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ABSTRACT

n the case of non-abelian gauge theories, the standard Faddeev-

Popov gauge-fixing procedure in the Landau gauge is known to

be incomplete due to the presence of gauge-equivalent gluon field
configurations that fulfil the gauge condition, also known as Gribov copies.
A widespread beliefis that the proper analysis of the low energy properties
of non-abelian theories in this gauge requires, therefore, the extension of
the gauge-fixing procedure, beyond the Faddeev-Popov recipe.

This manuscript reviews various applications of the Curci-Ferrari
model, a phenomenological proposal for such an extension, based on the
decoupling properties of Landau gauge correlators as computed on the lat-
tice. In particular, we investigate the predictions of the model concerning
the confinement/deconfinement transition of strongly interacting matter
at finite temperature, first in the case of pure Yang-Mills theory for various
gauge groups, and then in a formal regime of Quantum Chromodynamics
where all quarks are considered heavy. We show that most qualitative
aspects and also many quantitative features of the deconfinement transi-
tion in these theories can be accounted for within the Curci-Ferrari model,
with only one additional parameter, adjusted from comparison to lattice
simulations. Moreover, these features emerge in a systematic and con-
trolled perturbative expansion, as opposed to the ill-defined perturbative
expansion within the Faddeev-Popov model in the infrared.

The applications of the Curci-Ferrari model at finite temperature
and/or density require one to consider a background extension of the

Landau gauge, the so-called Landau-deWitt gauge. Therefore, besides the



above mentioned applications, the manuscript is intended as a thorough
but pedagogical introduction to these techniques at finite temperature
and/or density, including the rationale for introducing the so-called back-
ground field effective action, the role of the Weyl chambers in discussing
the various physical symmetries of the problem and the complications
that emerge due to the sign problem in the case of a real quark chemical
potential (in the QCD case). It also investigates the fate of the decoupling
correlation functions in the presence of a background as computed in
the Curci-Ferrari model and conjectures a specific behavior for the corre-

sponding functions evaluated on the lattice, in the case of the SU(2) gauge

group.
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CHAPTER

INTRODUCTION: THE MANY PATHS TO QCD

uantum Chromodynamics, or QCD for short, is by now well ac-

cepted as the fundamental theory governing the strong force.

According to this theory, the elementary particles sensible to the
strong interaction, known as quarks and anti-quarks, carry a generalized
notion of charge, the color, that allows them to exchange quanta, known
as gluons, in a way similar to the exchange of photons by electrons and
positrons in Quantum Electrodynamics (QED). A crucial difference with
this latter theory is, however, that the gluons themselves are carriers of
color, allowing them to self-interact. Correspondingly, the SU(3) symmetry
group associated to the color charge is non-abelian, in contradistinction
with the abelian U(1) group at the basis of QED. The fundamental theory
of the strong interaction appears, therefore, as the non-abelian general-

ization of Quantum Electrodynamics.

Although conceptually quite appealing, this generalization hides, in
fact, the long process that lead to the construction of QCD as the funda-
mental theory of the strong interaction, from the thorough study of the
many observed particles that reacted to the strong force and the proposal

of the quark model as a way to bring order to complexity [1-3], to the
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CHAPTER 1. INTRODUCTION: THE MANY PATHS TO QCD

experimental evidence for the existence of quarks [4, 5], the proposal of
a new type of charge with an associated non-abelian symmetry group
[6] and the final formulation of QCD in the form of a non-abelian gauge
theory.

The main reason explaining this long process is that, unlike the other
theories describing the fundamental forces of Nature, the elementary
bricks of QCD are not directly observable. Instead, quarks and anti-quarks
appear to us in the form of a large fauna of bound states or resonances,
the hadrons, of which the protons, the neutrons and the pions are just a
few representatives. Moreover, these compound particles come with the
added mystery to always appear in a color-neutral form. This property,
known as (color) confinement [7], as evaded a fully satisfactory theoretical
grasp since the advent of QCD, and, even though it is now pretty much
accepted to be a mathematical property of the theory [8], its rigorous first
principle derivation is one of the open challenges in theoretical particle
physics. The challenge is rooted in the fact that the coupling of the strong
interaction is much larger than the corresponding coupling of the elec-
tromagnetic interaction and, perturbation theory, so useful in this latter
case, is admittedly of no use here.

Confinement characterizes, however, the low energy regime of the
strong interaction. In the opposite, high energy limit, QCD displays a
totally different behavior. Indeed, as any other relativistic field theory,
the coupling of the interaction varies, or “runs”, with the energy scale
relevant to the particular process under scrutiny. In the case of QCD,
the running coupling decreases and approaches zero logarithmically for
asymptotically large values of the energy. This special property is known
as asymptotic freedom [9, 10] and turns QCD at high energies into a
weakly interacting system of quarks and gluons, thus providing access to

some of its properties from first principle perturbative calculations.!

In practice, a given process involves both hard and soft scales. If so-called factorization
applies, one can rewrite the process as a convolution between hard and soft components. The
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Another exciting property of the high energy regime can be revealed by
imagining coupling the system to a thermostat. Indeed, owing to asymp-
totic freedom, one expects the interaction to decrease as the temperature
is increased, up to the point where quarks and anti-quarks cannot remain
bound anymore inside of hadrons. The low temperature confined phase
is then expected to evolve into a deconfined phase, sometimes dubbed as
quark-gluon plasma, in which quarks and gluons are liberated and color
neutrality constraints do not apply anymore. Similarly, one expects to find
a deconfined phase at large matter densities, the so-called color-flavor
locked phase [11], although it is superconducting in nature and therefore

rather different from the deconfined phase at high temperature.

Deconfined phases of matter are believed to be relevant in various
physical situations of interest, for instance during the thermal history
of the early Universe [12], or in the core of certain ultra dense stellar
objets [13]. The quest for the quark-gluon plasma and its decay into a
confining phase (as the system cools down) is also the central motivation
for heavy-ion collision experiments, at RHIC (BNL, Brookhaven, USA),
LHC (Cern, Geneva, Switzerland) or FAIR (GSI, Darmstadt, Germany).
Beyond providing the experimental evidence for the existence of decon-
fined phases of matter, the ultimate goal of these experiments is to acquire
valuable insight into the QCD phase diagram, not only as a function of the
temperature, but also as a function of additional external parameters. For
instance, the possible presence of a critical end-point [14, 15] terminating
a line of first order phase transitions in the plane defined by temperature
and density has been and remains nowadays a hotly debated issue. The
classification and analysis of exotic phases along the density axis or as a

function of a possible magnetic field is also of topical relevance [16-20].

Parallel to these large experimental programs, an intense theoretical

former, because they involve large momentum transfers, can be treated within perturbative QCD.
The latter, although non-perturbative, are universal and evolve with the running scale in a way
that can again be determined within perturbative QCD.
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CHAPTER 1. INTRODUCTION: THE MANY PATHS TO QCD

activity has been devoted to extract the properties of the QCD phase
diagram from first principle calculations.? As already mentioned, per-
turbation theory is certainly a valuable tool in inferring the behavior of
the system at asymptotically large temperatures or densities. However,
for lower values of these parameters, it has to face the counter-effect of
asymptotic freedom, namely that the coupling becomes larger and larger,
eventually invalidating the use of any perturbative expansion. As a matter
of fact, if one insists in decreasing the energy further, the perturbative
running coupling diverges at a finite scale, known as Agcp =200 MeV that
sets an apparently impassable barrier for perturbative methods. Moreover,
because this energy scale is not much different from the deconfinement
temperature, see below, one concludes that neither the deconfinement
transition nor the confined phase are amenable to perturbative methods.
In fact, even when combined with Hard-Thermal-Loop re-summation tech-
niques at high temperature [26], perturbation theory is believed to give a
good insight on the deconfined phase only down to temperatures of the
order of two to three times the transition temperature [27, 28]. We will
have more to add below on the relevance of perturbative approaches but
the above considerations are usually taken as the starting point for the
development of non-perturbative tools.

The most famous of them is certainly lattice QCD for it yields a full
numerical solution to the theory within a given space-time discretisation
[29, 30]. It is based on the Euclidean functional integral formulation of
QCD and the probabilistic interpretation of the latter, that allows for
the use of importance sampling Monte-Carlo techniques. After various
decades of improvements in order to solve many practical implementation
issues, lattice QCD has now reached the era of precision, providing much
physical insight as well as a wealth of valuable data that other approaches

can use for benchmarking. In the vacuum, this robust approach gives a

2We shall not review here the many interesting approaches that are based on low energy
models of QCD. See for instance [21-25] and references therein.
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very good account of the hadronic spectrum of the theory [31] as well
as compelling evidence that confinement is a property of QCD [8]. At
finite temperature, it provides a clear evidence for the existence of a
transition between confined and deconfined phases at a temperature
of around Ty = 154MeV [32]. The transition is not a sharp transition,
however, rather a crossover [33, 34] characterized by a rapid but smooth
variation of the thermodynamical properties of the system, which can also
be accurately evaluated within lattice simulations [35].

One of the main drawbacks of lattice simulations is that they rely cru-
cially on the probabilistic interpretation of the functional integral. Away
from this comfort zone, that is whenever the functional to be integrated
is not positive definite, they suffer a tremendous loss of accuracy, known
as sign problem [36, 37]. The latter prevents the investigation of many
interesting quantities such as the QCD phase diagram for moderate to
large densities (and small temperatures) or the evaluation of dynamical
quantities such as transport coefficients. Many approaches have been
devised to circumvent or at least tame the lattice sign problem, such as
Taylor expansions around small densities, re-weightings of the functional
integral, numerical continuations from imaginary chemical potentials, and
more recently the use of Lefschetz thimbles [38] or of complex Langevin
dynamics [39]. Although valuable progress could be achieved within each
of these approaches, no complete solution to the QCD sign problem is
available so far.

The second possible class of methods beyond perturbation theory go
under the name of continuum (or functional) non-perturbative methods. To
avoid the sign problem, these approaches do not aim at a direct numerical
evaluation of the QCD functional integral but rather at the (approxi-
mate) resolution of sets of exact equations characterizing the dynamics
of the system. These equations can be for instance the set of quantum
equations of motion, known as Dyson-Schwinger equations [40—44], or

the hierarchy of renormalization group equations that one derives from
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CHAPTER 1. INTRODUCTION: THE MANY PATHS TO QCD

the Wetterich equation [45—47]. Related approaches include the use of
n-particle-irreducible effective actions [48, 49], the Hamiltonian formal-
ism and its variational principle [50, 51], or Dyson-Schwinger equations
modified through the pinch technique [52].

One common denominator to most continuum approaches is that the
elementary quantities they give directly access to are the correlation
functions of the system. The latter obey infinite hierarchies of coupled
equations that cannot, in general, be solved exactly. As such, there exists
in general no simple systematics for improvement, as opposed to the per-
turbative or lattice approaches. Instead, one usually resorts to truncations
of the infinite hierarchy of equations, dictated either by physical intuition
or computability criteria. The quality of these truncations needs in any
case to be tested a posteriori. An added difficulty in the case of QCD is
that the correlation functions are not uniquely defined. Indeed, within any
gauge theory such as QCD, the definition of correlation functions makes
sense only within a specified gauge, turning the correlation functions into
subtly gauge-dependent quantities, as opposed to the physical, gauge-
invariant observables that one can access from lattice simulations. In
principle, observables can be reconstructed in terms of the gauge-variant
correlation functions but this requires an accurate determination of the
latter through appropriate truncations, the quality of which can again
be tested only a posteriori. Comparison between various continuum ap-
proaches or confrontation to lattice results (when available) is therefore a
crucial element in finding the appropriate truncations.

Here, lattice simulations come specially in handy. Indeed, the latter
can not only be formulated in a gauge invariant setting but also within
a specified gauge. In particular, over the past twenty years, an intense
activity has been devoted to the evaluation of Landau gauge correla-
tion functions, both from lattice simulations and from continuum non-
perturbative approaches. The reason for choosing the Landau gauge is

two-fold. First, this gauge can be formulated as an extremization problem
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which is perfectly suited for a lattice implementation [563—62]. Second, and
even more importantly, the Landau gauge correlation functions have been
thought to provide direct access to the physics of confinement. Indeed,
in their seminal work [63], by combining the symmetry properties of the
Landau gauge together with the hypothesis of confinement, Kugo and
Ojima could predict a very characteristic behavior of the two-point corre-
lation functions for the ghost fields (certain additional degrees of freedom
that are introduced when specifying to the Landau gauge). According
to them, the ghost two-point function should be strongly enhanced at
low momenta, with respect to the two-point function in the absence of
interactions. Correspondingly, the gluon propagator should vanish at low
momenta. This characteristic low momentum behavior, known nowadays
as scaling, could be observed in the various continuum non-perturbative
approaches mentioned above [43, 44, 64—67].

This solution, however, does not seem to be the one seen in lattice
simulations where the gluon two-point function and the ghost dressing
function (the ratio of the ghost two-point function to its non-interacting
version) both saturate to finite non-zero values at low momentum, defining
what is nowadays referred to as a decoupling behavior [53, 68-71]. It has
eventually been shown that non-perturbative continuum approaches can
accommodate both scaling and decoupling type solutions [72], with how-
ever the price of modifying the boundary conditions of the corresponding
infinite hierarchy of equations. Since then, the agreement between lattice
and non-perturbative approaches has considerably increased, providing
better control on the truncations that are considered and opening the way
to a myriad of applications of functional methods to QCD. In particular,
many aspects of the QCD phase diagram can now be addressed with these
methods [73-81].

This manuscript reviews the results obtained within yet a third route,
as originally proposed in [82, 83]. To understand it better, we need to take a
few steps back. We argued above that perturbation theory, although quite
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relevant at high energies, seems to contain the seeds of its own breakdown
as the energy is lowered, since the perturbative running coupling increases
and eventually diverges at a finite scale. It is to be noted, however, that,
in a gauge theory, the very definition of perturbation theory requires a
gauge to be specified. Put it differently, there is not a unique perturbative
expansion in QCD, but infinitely many, in fact as many as there are ways
to fix the gauge. It is true that the way the coupling runs is universal
at high energies.? However, both the actual value of the coupling (at all
energies) and its running at low energies are not universal. In general,
they depend both on the renormalization scheme and on the gauge that
one works with. Therefore, the properties of the perturbative expansion,
including its range of validity, depend on the precise procedure used to fix

the gauge.

Gauge-fixing is usually performed by following a standard approach,
know as the Faddeev-Popov procedure. The outcome of this procedure
is that, in practice, one should not work with the original QCD action
but, rather, with a gauge-fixed version of it, known as the Faddeev-Popov
action. In principle, these two formulations are identical. In practice,
however, the Faddeev-Popov construction relies on certain mathematical
assumptions which are known not to be realized due to the so-called
Gribov copy problem or Gribov ambiguity [84]. It is generally accepted
that this mathematical subtlety can be neglected in the high energy
regime of the theory. However, in the opposite limit, no one really knows
how it could impact the gauge-fixed implementation of QCD. Even the
breakdown of perturbation theory at low energies could be questioned
and some quantities could become amenable to perturbative methods.
The thesis to be defended in this manuscript is that certain aspects, in
particular the physics of the deconfinement transition, could become akin

to perturbative methods once the standard Faddeev-Popov gauge-fixing

3The g function that controls this running is shown to be two-loop universal.
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procedure is appropriately extended.

In fact, we know already that this perturbative scenario is too naive
for the strict QCD case [87]. There are compelling evidences, however,
that the scenario could apply to the gluonic or pure gauge sector of QCD.
This manuscript aims at reviewing some of these evidences. We mention
of course that the study of the pure gauge sector is not a purely academic
question, disconnected from QCD. The corresponding Yang-Mills theory
remains non-trivial due to the self-interaction of the gluons and, to some
extent, it is believed to capture some of the non-trivial features of QCD,
in a simplified setting. In particular, unlike the physical QCD case, the
deconfinement transition appears here as a genuine phase transition,
associated with the breaking of a symmetry, the so-called center symmetry
of Yang-Mills theory at finite temperature, that can be probed with order
parameters such as the Polyakov loop. Moreover, as discussed in [87, 88],
a perturbative grasp on the gluon dynamics could open the way to the
study of some of the properties of QCD, if not with perturbative methods,
at least by means of a systematic expansion scheme, controlled by small
parameters.

Roughly speaking, the approaches beyond the standard gauge-fixing
procedure can be classified into two categories: semi-constructive ap-
proaches on the one hand, that aim at resolving the Gribov problem, at
least in some approximate form, and more phenomenologically inspired
approaches on the other hand, that aim at constraining or even falsifying
the operators that could appear beyond the Faddeev-Popov prescription.
In this second type of approaches, constraints could come from experi-
mental measurements but also from lattice simulations. In particular,
gauge-fixed lattice simulations are a method of choice in constraining
whatever model beyond the Faddeev-Popov prescription, precisely because
they themselves do not rely on the Faddeev-Popov construction.

Among the possible phenomenological models beyond the Faddeev-

Popov action, the so-called Curci-Ferrari model [85] (also known as Fradkin-
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CHAPTER 1. INTRODUCTION: THE MANY PATHS TO QCD

Tuytin model [86]) is a particularly interesting one. This model was
originally introduced as a renormalizable infrared regularization of the
Faddeev-Popov action, in the form of a mass term for the gluon field that
eventually needed to be taken to zero. More recently, it has been proposed
as a model beyond the Faddeev-Popov procedure, with the important
difference that the Curci-Ferrari mass remains here a free parameter.*
This proposal is grounded on how (surprisingly) well the lattice Landau
gauge decoupling type correlators in the vacuum can be accommodated
by the one-loop correlation functions of the model [82, 83]. This applies
not only to the two-point correlator functions, but also to the three-point
correlators [89]. Moreover, the model being renormalizable, there is only
one additional parameter as compared to the Faddeev-Popov action, that
can be adjusted from the comparisons to lattice results in the vacuum. The
success of the model in reproducing the vacuum Landau gauge correlators
from high to low momentum scales relies on the existence of infrared
safe renormalization group trajectories along which the coupling of the
interaction remains moderate.®

As a further stringent test of the model, the goal of this manuscript is
to review how consistent are its perturbative predictions away from the
vacuum, in particular with regard to the deconfinement transition and
the corresponding phase structure. The plan is as follows:

e In the next chapter, after reviewing the basic properties and limi-
tations of the standard gauge-fixing procedure, we discuss some of the
possible approaches beyond it. We also introduce the approach to be ex-
amined in this manuscript, based on the Curci-Ferrari model, and review
some of the results obtained with this approach in the vacuum, regarding
the Landau gauge correlation functions. A first attempt at studying finite

temperature effects is also reviewed, based on the hypothesis that the

4What is really free is the value of the Curci-Ferrari mass at a given scale. Interestingly
enough, the running Curci-Ferrari mass runs to 0 both at high and at low energies.

51n particular, no Landau pole is found, as opposed to renormalization group trajectories in
the Faddeev-Popov model.
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finite temperature Landau gauge correlators could carry some imprint of
the deconfinement transition. It turns out that this analysis is inconclu-
sive essentially because the Landau gauge, so useful in the vacuum, does
not properly capture the order parameter associated to the deconfinement
phase transition. In order to understand the limitations of the Landau
gauge, we recall some basic considerations related to center symmetry
and the Polyakov loop in Chapter 3. We also explain why these basic
properties are difficult to capture not only within the Landau gauge but
in fact within any standard gauge-fixed setting.

e The previous difficulties can be solved by generalizing the gauge-
fixing in the presence of a background field. Even though part of this is
known material, we dedicate Chapters 4 and 5 to a self-contained inves-
tigation of the use of background field methods at finite temperature. In
particular, we stress the importance of a description of the states of the
system that is free of the redundancy associated to gauge invariance, as
well as the role of self-consistent backgrounds as alternative order para-
meters for center symmetry. We also discuss other symmetry constraints
such as charge conjugation, homogeneity and isotropy, which are rarely
discussed in the literature. As far as possible, we try to critically discuss
the various implicit assumptions that are usually made when applying
background field methods at finite temperature, in particular regarding
the properties of the gauge-fixed measure.

e The perturbative study of the Yang-Mills deconfinement transition
within the Curci-Ferrari model in the presence of a background is given
in Chapter 6, at leading order, together with a comparison to other ap-
proaches. The convergence properties of the approach are investigated
in Chapter 7 where we evaluate the next-to-leading order corrections.
Chapter 8 investigates further the relation between center symmetry and
the deconfinement transition by discussing the case of the SU(4) gauge
group.

e We also discuss the perturbative predictions of the model for a
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theory cousin to Yang-Mills theory, namely QCD in the regime where all
quarks masses are considered heavy. Although this does not correspond
to the physical QCD case, this formal regime of QCD has received a lot
of attention lately since it possesses a rich phase structure that can be
probed with the same order parameters as in the pure Yang-Mills case
and which can be used as a benchmarking of any method that one plans
to extend to the real QCD case. We analyze to which extent the phase
structure in this regime can be described using perturbation theory within
the Curci-Ferrari model. This is done in Chapter 10 after some additional
material is provided in Chapter 9 on the use of background field methods
at finite density.

e Finally, in Chapter 11, we revisit the question of a possible imprint
of the deconfinement transition on the two-point correlation functions
but this time from the point of view of the background extension of the
Landau gauge. In particular, under certain natural assumptions a bona
fide gauge fixing should satisfy, we postulate a specific behavior of the
gluon propagator at the deconfinement transition, in the case of the SU(2)
gauge group, that realizes what was originally searched for in the Landau
gauge.

e Conclusions are presented in Chapter 12 where the main results are

summarized and an outlook is proposed.

This manuscript reviews results covered in Refs. [129, 143, 154, 155,
163, 168, 176]. Beyond the mere review, we have tried as much as possible
to provide a self-contained document, in particular with regard to the used
methodology. We have also included some unpublished work, such as for
instance the material in Sections 6.3.4, 8.3.4, 10.2 or Appendices A and D.
The manuscript was written during the first half of 2019 and defended the
4th of June of that same year. Since this defended version, a new chapter

has been added (chapter 8) together with some recent relevant references.
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CHAPTER

FADDEEV-POPOV GAUGE-FIXING
AND THE CURCI-FERRARI MODEL

he point of view taken in this manuscript is, one, that tackling the

low energy properties of non-abelian gauge theories in the contin-

uum requires extending the standard, but incomplete, Faddeev-
Popov gauge-fixing procedure, and, second, that once such an extension
is found, a new perturbative scheme could become available in the in-
frared. In this first chapter, we introduce the Curci-Ferrari action, as a
phenomenological model for an extension of the Faddeev-Popov action in
the Landau gauge.

For the sake of completeness, we first review the standard gauge-fixing
procedure together with its main properties and limitations. We then
discuss some of the approaches that have been devised in order to go
beyond it and, finally, particularize to the Curci-Ferrari model. We recall
that the latter does a pretty reasonable job in reproducing some of the
known low energy properties of Yang-Mills theory in the vacuum, already
at one-loop order. We also discuss the difficulties that appear when using
the model at finite temperature, serving as the main motivation for the

developments in the rest of the manuscript.
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CHAPTER 2. FADDEEV-POPOV GAUGE-FIXING
AND THE CURCI-FERRARI MODEL

2.1 Standard gauge-fixing

For simplicity, let us review the standard gauge-fixing procedure in the
case of Yang-Mills theory (YM), the theory obtained from QCD after
neglecting the dynamics of quarks. Of course, a similar discussion could

be carried out in the presence of matter fields.

2.1.1 Gauge-invariance

Yang-Mills theory describes the dynamics of a non-abelian gauge field
Af(x). The index a corresponds to an internal degree of freedom (color)
and labels the generators i of a non-abelian gauge group, SU(N) in what
follows. The non-abelian structure is encoded in the structure constants
feb¢ such that [t2,t°] = i f2°°t¢, and the dynamics is specified by the action

1
(2.1) SymlAl= — f dx Fo () F° (x),
4%

with Fj, =0,A7-0,A} + [ ab cAi’tAi the non-abelian generalization of the
QED field-strength tensor. Since the applications to be discussed in this
manuscript concern the equilibrium properties of the QCD/YM system,
we have here chosen the Euclidean version of the action and, therefore,
there is no distinction between covariant and contravariant indices [90].
Moreover, the gauge field should be taken periodic along the Euclidean
time direction, with a period equal to the inverse temperature = 1/T.
Correspondingly, the integration symbol [ d?x needs to be understood as
JPdr fd?'x and we have Al(T + B,X) = AT, X).

The main feature of the YM action is of course that it is gauge-
invariant. This is most easily seen by rewriting (2.1) in an intrinsic form
that does not depend on the particular coordinate system used to describe

the color degrees of freedom.! One interprets any colored object X as an

ILater, this will also facilitate the change from the standard, Cartesian bases to the so-called
Cartan-Weyl bases. We shall introduce and use of these bases in subsequent chapters.
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element of the SU(N) Lie algebra X =i X“t%. To any two such elements X

and Y, one then associates the Killing form?
(2.2) X;Y)=-2trXY,

which allows to rewrite the Yang-Mills action as
1
2.3) SyalAl= 1 [ d% (Fu@iF),
48% ( K H )

with ¥, =0,A,-0,A,—-[A,,A,]. In this intrinsic representation, a gauge

transformation of the gauge-field is defined to be
(2.4) AT (x) = U@) A ) U (x) - Ux)0,U"(x),

with U(x) € SU(N), Vx. It is then easily verified that the field strength

tensor transforms correspondingly as
(2.5) Fo(x)=U@F,©U ().

From its definition, the Killing form is trivially invariant under color
rotations in the sense (UXU;UYUT) = (X;Y). It follows, as announced,
that the action (2.1) is gauge invariant. In more pompous terms, it is
constant along a given orbit, defined as the collection of configurations AY

as U spans the possible gauge transformations, for a given A.

2.1.2 Observables

The gauge-invariance of the YM action is just the expression of a certain
arbitrariness in the choice of the gauge-field configuration that describes a
given physical situation. Observables cannot depend on this arbitrariness

and, therefore, are to be represented by gauge-invariant functionals.? To

2The minus sign is chosen such that (i¢¢;i¢?) = §9°.

3We are deliberately being vague here concerning the type of gauge transformations that
should be considered. At finite temperature, where the gluon field is periodic along the Euclidean
time direction, the true, unphysical gauge transformations are also periodic. There are more
general gauge transformations that preserve the periodicity of the fields but those are associated
to physical transformations in a sense to be clarified in the next chapter.
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any such observable O[A], one associates an expectation value as

[DAGLA]eSrmlA]
f@A e—SYM[A]

(2.6) (O) =
where Syyl[A] and 2 A are also gauge-invariant.

The usual difficulty with the above definition is that it involves two in-
definite integrals. Indeed, since O[A], Syy[A] and A are gauge-invariant,
the integrals sum redundantly over the orbits of the gauge group and are
thus proportional to the (infinite) volume of the group. Even though these
two infinities should formally factorize and cancel between the numerator
and the denominator of (2.6), their presence prevents any expansion of
(0) in terms of expectation values of gauge-variant functionals, typically
products of gauge fields at the same spacetime point, as needed by most

continuum approaches.

One possibility to tackle this problem is to find a way to rewrite the
definition (2.6) identically as

A O A —-SyumlAl
@.7) @) = L ZalAI01Ale ,
[ D Ale-SyulAl

where the measure P A] is restricted to gauge field configurations obey-
ing a certain, gauge-fixing condition F[A] = 0. Good gauge-fixing condi-
tions should be such that F[AY]# F[A], and, therefore, ng[AU] # Dol Al
In this case, the expression (2.7) for the expectation value extends to
gauge-variant functionals and can then be used as a starting point for

developing continuum methods.

Of course, the crux of the problem lies in the construction of the gauge-
fixed measure P4[A]. The usual strategy is the so-called Faddeev-Popov

procedure [91, 92] which we now recall.
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2.1.3 Faddeev-Popov procedure

In the Faddeev-Popov approach, under the assumption that the constraint

F[A] =0 admits a unique solution on each orbit, one writes
2.8) 1= f PU AIAV15(FIAV]),

where A[AY] is the determinant of §F[AY1/6U, the so-called Faddeev-
Popov operator.*
Plugging the identity (2.8) into the definition (2.6) and using the gauge

invariance of O[A], SyylA] and A, one obtains

[9U [DAU GIAVIAIAV16(FIAV]) e SyulA”]

2.9 O)rp =
@9 O [DU [DAU A[AV16(F[AU])e~SyulAU]

Changing variables from AU to A, the volume of the gauge group factorizes
and cancels between the numerator and the denominator. One then arrives

at the following gauge-fixed expression for the expectation value:

ngP[A]@’[A]e‘SYM[A]

(2.10) O = Ao SrlAT

where the Faddeev-Popov gauge-fixed measure is defined as
(2.11) DrplAl= 2A A[A]O(F[A]).

A similar analysis applies to the partition function except for an overall
volume factor which, however, does not affect the temperature-dependent

part of the free-energy density. One finds Z =7 x Zyp, with

(2.12) Zwp = f Dpp[A]e STMIAL

4Strictly speaking, it is the absolute value of the determinant that should appear in Eq. (2.8).
However, since it is assumed that there is only one solution to F[A] = 0 on each orbit, and if one
further assumes that this solution changes continuously as one changes the orbit, the sign of
the determinant is constant and, therefore, irrelevant in the Faddeev-Popov approach. Moreover,
that A[AY] does not depend independently on A and U follows from the identity AVU = (AV)V
which implies F[A%VU]=F[(AY)V].
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and 7 the volume of the group of gauge transformations, such that

—In 7 «x pQ with fQ the Euclidean spacetime volume.

We mention that the previous derivation relies on a rather strong as-
sumption, namely that the solution to the gauge-fixing condition F[A]=0
is unique along a given orbit. As pointed out by Gribov [84], this assump-
tion is generally wrong due to the existence, instead, of multiple solutions,
the so-called Gribov copies. For this reason, we have denoted by (O)gp
the gauge-fixed expression for the expectation value of an observable as
obtained from the Faddeev-Popov approach, which may differ from (&)
as originally defined in Eq. (2.6). We shall come back to this important
point in the next section. For the time being, we continue reviewing the

properties of the Faddeev-Popov approach.

2.1.4 Faddeev-Popov action

The previous formulation is not very practical due to the presence of both
the determinant A[A] and the functional Dirac distribution 6(F[A]) in the
gauge-fixed measure (2.11). As it is well known, one can transform the
latter into a standard field theory with the price of introducing additional
fields.

First, the factor 6(F[A]) can be treated using a Nakanishi-Lautrup
field Ah* as

(2.13) O(F[A] = f@h exp{—fddx ih“(x)F“[A](x)}.
Second, the determinant A[A] can be evaluated by assuming that F[A]=0
due to the presence of the factor 6(#[A]). One finds

af AU a S(AUVY(2)
OFIAVI®)|  _ f Ja_ OF1AI) (2
6=0

(2.14) A[A]l=det 565(y) §Ac(z)  60°(y)

W

0=0

with U = ¢’ Since (AY):(2) is nothing but the covariant derivative

D, 0°(z) =0,0%2) + deeAz(z)He(z) at leading order in 6, one arrives even-
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tually at

4 OF[Alx)

2.15) A[A] = det ( f Ve

Dl‘ib(S(z —y)).

Finally, by introducing (Grassmanian) ghost and anti-ghost fields c¢* and
c?, this rewrites
(2.16) A[A]l= f@[c,é] exp {fddxfddy Ea(x)MDucb(y)}.
SAL(y)

All together, the gauge-fixed expression for the expectation value of an
observable in the Faddeev-Popov approach reads
[DIA,c,¢,h]O[A] e SrplAc.chl

f@[A, h,c,él e~ SwplA,c,chl 7
where SygplA,c,¢,h] = SyylAl+ 6SkplA,c,c,h] is the so-called Faddeev-
Popov action, with
(2.18)

0 JOF°[Al(x) 4
5Syp = f d?x f d?y e (x) ————— SAT0) D,cb(y)+ f d¥xih%x)F*[Al(x).

Similarly, one rewrites the Faddeev-Popov partition function (2.12) as
Zyp = [DIA,c,é h]e Srpldcchl

(2.17) <@>FP =

The Landau gauge to be considered in this manuscript corresponds to
the choice F[A](x) = 0,A}(x). The corresponding Faddeev-Popov operator
is G“DZZ’ 0(x —y), and therefore

(2.19) 5Spp = f d?2{0,8 () D e () + ih“(x) 0, AL},

where an integration by parts has been used in the ghost term.

2.1.5 BRST symmetry

As we now recall, the Faddeev-Popov action possesses a very important
symmetry, the so-called BRST symmetry [93], at the origin of many prop-

erties, including its renormalizability [93-95].
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Suppose that we perform an infinitesimal gauge transformation of
the form 6A7, =7 D ,c® =7 sAf, with 7) a constant Grassmanian parameter.
The Yang-Mills part of the action is of course invariant by construction, so
let us focus on the gauge-fixing part 6Sgp. We find

a _a OF*[A]l(x)
8OSpp = fddxfddy(zh (x)—sc (x))T()

iy [ gy oy PP AN
- Jats [ atye =g A

D,c’(y)

(2.20) + f d%xsih*(x) F*[Al(x),

where we have used that

d g OF[Al(x) c b
fd yfd Z6A2(y)5A$(Z)DVC (2)D,c”(y)

I Y a. OFAlk) b ¢
= fd Zfd y6A$(z)6AZ(y)D”C (»)D,c(2)

_ d d 5Fa[A](x) c b _
(2.21) = fd yfd Zc‘)‘AZ(y)c?Ag(z)DVC (2)D,c’(y)=0

We see that the gauge-fixing contribution is invariant if we set s¢* =ih?%,
sih® =0 and choose sc® such that szAZ = 0. A simple calculation reveals

that this is ensured if sc® = %f“bccbc

In summary, the Faddeev-Popov action is invariant under
1
(2.22) sAZ =D,c, sc= §fabccbcc, sc®=1ih?, sih®=0,

which is known as BRST symmetry. It is easily verified that s? vanishes
not only over Aj but over the whole functional space and the BRST
symmetry s is then said to be nilpotent. In fact, the BRST invariance of
the Faddeev-Popov action can be understood in terms of the nilpotency of

s and the gauge-invariance of Sy, since the action rewrites
(2.23) Skp=Sym+5 f d%x e (x) F*[Al(x),

and therefore sSpp =Sy = 0.
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2.1.6 Gauge-fixing independence

For the gauge-fixing procedure to make sense at all, it should be of course
such that the expectation value of a gauge-invariant functional does not
depend on the choice of gauge-fixing condition. In the Faddeev-Popov ap-
proach, this basic property is not guaranteed a priori since, as mentioned
above, the procedure relies on an incorrect assumption. It is one of the
merits of the BRST symmetry to ensure nonetheless the gauge-fixing

independence of the observables in the Faddeev-Popov framework.

To see how this works, let us first derive the following lemma:

Given an infinitesimal symmetry ¢ — ¢ + ¢ of a theory S[¢], the expec-

tation value of the infinitesimal variation 6&0[¢] needs to vanish.

This lemma is easily shown by writing

(2.24) f D 0OlpleS? = f DOy +6pleS

where one performs a change of variables in the form of an infinitesi-
mal transformation and uses the assumed invariance of S[¢] under this
transformation.®

Let us now apply the lemma to prove the gauge-fixing independence
of the observables in the Faddeev-Popov approach. Consider first the
Faddeev-Popov partition function Zzp and let A denote any parameter that

may enter the definition of the gauge-fixing. From Eq. (2.23), we find

d B N VN C)

51t is to be mentioned that this standard derivation does not pay too much attention to how
the measure and the integration domain are transformed. This is of course because, in general,
they are both invariant. However, in the case of a BRST transformation, the initial integration
domain for the gauge-field A is made of purely numerical functions, whereas the transformed
domain is a more general space, including still commuting but non-numerical contributions of
the form 7)Dc. Similarly the measure transforms non-trivially. We argue in Appendix A that the
above lemma is unaffected by these subtleties.
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Being the expectation value of an infinitesimal symmetry transformation,
the right-hand side needs to vanish according to the lemma, from which
we deduce that dZzp/dA = 0 and thus that the partition function does
not depend on the choice of gauge-fixing functional F[A]. This result
extends in fact to any observable. Using the previous result together with
sO[A] =0, we find indeed

(2.26) %@Fp = <s (@’[A] f dx c—a(x)w)>’

dA

which vanishes for the same reason.

2.2 Infrared completion of the gauge-fixing

As we have already mentioned, the derivation of the Faddeev-Popov action
(2.18), together with its main properties, relies on a strong assumption,
which is known to not always hold true [84]. In particular, it is incorrect

in the case of the Landau gauge [96] to which we restrict from now on.

2.2.1 Gribov copies

The point is that, contrary to what is assumed in the Faddeev-Popov con-
struction, the gauge-fixing condition F[A] = 0 admits multiple solutions
along a given orbit, the so-called Gribov copies. The existence of the latter
invalidates the use of Eq. (2.8) and, therefore, the identification of (¢) and
(O)rp, as given respectively by Eqgs. (2.6) and (2.17).

The identification (O)rp = (0) is nonetheless believed to be legitimate
at high energies since only a perturbative region of the space of gauge-field
configurations contributes to the functional integral and the Gribov copies
can be neglected. In this case, one can evaluate (©) using the perturbative
expansion of (O)rp which is controlled at high energies thanks to the

asymptotic freedom property [10].
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In contrast, in the low energy regime, the situation is much less clear.
The perturbative expansion of (O)pp is useless due to the presence of an
infrared Landau pole. At the same time, there is no argument anymore in
favour of the identification (O)rp = (0). As a matter of fact, undoing the
step from Eq. (2.10) to Eq. (2.9) and integrating over the gauge group by
taking into account possible copies, one finds

JPACIAle STMAT Y 4510

2.27 O)pp = ,

where i(A) labels the Gribov copies along the orbit of A and where s;(4) is
the sign of the Faddeev-Popov determinant on copy i(A). If the quantity
> ia)Sia) were non-zero and of constant sign along the various orbits, the
identification of (0)rp and () would indeed be correct. Unfortunately, for
compact gauge groups, the sum vanishes instead, leading to a 0/0 indeter-
mination, the so-called Neuberger zero problem [97, 98], which prevents
the formal identification of (0)rp and (@) beyond the one discussed above
in the high energy, perturbative domain. Similarly, the Faddeev-Popov

partition function vanishes.

This calls for constructing alternative gauge-fixing procedures that
take into account the effect of the Gribov copies, at least in some approx-
imate form.® The quest for such an infrared completion of the Faddeev-
Popov gauge-fixing is not only formal. In fact, according to certain scenar-
i0s, once such a gauge-fixing is found, a new perturbative expansion could

become available in the low energy regime [82, 83, 89].

Various strategies have been devised to include the Gribov copies in a

more rigorous way. Let us briefly review some of them.

6 Another interesting approach relies in decomposing the gauge group into a subgroup where
the gauge-fixing problem is trivial and a quotient group where the Neuberger zero is absent
[99, 100].
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2.2.2 Gribov-Zwanziger approach

One possibility is to restrict the functional integration over gauge-field
configurations to a subdomain such as some (but in general not all) copies
are excluded. This is for instance achieved in the Gribov-Zwanziger ap-
proach where so-called infinitesimal copies are excluded by restricting to
a region such that the Faddeev-Popov operator —0,D, is positive definite
[101, 102].

Just as in the Faddeev-Popov approach, the Gribov-Zwanziger proce-
dure can be formulated as a local and renormalizable theory. A nilpotent
BRST symmetry can be identified but it is non-local [103]. More recently,
a proposal has been made to rewrite the Gribov-Zwanziger action into an
alternative local form that displays a local and nilpotent BRST symmetry
[104]. This rewriting requires however neglecting once more the presence

of copies.

One very appealing feature of the Gribov-Zwanziger approach is that
a mass scale is dynamically generated and determined only in terms of
the Yang-Mills coupling, a feature that any bona fide gauge-fixing should
possess. However, in its original formulation, the Gribov-Zwanziger action
predicts correlation functions at odds with the ones obtained on the lattice.
It has since then been refined by the inclusion of condensates in order to

improve the comparison with lattice results [105, 106].

2.2.3 Serreau-Tissier approach

Another possible strategy, followed for instance by Serreau and Tissier
[107], see also [108] for a similar idea, is to sum formally over all copies,
just as in Eq. (2.27) but with a weighting factor w[AYi®] that avoids
the Neuberger zero problem. To ensure that the result is an identical

rewriting of Eq. (2.6), one considers an average rather than a sum.
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To this purpose, one inserts in Eq. (2.6) the identity

_ TiwsiawlAYw]  [QUAIAY]S(FIAY])wlA"]

2.28 1 = .
(2:28) YiasiawlAViw] - [QU'A[AV16(FIAV)w[AV']

Under the integral over A, the volume of the gauge group can be factored
out in the integral over U, while leaving the integral over U’ unaffected

thanks to the change of variables U’ — U'U". One eventually arrives at

_ [ Dsi[A1C[A] e SymlAl
(2.29) (0) = e TATs ST

with the Serreau-Tissier measure defined as
(2.30) DlAl= DA A[AIS(F[A] e ™/ 2U'AAY 15FIAY DwlAV']

Note that we have not included any labelling of (&) since the rewriting is
exact at this point.

