [68] that the phase diagram is highly sensitive to the exact
parametrization of Tp(u). For this reason, to avoid overfitting, we do not use such a
dependence in this thesis.

3.5 The Relation Between ® and ® at ; # 0

In Sec. 2.4 we defined the Polyakov loop and the conjugate Polyakov loop:

. B .
LIAy] = T, 9 Jo d7A16) _ cigBAa() (3.5.1)

LA =T.e ¥ Jy draater) _ e 19BAX) (3.5.2)

where the rightmost equations apply in the Polyakov gauge only. We also defined (in
the Polyakov gauge)

1 . _ .
P = o tre c9PAx)  § = i tr, e 19PA) (3.5.3)

c C

These are operators in a quantum theory, and the quantities which are related to the
quark (possibly pseudo) free energies are (®) and (®).

It turns out that (®)" = (®) for u = 0, while for 1 # 0 we have (®)" # (®) [38, 44,
69, 70]. Furthermore, it is found that (®) and (®) are both real, and with (®) # (®)
for pn # 0 [44, 70, 71]. In Ref. [44] this is shown nonperturbatively.

Exactly how to treat the p # 0 case appears to be the subject of some disagreement,
and various solutions and explanations are proposed in the literature [38, 69, 72-74]. To
discuss it, let us start by examining how we constructed our toy model for confinement
in Sec. 3.2.

In Sec. 3.2 we considered quantum fermionic fields which were in a constant temporal
background field A%. As we did not consider fluctuations in A% it was considered to
represent the mean value of the quantum field: (A4") = A%*. Thus, the quantity which
appeared in our theory really was L[(A{")] and not (L[AJ"]) (and similar for L). Let us
now include a 0-subscript to refer to these approximations to (®) and (®):

1 . w“ _ ]_ . u
Do = - tre e 9AT) By = — tr, (AT, (3.5.4)

C c

Perturbative QCD shows that [75-77]

(@) =D+ O(g%), (®) =P+ O(g°), (3.5.5)
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so that in the regime above the deconfinement phase transition, where g is small, we are
at least approximately dealing with (®) and (®). If we assume that A% is Hermitian,”
we necessarily find that

Dy = Qo = [Po| = [P0, (3.5.6)

However, as mentioned, it is seen analytically [44] that for g > 0 one has (®) # (®) with
both being real.® Thus, we want our model to capture |®g| # |®¢|, but this cannot be
obtained when choosing a mean field A% € su(3), since it implies that A%" is Hermitian.

In Ref. [73] it is argued that it is fluctuations that cause (®)" # (®), and by using
A% = (AJ") € su(3) from the beginning we necessarily cannot obtain this difference
for ®y and ®¢. Thus, it seems reasonable that fluctuations cause |(®)| # [(®)], since
evaluating (3.5.3) for a single configuration A4 € su(3) can never yield ®* # ®. The
authors of Ref. [73] conclude that the mean field treatment of A4 involves |®g| = |®g],
and they use a more elaborate scheme to account for fluctuations.

However, if we realize that when p # 0 we can have (A4) ¢ su(3) even though each
configuration A, separately is in su(3), then we might also obtain |®¢| # |®q|. This is
possible since the introduction of a chemical potential makes the exponential weighting
factor e™%# complex [20]. Thus, in calculating (A4) for u # 0, one might obtain that
(A4) is non-Hermitian even though each single gauge field configuration A, is, since
one in practice is adding up su(3) matrices weighted with the complex “probability
measure” e 2. The case that (Ay) is not in su(3), and thus non-Hermitian, is proposed
and discussed in Refs. [77, 78]. Pisarski and Skokov in their paper on the xM model
[21], which we will study in Chapter 5, propose an imaginary value for the gauge field
parameter 7, which leads to to a non-Hermitian (Ay).

A third approach taken in several papers, including for example Refs. [79, 80], is to
forget about the parametrization ®¢(q,r) and ®o(g,r) and vary ®g and g as two real
independent quantities. In the view of the authors of Ref. [73] this is a non-systematic
way of including fluctuations since they require that (A4) is Hermitian, and thus any
way of obtaining |®g| # |®o| requires treatment of the fluctuations in the gauge field.
However, since we find that ®(q,ir) and ®(q,ir) are both real and different, as we
see from (2.7.9) and (2.7.10), we might regard viewing ®o and @ as real independent
quantities as equivalent to introducing a complex background mean field where we let
r — ir. Thus realizing that (A4) ¢ su(3) is possible justifies the use of the term mean
field for the case when ®, and ®( are varied as real independent quantities.

There is one more problem we must face. Let us drop the 0-subscripts on ®y and
®y. For the case of u = 0, the thermal contribution to the quark effective potential,

d p — — — — — —
ﬁ Wp—H 2ﬁ Wp — 35 w- 14

3 _
_ 2T/ (;]‘ Z))?’ In {1 + 3peBlwptn) 4 3Pe— 28 (wptn) 4 6_35(‘*’p+#)] (3_5.7)
7T

SRemember that elements of su(3) are Hermitian.
6 Tt is also seen on the lattice based on a p/T expansion [71] and in a SU(3) spin model similar to
QCD [70].
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is real for any ¢, r € R since the two terms are complex conjugates of each other. However,
on the introduction of p # 0 this argument breaks down, and the potential becomes
complex in general. As discussed, the solution suggested in Refs. [21, 77, 78] is to keep
q real and let » — ir so that the Polyakov loops and thus the potential become real.
This, however, leads to problems with unbounded potentials, which is a subject we will
return to discuss when we specify the explicit form of the Polyakov loop potentials we
will consider. Another option is to keep ¢ and r real and to minimize Re 2 with respect
to (A, q,r), which is what is suggested in Refs. [73, 74]. We will see later that this leads
to r = 0, which in the end gives a real effective potential. Either way, if we make the
speculative assumption that a complex energy density represents an unstable state, we
should choose some way of determining the parameters ¢ and r so that they in the end
yield a real potential and real Polyakov loops. However, the problem is that the standard
thermodynamical principle of minimizing Q(A, g, r) with respect to (A, g, r) no longer
applies if 2 is a complex quantity.






CHAPTER

The Polyakov Loop
Quark-Meson Model

In the previous chapter we showed how a temporal background gauge field could be used
to model quark confinement in a statistical sense. However, to construct an effective
model that approximates QCD, additional ingredients are needed. In particular, the
model presented in Chapter 3 does not include chiral symmetry breaking, which is an
essential feature of QCD. Furthermore, interactions between quarks should be incorpo-
rated without involving dynamical gauge fields.

In the following we present the quark-meson model for two quark flavors and show
how it exhibits chiral symmetry breaking similar to QCD. Then we summarize the work
from Refs. [1, 81-83], where the coupling constants of the QM model are calculated at
the one-loop level when mesonic fluctuations are neglected. Following this we augment
the QM model with the Polyakov loop and justify why the resulting model, which we
refer to as a PQM model, provides an effective model of QCD.

4.1 An O(4) Model with Spontaneous Symmetry Breaking

Before tackling the QM model, we will consider an O(4)-symmetric Lagrangian with four
neutral scalar fields with a quartic interaction:

1 A
(0x)* + S x = (X0 (4.1.1)

_ L

£=5

Here x is a four-component field x” = (x1, X2, x3, xa) and (9x)? = 9,x - 0"x . The
O(4) symmetry means that the Lagrangian is invariant under transformations

Xi — Rinj, (4.1.2)

41
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for an orthogonal 4 x 4 matrix R;j. O(4) is the group defined by these transformations.
The symmetry is manifest since all terms, up to irrelevant derivatives, are of the form
(X : X)nu and

(Rx) - (BRx) = (Rx)"(BRx) = x"R"Rx = x"x = x - x. (4.1.3)

where we used that for orthogonal matrices, RT = R~
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Figure 4.1: Comparison of a potential of the form —ax?+bx? (left) to a potential of the

form ax? + bx* (right) for a two-component field x with a,b > 0. The two plots have
different scales.

It should be noted that the quadratic term in £ has a positive sign, which is opposite
of a standard mass term. The potential

Uo(x) = —%mZX X+ %(x x)? (4.1.4)
does not have a minimum at xy = 0, but rather a maximum. Figure 4.1 shows two
potentials of the same form as (4.1.4) with different signs for the quadratic term. Because
the value of Uy(x) is invariant under O(4) transformations, the minimum is not unique.
Thus, since at the classical level the ground state is the constant field configuration
that minimizes Up(x), we see that we will have an arbitrary ground state chosen via
spontaneous symmetry breaking. Let us assume, without loss of generality, that the
non-zero value is acquired by the first y-component.! We define the field o to be the
deviation of x1 from the minimum value v and rename the remaining components as 7r:

o=x1—0, (4.1.5)

™= (X2,X3,X4) = (7(177T2,7T3)-

Tt is always possible to find an O(4)-rotation which makes only one component nonzero.



4.1. AN O(4) MODEL WITH SPONTANEOUS SYMMETRY BREAKING 43

The 7 fields will be interpreted as pions, with the convention that w3 corresponds to the
neutral pion 7¥, while the combinations

ot = \}i(“ + i) (4.1.7)

correspond to the charged pions 7*. Inserting (4.1.5) and (4.1.6) into (4.1.1) gives

1 2, 1 2, L o 1, 2 A 912
£—2(87r) —1—2(30) —|—2m7r 7r—|—2m (v+0) 1 [71' 7r+(v+a)} . (4.1.8)

We find v at the classical level by extremizing the classical potential Uy:

_- s =0. 4.1.9
6x1( yan+MxJ (4.1.9)
This gives minima at

Mmm—v—iVém, (4.1.10)

and a maximum at X1 max = 0. We can choose the positive minimum solution without
loss of generality since the negative solution always can be rotated to the positive one
by applying the O(4)-transformation y; — —xi1. Inserting this value for v gives the
Lagrangian

(4.1.11)

where we introduced the notation V2" = (V-V)" for vectors V and dropped an irrelevant
constant term. We see that the o-field is massive, with a mass m, = v/2m, while the
three m-fields are massless. This is expected from Goldstone’s theorem which says that
for a Lorentz-invariant theory, if a continuous symmetry is spontaneously broken, a
massless boson appears for each generator corresponding to a broken symmetry [84—
86]. These particles are known as Nambu-Goldstone (NG) bosons. After spontaneous
symmetry breaking, the ground state has a manifest O(3) symmetry, which constitutes
rotating the 7 fields. Since the orthogonal group O(N) has 1 N(N — 1) generators,
each corresponding to a plane in RY, we see that reducing a symmetry O(4) — O(3)
corresponds to removing three generators. Thus, the appearance of three massless fields
is as expected. Note however that when Lorentz invariance does not hold, which will
be the case when a chemical potential is present, the one-to-one relationship between
broken generators and massless bosons is not guaranteed. See Ref. [87] for details.
Consider now the addition of a term linear in y; in the Lagrangian:

_ !

1 A

L
2 4]

The O(4) symmetry is reduced to an O(3) symmetry since any rotation involving x; will
change the linear term, and we can thus only rotate between the last three components.
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After introducing the o and m-fields like earlier, but without yet specifying what v is,
we find the Lagrangian to be

L= %(60)2 + %(8#)2 - %miﬂj - %m§a2 — (m2v — h)o — U(v) + Ly, (4.1.13)

where L contains all interaction terms, and we defined
m2 = %/\v2 —m?, (4.1.14)
m2 = é/\v2 —m? (4.1.15)

and

Uv) = —%mQUQ + %v4 — hv. (4.1.16)
Consider what happens if we choose v be a minirr.lum of U(v), meaning that v satisfies
g—g = —m2v+%vg—h:m72rv—h:(). (4.1.17)

This is the prefactor of the linear term, which thus vanishes when v is evaluated at the
classical minimum. We also see that this implies, at the classical level,

vm?2 = h, (4.1.18)

which means that m2 # 0 if h # 0. Thus, the explicit breaking of the O(4) symmetry
generates a pion mass, and the pion no longer is a true Nambu-Goldstone boson. We will
refer to the limit where h = 0 as the chiral limit and the case where h # 0 as the physical
point, since h can be adusted so that m,; = 140 MeV, which is roughly the measured
pion mass [8].

Note that even though we considered what happens when v attains the value corre-
sponding to the classical minimum, we do not want to assume that this happens, since
we will treat the model quantum mechanically. In the full quantum theory v will take
on the value which minimizes the effective potential and not the classical potential U(v).
Thus, we leave v unspecified until we have calculated loop corrections to the effective
potential. We will in the following refer to U(v) as the tree-level potential, since it is the
lowest order approximation in QFT where no loop diagrams are involved.

4.2 The Quark-Meson Model

To obtain the two-flavor quark-meson model we couple the mesonic theory described by
the Lagrangian in (4.1.12) to two N-plets of fermionic fields via Yukawa interactions.
The fields 11 and 9 are taken to represent up and down quarks, respectively. Let ¢ be

the flavor doublet
[
Y= <¢2> . (4.2.1)
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The QM model is then given by
The Quark-Meson Model

- . . 1 1 A
L= ¢w“6uw—gw(xl+m~m5)w+5(8x)2+§m2x- —I(x-x)2+hx1. (4.2.2)

Here 7; are the Pauli matrices which act in flavor space and 7% = iy9y1y2+3.

The reason for choosing an interaction of the form ¢ (y + im - T75)1 is as follows:
Because the QCD Lagrangian is invariant under parity transformations, we also want
the QM model to be parity invariant. Since it is known that the pion is a pseudoscalar
[8], meaning that it transforms as @ — —7 under parity transformations, the simplest
fermionic term we can couple it to that yields a parity-even interaction is ¥ivyse. This
is because a spinor term @Z;iyg,d) transforms as [28]

Pivs) — —iysy, (4.2.3)

under parity and is a Lorentz scalar, and it thus combines with 7 to produce a parity
even Lorentz scalar. The o field will be identified with the fp(500) resonance, which is
the lightest parity even meson that has been measured [8]. Thus we couple it to the
parity even Lorentz scalar 1), which is the simplest choice that yields a parity even
interaction with the o.

Let us identify the continuous symmetries of the QM model. In the chiral limit the
QM Lagrangian has a global SU(N.) x SU(2)r, x SU(2)r x U (1) p symmetry, while at the
physical point the symmetry is SU(N.) x SU(2)y x U(1)p. The subscripts L, R, V, B
will be described in the following. Explicit derivations of all claims made about the
symmetries of the QM model in the rest of this section can be found in Appendix A.3.
Before proceeding we note that SU(2) x SU(2) is locally isomorphic to O(4) [88], so,
up to some symmetries containing discrete transformations, the O(4) symmetry of the
mesonic sector is preserved in the chiral limit.?

The global SU(N,) symmetry is realized by acting on 1 as

O
Y — (Wi) : (4.2.4)

for any Q € SU(N.). Since 2 commutes with matrices that act in flavor space or on
Dirac spinor components, we see that both fermionic terms in (4.2.2) are invariant under
(4.2.4). We will not consider any non-zero color chemical potential corresponding to the
conserved charges resulting from the SU(N.) symmetry, since this would imply a net
color charge in the system we are considering.

The SU(2)1 x SU(2) g-symmetry is what we refer to as chiral symmetry, and the L, R
subscripts refer to the fact that independent SU(2) mixing of the left- and right-handed

2Local isomorphism means that they have the same Lie algebra and thus behave the same close to
the identity.
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spinor components of different flavors is a symmetry. To better see this, we rewrite the
QM Lagrangian as

L =Riv* 0 + Yriv* 0 — 29¢10¢R — 29YrOTYy,
+Tr (9,010"0) +m? Tr (670) - % T (@’@)]2 + %h Tr(0+6f), (425)

where the left- and right-handed spinors are defined as

YR = %(1 + v5), (4.2.6)
Y1 =51 =), (127)

and
1 1 ) )
O=-(q+im-7)=2 X1+ims it T
1T — T2 X1 T T3

5 5 (4.2.8)

For two independent transformations Qg, €, € SU(2) that are taken to act on flavor
components and the components of ©, we have that the Lagrangian is invariant under

Yr = QRrYR, (4.2.9)
VL — Qripr, (4.2.10)
0 — Q005 (4.2.11)

Since Qp and p are unitary and that a trace is cyclic, we see that every term in
(4.2.5) except the hTr (@ + @T) term is manifestly invariant under this transformation.
However, one must check that the transformation (4.2.11) leaves the mesonic fields real.

Otherwise, the rewriting of the Lagrangian given by (4.2.5) is invalid. In Appendix A.3
it is explicitly shown that the mesonic fields are left real under (4.2.11) and that (4.2.5)
is equivalent to (4.2.2).
The conserved currents corresponding to the chiral symmetry are
jffR = 0"mix1 — O xam; + € OF 'y + YrY TR, (4.2.12)
ji, = =0"mix1 + 0" xami + €m0 Ty + YL L, (4.2.13)
where i € {1,2,3}. Taking linear combinations of these currents we get the so-called
vector (V) and axial (A) currents, which are also conserved:

. . 1-
(JffR + JéfL) = €m0 me + Sy, (4.2.14)

. . 1~
(3t = 3tn) = 0"mxa — s + Sy i, (4.2.15)

N — DN~

The names vector and axial here refers to the fact that j¥| is parity-even while j!, is
parity-odd.
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At the physical point chiral symmetry is broken due to the term linear in y1, since the
transformation (4.2.11) generally changes y;. However, a single SU(2) transformation
remains. It turns out that if we choose (27, = Qp, only the @ components are mixed, while
x1 is left invariant. The conserved current corresponding to this symmetry is exactly
the vector current (4.2.14), and we refer to the remaining SU(2) symmetry, which is also
known as isospin symmetry, as SU(2)y. It can also be seen that the transformation that
corresponds to conservation of the axial current is given by setting Q7 = QE, and we
refer to these transformations as axial transformations.®> Thus, h # 0 explicitly breaks
axial symmetry.

The chemical potential corresponding to a conserved SU(2)y charge is what we call
isospin chemical potential, ;. Note that jgv gives rise to three potentially conserved
charges, but only one of these can be conserved at any time since the charges do not
commute. This is similar to how a spin-1/2 system has three spin components, but a
state can only be a spin-component eigenstate of one spatial direction.

Finally, we have the U(1)p symmetry that is realized as

Y — Qpy, (4.2.16)

for Qp € U(1). As discussed in Sec. 3.1 this gives rise to conservation of baryon number,
with the associated chemical potential up = 3u. The chemical potential p is what we re-
fer to as the quark chemical potential, and it corresponds to quark number conservation,
where the quark number is defined as the sum of up and down quarks with antiquarks
counting negatively.*

4.3 Chiral Symmetry Breaking in the QM Model

Like in the pure bosonic model in Sec. 4.1, we expect that the mesonic field y; will
develop a non-zero expectation value in the vacuum. Introducing ¢ and v, where we
assume (o) = 0, the QM model Lagrangian reads

1 1 1 1
L=U(v)+ 5(87\')2 + 5(60)2 — —m20? — —mi2n’ 4o (h - mfrv) + L1 on

_ p 2 2 (4.3.1)
+ iy 0 p — mgpp — gib(o +dim - Ty5)1),
where
mg = gv (4.3.2)

is a dynamically generated quark mass and L7, is the meson-meson interaction sector,
which works out to be:

1 3 1 2 A 2,2 A 4 A 4
Lror 6)\1)0 61})@7&' 120 g 4!0 4!71' .
3Note that axial transformations do not form a group. If we perform two successive axial transforma-
tions Q1, Qs € SU(2) on g we get i — Qa1hr, while 17, transforms as 1pr, — QLT # (Q2) L.
Thus, the composition of two axial transformations is not an axial transformation.
4Note that p is distinct from the separate up quark chemical potential p., and down quark chemical
potential 4, which are sometimes used.

(4.3.3)




48 CHAPTER 4. THE POLYAKOV LOOP QUARK-MESON MODEL

U(v), m2 and m?2 are defined like in Sec. 4.1. In the chiral limit, if we calculate the
effective potential U (v, T, p) for this Lagrangian and find that the minimum of U is
located at v # 0, we have that the chiral symmetry is spontaneously broken, since
(x1) = v # 0 is not invariant under chiral transformations. However, (x1) = v is
invariant under the SU(2)y symmetry, since, as stated earlier, these transformations do
not alter 1. Thus, spontaneous breaking of chiral symmetry is a violation of the axial
symmetry.

At the physical point the axial (and thus chiral) symmetry is explicitly broken from
the start, but we can informally say that we have a more severe breaking of the symmetry
if the value of v increases significantly in some region of temperatures and chemical
potentials. If we compare with an Ising system, we can identify v with the magnetization
and h with the external magnetic field. Even though the magnetization is non-zero for
all temperatures when an external field is present, the magnetization is still a good
approximate measure for the magnitude of the symmetry breaking.

In the following we will refer to v as the chiral condensate, since we renormalize so
that (x1) =v and (o) = 0.

4.4 Parameters of the QM Model at One Loop

To make quantitative predictions with the QM model, we need to fix the parameters
m, A\, g and h to the given order that we are working in perturbation theory. By solving
(4.1.14), (4.1.15), (4.1.18) and (4.3.2) with respect to the coupling constants, we find

3 2 2
\ = (mavzmﬂ), (4.4.1)
2 _ a2
m? = m"fz)’m” (4.4.2)
h = m2v, (4.4.3)
g="4 (4.4.4)
v

However, these relations can be used to fix the parameters only at tree-level, since at
some arbitrary order in perturbation theory the equations defining m2, m2 and my
do not actually define the physical masses of the pions, the sigma and the quarks. At
higher orders in perturbation theory the particle masses receive loop corrections. Despite
this, as out pointed in Ref. [81], the parameter fixing in the literature is often done at
tree-level while other quantities are calculated to higher orders, which is inconsistent. To
consistently fix the parameters at any order higher than tree-level we need to renormalize
m, A\, g, h,v and calculate self-energy corrections to the particle masses.

In Refs. [81, 82] the running coupling constants were determined to one loop in the
large- N, limit by using dimensional regularization. To determine the running couplings,
they calculate the particle self-energy corrections at 7' = 0 and then use the physically
measured masses for the pions, the sigma and the quarks in the vacuum to determine
the coupling constants at the one-loop level. These results were also later reproduced
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in a master thesis [83] and in an unpublished project by the author leading up to this
thesis [1]. We here quote the results directly and only explain schematically how the
results are obtained since the detailed calculations are quite involved and not crucial for
understanding the work presented in this thesis. The full derivation is for completeness
included in Appendix A.4.

The large-N, limit implies that only diagrams scaling as O(N,) are kept at the one-
loop level, while diagrams O(NY) are neglected. This amounts to neglecting mesonic
fluctuations. All diagrams of order O(N.) at one loop are shown in Fig. 4.2.
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Figure 4.2: All O(N,) diagrams up to one-loop order in the QM model contributing
to two-point functions. The pion, sigma and quark propagators are given by double
lines, full lines and arrow-lines, respectively. The crossed circles represent counterterm
vertices. The renormalization condition (o) = 0 enforces that the sum of the last three
diagrams within each row vanishes. The condition that the minimum of the effective
potential is equal to the minimum of the tree-level potential causes the last diagram in
each row to vanish separately since the tadpole vertex factor is proportional to (m2v—h),
which is zero exactly at the classical minimum.

®

The calculation of self-energies is most easily performed when we use as a renormal-
ization condition that the sigma one-point function satisfies (o) = 0, so that (®;) = v.
This gives a relation between the counterterm Jdh and the other counterterms in the
problem. Furthermore, we use the MS renormalization scheme, which implies that only
factors of % + In (4me™72) are absorbed into counterterms. Here € is defined in dimen-
sional regulation as d = 3 — 2¢ and ~g is the Euler-Mascheroni constant. Finally, an
additional simplifying condition we enforce is to require that the minimum of the one-
loop effective potential U (v) at T = p = 0 is identical to the minimum of the tree-level
potential U(v). This fixes the renormalization scale A to a particular value A = Ay.
The running couplings at some other A are then obtained by solving the renormalization
group equations. The result is
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The Large-N. Running Couplings at One Loop
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with C'(p?) = %@. Introducing the shorthands Re C(m2) = Cy, ReC(m2) = C, and

Re C'(m?2) = C, the values gg, mo, Ao, vp and hg are given by
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where fr is the pion decay constant, which we will explain in the next section. It is
important to point out that the masses m,, m, and m, occurring in (4.4.10)(4.4.15)
are the actual physical masses, so that (4.4.5)—(4.4.16) can be used to to fix the coupling
constants of the QM model with the measured particle masses in the vacuum. We see
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that the first four equations are corrections to the tree-level relations (4.4.1)—(4.4.4) with
v = fr. The quark mass does not receive any corrections at one loop, since in the large-
N, limit all mesonic fluctuations are neglected, and only meson loops provide corrections
to the quark two-point function at one loop.

