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Abstract en Francais

Cette these couvre les recherches conduites a I'université de Montpellier, durant les trois années
de contrat financés par I’école doctorale 12S, dans le contexte de la théorie quantique des champs
dans un milieu dense et chaud. Cette théorie est un cadre de travail permettant de décrire les
champs quantiques a températures et densités finies. Un intérét spécial est donné au groupe
de renormalisation et ses propriétés afin de définir un meilleur schéma de resommation des
divergences infrarouges qui affligent la théorie quantique des champs dans un milieu thermal.
Nous commencons par définir la méthode dite “renormalization group optimized perturbation
theory” (RGOPT), consistant a optimiser la série perturbative en accord avec le groupe de
renormalisation, un cadre de travail permettant de resommer les divergences infrarouges, puis
nous discutons son application dans différents modeles. Premierement, ’application au modele
scalaire, plus simple que la chromodynamique quantique (QCD), au troisieme ordre perturbatif
ou nous constatons une forte amélioration de la convergence de la série perturbative ainsi
qu’'une diminution drastique de la dépendence résiduelle d’échelle de renormalisation. Puis,
nous explorons le cas de la QCD a haute densité et température nulle, ou nous déterminons
une resommation originale a tous les ordres des logarithmes dominants et sous-dominants. La
discussion est ensuite étendue pour incorporer 'application de la méthode de resommation
RG dans le secteur des quarks, et une premiere approche a l'extension de ce formalisme au
secteur des gluons massifs, décrit par le formalisme Hard Thermal Loop (HTL), est exploré.
Finalement, nous discutons une premiere application de cette méthode de resommation pour
la détermination d’une équation d’état pour les étoiles a neutrons.
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English Abstract

This Thesis covers research conducted at the University of Montpellier, during the three years
of PhD contract financed by the doctorate school 12S, in the context of thermal quantum field
theory. This theory is a framework for describing quantum fields in a medium, specifically at
finite temperature and/or chemical potential (equivalently, density). A special focus is given
to the renormalization group and its properties to define a better resummation scheme for
the infrared divergences generically plaguing thermal field theory. We first define and apply
a so-called renormalization group optimized perturbation theory (RGOPT), a resummation
framework for the infrared divergences, for the specific case of the A\¢* model at next-to-next-
to-leading order, where we found sound results concerning the improvement of the convergence
of the series expansion as well as a drastic improvement with respect to the residual arbitrary
renormalization scale dependence. Cold and dense quantum chromodynamics is also explored,
where we derived an original all order resummation of the leading logarithms as well as the
so-called soft next-to-leading logarithms. The discussion is extended so as to include the ap-
plication of RG resummation in the quark sector at next-to-next-to-leading order, and first
developments for the specific case of massive gluons in the context of the Hard Thermal loop
perturbation theory. Finally, a preliminary applications of this resummation procedure to the
determination of an equation of state for neutron stars are discussed.
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Résumé en Francais

Introduction

Lors des années 1950, I'invention des chambres a bulles a apporté avec elle la découverte d'un
grand nombre de particules, les hadrons, aux propriétés bien différentes. Un tel nombre, qu’il
ft vite évident que toutes ces particules ne pouvaient pas étre fondamentales, mais plutot des
structures composites, formées d’encore plus petites particules. Cette fagon de penser étant
motivée par I’histoire de la recherche, et le fait que trés souvent, la physique a tres petites
échelles se révele plus simple que de prime abord suite a la découverte d’une ou plusieurs
symmétries sous-jacentes. Gell-Mann et Zweig furent les premiers a proposer en 1963, indépen-
damment, un modele avec une particule plus fondamentale existant en trois saveurs différentes,
qui permettaient alors de reconstituer la pléthore de particules hadroniques observées. De ces
trois saveurs de quark, les deux premieres : up et down vinrent reconstituer les protons, les
neutrons et les pions. Tandis que différents mélanges avec la troisieme saveur : strange expli-
quaient les propriétés des kaons. Ce modele initial fut amélioré a plusieurs reprises durant la
décennie qui suivit afin notamment de coller avec la théorie de 'interaction électrofaible. Trois
autres quarks vinrent ainsi s’ajouter a 1’édifice : le charm, le quark beauty et enfin le quark
truthﬂ Cependant, a ce stade, rien n’expliquait pourquoi ces quarks restaient liés au sein des
hadrons, ni comment certaines particules composites ne pouvaient méme exister puisqu’elles
étaient en conflit avec le principe d’exclusion de Pauli. Ce principe stipule que deux particules
fermioniques (tels que les quarks) ne peuvent se trouver simultanément ezactement dans le

méme état quantique. Ces deux problemes trouverent naturellement leurs réponses en donnant

71 s’agit d’une vieille appellation qui n’a pas perduré, mais elle est préférée par I'auteur. Les quarks sont
désormais appelés up, down, strange, charm, bottom and top.
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un nouveau nombre quantique aux quarks: la charge de couleur. Ainsi, chacun des quarks
pouvait exister sous trois couleurs différentes, par analogie avec la lumiere, et I'interaction de
ces couleurs permettait d’expliquer les états liés de quarks. Ce nouveau nombre quantique per-
mettait ainsi aux quarks de ne pas étre exactement dans le méme état quantique, et le principe
d’exclusion de Pauli, d’étre satisfait. Les gluons émergerent alors naturellement comme les
médiateurs de cette interaction. Une différence fondamentale entre les gluons et les photons
(les particules de lumiere) est que ces derniers ne possedent pas de charge électrique (la charge
de l'interaction qu’ils véhiculent), tandis que les gluons possédent une charge de couleur (et
une autre d’anti-couleur), ce qui leurs permet d’interagir entre eux. Cette théorie est désormais
communément appelée la Chromodynamique Quantique (QCD) et prend tout son sens au sein
du formalisme de la théorie quantique des champs. Nous parlons également d’interaction forte
pour l'interaction entre hadrons, vue désormais comme une interaction effective, due a celle

plus fondamentale de la QCD.

Le confinement de la couleur

Si les quarks n’avaient pas été observés expérimentalement au préalable, c’est que ceux-ci de-
vaient étre confinés dans les hadrons (protons, neutrons, pions...). L’interaction doit ainsi
croitre exponentiellement avec la distance séparant les quarks, expliquant pourquoi nous n’ob-
servons jamais de quark libre, et inversement, étre presque nulle lorsque les quarks sont tres
proches les uns des autres. Sinon ils seraient forcés de se condenser en un seul point, ce qui

amenerait a une singularité.

Jusqu’a aujourd’hui, il n’y a pas de preuve mathématique rigoureuse de cette propriété de
la QCD. Pour cela, il faudrait pouvoir prouver que le potentiel d’interaction croit linéairement
avec la distance. En électromagnétisme, ce potentiel (de Coulomb) est bien connu et peut étre
obtenu en résolvant les équations classiques de la force de Lorentz. En QCD, la résolution
des équations classiques de la QCD, une analogie “non abélienne” des équations de Maxwell,
est beaucoup plus compliqué dii aux auto-interactions des gluonf]. Malgré de spectaculaires
avancées dans le domaine, la solution nous échappe encore. Ce phénomene est pourtant d’une
importance cruciale pour comprendre (en partie) I'origine de la masse dans 1'univers observable.
Bien que la masse des particules fundamentales (quarks, leptons...) soient générées par leurs
interactions avec le champ de Higgs, cette masse ne représente qu’une infime partie de la masse
des hadrons. Ainsi, I’énergie mise en jeu dans le confinement des quarks au sein des hadrons,
ainsi que le phénomene de brisure de la symétrie chirale, est d’'une importance essentielle pour

expliquer la masse des hadrons, et par extension, de tous les atomes de I'univers observable.

2Une introduction sur ces concepts est présenté entre autre dans les célebres cours de Feynman sur la
chromodynamique quantique. Ceux ci furent en quelques sortes perdus durant des décennies puisque Feynman
fat emporté par la maladie avant de les compléter. Un anciant étudiant de Feynman, James M.Cline, publia en
2020 une version originale des “Feynman Lectures on the Strong Interactions”. Depuis, nombreuses revues plus
modernes, et plus complétes, traitent du sujet.
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Un milieu trés chaud : le plasma de quarks et de gluons (QGP)

Cependant, ce comportement change sensiblement une fois que 'on chauffe les hadrons, ou
qu'un grand nombre d’entre eux se retrouvent compressés dans un faible volume. On parle
alors de densités, ou de fagon équivalente techniquement pour les calculs, de potentiel chimique
tres élevé. Apres des années de recherches, une transition de déconfinement fut observée dans
les grands accélérateurs de particules du LHC au CERN a Genéve et du RHIC & Brookhaven. A
partir de deux mille milliards de degré Kelvin/Celsius, les quarks et les gluons deviennent telle-
ment énergétiques que les quarks d’un hadron commencent a “voir” ceux d’un autre hadron. Ils
peuvent alors interagir ensemble et la notion méme d’hadron perd son sens. Ce comportement
fut également confirmé par la QCD sur réseau, un modele de I'interaction forte sur un espace-
temps discrétisé qui permet de procéder aux simulations numériques sur des super-calculateurs.
Bien que ce domaine du diagramme de phase de la QCD soit désormais bien connu, le domaine
des “faibles” températures’| et tres hautes densités demeure plus mystérieux. Les collisionneurs
d’ions lourds ne peuvent pour l'instant pas atteindre ce domaine tandis que les calculs sur
réseau sont exclus a ce jour a cause du probleme dit “du signe”. Ce probléeme a pour origine
les quarks avec un potentiel chimique. En tout généralité, il n’est pas toujours possible, pour
la description des quarks sur le réseau, d’utiliser une approche stochastique, nécessaire aux
calculs sur réseau. Notre meilleur espoir, pour I'instant, de mieux comprendre un tel état de la
matiere, froid et tres compact, se porte alors notamment sur les étoiles a neutrons, ces objets
célestes extrémement compacts, au bord de 'effondrement gravitationnel. La récente détection
des ondes gravitationnelles a donné un nouvel essor aux observations astrophysiques. En com-
binant les informations que nous apportent les ondes gravitationnelles et électromagnétiques,
les contraintes sur ’équation d’état de ces étoiles se sont fortement améliorées ces dernieres
années, nous permettant ainsi de remonter aux variables thermodynamiques de la QCD a tres
haute densité. Mieux comprendre la structure de ces étoiles a neutrons, c¢’est a dire, I’état de
la matiere au fur et & mesure que 1’on se rapproche du noyau de I’étoile, permettrait d’affiner

notre compréhension du diagramme de phase de la QCD, et donc, de la QCD elle méme.

Un apercu analytique de la physique du QGP

A ces échelles d’énergie, le couplage de I'interaction forte devient de plus en plus petit. Cette
propriété de liberté asymptotique nous donne la possibilité d’exploiter la théorie des perturba-
tions afin d’approximer la théorie complete par une succession de corrections. Bien que réussir a
résoudre exactement la physique de la QCD est une tache tres difficle a cause de sa trop grande
complexité, il nous est néanmoins possible de faire des approximations permettant d’approcher

itérativement, au travers de corrections successives, la théorie exacte (non-perturbative). Cer-

3Faible vis & vis des 2 * 102 degrés
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tains effets cependant ne peuvent pas étre évalués de cette maniere et donc la théorie des

perturbations ne pourra jamais exactement reproduire la QCD complete.

Idéalement, nous souhaiterions pouvoir calculer ces corrections perturbatives a des ordres
de plus en plus élevés pour affiner notre compréhension du QGP, et ainsi essayer de s’approcher
analytiquement le plus possible de la transition de phase. Cependant, méme a température
et densité zéro, la série perturbative de la QCD ne converge que (treés) lentement, voir méme
ne converge tout simplement pas. Cette divergence n’apparait qu’a des ordres plus élevés que

nous ne pouvons pas atteindre pour 'instant.

Une fois les variables thermodynamiques introduites dans 1’équation, la tache se complique
davantage. Non seulement de nouveaux termes correctifs intermédiaires viennent se greffer, mais
en plus, pour une température non nulle, 'apparition de modes d’excitations collectifs, non-
perturbatifs, pour les gluons viennent stopper net la série perturbative a partir de la troisieme
correction. En effet, dans le QGP, les corrélations a longues distances des gluons possedent
un caractere intrinsequement non-perturbatif. Nous parlons d’échelles “dures” (hard), pour les
particules (quarks et gluons) d’une énergie égale a la température ou de la densité du plasma,
d’échelle “douce” (soft) et “ultra-douce” (ultra-soft) (pour les gluons uniquement) d’énergie
bien plus basse que la température du plasma. C’est cette derniére échelle d’énergie qui donne
naissance aux modes non-perturbatifs des gluons. La série perturbative naive est incapable de
décrire ces modes qui contribuent avec le méme poids a tous les ordres successifs de la théorie
perturbative. Ce qui signifie que les corrections que nous calculons ne sont plus réellement des

corrections, puisqu’elles contribuent tout autant que les termes qu’elles sont censés corriger.

Heureusement, ces modes non perturbatifs (ultra-soft) disparaissent une fois le plasma re-
froidi. Néanmoins, il existe toujours dans le milieu des modes d’excitations collectifs a une
échelle intermédiaire : les modes soft. Pour la physique des hautes densités, la série perturbative
converge toujours faiblement, mais mieux qu’a température finie, et ne possede plus d’obstruc-
tion intrinsequement non-perturbative suite a la disparition des modes ultra-soft. Ceci nous
motive a repousser le développement perturbatif toujours plus loin afin de pouvoir caractériser

au mieux la physique des hautes densités.

Le probleme des divergences infrarouges

Ces modes collectifs nous compliquent la tache, car ils proviennent des divergences infrarouges
(IR) apparaissant systématiquement dans les calculs perturbatifs. Ces divergences sont nom-
mées ainsi puiqu’elles traduisent des corrélations a longues distances dans le bain thermique.
En opposition aux divergences Ultra-Violette (UV) qui sont elles, des singularités locales. Si
nous souhaitons obtenir un résultat analytique, nous devons au préalable traiter le probleme
de ces divergences IR. Les divergences qui apparaissent dans les calculs intermédiaires ne sont

cependant pas toutes indépendantes, et en les regroupant astucieusement et en les resommant,



elles disparaissent naturellement au profit de I’apparition d’une masse effective pour les gluons.
Cette masse thermale nous apprends qu’en réalité les gluons se comportent comme des quasi-
particules massives lorsqu’ils se propagent lentement dans le plasma. L’utilisation d’une théorie
effective de la QCD, avec des gluons effectivement massifs plutot que de masse nulle, devient
alors plus approprié pour décrire la physique du plasma de quarks et de gluons. Introduire
cette masse effective au sein méme de la théorie nous définit ainsi un schéma de resommation,
pour les corrections perturbatives, qui va systématiquement réguler les divergences IR. De plus,
I’avantage d’un tel schéma de resommation, est que les corrections successives deviennent ef-
fectivement plus petites que les termes qu’elles corrigent, améliorant ainsi la convergence de la

série.

Le groupe de renormalisation

Avant de détailler davantage la méthode de resommation, il nous faut d’abord reprendre, brieve-
ment, les concepts clés du groupe de renormalisation, essentiels pour les travaux présentés dans
cette these. Par construction, la théorie de 'interaction forte nous permet de faire des prédic-
tions sur la physique des quarks et des gluons. Mais pour décrire I'interaction, il faut commencer
par introduire un parametre, le couplage, qui traduit I'intensité des interactions entre ces par-
ticules. Ce couplage n’est pas une observable physique. Dans les expériences de collisions de
particules, ce que nous observons sont des probabilités que les particules interagissent ou non,
et non l'intensité de cette interaction directement. Ainsi, nous pouvons fixer le couplage de
notre théorie par ajustement paramétrique (“Fit”) grace aux observations expérimentales. Le
résultat d’une expérience a une échelle d’énergie E; nous donnera une valeur de ce couplage
g1. Mais ce résultat va dépendre de I’énergie mise en jeu lors des collisions en question. Deux
échelles d’énergies différentes, Fy, Ey donneront deux valeurs différentes pour le couplage: g1,
go. Cependant, ces deux valeurs ne sont pas arbitrairement différentes. Sinon, notre approche
n’aurait que peu d’intérét. La facon dont elles sont reliées nous est donnée par le groupe de
renormalisation. Ainsi, la connaissance de g; a I’échelle d’énergie Fy nous permet de déterminer
(approximativement) la valeur de gy a I’échelle Fy. Cette connaissance du couplage et de son
évolution est cruciale pour la détermination d’'une observable thermodynamique, telle que la
pression, a différentes échelles d’énergies (de maniére équivalente, a différentes températures

et/ou densités).

Resommer la série perturbative

Une des méthodes de resommation des divergences infrarouges qui fut largement utilisée dans
la littérature, nommée Hard Thermal Loop perturbation theory (HTLpt) permit une meilleure
organisation de la série perturbative afin d’affiner les prédictions de la physique du QGP. Mais

cette méthode présente parfois des résultats surprenants. Premierement, la convergence de la
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série perturbative n’était pas aussi bonne qu’attendue. Deuxiemement, 'incertitude inhérente
due a ’échelle de renormalisation, qui est censée diminuer lorsque nous améliorons le calcul,
augmentait progressivement avec les ordres perturbatifs successifs. Autrement dit, la facon
dont les échelles d’énergies sont reliées entre elles ne semble pas entierement correcte dans cette
approche, suggérant que le spropriétés du groupe de renormalisation n’ont pas été correctement
appreéciés.

Récemment, une méthode alternative de resommation de la série perturbative (RGOPT),
plus conforme avec les propriétés du groupe de renormalisation, a été développée et donne
d’intéressants résultats a températures et densités finis pour QCD ainsi que pour des théories
plus simples. Le travail de cette thése porte donc sur le groupe de renormalisation ainsi que
Iapplication de cette méthode aux ordres perturbatif plus élevés dans le but d’affiner nos

connaissances thermodynamiques de la physique du QGP.

La premiere application de la méthode par l'auteur, concerne le modele plus simple d'un
champ scalaire, contrairement aux quarks et gluons qui sont respectivements des champs (plus
compliqués) spinoriels/vectoriels. Notamment, le troisiéme ordre perturbatifs a été exploré,
pour lequel des résultats tres concluants sont venus conforter les attentes espérées pour cette
méthode de resommation. Autrement dit, la série perturbative est nettement plus convergente,

et l'incertitude résiduelle d’échelle de renormalisation a fortement diminuée.

Puis, I'exploration de la QCD a température zéro et a haute densité a été poursuivi. La
détermination originale des logarithmes dominants et des logarithmes sous-dominants a tous les
ordres, ainsi que leur resommation grace au groupe de renormalisation, a été établi, amenant

a une nette amélioration comparé a 1’état de ’art des calculs du domaine.

Finalement, I'application de la méthode RGOPT pour le secteur des quarks et des gluons
est discutée en dernier, notamment les complications rencontrées pour le secteur des gluons.
Les premieres ébauches de résultat pour I'application a la détermination d’une équation d’état

pour les étoiles a neutrons concluent les recherches menées par I'auteur.
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Introduction

Quantum Chromodynamics (QCD), the commonly accepted theory of strong interaction, de-
scribes the interaction between quarks through the exchange of colored particles, the gluons, in
the realm of quantum field theory (QFT). Due to this interaction, the low energy quarks and
gluons bound together to form the hadrons, the elementary components of the atoms. QCD
possesses genuine non perturbative features such as the confinement that prevents any direct
observation of colored particles. At very high energy, more than the QCD scale which is of order
Aqcp ~ 300 MeV, the strong interaction weakens due to its asymptotic freedom (AF) property,
and the (unphysical) shell of the hadrons blurs. This behavior happens at high temperature
and/or density and it allows one to use weak coupling expansion in QFT to address the physics
of these nearly free quarks and gluons. The state-of-the-art calculations at high temperature
and vanishing chemical potential for the free energy is held by lattice QCD simulations (LQCD)
which predict a smooth crossover phase transition from a confined phase to a deconfined one
[1]. However, owing to the so-called sign problem [2], LQCD is unable to explore mid and
high ranges of the chemical potential domain, for ;/T 2 1, where neutron stars are believed
to lies. Moreover, no earth-based experimentation can reach this region of interest, leaving us
nearly blind to this physics. At small baryon densities, chiral perturbation theory gives a pre-
cise description of the degrees of freedom of QCD whereas perturbative approaches are reliable
for very high baryon densities, leaving the mid range, in particular where Neutron Stars (NS)
lies, still uncertain. A lot of efforts have been made recently in order to reconnect the two
sides of the phase diagram looking forward to obtaining an accurate equation of state (EoS)
for compact stellar objects. But due to the (expected) phase transition at this specific order of
magnitude for the baryon density, model dependent approaches show huge error uncertainties
as they reach an energy scale of the order of Agcp.