In principle, the logarithm of the U’-integral in the above expression
provides a non-trivial correction to the Faddeev-Popov action. In practice,
however, it is not possible to evaluate this correction exactly and the
following strategy has been adopted, based on the well known replica trick
of Statistical Physics [109]. One writes

(2.31) DstlA] = lim P, [Al,

with

z—1

(2.32) D% [Al=DAAAIS(FIA)) ( f PU'N[AY'16(FIAY ) wlAY']

For any strictly positive integer value of z, the right-hand-side can be
rewritten as a standard field theory involving z replicated versions of
the ghost, anti-ghosts and Nakanishi-Lautrup fields, in addition to z — 1
replicas for the field U’.

This formulation in terms of replicas can be used for practical cal-

culations. The subtle question is, however, how the results obtained for
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an integer number of replicas z € IN* can be extrapolated to the zero
replica limit z — 0, which requires z € R. To date, it is not clear how this
limit should be taken.” For this reason we shall write the last step of the

Serreau-Tissier approach as

[ D [A1G[A]eSyulAl
[ D [Ale-SvulAl

(2.33) (O)sr = lirr(}

with a labelled expectation value (0)gr to emphasize that, just as in the
case of the Faddeev-Popov approach, the identification between (0)gr and
(0) is still open to debate.

2.2.4 Curci-Ferrari approach

In addition to these semi-constructive strategies, one can envisage a more
phenomenological approach. Indeed, since the standard Faddeev-Popov
action is meant to be modified from a proper account of the Gribov copies,
one can try to propose possible corrections in the form of operators added
to the Faddeev-Popov action® and constrain the corresponding couplings
from comparison to experiment and/or numerical simulations. All things
considered, the idea is pretty similar to the search of theories beyond
the Standard Model, of course at a more pedestrian level and with the
important difference that, in the present case, the action for the physical
theory is known, be it the Yang-Mills action or the QCD action. What is
searched after is a gauge-fixed version of this physical action, beyond the
standard Faddeev-Popov recipe.

For the Landau gauge, one proposal which has been explored in recent
years is the one based on the Curci-Ferrari model [85, 86]. It consists in

supplementing the Faddeev-Popov action (2.19) with a mass term for the

"An analytic function f(z) is not uniquely determined from its values for z € IN*.
8While fulfilling of course the basic symmetries compatible with the gauge-fixing at hand.
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gluon field, ScrlA,c,¢,h]l=SyulAl+6ScrlA,c,é,h], with
(2.34) )
6Scr = fddx {duc'a(x)Duca(x) + iha(x)auAZ(x) + §m2AZ(x)AZ(x)}.

We stress that this is just a model and the question to be asked here is
not whether this action represents a bona fide gauge-fixing but, rather,
whether the Curci-Ferrari mass term could represent a dominant contribu-
tion to the unknown gauge-fixed action beyond the Faddeev-Popov terms.
Of course, other operators could be dominant and the only way to test
this is to confront the predictions of the Curci-Ferrari model with those
of alternative approaches. The rest of the manuscript will be essentially
concerned with this question.

Yet, it is interesting to note that the Curci-Ferrari model possesses
quite a number of convenient features. In particular, it is stable under
renormalization, which means that there is only one additional parameter
to be dealt with. That this is so can be seen as a consequence of the fact
that the model possesses a BRST-like symmetry s,,. Indeed, if we take
smAj, = sAj (we want of course the Yang-Mills part to be invariant on its

own), the Curci-Ferrari mass term transforms as
1
(2.35) smfddx §m2AZ(x)AZ(x)= —fddxmzca(x)auAZ(x),

where we have used an integration by parts. The obtained variation is very
similar to the third term of Eq. (2.20). It follows that the Curci-Ferrari

action is invariant under the modified BRST transformation
1
(2.36) smAZ:Dﬂca, SmCa :gfabccbcc, SmC_a — iha, SmihaZmQCa,

where s,, differs from s only on its action over the Nakanishi-Lautrup field.
Related to this symmetry are two non-renormalization theorems, that
greatly facilitate the renormalization of the Curci-Ferrari model [83, 110].

Other properties of the Faddeev-Popov action do not survive the pres-

ence of the Curci-Ferrari mass term. In particular, the modified BRST
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2

2 ¢* = m2c®. Moreover, the

symmetry is not nilpotent anymore since s
“gauge-fixed” part of the action does not rewrite as a variation under this
modified BRST transformation. It should be stressed, however, that it is
not clear whether the standard BRST symmetry should be manifest in the
infrared, precisely because it appears as a result of neglecting the Gribov

copies.”

Let us close this section by mentioning that the Curci-Ferrari model
bears interesting relations to the other approaches described above. For
instance, as we have mentioned, the standard Gribov-Zwanziger action
needs to be refined with the use of condensates that modify the usual
Gribov-Zwanziger propagator as

QZ Q2 + M2
o1 — Gra(@)= 7 2 202 2.9 | 4"
Q*+y QR+ (M=+m*)Q*+M*m*+vy

A recent investigation on the dynamical generation of these condensates

(2.37) Ggz(Q) =

finds that M? is larger than both the Gribov parameter y? and the gluon
condensate m? [113]. Although the differences are not dramatic, it is inter-
esting to note that for large enough M?2, the refined Gribov Zwanziger prop-
agator approaches the Curci-Ferrari one, so not only the corresponding
fields decouple, but the Gribov parameter disappears from the tree-level
propagator.

Another connection exists with the Serreau-Tissier approach. Indeed,

by choosing the weighting functional as
1
(2.38) wlA] = exp { ~ f dx > pAg(x)Az(x)} ,

it could be shown that the perturbative evaluation of any correlation

function involving only the original, non-replicated fields, is equivalent to

9nterestingly enough, the complicated landscape of Gribov copies is very similar to the
landscape of extrema of the energy functional in disordered systems. The latter are usually treated
using the Parisi-Sourlas procedure [111], which takes the same steps as the Faddeev-Popov
procedure. In this context, it is known that the associated BRST-like symmetry is spontaneously
broken below a critical dimension [112]. One could very well imagine a similar breaking as a
function of the energy in the context of Yang-Mills theories.
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the evaluation of the same correlation function within the Curci-Ferrari
model with m = z p [107]. The naive zero replica limit z — 0 brings us back
to the Faddeev-Popov action. However, one could consider the limit in a
different way, by first interpreting zp as the bare mass of the Curci-Ferrari
model and by using it to absorb the corresponding divergences, after which
the limit z — 0 would again be trivial but would lead to the Curci-Ferrari
model instead.!® Of course, the above argument does not fix the value of
the renormalized Curci-Ferrari mass in terms of the Yang-Mills coupling,
a necessary condition for the procedure to correspond to a bona fide gauge-
fixing, but it gives some indication that the Curci-Ferrari model is maybe
not that far from this goal. As a matter of fact, a mechanism for the
dynamical generation of such a mass could be identified in a gauge cousin
to the Landau gauge [114].

2.2.5 Connection to other approaches

In addition to the above connections, the Curci-Ferrari model could also
be relevant for other continuum approaches including the functional
renormalization group [46, 72, 115], Dyson-Schwinger equations [44, 54,
116-118], the pinch technique [562, 120, 121], or the variational approach
of [122].

All these approaches take the Faddeev-Popov action as a starting
point and aim ideally at circumventing the difficulties of the latter in the
infrared by going beyond perturbation theory. However, because it requires
introducing a cut-off, the practical implementation of these approaches
necessarily leads to an explicit breaking of the BRST symmetry and
implies de facto that the starting action is more general than the Faddeev-
Popov one. In particular, in all present continuum approaches to Yang-

Mills theory, a bare mass term is introduced in one way or an other to

10The fact that the zero replica limit does not commute with other limits is a well known
fact. In applications to disordered systems, it is generally true that one needs to take the infinite
volume limit before the zero replica limit.
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deal with the quadratic divergences that the use of a cut-off entails. This
mass term can take the form of a subtraction in the Dyson-Schwinger and
pinch technique approaches [119, 120], an additional parameter m , at
the UV scale in the functional renormalization group approach [115], or
even an explicit mass counterterm in the variational approach [122].

We stress here that this is not a problem per se. One is always allowed
(and sometimes forced) to use a regulator that breaks certain symmetries
of the problem. This just means that the theory space that needs to be
considered is larger. The relevant question is rather how the additional
couplings are fixed in terms of the Yang-Mills coupling. The answer to
this question depends on whether or not BRST symmetry survives in the
infrared. In the case it does, one should fix all the additional parameters
such that the consequences of BRST symmetry are fulfilled. For instance,
in the functional renormalization group approach of [115], one proposal
is to adjust the m 5 parameter so as to trigger the scaling solution, if one
deems the latter a consequence of BRST symmetry (from the Kugo-Ojima
scenario [63]).

However, in the case where BRST symmetry does not survive in the
infrared, the appropriate adjustment of the additional couplings remains
an open question and, for all practical purposes so far, the bare mass
remains a free parameter. For instance, in the functional renormalization
group approach, if one wants to reproduce the lattice correlation functions,
the parameter m , needs to be adjusted to fit the lattice data. The same
o (0)

is true in the case of the pinch technique with the parameter A,

introduced in [120]. It could still be that the lattice decoupling solution can
be generated within a BRST invariant framework but this requires subtle
mechanisms such as the irregularities proposed in [115] or the Schwinger
mechanism discussed in [123-125]. To date, and to our knowledge, none
of these mechanisms was seen to be realized. In this type of scenarios,
studying the Curci-Ferrari model perturbatively can bring an interesting

perspective to the rest of continuum approaches, as a way to disentangle
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what is genuinely non-perturbative from what could become perturbative
once a mechanism for the generation of a Curci-Ferrari mass has been
identified. We shall present some of these comparisons in subsequent
chapters.

As an added note to the original manuscript, let us mention some
recent and interesting development that appearead one year after the
writing of this thesis. In the context of Dyson-Schwinger equations, new
truncations seem to indicate that the earlier ambiguities related to the
removal of quadratic divergences do not seem to impact much the gluon
propagator or its corresponding dressing function [126]. Whether the
full arbitrariness that the subtraction of quadratic divergences entails
has been tested in [126] as well as how the observed insensivity to this
subtraction depends on the specifics of the truncation and how it can be
implemented in other non-perturbative continuum approaches remain

open questions.

2.3 Review of results

Let us conclude this first chapter by reviewing some of the tests that the
Curci-Ferrari model has already passed. We shall also discuss some cases
where it is not fully conclusive, as a motivation for the developments to be
presented in the rest of the manuscript.

The more direct way to test the Curci-Ferrari model is to compare its
predictions for Landau gauge-fixed correlation functions with the corre-
sponding predictions obtained from the lattice: on the one hand, gauge-
fixed correlation functions are the best quantities to test the specificities of
a given gauge; on the other hand, gauge-fixed lattice simulations are less
sensitive to the Gribov ambiguity since gauge-fixing is done by selecting

one copy per orbit.!!

17t is statistically rare that two configurations are chosen on the same gauge orbit.
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2.3.1 Zero temperature

In a series of works [82, 83, 89], the lattice results for the vacuum two-
point correlation functions in the Landau gauge [565-62], as well as for
the three-point vertices, have been systematically compared to the one-
loop perturbative predictions of the Curci-Ferrari model. Some of these

comparisons are shown in Figs. 2.1 and 2.2.

The agreement for the two-point functions is rather impressive. A
recent two-loop calculation confirms (and even improves) these results
showing that the very good agreement at one-loop was not accidental [128].
The agreement is less impressive for the three-point vertices but still qual-
itatively very good, given the simplicity of the one-loop approach and the
uncertainties of the lattice simulations. In particular, the Curci-Ferrari
model predicts a zero crossing of the three-gluon vertex, as also seen in
other approaches [127]. The comparison to other continuum approaches
has been more systematically discussed in [129]. For instance, the qualita-
tive dependence of the results on the value of the Curci-Ferrari mass has
been found to be similar to the dependence of the functional renormaliza-
tion group results with respect to the value of the initial parameter m ,

alluded to above.

It is also to be mentioned that the flow structure of the Curci-Ferrari
model has been studied at one-loop order [83, 107, 129] (and also, more
recently, at two-loop order [128]), see Fig. 2.3. Interestingly enough, it is
found that, in addition to renormalization group trajectories displaying
an infrared Landau pole, reminiscent from the one in the Fadeev-Popov
approach, there exists a family of trajectories which can be defined over
all energy scales. In particular, the one trajectory that best fits the lattice
results remains always in the perturbative regime, see Fig. 2.4, supporting
the idea that the perturbative expansion can be used at all scales in the

Curci-Ferrari model.
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FIGURE 2.1. SU(3) vacuum gluon propagator and ghost dressing
function as computed in the Curci-Ferrari model at one-loop
order, compared to Landau gauge-fixed lattice simulations of
the same quantities. The parameters are defined in the in-
frared safe scheme of [83] and take the values g = 4.9 and
m =540MeV for a renormalization scale u =~ 1GeV.
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FIGURE 2.2. SU(3) vacuum three-gluon and ghost-antighost-gluon
vertices for certain configurations of the external momenta as
computed in the Curci-Ferrari model at one-loop order, com-

pared to Landau gauge-fixed lattice simulations of the same
quantities.

2.3.2 Finite temperature

Gauge-fixed lattice simulations also provide results for the Yang-Mills

two-point correlation functions at finite temperature [78, 130-139], as a

34



2.3. REVIEW OF RESULTS

T T T T T T

30,

Landau pole

o5

20!

_ Infrared safe
10}

o 10 20 30 40

FIGURE 2.3. The one-loop flow structure of the Curci-Ferrari
model in the plane (1#22,1), where m2?(u) = m?/u? and AMu) =
g2(WN/(1672).

further testing ground for the various continuum approaches.

One particularly scrutinized quantity has been the longitudinal sus-
ceptibility given by the zero momentum value of the longitudinal gluon
propagator,'? y = %, (p? = 0). Early lattice results showed a rather sharp
variation of this quantity around the Yang-Mills deconfinement transition
[135, 138] and opened the way to speculations about the possibility of ac-
cessing the physical transition from the study of gauge-variant quantities
[140-142].

The fit of the lattice data to the one-loop Curci-Ferrari two-point func-

tions at finite temperature is globally satisfactory, see [143] for more

121n the Landau gauge, the gluon propagator is (4d) transverse. At finite temperature, how-
ever, this transverse component decomposes into so-called (3d) longitudinal and transverse
components.
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FIGURE 2.4. Running of the relevant expansion parameter of the
Curci-Ferrari model A(u) = A(u)/(1+ m?%(u)) along the trajectory
that best fits the lattice data. The quantities 72(u) and A(u)
are defined as in Fig. 2.3.

details. However, the temperature dependence of the susceptibility differs
substantially from the one obtained in lattice simulations, see Fig. 2.5.
This, however, does not necessarily point out to a limitation of the Curci-
Ferrari approach since the other continuum approaches also fail to repro-
duce this particular feature of the lattice results.'?

Rather, it has been suggested in [141] that the discrepancy between
continuum and lattice results may be due to the fact that the order param-
eter associated to the deconfinement transition is not properly accounted

for in the Landau gauge (and in fact in most standard gauge fixings). As

13Tt should be mentioned that the longitudinal gluon propagator is very sensitive to the
details of the lattice simulation. Improved lattice results show a much less pronounced sensitivity
around the transition. It would be interesting to update the comparisons between the continuum
and the lattice approaches in light of these more recent results.
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FIGURE 2.5. Zero momentum value of the longitudinal gluon
propagator (susceptibility), as obtained from the Curci-Ferrari
model at one-loop and compared to the results of Landau gauge-
fixed lattice simulations.

put forward in [73], one way to tackle this problem is to extend the stan-
dard Landau gauge into the so-called Landau-deWitt gauge that allows
for the possibility of a background gauge field configuration. Following
this idea, we shall extend the Curci-Ferrari model in the presence of a
background and investigate the perturbative predictions of the model at
finite temperature, in particular with regard to the QCD/YM theory phase
diagrams. Before embarking on this adventure, in the next three chapters,
we shall make a technical digression on the application of background
field methods at finite temperature, explaining in detail why and how they

allow to circumvent the limitations of standard gauge fixings.
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CHAPTER

DECONFINEMENT TRANSITION
AND CENTER SYMMETRY

he goal of this chapter is to motivate why standard gauge fixings

do not provide the appropriate framework in order to study the

confinement/deconfinement transition in the continuum. To this
purpose, we shall start reviewing some basic knowledge of finite tempera-
ture QCD and the associated phase transition.

In fact, the physical QCD transition does not correspond to a sharp
transition between two distinct phases of matter but, rather, to a smooth
crossover of the various thermodynamical observables characterizing the
system [34]. To some extent, this obscures the theoretical understanding of
the transition itself. It proves convenient, therefore, to consider particular
limits for which the transition becomes a sharp one, testable with robust
order parameters. One may then hope to access the physical case more
simply from these limiting cases.

For the most part, this manuscript will be concerned with the case
of pure Yang-Mills theory which can be seen as the limit of QCD with
infinitely heavy quarks: Sgcp — Syu. In this simplified setting, the tran-

sition can be probed with the help of an observable known as the Polyakov
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loop. Moreover, it can be interpreted as the spontaneous breaking of a spe-
cial symmetry known as center symmetry. This chapter is mainly devoted
to a review of these concepts for they play a major role in the rest of the
manuscript, even when quarks are included back in the analysis.
Although the applications to be covered in the present manuscript will
concern mainly the SU(2) and SU(3) gauge groups, we shall introduce
the various relevant concepts and later derive the various relevant for-
mulas within the general case of SU(N). Some general discussion and an

application to the SU(4) gauge group can be found in Chapter 8.

3.1 The Polyakov loop

Let us start recalling the definition of the Polyakov loop and how it relates

to the confinement/deconfinement transition [144].

3.1.1 Definition

For a given gauge field configuration A ,(x) = 1A//(x)¢* on the Lie algebra,
we define the Wilson line wrapped along the compact Euclidean time

direction as
B
(3.1) L A(X) E@exp{f dTAo(T,o_c')}.
0

Here, 22 denotes the path-ordering along the Euclidean time direction
that arranges Lie algebra elements Ay(7,%) from left to right according
to the decreasing value of the argument 7. We also define the normalized
trace of L 4(X) as @4 (X) = tr L ,(X)/N. Finally, the Polyakov loop ¢ is defined

as the expectation value of ®4(X):

[DAD,F) e Srulal
f@A e—SYM[A]

(3.2) 0= {Da@®)yy,
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We mention that the Wilson line L 4(X) is a unitary matrix and, then, the
modulus of its normalized trace ®4(X) is not larger than unity. Moreover,

since the averaging weight in Eq. (3.2) is positive, it follows that |¢| < 1.

3.1.2 Order parameter interpretation

It can be shown that ¢ is related to the free-energy cost AF for bringing a
static test quark into the thermal bath of gluons as [144, 145]

(8.3) ¢ = e PAF,

The interpretation of the Polyakov loop as an order parameter for the
confinement/deconfinement transition follows immediately. Indeed, if we
assume that the system is in the confined phase, no free quarks are
allowed to roam around in the thermal bath (AF = oco0) and then ¢ =0. In
contrast, in the deconfined phase, quarks can be introduced in the system
provided some finite amount of energy is paid (AF < oo) and then ¢ # 0.
The behavior of the Polyakov loop as a function of the temperature
has been studied on the lattice [145—-149] where it yields a second order
type transition in the case of the SU(2) gauge group and a first order
type transition for SU(N) with N = 3. It is one of the purposes of this
manuscript to review how these seemingly non-perturbative results can
be accessed from perturbative methods, in the framework of the Curci-

Ferrari model.

3.1.3 Gauge transformations

It will be useful in the following to recall how L 4(X) transforms under
a gauge transformation (2.4). To that aim, we introduce a slightly more
general Wilson line

of
(3.4) LA(Uf,oi,o_c’)E@exp{f dTAO(T,E)},
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with 0<o; <ofr <p.
Owing to the definition of the path-ordering operation &2, we find the

two conditions

a > - —
(3.5) gLA(Uf,Ui,x) =Ao(of,xX)La(of,0;,%),
f

(3.6) Ly(oi,0i,%) =1,

which characterize L 4(0f,0;,%) entirely. In particular, it is easily checked
that U(Uf,o_c’)LA(af,ai,&’)UT(Ui,&’) obeys the same two conditions as the

Wilson line L yv(0f,0;,%) and, therefore, that
(3.7) L,u(oy,0,%) =Ulos,)Lalor,04,)U"(0,%).

The corresponding transformation rule for L 4(X) is obtained by setting

o;i=0and or=p.

3.2 Center symmetry

The previous considerations relate the confinement/deconfinement transi-
tion to the behavior of the Polyakov loop but do not explain why the latter
could vanish in some instances. As we now recall, this is related to a very
special symmetry of the Euclidean YM action (2.1) at finite temperature

known as center symmetry [7, 145, 150].

3.2.1 The role of boundary conditions

The Yang-Mills action is invariant under gauge transformations (2.4).
At finite temperature, the only, however important, constraint on the
field U(x) is that it should preserve the periodic boundary conditions of
the gauge fields along the Euclidean time direction, that is, it should be
such that A7 (7 + ,%) = A](7,%), VA (x). After some simple algebra, this

condition rewrites

(3.8) 0,2(1,%) ~[A,(x), Z(1,D)] = 0, VA (x),
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where Z(7,%) = U'(7,%) U (1 + 8, %). Since this has to be true for any possible
gauge field configuration, it follows that Z(7,%) should be a constant SU(N)
matrix Z commuting with all the generators of the su(N) Lie algebra and,
therefore, with all the elements of the SU(N) group.

In conclusion, Euclidean YM theory at finite temperature is invariant
under gauge transformations that are S-periodic in time up to an element

Z of the center of the gauge group:
(3.9) Ur+p,x)=U((r,X)Z,V1,VX.

The center elements are easily seen to be of the form Z = eizﬁnk]l, with
k=0,...,N—1 such that det Z = 1. These transformations form a group,
referred to as the group of twisted gauge transformations, denoted ¥ in

what follows.

3.2.2 Relation to the deconfinement transition

To unveil the relevance of the twisted gauge transformations for the
deconfinement transition, let us see how the Polyakov loop transforms
under the action of ¢4. First, owing to Eq. (3.7), we find the transformation

rule
(3.10) D (%) = %tr U(B, %) Lo@U'(0,%)
= %tru* 0,)UB,R)LAR) = e FE D4 (%),

where we have used the cyclic property of the trace as well as Eq. (3.9).
In order to derive the corresponding transformation rule for ¢, we note
that, in general, the definition (3.2) makes sense only in the presence
of an infinitesimal, symmetry-breaking source term added to the action:
Syuy — Sy —0*ei® [ dX®4(X). To account for the presence of this external
source of modulus 0" and direction e’%, we denote the Polyakov loop more

rigorously as ¢,.
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With these words of caution in mind, we can now perform a change of

variables in Eq. (3.2) in the form of a twisted gauge transformation:

(3.11) ¢, = J QAUq’AU(&’)e‘SYM[AU“O*e"“f dZ®, ()
. L=

IQAU e—SYM[AU]+O+ei"‘fd5c’<I)AU(5¢’)

JDA® yu(F)e Sruldl0e [did,u

f@A e_SYM[A]+O+emfd9_E(DAU(9_E)

- 27
ik
=e "pa+2”k’ Vk.

In the last steps, we have used the transformation rule (3.10), the invari-
ance of both YA and Syy[A] under twisted gauge transformations and
the fact that the periodic boundary conditions of the fields are preserved.
We have thus found that, under a phase multiplication of the external
source by e‘igﬁnk, the Polyakov loop transforms as

(3.12) 0, 2, =e'NEO,.
N

a

From here, two scenarios are possible:

¢ If the symmetry ¥ is realized in the Wigner-Weyl sense, then the
definition (3.2) makes sense without the need of the symmetry-
breaking source. The transformation rule (3.12) becomes then a
constraint equation for the Polyakov loop implying that the latter

has to vanish.

* In contrast, in the case where the symmetry is spontaneously bro-
ken in the Nambu-Goldstone sense, one expects degenerate ground
states with different values of ¢ connected to each other by (3.12).
The Polyakov loop does not need to be zero anymore and the system

is in the deconfined phase.!

IThe statement is certainly true for the SU(2) and SU(3) groups. The general discussion in
the case of SU(N) is slightly more involved, as we discuss in Chapter 8.

44



3.2. CENTER SYMMETRY

We have thus related the existence of a confined/deconfined phase
to the explicit/broken realization of the symmetry group ¥%. This connec-
tion offers a promising way for studying the confinement/deconfinement

transition which we shall exploit in subsequent chapters.

3.2.3 The center symmetry group

For later considerations, it will be important to realize that not all the
transformations of ¢ are physical. To see this, consider the subgroup
%4y of periodic gauge transformations, corresponding to twisted gauge
transformations with £ = 0. The operator ®4(x) is an observable (in the
sense that its expectation value ¢ measures a physical quantity) which is
left invariant by the elements of %. It is therefore legitimate to assume
that the elements of %, correspond to true, and therefore unphysical,
gauge transformations.

In contrast, even though they also look like gauge transformations,
the elements of ¢4 that do not belong to ¥, correspond to physical trans-
formations because they lead to explicit modifications of the observable
D4 (X). In fact, two transformations U;,U,y € ¢4 that are related to each
other by U; = Uy Us, with Us € %, lead to the same modification of ® 4 (%),
and, therefore, have the same physical meaning. It follows that the true
physical content of ¢ lies within the quotient set ¥4/%,. Moreover, since the
subgroup %, is normal within ¢ (that is YU € ¢, YU, € %,, UU,U" € 4,),
this quotient set ¢/%, inherits a group structure from %, isomorphic to

Zn. This is known as the center symmetry group.

In summary, two transformations of ¢ that belong to the same class
in ¥/%, should be seen as redundant versions of the same, physical center
transformation. In particular, the elements of %, do not correspond to
physical transformations since they define the neutral element of %4/%,.

These simple remarks will play a major role in the next two chapters.
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3.3 Center symmetry and gauge fixing

The results that we have recalled so far rely on the gauge-invariant
formulation of the theory. In practice, however, continuum approaches
to the deconfinement transition require working in a given gauge. It is
therefore important to assess whether and how the previous results extend

to a gauge-fixed setting.

3.3.1 Gauge-fixed measure

Gauge fixing can be interpreted as the replacement of the gauge-invariant
measure YA that enters the evaluation of any observable by a non gauge-
invariant measure Y4[A], without affecting the value of the observable.

For instance, in the case of the Polyakov loop, one writes

513 /- JDADFE) e STMAl [P [A]D4(X) e SV lA]
(3.13) B [ DA eSyulAl B f@gf[A]e—SYM[A] ’

where the appropriate infinitesimal symmetry-breaking source, see the
discussion above, has been left implicit.

The subtleties related to the construction of bona-fide and practical
gauge-fixed measures that realize the above type of identities have been
discussed in the previous chapter and we shall not repeat them here.?
The only point that should be stressed here is that, even though both
integral representations of the Polyakov loop lead to the transformation
rule (3.12), at the heart of its order parameter interpretation, the origin
of this transformation rule is slightly different in each case. The crux of
the problem is whether the transformation rule (3.12) can be maintained

in the presence of approximations.

2We recall, however, that the gauge-fixed measure Pot[A] is usually not local. Its localization
requires one to introduce integrations over auxiliary fields, such as the Faddeev-Popov ghost and
anti-ghost fields, or the Nakanishi-Lautrup field. Conveniently, however, the formal discussion to
be presented in this and the next two chapters can be done without introducing these fields.
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3.3.2 Gauge fixing and approximations

As we have seen above, in the non gauge-fixed setting, the transformation
rule (3.12) is already essentially manifest at the level of the correspond-
ing integrand in Eq. (3.13) because both YA and Syy[A] are invariant
under twisted gauge transformations while ®4(x) transforms according to
Eq. (3.10). In this case, were we to approximate the evaluation of the func-
tional integral by selecting only some of the gauge field configurations (as
one would do on the lattice), the transformation rule (3.12) would remain
true if, for any gauge-field configuration A ,(x) considered in the evaluation
of the integral, we would also include a representative of each of the possi-
ble twisted gauge transformations of A ,(x), for £ =1,...,N —1. This can
always be achieved in practice without summing over all configurations
under the functional integral.

The situation is drastically different within a gauge-fixed setting. In-
deed, because twisted gauge transformations look so much like true gauge
transformations, it is generally true that standard gauge-fixing conditions,
and in turn the corresponding gauge-fixed measures Z,¢[A], are not in-
variant under twisted gauge transformations. In this case, the integrand
in the gauge-fixed integral representation of ¢ does not have the expected
transformation rule.? The latter emerges only after integrating over all
gauge field configurations, and, because the functional integral is never

computed exactly, the transformation rule of ¢ is usually not manifest.

In the next chapter, we show how these shortcomings can be cured
by upgrading standard gauge fixings into background-extended gauge

fixings.

3Due to the existence of Gribov copies, it could be that, for certain configurations A EIR
there exist transformations U € ¢4, such that @gf[AU] = Pgr[A]. This does not solve the problem,
however, because it is not guaranteed that this property applies to an arbitrary gauge field
configuration and to a collection of transformations representing each of the physical center
transformations.
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CHAPTER

BACKGROUND FIELD GAUGES:
STATES AND SYMMETRIES

n this chapter, we recall how the shortcomings of standard gauge

fixings concerning the description of the confinement/deconfinement

transition in the continuum can be cured by means of a background
field. We put special emphasis on the justification of some of the steps
that are usually taken when implementing background field methods at
finite temperature. In particular, we discuss the underlying hypotheses
concerning the gauge-fixed measure and we stress the importance of
finding a good, redundancy-free description of the states of the system
that then allows for the analysis of center symmetry breaking.

We try to follow a semi-deductive approach: we start recalling the
basic properties of background field gauges, argue why these properties
are a priori not sufficient to solve the problem identified at the end of the
previous chapter and, finally, show how the problem is solved thanks to
the notion of self-consistent backgrounds. The main point of this chapter
is that such backgrounds play the role of order parameters for center
symmetry. We give a formal but relatively compact proof of this known

result and postpone a more explicit illustration to the next chapter.
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Self-consistent backgrounds offer an alternative route to the study of
the confinement/deconfinement transition [73] that we shall pursue in
subsequent chapters within the framework of the Curci-Ferrari model.
The present chapter is also the opportunity to introduce various related
constructs, such as the background field effective action or the background-
dependent Polyakov loop that shall ubiquitously appear in the rest of the
manuscript. For later use, we also extend the considerations on center

symmetry to other symmetries, in particular to charge conjugation.

4.1 The role of the background field

In the previous chapter, we claimed that the limitations of standard
gauge fixings regarding the continuum description of the deconfinement
transition could be cured with the help of background field gauges. Let
us now review some of the properties of this type of gauges that shall
eventually help reaching this conclusion. We stress however that these
properties, although helpful, will not be sufficient. The ultimate solution
to the problem will be presented in Sec. 4.2.

4.1.1 Center-invariant gauge-fixed measure

As we saw in the previous chapter, the problem with standard gauge fix-
ings is that the gauge-fixing conditions and, in turn, the associated gauge-
fixed measures Y,s[A], are not invariant under twisted gauge transfor-
mations. This makes it difficult to ensure the appropriate transformation
rule of the Polyakov loop under center transformations (and, therefore,
its order parameter interpretation), unless the Polyakov loop is computed
exactly. The idea behind introducing a background is to upgrade the
gauge fixing in such a way that the corresponding gauge-fixed measure

becomes invariant (in a sense to be specified below), with the hope that
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the transformation rule of the Polyakov loop applies even in the presence
of approximations.

For the sake of illustrating the procedure, let us consider the case
of the Landau gauge. Given a gauge field configuration A ,(x) such that
0,A,(x) =0 and a twisted gauge transformation U € ¢, one has typically
OﬂAg(x) # 0 and, therefore, Z1andau[AY] # Prandau[Al. To cure this obvi-
ously inconvenient feature, one introduces an arbitrary (periodic) back-
ground field configuration A ,(x) and replaces the Landau gauge-fixing
operator d,A,(x) by a covariant version of it, namely D u(Ay(x) —A u(%)),
where D p=0,_— [A 4(x), _] denotes the adjoint covariant derivative in the

presence of the background A 4(x). The condition

defines the so-called Landau-deWitt (LdW) gauge and is invariant under
simultaneous twisted gauge transformations of A ,(x) and A u(x):

(4.2) Al(x) = U®)A(0)U'(x) - Ux)0,U"(x),

(4.3) Al (x) = U@) A (x)U'(x) - Ux)8,U ().

The corresponding gauge-fixed measure is then such that
(4.4) DLawlAY; AV = DrawlA; AL, VU €9

It is in this sense that the gauge-fixed measure associated to the back-
ground extension of the Landau gauge is invariant under twisted gauge
transformations.

The procedure can be easily extended to any other gauge fixing and

one generally arrives at a gauge-fixed measure such that
(4.5) Di[AY; AV = 94[A;A], VU € 9.

For later use we stress that the background should be interpreted as an
infinite collection of gauge-fixing parameters. As such, any bona fide back-
ground gauge fixing should be such that the observables do not dependent

on the chosen background.
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4.1.2 Center-invariant effective action

One interesting feature of the invariance property (4.5) is that it is pre-
served by fluctuations. This is expected because the symmetry is realized
linearly. To check this is in more detail, let us add a source term to the

Yang-Mills action and define the generating functional W[J;A] as
(4.6) WIJ; Al Elnf@gf[A;A] exp{—SYM[A]+fddx (J”;a”)},

where we have introduced the field a,(x) = A,(x) — A ,(x). Being the dif-
ference of two gauge fields, it transforms under (4.2)-(4.3) as ag(x) =
Ux)a,(x) U'(x).

Let us now evaluate W[JV;AV] with Jff(x) = U(x)J#(x)UT(x). Using a
change of variables of the form (4.2) under the functional integral (4.6),
together with the identity (4.5) and the invariance of both the YM action

and the source term, we find!
(4.7) WIJY;AV1=WIJ;Al, VU € 9.

Next, we define the effective (or quantum) action ['[a;A] as the Legendre

transform of W[J; A] with respect to the source:
4.8) Pla; Al = ~WlJla; AL A1+ f d%x (J [a;AlL;a,),

where o/ N[a;A] is obtained by inverting the relation

A

for a fixed background. From the identity (4.7), it follows that

(4.10) alJV:AV1=aV[J;A]l, VU € 9,

INeedless to say, it is also important that the considered transformation U preserves the
periodic boundary conditions of the gauge field along the temporal direction.
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which, upon inversion, reads

(4.11) Jla";AY1=JY[a;A], VU €Y.
Finally, combining Eqgs. (4.7), (4.8) and (4.11), we arrive at
(4.12) fla¥;AY]1=Tla;A], VU €9,

which shows that the symmetry (4.2)-(4.3) is indeed preserved by fluctua-
tions, as already anticipated.

In what follows, we shall use a source term of the form (J,;A,), which
means that we work instead with the generating functional W[J;A] =
WIJ;Al+ [ dx (J u;A ). It is easily seen that the corresponding effective
action is related to the previous one by I'[A;A]=ITA — A;A] and obeys,
therefore, the symmetry identity [151]

(4.13) ITAY; AV1=T[A;A], VU € 9.

4.1.3 Background gauge fixing and approximations

Let us now turn back to our original problem of maintaining the transfor-
mation rule of the Polyakov loop in the presence of approximations and
see if the just derived properties help in that matter.

If we denote by ¢[A] the Polyakov loop computed in some approxi-
mation that preserves Eq. (4.5),2 then, following similar steps as in the

previous chapter, we can derive the transformation rule
(4.14) 0, 3, [AV1=e' Nk [A], VU €9,
N

where ¢! ¥*1 = U'(0,%)U(B,%) and e'® is the direction of the necessary,
infinitesimal, symmetry-breaking source. In the Wigner-Weyl realization

of the symmetry, the Polyakov loop does not depend on a, and then

(4.15) ([AV] = i Fh[A], VU € 9.

2This is easily achieved in practice because the symmetry is realized linearly.
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As interesting as these relations might be, they do not allow us, however,
to solve our original problem. The reason is that Eq. (4.15) is not really
a constraint but rather a relation between two different approximated
evaluations of the Polyakov loop. Only when the latter is computed ex-
actly, does ¢[A] become independent of A (seen as an infinite collection of
gauge-fixing parameters) and Eq. (4.15) implies that the Polyakov loop
has to vanish in the center-symmetric phase. We are thus back to our
original problem: even within a background-extended gauge fixing, the
transformation properties of the Polyakov loop seem difficult to maintain
in the presence of approximations.

This negative result may look discouraging. However, we can try to
attack the problem in a different manner which exploits beneficially the
previous results. Since the confinement/deconfinement transition corre-
sponds to a change of the state of the system from a center-symmetric to a
center-breaking state, we only need to find a procedure that allows us to
discriminate, at each temperature, between these two types of states, or,
equivalently, to identify the center-symmetric states among all possible
states. In the case of standard gauge fixings, the gauge-fixed measure
is not invariant under twisted gauge transformations and neither is the
corresponding effective action. Since the states of the system are usually
extracted from the effective action, it is clear that such a framework does
not facilitate the identification of center-symmetric states. In contrast,
the quantum realization of center symmetry in background gauge fixings,
as encoded in Eq. (4.13), is certainly a favourable condition for such an

identification to be possible.

4.1.4 Center-symmetric states: first try

Let us make a first try in identifying the center-symmetric states. It will
lead to a loose end, but it will help understanding the correct procedure to

be presented in the next section.

54



4.1. THE ROLE OF THE BACKGROUND FIELD

A priori, the actual state of the system is obtained at the minimum of
the effective action. More precisely, in the background framework consid-
ered here, one needs to minimize the effective action I'TA, A] with respect
to the field A, for a given background A. The actual state of the system
appears then as a certain background-dependent configuration A;,[A]
such that

(4.16) T[AL[ALLA]<TIA;A], VA,

We now would like to asses whether such a state A;,[A] is center-
symmetric or center-breaking.

To this purpose, we apply a twisted gauge transformation U to A nin[A].
The invariance property (4.13) means that the transformed configuration
AU, [A] is also a minimum, but of the functional I'_;A"]. Indeed, we
have
4.17) VA, TIA,AV1=TIAY";A] = T[AnwnlAL;A1=TIAY, [A];A7],
where we have successively used Egs. (4.13), (4.16) and again (4.13). It
follows that a state of the system, as described in the presence of the
background A, is transformed into another state, but described in the
presence of a different background AV. This change of description as we
transform the state of the system makes it difficult to identify the states
that are invariant and, therefore, to draw any conclusion on the possible

breaking of center symmetry at some temperature.

The situation is similar to that in Eq. (4.15) where the background is
changed as a center transformation is applied. This is of course reminis-
cent of the fact that the invariance property (4.13) requires the background
to be transformed as well. In the next section, we show nonetheless that
the problem can be circumvented by restricting the discussion to so-called

self-consistent backgrounds.
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4.2 Self-consistent backgrounds

Self-consistent backgrounds are specific background configurations A,

defined by the property
(4.18) Ay =AninlA,l.

As it is well known, the minimum of the effective action coincides with
the one-point function and, therefore, the self-consistency condition also
rewrites A, = (A) Ay where (...) A, denotes the expectation value in the
presence of the gauge-fixed measure ng[A;As]. So, in a sense, the strat-
egy of restricting to self-consistent backgrounds corresponds to constantly
adapting the gauge fixing (through the choice of the background configura-
tion) in such a way that the one-point function is always known exactly.?
This has certainly an obvious practical interest.

However, the main benefit of self-consistent backgrounds lies in that
they allow for the identification of center-symmetric states. In fact, as we
now explain, self-consistent backgrounds are order parameters for center
symmetry and can be used, therefore, in place of the Polyakov loop. In
order to reach this conclusion, we first introduce the background field
effective action that leads both to a simple characterization of the self-
consistent backgrounds and to their interpretation as the actual states of
the system.

4.2.1 Background field effective action

The background field effective action is nothing but the effective action
I'[A,A] evaluated along the subspace A = A:

(4.19) [[A1=T[A=A;A].