Note that the mass m, = gv, which we will refer to as the constituent quark mass,
does not correspond to the mass parameter that occurs in the QCD Lagrangian, which
is known as the current quark mass. Instead, m, is a quark mass dynamically generated
through the process of chiral symmetry breaking. In QCD this mass includes quark
binding energy in the non-perturbative regime of the theory. It is this mass which is
responsible for giving the proton a mass of the order of ~ GeV even though the u and d
current quark masses are of the order of ~ MeV [8].

4.5 The Pion Decay Constant

The quantities m, g, A and h are independent couplings in the QM Lagrangian, while
v is determined once these four parameters are fixed, since it will be taken to be the
minimum of the effective potential, which is a function of the couplings. Thus, in total
four measurements are required to fix all parameters. However, the pion, sigma, and
constituent quark masses provide only three inputs. It turns out that the value of the
chiral condensate v can be identified with a measurable quantity known as the pion decay
constant, thus providing the last input.

For a Nambu-Goldstone mode G corresponding to a spontaneously broken symmetry
with Noether current j#, it can be shown that one in general can write [26]

(G(p,1)] j(x) |Q) = ipH' Fe™?, (4.5.1)

where [Q) is the vacuum and |G(p,t)) a p-eigenstate defined as

G(p, 1)) = _722 / B> 0(2) Q). (4.5.2)

Here F' is a normalization constant, and equation (4.5.1) is derived by enforcing the
one-particle normalization condition (G(p,t)|G(k,t)) = 2wp(27)35(p — k). For pions
the quantity F is referred to as the pion decay constant fr, and we can write

(mj(p, t)] gy s () [Q) = ip! fre®" oy, (4.5.3)

where j'i ; are the axial currents and |7;(p, t)) the state defined by (4.5.2) with the j-th
axial current. Note that relation (4.5.3) is model independent as long as jff‘ ; 1s chosen
to be whatever currents correspond to the pions in the model studied. By uéing a low-
energy effective theory of QCD known as chiral perturbation theory, one can can relate
[x to observation by calculating the decay rate 7™ — p*v,, where ut is the anti-muon
and v, a muon neutrino [26]. Since one finds that the decay rate satisfies I oc f2, one
can determine f; through a measurement of this decay.
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As a consequence of the above, if we can calculate the left-hand side of (4.5.3) in
the QM model, we get a relation between parameters of the QM model and f,. After
symmetry breaking we see from (4.2.15) that the axial current of the QM model is

gty = vO"m; + (terms containing o and ). (4.5.4)

But only the first term gives a non-zero matrix element in the left-hand side of (4.5.3)
since o or ¢ cannot create or destroy a m; state, and we find

(mj(p, )] 4,4(2) ) = v (mj(p, )] 0"mi() ) . (4.5.5)

To lowest order, where we can use creation operator relations for a free theory, we can
calculate this matrix element to be

3 . .
(mj(p, )| 0"mi(x) |2) = di5 (2] apd” [/ (2752(];01() (ake—zkx + alf(ezkx>] Q)
3 A ‘
= 001 [ aglow k1) < (15)

where ap, is the creation operator for the ¢ = j pion with the normalization |ay, a;r,] =

(2m)32wpd(p — k). Hence, at tree level we have
(mj(p, )] 4la () ) = ipHoe™?ay, (4.5.7)

and we indentify v = f.

4.6 The PQM Partition Function in the One-Loop
Large-N,. Limit

Consider the addition of a constant temporal background gauge field in the Polyakov-
gauge to the QM Lagrangian. As we saw in Chapter 3, this amounts to adding a
term g,1iv" A4t to the Lagrangian, where we have denoted the Yang-Mills coupling
constant as g, to separate it from the Yukawa coupling. We will refer to the QM model
extended with the Polyakov loop as a PQM model. Note that the addition of this
term does not break any of the symmetries of the QM-model. Furthermore, it does not
affect the calculation of self-energies, since this term effectively adds a constant offset
0 — p + ga[A4lj; in the quark propagator of the j-th color, which can be seen by
writing the Dirac Lagrangian in momentum space:

V()iv" b (z) + gat(2)iv’ Astp(x) — Y(p)iv" (Pp + 6090 Ad)(p). (4.6.1)

Remembering that A, is diagonal in the Polyakov-gauge, this effect is reversed by a
simple shift of the p" variable in the loop integrals.

With the parameters of the QM model known to one loop in the large-N, limit, we
proceed to write down the partition function to one loop in the same approximation.
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Since the partition function is given by the sum of connected vacuum diagrams with
no external sources, calculating Z to one loop is equivalent to closing all propagators
on themselves, meaning that no interaction vertices appear. Hence, the one-loop per-
turbative calculation of Z amounts to neglecting all interaction terms. Furthermore,
neglecting both thermal and quantum mesonic fluctuations means that the only mesonic
contribution to Z is the tree-level potential U(v). Thus, if we work at zero isospin chem-
ical potential, we can directly use our result from Sec. 3.1, except we now have two quark
flavors, yielding an extra factor of two. The result is

3

In Z :4V/ (;”)73{ tr, In {1 T Le*ﬁ(“’f“)} 1 tr.In [1 T I_Afﬂ(“pﬂ‘)} }
T

" (4.6.2)

+ 4VNCB/(27T)3WP — BVU(U),

with wp = v/p? + A2, where we use the notation A = gv instead of m,, since gv is
temperature dependent and not equal to the vacuum constituent quark mass for nonzero
temperatures (we must keep in mind that v is to be chosen as the minimum of Q(v, T, u)).
We will reserve my for the zero-temperature constituent quark mass.

After introducing the renormalized couplings in the MS scheme, the vacuum energy
becomes finite and the effective potential to one loop reads (see Appendix A.4)

Q(Aa q)a i)7 Ta ,u) = uq,T(Av (1)7 (i), Tv M) + uq,V&C(A) + uX(A)7 (463)

where

_ d3p _
_ —B(wp— —B(wp+
Uy (A, T, 1, @, P) ——4T/(27T)3{trcln [1+Le (wp W} +treIn [1+Le (wp W]}

(4.6.4)
is the contribution from thermal quark fluctuations,
A 2NA* |3 mg .
Z/[q,vac( ) - (471')2 5 + In E — CW — 7’TL7TC'7T (465)
is the vacuum contribution from quark quantum fluctuations and
1 5 ,,A% 1. A4 A
Uy (D) = —imofnmfg + Jkofﬂmfé - hofwqu (4.6.6)

the tree-level mesonic potential. The parameters m%, Ao and hg are as defined in the
previous section. We have chosen to write () as a function of A instead of v since, since
A is independent of the renormalization scheme. It turns out that in the large-N. limit
to one loop, d(gv) = vdg + gov = 0, where dg and dv are the one-loop counterterms of g
and v (again, see Appendix A.4).

After inserting mg, Ao, ho and adding a not yet specified Polyakov loop potential
Uglye, we find
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Large-N. One-Loop Effective Potential of the PQM model
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In Fig. 4.3 we see the phase diagram resulting from the effective potential (4.6.7) in the
case where Ay = 0, i.e. without the Polyakov loop, as calculated by the author in Ref.
[1]. The parameters are choosen so that m, = 550 MeV, m, = 300 MeV and m, = 0
or my; = 140 MeV, depending one whether one assumes h = 0 or h # 0. For pg; = 0
there is a second-order phase transition occuring at roughly 7. = 160 MeV in the chiral
limit. For p, greater than ~ 270 MeV the transition becomes first-order. A first-order
transition also happens at the physical point, for chemical potentials close to 300 MeV.
When h # 0 there is no true thermodynamic phase transition, but rather a crossover
between large and small A. We can define a pseudocritical temperature as the inflection
point of the order parameter. This is how we will define the phase transition in the case
of a crossover for the rest of the thesis.

4.7 The PQM Model as an Effective Model of QCD

Before proceeding to choose Ugyye and investigating the thermodynamics of the PQM
model, we should justify why it is sensible to consider the PQM model to be an effective
model of QCD. Let us consider the QCD Lagrangian for the two light quark flavors u
and d,

L= La+u(in" D, —my)u+ d(iv" Dy — mg)d. (4.7.1)

Here L 4 is the gluonic sector term and v and d two N -plets of spinors. We can decom-
pose the spinors into right- and left-handed parts, and for m,, = my = 0, which we also
refer to as the chiral limit, we find

L= L+ ip"y" D" + iyt D R, (4.7.2)
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Figure 4.3: Phase diagram of A in the one-loop large-NN, limit without the Polyakov
loop. 4 is the quark chemical potential. The region bounded by the axes and the blue
lines show where chiral symmetry is spontaneously broken in the chiral limit, i.e. where

A0,

where ¢ = (u,d)T. Exactly like for the (P)QM model we have a global SU(2)g x
SU(2)r, symmetry. The Lagrangian also has two U(1) symmetries given by applying
a phase transformation to ¢ and 1gr separately. However, there exist symmetries of
a Lagrangian that are not symmetries of the corresponding quantum theory due to a
phenomenon called an anomaly. It is caused by that fact that the integration measure
in the partition function is not invariant under a symmetry of the action. It will not be
shown here, but it turns out that the U (1), x U(1)g symmetry of the QCD Lagrangian
for massless quarks is such a symmetry. The reader is referred to Refs. [11, 26, 28] for
details. The result is that only a single U(1) that acts as

w N eiaw (473)

remains. However, this is exactly the U(1)p symmetry of the (P)QM model. Hence,
both QCD and the (P)QM model have a U(1)p x SU(2)r x SU(2), global symmetry in
the chiral limit.

It is also known that the global SU(2)g x SU(2) symmetry is spontaneously broken
down to a SU(2)y symmetry in the QCD vacuum, generating the pions as Nambu-
Goldstone bosons in the process [26]. The exact mechanism for this process remains
mysterious, but the fact is well established. The order parameters for this symmetry
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breaking are the quark bilinears (#u) and (dd), which on the lattice are determined to
be [89, 90] i
(u) = (dd) =~ —(250 MeV)3, (4.7.4)

for m,, = my.

The symmetry breaking pattern described in the above is exactly the spontaneous
symmetry breaking pattern observed in the (P)QM model in the chiral limit, although
in the (P)QM model we describe pions with fundamental fields, while in nature the pions
are bound states of quarks. (1)) is the order parameter for chiral symmetry breaking
in QCD, while in the (P)QM model it is v which plays this role. Nevertheless, we
expect both QCD and the (P)QM model to have a phase transition associated with the
restoration of chiral symmetry at high temperatures, which is what we refer to as the
chiral phase transition. Note that the quark bilinear ¢} in the (P)QM model should not
be expected to behave like the quark bilinear in QCD.

At the physical point, if we assume m, = my, two-flavor QCD has no chiral sym-
metry but instead an SU(2)y symmetry, which is also the case in the (P)QM model.
However, our intuition from the chiral limit still holds, but the chiral symmetry is now
approximate. Instead of a true thermodynamic phase transition we expect, when reach-
ing high temperatures, a crossover to where we have approximate chiral symmetry and
thus a small chiral condensate. The symmetry breaking patterns of QCD and the (P)QM
model are illustrated in Table 4.1.

Model Symmetry before SSB Symmetry after SSB
(high T) (low T)

QCD, chiral limit SU2)r x SU(2)L, SU(2)yv

QM, chiral limit SU(2)r x SU(2)L U(2)y

QCD, my =mg#0 SU(2)y, approx. SU(2)gr x SU(2)r, SU(2)y

QM, h #0 SU(2)y, approx. SU(2)gr x SU(2)r, SU(2)y

Table 4.1: Chiral symmetry breaking patterns of two-flavor QCD and the quark-meson
model.

For the most realistic case of m,, # mg, the QCD Lagrangian has no SU(2) symmetry
at all. However, the mass difference between m, and mgy is so small compared to the
relevant mass scale in QCD, Aqcp, that m, = my is a very good approximation [26].

If we choose a gluon potential similar to one of those discussed in Sec. 3.4, we also
expect the PQM model to have a deconfining phase transition. However, the similarity
between the deconfinement transitions in these two theories is harder to assess a priori,
since center symmetry is not a symmetry of either theory, neither at the physical point
nor in the chiral limit. In the PQM model there is no gauge-invariance, so speaking about
twisted gauge transformations does not make sense, while in QCD the finite quark mass
explicitly breaks the center symmetry.

Finally, a natural objection to the PQM model is that we combine fundamental
quark and mesonic degrees of freedom, even though mesons in reality are composite
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Figure 4.4: Integrating out the gauge fields gives rise to an effective theory where a
4-quark interaction vertex (upper right) replaces the quark-quark interactions that is
really mediated by gluons (upper left). Connecting two or more such vertices (lower left)
gives rise to an effective meson exchange (lower right). Time should be read as running
vertically.

states of quarks. It is not immediately evident that combining separate meson fields
with quarks makes sense. However, since we are dealing with a description of quarks
without dynamical gauge fields, we cannot expect that the fermionic fields will exhibit
bound states and give rise to mesons. Actually, in Sec. 3.2 we saw that a model with
non-interacting quarks in a static temporal background gauge field describes baryons
in the confined phase and free quarks in the deconfined phase. We did not find any
mesons, which justifies the addition of separate meson fields, at least in the confined
phase. However, the presence of mesons in the deconfined phase might be puzzling,
since we expect bound states to “melt” in the quark-gluon plasma phase. Nevertheless,
we can still think of free quarks as interacting via meson exchange. To see why, let us first
imagine an effective field theory where we integrate out all the gauge fields so that we get
effective 4-quark interactions (such as in the NJL-model [49, 50]). If we connect two such
vertices with two quark propagators, we have an effective meson exchange, as illustrated
in Fig. 4.4. Thus, it still appears reasonable to consider the exchange of mesons between
the quarks in deconfined phase. Nevertheless, the only real justification is to compare
the results obtained with the PQM model to lattice data to see if reasonable quantitative
and qualitative agreement is achieved, which we do in the following chapter.






CHAPTER

Thermodynamics of the
PQM and yM Models

We are now ready to investigate the thermodynamics of the one-loop renormalized PQM
model in the large- N, limit. In addition to the case of p > 0, which is mostly inaccessible
to lattice simulations, the intermediate temperature region 130 MeV—-400 MeV for p = 0 is
especially interesting. Below roughly 130 MeV a model known as the Hadron Resonance
Gas (HRG) model appears to describe QCD thermodynamics well. The model assumes
that all hadrons are separate non-interacting degrees of freedom, and comparison with
lattice data shows good agreement [91, 92]. For temperatures above roughly 400 MeV,
finite-temperature perturbation theory with a method know as hard thermal loops (HTL)
can be applied [91-94]. The latter technique also works for non-zero chemical potentials,
given that the temperature is high enough [95, 96]. Thus, it is in the intermediate region
where HRG and HTL do not work (and the region of p > 0) that it is the most important
for the PQM model to describe correctly. Incidentally, this region is exactly where the
deconfinement and chiral phase transitions occur.

We will in the following investigate two different gluonic potentials. The first one is
a slightly modified version of the potential proposed by Ratti, Rofner, Thaler and Weise
(RRTW) [62], which was discussed in Sec. 3.4. We repeat it here for convenience:

1 - ; 3. G P
“R;IW = —5a(1)® +H(T)In [1- 600 + 4(0° + B%) - 3(0®)?|, (5.0.1)
with
T To\?
a(T) = a1 + az (1?) +ag (19) : (5.0.2)

b(T) = by (T)S, (5.0.3)

59
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with all the parameters except Tj as given in the original paper, meaning
a1 =3.51, a9 =-247, a3=15.2, b =-1.75. (5.0.4)

However, we make one modification. In their original paper, Ratti et al. finds that
T, ~ 215MeV when their potential is combined with the NJL model [69].! This is
~ 45MeV higher than what is found in most two-flavor lattice data, as we will discuss
in Sec. 5.4. To attempt to correct for this we use the prescription proposed in Ref. [66],
which involves including the backreaction of the fermions onto the gluonic sector via a
dependence Ty(Ny) in the way that was discussed in Sec. 3.4. With the parametrisation
of To(Ny) given by (3.4.7), we find

Tp = 208 MeV (5.0.5)

for N f= 2.

When we in the following mention the PQM model, we mean the PQM model with the
potential (5.0.1) with the parameters (5.0.4) and (5.0.5). The other model we investigate
comes from a recent publication by Pisarski and Skokov [21], where they construct a
chiral matrix model for three quark flavors. The model is similar to the PQM model, but
instead of choosing a gluonic potential that is composed of polynomials and logarithms
of ® and ®, the gluonic potential is written directly in terms of the eigenvalues of the
matrix background gauge field A4, which is what gives rise to the term “matrix model”.
Furthermore, the Pisarski-Skokov chiral matrix model, from here on just the xyM model,
contains a new phenomenological term in the effective potential which causes the quark
mass A to approach the current quark mass in the high-temperature limit.

In the following we calculate several of the same quantities as Pisarski and Skokov
do in Ref. [21], except for various susceptibilities. We adapt the yM model to describe
the two light quark flavors only. This makes the model less similar to real QCD, but on
the other hand, it allows us to use the results from Chapter 4 to determine the coupling
constants of the chiral sector to one loop. This is different from Ref. [21], where they
calculate the potential to one loop but match the parameters at tree-level. Furthermore,
we extend on the work in Ref. [21] by studying the case u > 0.

Note that since the strange quark has a constituent mass that is roughly 500 MeV
[97], we can hope that our model is not too affected by the omission of the strange quark
at low temperatures, since it is reasonable to assume that the strange quark degrees of
freedom are “frozen out” for low 7.2

5.1 The Gluonic Sector of the yM Model

Let us parameterize the background gauge field A4 in the Polyakov gauge as in Sec. 2.7,

so that
6271'@'7“/3

b =

{62”” + 2cos (27;q)} (5.1.1)

'They defined the critical temperature via the Polyakov loop.
2This assumes that the constituent mass of the strange quark does not rapidly decrease at the chiral
phase transition. This assumption is valid, as lattice data show [98].
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for two real degrees of freedom r and ¢g. The gluonic part of the y M model was developed
as an effective model for pure SU(3) gauge theory in Refs. [99, 100], where the degrees
of freedom of the model are r and g only. The gluonic model consists of two effective
potential terms: one is calculated by integrating out all but the condensate mode of Ay
to one loop in perturbation theory, and one is a phenomenological term modeling the
contribution in the non-perturbative regime of pure Yang-Mills theory. We summarize
the results in the rest of this section, following Pisarski and Skokov [21].
Define the functions

Bl(.’L‘) = |$|mod1 (1 - |x|m0d1)7 (512)
BQ(:E) = |$|12nod1 (1 - |x|mod1)27 (5.1.3)

where |2|mod1 is the modulo 1 operation for a real number . We define the boundary
case so that 0 < |2|mod1 < 1. We for example have | —0.3| 1041 = 0.7 and |1.3|m0q 1 = 0.3.
Define also

Vilg,r) = B (23q> B (q—l—r) + B <q —1"), (5.1.4)

3 3
Va(g,r) = By (23q> + By (g—i—r) + By (g —r). (5.1.5)

The one-loop perturbative contribution to the effective potential of pure SU(3) Yang-
Mills theory then reads

R e Tl (5.1.6)
45 3
The term proportional to Vs is known as the Weiss potential, and it was first calculated
by Weiss [47, 101] and Gross, Pisarski and Yaffe [35]. The first term gives rise to
the Stefan-Boltzmann pressure, which is the pressure in a non-interacting system of N
massless bosonic degrees of freedom [36]:

2 2 87t
Psg=N—T*=92(N?> - 1)—T*= —T1* 5.1.7
SB 90 (Ne =155 45 (5.1.7)
where
N =2(N?-1), (5.1.8)

is the number of gluonic degrees of freedom, with N2 — 1 being the number of gluons
and the factor 2 coming from the two independent spin polarizations. Since we saw in
Sec. 2.7 that one of the deconfined states is characterized by r = ¢ = 0, which gives
V»(0,0) = 0, we find that the pressure contribution of Vy goes to the Stefan-Boltzmann
value in the high-temperature limit. However, if we only include the perturbative term,
the pure glue system will always be deconfined, since confinement is never energetically
favored. A fully confined state can for example can be characterized by » = 0, ¢ = 1,
and Va(q,0) always increases as function of ¢ when 0 < ¢ < 1.
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To drive the system to confinement at low temperatures, one adds a phenomenological
potential, which is chosen to be of the form

. 87T2 22 Cl
Vnonpt(% T) =—-——T Td gvl (Q7 ’I") + CZVQ(Qa T) -

2
— — 1.
45 C3|, (5 9)

15

with four fit parameters ci, ¢2, ¢ and Tj. At low temperatures this ~ T2 term will
dominate over the ~ T% perturbative term, and with an appropriate choice of the fit
parameters it can drive the system to confinement. The T2 behavior is chosen since it
has been observed in lattice data that the subleading contribution to the pressure goes
as ~ T2 [102, 103]. The parameters c; and c3 are chosen so that the pressure in the
confined phase of the pure gauge theory is zero and that a phase transition happens
at T;. The former is an approximation, but it is reasonable since the pressure of the
confined phase in SU(3) gauge theory is very low compared to the deconfined phase, as
lattice data show [57]. Furthermore, Ty is chosen to be T;; = 270 MeV, which is roughly
the deconfinement temperature in SU(3) gauge theory [57]. Then only ¢y remains as a
fit parameter. It is determined by fitting the interaction measure (£ —3P)/T* predicted
by the full gluonic potential,

Uy v = Vit + Vionpts (5.1.10)

to lattice data. The result is
c1 = 0.315, ¢ =0.830, c3=1.13. (5.1.11)

The potentials Vaonpt(¢,7)/(T2T?) and Vpi(q,r)/T?* are shown in Fig. 5.1. Both
potentials have multiple degenerate minima corresponding to different center phases.
The combination ¢ = r = 0, which gives ® = 1, is a minimum for V,; and a maximum
for Vionpt- For ¢ = 1, r = 0, which corresponds to ® = 0, it is opposite. For high
temperatures Vp (left) dominates while for low temperatures Vyonpt (right) dominates.
For comparison we show the thermal quark potential U, r(¢q,7) at T" = 100 MeV and
A = 300MeV in Fig. 5.2. We see that this potential, whose qualitative shape is mostly
unchanged for other values of A or T', drives (¢, r) towards ¢ = r = 0, which corresponds
to deconfinement. Thus, it is reasonable that the addition of quarks to pure gauge theory
lowers the deconfinement temperature.

5.2 A Phenomenological Quark Term

In addition to the (partly) phenomenological gluonic sector, Pisarski and Skokov add to
the xM model a phenomenological quark term not usually found in the PQM model,
which in the two-flavor case is given by

0

Z/{q,cur(Ay q,T, Ta M) = _mcuraj

Uy, (5.2.1)

were Meyy 18 the current quark mass. This purely phenomenological term is added to
achieve that limp_ oo A(T) = meyr, since without it we have limgy_,oo A(T) = 0. Let us
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Figure 5.1: Contour plots of the perturbative (left) and non-perturbative (right) contri-
butions to the gluonic potential in the yM model.
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Figure 5.2: Contour plot of Uy r(q,r) for p =0, A =300MeV, T' = 100 MeV.




64 CHAPTER 5. THERMODYNAMICS OF THE PQM AND xM MODELS

show how this term works: In the high-temperature limit we expect ® = ® = 1. Let us
furthermore assume that © = 0 and that 7' > A. It is possible to expand U, 1 for p = 0,
® = ® = 1 in decreasing powers of T and increasing powers of A, with the result being?

d3p 7 T2A? A
NiN.= 4T | ——In |1 +e 5|~ ——T* @) (A41 ) . (5.2.2
Uy /Ny /(2%)3n[ tefr]x T T+ T+ ng ) 522
Thus, to leading order we find
uq,cur/Nch == *gmcurT A + O A”lIn ? . (523)

Since we assume high temperatures, we consider the potential only up to subleading
temperature dependence ~ T?2. Furthermore, we assume that A < T, which we expect
in the high-temperature phase where chiral symmetry is approximately restored. Using
this we keep only leading and subleading terms in A. Thus, taking Q as given in (4.6.3)
and adding Ueyr, we find that the effective potential goes as

Q 77, TPA* 1

A
~——0T — ZmewT?A + O(A) 4+ O [ A*1 ) 5.2.4
NN, T T1R00 T 12 e OB+ ( ) (5:2.4)

for high temperatures, where the neglected O(A) term is the leading term ~ hA from
the mesonic potential. Minimizing (5.2.4) with respect to A, we immediately find

A = meurs (5.2.5)

and we thus expect A — Mgy in the high-temperature limit.

When we later in this chapter investigate the thermodynamics of the PQM and
XM models, we will assess the effects of U, ¢,y on thermodynamics. Due to its ad hoc
nature, it should preferably affect the thermodynamics minimally while still achieving
its purpose of ensuring the constituent quark mass to approach the current quark mass
in the (approximately) chirally restored phase.