Our hope resides now in advanced resummation techniques in perturbation theory which
could help us to tackle this physics. Introducing such scales (7', 1) makes analytical approaches
harder to use, first due to the intrinsic complexity of the calculations in thermal QFT, but also
because of the apparition of non-perturbative effects originating from the medium. These
non-perturbative effects originates from infrared divergences appearing in Feynman diagram
involving bosonic quantum fields. A consistent framework must be defined to address the
resummation of such infrared divergences in order to obtain a divergent-free prediction for



the free energy of QCD. A pioneering work by Freedman and McLerran [3} 4 [5] provided the
next-to-next-to-leading order (NNLO) pressure for massless quarks at vanishing temperature
and finite baryon density (equivalently finite chemical potential). It has been forty years since
then and only recently this received an improvement by including corrections from finite quark
masses [6] and pushing to a higher order the perturbative corrections [7; 8;9]. However, infrared
divergences appearing at finite temperature and density spoil a naive perturbative expansion,
calling for a resummation that thwart the task. Physics of the soft modes, engendered by the
temperature and the chemical potential, found a modern descriptions in the realm of Hard
Thermal Loop theory used to resum these long-range correlations. While non-perturbative
ultra-soft modes, due to the temperature only, is synonym to a break down the naive weak
coupling expansion. Fortunately, the ultra-soft modes disappear in the cold and dense case of
QCD (T = 0, # 0) and we are only left with the hard and soft modes. Therefore, one can
push to higher orders the weak coupling expansion looking forward to decrease the residual
(large) dependence in the renormalization scale observed in the perturbative series as well as
refine the precise value of the free energy of QCD.

From the renormalization group properties, we know that the QCD free energy is an invari-
ant of the renormalization group (RG) in the complete theory; but in practice, at finite order of
perturbative expansion, this property is only partially realized. Consequently, the resurgence
of a remnant renormalization scale dependence is inexorable. However, upon including higher
order terms from the expansion, we expect this sensitivity to decrease so as to recover the exact
invariance in the limit of full resummation. Nevertheless, it has been observed in the so-called
Hard Thermal Loop perturbation theory (HTLpt) framework [10} [11; 12} [13; 14], which relies
on the Optimized Perturbation Theory (OPT), that notably at finite temperature, the rather
important scale sensitivity increases when successive terms in the weak-coupling expansion
are considered. This indicates that the renormalization group properties might not have been
addressed properly.

Recently, a modified procedure, Renormalization Group Optimized Perturbation Theory
(RGOPT), was developed and aims at resolving this issue [I5; [16; [17]. In the present thesis, we
explore the application of the RGOPT method in A¢* model at next-to-next-to-leading order
(NNLO) [18], whose great improvement with respect to standard screened perturbation theory
(SPT) motivates us to pursue our efforts in order tor apply the method to gluons in QCD. Due
to the high complexity of the HTL framework, first application of RGOPT to NNLO for the
naive quark sector is investigated [19], which pushes to next order the previous work from [20].

Another application of renormalization group properties to the sector of massive gluons (in
the HTL framework) to determine the leading soft logarithms (LL) and next-to-leading soft
logarithms (NLL) at all order, more simply than involved HTL calculations, is presented, based
on [2I], as well as a resummation formula for the two series. This work goes well beyond the
soft sector first evaluated by Gorda et al. [7; 8 [9] using much more involved calculations to
determine the second soft leading logarithm of the series. Finally, we present a work in progress
to pursue the RGOPT method applied to massive gluons in QCD following previous works in
HTLpt [22} 23; 13]. Only one piece is missing in order to complete the result, and we hope to
close the calculation very soon.

Before presenting more in depth the HTL formalism and RGOPT approach in chapter 5 and
6 respectively, we will begin with a review of renormalization and the renormalization group
in chapter 2. Chapter 3 on the other hand recalls few notions useful for the introduction of
QCD in vacuum and in a medium, discussed in chapter 4. Finally, applications to neutron star
physics are discussed in chapter 7.
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“ A Uéchelle d’une carte, le monde est un
jeu d’enfant.”

“Scaled to a map, the world is a
playground.”

— Laurent Graff

Renormalization

The calculus framework of this thesis is Quantum Field Theory (QFT). While we do not have
space for introducing the theory, there is an important part of this thesis based on renormal-
ization group properties that we would like to address carefully. Thus, we assume the reader
to be familiar at least with basic concepts of QFT but we will discuss renormalization from
basics, followed by the renormalization group.

This chapter is not intended to be exhaustive. There is much more to renormalization and
the renormalization group (RG) than what will be addressed here. We only choose the relevant
points for our work. An interested reader is referred to reviews such as [I}; 2] for the perturbative
side of the renormalization group which is the one at hand here.

Our additional goal for this chapter is to motivate the concept of vacuum energy density
and related renormalization and anomalous dimension, which is seldom appreciated in the
literature, especially in thermal field theory. The notations in this chapter is thought to be
self-consistent but some definitions will slightly differ from next chapters. The reason being
that some different definitions/conventions were used in the various articles (by the authors or
by others). We thus try to set up a clean notation framework for future works.

2.1 Renormalization: a natural procedure

Along the 20th century, QFT has self-imposed as the best tool to describe the microscopic
world. The fundamental particles becomes excitations of fields ¢(x) promoted to the operator
status: gz@(x) Interactions between these fields therefore encode the interactions between the
particles. Fields and their interactions are defined by their Lagrangian density integrated over
every point in space. Here comes the complication. If we state that two fields can interact at any
point in space no matter how far we zoom in, we expect singularities to occur at infinitesimal
distances (considering a local theory and no singularities emerging at long distances). The field
operator QAS(:B) is not in general a well-behaved function, but rather it is an operator valued
distribution. Products of distributions do not always make sense. Some care is needed to
define these properly, and this is in fact the subject of renormalization, in which by appropriate

redefinition of the non observable parameters of the theory, we can systematically kill the
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2.2. RENORMALIZATION

divergences. There is however an ambiguity when choosing this redefinition. This redefinition
means that we absorb the infinitesimal scale inside the parameters, but where do we draw the
line between what should be absorbed and what should not ? Drawing such line is what we call
specifying the renormalization scheme. This renormalization scheme depends on the energy
scale, or renormalization scale, and on the regularization procedure that we choose arbitrarily.

Specifying properly the energy scale will facilitate the description of the observables. It
should be of the order of the energy scale at which we evaluate the specific observable otherwise
it would lead to unnaturally large quantities. But the predictions must not depend on the
choice of this arbitrary energy scale, otherwise we could not make any predictions at all. This
constraint is consistently encoded in the renormalization group equation, that we will address
after giving a more precise insight in the formalism of renormalization.

One may wonder what would have happened if we did not have infinities in the first place.
They are commonly believed to be due to the fact that we do not possess yet a complete knowl-
edge of the Planck scale. But if we had it, it would not mean to throw away the renormalization
procedure. Even if we had a natural cut-off scale such as to regulate all the ill-defined integrals
appearing in QFT, the theory would still lead to unnaturally large logarithms involving ratio of
this intrinsic cut-off (living presumably at the Planck scale) and the momenta of the particles.
The renormalization procedure would still allows to absorb these large quantities such as to
define a more natural description(]

2.2 Renormalization

As a concrete example, we will use the massive scalar A¢* model to discuss renormalization,
not only as a simpler model compared to QCD, but also because it will become handy when
discussing our specific work at next-to-next-to-leading order [3]. Starting from the euclidean

Lagrangian,
1 I 5.5 Aoy
£ = 5(9400)(0uto) + 5mody + 70,

where index “0” indicates bare quantities, the leading contribution to the self energy (in the
vacuum, denoted with index V') in euclidean momentum space is:

(2.1)

X [d*P 1
nv =22 P=(P 2.2

In fact, this integral is not properly defined since it blows up when |P| goes to infinity. But
this loop itself is not measurable, as discussed previously, the infinity appearing comes from the
lack of our knowledge on the infinitesimal distance scale. QFT has to be understood as a low
energy effective field theory valid up to some energy scale Ayy. This scale being roughly the
inverse of a lattice spacing in coordinate space which parameterize our threshold of ignorance.

Nevertheless, to make any predictions out of this loop, we must first give a meaning to
this integral. To do so, we introduce a regulator. This regulator is certainly not unique and
concrete results should be independent of the specific regularization as we wish to remove it
ultimately. Specifying a regulator is called a regularization scheme. The most intuitive scheme
is simply to cut the integration at a specific UV scale A: fooo>—> fOA. Choosing this regulator,
we define a scale that separates between what will be part of the infinity and what is not.
Now that we have regulated the divergence, we can renormalize the parameters of the theory

Tn the sense of naturalness, i.e contributions would be of order one.



CHAPTER 2. RENORMALIZATION

to cancel the divergence and then we can remove the regulator. To illustrate more clearly the
renormalization procedure, consider the result of Eqn.(2.2)) using a cut-off regulator:

2 2
Iy = Ao {AQ —mgIn (ﬂ>} . (2.3)

3272 m3

Which is the first order correction to the propagator: PQ}FWQ —
the bare parameters,

P +7112 T Upon redefinition of

G0 =Z¢, , myg = Zpm, , Ao = Z\\, (2.4)

we can define a counterterm 6, (from Z,, = 1+ d,,) leading to an extra contribution?| 2m?s,,
to Eqn.. We can use the freedom of defining 4,, to absorb the divergent term. There are
infinitely many prescriptions to fix d,, because we can also choose to absorb arbitrary finite
contributions at the same time. As already alluded, specifying what has been absorbed in the
counterterms defines a renormalization scheme. Here we absorb the divergent part of II; which
is given for A — oo:

AN PR A" 2m* 6, = 0 2.5
T m”ln +2m* 6, =0, (2.5)
defining a specific ¢,,. This is the heart of renormalization: absorbing the ultraviolet (UV)
divergences inside the parameter of the theory. Cancellation of UV divergences is essential if a
theory is to yield quantitative physical predictions. We can systematically define counterterms
such as to absorb the arising divergences at every order. Whether it requires only a finite
number of them, we call the theory renormalizable, else it is said to be non-renormalizable.

Our notation is however slightly confusing. As we introduce a (yet unspecified) arbitrary
regulator in the theory, we are defining a somewhat different theory dependent of A. For the
prediction to be independent of the arbitrary choice of A, the coupling A must be dependent of
this cut-off scale. Parameters m,., A, redefined in the manner of Eqm.7 called renormalized
parameters, now become (renormalization) scale dependent.

What we observe in experiments are solely cross sections, not parameters of the constructed
theory. These parameters must be determined experimentally at some energy scale Ay, and
knowing how they evolve with the energy, we can make a prediction for the cross section at
an higher energy scale A;. For a theory of n parameters, we need n of such inputs called
renormalization conditions. In QCD, neglecting quark masses to simplify, there is only one
scale free to fix associated to the evolution of the coupling, whose renormalization condition
leads to the definition of the (renormalization scheme dependent) scale Agep.

Historically and intuitively, it is best to start with the momentum cut off scheme but with
the rise of dimension regularization [4 [5f 6] in QFT, it has become evident since then that
this scheme is much more powerful and it is widely used in the literature now. It respects
gauge invariance, chiral symmetry, Poincaré invariance, as well as being the sole scheme where
calculations are tractable in high loop order calculations. Moreover, a cut-off regulator leads

to contributions proportional to the scale, see Eqn.([2.5)), which ruins intuitive power counting
in effective field theory (EFT).

2Note that the factor of 2 comes from the definition of mg = Z,, m, instead of m% = Zn m% also seen in
the literature.
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2.2.1 Dimensional regularization and the MS scheme

Dimensional regularization originates from the idea that loop integrals are divergent in four
dimensions but not necessarily in smaller ones. So, if we analytically continue our theory in
D = 4 — 2¢ dimension instead, no infinities will arise as long as we keep € # 0.

Vector spaces are only defined for integer dimensions so we should not try to take it too
literally. It can be given a precise mathematical definition, see e.g [I], but we can just use
dimensional regularization as a set of well-established prescriptions. All we need to know is
that it exists, it is uniquely defined as long as we axiomatically impose the operator (the
would be “D-dimension integration”) to satisfy three rules: linearity, scaling and translational
invariance. The last two read:

/ &5+ D = [dPF ()

(2.6)
[t ssm =5 [a7 55,

Following this definition, a very important result is that any scaleless integral vanishes:

/dDﬁ(ﬁ)a , VaeR. (2.7)
This can be seen easily from the general result for a one-loop integration,
D7 72\a A2 (_1)e-b (D —a-PL
M%/ d k;D By i (1) ZG)F(b 1= 2) (2)Bed (2.8)
(2m)P (k2 — M2 (4m)¥ L(2)T ()

upon taking the limit M + 0 (which is valid for % +a—b > 0, but can be analytically continued
for more general values).

This framework translates the power or logarithmic UV/IR divergences of the initial integral
into poles of gamma functions. Now, upon changing the dimension one has to re-scale the
dimension of the parameters in order to keep the Lagrangian density proportional to the inverse
D-th power of a length scale. For the coupling, this leads to introduce an arbitrary energy scale:

A= AMAP (2.9)

which defines the minimal subtraction scheme (MS). This explain the factor M?%* inside
Eqn.(2.8)). Calculations in this scheme lead to inconvenient factor of vg (Euler’'s gamma)
and In4m, terms that we can absorb by changing the renormalization scheme to the so-called
modified minimal subtraction scheme (MS):

YE
— o €

M? = M? —. 2.10
ym (2.10)

We shall work now in this scheme and drop the bar over the M for convenience. As a concrete

outcome, now Eqns.(2.3)) and (2.5) become:

DP 1 2 2
nv = &/(d _ Moo Aoy (1 —In (%)) + O, (2.11)

2 ) 2m)P P2+ m2  32m% 3272
m2\

2m26,, = . 2.12

m 3212 (2.12)
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CHAPTER 2. RENORMALIZATION

2.2.2 Weinberg’s theorem and renormalizability

So far, we discussed a theory that we implicitly assumed to be renormalizable. But renormal-
izable theories are only a tiny subset of the available theories at our disposal. A renormalizable
theory has the welcome property to only require a finite set of counterterms to be rendered
finite, whereas non-renormalizable theory requires a systematic introduction of an infinite set of
new counterterms at higher and higher orders to predict finite results. Renormalizable theories
were historically preferred, nevertheless, non-renormalizable theories are also powerful tools.
The theory of Hard Thermal Loop (HTL), to be addressed in chapter 5, has not yet been
proven renormalizable beyond three-loop order and the high-temperature approximation, yet,
its predictive power makes it a very standard use in modern thermal field theory.

From power counting argument, we can classify theories in three categories depending on
the dimension of their coupling. If the coupling has a dimension D; > 0, the theory is super-
renormalizable, if D; = 0 it is renormalizable and if D; < 0 then it is non-renormalizable. A
super-renormalizable theory only has a finite number of divergent Feynman diagrams, while a
renormalizable theory has an infinity of them at all perturbative orders, but requires only a
finite number of counterterms to be regulated.

To prove a theory renormalizable, one need to prove that local counterterms| can be written
and that only a finite amount of them are needed, with the same form as the original (bare)
Lagrangian. The first point was proven long ago by Weinberg [7] as long as the divergences
appearing in Feynman diagram are polynomials in its external momenta. The second condition
is answered by the above power counting argument for a local field theory. Non-local field
theories (such as HTL) does not possess yet a general proof of renormalizability. We will
examine the renormalizability of HTL in more details in chapter 5.

2.3 Renormalization Group

“The renormalization group is one of those brilliant ideas that lets you get something for nothing
through clever reorganization of things you already know” [§].

To clarify immediately, the renormalization group is not a group in the mathematical sense.
The renormalization group, as previously mentioned, will ensure that observables are renor-
malization scale invariant. This designation, sometimes shorten to “scale invariant” is slightly
misleading as we should not confuse it with the genuine scale invariance of conformal theories.
To avoid any possible confusion we will stick with the designation: “RG invariant” when stat-
ing that any observable must be independent of the renormalization scale or explicitly write
“renormalization scale”.

Mathematically, this requirement can be embedded in the following differential equation,
the RG equation,

MdiMOi(M, gi(M), ..., g;(M))=0. (2.13)

for any observable O; dependent of j parameters, typically masses and couplings. The RG
equation relates how a change in the renormalization scale M must be compensated by a change
in the parameters of the theory such that the prediction remains RG invariant. Pictorially, the
RG equation describes a curve of constant physics on the graph above the hyperspace of the
parameters of the theory (see Figl2.1)). Wandering away from the curve will result in non RG

3In QFT context, we talk about non-local operator as having an inverse dependence on the derivative:
07! at tree level. In practical calculations and in Fourier space, such terms leads to non-analytic terms as
In (M7 /My), for two generic (non-renormalization) scale.

11
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® 0,(M;,m(M,), g(M;))
® 0;(M;, m(M,), g(My))

Figure 2.1: RG flow along the curve of constant physics. The M direction has not been drawn.

invariant quantities that we cannot call observables. Thus, we should check for consistency
that our final results satisfy, at least perturbatively, the RG equation. If the theory contains
only one parameter, e.g A for massless A\¢* theory, then Eqn.(2.13]) will read explicitly

M%(’MM, A(M)) = (MaiM + B(A)a%) O, (M, A(M)), (2.14)

where B(\) = M %. We will refer to this equation as the “RG reduced equation”, since it
describes the RG evolution of a massless theory, in opposition to the more general massive RG
equationﬁ,

d 0 0 0 dIn(m)

MWZMO_M—'PB(/\)E—FT”%L(A)@_WL’ %n()‘): dln M

However, for a massive theory, this operator does not encode the complete RG dependence
since it is blind to the RG evolution of the vacuum energy. We shall review this point in the
eponymous section. In this thesis, we mainly consider 0-point functions, associated to the free
energy in thermal field theory, that is why we systematically neglect the anomalous dimension
of the fields in the RG operator. To be more complete, if applied to an n-point Green function,
the RG operator would pick extra terms: - v with v; = —M %.

(2.15)

To understand how the renormalization group invariance occurs in practice, it is good to
start with a simple example. Considering the pressure dependent of a mass scale and a coupling
A), the renormalization scale appears in the perturbative expansion inside logarithms according
to the following pattern (the first index is for the perturbative order, the second for the power

4Note that our convention for 7, in A¢* differs of a minus from our convention in QCD that we will recall
in chapter 5.
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of the logarithm):

A A A
34 = —@ -+ Qo1 In (—) -+ Gljz)\ 1112 (_) + CL2,3)\2 11’13 <_>
m A m m m

A A
Q0,0 + am)\ln (—) + a272/\2 h’l2 (—) (216)
m m
A
+ CL170)\ + a2,1)\2 In (—)
m

The first line, with the dominant logarithm, is called the leading logarithm family (LL), while
the second line is the first non-logarithmic coefficient aso plus the first sub-dominant loga-
rithm family called the next-to-leading logarithm family (NLL) and so on and so forth. For
this pressure to be RG invariant, the explicit scale dependence inside the logarithms must be
compensated by the intrinsic dependence of the parameters (g(A), m(A)) on the renormaliza-
tion scale. Working out the RG equation of this generic pressure leads to recursive relations
to be satisfied to ensure RG invariance. The very first things that comes out is that we need
the first term s, since RG invariance requires cancellation between the coupling at order O(\¥)
and the explicit logarithm at order O(N\*!) to be satisfied. This will be discussed in the next
section. Restricting the beta function to its leading order contribution also tells us that the
renormalization scale cancellation occurs between terms of the leading logarithm family. There-
fore, upon resumming the LL and using the leading order running of the coupling and of the
mass parameter leads to an exactly renormalization group invariant pressure.