3In particular, it follows that self-consistent backgrounds depend on the temperature, as
opposed to the fixed backgrounds considered in the previous section.
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It obeys the invariance property
(4.20) [[AY]=TI[A], VU e9¥,

as it can easily be shown using Eqgs. (4.13) and (4.19).

Let us now see how it allows for a characterization of the self-consistent
backgrounds. One important ingredient to find such characterization will
be that the value of the effective action at its minimum does not depend

on the chosen background:
(4.21) TTAminlAL, Al =T[Apin[A';A'], VA’

This is because minimizing the effective action with respect to A corre-
sponds to taking the zero-source limit in Eq. (4.8), that is to evaluating
the free-energy of the system up to a factor 8.* As any other physical
observable, the free-energy cannot depend on the background A. This is

exactly what is encoded in Eq. (4.21).

With this property in mind, let us derive the promised characterization
of self-consistent backgrounds. We first show that a self-consistent back-
ground A, is necessarily an absolute minimum of I'[A]. To this purpose,

we write the following chain of relations

(4.22) [TA,1=TIA, ALl
= [Am[A ] A]
=T[AL[A];A], VA
<T[A;A], VA
<ITA], VA,
where we have successively used Eqs. (4.19), (4.18), (4.21), (4.16) and

again (4.19). Thus, as announced, a self-consistent background A, is an

absolute minimum of the functional T[A].

41t is assumed here that the gauge-fixed measure Yol Al includes appropriate normalization
factors, such that the zero-source limit of Eq. (4.6) is indeed the free-energy up to a factor — and
a trivial shift related to the volume of the gauge group.
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Next, we prove the following version of the reciprocal property: assum-
ing that there exists at least one self-consistent background A;, then any
absolute minimum A,, of I'TA] is also a self-consistent background. To this

purpose, we note that

(4.23) I'MA,,1<T[A],VA,

and write

(4.24) I'A,,]1 <T[A]
<T[A,,A,]

= l—‘[14min[1&8]71[x8]
<T[AnnlALA,l

This time, we have successively used Eqs. (4.23), (4.19), (4.18) and (4.21).
This implies that A,, = A;,[A,,], and, therefore, that A,, is self-consistent,

as announced.

In conclusion, we have shown that there are either no self-consistent
backgrounds at all or that they are exactly given by the absolute minima
of the functional I'[A]. We shall assume from here on that we are in the

second scenario.’

4.2.2 Background description of the states

Now that we have characterized the self-consistent backgrounds as the
absolute minima of the background field effective action, let us see how
they provide a new description of the states of the system that does not

suffer from the limitations identified in Sec. 4.1.4.

5The present derivation assumes the unicity of the field configuration A, [A] for each
background configuration A. Similar results can be obtained under the assumption of degenerate
minima.
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The point is that, when working with self-consistent backgrounds,
all the relevant information can be obtained from the functional I'[A]
and the (self-consistent) background configurations A, that minimize it,
without any reference to the functional I'lA, A] or to the field configuration
A, i,[A]. In particular, up to a trivial factor, the free-energy of the system

is given by
(4.25) IMALin[A; A1 =T[A,, A1 =TIA],

that is, it is given by the background field effective action I'[A] evaluated at
any self-consistent background A;. Therefore, in a certain sense, one can
interpret the space of background field configurations A over which I'TA]
is varied as the the space of all potentially available states, the actual
state of the system corresponding to those particular (self-consistent)
backgrounds that minimize ITA].

Now, the invariance property (4.20) means that, after applying a
twisted gauge transformation U € ¢ to a given state A, the newly ob-
tained configuration AV is also a minimum of the functional I'TA] and,
therefore, another acceptable state of the system. The important differ-
ence with respect to the discussion in Sec. 4.1.4 is that there is no change
of description as one transforms the state since the functional that needs
to be minimized remains the same. As a consequence, there is no obstacle

anymore to the identification of center-symmetric states.

4.2.3 Orbit description of the states

Before we proceed to this identification, however, it is important to realize
that the previous description of the states carries some redundancy. This
relates to the fact that the symmetry identity (4.20) applies in particular
to the periodic gauge transformations U € %,. As we have seen in the
previous chapter, these transformations need to be considered as true,

and therefore unphysical, gauge transformations. Their presence only
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reflects the redundancy of the description in terms of gauge fields and,
consequently, two background configurations that belong to the same
orbit under the action of %, should be considered as describing the same
physical state. In other words, the physical states of the system correspond
to the various possible %;-orbits in the space of background configurations
and a given %j-orbit (a given physical state) admits various equivalent
representations in terms of background configurations.

The redundancy in the description of the physical states by means of
background configurations is similar to the redundancy in the description
of physical center transformations by means of twisted gauge transforma-
tions that we discussed in the previous chapter. And just as it was possible
to remove the redundancy inherent to ¢ by considering the group %/%,, it
is possible to remove the redundancy inherent to the use of backgrounds
by working instead with the corresponding %,-orbits.

To see how this is achieved in practice, we first notice that the back-
ground field effective action can be defined directly on the %;-orbits since
I'TA] depends only on the orbit «/ the background A belongs to. We can
then define I'[«/] = '[A], where A € «/ is any background in the orbit <,
and the physical state is obtained by minimizing I'[<¢/] over the space of
%y-orbits. Second, it is possible to define the action of a center transfor-
mation % € 4/%, directly on the %,-orbits. Indeed, owing to the property
YU €94, YUy € 9,, UUU' € 4,, all the backgrounds in a given %,-orbit
are transformed under a twisted gauge transformation into backgrounds
belonging to one and the same orbit, which means that one can directly
define the action of a twisted gauge transformation on %,-orbits. Moreover,
this action depends only on the class of ¥4/%, the twisted gauge transfor-
mation belongs to, thereby defining the action of ¥4/%, directly on %,-orbits.
Finally, in this redundancy-free formulation, the symmetry identity (4.20)

reads

(4.26) TA¥ =Tt YU € 4/%,.
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From all these considerations, it follows, as announced, that one can

work exclusively in terms of %,-orbits and center transformations.

4.2.4 Center-symmetric states: second try

It should be clear by now that the center-symmetric states of the system

correspond to the center-invariant %,-orbits, that is orbits </ such that
(4.27) VU €G/Gy, A = .

In terms of background configurations, this reads

(4.28) VUe9,3Upe%, Al (x)=AT"(x),

that is center-symmetric states corresponds to backgrounds that are in-
variant under twisted gauge transformations, modulo periodic gauge

transformations.

In the next chapter, we will see how to practically access the center-
invariant %,-orbits using either Eq. (4.27) or Eq. (4.28). For the time being,
what we can say is that we have classified the physical states of the system
into center-invariant and center non-invariant %,-orbits. Therefore, the
%y-orbits and, by extension, the background configurations, play the role
of order parameters for the confinement/deconfinement transition, as
announced earlier. This is the central result of this chapter, at the basis of
the applications to be presented in subsequent chapters. For other proofs

of this result in the case of the SU(2) gauge group, we refer to [73, 74].

4.3 Other symmetries

The previous considerations apply not only to center symmetry but, as
we now explain, to any physical symmetry of the quantum action. After

introducing some generalities, we discuss in particular the case of charge
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conjugation symmetry which plays an important role in subsequent appli-

cations.

4.3.1 Generalities

Consider a physical transformation 9 of the state of the system. In
the space of background configurations, it writes A — A7 6 where A7
should not be mistaken with the notation AV. In fact, I is a formal group
transformation, not necessarily an element of SU(V).

The transformation 9 being physical, the application of 9 followed
by 9 ! to a background representing a given %,-orbit (a given physical
state) should lead to a background of the same %,-orbit, even when some
additional true gauge transformations are inserted between 9 and L.

Mathematically, this writes as
(4.29) YU €%y, U €%y, (AT)V)7 () = AV ().

From this, it follows immediately that the physical transformation J can
be defined directly on the %;-orbits, as it should, of course, for a physical
transformation.

Moreover, just as with physical center transformations, the group of
physical transformations 9 can be extended into a group of transforma-
tions T defined as the transformations 9 modulo elements of %,. Owing
to Eq. (4.29), ¥, is a normal subgroup of this extended group and the corre-
sponding quotient is isomorphic to the group of physical transformations.
The reason for introducing such an extended group is that, in the space of
background configurations, any transformation of the extended group is a

valid representation of the corresponding physical transformation.

6We are implicitly assuming here that the background field effective action I'[A] is invariant
under 9, which happens in particular if the gauge-fixing condition, and in turn the gauge-fixed
measure @g-f[A;A], are invariant under (A,A) — (A7 ,A7), and if the symmetry is realized
linearly.
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The states of the system that are invariant under the physical trans-
formation 9 correspond to the I -invariant %,-orbits. Mathematically,

this writes as

(4.30) VT, A7 =,

or, in terms of background configurations, as

(4.31) VT, o€ %y, Aj(x)= A} ().

In particular, in terms of background configurations, physical invariance
needs to be understood as invariance modulo true gauge transformations.
The characterization (4.30) of invariant states is useful when one has a
simple description of the orbits, such as the description in terms of Weyl
chambers that we review in the next chapter. The characterization (4.31)
is used when such a description is not available, for which we also give an

example in the next chapter.

4.3.2 Charge conjugation

Let us now illustrate these general considerations with the important

case of charge conjugation. On the gauge field, this transformation reads
(4.32) Al (x)=-Al(x),

and changes a given representation into the corresponding contragredient
representation. It is easily checked that this indeed corresponds to a
physical symmetry in the sense of the condition (4.29).

In order to see the effect of this symmetry on the Polyakov loop, it is
convenient to introduce the normalised trace of the Wilson line associ-
ated to the anti-quark ®,(x)=®_ 4t(X) which transforms according to the

contragredient representation.” The corresponding Polyakov loop

(4.33) 7=(®4)y,

"In terms of the anti-path-ordering, this rewrites ®4 (%) = tr 2 exp {— foﬁ dt Ao(r,a_c’)}.

63



CHAPTER 4. BACKGROUND FIELD GAUGES:
STATES AND SYMMETRIES

is referred to as the anti-Polyakov loop. From Eq. (4.32) and the charge

conjugation invariance of the YM action, it follows immediately that®
(4.34) r=¢.

This relation is to be expected since charge conjugation symmetry is an
unbroken symmetry of the YM system and, therefore, it should cost the
same energy to bring a quark or an anti-quark into the thermal bath of
gluons.

On the other hand, because A, = iAjt” is anti-hermitian, we have
—A}(x) = A’(x) and thus ®4(¥) = @ (¥). This implies

(4.35) ’=10".

We mention that this result relies crucially on the fact that the averag-
ing measure under the functional integral is real. Combining it with the
previous result, we deduce that the Polyakov and anti-Polyakov loops
are real, which is a necessary condition for their interpretation as e 2.
In Chapter 9, we shall investigate how these properties change in the

presence of quarks with a finite chemical potential.

As for the background gauge-fixed theory, assuming that the gauge-
fixed action remains invariant under charge conjugation and because the

symmetry is realized linearly, it is not difficult to argue that
(4.36) [TA“]1=TIAl,

for any transformation C equal to € modulo elements of %,. In terms of
%y-orbits, this reads

(4.37) INEAENETN

8Strictly speaking, this identity holds as long as there is no spontaneous breaking of center
symmetry. When the symmetry is broken, the identity applies to one of the possible states. The
other states are invariant under a combination of charge conjugation and a center transformation.
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which expresses charge conjugation invariance at the quantum level.
Charge conjugation invariant states are such that «/¢ = o/. We shall

characterize them more precisely in the next chapter.

4.4 Additional remarks

Let us conclude this chapter with some critical remarks on the rationale

behind the previous background field gauge construction.

4.4.1 Back to the Polyakov loop

The most important feature of the previous construction is that the in-
terpretation of the ¥%,-orbits as order parameters for the deconfinement
transition remains valid in the presence of approximations, provided the
latter maintain the symmetry identity (4.26). This is easily achieved in
practice because the symmetry is realized linearly.” Moreover, since %,-
orbits represent an alternative order parameter, we do not need to be
concerned anymore with the Polyakov loop and the question of whether
it is possible to maintain its transformation rule in the presence of ap-
proximations. It is interesting to note, however, that the same framework
allows to answer this question positively.

To see this, let us allow for a non-zero source J coupled to a which
can be seen as a functional J[a;A] of @ and A, see the discussion of
the effective action I'[a; Al in Sec. 4.1.2. Suppose then that the source is
chosen such that a = A — A =0, that is the background A is forced to be
self-consistent with the help of the source J[A] = J[0;A]. We can compute
the Polyakov loop in the presence of this source. Because it depends on the
background A, in what follows, we refer to it as the background-dependent
Polyakov loop, and denote it by ¢[A].

9For instance, the perturbative expansion to be used in the following chapters will fulfil this
property.
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Now, from Eq. (4.11), it follows that
(4.38) JIAY1=JY[A], VU €9,
from which it is easily deduced that
(4.39) ([AV] = e/ Fhe[A], VU € 9.

In particular, since ¢/[AY] = ¢[A] for U € %,, ¢[A] can be defined directly
on %,-orbits, ¢[<f] = ¢[A], and the transformation rule (4.39) rewrites

(4.40) 0T ] = ' V0L, VU € G/G, .
Now, if the orbit is center-invariant, it follows that
;21

(4.41) Al =e'N*e[f], VEe{0,1,...,N — 1},

and, therefore, ¢[</]= 0. This property relies only on the identity (4.38)
which is again easily satisfied in the presence of approximations.

Similarly, under charge conjugation
(4.42) JIA®] = JO[A].
From this, it is easily deduced that
(4.43) (IAC] = 71A] = ¢"[Al
In terms of ¥%,-orbits, this reads
(4.44) (g1 =01 =071,

and for a charge-conjugation-invariant orbit (which should represent the
actual state of the YM system) we recover the above results for the physi-

cal Polyakov and anti-Polyakov loops.

It should be mentioned that the functional /[A] defined here is differ-

ent from the one that we introduced in Sec. 3.1.3. The latter was just an
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approximated version of the physical Polyakov loop whose A-dependence
stem precisely from the use of approximations. Here, instead, the func-
tional /[A] does depend on A, even in the absence of approximations,
because it is not the physical Polyakov loop but, rather, the value of the
Polyakov loop as the system is forced into a state corresponding to the
background A by means of a non-zero source J[A]. The physical Polyakov
loop is retrieved when evaluating ¢[A] for a self-consistent background
A, which is precisely such that J[A;] = 0.1 If it so happens that this self-
consistent background belongs to a center-invariant %j-orbit, it follows
from the above that ¢[A,] =0, and so, even in the presence of approxima-

tions.

4.4.2 Hypothesis on the gauge-fixed measure

The justification of all the previous results relies on two natural but strong
assumptions on the generating functional W[J;A] which in turn imply
constraints on the gauge-fixed measure @gf[A;A]. These assumptions
are, first, that W[J;A] should be convex with respect to J and, second,
that W[0;A] should not depend on the background A. It is important
to keep these basic assumptions in mind since they are not necessarily
implemented exactly in the practical realizations of the gauge fixing
and/or in the presence of approximations and could therefore lead to some
artefacts. We shall discuss some of these artefacts in Chap. 11. Here, we

analyse the basic assumptions in more detail.

100ne may wonder why we do not need an infinitesimal, symmetry-breaking source here,
similar to the one that we introduced in the previous chapter. In the case where the physical
state of the system is represented by a background A, belonging to a center-invariant orbit, the
system is in the symmetric phase and the symmetry-breaking source is indeed not needed. For
any other physical state, there will typically exist various orbits connected to each other by center
transformations. The values of /[A] on each of these orbits represent the various vacua in the
Nambu-Goldstone realization of the symmetry, as they would equivalently be reached from an
infinitesimal, symmetry-breaking source.
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Convexity of W[J;A]: The convexity of W[J;A] enters crucially in the
identification of the self-consistent backgrounds as the absolute minima of
the functional I'TA]. The reason is that the proof of the standard fact that
the limit of zero sources corresponds to the minimization of the functional
I'[A;A] with respect to A requires, in its simpler form, the convexity of

WIJ;Al. Indeed, W[J;A] lies always above any of its tangential planes:

oW
OJ(x)

(4.45) WIJ;Al= Wy, Al + f ddx(

s (x) — Jo(x)) :
Jo

In terms of the effective action, it follows that

oW _ o d oW
(4.46) r E’Al = W[J,A]+fd X (6J(x)’J(x))
_ i a [ OW | )
< W[JO,A]+fd X (6J(x) JO,Jo(x)
o (OW  SW | )
+f d x(aJ(x) 67|, ")

for any sources </ and J,. Taking the limit J — 0, we finally arrive at

oW oW
oJ

(4.47) r A <T A
J—0

) VJO ’
Jo

which justifies the minimization principle referred to above.

The convexity of W[J;A] is a natural assumption to be made since
it is a property of an “ideal gauge fixing” where one configuration per
orbit is selected in the space of gauge field configurations. The gauge-fixed
measure associated to this ideal gauge fixing is positive (since the original
measure YA is positive). As we show in App. C using Holder inequality,
this implies the convexity of W[J,Al.

In many practical implementations of the gauge fixing, however, the
positivity of the gauge-fixed measure is not satisfied. For instance, in
the Faddeev-Popov approach, positivity is violated due to the presence of

the associated determinant which is known not to have a definite sign
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over the space of gauge-field configurations. The same is true a priori
for the Serreau-Tissier approach due to the averaging over Gribov copies
with an alternating sign, although it could be that the positivity violation
remains moderate if certain copies dominate with respect to others. The
situation seems more under control in the Gribov-Zwanziger approach
where the functional integral is, in principle at least, restricted to the
first Gribov region defined by the positivity of the Faddeev-Popov operator.
However, the positivity of the measure is not necessarily guaranteed in
practical implementations of the Gribov-Zwanziger approach, although
the violation could again remain small.

In fact, the positivity of the gauge-fixed measure is just a sufficient
condition for identifying an order parameter. The order parameter in-
terpretation remains correct provided the positivity violation remains
moderate to ensure the convexity of W[J;A]. Since a dynamical mass
scale is expected to be generated (and is actually generated in some cases)
that damps large enough values of the gauge field, we expect the positiv-
ity violation to remain indeed moderate. In the Curci-Ferrari approach,
this damping factor is there from the beginning, so we expect the pos-

itivity requirement to be fulfilled if the Curci-Ferrari mass is large enough.

We mention finally that the non-positivity of the integration measure
can also have a physical origin, as in the presence of dynamical quarks
at finite baryonic density. In this case as well, the very foundation of the
background field method needs to be critically revisited. We shall deal
with this matter in Chapter 9.

Background independence: The other crucial property that enters
the justification of the background field approach is that of the background-
independence of the free-energy. In the Faddeev-Popov approach this is
ensured from the general properties derived in Chap. 2. In other ap-

proaches, including any continuum approach using a free mass parameter,
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this question needs to be investigated. For the Curci-Ferrari approach, we
do so in Chap. 6.

4.4.3 Landau gauge paradox

Although compelling, the above rationale for using the background field
method at finite temperature is not completely free of paradoxes. A par-
ticularly intriguing one is the case of the vanishing background configu-
ration A = 0. Indeed, in the absence of background, the invariance under
color rotations is manifest and since we do not expect this symmetry
to be spontaneously broken, we should have (A);_, = 0 which implies
that A = 0 is a self-consistent background. As such, it should always
appear as a minimum of I'[A]. This is a priori a welcome result since
[TA = 0] =T[A = 0;A = 0] is nothing but the free-energy density of the
system computed in the Landau gauge and should, therefore, coincide
with the free-energy density computed in the Landau-deWitt gauge from
whatever relevant non-trivial self-consistent background A,.

The problem is however that A = 0 cannot correspond to a center-
symmetric state as we show in the next chapter. This poses therefore the
question how, in a would be confining phase for which A; # 0, one could
have both an absolute minimum of I'[A] at a center-symmetric point and
another absolute minimum, with the same value of I'[A], at the center-
breaking point A = 0. One possible scenario could be that A = 0 needs
to be interpreted as an unstable state (in a sense that still needs to be
defined) which only reaches the same value of I'TA] as enough fluctuations
are included in the evaluation of I'TA]. To some extent, this is similar to
the flattening that occurs to the mexican hat potential in the O(N) model
with spontaneously broken symmetry [152]. As matter of fact, we will see
in the next chapters that A = 0 appears indeed as a maximum of I'[A]
in a fixed order approximation. How the effective action could flatten to

bring A = 0 to the same potential depth as A; and how this would affect
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the use of background field methods at finite temperature needs still to be
clarified.
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CHAPTER

BACKGROUND FIELD GAUGES:
WEYL CHAMBERS

s we have seen previously, within any background-field gauge,

the physical states of the Yang-Mills system can be interpreted

in terms of %,-orbits in the space of background configurations,
where ¥, is the subgroup of periodic gauge transformations within the
group ¥ of twisted gauge transformations. These considerations are cru-
cial to the discussion of the confinement/deconfinement transition since
the physical states that are center-symmetric, and thus confining, corre-
spond to the invariant %,-orbits under center transformations. Preparing
the ground for subsequent applications, it is the purpose of the present
chapter to recall how these invariant orbits are identified in practice.

We shall do so using a simplifying assumption on the properties of
the background based on the homogeneity and isotropy of the Yang-Mills
system at finite temperature: we shall restrict to constant temporal back-
grounds in the diagonal part of the algebra. As a consequence, our analysis
of center symmetry will require only a subgroup ¢ of the twisted gauge
transformations, those that preserve this specific form of the background.

We shall start by deriving the general form of these transformations in
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terms of the so-called Weyl transformations and what we refer to as the
winding transformations. The analysis of these two types of transforma-
tions is considerably simplified if one operates a change of color basis from
the conventional Cartesian bases to canonical or Cartan-Weyl bases. Since
these bases play a major role in subsequent calculations, we spend some

time recalling their definition and general properties.

Of particular interest for the analysis of the confinement/deconfinement
transition is the subgroup ¥, of periodic transformations within 4. It will
allow us to interpret the physical states of the system as the %,-orbits
in the restricted space of constant, temporal and diagonal backgrounds,
and the center-symmetric states as the center-invariant %y-orbits. The
identification of the latter will then be achieved using the notion of Weyl
chambers. In view of its importance when quarks are included back in the
analysis, we shall also discuss charge conjugation symmetry using again
the Weyl chambers.

Finally, we shall return to the original assumption on the form of
the background and critically discuss the homogeneity and isotropy con-

straints on the possible background configurations.

5.1 Constant temporal backgrounds

As we have seen, the actual state of the system is obtained by minimizing
the background field effective action I'[A] in the space of background
field configurations, or, in a redundancy-free description, by minimizing
the background field effective action ['[«/] in the space of ¥4;-orbits. As
usual, the search for minima can be simplified using the symmetries of
the system: any symmetry that is known not to be spontaneously broken,
should be manifest at the level of the state (Wigner-Weyl realization) and

therefore at the level of the minimizing background/orbit.
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5.1.1 Homogeneity and Isotropy

In particular, the Yang-Mills system at finite temperature is homogenous
and isotropic, that is, it is invariant under both temporal and spatial
translations and also under spatial rotations. Because these symmetries
are expected not to be broken spontaneously, it makes sense to restrict
the search for minima of I'[A] to constant temporal backgrounds of the
form Au(x) =A, 6 uo-

The discussion is in fact a little bit more subtle due to the general
symmetry considerations of the previous chapter. In particular, the ho-
mogeneity and isotropy of the state translates into the invariance of the
corresponding %,-orbit but not necessarily into the invariance of the vari-
ous background configurations that represent the orbit. Thus, even though
the orbit associated to a constant temporal background is both homoge-
nous and isotropic, there could be other invariant orbits such that none of
the representing backgrounds are invariant, but only invariant modulo a
non-trivial element of ¢;. We shall return to this interesting possibility at
the end of this chapter and assume for the moment (as usually done in the
literature) that we can indeed restrict to ¢,-orbits that contain constant
temporal backgrounds, or, more simply, that we can work exclusively with
constant temporal backgrounds of the form A u(x) = Ay 40-

Moreover, since color rotations are elements of %,, we can always
assume that the constant Lie algebra element A, has been color rotated
to the diagonal part of the su(N) algebra.! Denoting by {iH;} a basis of the
latter, with [H;,H;] = 0, see App. B, the most general background that we

shall consider is then of the form
(51) ,BAIU(:)C): if‘jHj5u0,

where the factor f = 1/T has been introduced to make the components r;

dimensionless. In fact, the discussion from here on applies more generally

IThis is because the elements of su(N) are anti-hermitian matrices and are thus diagonaliz-
able by a unitary change of basis.
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to any semi-simple Lie algebra. Such algebras admit maximally commut-
ing subalgebras, the so-called Cartan subalgebras, which any element of
the algebra can be rotated into. In what follows, unless specifically stated,
we assume that we work in this general context. Denoting by d¢ the di-
mension of the Cartan subalgebra, the possible background configurations
are then represented by a vector r € R, with do = N — 1 in the case of
SU(N). We refer to this copy of R?C as the restricted background space and
to the vector r as the restricted background.

Correspondingly, the analysis of the background effective action ['[A]
is reduced to that of a background field effective potential V(r) and the
background dependent Polyakov loop ¢[A] introduced in the previous
chapter becomes a function ¢(r) of the restricted background. Similarly,
the symmetry transformations should also be restricted to those that

preserve the form (5.1) of the background and which we now characterize.

5.1.2 Restricted twisted gauge transformations

The twisted gauge transformations U(x) that preserve the form (5.1) of the
background are such that U(x)ir ;H;6,0U T(x) - Ul(x) poU T(x) is constant,
temporal and diagonal, for any restricted background r. We refer to these
transformations as restricted twisted gauge transformations. They form a
subgroup of ¢, denoted ¥ in the following.

If we take the index pu to be spatial in the condition above, we find
that the transformations of ¢4 can only depend on 7. Moreover, choosing
r =0, we find that dU/dt =is;H ;U for some s € R%c. Integrating this

equation yields
(5.2) Ur)=e' 75w,

for some color rotation W € SU(N). Finally, for the above constraint to
be valid for a given r # 0, we should have Wr;H ,W' = s;H, for some s

depending on r.
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In summary, the elements of ¢ take the form (5.2), with W a color
rotation that leaves the Cartan subalgebra globally invariant. Such type
of color rotations are known as Weyl transformations. The transformations
of the form e'#°% will be referred to as winding transformations.

5.1.3 Charge conjugation

Even though it will play a secondary role for the moment, let us also
discuss charge conjugation, which we recall is defined as Af(x) = —AL(x).

In the case of SU(V), since H;. =H;, we have A{t(x) — —A{L(x) and charge

conjugation leaves the Cartan subalgebra globally invariant.

We can therefore consider its action directly on the restricted back-
ground space, where it corresponds to the geometrical transformation
r — —r, that is the reflection about the origin. The invariance of the

potential under charge conjugation reads

(5.3) V(-r)=V(r),

and the constraint on the background-dependent Polyakov loops is
(5.4) (-r)=0(r).

We shall now study to which geometrical transformations in the restricted
background space the Weyl and the winding transformations correspond
to.

5.2 Winding and Weyl transformations

The winding transformation '35 acts on a given gauge field configura-

tion A, (x) as

(5.5) BA(x) — e P HiBA (x)e P 4 is H 6,0

_ i%SjadH‘ A ( ) . H6
=e TPA(x)+1s;H ;6 0.
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Here, we have introduced ady = [0, _] and we have used that e?Xe=? =
e X . The operators adHJ. commute with each other since [ade,ade] =
adig; m,1 = 0. To obtain a more explicit representation of the winding
transformations, we can try, therefore, to diagonalize simultaneously the
action of the operators adg; on the Lie algebra. This is precisely the role
of the Cartan-Weyl bases. These bases will also be used below for the

characterization of the Weyl transformations.?

5.2.1 Cartan-Weyl bases

A Cartan-Weyl basis is a basis {iH;,iE,} of the Lie algebra which extends
the basis {iH} of the Cartan subalgebra and which diagonalizes simul-
taneously the adjoint action of all the elements of the Cartan subalgebra
[153]:

(5.6) ady H, =[H;,H,]1=0,
(5.7) adeEa =[H;E.]=0a;E,.

The labels a are vectors of R whose components are the a ;. This copy of
R4 is however not the same as the restricted background space defined
above. For reasons that will become clear shortly, we refer to it as the dual
(restricted) background space. It can be shown that roots always appear
by pairs (a,—a). They form what is known as the root diagram of the

corresponding algebra.

To take a few examples, consider the SU(2) and SU(3) cases. For SU(2),
the Cartan subalgebra is generated by the diagonal Pauli matrix Hs = o3/2.
From the commutation relations [0;/2,0 /2] = i€; ;,0:/2, it is easily seen
that one possible Cartan-Weyl basis is given by {i03/2,i0,/2,i0_/2} with
0. =(01+i03)/V2, and roots +1. In the case of SU(3), the Cartan sub-
algebra is generated by the diagonal Gell-Mann matrices H3 = 13/2 and

2They will also lead to considerable simplifications in the calculations to be performed in
subsequent chapters.
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FIGURE 5.1. The SU(3) root diagram. The root diagram of SU(2)
is also visible if one restricts to the horizontal axis. The other

pairs of roots can be interpreted as corresponding to the other
SU(2) subgroups of SU(3).

Hg = Ag/2. Using the values for the SU(3) structure constants, it is easily
checked that the roots are +(1,0), +(1/2,v3/2) and +(1/2,-v/3/2). The
corresponding root diagrams are represented in Fig. 5.1. The root diagram
of SU(N) is constructed in App. B where we show in particular that all

roots are of norm unity.

We mention that Cartan-Weyl bases are not bases of the original, real-
valued Lie algebra but, rather, of the complexified Lie algebra. Therefore,
in such bases, the components of an element X of the original Lie algebra
do not need to be real. However, one can always choose the basis elements
E, such that X =i(X;H;+ X,E,;), with X; € R and X, =X _,, see App. B

for a more detailed discussion.
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5.2.2 Winding transformations

Decomposing the gauge field A ,(x) into a Cartan-Weyl basis, it is easily

checked that the winding transformation (5.5) writes

(5.8) BAl(x) — PAl(x)+s;,
(5.9) BA%(x) — PAL(x)e' P,

where s-a = s;ja;. Then, the components of fA,(x) along the Cartan
subalgebra are just shifted by the corresponding components of s, while
the orthogonal components® are multiplied by the phase el %Y,

So far, however, we did not implement the fact that winding transfor-
mations, like any other twisted gauge transformation, should preserve the
periodicity of the gauge field along the temporal direction. This implies
some constraints on the vector s defining the winding transformation.
Since the components of the gauge field along the Cartan subalgebra
are just shifted by a constant, the constraints originate only from the
orthogonal components. For these components to remain periodic, we need

to require the following set of conditions:
(5.10) s-a€2n’,Va.

In fact, it is sufficient that these conditions be satisfied for a set of roots
{a"} that generate any other root as a linear combination with integer
coefficients. In this case, the conditions (5.10) define a lattice, dual to the
one generated by the roots. If we introduce a basis {@a*} of this dual lattice,
such that

(5.11) aV-a® =2n8,
the general solution to (5.10) takes then the form

(5.12) s=npa®,

3The reason why we dub these components ‘orthogonal’ is given in App. B
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where n; € 7, and a summation over & is implied.
As far as the restricted background r is concerned, because it is diago-

nal by assumption, it transforms as (5.8), that is as

(5.13) r—r+nya®.

We conclude that, in the restricted background space, the winding trans-
formations are generated by translations along the vectors a*’. We can
then assume that these vectors belong to the restricted background space.
This explains why we dubbed the copy of R%¢ containing the roots (and in

particular the a'’) as the dual (restricted) background space.

In the SU(2) case, the Cartan subalgebra is one dimensional and the
restricted background is given by a single real number r. We can take
for instance a' = 1 and, therefore, a' = 27. It follows that winding
transformations are generated by the shift » — r + 27. In the SU(3) case,
the Cartan subalgebra is two dimensional and the restricted background
is given by a vector r = (r5,rg). We can choose a'¥ = (1/2,-v/3/2) and a® =
(1/2,v/3/2). Then, winding transformations are generated by translations
along the vectors a'¥ = (2, -2/ v3) and a? = (27, 27/V3).

5.2.3 Weyl transformations

Let us now consider the Weyl transformations defined as the color rota-
tions that leave the diagonal part of the algebra globally invariant. It is
easily seen that these transformations cannot be infinitesimal and there-
fore, we need to consider finite transformations of the form W = e. The

action of such a color transformation on any element X of the algebra is
1

(5.14) Xel=eMx =% —ady X
n=01:

Suppose now that we take 6 of the form 6 =i(0,E,+0_.,E_,) =w,, with

0_, =0}, and where no summation over « is implied, hence the notation
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w,. A simple recursion using Eq. (5.7) shows that

H
(515) adil;(HJ) — in (2|9a|2a2)p ap > k

a:j,
for p >0, and
(5.16) ad? "N (H,) = —i*""1(210,17a®)"(0.E o — 0-E_J)a;,

for p = 0. It follows that

H
(5.17) e Hje " :Hj+(cos(\/ 2a2|0a|)—1)ak—2kaj
a

iocj .
—— " sin(vV2a210,)(0,E,—0_E_.).
V2aZ6,| ( ) OeEa=0-oE-a

Now, choosing |0,| = 1/V2a?, we can enforce the transformation to leave
the diagonal part of the algebra globally invariant:
arHy
a

Considering this as a passive transformation, the restricted background r

transforms as
a-r
(5.19) r-r-2—-ua,
a
which is indeed a Weyl transformation as defined in [153]. In the restricted
background space R?c, this corresponds to a reflection with respect to an

hyperplane orthogonal to the root a and containing the origin.*

Finally, we mention that there exist other color rotations that leave
the Cartan subalgebra invariant, in a trivial way. Those correspond to
rotations e'%f/ generated by the elements of the Cartan subalgebra itself.
Those are of no interest for the present discussion since they do not lead
to geometrical transformations of the restricted background. They will
however play an important role in Chapter 7 as we derive the Feynman

rules using Cartan-Weyl bases.

4In Eq. (5.19), it seems that we are shifting a vector of the restricted space (r) by a vector of
the dual space (a). However, the root a enters this formula only through its direction a/||«||, the
magnitude of the shift being proportional to the norm of r.

82



5.3. WEYL CHAMBERS AND SYMMETRIES

5.2.4 Summary

From the above considerations, we derive the following invariance proper-

ties of the background field effective potential:

(5.20) Vir+a®)=v@), va®,
as well as

(5.21) V(r—2%a) - V(r), Ya.
Correspondingly,

(5.22) 0r+a®)=e"®er), va®,

for some (k) to be fixed in the next section, and

(5.23) Z(r—Z%a) - /(r), Va.

5.3 Weyl chambers and symmetries

In the previous section, we could interpret the various elements of ¢
as geometrical transformations in the restricted background space R%.
Of particular importance is the subgroup ¥, of periodic transformations
within ¢ since the physical states are interpreted as the corresponding %,-
orbits, and the center-symmetric states correspond to the center-invariant
G,y-orbits. We shall now characterize the elements of ¢, and then identify

the center-invariant %,-orbits using the concept of Weyl chambers.

In fact, we know already part of the elements of ¥, since the Weyl
transformations are trivially periodic. The other generators of ¢, are the

periodic winding transformations, which we now characterize.
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5.3.1 Periodic winding transformations

To identify the periodic winding transformations, we assume that the H;
can all be diagonalized.? Since they commute with each other, they can in

fact be diagonalized simultaneously,

(5.24) H;jlp) = pjlp),

where the labels p are called the weights of the defining representation
or defining weights for short, and are just a convenient way to gather all
eigenvalues p; of a given eigenvector |p). The defining weights are again
vectors of R% and can, therefore, be represented together with the root
diagram. The reason for representing them on the same copy of R4 will
appear more clearly once we introduce the quarks back in our analysis.
In the SU(2) case, the weights of the defining representation are +1/2. In
the SU(3) case, we find (1/2,1/(2v/3)), (-1/2,1/(2v/3)) and (0,-1/v/3), see
Fig. 5.2 for a representation of the corresponding weight diagram and

App. B for the construction of the defining weights for any value of N.

In terms of the weights, a general winding transformation writes

(5.25) e B9 = 3 &5 p)(pl,
o
where s-p =s;p;. Periodic winding transformations are obtained by re-
quiring that
(5.26) s-pe2n’.,Np.

The solution to (5.26) can then be found by repeating the previous argu-
ments used to solve (5.10). We first introduce a set of weights or their
opposites {p’} that generates any other weight through linear combina-

tion with integer coefficients. The general solution to (5.26) is then

(5.27) s=n,p®,

5In the case of SUN), we have chosen the H j already in an explicitly diagonalized form.
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FIGURE 5.2. Weight diagram for the defining representation of
SU(3), together with the corresponding root diagram (which is
nothing but the non-zero weight diagram of the adjoint repre-
sentation).

with n; € Z and where {p*'} is a basis of the lattice dual to the one

generated by the weights:
(5.28) oV p® =216 ,.

It follows that, in the restricted background space, periodic winding trans-
formations are generated by translations along the vectors p*.

We mention that, because periodic winding transformations are just
particular winding transformations, the lattice generated by {5’} needs to
be a sub-lattice of the one generated by {@"’}. This can be understood from
the fact that the adjoint representation is generally obtained by decompos-
ing the tensor product of the defining representation and the associated

contragredient representation (whose weights are opposite to those of the
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defining representation). We can thus construct the eigenstates of ady,
in terms of the eigenstates of H; and we find that the roots can always
be written as differences of weights of the defining representation (an
explicit proof is given in App. B for the SU(N) case). The lattice generated
by {a"’} is then a sub-lattice of the one generated by {p"’}, which implies

the opposite relation for the corresponding dual lattices.

In the SU(2) case, we can choose p' = 1/2 and, therefore p) = 4.
Thus, the periodic winding transformations are generated by the shift
r — r+4m. In the SU(3) case, we can choose p'¥ = (1/2,-1/(2v/3)) and p® =
(1/2,1/(2v/3)). Then, the periodic winding transformations are generated
by translations along the vectors p'¥ = (27, -27v/3) and 5 = (2r,27V3).
We note that, in both cases, we could choose the various bases such that
a® = 4gp® and p® = 471a®, see the previous section for the values
of a® and a®. This property generalizes to higher values of N, see
App. B. Then, if we define the reduced background as r = r/4n, we can
identify the reduced and the dual background spaces and represent all
the above geometrical transformations together with the root and weight
diagrams: Weyl transformations correspond to reflections with respect
to hyperplanes orthogonal to roots and containing the origin, periodic
winding transformations are generated by translations along the roots,
whereas generic winding transformations are generated by translations
along the weights of the defining and contragredient representations. In
the next section, for simplicity, we define the Weyl chambers in the reduced
background space. However, when representing the latter graphically, we
do so in the restricted background space by applying a factor 4.

We mention finally that, according to Eq. (5.25), the center element
associated to a winding transformation of parameter s is given by e**.%

In particular, this fixes the phase in Eq. (5.22) to ¢(k) =a® - p =47p® . p

6This center element does not depend on the choice of p since s = n;,@* and the difference of
two weights is always a root, which implies that s-p —s- p’ is a multiple of 27x.
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and we show in App. B that, in the case of SU(N), this is always ¥27/N,

(k)

with the sign depending on whether p'*’ is a weight or the opposite of a

weight.

5.3.2 Weyl chambers and invariant states

We are now ready to characterize the center-invariant %,-orbits, that is
the center-symmetric states, in the reduced background space R%. One
possible strategy would be to work directly with the orbits as collections
of background configurations and, by trial and error, find which orbits are
globally invariant under center transformations. In Fig. 5.3, we have tried
to illustrate how painful such a procedure could be, in the SU(3) case. The
difficulty here is that, in order to explore the various orbits, one varies a
given orbit locally (by changing any of the backgrounds that represent the
orbit), with little control on how the orbit changes globally, and therefore
little chance of finding the center-invariant orbits. We now introduce a
simpler strategy based on the notion of Weyl chambers which allows us to
treat the orbits as a whole.

The idea is to use the geometrical interpretation of the transforma-
tions of ¢, in the reduced background space to subdivide the latter into
cells which are connected to each other by the transformations of 4, and
which are, therefore, physically equivalent. These are the so-called Weyl
chambers” whose points can be seen as representing the various possible
%,-orbits and thus the various possible states of the system.