5.3 The Complete PQM and yM Models

We now have all the ingredients needed to investigate the thermodynamics of the PQM
and yM models at one loop in the large- NV, limit. For a given temperature we numerically
solve

o _ o0
or ' 9¢ T OA

requiring that we have a minimum, where € is one of the potentials

0, (5.3.1)

QxM = uq,T(Aa r,q,T, ,UJ) + Z/{q,vac(A) + Uy (A) + UM (T, q, T) + z/{q,cur(Aa r,q,T, .u) - Py, (532)

QPQM = uq,T(A7 rdq, T7 M)"’Mq,vac(A)"‘ux(A)"‘uRRTW (’I“, q, T)+uq7cur(Aa r,q, T> M)_PO- (533)

3Since the Taylor series at A = 0 does not exist, it is more complicated than expected to derive this
series. We refer the reader to Refs. [39, 104] for derivations.
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Py is a constant. The explicit forms of Uy 7, Uy vac, Uy are given in (4.6.4)—(4.6.6), Uynm
in (5.1.10), Urrrw in (5.0.1) and Uy cur in (5.2.1). We also add the phenomenological
term Uy cur to the PQM model, for the same reason that it is added to the xM model
and for better comparison between the models. The parameters ¢ and r are assumed
real so that the Euclidean gauge field is Hermitian and L = LT = ®* = ®&. We will get
back to the more complicated case of y # 0 later in the chapter.
The parameter Py is a constant that we add to the effective potential so that the
condition
P(T=p=0)=0, (5.3.4)

is satisfied. This constant will turn out to be small and has a negligible effect on the
thermodynamics. However, it makes thermodynamic quantities normalized with 1/7*
better behaved at temperatures close to zero.

Once we determine A, r and q as functions of T" and 1, we can find 2 as a function of
T and p only. We can then calculate the pressure P, quark density n, = (N) /V, energy
density £ and interaction measure (£ — 3P) as functions of y and T' via the relations

P(T, p) = —Q, (5.3.5)
oP
oP
E(T,pu) = png — P+ Ta—T. (5.3.7)

To determine the one-loop couplings we set

mq = 300 MeV, (5.3.8)
my = 140 MeV, (5.3.9)
Mo = 500 MeV, (5.3.10)
Fr = 93 MoV, (5.3.11)

which input in (4.4.12)—(4.4.15) yield

Ao = 61.5, (5.3.12)
mo = 449 MeV, (5.3.13)
go = 3.23, (5.3.14)
ho = (121 MeV)?. (5.3.15)

These are the one-loop values of the running couplings in the MS scheme at the renor-
malization scale

AJ =mZexp [~ ReC(m2) — m2 ReC'(m2)| = (289 MeV)?. (5.3.16)

The value of the constituent quark mass is roughly one third of the nucleon mass, while
the value of the sigma mass corresponds to the mass of the fy(500) resonance, which has
a measured mass in the range from 400 MeV to 550 MeV [8]. The value f; = 93 MeV
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corresponds roughly to the measured value of f = 92.2 [8].# We round it up to agree
with numerous other papers on the QM model. For the current quark mass we choose

Meur = 3MeV. (5.3.17)

This is roughly the average of the current quark masses for the u and d quarks, which
by the Particle Data Group are reported to be m, = 2.2MeV and mg = 4.7MeV in the
MS-scheme at the renormalization scale A = 2 GeV.

If we determine the couplings at tree-level using (4.4.1)—(4.4.4), we find Atree = 79.9,
Miree = 309 MeV, giree = 3.23 and hiree = (122MeV)3. Thus, we see that A and m are
altered quite significantly by bosonic self-energy corrections.

5.4 QCD Lattice Results

To compare model predictions with lattice data, we should understand what lattice
simulations predict. Some works indicate that the chiral and deconfinement phase tran-
sitions coincide [105, 106], while others find the deconfinement transition to happen at
25—30MeV higher temperatures [107-109]. However, it is hard to unambiguously define
whether the transitions coincide or not, since the transition temperatures are not well
defined.” This is because at the physical point neither the deconfinement nor the chiral
phase transitions are real thermodynamic phase transitions, but rather crossovers. The
deconfinement transition is also a crossover in the chiral limit.

For the location of the chiral transition, there seems to be better agreement. For 2+1
flavors, meaning two light flavors and one heavier strange flavor, the chiral transition is
found to occur at approximately Tc(2+1) = (155 +9) MeV by the HotQCD collaboration
[98, 110]. Within the uncertainty this agrees with the findings of Aoki et al. [107,
108] and the Wuppertal-Budapest collaboration [17]. For two flavors the chiral phase
transition is found to be T, = (171 & 4) MeV by the CP-PACS collaboration [111], T, =
(174 £ 3 £ 6) MeV by the QCDSF-DIK collaboration [106] and 7, = (172 £ 3 + 6) MeV
by Bornyakov et al. [112]. Note that for two flavors, Ref. [106] finds that the chiral and
deconfinement transitions coincide.

For comparison of thermodynamics at zero chemical potential, our primary sources
for (2 + 1)-flavor lattice simulations are the results from the Wuppertal-Budapest [91]
and HotQCD [92] collaborations that were published in 2014. Several older papers on
(2 + 1)-flavor simulations exist, but since inconsistencies and disagreements between
various data sets were resolved more recently [17], we use only these two papers for
(2+1)-flavor thermodynamics. For two flavors, data are more scarce, and we use results
from the CP-PACS collaboration from 2001 [113].

For data on the Polyakov loop as a function of temperature for (2+ 1) flavors we use
data from the 2013 publication by Bazavov and Petrecszky [114] and the 2010 publication

1The Particle Data Group’s definition of f, differs by a factor /2 from our convention, and they
find f, = 130.41 MeV [8].

5Not well defined in the sense that calculating the inflection point for different observables give
different critical temperatures.
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by Cheng et al. [115]. For data on the Polyakov loop with two flavors we use data from
Kaczmarek and Zantow from 2005 [116].

Data on thermodynamics from lattice simulations at finite chemical potential also
exist. This relies on a Taylor series expansion of the fermion determinant in powers
of u/T around p/T = 0. In the following we compare model calculations at nonzero
quark chemical potentials with lattice simulations performed to order O ((1/T)%) in the
effective potential by Allton et al. in 2005 [117].

Since we expect a ~ 20 MeV difference in the critical temperature between the (2+1)-
flavor lattice data and the two-flavor lattice and model data, we plot thermodynamic
quantities against T'/T., where T, in the lattice data is taken to be Tc(2+1) = 155 MeV
whenever the data are not already given as a function of T//7..% This allows us to more
easily assess the similarities and differences between the two- and (2 + 1)-flavor data
which is not related to the obvious difference in critical temperature. Furthermore, we
plot quantities normalized to the Stefan-Boltzmann (SB) pressure

2 T2
Psg = [8—~ +2N.N,— | T* 4.1
SB <845 + 180 ; (5.4.1)

2NNy is the number of fermionic degrees of freedom, with the factor 2 coming from the
spin.” The Stefan-Boltzmann pressure is simply the pressure of a non-interacting gas of
bosons and fermions in the high-temperature limit where the particles can be assumed
massless [36]. By dividing out the Stefan-Boltzmann pressure, we can factor out the
difference in the pressure in the two- and (2 + 1)-flavor data that stems from the fact
that they have different asymptotic values for the pressure at high T'. It is also useful since
the two-flavor data from Ref. [113] is not extrapolated to the continuum limit, but the
Stefan-Boltzmann pressure, whose value is different from (5.4.1) in a finite discretization
of space-time, is still estimated. Thus P/Psp from a finite lattice discretization that is
not continuum extrapolated can still be compared to model and continuum extrapolated
lattice data.

Finally, a comment on the acquisition of the lattice data is warranted. In the data
by HotQCD and Wuppertal, Refs. [91, 92], all thermodynamical quantities are provided
in tables. However, in the older papers the data are extracted from plots with a data
mining tool known as WebPlotDigitizer [118].% It is found that the uncertainty in the
y-value of each data point caused by extracting the data with this tool is well below 1%
of Ly, where L, is the total length of the y-axis in the plot, i.e. the difference between
the maximal and minimal values displayed on the y-axis. For the purpose of comparing
with an effective model without any finely tuned parameters, this uncertainty is entirely
inconsequential.

5The two-flavor data we consider is already given as T/T..
"This means that the (2 + 1) and two-flavor data are normalized with different factors.
Shttps://automeris.io/WebPlotDigitizer/
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5.5 Numerical Results: PQM and yM Model
Thermodynamics at =0

We solve for the minimum of the effective potential with a global optimization method
known as Basin-Hopping [119] using a routine implemented in the SciPy Optimize library
for Python [120].° Using this method we obtain the pressure, energy density, interaction
measure and order parameters as functions of temperature for p = 0. When optimizing
we always have that a global minimum is located at r = 0, which we choose so that
® and () is real.

We restrict A € [0, A.], where A, is an upper bound on A specifying the validity range
of our model. This is needed, possibly because we have neglected mesonic fluctuations,
since the effective potential is unbounded from below for A € [0, c0]. In the large-A limit
we have that the dominating term comes from the renormalized quark vacuum energy,
which goes as ~ —A%In A, as seen from (4.6.5). However, mesonic fluctuations would
contribute with terms O(+A*In A), which might have kept the potential bounded from
below. Thus, in neglecting mesonic fluctuations, we always expect an upper validity
range on A in the effective models. With mesonic fluctuations it might or might not be
needed.

Figure 5.3 shows the effective potential as function of A for the yM model at p =
T =0 and ¢ =r =0, and with the parameters as discussed previously. We see that the
effective potential is non-increasing above roughly A = 500 MeV, which we use as our
value for A.. We also see that if we inconsistently match the coupling constants of the
theory at tree-level, the potential would be qualitatively different, and no local minimum
would be present in the effective potential for the m, we have chosen.

Figures 5.4 and 5.5 show the order parameters A(T")/Aq, ®(T") and their derivatives
with respect to T', where Ag = A(T = 0). We see in Fig. 5.4 that chiral symmetry
is approximately restored at temperatures higher than ~ 200 MeV in both models. We
point out that A does not go to zero at high temperatures, but rather towards A = mecyr
(see Fig. 5.13), as expected from the discussion in Sec. 5.2. We find that the xy M model
reaches full deconfinement at 7" ~ 250 MeV, while the PQM model reaches ® = 1 more
slowly and is in a “semi-deconfined” state between roughly 200 MeV to 400 MeV.

From Fig. 5.5 we see that the pseudocritical temperatures for the chiral and de-
confinement transitions coincide for both models, with the inflection points of A being
located at

XM = 18175 MeV, (5.5.1)
TFM = 16973 MeV. (5.5.2)

The uncertainties are obtained by varying the sigma mass within the uncertainty range,
which is 400 MeV to 550 MeV. The lowest m, corresponds to the lowest temperature
and vice versa. We see that 7. of the two models differ by 11 MeV, but the un-
certainty ranges of both models overlap with the uncertainty range from the lattice,

“https://docs.scipy.org/doc/scipy/reference/optimize.html
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Figure 5.3: The xM model one-loop effective potential in the large- N, limit for ¢ =r =0
and T'= p = 0 with one-loop and tree-level determination of the couplings.

10 < o=m——m——————
m
)
= 0.8 1
s
i — XM7 A/AO
% 0.6 . Xg’ @A/A
POM 0
Q i )
. 0.4 PQM,
D)}
=02 -
O
0.0 - . . . .
0 200 400 600

T [MeV]
Figure 5.4: Order parameters in the yM and PQM models as function of temperature.

T = (172 +£3 4 6) MeV [112]. However, the PQM model is in best agreement with
lattice data for the upper sigma mass, while for the yM model it is opposite.
The coinciding of the phase transitions is natural in the PQM and yM models for
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Figure 5.5: Absolute value of the differentiated order parameters as function of T'. The
peak locations correspond to the pseudocritical transition temperatures.

the following reason: ® and A at some 7 are obtained by maximizing the pressure
P(®,A,T) = —Q(®,A,T) with respect to A and ®.10 Below Ty (or T;) the gluonic
contribution is pushing ® towards zero, while the quark thermal contribution is pushing
® towards 1, and there is competition between the two. However, when A > T the
thermal contribution of the quarks to the pressure is Boltzmann-suppressed, and the
pressure gained from the thermal quark term by increasing ® is small, since we then are
deconfining quark degrees of freedom that are anyway frozen out. Thus, the energy cost
from the gluonic potential dominates. However, once A is driven to be equal to or smaller
than T', the quark degrees of freedom become active (no longer Boltzmann-suppressed),
and there is a sizeable potential pressure gain in deconfining them. Thus, once A < T
it becomes much more energetically favorable to increase ®. Hence, we expect that ®
undergoes a transition once A does, given that the gluonic potential is not too stiff. The
argument does not work as well in reverse since the mesonic potential turns out to be
too dominating at low 7. We can see this as follows: we obtain the standard QM model
without the Polyakov loop by setting A4 = 0, which gives ® = ® = 1. We can view this
as the PQM model that is deconfined already from 7" = 0. But the QM model displays
a chiral phase transition at temperatures around 7" =150 MeV to 200 MeV [81, 121, 122]
and not already at 7' = 0. Thus, the backreaction of ® onto A is not as strong. However,
since the natural chiral transition temperature, meaning the transition temperature in

1ORemember that we have ® = ®.
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the QM model, is below the natural deconfinement transition temperature, meaning the
transition temperature Ty or 7T in the pure gluonic model, we will have that the chiral
condensate brings with it the Polyakov loop. If Ty or T,; were lower than the natural
chiral transition temperature, we would not expect the reverse to happen. We indeed
verify this in Sec. 6.14
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Figure 5.6: The chiral order parameter in the effective models compared with lattice
data from Ref. [92].

In Figs. 5.6 and 5.7 we compare the (normalized) order parameters with the lattice
results. We see that the xM model agrees fairly well with the (2 + 1)-lattice data, while
in the PQM model the chiral condensate appears to drop slightly later. However, the
apparent difference between the two models is largely due to the sensitive nature of
the definition of T, as the inflection point of A. If we look at Fig. 5.6 we see that the
chiral condensates of the PQM and x M models are nearly identical as functions of 7' (as
opposed to T'/T,). One qualitative difference between model and lattice results is that
the chiral order parameter on the lattice goes down to approximately zero shortly after
the transition temperature. However, we have no particular reason to assume that the
high-temperature asymptotic behavior of A, which is the constituent quark mass at a
given temperature, should be the same as for the QCD chiral condensate <1/;w>

For the Polyakov loop we find that ®(7") in (2+1)-flavor lattice data rises significantly
slower than in model calculations. The two-flavor data agree well with the PQM model,
while ® in yM model rises significantly faster than in two-flavor lattice data also. Both
models exhibit a fast rise of ® around the transition temperature, and this behavior is not
seen (24 1)-flavor lattice data. Before proceeding to discuss the potential reason for this,
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Figure 5.7: The Polyakov loop in the effective models compared with lattice data from
Refs. [114-116].

a comment on the two-flavor data from Kaczmarek and Zantow [116] is warranted. In
their paper they give the Polyakov loop as function of 7'/T, and estimate the unusually
high value T, = (202 £4) MeV. If we plot their data and the model data against T,
the two-flavor and (2 4 1)-flavor lattice data agree to a much greater extent, while the
agreement with the models become significantly worse. This is shown in Fig. 5.8. Unless
there is some reason why ® should rise faster in two-flavor data, the strong disagreement
between the two- and (2 + 1)-flavor lattice data in Fig. 5.7 indicates that Fig. 5.8 shows
the more accurate picture and thus that both the PQM and x M models show a too fast
rise in the Polyakov loop.

The fast rise of ® is also present in the original (2 + 1)-flavor x M model by Pisarski
and Skokov. It is natural to assume that the nonperturbative contribution to Ugye
is the problem. However, when they in Ref. [21] modify the nonperturbative gluonic
potential to obtain better agreement with ® from the lattice, the agreement for various
susceptibilities and thermodynamic quantities is ruined. They let the parameters ¢; and
¢2 in the non-perturbative potential (5.1.9) have a more general T-dependence by making
the replacement

T?c; = onT + B1T? + 1 T3, (5.5.3)
T?cy — aT + BoT3 4+ T3, (5.5.4)

Then, after imposing the same conditions as for the original potential, namely that
in the pure gauge theory T, = Ty and that the pressure vanishes at Ty, they fit the
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Figure 5.8: The Polyakov loop in the effective models compared with lattice data from
Refs. [114-116]. The data from Ref. [116] is converted to be given as a function of T
instead of T'/T, by setting T, = 202 MeV, which is the value estimated in the paper.

new free parameters so that the Polyakov loop agrees with the lattice. However, as
pointed out, this ruins the thermodynamics of the model. The comparison of the yM
model with the PQM model in Fig. 5.7 hints to the fact that it is the choice of the
Polyakov loop potential in the yM model that is the problem however, since in the
PQM model we obtain better agreement with ® on the lattice while still also obtaining
equally good or better agreement with lattice data for all thermodynamic quantities (see
the following). We can imagine that we should choose a qualitatively different form
of the non-perturbative potential contribution. Two potentials which both can fit pure
gauge theory well might still behave differently when combined with quarks.

Let us now turn to thermodynamics. Figure 5.9 shows the comparison between the
SB-normalized pressure in lattice and model data, where the nearly invisible error bands
are obtained by varying the sigma mass in its uncertainty range. Both the PQM and
xM models show reasonable agreement with lattice data above T' = T, although with a
pressure lower than in data. Below and around T" = T, the PQM model appears to have
a pressure that is significantly lower than what lattice data show. However, below and
around 7, we expect mesons to exist and contribute to the pressure, and by neglecting
mesonic fluctuations in the model calculations, we have underestimated the pressure.
Since the pions have masses of ~ 140 MeV below T, while the quarks have masses of
~ 300 MeV, we expect that the mesons would provide a significant contribution to the
pressure in this range. For temperatures below 7. the agreement with the yM model
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is worse, since there is a small but nonzero pressure causing P/Psp to blow up for low
temperatures due to the Psg oc T* dependence. However, this does not mean that the
pressure diverges or that it is large. It only means that a small non-zero pressure exists
for T' > 0. This pressure is insignificant, as we see if we compare the pressure of the y M
and the PQM models without SB-normalizing, which is done in Fig. 5.10.
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Figure 5.9: Boltzmann-normalized pressure in the yM and PQM model compared to
lattice data from Refs. [91, 92, 113].

When comparing the pressure of the (2 4+ 1)-flavor data to the two-flavor data, we
see that the two-flavor model and lattice data are closer to the SB limit at temperatures
above the critical temperature. This is expected since the strange quarks constitute
degrees of freedom which are partly “frozen out” out at temperatures just above T, due
to their large mass. While the light quarks become nearly massless above T, and their
contribution to the pressure become close to the SB-value, the strange quark always has
a mass that is at least equal to its current quark mass, which is of the order ~ 100 MeV
[8]. Furthermore, the strange quark chiral condensate goes to zero much slower than
the light quark chiral condensate [98], so that the strange quarks still have a large
constituent quark mass just above T,. Thus, it is expected that the SB limit is reached
at higher temperatures in (2 + 1)-flavor QCD than two-flavor QCD since significantly
higher temperatures must be reached before the strange quark has a negligible mass. If
we plot P/T* instead of P/Psp, the pressure in the two-flavor model and (2 + 1)-flavor
lattice data agree well.'!

" Remember that two-flavor and (24-1)-flavor data are normalized with different Boltzmann pressures.
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Figure 5.10: Pressure divided by f2 in the yM and PQM models compared to the
SB-limit.

For the interaction measure I and energy density £, both normalized by Esp = 3Psp
and shown in Figs 5.11 and 5.12 (with error bands obtained in the same way as for the
pressure), we find fairly good agreement between the PQM model and two-flavor lattice
data up to T' ~ 1.57,.. The peak of the interaction measure in the y M model is shifted
to higher values than what is seen in the PQM model and two-flavor lattice data. The
xM model also has an interaction measure that is negative for low temperatures and a
peak that is too low.

For temperatures above 1.5T, there are a few data points in the two-flavor lattice
data which show a peculiar drop in the energy density. One possible explanation is that
statistical errors cause the drop. The (2 + 1)-flavor simulations and a more recent two-
flavor simulation in Ref. [123] do not show this drop in energy density.'> The drop in
energy density is naturally also associated with a drop in the interaction measure above
T = 1.5T,, which is not seen in either model.

Given Figs. 5.4-5.11, we see that both models exhibit the essential qualitative fea-
tures of QCD: chiral and deconfinement phase transitions. Furthermore, except for the
Polyakov loop, there also appears to be reasonable quantitative agreement with lattice
data, especially for the PQM model. We remind that except for the Polyakov loop po-
tentials that are fitted to SU(3) gauge theory without quarks, there is no fitting in the
models.

2The two-flavor simulation in Ref. [123] uses an unphysical pion mass of m, > 360, which is the
reason it is not used for comparison with the models.
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Figure 5.11: SB-normalized interaction measure in the effective models compared to
lattice data from Refs. [91, 92, 113].
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Figure 5.12: SB-normalized energy density in the effective models compared to lattice
data from Refs. [91, 92, 113].
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Before proceeding to study the models at a nonzero chemical potential, we should
comment on the significance of two aspects which are untypical about our study: the
phenomenological quark term and the one-loop determination of the couplings.

60

—— with Uy e 3001

without Uy cur

500

0 . . .
200 250 300 350 400
T [MeV]

Figure 5.13: Comparison of A(T") in the PQM model with and without the phenomeno-
logical quark term.

We find that U, cur has only the effect of changing the high-temperature behavior
of A(T), while the thermodynamics for all purposes is unaffected. A(T) is shown in
Fig. 5.13 for the PQM model both with and without the term included. Below T =
200MeV, A is practically unaffected. The inclusion of U ¢y has no measurable effect
on 7T,., and when we plot the pressure, energy density and interaction measure with and
without Uy cur we find no visible difference. For this reason we omit U ¢, in the section
where we study the effective models at ¢ > 0. This is because the numerical evaluation
of Uy cur 1s fairly intensive, and the minimization of the effective potential requires a large
number of function evaluations. We will instead live with the fact that the quark mass
goes towards zero for high temperatures which, as we have pointed out, is irrelevant for
thermodynamics.'3

When it comes to the couplings, we find that for low sigma masses it does not
even make sense to consider the model with tree-level couplings combined with one-loop
corrections to the potential. This is because with tree-level couplings we find that the
point A = my; = 300MeV at T" = 0 corresponds to an inflection point rather than a

BDue to the p-dependence of Uy cur it contributes to the quark density as —% = mcur%.

It has been verified that this contribution is entirely negligible, just like for the other thermodynamic
quantities.
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Figure 5.14: Comparison of the order parameters resulting from using tree-level and
one-loop couplings in the PQM model with the one-loop potential in the large- N, limit
with m, = 600 MeV.
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Figure 5.15: Comparison of the thermodynamics resulting from using tree-level and one-
loop couplings in the PQM model with the one-loop potential in the large-N, limit with
the value of m, = 600 MeV.

local minimum, and the effective potential becomes non-increasing for all A. This can
be seen from Fig. 5.3. However, for higher sigma masses a minimum is still present.
In Fig. 5.14 we show the effect of using tree-level couplings at the higher sigma mass
of my, = 600 MeV. For this m, the model has a minimum for A at T = 0 also when
tree-level parameters are used. We see that in this case, the tree-level parameters cause
the chiral phase transition to happen earlier — roughly at a temperature which is 25 MeV
lower. On the other hand, the Polyakov loop and thus the location of the deconfinement
phase transition is nearly unchanged. Consequently, using tree-level parameter matching
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causes a discrepancy between the pseudocritical temperature of the deconfinement and
chiral phase transitions. Additionally, as shown in Fig. 5.15, we see a slight difference in
the interaction measure for intermediate temperatures, although it is not very significant.
For the pressure and energy density (not shown) the difference is minuscule. Thus, if
one is lucky enough to use a set of input parameters where the use of tree-level matching
does not entirely break the model by removing the minimum in Q(A), it appears that
the thermodynamics is not too strongly affected.

We finally note that the tree-level determination of the parameters corresponds to
using (4.4.1)—(4.4.4) and a renormalization scale that satisfies

A2
In— +1=0, (5.5.5)
m
q
as shown in Ref. [124]. The latter condition ensures that h — m2v = 0 at T' = 0 with
tree-level parameter matching and one-loop potential contributions.

5.6 Minimizing ) at y #0

We now return to the issue of minimizing € at p # 0, which we first discussed in
Sec. 3.5. It is suggested in Refs. [21, 77, 78] to let the background gauge field become
non-Hermitian by setting ¢ € R and r = ‘R, with R € R. Inserting » = ¢R into the
expressions for the Polyakov loops, (2.7.9) and (2.7.10), we get

—27R/3 2
$=° g |+ 2c0s (gq)] : (5.6.1)
_ 2mR/3 )
= e=2™R 1 9 cos (gqﬂ , (5.6.2)

which give that both are real, but with different values in general. For the RRTW
potential, which is a function of ® and ® directly, it is clear that the Polyakov loop
potential becomes real, and thus the full potential is real for all (¢, R) € R?, since Uy T
can also be written in terms of ® and ®. For the yM model this is also the case, since
the only potentially complex terms in (5.1.4) and (5.1.5) are

By (4+inr) + i (4-ir) =2me B (4 -in). (5.6.3)

and
Bo (g + z’R) + B, (Z - z’R) = 2Re B, (g - z’R) . (5.6.4)

However, the problem is that €2,y is unbounded in R for low temperatures, and Qpqu is
unbounded in R for all temperatures. The part of the potential that depends on R in
the xM model, ¥ = Uy + Uy, is shown in Fig. 5.16 as function of (¢, R). We see that
there is no minimum below R < 1. This behavior persists for any R.