However, we are blind to the precise value of the higher order contributions, and it is hard to
estimate the uncertainties associated to these missing terms. Since the RG cancellation occurs
between terms of different orders, missing terms from higher order can be traduced by a missing
RG cancellation and therefore the appearance of a remnant scale dependence (if we did not
resummed logarithm families). Upon varying the remnant scale dependence, we can estimate
the uncertainty associated to the missing higher order contributions. Hence, from this simple
example we can understand that upon resummation of logarithms families, we can decrease the
residual renormalization scale dependence of the pressure (which also incorporates higher order
contribution), but to keep track of the missing higher orders non-logarithmic contributions, we
must choose higher order running couplings so that the cancellation between the resummation
and the running of the parameter mismatch by perturbative corrections.

2.3.1 Renormalization group flow equations
B function: the anomalous coupling dimension

Green functions obtained from the bare Lagrangian depend on the bare parameters obviously
independent of the scale M, so the bare parameters satisfy the RG equation:
dXo
M— =0. 2.17

Solving Eqn.(2.17) for \g = M*P)\g = M*P) Z,, it can be expressed in term of the bare
coupling: ~
4 — D)\ 4— D)X
6( /\) _ _( _) 0 _ _ ( ) '

a)\ )\0 1 —f-)\a)\ 1HZ)\
We do not have complete knowledge of the beta function in general, rather, only the first
few perturbative orders. Due to the truncation error of the intrinsically limited perturbative

(2.18)
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2.3. RENORMALIZATION GROUP

series, the beta function is only well defined for a specific range of the coupling, namely when
it is sufficiently small so that perturbation theory is valid. To digress slightly, for QCD whose
coupling runs to zero at very high energy, there is a Landau pole in the IR sector where the
coupling values growth exponentially fast, while for QED it is the opposite. The beta function
may or may not have other non trivial zeros S(A\*) = 0 for specific finite \* values. It is possible
typically, if there are alternative signs in the perturbative coefficient expansion. In QCD, it
appears that every order calculated so far, up to 5-loop, gives a negative sign, so at least for
realistic quark flavor numbers, no such fixed points has been found so far. There may be
even non-perturbative fixed points, that we ignore the existence, that could be evaluated only
through an all order resummation of the series expansion. Fixed points in the theory leads to
very interesting physics, as the RG invariance (for a massless theory) becomes trivially satisfied
and the theory itself becomes conformally invariant.

Back to A\¢?, expanding in perturbation theory, the first few orders of the beta function

reads:
BA) = by N2+ by N>+ ...

3
"= Gy

N (2.19)
T3t

. _ 3915 +2592((3)

T 216(4m)0

Note that the beta function given by Eqn.(2.19) picks up another contribution when applied
to bare quantities (see Eqn.(2.18]):

BA) = —2e A +bg A2+ b1 AP+ ... (2.20)

indeed, the beta function is easily evaluated from the counterterm,

(1) H 50
b
2y = 140y = L4 A2+ = 14250 (% + g) N = LH2AO(N) (2.21)
and Eqn.(2.18)):

B (—2e)A
N 1+ )\8,\ 1Il<1 + (5)\>

B(N) = —2eA + 200 A7 + 4535 + .. (2.22)

Note that 65\2% is given by 65\12 and they cancelled out in the above formula. From Eqn.(2.19
at first order in )\, we obtain the leading order RG flow of the coupling:

Ao

A(My) = 1 — bo A(Mp) In (ﬁ) |

(2.23)

This is exactly what we use to specify the coupling parameter. We measure different cross-
sections at a given energy scale My, trace back what would be the value of A(M;) that would
have given this outcome, and using the running of the coupling, we can predict how the coupling
evolve and so on for the cross-section.

14
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Ym function: the anomalous mass dimension

Just like A, the mass m is dependent of the renormalization scale M and “runs” (with M) while
my is RG invariant. Following the definition in Eqn.(2.15)):

_ din(m(M))

T () 224

keeping the same notation as in the last section, we give for completeness the following relations:

YA) = Yo A+ A2+

1
ERNDTPSE
5 (2.25)
T T o))
7
727 4ar)s
57(7?1 70 2
Zn() =1+ 0n(0) = 1+ Ao = 14 20 0(0) (2.26)
€
dmo
M =0, my = mZy = () = —HN)O (1 +6,() (2.27)

In dimensional regularization, Eqn.(2.5)) reads (for the divergence only):

Am?

© 32m2e

+2m?5,, =0 (2.28)
Which is satisfied for (5,%’)1 = 2.

I', function: the vacuum energy anomalous dimension

In massive field theory, the leading-order bubble diagram reads, after some algebra,

—1 [eEM2\® [dPP mt /1 3 m2
— - - In (P2 Y= 0 (24 I —2)). (22
Pro < > 2 ( Ar ) /(27T)D n (P 4 mp) 6472 (g *3 n(M?)) (2.29)

Where the momentum integral is easily evaluated in dimensional regularization from Eqn.(2.48))

2
. m, . .
using In(P? +mg) = [;"°dm? pz5ms. Here we see two issues emerging:

1. The loop is divergent, and it cannot be absorbed by mg renormalization since the latter
is necessarily of next order: mg = mZ2,, ~ m(1 — /e \).

2. Even after renormalizing the mass, and naively minimally subtracting the divergent term,
the RG equation is in fact not even satisfied already at this leading one-loop order: Acting
with the RG operator of Eqn.([2.15)) leaves a remnant term O(m*In M).

Both issues can be addressed upon introducing in the Lagrangian a new operator &: the
vacuum energy density [9; [10].

This operator does not possess a perturbative expansion expressed in terms of Feynman
diagram, thus in the perturbative framework we use, we can only evaluate its contribution

15



2.3. RENORMALIZATION GROUP

through the RG equation. Following [9; [10; [T} 12} [13], we express its contribution in terms of
a perturbative expansion in \g, necessarily starting at order 1/\g:

Eo=—2Y s Ak (2.30)

Upon renormalization of this operator: my = m Z,,, \g = M*\Z,, (we define & = M ~%(€ —
m*Z,) where £ is the same but without the zero index), it generates a counterterms of the same
order in A as in Eqn2.29, This is a manifestation that perturbative RG invariance occurs from
cancellations between terms from the RG equation at order A* and the explicit M dependence
at the next order \*+1.

The counterterm Z, can be read off directly from the expression of the pressure, namely
here, following Eqn.(2.29):

ORI 4

z, = oLy v2 T2 a2y T 2.31
+(52 + 5) + 6472 ( )

The coefficients s, can be determined iteratively from the remnant contribution of the
massive RG operator in Eqn.(2.15)) applied to the pressure,

d d
M€ = =M P(€ = 0) (2.32)

or, equivalently, by requiring the counterterms to cancel the remnant divergences of the pressure.
For A¢*, the first ones were determined in [14; B]}

1

Am)lsg = - = 877
( ) 0 2(()0 — 4"}/0)
—4
(47)2s; = o b=dn 1,
870(bo — 470) (2.33)
23 + 36 ((3) ‘
dm)2sy = — 22050 g0
(4m)s9 1502 0.01399,
—709 4+ 127* — 2628 ¢(3) — 5400 ¢(5)

(471')283 = —

720(1672)2

For simplicity, we redefine what we called the pressure P ~— PRGI = P + £ which will then
satisfy the massive RG equation and thus becomes an observable. Equivalently Eqn.(2.32))
defines the action of the RG operator on &:

=T(\)mh (2.34)

F(A), the anomalous dimension of the vacuum energy density, is determined perturbatively
I'=Ty+T1 A+ ... most easily using the counterterm Z, which can be read off directly from
the pressure. Together with the RG equation for the bare vacuum energy:

d&y

T =0, (2.35)

%3, coefficients were at that time defined with respect to (47)2F, we prefer now to define them as subtraction
to the pressure thus the extra factor of —1/(4m)? with respect to our article [3].
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CHAPTER 2. RENORMALIZATION

it leads after algebra to: )
A =M*(E-m'Z,). (2.36)

Using Eqn.(2.34]), we can relate the counterterm Z, to the subtraction coefficients s,, permitting
a simpler evaluation of these coefficients:

. 1

['=bo so + 45070 + (b1 so +4s170 +4so ) A+ - = EETEC O(\?) (2.37)
Note that in A¢?, the coefficient of order X in I, is strictly zero. This construction — adding
the vacuum energy — will be ultimately very relevant to the determination of a resummation
formula for the massive logarithms appearing in hard thermal loop theory. This will be discuss
in depth in chapter 5.

2.3.2 Connection with finite temperature field theory

Anticipating slightly our discussion of finite temperature field theory, we can already easily
define how the counterterms will depend on the temperature (or the chemical potential): they
will not. We discussed divergences in momentum space, but going back to coordinate space,
we can understand this statement quite clearly. In coordinate space, divergences originate from
singularity at « = 0 of the free propagator. Counterterms will then be defined as delta function
or derivative of the delta function (thus the notion of locality for counterterms).

As will be discussed later, introducing the temperature in QFT for thermodynamics at equi-
librium, means compactifying the time direction integration in the action. The free propagator
in coordinate space is not affected by any boundary conditions, thereby its counterterm will
remain the same as the 7' = 0 theory [I]. At least, this is true for standard local theory, but
maybe not for non-local theories such as Hard Thermal Loop (see chapter 5).

In the context of thermal field theory, the matter contribution decouples from the vacuum
contribution, the former coming with an extra factor of ng(p) or ng(p), respectively the Bose-
Einstein/Fermi-Dirac distribution, that decrease exponentially with ||p]| — oo shielding the
term from UV divergences. However, importantly, they lead to IR divergences that we will
address in chapter 3. Moreover, even though the counterterms should not depend on 7', within
higher order calculations, temperature dependent divergences arise at intermediate steps, due
to nested (sub)divergences, that are not always easy to disentangle.
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2.4 Logs galore

2.4.1 Constraints on the poles

The bare coupling Ay contains formally all poles for € — 0 that will renormalize the Feynman
diagrams. For a renormalizable theory, by definition all these divergences cannot be totally in-
dependent. This link can be enlighten through the RG equation. Starting from, cf. Eqn.(2.18)),

B\ e) = % o= M (A + i dj(A)gJ) : (2.38)

2N j=1

we can solve (formally) the beta function equation for the coefficient d; for every power of ¢.
The coefficients d;(\) are functions that we develop in power of A. Defining S(\) = —2¢+45*(N),
the first orders give,

BNE) = —2e 12Ny — 1) di(N) = B*(N) =2(\y — 1) di(\). (2.39)

Often in perturbative calculations, one drops the factor of £ in the beta function such that we
use 3(A, ) ~ 5*(\)as e — 0, however, forgetting this factor here will lead to wrong results. This
equation already tells us that we only need the 1/¢ divergences to evaluate the beta function.
Then, we determine generically for the order £77:

ad;(N)

2(1 = 203)dja (M) + B (N =3

=0, (2.40)

which means that knowing the beta function, thus the 1/e divergences at each successive orders,
is sufficient to determine every other infinities that the coupling will renormalize. Repeating
this procedure for every parameter of the theory, in the end, we only need to calculate the
simple poles as well as the finite coefficients to determine exactly an observable at order A*.
This knowledge will become particularly handy once we discuss cold QCD in chapter 5, since we
used a similar reasoning to evaluate and resum every leading and next-to-leading logarithms.

2.5 Renormalization scheme change

For convenience and sensible comparisons, we are working in MS, however, the scheme is
arbitrary so nothing prevents us from changing scheme at some point. In chapter 6, we will
see that changing the scheme will become quite handy. First, a scheme is specified by its
(renormalized) parameters, counterterms and renormalization point. Practically, one specifies
the renormalization scheme by the renormalization scale and the coefficients of the anomalous
dimensions.

Previously, we already mentioned a change of renormalization scheme (RSC) in Eqn.(2.10)
when going from the MS scheme to the MS one. This is a specific RSC where only the sub-
traction point M is modified. There is also a possibility to change the regulator D = 4 — 2¢ —
D = 4 — « keeping the renormalization point unchanged. In practice, it amounts of changing
the A and m. Generically, we will consider a RSC with coefficients that do not depend on the
mass. Suppose now that we have a second scheme in which the new mass and coupling are m’
and X, related to the other scheme as a perturbative series :

N=XXN)=A1+A4A+HLN+...),

2.41
m? =m*Z,(N)=m(1+B A+ B N +...). (2.41)
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Using the chain rule, the operator M diM in Eqn. 1} in the original scheme can be expressed
in terms of M-% in the new one (see e.g [I; [15]), which leads to:

b6 - bg,
bll - b17
2.42
b/2 = bg — Al bl + (A2 — A%)bo, ( )
bg - bg - 2141 bg + A% bl + (414? - 6A1 AQ + 2A3)bo,
7(/] =0,
Y1 =" + 2by B1 — 70 A,
vy =2 + 2By by + 2(2By — B})by — 70 Az — 241 1, (2.43)

7:/3 =73 — Az — (A% +2A5)v1 — 3A1 y2 + 2bs By
— 20y (B? — 2By) + 2by(B} — 3B, By + 3Bs)

We see clearly that vy, by and b; are RSC invariant, i.e universal quantities.

2.5.1 Dimensional regularization glossary

Working in dimensional regularization, one needs to modify the metric such that its trace gives
the right number of dimensions:

gMVg“y =d— qufY'u = . (2.44)

In T = 0 quantum field theory (QFT), we commonly keep the D-dimensional integration
measure as d”k to proceed to integration. However, in HTL theory at finite temperature, as
we will see in chapter 5, the integrand is generally dependent on the angle between ky and E,
the integrated momentum, so we separate the integration measure:

/ d'k = / dQyq / dk k%1, (2.45)

where the d dimensional angle reads:

dQq = 5in?*(dg_1)sin"3(pg_s) ... doy ... dpg_1 (2.46)

Qd:/de:%rji (/ do, sin® 1%) —szf( (fﬁf)) _ QFTZ/; (2.47)

2

In the last equation, the integral leading to a factor of 7%2 is actually an axiom of dimensional

regularization. The most common integrals over Euclidean momentum are:

/ ke wr, T(E)0(0 — )

*erap =27 2T(b)

(2.48)

The analytic properties of the gamma function, with well identified poles at negative integers,
provides a useful analytic continuation for any a,b values.
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“A picture is worth a thousand words.”

— Confucius

Groups, representations and all sorts of fibers

The modern formulation of particle physics became exponentially greedy in terms of mathe-
matical notions and notations. When tackling the background of the Standard Model (SM),
we need tools such as Quantum field Theory (QFT) and Yang-Mills theory which has become
the cornerstone of particle physics. None of them is actually completely understood. Practical
calculations in Quantum Field Theory remain ill-defined, as we saw in the previous chapter,
and the theory is too difficult to be exactly solved, while there is still a missing proof at the
heart of Yang-Mills theory concerning its classical solutions. The theory of the strong inter-
action, Quantum ChromoDynamics (QCD), among other fundamental interaction, is based on
QFT and Yang-Mills theories. We will not discuss QFT here, however, we will recall the main
concepts at the core of Yang-Mills theory, namely, groups, groups representations and finally
fiber bundles.

3.1 Lie Group and representations

3.1.1 Symmetries in nature

It seems a bit ambitious to try to discuss all the symmetries in our surrounding world. And
yet, it may be very useful. Obviously, what is man-made is almost always very symmetric,
but also the world without our footprint. Flowers have discrete rotational symmetries; trees
are cylindrical; leaves have a plane symmetry... Our earth is nearly perfectly spherical, our
universe up to its far away confines appears to have a uniformly distributed electromagnetic
radiation. This has even motivated mathematician to describe “beauty” in mathematical terms
based on symmetry [I}; 2]. Not all objects display exact symmetries, but the latter are at least
approximate. It seems that stable complex systems are just a gathering of small symmetric
constituent blocks assembled in a regular way[3]. Thus, physicists went digging for every
possible symmetries, at the microscopic scale, that could help simplifying the description of the
world. Knowing all of these symmetries allow to simplify the description of the sub-scale and
how the building blocks merge together. At the microscopic scale, this lead to describe matter
and its interaction using only symmetry groups. This is the modern formulation of quantum
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physics in terms of Quantum Field Theory, group (of symmetry) theory and the gauge principle:
the Standard Model.

Group definition

A group G of cardinality n, is a set {g,}; , @ = 1,...,n of symmetries, called group elements,
which compose together. The composition "o" is inherent to the group and associative:

Vg € G, Vg2 € G, (g1 0 g2) € G

Every g, in the group possesses its own inverse in the group such that: g, o g;' = 1g, where
1¢ is the group unitary element, included in {g,};. If the group composition is commutative,
thus g, 0 g, = g 0 g4, then the group is Abelian. Furthermore, the group is said to be simple
if it cannot be reduced into direct sum of smaller groups. The group GL(n,K)) is the group of
square matrices of dimension n, invertible, defined on the number field K. J,, is the diagonal
matrix consisting of p times one and ¢ times minus one. Then

O(p.q) = {A€ GL(p+ ¢, R) /A J,,A' = T}

3.1
SU(N)={A € GL(N,C)/ATA =1 & det(A) = 1} (3.1)
Note that lifting the restriction on the determinant defines the group U(N). Of great impor-
tance is the group O(1,3) which is the Lorentz group encoding rotational symmetry and boost
invariance.

Differentiable manifold and Lie groups

Lie groups are continuous groups of symmetries also defined as a differentiable manifold. Thus,
we have two pictures for the same objects: an algebraic structure and a geometric structure.
This allow to take advantage from both sides.

As the Lie group is locally an euclidean space, in each point of the manifold lies a vector
space. At the identity, the vector space is the Lie algebra g = T1,G. Precisely,

Lie G={A€gl(nK) |VtER, '’ e G}. (3.2)
From the algebraic structure of the Lie group, the Lie algebra is equipped with an intern
composition law, usually wrote “[,]” and called “Lie bracket”, satisfying:
VX,Y eg [(X,Y] = —[Y, X]

VX,Y €g (X, Y, Z)|+ [Z, [ X, Y]]+ [Y,[Z, X]] = 0. (Jacobi’s identity) (3:3)

Since we will consider unitary Lie group, whose determinant are equal to one, then the
elements of the Lie algebra must be traceless and since V Gy, Gy € G — G10Gy € G it implies
VT, Ty, € g — [T,,Ty] € g since the commutator is also traceless. The algebra being closed,
the Lie bracket defines the structure coefficients:

[TayTb] = Z‘fabc Tc (34)

Lie algebra is said to be the “logarithm of the group G”, this is always true by construction
but the inverse is not. Indeed, the exponential function cannot reach (it is not surjective), in
general, all components of G. It does only if the group G is compact and connected. One last
subtlety however, two non isomorphic groups may have isomorphic Lie algebra. For example,
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Lie SO(3) = LieSU(2) but SO(3) = SU(2)/Z, with Zy, = {—1,1} being the second group of
congruence. SU(2) forms the covering space of SO(3) and gives the spinor representations of
the Lorentz group. There is also the case of SU(3) and SU(3)/Z3 which possess the same Lie
algebra. The center symmetry Zz plays an important role in the confinement of color charges
in pure Yang-Mills theory at finite temperature (see chapter 4).