Now, as we have seen in the previous chapter, the action of a center
transformation % € 9/%9, = 4/%, can be defined directly on the %,-orbits
and, similarly on the %,-orbits. This action should then appear as a geo-
metrical transformation of a given Weyl chamber into itself. To see how

this is achieved in practice, one first chooses any representative U € ¥

"Here the definition of the Weyl chambers differs substantially from the one in Mathematics,
where it corresponds to subdivisions associated to Weyl transformations only [153].
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FIGURE 5.3. A given %,-orbit (black dots) and its transformation
(blue dots) under a non-periodic winding transformation (trans-
lation along the blue vector). To vary the original orbit, one
varies locally one of its representing backgrounds (pink dot)
with little control on how the orbit changes globally, making it
difficult to identify the center-invariant orbits.

of the center transformation % and applies the transformation to the
chosen Weyl chamber. This typically moves the Weyl chamber away from
its original location. However, without altering the physical interpreta-
tion, we can bring the Weyl chamber back to its original location by using
transformations of %,. In doing so, one defines the action of ¢ directly
on the chosen Weyl chamber. Moreover, two transformations of ¢ that

correspond to the same center transformation in 94/%, lead to the same
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geometrical transformation of the Weyl chamber, thereby defining the

action of the center symmetry group %4/%, on the chosen Weyl chamber.

In summary, center transformations correspond to certain geometrical
transformations of the Weyl chambers into themselves, and the symmetric
states appear as the fixed points of the Weyl chambers under these geo-
metrical transformations. Similar considerations apply to other physical

transformation, in particular to charge conjugation.

5.3.3 Explicit construction for SU(N)

In the case of SU(IN), we have seen that, in the reduced background space,
the generators of ¢, are the translations by a root and the reflections with
respect to hyperplanes orthogonal to a root and containing the origin. In
order to identify the Weyl chambers, it is convenient to find a generating
set of ¥, made only of reflections. Such a set is given by all the reflections
with respect to hyperplanes orthogonal to a root and translated by any
multiple of half that root. Indeed, it is easily checked that these reflec-
tions are elements of ¢4, and that the combination of two adjacent such
reflections generates the translation by the corresponding root. The bene-
fit of this generating set is that it allows to identify the Weyl chambers
as the regions delimitated by the corresponding network of hyperplanes.
Moreover, the reflections with respect to the facets of the so-obtained Weyl
chambers allow to transform them into one another without altering the
physical interpretation.

To further understand the structure of the Weyl chambers, consider
first the network of hyperplanes generated by the roots of the basis {a}.
The intersections of these hyperplanes define a lattice generated by a

certain basis {x”} and whose elements obey the constraints
(5.29) V. a®=0,fork#j and Y -a/2).-a"=0.
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Using that the roots are all of norm unity, we find that the solution to
these constraints is x“) = @V/4n = p". This implies that the SU(N) Weyl
chambers are sub-pavings of the parallelepipeds generated by the weights
pY. To finally reach the Weyl chambers, we need to see how the remaining
hyperplanes (those associated to roots other than the a'?), further divide
these parallelepipeds. We shall do this here in the cases N =2 and N =3,

and leave the discussion of N =4 for a future version of the manuscript.

For SU(2), there is only one family of hyperplanes, associated to a'" = 1.
In the reduced background space, the Weyl chambers are then directly
given by the parallelepipeds generated by p¥) = 1/2, that is the inter-
vals [k/2,(k + 1)/2], with k € Z.. It will be enough to work in the interval
[0,1/2] which we refer to as the fundamental Weyl chamber. For SU(3),
there are three families of hyperplanes associated to a® = (1/2,—/3/2),
a® =(1/2,v3/2) and a® = —a™® — a®. The fundamental parallelepiped
associated to the first two is given in terms of p¥ = (1/2,-1/(2v/3)) and
p® =(1/2,1/(2v3)). It is further divided by the family of hyperplanes asso-
ciated to a®®. One finds eventually that the Weyl chambers are equilateral
triangles, see Fig. 5.4, the fundamental Weyl chamber being defined as
the one with vertices (0,0), (1/2,-1/(2v/3)) and (1/2,1/(2V/3)).

We can now locate the center-symmetric states. We have seen that
translations along the p® (the edges of the fundamental parallelepiped)
correspond to elementary center transformations with a phase (k) =
F27/N with the sign depending on whether p*® is a weight or the opposite
of a weight. Moreover, reflections with respect to the facets of the Weyl
chamber are elements of 9, by construction, and allow one to move the
Weyl chamber around without altering the physical interpretation. In the
SU(2) case, under the translation by p'¥, the fundamental Weyl chamber
[0,1/2] is transformed into [1/2,1]. The latter can be brought back to its

original location by means of a reflection with respect to 1/2. As a result,
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\
3 / Y 3

FIGURE 5.4. SU(3) Weyl chambers and their transformations un-
der the action of ¢ and %/¥,. The first figure shows the fun-
damental Weyl chamber together with one of its axes and an
arbitrary point (representing an arbitrary state) to ease orien-
tation as we transform the Weyl chamber. In each figure, the
darker color indicates the actual position of the Weyl chamber,
while the light colors indicate previous positions of the Weyl
chamber.

we find that center transformations act on the fundamental Weyl chamber
as # — 1/2—r. There is only one fixed-point in the fundamental Weyl
chamber, one confining state, 7 = 1/4 (or r = m). In the SU(3) case, the

fundamental equilateral triangle is such that the two edges connected to
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the origin correspond respectively to a weight and the opposite of a weight.
Therefore, translations along these edges represent the two non-trivial
elements of Z3. After any of these translations, see Fig. 5.4, we need two
reflections with respect to the edges to bring the fundamental triangle
back to its original location, resulting in a rotation by an angle +2n/3.
Again, there is only one fixed-point under any of these transformations,
the center of the triangle 7 = (1/3,0) (or r = (47/3,0)). In order to analyse
the deconfinement transition, we need therefore to evaluate the back-
ground field effective potential on the fundamental Weyl chamber and
monitor the position of its minimum with respect to the center-symmetric
point, as the temperature is varied. We shall do so in various situations

starting from next chapter.

Similarly, we can locate the charge conjugation invariant states. In the
SU(2) case, charge conjugation is nothing but a Weyl reflection. There is
therefore no constraint from charge conjugation invariance in that case.
In the SU(3) case, applying the transformation r — —r to the fundamental
Weyl chamber and bringing it back to its original location by means of an
element of ¥,, one finds that the physical charge conjugation is realized
as a reflection of the fundamental Weyl chamber about the rg = 0 axis, see
Fig. 5.5. In other words, charge conjugation invariance of the YM system
implies that one can restrict the analysis to restricted backgrounds of
the form r = (r3,0) in the fundamental Weyl chamber. We shall find in
Chapter 6 that this is indeed what is found from the minimization of
the background field effective potential. This will remain true in the
presence of quarks with a vanishing chemical potential. However, for a
non-vanishing chemical potential, due to the explicit breaking of charge
conjugation invariance, we expect the restricted background to develop
a non-zero rg component. We shall see precisely how this happens in
Chapters 9 and 10.
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_

\J

FIGURE 5.5. SU(3) Weyl chambers and their transformations un-
der charge conjugation. The first figure shows the fundamental
Weyl chamber together with one of its axes and an arbitrary
point (representing an arbitrary state) to ease orientation as
we transform the Weyl chamber. In each figure, the darker color
indicates the actual position of the Weyl chamber, while the
light colors indicate previous positions of the Weyl chamber.

5.4 Euclidean spacetime symmetries

To conclude this chapter, let us critically revisit the original assumption
of a constant and temporal background. Recall that the reason behind
this choice was that such backgrounds, and in turn, the corresponding

%y-orbits, are invariant both under temporal and spatial translations and
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under spatial rotations, in line with the homogeneity and isotropy of the
Yang-Mills system at finite temperature.

However, as we also pointed out, there could be other states compatible
with homogeneity and isotropy, such that none of the representing back-
grounds are invariant under translations or rotations, but only invariant
modulo non-trivial true gauge transformations. Using Eq. (4.31), such
backgrounds would be such that

(P1)  Vax,u€l0,f1xR% IV, (x) € G, A (x +u) = Al (x)

and
AR 0) = A" ()
RijAj(R_IX) = A?R(x)

>

(P2) Vx € [0, 81xR3 VR € SO(3), IUr(x) € %, {

where we have introduced the notation R x = (7,R X). It is trivially verified
that any background in the same orbit than an explicitly translation and
rotation invariant background obeys these properties. Here, however, we
wonder about the existence of backgrounds that obey (P1) and (P2) but
whose orbit does not contain any constant temporal representative.

In App. D, we investigate the existence of such backgrounds, in the
SU(2) case. In addition to the orbits containing constant temporal back-
grounds, we find orbits containing space-color locked backgrounds of the

form
(5.30) Ap(x)=0, A%x)=AbY,

with A # 0. These backgrounds obey condition (P1) in a trivial way. They
also obey condition (P2) because any spatial rotation can be absorbed
back in the form of a color rotation. Moreover, their orbits do not contain
any constant and temporal background representative because their field-
strength tensor is non-zero, Ffj =A%, ;e

Even though one should in principle evaluate the background field
effective action on these configurations and compare it to the result ob-

tained with constant temporal backgrounds, we expect the space-color
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locked configurations to play no role in the confining phase since they are
not center-invariant. It would be interesting to extend the analysis to the

SU(3) case and see if other types of configurations could be relevant in the

confining phase.
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CHAPTER

YANG-MILLS DECONFINEMENT TRANSITION
AT LEADING ORDER

fter these various introductory chapters on the use of background

field techniques at finite temperature,! we can at last put all the

developed machinery into work and start investigating the con-
finement/deconfinement transition from a perturbative perspective. We
shall do so using the Landau-deWitt gauge (the background extension
of the Landau gauge) and its infrared completion in the form of a back-
ground extended Curci-Ferrari model. Indeed, given that the original
Curci-Ferrari model opens a perturbative window at low energy in the
Landau gauge at vanishing temperature, it is legitimate to expect that
the corresponding background extension shares the same properties at
finite temperature.

In fact, it is the purpose of the rest of the manuscript to review how
many features of the QCD phase diagram, usually obtained from non-
perturbative methods, can be captured from a simple perturbative expan-
sion within the background extension of the Curci-Ferrari model. In this

chapter, we do so at one-loop order, in the case of the pure Yang-Mills

1Some additional features will be discussed in Chap. 9 for the case of finite density.
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theory.

After introducing some generalities about the Landau-deWitt gauge,
we use the properties of the Cartan-Weyl bases introduced earlier to derive
a general expression for the one-loop background-field effective potential,
valid for any gauge group, and which obeys all the symmetries identified
in Chapter 5. We then use this expression to investigate the confinement-
deconfinement transition in the SU(2) and SU(3) cases. In particular, we
compare our results for the corresponding transition temperatures to both
lattice and non-perturbative continuum results. We also investigate the
order parameter in various representations and test the so-called Casimir
scaling hypothesis. Finally, we discuss some open questions concerning the
thermodynamical properties which, in fact, go beyond the mere framework
of the Curci-Ferrari model and affect most, if not all, present continuum

approaches.

6.1 Landau-deWitt gauge

Since the Landau-deWitt gauge has only been mentioned formally so far,
let us derive the associated gauge-fixed action, together with the relevant

Curci-Ferrari completion.

6.1.1 Faddeev-Popov action

The Landau-deWitt gauge corresponds to the following choice of gauge-

fixing functional
(6.1) F°[A]=D (A5 -A%),

with D¢ = 0,9 + f**°Abp°.
Applying the general formula derived in Chap. 2, we find that the

Faddeev-Popov gauge-fixing term reads here

(6.2) 5SFP:fddx{l_)uc'“(x)Duc“(x)+iha(x)ljuaZ(x)},
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with a‘;(x) = AZ(x) —AZ(x) and where, for convenience, we have used an
integration by parts in the ghost term. Of course, all the general proper-
ties derived in Chap. 2 apply here. In particular, the gauge-fixed action
is BRST invariant and both the partition function and the expectation
value of any gauge-invariant observable are independent of the choice
of the background AZ(x), seen as an infinite collection of gauge-fixing
parameters.

The gauge-fixing term (6.2) just looks like the corresponding gauge-
fixing term in the Landau gauge upon making the replacement 0, — D u
and A}, — aj,. Moreover, it is easily checked that

(6.3) F¢, =F% +Dya%—-Dya’+f*alal,

where F‘ffv is the field-strength tensor associated to the background. There-
fore, for constant, temporal and diagonal backgrounds such as those
considered in this work, the above replacement rule applies also to the
original Yang-Mills contribution. This means in particular that the back-
ground components can be interpreted as imaginary chemical potentials
associated to the (commuting) color charges [154]. Together with the fact
that the gauge-fixed action boils down to the one in the Landau gauge in
the limit of vanishing background, this ensures the renormalizability of
the Landau-deWitt gauge-fixed action and the fact that the background is

not renormalized, as any other chemical potential.?

6.1.2 Curci-Ferrari completion

Similarly to the Landau gauge, the Landau-deWitt gauge-fixing is ham-
pered by the Gribov ambiguity which means that the Faddeev-Popov
action (6.2) should be considered as an approximation, valid at best at
high energies, and that it should be extended at lower energies. Since the

Curci-Ferrari model has proven to be a good candidate for a completion of

2This can be seen as the consequence of the abelian symmetry associated to the color charges.
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the gauge-fixing in the case of the Landau gauge, here we complete the
Faddeev-Popov action using a background extension of the Curci-Ferrari
model.

The two candidates to construct such a background extension are
(6.4) fddx m2AaA“ or fddx mza

However, if we want to maintain the order parameter interpretation of
the background, it is crucial that the symmetry (4.5) is preserved, which
leaves us only with the second possibility. The background extension of the
Curci-Ferrari model that we should consider in the rest of this manuscript

is therefore
_ i 1
(6.5) 6Scr = f dx{ D" (@)D" (@) + ih" () Dy (x) + smPafwafx)]

Following the same steps as in Chap. 2, it is easily seen that this action is

invariant under a modified BRST symmetry

1
(6.6) smAj=Dyc% spc’= §fabccbcc, SmC* =ih®, s,ih%=m>c?,
which ensures in particular the renormalizability of the model. Equiva-
lently one can again use the interpretation of the background as a chemical

potential.

6.1.3 Order parameter interpretation

As we saw in Chap. 4, the order parameter interpretation of the back-
ground relied not only on the symmetry property (4.5) but also on the
convexity of the generating functional W[J;A] and the background inde-
pendence of the limit W[0, A].

In the case of the Faddeev-Popov action (6.2) the partition function is
background independent as we have shown in Chap. 2, but the measure

is not positive definite, which can seriously jeopardize the convexity of
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WI[J;A]. The presence of the Curci-Ferrari mass in (6.5) reduces the
positivity violation and, a not so large mass could be enough to ensure
the convexity of the generating functional W[J; A]. However, the presence
of the Curci-Ferrari mass violates the background independence of the

WI[0,A] since we now find

51nWI[0,A] 9r & :
6.7 _—— = A%(x)—A%. [A .
6.7) v m*(Af(x) - Ay, [Alx))

The right-hand side vanishes if the background is self-consistent. Gen-
eralizing the arguments given in Chap. 4, this is enough to show that
the self-consistent backgrounds are extrema of the background field ef-
fective action I'TA]. Thus, even though, in this case it is not clear which
extrema represent the self-consistent backgrounds, the order parameter

interpretation of the latter survives.

One can try to restore the background independence of the partition
function, and thus the identification of the self-consistent backgrounds
with the absolute minima of I'[A], by introducing a background depen-
dence of the Curci-Ferrari mass. It remains to be investigated, however,
whether this leads to a consistent system of equations and also whether
this is enough to ensure the background independence of other observ-
ables. These questions are beyond the scope of the present discussion
and, in a first approximation, we should neglect the possible background

dependence of the mass.

Moreover, it should be kept in mind that the actual action beyond
the Faddeev-Popov prescription may contain other operators that help
restoring the background independence of the partition function. For this
reason, in what follows, we will assume that the state of the system is
indeed described by the minima of ['[A]. In fact, the previous difficulties of
principle are present in most continuum approaches and there is always

an implicit assumption made that the correct recipe is that of minimizing
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[[A]3

6.2 Background field effective potential

The evaluation of the background field effective potential V' (r) at one-loop
order requires only the quadratic part of the gauge-fixed action (6.5) with
respect to the fieldsa,=A, _Au’ h, c and ¢.* It reads

2
So—fdd { D,a,; _uav)+%(aﬂ;ap)+(ih;l_)ﬂaﬂ)+(Duc‘;l_)ﬂc)},

where, for later purpose, we have rescaled all fields by g, including the
background. In particular, the background covariant derivative reads now
D u_=0,_—8o [A u» —]. We have also used the intrinsic notation introduced
in the first chapter, in order to facilitate the change from Cartesian color

bases to Cartan-Weyl color bases that we shall consider below.

The presence of a preferred color direction, as provided by the back-
ground BgoA u(x)=1ir;H;b,, renders the color structure a bit more com-
plicated than usual. Indeed, the background covariant derivative in a

Cartesian basis writes
(6.8) D3P =0,8u,+ 8o AL,

which is not diagonal in color space for u = 0. This calls for the introduction
of bases that diagonalize the action of the background covariant derivative
in color space. Since the background is assumed to lie in the Cartan sub-
algebra, these bases are nothing but the Cartan-Weyl bases introduced in
Chapter 5.

3This is not just a formal discussion. In Chap. 10, we will see that the non-positivity of the
measure due to the presence of quarks at finite density, modifies this recipe substantially.

4More generally, the effective action I'[A,A] is obtained by expanding the action in the fields
A—A, h, ¢ and é. We shall compute I'[A, A] to one-loop order in Chapter 11.
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6.2.1 Notational convention

In order to fully exploit the properties of Cartan-Weyl bases, we introduce
the following notation. Given an element X of the algebra, we write
its decomposition into a Cartan-Weyl basis {iH;,iE,} as X = i(X;H; +
X E,) =iX,t., where the label x can take two types of values, x = 0¥ or
K =a, with ¢4,y =H; and ¢, = E,. The label 0Y is referred to as a zero and
should be taken literally as corresponding to the nul vector in the same
space as the one containing the roots a (the dual background space in the
terminology of the previous chapter). There is of course only one such nul
vector. However, there are as many color labels associated to zero as there
are elements in the Cartan sub-algebra, hence the label j used to denote
the various zeros.

Given these notational conventions, the definition of a Cartan-Weyl

basis can be written compactly as
(6.9) [£;, 8] =Ky,

where, of course, OE.k) = 0, no matter the values of j and k. The vectors
x appear therefore as the weights of the adjoint representation. Now,
since the background is assumed to lie in the Cartan sub-algebra, the

background covariant derivative acting on X writes

(6.10) D,X =0,X - golA,,X]
= iauXKtK + TrjXK[tj, tK]5/J0
= ia'uXKtK + TijjXKtK6’uo = I:DZXKtK,

with DY =0, —iTr-x 8,0 and r-k =r;x;.

As announced, the background covariant derivative is diagonal in color
space when expressed in a Cartan-Weyl basis. This simplifies considerably
the evaluation of the background field effective potential. Similarly, in
order to evaluate the background-dependent Polyakov loop, it will be
convenient to diagonalize the defining action of the H; as H;|p) = p;lp),

with p the weights of the defining representation.
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6.2.2 General one-loop expression

Coming back to the quadratic action (6.8) and choosing the Cartan-Weyl
basis such that (it,;it)) = 6« -1, see App. B, we find
(6.11)

1._ _ m2 _ _ _
So= [ddx {EDMKaVKDZa’; + 7061;’((1’; + ih_KDZaZ +DuKE"DZcK} )

In Fourier space, using that ¢ (x) = ¢*(x)* for bosonic fields, see App. B,
this reads
(6.12)

(1
So= fQ {Ea’;(Q)*(Qﬁ+m%)a’;(Q)+h“(Q)*Qﬁa’;(Q)+c“"(—Q)Qﬁc“(Q)},

where @, =Q + T'r-x n is referred to as the generalized momentum, with
Q =(w,,q), w, =2nnT a bosonic Matsubara frequency, and n = (1,6). We

have also introduced the notation

T dd—l
(6.13) fQ F@=TY a

neZ (2n)d_1

for the Matsubara sum-integrals.

f(wn,q)

From the quadratic action (6.12), a standard Gaussian integration,

leads to the one-loop potential

d-1 T 1 (T
—f 1n(Q,%+m2)——f In Q2
2 Jg 2 Jq

where we have set the bare mass m equal to the renormalized mass m,

>

(6.14) Vlloop(r; T)= Z

since we are computing to one-loop accuracy and the mass enters already
a one-loop integral. For later purpose, it is important to emphasize that
the massive contribution originates from the transverse gluonic modes
whereas the massless contribution results from an over-cancellation be-
tween the one massless longitudinal mode and two massless ghost modes.
It is also worth noting that the zero temperature limit of the above expres-
sion at fixed 7 = T'r does not depend on 7. Indeed, in this limit, the Mat-

subara sum-integral becomes a d-dimensional integral and the frequency
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shift 7#-x hidden in @, can be absorbed using a simple change of variables
in the frequency integral.’ If we disregard this background-independent,
zero-temperature limit, we can set d =4 and use an integration by parts

(with respect to the variable q) to find

fT q2 1 fT q2
) ore2 T3l ozl
Q Q12< +my 3 Q QK

which involves convergent Matsubara sums unlike expression (6.14).

(6.15) Vitoop(r; TV =Y

Using standard contour integration techniques, see for instance [155],
we arrive at (again, we disregard the zero-temperature limit)
(6.16)

1 0 q4 1 [o°
Vlloop(r;T) = ﬁ; [_L dq gRe nfq—if'-K + gﬁ dq qSRenq—if-K ’
with n(x) = 1/(e”* — 1) the Bose-Einstein distribution function and ¢, =
v q%2+m?. Using the integration by parts backwards, this can also be
rewritten as

(1 _ e—ﬁ£q+ir-1<)3

1 — e Ba+irx

T o0
(6.17) Vitoop(r; T) = —Zf dgq¢®*Reln
272 x JO

Moreover, given that the root diagram is invariant under @« — —a, we can
remove the explicit real parts in the previous expressions. Alternatively,

we can evaluate these real parts to find

f‘” q* ePeacos(r-x)—1
- | d¢*—
0 gq 2Pea —2ePtacos(r-x)+1

+1fwd 3 ePlcos(r-x)—1
3Jo 79 e2ba —2ePacos(r-x)+1]|’

1
(6.18) Vitoop(r;T) = 2—,,2;

or, equivalently,

~2Peq — 207P¢q cos(r - k) + 1)3
e 2P —2ePacos(r-x)+1

T oo e
(6.19) Vlloop(r;T) =75 Z[ dq q2 In (
44 5 Jo

5As we show in the next section, this property generalizes in fact to any loop order.
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6.2.3 Checking the symmetries

As a crosscheck, let us verify that the above formulas fulfil all the symme-
tries that we identified in Chapter 5.

First of all, the potential should be invariant under winding transfor-
mations which appear in the restricted background space as translations
along any of the vectors a® that generate the lattice dual to the one

generated by the roots:
(6.20) V(r+a®)=Vv(), va®.

This identity is trivially fulfilled by Eq. (6.14) because, under a winding

transformation, the generalized momentum @, becomes @, + T'a®

-k and
the shift Ta® -« € 2nTZ can be absorbed using a change of variables
in the Matsubara sum. Similarly, e and cos(r - ), which appear for
instance in Eqgs. (6.17) and (6.19) respectively, remain invariant under
winding transformations.

The potential should also be invariant under Weyl transformations
which appear as reflections with respect to hyperplanes orthogonal to the

roots:
(6.21) V(r-2-5a) = V@), va.
a

This identity is indeed fulfilled by Eq. (6.14) because, under a Weyl trans-
formation, the momentum @, becomes @ + T (r K — 2”2#) = QK—ZZ—SCZ and
this change of k¥ can be absorbed using a redefinition of the sum over
k for it is generally true that the root diagram is invariant under Weyl
transfomations. The same remark applies to e!”* and cos(r - ).

Finally, the potential should be invariant under charge conjugation
which appears as the reflection about the origin of the restricted back-

ground space:

(6.22) V(=r)=V(r).
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This identity is fulfilled by Eq. (6.14) because, under charge conjugation,
the momentum @, is changed to @_, and this change of ¥ can again be
absorbed using a redefinition of the sum over x since the root diagram is

invariant under @ — —a. The same remark applies to e’ and cos(r - x).

As a consequence of the symmetry identity (6.20), we can show that the
background-independence of the zero-temperature limit of the potential,
that we observed at one-loop, generalizes in fact to any loop order. To see
this, apply this identity n times along the direction @'*’ and take the zero-
temperature limit in the form T = u/n, with u € R. Writing the potential

as a function of 7 and 7' (rather than r and T'), we find
(6.23) V(E+ua®, T —0)=V#T - 0).

Now, since the vectors a® form a basis of the restricted background space,

we have
(6.24) VF#E+6r,T —-0)=V@#;T —0), VOr,

as announced.

Another consequence of the symmetry identity (6.20) is that the analy-
sis of the background field effective potential can be restricted to the fun-
damental parallelepiped defined by the vectors @. In fact, it is convenient
to decompose the restricted background as r = x;a"’, with 27x; =r-a",
and to express the potential as a function of the x; € [0,1]. We shall use

this decomposition in the various plots to be shown in what follows.

6.3 SU(2) and SU(3) gauge groups

We now use the formulas derived in the previous section to investigate
the deconfinement transition in the SU(2) and SU(3) cases.
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FIGURE 6.1. Left: SU(2) background field effective potential in
the fundamental parallelepiped r = xa, with @; = 27 and
0 < x < 1, which is also the fundamental Weyl chamber. The
center-symmetric or confining point is located at x = 1/2. Right:
SU(3) background field effective potential along the line x; =
x9 = x of the fundamental parallelepiped. This fundamental
parallelepiped contains two Weyl chamber and we show the
potential in the fundamental Weyl chamber only. The center-
symmetric or confining point is located at x = 1/3. In both cases,
we have subtracted the value of the potential at the confining
point, for more readability.

6.3.1 Deconfinement transition

In the SU(2) case, we can work over the fundamental Weyl chamber
r € [0,27] whose only center-symmetric point, or confining state, is at r = 7.
Using that x € {—1,0,+1} and writing only the background dependent
contributions to the potential, we find
(e_2ﬁ5q —2e P cos(r) + 1)3

e 21 —2e-Pacos(r)+1

T (o¢]
SU@2),... _ 2
(6.25) V1100p (r;T)= —27[2[0 dqq“ln

This potential is plotted in Fig. 6.1 (left) for various temperatures. As
the temperature is increased, the minimum of the potential moves con-
tinuously from the confining, center-symmetric state at » = 7 to a pair
of degenerate states (r,27 —r) connected by center symmetry. The tran-

sition is then of the second order type, in agreement with the results of
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lattice simulations [145-149] or continuum non-perturbative approaches
[48, 49, 51, 73, 74, 76, 156-161].

The transition temperature 7. can be determined in terms of m by
requiring that the curvature of the potential vanishes for r = n. This

condition reads

T [ ePd 3ePea
6.26 0=— daoa? _ ,
( ) 2 fo 79 [(eﬁq +1)2  (efa+1)2
from which we find Tcsﬂ(oi)p ~(0.336m.

The corresponding one-loop expression for the potential in the SU(3)
case can be obtained by observing that each pair of roots is associated
to a SU(2) subgroup. It follows that (again we keep only the background
dependent contributions)

(6.27)

SUB) (.. ) = ySU@) 4., . su@ |3 _r8‘/§. su@ |73 +r8\/§.
Vitoop (75T = Vitoop (78:T) + Vijoop (T’T) * Viloop (T’T '

In Fig. 6.2, we show contour graphs of the potential in the fundamental
Weyl chamber for various temperatures. We observe that, as the tempera-
ture is increased, the minimum of the potential jumps eventually from the
confining, center-symmetric state at r = (471/3,0) to a triplet of degenerate
states connected by center symmetry. We find that one of the absolute
minima lies always along the rg = 0 axis. As we have explained in the
previous chapter, this is a consequence of charge conjugation invariance.®
For us, this means that we can restrict the analysis to the rg = 0 axis,

along which the potential reads more simply

rs
3
6The presence of two other directions along which the minima move is in accordance with

center symmetry and just means that, as long as center symmetry is not explicitly broken, there
are three equivalent ways to define charge conjugation symmetry.

(6.28) Vi (r; T) = Vo D(rg; T) + 2V 02 (

7).
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FIGURE 6.2. SU(3) background field effective potential in the
fundamental parallelepiped r = x;a + x9a®, with a; =
27 (1,-1/v/3), @ = 27(1,1/v/3) and 0 < x; < 1. The fundamen-
tal parallelepiped is made of two Weyl chambers (separated
by the dashed line) which contain each one center-symmetric
or confining point, located (1/3,1/3) and (2/3,2/3) respectively
(red dots). Finally, the charge conjugation invariant states are
indicated by a red line.

In Fig. 6.1, we show the potential along this axis, in the fundamental Weyl
chamber, for various temperatures, with a clear signal of a first order type

transition, in agreement with other approaches.

From center-symmetry, it follows that the confining point is always
an extremum, so it is possible to locate the highest spinodal by requiring

the curvature of the potential to vanish at this point. To this purpose, we
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notice first that
® _ sue 0 _ su@
6.29 —V ;T =537 T
( ) 572 ' 1loop (r;T) redgy 02 1loop () r=27/3

Using this identity, the equation for a vanishing curvature at the confining

point is found to be

(6.30)
T [ o [e73P1 +4e72P1 4 e7F1  o73Peq 4 472Peq 4 g7heq
fo dqq l :

0=om (e72P9 + e=P9 +1)2 (e72Ptq + e=Peq + 1)2

272

from which we deduce that Tflljli)ggp =~ (0.382m, while the transition temper-

ature is found to be Tcs,ﬂﬁ)p ~(0.364m.

Finally, given that the mass scale m can be fixed by fitting lattice
Landau-gauge propagators with the corresponding one-loop expressions
obtained within the Curci-Ferrari model,” we can estimate the values
for the transition temperatures. Table 6.1 summarizes our results and
compares them to other approaches. The obtained values for T, are already
quite good given the simplicity of the one-loop approximation that we have
considered. In the next chapter, we shall see that the two-loop corrections

considerably improve these values.

T. (MeV) || lattice [162] | fRG [49] || Variational [161] | CF model [163]

SU(2) 295 230 239 238
SU(3) 270 275 245 185

Table 6.1: Transition temperatures for the SU(2) and SU(3) deconfinement
transitions as computed from various approaches.

"We fix the parameters of the model at zero temperature, in which case the background
# =rT vanishes and the Landau-deWitt gauge becomes the Landau gauge.
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6.3.2 Inversion of the Weiss potential

The previous results can be understood in a simple way by comparing
the high and low temperature forms of the background field effective
potential.

For high temperatures (7' > m), the mass can be neglected and the

gluonic contributions combine with the massless contributions to yield
(6.31) Vitoop(r; T > m) = T* vyeiss(r),
where

1 o0
(6.32)  Uweiss(r) = o2 Zf dqgq®In (e_Zq —2e 1cos(r-x)+ 1) ,
=% Jo

1 o ecos(r-x)—1

6.33 =—— dqq®

( ) 3712;,[0 14 e2q4 —2elcos(r-x)+1

is known as the Weiss potential [164, 165]. This potential rewrites

1
(6.34) UWeiss (1) = = 5= D Pa(r-x),
34

where

(m—r)* s 72(r-r)? Tnt

6.35 P = —
( ) 4(7") 8 4 120 )

is related to the Bernouilli polynomial of degree 4 and the notation r-x
stands for the remainder of the Euclidean division of r - x by 27.

In contrast, for low temperatures (T' << m), the gluonic contributions
can be neglected and one obtains again the Weiss potential, but inverted

with respect to the high temperature regime:

T4
(6.36) Vlloop(r;T <m)= _?UWeiss(r)-

This inversion of the Weiss potential (due to the presence of the scale m)
triggers the deconfinement transition if the center-symmetric state of the

system corresponds to the absolute maximum of the Weiss potential. It is
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a simple exercice to check that this is so in the SU(2) and SU(3) cases.

The inversion mechanism is present in other continuum approaches
and was in fact originally proposed in [73]. Let us emphasize that it relies
on the dominance of ghost degrees of freedom at low temperatures, which
obviously poses some conceptual questions such as how this temperature
regime could be a priori dominated by unphysical degrees of freedom,
while maintaining basic principles of thermodynamical consistency. We

shall analyse this question below and try to answer it, at least partially.

6.3.3 Polyakov loops

We can also evaluate the background-dependent Polyakov loop #(r) which
becomes the physical order parameter when evaluated at the minimum of
V(r).

Let us recall that ¢(r) is nothing but the expectation value of ®4(X) in
the presence of a source J[A] such that (A) i= A. Therefore, to evaluate
¢(r), we expand @4 (x) in powers of a,(x) = A, (x) —Ay(x) and substitute
any one-point function {(a,(x)) 1 by 0 in the evaluation of the expectation
value. At leading order, we write ®4(X) = ®;(X) = tre'P$A/N | where we
have used that the background is constant to remove the time-ordering.
We find

1, 1 .

(6.37) l(r) = Ntre”ij = N;e”‘p ,

(6.38) 7r) = —treimit = ize-”'f’.
N N

0

where p are the weights of the defining representation, and —p those of
the corresponding contragredient representation.
These formulas obey the expected symmetries. Under a winding trans-

formation  — r + @® (representing a center transformation, with center
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. » o ipa® i 0-g®
element e'* P), the phase e’ becomes e'’"e'? " with ¢'*" not depend-

ing on the chosen weight p, as we have seen in the Chapter 5. Therefore
(6.39) t(r+a®) =" Peqr), va®,

as it should for a winding transformation. Under a Weyl transformation,

.r-aa-p

iro : . ir-o —2i ir{p-“La
e'"P is transformed into e Pe ™ 2 =e (p a? ) and the change of p can

be absorbed in a redefinition of the sum over p for it is generally true that
the weight diagram is globally invariant under Weyl transformations. It
follows that

(6.40) ¢ (r _ 2’;—2%) = 0(r),

as it should for a Weyl transformations. Finally, we observe that ¢(—r) =
/(r), in line with charge conjugation invariance, see Chapter 5. As we also

saw there, we have ¢(—r) = £*(r) and, therefore, ¢(r) = £*(r).

In the SU(2) case, we find
(6.41) 0(r) = 0(r) = cos(r/2),
whereas in the SU(3) case,

;T8 . T8
e V3 +2e'2v3 cos(rs/2)

(6.42) /(r) = 3 ,
.r8 . 7‘8
_ V) PRRENEY /2
(6.43) 7 = e V3 +2e - cos(rs ).

We mention that for the SU(2) gauge group, the constraint from charge
conjugation invariance can also be seen as arising from Weyl symmetry,
and therefore, as we mentioned already, there is no real constraint from
charge conjugation invariance in this case. The reason is that there exists
a Weyl transformation W = io, such that (ios)TAg(ios) = Agg. From this, it
is easily deduced that £(—r) = #(r). Since Weyl transformations also imply

¢(-r) = £(r), it follows that ¢(r) = £(r). This last property is in general not
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true in the SU(3) case, except for a charge conjugation invariant state
r =(rs,0) for which

1+ 2cos(rs/2)

(6.44) 0r) = 0(r) = .

That ¢ and ¢ become equal and real in this case follows from hermitic-
ity and charge conjugation invariance, as we discuss more generally in
Chap. 9.

The physical Polyakov loops, as obtained from the one-loop potential
derived above, are shown in Fig. 6.3. They display of course the same
behavior at the transition that the one observed by following the minimum
of the potential. We mention that both Polyakov loops saturate to 1 at
a temperature T, = 1.45m, corresponding to the background reaching
0 at this temperature. This occurs with a discontinuity in the second
derivative of the order parameter which leads to artificial singularities in
the thermodynamical observables. A similar feature is observed in other
approaches, see for instance [161]. We will see in the next chapter that

these artefacts disappear at two-loop order.

6.4 Thermodynamics

In principle, the free-energy density of the system is obtained as minus

the background field effective potential evaluated at its minimum r(7'):
(6.45) f()=vrT),T).

From this, all other thermodynamical observables can be derived. In

particular the pressure and the entropy density are given respectively by

(6.46) o(T) = —f(T) = -V (HT);T),
ov(r:T)
(6.47) (T)=p(T)=- —— .
R P 0T |opr

115



CHAPTER 6. YANG-MILLS DECONFINEMENT TRANSITION AT LEADING

ORDER

0.5

1

1 1.4
T/T.

FIGURE 6.3. Polyakov loops for the SU(2) and SU(3) defining rep-
resentations, as functions of T/T,.

The energy density can then be computed as

(6.48)

e(T) = f(T)+Ts(T)=T*(p/T),

and the so-called interaction measure is

(6.49)

e(T)—-3p(T)

=T(p/T* .

i(T) =

T4

6.4.1 High and low temperature behavior

In the high temperature limit, all modes contributing to the potential
(6.14) become massless and the resulting potential counts effectively
two degrees of freedom per color mode. This is the result of the usual
cancellation between the two unphysical components of the gauge field A,
and the two ghost degrees of freedom which, due to their Grasmannian

nature, contribute to the potential with an extra minus sign.
In the low temperature phase, the situation is in general more delicate
and still open to debate [155, 167, 168]. In the present approach, since
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three of the four components of the gauge field become massive while
the ghosts remain massless, the potential is essentially dominated by
ghost degrees of freedom. While this ghost domination is not specific
to the present approach and is in fact a key ingredient in the Weiss
potential inversion mechanism described above, one may fear the presence
of inconsistencies in the behavior of the thermodynamical observables,
such as a negative (thermal) pressure or a negative entropy density. As
we now explain, this unphysical behavior is not present.

The point is that, although the low temperature phase is indeed dom-
inated by the one uncanceled ghost degree of freedom, the latter is sur-
rounded by a background A,. Instead of cancelling each other, these two
unphysical degrees of freedom are subtlety combined in such a way that
the thermodynamics remains consistent at low temperatures. More pre-
cisely, the confining value of the background A operates a transmutation
of the thermal distribution function of the ghost field from a negative
distribution to a positive distribution.

Let us first illustrate this transmutation mechanism in the SU(2)
case where it is particularly compelling. From Egs. (6.46) and (6.16), the

contribution to the pressure at low temperatures writes

1 o0
(6.50) p(T) = @fo dqq’® [ —Ng—Ng—ixT)— nq+if(T)] .

The bracket contains the three color mode contributions, corresponding
to x € {-1,0,+1}. The neutral mode x = 0 is blind to the background
and contributes negatively to the thermal pressure, as we would expect
from a ghost degree of freedom. However, in the presence of a confining
background #(T) = nT, the charge modes x = +1 contribute with the
transmuted distribution functions
1 1

efr-im—1  ebPr+1

and thus behave effectively as true fermions! Finally, using f, =n, —2ny,

(6.51) —Ng—ik(T) = — = fq > 0,

and a simple change of variables, on obtains the total contribution to the
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thermal pressure as

(6.52) p(T) =

3 o0
dqq’n,,
247:2]0 99 g

which is positive. Since s(T)/T3 ~ 4p(T)/T*, the same conclusion is reached
for the entropy density.
We can proceed identically in the SU(3) case. The thermal pressure

reads
1 [e,0)
(6.53)  p(T)= @fo dqq’[—2n, —2Reng iz —4Reng iz -

In the confining phase r(T") = 47/3 and

h1/2+1

e

(6.54) —Re Ng—iNT) = —Renq_if(T)/g = 2260 1 ofd 1 1 >0.

To check that the total contribution to the pressure is positive, we can use

the identity®

N-1
(6.55) > ng i, =Nnng,
k=0 N

After a simple change of variables, we find

8 [e,0]
dgq’n,.
54n2f0 99 g

We conclude therefore that, despite the ghost dominance at low tempera-

(6.56) p(T) =

tures, the thermodynamical properties seem consistent.

8This is simply derived by writing
N-1 oo

P L e WL Wi L
k=0 p= =1
where we have inverted the order of the summations. Now, the inner sum over £ vanishes unless p
is a multiple of N, in which case it equals N. Therefore, the sum becomes N Z;ozl eNBar = N Ng»
as announced. This result is in fact more general. Given a Matsubara sum S(T)=T) ez f(iwy),
we may need to evaluate the related double sum

N-1 TN 1
Z TZ fliw, +iT— k) N Z Z f 1271—(Nn+k))
k=0 neZ k=0 neZ

With the exception of the factor of N, we can interprete the double sum in the RHS as a single
Matsubara sum at a reduced temperature T/N. Therefore, the result of the sum in the LHS is
NS(T/N).
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6.4.2 Vicinity of the transition

The transmutation mechanism identified in the previous section could
lead to inconsistencies in the vicinity of the transition. Indeed, as one
approaches the transition temperature from below, the gluonic degrees
of freedom start playing a role, while the confining background remains
confining. Then, because the gluonic distribution functions are positive
in the absence of background, those orthogonal to the background trans-
mute into negative distribution functions in the confining phase and can
potentially turn the entropy density or the thermal pressure negative. A
calculation reveals that a very tiny violation occurs at leading order over
a narrow range of temperatures below 7., see [155, 168]. In the next chap-

ter, we investigate whether higher loop corrections can cure this behavior.