In Refs. [77, 78] they suggest choosing the physically realized state to be the lowest
saddle point of Q(g, R). The method has the benefit of yielding ® # ® with ®, & € R,
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Figure 5.16: Normalized R-dependent part of the effective potential in the xM model
at T'= p = 200 MeV, A = 150 MeV.

and we avoid a complex potential. However, choosing a saddle point is highly arbitrary
and does not follow from any known principle of thermodynamics. Furthermore, it
is not clear why r should be purely imaginary and ¢ purely real. In Ref. [74] it is
argued that the saddle point approach is problematic since it is impossible to calculate
interface tensions with this scheme. Instead they suggest, together with Ref. [73], that
r and ¢ should stay real, and that we instead should minimize Re (). This scheme has
the unfortunate consequence of giving ® = ® also at u # 0. However, it allows for
the calculation of interface tensions and is partly based on the potential minimization
principle. Furthermore, a minimum of Re (2 still lies at » = 0 even though u # 0, such
that at the minimum of Re (2 we have Im Q = 0 (see Fig. 5.17). If we are of the opinion
that ® # ® mainly is a result of fluctuations in A4, then ® = ® is not a pathology
but a natural consequence of the mean field treatment of A4 combined with keeping A4
Hermitian.

Unlike for the saddle point method, we can also provide an (admittedly speculative)
interpretation of the minimization of Re {2: When a complex energy appears in quantum
mechanics, it usually signals a decaying quantity, and Im E plays the role of a decay
rate I'. To see this, consider a generic physical state ¥(t) = ve ! with the factor
e *Et determining its time evolution. Then

‘1/(75) _ we—iEt _ we—iReEtelmEt _ ¢eiReEt€—Ft7 (565)

which is a state decaying with rate ' = —Im E. An even closer analogy is provided when
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we try to calculate the one-loop effective potential for a Lagrangian with spontaneous
symmetry breaking without expanding about the minimum of the tree-level potential.
Consider the complex scalar theory

2
L= 8HXT8“X +m2xTy = A (XTx) ) (5.6.6)

Normally we would expand about the potential minimum y = v 4+ 0. However, if we
directly calculate the one-loop effective potential, we find that the thermal contribution
is [36]

d3p
— 9V Buw
Ur = -2 / 2 )3 In (1 e P> , (5.6.7)

where wp = \/p? — m?. However, wp is complex for low momenta, and thus Uy becomes
complex. The reason for this is that we have expanded around the potential maximum,
which is unstable, instead of the stable potential minimum. Thus, if we interpret states
with Im 2 # 0 as unstable states that are not realized in an equilibrium system, then we
imagine that the equilibrium state is the state that satisfies the constrained minimization
problem™

0ReQ(q,r O0ReQ(q,r

8q<q) = 07 874(q’) = Oa ImQ(Qar) = 07 r,q e Rv (568)
with the additional requirement that we choose the global minimum. However, in the
case studied in this thesis, the condition Im Q(g,7) = 0 can be automatically satisfied
when

M =0, M =0, rqeckR, (5.6.9)
0q or
is satisfied, given that we chose the global minimum with » = 0. We see that this will be
the case from Fig. 5.17, which shows the real and imaginary part of the quark thermal
potential. The minimum of Rell, 7 is at » = 0 also for p # 0. However, we speculate
that (5.6.8) is the correct criterion in general.

Due to the lack of physical interpretation, the seeming arbitrariness of setting ¢ € R,
ir € R, and the impossibility of calculating surface tensions, we avoid the saddle point
scheme and instead use (5.6.8). As for the consequences of this choice, it is pointed out in
Ref. [74] that the two methods always agree for (T' = 0, it = pimax) and (' = Tipax, 4 = 0),
where fimax is the largest chemical potential for which there is a (pseudo) phase transition
and Tiax = Te(p = 0). Thus, the phase diagrams obtained from the two methods
converge on the endpoints of the critical curves.

5.7 Numerical Results: PQM and yM Model

Thermodynamics at p > 0

Now that we have verified that the models provide reasonable approximations to the
QCD thermodynamics up to T ~ 271, we proceed to investigate the predictions of these

1¥We ignore A at the moment.
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Figure 5.17: The real and imaginary parts of the quark thermal potential at T' = p =
A = 150MeV. ImU, 7 has a discontinuity at ¢ = r = 0, with ImU, 7 = 0 exactly at this
point.

models at nonzero quark chemical potential. Due to the existence of lattice simulations
at finite chemical potentials based on Taylor expansions in powers of 11/T', as discussed in
Sec. 5.4, we also carry out checks on our results at p > 0. Lattice data are however only
available for u/T < 1, since for large /T the Taylor series is not expected to converge.

In the following we calculate the pressure increase and quark number caused by
a nonzero quark chemical potential and compare with lattice data. Furthermore, we
calculate the chiral and deconfinement phase diagrams of the two models.

To study the pressure, we define the quantity AP(T, 1) as
AP(T,u) = P(T,n) — P(T,0). (5.7.1)

This corresponds to the pressure increase at a given temperature that is caused by a
nonzero quark chemical potential. Figure 5.18 shows the comparison of AP from lattice
and models as function of T'/T, for different fixed ratios of p/T. The lattice data are
taken from Ref. [117]. We see that the PQM model agrees well with lattice simulations,
especially up to temperatures of T' ~ 1.57.. Between T = 1.57, and T = 27, the
deviation is slightly larger at the high 1/T ratios, but still not much more than 10%. For
the xM model AP is larger than what is found in lattice data. However, the qualitative
shape of the AP/T* curves for the yM model appears to be in good agreement with
lattice data, with a fast saturation in AP/T* after the initial rise around T' = T,.

In Fig. 5.19 we see ng(T, u) /T3 for constant u/T compared to lattice data. Here n, is
the quark number density which is given by (3.2.9), except that we now have two quark
flavors. We see reasonable quantitative agreement between PQM model and lattice data.
However, like for AP/T*, we find that the curves given by the yM model have a shape
more similar to lattice data.

Figures 5.20 and 5.21 display the phase diagrams for both models, where the pseudo-
critical temperatures corresponding to the inflection points of A and ® are indicated, in
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Figure 5.18: Pressure increase as function of 7" for fixed p/T ratios in the PQM and xyM
models compared to lattice data from Allton et al. [117].

addition to the temperature where ® = %.15 We see that the chiral and deconfinement
phase transitions also coincide for nonzero chemical potentials. However, referring to the
inflection point of the Polyakov loop as deconfinement at high chemical potentials is mis-
leading. It is correct that the chiral symmetry in the models is approximately restored
above the lines of the chiral phase transition in Figs. 5.20 and 5.21, as we see in Fig. 5.22,
but it is not correct to assume that quarks are deconfined everywhere outside the phase
boundaries given by the inflection point of ®. This is clear since the temperatures where
P = % extends well beyond the temperature where the inflection point occurs — especially
for the PQM model. We have a phase where chiral symmetry is restored and where the
quarks are confined or semi—confined. In Fig 5.23 we see the value of the Polyakov loop
in the u — T plane. Interestingly, we see that the yM model approaches deconfinement
in the high-density limit, which is not the case in the PQM model. This is a radical
difference between the two models, and it is hard to assess which behavior best reflects
QCD due to the lack of lattice data for p > T. The chirally restored and confined phase
predicted for g > T in the PQM model is sometimes referred to as a quarkyonic phase
[125].

We also note that at sufficiently high temperatures some of the crossovers become

5The inflection point for each p-value is extracted by fitting the A/OT and 0®/IT curves with
Gaussians in a small range around the peak value. A more direct method would be to directly extract
the temperature value on the discretized T-axis where the peak occurs, but the former method works
better as it is more stable against varying step sizes in the discretization of the T-axis.
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Figure 5.19: Normalized quark density as function of T for fixed u/T ratios in the PQM
and xM model compared to lattice data from Allton et al. [117].
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Figure 5.20: Phase diagram of the yM model.

first order phase transitions, with the transition from crossover to first order marked by

a critical point. In the xM model the critical points of the chiral condensate and the
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Figure 5.21: Phase diagram of the PQM model.

Polyakov loop coincide, and they are located at
(u*,T*) = (262 MeV, 78 MeV). (5.7.2)

For PQM model only the chiral transition has a critical point, which is another qualitative
difference between the two models. The chiral critical point of the PQM model is located
at

(1, T*) = (262 MeV, 105 MeV). (5.7.3)

300 300
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200 100 200 100
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30
(a) xM (b) PQM
Figure 5.22: The chiral condensate as function of (x,7’) in the two models. Units of A,
wand T are in MeV.
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(b) PQM

Figure 5.23: The Polyakov loop as function of (i, T') in the two models. Units of p and
T are in MeV.



CHAPTER

The PQM Model in a
Magnetic Field

Strongly interacting matter in magnetic fields is relevant for the study of various physical
phenomena, such as heavy-ion collisions, compact stars, and the early universe [126]. In
heavy-ion collisions it is known that strong time-dependent magnetic fields are created
when collisions are non-central [127-129], with the magnetic field strength in the LHC
estimated to reach up to values of |eB| ~ 15m2 [128], where e is the electron charge
and B the magnetic field. In the case of compact stars there is a class of neutron stars
known as magnetars that have magnetic fields reaching 10'° T to 10'' T on the surface
[130] and possibly ~ 10T in the core [131], with the latter field corresponding to
leB| ~ 0.3m2.! Furthermore, if large magnetic fields existed in the early universe, it
has potential consequences for early universe phase transitions [126]. Thus, the study
of strongly interacting matter in a magnetic field is well motivated, and it is the goal of
this chapter.

In both model [132-137] and lattice calculations [138-141] an effect known as mag-
netic catalysis is found in the vacuum. In the context of QCD, magnetic catalysis is the
effect where an external B-field strengthens chiral symmetry breaking by increasing the
value of the chiral condensate. In the chiral limit, it can also refer to the effect where
a nonzero B-field breaks the chiral symmetry that was present at B = 0. This could
happen at T > T, where chiral symmetry is not spontaneously broken for B = 0.

In lattice simulations one also finds what is known as inverse magnetic catalysis [141—
143], which is the decrease of the chiral transition temperature with increasing magnetic
field. It is also found that the chiral and deconfinement phase transitions coincide at
B > 0 [139]. These two findings are not reproduced in model calculations [132-137, 144,

T =1kgs 'C & (5.61 x 10°eV) (6.58 x 107'%eV) (1.6 x 107" e ") ~ 195eV?, where we use
the relations 1 = i = 6.58 x 107'%¢eV's, 0.303 ~ le ~ 1.60 x 1079 C and 1kg = (1.66 x 1072")"'m,,,
where m, = 931 MeV is the proton mass.

87
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145] and represent cases where the naive application of effective models is qualitatively
wrong.

In the following we study magnetic catalysis in the PQM and xM models at the
one-loop large-N. level with consistent parameter fixing. Furthermore, we investigate
the findings of Ozaki et al. in Ref. [146], where they find inverse magnetic catalysis in
a Polyakov loop model without a chiral sector, which is opposite to what is found in
models with a chiral sector. Finally, we briefly explore the effect a B-dependent gluonic
potential in the xM model.

We note in passing that we do not look at the case of y # 0 in a magnetic field,
since the authors of Ref. [147] have shown that high magnetic fields and nonzero baryon
chemical potentials lead to a fundamentally altered vacuum structure of QCD, with
neutral pion domain walls favored over nuclear matter.

6.1 The PQM Lagrangian Coupled to the EM field

Let A, be the electromagnetic gauge field. We want to minimally couple it to the quarks
and the pions so that we take the effect of an external magnetic field into account.
To couple to the pions, we must identify the fields corresponding to charged pions,
7t. Knowing that the electromagnetic field should be U(1) gauge invariant, we should
identify mesonic fields which are also U(1) gauge invariant. Define the complex field

= —(my +im). (6.1.1)

V2

Rewriting the non-interacting m, 2 sector of (4.2.2), we find

Loymy = Oyl O — m27im, (6.1.2)

which is clearly invariant under global U(1) transformations. To obtain gauge invariance
we follow the canonical perscription of replacing the partial derivative with the gauge-
covariant derivative. Doing this we find that the mesonic sector reads

1 1 1 1
Lr = (D,m)|(D'7) — m27im + 5(8%3)2 - §m,r7T§ + 5(80)2 - imgc;'2 + Lror, (6.1.3)

where L 5 is given by (4.3.3) and D, is
Dym = (Oy — ie Ay — igaAy)T, (6.1.4)

where we set A, = 52A0 as usual. We have written the gluon gauge coupling as g,
to avoid confusion with the Yukawa-coupling. The coupling e is the electric elementary
charge. The choice of coupling the EM field to m; and o is entirely arbitrary and has
no physical content — it is just a matter of labeling. What is important is that only a
complex field couple to the EM field, meaning that one of the pion fields cannot couple
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minimally to the EM gauge field without breaking gauge invariance.? This field, here
chosen to be 73, will represent the neutral pion, 7.

In the quark sector we also couple to the EM fields by replacing the partial derivative
with gauge covariant derivatives. However, since i; and o represent up and down
quarks that have charges ¢ = %e and g = —%e respectively, we must couple to gauge-
covariant derivatives with different charges. The quark sector, not including the Yukawa

interactions, then reads

Nf - )
Ly = iy (0 — igjAu — igaAp)j — guib. (6.1.5)
j=1

The Yukawa interaction is unchanged. Note that the introduction of different EM charges
for the two flavors breaks both chiral symmetry and isospin symmetry, and only SU () x
U(1)p remains.

6.2 Quarks in a Constant Magnetic Field

Let us now consider the partition function to one loop in the large- N, limit, so that we can
neglect mesonic fluctuations. We consider a constant magnetic field in the z-direction,
given in the Landau gauge by

A, = (0,0, —Bx,0). (6.2.1)

We treat the EM field as a classical background field. The quark contribution to the
one-loop partition function reads

Ny N, B
Zy = / 11 Hmz/;}kwjkexp{ /0 dr / d%zp}ijkwjk}, (6.2.2)

appc J=1k=1

with 1;, being Dirac spinors of flavor j and color k with no implicit sum over either
index, and

Dj, = —0r —iV°7'0; + ig[Adlpk + 1 — 7°A + ¢;7°v* A,
= =0, — iy 0; + fu, — °A + qu:mOny. (6.2.3)

The above result is obtained by generalizing (3.1.8) by adding a second flavor and cou-
pling the two flavors to the EM gauge field with different charges. Furthermore, we have
assumed that Ay is constant and in the Polyakov gauge, and we have defined

[Lk =u-+ ig[A4]kk. (6.2.4)

2We emphasize that the coupling is minimal, since the so-called chiral anomaly allows for a coupling
between 7° and photons [148, 149]. It is this coupling which causes the modified vacuum structure of
QCD at nonzero baryon chemical potential [147].
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Using the Gaussian Grassman integral, (3.1.15), we find that

Ny N

Zg =[] I] det Djx. (6.2.5)

j=1k=1

In using the Gaussian integral in the case where Djj is a differential operator, we must
clarify what the determinant here means. For matrices the determinant can be defined
as the product of the eigenvalues of the matrix. This is a definition we can carry over to
differential operators, with the difference being that the number of eigenvalues usually
is infinite. To see that the formula is correct also for differential operators one could
discretize space, carry out the Gaussian integrals and then again take the continuum
limit.

6.3 Landau Levels

We now want to find the spectrum of the operator Dj;. Thus, we consider the eigenvalue
problem

Dty = M\, (6.3.1)

where we for the moment consider a single flavor and color and thus suppress the flavor
index j and color index k. We can rewrite this equation as

(=07 + 1 — N = (i7°7'0i +7°A — ¢By 7)1 (6.3.2)

Writing (7, x) in terms of its Matsubara frequencies w;,

=00
Y(r,x) = > hi(x)e ™7, (6.3.3)
l=—00
we obtain ) ‘ i
(iw; + i — Ny = (i7°9'0; + YA — qBxy"v?)1)y. (6.3.4)

Choosing the Dirac representation of the gamma matrices, setting

Oy = (i;) : (6.3.5)

and defining

n=iw + 1 — A\, (6.3.6)
we find '
(mE£ A)x+ = (i0'0; — ¢Bxo¥)x+. (6.3.7)
Inserting one into the other yields
<n2 - AQ) X+ = (i0"9; — qBxza¥)*x . (6.3.8)

3There is no factor Vf%, since we do not Fourier expand the spatial part.
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Simplifying the operator on the left hand side, we obtain
(i0'0; — qBzo¥)? = {—8:% — 92 — (9, +iqBx)* + qBaz} , (6.3.9)
where we used 0’07 = §% + i€/*g*. Thus, we find the equation
{7)2 — A*+ 92+ 92+ (9y +iqBx)* — qBaz} X+ = 0. (6.3.10)

The equation for x_ is identical, so to find the spectrum of D we only need to consider
(6.3.10). The z and y parts of the equation are solved by plane waves. Thus, we see that
we have two independent solutions of the form

Note that to satisfy the specific boundary conditions of the problem, one might have

to take linear combinations of these solutions. Furthermore, the boundary conditions

might put quantization conditions on p, and p., which we will get back to later.
Inserting (6.3.11) into (6.3.10), we get

7 = A% = p2 + 32— (p, + ¢Bx)* — ¢Bs| fz = 0, (6.3.12)

where s = 1. Defining w = x + p,/qB, changing variables and dividing by 2|¢B|, we
find

fr(w) ="

1 1 2—A?—p2—qB
[ O+ 5laBlw? Pz — 055 ¢ (w). (6.3.13)

2lgB| 2|qB|
But this is just the well-known harmonic oscillator equation where the parameters m, w,
and E now correspond to |¢B|, 1 and (n? — A% — p? — ¢Bs)/2|¢B|. Thus, we find that
solutions exist when

1
(n? — A% — p? — ¢Bs)/2|¢B| =ntg (6.3.14)

for some integer n > 0. Since we later will sum over s = £1, we can replace ¢Bs — |¢B|s.
Insertion of 7 into (6.3.14) gives

(A — i —iwy)? = A% +p2 + [¢B|(2n + 1 + ). (6.3.15)

The energies FE(p,,n,s)? = A? 4+ p? + |¢B|(2n + 1 + s) are known as Landau levels and
correspond to the energy eigenstates of fermions in a constant magnetic field at 7' = 0
with no chemical potential or background gluon field. Now, (6.3.15) is a quadratic
equation in A with two solutions. We write the equation as

A +a)? =~ (6.3.16)
with @ = —fi — iw; and 7 equal to the right hand side of (6.3.15). We have two solutions

A =17 —a. (6.3.17)



92 CHAPTER 6. THE PQM MODEL IN A MAGNETIC FIELD

6.4 The Quark Partition Function at One Loop: Part I

We now return to evaluate the partition function. With the index j summing over the
whole eigenvalue spectrum, which includes summing over p., py, [, n and s, we have that
the contribution of one quark flavor is

In Z, = Indet D = 1I1H)\ _Zln)\ _Zln)\+]+21n)\_
1
- Z 3 ln(AiJ)‘Z—J) = Z B In {(72 — a2)2} = Zln (72 — a2>
: - :

—Zln[wl ifi) +A2+pz+|q3\(2n+1+s)]. (6.4.1)

We observe that (6.4.1) is dimensionally inconsistent since we have something of mass
dimension two in the logarithm. This is because we really should have inserted the
Matsubara frequency expansion in the path integral (6.2.2), which would give us a factor
[ in the action, and the Euclidean action would be of the form

—Sp=3" / dan(x)T 8D (wr, x)tn(x). (6.4.2)
l

Thus, we should really replace D — (D in the previous section, which leads to the
replacements A\; — SA;, which finally gives

InZ, =) In {52 [(wz — )2 4+ A2+ p? + [¢B|(2n + 1+ s)} } . (6.4.3)
The sum over the eigenvalues is given by

Z Z Z >N (6.4.4)

n=0[l=—o00 s==%1Pz,Py

Even though the eigenvalues are degenerate in the p, quantum number, the p, sum is
non-trivial since it is not obvious what the degeneracy factor is. A heuristic non-rigorous
argument commonly found in the literature goes as follows: From the fact that (6.3.13)
is a harmonic oscillator equation with the quadratic potential centered at z. = —p, /¢B,
we known that the solutions are f,(x + %), with f,, being the eigenfunctions of the
harmonic oscillator. If we put the system in a finite cubic volume of size V = L3
and assume periodic boundary conditions,* we have that the momentum py must be
quantized, satisfying

py=—7m, (6.4.5)

4The background gauge field A, = (0,0,—Bz,0) is not compatible with periodic boundary conditions
in the z-direction, but periodicity in the y-direction is sufficient for this argument.
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for some integer m. Assume for a moment that ¢B < 0. Wanting the center of our
eigenstate to be localized within the box, and letting € [0, L] define the x-coordinates
of the box, we have the requirement

—2m™m 2mm

0 = = L 6.4.6
which implies
B|L?
0<m < 9B (6.4.7)
s

This gives a degeneracy of

6.4.8
2 o0 ( )

VqBILT _|gB|L?
where we assume that |¢B|L?/27 > 1, so that the effect of the floor function |-| is
negligible. Clearly the argument also applies for ¢B > 0 with trivial modifications.
Whether or not one buys this argument, it can anyhow be verified by checking that the
B — 0 limit reproduces the correct B = 0 result. This uniquely and rigorously fixes
the degeneracy factor. For a rigorous direct derivation of the degeneracy factor of the
Landau levels the reader is referred to Ref. [150].

Taking the thermodynamic limit where >°, — L [ ngj, we find

YoEY Y s (6.49)

n=0]=—o00 s==*1

We thus finally obtain, for a single color and flavor,

o0

wz= OV 5~ 5 5 [ 2 [ i+ A% 4 42+ aBIn 41 49)] )
n=0[]=—o00 s==*1

(6.4.10)
The Matsubara frequency sum is the same as the one encountered for non-interacting
fermions with no external EM field if we identify an effective mass

M% =A% + [¢gB|(2n + 1 + s), (6.4.11)

replace f °p o |57 4= and notice that we have an explicit factor of two less that is

replaced by the sum Zs:i' Using the derivations in Appendix A.1 and A.2 with these
replacements, we obtain

InZ = |qB|VZ Z/dpz {5 p? + M3+ Zln{lﬂLe BV ’fﬂ)}

n=0s==+1 k=+1
(6.4.12)
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6.5 Interlude: Regularization of the Vacuum Energy

As is the case for a system without a magnetic field, we find a divergent vacuum energy,
except in this case the divergent integral corresponds to quantum fluctuations in one
dimension only. We regularize the integral with dimensional regularization by letting

> dp- 2 2e [ AP, 5
[ g [ S g G

for some small e. Here A is the renormalization scale, d = 1 and d? 2¢p, the volume
element in d — 2¢ dimensions. The analytic continuation of the volume element to non-
integer dimensions is obtained by using that d% = p?~'dpdQy and the fact that the
solid angle integration [ dQy can be analytically continued to non-integer d, since

d

9

/de = (6.5.2)
r(s)

is defned for non-integer d. Since the integrand of (6.5.1) is spherically symmetric, we

can use the above relation to get

B (47TA2)6 [e'e) p—2e

This integral is essentially the Euler beta function, and we use the well-known integral
formula [26]°

s a T (m) r(p— Ll)
T at1 2 2
dop—— = (M) Z 6.5.4
/0 Ty - M) 20 (b) (6:5.4)
with ¢ = —2e¢ and b = —% to obtain
M2 (47A2\°
I=-—E8 (-1 6.5.5

where we used that I’ (— %) = —2./7. Like in Chapter 4 we adopt the MS renormalization

scheme, which means we absorb all factors (e ~!+In 47we7#) into counterterms. The effect
of this is equivalent to redefining A2 — A%/4me™ 72 everywhere and absorbing factors of
¢! into counterterms. Doing this we finally get that

M2 [eEA2\€
I=-—2 ( ) (—1+e). (6.5.6)
47 M]_%,

Usually at this point we expand in the ¢ — 0 limit. However, keeping I on the form
given will help us regulate the sum over the Landau levels, as we see in the next section.