3.1.2 Representation theory on a Hilbert space

Previously, the group action was defined making abstraction of the specific structure upon which
it acts. Furthermore, we only defined abstract group elements from their composition without
specifying what they were. There are infinitely many different ways to represent the group
action, leading to different representations (nevertheless, they are not all linearly independent).
For a representation of group elements, we essentially ask for the latter to preserve the inner
structure of the group, that is to say that a representation of G on a vector space V is a group
homomorphism:

p:G— GL(V), V1,92 € G = p(g1092) = (g1, g2) p(g1)p(g2)- (3.5)

The function ¢(g1, g2) introduced here reminds us that states in the Hilbert space do not nec-
essarily need to transform under representation of the group (that would mean ¢(gi, g2) = 1).
Quantum states are defined only up to a phase factor, so they only need to transform under
projective representations (i.e representation of the covering space).

In practice, there is an infinity of representations, most of them being redundant as they are
reducible and can be decomposed into lower dimensional representations p;: R = ®;p;. Among
all the representations of the group elements, there are two of great importance: the defining
(F, also called fundamental) and the adjoint (adj.) representations. The first one is on the
vector space V = CV for N € N*, N = 0 being the trivial representation, while the adjoint is
on the Lie algebra.Denoting respectively D and d for the representations of the Lie group and
Lie algebra, for G = SU(N), A € G, g = Lie(G) and a; € ¢:

Dp(A)=A <— dp(T,) =T, dim(Dg) =N
Dzdj'(a) =Aa A <= &Y (az) = [a1,a0]  dim(Dag;) = N* —1 (3.6)
The Casimir operators of the representation R characterize the representation:
> TETE = Cy(R)1 (3.7)
and they are dependant on the normalization of the generators of the Lie algebra:
Tr (TyTy) = I(R)dap. (3.8)

We usually set for SU(3) : T, = %)\a, where )\, are the Gell-Mann matrices, recalled explicitly
in appendix A. This definition gives:

1 N2 -1
I(R=F)=5=Tp , G(R=F)==—=Cp
I(R=adj.) =Ta= N = Cy(R = adj.) = Ca (3.9)
T,
dAEN2_1 ; dFEdgF:Na facdfbcd:Néab
F
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3.2 Fiber Bundle

3.2.1 Principal Bundle

Every interaction in modern physics is characterized by a gauge symmetry group. Matter
fields, gauged under these symmetry groups are then charged under these interactions. The
goal now is to define fiber bundles which give a geometrical definition. First, we need to
be given a 4-dimensional manifold in which the fields live. Then we need to attach in every
point of this manifold a copy of the gauge group to reflect the underlying symmetry of the
matter fields. This structure is a fiber bundle. Mathematically, a fiber bundle is a triplet
(P, m, M) where P is called the total space, M the base, and 7 is a projection from P to M.
If F'is a Lie group, then we call the fiber bundle
a principal bundle. These are the one we are in-
terested in. Locally, P is a product space M x F
where F is the fiber. However, it may not be the
case globally due to non trivial topology, first from
the topology of the base space but also due to the
fibers. Take the Moébius strip which is the perfect
example (see ﬁg: locally, P looks like R?, but
globally, the base space identify to the circle S?
and not R. Yet, there is at least two total space
that relies on the circle: the Moébius strip and the
cylinder. In the first case the fiber can rotate of 7
around the base space.

To discriminate between the two shapes, we
need to introduce a section o. As can be seen on
fig[3.1] the section is a continuous map from the
base to the total space. It associates one point in
M to one point on the fiber above M. The section
grants us with an origin on the fiber. It is often
said that the section is the inverse of 7 but this
is misleading, 7 projects the whole fiber on M whereas the section specifies, by an arbitrary
choice, one point on the fiber. To bo given a section is equivalent to be given a specific topology
of P. In physics, this section is related to the gauge fixing condition and the ghost fields that
we will explore in the next chapter.

Figure 3.1: the Moébius strip seen as a
fiber bundle. The orange arrow represent
the application 7 while the red one is o.

Associated bundle: Bundle of Bundle of...

This structure of a fiber bundle is pretty generic, and we could choose one fiber bundle as being
the base space of another bundle. While this seems like self-harming at this point, it is actually
of practical use when trying to define the connection on a fiber bundle together with matter
field living in a representation of the gauge group, and not the gauge group itself. For a matter
field living in a given representation p (on the vector space V') of the gauge group, one defines
the space where it lives as the associated vector bundle £ = P x¢ V, = P x V,/G.

Connection on a fiber bundle

Consider the point v in the total space P. By definition, it is a point x in M with a specific
referential in the symmetry describes by the Lie group G (or its representation p(G) on the
fiber F'). We would like to transport this referential along a curve in P, as we move from z to
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y € M, keeping the referential parallel to itself in order to compare vectors from two different
points in the bundle. This is achieved through the connection which projects the basis vectors
onto each other as we move along the curve.

The connection act on vectors from TP (tangent space of P) and takes values in g. It can
be cast on the tangent space of M via a given section,

TP 4 g
ol m (3.10)
TM =9

such that the connection is a 1-form on M instead of P. We see here that we need a section
to define the connection form on the base space. In physicist language, this means that we
will need ghost fields so that the gauge fields may be described on space-time. Unfortunately,
the theory of connection would lead us way too far from thermal quantum field theory at this
point, thus we will restrain from discussing these notions more deeply. Only we need to know
is:

We will consider trivializable principal bundle which means that it can locally be expressed
as a product space. So, we can define locally a 1-form along the natural local coordinates of
1-forms dx*. Since the connection takes values in the lie algebra, we can expand it in terms of
the generators of the Lie algebra (in any representation). In a given representation p it reads:

p(A) = Aj, p(X,)dz". (3.11)
For convenience, we will write p(X,) = X% for a given representation R from now on.
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“Color! What a deep and mysterious
language, the language of dreams.”

— Paul Gauguin

Quantum Chromodynamaics in a medium,
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Adapted from https://xkcd.com/1489/

4.1 Hadrons, baryons, mesons, quarks and gluons ?

In the 1950s, the invention of the bubble chambers lead to the discovery of a large number of
particles in high-energy collision experiments: the hadrons. So many of them that it became
unreasonable for particle physicists to think of them as the most elementary ones. In funda-
mental physics, we are looking for simplification and unification. Physicists were also guided by
the fact that some particles could not even possibly exist as they were not satisfying the Pauli
exclusion principle. To reconcile theory and experiments, Gell-Mann [I] and Zweig [2] proposed
independently in 1963 a model of smaller particles existing in three flavors which could explain
the observed abundance of Hadrons. Protons, neutrons and pions could therefore be explained
with the first two flavors: up and down, while the strange quark was required to explain the
properties of the Kaons. In 1968, a scaling in deep-inelastic electron-nucleon scattering was
observed implying a point-like substructure that was given the name of “partons” [3; 4]. Par-
tons were later identified to be the quarks (and gluons) of the Gell-Mann and Zweig model.
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4.1. HADRONS, BARYONS, MESONS, QUARKS AND GLUONS ?

Quark flavor mass Charge (QED)
up 2.161539 MeV /c? +2e
down 467048 MeV /c? +5te
strange 93+t MeV /c? +5te
charm 1.271002 GeV /c? +2e
bottom 4187005 GeV /c? +3te
top 172.7670:3 GeV /c? +2e

Table 4.1: Current quark masses [13] at M ~ 2GeV and charge with respect to QED.

Gell-Mann also discussed a theory of interacting quarks through the exchange of gluons, the
mediator of the interaction, which also resolved the issue that the wave function of the three
quarks in the baryon A™* could not be anti-symmetric without an extra quantum number.
This charge, which comes in three different types in contrast with electromagnetism, was given
the name of color by loose analogy with the three fundamental colors of the visible spectrum
of light. Therefore, three-particle composite objects described the baryons while particle/anti-
particle described the mesons. The nascent theory was thus named Quantum Chromodynamics
(QCD). Just a year after the birth of QCD by Gell-Mann and Zweig, Glashow and Bjorken [5]
proposed to introduce a new flavor: the charm quark in order to obtain a better description
of the weak interactions, the latter having the same number of families for the quarks and the
leptons. This was later reinforced [6] since an additional quark could explained the suppres-
sion of neutral current processes (GIM mechanism) involving change in the strange isospin.
Soon after, in 1974, it was discovered independently by two teams [7; §]. Yet, Kobayashi and
Maskawa, following an old idea of Cabbibo [9] predicted in 1973 that it required a new pair of
quarks in order to reproduce CP violation in weak interactions. While the first one, the beauty
quark (commonly named bottom now) was observed at Fermilab [10] in 1977, physicists at that
time had to wait until 1995 [IT} [12] for the discovery of the last one: the truth quark (called
top now). Quantum numbers and presently known masses for the quarks are summarized in
Table.. Even though the proton was believed since long to be composed of two up and
one down quarks, quantum field theory predicts that in addition there is an infinite number of
quark/antiquark pairs that could emerge from the vacuum. Thus, it has been argued that the
proton could have a sizable intrinsic component of the lightest heavy quark, the charm quark.
Recently, an evidence at the statistical three sigma level for this intrinsic charm quark inside
the proton was reported [14]. This now demands to be confirmed by another group.

The strong interactions is confined inside the core of the Hadrons since color charge has
never been observed directly until now. This suggests that only “white” composite particles
exist as bound states. Yet, this confinement property of QCD has not been proven rigorously
mathematically for all values of the coupling, even though it has been observed, at finite
temperature, on lattice computations of the theory [I5; [16]. In 1973, Politzer [17], Gross
and Wilczek[I8] showed that the only-renormalizable force at long distance and decreasing at
short distance was of Yang-Mills types [19]. In this theory, the leading order contribution in
perturbation theory to the beta function that drives the coupling evolution with the energy
scale is, in appropriate units,

4
gt (11 2 ;
= — —N.—=N; | + . 4.1
B 327?2(3 c 3 f) 0l") (4.1)
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CHAPTER 4. QUANTUM CHROMODYNAMICS IN A MEDIUM

Where N, is the number of colors, specifically, three for QCD. For Ny < 33/2, the beta
function is negative leading to a logarithm fall off of the coupling at high energy, i.e. at short
distances. In this range, quarks and gluons become nearly free particles, able to roam outside
hadrons, although the confinement property still holds strictly (quarks and gluons never appear
in isolation).

Due to this asymptotic freedom property, it seems reasonable to pursue a weak coupling
expansion at high energy. However it is well known for a while that the perturbative series
is presumably not convergent in QCD, but only a so-called asymptotic series [20]E]. However,
it is believed that the perturbative series will converge for the first N terms before diverging.
The precise value of N is unknown but roughly of the order of the inverse of the coupling. See
[21] for a detailed argument. We will assume that the instabilities of the series arise at a much
higher order than what will be addressed in this thesis.

4.1.1 Color screening and asymptotic freedom, an intuitive picture

The relative sign between the number of colors N, and the number of flavors Ny in the beta
function states that gluons and quarks operate oppositely in the screening of the bare charge.
Same color quarks repel each others, while for quarks of different colors it is slightly more
complicated. They can either attract each others, or, there is a possibility that they exchange
their colors and the this is a repulsive channel. Averaging over the color charge, quarks repel
each others while they are attracted to anti-quarks, similarly to QED. Even though the inter-
action between quarks are slightly more complicated than in QED, they give the same positive
screening that tends to make us see a smaller charge as we move away from a color charge. On
the contrary, as we move forward the central quark, we penetrate the screening cloud of virtual
quark-antiquark pairs and gluons and we see a greater fraction of the true color charge. How-
ever, as gluons carry a pair of charge/anti-charge, the picture is totally modified. Penetrating
the screening cloud, we see less and less gluons, carriers of a charge. This contribution being
stronger, it drives the beta function to be negative. Overall, we see less and less of the charge
as we move in, explaining the asymptotic freedom of QCD.

4.2 Yang-Mills theory and the gauge principle

Now, moving on to QCD, we assign to the quarks a color charge and the three colored fields
are embedded in a color multiplet living in the fundamental representation 3 of SU(3). The
six flavors of quark fields are described as elements of the trivial bundle P whose base space is
space-time and the fiber is the fundamental representation of the (global) symmetry SUcojor(3)-
Upon using the gauge principle, thus requiring the symmetry to be preserved locally, gluon fields
emerge as the connection in the adjoint representation on the fiber bundle. This connection is
well-defined if and only if we give a specific section on the fiber bundle as discussed in the last
part of chapter 3 (see Fig.. This section, a gauge fixing term, is called the ghost fields in
QCD terminology. We will see below how ghost emerge in the Faddeev-Popov procedure.

Gauging the quark fields under the SU(3) symmetry using the minimal coupling procedure
and expanding the gluon fields on the fundamental representation of SU(3):

0, — DY = (0, —igA) v, A, =ATE, (4.2)

1Strictly speaking, the argument was developed for QED as QCD was not yet invented, however, the
generalization holds.
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4.2. YANG-MILLS THEORY AND THE GAUGE PRINCIPLE

with the N, x N, matrices T} of the fundamental representation. For a local gauge transfor-
matio U(x) = e'9%@T" which acts on ¢ — U(z)1), the transformation law of the gluons in
the adjoint representation:

A —UAU + éU(@HU N = DWUR = URpW (4.3)

makes the Lagrangian for quarks explicitly gauge invariant under both global and local trans-
formations:

n . A @
Ly = Yajip (" (DY) jk — my 6k) Ui 5. (4.4)
Greek indices o denotes spinor indices while p is for Lorentz vector indices. Latin letter except

f are used for color indices while f is for the flavor. On top of that, we include the Yang-Mills
Lagrangian for the gluon fields:

1
Tr (F*F,,) = —=F"Fa F, = 0,A% — 0,A% + g [ ALAS. (4.5)

»CYM:_ 4-a T

1
41(R)
The coefficients related to representations are given in chapter 3. Finally, from these two
Lagrangian terms, we construct the one for QCD:

Ny

. . e 1 v 17a
Laco = Y gy (V" (DY) ik — my 6;0) v — 1 E (4.6)

Where we added different mass terms m for each flavor of quarks. The Lagrangian in Eqn.(4.6)
only contains information about the strong interaction, not from the electroweak sector. In
particular, the masses present in the Dirac terms are not truly static in the context of the
full Standard Model, but rather dynamically generated by the spontaneous breaking of the
electroweak symmetry via the Yukawa interactions between quarks and the Higgs field. One
final last step is to perform a Wick rotation t — 7 = i t, for later convenience, which leads to
the Euclidean action:

Sqep = /def 4FSVF5” + Z¢f "Dy +myg) oy | - (4.7)

Note that to obtain this expression we redefined the following quantities [22]:

(4.8)

4.2.1 Quantization of YM gauge theory: path-integral approach

In this thesis, we shall use only the Feynman’s path integral approach to the quantization of
QCD as it is more straightforward to introduce the temperature and density in the theory
afterwards. Assuming implicit product over spinor, vector and color indices in the measure,
the naive partition function for QCD reads:

Z=N / DA / DDy e~5acp, (4.9)

2Einstein’s summation rule is understood for every repeated indices.
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CHAPTER 4. QUANTUM CHROMODYNAMICS IN A MEDIUM

However, this naive partition function leads to a non-invertible operator K, for the gluons
quadratic terms so we cannot define a propagator. Mathematically, this is because we did not
specify a section yet, thus the projection 7 from the total space to the base space, taking A €
P — A,dst € M (see Eqn. is not invertible. Equivalently, in a more physical picture,
this is because we have a redundancy in the gauge space configurations along the so-called gauge
orbit O 4 (the fiber) and we need to introduce a gauge fixing term to define a propagator for the
gluons.
Letting A be the configuration space of the gauge field that is
integrated over in Eqn.(4.9), we rewrite A = O4 x A/O 4 to sep-
arate the degrees of freedom, with A/O4 = G being the orbit A
space. To eliminate the redundancy in the gauge space, we in-
troduce a generalized gauge fixing term f(A) = B, where B is A
a given field independent of A . This defines a gauge slicing not '
necessarily perpendicular to the gauge orbits (see fig.(4.1))). For
the rest of this thesis, we will assume that this equation admits _

. : . f(A) =B
a unique solution for each gauge orbit. Then, we can follow the A g
Faddeev-Popov procedure [23] to implement the gauge slicing
term inside Z. To begin with, we insert a factor of unity in the
functional integral in the form:

O 4

Figure 4.1: Gauge configura-

§f(AY) tions

1=A% | DUGS(f(AY) - B)), AR (4.10)

o FP — 5U

Using Grassmann fields ¢, ¢ and associated properties of Gaussian-like integrals, we may rewrite
this determinant in terms of the ghost fields:

Af = / DeDc e Senost (Aee), (4.11)

Having introduced an arbitrary field B, we average on this condition with a gaussian weight
exp(i i dDLCTI‘BQ), that we integrate over, where ¢ a gauge fixing parameter. Ultimately,

physical observables should be independent of the gauge fixing condition , thus, should be
independent of . The delta function kills the B-integration leading to B — f(.A). From this
construction, the integration over the (infinite) gauge orbit volume factorizes and defines a new
integration constant N’. Finally, we are left with the standard expression for the (Faddeev-
Popov) QCD path integral :

=N / DADEDEDYDY ¢~ 53— Six.~Senost=Ss (4.12)
y) 5 Shx. = dPz Tr(f(A())?).  (4.13)

5fa 0fa(AY(2))
Sahost = / A7 / 7y T 0Uy) om0 TR 25

The infinite constant N’ cancels between the numerator and the denominator of the following
expression when considering expectation values of observables:

[DADEDEDYDY O(A, ... 1) e S Six~Sghost =5
fDAIDEDCD'IZ,D’l/} & —SyM—Skix. _Sghost _Sq

(0) = (4.14)

We started from a gauge invariant Lagrangian and ended with a path integral which is explicitly
not due to the Faddeev-Popov gauge fixing term. This might seems contradictory at first.
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However, practical calculations show that observables remain independent of the gauge fixing
parameter £. Even with the gauge symmetry being explicitly broken, there is still a hidden
global symmetry remaining in the theory: the BRST symmetry [24]. This symmetry puts a
lot of constraints on the gauge theory. First, it ensures that the ghosts are excluded from
the physical asymptotic states when performing calculations. Second, since it is preserved
by higher order loop calculations, it prevents introduction of counterterms which might spoil
renormalizability. For a proof of QCD’s renormalization, see [25; 26]. BRST also ensures that
the expectation value of a gauge invariant functional does not depend on the choice of gauge
fixing condition.

Gribov ambiguity

We assumed earlier that a solution to the gauge slicing equation existed and that it was unique.
This was quite a strong assumption. It was first Gribov [27] who realized that actually it turns
out to be wrong in general. It appears that multiple solutions exist for this equation: the
Gribov copies. But the assumption we used is well justified at weak coupling values where the
degeneracy disappears.