In the SU(3) case, the first order transition is characterized by a
discontinuity of the entropy density, associated to a latent heat Ae/T% =
As/T?. At one-loop order in the Curci-Ferrari approach, we find 0.41 that
is only one third of the lattice value [173]. It remains to be investigated

whether this result improves when including higher order corrections.
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CHAPTER

YM DECONFINEMENT TRANSITION AT
NEXT-TO-LEADING ORDER

e have seen in the previous chapter that the background ex-
tension of the Curci-Ferrari model captures the physics of the
confinement/deconfinement transition in Yang-Mills theories
already at leading order. In particular, we have obtained rather good
estimates for the SU(2) and SU(3) transition temperatures, given the

simplicity of the considered approximation.

In this chapter, we investigate the next-to-leading order corrections to
the background field effective potential and to the background-dependent
Polyakov loop. Not only are these corrections necessary to assess the
convergence properties of the approach but they are also needed to try to

cure some of the problematic features identified at leading order.

We shall see that the two loop corrections help improving the values
for the transition temperatures and cure some of the problematic features.
There will remain some open questions, however. As we argue, these
question are not restricted to the mere Curci-Ferrari approach but pose in

fact challenges to most, if not all, present continuum approaches.
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7.1 Feynman rules and color conservation

In order to evaluate the two-loop corrections to the background field
effective potential, we first need to determine the Feynman rules in the
Landau-deWitt gauge. Due to our previous experience with the one-loop
calculation, we suspect these rules to become simpler when expressed in
a Cartan-Weyl basis. We will check below that this is indeed the case. But
let us first see how this result can be anticipated using the symmetries of

the gauge-fixed action.

7.1.1 Color conservation

In fact, there is still one invariance that we have not yet exploited, namely

the invariance under background gauge transformations
(71) SCF[AUyhU>CUa5U;AU]:SCF[Ayh,C,C_;A]>

in the case where the background is left invariant, AV = A. Indeed, since
only the dynamical fields are transformed in this case, this invariance
implies certain conservation rules that should appear explicitly at the
level of the action provided the fields are decomposed into the eigenmodes

of the corresponding Noether charges.

In the case where the background is constant, temporal and diago-
nal, the transformations that leave the background invariant are color
rotations of the form e*i, with 6, constant. The corresponding con-
served charges on the Lie algebra are therefore the operators ady;, whose
eigenstates are nothing but the elements ¢, of a Cartan-Weyl basis, with

associated charges combined into the vector x.

Using (6.3) and (6.5) and the Killing form introduced in Chapter 2, the
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background extension of the Curci-Ferrari model writes
m2 _ _
Scr = fd x 3 =(Dyav;D a,) + f(a#;ap) +(ih;Dyay) + (D ué;D o)

1
(7.2) — (Dué;lay,cl) = (Duay;lay,ald) + 4([au,av];[ap,av])},

and decompose each field into a Cartan-Weyl basis, we find

2

mg _ _ _
Scr = fdd { D a, KDK K+7aﬂ’<a +ih™*Djay,+D ¢ "Djc"

(7.3) _ifK/lr(DZéK) aﬁcr _ifK/lr(DZaf/)a __fKM"f( f)TUa é L }

where we have used (¢,;t)) = —6, ) and we have introduced the notation
(te;[ta,t:1) = —fiar- This tensor is totally antisymmetric, owing to the
antisymmetry of the bracket and the cyclicity of the Killing form. In
fact, it plays the role of the structure constant tensor in the Cartan-Weyl
basis since, as it is easily shown, [¢,,t;] = fii:t_«. This has been used in
particular to write the four gluon interaction.

We may now ask how is the conservation of color manifest at the level
of the action (7.3). To answer this question, let us first notice that f,
vanishes if two or three labels are zeros since [Zy),¢qw»] = 0. Moreover,
since [¢4j,tq] = @ tq, fove-o = @;. Finally, let us evaluate how a given ¢,
acts on ¢4 in the adjoint representation. Since we know already how the

to» act, we write

(74) adto(j) adta tﬁ = adta adto(j) tﬁ + ad[to(j),ta]tﬁ ’
where we have used that [adx,ady] = ad;x y;. This rewrites
(75) adto(j)adtatﬁ = (a+ﬁ)]’adtatﬁ.

So either ad,, 5 =[¢4,%5] = 0 or it has to be collinear to ¢,.4 (in which case
a + B has to be a root). In all cases, we notice that f,,, =0ifx+ 1+ 7 #0,

which ensures color conservation at the level of (7.3).
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FIGURE 7.1. Diagrammatic representation of the propagators in
the Landau-deWitt gauge.

Let us mention finally that upon complex conjugation in the com-
plexified algebra, see Appendix B, and using that it is possible to choose
the ¢, such that ¢, = —¢_, (where the bar denotes the conjugation in the

complexified algebra) we find [#,,¢,] = — f(*_K)(_ Dient-x which implies

(7.6) frrr = _f(*—x)(—/l)(—r)‘

7.1.2 Feynman rules

The action (7.3) is pretty similar to the action in the Landau gauge, up
to the missing conventional factor of i in the structure constants and
the presence of background covariant derivatives that depend on the
color charge of the field they act upon. In Fourier space, these covariant
derivatives become generalized momenta, the color charge of the field
entering as a shift T'r -« of the frequencies, similar to an imaginary
chemical potential for the color charge. This means that the Feynman
rules for the Landau-deWitt gauge in a Cartan-Weyl basis are pretty
similar to those for the Landau gauge in a conventional Cartesian basis.

For the gluon and ghost propagators, we find respectively

(7.7) P, Q)G my(@)
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L.\ v L\ v

K,k,p Q,7.p K.k, Q,7,p

FIGURE 7.2. Diagrammatic representation of the derivative ver-

tices.
and
(7.8) GO(QK) ’
where we have introduced
1
(7.9) Gn,Q)=——,
0 Q2+ m%

as well as the transverse projector Pﬁv(Q) =0, —Q “QV/Qz. These propa-
gator are represented diagrammatically in Fig. 7.1. Each line carries both
a momentum @ and a color charge x. We note the property @, = —(—Q)_«
which implies G,,(Q«) = G,,((—Q)-,) and Pﬁv(QK) = Pﬁv((—Q)_K) and thus
that the common orientation of momentum and charge can be chosen
arbitrarily.

As for the vertices, the ghost-antighost-gluon vertex is given by

(710) gOfK?LTKC,

where K is the momentum of the outgoing antighost and x is the corre-
sponding outgoing color charge, and similarly, A and 7 are the charges of

the outgoing gluon and ghost. Similarly, the three-gluon vertex is given by

(7.11) % Fear Bup(KS = Q1) + 6, (L - KX)+ 5,/(@QL L)},
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P7£70- Q7T7p

K k,u L\ v

FIGURE 7.3. Diagrammatic representation of the four-gluon ver-
tex.

where @, K, and L, denote the shifted outgoing momenta associated
to the indices u, v and p. These derivative vertices are represented in

Fig. 7.2. Finally, the four-gluon vertex is given by

2
8
2_2 Z {fK/lﬂfo(—T])(aupava - 6,1105Vp)
n

+f1<r17f/1<f(—1])(6pv6pa - 6u06vp)
(7.12) +f1<£nfr/1(—n)(6,up6va - 6pv50p)} ’

where «, A, T and  represent the outgoing charges. This vertex is repre-
sented in Fig. (7.3). Using Eq. (7.6), the momenta/charges in the vertices of
Figs. 7.2 and 7.3 can also all be considered incoming, provided one replaces

Egs. (7.10), (7.11), and (7.12) by the complex-conjugate expressions.

7.2 Two-loop effective potential

There are three diagrams contributing to the background field effective
potential at two-loop order. We can label them according to the number of

gluon propagators, 6V211§£p, 6V221§1)p and 6V2?i§})p respectively. Applying the
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Feynman rules listed above we find

1gl g 1
Vaty = 3 Caar| =5 ] QP KiGo@)GoKDG(Lo)

2loop
KAT

svied — &y [ [wp PLK
=T X G| | |trPHQOtrPH(K )

2loop =
KAT

—tI‘PJ_(QK)PJ_(K/l) Gm(QK)Gm(KA)>

T T
SV - gY@, fQ fK B(@r, K1, L) G @) G (K ) G (L),

2loop
KAT

(7.13)

where we have defined the tensor €, ; = |f«i:|%. Since fii; vanishes if
K+ A+ 71 #0, the same is true for 6, and we can assume that the color
sums in Eq. (7.13) are constrained by color conservation, meaning that
kK + A+ 7 =0. Since we have chosen the momenta such that @ + K + L =0,

the generalized momenta are also conserved in the sense that
(7.14) Q+K+L,=0.

We shall repeatedly make use of this property in what follows.
Let us also mention that, for the last diagram, we have introduced the

function

(7.15)  B@Q.,Ki,L;) = — @, P (L,)-K,|tr [P*(K))PHQ,)]
—2L,-PYQ,)-P*(L,)-PY(K,)-L,.

Owing to the symmetry of the corresponding summand/integrand in
Eq. (7.13) with respect to permutations of the triplet (@.,K3,L,), we
can replace this function by its symmetrized version. A straightforward
calculation shows that
(7.16) %Sym(QmKﬂt,Lr) = % { (d - g) (Qi,% + Ki/zl + Li%)
Qei+Ki+L?
4QFKILY

} (@K% -(Q, K1),
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where we note that the combination Q2K2 — (@, -K,)” is also totally sym-

metric, although not explicitly. This is easily seen by writing
(7.17)  QFK}—(Qi K1)’ = Q- P (K1) QK]
=L, PL(KJL) LTK,% = L%-K,% — (L, 'K/l)z >

where we have used Eq. (7.14). Again, we shall make use of these identities

below.

7.2.1 Reduction to scalar sum-integrals

It is convenient to reduce the sum-integrals in Eq. (7.13) to a set of simpler
sum-integrals. To this purpose, we proceed in two steps.

We first reduce everything to the set

T TQLQY
(7.18) J;zf G, Qy), J), = LG Q).
Q ? e Q2 ?
and
T T
(7.19) Iy = fQ fK QK5 — (Q« - K1)*|Go(Q) G (K1) G,(L,).
For instance, using
. 2
(7.20) trP*(Q)=d-1 and trPL(QK)Pl(KA):d—2+%,
KA

we find

2
(721) oV = gz 3 G (@2 =3d + 3T — T, T

2loop = wuv |
K,A,T

for the diagram with two gluon propagators. The diagram with one gluon
propagator can be treated using Eqgs. (7.14) and (7.17), together with the
identity

1
(7.22) GO(LT)Gm(Lr) = ﬁ GO(LT)_Gm(LT) .
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We find

2
1gl 8 KAT KAT
(7.23) 6V21§0p T om? > Gr [Iooo _IOOm]'

K,A,T

As for the diagram with three gluon propagators, similar considerations

using the symmetrized function (7.16) lead to

uv® v

g2
sve  — = Y

2loop
x,A,T

%M,{J,’;le —Jx J

4 5 1
(7.24) —3 (d - Z)Iﬁfnim ~(d= DI+ ZI%’O] }

Adding up the three diagrams, we arrive finally at

d-1)(d-2) _, 1
6V2loop = g2 ; (gkitr{ 4 JeriLz_i_ 2m210610
1 5 KAT KAT 1 KAT
(7.25) s (d—z)lmmm—(d—1)Immo—11mool}’

where we note that the contributions involving ¢/, have cancelled out.

In a second step, we reduce all the sum-integrals to the set J},

T T pT
(7.26) JX EfQ RYG.(Q,) and SZ% EfQ fKGa(QK)Gﬁ(Ka)GY(LT).
To this purpose, we use
1
@27)  QuKi=F[a+ -+ LI+ - QI+ a)) — (K} + )

to obtain, after a lengthy but straightforward calculation,

KAT 1 K KJ?T ;
Ia%y _ 7 [(yz—az—ﬁz)JaJ/’}+(ﬁ2—a2—y2)JaJy+(a2—,32—Y2)J/§J7]
RPN

1 Fx FA L Fx FT . FAFT
(1.28) | Jidj+ Ty + I35,
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Plugging this identity back into Eq. (7.25), we arrive finally at

1 15 1 1
Voloop = 82 Y Gerd = d2—4d+—)J'<J"+—J’<JA—— kgl
2loop gk;r /1{4( 4 |ImIm T g%0dm T 7600
1 11 TK TA 1 3 TK FA 5 TK FA
‘ﬁ(d‘g)%"m*ﬁ(d‘z)%%‘w 0o
3m%( 5 2
(7.29) + 2 (d - —) SET m—s"mﬁgo} .
4 4 16

This expression is convenient because the Matsubara sum-integrals J,
J , and S’;%TY are essentially those found in a scalar theory and can be

easily evaluated using standard techniques, see [155].

7.2.2 Thermal decomposition and renormalization

After evaluating the elementary sum-integrals identified above, one can

typically decompose them as

(7.30) JY = Jo(0n) + J5(1n),
(7.31) JX = J,(0n)+JX(1n),
(7.32) Sii = Sapy(O0n)+ Sy (1n)+S§y(2n),

where (in) refers to the number of loops that are cut off by the presence of
thermal factors n.!

Plugging these decompositions into Eq. (7.29), we arrive at a similar
decomposition for the two-loop correction to the background field effective

potential:
(7.33) 6V2100p = 5V2100p(0n) + 6V2100p(1n) + 6V2100p(2n) .

As we have shown in the previous chapter, the zero-temperature contribu-
tion 6Vy100p(0n) does not depend on the background and can be ignored in

the following analysis.

I'More precisely, these should be factors of n with an argument whose real part is positive, so
that the loop momentum is indeed cut off.
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The contribution 6 Vs140p(17) involves products of the form /,(0n)J g(ln)
or J,(0n)dJ g(ln), aswell as S gg;(ln). This latter quantity can be expressed

in terms of J}(1n) as

(7.34) Sy (1n) = Ji5(1n) Relp(eq,q+i0%;q)
Ji(1n) Rel aepy +i0%;k)
J7(1n) Relap(ey; +i0%;0),

where Rel py(€q,q +107;q) is defined as the real part of the vacuum bubble

integral

T=0
(7.35) In@= | GG,

analytically continued to real frequencies, @ = (w,,q) — (-igo+¢€,q) and
evaluated on the mass shell g2 — ¢ = a?, see [155] for more details. For

the cases of interest here, we find

. 1 [1 2
) —
(7.36) Rely(e4+i07;q) = 16n2;+ln 2+2 ,
. 1 [1 i
{0 o) —
(7.37) Rel,,0(q¢+i07;q) = 167:2_2”“ 2+1 ,
3 _ 1 [1 2 n]
7.38 Relm(eq+ 0+; = —+In—+2-—|,
(7.38) elmn(eq+1075q) 1672e  m? V3

where we note that the RHS do not depend on ¢.2 From these relations,

together with the standard results

2

a =2

i

7.39 J,(0n)=—- —+In—=+1{,
( ) (On) 1672 |e a2
and ,(0n) = 0, one arrives at
2 -9
g°Caa 2(35 @ 313 99n) .
7.40) 6 Voop(ln) = — + 351 + — J"(1n),

2This follows from the definition of Rel pr€a,q + i0";q) and Lorentz invariance.
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where we have made use of the symmetry of 6,,, together with the
Casimir identity )., €ar = Caqdx -2 [168].

Finally, the contribution 6Vyj,0p(2n) with two thermal factors is UV
finite by construction and one can evaluate it directly in d = 4 dimensions.
One finds

7
(7.41)  5Vaoop(2n) = i Gerr U’<V1——2UKV’L

8 m

g = Z Gere [33S5MT (2n) + ST (2n)],

K,A,T

with U* = JX(1n)+J§(1n)/3, VF = JX (1n) - J§(1n)/5, U* = JX (1n) - J§(1n)
and V* = J* (1n) - 5J5(1n)/21.

One could be worried by the presence of a temperature-dependent
divergence in 6Vy.p(1n). However, at two-loop order, one should also
consider one-loop diagrams involving counterterms.® These are obtained
by first rewriting the action in terms of renormalized fields and parameters

as
(7.42) a,—Z»a,, c—ZYc, m*—Z,m* g—Z.g,

writing Z = 1+6Z and treating the various 6Z as new interaction vertices.

At the considered order, we find the counterterm contribution

T
(7.43V 6V, = ~6Z.y fQ Q2Go(@,)

T
N %Z f (624(@2 + m?) + m?62,,2 ) tr PLQIG@Q).
K JQ

Using tr PY(Q,) = d — 1 together with the fact that fg 1 =0 in dimensional

regularization, this rewrites

d-1
(7.44) Vst o0 = 5 ———m*6Z2 ) Iy,

loop —

3The counterterms should be evaluated at one-loop order, so that the counterterm diagram
counts effectively as a two-loop order diagram.
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We note that this is precisely of the same form as the divergence that
needs to be cancelled out in Eq. (7.40). In fact, the value of 67,2 is fixed
from the renormalization of the gluon two-point function at one-loop order,
which we discuss in Chapter 11. In the zero-momentum scheme considered
there, one finds

2
g°N 35
7.45 04, o=——|——+
(7.45) (CRETTr-l P
and
1 111 287 1
Zf = —g §—7—35ln(3)——(3 - )11’1(8)

1 3
+(s*~10s+1) (— + 1) In(s + 1)
S

)3/2 (\/4/s+ )
va4/s+1 +1

with s = py?/m? and § = 1%/m?2. The pole in Eq. (7.45) is universal and

1 4
(7.46) +§(32 —20s+12)|=+1
S

exactly cancels the one in Eq. (7.40), as expected in a renormalizable
theory such as the Curci-Ferrari model. Consequently, in what follows, we
redefine 6 Vyjo0p(1n) to be the sum of (7.40) and (7.44):

g2C, 313 99
128 gm zp +35In5” bl Y dJy(1n).

(747) 6V2loop(1n’) 3 ZW

7.2.3 UV finite contributions

To complete our evaluation of the two-loop corrections, we just need to
recall the expressions for the UV finite contributions J*(1n), J%(1n) and
Sy (2n) [168]. Setting #=rT

. 1 fols) q2
(7.48) J,(1n) = —f dq Reng, —ir«,
212 Jo Ea,q "’
~ 1 oo
(7.49) JX(1n) = — f dqq®Imn,, i,
27[2 0 »q
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and

SK/lT (zn) —

& o Negq—ifxMegp—if-A
aPy fodqqfo dkkRe

€a,q gﬁ,k
(ga,q + EBk + i0+)2 - (gy,k+q)2
(ga,q + EBk + i0+)2 - (gy,k—q)2
1 o0 o0 Negg—ifxMegp+it-A
+ f dqq[ dkkRe — " ERRT

32714 Jo 0 Ea,q EBE
(Ea,q - 8ﬁ,k + i0+)2 - (5)/,/«3+q)2
(ga,q - Eﬁ,k + i0+)2 - (gy,k—q)2
(7.50) + cyclic permutations of (a,«), (8,1) and (y, 7).

3274

x Re In

x ReIn

These formulas, together with Eqs. (7.47) and (7.41) form the basis for
the evaluation of the two-loop corrections to the background field effective

potential.

7.3 Next-to-leading order Polyakov loop

Corresponding to the two-loop background field effective potential, we
can evaluate the background-dependent Polyakov loop at next-to-leading
order. When evaluated at the minimum of the two-loop background field
effective potential, this gives access to the physical Polyakov loop at next-
to-leading order. As already emphasized, we do not really need to evaluate
the physical Polyakov loop in order to assess the phase transition since the
background that minimizes the background field effective potential is an
equally relevant order parameter for center symmetry, simpler to compute
in practice. Computing the Polyakov loop is nevertheless interesting for
it is a gauge independent quantity and can therefore be compared, in
principle, with non-gauge fixed lattice simulations. Another motivation for
evaluating the next-to-leading order corrections to the Polyakov loop is to
assess the role of higher order corrections in curing some of the artificial

behaviors observed at leading order.
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7.3.1 Setting up the expansion

As emphasized in Chapter 4, the background-dependent Polyakov loop
is defined in the presence of a source that forces the background to be
self-consistent, that is A = (A) i or {a)z =0. We thus need to expand the
action and the Wilson line in powers of a = A — A, and take an average
where we set (a); =0.

Due to the presence of time-ordering, the expansion of the Wilson line
L4s(X)in a =A — A (and not A) is cumbersome. We can however use the

following trick.* Consider the gauge transformation

(7.51) U(r) = e 78047,

It is such that AV = 0 and therefore

(7.52) Lie®=U'B)L4,u@U©)=U (L),

with aV =U aU". The expansion in «a is easily done, despite the presence
of the time ordering. To order g2, we find
(7.53)

p 2 rp p
L;i..®=U'p) ]1+gf dmOU(T,a'm%f drf do Zal(1,%)al(0,%)].
0 0 0

Upon taking the trace and averaging with (a) ; = 0, we find

((A) = ZO(A)——[ drf doGElr 0,00 tr [UN(B-1+0)t*U'(z - 0)t"]

g

(7.54) “oN

drf doGilo—1,0)tr [UN(B-o+1)t" U (0 - 1)t"],
where we have made use of the cyclic property of the trace and where
(7.55) Giy(1 —0,0)=(Pal(t,H)aj(0,%) 4

denotes the Euclidean time component of the gluon propagator, computed

at tree-level. We can make the changes of variables 0 — f—0 and 0 —

4We have checked that the brute force calculation leads to the same result.
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B+ 1 — o0 in each of the o-integrals respectively. We arrive at

z(A)—zo(A)——f drf doGido,0)tr[UT(B-0)t*U'(0)t]

g

(7.56) “oN

drf doGENa - B,0) tr[U(f - o) 5 U ()]

where we have again used the cyclic property of the trace. Using the

periodicity of the propagator, this rewrites eventually as
’ o &P (7 5
(T57) LA = A)- o f doGilo,0) tr [UN(B-0)t*U'(0)t"],
0

where the 7-integral has become trivial, producing a factor .

7.3.2 Using the weights

To continue the calculation, we need to evaluate the trace. Before doing so,
let us notice that, with little modifications, the previous formula applies

to the Polyakov loop in any representation. We have indeed

(7.58) zR(A)=£R,O(A)—2d fdaG o, 0 tr[UT(B-0)ts U (o) th].
R

We shall continue with this more generic formula from now on. Now, the
color trace is easily evaluated using the weights p of the representation,
defined such that °” |p) = p;lp). Since the background is taken along the
Cartan sub-algebra, we have U'(0)|p) = e igree| p) and then

B i T
(7.59)  tr[UNB-a)t“UT(o)t] =) e 7 "5 (plthl o) p' It p) .
pp’
Since the free gluon propagator has non-zero components only for x =1 =
0% and ¥ = -1 = —a, the color trace has to be considered in those cases

only. In the first case, from the definition of the weights, the color trace

rewrites

(760) tr UT(ﬁ_ O(J)UT( )tO(J)] ZpQ Lrp
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In the second case, similarly to what we did for the adjoint representation
in Egs. (7.4) and (7.5), it is easily argued that ¢%|p) is either zero or has a
definite weight equal to p + a (a necessary condition is that p+ a belongs to

the weight diagram). Therefore, in the second case the color trace rewrites

(7.61) tr [UT(B-0)t U (0)2%] = Y e P 5 (p + altl | )12,
o

where it is understood that |p —a) = 0 if p — a is not a weight. In fact,
Eqgs. (7.60) and (7.61) can be written as a single result. One has just to
replace a by x in Eq. (7.61). The next-to-leading order correction to the
background-dependent Polyakov loop reads, therefore,

_ 2 . p o "
(162) Alp(A)=-5L &m0 Y (o +xltglo)P? f do e’V G (0,0).
2dg 7 . 0

7.3.3 Completing the calculation

We finally note that

G(—K)K(O_ 6) _ fT q2 elwno
%0 ’ o (W, +Tr-x)2+q2%(w, +Tr-x)%+q%+m?2
1

T q2 eiwna T q2 eiwna
(763) = —2 f —f .
m? |Jg (W, +Tr-x2+q?> Jo (w,+Tr-«x)?>+q?+m?
Standard contour techniques for the evaluation of Matsubara sums lead
to (recall that 0 <o < f)

T q2 eiwno
(7.64) 5T 3 3
Q@ (W, +Tr-x)*+q<+m
d’q Q_z p(eg—iTr )0

(=e¢—iTr«x)o

neq—iTr~K —e n—eq—iTr-K )

~J) @nr2e,

which generalizes the well known result for x = 0. It follows that
h iZrx ~(=x) =
fo doe'?"" Gy, " (0,0)

1 d3q
- 2m?2J) (2n)3

{ [(eﬁq - l)nq_iTr.K + (e—ﬁq - 1)n—q—iTr-1<]

92
q% +m?

(765) - [(eﬁé’q - 1)n£q—iTr-1< + (e—ﬁEq - 1)n—£q—iTr-1<] } .
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Finally, we write
(" = Dng—irra =" + ("™ = Dng—iTrx
from which it follows that
(7.66) (ePea — Dne,—itr«+ (e Pea - Dn ¢ —iTr«
= 2" + ("™ = DMy iTrac + NcymiTra)

= e+ 14+ ("™ = (e, —iTra — Ney+iTra)
and thus that
(7.67) f ﬁdaei%’“"‘Gg;,K)K(a,ﬁ)
: e +1 d3q 1

2 (27)3 g2 + m?
. eir'K -1 d3q q2
+1 2 (27[)3 {Im Ng—iTrx — mIm ngq_iTr.K} .
which we conveniently rewrite as
p O, -
(7.68) f doe' P ™G (c,0)
0
RALE | d3q 1 2 . 4 (rx
2 (27)3 g2 + m? " m2 o ( )
d’q {qz - ( 0)}
— —(m — :
(27)? | €2 cosh(e,/T) — cos(r - k)

We can now plug this expression back into Eq. (7.62) by noticing that

Ze”'pZKp+1<|t’1§|p>|2ei”‘e,< = Zeir'pZI(p+K|t§|p>|2eK,
0 K 0 K
(7.69)

for any e, such that e_, =e,. We arrive at

2
. 8 Cprm ;.
AlR(A) = BN gire
r(4) 8ndRT;e
2
g 1m i K . o(T"K
(770) +2—ﬂ:2£?;6 p;|(p+1<|tR|p)|a(T,r-1<)sm (7),
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where we have used that ), [{p + KIt}‘BIp)IZ = Cpg is the Casimir of the

representation,

d3q 1 m

7.71 -
( ) (27)3 g2 + m? 4n

in dimensional regularization, and we have introduced the function

(7.72)
© dqq? 1 q> 1
a(T,r-x) Ef - .
o m?3 |cosh(q/T)—cos(r-x) €2 cosh(e,/T)— cos(r-x)

74 Results

We use a renormalization scheme at zero-temperature. In this limit, the
Landau-deWitt gauge boils down to the Landau gauge. We can therefore
adjust the values of m and g to those for which the Curci-Ferrari propa-
gators (computed within the same renormalization scheme) best fit the

Landau gauge lattice propagators at zero temperature, namely g = 4.9
and m = 540 MeV, see [83].

7.4.1 SU(2) and SU(3) transitions

We find once more that the transition is second order in the SU(2) case and
first order in the SU(3) case. Our updated values for the transition tem-
peratures are shown in Table 7.1 and have neatly improved as compared
to the leading order estimations.

7.4.2 Polyakov loops

The Polyakov loop is shown in Fig. 7.4 for both the SU(2) and SU(3) groups.
Let us first mention that the singularity that we found at leading order
(in addition to the one at T'.) seems to have disappeared. Interestingly,

the Polyakov displays a similar non-monotonous behavior as the Polyakov
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ORDER
T. (MeV) | lattice [162] | fRG [49] || Variational [161] || 2-loop CF [168]
SU(2) 295 230 239 284
SU(3) 270 275 245 254

Table 7.1: Transition temperatures for the SU(2) and SU(3) deconfinement
transitions as computed from various approaches, compared to the two-
loop Curci-Ferrari model.

----- SU(3) - 1loop ,/"’
2+ 7
----- - SUB) - 2loop [
( 1
1t e -
I,,’
0 . -
0.6 1 1.4
T/Tc

FIGURE 7.4. Leading and next-to-leading order Polyakov loops for
the SU(3) defining representation, as functions of 7/T..

loop evaluated on the lattice, approaching its large temperature limit
from above. However, the rise of the Polyakov loop above the transition is
faster than on the lattice, which seems to be a common feature of many
calculations in the continuum.

We mention that the Polyakov loop computed here is the bare Polyakov
loop. The latter is known not to have a proper continuum limit even though,
in dimensional regularization, and at the present level of accuracy, it is UV

finite. A direct comparison to the lattice results requires the computation
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1.5+ 2
_____ SU(3) — 1loop pr2e
27
Lo - SU(3) - 2loop //
P
SIT S
o/ ,,

0.5+ ;,/'

N .

0.95 1 1.05
T/T,

FIGURE 7.5. SU(3) entropy density at one- and two-loop order, in
the vicinity of T'..

of the renormalized Polyakov, including the running of parameters with
the temperature. This calculation is beyond the scope of the present
manuscript. For an evaluation within the functional renormalization

group, see [169].

7.4.3 Vicinity of the transition

Now that we have the two-loop corrections to the potential, we can revisit
the vicinity of the transition. We find that the slight violation of the
entropy density that was found at one-loop has disappeared, see Fig. 7.5.
However, we find a slight change of the latent which remains roughly 1/3

of the lattice value.

7.4.4 Low temperature behavior

A simple analysis [] shows that, in the absence of RG improvement at least,

the two-loop corrections are sub-leading with respect to the one-loop ones.
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This seems a good news since, as we saw, the latter are thermodynamically
consistent despite being dominated by the ghosts. However, one important
problem remains since these contributions are massless and contribute to
the thermodynamical observables in powers of T', a behavior which is not
observed on the lattice.

This problem is not specific to the Curci-Ferrari model and occurs in
fact in most continuum approaches in the Landau gauge (that do not
throw the ghost degrees of freedom by hand), see for instance [167] and
illustrates their inability, so far, to properly exclude the massless degrees

of freedom from the thermodynamical quantities.
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CHAPTER

MORE ON THE RELATION BETWEEN THE
CENTER SYMMETRY GROUP AND THE
DECONFINEMENT TRANSITION

he confinement/deconfinement transition in pure Yang-Mills the-
ories has been studied for a variety of gauge groups using lattice
simulations [170-172] or non-perturbative continuum methods
[76]. Not only is this useful as a benchmark for the various theoreti-
cal approaches to non-abelian gauge theories, but it also helps refining
the connection between the confinement/deconfinement transition, the
Polyakov loop, and center symmetry breaking. Here, we provide a general
discussion of these questions in the case of the SU(N) gauge group and
investigate them in more detail in the case of the SU(4) gauge group using

the background extended Curci-Ferrari model.

In Chapter 3, we saw that, if center symmetry is realized in the Wigner-
Weyl sense, the Polyakov loop associated to the defining representation
needs to vanish. We also assumed the reciprocal property to hold true. This
is far from obvious, however, because one could imagine scenarios where

only a subgroup of the center symmetry group is broken, in which case the
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defining Polyakov loop would still be equal to zero. Although this is not a
possibility for any prime value of N since Zy does not have any non-trivial
subgroup in this case,! for other values of N, the question needs to be
posed how to characterize the Wigner-Weyl realization of center symmetry
in terms of order parameters. To this purpose, it is convenient to consider
Polyakov loops in representations other than the defining representation,
and introduce the concept of N-ality. We shall then start with a brief
review of these notions (see [7, 174] for a more thorough discussion) before
summarizing the results obtained within the Curci-Ferrari model for the

SU(4) gauge group.

8.1 Polyakov loops in other representations

To a given representation R : t* — t%, of dimension dg, one associates a

temporal Wilson line as

B
(8.1) LAR(X)E@eXp{if dTAg‘(T,o'c’)t%}.
0

The corresponding Polyakov loop is defined as

. [DAD r(F) e SymlAl
(8.2) Cr = (Ppr(X))yy = [DAe-SyulAl 7

with © r(X) =trL 4z (X)/dpg.

8.1.1 N-ality of a representation

To any representation, one can associate its N-ality that characterizes the
way the corresponding Polyakov loop transforms under center transforma-
tions. In general, a given representation R can be obtained by decomposing

tensor products of the form N® N®...N ®... involving a certain number

IThis includes the cases N =2 and N = 3 treated so far.

144
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n of defining representations and a certain number 7 of contragredient

representations. Using the two properties

(8.3) LAR1$R2 = LARl GBLAR2 R
(8.4) LAR1®R2 = LARl ®LAR2 R

it is then easily seen that all representations extracted from the same
tensor product transform in the same way under center transformations.

In place of the transformation rule (3.12), we now have

R iZTvrk yR
(8.5) ga—%”k —e!N'R ga ,
where vg = n — i is known as the N-ality of the representation. In fact,
the N-ality is defined only modulo multiples of N and, for convenience,

we shall make the choice 1 <vg <N in what follows.

Of particular interest are those representations whose N-ality divides
N. Indeed, it is easily seen in this case that the values of £ that make the
phase equal to 1 in Eq. (8.5) are multiples of N/vg. The corresponding
elements of Zy are of the form eivz_;k/ and constitute, therefore, the 7,
subgroup of Zy.2 It follows that the vanishing of ¢z does not tell us
anything about the way center symmetry is realized in this subgroup.
However, and interestingly, it tells us that center symmetry is necessarily
realized in the Wigner-Weyl sense by some elements of Zy not included

in ZVR.3

2For a generic N-ality vg, the phase in Eq. (8.5) is equal to 1 for any % multiple of
lem(N,vg)/vgr, where lem(p,q) stands for the least common multiple of p and ¢. This cor-
responds to elements of Zy in the subgroup Zy.,, 1emv,vz) = Zged(v,vz)» Where ged(p, q) stands
for the greatest common divisor of p and q.

3We are here implicitly excluding the presence of symmetries other than the center that
would make the Polyakov loops vanish. We mention also that Polyakov loops could vanish
accidentally, without the need of a symmetry. However, if this happens, it most probably does for
isolated values of the external parameters (temperature, ...) and we should not consider these
exceptional cases in the characterization of center symmetry to be given below.
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8.1.2 Center symmetry characterization

Let us now use the previous notions in order to find a characterization of

center symmetry.

Recall that the subgroups of Zy are the groups 7, with 1 <v <N
a divisor of N, and that, for each v dividing N, there is only one such
subgroup in Zy, with Z; = {1} and Z., -y = Zy. In order to characterize the
Wigner-Weyl realization of center symmetry, it is then enough to consider
a collection of representations that exhaust all N-alities 1 <v < N that
divide N. Indeed the vanishing of the Polyakov loops in all these repre-
sentations implies that center symmetry needs to be realized for elements
that do not belong to any of the strict subgroups of Zy. Since these ele-
ments generate Zy, any element of Zy will then realize the symmetry in

the Wigner-Weyl sense. In summary:

Center symmetry is manifest in the Wigner-Weyl sense iff all Polyakov
loops vanish within a collection of representations covering all possible
N -alities dividing N but not equal to N (i.e. v|N and v # N).

We stress that this characterization does not include representations with
vg = N, also known as representations with vanishing N-ality (since N
equals 0 modulo N). The Polyakov loops in such representations are not
transformed under any center transformation and, therefore, are not con-
strained to vanish.* It is then no surprise that they do not appear in
the characterization of center symmetry. Let us also mention that, once
the criterion applies, the Polyakov loops in any representation with non-

vanishing N-ality need to vanish.

In fact, the characterization of the center can be further simplified

“In particular, the present formalism does not allow to address the confinement of colored
objects in representations with vanishing N-ality, such as gluons.
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as follows. The set of divisors of N strictly smaller than N is naturally
equipped with a partial ordering corresponding to the relation being a di-
visor of. We call maximal N-alities, the maximal elements for this partial

ordering over this set.®> We can now state that

Center symmetry is manifest in the Wigner-Weyl sense iff all Polyakov
loops vanish within in a collection of representations covering all possible

maximal N-alities.

Indeed, the union of the corresponding subgroups is equal to the union
of all the strict subgroups of Zy. Then, the vanishing of the Polyakov
loops with maximal N-alities leads to the same consequences than the

vanishing of the Polyakov loops with non-vanishing N-alities dividing N.

Finally, we mention that the characterization of center symmetry can
also be formulated in terms of the confinement of color charges: the Wigner-
Weyl realization of center symmetry is equivalent to the confinement of
color charges within a collection of representations covering all possible
maximal N-alities. Again, once the criterion is obeyed, all types of color

charges with non-vanishing N-ality are confined.

8.1.3 Fundamental representations

The prototypes for representations covering all possible N-alities are
the so-called fundamental representations obtained by anti-symmetrizing
successive tensor products of the defining representation.® These corre-
spond to the one-column Young tableaux with a number of boxes equal

to the N-ality. From those, we need only to consider those with maximal

5For instance, if N = 24 = 23 x 3, then the maximal N-alities are 8 =22 and 12 =22 x 3. If
N =3, the only maximal N-ality is 1.

6 Another, equivalent possibility, followed by [175], is to consider expectation values of traced
powers of the defining Wilson line, (trLg)/N k.
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N-alities.”

To take an example consider SU(4). There are three fundamental
representations 4, 6 and 4, of respective N-alities 1, 2 and 3. According
to the previous criterion, in order to fully characterize the center, we
need only to consider the representation 6 whose N-ality 2 is the only
maximal divisor of 4 (within the set of divisors of 4 not equal to 4). The
subgroup which is not probed by ¢¢ is Zs. Since this is the only non-trivial
subgroup of Z,, the vanishing of ¢4 characterizes entirely the Wigner-
Weyl realization of Z4. In contrast, the vanishing of ¢, is not enough to
characterize the centre since this could also mean a partial breaking of
the symmetry via the Zy subgroup.

In practice, the breaking pattern depends on the dynamics and, there-
fore, on the considered model and approximation. Its determination re-
quires an explicit calculation. In Sec. 8.3, we shall investigate the breaking
pattern in the SU(4) case using the Curci-Ferrari model in the presence
of a background. Before doing so, in Sec. 8.2, we review the properties of
the Weyl chambers in this case, in particular the location of the center
invariant states. We recall that, in this framework, center symmetry is
characterized by the fact that the background is found at particular points
in the Weyl chambers, those points that are left invariant under the action
of the center symmetry group on the Weyl chambers. In fact, it is enough
to look for points in the Weyl chamber that are invariant under a center
element that generates the complete center symmetry group, in other
words, a center element that does not belong to any of the strict subgroups
of the center symmetry group. Such transformations are precisely those

that act non-trivially on the Polyakov loops with maximal N-ality, and,

"We mention that the fundamental representations are naturally organized in pairs of N-
alities (v,N —v). The representations in each pair are contragredient of each other which, in the
case of pure Yang-Mills theory, implies that the corresponding Polyakov loops are equal to each
other, see Chapter 4. This is in line with the fact that, in the above characterization of center
symmetry, at most one of the representations in each pair is considered, since when v divides N,
N —v does in general not divide N (the only exception is when N is even and v =N/2=N —v but,
in this case, there is anyway only one representation in the pair).
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therefore, if the background is located at such invariant points, the corre-
sponding background dependent Polyakov loops vanish, which in turn is

enough to ensure that the center symmetry is fully manifest.

8.2 SU(4) Weyl chambers

We saw in Chapter 5 that, in the reduced background space (7 = r/4m), the
SU(N) Weyl chambers are sub-pavings of the parallelepipeds generated
by N —1 weights p of the defining representation, with 1 < j < N—1, dual
to the roots a') = p¥’— p™) with 1 < j < N—1, such that a"-p® = §/%/2. To
construct the Weyl chambers, one needs to study how these parallelepipeds
are subdivided by each network of hyperplanes orthogonal to a given of
the remaining roots, p@’ — p¥) with 1< j <j' < N —1, and translated by
multiples of half that root. The corresponding hyperplane passing through
the origin contains p® for £ # j and k # j, as well as p" + p¥".