®The Euler beta function satisfies B(z,y) = 1}(85_5’)) and is defined by B(z,y) = d‘%;)lﬁf—y [151].
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6.6 The Quark Partition Function to One Loop: Part 11

Now that we have regulated the diverging integral, we want to sum over the Landau
levels. Unfortunately, we cannot do this explicitly, but we can rewrite our expressions

more succinctly.
Combining (6.4.12) and (6.5.5) gives an effective potential

qB|ZZ{MQz€(e”EA2) BEPE. S /pzln{ur —5( p§+M%kﬁ)”'

n=0s==+1 k=+1

Let us first deal with the vacuum energy. We must consider the sum

S = i S MEE= Y i [A2—|—|qB|(2n—|—1+s)r ‘) (6.6.2)

n=0s==%1 s=+1n=0

which for large n goes as ~ >, n'=¢. Conveniently, € acts as a regulator on the sum.
Carrying out the s = £1 sum:

2 1—|-S 1—e
1

s=+1n=0
0o A2 \ 1€ A2\
= (2|¢B|)' LZ:; (n+ 2IqB\> + Z ( 2‘qu>
=2(2|¢B|)' ¢ i (n + A >16 — A%% (6.6.3)
o 2|qB]|

The above sum is of the same form as the definition of the Hurwitz zeta function, which
is given by [152]

e}

((s,a) = Z(n +a)®. (6.6.4)

n=0
The Hurwitz zeta function is defined by (6.6.4) only for Re s > 1, but it can be analyti-
cally continued with the formula

((s,a :8—17;);)”“() (a+ k)3, (6.6.5)
which is valid for all real numbers a > —1 and complex numbers s # 1 [152].6 Defining
2
= 2@3,, (6.6.6)
we find that
S =2(2|¢B|)* "¢ |¢(~1+¢€,06) — %51_6 . (6.6.7)

5The Hurwitz zeta function can be analytically continued to any real a and complex s as long as
s # —1 [152].
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Hence, the vacuum energy contribution to the effective potential is

2| B| NE € e 1 .
Q0 = £ (%) T(=1+ 02(20aB) (-1 +¢.8) = 5]
_8(¢B)? (A" O lc(c1 4 e d) - Lot

To take the ¢ — 0 limit we use that
C(=1+4¢€6) =((—1,0) + e (=1,8) + O(e?), (6.6.9)
P(-146) = — ~ 1+ 75+ 0(), (6.6.10)
0=1+€elnd+ O(e ), (6.6.11)
)

where (19 (s,8) = 0,¢(x,0)|s—s. We can further simplify (6.6.9) by using the known
relation [153]

Brny1(9)
—n,d) = ——= N 6.6.12
¢(=n,9) nrl’ "EN (6.6.12)
where By, (x) is the n-th Bernoulli polynomial. Thus we find
1 1 6 0
—1,9)=—=By(0) = —— 4+ — — —. 6.6.13

Inserting (6.6.9)—(6.6.13) into (6.6.8) and neglecting terms going as O(¢) we find

L R

m)?
_8(¢gB)? |1 0% 1 (1,0) A? 1 0°

+ odiv, (6.6.14)

. BY? [ 1 2\ 1
6de _ 8(q ) < + 6) -, (6615)
€

9)
Qr—o = ((
8(

with the divergent part

(4m)?2 \12 2
which will be absorbed by counterterms later.
For the thermal contribution to the effective potential we consider

Qr = — qu DIDS T/ dpz {1+eﬁ(vpz ’““)] (6.6.16)

k=4+1n=0s==%1 -

This integral converges, and it is thus not necessary to regularize it. We use that [*7_ =
2[5 since the integrand in symmetric in p, and perform a partial integration to obtain

QT:_IqBI / dp.  p:
2m k +1n— 03 T1 T2+ ME14€° (v/p2ME ki)

2 oo
_ 8’qB|T S S K (Mg, ), (6.6.17)

n=0s==+1
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where we defined the dimensionless function Kg(m?, p):

oo 2 1 1
K m2, =32 dp. & + ’
g(m=,u) =B , P JoEtm2 1+ P (Vp2tm2—p) 1+66(\/W+#)( |
6.6.18

Again we can sum over s by using that, for any function f and parameters a, b,

i > flatb@n+1+s)) = i [7(a+20(n+1)) + f(a+20m))]

n=0s==%1 n=0

=" fla+2bn)+ > f(a+2bn)
n=1 n=0

= f(a)+2 " f(a+ 2bn). (6.6.19)
n=1
This gives us
8l¢B|T? & _
QO = _|(€17r‘)2 2(2 — 6n0) K3 (A2 + 2]qB]n,,u,). (6.6.20)
n=0

Since we have summed out the s quantum number, from here and onward we redefine

M3 = A% 4 2|¢B|n. (6.6.21)

6.7 The PQM Partition Function

We now proceed to write down the full one-loop partition function of the PQM model in
the large-N, limit. To absorb the diverging vacuum energy that is proportional to |¢B)|
we include the tree-level energy term from the EM gauge field itself, which is

1 1 1
Ughi = = Fuw " = 5(E2 + B?) = §B2, (6.7.1)
where F,, = 0,A, —0,A, is the EM field strength tensor. We could of course also have

included one-loop contributions to €2 from the pure gauge sector, which would be given
by

U}ER/IIOOP _ /(;3}) [!p\ +9TIn (1 _ e*ﬁlp\)]

72 d3p
=7 / . 6.7.2

In dimensional regularization the last integral vanishes. We see this immediately since
it has no momentum scale to go in the logarithm In (A) that usually arises in these
integrals. Furthermore, the nonzero thermal contribution is not proportional to N., and
should not be included in the large-N, limit. Even if the nonzero 7% contribution does
affect the pressure of the model, it does not affect the minimization of the potential with
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respect to A, g and r. Hence, while the neglection of mesonic fluctuations does affect
the phase diagram, the phase diagram is not affected by neglecting thermal fluctuations
in the photon field.

Adding the chiral sector and summing over all the quark flavors and colors, we have
the effective potential

1 1 1 .
Q :732 — quﬂ + fmf* — hv + 6QW + Uppye
2 2 52
QfB) 5f 1 (1,0) A 1 f
N, — 4+ = — =il — ¢V (=1 1 — 4+ =
* Z (47)2 [12+2 R0rIndy = CHR(=1,0) +In 2B ) \12 7 2
8lq;B|T? -
- ZZ ‘qf ’ 2(2 — 000) K5 (A + 2lqsBIn, fic)- (6.7.3)
n=0
The index f runs over 1,..., Ny = 2, while ¢ runs over 1,..., N, = 3, and
A2
dfp = —0\, 6.7.4
fe = o+ ig[Ag]ce- (6.7.5)
The diverging part is given by
€ 7 3 € (47r)2 € o

We now need to take care of renormalization. Conveniently, everything from chapter 4
carries over, as the particle masses still are identified with the masses measured in the
vacuum where B = 0, and we have no photon loops shifting particle masses in the one-
loop large-N, limit. Letting all couplings s € {g, A\, v, m, h} be given by s = sys + Isym
and inserting the running couplings given in (4.4.5)—(4.4.9) and the counterterms given
n (A.4.84), we find that the chiral sector is

1 A? 1 A* A
UX 0f2 | 0f4 hofﬂmi + 6Qchlra17 (677)
q
with .
— 2N.A* 1
Ms o AiVemr 4
5Qchiral - (47‘(’)2 6 . (678)

Here \g, mg, ho are given by (4.4.13)—(4.4.15). We see that the counterterm from the
renormalization of the couplings in the tree-level mesonic potential exactly cancels the
divergence that is independent of B.

We remind that A = gv = ggzvss, as was pointed out Sec. 4.6. This means that all
occurrences of A in the last two lines of (6.7.3) can be kept as they are upon introducing
the MS couplings.
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Everything that remains is the renormalization of the B-field. We could just let
B? — (14 6Z)B?, and demand that §ZB? absorbs the B-dependent divergences. How-
ever, since the underlying dynamics of the B-field is known, we can do better. The
renormalization of B is a consequence of the renormalization of the gauge field A,. If we
calculate the self-energy corrections to the photon propagator to one loop and demand
that it is zero, we find an expression for 7 in the on-shell scheme. Since this is a stan-
dard result of QED, we quote the final expression and refer to textbooks for a derivation
[11, 26, 28]. Letting A, = VZOSAS® with Z°° =1+ 6Z°%, we find that”

A2
§Zos = — 30 Z a7 l +ln<m )1 : (6.7.9)

q

Note that we should use m, and not A, since the renormalization is carried out at
T = 0. Furthermore, compared to the alternative approach outlined in the beginning
of this paragraph we have gained an extra In (711\722) term. This term only affects the
pressure of the model and has no effect on the phaqse diagram, since it is independent of
the order parameters.

Since the bare magnetic field should be independent of the renormalization scheme,
we have

ZOSB?)S = ZMSBf/[57 (6.7.10)

which gives, to one-loop order,

1462
% = ﬁ;z;ngs ~ (14 0Z0s — 5ZMS)BgS, (6.7.11)
which evaluates to
4N, A?
2 c 2
Bis = |1- 3(dr)2 In <77’L2> qu (6.7.12)
a/ f

Inserting B = Bys + 0 Bys we see that the B-dependent divergence cancels, and we find,
after some rewriting, that the vacuum part of the potential reads

1 AZ 1 A? A 2N.A* |3 A2
Qvauc = 3 i N e - T - a 1 A9

21
4 597 1n5f]

8N, 2|1 a0 21 N
+(4ﬂ_)2 - (qu) ll? ¢ ( 1,5f) 2(5f1n5f 1

3(4m)? Z <2|Q:B|>

"Again we have redefined A> — A?/4me™7®. Furthermore, our result differs by a factor two in the
¢ '-term from Refs. [26, 28], since we define d = 4 — 2¢ in dimensional regularization, while in Refs. [26,
28] they let d = 4 —e.

1
+ B

5 (6.7.13)
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where we wrote Bog = B. Note that for all terms except the tree-level term %BQ, we can
set Bys = Bos, since working to one-loop order means we are working up to (’)(qj%), and
| Byis| and |qfBos| differs only at higher orders in g¢. Furthermore, we have rewritten
the potential so that the first line is the B = 0 contribution, while the second and third
lines are the additional terms arising due to the magnetic field. Again we point out that
if we are only studying the order parameters, the term on the last line is irrelevant.

The term on the second line of (6.7.13) superficially appears to be nonzero even if
B = 0 due to terms ~ B2512£ ~ O(BY) and ~ B25]20 Ind; ~ O(—InB). However, it
turns out that these contributions are cancelled by similar contributions from the the
~ BQC(LO)(—L&f) term. Noting that small B corresponds to large ¢, and using the
large-6 expansion [126]

C(I’O) (*1,5]0) — 5f+5fln5f— 5fln5f+ 1D5f+112+0<52> (6.7.14)
we see that
1 (1,0) 1 0F 1,

Inserting the couplings Ag, mo and hg and setting A = Ay, with Ay as defined in
(4.4.10), we finally find

Large-N. One-Loop Effective Potential of the PQM model in a B-field

3 AN, m?2 A2 2N.mi (3 m2\) A?
O == 2 2 1— qa,.2~ (= T )2 q =
4" ”{ (47)2 ,%m’fc’f} mz " (amz |27 U\ B2 ) [ m
m2 f2 AN.m? 4mg ) 4m2]) A?
4 {1 e 1- mg Cr —Cr—m.CL+ iz | [ m2
m f2 AN.m? 4m? 1) A
+T{1+(47r)2f7% — 2| G = Ca = mic; oy
m2 f2 4Ncmg 2 | A 2 £2 4Ncm2 PP AN
B {1 G E R W 0 K
8N, 1 &% 1
~ tame 2B [C(l’o)(—lvfsf) + 507 Indy + =L — 263y 121
/
8|qrB|T? _
- %zﬂ 3 (2 — du0) K5 (A2 + 217 Bln, fie(a. )
1 m? _
+ §B ZQf B‘ +ug1ue(q)(q>r)aq)(% ’I"),T).
(6.7.16)
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We have

. 27 . 27 N Ar
By = But+ig(g+r), Bhe=PButiz(=q+r), Pfhs=pu—ipr, (6.7.17)
as can be seen from the definition of fi. in (6.2.4) and the parametrization of Ay in
Sec. 2.7. Note that here ¢ is the Polyakov loop eigenvalue and not an electric charge.

6.8 A Fugacity Expansion of {1y

The expression for 7 given in (6.6.20) appears to be the one usually quoted in the
literature. However, the integral Kg(m2,u) is computationally intensive to evaluate
numerically. For this reason we will derive an alternative expression for {7 in terms
of Bessel functions. With this expression we can take advantage of preexisting code
libraries for highly efficient computation of Bessel functions.

We find that (6.6.16) generalized to N, colors reads

Qp — IQfBI TS Y 22— no/ if: {1+e—ﬁ(m—kﬂc)], (6.8.1)

¢ k=+1n=0

for a single flavor f. Introducing x = Bp., y = SMp and z. = Bfi., we find

O = 1Bl nzoz— n0) D Z/ dxln( +eo W“ﬂ%). (6.8.2)

2 ¢ h=t1

We now Taylor expand the logarithm, sum over k, and find

|QfB| + lz —lz —l\/z24y?
Qr = — ) Z dno ZZ ¢ 0/ dze Y (6.8.3)

n=0 c =1

Performing a change of variables we have

o /22102 o0 U ()
IE/O dze Ve Tty :y/1 du\/ﬁe (ty)u, (6.8.4)
where u = /(2/y)? + 1. Setting u = cosht we find
I=y / dt cosh te~ (W) cosht, (6.8.5)
0

Up to a factor, I can be identified with a modified Bessel function of the second kind
K, with v = 1 through the integral representation [153]

K,(z) :/0 dt cosh(vt)e >t (6.8.6)

and we thus find
I =yK(ly) = BMpK1 (IBMp) . (6.8.7)
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We also have that

SO (e ety = N (1 + ey (6.8.8)
(&
where
B = e Il By = g, I (6.8.9)
TN TN T h

are “Polyakov loops” winding imaginary time [ times. For more flavors we thus find the
expression

Qr Fugacity Expansion

_ 8NelgsBIT - o (DM 1B ~1Bug
Op — — ; st nzzo (2—60) M ; K1(18Mp) (@ + P13, .

(6.8.10)

We refer to this as a fugacity expansion, since the quantity e’ is known as the fugacity
of the system. In the case where p = 0, where we can always set » = 0 and which is the
case we will be studying, we find

= 2
Ne(®; + ;) =2+ 4cos (7;’ql> , (6.8.11)
and finally obtain
8|qsB|T 00 q)l+1 9ral
D Dh = SUT NSV SR Y [2 +4.cos (M)] ’
f (47) n=0 =1 ! 3

(6.8.12)

with Mp = /A% + 2|qsB|n.

6.9 Numerical Methods

We now proceed to study numerically how the effective potential changes in the presence
of a magnetic field and its consequences for the transitions. To calculate the thermal
contribution to the effective potential, we must sum over Landau levels. This causes
the computational burden to increase significantly compared to the B = 0 case. In
practice we must truncate the sum over Landau levels and, if we use (6.8.12), the sum
over Bessel functions. However, for either large A or large magnetic fields, the sum over
Landau levels should rapidly converge since we effectively sum up thermal fluctuations

from one-dimensional particles with mass Mp = /A2 + 2|q;B|n. Increasing n leads to

increasing effective masses and a high degree of Boltzmann suppression. Since Kj(z)
decays very rapidly for z > 1, we see that Landau levels are strongly suppressed once
IMp > T, as expected. For either small B or A both the number of Landau levels and
“l-levels” required in the sum increase significantly.
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We truncate the sum over Landau levels when the difference between two consecutive
terms is less than 1074 f2. This is significantly smaller than the expected value of the
potential at the minimum at any temperature. From Fig. 5.3 we see that the potential
at the minimum is of the order Q ~ f2 at T = 0, while from Fig. 5.10 we see that the
minimum is of the order Q ~ 1032 for T = 400 MeV. The value of the potential at
the minimum will of course change in the presence of a magnetic field, but it will not
change so much that 10~*f4 no longer can be considered small. This would require the
pressure to decrease by many orders of magnitude upon the introduction of a magnetic
field, which is not the case.

For the sum over Bessel functions, we truncate the sum when the difference between
two terms is less than 1076 2. Thus the main error comes from the truncation of Landau
levels.

With these convergence requirements, we find that we get roughly a factor ten speed-
up by summing over Bessel functions instead of evaluating K for each Landau level,
even though both methods produce identical plots. This comparison is clearly depen-
dent on the particular libraries, programming language and implementation used. Here
we have used the scipy.integrate.quad routine in SciPy [120] for the numerical inte-
gration needed to evaluate Kz, with is an adaptive integration scheme from the Fortran
library QUADPACK [154].% For faster integration we have implemented the integrand in
C and accessed it through the scipy.LowLevelCallable class. For the modified Bessel
functions we use the scipy.special.kn routine, which is a wrapper to the Fortran li-
brary AMOS [155].2 The Hurwitz zeta function derivative is calculated with the mpmath
library for Python [156], which has an implementation of the Hurwitz zeta function.'’

For the global minimization, we again used the Basin-Hopping method for finding
the global minimum of (A, ¢) in the domain A € [0, A.], where A, is an upper validity
range of the effective potential. A, is set to a value just below where 2 becomes non-
increasing with increasing A. As mentioned, we only study the case where y = 0 where
we can minimize () with respect to ¢ and A only, and with r set to zero.

6.10 Numerical Results: The Effective Potential

In Fig. 6.1 we see the normalized effective potential Q(A) = Q(A)—Q(A = 0) as function
of A at & = 0, T' = 0 for various magnetic fields. The parameters are the same as the
ones used in Chapter 5, meaning m, = 140 MeV, m, = 500 MeV and m, = 300 MeV.

It is clear that the minimum of the potential moves to higher A for increasing B,
indicating that we have magnetic catalysis at T' = 0. We also see from Fig. 6.1 that
the model is only valid up to roughly A, = 500 MeV. For larger values of A it becomes
non-increasing. Furthermore, the potential becomes non-increasing for magnetic fields
of around |eB| = 10m2 and larger, and thus the model is only valid for magnetic fields
below this value. With a larger sigma mass, as is frequently used in the literature, both

Shttp://www.netlib.org/quadpack/
Shttp://www.netlib.org/amos/
Yhttp://mpmath.org/
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Figure 6.1: Normalized effective potential for increasing magnetic fields at ® = 0 and
T =0.

the validity range in A and B increases. For m, = 700 MeV the model is valid up to
roughly A. = 1100MeV and |eB| = 100m2 at T = 0. For a sigma mass of 400 MeV,
which is the lower estimate for the mass of the fp(500) resonance, the model breaks
down already at |eB| = 4m2. Thus, for lower sigma masses it seems more important to
include mesonic fluctuations, which potentially, if the relative coupling strengths allow,
can stabilize the potential with their O (+Aln A) contribution.

In Fig. 6.2 we see Q(A) for increasing values of T at ® = 0 and |eB| = 5m2. As in
the B = 0 case we see that as temperature increases the minimum moves towards A = 0.

Figures 6.3 and 6.4 show the normalized effective potential Q(®) = Q(®) — Q(® = 1)
at T = A = 150MeV for the two different Polyakov loop potentials. Choosing » = 0
implies that & € R and —% < & < 1, which explains the plotted range on the z-axis.
We see that for both the PQM and xM models the minimum moves to larger @ for
increasing B. Interestingly, remembering that ®(7) behaves oppositely to A(T), this
indicates the possibility of inverse magnetic catalysis for the Polyakov loop. However,
this does not show that inverse magnetic catalysis actually occurs. To investigate this,
we must solve for ®(7") and A(T") by minimizing Q(A, ®,T") with respect to A and P,
as usual. Before moving on to doing this in the next section, we also note that the PQM
and yM models are significantly different in their sensitivity to ® and B. We see that
the minimum of the PQM model moves much less than the minimum of the yM model
upon the introduction of a magnetic field.
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Figure 6.2: Normalized effective potential for increasing temperatures at |[eB| = 5m2
and & = 1.

6.11 Numerical Results: Magnetic Catalysis

The chiral condensate and the Polyakov loop as a function of temperature for different
magnetic fields are shown in Figs. 6.5 and 6.6. For both models we see the same behavior.
The chiral condensate increases as a function of magnetic field everywhere, meaning the
system displays magnetic catalysis at any temperature. At low temperatures this is the
right behavior, but lattice data show that inverse magnetic catalysis occurs around the
transition temperature, causing 7, to be lowered. This is not reproduced in the models,
as is also reported in other model studies. Instead, we have a slight increase in 7., which
is plotted in Fig. 6.7.

We also see that the Polyakov loop is practically unchanged, meaning that we have
a slight splitting between the chiral and deconfinement transition temperatures. Again,
this is not in line with the lattice data [141-143], which shows a decreasing T.(B) (see
Fig. 6.10).

6.12 Numerical Results: The Effect of the Chiral Sector
on Magnetic Catalysis

Interestingly, by varying m, and m, we find that it is possible to obtain inverse mag-
netic catalysis for the Polyakov loop while we still have magnetic catalysis for the chiral
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Figure 6.3: Normalized effective potential with A = T" = 150MeV as function of the
Polyakov loop ® = ® at different magnetic fields for the yM model.

condensate. In Fig. 6.8 we see A(T) and ®(T") for m, = 600 MeV and my, = 200 MeV.
This is a useful observation since Ozaki et al. in Ref. [146] find inverse magnetic catal-
ysis in a simple effective model with one quark flavor and the RRTW potential, but
with no chiral sector. The finding that inverse magnetic catalysis for ® does not imply
inverse magnetic catalysis for A(T") is useful have in mind when looking at the results
of Ref. [146], since it means that it cannot be considered a solution to the problem of
lacking inverse magnetic catalysis in effective models.

We can go further and investigate what happens if we add a chiral sector to the
model investigated in Ref. [146]. We obtained the model as the one studied in Ref. [146]
if we remove the chiral sector of the PQM model, use the RRTW potential, and study
only one quark flavor with charge ¢; = e.1:12 Since we are only looking at the behaviour
®(q(T)), which is determined by the solutions of 9,2 = 0, we can drop all terms that do
not depend on the Polyakov loop eigenvalue q. Thus, we can optimize the potential

V = Urrrw (®(q), ®(q), T)

8leB|T & 2, (—1)t 2mql
~ n:0(2—5no)MBl; K1 (15 Mp) {2—}—4005 (3)} (6.12.1)

"The quark thermal contribution is written in a different form in Ref. [146], since they instead use
the Schwinger proper time method to calculate the thermal quark term.
12To remove the vacuum energy divergence in the case where we have no chiral sector we would simply

add a vacuum energy counterterm dL o mgefl to the Lagrangian at one loop.
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Figure 6.4: Normalized effective potential with A = T" = 150MeV as function of the
Polyakov loop ® = ® at different magnetic fields for the PQM model.

with respect to ¢ to find ®(T"). For a direct comparison we use the same parameters
as Ref. [146], which means that we set Ty = 270MeV in the RRTW potential and
mg = 350 MeV.

In the left plot of Fig. 6.9 we see ®(T') as predicted by the model given by (6.12.1).
The left plot is in full agreement with Fig. 10 in Ref. [146], and we see that inverse
magnetic catalysis occurs. However, in the right plot we see the resulting ®(7") when we
reintroduce chiral sector. When reintroducing the chiral sector, we add only one quark
flavor with a charge ¢y = e.!? Furthermore, we use a sigma with m, = 800 MeV to be
able to reach the very high magnetic field of |eB| = 0.75GeV? ~ 38m2, which is the
highest magnetic field considered in Ref. [146]. We see that the addition of the chiral
sector removes the inverse magnetic catalysis.

6.13 Inverse Magnetic Catalysis

To gain a better understanding of the reason for inverse magnetic catalysis, we repeat
the main points presented Ref. [143].
Consider QCD with a single quark flavor. One can show that the chiral condensate

BNote that with one quark flavor, the one-loop corrections to the couplings, equations (4.4.13)-
(4.4.15), are halved.
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Figure 6.5: The normalized chiral condensate A/A(T" = 0, B = 0) and the Polyakov
loop in the xyM model as function of temperature for different magnetic fields. A full
line represents the chiral condensate and a dashed line the Polyakov loop.

is given by
- 1 _
() = 7 /DA“e*SYM det (ID(B) +m) tr (IP(B) +m) " (6.13.1)
with the partition function being
7= / DA,e M det (I)(B) +m), (6.13.2)

and ) = ’yMDM.M Let B be small compared to all other scales in the problem of the
same dimension, so that it is reasonable to assume that

det (ID(B) +m) = det (IP(0) + m) + dqet(B) (6.13.3)

tr (D(B) +m) " = tr (ID(0) + m) " + 6u(B). (6.13.4)

with the J-terms being small compared to the trace and determinant terms. We can now
write

() = ()™ + (hp)*?, (6.13.5)

“Here v, are Euclidean gamma matrices, whose exact form are entirely irrelevant to our argument.
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Figure 6.6: The normalized chiral condensate A/A(T" = 0, B = 0) and the Polyakov
loop in the PQM model as function of temperature for different magnetic fields. A full
line represents the chiral condensate and a dashed line the polyakov loop.

where we have defined the valence and sea quark contributions

<1E¢>Val = % /DA#e_SYM det (1D(0) + m) tr (ID(B) + m) ", (6.13.6)

()™ = % / DAue™ M det (ID(B) + m) tr (D(0) +m) (6.13.7)

and neglected di:0get- In the low-B regime we see that the change in the chiral con-
densate from the introduction of a magnetic field arises from two effects: The term
e v det (ID(B) +m) represents the probability distribution for a given gauge field
configuration, and the introduction of a magnetic field in the determinant thus changes
the relative weighting of different gauge field configurations in the path integral. The
is the sea effect. The valence contribution comes from the change in the eigenvalue
spectrum of the quark propagator (IP(B) + m)71.15

It is shown on the lattice [138] that (6.13.5) is a very good approximation at low
magnetic fields. Furthermore, it is shown in Ref. [143] that <zﬁ1/1>val is positive for all
T and B, while around the critical temperature <Q;w>sea becomes negative. Thus, it is
the sea effect which drives inverse magnetic catalysis. The sea effect can be seen as a
backreaction from the quark sector onto the gluonic sector. However, since the PQM or

5 Taking the trace corresponds to summing over all the eigenvalues.
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Figure 6.7: The critical temperature for the chiral phase transition for (a) the y M model
and (b) the PQM model.

xM models do not contain dynamical gluons, this effect is not taken into account in our
models.