4.2.2 Symmetries of QCD

Chiral symmetry

Fermions, described by Dirac spinors, live in the spinor representation of the Lorentz group
SO*(1,3) = SU(2) @ SU(2) that decomposes into two irreducible representations of SU(2).
Their charge is (1/2,0)&(0,1/2) and are called the left and right Weyl spinors. Accordingly, we
introduce the projection operators Pr = 1?5, Pr = #, and decompose ¢ into P ¢ = Y1 g
such that ¢ = ¢, + ¢g. Each of these Weyl spinors are invariant under respectively U(1) left

and right symmetry:

ULy v — ey & Yr — g,
U(l)gr : ¥ — ¢r & Y — emyp,

expressing that the two spinors decouple and operate separately. In the massless quark approx-
imation, considering that QCD does not discriminate between the massless flavors of quarks,
we can embed the quarks inside a (Ny dimensional) fundamental representation of SU(Ny) sym-
metry, while anti-quarks live in the anti-fundamental one. Proceeding for both left and right
Weyl spinors, the multiplets are invariant under both SU(N¢);, and SU(N¢)g group of transfor-
mations. The whole chiral group is then U(N¢)y, ® U(N¢)g. This symmetry can be decomposed
into:

(4.15)

SU(N SU(N
(N0 © SUNOR o 15(1), & U(1)s. (4.16)
Zx,
This group transformation can be recast in an equivalent form:
SU(N¢)y @ SU(N
( f)VZ (No)a U(1)y ® U(1)4, (4.17)
N¢

where the diagonal vector subgroup characterizes chiral transformations satisfying 6, = 0y
while the axial one satisfes 6, = —0r. Charm, bottom and top quark are far from massless
while up, down and to some extend strange have relatively small masses compared to hadronic
scale ~ O(1 GeV). The chiral symmetry is only approximately relevant for the first three flavors
of quarks.
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CHAPTER 4. QUANTUM CHROMODYNAMICS IN A MEDIUM

Although this is a symmetry of the Lagrangian, it is not a symmetry of QCD. First because
it is broken explicitly by quark masses, so it is at most an approximate symmetry, but most
importantly because of non perturbative effects. The chiral symmetry SU(3), is spontaneously
broken by the quark condensate (11)[28}; 29], while U(1), is explicitly broken by the, instanton
induced, chiral anomaly [30]. Breaking of the axial SU(3) symmetry leads to the generation
of eight massless Goldstone bosons, the pions, the kaons and the meson 7. The spontaneous
breaking of the symmetry is mainly responsible for the mass of the proton and the neutron.
The remaining U(1)y symmetry is identified to U(1)g, the conservation of baryon number. The
remaining symmetries are:

SU(Np)y @ U(1)p (4.18)

and remain exact. Notably, because SU(N¢), is broken, no opposite parity partner of the
pseudo-Goldstone bosons are observed.

Conformal symmetry

The Lagrangian of QCD possesses yet another symmetry which is broken at the quantum level:
conformal transformations. Conformal invariance reflects, among other things, the invariance
under dilatation of space-time coordinates. Even in absence of quark masses, quantum cor-
rections typically require to introduce a regularization parameter that defines a length scale in
the theory. The latter is not compatible with conformal transformation except at particular
values of the parameter: the fixed point of the RG equation. Precisely, restoration of conformal
invariance requires the trace of the energy-momentum tensor to vanish. The latter one being
directly related to the beta function, in the following (non-perturbative) relation :

B(9) 1o opuw _
TV = 2 Fo,F + (L4 9m) Y Gmgq (4.19)

q

No fixed point for the beta function (assuming massless quarks) has been found so far, but due
to asymptotic freedom, QCD must be asymptotically conformally invariant.

4.2.3 Limits of perturbative QCD

Even if the QCD perturbative series would converge ultimately, it would not encode other
genuinely non-perturbative features of QCD. To cite some of them:

Instantons: They are classical solutions to the Lagrange equation, maximizing the Gaus-
sian weight in the partition function. They are responsible, by quantum tunneling, of “jumps”
from one vacuum to another. The instanton effect allowed 't Hooft [31] to solve the U(1)a
puzzle which was that there was no explicit breaking mechanism of U(1)a therefore, since the
symmetry was not observed (i.e no opposite parity partner) it could only be spontaneously
broken with an associated Goldstone boson, again, not observed. Instantons explicitly break
the U(1)s symmetry and the puzzle was resolved. In QCD, their effects are reliably computed
only at short distances (equivalently at high temperature or chemical potential) but in this
domain they are always dominated by perturbative corrections [32]. Moreover, light quarks
greatly suppress instanton [33], so we will not consider their effects in this thesis as we are
working mostly with massless flavors of quarks .

Quark condensate: The chiral quark condensate (g ¢) is a main order parameter of spon-
taneous chiral symmetry breaking for massless quarks. As such it is intrinsically nonperturba-
tive, indeed vanishing at any finite order of (ordinary) perturbative QCD in the chiral limit.
In this framework, the quark condensate can be evaluated only through effective QCD models
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[34], Lattice techniques (see for a recent review [35]), or possibly through RG resummation
techniques [36].

4.3 QCD in a thermal bath

Soon after the advent of Quantum Chromodynamics as the theory of strong interaction, it
became clear that there should be a qualitative change in the properties of hadronic matter as
the temperature or density increases. At low-energy, due to confinement, quarks and gluons are
stuck inside hadronic matter forming a dilute system of composite particles. In a very dense
system, however, such extended composite particles would overlap, and quarks and gluons would
start to interact with quarks and gluons from other hadrons. Likewise, at very high temperature,
thermal excitations from the medium tend to break the bound between quarks and gluons. A
phase transition from hadron gas to this plasma of quarks and gluons (QGP) requires a very
large amount of energy not commonly seen in nature. It is believed that this transition could
have occurred soon after the big bang, or still commonly today in the core of neutron stars,
or occurring during high energy heavy ion collisions. Recently, after tremendous efforts, it was
observed experimentally at the Relativistic Heavy Ion Collider (RHIC) of Brookhaven [37] and
at the Large hadron Collider (LHC) of CERN [38 B89] for a critical temperature of roughly
T. ~ 150MeV and vanishing chemical potential. This critical temperature is associated to the
deconfinement transition as well as the restoration of chiral symmetry. Both on the theoretical
side and the experimental one, the high temperature and vanishing chemical potential part
of the phase diagram is well understood. In a now bedrock article [40], the Lattice QCD
community observed the QGP phase transition, in a realistic setup, and predicted a smooth
crossover transition between the two phases. However, it is expected to qualitatively change
in the opposite regime, namely, vanishing temperature and high chemical potential. This
domain of the phase diagram remains very mysterious and is subject to many studies and
conjectures. The only thing we know for sure at the moment is the first order liquid-gas
transition taking place at one nuclear saturation density ng from a gas of nuclei to a liquid of
nuclear matter[41}; [42]. A first order phase transition is believed to occur, due to the restoration
of the chiral symmetry at an energy scale yet unknown. But it is likely to be at some density
existing inside Neutron Stars (NS) so that the latter could become probe for that physics.
Additionally, the chiral transition and the deconfinement one may not take place at the same
energy scale anymore. This would allow the possibility to have an exotic Quarkyonic state
[43]. At even higher baryon density, the quark near the Fermi surface become correlated in
Cooper pairs and form a state of color superconductivity(CSC)[44; 45]. A conjectured phase
diagram is given in fig. illustrating the previous discussion, but there is much more at
hand concerning the horizontal axis than what has been discussed.

At the moment, we remain nearly blind to this region of physics. While we do not have yet
experiments running in the vanishing temperature and high chemical potential side of the phase
diagram, lots of efforts are made in this direction [46}; 47]. Concerning Lattice QCD, due to the
so-called sign problem [48] (see below for a short description), LQCD is hampered to pursue
Monte-Carlo simulations hence cannot give us a glimpse of this physics. On top of that, the
method relies on imaginary time formalism; thus only static observable may be addressed. Our
best hope at the moment, for experimental observations, comes from the sky and the rapidly
developing domain of gravitational wave physics conjointly used with information coming from
the light spectrum. This will be discussed further in chapter 7. The need to quantitatively
understand the physics of high temperature and chemical potential both at real and imaginary
time is consequent in particle and nuclear physics as well as in cosmology. On the theory
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Figure 4.2: A theorized QQCD phase diagram. Source: [49].

side, at the moment, weak coupling expansion methods is our best option to tackle this region
motivating us to pursue efforts in this direction.

A recurrent issue in thermal perturbative calculations, however, is the appearance of in-
frared divergences caused by long range correlations inside the medium. One needs to perform
somehow a resummation of these IR divergences at all loop orders to reach a result valid at
some specific order in g. The lack of convergence of the series expansion is even stronger
at finite temperature due to the breakdown of the naive perturbative expansion. Inevitably,
the weak expansion fades at g% order due to the famous Linde problem [50]. Collective ex-
citations of the chromomagnetic modes at the scale ¢?T', appearing at ¢ order, cannot be
calculated perturbatively since every n-loop diagrams, n > 4, will contribute to this coefficient
[515; 52; B3% B4l B 22]. For an overview of the QGP see also [56].

4.3.1 Sign problem

This section would probably deserve it own thesis as it is possibly the most challenging problem
of LQCD now that computational power has exponentially grown during the last decades. A
more thorough description of LQCD can be found in classic papers [57; 58; 59] and we will
restrict here only to a short overview of the sign problem. The argument is adapted from [48].

The starting point of Lattice QCD is to consider the Euclidean path integral in Eqn.(4.9)
discretized on a space time lattice. The exponential factor is a highly oscillating function that
we do not know how to evaluate in closed form. The integration is carried out using stochastic
method.
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Aside from the complications of high dimensional integration, discretizing fermions on a
lattice, considering small mass for the fermions and assessing the relevant gauge configurations,
this works perfectly fine. As long as we work with zero chemical potential, of course.

For fermions, we know how to integrate the path integral in closed form. This is exactly
how we introduced the ghosts fields in the first place. This leads to a factor det (lD +m + ,u%).

Because of v5[)vs = lZ)T, this operator satisfies:

s (I +m+ o) 35 = (D +m — i)' (4.20)

With the star denoting the complex conjugate operation. Ultimately, this means:

det (lﬁ +m + lWo) = det” (lﬁ +m — ,u*%) . (4.21)

which constraints the determinant to be real only for Re(u) = 0.If we consider now an even
number of flavors with the same mass and chemical potential, then the determinant is positive
definite and Monte-Carlo techniques apply.

In the general case, the determinant is imaginary and with an imaginary determinant, it is
no longer possible to use importance sampling methods as we can no longer give a probabilistic
interpretation of the integrand; the very basics of lattice simulations. Many researches are
pursued to circumvent this issue, a more detailed overview is given in [48].

4.4 In medium QFT

In thermal quantum field theory, the concept of asymptotic states fade since any state is subject
to thermal interactions. One must instead define mixture of microscopic pure states as the new
vacuum state of the theory. This is consistently incorporated inside the density matrix operator.
For micro-states |i) (not necessarily orthogonals) with probability p;(to), this operator reads:

plto) = Z]%(to) |2) (2] - (4.22)

Then any expectation values of observables can be expanded on this basis:
(O(te)) = Tr p(to)O(to). (4.23)

We will be interested only in static observables such as the pressure, so we can directly express
the density matrix operator at equilibrium, using the grand canonical ensemble:

—B(H—pi N . N

Peq. = M, Z="Tr €_ﬁ(H_Mi Ni). (4.24)
Z

Where H is the Hamiltonian operator, N; the conserved charge operator, 5 = 1/T the inverse
of the temperature and Z the partition function. The quantity pu;, the chemical potential
for a flavor 4, is a Lagrange multiplier determining the mean number of particles of type 7 in
the system. The density matrix p, or equivalently, the partition function Z, contains all the
thermodynamic properties of the system. For example, the pressure, particle number, entropy,
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and energy density are, in the infinite-volume limit, given by

PZG(Z$Z)’ N = au;}mzx
Hi (4.25)
J(T' InZ)

S = ., E= —PV+TS+ N,

orT

Inserting the field basis closure relation in this trace, it can be expressed in terms of path
integrals [55; 22]. From here, the previously developed formalism of path integral quantization
of QCD using the Faddeev-Popov procedure becomes very handy.

4.4.1 Imaginary time formalism

This formalism is particularly well suited for the determination of bulk thermodynamic quan-
tities which are time independent.

The Faddeev-Popov path integral in Eqn. and the normalization constant in Eqn.(|4.24))
can be identified assuming we apply to Eqn.(4.12]) the right transformations. First, the anal-
ogy between the Boltzmann factor and the exponential of the action suggests that we should
identify the euclidean action with H, meaning that the imaginary time integration becomes
restricted to (0, 5). Second, the cyclicity of the trace in the partition function (and the commu-
tating/anti-commutating nature of bosonic/grassmannian fields) induce that bosonic/fermionic
fields must respect periodic/anti-periodic boundary conditions respectively.

In the imaginary time formalism, the resulting modification in the Feynman rules is to
trade the usual Fourier transform of the time component for a Fourier series on the so-called
Matsubara frequencies. The chemical potential p;, associated with the conservation of the
quark number, can be readily introduced in the Lagrangian using Legendre transformation.
This appears as an extra term j; 1)y inside the Lagrangian. Finally, the partition function
reads (defining d =D — 1 =3 — 2¢):

Z= / DA / DYDY / DeDe e~ Jotr Jd'a (Cop+ 3 dsuin®vy) (4.26)
p- a.p. p-

Importantly, despite their Grassmann nature, the ghost fields satisfy periodic (p.) instead of
antiperiodic (a.p.) boundary conditions, owing to the fact that the original matrix determinant
is purely bosonic. Going in momentum space, the Matsubara frequencies take very different
values for bosons and fermions:

wg=2rnT, Crp=0Cn+1)rT—ip, neEZ (4.27)

that leads to crucial differences in the IR sector for the bosons and the fermions.

This construction with Matsubara frequencies is obviously at the cost of the real-time pa-
rameter required to describe out-of-equilibrium systems. This problem can be cured by carrying
an analytic continuation from Euclidean to Minkoswki space. It is however possible to avoid
using the imaginary time formalism. This requires to introduce a specific contour in the com-
plex plane, known as the Schwinger-Keldysh contour, allowing calculations for two operators
acting at different times.

The real-time formalism is out of the scope of this thesis as we only use imaginary time
formalism, much more convenient for our purpose. More information can be found in [51} 60].

37



4.4. IN MEDIUM QFT

Feynman rules in euclidean space at finite temperature and density are recapitulated in the
appendix A.

Center symmetry of SU(N.)

Among all gauge transformations, there is one especially simple.:
Zy =N, k=0,1,..., N—1. (4.28)

It is not possible for the integer k£ to change continuously between two different space-time
points, consequently, center symmetries are only global symmetries.

Although this is a symmetry of the full QCD Lagrangian, at finite temperature, due to the
compactification of time, this is no longer true [31} 61; 62]. Because gauge fields and quark
fields satisfy different boundary conditions, the center symmetry will act differently on them.
For a gauge transformation which does not satisfy this periodicity U(Z, 8) = U,. # U(Z,0),
the gluons in the adjoint representation are invariant while the quarks in the fundamental
representation are not:

AL(Z, B) = Ul AT, B)Us.e = Au(T, B) = Au(7),
w/<‘f7ﬁ) ch¢(l‘ ﬂ) _Ub.cw( ) ( 70)

The global Z,, center symmetry of QCD is spoiled by any fields in the fundamental represen-
tation at finite temperature. However, the center symmetry in pure Yang-Mills is still present,
but, it happens to be spontaneously broken at high-energy. Despite the fact that the pure
Yang-Mills theory does not incorporate all effect of QCD, it is believed to capture non-trivial
features of it through the non-abelian interactions. In particular, unlike the physical QCD case,
the deconfinement transition appears here as a genuine phase transition, associated with the
breaking of the center symmetry. An order parameter [63] for the Zy symmetry breaking is
the Polyakov loop:

(4.29)

Lp(Z)=TrP exp { / i Ao(r, :E’)} . (4.30)

0

P here is the path ordering operator. The object inside the trace is the Wilson line which,
constructed from gluon fields, obviously transforms in the adjoint representation. From the
cyclic property of the trace and the transformation law of the adjoint representation , the
Polyakov loop is a gauge invariant quantity.

At very high temperature, the theory is weakly coupled, and naively we would think that
Lp — 1. Instead, the allowed vacua exhibit a N-fold degeneracy:

(Lp)y=ently, Lo—1 (4.31)
T—00

At zero temperature, due to the confinement, the Polyakov loop must vanish £, — 0. Crossing
the critical temperature 7T,, the center symmetry is spontaneously broken and the Polyakov
loop select one specific vacuum. This is different from the physical QCD case where a smooth
crossover between the two states takes place [64; [65]. In the context of low energy effective
model of QCD such as the Nambu-Jona-Lasinio (NJL) model [66], this Polyakov loop can be
introduced at tree level in order to treat the chiral symmetry breaking/restoration as well as
the deconfinement transition within a single model (PNJL) [67]. This is particularly powerful
to scan the QCD phase diagram at finite temperatures and densities, looking for the critical
endpoint of QCD [68].
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4.4.2 QCD pressure at leading order

First things first, thermal field theory calculations can become much more complicated than its
zero temperature counterpart. Before going more in depth of the Hard Thermal Loop theory
and its involved calculations, we start by giving some well known results as a warm up and a
useful tool to setup notations.

Notably, bosonic Matsubara frequencies are denoted P while fermionic ones are { P} as it
is standard in the literature. The free energy F is given byl ]-" = limy o 75 3 Lln Z and is the
opposite of the pressure P = —F.

Once reduced to scalar integrals, the QCD pressure for free gluons and Ny flavors of equal
mass quarks is given by the sum of the following three contributions :

P, =2N¢ N, In (P2+m2) ,
{P}

Pgl_:—dAipCd;l)l P2 ;1 (g)), (4.32)

Pgh, = dAi In P2.
P

Where, in dimensional regularization,

iP/{P}: > (6727]:4 2)/ (Céjr];d (4.33)

d = 3 — 2¢ and ~g is the Euler gamma constant. The sum integral on ¢ is independent of
the temperature and scale free, therefore, it vanishes in dimensional regularization and it is a
crosscheck that we do have a gauge invariant observable.

The final task now is to evaluate the two sum integrals:

ilnPQ TZ/

i In (P? +m?) :TZ/ﬁln(@%Jrﬁ%rm?).

P}

ln w% 1?2),

(4.34)

Proceeding to the sum, the general method is to identify 7")  with the poles of a weighting
function f,, and via the residue theorem to rewrite the sum as a contour integral. Before doing
so, we will simplify the sum by differentiating with respect to |p] such as to avoid contour

3V B here is the volume of space time. In any Feynman diagrams, there is an overall delta functions and a
Kronecker delta that appears and give a factor of V3 cancelling the one in the free energy definitions. Thus,
we systematically neglect to write this factor.
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integration around the branch cut of the logarithm.

2rd/2 eVE M2
2
5@“ ‘<2w>dr<d/2>( in ) / dpp' / 2T 2+~2’
HV

(d)
a1 [* 1
d)/dpp N /de1p12—(1+2nB(p1))>
0 D1

= H(d) /dppd1 (p—2Th(1—e"7)), (4.35)

dp pd—l

= 2T H(d)T(d)¢(d+ 1),
de3 _7T2T4
45

This is a very standard calculation [22], more information on how we went from the first to the
second line is given in appendix A. One might be interested in introducing a mass in Eqn. ,
In P2 — In(P? + m?). Actually, it is not known how to evaluate this massive sum integral in
closed form for both non-vanishing temperature and mass. Upon isolating the zero Matsubara
mode, we can proceed to a systematic expansion in mass in different limits m/T — oo or
m/T — 0 to include corrections. In the latter, it reads :

o mr: o mdT omt mevE 3 2mS¢(3) m®
n(P? +m?) ~ — = . . 1 o)y 2L L gy,
ipn( +m) B T 12 on (2np (n < 4nT ) 4) * 3amirz T O
36)

Where the non-analytic term comes from the n = 0 mode.

The second sum integral in Eqn.(4.34) is however much more challenging. For simplicity,
we will restrict here to T, u # 0 and m = 0:

2 9l—dpd+1 (%)d—l—l | »
%P}lnp - Wd/ZF(d/2)< (d+ 0 —I(d)(1+ (_1)d)L1d+1(—6 / )

n+1 . .
T Z nd+1 ( 7%)6% — (—1)df(d, —nT—’LL)e—T> )

Where Li is the polylogarithm function. The derivation is quite similar except that we must
be careful when expanding the logarithm in power series. This expansion is not justified for
any p and separation of the integral in two regions is required. Again, using high temperature
expansion, mass correction terms can be included [22].