The defining weights of SU(/NV) can be found in App. B. For SU(4), we
may choose

-1 0 0
1 1 1
(8.6) p(1)=§ V173 |, ,o<2>:§ V473 |, p<3>:§ o |,
V1/6 V1/6 ~V/3/2

the remaining weight being p® = —(p™ + p® + p®). Consider the funda-
mental parallelepiped generated by the p"’ with 1 < j < 3. It is further
divided in Weyl chambers by the planes containing p® and p¥ + p@, pV)
and p? + p®, and finally p® and p® + p', as shown in Fig. 8.1. Alto-
gether they divide the fundamental parallelepiped into six tetrahedra,
see Fig. 8.1. A simple calculation shows that these tetrahedra have two
nonadjacent edges that are longer than the other four, by a factor of 2/v/3.
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A

FIGURE 8.1.The fundamental parallelepiped and its division
into SU(4) Weyl chambers in the restricted background space.
The vectors a¥, a®, a® (blue) define the fundamental paral-
lelepiped. The latter is composed of six tetrahedral Weyl cham-
bers: {0,a®,a® +a®,a® + @ + a®}, {0,a?,a® +a®,a® +
a? +a®} (blue), {0,a?,aP+a®,aV+a?+a®, {0,a®,a® +
a® a4 @ 4 a®) (red), {0,a?,a? +a®,a® + a® + a®),
{0,a® a? +a® a® +a® + a®} (yellow). Each chamber has
two edges longer than the other four, namely the one connect-
ing the origin to the sum of two @’s and the one connecting one
a to the sum of the three @’s, as illustrated in the figure (red
lines).

8.2.1 Symmetries

Such an irregular tetrahedron, made of four identical isosceles triangles,
is called a tetragonal disphenoid, whose symmetry group is the dihedral
group Dyg, with eight elements. These are the identity, the three rotations
by an angle 7 around any of the axes which relate the midpoints of
nonadjacent edges, the reflections about the two planes perpendicular to
one of the long edges and containing the other, and two other elements
that can be obtained by combining the former. Using the method described
in Chapter 5, it is easily seen that these transformations correspond to the

center transformations, charge conjugation, or any combination of these,

150



8.2. SUM4) WEYL CHAMBERS

as we now discuss in more details.
Let us first consider center transformations. As we have seen in Chap-
ter 5, any translation along the defining weights p"” corresponds to a

~i27/N — _j In order to gen-

center transformation with center element e
erate the other non-trivial transformations, we consider sums of two or
three weights. For a given Weyl chamber connected to the origin, these
correspond to translations along the three edges connected to the origin.
It is easily seen that among those, the translation along the longer edge
corresponds to a center element —1 and is associated to a rotation by an
angle m around the axis that connects the midpoints of the two long edges
of the Weyl chamber. The other two center transformations, corresponding
to i, are obtained by combining the two other rotations with any of the
reflection planes described above. Following the same method, one can
see that charge conjugation corresponds to one of the reflection planes—
the other one being a combination of charge conjugation and the center
transformation associated to —1.

Let us mention finally that one very convenient way to guess the
various geometrical transformations of the Weyl chamber associated to
physical transformations is to notice that the values taken by the leading
order background-dependent Polyakov loop in the defining representation
at the nodes of the Weyl chamber span the center of the group (this
is because it equals 1 at the origin and translations along the edges
of the Weyl chamber span all possible center transformations). Upon a
given physical transformation, these values are permuted in a certain
way, which in turn allows one to infer the corresponding geometrical

transformation of the Weyl chamber, together with its invariant points.

8.2.2 Invariant states

As mentioned above, center symmetry is characterized once the invariant

states for a center transformations that generates the whole center sym-
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metry group have been identified. Any such center transformation does the
job and here these correspond to the center elements i or —i. These trans-
formations have only one fixed point, the barycenter of the tetrahedron,?

which is then the only point compatible with center symmetry.

In contrast, the center transformation with center element —1 has a
whole line of fixed points, the one connecting the midpoints of the two
long edges, which contains in particular the barycenter of the tetrahedron.
For any point on this line, except for the barycenter, the Polyakov loop ¢4
vanishes but not /g, corresponding to a scenario where center symmetry
is partially broken down to the subgroup Zs. The complete breaking of

the symmetry corresponds to points away from this line.

8.3 Omne-loop results

It is convenient to locate the states in the fundamental parallelepiped in
terms of their coordinates in the basis p". For a restricted background r,
we write r = x;@", where the 0 < x; < 1 can be obtained as 27x; = r-a".
In this basis, the center-symmetric point represented in Fig. 8.1 (dot in
the figure) is located at the coordinates (3/4,1/2,1/4). The Z5 invariant
line in the same Weyl chamber is defined by the equations x; = x9 + x3 and
x9 = 1/2. To simplify the discussion, we note that we can restrict to charge
conjugation invariant states. In the considered Weyl chamber these are
the points in the plane x; = x2 + x3. In fact, it is even more convenient to
work in a basis of this plane r = yo(a'? + a®) + ys(@™¥ + @®). The confining

point is located at (1/2,1/4) and the Z line is corresponds to ys = 1/2.

81n general, for SU(I), it is pretty obvious that the barycenter of any Weyl chamber is
invariant under any center transformation [175] and in fact under any physical transformation
(commuting with the periodic gauge transformations in the sense of Eq. (4.29)). A less trivial
question is to identify all possible invariant states associated to a given physical transformation.
Here we shall limit our analysis to the case of SU(4).
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Figure 8.2: Contour plots of the SU(4) potential at LO in a charge-
conjugation-invariant plane. The latter intersects four Weyl chambers
separated by dashed lines. The Zs invariant lines are the vertical and
horizontal lines (not shown) passing through the origin. The upper (respec-
tively lower) plots correspond to temperatures below (respectively above)
the transition temperature.

8.3.1 Deconfinement transition

Figure 8.2 shows contour plots of the potential in this plane. At low
temperatures, the minimum of the potential is at the center-symmetric
point (upper panels), whereas we find a Z, quadruplet of degenerate
minima at high temperatures (lower panels), located pairwise in the two
reflection-symmetry planes of the tetrahedron but away from the line of
Zy symmetry. The breaking of center symmetry is thus complete. We have
checked that the transition is first order with 729/m = 0.367, close to the
value obtained for SU(3) at LO.
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8.3.2 Background-dependent Polyakov loops

It is interesting to evaluate the (background-dependent) fundamental

Polyakov loops. The one in the defining representation writes

(8.7) l(r) = 1 eip(l)-r n eip(Q)-r n eip(S).r + eip(4)'r
4
Using the fact that a = p — p® and that a® +a® + a® = ~4p® this

rewrites

e—i%(x1+x2+x3)

(8.8) /(r)= 1 1+627Tix1-r+62ﬂix2-r+e2nix3~r ,

in terms of the coordinates in the fundamental parallelepiped. Then,
we can interpret the vanishing of ¢(r) as the closure of a rhombus with
external angles 27mx1, 27m(x9 —x1), 271(x3—x2) and 27m(x1 —x3) modulo 27 and
up to permutations of x1, x9, and x3. This implies 27x; + 27(xe —x1) =7

and 27x1 = 2m(x3 — x2) modulo 27, that is,
(8.9) x2:§m0d1 and x3:x1—§mod1.

In a given Weyl chamber, this corresponds to the segment joining the cen-
ters of the long edges of the tetrahedron, to which belong, in particular, the
center-symmetric point. The corresponding segments in the other cham-
bers in the fundamental parallelepiped are obtained by permutations of x1,
x9 and x3. This are precisely the states where the defining Polyakov loop
needs to vanish if the subgroup Z, of center transformations is realized

in the Wigner Weyl sense.

Let us now evaluate the Polyakov loop associated to the represen-
tation 6. Since fundamental representations are constructed by anti-
symmetrizing tensor products of defining representations, the weights
of the fundamental representation with N-ality v are obtained by con-

sidering all the possible sums of v different weights. There are C}; such
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weights, which is precisely the dimension of the considered fundamental

representation. It follows that, in general

(8.10) gczvv(r):i Z ei(p(j1)+"'+p(j"))or.

V . .
N j1<-<Jv

Here we have
(8.11) lg(r) = 1 [ei(p(l)J“p(z))" + ei("(l)+p(3))" + ei(p(l)+p(4))"

" ei(p(2)+p(3))_r " ei(P(2)+P(4))'7' n ei(p(3)+p(4))_r] .
Using again that p + p® + p® + p® = 0, this rewrites
1 (oD p@). (0@ 1 @) (oD @),
(8.12) le(r) = §Re [el(p TP L Uy pil0T e )r]

which is not surprising since 6 = 6. Using the same remarks as before this
also rewrites as

(8_]_3) 56(7") — lRee—in(x1+x2+x3)[62nix1 +eZnix2 +62m’x3]
3

= % cos(m(xy —x9 — x3))
+ cos(m(xg — x3 — x1))

+ cos(m(xz —x1 — xz))]
or, equivalently

(8.14) t6(r)

%Re [(enixl + e—nixl)(enixz + e—nixg)(enixg + e—nixg)

_eni(x1+x2+x3) _e—ni(x1+x2+x3)

1
= 3 [4cos(nx1)cos(nxz)cos(nxg) —cos(m(x1 +x9+x3))].

This defines a surface in the Weyl chamber, containing in particular the
center-symmetric point.

We mention that the fact that the Polyakov loop ¢ can vanish away
from the center-symmetric point seems in contradiction with the discus-

sion given above. However, this discussion concerned the physical Polyakov
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loop, whereas here we are discussing the background dependent Polyakov
loop which corresponds to a situation where one artificially imposes the
state of the system to correspond to a given background. The system does
not necessarily explores these states and, if it does, there is no symmetry
principle that would enforce it to remain in such a state for a certain
range of temperatures. We can disregard these accidental vanishings for
the present discussion. We also expect the location of these accidental
vanishing points in the Weyl chamber to change, or even disappear, at

next-to-leading order.

8.4 Casimir scaling

Another application of Polyakov loops in higher representations is the
so-called Casimir scaling. It has been observed that the Polyakov loops in

different representations obey the following scaling law [166]

8.15) oler = IR
where Cr denotes the Casimir of the representation R. This in turn
implies that the free-energy cost for bringing a colored object into the
medium scales like the square of the corresponding color charge.

To investigate Casimir scaling at leading order in the SU(3) case, we
use (8.3). Taking the traces and normalizing by the dimensions of the

representations, we arrive at’

(8.16) (d1+ dz)(DARleeRQ = dlq)ARl + dZLAR2 ,
(8.17) Daron, = Pan, Pap, -

At leading order, these properties are transferred to the corresponding

Polyakov loops. Moreover, if R denotes the contragredient of a given

9These are similar to the identities obeyed by the characters of the corresponding represen-
tations.
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(R1 /Cr

0.9

..... R=3,6,10,15'
— R=81524 197

0.5

1 1.1 1.2

T/T,

FIGURE 8.3. Testing the Casimir scaling at leading order.

representation R, we can once again show that the Polyakov loops are

equal and real (on a charge conjugation invariant state). To take a few

examples, we know that 3® 3 = 3® 6. From this it follows that 9(% =
3¢5+ 6/ and then 6¢4 = 943 —3¢3. Similarly, one finds

(8.18)
(8.19)
(8.20)
(8.21)
(8.22)
(8.23)

80 =921,
10410 = 180305 — 80,
15015 = 180306 — 303,
15015 = 3003019~ 15015,
24094 = 3003019~ 605,
2707 = 3602 — 8051,

see [166] for more details.

In Fig. 8.3, we show how Casimir scaling is satisfied in our approach.

The scaling is well satisfied down to =~ 1.17'.. For temperatures below, we

observe partial Casimir scaling, with certain groups of representations
obeying scaling (6 and 8, 10 and 15, 15’, 24 and 27, ...).
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CHAPTER

BACKGROUND FIELD GAUGES:
ADDING QUARKS AND DENSITY

n the next two chapters, we pursue our investigation of the deconfine-

ment transition by complementing the background-extended Curci-

Ferrari model with quark degrees of freedom. Including quarks is
in principle straightforward since one has simply to add the usual mat-
ter contribution of the QCD action. In practice, however, the presence
of quarks leads to new difficulties that require one to revisit the very
foundations of the background field method.

These difficulties concern in fact any continuum approach that relies,
in one way or another, on the use of effective actions. They appear at finite
density, as the functional integral measure becomes complex, and are of
two different types: those that relate to the integration measure not being
real-valued and those that relate to its non-positivity. We show how the
first type can be cured by exploiting the symmetries of the system at hand.
In contrast, the second type is more subtle as it connects directly to the
sign problem of lattice QCD [36, 37]. A simple recipe will be postulated to
handle this second type of difficulty, but its justification will remain an

open question beyond the scope of the present manuscript.
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CHAPTER 9. BACKGROUND FIELD GAUGES:
ADDING QUARKS AND DENSITY

9.1 General considerations

In this section, we derive some general properties that will be used
throughout the chapter. We do so by using the QCD action in its non
gauge-fixed version. We shall later extend the discussion to the Landau-

deWitt gauge and to the corresponding Curci-Ferrari model.

The QCD action is obtained by adding the usual matter contribution
to the Yang-Mills action, Syy — Sqgcp = Sym +6S, with

9.1) OS[A,w,y;ul = fddx wa(x) (D+ My — pyo) w(x).

Here, the quarks are taken in the fundamental representation and 2, =
0, —18Ajt" is the corresponding covariant derivative. We have also intro-
duced the usual notation ¢ =vy,9, with y, the Euclidean Dirac matrices
[90]. These are related to the standard Minkowski matrices v}, as yo =y,
and y; = —iyfv_,. They are thus Hermitian and satisfy the anti-commutation
relations {y,,y,} = 26,,. In the following, we work in the Weyl basis, where
Y02 ="Yo2="7Yoz2 and ¥ s =7y} 3 = —y13. Within this basis, one easily derives
the two identities [176]

(9.2) Y2YoYuYoY2 =Y, and YsY1YuY1¥s=7Y,,

which will play a major role in the following discussion.

The conjugated field ¥ is defined as usual as ¥ = ¢y,. It is convenient
to extend such conjugation to complex numbers and matrices as z = z*
and M = yoM'y,. In particular, it is readily checked that ¥, = y, and
Y; = —Yi. Moreover, given two matrices M and N, one finds MN=NM.
These properties allow for an easy determination of the conjugate of any
expression, similar to the determination of the bra associated to a ket in

quantum mechanics. We also introduce y5 = yoy1Y2Ys. It obeys the proper-

ties {Y5>Yp} = 0, Y% = la 7’;, =75 and 75 = —7Ys.
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Finally, let us recall that the last term in Eq. (9.1) corresponds to the
baryonic charge of the system. It is proportional to the associated chemical
potential ug = 3u.! For reasons that shall become clear below, we allow for
both real and imaginary chemical potentials. As usual, the temperature
T = 1/P enters via the boundary conditions of the fields, and, unlike gluons,

quarks obey anti-periodic boundary conditions: ¥(t + 8,X) = —y(1,X%).

9.1.1 Polyakov loops

Our investigation of the deconfinement transition will again be achieved
by means of the Polyakov loops associated to the defining and contragredi-

ent representations,?

1 p
9.3) (= <—tr9’exp{if dTAS(T,Ec’)t“}>
N 0
and
_ 1 p
(9.4) (= <—tr,@exp{—if dTAg(T,&')tfl}>.
N 0

Those are directly related to the free-energy cost for bringing a quark or

an anti-quark into an equilibrated bath of quarks and gluons [37, 145]:
(9.5) Cox e P and P e PO

We mention that this interpretation has been questioned in the presence of
a chemical potential due to the non-monotonous behavior of the Polyakov
loops as the chemical potential is varied [177]. We will argue instead in
the next chapter that the non-monotony as a function of u can be seen

precisely as a consequence of the free-energy interpretation.

INote that we use the opposite convention for the sign of y than in Ref. [176].
2This is because we are considering the SU(3) case. As we discuss in a future version of the
manuscript, the case of SU(NN) requires one to introduce a priori all the fundamental loops.
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9.1.2 Symmetries

The other crucial ingredients in the analysis to follow are of course the
symmetries of the problem. As we now recall, those are notably modified

by the presence of quarks in the fundamental representation.

First of all, center symmetry is explicitly broken. This is because the
fundamental quarks transform as ¢Y(x) = U(x)y(x). So, even though
the action remains invariant, S[AY, ¢V, 9Y;ul = S[A,y,¥;ul, the anti-
periodic boundary conditions of the quarks are changed into anti-periodic
boundary conditions modulo a phase, ¢V (r + ,%) = —eiQﬁnka(T,k’), and the
symmetry is not manifest at the level of the quantum/thermal expectation
values. As a consequence, the Polyakov loops have no reason to vanish
anymore. We will see nonetheless that the Polyakov loops possess a singu-
lar behavior in the heavy quark regime which qualifies them still as good
order parameters.

We expect quarks not to break charge conjugation symmetry as long as
the chemical potential is equal to zero. This is easily checked by evaluating

the action with charge conjugated fields®

(96) A% = _At ’ wcg = ’}/OYZ{U‘C, 1/—/(5 = _thZYO ’

and by using the property yoyoYuYoYys = —yL. More generally, it is easily
verified that charge conjugation changes the sign of the baryonic charge

term in the action, and thus that
9.7) SIA”,y, 9% ul = SIA, y,9;—pl.

Since charge conjugation does not alter the boundary conditions of the

fields, the symmetry applies also to expectation values. In particular, it is

3The transformation of Ee field vy is easily obtained from the conjugation rule described
above: ¥¢ = yoye 't — ¢ = Teyo = —yty9y0, where we have used that Yo =70, Yo = —Y2 and
yt=yt.
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9.1. GENERAL CONSIDERATIONS

easily shown that, as a consequence of charge conjugation, £(u) = £(—pu).
For u =0, we recover the result / = ¢ obtained in Chapter 4.*

Another useful transformation is

(9.8) A* = A s 'VZ =Y1YsV, (UZ = 1/_/7/37/1 .

Indeed, owing to the property ysy1y,y1ys =Y, and assuming that the

fermionic fields are real,’® it is easily checked that
(9.9) SIAZ ,w” ¢ ;ul = SIA, v, ;171"

Although this is strictly speaking not a symmetry for it requires the
complex conjugation of the action, it plays a major role in what follows. It
implies for instance that £(u) = /(u*)* and ¢(u) = #(u*)* and, thus, that ¢
and ¢ are both real if the chemical potential is real.

For completeness, let us finally combine the previous two transforma-

tions into the transformation

(9.10) A=A, yFl =yt T =ylys.
Using {ys,y,} = 0 together with yL =Y, one finds

(9.11) SIA, w* % w* % ul = SIA, v, ¥;—u"1".

In particular, it follows that ¢(u) = /(—u*)* and, thus, ¢ and ¢ become
complex conjugate of each other if the chemical potential is imaginary. The
transformation (9.10) should not be mistaken with v — ysv, v — —vys
which leaves the chemical potential unchanged, while flipping the sign of

all quark masses. We shall also make use of this property below.

4Here, we assume that there is no spontanously broken symmetry (as we have seen above,
center symmetry is explicitly broken in the presence of fundamental quarks). A counterexample
is provided by Yang-Mills theory where center symmetry can be spontanously broken. In that
case, ¢ = ¢ does not apply to all possible states of the system.

5The Grasmannian fields ¥ and ¥ are a formal device to write the determinant of an oper-
ator, detM = [ D[y, ] exp{[d%x [d%yw(x)M(x,y)y(y)}. Since (det M)* = det M*, it is perfectly
consistent to assume that v* =¥ and ¥* =¥, see also [176].
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9.1.3 Fermion determinant

Let us end this section by recalling that the fermionic part of the action
being quadratic, the fermionic fields can be integrated out exactly. This
means that any observable can be written formally as the corresponding
integral in the pure Yang-Mills theory, but with a functional measure
modified by the so-called fermion determinant. For instance, the partition

function reads

(9.12) Z = f DA NA; ple SrmlAl
with
(9.13) A[A;ul = f Pl ple SV VA = det H[A; 1]

the determinant of the Dirac operator in the presence of the gauge field A

and a chemical potential u:

Ny
(9.14) MA;ul = Q) (D— gA+ My — pyo).
=1

A similar rewriting applies of course to the Polyakov loops.

Now, using similar arguments as in the previous section, one finds

(9.15) YayoHIA;ulyoys = MIA;—pl',
(9.16) Yay1 MIA; puly1ys = MTAY 0T,
(9.17) ys MA; s = MIA;—p*T

Again, the last identity was obtained by combining the previous two. If
we use instead the chiral transformation v — ysv, ¥ — —¥ys, we obtain
that —y5 #[A;ulys is the original Dirac operator but with a sign flip of
all fermion masses:

Ny

(9.18) —y5 MA;ulys = Q) (@— gA— My — piyo).
f=1
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For the fermion determinant, we obtain, correspondingly,

(9.19) ALA; u]l = ATA; -],
(9.20) ALA; ] = (ALAZ;p*])",
(9.21) ALA; ] = (A[A;—p*])".

9.2 Continuum sign problem(s)

As it can be seen from Eq. (9.20), the fermion determinant becomes a priori
complex when the chemical potential is taken real. This is the source of
various difficulties, usually collected under the generic name of contin-

uum sign problems [23, 178—-183] and which we now discuss in some detail.

We put special care into discriminating between true sign problems
that emanate from the non-positivity of the fermion determinant, and
related difficulties that emanate from its non-real-valuedness. To make
the distinction clear, we label the first type as (Pn) and the second type as
(Rn). As we argue, this latter type of difficulties are easily handled after
one acknowledges the fact that, in the presence of a complex integration
measure, a given observable (with real spectrum) does not necessarily
lead to a real expectation value. In contrast, the former type are more

difficult to handle since they relate directly to the lattice sign problem.

In order to better appreciate the various possible difficulties, we first
consider the case of an imaginary chemical potential where these dif-
ficulties are absent.® Also, we first discuss the various problems in a
non gauge-fixed setting, in a way similar to [184], and then extend the

discussion to background field gauges.

6As we discuss in the next chapter, the case of imaginary chemical potential possesses further
interesting features that make it a case worth of study.
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9.2.1 Imaginary chemical potential

In the case of an imaginary chemical potential, the fermion determinant
is positive. To see this [178], we note first that the massless Dirac operator
is anti-hermitian. It is thus diagonalizable with a purely imaginary spec-
trum. Moreover, the mass operator being proportional to the identity, the
massive Dirac operator remains diagonalizable. Finally, it follows from
Eq. (9.18) and yg = 1 that, for each eigenstate of eigenvalue u+iA, there is
another eigenstate of eigenvalue u—iA. The fermion determinant is then
the product of positive factors of the form u? + A2.7

The positivity of the fermion determinant is a welcome feature at
various levels. On a fundamental level, it ensures the positivity of the
partition function (9.12) and thus the real-valuedness of any thermody-
namical observable derived from it (since InZ is real).® On a practical
level, it makes it possible to evaluate the partition function with, discrete,
importance sampling Monte-Carlo techniques. As we now discuss, it has
also its importance within any continuum approach based on the use of
effective actions.

Suppose indeed that we introduce sources 7] and 7 coupled respectively
to the operators ®, and ®,4, thus defining the generating functional
Win,nl=1InZ[n,nl, with
(9.22)

Z[n, i) = f DA NA; e SMAl gz { f d7 (1-7(55) DaF) + @A(k’)n(o‘c’)) } .

The sources are a practical way to generate the expectation values of the
Polyakov loops or more generally correlations between various Polyakov
loops. In the limit of zero sources, one can extract their values from

the extremization of the Polyakov loop effective action, defined as the

"For completeness, we mention that the real-valuedness of the fermion determinant (but not
its positivity) follows more directly from Eq. (9.21).

8We shall not try, for the moment, to give a physical interpretation to the case of imaginary
chemical potential. We shall later show that, for certain values of the (imaginary) chemical
potential, there is a simple physical interpretation.
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Legendre transform of W[n,n]l:
9.23) Ile,21= —Win, 7l + f 43 (7@ @) + EN()),

where the conjugated variables ¢ and ¢ are defined as

ow . ow
0(%) =

9.24 (%) = )
9.24) D=5 1)

and are nothing but the Polyakov and anti-Polyakov loops in the presence
of the sources n and 7.

For the purpose of generating correlation functions, one could consider
the sources to be two independent complex numbers, that is (n,7) € C x C.
Correspondingly, the variables ¢ and ¢ that enter the effective action are
complex and independent (possibly within some region of C x C). This
is not the most convenient choice, however, because the effective action
becomes generically complex, obscuring the fact that it should be real
in the limit of zero sources where it corresponds to —W[0,0] = —InZ.
Moreover, a complex effective action makes it difficult to devise a definite
criterion to identify the physical extremum.’

As we now explain, we can avoid these difficulties by restricting (n,7)
to a subspace of C x C such that I'[¢, ] is real. This restriction is of course
allowed as long as the considered subspace contains the limit of zero
sources.!? However, one problem with restricting the space of sources is
that it is not always easy to identify the target space where the conjugated
variables ¢ and ¢ should vary. Interestingly, we will show that it is possi-
ble to find a subspace of C x C which is both stabilized by the Legendre

transformation and over which the effective action is real.

91n principle, one expects that the limit of zero sources corresponds to one extremum only,
or to a collection of degenerated extrema. However, due to the approximations inherent to any
approach, additional extrema can appear and one needs a criterion to identify the correct one.
0We assume again that the limit of zero sources does not depend on the way it is taken,
which is legitimate here since there is no spontanously broken symmetry.
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Suppose that we restrict the sources such that 7 = n*, that is the
pair (7,7) is taken in the subspace X = {(n,77) € C x C|7) =n*} of complex
conjugated sources. This choice seems natural here since the quantities the
sources are coupled to are also complex conjugate of each other, ®, = .
We emphasize, however, that this very choice will not be the natural one
in the case of a real chemical potential to be treated in the next section. In
the present case, this choice of sources, together with the real-valuedness

of the fermion determinant, implies that Z[n,7] is real:

(9.25) (R1) V(n,meZX,Zln,nleR|.

A stronger result is obtained from the positivity of the fermion deter-
minant: Z[n,n] is in fact positive over Z. It follows that the generating
functional W{n,n] is real over X:

(9.26) (P1) Y(n,mex,Win,aleR|.

Next, we consider the effective action I'[¢, 7]. It is easily seen that, if
the sources are taken in the subspace X, the conjugated variables belong

to the same space:

(9.27) (R2) (n,meZ=,Dex|.

This result relies crucially on the real-valuedness of the fermion deter-
minant. Indeed, in the presence of a real-valued integration measure,
the expectation values of two complex conjugated quantities, such as @4
and ®,4, are themselves complex conjugate of each other. One can also
see (R2) as a consequence of (R1) and the identities ¢ = (6Z/67)/Z and
¢ =(6Z/6n)/Z. Moreover, by combining the properties (P1) and (R2), we
deduce that I'[n,7] is real over the space X:

(9.28) (P2) V(£,0)eX T[¢,l1eR|.
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Finally, from the positivity of the integration measure, we can use sim-
ilar arguments as those given in Appendix C and in Chap. 4 to show that
Win,nl is convex over X and that the the limit of zero sources corresponds

to the minimization of I'[¢, ¢] over this space:

(9.29) (P3) (n,7) €= —(0,0)< mins[[¢,7]].

In summary, we have just shown that, in the case of an imaginary
chemical potential, the real-valuedness of the fermion determinant en-
sures the existence of a subspace over which the functional Z[n, 7] is real
(R1) and, thus, such it is stabilized by Legendre transformation (R2). On
the other hand, the positivity of the fermion determinant ensures that the
functionals W[n,n] and I'[¢, ¢] are real over this subspace (P1/P2) and that
there exists an unambiguous characterization of the limit of zero sources
that allows to select the correct extremum of the effective action over
this subspace (P3). We mention that varying the effective action over X is
also convenient because it makes sure that the property of the physical
Polyakov loops being complex conjugate of each other in the case of an

imaginary chemical potential, see above, is automatically fulfilled.

9.2.2 Real chemical potential

In the case of a real chemical potential, both the reality and the positivity
of the fermion determinant are lost and we expect the properties (R1),
(R2), (P1), (P2) and (P3) not to hold true anymore, at least not in such
a simple way as above. As we now recall, the properties (R1) and (R2)
can be shown to still hold true with however a new invariant subspace.
In contrast, to the best of our knowledge, the properties (P1), (P2) and
(P3), for they quite crucially rely on the positivity of the fermion determi-

nant, have not been extended so far to the case of a real chemical potential.
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(R1/R2) For a real chemical potential, Z[n,7] is not real in general,
even when restricted to . Correspondingly, the Legendre transformation
does not stabilize X. This problem, however, should not be qualified as a
sign problem for it does not originate in the integration measure not being
positive, but only in the integration measure not being real. Moreover, it
has a simple solution, as originally suggested in the matrix model analysis
of [184]. In fact, using the identity (9.20) as well as ®,» = @}, it is easily
checked that Z[n,n] is real over the subspace R x R and thus that this
subspace is stable under Legendre transformation. Moreover, this is the
natural subspace where to consider the effective action, since as we have
seen above, the physical Polyakov loops should be real in this case.

The above considerations give a formal basis to the standard rule
on how to analyse the Polyakov loop effective action/potential (see for
instance [23, 179, 182]), when changing from the case of an imaginary
chemical potential to that of a real chemical potential: in contrast to the
former case where ¢ and ¢ are taken complex conjugate of each other, in
the latter case, one chooses instead ¢ and ¢ real and independent. This

change of subspace is illustrated in Fig. 9.1.

(P1/P2) As we have already emphasized, the question of the reality
of Z[n, 7], and in particular of the partition function Z = Z[n = 0,7 = 0],
has not much to do with the sign problem and can be addressed using the
identity (9.20). The true sign problem appears when one tries to argue
that the partition function Z is positive, as it should be the case if —T'InZ
is to represent the free-energy of the system. The fact that the fermion
determinant is not positive-definite makes the proof of the positivity of Z
difficult a priori and, to our knowledge, this question has not been clari-
fied yet. From the reality of Z[n, 7], the (assumed) positivity of Z and the
expectation that W[n, 7] should not diverge at any value of the sources, we
also expect Z[n,7] to be always positive. Again, the non-positivity of the

fermion determinant makes this statement difficult to prove. These issues
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Im/=-Im/¢

b Re/

Re7 "~ Ref=Re7

Figure 9.1: The two different planes where the Polyakov loop effective
action should be considered depending on whether u € iR or u € R. These
two planes are sub-manifolds of C x C, but for the sake of representing

them in a three dimensional figure, we have glued together the axes Im /¢
and —Im /.

are minor, however, in the sense that, within any continuum approach
that gives access to an explicit expression for I'[Z, /], one can always check
whether I'[¢,7] is real over R x R. For instance, in the next chapter, we
check that this is the case for the one-loop Polyakov loop potential com-

puted within the Curci-Ferrari model.

(P3) A slightly more serious sign problem is that, even after checking
that I'[¢,7] is real over R x R, it is not at all obvious which extremum

one should choose in this subspace, in the case where various extrema
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are present. The criterion that we identified in the case of an imaginary
chemical potential, because it crucially relied on the positivity of the
fermion determinant, is not valid anymore. In fact, it is easily seen that
the physical point cannot correspond to the absolute minimum of the
effective action. This is because, for a vanishing chemical potential, one
can choose to work either over X or over R x R. Due to charge conjugation
invariance, the physical point is such that ¢ = ¢ and lies therefore at
the intersection of these two subspaces. Seen from the perspective of the
subspace X, the physical point appears as the absolute minimum, but seen

from the perspective of the subspace R x R it appears as a saddle-point.

We mention that this version of the sign problem is not as dramatic as
the one on the lattice, because one can always try to locate the different
extrema (assuming that there is a finite number of them) and select
the correct one based on some additional physical insight. However, this
entails inevitably a loss of prediction power of the continuum approach.
We can try to circumvent the problem by inferring a general rule from
the case of zero chemical potential. In that case, the physical point in the
subspace R x R is not only a saddle-point, it is in fact the deepest saddle
point.!! In what follows, we assume that this rule applies even at non-zero
chemical potential. We stress however that we found no way to justify this
rule from first principles. The best we can do is to provide a posteriori
justifications, based on the relevance of the physical results that we obtain

with this rule, in comparison to other strategies.

9.3 Background field gauges

The previous considerations extend of course also to a gauge-fixed setting.

In particular, as we now discuss, they have a strong imprint on the way

At least among those compatible with the charge conjugation invariance present in the
p=0 case.
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the background field method should be implemented at finite density.

9.3.1 Complex self-consistent backgrounds

To understand this point, recall that the background field approach at fi-
nite temperature relies crucially on the use of self-consistent backgrounds
defined by the condition A = (A) i- Making the expectation value explicit
and projecting along the generators ¢%, this condition writes

_ JPAAAIA[A; ] AG e~ SyulA]

(9.30) A‘; _ ; _ s
f@gf[A;A] A[A;/J]e_SYM[A] (AV)a

Since the background is taken constant, temporal and along the Cartan
sub-algebra, this identity is trivially valid for v # 0 or for a # 3 and
a # 8. Self-consistent backgrounds appear, therefore, as fixed points of the

mapping
(9.31) (A3, AD — (A 5, (AR 2)-

Of course, the existence of fixed points depends crucially on which space
the fixed points are searched for. If one views the background as a partic-
ular configuration of the gauge field A7, the natural choice would be to
look for fixed points in the space of real background components. As we
now discuss, however, this choice is not always the appropriate one. The
right choice depends on the considered situation and is again intimately

related to the properties of the measure under the functional integral.

Let us consider the case of an imaginary chemical potential first. In this
case, the fermion determinant is real. Then, if we choose the background
components to be real, the measure under the functional integral is real.
The expectation values (A%) i and (Ag) 4 are also real and (9.31) maps
R x R into itself. This is certainly a favourable condition for the existence

of a fixed point solution, and, thus, of self-consistent backgrounds.
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The problem occurs when changing to a real chemical potential. Indeed,
the fermion determinant being complex in this case, the expectation values
(Ag) i and (Ag) 4 are not real anymore if we insist in keep the background
components real, and the previous favourable condition for the existence
of a (real) self-consistent background is not met. The way out is to allow for
complex components of the background. This may look surprising at first
sight if one insists in viewing the background as a particular configuration
of the gauge-field. However, from the perspective of the gauge-fixing
procedure the background should be rather seen as an infinite collection of
gauge-fixing parameters that characterizes the particular gauge that one
is considering.'? From this perspective, nothing prevents the background
components to be taken complex.

To see how such an extended background allows us to solve the prob-
lem, we need the counterpart of the property (9.20) regarding the gauge-

fixed measure. One finds
(9.32) Dl A; Al = (DlAT ;A7)

We note that, since we leave open the possibility of complex background
components, we have A* # A% . More precisely, for our constant, temporal
and diagonal background, we have (A )38 = —(Ag’s)*, whereas (A?)*® =
—(Ag’s). The background is thus invariant under £ if its components are

taken purely imaginary. In this case, it is readily checked that
3,8 3,8\ *
(9.33) <Ao >A = _<Ao >A ’

and, therefore (9.31) maps iR x iR into itself. Thus, there is again some
chance to find self-consistent backgrounds, but with purely imaginary
components this time.

Another possibility is to consider Ag real and Ag imaginary. Indeed,

in this case, the background is invariant under a combination of £ and

12Complex backgrounds have also been considered in [185, 186]. There, the search for saddle
points in the presence of a complex action forces one to continue the original real gauge field to
complex configurations.
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the Weyl transformation that flips the sign of Ag. Since the Weyl trans-
formation is a symmetry of the problem, it is readily checked in this case
that

(9.34) (AD)z =A%)
(9.35) (AS):=—(A5)5-
It follows that (9.31) maps R x iR into itself, opening the possibility for the

existence of self-consistent backgrounds with Ag real and Ag imaginary.

9.3.2 Background field effective potential

The previous discussion extends to the background field effective potential,
from which the self-consistent backgrounds should be obtained in principle.
It is convenient to introduce the generating functional

(9.36)

ZIJ; Ao, pl = f Dol A; Ag1 ALA; ] exp{—SYM[A] + f ddef(x>A{;(x)} ,

with o = (J3,J%) and Ay = (A3, A8). We recall that the background field
effective action I'[A] is constructed from this functional by first Legendre

transforming W[J;A, ul = —1InZ[Ay; Ao, 1] with respect to the sources

(9.37) T[Ag; Ao, ul = ~WIJ;Ag, ul + f dxJI(x) Al (%),
with

; 1 672
(9.38) Alw=2" 19

5Ji(x) ~ Z6Ji(x)’
and then evaluating I'[A, u] =T'[Aq; Ao, u]. We can now follow a similar

discussion as the one presented in Sec. 9.2.
By using the identities (9.19)-(9.21), it is found that

(9.39) Z[J; Ao, ul = Z[-J;—Ag, —ul
(9.40) =Z[-J"-A, 1T
(9.41) =ZIJ* AL, —u' T,
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- A r

. I

Figure 9.2: The two different planes where the background field effective
action should be considered depending on whether € iR or p € R. This
figure is the counterpart of Fig. 9.1.

where the last identity is a combination of the previous two. One
can also use a Weyl transformation to flip the sign of both J2 and A‘g in
Eq. (9.40). Using these identities, it is easily checked that, in the case
of an imaginary chemical potential, Z[J;A,u] is real if J € R x R and
Ay € R x R. Similarly, in the case of a real chemical potential, Z[J;A, u]
isrealif J€iRxiR and Ag € iR xiR, or,if J e RxiR and Ay € R x iRR.
From (9.38), it then follows that these subspaces are stabilized by the Leg-
endre transform and are thus the natural subspaces where to study the
background effective action I'[A,]. In fact, we will see in the next chapter
that the effective action is somewhat ill-defined over iR x iR, so we shall
restrict to R x iR from now on. The change of subspace for the background
components, as one changes from the case of imaginary chemical potential

to the case of a real chemical potential is illustrated in Fig. 9.2.
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The properties that we have just discussed are the counterpart of
properties (R1) and (R2) discussed in the previous section. The equivalent
of the properties (P1), (P2) and (P3) can again be shown in the case
of an imaginary chemical potential using the positivity of the fermion
determinant. In particular, the background field effective action I'[A]
is real if (A3,A%) € R x R, and self-consistent backgrounds are obtained
by minimizing the background field effective action over this subspace.
In the case of a real chemical potential, the proof is jeopardized by the
non-positivity of the fermion determinant but it is reasonable to admit
that the background field effective action I'[A,] is again real if Ag € R x iR,
which we shall check on explicit examples in the next chapter. Again,
we shall also choose the physical point as deepest saddle point in this

subspace but here we lack a derivation of this recipe from first principles.

9.3.3 Background dependent Polyakov loop

The connection with the general discussion of Sec. 9.2 can be done using
the background dependent Polyakov loops. From the identities (9.19)-
(9.21), we find that

(942) E[AO,/J/] = Z[_AO>_ﬂ]
(9.43) = 0[-Ag, 11"
(9.44) = Z[A(’;,—u*]*.

In the case of an imaginary chemical potential, choosing Ay € R x R, one
finds from Eq. (E.8) that ¢[A,,u] and /[A,, u] are complex conjugate of
each other, in agreement with the previous discussion. In the case of a
real chemical potential, choosing Ay € R x iR, one finds from Eq. (9.43)
that ¢[A, 1] and [A,, u] are both real.

In particular, at leading order, the background dependent Polyakov
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loops are not modified by the quark content and one finds

—; 18 . ;18
e V3 +2cos(73) e 2v3
3

(9.45) l(r3,rg, 1) = =l(rs,—rg, 1),

which obey the above mentioned properties.

9.3.4 Other approaches

Some works propose instead to restrict to rg = 0 as a way to ensure
that the background potential remains real. This is done either directly
[183, 187, 188] or effectively by first dropping the imaginary part of the
potential and then realizing that the real part has a minimum such that
rg =0 [180]. However, this is at odds with the fact that a non-vanishing
chemical potential breaks charge conjugation symmetry and should then
correspond to a non-zero rg. We will see that approaches that artificially
set rg = 0 miss part of the physical picture by not reproducing the expected
behavior of the Polayakov loops as a function of the chemical potential.
However, for some other aspects, the rg = 0 and rg € iR prescriptions
give quantitatively similar results. In particular, we evaluated the ther-
modynamical observables in the Polyakov-extended Quark-Meson model
of [183]. Figure 9.3 shows both the deviation of the pressure p and the
trace anomaly e — 3p with respect to the zero-density case, using both
prescriptions for rg.

The prescription rg = 0 has also been used in [181] to obtain bubble
nucleation rates by computing the barrier between two minima of the
potential in the case of a first order phase transition. We stress again that
the analysis should in principle be carried out with a non-zero, imaginary
rg. In this case however, the very method for extracting nucleation rates
has to be revisited before a comparison such as the one in Fig. 9.3 can be

even considered.
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Figure 9.3: Pressure and trace anomaly deviation with respect to the
zero-density case (divided respectively by the Stefan-Boltzmann pressure
and energy density), as functions of the temperature, for various values
of the baryonic chemical potential ug = 3u, ug = 200 MeV (blue, plain
and dotted) and ug =400 MeV (red, dashed and dashed-dotted). The thin
lines correspond to the results obtained with the rg = 0 prescription, as
in Ref. [183], whereas the thick lines shows the results obtained with the

rs € iR presciption.