A natural way to attempt to take the quark backreaction onto the gluonic sector
into account in the PQM or xM models is to add a dependence on the magnetic field
in the gluonic potential. This was systematically investigated for the PQM model with
the RRTW potential at the mean field level in Ref. [144] and later also with fluctuations
with the functional renormalization group (FRG) in Ref. [145].16 Both papers find
that even for an arbitrary dependence Ty = Tp(B) in the RRTW potential, inverse
magnetic catalysis can only be obtained for a range small range of magnetic fields.!” In
Ref. [144] they find that inverse magnetic catalysis cannot be obtained for |eB| > 15m2
for any functional dependence Tp(B), while in Ref. [145] they find that it cannot be
obtained for magnetic fields |eB| > m2. Note that the latter paper uses a sigma mass
of m, = 530 MeV, while for the first paper it is not clear what m, is. The two papers
mentioned above also investigate a dependence on the magnetic field in the Yukawa
coupling, ¢ = ¢(B), and similarly find that this cannot reproduce inverse magnetic
catalysis.

6The functional renormalization group is a non-perturbative method to take fluctuations into account.
"Note that both papers require that the chiral transition should not become first order, in order to
agree with lattice data [143].
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Figure 6.8: The normalized chiral condensate and the Polyakov loop for the unphysical
particle masses m,; = 200 MeV and m, = 600MeV. A full line represents the chiral
condensate and a dashed line the Polyakov loop.
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Figure 6.9: The Polyakov loop in a quark model without (left) and with (right) a chiral
sector.

6.14 Numerical Results: A B-Dependent Gluonic Sector

We end this chapter with a brief investigation of the effect letting T; decrease with B in
the xM model. We choose

Ty(B) = Ty(B = O)e_(bif?r) : (6.14.1)
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with the dimensionless constant b setting the decay scale of T;(B), and Ty(B = 0) =
270 MeV.

The resulting phase diagram with b = 70 is shown in Fig. 6.10. We have chosen a
sigma mass of m, = 800 MeV to be able to reach magnetic fields comparable to the largest
magnetic fields in Ref. [142]. It is clear that the critical temperature of the Polyakov
loop is driven down by a decreasing Ty, while the chiral sector still displays magnetic
catalysis. The result is a splitting between the chiral and deconfinement temperatures
which is not found on the lattice [141, 142, 157]. We are not able to choose any value
for b the remedies this problem. Hence, with a magnetic field included it appears that
the xM model is suffering from the same problems as the PQM model.

It appears that some mechanism that tends to keep Tipiral < Tdecont is lacking in the
PQM model. We argued in Chapter 5 that there is a strong drive for deconfinement to
happen once the chiral transition has taken place, which tends to keep Tyccont < Tthiral-
However, the opposite does not appear to be the case, and it seems that some essential
physics is lacking from the PQM and yM models at B # 0.

-4 Lattice ®
® crossover o
1.1 { @ A crossover

Figure 6.10: Phase diagram of the xM model with Ty(B) as given by (6.14.1) with b = 70
compared to the phase diagram from the lattice. The sigma mass is m, = 800 MeV.
(2 4 1)-flavor lattice data is taken from Bali et al. [142].
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Conclusion and Outlook

7.1 Summary

In this work we have studied spontaneous symmetry breaking and thermodynamics in
the two-flavor Polyakov-loop extended quark-meson model and Pisarksi-Skokov chiral
matrix model. We worked at the one-loop order and investigated the cases of nonzero
temperature and baryon chemical potentials, and nonzero temperature and magnetic
fields. As a simplifying approximation, we have neglected mesonic fluctuations, which
is equivalent to working in the large- N, limit. Furthermore, we have fixed the coupling
constants consistently at the one-loop level, in contrast to what is most often done in
the literature on the QM model.

The Effect of One-Loop Couplings

We find that the one-loop determination of couplings could affect the validity range
of the models in terms of what particle masses yield an effective potential that has a
local minimum. Furthermore, we found that one-loop couplings could have a significant
effect on the location of the chiral transition, with the chiral transition being lowered
by approximately 25 MeV when using a tree-level determination of the couplings. When
it comes to thermodynamics, the introduction of loop corrections to the particle masses
have only a small effect.

The Phase Transition and Thermodynamics at =0

We find that both models exhibit coinciding chiral and deconfinement phase transitions,
with the inflection points of the chiral condensates located at

XM = 18175 MeV, (7.1.1)
TFM — 16973 MeV, (7.1.2)
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which both lie in the uncertainty range of the transition temeprature found on the lattice
for two flavors, which is T, = (172 £ 3 + 6) MeV [112]. We find that both models undergo
crossovers at the physical point, rather than true phase transitions.

Furthermore, at zero baryon chemical potential we find that the PQM and xM
models have similar predictions for thermodynamic quantities, and they mostly agree
reasonably well with QCD lattice data up to T' =~ 2T, — both qualitatively and quanti-
tatively. However, the PQM model appears to be in better agreement with data when
it comes to the interaction measure.

For the chiral order parameter both models agree with lattice simulations. However,
when it comes to the Polyakov loop, neither model reproduce the lattice result, since
® in the models show a faster rise with 7. However, the PQM model has a functional
form ®(T") which resembles lattice data, with a slower approach to the asymptotic value
® =1 that is associated with a semi-deconfined region.

The Phase Diagram and Thermodynamics at p # 0

At u # 0 we face the problem of how to deal with a complex effective potential or a
complex gauge field. We chose to minimize the real part of the potential with a gluonic
mean field in (A4) € su(3). This has the benefit of giving a bounded effective potential
and yields a real effective potential at the minimum of the real part. However, it comes
at the cost of having the unphysical effect ® = ®.

We find that the PQM model agrees well with both the pressure and quark density
from two-flavor lattice data at nonzero chemical potentials in the region p/7° < 1 and
T < 1.5T,.. For T > 1.5T, the PQM model starts to overshot the pressure and quark
number from the lattice. For the y M model we find that the pressure and quark density
is too large in the regime p/7 > 0.4, but the curves have the correct qualitative shape.

In the p—T phase diagram, the chiral condensate in the two models behaves similarly.
The chiral transition starts out as a crossover and then becomes a first order transition
at sufficiently high chemical potentials. The change of transition order is marked by a
critical point, which is located at

(u*,T*) = (262MeV, 78 MeV), for the xM model, (7.1.3)
(u*, T) = (262 MeV, 105 MeV), for the PQM model. (7.1.4)

A significant difference between the models was found in the deconfinement phase
diagram. In the yM model the deconfinement transition also goes from a crossover to
a first order transition, with the critical point located at the same place as the critical
point for the chiral transition. This is not the case in the PQM model, where the
deconfinement transition is a crossover for all u. Thus, the latter model predicts that
the chiral and deconfinement phase transitions are of different order at high chemical
potentials.! Furthermore, the yM model predicts deconfinement in the low 7', high

'Note that when we say deconfinement phase transition, we are only talking about an inflection
point in ®. We are not claiming that ® ~ 0.5 or even that it is much larger than zero at the critical
temperature.
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u regime, while the PQM model predicts a quarkyonic phase. Thus, the two models
predict entirely different phases of matter in the low-temperature, high-density regime,
which is the most significant difference between the two models.

The Phase Diagram at B # 0

With a nonzero magnetic field, we find that both the PQM and the xyM models in
their standard form exhibit magnetic catalysis at all temperatures. This is in line with
lattice data at low temperatures but contradicts them for temperatures around 7" = T...
We also find that for certain unphysical particle masses, it is possible to obtain inverse
magnetic catalysis for the Polyakov loop while still having magnetic catalysis for the
chiral condensate. Additionally, we see that a model without a chiral sector predicts
inverse magnetic catalysis for .

Finally, we briefly discussed the topic of making the gluon potential dependent on
the magnetic field. We find that a B-dependent T} in the gluonic sector cannot make the
xM model display inverse magnetic catalysis, and it thus suffers from the same problems
as the PQM model at B # 0.

7.2 Conclusion

We find that the two-flavor yM and PQM models are in reasonable agreement with
two-flavor QCD thermodynamics at zero baryon chemical potential for temperatures up
to T' ~ 2T,.. The main problem with the models is the temperature dependence of the
Polyakov loop. At nonzero p the PQM model appears to agree with the lattice for
T < 1.5T; in the regime of p/T-values where data exist. The yM model overshoots
the quark number and pressure in this regime. Furthermore, the yM and PQM models
strongly disagree in the high-p and low-T phase, predicting different states of matter.
At nonzero magnetic fields, both models do not show inverse magnetic catalysis in their
standard form and disagree qualitatively with lattice results.

7.3 Outlook

There are several natural ways to continue and extend on the work presented in this
thesis. In the following we summarize some possibilities.

Including Mesonic Fluctuations

In this work we have used the large-N. approximation. The most obvious generalization
of our approach is to drop this assumption and include fluctuations from mesons. Several
studies taking mesonic fluctuations into account have been carried out, both with [121,
122, 158, 159] and without [160] the functional renormalization group (FRG). They seem
to indicate possible qualitative effects on the phase diagram. For example, in Ref. [122]
they find that the phase diagram splits into two branches after the critical point.
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If we would include mesonic fluctuations and still carry out consistent parameter
fixing at one loop, it would require the calculation of significantly many more diagrams
in the one-loop parameter matching procedure. Thus, the process of renormalizing the
theory becomes much more involved. Furthermore, if we do not use FRG we face the
problem of m2 becoming negative once the temperature becomes high enough.? Solving
this problem would require more advanced methods of perturbative thermal field theory
such as hard thermal loops, which is a reorganization of the perturbative expansion [36,
37, 39].

Investigating Minimization Scheme at p # 0

We have chosen a scheme where we minimize the real part of the effective potential.
It would be illuminating to see how different the results are between this method and
saddle point method. Both methods have been compared in the PQM model, and while
they always agree at the endpoints of the phase diagram, they show potentially large
differences for the location of the critical point [74]. Since at the time of writing there
are no publications on the xM model at p # 0, the saddle point method has not been
used with the xM model.

Calculation of Susceptibilities

In Ref. [21] they calculate various susceptibilities for the xM model, including baryon
number susceptibilities. Susceptibilities provide more opportunities to compare model
data to lattice simulations. Thus, more stringent tests can be put on the yM and PQM
models if we extend the study performed in this work also to include susceptibilities.

Isospin Chemical Potential

Since QCD does not suffer from a sign problem at nonzero isospin chemical potentials
w1, the scenario is open to lattice studies, and the phase diagram in the u; — 7' plane was
recently calculated in Ref. [161]. The PQM model can readily be extended to include
nonzero isospin, where a pion condensate appears as a new order parameter. Studies
of the PQM model at nonzero isospin has been carried out previously in Ref. [162]
and recently also with one-loop couplings in Refs. [163, 164]. Since the PQM and xM
models differ the most in their behavior at nonzero baryon chemical potential, it would
be interesting to see how the xyM model behaves at nonzero u;.

?In the chiral limit m2 becomes negative for any T > 0, since m2 = 0 in the vacuum, and m2
decreases with decreasing A.
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APPENDIX

Additional Derivations

A.1 Calculation of the Fermion Partition Function

We here finish the calculation of the Fermion partition function from Sec. 3.1. Using the Dirac

representation,
I 0 ; 0 ot
0 __ 2 T .
where o are the Pauli matrices, we have that
D. [—twn, + 1+ gAce —m] Iy o'p;
K+ gA.,.=— = " oree ) ! , A12
9 i3 ( o'p; [—iwn + p+ gAjj +m] I ( )
where K is defined as ‘
K = —iw, + p+7°y'pi —7'm. (A.1.3)
Let
Ki = —iw, + p+ gAce £m. (A.1.4)
Then D, reads
) K_ 0 Pz Pz — ipy
DCC — ! 7 — x ; —VMz
dec _ Kilg o'pi ) _ 0 K' Do + 1Dy D ’ (A.1.5)
if8 o'pi Kyl Pz pe—ipy Ky 0
P+ ipy —Pz 0 Ky

which gives a determinant
det Do = 3 [~K - K-+ p?]" = B* [=(=iwn + 1+ gAce) +m? +p?]”
= B [(wn + it + igAe)? + 2]’
= B* [(wn +if1c)? + 2], (A.1.6)

where
ﬂc = ,u+gAcc- (A17)
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Using (3.1.16), which reads

N,
InZ = ZZlndet D.(p,n), (A.1.8)

n,p c=1

we get

N,
mZ =233 In(f[(wn+ific) +w?])

c=1n,p

= S (8 [+ ) ] [+ i)+ )

c=1 n,p

=3 S (B[R 4 (p — ie)?] [+ (o + )]

=SS I (B2 2 + (wp — ie)?]) + 1 (B [ + (wp + ie)?]) (A.1.9)

where we have used that we sum over all n € Z, so that the sum is unchanged under w,, — —w,,.
Remembering that w, = (2n + 1)77T and using the integral

Prep g2
2, 2 2 2 2
/1 2 t+w? In [wy + f%wp] —In[(2n + 1)*7* + 1], (A.1.10)
we find
- Fluptie)” da? B (wp—fic)? da?
InZ =
! ;zp:zn: </1 2 + (2n + 1)272 +/1 a2+ (2n+1)272 |’

where we dropped an irrelevant additive factor that does not affect thermodynamics. Carrying
out the Matsubara frequency sums, which are shown in Appendix A.2, and taking the large
volume limit, where

d3p
Z—>V/(27T)3, (A.1.11)
P
we finally get
N d3p
an:QVZ/ =S Bwp +1n |1+ e Pepmhie)| 4 n |1 4 e Aleptiic)| 4 (A.1.12)
> [ o {y J o] )

A.2 Matsubara Frequency Sums

Bosonic Sum

Consider the sum

4%1’2’ Z fg dpo f (po) coth<;ﬁpo> (A.2.1)
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l ® TCZ pO l T pO

R | e

] 1 +C0 | 4 C

12 | v |
T

[ T | 1
Tc.

[ T | t

Figure A.1: Left: each square C), is an integration path in the complex plane. Right:
Equivalent integration path C.

where the paths C; are shown in Fig. A.1. We have that

1 —+ e—ﬁpo
has poles at
po = 2minT = iw, n € 2, (A.2.3)

and it is analytic everywhere else. We have here introduced the bosonic Matsubara frequencies
wn. If f(po) is analytic we can use the residue theorem for each path C,. Furthermore, we use
that the integral over all paths C,, is equivalent to integrating over the path C' shown in Fig. A.1.
As a result we get

= Z fliw,) Res coth(éﬁpo) = ;Tz,%cdpof(po)coth(;ﬂpo) (A.2.4)

Po= ’LUJ
n=—oo

The pole is of first order, and the residue thus is given by

h(ip
Res coth(lﬁpo> = lim (po —lwn)w (A.2.5)
Po=iwn 2 Po—riwn h(§ p0>
cosh(imk)

= 2T hrr:L(k n)———, —= Sinh (k) (A.2.6)
— 9T Tim (k — ) 2F) (A.2.7)
N k—n sin(rmk) o
9T lim ST (A.2.8)

q—0 sm(m] + )
— 0 lim ¢S (A.2.9)

g0 sm(ﬂq)
= 27T lim qi (A.2.10)

q—0 " Tq
=T (A.2.11)
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Thus we get
T i fiwn) = L?{ dpo f(po) coth 15190 . (A.2.12)
= 4dmi Jo 2
Let us now calculate the sum for
1
e — A.2.13
f(po) fE2 — ﬂQp% ( )
Using that we can rewrite
—€—100 e+1i00
f-] a2
C —e+ico €—100
we find
1 6 —€—100 e+i00 COth (lﬁpo)
_— = dpg——2""2 A.2.15
Z 56'2 + (27”7‘)2 dmi </e+ioo * /efioo > po .’1,‘2 - (ﬁp0)2 ( )

n

We can now close each of the line integrals with a half-circle to negative and positive real infinity,
so that we again can use the residue theorem. We have poles at pg = i%, giving

1 B ..
—_—— =2 Res Res A.2.16
S e Lo_i% slon)+ Res g(po>] | (A.2.16)
for
coth (%ﬁpo)
p = "= . A.217
900 = (o2 24
The poles are of first order, and the sum of the residues are
coth (%) B — coth (%) _ coth (%) _ 1 - 2 . (A.2.18)
2z 23 xf Bx er —1
Thus
1 1 2
—_—=—11 . A.2.19
zn:x2+(27m) 2:E< +e””1> ( )
Using this gives
g da? n o dr 2
= 1 A.2.20
= e A I 4220
= fwp +2In (1 - e ) + const. (A.2.21)

Fermionic Sum

With the same argument as for the bosonic sum, except with Matsubara frequencies w, =
(2n + 1)7T and the replacement

coth (;ﬂp()) — tanh (;Bp0> , (A.2.22)
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which has poles at pg = iw,, we find
Ty fli) = ¢ g (o) a5 ). (A.2.23)
e oo 47 C 2

Let us calculate the same sum as for the bosons, except with the Fermionic matsubara
frequencies. We find

1 B
= —2m A2.24
zn: 22+ (2n+ 1272 4mi ™ [pofi‘is/ﬁ 9(po)+ pogfg/ﬁ 9(?0)} ) ( )

where g(pg) now is

_ /- A.2.25
g(po) 22 — (ﬁpo)g ( )
The sum of the residues is
tanh (%) B tanh (%) _ tanh (g) _ i 1 2 (A.2.26)
2Px —2Bx Bx Bx er +1

Using this gives

/52(%):':#)2 Z A2 B /Bz(wpiﬂ)z dx ) 9 (A 2.97)
: @i, 2va e >

= (Bwp £ 1) +21In (1 + e_B(“Pi“)) + const. (A.2.28)

A.3 Symmetries of the QM Model

One can show that 5 satisfies (75)2 =1, (’y‘r’)Jr =% and {7°,7*} = 0. Define the operators Pg
and Pr, as
1 1
Pr=5(1+7"), Pr=5(1-77). (A.3.1)

Using that (v°)? = 1, we find that P = Pg and P} = Pp,, which means that they are projection
operators. Since Pr + Py = 1, we can write

= PrYp+ Pry = ¢Yr + 91, (A.3.2)

where we in the last equality defined the right- and left-handed spinors, ¥ = Prt and ¢ =
Pri. We see that

VYR = g,
YL = —rL.

=

Inserting these relations into the Yukawa term gives

—Ly = gr(x1 +im T)Yr + gbr(x1 — im - T)0p + gbr(xa — im - 7)Y + gUr(x1 + im - T)YR.
(A.3.5)
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The last two terms vanish for the following reason. Let & and y be two spinors and let P be one
of the two defined projection operators. Then

PP = [(1£7°) x]" 21 £ 47)¢ = X1 (1 £45)7°(1 £ 4°)¢ = xT7°(1 F4°)(1 £4°)¢
=x"’[1-(")]e=0.

For the kinetic terms we have that 1/_JRZ'W8H1/)L and 1/_)Li'y"8u¢g vanish, as can be shown by a
similar calculation. Thus, the quark sector of the Lagrangian becomes

VRIV*O YR + rin"Our — gbr(x1 + i - T)Yr — g¥r(X1 — i - T)ihr. (A.3.6)

To make the symmetries of the Lagrangian manifest, introduce

e = % (x1 +im - T) = % Bc;ltl;fz le;z] (A.3.7)
We see that
Tr (010) = iTr xi+ 73 Sr 2r— 7t o (J)r 27T_7T+] - %Xf + %71'2, (A.3.8)
when the fields are real. We furthermore have that
Tr (01 4+ ©) = 2x;. (A.3.9)
Consequently we can rewrite the full quark-meson Lagrangian as
L = Yriv"0ubr + Yriv 0L — 29¢10%r — 209 rOTYL,
+Tr (0,079"0) + m* Tr (676) — % [Tr (070)]” + %h Tr (© + ©F). (A.3.10)

Assume now first that h = 0. Let U; and Uy be two independent transformations in SU(2)
acting on flavor space. Consider the transformations

Yr = UiYr, ¢ — Uyr. (A.3.11)

Since U; acts on flavor components while v# acts on the spinors, we find that U; commutes with
~*. Thus the kinetic quark terms are invariant:

Uidrin'0,Urr = YRUIY iy 0,U1dr = LU Ui in" 0ok = Yrin" O,
and similar for 1. The Yukawa-part becomes
—Ly =2g¢.U; '©'Urr + gorU; 10 Uy, (A.3.12)
where we assume © has transformed into some ©’. We see that if we transform O as

o' =U,0U; !, (A.3.13)

both these terms are invariant, since UiT = Ui_l. However, we must check that the transformed
o and 7 fields are still real; otherwise the way we have written the Lagrangian in (A.3.10) is not
valid. If this is the case, as we will show that it is in the following, we see that also the meson
sector of the Lagrangian invariant, since

Tr [(U,0U; )1 (00U, )] = Tr [U:01U; ' 1,007 '] = Tr (070), (A.3.14)
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where we use the cyclic property of the trace. Thus, the Lagrangian is invariant under SU(2)r x
SU(2) 1, where we have included subscripts to indicate that the Lagrangian is invariant under
separate SU(2) transformations on left- and right-handed components of the doublet.

Let us now verify that x; and 7 are still real after an SU(2)g x SU(2), transformation. We
can write

Uy :e_%"""zl—%a-T, nge_%ﬁ"'zl—%,BW', (A.3.15)

for two general infinitesimal transformations, since the Pauli matrices generates a two-dimensional
representation of SU(2). Here av and S are real infinitesimal parameters. We have that the ©
transformation on infinitesimal form reads:

(x1+im-7)— (1—;[3-7’) (x1 +im-T) (14—;01-7')

=(a+im-7) + (a*ﬁ)~TX1+%[(,3~T)(7T~T)*(ﬂ'f)(a*)]

(75 s (52) e (£57) ]

[ (55 e (358 (54 -

where we between the second and third line used the identity

N | =

(a-7T)b-T7)=(a-b)+i(axb) T. (A.3.16)

Hence, an infinitesimal SU(2)g x SU(2), transformation corresponds to changing the scalar

fields as
by = — <0‘ - 5) o, Gme (“;B> o (a;rﬂ) x 7. (A.3.17)

We see that the fields remain real, and the claim that £ is invariant under SU(2)g x SU(2)y, is
thus valid.

For the case h # 0, we see that SU(2)r x SU(2), is broken since the term (A.3.9) is changed
when dx; # 0. However, a single SU(2) symmetry remains, which corresponds to choosing the
two SU(2) transformations to be equal, Uy = Us. This implies a = B in the infinitesimal case,
which leads to dx1 = 0. We refer to this symmetry as SU(2)y .

Conserved Currents

Let us find the currents corresponding to the SU(2) symmetries. Consider first A = 0. Choosing
B=0and a; = 25; for i € {1,2,3} gives us the conserved right-handed currents

or . oL - - oL
= —— = (—8m) + ——— (v 0" Y — (=i
I = @) ) Gy 1% GO g gy )
= OM'mix1 — O xami + €pm;OF T + iYL + YR)V (—iTR). (A.3.18)
Using that ¥py*)r = 0, we get
jffR = 8“7@)(1 — 8“)(17@ + eijkwj(’)”wk + @R’V“Tﬂ/}R. (A319)

Similarly we get for the conserved left-handed currents

Jlp = —0"mixy + 0" xami + €m0y + Y Ty (A.3.20)
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We can also form the vector and axial currents, which are the linear combinations

) 1/, ) 1-

Jiv =175 (JffR +J5L) = €ijemj 0"y + SYy T, (A.3.21)
. 1/, . , -,

JZA =3 (JﬁR _]ZL) = 0Mmix1 — O'xami + iz/w‘ V. (A.3.22)

In rewriting the quark contribution to these currents we have again used that the ¥ g-1 cross-
terms vanish. Furthermore, we have used equations (A.3.3) and (A.3.4) to rewrite

VRV TiVR — YLy Tivr = (YR + )V (YR — ¥L) = (Wr + Y)YV Y T (YR + YL).