(4.37)

Then, in d = 3 dimensions, omitting here at the moment a divergent but 7', y-independent
contribution, the free density pressure for QCD reads:
e
90

7 2 2 4 T4
PQCD(mf:O): {QdA—i-—Nch—i-Nf'u / +Nf / } (4.38)

2 6 1272

At T = 0, a closed form including the mass of the quarks can be evaluated and will be the
topic of the section “Cold & Dense” in the next chapter.
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4.4.3 Infrared divergences of thermal field theory.

While the UV sector of (massless) QCD is well known from 7" = pu = 0, and dictated by the
beta function, in medium QCD suffers from additional infrared divergences. Fermions do not
make any trouble since the Matsubara modes never take zero value, but it does for the bosons.
Moreover, fermions have a mass term that protect them from developing IR divergences which is
not the case for bosons. Accumulating massless bosonic propagators inside a Feynman diagram
will accordingly lead to new IR divergences.

How bad could be these divergences ? It depends. Some of them are easily recognized to be
related, and we can find a resummation scheme such that in the end it leads to a finite result.
They are the divergences occurring at the so-called soft scale and reflect the apparition of long-
range interactions in the medium, which cannot be consistently reproduced by a naive weak
coupling expansion. However, there are also divergences which require to resum every single
Feynman diagrams, starting at four loop order, to regulate the divergences. These intrinsically
non-perturbative contributions at the ultra~soft scale [50] is responsible for the inevitable break
down of perturbation theory at finite temperature.

This is easily understood regarding the contributions of every scale at hand in the theory.
For the non-zero mode, the 4-vector P = (wqf/ B, P), necessarily takes value at the hard scale
7T, but for the zero mode of the bosons, it may also takes values at the soft scale P = (0,97
or at the ultra-soft scale P = (0, g* T), where it is assumed that every components of pis of
the order of the concerned scale. By power-counting arguments, static gluons will contribute
to the pressure as [dpp®np(p) hence for a generic scale P = (0, ¢" T), the outcome is [51]:

4n 4

[aorns) ~ @ T)'nnte" T) ~ L ~ g (439)
Corrections from higher orders would be to add a loop of gluons, corresponding by power-
counting as an extra factor g°np(p). Proceeding similarly, this corrections gives contribution
of the order g?/(¢g"T) ~ g* "T. For n > 2, this correction is of the same perturbative orders in
the weak coupling expansion as the quantity it corrects. Contributions from the ultra-soft and
higher scales are therefore purely non-perturbative. Nevertheless, it should be noted that while
there is also a similar soft scale g at zero temperature but finite chemical potential, there
is no ultrasoft scale, which is purely a finite temperature contribution. This is precisely why
at finite o the perturbative expansion suffers less instability than its counterpart at finite 7'
At zero temperatures, the gluons do not fill the medium; they only appear through quantum
mechanical processes, and so cannot form a condensate at small wavelengths resulting in non-
perturbative physics. Another at first intriguing result from Eqn.(4.39) is that the soft scale
gives contributions with odd power in g at finite temperature, thus non-analytic in oy ~ ¢*/4mw.
These odd powers in the weak expansion arise solely from the n = 0 Matsubara mode, which
cannot be isolated at T' = 0, p # 0 hence are not present at 7= 0, u # 0. A more complete
power-counting argument (see [55]) refines this picture to also include logarithm dependence in
the coupling. To summarize, the pressure in QCD at T' # 0, u # 0 takes the following form:

P=#+#g+#¢"+ g (#ng+#) + #¢° + ¢*(#Ing + #). (4.40)

While at zero temperature but finite chemical potential,

P=H#+#+g" (#ng+#) +¢5(H#In*g+#Ing+#) +... (4.41)

Note the doubling of the logarithm that appears at finite chemical potential and at order ¢°.
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Nearly every coefficient displayed here was calculated during the last forty years or so.
Only the full coefficient of #¢%Ilng + #¢°% at T = 0, # 0 which requires a full four loop
calculations remains unknown. A schematic overview of the contribution to the domain is

given in Table(4.2)).

T=0,u#0 \ T#0,u=0 \ T#0,u#0

g’ Stefan Boltzmann
g° Freedman & McLerran [69; [70; [71](1977) Shuryak [72](1978) | Kapusta [54](1979)
g Kapusta [54](1979) (my # 0)
g*lng | Freedman & McLerran [69; [70; [71]*(1977) Toimela [73](1983) Toimela [73](1983)**
gt Freedman & McLerran [69; [70} [71]*(1977), Arnold & Zhai [74] (1994) Vuorinen [75](2003)**

Baluni [76](1978), Ipp et al. [77](2006)

Kurkela et al.(m¢ # 0)[78](2010)

q° Zhai & Kastening [79](1995) Vuorinen [75](2003)**
g%In’ g Gorda et al.(2018) [80]
¢°Ing Not yet determined*** Kajantie et al. [81](2003) Vuorinen [75](2003)**
q° Not yet determined*** Non perturbative [82} 83; [84; [85] | Non perturbative [86]

Table 4.2: State-of-the-art calculations for standard QQCD in medium. This results stands for
massless quarks otherwise stated. *Note that for this work the ¢g* order was not evaluated in
the covariant gauge. **These results were obtained in the framework of EQCD whose range of
applicability stands for 4y < T.***While the hard and mixed sector have not been evaluated
yet, the soft sector has been completed last year [87} 88].

Identifying and resumming the IR divergent diagrams can be very tedious and the conver-
gence of the strict pQCD series evaluated in that way is extremely poor. This is how it was
originally done, resumming the so-called ring diagrams (or Daisy diagrams) but more refined
framework has been found since then. By identifying the origin of the IR bad behavior we
can be more efficient and realize that this resummation can be realized using a massive theory
framework. But here come the first difficulty: we do not know how to introduce a mass term
for the gluons. What have been done mostly in the literature is to use the Hard Thermal Loop
framework, that naturally incorporates, among other things, a gauge invariant mass term for
the gluons at tree level. This Lagrangian has the welcome property to reproduce the gluons
self-energy in the static limit and provide a framework where we can organize the degrees of
freedom using kinematic arguments. But this Lagrangian comes at the cost of the non-locality
and it is technically very involved to conduct loop calculations. Another option at hand would
be to use the Curci-Ferrari model [89; [90; O1] where one simply add a more naive mass term.
Benefits of this framework are that calculations are much easier, the model is known to be
renormalizable and it takes into account the Gribov copies. The price to pay however is to
loose the gauge invariance. In this thesis we will work exclusively in the HTL framework and
let the second for possible future investigation.
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4.4.4 Electrostatic QCD and effective field theory
EQCD

Many of the works mentioned in table were realised using an effective field theory for
static QCD relevant at very high temperature. This theory relies on the observation that in
this region, the integration on the time direction become asymptotically zero and we end up
with a three dimensional theory instead. This suggests carrying the integration over these hard
degrees of freedom (non-static fields necessarily live at the hard scale) and define a dimensionally
reduced 3D effective field theory (EFT): Electrostatic QCD (EQCD). This theory now reflects
the physics of the soft mode and their interactions where the hard modes are incorporated as
shift in the Wilson coefficients. These are just the coefficients multiplying the operators in the
Lagrangian, as we will explore below. Just like for any EFT, it requires to incorporate in the
Lagrangian every possible operator satisfying the symmetries of the theory. Power counting
arguments will then tell which of these operators are relevant or not. This new theory of
massive electric fields can be further integrated such as to describe the physics of the spatial
chromomagnetic gauge field A;. As alluded before, this theory is now purely non-perturbative,
containing the ultra soft scale. However, it can be evaluated on the lattice (see table [4.2)).

While this theory is highly valuable at high temperature, its applicability undeniably disap-
pears at zero temperature due to its construction. However, the arguments used to construct
the EFT are worth to take some time for further investigations. It will be particularly important
for the discussion of cold and dense QCD in the next chapter.

Effective Field theory, brief overview

If one is interested in making prediction out of a certain theory, which we will call the UV
theory, one may encounter the possible appearance of multiple intrinsic scales while pursuing
calculations of the perturbative corrections. In QCD at finite temperature, these scales are
the one we discussed: hard, soft and ultra-soft which are determined by the medium. On
top of that, considering Ny degenerate flavors of massive quarks also add Ny scales inside
the picture. Generally, calculations involving multiple scales are much harder than with only
one scale. An EFT construction allow to disentangle the contributions from a specific scale
such that practical calculation in this constructed EFT will only contain one less scale than
in the original theory. Iterating the procedure allow to define successive EFT successively
disentangling contributions from each scale. For instance the EQCD effective theory described
the soft modes of QCD at high temperature but still possesses the ultra soft scale.Further
integrating out the soft modes of EQCD gives an EFT describing the chromo-magnetic sector
(the ultra-soft scale). Knowing the exact contribution of each scale may not be relevant since
they do not necessarily weight the same in the perturbative expansion. If we wish to predict
the result of a scattering experiment of Hadrons at an energy /s = 1 GeV, knowing the exact
structure of the contribution of the up quark or of the gauge boson W is irrelevant since these
mass scales are far away from the center energy of the experiment. The mass of the up quark can
be neglected while the exchange of the boson W can be efficiently described by a local point-like
operator. One particularly powerful consequence of using an EFT to describe the UV theory,
is the resummation of the large logarithm involving the ratio of two mass scales of different
magnitudes. The perturbative corrections A g* are no longer small even when g < 1 if it is
multiplied by such large logarithms. Therefore, it becomes crucial to resum such logarithms,
and it can be achieved using the renormalization group in the EFT. This will be the topic of
the next chapter in HTL.

To illustrate the principles of an EFT, we will do a short digression and discuss the principles
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of EFT in a simpler toy model that will only involve one-loop integration and two different mass
scales. All principles can be directly applied to QCD too, but the formalism is more involved.
So the simple picture is to consider a UV theory containing only two scales, an IR mass scale
m and an UV mass scale M with m < M. We wish to disentangle the contribution from the
IR scale to a certain observable we are looking for. So, if a certain matrix element of the UV
theory is Myy (for instance ¢pp — ¢¢ scattering), we would like to have an EFT description,
which should be obviously simpler, that would reproduce perturbatively Myy in the limits
m/M < 1 and p;/M < 1, where p; is the set of external momenta. We will neglect this last
complication here (see e.g [92]) :

m

Megpr ~ Myy((m?/M*)*1) + O ((ﬁi)lj . (4.42)

Where £ should be chosen accordingly to the perturbative order we are looking for. This
equation is called the matching in the vocabulary of EFT.

Let’s consider the following Lagrangian:

[(0,0)> = m7¢” + (0,H)* — M*¢*]| — ﬁ(p‘* — %gb?’H. (4.43)

EUV = Al

DN | —

The calculation of the matrix element can be carried out in the UV theory using the exact
propagator of the heavy field, then taking the limits discussed previously. Or, equivalently, the
propagator of the heavy field can be expanded:

1 1 k2 kA
m:—m<l+m+m+...> (4.44)
and we define an effective Lagrangian with a point-like interaction that must reproduce per-
turbatively the UV theory. This procedure is called integrating out the field H. To write the
Lagrangian for the EFT, we must add every operators that respect the original symmetries of
the UV theory. Higher order operators involving partial derivatives are redundant and can be
eliminated by field redefinition (fore more details see the review from [93]).

In the EFT Lagrangian, we only have a light field ¢ (different from the one in the UV
theory), therefore :

1 .
ﬁEFT = 5 [(8#91))2 - m2¢2} + Od24 (445)
where the higher dimensional operators are suppressed by higher powers of the UV scale :
A A Cs » Cs A tGs o°
Oa>a = C1Og—y + Modzs + Wodzﬁ + _C4Z R VENTE (4.46)

While operators of dimension less than four are called relevant, the operators of dimension
higher than four are called irrelevant due to this scaling. They organize as higher order contri-
butions in practical calculations. This core concept of an EFT construction is called the power
counting argument. Simply by looking at the dimension of an operator (and the number of
loops), we know at which orders this contributions will enter. For operators of dimension four,
called marginal, the classical dimension cannot tell whether they are relevant or not. Only
through the computation of the anomalous dimensions we can answer this question. The coeffi-
cients C; are called the Wilson coefficients and are determined, order by order, by the matching
condition such that it correctly reproduces the matrix element of the UV theory. Since the UV
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scale has been integrated out, there is only one scale that can appear in Feynman diagrams
which drastically simplify the picture. If the theory contains more scales, for instance three
scales m; < m < M, the procedure can be iterated, however, there is one subtlety in the
matching procedure (see [94] for a concrete example). Indeed, the matching in Eqn.([#.42)) has
to be proceeded for a renormalization scale of the order of the UV scale A ~ M. This determine
the Wilson coefficients of the first EFT (let’s call it EFT1) at the scale A ~ M, now using
the RG equations, we can evolve the Wilson coefficients of EFT1 down to the scale A ~ m
where we can now integrate the light field of mass m. This defines a second EFT (EFT2) with
new Wilson coefficients containing only the super-light field of mass m;. These new Wilson
coefficients can be determined in terms of the Wilson coefficients of EFT1 but the matching has
to be done at the renormalization scale A ~ m this time. For each EFT, the Wilson coefficients
are determined at the scale where the corresponding field has been integrated out.

But, the matching in Eqn. still requires to evaluate the matrix element in the complete
UV theory, then to take the limit m < M to get the Wilson coefficients, so what would be the
benefit of an EFT construction (beside summing the large logarithms) if we already have to
evaluate the exact contribution ? First, the Wilson coefficients are universal, once determined,
it is done, so one could fix the Wilson coefficients using one calculation in the full UV theory
then use the EFT to make other predictions. Second, this full theory calculations is actually
not needed. The beauty of an EFT construction is that it allows to dissociate a complicated
calculations into easier steps. To understand that, we need first to study the divergences that
appear in EFT.

Since the UV scale has been integrated out, the UV behavior of the theory has been modified,
therefore the UV divergences of the UV theory and of the EFT are completely different and
each of them need to be renormalized by appropriate counterterms. Such that Eqn. is
understand after renormalization. But, integrating out an UV scale has no effects on the IR
behavior of the theory. This sector is left unchanged while constructing the EFT such that the
full theory and the EFT will display the same IR divergences and non-logarithmic contributions
in the IR scale. We can use this to our advantage to avoid the evaluation of the exact matrix
element in the full theory. Consider the following difference :

ren. remn. ( remn. ren.

uv — EFT — uv — EFT) |Expanded in the IR scales» (447)

The notation ren. is to remind us that we have to renormalize the UV divergences first. The
argument below is completely generic and applies to any theory and any object, whether they
are observables or not. Because the two theories have the same IR sector, in the above difference
one can do the expansion in the IR scale (or all the IR scales if there is more than one IR scale
in the theory) without affecting the result. The exact evaluation of the UV matrix element
is not required, but only its expansion in the IR scales, breaking down an intrinsic two-scale
calculations into two, much more simple, one-scale calculation: : the EFT calculation and the
matching. The last term Mgpr |exp. is always a scaleless integral since both the UV and the IR
scale has been expanded out. But it is useful to remember that even though it is zero, because
1/eyy — 1/e1r appears, the UV divergence is renormalized thus the IR divergence is used to
cancel the exact same IR divergence of the expanded UV theory.

As a concrete example, the matching at tree and loop order of the EFT Lagrangian in

Eqn.(4.45)) to the UV Lagrangian requires :
mp=m (4.48)

Because we want the two point function to match in the theory. The 4-point green function of
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the light field on the other hand gives :
Ciee =N, Cge=0, (4.49)

where we introduced a notation to remember that the Wilson coefficients are modified by higher
order contributions when we match at higher loop orders.

C;=CreClt o ... (4.50)

The matching of this theory at loop order is discussed in [95]. Quoting the result adapted to
our notation:

Ol = —920)2, (M= (4] AL 1A2 1 4.51
6 — 1 4 _( )(3')21671'2 nm+ : ( )

Connection to Cold and Dense QCD

The entire previous discussion was completely generic. All the arguments presented there will
apply to the context of EFT using the so-called Hard Thermal Loop theory to be presented
in the next chapter. In Cold and Dense QCD, the two scales are given by the medium. The
UV scale is the chemical potential p and called the hard scale while the IR scale is called the
soft scale and given by the Debye mass m% ~ #asu?. The expansion in the IR scale with

respect to the UV scale thus becomes m?/M? P #a, such that the small mass expansion is
the perturbative expansion. For this reason, we need the EFT to match the full calculation
only at the relevant order at which the latter is originally (perturbatively) calculated, namely
up to unknown higher orders.
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Hard Thermal Loop theory

An alternative method for performing a high-temperature resummation based on the Hard
Thermal Loop (HTL) effective theory is discussed. While the beginning of this chapter is
mainly a review of textbook material, the last section contains our original contribution [I]
that relies on the HTL picture and formalism.

5.1 Omne ring to resum them all

For static observables, the perturbative series suffers from IR divergences that occur due to
the bosonic Matsubara zero mode. Naively, defining an EFT for this mode works perfectly as
a resummation scheme. In practice, this is the content of EQCD that we briefly described in
sec.4.4.4. However, for non-static observables, we need all Mastubara modes in order to proceed
to analytic continuation, suggesting that we should incorporate all modes at tree level. As it
turns out, all of these can be collected into a compact effective action which is manifestly gauge
invariant [2; [3; 4} B} [6]. It started from the observation that an arbitrary number of insertions
of the self-energy of the gluons are perturbatively of the same order, if the gluon momentum is
soft. This non-perturbative behavior then requires to resum all hard loops to specify a specific
perturbative order. This Lagrangian was thus dubbed Hard Thermal Loop. In this description,
the static leading order contributions to the self-energy of quarks and gluons are included in the
Lagrangian, in addition to resummed vertices which are necessary in order to maintain gauge
invariance. For a complete proof of this statement, see [7]. This effective Lagrangian allows for
a consistent definition of the propagation and the interactions of the collective modes living at
the soft scale. Connection of this effective description for quasi-particles with a kinetic picture
for the underlying hard modes is discussed in depth in [8]. It should be emphasized that HTL
does not incorporate any information about the ultra-soft scale which remains irremediably
non-perturbative. For more properties of HTL, see [9; [10; 1T} 12].

HTL renormalizability has not been proven at arbitrary orders yet. Until now, its renor-
malizability has been established at LO (m;), or equivalently NNLO (a?), in [13], and then we
extended the proof of renormalization to NLO (a,my), equivalently NNNLO o [1].

To motivate the effective Lagrangian for HTL, it is better to start with a more schematic

23



5.2. HTL FORMALISM

picture of the perturbative series. Following the power counting in Eqn.(4.39)), we expect the
first IR divergences to appear at order ¢* at finite temperature. This is indeed the case, and
it originates from the ring diagram in Fig. with only two insertions of the self-energy.
Upon resumming all of the ring diagram with an arbitrary number of self-

energy, it leads to a finite result whose starting contribution is at order ¢3.

Higher order contributions to the ring refine this picture and give g*In g, I1

¢° and so onf] If the momentum flowing in the loop is hard, i.e ||p]| ~ T

(or ||p]| ~ p), this resummed diagram is perturbative and it can be re-

expanded. But when the momentum is soft, i.e ||p]| ~ g7 (or ||p]| ~ gu),

every single insertion contributes at the same order. This motivates to

resum the static infrared limit of the self-energy and to define an EFT

using this self-energy. At finite T or u, we are often only interested in

matter contributions to the self-energy so we will split the latter (M) from

the vacuum contribution (V). Figure 5.1: Ring

Since the divergences arise from the static and infrared limit k, = diagrams
0, ||k = 0, we expand the self-energy in power of the external momentum
and define successive approximations in terms of this parameter. At finite
temperature, it requires to select first the mode n = 0 for the momentum K running through the
loop and then expanding in ||k||. At zero temperature and finite chemical potential, since the
mode zero cannot be isolated, it reads (the label indicates the first, second order contributions
etc.) [14515] :
Hgep (K, @) =11, (K, @) + IIL(K,P) + ...
= (H{{TL(O, ) + KI5 (0, @) + O(K4)) (5.1)

+ (II3*™°(0, @) + O(K?)) + O(g").