CHAPTER

QCD DECONFINEMENT TRANSITION
IN THE HEAVY QUARK REGIME

e now apply the general considerations of the previous chapter

to the study of the deconfinement transition in the presence of

quark degrees of freedom. To keep the picture relatively simple,
we consider a formal regime where the up, down and strange quarks
are considered heavy, and the other, even heavier quarks, are neglected.
This departure from the physical QCD case has been largely explored in
the literature, from lattice simulations [189], first principle continuum
methods [188] or models [190], and this for several reasons.

First, it allows to assess the impact of dynamical quarks on the de-
confinement transition without the contamination from the breaking of
chiral symmetry, the other relevant transition at play in physical QCD.!
Moreover, in this formal regime, QCD presents a rich phase structure that
allows for comparison and benchmarking of various approaches. For us, it
will serve as a further testing ground of the Curci-Ferrari model and the

related hypothesis that some of the low energy properties of QCD can be

1Tt is interesting, of course, to study the interplay between these two transitions in the
physical case. This lies, however, beyond the scope of the present manuscript.
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described with perturbative methods.

10.1 Background effective potential

As it was already the case in Yang-Mills theory, the evaluation of the
one-loop background effective potential in the presence of quarks requires
only the quadratic part of the action. Thus, for the matter part we only

need
Ny i

(10.1) OSoly,y; ul = fddx Z 1/7f(x)(92+ M- ,uyO) Wr(x),
f=1

with 9, =0, —iT8,or’t/. Decomposing the quark fields into a Cartan-Weyl
basis {|p)} that diagonalizes simultanously the generators £, Y =3 ,W,lp),
with #/|p) = p;lp) and (p|o) = b ,,, one finds

Ny _
(10.2) 8Solw, ¥;pl = f d%x Y s () (DP+ My — wyo) vr p(x),
f=1

with 20 =0, —iTr- pd.o. In Fourier space, this becomes

T N¢
(10.3) 5Soly,y;ul = i Y U p(PY=iP+ My — uyo)wy ,(P),
f=1

where PP =P +T'r-pn is the generalized momentum in the presence of
the background, with P = (w, p), w a fermionic Matsubara frequency, and
n=(1,0).

10.1.1 General one-loop expression

We mention that each shift 7'r- pn of momentum can be interpreted as an
imaginary shift of the chemical potential u: u — u+ir-pT. This illustrates
once more the interpretation of the background as an imaginary chemical

potential and allows us to derive the one-loop matter contribution to the
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background effective potential using the well known one-loop expression

for the free-energy density of a colorless fermionic field of flavour f in the

3

absence of background:
T (e0]

(10.4)  VH(T,p) = __2f dqq2{1n[1+e—ﬁ(6q,f_ﬂ)] +1n[1+e—ﬁ<eq,f+u)
T=Jo

We find

(10.5) SV(r;T,w)=> V¢(T,u+iTr-p),
fip

where p runs over the weights (colors) of the defining representation.

10.1.2 Real-valuedness in the SU(3) case

In the SU(8) case, we recall that r = (r3,rs) and the weights are (0, —1/v/3),
(1,1/v/3)/2 and (-1,1/v/3)/2. Therefore

SU(3)
Vlloop (r T ,Lt)

= —12 dq q2{ln [1 re PCar 1] Lin 14 e—ﬁ(fq,f+u>+i’78§]
T°Jo ] |
+1n [1 s | I P e (e %)]
(10.6) +In [1 + e_ﬁ(‘sq’f_““%("”“%y +In(1+ e_ﬁ(gq’fw)‘%("“r\/_%)] }

For completeness, we recall that the pure glue part of the potential reads

VSU(3)(T" T)

1loop
T 0o , (1 _ e—ﬁ£q+ir3)3 (1 _ e—ﬁsq—ir3)3
=53 A dqq®{In 1o Farira +1In 1o Pairs
(1 —,qu r3+ SW) (1 e_ﬁfq lr3+r8f)
+In +In
1 — e—Ba+i irareys 1— e Ba- iratreys
(1—e‘ﬁ5q+‘ = r28\/??)3 (1 o~ Peq—i™2= rgf)
(10.7) +In +1n
1 _e_ﬁqﬂw 1_e_ﬂq_im
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It is readily checked that the above expressions are real if (u,rs,rg) € iR x
RxR, (u,rs,rg) € RxiRxiR or (u,r3,rg) € RxRxiRR, as anticipated in the
previous chapter. We mention however that the case (u,r3,rg) e RxiRxiR
is problematic since some of the bosonic integrals become ill-defined. For
this reason, in the case of a real chemical potential, we shall only consider
the case (u,rs,rg) e Rx R xiRR.

10.1.3 Polyakov loop potential

As we have already mentioned in the previous chapter, at leading order,
the background dependent Polyakov loops take the same expressions as

in the pure YM case, namely
(10.8) 0(r) = lZeir'p and 2(r)= iZe_i”’.
NZ N4

In the SU(3) case, these two Polyakov loops are in one-to-one correspon-
dance with the background components r3 and rg and one can consider
expressing the latter in terms of the former. Doing so, the background
field effective potential becomes an effective potential for the Polyakov
loop.2

Expressing the background components in terms of the Polyakov loops
is not particularly simple. However, expressing the background field ef-
fective potential in terms of the Polyakov loops can be done as follows.
First, by combining the various terms in the sum (10.5), one arrives at the

following logarithms

(10.9) In []_ + e_ﬁ(gq,fﬂl)iir-pl] [1 + e—ﬁ(fq,f¢ﬂ)ii’"l’2] [1 + e‘ﬁ(fq,f¢u)iir-p3]

=1In [1 +Aie_ﬁ(€q,f¢ll) +Bie—2ﬁ(€q’f¢u) + Cie—3ﬁ(5q’f¢”)] ,

2That this corresponds to the Polyakov loop potential, as it would be obtained from a Legendre
transformation with respect to sources coupled to the Polyakov loops, can be shown up to two-loop
order, see [168].
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where

(10.10) Ai — eii’"Pl + eiir-p2 " eiir'p3 ,

(1011) _BJ_r — eiir'(Plﬂoz) + eiir-(p2+p3) n eii”'(P3+P1),
(10.12) C, = e*ir(p1+pa+os)

Using that p; +py+ps=01leadsto A, =3¢/=B_,B,=3¢/=A_and C, =
1=C_, and one arrives eventually at

SV i (0, 0;T, )
T

oo
=-=| dq qQ{ In [1 +30e Plearr) 1 30 2P e~ 4 e‘3ﬁ(£q’f_”)]
mn=Jo

(10.13) +1n [1 +30e PEartig 30 2P a1 4 e—Sﬁ“q,f*“)] }

This formula can be extended to SU(N) but in this case one needs to
introduce N — 1 Polyakov loops to be mapped to the N —1 background com-
ponents. These are the Polyakov loops associated to the N —1 fundamental
SU(N) representations [153]. More details can be found in App. E. There
we also show how to express the one-loop glue potential in terms of the

Polyakov loops, in the case of the SU(3) gauge group. One obtains

VSU(3)(€,ZZ; T)

1loop
3T (> ahe _ L
- 2L daam] o=y e e
— (816207 - 2700 +2)(e2P¢a + e7°P%4)
+(270% +270% - 2700 + 1) (e 2Pea 4 ¢76P%a)

+(1620°0% - 540° - 540° + 1807 — 2)e™1

T (%, e ~86¢_ (9p7 g, ,~TPa
“9n), dqq ln[1+e —(9¢0-1)(e™ P2+~ "P9)
— (810207 - 27070 + 2) (e P9 + ¢7°P9)
+(2703 + 270 - 2700 + 1) (e %P7 + &~%F9)
(10.14) +(1620°0% - 540° - 540° + 1807~ 2)e™1 .
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In line with the discussion of the previous chapter, these expressions
should be considered for complex conjugated variables ¢ = ¢* in the case of
an imaginary chemical potential and for real and independent variables ¢

and 7 in the case of a real chemical potential.?

10.2 Phase structure at u=0

Let us now combine Eqs. (10.6) and (10.7) to study the phase structure
of the model as a function of the (heavy) quark masses. This dependence
has been studied in various approaches, including non gauge-fixed lattice
QCD, and offers, therefore, a valuable benchmark for the Curci-Ferrari
model. For simplicity, we consider the case of two degenerate flavors with
mass M, = M, and a third flavor with mass M.

We first analyze the phase diagram at u = 0. As we have discussed
above, in this case, the analysis of the background effective potential
can be done either over (r3,rg) € R x R or over (r3,rg) € R x iIR. This is
related to the fact that, because charge conjugation is not broken, we
expect the physical point to lie along the axis rg = 0 in the fundamental
Weyl chamber. This is indeed what we find numerically. Correspondingly,
we set rg = 0 in what follows. Along this axis, the background dependent
Polyakov loops ¢(r) and #(r), are guaranteed to be equal and real, in line
with their standard interpretation in terms of the free energy of a static
quark or antiquark [37, 145] and the fact that there should be no distinc-

tion between the free energy of a quark and that of an antiquark at u=0.

Depending on the values of the quark masses, we find different types
of behaviors as the temperature is varied, see Fig. 10.1. For large masses,
the absolute minimum presents a finite jump at some transition tem-

perature, signalling a first-order transition. Instead, for small masses,

3Being the average values of traced unitary matrix, these variables are further constrained
to lie in some subregion of X or R x R respectively.
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Figure 10.1: The background field potential (in arbitrary units) for u=0
and rg =0, as a function of x = r3/(2r) for different temperatures in the
degenerate case M, = M, = M. Top figure: M slightly larger than the
critical value M,; see Fig. 10.2. Temperature increases for curves from
bottom to top. The dashed line corresponds to the transition temperature.
Middle figure: M = M, with the same conventions as for the top figure.
Bottom figure: M < M .. The dashed line is for the crossover temperature,
where the curvature of the potential at the minimum is the smallest.

there is always a unique minimum, whose location rapidly changes with
temperature in some crossover regime. At the common boundary of these
two mass regions, the system presents a critical behavior: there exists
a unique minimum of the potential for all temperatures, which however
behaves as a power-law around some critical temperature. At this critical
point, the curvature of the potential at the minimum needs to vanish, and,
to distinguish it from a mere spinodal in the first order transition region,
we need to require that the third derivative vanishes as well (which is the

condition for the merging of spinodals in the first order transition region).

187



CHAPTER 10. QCD DECONFINEMENT TRANSITION
IN THE HEAVY QUARK REGIME

The three conditions
(10.15) 0=V'(r3)=V"(rs)=V"(rs)

thus determine the critical values T and r for the temperature and
the background, together with a critical line in the (M,,M,) plane, the
so-called Columbia plot.

Our result for the Columbia plot are shown in Fig. 10.2. In the degen-
erate case M, = M, we get, for the critical mass, M ./m = 2.867 and, for
the critical temperature, T'./m = 0.355. We thus have M. /T. = 8.07. This
dimensionless ratio does not depend on the value of m and can be directly
compared to lattice results. For instance, the calculation of Ref. [189]
yields, for 3 degenerate quarks, (M./T,)a" = 8.32. We obtain similar good
agreement for different numbers of degenerate quark flavors, as summa-
rized in Table 10.1.

Ni | MJm | Tom | MJT, | (MJT )™ | (M J/T.)™"
1 | 2.395 | 0.355 | 6.74 7.22(5) 8.04

2 | 2695 0355 | 7.59 7.91(5) 8.85

3 | 2.867 | 0.355 | 8.07 8.32(5) 9.33

Table 10.1: Values of the critical quark mass and temperature for Ny =
1,2,3 degenerate quark flavors from the present one-loop calculation. The
values of the dimensionless and parameter independent ratio M /T, are
compared to the lattice results of Ref. [189] (previous to last column). For
comparison we also show the values from the matrix model of Ref. [190]
(last column).

We observe that the critical temperature is essentially unaffected by
the presence of quarks. It is actually close to the one obtained in the
present approach for the pure gauge SU(3) theory [163]. This is due to the
fact that, for the typical values of M/T near the critical line, the quark
contribution to the potential is Boltzmann suppressed as compared to that

of the gauge sector [176].
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Figure 10.2: Columbia plot at u = 0. In the upper right corner of the plane
(M,,M,), the phase transition is of the first-order type. In the lower left
corner, the system presents a crossover. On the plain line, the system has
a critical behavior.

We also mention that recent calculations in the Dyson-Schwinger ap-
proach [188] yield values of the ratio M /T, that are systematically smaller
than the ones obtained on the lattice. The origin of this discrepancy lies in
the fact that in these studies a certain renormalized quark mass is used
to compute the ratios M ./T., whereas on the lattice and in any one-loop
approach such as the one considered here, the bare quark mass is used.

Two-loop corrections to the previous results within the Curci-Ferrari
model have been evaluated in [191] and improve the agreement with
lattice results. More recently, another perturbative approach inspired by

the Gribov-Zwanziger approach has been considered in [192] and supports
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once more the idea that the phase structure of QCD in the top-left corner

of the Columbia plot is akin to perturbative methods.

10.3 Phase structure for ucilR

The case of imaginary chemical potential is interesting in many respects.
First, as already mentioned in the previous chapter, the sign problem
is under control, allowing for the use of lattice simulations. But more
importantly, the corresponding phase structure is quite rich and offers a

new source for comparison between the various approaches.

10.3.1 Roberge-Weiss symmetry

The richness of the phase structure has to do with the fact that, despite
the explicit breaking of center-symmetry by the fundamental quarks, a
symmetry exists for particular values of the chemical potential.

To see this, consider a center transformation such that U(7 + ) =
e 2"3U(7). We have seen that this transformation modifies the boundary

conditions of the quark field to (7 + 8,%) = —e2"3

w(t,x) which explicitly
breaks center symmetry at the quantum level. However, the usual anti-
periodic boundary conditions can be restored by means of an abelian
transformation e’2”377 with the effect of shifting the chemical potential

by —i2n/3T. It follows that
(10.16)  S[AY, 23Ty, e 23T s p+ i27/3T1 = S[A, v, w; ).

Now, had we first applied charge conjugation to the system we would have

ended up with the identity
(10.17) SHAG)Y, 23Ty o 2By 5% i27/3T — ul = S[A, v, ¥; ul.

In particular, if we choose u =in/3T, we have a symmetry that survives

at the quantum level since the boundary conditions are unaffected. This
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is the so-called Roberge-Weiss symmetry, a subtle combination of center,
charge conjugation and abelian transformations [193].

The Roberge-Weiss symmetry imposes constraints on certain observ-
ables that one can then use as order parameters testing the possible
spontanous breaking of the symmetry. In particular, if the Roberge-Weiss

symmetry is not spontanously broken, we must have (at yu=in/3T)
(10.18) é — e—i2H/3(7 — e—i2n/3£* ,

where we used that ¢ = ¢* when the chemical potential is imaginary. The
argument of the Polyakov loop is then such that

2
(10.19) Argl = —i?n—Argf,

and thus Arg?¢ = —in/3T. Any departure from this value signals the break-
ing of the Roberge-Weiss symmetry.

We mention finally that, as a consequence of the above properties, the
system is invariant under y — p+i272/3T and y — i27/3T — u. We shall

thus consider chemical potentials yu = ixT with x € [0, 7/3].

10.3.2 Results

We consider for simplicity the case of three degenerate quarks with M, =
M, =M. For a large enough value of M, we find indeed that the Roberge-
Weiss symmetry can be spontanously broken, with a discontinuity of Arg /¢
as u;/T crosses n1/3, if the temperature is large enough, see Fig. 10.3. It is
interesting to follow the evolution of the (u;/T,T) phase diagram as the
degenerate quark mass M is varied.

For any mass larger than M .(u = 0) = 2.8m, such that the transition
at vanishing chemical potential is first-order (see Fig. 10.2), we find that
the transition persists at non-vanishing u;, as depicted in the top panel of
Fig. 10.4. This line of first order transitions, its mirror image by the sym-
metry u;/T — 27n/3 — p;/T and the line of first order transitions associated

to the Roberge-Weiss symmetry merge into a triple point at u;/T = /3 .
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Arg /¢

0 STi

Figure 10.3: Argument of the Polyakov loop in the (u;/T,T) plane for a
degenerate quark mass M.

For M = M .(u = 0), the transition at vanishing chemical potential is
second order and there appears, in the (y;/T,T) phase diagram, a couple
of Zy critical points which terminate the lines of first-order transitions
described above at u;/T =0 and u;/T = 271/3. Decreasing the mass M fur-
ther, these critical points penetrate deeper in the phase diagram towards
u;/T = /3, as shown in the middle panel of Fig. 10.4. The critical points
are located by generalizing the approach at u = 0. Since we have one extra
variable rg, we need of course one additional condition. We require that

both equations of motion for r3 and rg are fulfilled:

ov ov
(10.20) 0=— and 0=—,
6r3 6r8
that the determinant of the Hessian vanishes, meaning that the curvature

of the potential vanishes in a certain direction,

PVorv &V \’
10.21 0= _
( ) or? or2 (Orgarg)
and that the third derivative in this direction vanishes as well
o’V 0’V 3V 3V
(10.22) 0=a3—3+3a262—+3ab2 2 +b3 =
or; Orors Orsors or?
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0.32
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Figure 10.4: Phase diagram in the plane (u;/T,T) for different values of
the degenerate quark mass M. Top panel: M = 3m is larger that the critical
mass at vanishing chemical potential M .(0) = 2.8m. Middle panel: M =
2.6m is below M.(0) but larger than the second critical mass M (inT/3) =
2.2m; see text. Bottom panel: M = 2m is smaller that M .(in7T/3). Plain
lines correspond to first-order phase transitions, dashed lines to crossovers,
black dots represent Z, critical points, and the empty circles are triple
points.

with a = -V /0r3drs and b = 0*V/or2.
At a critical value M (u = inT/3) = 2.2m, the two Zs critical points

merge at the symmetric point u;/T = n/3 and give rise to a tricritical
point which terminates the vertical line of first-order transition [194]. The
horizontal lines of first-order transitions for u;/T # n/3 have completely
disappeared and are replaced by crossovers. For M < M (inT/3), the pic-

ture is the same with, however, the tricritical point ending the first-order
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transition line at u;/T = n/3 replaced by a Zy critical point, as shown in
the lower panel of Fig. 10.4.
The approach to tricriticality is controlled by the scaling behavior [194]

9 912/5
5 +(F] -
3 T
A fit of our results at p = iy; yields Mic/Tiic. = 6.15 and K = 1.85, to be

compared with the lattice result of Ref. [189], (M iyic/Tiric )™ = 6.66 and
K'a% = 1 55 for 3 degenerate quark flavors.

Mc(ﬂ) _ Mtric.

= +K
Tc ( ,u) Ttric.

(10.23)

10.4 Phase structure for yc R

10.4.1 Columbia plot

Using Eqgs. (10.20)-(10.22), we can follow the critical line in the Columbia
plot for increasing values of u? > 0. The only subtlety is that we need
to solve these equations for (r3,rg) € R x iR. We mention however that
there is no ambiguity here on the choice of the saddle point since, on
the critical line there is typically only one saddle point. Our result is
shown in Fig. 10.5 and shows that the critical line moves towards the
Yang-Mills point, in line with the observations made on the lattice. We can
also compare our result at real chemical potential with the extrapolation
of the tricritical scaling law. We observe that tricritical scaling survives

deep in the p? > 0 region [176], as also observed in other approaches.

10.4.2 T-dependence of the Polyakov loops

Our analysis reveals that the location of the saddle point is typically

at rg # 0, in line with the fact that charge conjugation invariance is

“We mention that the tricritical point can be obtained by setting directly u;/T = /3 and
using the Roberge-Weiss symmetry, see [195].
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Figure 10.5: Columbia plot for real chemical potential. The first-order
region contracts with increasing u. The dotted line corresponds to p = 0.
Successive plain lines correspond to a chemical potential increased by

steps 6u =0.1 GeV.

explicitly broken by the presence of a finite chemical potential. A non-
vanishing rg induces a difference between ¢(u) and #(u), and therefore
between the associated free-energies for quarks and anti-quarks. This
is illustrated in Fig. 10.6, which shows the temperature dependence of
the averaged Polyakov loops in the region of first-order transition. We
observe a significant difference between £(u) and #(u) below the transition
temperature, whereas they essentially agree in the high-temperature
phase. In other words, the energetic price to pay for a static quark is much
higher than that for an anti-quark (at p > 0) in the quasi-confined, low
temperature phase, where the Polyakov loops are small, whereas it is
essentially the same in the high-temperature deconfined phase. In this

latter case, the explanation is that, in a deconfined phase, quarks and
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Figure 10.6: The Polyakov loops ¢ (dot-dashed) and ¢ (plain) and the cor-
responding quark and anti-quark free energies computed with a nonzero
imaginary background along the rg direction, in the case of a positive
chemical potential (u = 0.6m). We also show the same quantities com-
puted with rg = 0 (dashed) and r3 at the minimum of the potential along

this axis.

anti-quarks are free to roam around and therefore the energetic cost is
essentially the same for bringing a quark or an anti-quark. In contrast, in
the quasi-confined phase, the capacity of the medium to confine a test color

charge depends more notably on the properties of the medium. That anti-
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quarks are more easily confined can be interpreted in terms of screening
of a quark by the anti-quarks of the thermal bath [146].

We mention that previous studies of the phase diagram with back-
ground field methods in the functional renormalization group and Dyson-
Schwinger approaches of Refs. [183, 187, 188] have employed another
criterion than the one used here to determine the physical properties
of the system. Instead of searching for a saddle point of the function
V(rs,irg, ) as we propose here, the authors of Refs. [187, 188] define the
physical point as the absolute minimum of the function V(r3,0,u) as a
function of 3. We have repeated our analysis using this procedure for
comparison. A clear artefact of this procedure is that on the axis rg =0,
the tree-level expressions of the Polyakov loops #(u) and #(u) are equal, as
already mentioned. However, we have found that both criteria give essen-
tially the same critical temperatures in our calculation. This is illustrated
in Fig. 10.6.

That the critical temperatures are not significantly modified in these
two prescriptions can be traced back to the relative smallness of the values
of rg obtained by following the saddle points in our procedure. This, in turn,
originates from the strong Boltzmann suppression of the (heavy) quark
contribution to the potential, which is responsible for the departure of the
saddle point from the axis rg = 0. We point out that the situation might be
very different in the case of light quarks [183, 187, 188] and that different
procedures for identifying the relevant extremum of the potential may

have more dramatic consequences. This needs to be investigated further.

10.4.3 u-dependence of the Polyakov loops

Finally, in Fig. 10.7, we show the Polyakov loops and the corresponding
free energies as functions of u for fixed 7/m = 0.33 and M/m = 2.22, for
N, = 3 degenerate flavors. We observe that the Polyakov loops have a

different monotony at small u but then increase together towards one, in
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line with the observations of Ref. [177]. In this reference, the different
monotony at small y was used to question the interpretation of the loga-
rithms of the Polyakov loops as free energies. Here, we show instead that
this behavior is perfectly in line with the free-energy interpretation.

The point is that, even though the average charge @ of the thermal
bath should vanish for a vanishing chemical potential, this is not so for
the average charge @, and @, of the thermal bath in the presence of a

test quark/anti-quark. Therefore, we must have

0AF

OAF
ou

ou

(10.24) 70,

p=0

p=0

which explains why the two Polyakov loops have a different monotony for
small p. In fact we find that
- OAF
<0 and AQu-0=--—F— >0,
al'l’ ©=0

OAF
10.25 AQ,—g=— —
( ) Qu—O aﬂ

=0
so that, in the presence of a test quark (anti-quark) at u =0, the thermal
bath charges negatively (positively), see Fig. 10.7. We also show AR =
Q.- and AQ = Qq — @ for increasing values of u. The fact that they both
approach 0 is expected since both @, and @, should approach @ at large

L.
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Figure 10.7: The Polyakov loops ¢ (plain) and ¢ (dot-dashed) and the
corresponding free energies as functions of u/m. The inset in the first plot
shows a close-up view on the small y region where the change of monotony
for ¢ (and therefore AF,) occurs. The second inset shows the difference of
average baryonic charge of the bath in the presence of a test quark (plain)
or a test anti-quark (dot-dashed), with respect to the average charge in
the absence of test charges.






CHAPTER

TWO-POINT CORRELATORS IN THE
LANDAU-DEWITT GAUGE

n this final chapter, and as an echo to the discussion at the beginning

of the manuscript, we revisit the two-point correlation functions at

finite temperature from the perspective of the Landau-deWitt gauge.
We have argued that the order parameter for the deconfinement transition
is properly accounted for in this gauge and appears as a shift of momen-
tum in the Feynman rules. Therefore, we expect that the corresponding
correlation functions are more sensitive to the deconfinement transition
than the corresponding correlation functions in the Landau gauge. We
shall test precisely these expectations by computing the various compo-
nents of the ghost and gluon propagators in the massive extension of the
Landau-deWitt gauge.

The main interest of these calculations is that they should be easily
comparable with lattice simulations. In particular, in the low temperature
phase, the value of the order parameter is fixed to zero, corresponding
to a confining background configuration, and the lattice simulations are
similar to those in the Landau gauge but with, definite, twisted boundary

conditions.
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This chapter will also be the opportunity to clarify further aspects of
the background field method at finite temperature. In particular, we shall
investigate to which extent the violation of the underlying assumptions
described in Chap. 4 on the generating functional W[J;A], as it is the
rule in most practical implementations of the gauge-fixing, impacts on
the very use of the background field method. Based on this discussion, we
shall also conjecture a specific behavior of the gluon susceptibility at the
transition in any implementation of the gauge-fixing that preserves these

basic assumptions.

11.1 Propagators in the LAW gauge

We have already given many details in previous chapters on how perturba-
tive calculations are conveniently carried out in the Landau-deWitt gauge
in a way that pretty much mimics the calculations in the Landau gauge.
Here, we shall be briefer, highlighting only those aspects specific to the
evaluation of two-point functions.

In contrast to what happens in the Landau gauge, the two-point cor-
relators are not proportional to the identity in color space because color
invariance is explicitly broken by the presence of the background field.
There remains nevertheless a residual invariance under color rotations
of the form exp{if’t’}, with ¢/ the generators of the Cartan sub-algebra.

Under these transformations, the fields transform as [168]
(11.1) (pK_)eiK-G(pK,

where we note that neutral modes x = 0Y) are invariant. It follows that
that two-point correlators are block diagonal, with blocks in the neutral
and charged sectors, but no mixing between the neutral and charged
sectors. Moreover the block in the charged sector is diagonal. The block

in the neutral sector does not need to be diagonal but this question is
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irrelevant in the SU(2) case considered here, see [154] for a discussion in
the SU(3) case.

We define the color components of the ghost and gluon propagators as
(11.2) GNK)=6""GNK), G5K)=6""9],(K),
and those of the corresponding self-energies as,
(11.3) SNE) =6 ENK), TN(K) =67} (K).

With these conventions, we have, for the ghost propagator

1
(KM)? +ZMK)

(11.4) GMK) =

As for the gluon propagator, it is transverse with respect to the generalized
momentum: K ﬁ‘%‘v(K )= (ﬁﬁv(K )K* = 0[154]. At finite temperature, it then
admits the following tensorial decomposition

(11.5) 41 (K) = 9p(K)P | (K" + 41 (K)PL (K™,

where P,fv(K ) and PﬁV(K ) are the transverse and longitudinal projectors
with respect to the frame of the thermal bath, defined as [we write K, =
(w,k) and k? = k?]

r K,K,
(11.6) P (K)=(1-68,0)(1-8,0) (5,W — 7)
and
K. K
L T —_pl _ L
(11.7) P (K)+P,(K) —PW(K)—éw—?.

It follows in particular that Cﬁl/}v(K ) = %&N(K ). In terms of the projected

self-energies

PL (K], (K)
(11.8) Mi(K) = 7 5 ,
(11.9) Nj(K) = PLEHI(K),
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the scalar components of the gluon propagator read

1
(KA) +m2+ HA/L(K)

(11.10) G (K) =

In the present case, one can also show that [154]

(11.11) GNK)=9""-K),
(11.12) G} (K) =4, 1 (-K),

and similarly for the self-energies.

11.1.1 Ghost propagator

The ghost self-energy involves only one diagram, see Fig. 11.1. Using
similar reduction techniques as the ones employed for the diagrams con-

tributing to the background effective potential, we arrive at

K2- i} wh
MK) = }jcgm —i (Jm—JO)——2 (T —Jp)
LK (K2 +m?)?®
(11.13) o —LI55(K) - — T ®)],

where the tensor %, and the sum-integrals JJ, and J, were introduced
in Chap. 7 and

T
(11.14) I )= [ Gni(@) Gy (LD,
Q

with K + @ + L, = 0. The scalar-type Matsubara sum (11.14) can be easily

evaluated using standard techniques [154].
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Figure 11.1: One-loop contribution to the ghost self-energy. Momenta and
color charges are all either entering or outgoing at the vertices.
11.1.2 Gluon propagator

As for the gluon self-energy, it requires the evaluation of the diagrams

depicted in Fig. 11.2. Using similar techniques as above we arrive at
K* K2\
M7, (K) = Z%m ( ){1 T oK) + (1 + ) Ty Yol (K)

K2V
-2 d—2+(1+2—nj2) I3 (K)

K 2+ ? K K 20)/1 TK TK
+(d -2)J,, + — (Jm_Jo)_W(Jm_Jo)
(K3 +m?)? N s
(11.15) —I“(K) K3 4+— I (K)
m?2
where we have introduced the following integrals
PL(EMI WY, (K)
AVKT uv wWimim
(11.16) U, (K) = EEm—
(11.17) UNNT oy () = Pt (KM 17 (KD,
with
(11.18) e o, (K) = fQ QLA Gn (@) Gry(LT),

and K, + @, + L, =0. Again, these sum-integrals can be evaluated using

standard techniques and final expressions can be found in [154].
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Figure 11.2: One-loop diagrams for the gluon self-energy.

11.1.3 Discussion

For a thorough discussion of the propagators, we refer to [154]. Here,
we concentrate on the longitudinal susceptibility y, defined as the zero-
momentum value of the longitudinal propagator, more precisely its neutral
component. We find
1 2
¥ t=m? - —f dqReng_i;rq (2 +q—)
ne, emg-irT —irT ( 2 q 4 )

3+6L + L

(11.19) 2

Em.q
Here, it is understood that r is to be taken at the minimum r;,(T") of
the background effective potential. For a generic r, the same expression
corresponds to the inverse susceptibility computed in the presence of a
source that forces the background r to be self-consistent, the same source
used to define the background dependent Polyakov loop in Chap. 4. The
inverse susceptibility in the Landau gauge is easily obtained by setting
r=01in Eq. (11.19).

The temperature dependence of the susceptibility across the phase
transition is shown in Fig. 11.3 for the choice of parameters m = 0.71GeV
and g = 7.5. We also show the corresponding result in the Landau gauge
to quantify the effect of the nontrivial background. We observe that the
susceptibility in the Landau-deWitt gauge presents a cusp at the transi-

tion, in sharp contrast with the results in the Landau gauge. The cusp
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T

Figure 11.3: Temperature dependence of the susceptibility in the longi-
tudinal and neutral sector of the Landau-deWitt gauge, compared to the
corresponding susceptibility in the Landau gauge. The parameters used
are m = 0.71GeV and g = 7.5 and r(7T) is determined from the one-loop
background field effective potential.

reflects the non-analytic behavior of the order parameter r,;,(T') across
the transition and is in fact present in all the correlator components. How-
ever, it is only in the neutral longitudinal component where it appears in
such a pronounced manner, turning the slight non-monotonous behavior

in the Landau gauge into a rather identifiable peak.

This rise of the susceptibility as one approaches the deconfinement
transition could be easily studied on the lattice. Indeed, in the low tem-
perature phase, the background is fixed to its confining value r = 7. Using
a center transformation, it is then possible to map the Landau-deWitt
gauge-fixing action into the Landau gauge-fixing action, the only differ-
ence with respect to the standard lattice simulations being that the fields

should obey anti-periodic boundary conditions.
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11.2 Back to the effective action [TA,A]

The previous calculation also sheds considerable light on the use of the
background field method and the relation between the functionals I'TA, A]
and I'TA] =T[A,A]. In particular, we argued in Chap. 4 that self-consistent
backgrounds defined by the condition Ain(A) = A correspond to the abso-
lute minima of I'TA]. This result is at the basis of the identification of the
self-consistent backgrounds as order parameters for the deconfinement
transition. It requires however working with an “ideal” gauge-fixing such
that the generating functional W[J, A] is convex with respect to J and its
zero-source limit W[0, A] is background independent. These two properties
are usually not fulfilled in practice, leading to potential artefacts.

Here, we can investigate this question in the case of the Curci-Ferrari
model at one-loop order. We restrict the effective action I'[A,A] to field
configurations A that are constant, temporal and diagonal, just like the
background A. The discussion then boils down to that of a function of two
variables V(#,r) with # = gA and r = gA. The background field effective
potential is obtained by evaluating V (7,r) along the diagonal # =r, V(r) =
V(r,r). Another important identity is

(11.20) X—_zl = 02—AV ,

8 072 |,
which connects the susceptibility with the existence of self-consistent
backgrounds, the presence of a self-consistent background at r; implying
necessarily y(rs) > 0.

We shall find that there is some tension in the Curci-Ferrari model
between the expected and the actual characterization of the absolute
minima of V(r) as self-consistent backgrounds such that 7.,;,(r) = r where
Fmin(r) denotes the absolute minimum of V(#,r) with respect to 7 for a
fixed r. In particular, in some temperature interval above T, we shall find
self-consistent backgrounds that are not anymore absolute minima of V (r).

We shall interpret this tension as resulting from the violation of the basic
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assumptions referred to above. Reverting the argument, we shall then
conjecture a certain behavior of the susceptibility at the deconfinement

transition in the case where the basic assumptions are fulfilled.

11.2.1 Omne-loop expression for V(7,r)

To obtain V(7,r) at one-loop order, we expand the classical action (6.8)
to quadratic order around a generic gluon configuration: A — A +a. In

Fourier space, the quadratic part in the ghost sector reads

T
(11.21) fQ E(-Q)Qy - QN (Q),

with @, = @ +«xrn and @, = @ + x#n. Therefore

T
(11.22) SVan(#,r) = —ZfQ In Q- Qx].

In the gluonic sector, the quadratic part reads

T 1 R R
(11.23) fQ {§aZ(Q)*(Q£P;(QK)+m%éw)aﬁ(QHhK(Q)*Qza;(Q)}.

The corresponding determinant can be evaluated using Schur’s formula.
We find (@2 +m2)? 72 ((Q, - Q)% + m2Q?2). Tt follows that

_ T T
(11.24) 6Vgl(f~,r):¥2f 1n[Q§+m3]+%Zf In[(Q.-Q)*+m3Q%].
x JQ x J@Q

Putting all one-loop contributions together and adding the tree-level con-

tribution, we arrive at
V(#,r) = m—%(f—r)2+EZlen (@2 + m?]
2g? 2 TJo )
(11.25) +12fT1n ﬂ]
2% Jq (@« - Qx)?
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where we have replaced the bare mass m, by the renormalized mass m
in the one-loop terms. We check that for # = r, we recover the one-loop

expression for the background field effective potential

d—-1 T 9 97 1 T 9
(11.26) V(r)= —Zf In[Q;+m ]——Z[ InQ;.
2 T Jo 25 Jg

Using Q, = @, + x(# —r)n and separating the neutral and charge modes,

one arrives at

2
. o my 2
V(F,r) = ng(r—r)

-1 T 1 T
+ d—f ln[Q2+m2]——f In Q2
2 Jq 2Jq
T
+ (d—Z)f ln[d)i+q2+m2]
Q

T szi
(11.27) + ‘/an(1+(Q3+(f_r)w+)2).

If my=m =0, V(#,r) does not depend on r and is 2n-periodic in 7. In the
massive case instead, V(#,r) is not defined for all values of 7 et r. The

reason is the term In {2 + (# — r)(w + )| whose argument writes
+

F+r)? 9 (F-—r 2
(11.28) W+ 2 +q° — .

If 0 < g% < (# — r)?/4, the argument vanishes for real frequencies

o R 2 !
(11.29) w=—r+ri\/(r_r) ey
2

As g? explores the interval [0, (7—r)?/4], these frequencies span the interval
[-Max(#,r),—Min(#,r)]. This interval should not contain any Matsubara
frequency from which we deduce that for r € [2nnT,2n(n + 1)T], then
rel2nnT,2n(n+1)T1].

210



11.2. BACK TO THE EFFECTIVE ACTION I'[A,A]

11.2.2 Numerical analysis

The evaluation of the last Matsubara sum in Eq. (11.27) requires solving
a quartic polynomial in the frequency which is cumbersome. Instead, we
perform the g-integral analytically and the Matsubara sum numerically.
Before doing so, we need to make sure that the considered sum-integral
is UV finite. To this purpose we add and subtract the leading terms
contributing in the UV, which we obtain conveniently by expanding in

powers of 7 —r:

sz_% B m2 2m2w+ A
(1 @)~ g @@
2, 2 2 3 2
A0 mQ;)Zé?+;2?2+)(f —r)?.

It is easily checked that the term in (# —r)?, when added to the corre-
sponding ones from the first and third lines in Eq. (11.27), reproduce
¥ 1/(2g?), as it should from (11.20). Moreover the terms in # —r can be
easily expressed in terms of the sum-integrals J. We are then left with the
numerical evaluation of a convergent Matsubara sum. We have checked
that only the first few terms in the sum are needed and that neglecting
the sum does not change qualitatively the results, which we present in
Fig. 11.4 where identify the self-consistent backgrounds as the zeros of
the function 7 (r) —r.

We find that, as long as T < T'., and aside from the spurious Lan-
dau solution r = 0, there is only one self-consistent background at r =n
corresponding to the absolute minimum of V(r). In some range of tem-
peratures T. < T < T above the transition, r = 7 remains self-consistent,
even though it is not anymore an absolute minimum of V(r). Only above
T does r = ceases to be self-consistent. The temperature 7' is such that
y1(m) = 0. At this temperature, a second order transition occurs in the
direction of 7 at r =  fixed and turns # = 7 into a maximum, explaining

why r = 7 ceases to be self-consistent.
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rmin(r)_r

Figure 11.4: 7,;,(r) — r as a function of r, for increasing values of T'. The
blue (dashed-dotted), orange (dashed) and red (plaine) curves correspond
respectively to temperatures below, at and above T'.. The dotted (red) lines
correspond either to maxima or local minima as a function of 7 for fixed
r. These additional extrema appear above T, the temperature at which a
second order transition occurs in V(#,r =nT).

11.2.3 Conjecture

It is tempting to interpret the previous tension between self-consistent
backgrounds and absolute minima of V(r) as originating from our approx-
imate implementation of the gauge-fixing which does not respect the basic
requirements for the generating functional W[J,A]. As such, it should
not be specific to the Curci-Ferrari approach but be also present in other
practical approaches that violate these basic assumptions.!

As negative as it could seem, this result can be turned into a conjec-

ture for the actual behavior of the susceptibility in any gauge-fixing that

1Let us mention however that this does not completely hinder the analysis of the deconfine-
ment transition since there is a range of temperatures where the identification of self-consistent
backgrounds and absolute minima of V(r) holds.
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respects the above mentioned properties, such as the lattice gauge-fixing.
Indeed, in any such gauge-fixing the two temperatures T. and T should
coincide. One natural scenario for this to happen is that the continous
phase transition in the direction 7 for r = nT occurs exactly at T = T,.
In that case, not only would the curvature of V(r) at r = 2T vanish, but
also the susceptibility y. Our conjecture is then that, the Landau-deWitt
gauge susceptibility computed on the lattice should not present a peak as
in Fig. 11.3, but rather diverge at T..

That two quantities, V" (rmin) and y (7 nin), vanish simultanously at
T. seems highly improbable a priori. However, as we now discuss this
scenario becomes viable if the basic requirements are fulfilled. The point
is that, from the definition of 7;,(r) and the background independence of

the free energy V (#nin(7),r), follow the two equations

ov 0
= — and 0= oV
or

11.31 0
( ) or

Pmin(r),r Pmin(r),r

Taking a derivative with respect to r, we obtain the system

0%V 0%V
11.32 0 = Al + ,
( ) af2 fmin(r) - mm(r) Oraf fmin(r)’r
o’V 0’V
11.33 0 = Al 4+ — ,
( ) araf fmin(r),r rmm(r) 67‘2 fmin(r),"

which expresses that the potential is locally flat in the direction of the

vector (7! . (r),1), or, in other words, that the Hessian has a zero-mode in
this direction. Suppose now that there exists a temperature 7' at which
the second eigenvalue vanishes as well. In this case, the Hessian would be
identically zero at (#,7) = (Fmin(r),7), and for a self consistent background
r = FPmin(r), we would have
0%V
02

0%V
+ _
or2

0%V

11.34 V'(r) =
(11.34) (r) oror

+2

=0,

r,r r,r r,r

in addition to y~1(r) = 0. We mention that there is still the possibility

that V" (r) vanishes not simultanously to y ~!(r) but to 7’ _(r)—1 (as in the
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GAUGE

Curci-Ferrari model). Indeed, using the equations above we arrive at

Vv
af2 r,r

(11.35) V'(r)=1-7 . (r)?