To find the conserved currents in the h # 0 case we must set a« — 3 = 0. We choose
aj + B = 2(5;- and find that

1 i
51/1:*50'7'1/11%*5

IR — (a;ﬂ) -71/;7%75 (a2ﬂ> ~7'1/1:f%n1/). (A.3.23)

2

Using this, we find exactly (A.3.21) as the conserved currents. Thus for i # 0, only the vector
currents are conserved. The vector currents are, as the name suggests, the currents corresponding
to the SU(2)y symmetry.

A.4 One-Loop Renormalization of the QM Model

We will here derive the one-loop self-energies in the large-N. limit of the quark-meson model.
This section is a partial summary of the work done in Ref. [1].

Renormalized Perturbation Theory

Consider the quark-meson Lagrangian. Let the coupling constants and fields before renor-
malization be denoted with a subscript B, standing for bare. After we have expanded about
X1,B = vB + op we have:

1 1 1 1
L=U(vs)+ 5(8773)2 + 5(503)2 — SMa pOE — 5"%%,3”’123 +op (hg —m} pup)

2
+ ¥pidhps — mqBUsYE — gpB(0B +iTp - TY5)UB + Li B, (A.4.1)
where
1 AB 1 AB AB
Lip= —E’UB)\BO'BTF% - Eo%ﬂ% - 6)\3’030’% - 1043 - ij‘g (A.4.2)

contains all interactions except the Yukawa-term. We introduce the renormalized fields and
couplings via

™ = ZTl'Tra oB =V ZJU7 ¢B =\ Z’llﬂ/)v
m% = Zpm?, A\ = 2\, 95 = /2,9, (A.4.3)
hB = Zhh7 VB = Zvv,
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where the Z-factors are the field, mass and coupling renormalizations. Inserting (A.4.3) into
(A.4.1) gives the Lagrangian

2

1 ZHA ZxA
— =Zx < A Zyv* meQ) w2 4o\ Z, (Zhh it (Zvv ) + Z,ym? Zvv2>

L=U )+ U + %Z,,(aw)2 + %ZU(BJ)Q - EZG (ZAAZ v me2> o2

2 6 6
+ Zy i — Zy/ ZgZomg0th — Zyn) Zggh(\ Zo +in Zu - Ty ) + Li + 0L;. (A.4.4)

Here 60U is the change in the tree-level potential, which we will look at later, while the countert-
erms coming from the non-Yukawa interactions, §L;, will not be needed at one-loop level in the
large- N, limit for the renormalization scheme we will adopt. Introducing

Z=1+4+6Z (A.4.5)

for all the quantities in (A.4.3), we find that the quadratic part of the meson sector becomes

%(6#) (80) %(1 +6Zy) (m2 4 6m2) o — %(1 +6Zz) (m2 + om2) w?
Z.(0m)% + ;620(80)2, (A.4.6)
where we have introduced

omZ = %6)\112 —om? + %)\5027 (A.4.7)
om?2 = %(w —om? + é)«hﬂ,, (A.4.8)
om? = 6Z,m?, A= 062\\, 6 =Z,0% (A.4.9)

To one-loop order, where we can drop products of counterterms, we see that the quadratic meson
part gives the counterterms

1

25 [6Z,(p> = m2) —om2] = 6 —&— 0, (A.4.10)
1

25 [6Z-(p* —m2)—6m2] = m---@---m. (A4.11)

Note that in the definition of the vertex factor, we do not include a factor of 2! coming from the
fact that a o or m-field can attach to the counterterm in two ways. We will instead multiply with
these factors explicitly when summing diagrams.

We notice that to one-loop order, to find the counterterms corresponding to a product of
renormalized quantities, we can effectively take the variation of the product. For example, if A
and B are being renormalized at one loop, then the counterterms corresponding to the product
AB is given by

S(AB) = (A+0A)(B+0B) — AB = (6A)B + A(6B) + §ASB . (A.4.12)
two-loop term

Using this we see that to one-loop order the linear counterterm becomes

75Z o(h—miv)+o (5h smiv — ;mzv&;> , (A.4.13)
v
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Figure A.2: Vertex factors and propagators in the quark-meson model. Note that in this
definition of the vertex factors, we do not include in the vertex itself a factor n! for n
equal external legs.

with

1 1
VZ,~1+ =62, = — . A4.14
+ 2(5 ov 2051} ( )
Thus, we have the counterterm
|1 9 1, o? 9 )
) iéZg(h —miv) — MV +0h—omiv| =@ —— 0 =idl, (A.4.15)
v

where we have defined the ¢ as the expression in the braces.

From the Lagrangian we read off the rest of the Feynman rules. They are displayed in
Fig. A.2. As we will see in the following, in the large-N, limit at one loop we will not need any
more counterterms than the ones we have derived when we use the appropriate renormalization
conditions.

Simplifications in the One-Loop Large-N, Limit

From now on we assume that N, is large so that we can neglect all O(N?)-terms. This allows
us to derive several useful relations between the various counterterms at the one-loop level. In
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this limit the quark mass receives no corrections at one loop, since the pion and sigma loops that
would renormalize the quark propagator goes as O(N?). Thus, for our approximation scheme to
be consistent, we must have that the counterterms which would cancel these contributions must
vanish. This means that

Y1) =0. (A.4.16)

In other words, the counterterm corresponding to i) — qu/;w must be zero:

0Zyip — 0 Zymg — dmg =0 Vp. (A.4.17)
For this to hold for all p we must have that
02y =0, omg=0. (A.4.18)
This gives
Sv? 5g 1 /6¢g> 602
omg = gov + dgv = 9oy +0 % =3 ( + 1]2) =0, (A.4.19)
giving that
5g> (51}
? =3 (A.4.20)

We also have that the one-loop contribution to the w1 vertex goes as O(ND?) and thus is ne-
glected in the large- N, approximation. Hence, we must have that the corresponding counterterm
also vanishes:

Ya
L p— =0= Zy\/Zy49°V Z <1++ 5Z7T> =g, (A.4.21)

Vs
where we used Z = 1 and discarded two-loop corrections. This implies that we need
59* = —g%6 2. (A.4.22)
Combining this relation with equation (A.4.20), we find
dv?

From the definitions (A.4.7) and (A.4.8) we can find additional relations between the coun-
terterms. We see that

3(6m?2 — 6m?2) dv?

o\ = - — )\U—Q, (A.4.24)
om? = w. (A.4.25)

Combining (A.4.23) with (A.4.24) we find
oA = w ~ X6 Zs. (A.4.26)

v
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Subtleties in Dimensional Regularization

In four space-time dimensions one has a multitude of gamma-matrix identities, but in d = 4 — 2¢
dimensions several of these relations either must be modified or becomes undefined. In the original
paper by t'Hooft and Veltmann where dimensional regularization is introduced, Ref. [45], it is
illustrated how ambiguities arise in integrals involving 7°. In four space-time dimensions ~° is

defined by
75 =iy 1y243. (A.4.27)

However, in d = 4 — 2¢ it is not clear how to define v°. We will assume that it is somehow
possible to define 7° in 4 — 2¢ dimensions such that it satisfies

("} =0, (=1 (A.4.28)

We will not need to take the trace of 4°, since we will only evaluate diagrams where two ~°

matrices occur and thus can be combined to square to one. The justification for using these
properties of 4 in arbitrary dimensions is discussed in Ref. [165].
The only other identities we need in the following are

Tr fy“ — O7 Trl = 47 Tr fy“/yy — g”’/’ (A429)

which are not modified [11].

Pion and Sigma Self-Energies

We are now ready to calculate the self-energies of the sigma and the pions. All the relevant
one-loop terms proportional to N. and counterterms at the same order are shown in Fig. 4.2.
Let us label the o diagrams i, iXLet %2 i32:¢ from left to right, respectively, and similarly
for m. We note that in a general renormalization scheme, we would also need to account for the
rightmost diagrams in Fig. 4.2. However, we will renormalize so that m2v — h = 0 holds also
after renormalization, so that these diagrams vanish.

Sigma Self-Energy Diagrams

The first loop diagram is

, _ dik iWk+p+mg)i(f+m
= QNC(_l)(_zg)2A4 d/ (271.)d Tr [(k +p’;§2 _ mg ](€2 _ mé)]
- —8Ncg2A4—d/ 'k K4 p-k+mg

(2m)¢ [(k + p)2 — m2] [k* — m2]
— 8N g2A4—d/ d'k (k+p)” = mg —p-k—p*+2mg
C G [+ p) - ma] [ — ]

dk —p-k—p%+2m?
_ —SNC 2 A 2 A4—d/ q
g{<m“+ @) [(F+ o — 3] [ - ]

(A.4.30)
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where we have defined

d%k 1
A(m?) = A4—d/ — A.4.31
(mq) (27r)d k2 — m<21 ( )
In the second line we calculated the trace to be
Te [(k+p+mg) (F+mg)] =4 +p-k+m?) (A.4.32)

by using that Tr (y#49"”) = 4¢g"”. We can rewrite the last integral in the parenthesis of equation
(A.4.30) as

IEAH/ 4k —p-k—p®+2m2 :AH/ d’q p-q+2m?

(2m)® [(k +p)* = mg] [k* — m{] (2m) [¢* = m] [(¢+p)* — m{]
(A.4.33)

where we changed variable ¢ = —k — p in the last step. Adding both ways of writing the integral,

we find that

I =

DO |~

I dk —1p? 4+ 2m? 1
— = A4*d/ 2 q = __ 2 4 2 B 2 ’
T3 (2m)4 [(k +p)? — m2] [k2 — m2] 5 (P —4my)B(r)

where we defined

B(pQ):A‘**d/ 'k ! (A.4.34)

) [+ 9P =] [ =]

Thus we have

¥ (p*) = —8N.g? {A(mi) - %(pQ —4m2)B(p?)| . (A.4.35)

The other diagram we consider is

; —i\v 7 ) _ dek i(k+ myg)
2(p?) = =31(— ! iV Ad—d q
SN AGUMy | 4y dk 1 8N \m? )
B T?TQA @rikz—mZ m2 L A(my). (A.4.36)

The factor 3! comes from the fact that external propagators can attach to the o3 vertex in 3!
ways, the (—1) comes from the fermion loop and 2N, from the fact that we have 2 different
flavors and N, different colors. A is a dimensionful scale keeping the dimensions of the integrals
the same as in d = 4. We have also used that Try* = 0 = Tr(k + mg) = 4m,.

Adding up the two diagrams, we find

. ) 1
i¥2(p?) +iXl(p?) = —8N.g° A(mg) — i(p2 — 4m§)B(p2) + ——LA(m?). (A.4.37)
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Pion Self-Energy Diagrams
The YL diagram is new since we here have the pseudoscalar Yukawa vertex associated with the
term
g¢i757i7fi¢ =gi[m (@1751/)2 + Z/712’)’51/&) + a1 (—1;1751&2 + 1/;2751#1)
+ m3(1y 1 — oy ’ia)]. (A.4.38)
Due to the SU(2)y symmetry which mixes components of 7r, the contribution of these interactions

to the self-energy is necessarily the same for all the components of 7. For w3 we find NV, diagrams
for each flavor:

1 o

12727(172):]\/} ’/Tg@ T3 +N(~ 7'['3@ 3 (A439)
P1 P
dk YPi(f 4 p+ mq) v (F 4 my)

= (_1)(i9)22NCA4_d/ (2m)d Tr (k+p)?— mg k2 — m2

B _ d'k (k+p—mg) (k+myg)
= aNgtad [ | mE 47— m3 }

dek k*+p-k—m?
(2m)4 [(k + p)? — m2] [k? —m2]

= —8N,g> {A(mz) — 1p2B(pQ) .

= —8N692A47d/ 75

(A.4.40)

We here used that {75, fy“} = 0 and performed the same kind of manipulation on the integral as
with o. If we look at 7 or ms instead, we would have loops with two different quark flavors at
each vertex, but the final result is the same.

The ¥2 diagram is

() = _ L (A.4.41)

The factor % difference is simply a result of the fact that the external pion propagators only can
connect to the omm vertex in 2! ways instead of 3!.
The two diagrams add up to

SN Am?
iNL(p?) + X2 (p?) = —8N.g> | A(m2) — %sz(pQ) + T;nqA(mg). (A.4.42)
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The On-Shell Renormalization Scheme

In the on-shell renormalization scheme we demand, at 7" = 0, that v = % and (o) = 0 also after
loop corrections. The latter means that we have the condition

+ = —8N.gmgA(m?) + it = 0, (A.4.43)

since these are the diagrams that contribute to the one-point function in the large N, limit. This
gives

5t = —8iN.gmgA(m?) = —8iN.g*vA(m7). (A.4.44)

This fixes §t, and thus gives an expression for §h in terms of §Z,, 6v? and dm?2 through equation
(A.4.15). Condition (A.4.43) also gives us that

2% +22(p?) =0, B2(p?) +X2(p%) =0, (A.4.45)
since these sums are proportional to (A.4.43). Using this we then have the inverse propagators

Go(p*) ™" =p” = mg + T, () + T (p7), (A.4.46)
Gr(p")™! =p® —mi + ZL(0%) + 27 (p7). (A.4.47)
The on-shell scheme is defined by the fact that the masses receive no radiative corrections [11,

26]. Hence, we demand that the full propagators have poles at the location of the renormalized
masses, meaning’

5L (m2) + £Le (m

g

(A.4.48)

2) — 0
2y =0. (A.4.49)

S (m7) + By (m37)

The terms iXL and XL are, up to a factor of two, given by equations (A.4.10) and (A.4.11).

Using that $1¢(m?2) = —dm?2 and XL (m?2) = —dm?2, we find
om?2 = ¥l (m?) = 8iN,g* [A(mg) - %(mi - 4m3)B(m3)] , (A.4.50)
om?2 =L (m?) = 8iN,g* {A(mg) — ;miB(mi)] . (A.4.51)

In the on-shell scheme one also takes as a renormalization condition that the residue of the
propagators at the mass poles are equal to i. Using the formula for a simple pole gives the
criterion

o . 2 s 2 2 i _ i
' pie:tz G = p2h—>r£ln2(p m )p2 —m2+3(p?) 14 d%(p;) lp2— ’ (A4.52)
D =m

"We actually here mean the real part of the inverse propagators. In order to not clutter the notation
we will suppress this and discard imaginary parts. We will comment on this more in the following.
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where we used L’Hopital’s rule. We thus find the on-shell condition

d¥(p?
(’; ) = 0. (A.4.53)
dp
p2=m?2
This condition gives
d dzL(p)
— [2L(p%) + 2L (p? = §Z, =0 A.4.54
a7 2o (r) + 557 (")) - : ( )
pe=mg pe=mZ
and similarly for 7. We find the expressions
dyl(p? dyl
57, = — 20 oz, = =000 (A.4.55)
dp? dp?
p2=mZ p2=m2
Differentiating (A.4.35) and (A.4.40), we find
62y = 4iN.g* [B(m?2) + (mZ — 4m2)B'(m2)] (A.4.56)
6Zr = 4iN.g* [B(m2) + m2B'(m2)], (A.4.57)

where B'(m?) = L’)(gz)

dp p2=m? ’

To find an expression for dh, we combine (A.4.15), (A.4.23) and (A.4.44), and find

1 1
—82’N6921)A(m3) = §5Zg(h —m2v) — imivéZw + 6h — dmZv, (A.4.58)
which gives
1 1
5h = —8iNcg*vA(m2) + vém2 + imivazﬂ - 5(szc,(h —m2v). (A.4.59)

Note that the last term vanishes since we renormalize so the minimum of the potential does not
change.

Having determined dm?2, dm2, §Z, and §Z,, we are in position to use relations (A.4.22),
(A.4.25), (A.4.26) and (A.4.59) to find 62, v2, 6\, dm? and §h. We find the on-shell expressions

3, = ~SiNog? | Am2) + (2 — 4m2)B(m3) — Sm?B(m2) | (A.4.60)
12iN,g? ‘
0hos = — — [(m2 — 4m2)B(m2) — m2B(m2)] — 4iANcg® [B(m2) + m.B'(m})]
(A.4.61)
8g2s = —4iNeg* [B(m2) + m2B'(m2)] , (A.4.62)
Ohos = _2ZNcg m v [B( ) 3r /(m )} (A 4.63)
502, = 4iN,g?o? [B(m?) + m2 B'(m?)] | (A.4.64)
§Z3° = 4iNeg® [B(m2) + (m? — 4m?)B'(m2)] (A.4.65)
622° = 4iNeg® [B(m2) + m2 B’ (m})] (A.4.66)

where we have listed §Z, and dZ, again for completeness.
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Calculating the Loop Integrals

We want to calculate the integrals A(m?2) and B(p?®) and separate out the divergent parts so that
we can relate the counterterms and couplings in the on-shell and MS schemes.
In the following we will use the integral formula

/ ddk k2a _ -(71)a7b 1 %Jrafbr(a_'—g)r(b_a_ g)

with d =4 — 2e. We find

dik 1 —im2 [ A\ d —im2 [ 47A2\°
A 2:A‘**d/ = 4 (= rf1—=\= a (-1
(my) @O —mZ  (an)% \mq 3) " @n2)? \ m2 (=1+¢)

im?2 [1 _ A
= ﬁ L +1+1In (4 7") +1n (mg)] , (A.4.68)

ol

where we only keep terms up to order O(e"). For the integral B(p?) we use that

1 ! dx
o A.4.69
XY /0 (X + (Y — X)a]?’ ( )
where we have introduced a so-called Feynman parameter x. Defining
n(z) = p?x(z — 1) + mg, (A.4.70)

we then find
dk 1 U in(x)E 2 d
by -t | s [ty 0y
(v°) 2m)* [(k+p)? — mg] (k2 — mg] 0 (47)% 2

= / o (% ) (e~ =1 +¢)

_ i [1 4 In (4re ) + In (722) +C(p2)} : (A.4.71)

€ q

where we have defined the function

C(p?) = /01 dz In <’7T$)> = /01 dz In [:;x(x 1)+ 1} . (A.4.72)

q q

This integral can be calculated exactly and is found in standard integral tables. The result is

[4m?2 1
C(pQ) =2—-2 p72q — larctan Tl . (A473)
P

2 1
=— 9  arctan| — | — —. (A.4.74)
2 m

Differentiating gives
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Note that for p? > 4m§, C(p?) and C’(p?) get an imaginary part. Thus, the self-energy also
gets an imaginary part. This is the case for C'(m2) and C’(m2) if m, > 2m,, because the sigma
then will have a finite lifetime, since the decay o — 1) through the Yukawa-vertex becomes
kinematically allowed. For the pions this decay will be kinematically forbidden, since we will use
a quark mass satisfying m, < m,. In the following we will only keep the real parts of C(m2)
and C’(m?2). We can do this since the requirement that the inverse propagators vanish when

evaluated at the physical masses, equations (A.4.48) and (A.4.49), should really have been

ReG,(m2)~! =0, (A.4.75)
Re G (my) ! =0. (A.4.76)

To avoid writing In (47e™ %) everywhere we redefine A — Ae?Z /47. Inserting our analytical
expressions for the integrals, equations (A.4.68) and (A.4.71), into equations (A.4.60)—(A.4.66),
we get

Sm2y = émis + (24]7\:;232 (mg — 3m7)In (%)

b ot [am 4 L — amC) ~ Szt (A47T)

0dos = x5 + m [Q(m2 —m2 — 2m3) In (?I) + (m2 - 4m§)C(mi)} )
ORI o — 2m)0n2) + (2~ 2 m3C (2] (A478)
st = o+ et (53 ) + COm2) < mzc )] (A479)
Shos = Shs + W [l (n%) +C(m3) - mi0’<mi)] , (A.4.80)
52, = s~ gt [ () + €02y + w2 )], (A48)
5295 = 675 — ?4%7;1% {m (WA@) +C(m3) + (mj - 4m§)0’(m3)] ; (A.4.82)
5257 75—t [in () + Clnd) 2] (A483)

where the %—parts, which will be common to both subtraction schemes, are

4N.g*>m? 1 8N.g? 1 4N.g* 1 2N.g%h 1
gmio— SeGT L sy BN 62 D, g2 = S L gy 2N R
"1 (4m)2 €’ VST (4m)2 (A =647 o OO (4m)2 €’ MS (4m)2 €’

4N.g*v? 1 — 4N.g* 1 — 4N.g* 1
o= ——  §ZMS = =, 7N = ——— | A.4.84
Vs (4m)2 €’ 7 (4m)2 €’ g (47)2 € ( )

These are the counterterms in the MS scheme. Note, very importantly, that the masses present
in equations (A.4.77)-(A.4.83) are the physical masses, since the renormalized and the physical
pole masses coincide in the on-shell scheme.
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We should now determine the value for A that is consistent with our assumption that m2v—h
= 0. This assumption is valid if

8Qvac
ov

v, =0 (A.4.85)

i.e. if the minimum of the effective potential is the same as the minimum of the tree-level potential.
Dropping terms not proportional to IV, gives that the vacuum effective potential is,

Qvac(v) = U(v) + 0U (v) + W [1 + g +1In (gf;)} : (A.4.86)

We will show later that the infinite part of dU cancels the divergent part in the last term.
Assuming this, requirement (A.4.85) reads

0 2N.g*v* [3 A2 B
% {5U(U)ﬁnite + W |:2 + In <92’U2>:| } = 07 (A487)

where we have that

R S S PP R 2 PR S SO S _ov?
oU = 2(5mv 5™ v +4!v —|—4!2v ov® — dhv h%. (A.4.88)

Inserting the finite parts of the on-shell counterterms into equation (A.4.87) and calculating the
derivative in Wolfram Mathematica, we find

A2
C(m2) +m2C'(m2) + In (g) =0. (A.4.89)
mq

Thus, equations (A.4.77)-(A.4.83) are valid when the renormalization scale is

A2 = m{21 exp{—C(m2) —m2C'(m2)}. (A.4.90)

The MS Renormalization Scheme

We must have that the bare quantities are independent of renormalization scheme. Hence, we
have

m = Z2Smi. = Z95m?, (A.4.91)
which implies
M2 + dmi< = m* + dm2. (A.4.92)

Hence, meS, and all the other couplings by the same argument, can be found by

m2_(A) =m? + 6m%s — om?2 Aiis(A) = A+ 0hos — 05, gf/[—s(A) =g¢°+ 59?)5 - 59131—3,

MS MS?
his(A) = h + Shos — Shss,  v2<(A) = v? + 602, — Sv2 (A.4.93)

MS*

The difference between the OS and MS counterterms can be read off directly from the expressions
(A.4.77)—(A.4.83). Since the masses are measured in vacuum, where the minimum of the potential
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is v = fr by assumption, we find that the running couplings are

2 _ 2 2Nc 2 A
mil—s(/\) _ Mg 23m7r + (477);’}(% (m —3m? )ln <m3>
2
+ éj:;g}g {2m3 + %(m?j - 4m3)C(m3) — gmiC(mi)} , (A.4.94)
Aere(A) = 3(m?2 —m2)
1? 7;4 [2 2m3) In (W?Q) + (m? — 4m3)0(m3)]
12N m ) ) ,
[ —2m2)C(m2) + (m2 — m2)m2C" (m2)], (A.4.95)
2
gas(A) = % + {lN)"}4 {ln < A ) + C(m )+m3,0’(m3r)] , (A.4.96)
hrars(A) = m2 fr + W {ln <ﬂ/1\2> + C(m?) — miC’/(mi)} , (A.4.97)
vis(A) = f2 - 4(]\::)2 {ln <n/;> +C(m2) +m,%C’(m3,)} : (A.4.98)

We again emphasize that the masses on the right hand side of those equations are the physical
masses, and thus we can use these relations to calculate the running couplings at the scale Ay.
Later we find the expressions for the couplings valid at any scale A via the renormalization group
equations.

Let us now find the effective potential in the large-N, limit. In the MS scheme the vacuum
potential reads

2Negt v (1 3 A2
Quac(v) = Ulvws) + 6Uss + WSQS L +5+In (H)} : (A.4.99)
MS MS

Since we have not explicitly demanded that the vacuum energy is finite, we should check that
this is the case. If we plug in all the counterterms in the MS-scheme into equation (A.4.88), we
find

2N, 1
Uys = Tz Z;)SUMS o (A.4.100)

But this exactly cancels the divergence in (A.4.99). Including the temperature dependent term
and defining A = vgzg5s, we find

1W(A)A2 1)‘W(A)A4 hm(A)A 2N A% [3+ (AZ)]

QA T, puy) = S

2 g2-(A) 41 gi(A) grrs(A) (4m)? A?
— 4N, T/ (‘;2)"3 {m {1 + e‘ﬂ(\/‘m‘“")] +In {1 + e‘ﬂ(\/m”q)} } .