Where @ is the four dimensional angle: tan ® = |k|/K,. The leading order is what we call the
HTL contribution while the next contributions constitute higher dimensional operators that
are beyond our current scope.

In this thesis we will only work with the first HTL correction, which happens to be sufficient
to address consistently up to ¢*In g order in cold and dense QCD.

5.2 HTL formalism

We shall now define more precisely the formalism of HTL. The notation follows mostly [16; [17].

At zero temperature, there are only two tensors relevant due to the Lorentz invariance : 6*”
and K*K". But at finite temperature, the introduction of a thermal bath breaks explicitly the
Lorentz invariance. Introducing the rest frame for the thermal bath (in Euclidean) N# = (—3,0),
now the general basis decomposition is extended. Since the gluons satisfy the Ward identity,
P,II" = 0, they are D-dimensional transverse and the decomposition simplifies. Introducing
convenient projection operators on longitudinal and transverse modes in D and d dimensions:

T (K) = 515V (6” — k'K ) :

) " A (5.2)
L™ (K) = 6" — K"K* — T"(K),

Tt continues to higher orders, as we will discuss in the context of cold and dense QCD, but at finite
temperature these contributions are not very meaningful due to the presence of the ultra-soft scale and associated
non-perturbative corrections.
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CHAPTER 5. HARD THERMAL LOOP THEORY

with K = K/|K| and k = k/|K|, then, the HTL self energy tensor decomposes into:

Figure 5.2: Gluon self energy at leading order

"(K) = T" (K)Ip(K) + L (KL (K), (5.3)

Evaluation of the self-energy requires the calculations of the Feynman diagrams presented in
appendix A.1.5 and depicted in fig.(5.2)). Using the decomposition in Eqn.(5.1]), the leading

order contribution (HTL) reads after some algebra (see [9; [I1] for a detailed derivation):

" (K) = m? / (5“05"0 léKOVWV“) (5.4)

where V# = (—4,V) is a lightlike vector, with ¥ a d-dimensional unit vector. The integration
measure is, (with z, = k- v):

/oz @/_ﬁd%(l—zg)dz?’, w(d) RO

where w(d) is a weight factor, such that fﬁl = 1. From this self-energy, Braaten and Pisarski
[2; 3] were able to find explicitly gauge invariant effective actions :

(5.5)

m?2 v
HTL _ ET /Faﬁ vgv Ia
ﬁYM 2 g $ (U : Dadj.>2 e
(5.6)

wrL _ o2 [ ¥
Fa =y ew(U'DF)ﬂD'

The parameter mg and m, are the Debye screening mass for gluons and quarks. A derivation
of the specific case d = 3 for mg is given in appendix A.1.5. The general result in d dimension
is, (see for example [10]) :

1
m2E:92( —1 Ni——2 —1)Nf {p}ﬁ)

= (Nf (% + 2—2> + N3T2) : -

We have given ﬁHTL for completeness, but we systematically neglect it in this thesis‘| as we

consider massless quarks or massive quarks but through the usual mass term m?yn). Taking
into account the quarks in the HTL framework will be part of a future work in the realm of
Hard Thermal Loop perturbation theory (HTLpt) (presented in chapter 6). In addition to the

2Because the calculations are not available yet.
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5.3. COLD & DENSE QCD

O ODHEL

00 561\'
RO
n=2 é@/\Dy

(d)
Figure 5.3: Feynman diagrams for the pressure at NNLO

two resummed propagators in Eqn.(5.6)), there are also resummed vertices for the three-gluon
and four-gluon self-interaction notably required for the evaluation of the two loop pure gauge
HTL diagram in ﬁg.. The relatively involved expressions for these vertices can be found
in [I3} [I§]. For our calculation in this chapter and the next one, they will not be necessary since
we only evaluate the quark sector whose vertex do not require a resummation (if we neglect the
quark HTL Lagrangian). There are two interesting limits of the HTL self-energy. First, The
static limit where Ky — 0 in gives:

" = m25"6"° (5.8)

From here, we see that the chromo-electric field (component 00) is screened by the Debye
mass while the spatial chromomagnetic field does not develop a thermal mass. This expresses
the blindness of HTL to the ultra-soft scale and the absence of genuine chromo-magnetic field
screening in the EFT. The second limit K, # 0, k — 0 leads to :

IIr — %
mg (5.9)

o= =5~

and it corresponds to plasma oscillations.

Importantly, the HTL self-energy develops an imaginary part when K, < H/;H and it is
related to the physics of Landau damping: space-like gauge fields may lose energy to hard
particles in the plasma. More information about the HTL formalism can be read off from
appendix B. From now one, we will define an EFT for HTL and therefore replace mg — my.
This must be now considered as a parameter of the EFT. Furthermore, the definition of the
complete HTL Lagrangian is :

Lutr = Lym + LY (5.10)

Where L35 contributes to modify (non-locally) the gluon propagator.
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CHAPTER 5. HARD THERMAL LOOP THEORY

5.3 Cold & Dense QCD

Now we turn our focus on the specific case of zero temperature and high chemical potential.
There are three main differences between perturbative computations carried out at high and low
temperatures. First, in many regards the latter resembles the strict 7" = 0 case, and it is possible
to dodge the finite temperature formalism. The second difference comes from the IR sector of
the theory. Whereas it is possible to isolate the Matsubara zero modes at finite temperature,
it is no longer possible now. Distance between the matsubara modes are proportional to the
temperature, therefore, when we lower the temperature, an infinity of modes collapses on the
zero mode and it becomes impossible to use a dimensionally reduced effective field theory for
them. And finally, the absence of the ultra-soft scale makes the weak-coupling expansion in
principle well-defined to arbitrary orders in the coupling g.

Lacking of dimensionally reduced EF'T, the recent approach in zero temperature calculations
is to use HTL as an effective field theory following the principles detailed in sec.4.4.4. Since
the temperature has been removed, we also talk about Hard Dense Loop (HDL) instead [19].
Recently, the first higher order correction to the time-honored calculation of cold and dense
QCD pressure up to 3-loop order [20] was derived using this HTL framework [21; 22 23].
Freshly this year, the latter authors also discussed further improvement in the mixed sector
(see below) of QED at NNNLO [15} 24].

The complete calculations up to and including o?Ina; for the resummed ring graph, of
the cold quark matter pressure by FreedMann and McLerran [20], later refined to include
temperature effects [25], is given by:

2 N 11N, — 2N M,
PCQ'Q'M =Prsl— —as— —faz In vy — 0.874355 Ozz — 2dAu In{ —2 043 )
2 - 2 3(4m)? iz
(5.11)

with s = ¢*/(47), gy = p = up/3, M), the arbitrary renormalization scale, and P; =
N. N;p*/(127%) is the free gas pressure of quarks of Eqn.. The first and second coef-
ficient correspond respectively to the leading and next-to-leading order depicted in ﬁg..
The next term, o2 In o, comes from the IR sector of the set of ring diagrams in pQCD.
The remnant coefficients originate from the set of perturbatively calculated three loop diagram
(5.3b| and . At zero temperature, only the quark loop gives a non zero contribution to
the gluon self-energy, and since the Vacuum-Vacuum diagram (VV) is a chemical potential
independent contribution, it is neglectedﬂ It should be noted that recently, a more convenient
way to carry loop integration with a chemical potential has been developed, the so-called “cut-
ting rules” [26], however only valid for standard QCD propagators, in particular not for HTL
modified one, which were greatly valuable for the very involved calculation of the contribution
of quark masses to Pc.qm at NNLO [27].

5.3.1 HTL Effective Field Theory (EFT)

Following the definition of the EFT presented earlier in section 4.4.4, one can formulate [28] an
EFT to consistently describes the soft modes. The precise Lagrangian will be discussed later, for
now, we will consider the different contributors. In this scheme, three kinematic regions emerge.
The soft region, defined by the HTL Lagrangian, incorporates resummed propagator/vertices
of the gluons and contains the physics of the collective modes in the plasma. On the opposite

3 Actually, once the renormalization scale is identified to the chemical potential, it is no longer medium
independent. This contribution has been neglected in the literature and we stand on this ground for this
chapter. We will fully appreciate this contribution in the next chapter.
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side, the hard region contains unresummed quarks and gluons whose momenta are of the order
of the chemical potential. Up to order a?lnay, these are the only two kinematic regions
appearing, but as we go to a2 order, the two regions start to talk to each others. This mixed
region is recognizable by the presence of both resummed and unresummed propagators. For a
comprehensive overview of the different kinematic regions, see [22; 24].

In this reformulation, the IR behavior of the ring sum (soft gluons) becomes the one loop
HTL diagram while the UV (hard gluons) can be re-expanded perturbatively. While
the full contribution is finite, this separation in terms of kinematic region introduces a UV
divergence in the resummed loop which should cancel against an IR divergence of the hard
kinematic region. This one loop HTL diagram reproduce the already known result for the

Figure 5.5: Ring in HTL formalism

a?Inay coefficient, it was evaluated exactly for T — 0 in [29], while the next order O(¢)
coefficient, necessary for renormalization as we will see explicitly below, was evaluated first by
ourselves (to our knowledge) in [1], we obtained:

dA m? 1
poft =pHIL __° 91 - L 0y —L L+ CyL+C
oz = PLo™ =Ty |3 + O m b4 e (B Gl 4 Co) (5.12)
a
Em; [—QL;:O + aLOL + a1+ O(E)}
where C'y ~ 1.17201, L = ln<%> In the second line we also introduced a convenient notation
that will become handy later. We obtain Cy; = —2C4;, Cyy ~ 2.16753. Next, the hard

contribution is given by the expression called p} in [25]; it was evaluated in another scheme than
dimensional regularization at that time. While determining its full contribution, in dimensional
regularization, at order O(e) is not trivial, its divergence can be easily extracted. Assuming
quarks to have the same chemical potential:

—d aQNQ 4 B\ 3e d N2a2
pora _ —da 0 Njp (e h) AT (19— 272 — 1612 — 6In(Np)) . (5.13)

Ringod ™ 3974e A (19274)

As expected, the two contributions of Eqns.(5.12)) and (5.13)) sum to a finite result, providing
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CHAPTER 5. HARD THERMAL LOOP THEORY

that one identifies m? — m3, = Q%as;ﬂ. The sum of the two kinematic regions in Eqns. 1}
and (5.13)) reproduces the known coefficient at a? from Eqn.(5.11)). On top of that, the soft
sector at N®*LO, whose diagrammatic representation is given in fig.(5.4a) reads 21} 22 23] :

N.d m4 —4e
soft _ Qs Ne @A g [ My (E E ) 14
Poi (8m)2 (M) gz T ) (5.14)
where,
11
Do = o p_1 ~ 1.50731(19), po ~ 2.2125(9). (5.15)

The complete mixed sector appearing at o has not been evaluated for QCD yet, but was
recently completed for QED [24], where it is a bit more simple since only abelian interaction
needs to be accounted. Therefore, we will not include the contribution of the diagram
in our analysis. The last piece, the hard sector at N®LO, remains entirely unknown at present.
Notice in Eqn., besides M, the different scale M introduced in [23; 22]|7_f]. This scale
is not truly a renormalization scale of QCD (the only one being M;) but was introduced as
a “factorization scale” that separates the kinematic region soft/hard. At o? it consistently
disappears. However, the situation is slightly more complicated at a2 since there is still some
missing contributions involving this factorization scale.

5.4 Matching the cold and dense QCD pressure

Now that we have defined all the relevant pieces for a complete EFT based calculation, we
will collect them together so that it will, hopefully, become clear how one recovers the pressure
in Eqn., originally calculated in standard QCD, long before HTL was developped. The
diagrammatic expansion of the pressure is shown explicitly in Eqn.(|5.16]).

rr- () @) €)@

The concrete question now is to understand what we should incorporate into our EFT
Lagrangian in order to perturbatively reproduce this pressure. The starting idea is that we
wish to describe to soft modes using an EFT since we wish to determine and resum these
logarithms. Therefore, the EFT must incorporate the Lagrangian written in Eqn.(5.10). One
cannot simply add the quarks in the picture since they are the carrier of the hard scale and
so we would end up with the exact same problem: having two scales in the same theory. One
way around, is to define an EFT just for the soft modes, and to add perturbatively the hard
contributions using the following identity:

Pacp = Perr + (Paed — PeFT) |exp. IR scales (5.17)

where one simply add and subtract the EFT contribution and do the expansion in the IR scale
in the second quantity, as we have discussed in section 4.4.4. The EFT thus solely means the
one loop HTL diagram of ﬁg. while Poep |exp. IR scale incorporates the LO, NLO and NNLO
pure hard contributions displayed in Eqn.(5.16|) where the ring sum has to be redeveloped to

40ur Mj scale corresponds to Ay, in [22]
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5.4. MATCHING THE COLD AND DENSE QCD PRESSURE

order 2.

This works perfectly fine at the leading order in the EFT (i.e o?) so we will focus on this
approach first. At higher orders, by construction it would also be correct, but it is unclear how
one should define the Wilson coefficients of the higher order operators. Another option, is to
add the quark kinematic term but without the covariant derivative. Thus to match the QCD
pressure would means to incorporate the NLO and NNLO hard contributions inside the Wilson
coefficient of this operator. This is easily generalized to any order and correctly dissociate
the hard and soft scales. Moreover it allows to define the right RG properties at NNNLO
to correctly determine the next-to-leading soft logarithms. Our first approach, slightly more
naive, will ensure we correctly resum the leading soft logarithms but only partially resum the
next-to-leading ones. For the mixed sector, to be hopefully evaluated soon, its contributions is
included in the EFT picture as higher order operators (for QED see [30]), but this is currently
beyond our scope.

In this picture, the contribution from the HTL EFT is simply Eqn.(5.12]) where, in order to
recover the a2 In ay coefficient, it requires to match m, with the d-dimensional Debye mass :

o 29° Ny <67E Ms>€
m, = I

g 2 A

(5.18)

Moreover, it also requires to identify the two scale M; = M, to correctly match the QCD
pressure as was explained previously. The reason being that explicit dependence on M, cancels,
as it should but intrinsic dependence inside the couplings remains and the matching has to be
done at the hard scale.

Now considering the next N3LO order (a?), we do not have the hard nor the mixed sectors

yet. Thus, neither the (UV) divergences of nor its factorization scale cancel explicitly as
they should, to let only In” o terms (p = 1,2). In absence of such explicit cancellations, since
the soft terms can be treated as a separate mpg-dependent sector, to avoid large logarithms
it appears sensible to choose[24] M), ~ O(p) and Mg ~ O(mg), but keeping o (M), ~ O(u))
to remain reasonably perturbative. It has been argued in [21% 23] that the final factor for the
finite p_s term should be 2p_s — p_, instead, due to the cancellation with presently unknown
hard contributions, and it is indeed the correct coefficient at a2 In(,). In our renormalized
framework, this occurs consistently upon considering the consequence of the renormalization of
the gluon mass at this order. Moreover, it also implies modifications to p_; and py as we shall
see below.

Thus, the state-of-the-art result (before our original work, to be presented next), for the
cold and dense QCD pressure reads:

2 N 11N, — 2N M,
PCgQ'M =Prql — —as— —fozg Ina, — 0.874355 oz? — 2dAM In( =2 oc?
@ s 2 3(4m)? I (5.19)

4
NCdAaSmQ (p_2 1H2 %

m
—2p_411 g
(877')2 p—1n +p0>7

M M

with mf] = m% as in Eqn.(5.18).

5.4.1 The anomalous mass dimension of the gluons

Despite the non-local HTL Lagrangian, the NNLO perturbative HTL calculations give new
mg-dependent UV divergences and related counterterms having a seemingly standard renor-
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CHAPTER 5. HARD THERMAL LOOP THEORY

malizable form (5.12))(5.14). The gluon’s mass in the EFT has to be treated as a standard
Wilson coefficient which undergoes the renormalization procedure and develops an anomalous
dimension. The anomalous dimension of the HTL operator is what we call the anomalous mass
dimension of the gluon.

Within 7" # 0 HTL calculations, the divergences from m, # 0 occur in two-loop order
ag(m; T? m3T?) terms, and the corresponding (unique) one-loop counterterm Am, was ob-
tained first in [I6]. Using this Am, and the standard relation between bare mass mf s Zmyg
counterterm at leading order:

g
ml =mg Z,, ~m, (1 - g23—2> (5.20)

we easily identify

g 1N _
Y = 3(r)? = by. (5.21)
Namely, the LO interactions from HTL that contribute to renormalize m, give a divergent
contribution identical to the one defining b, the pure gauge LO beta function coefficient.
Although striking, this equality of pure gauge b3 and ~J is merely a one-loop order accident.
Incidentally, it is worth noting that the same result was obtained independently from
a localizable, renormalizable gauge-invariant setup for a (vacuum) gluon mass[3I]. This is not
a coincidence since, recalling the discussion of chapter 2, these universal RG quantities are
vacuum quantities independent of T, u. The two-loop order +{, has also been calculated from
the same T = p = 0 formalism, with the result[32] (47)%y{ = 77N?2/12. Furthermore, the
mass renormalization within Eqn., Pio“(mg — myZy,), generates additional terms that
combine with genuine two-loop contributions in Eqn.([5.14)), as it is standard in renormalizable
theory calculations.

Importantly, the unwanted nonlocal In(mg/M;)/e divergence in Eqn.(5.14)) exactly cancels
in those combinations. While (local) remnant divergences after mass renormalization are renor-
malized by vacuum energy &, counterterms, always necessary in a massive theory. According
to Weinberg’s theorem, such local counterterms prove the renormalizability of the "= 0 HTL
pressure at NLO asm;f, i.e. NNNLO 2. In other words, combining the results ‘D from [23]
with our renormalized HTL-EFT framework, we could prove HTL renormalizability at N3LO
at least for the pressure.

Remark that renormalizing m, in Eq.(5.12) also modify the finite coefficients in Eq.([5.14]),

as

83 1
2p_o —p_a, P-1—DP-1— nyo (Chy — Z) ~ p_1 — 0.5381,
g ‘ (5.22)
38T Cn
Po = Po— — (Coo — 7) ~ py — 0.9229.

For clarity, we will call these modified coefficients p™}", pg™

5.4.2 Vacuum-energy induced subtraction terms in HTL-EFT

Earlier in chapter 2, we thoroughly explained how one must include an extra operator m*1- the
vacuum energy contribution— in the Lagrangian when considering massive theories, in order to
define a RG invariant perturbation series. As we move in the massive gluon framework of HTL,
we should add this operator in the Lagrangian. Nevertheless, it is defined perturbatively with
an analytical power dependence in the mass. It seems reasonable to think that the re-expansion
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entering the matching contribution to the full QCD calculation, see (5.17)), leaves it unchanged
and thus it would cancel out:

PurL — PHTL’m§<<M2 — E(my, M) — Ey(mg, M) = 0. (5.23)
Where Ey(myg, M) = —mi(M)/g(M)? 3", si g**. However, the matching procedure in Eqn. ([5.23)
might be a strong assumption, since this operator’s contribution derives solely from RG prop-
erties, and we do not have a clear diagrammatic expansion for it. The matching procedure
requires the series solely to match perturbatively, order by order, with the full theory result.
One way to go around is to subtract perturbatively only the spurious contribution from this
vacuum energy.