In this scenario however r = 71T could be self-consistent while not being
an absolute minimum of V(r).2

For completeness, we mention that somewhat similar identities can
be obtained in the Curci-Ferrari model, although they do not follow from
the background independence of the partition function. In this case, the

second equation in (11.31) is replaced by?®

m2 ov
(1136) _20(r _f‘min(r)) = ’
g 6r f‘min("),"
which implies
m?2 A% %
11.37) 21 -7, = + —
( ) g* = fmlr) = 57 Fanin()r P ¥ s Fenin 7

to replace (11.33). It follows that

2

02V
(1= Fn(),

(11.38) V'(r)=(1- mm(r))2

r,r

which, we note, allows again for a simultanous vanishing of V"(r) and

(r)—1, but not of V"(r) and y '(r) (unless there is a simultanous

m1n

vanishing of three quantities).

2Unless something like a first order transition occurs in the direction of # at r = 77T, but this
is not very natural and poses certain problems of continuity of the self-consistent background,
which we do not expect in the SU(2) case.

31t can also be checked that the one-loop expression for V(#,r) is such that oV/or|s, =0 for any
r, from which it follows that V'(r) = 0V/d#|;=,, and, therefore, V"(r) = 02V /072 |5, , + 02V /07 0r|; ;.
Combining this identity with (11.32) which is still valid, we arrive, for a self-consistent background
r,at V'(r)=(1- mln(7‘))62V/6r |#=r . This formula is exact at one-loop order. It is seen to
be compatible Wlth (11.38) after expanding to leading order in g2, with 1— P ) ~ g% and

8202V /02—y, = m2 + 0O(g?).

n
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CHAPTER

CONCLUSIONS AND OUTLOOK

ackling the most intriguing properties of Quantum Chromodynam-

ics and Yang-Mills theories in the continuum requires one to go

beyond the standard (but incomplete) Faddeev-Popov gauge-fixing
procedure which, although very efficient at high energies, is known not to
be valid at low energies. The so-called Curci-Ferrari model has received a
certain attention lately as a possible candidate for such an extension in
the Landau gauge. Part of that attention is rooted in the impressive agree-
ment between one-loop vaccum correlation functions computed within
the model, and the most accurate determinations of the Landau gauge
correlation functions on the lattice. We know now that this agreement ex-
tends and even improves at two-loop accuracy. Moreover, the Curci-Ferrari
running coupling needed in these comparisons remains moderate over the
whole range of scales, as opposed to the running coupling in the standard
Faddeev-Popov approaches which diverges at a finite scale. These two
surprising results open the exciting possibility to tackle some of the low

energy properties from perturbative means.

Of course, ideally one should aim at generating the Curci-Ferrari model

from first principles, starting from the QCD/YM actions and applying
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a bona fide gauge-fixing procedure. A clear-cut such mechanism is not
known at present in the Landau gauge but various lines of investigation
are being pursued. In the meantime, a more pragmatic approach is to test
the perturbative predictions of the model further and confront them to
existing results, in particular those from the lattice simulations. In this
manuscript, we have reviewed some of these predictions with regard to
the finite temperature properties of the QCD/YM system, in particular
the confinement-deconfinement transition.

We have first reviewed (in chapter 2) the results for the YM correlators
at finite temperature, as computed from the Curci-Ferrari model, with
an emphasis on the so-called longitudinal gluon propagator. The latter
was indeed foreseen for some time as providing a direct probe onto the
deconfinement transition. Although the Curci-Ferrari model describes
qualitatively well the lattice results for the various correlators, it fails in
describing the behavior of the zero-momentum longitudinal propagator
(inverse susceptibility). However, this negative result does not necessarily
signal a failure of the model because the same limitations are observed
within other approaches that do not rely on the Curci-Ferrari model.
Rather it has been argued that the limitations originate in the use of the
Landau gauge which fails in capturing the order parameter associated
to the deconfinement transition. It is known that a more appropriate
gauge at finite temperature is the so-called Landau-deWitt gauge, the
background generalization of the Landau gauge.

We have devoted chapters 3, 4 and 5 to a thorough review of the
rationale behind the use of background field gauges at finite temperature
and why they are indeed the good gauges to discuss the deconfinement
transition. Although the recipe for using the background field method
at finite temperature is a known result, we have tried to give a self-
contained and original derivation, with special emphasis and discussion of
the underlying assumptions that are usually left implicit. The relevance of

this discussion is that some of these assumptions are usually violated by
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practical implementations of the gauge-fixing (including the Curci-Ferrari
modelling), with a potential impact on the interpretation of the results.
Some of these assumptions can also be violated by the physical set-up, as
in the presence of quarks at finite density. The corresponding impact on
the background field methods has been discussed in chapter 9.

Based on this knowledge, we have extended the Curci-Ferrari model in
the presence of a background, which needs to be seen as the finite temper-
ature counterpart of the standard Curci-Ferrari model in the vacuum. We
have investigated various perturbative predictions of this model with re-
gard to the deconfinement transition. In particular, in chapter 6, we have
analyzed the one-loop predictions in the YM case. We find that, already
at one-loop order, the model predicts a deconfinement transition, with
transition temperatures in reasonably good agreement with the results
of other approaches, including lattice. Chapter 7 is devoted to testing the
convergence properties of the perturbative expansion within the model.
We find in particular improved values for the transition temperatures
that get closer to the values determined on the lattice. Chapter 8 further
deepens the connection between center symmetry and the deconfinement
transition by analysing the symmetry breaking patter in the SU(4) case.

In chapter 10, we have extended our analysis in the presence of quarks,
in the formal but interesting regime where all quarks are considered heavy.
We find that most of the known qualitative and quantitative features in
this case can be reproduced by using our model approach at one-loop order.
Higher order corrections have also been investigated in this case and
shown to improve the results.!

In chapter 11, using the accumulated knowledge, we have revisited the
question of whether the gluon susceptibility can probe the deconfinement
transition. In particular, we find that, as compared to what occurred in the

Landau gauge, the gluon susceptibility the Landau-deWitt gauge displays

IWe decided not to discuss those results in detail since they will be part of the thesis defended
by my PhD student in Fall 2019.
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a characteristic peaked behavior at the deconfinement transition, which
could be tested against lattice simulations. In fact, using the general
results derived in chapter 4, we conjecture that the lattice susceptibility
should diverge at the transition, the peak observed in the Curci-Ferrari
model reflecting the distance from a true bona fide gauge fixing.

We have also discussed various open questions which concern not only
the Curci-Ferrari model but other continuum approaches. In particular, it
seems that a common mechanism for confinement in all these approaches
is the ghost dominance observed at low temperatures. At first sight, a
ghost dominated phase at low temperature seems worrisome for ghost
degrees of freedom are unphysical and come with negative thermal dis-
tribution functions, leading potentially to inconsistent thermodynamics.
We have shown, however, that the presence of a surrounding confining
background leads to a transmutation of some of these negative distri-
bution functions into positive distribution functions, with a net positive
contribution to, say the entropy density at low temperatures. The same
mechanism leads to a slightly negative entropy density right below the
deconfinement transition at one-loop order. However, we have shown that
two-loop corrections cure this inconsistent behavior.

A problem that found no solution so far is that, in most continuum
approaches in the Landau/Landau-deWitt gauges, there remain massless
degrees of freedom at low temperature that contribute polynomially to the
thermodynamical observables in this limit, at odds with the observations
made on the lattice. This is certainly a future challenge for continuum
approaches that could relate to the use of more exotic background con-
figurations that the ones used in this work, to the way we envisage and
implement gauge-fixing, or to the ability of the approach to generate the
low-lying bound states, in particular glueball states in the case of YM
theory. All these aspects are currently under investigation.

These problems aside, the natural question that comes next is whether

the applicability of the perturbative Curci-Ferrari model (be it in the
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Landau gauge in the vacuum or in the Landau-deWitt gauge at finite
temperature) extends to the physical QCD case, that is in the presence
of light quarks, in which case the relevant symmetry is chiral symmetry
and its spontanous breaking. We know already that the answer to this
question is negative, the reason being that, in the presence of light quarks,
the strength of the interaction between quarks and gluons in the infrared
is two to three times larger than that in the YM sector of the theory, pre-
venting a full perturbative analysis. One can however use the knowledge
that the Curci-Ferrari model in the YM sector is essentially perturbative
to construct a systematic expansion for the Curci-Ferrari model in the
QCD case, controlled by two small parameters, the YM coupling and the
inverse of the number of colors. This strategy has already been used in
the vacuum where it has been shown to capture the physics of chiral
symmetry breaking. It remains to be seen whether it permits to capture
hadronic observables. In particular, in a current investigation we aim at
the determination of the pion decay constant from an ab-initio calculation
within the Curci-Ferrari model. A first investigation within this double
expansion scheme has also been done at finite temperature and finite
chemical potential [88]. In particular, at leading order in the double ex-
pansion, we find already a critical end-point in the phase diagram, in the

same ballpark as certain low energy phenomenological approaches.?

2 refer to the thesis of Jan Maelger for more details.
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APPENDIX

BRST TRANSFORMATIONS
UNDER THE FUNCTIONAL INTEGRAL

A.1 A simple case as a toy example

Let us first illustrate the problem and its solution using the case of a

one-dimensional numerical integral

b
(A.1) I:f dx f(x),

defined over a certain interval [a,b] of the real axis.
Let us embbed the real axis in a Grassmanian algebra generated by 1,

0 et O and let us consider a change of variables of the form
(A.2) x=y(x')+00 ¢k,

where ¥ and ¢ denote two numerical functions, with y invertible. These
functions can be extended over the Grassmanian algebra using a Taylor
expansion. In particular, we find that
dy™!
dx

-1

] d
(A.3) — () - 66 (p(w_l(x))dL.
X

x' =y (x) - 00 p(x')
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This shows that, when ¢ # 0, the new variable x’' cannot be numerical and
it is a priori not clear how the change of variables should be applied under
the integral.

We now argue that, if the following condition is satisfied

(A.4) Py BN F(B) - oy Ha))f(a) =0,

one can proceed as if x’ were real and write

l(b) de
(A.5) I= f ( +660 — )f(w(x )+600 p(x)).
~Ha)

To see this, let us start from the announced result and write

wL(b)
f dx’ (d—‘” + 60 d—) Fp(x') +00 p(x))
v l(a) dx'

~ v 1(b) dy de df
_fw_l(a) dx (dx +90d—) (f(u/(x D+00 9 T

x= w(x’))

v l(b) d _ v ) d
_ f dx' S PN +80 [ da' (o) (pa)
v-1(a) dx v~ () dx

b
A6) = f dx f(x),

where we have used the condition (A.4).

A.2 The case of a BRST transformations

When a BRST transformation ¢ = ¢’ +0s¢’ is applied under the functional
integral, it is usually assumed that (‘sdet’ stands for the superdetermi-

nant)

50s¢’ _
(A7) f D9[] = f @(p’sdet(]l+ 6;?)y[¢/+es¢,],

where the fields that are originally numerical are assumed to remain nu-

merical, despite the fact that, for such fields, ¢ — ¢’ = Os¢ is non numerical.
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A.2. THE CASE OF A BRST TRANSFORMATIONS

Let us now analyze under which conditions, the above identity applies.
To this purpose, we shall start from the RHS of and try to go back to the
LHS.

One has (q,, = 0 for any bosonic omponent ¢,, and q,, = 1 for any
fermionic component)

50s¢’
f@(p'sdet(]l+ 6S<Ip

f@‘P 1+f( DR 668%(36) (j[tp’]Jffés%(x) o )
P (%) x 6, (x)

) Il +0s¢']

supertrace

f D¢’ I+ f D¢ ( f (—1)en 698(pm(x)f[(p’]+ f Bsel, ()22 )
59, () ; 59, ()

:f@(p’j[<p’]+éf@(p’f swgz(x)j[(p’]).
x 0@}, (x)
(A.8)

The identity (A.7) is then valid if

o
(A.9) Ozf@wlf5¢, © (sqo;n(x)f[qo']),

which states the vanishing of the volume integral of a superdivergence
(over a space made of numerical and Grassmanian fields).

Using Stoke’s theorem, we should be able to relate this to the flux of a
certain current through the boundary, which would be the generalization
of (A.4). To see how this works in the case where the volume contains
Grassmanian directions, let us consider a simple exemple with four vari-
ables x,y,0,0. The integral over the superspace of the superdivergence of

four component field writes

_ 3 63
afx fy+af9+af;0):fdxd ( afx_+ fy_ ,
Oox Oy 00 00 0x0000 0y0600

fdxdyd@d@ (
(A.10)
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where we used [d63/30 = 0. We obtain a standard volume integral of the
divergence of a current field with components 6f,/0000 et 3*f,/0000. The
final result is then the flux of such vector field through the boundary of
the standard volume.

Going back to the case of Yang-Mills theory, in Chap. 2, we applied a
BRST change of variables to the integral

(A.11) f@[A,c,c‘,h]@’[A]é 51

In order for this change of variables to be justified, we need to show the
flux of

OF[A]* i
(A.12) @’[A]%f@[c,C—]Ducc—e—SFp[A,c,c,h]

vanishes through the boundary of the integration domain for the gauge-
field. In fact this current is exponentially suppressed at the boundary due
to the factor e SymlAl L

IThere are no flat directions due to the gauge-fixing.

224



APPENDIX

THE SU(NN) LIE ALGEBRA

The special unitary group SU(V) is the group of complex N x N unitary
matrices with unit determinant. The corresponding su(/NV) Lie algebra is
obtained by considering infinitesimal elements U = 1+ X and imposing the
two conditions UUT =1 and detU = 1. One finds X + X" =0 and trX =0,
which means that su(N) is the space of traceless anti-hermitian matrices.
Its dimension is N? -1 and a commonly used basis is provided by the
matrices iH,; (1<j<N-1),iX" and iY" (1<j<j' <N), with

L,
1

(B.1) Hj=——=-— =J )

V2j(j+1)

On-1-;

and

i _ 1
(B2) ka, = 5(6jk6j’k’+6jk’6j’k),

i i

(B3) Y]gli’ = _5(6jk5j’k’_6jk'6j’k)'

With this choice, the trace of the square of any basis element is —1/2 and
the trace of the product of two distinct basis elements is 0. In what follows,

we review various important notions related to the su(N) algebra.
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B.1 Defining weights of su(N)

The above choice of basis shows explicitly that some of the generators of
the su(V) algebra can be diagonalized simultanously. This can be rewrit-
ten formally as

(B.4) Hj|p<k>>=p§.k>|p<k>>,v1sksN,v1sjsN—1,

where the N kets | p(k)) define a basis of eigenstates in the space of the
defining representation of the algebra. For each eigenstate |p®®), the vari-
ous eigenvalues pi.k) are conveniently gathered into a (/N — 1)-dimensional
real vector p® that also serves labelling the eigenstate. The p* are re-
ferred to as the weights of the defining representation or defining weights

for short. We mention that these vectors sum up to one since

(B.5) Z o = Z =trH;=0.
Similarly,
(k) (k) 1

from our normalization convention.
It is easy to compute the norms of the defining weights and also the

angles between various such weights. To this purpose we note that

1 0,fork>j+1
(B.7) (k) =(H ) = ﬁx —j,fork=j+1
JU+D) 1,fork<j
and write
k-1 N1
(B.8) p(k) ) p(k) — Z ( L+
Jj=1 Jj=
k-1 N- 1 1
< >+z _(1__).
2(k DE = _](J+].) 2 N
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Similarly, for &£ < &/,

i
=

(B.9) p®- P(k/) = (Hj)kk(Hj)k’k’

™ .
|\ I
LR

y (Hj) 1 (H ) e

I
=

=2

+ (H ) i (H ) e

(-1 N1 1

BRI S e

L.
I
=

The defining weights of the su(lN) algebra are thus N equal norm vectors
of RY~! such that the angles between any two of these vectors are also all
equal.

Finally, it is easily seen that, except for the full set, any subset of

defining weights is linearly independent. To prove this, we choose, without

loss of generality, the first n weights p*, ..., p and evaluate the Gram
matrix
1 1
— (AR (D) — n

where 1,, denotes the n x n matrix with all components equal to 1. The
chosen set of weights is linearly independent iff the Gram matrix is
invertible. We then just need to evaluate the determinant of the Gram

matrix as
1,

o 1 k
(B.11) Indet(2G,) = tr In(2G,,) = —tr Z — (—)
im1k\N

B el

where we have used that 1¥ =n*~11, for £ > 1. Then, det(2G,)=1-n/N,
and, as announced, except for the full set (n = N), any subset of defining
weights is linearly independent. In particular, any set of N — 1 defining

weights forms a basis of RV 1.
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B.2 Roots of su(N)

The notion of weight is not restricted to the defining representation but
applies in fact to any representation of the algebra, in particular to the
adjoint representation X — adx =[X, _]. Since [ade,ade] = ad[HJ.,Hk] =
0, it is again meaningfull to try to diagonalize simultanously all the

generators ady ;. In fact, we know already N — 1 eigenstates since
(B.12) adg H, =[H;,H,]1=0.

The corresponding weights are all equal to the nul vector of RV ~!. We are

thus left with determining the remaining eigenstates E, such that
(B.13) [H;,E,]=0a;E,.

The non-zero weights a are referred to as the roots of the algebra and the
diagonalizing basis {iH ;,1E ,} is known as a Cartan-Weyl basis.
To find the elements E,, consider the matrices Zij =X 44y ', with

Jj <Jj'. They are such that

(B.14) (Z.)/7, =640 and (Z.)7 =86
Therefore,

kE' kR
(B.15) (H)op(Z+) gy = (Z1) o (Hi) s,

H)),.-(H), 1(Z.)%
H,) o~ (Hy) ] (Z22)E2

and
(B.16) (H)op(Z-)5r — (Z2)25(H,)
= [ Hj)aa - (Hj)w] (Z‘)I;];l

Hj)k’k’ - (HJ)kk] (Z_)];]:’, )
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This shows that the Z** (with % < ') are nothing but the sought after E,,
and the corresponding roots appear as differences of the defining weights
a®k) = o) _ ok 1
We have
BT o). a®) = (W2 4 (oM _2p® . p®) 1 =y Ty
N N

where we have used that & # £’. This means that the roots are all of norm
unity. Scalar products between roots can be computed in a similar way,
but, contrary to the defining weights, they depend on the chosen pair of

roots. Finally, we have

B18) Y aal) =Y (pMp - 2p0pt) 4 p%)p

J
kR kR /

") _
; )_N5jj,,

which is nothing but the Casimir of the adjoint representation.

B.3 Relations between roots and weights

(k)

Next, we consider the scalar product between a defining weight p'* and a

root a®**") with k' <k". If k = k', we have

AN " 1 1 ]. ].
B.19 &), o (R'RY) _ ( ((RN2 _ (k) (k)Z—(]_——]-i-—:—
(B.19) e  E ATy
while, if £ Z# k' and & # k", we have
(B.20) p(k) g ®E = p(k), p(k’) _ p(k). p(k”) ~0.

Consider then N — 1 of the defining weights. Without loss of general-

ity, we can choose p¥,..., 0™V As we have seen above, they form a

IThis comes as no surprise since the adjoint representation is found when decomposing
the the tensor product of the defining representation and the corresponding contragredient
representation, after symmetrization and elimination of the singlet trace. Since the weights of
the contragredient representation are opposite to the weights of the defining representation, it is
no doubt that the roots appear as differences of the defining weights.
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basis of the space and generate the remaining weight oV’ as a linear
combination with integer coefficients. Next, consider the N — 1 roots
al=a'¥, ..., a¥ 1= aW DN which also generate the other roots as linear

combinations with integer coefficients. From the above equations, it is

easily seen that 4ra'?, ..., 4ma™WY is a basis dual to p'?,...,p" "1 in the
sense defined in Chapter 5. Similarly 47pY,...,47pW~Y is a basis dual to
Ara?, ... AgaN-D,

These remarks are very useful because, as we have seen in Chapter 5,
generic (resp. periodic) winding transformations are generated by vectors
that generate a lattice dual to the one generated by the roots (resp. by
the defining weights). Equivalently, we can now say that, up to a factor
47, generic (resp. periodic) winding transformations are generated by
the defining weights (resp. by the roots). Moreover, the center element

(R) 5

- (R), (1)
is e — e

associated to a given weight 4mp -i%¥ and depends neither
on [ nor on k. It can be convenient instead to find a generating set of
winding transformations that covers all the center elements. This set is

provided by 47pL, 4n(p™P + p?@), ..., 47(pWV +--- pN V) = —47 o),

B.4 Complexified algebra and Killing form

We mention that the eigenstates iE, do not belong to the original (real)
Lie algebra, but rather to the complexified algebra. The reason why the
complexification is needed is that the operators ad;y; are not symmetric
with respect to the Killing form (X;X5) — —2tr X1 X5, and thus not nec-
essarily diagonalizable over the original algebra. They become however
anti-hermitian with respect to an extended version of the Killing form,
and therefore diagonalizable over the complexified algebra.

To see this in more details, consider first the Killing form over the

original Lie algebra. First, because

(B.21) X;X)=2trXX"=2) |X,?,
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the Killing form defines a non-degenerate, positive definite symmetric

form over the original Lie algebra. Moreover, it obeys the cyclicity property
(B.22) (X1;adx,X3) = (Xg;adx, X 1) = (X3;adx, X5),

which implies in particular (X;;adx,X3) = —(adx,X;;X3). This means that
the operator ady, is anti-symmetric, so not diagonalizable a priori over
the original Lie algebra.

To turn this antisymmetric operator into an anti-hermitian one, we
now define the complexified algebra as the space of pairs Z = (X,Y), which
we denote also as Z = X +1Y, equiped with the extended Lie bracket
[X1+1Y1,Xo+1Y5]1=[X1,X2]-[Y1,Yo]+1([X1,Y2]+[Y71,X2]). We also define
a complex conjugation over the complexified algebra as X +1Y = X —
IY . This complex conjugation should not be mistaken with the complex

conjuation of matrices. We have in fact Z = —Z". Finally we define
(B.23) (Z1;Z2) = ~2trZ1 Zo = (Zo; 21) = (Z9;Z1)",

which extends the Killing form over the complexified algebra (since X = X

for elements of the original algeba). We have

(B.24) (Z;Z) =(X;X)+(Y;Y)

so the extended Killing form is now hermitian positive definite. Moreover
(B.25) (X1;adx,X3) = (Xg;adx, X1) = (X3;adg, Xo) .

For an element X5 = X5 of the original Lie algebra, such as iH i, this
implies in particular (X;;adx,Xs) = —(adx,X1;X3), which means that the
operator ady, is anti-hermitian and thus diagonalizable, with imaginary
eigenvalues.

This is why the adpy, can be diagonalized simultanously and the
roots are real vectors. Moreover, by conjugating [H;,E,] = a;E,, we

find [H,,E,] = —a,;E, which shows why roots come by pairs and tells
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us that, with an appropriate choice of normalisation we have E, = —E! =
—E_, (this is preciely the choice made above for the Zik’). Finally, this
shows, that the diagonalization basis can be chosen such that (iH ;;i1H}) =
Ojr, (tH;,iE,) = 0 and (E;Eg) = 6,5, which implies ((H;iHy) = 6z,
(iH;,iE;)) =0 and ((E,;iEp) = 6_4 p, owing to H; = —H; and our phase

convention between £, and E_,,.

We mention finally that the components of an element X of the original
algebra in the Cartan-Weyl basis are not necessarily real. However since
I-_IJ- =—-H; and E,=-E_,,wefind X=X = i(X;HJ- +X,E_,) and, thus,
X:=Xjand X, = X_,. This conclusion can also be reached using the

hermitian conjugation which is nothing but Z7= -Z.
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HOLDER INEQUALITY AND CONVEXITY

Consider two positive real numbers p and ¢q such 1/p +1/¢ =1 and two
functions f and g such that f? et g? are integrable. Then, the function
f g is also integrable and we have the following inequality :

€D [irei=([ |f|p)1/p fl |g|q)1/q ,

known as Holder’s inequality. The latter can be slightly generalized as
follows. Consider a positive function 2 and assume that Af? and hg? are
integrable. We can then apply the previous inequality to the functions
hVPf et hV4g. It follows that A f g is integrable (this uses the assumption
1/p+1/qg =1) and

2) [nirer=(/ h|f|p)yp fl h|g|q)1/q.

We assume in what follows that this result applies to functional integrals

with positive measures ¥, A:

1/p 1/q
cy» | @+A|f[A1g[A]|s(f @+A|f[A]|p) (f 9+A|g[A]|q) .
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Let us next consider
(C.4) e"lIiAl = f@gf[A;A]e_SYM[AHJ'A,

where we assume @gf[A;A] to be positive and we have introduced the
short-hand notation J-A = [d% (J,;A,). Given two positive real numbers

a1 and as such that a1 + a3 =1, we can apply Eq. (C.3) with

(C.5) DA =Dyl A; Al e STulAl
and
(CG) f[A] — ealJl-A , g[A] — easz-A ’

as well as p = 1/a; and 1 =1/a,. We find

eWiarJi+asdaAl _ f@gf[A;A]e—SYM[A]ea1J1'Aea2J2-A

(C.7) < (f@gf[A;A]e—SYM[A]eJl-A)al (f@gf[A;A]e_SYM[A]eJ2'A aQ,
& (M) B (eWisesa1) ’

This implies

(C.8) Wlaidi + azds; Al < a; W1 Al + agWldg; Al

which expresses the convexity of W[J; A] with respect to oJ.
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HOMOGENEITY AND ISOTROPY MODULO
GAUGE TRANSFORMATIONS

This appendix contains unpublished work in collaboration with Marcela
Pelaez and Nicolas Wschebor. The possible background configurations
compatible with homogeneity and isotropy of Euclidean space-time are
classified in the SU(2) case. We find the existence of some exotic configu-
rations satisfying these constraints, in addition to the constant temporal
backgrounds used throughout the manuscript. The reason why we did not
try to publish these results is that these exotic configurations do not seem
to lead to a confining phase. However, it would be interesting to extend the
analysis to the SU(3) gauge group to see if there could be exotic confining

configurations in this case.

We look for periodic Euclidean background configurations A 4(x) such
that

(P1) Vx,u€l0,8]x R3,3U,(x) € %, A, (x +u) = A" (x);

AR x) = AgR(x)

P2) Vxe[0 %, VR : “ A A
(P2) V€ [0,p1xR?, VR € SO®), Wr() € 0’{Ri,-Aj(R1x)=A?R<x>’
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where we introduced the notation Rx = (7,Rx). We mention that the
formulation of the problem is gauge-invariant in the following sense. If
Au(x) is a configuration obeying the properties (P1) and (P2), then for
any periodic gauge transformation U € %, the transformed configuration

Ag(x) also obeys these properties. Indeed, Ag(x) is periodic and

Alc+u) = U +w A (x+ U (x+u) - Ulx +u)0,U (x +u)
= Ulx+wU,(x) A, () U (x)U (x + u)
~U(x+u) (U, (x)0,U)(x) Ut (x +u) - Ulx +w)d, U (x + )
= Ux +w)U,(x) A () U (x)U (x + )
~U(x +w)U, (%) 0,(U) (x)U(x + u))
(D.1) = AV =AD" (),

with V(x) =U(x + u)U,(x) a periodic gauge transformation. We can treat
similarly the case of the spatial rotations. It follows that, in order to find
configurations obeying the properties (P1) and (P2), it is enough to look
for configurations in a given gauge. We shall consider a convenient choice

of gauge below.

D.1 Field-strength tensor

It is convenient to note that the field-strength tensor F,, (x) corresponding

to the looked for backgroundconfigurations must be such that

(P3) Vx,u€0,8]xR3, AU, (x) € %,
F(x+u)=U,()F,,(x)U(x);

(P4) Vx€[0,B8]xR3, VR € SO(3), 3Ug(x) € 4y,
R,;F;o(R'x) = Ur(x) Fio(x) U} (%)
R;;RuF (R %) = Up(x) Fip(x) Upy(x)

In a given basis, these properties rewrites
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(P3b) Vx,u€l0,B]xR3,IM(u,x) € SO(3),
Fﬁv(x +u)= Mab(u,x)F'SV(x);

(P4b) Vx€[0,B]xR3, VR € SO(3), 3%(R,x) € SO(3),
RijF’;?O(R‘lx) = ,%;g(R,x)Ff’O(x)
{ RijRuF 4 (R %)= R} (R, x)F),(x)

From property (P3b), we have in particular that F7, (x) = Mab(x,O)F’fjv(O).
So it seems that we could choose a gauge where F,,(x) = F,,(0). How-
ever, this is not quite true because we are only allowed periodic gauge
transformations, and we do not know whether M(x,0) = M(7,X) is peri-
odic. What we know is that F,, (1 + §,%) = F,,,(1,%) from which it follows
that M(z + §,%) F,,,(0) = M(z,%) F,,,(0) or, equivalently, that M~(z,%) M(7 +
B,%)F,,(0) = F,,,(0). We can then to distinguish three cases:

(A) If two of the six color vectors F,,(0) (0 < pu < v < 3) are linearly
independent, we have M (7 + 3,X) = M(7,X) and we can indeed choose

a gauge such that F,,(x) = F,,(0).

(B) If F2,(0) = fyn®, with some of the f,, # 0, we know just that this
common color direction 7 is stabilized by M~1(7,X) M(z + 8,%). In

other words M(7 + B,%) = e??@9%9 M(1, %), for a certain 6(z,%).

(C) The third case is simply F,(0) = 0. There is no constraint on M but,
as in case (A), we have obviously F'W(x) = FW(O)(: 0).

We refer to these cases respectively as non-degenerate, degenerate and
pure gauge. Below, we discuss them separately. But before we do so, let us

exploit the property (P4b). Combining two rotations R and S, we find
(D.2) SR Fe (RIS %)= 2, (SR, x)F)y(x)
but also
SiRinFyy(R™S™ %) = Ry (R,S™'x)S;F 5 (S x)
(D.3) = B HR,S )R, NS, x)F (%),
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Applying the same argument to the magnetic sector, we arrive at
(D.4) Ry (SR, 0)F) (x) = Ry (R,S ™ %) R, (S, 0)F,(x).

In particular, for x =0, we find

(D.5) R,5(SR,0)F" (0) = ,;(R,0)%,.(S,0)F (0).

We are then lead to distinguish the three same cases as above:

(A) If two of the six color vectors F,,(0) (0 < u < v < 3) are linearly
independent, we have Z(SR,0) = Z2(S,0)%(R,0), that is Z is a real,

N? -1 dimensional representation of SO(3).

(B) If F¢ (0) = f,yn®, with some of the f,, #0, we know just that this
color direction 7 is stabilized by Z(SR,0)Z 1(R,0)%21(S,0). In
other words Z(SR,0) = ¢S5 (S 0)Z(R,0), for a certain O(R,S).

(C) The third case is simply F,,(0) = 0.

Cases (B) and (C) are easily handled, so we consider them first

D.2 Degenerate case

Suppose that F (0) = fuvna with some of the fuv # 0. We have, for any R,
(D.6) R;;fjon* =%, (R,0)fion® and R;;Rufun®=R, (R,0)fn".
This implies that, for any R,

(D.7) Ri;fjo=fio, RijRufu=Fir and Rup(R,0n®=n,

which is only possible if f,,, = 0, that is case (C) to be treated now.
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D.3 Pure gauge case

If F_'ﬂv(x) =0, there exists a U € ¢4, not necessarily periodic, such that
(D.8) A (x)=-Ux)o,U (x),

with A u periodic. Let us mention that, up to an important restriction to
be discussed below, any such configuration obeys the properties (P1) and

(P2). For instance

Ayx+uw) = ~Ulx+w)d,Ul(x+u)
= - Ux+w)U' ) U@, U ') U@ U (x+uw))
= ~Ux+w) U () [U®)0,UT )T U (x +u)
~Ulx+uw) U (x)0,Ux)U'(x+u))
(D.9) = AV(x),

with V,(x) = U(x + u)U'(x). One can treat rotations in the same way, with
Vr(x) = UR x)U'(x). The important restriction mentioned above is that
V. (x) and V(x) should be periodic in time. This implies that

(D.10) VYu, U@ +PB+ug,+0) UG +B,%)=UT +ug,Z+u)U'(1,%),
(D.11) VR, UG +B,R'¥DU'c+p,30)=U,R XU (1,%),

or, equivalently,

(D.12) VYu, UG +B,5)U@,%)=U'r+B+ug, ¥+ i) Ut +up, X+ 1),
(D.13) VR, U'c+B,D)U@,%)=U'(+B,R XU, R %).

It follows that

(D.14) Ul + 8,5 U(1,%) =V,
for a certain V € SU(N). Let us now introduce
(D.15) W(r,%)=U(r,%) Me 0775

239



APPENDIX D. HOMOGENEITY AND ISOTROPY MODULO
GAUGE TRANSFORMATIONS

with M and r; such that (it is always possible to find such an M and r;)
(D.16) M'ViM = et
Using Eq. (D.14), we find

(D.17) W+ B,%) = Ut + B,%) Me™"itig = bt
— U, #)WVIMe g i
= U(T,&))MMTVTMe_ierje_i%erj

= U, Me 3" = W(1,3).
Moreover
(D.18) We't"Hig (We' s i =UMa (UM) =Ud, U =-A,,.
In other words
(D.19) BAY' = —e'5" 53,7 M = ir (H 8 0.

We have thus shown that the most general periodic pure gauge configu-
rations compatible with the properties (P1) and (P2) belong to the same

%,-orbits as constant temporal backgrounds.

D.4 Non-degenerate case

This case depends on the considered group. Here we restrict to the SU(2)
gauge group and leave the SU(3) case for a future study. In this case
Fuv(x) = FW(O) and Z(R,0) is a real, three dimensional representation of
SO(3).

If Z(R,0)=1, then

(D.20) R;jF§(x)=Fj(x) and R;;RuF(x)=Ff(x).

It follows that F{ (x) = 0 and F{,(x) = y5;;. But y should be zero since
F’fj(x) is antisymmetric. This leads to the case (C) that we have already

discussed.
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The other possible three dimensional representation is equivalent to
the fundamental one. We can choose the color basis such that Z(R,0)=R.
We have then

(D.21) RinabFJl?()(x) = F‘fo(x) and RinklRabFfl(x) = F?k(x)
from which we deduce that
(D.22) F’f‘o(x) =ad; and F‘?j(x) = PBeijq .-

We next impose the Bianchi identity D,F,, +D,F,,+D,F,, = 0. In

terms of components, we find two independent identities

(D23) 0= gabc(ﬁAggijc + aA?gcj - Ch&?&d),
(D24) 0= ﬁgabc(A?Ejkc +A?£kic +AZ€L'J'C).

The first identity reads

(D.25) 0= BAY(84iBb; —0ajOpi) + AL €qpj — AAEqp .

If i = j, there is no information. If ; # j, we choose a =i and b = j and find
(D.26) 0=pBAS.

If we choose a =i and b # j, we find

(D.27) Vi#j,0=aAl.

Finally, if we choose b =i and a # j, we find

(D.28) Vi,0=aAl.

The second identity reads

(D.29) 0=BUAF = A})8q;+ (AL = AN, + (A} — A%)64:),
that is
(D.30) Vi#j,0=pB(A] - AL).
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The case a = f =0 corresponds to the case (C) already described above. If
a # 0 (and 8 =0), we have A‘i’ = 0. It follows that F’;f‘o = GiAg = a6? and then
that Ag(x) = ax®+ 7% (7). Because a # 0, these configurations cannot be in
the same orbits as the constant temporal backgrounds. Moreover, they
obey the property (P2). However, it is easy to convince oneself that they
do not obey the property (P1). To see this, let us consider an infinitesimal

spatial translation. The property (P1) would read

(D.31) au® = 9y0® + £7°°0° (ax® +v°(1)),
(D.32) 0=0,0°.

Taking a derivative with respect to x; in the first equation, and using the

second, we find
(D.33) 0=aeg°.

which implies in any case a = 0 (since 6 = 0 also implies a = 0). Finally,
if § # 0, we find A% =0 and A = A’. This case is not that interesting
because it cannot lead to a confined phase at small temperatures. An
example of such configurations is given by Aj =0 and A? = \/F 6%, which
are easily checked to be translation and rotation invariant modulo gauge
transformations.

We mention also that one can use the constraints from charge conju-
gation (in the pure YM case) and parity invariance. In the SU(2) case,
charge conjugation does not impose any constraint because it is tanta-
mount to a color rotation (Weyl transformation). On the other hand, it
is easily checked that partity invariance (modulo color rotations) implies
that a =0.
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THE BACKGROUND FIELD POTENTIAL
IN TERMS OF POLYAKOV LOOPS

In this appendix, we explain how Eq. (10.13) can be generalized to the
SU(N) case and how Eq. (10.14) is derived in the SU(3) case.

E.1 Fields in the defining representation

Combining the logarithms in Eq. (10.5), one arrives at

A i)
(E.1) In]] [1 + g~ BleqpFmzir-pU ]
j=1

=1In [1 + % e VBeq T Z eii(p01)+...+p(jv))].
v=1

J1<<Jy

We have seen in chapter 8 that the fundamental Polyakov loops play a
role in the characterization of center symmetry. It is no doubt that they

will enter the generalization that we are after. At leading order, they are
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given by
1 aw "
(E.z) [CX](]‘) — s Z el(p(Jl)“‘"""P(] )).r,
CN J1<<jy
1 —i(pUD 4k pV))
(E.3) e (r) = — Z e )
N CN 1<y
We then arrive at
SU(N) )
(E4) 5V1100p ({ECJ‘(])[EE})T’H)
T

0 N
=-—1| dgqg qz{ In [1 +> C]V\,Zczvve‘vﬁ(gq’f‘“)] +
v=1

ﬂzo

At vanishing chemical potential, one can restrict to Zavv =Llcy.

N
v, —vB(eq,r+p)
+1In [1 + ;CNECNe

E.2 Fields in the adjoint representation

Combining the logarithms in Eq. (6.17), we obtain
8 i)
E5)  In]][1-ePerrir]
j=1

3 .3 .
= ln(]_ — e_ﬁfq)z l_[ [1 _ e—ﬁ£q+ir-a(1)] l—[ [1 _ e_ﬁgq_ir.a(J) ’
Jj=1 j=1

with a® = p@ — p® ¢® = o _ oM 4® = ;O _ 4@ and then a® + @ +
a® = 0. We have

3 . 3 . 3 .
1—[ [1 _ e_ﬁ£q+ir.a(j) _1_ 8_3'6€q . e—ﬁgq Z eir-a(]) n e—2ﬁ£q Z e—ir-a(l)

(E.6)
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Then
ﬁ [1 _e—ﬁgq+ir-a<ﬁ] ﬁ [1 _ o~ Pegmira?
J=1 J=1
= (1—e Py’ — e Pra(1— e Pea)(1— e 2Pa)(8¢4(r) - 2)
+3e 2Pea(1 + e 2Pea)(1 + 05(8r) + £5(3r))
(E.7) —2e73Pca(404(2r) + 804(r) - 3),

where we have used

3 .
(E.8) 305(r) = Y e,
j=1
3. a S i)
(E.9) 845(r) = 2+Ze”“ +Ze e,
J=1 J=1

Now, using

(E.10) 804(r) =905(r)l5(r) -1,
together with!

(E.11) 05(2r) = 305(r)? —205(r),

(E.12) 05(3r) = 1+904(r)® —905(r)l5(r),

we finally arrive at
8 i)
(E.18)  In]]|1-e Peatirs?]
j=1

=In [1 +e %% — (90305 —1) (e Poa + &7 7P4)
— (81502 — 270505 +2) (e 2F¢e + e72F¢)
+ (2703 + 2703 — 270505 + 1) (e 2Pea + &7P4)
(E.14) + (1620502~ 5403~ 5403 + 180505~ 2)e 4% .

As in the previous section, it should be possible to generalize this formula

to the SU(IV) case, in terms of the fundamental Polyakov loops.

IThese identities are conveniently obtained by expanding 9¢3(r)? and 27¢3(r)? respectively,
using Eq. (E.8) and then identifying the various terms of the expansions in terms of Z3(r).
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