(A.4.101)

Note that since §(gv) = 0, we have, to order O(N}), that A = vss0ss = Vosgos, Which is
independent of A.
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Renormalization Group Equations

In the previous we found the grand potential in the MS scheme. However, since we have required
that the minimum of Qy,.(v) equals the minimum of the tree-level potential, we have a require-
ment on A, which is given in equation (A.4.90). A fundamental idea of quantum field theory is
that physical quantities should be independent of the choice of the renormalization scale A. This
leads us to the renormalization group (RG) equations, which is a class of equations implementing
this requirement.

We obtain the RG equations for the running couplings by simply differentiating relations
(A.4.94)—(A.4.97) and inserting the expressions for h, m?, A and g2 in terms of hyg, rr%, i

and ngs to lowest order in the MS quantities. We find

dm2-(A) 8N, 5 dg2<(A)  8N. ,
dln A - (47T)2mm( )gm(A)ﬂ dln A - (477')2 gﬁ( )7
dhss(A) 4N, , dXys(A) 16N,

dnh =~ [ eMhs(8), —Ee = s [6(Wss(8) — is(8)] - (A4.102)

where we used ﬁ = A%. These are standard ordinary differential equations, and we find that

the solutions are

2
2 _ my 2 _ 90
mm(A) 1 4Ncq§ 1 Az’ gﬁ(A) 1 AN, g2 1 Az’
B (47)2 (T%) (4m)2 (Tg

48N, 4 A?
ho Ao~ amzdo In (P

his(A) = —gr 7wy Al = o 5 (A.4.103)
L= n (%) - G (5]

where the values with the 0-subscript are the values of the couplings at the given scale Ag. These
relations together with the values gg, mg, Ag and hg calculated at the specific scale Ay thus gives
us these couplings at any other scale.

The Effective Potential

Inserting the running couplings into the potential gives

1 AZ 1 A4 A
Qvac(D) = — §m3f3mfg + I%fﬁmfg - howa (A.4.104)
2N.A* |3 m2
o |5 T R | - Cmi) = miC' (mg)? A4l
@mz [277 <A2> C(mz) —mzC"(mz) 1 ; (A.4.105)
where we used
\/1 Negt ) (A2
- (471-)2 A2 2
hNIS(//:) — @ N E20) _ @ + O (NE logQ (%)) . (A4106)
gws(A) g0 1 - (4;)20 log (E) 90 5

We drop the O(N?) term as this is a two loop term. We now see that the grand potential is
independent of A.






APPENDIX

Code

In the following we provide the Python and C routines used to minimize the effective potential.
The code used for plotting is voluminous and not included.

B.1 Implementation of the Effective Potential in Python

import numpy as np

import scipy

from scipy import integrate, LowLevelCallable
import mpmath

import math

import cmath

import os, ctypes

import time

#Import C functions for integrands for faster integration

lib = ctypes.CDLL(os.path.abspath(’quarkIntegrand.so’))

lib.quark_integrand.restype = ctypes.c_double

lib.quark_integrand.argtypes = (ctypes.c_int, ctypes.
POINTER(ctypes.c_double))

quark_integrand = LowLevelCallable(lib.quark_integrand)

lib = ctypes.CDLL(os.path.abspath(’quarkIntegrand.so’))

lib.quark_integrand_noB.restype = ctypes.c_double

lib.quark_integrand_noB.argtypes = (ctypes.c_int, ctypes.
POINTER(ctypes.c_double))

quark_integrand_noB = LowLevelCallable(lib.
quark_integrand_noB)

#Global variable specifying when the B=0 expressions
should be wutilized

151
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mpi = 140
B_cutoff = 1l.e-2 xmpix=x

class CouplingSet:

2

APPENDIX B. CODE

def __init__(self, m_pi, m_sigma, m_quark, f_pi,
n_colors = 3):
self.m_quark = m_quark
self.m_pi = m_pi
self.m_sigma = m_sigma
self.f pi = f_pi
self.n_colors = n_colors

self.renorm_MS®

— self.C(m_pi) — m_pi=x=x2

np.sqrt( m_quarkx*x2 x np.exp(

«+ self.C_prime(m_pi) )

)

self.m0® = self.calc_m_MSQO)
self.lambda® = self.calc_lambda_MS (O
self.g0® = self.calc_g_MSQ)
self.ho = self.calc_h_MSQO
self.renorm_MS = self.renorm_MSO
self.m_MS = self.m0®
self.lambda_MS = self.lambda®
self.g_MS = self.g0®
self.h_MS = self.ho

def convertToTreelLevel (self):
self.m® = np.sqrt((self.m_sigmax+x2 — 3.0xself.m_pi

xx2) /2.0)

self.lambda® = 3.0«(self.m_sigmax+2 — self.m_pi
xx2) /self. f_pixx2

self.
self.
self.
self.
self.
self.
self.
self.

g0
ho
renorm_MSO
m_MS
lambda_MS
g_MS

h_MS
renorm_MS

def C(self, p):
"O(p) s
the
energies .
if (p==0):
return 0
else:

q
r

a

nonon

calcuation

mathematical

4.+«(self.m_quarks*x2)/p*x2 — 1.
np.sqrt(q)

self.m_quark/self.f_pi
self.m_pis««2«self.f_pi

np.exp(-0.5)«self.g0«self.f pi
self.m0®

self.lambda®

self.g0®

self.ho

self.renorm_MSO

function appearing in

the pion and sigma Self—

of

+ 0]
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def

def

def

def

def

return np.real(2.-2.xrsxnp.arctan(1.0/r))

C_prime(self, p):
""" The derivative of C(p). ""'

q = 4.+(self.m_quark+2) /p*x2 — 1. + 0]

r = np.sqrt(q)

return np.real (4.xself.m_quark««2/(pxx4xr)«np.
arctan(l/r) — 1./px*x2)

calc_m_MS(self):

n_colors = self.n_colors

mu2 = (self.m_sigmax+x2 — 3.0x«self.m_pix«x2)/2.0

bigBrace = 2xself.m_quark++2 + mu2snp.log(self.
renorm_MSO=«x2/self.m_quark++2) + 0.5x«(self.
m_sigmax+x2 — 4.xself.m_quarks+2) +self.C(self.
m_sigma) — 1.5xself.m_pix«+«2 +« self.C(self.m_pi)

mu2 += 4.xn_colorsx(self.m_quarkx*x2) /(4.xnp.pix
self.f_pi)««2 x bigBrace

return np.sqrt(mu2)

calc_lambda_MS(self):

n_colors = self.n_colors

Lambda = 3.0«(self.m_sigmax+2 — self.m_pixx2)/self
Lf_pixx2

bigBracel = 2.0x«(self.m_sigmax+x2 — self.m_pixx2 —
2.0«self.m_quarks++2) xnp.log(self.renorm_MSOxx2/
self.m_quarks++2) + (self.m_sigmaxx2 — 4.0xself.
m_quark++2) xself.C(self.m_sigma)

bigBrace2 = (self.m_sigmaxx2 — 2.0xself.m_pixx2)«
self.C(self.m_pi) + (self.m_sigmaxx2 — self.
m_pix+2)+self.m_pix+2 x self.C_prime(self.m_pi)

Lambda += 12.0«n_colors«(self.m_quarkx*x2) /((4.0xnp
.pi)«x2+self.f_pix«4) x (bigBracel + bigBrace2)

return Lambda

calc_g_MS(self):
n_colors = self.n_colors
g2 = self.m_quarks++2/self.f pix+«2 + (4.sxn_colorsx
self.m_quark«+4) /((4.+«np.pi) ««x2+self.f_pixx4) =«
( np.log(self.renorm_MSOx««x2/self.m_quarkxx2) +
self.C(self.m_pi) + self.m_pis«2«self.C_prime(
self.m_pi) )
return np.sqrt(g2)

calc_h_MS(self):
n_colors = self.n_colors
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h = self.m_pix«+«2+self.f pi + (2.sxn_colorsxself.
m_quarksx2xself.m_pix*«2)/((4.xnp.pi)+*+2xself.
f pi) * ( np.log(self.renorm_MSOxx2/self.
m_quarkx«+2) + self.C(self.m_pi)-self.m_pix«2x
self.C_prime(self.m_pi) )

return h

def v_effective(parameters, T, chem_pot, B, couplings,
scale, potential, withPhoton=False):
""" Assume parameters of the form parameters = [delta

nonon

q
delta
q [
r_imag
r

parameters[0]
parameters[1]
0
0

=0
+= v_gk_vac_noB(delta, couplings)
+= v_gk_vac_B(delta, B)
+= v_gk_thermal (delta, B, T, chem_pot, q)
+= v_meson(delta, couplings)
f(potential=="chiM’):
v += v_gluon(q, r, r_imag, T)
elif(potential=="RRTW’):
v += v_gluon_RRTW(q, r, r_imag, T)
else:
print "Invalid potential. Terminating."
return np.nan
if(withPhoton):
v += v_photon(couplings, B)
return vsscale

\
v
\'
\
\
i

def v_meson(delta, couplings):
v_mes = —0.5 x couplings.m_MSxx2 x deltaxx2 /
couplings.g_MSx*x2 + couplings.lambda_MS/(4.%3.%2.%
couplings.g_MSx*x4) xdeltaxx4 \
— couplings.h_MSxdelta/couplings.g_MS
return v_mes

def v_qk_thermal(delta, B, T, chem_pot, q):
if(T == 0):
print ("WARNING: T identical ® not implemented
in thermal quark term. Choose T close to 0.
")
return np.nan
mPi = 140.
if(B < B_cutoff):
print "Warning: below magnetic field cutoff.
Evaluation will use B=0 expression.\n"
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upper_lim=np.inf

integral, err = scipy.integrate.quad(
quark_integrand_noB, 0, upper_lim, args=(
delta, T, chem_pot, q, 0))

return -4xTxintegral/(2xnp.pix**2)

elif( B < 0.1xmPixx2):

print "Warning: small magnetic field.

Evaluation will be slow.\n"

e_charge = 0.303

g_up = (2./3.)xe_charge

qg_down = (-1./3.)+e_charge

v = double_sum(delta, B, T, g, g_up)

v += double_sum(delta, B, T, q, q_down)
return v

def v_qk_vac_B(delta, B):
""" B—dependent part of the quark vacuum energy
if(B < B_cutoff):
return 0
n_colors = 3.
e_charge = 0.303
g_up = 2./3.xe_charge

nonon

g_down = -1./3.xe_charge

delta_up = deltaxx2 / (2. % np.abs(q_up x B) )

delta_down = deltaxx2 / (2. % np.abs(g_down s B) )

v = (q_up * B)*+x2 % (1./12. — mpmath.fp.zeta(-1,
delta_up, 1) - 1./2. % delta_up =smath.log(
delta_up) — 1./4. x delta_up=x2 + 1./2. «x
delta_upx*x2 x math.log(delta_up) )

v += (g_down % B)x*x2 x (1./12. — mpmath.fp.zeta(-1,

delta_down, 1) — 1./2. x delta_downsmath.log(
delta_down) — 1./4. x delta_downsxx2 + 1./2. =«
delta_downs*x2 x math.log(delta_down) )

v x= 8xn_colors/(4xnp.pi) xx*2

return v

def v_photon(couplings, B):

""" B—dependent part of the photon wvacuum energy. It
has mno effect on phase diagram. """

if(B<B_cutoff):
return 0

n_color = 3.

e_charge = 0.303

g_up = 2./3.xe_charge

g_down = —1./3.xe_charge
prefactor = 4.xn_color/( 3. x (4.xnp.pi)*x2 )
v =0

Vv += 0.5%xBxx2
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v += 0.5%xBxx2 x prefactor x (q_upx*x2 x math.log(
couplings.m_quark«+«2 / ( 2.xnp.abs(q_up B))))
v += 0.5%Bxx2 x prefactor x (q_down=xx2 x math.log(
couplings.m_quarks«+2 / ( 2.xnp.abs(g_downxB))))
return v

v_gk_vac_noB(delta, couplings):

""" B—independent part of the quark wvacuum energy
v =20

delta_cutoff = 1e-9

if(abs(delta) > delta_cutoff):

v 4= (2.0 x couplings.n_colors x deltaxx4)/((4.=x
np.pi)=**2) x (1.5 + np.log(couplings.renorm_NMS
xx2/(deltaxx2)))

return v

nonon

zetaPrime (x):

""" Derivative of Hurwitz zeta function with respect
to first argument evaluated at —1 """

return mpmath.zeta(-1, x, 1)

double_sum(delta, B, T, g, charge):
" Sum owver Landau levels """

fpi = 93.

nTolerance = 1l.e—-4 x fpixx4
lTolerance = nTolerance/100.

current_sum = 0.
prev_sum = 0.
sumN = True

n =0

prefactor = np.abs(chargex*B)«T/(2+«np.pixx2)
while (sumN):
if(n==0):
current_sum += 1_sum(delta, B, T, q, charge, n
, 1Tolerance)
else:
current_sum += 2.x1_sum(delta, B, T, q, charge
, n, 1lTolerance) #Degeneracy factor of 2
for m>1.
if(prefactor x np.abs(current_sum — prev_sum) <
nTolerance):
sumN = False
elif(current_sum == 0):
sumN = False
n=n+1
prev_sum = current_sum
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def

return — np.abs(charge+B)/(2xnp.pix**x2) * T x
current_sum

l_sum(delta, B, T, g, charge, n, tolerance):
"t Sum over fugacities "'

current_sum = 0.

prev_sum = 0.

1 =1

continueSum = True

prefactor = np.abs(charge«B)*«T/(2+np.pi)
M = math.sqrt(deltax+x2 + 2xnp.abs(chargexB)xn)
while (continueSum) :
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l_term = (—1)*x(1+1) « M % ( 2+4xmath.cos( 2.xnp.

pixqx1/(3.) ) ) / (1) x scipy.special.kn(1,
/T)
current_sum += 1_term
if(prefactor « np.abs(current_sum — prev_sum) <
tolerance):
continueSum = False
elif(l_term == 0):
continueSum = False
prev_sum = current_sum
1 = 1+1
return current_sum

# Gluonic potential
# B2, B4 assumes complex input.

def

def

B2(x):

while(x.real >= 1.):
X = x — (1.4073)

while(x.real < 0.):
X = x + (1.+07)

return x « (1 — x )

B4 (x):
while(x.real >= 1.):
X = x — (1.4073)
while(x.real < 0.):
X = x + (1.+07)
return xxx2 = (1 — X )xx2

# v2, v4 assumes real input.

def

def

vd(q, r, r_imag):
r_imag = r_imagx(0+1j)

return B4(2.xq/3.) + B4(q/3. + r + r_imag) + B4(q/3.

r — r_imag)

v2(q, r, r_imag):

1«M
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r_imag = r_imag*x(0+1j)
return B2(2.xq/3.) + B2(q/3. + r + r_imag) + B2(q/3. -
r — r_imag)

v_gluon_perturbative(q, r, r_imag, T):
return math.pis*2 % Txx4 x ( -8./45. + 4./3. x v4(q,r,
r_imag) )

v_gluon_nonperturbative(q, r, r_imag, T, Td):

c2 = 0.830

cl = 50.x(1-c2)/27.

c3 = (47. — 20. x c2)/27.

return 4.+ math.pix**2 /3. x Txx2 x Tdx*+2 x ( — 1./5. =%
cl « v2(q, r, r_imag) - c2 *x v4(q,r, r_imag) +
2./15.%xc3 )

v_gluon(q, r, r_imag, T, Td = 270):

complexPot = v_gluon_perturbative(q, r, r_imag, T) +
v_gluon_nonperturbative(q, r, r_imag, T, Td)

return complexPot.real

v_gluon_RRTW(q, r, r_imag, T, Td = 208.):
loop = polyakov_loop(q, r, r_imag)
aloop = polyakov_antiloop(q, r, r_imag)

TO = Td

a0 = 3.51
al = -2.47
a2 = 15.2
b3 = —-1.75

A = a0 + (TO/T) * al + (TO/T)*x2 * a2
B = b3 x (TO/T)«x3
logArg = 1 — 6xloopxaloop — 3 x (loopxaloop)**x2 + 4x(
loop+*3 + aloopx*%3)
U= Tx+x4 x (- 0.5xAxloopxaloop + Bxcmath.log( logArg )
)

return U.real

polyakov_loop(q, r, r_imag):

r_imag = r_imag*x(0+1j)

return 1/3. x cmath.exp(2xmath.pi+( r+r_imag )=*(0+1j)
/3.0) x ( cmath.exp( 2«xmath.pi+(r+r_imag)+«(0+1j) )
+ 2sxmath.cos(2«math.pixq/3.0) )

polyakov_antiloop(q, r, r_imag):

r_imag = r_imag*(0+1j)

return 1/3. x cmath.exp(-2+math.pix( r+r_imag )*(0+1j)
/3.0) x ( cmath.exp( —2xmath.pix(r+r_imag)*«(0+1j) )
+ 2+xmath.cos(2+xmath.pi*xq/3.0) )
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B.2 Implementation of the Thermal Quark Integrand in
C

#include <math.h>
#include <complex.h>
#include <stdio.h>

complex double quark_integrand(int n, double xx) {

// x[0] = p, z[1] = M B, z[2] =T, xz[3] = chem_pot, =«
[4] = a¢. z[5] = rimag

double p_squared

double eff_energy

double beta_eff_energy

double mu_prefactor

double complex img_unit

double complex betamul
mu_prefactor x ( x[4] + x[5]+«img_unit);

double complex betamu?2 x[3]1/x[2] + img_unit =«
mu_prefactor x ( — x[4] + x[5]+«img_unit);

double complex betamu3 = x[3]/x[2] + img_unit =«
mu_prefactor x ( —2xXx[5]«img_unit);

x[0]xx[0];

sqrt(p_squared + x[1]xx[1]);
eff_energy/x[2];
(2.0xM_PI/3.0);

0.0 + 1.0 « I;

x[3]1/x[2] + img_unit =«

[T o VR T TR TR T

double complex integrand = 0;

integrand += 1.0/(1 + cexp(beta_eff_energy — betamul))
+ 1.0/(1 + cexp(beta_eff_energy + betamul));

integrand += 1.0/(1 + cexp(beta_eff_energy — betamu2))
+ 1.0/(1 + cexp(beta_eff_energy + betamu2));

integrand += 1.0/(1 + cexp(beta_eff_energy — betamu3))
+ 1.0/(1 + cexp(beta_eff_energy + betamu3));

integrand x= p_squared / (eff_energy = x[2]*x[2]);

return creal (integrand);

}

complex double quark_integrand_noB(int n, double xx) {
/) x[0] = p, a[l] = delta, z[2] =T, z[8] = chem_pot,
(4] = q, z[5] = r_imayg
double complex img = 0.0 + 1.0 x I;
double pSquared = x[0]«x[0];
double energy = sqrt( pSquared + x[1]xx[1] );

double complex exponentl = — ( energy - x[3] ) / x[2]
+ 2xM_PI « img x ( x[4] + x[5]+img ) / 3.0;
double complex exponent2 = — ( energy — x[3] ) / x[2]
+ 2+M_PI % img * ( —x[4] + x[5]+ximg ) / 3.0;
double complex exponent3 = — ( energy — x[3] ) / x[2]
+ 2+M_PI % img = ( —2. % x[5]ximg ) / 3.0;
double complex exponent4d = — ( energy + x[3] ) / x[2]

— 2xM_PI % img * ( x[4] + x[5]+img ) / 3.0;
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double complex exponent5 = — ( energy + x[3] ) / x[2]
— 2xM_PI % img * ( —x[4] + x[5]+img ) / 3.0;
double complex exponent6 = — ( energy + x[3] ) / x[2]

— 2+xM_PI + img * ( —-2. * x[5]ximg ) / 3.0;
double complex totIntegrand = 0;
double exponentCutoff = 10;
if(creal( exponentl ) > exponentCutoff && creal(
exponent2 ) > exponentCutoff && creal( exponent3 )
> exponentCutoff &&
creal ( exponent4 ) > exponentCutoff &&
creal ( exponent5 ) >
exponentCutoff && creal( exponentb6
) > exponentCutoff){
totIntegrand = pSquaredx(exponentl+exponent2+
exponent3+exponent4d+exponent5+exponent6) ;

}
else {
double complex arg = ( 1 + cexp(exponentl) )x(
1 + cexp(exponent2) )x( 1 + cexp(exponent3
) )x( 1 + cexp(exponentd) )x( 1 + cexp(
exponent5) )x( 1 + cexp(exponent6) );
totIntegrand = pSquared s clog(arg);
}

return creal (totIntegrand);

B.3 Implementation of the Global Minimization in
Python

from potentials import CouplingSet, v_effective
import numpy as np

import cmath, math

import scipy

import matplotlib.pyplot as plt

from matplotlib.backends.backend_pdf import PdfPages
from joblib import Parallel, delayed

import os

import time

# Set CPU affinity to allow multithreading with numpy/

scipy
# This is mnecessary due to a bug in the BLAS library
n_cores = 12
os.system(’taskset —cp 0-%d %s’ % (n_cores, os.getpid()))

def opt_function(temp, chem_pot, B, couplings, bnds, model
):
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# Finds (Delta, q) at given T, B

scale = (8./45. + 2.x7./60.)xnp.pixx2xtempxx4
#Normalize potential with P_SB so it is of the
order of 1.

optimizer = ’TNC’
kwargs = {’args’:(temp, chem_pot, B, couplings, 1./
scale, model), ’'method’:optimizer, ’'bounds’:bnds}

delta_guess = 300.0

gq_guess = 0.9

res = scipy.optimize.basinhopping/(
v_effective,
np.array([delta_guess, q_guess]),
minimizer_kwargs = kwargs,
niter=30,
)

return res

def polyakov_loop(q, r, r_imag):
r_imag = r_imag*(0+1j)
return 1/3. x cmath.exp(2+math.pis«( r+r_imag )*(0+17j)
/3.0) x ( cmath.exp( 2+xmath.pix«(r+r_imag)+«(0+1j) )
+ 2xmath.cos(2«xmath.pixq/3.0) )

def calc_condensates(couplings, potential, chem_pot,
B_vals, N_steps, T_lower, T_upper, delta_upper, comment
:1 !):
# Calculate condensates as function of temperatures
for a list of B walues
# Assumes B_wvals i wunits of mpixx2/e

header_string = ’'|eB|-field values in units of m_piAr2:
%s’ % np.array2string(B_vals, precision=2)
mpi = 140

e_charge = 0.303
B_vals = B_vals x mpixx2/e_charge

# Initialize arrays
temps = np.linspace(T_lower, T_upper, N_steps)

delta_mins = np.zeros((len(temps), len(B_vals)))
g_mins = np.zeros((len(temps), len(B_vals)))
loop_mins = np.zeros((len(temps), len(B_vals)))
results = np.empty((len(temps), len(B_vals)),

dtype = scipy.optimize.OptimizeResult)

# Carry out minimization procedure at each temperature
. Minimum is always located at ¢<I$.

bnds = ((0.01, delta_upper), (0.005, 0.999))

start = time.time()

for k in range(len(B_vals)):
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results[:, k] = Parallel(n_jobs=n_cores) (delayed(
opt_function) (temps[i], chem_pot, B_vals[k],
couplings, bnds, potential) for i in range(len(
temps)))
print("Time spent on optimization: %.1f s" % (time.
time() - start) )

for k in range(®, len(B_vals)):
for i in range(®, len(temps)):

delta_mins[i, k], g_mins[i, k] = results[i, k
1.x

loop_mins[i, k] = np.abs(polyakov_loop(q_mins[
i, kI, 0, 0)) #Has imaginary part 0, but
abs mneeded to convert complex float to real

float .

#Save for postprocessing and plotting .

timestr = time.strftime ("%Y%m%d—-%H%M%S")

filenamel = ’temps_N%.0f_msigma%.0f_mquark%.0
f_potential%s_Tmin%.0f_Tmax%.0f_%s_%s.csv’ % (
N_steps, couplings.m_sigma, couplings.m_quark,
potential, T_lower, T_upper, timestr, comment)

filename2 = ’deltas_N%.0f_msigma%.0f_mquark%.0
f_potential%s_Tmin%.0f_Tmax%.0f_%s_%s.csv’ % (
N_steps, couplings.m_sigma, couplings.m_quark,
potential, T_lower, T_upper, timestr, comment)

filename3 = 'loop_N%.0f_msigma%.0f_mquark%.0
f_potential%s_Tmin%.0f_Tmax%.0f_%s_%s.csv’ % (
N_steps, couplings.m_sigma, couplings.m_quark,
potential, T_lower, T_upper, timestr, comment)

np.savetxt(filenamel, temps, header =
header_string)

np.savetxt(filename2, delta_mins, header =
header_string)

np.savetxt(filename3, loop_mins, header =
header_string)

#FExample wuse

mpi = 140
msigma = 500
mquark = 300
fpi = 93
chem_pot =0
N_steps = 20
delta_max = 450
T_min =1
T_max = 250

B_fields = np.array ([0, 4, 8])
default_couplings = CouplingSet(mpi, sigma, mquark, fpi)
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calc_condensates(default_couplings, ’chiM’, chem_pot,
B_fields, N_steps, T_min, T_max, delta_max)