The benefits are twofold. First, the vacuum energy genuinely operates the same way, by
construction from RG invariance, as the factorization scale cancellation would: it cancels the
spurious M, scale dependence left. Since the calculations at a? are incomplete, we can use this
contribution to effectively cancel the soft scale dependence there, anticipating from relatively
cheap calculations, the expected cancellation in the full calculation at order o not presently
available. This procedure, used in [I], shows sizeable improvement with respect to both hard
(Mp,) and spurious factorization scale (M) dependence. Second, to introduce the implicit
resummation formula for the LL and NLL series that we will discuss later, it is necessary to
think of the pressure as including the subtraction terms (from the vacuum energy &), implying
in particular to start at order 1/¢g%. Though the vacuum subtraction term are not needed to
obtain a resummation formula for the LL and NLL, since these two are not related. But it
allows a much more compact formula.

We should note carefully, however, that it is only because of the matching procedure to
the full theory that the operator in Eqn.(5.23|) vanishes. Specifically, upon considering finite
temperature and HTLpt framework, the latter to be discussed in the next chapter, no such
matching procedure are required by construction, thus the operator & remains and plays an
important role.

For these reasons, we will introduce a somehow different matching procedure and relax the
constraint in Eqn.([5.23) and only insure that we fully reproduce the known perturbative order
(a?), but keeping higher order RG induced terms.

To begin with, instead of solving perturbatively the RG equation to determine &, as we
did in section 2.3.1 , we integrate the differential equation (see Eqn.(2.34))) :

d&

MdlnM

= IY(g)m? (5.24)

which leads to,

g2 (M) [ T r g
Eo00)my(00) = Ela(o )+ [ o3t {%; oo ([ w) } '

(5.25)
Here, My is an initial scale (different from M), that we identify as a boundary condition. This
equations reflects the fact that the vacuum energy also needs a renormalization condition, just
like we define Aj;g for the coupling. After expanding the gamma and beta functions and
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proceeding to some algebra, we find :

E0(g (M), 1y (M) = E(g(Mo), my(Mo)) — {m3<M> (o ot) = maoo) (8 ot)

+ O(mg 92)}.

To get there, we have identified the NLO running mass expansion : (520
FODN (L 2 ., 4
mo(01) 2= my0t) (S0 (14 ot - oo + 06 0
and the perturbative solution to the RG equation in Eqn.(|5.24)):
I§ = —sh(t8 — 218). TY = 118t — 25804 — 210). (5:29

Even though the gluon mass is matched to oy after the matching, in the EFT it remains an
arbitrary parameter at first the runs according to its anomalous dimension. Only after can it
be identified to as. Next, we choose M; (a fix boundary scale) to be equal to the central value
of the hard scale M}, such that we calibrate correctly for higher orders to the massless QCD
pressure.

The spurious contribution at a? order that must be subtracted is:

sd m‘;(]\/[h) s9 m;}(Mo) 2Nf o2 bo (Mo>
— + ~ P M, In +0
QQ(Mh) Q(MO) f ( 0) bg M, ( )

2N M,
Pmatch :P f 2 (MO) 22 In ( 0 )
h

(5.29)

The by = 7 41 5 ( 131 N, — %N ) factor originates from the running of the full QCD coupling which
is taken at Ny # 0 consistently for the complete QCD pressure. The factor of (b)7! is, in
contrast, the pure gauge LO beta function coefficient, see Eqn.(5.33)), due to s that is driving

the soft sector including only pure glue diagrams.

Let us summarize the procedure for the sake of clarity :

1. The massive sector in isolation is not RG invariant already at LO, thus one needs to add

. . g9<<1 . .
the vacuum energy contribution & =~ —m‘; st /g* + ... to restore the RG invariance ;

P — PR'G'I =P+ go(Mh)

2. Matching the massive EFT theory (HTL here) to the full theory (QCD) seems to require
to remove this last contribution to correctly reproduce the full theory :
PRGI _ PRGI_ gl M, since the renormalization group invariance under M, is acting
differently in the full theory.

3. An exact matching thus means:
Eo(My) = E)(My).

4. We relax this constraints so that we only perturbatively reproduces the full theory but
keeps higher order vacuum energy induced terms that anticipates the (still missing) soft
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scale cancellation at O(a?):

5. In the end, what is used in the numeric is :
'P __ 7presum __ mg(Mh)4 38/92(Mh) + mg<M0>4Sg/g2(MO) _ rpmatch.

— 7 pert.

Where Pri™ contains all other perturbatively determined contributions (possibly resummed).

5.5 Massive Leading and next-to-leading soft
logarithms in Cold and Dense QCD

The derivation of in [22] required highly involved HTL computations. The coefficient of
the o? In? o term, among other things, required clever identification of the relevant kinematic
regions. From renormalization group properties, we could derive this same logarithm in a much
simpler way [1], as well as all coefficients of the leading logarithms at all orders. Moreover,
using the coefficient p_; from Eqn. as the first NLL, we carry the same procedure to
determine and resum all next-to-leading soft logarithms to all orders.

Note however that, while the coefficients of the leading logarithms originate solely from the
pure soft sector of HTL, the next-to-leading logarithm receive corrections at O(a?) already from
the mixed sector which is not accounted by HTL itself (see and explanations around).
This is because such logarithms can only originate from resummed gluon lines and only one
resummed propagator appears in the mixed sector. Nevertheless, the soft contribution for the
NLL series is well-accounted by the resummation formula that we derived. This formula can
be easily generalized when the full p_; coefficient, including mixed soft-hard contributions, will
be available in the future.

5.5.1 Schematic picture

Since we introduced a new operator (HTL) in the Lagrangian, the RG invariance requires to
consider its anomalous dimension within the RG operator. In our case, it means first considering
also an anomalous mass dimension for the gluons. To distinguish this anomalous dimension
from the one of the quark, we denote ¢, such function.

In a massive theory, it is evident that the coefficients of the poles in dimensional regulariza-
tion are directly related to the coefficient of the logarithm involving the renormalization scale
M and the mass m. The pole of order n: 1/¢" produces after renormalization a logarithm
L™ =1In(M/m)".

Pictorially, we can visualize the pressure in massive theory as having the following expansion:

PRGI 0.0 ) )
mA :g—é—f- CLL()L + g Q20 L + ... LL
g

T all,l + ¢*ax; L' + ... NLL (5.30)

+ gPdy, L + ...
Precise definitions of the coefficients appearing here will be discussed in the next sections.
Moreover, as the definitions will be scattered along the text, a summary is given in the very

last section. The first line is the Leading-Logarithm (LL) series, while the second is the next-to-
LL (NLL) and so on. Following section 2.4.1, the coefficient a; o, proportional to the one-loop
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order simple pole, is related to all the leading divergence appearing at higher orders. These
coefficients determining the leading logarithm series, it is the generator of the LL series. As
we move to the next order radiative corrections, we only need to evaluate both the two-loop
(in HTL) order coefficients as 1, generator of the NLL series, and the “ﬁnite’ﬂ coefficient ag .
Note the subtraction coefficients in Eqn.([5.30), reflected in particular in the first term ag,
do not contribute to the recurrence relations between the logarithm series, but are necessary
to deduce the resummation formula. We shall first work out the recurrence relations for the
LL and NLL and then, take care of the matching to the full QCD pressure at o? order. The
prime on coefficients a,, ,, for n > 1, in Eqn.([5.30) reminds us to include the subtraction term:

al, , = ann — s2. The first subtraction term s defines the coefficient agy = —sj.

n,n

Defining formally the full series as,

bS]

i(gQ)p ay, In (%)pl , (5.31)

=0

i
o

and acting with the RG operator on it, we can work out, after some algebra, recursive relations
between logarithms of the same series. Explicitly, the RG operator reads in our convention:

d 0 0 0
[ — - - g
MIaT = Maar TP 5z —ms 7m(g)amg’
dg’ 9 04 9p9 b (5.32)
B(g)zdlnM:—%og —2b{g"+ ... :

With b7, b, the pure gauge contributions reading:

11N, 34N?2
(47)2 0% = 3 , (4m)*b] = T (5.33)

Considering g fixed, and identifying same order terms, one obtain :
LL: —papo = 475 +20(p—2)) ap—10, p>1 (5.34)

NLL :  (1=p)ay1 = (470 + 2b(p — 2)) ap—1,1+ (471 + 2b{(p — 3)) ap_20+73(p—1)ap-1,0 (5.35)

The first series is rather straightforward as it only relates the logarithm at order k + 1 to the
coefficient of the logarithm of the same family at order k. The NLL series, however, is much
more involved as it has the same property but also includes two coefficients from the LL series
at order k£ and k — 1. Feeding this expressions with the input a; ¢ and ay;, we can obtain the
desired coefficients at any order p.

It would be fine, if we could somehow resum all these logarithms together, instead of working
them one by one, such as to obtain a compact formula which upon re-expansion would give the
right coefficients. This was done long ago [33] using a method that we shall review now.

5Tn opposition to the coefficients of the Logarithms which originates from the divergences.
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5.5.2 Resummation of the LL and NLL series

Consider the definition of the 9 function in Eqn.(5.32). It can be formally integrated using
the separation of variables method:

g%(My)

my (M) = my(Mp) exp {— / gg22mt9) } (5.36)

2(My,) B(g)

If we impose the specific boundary condition M = my(M) for M; = M, we will define an
implicit formula encoding the RG resummation at all orders for this mass term. Note that
we avoid the notation M, for the lower boundary term to avoid confusion with the one in
Eqn.. Specifically, this boundary condition is exactly the scale at which we want to
evaluate the pressure, so as a foreshadowing, we directly chose M.

LL series

After integration at leading order in g* of Eqn.(5.36)), using bJ,7¢ in Eqn.(5.32)), it reads:

g
70

) (£000) a7
mg(Mp) — \g*(My)
Using the specific boundary conditions: M; = m(M;), and using the one-loop running of
as = g2 /47 (Eqn.(49)) in appendix A), we come to the final result:
M,
M, = (M) - (5.38)
(1408 g2(M)1n (1))
Further defining:
My g*(My)
=1+ @ (M,)n|— ) = . 5.39
fl + Og( h)n(Mh) 92(M1) ( )
one can write compactly :
_0
My = mg (M) f, ™. (5.40)

In order to relate this result to the pressure, naturally we would think to take P ~ M; to
get the resummation of the LL since P ~ m;}. However, as we discussed at length in chapter
2, the renormalization group invariant (RGI) quantity is PR which starts at order g% for

RG consistency. Therefore, we write: PRI ~ My identifying M; = m,, which after some

2(M )7
algebra leads to: o
sdmy(My)t 1-a70
Prit = —092<Q—Mh)f1 B (5.41)

In fact, one can alternatively recover the sole LL series without any RG subtraction contribution,

substituting: —sf — a1 0g* In (ﬁ—i) in Eqn.(5.41):

1—4.10

m .
P = a1,0mg(M,)* In <M9> i . (5.42)
h

However, without the the RG substraction contribution in the first place, one could not have
guessed (or difficultly) the extra —1 power in the previous equation. This last formula makes
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it clear that a;p is the actual generator of the LL formula. Nevertheless, it is interesting to
recast results as in Eqn.(5.41) with s} as the generator for this series since s§ is actually also
determined by a; via the RG equation, see previous derivation of chapter 2. Generalizing to
higher order, it turns out that the coefficient s, can be seen partially as a generator of the
N"LL. We will explain carefully below why it is not the full generator of the N"LL series (these
ones being a,, 1 the single logarithm coefficient at order (¢g?)").

NLL series

While contributions from coefficient a,_1, and a,_2 to the NLL see Eqn.([5.35)), can be taken
into account formally upon expanding to higher orders Eqn.(5.38)), the contrlbutlon from a,_1,
requires to modify the Ansatz for the pressure. Denoting g (MZ) — g7 as well as my(M;) = my,;
for simplicity, at next order we have:

g3 9.2 g 4

Y9+ 719
My 1 = My p €X dg?-22 — 17 L 5.43
9! oh p{/gi 9 200 g* + 2big } ( )

After exact integration and some algebra:

'Yg bg 77789 bg ng
ot wp (L+ggt | "0 (145t ™
Mg1 = Mgyhn ﬁ —bi] 5 . (544)
gh 1+ w0 Ih 1+ 5 I
Now, we can identify My = m,(My) = My, fo = g—g that leads to :
N 1+ g mfa!
~ - w2
My = my(My)f, ™ (R)™ 0,  R=—"."" (5.45)
1+ bggi

which generalizes Eqn.(5.38]) to NLO and is an exact relation. In Eqn.(5.45)), the exact two-loop
running of the coupling ratio f; is an implicit function given by:

bl o p—1
M v b L+ 309 fy
fo=1++2bg’In (9—2) b;g,% In(fs) + 0 g: In O—bgl, (5.46)
h 0 1+ %
whose first order terms after re-expansion reads:
mgy( M,
fo= 1 [0+ 208 — o) n 20 4 0(g?). (5.47

Eq. - gives numerically good approximations as long as the coupling is not too large (as =
£ <. 5) as will be approximately the case in our practical application to cold and dense

AT~

pressure. Introducing new convenient notations,

g g
Ag= 20 4 = 1By - Ay, (5.48)
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now we can define our Ansatz for the pressure, incorporating exactly the NLL series :

o g*(M) _dhyg'(My) )
58 fa Sg fz2

In this formula, using the exact relation Eqn‘ the re-expansion reproduces the LL, NLL
series of Eqn. to all orders as well as the first finite coefficient a; ;. From this formula it
is not immediately transparent what precisely is the generator of the NLL series. At first, it
looks like @) ; is the generator. But, by RG construction, s{ is also proportional to a;; such
that the difference, @} ;, is independent of a; ;. Moreover, s{ is actually determined by a1, so
here we find back the actual NLL generator. In our case we obtain explicitly :

_Sg mg(Mh)4
g?(My) fy 07

PriL = (5.49)

CIdE

o — _ ai,o
- 20 __
2(bj — 275)
, Ga1 . 1o , (5.50)
1 a11—|—4 Q+T+4 (01 — 271),
where we also added s for completeness. The term —% in Eqn.(5.49)) incorporates the

finite term ag 2 and the next order RGI subtraction s (yet unknownﬂ). Upon integrating to
the next order the gamma function it would generate the NNLL series.

Alternatively, we can derive an exact and more compact formula in terms of explicitly RG
invariant quantities more convenient than the implicit formula (5.46)). Defining the two-loop
RG invariant mass,

thg = 29mg (268 g7) =0 (1 + b gj /b3, (5.51)
fo

k= , 5.52

2T 25 gl (5:52)

and the exact two-loop running coupling, given as an implicit g*(M) solution of:
Agrs = Mye™ /P8 (b g7 /(1 4 b g7 /b))~ (5.53)

where C' = bY/(2(b%)?) one obtains after some algebra :

a a
— o0 512740 Pl (0 g )AL 22 : 5.54
PnrL 0 50 My L'y (C+ F) 25009 F, 57 (200 F)? (5:54)

F, can be easily determined for given g = 4mway values, then plugged into Eqn.(5.54) for m,

values given from Eqn.([5.51)).

5.6 Results

As a concrete outcome of this construction, the coefficient as g for the LL at a2 can be easily
extracted from Eqn.(5.34):
Nc dA P2

(47)(8m)>

SDetermining sj require evaluation of the simple divergence of the three-loop HTL theory. Only last year
the two-loop order was completed involving impressive efforts to achieve the task thus three loops is completely
out of our scope for now.

(5.55)

_ g _
a0 = —2% aio =
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It reproduces independently and exactly the result from [23] in a straightforward manner. The
important feature required to obtain it from the above simple RG relations is having identified
the gluons anomalous mass ~7§. The LL series simplifies even more since 5 = bJ, thus every
successive order can be obtained from :

apo = (—273)" avo, (5.56)

which is now trivially recognized as a simple geometric series.

The resummed NLL and LL series in Eqn. obviously incorporate the first LL a1 ga? In o
and the finite term a1 ;. But this contributions are already accounted for by the pressure at o2
in Eqn.(5.19). To avoid double-counting, one must carefully subtract these two terms. The o2
order being complete, the matching to the pressure necessitates to also remove the contributions
from any spurious subtraction terms up to and including the a? order. However, as explained
around Eqn., we can keep s§ and s{ contributions at of, p > 3 for they are anticipating
the soft-hard cancellation mechanism.

Collecting all the pieces from Eqns.(5.18)(5.19))(5.29))(5.47)(5.49), our final expression for
the pressure incorporating all order LL, NLL resummation is :

g 4 ;9 4
CQM _peqQM _ 50 my(Mp) B, %19 (My) G229 (M)
A GV A

4 meg 2Nf 2 b() MO
—_ mg (al,l + a0 In <E>) — ,Pf?()és(Mo)% In m .

Note that if one wants to get the same results but restricted to the LL only, upon replacing the
NLL series in Eqn.@ by the LL series in Eqn., the coefficient —m‘;al,l of Eqn.([5.57))
must be removed too. Compact formula are given in Eqn. in the last section, convenient
to reproduce more easily the results. We discussed previously that the ignorance of o, p > 3
hard contributions incites to take My ~ O(mg) in order to avoid large logarithms. But the
resummation in Eqn. relate M), and M, : if we had exact renormalization group invariance,
we could choose any My ~mpg < M < M.

(5.57)

5.6.1 Numerical results and comparisons

In Fig. and the RGI LL and NLL resummed pressures from Eqn. are compared to
the present state-of-the-art Eqn.(5.19|as function of ug = 3u. The central scale values M), = 2u
and the p < M), < 4p remnant scale dependence are illustrated for the different quantities
(using in Equns.(5.11)),(5.57) the exact NLO QCD running coupling a,(M}) in Eqn.(5.53) with
A7) As a concrete value, we use a,(M = 1.5GeV) = g? /47 = 0.326. The equivalent in terms
of Ayg can be found in appendix A.1.9. For sensible comparisons we also adopt the minimal
sensitivity [34] determined soft scale in [23], My ~ 0.275mp.

Note first that the sole LL resummation with —sf — ay09*Inm,/M,) gives a sizeably
reduced scale dependence, compared to the NNLO pressure Eq. at O(a?), as resummed
LL induces positive a?=® contributions partly cancelling the negative a? coefficient in Eq..
However, this effect is approximately cancelled once including p_;,py a3-order terms from
Eqs.,. Next, for the LL and NLL RGI pressures, deviations from the state-of-the-
art (“NNLO + soft N°LO” in Fig[5.6b]) are noticeable. The central scale (M; = 2u) RGI
pressure is slightly higher for fixed p values, with very moderate differences between (RGI)
LL and NLL pressures. Importantly, the remnant scale dependencies of the RGI pressures are
reduced as compared to the NNLO + soft N3LO results: only slightly for the LL pressure, due
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to cancellations with p_;,py O(a?) terms, but significantly for the NLL pressure, both for Mj,
and M, variations, due to extra cancellations from a?=? terms induced in ((5.49). Concerning
possible M, variations, for fixed M) they give much smaller uncertainties than M) variations

in Fig[5.6b] as can be seen from fig.(5.74).

5.6.2 Conclusions

In conclusion, we have obtained compact explicit expressions for the all order resummation of
both leading logarithms and and soft next-to-leading logarithms series contributions to the cold
and dense QCD pressure, that goes well beyond previously established results in the literature.
The renormalization group resummation construction moreover gives clearly improved residual
scale dependence with both the hard scale and the spurious soft scale. This result is expected
to improve control towards lower up values to match with the extrapolated equation of state
from the nuclear matter density region. The next step now, is to work in a realistic set up,
namely, including different chemical potential for the quarks a well as the strange quark current
mass in order to more realistically describe the equation of state for neutron star. Investigation
of neutron star equation of state will be part of chapter 7. Before that, we will discuss another
resummation scheme in the next chapter for the series as well as corrections from massive
quarks to the pressure.

5.6.3 Summary of all coefficients required for PSL%M.
1 11N, 1 7
I=__——|—= I = N, )
8= (50) = e (1) 5%
1 11N, 34 N2
g c g _ c
by = —<47T>2 ( 3 ) , b —3(4}72,)4. (5.59)
1.17201 d
Cy = W, Cy1 =2C1, Co =2.16753. (5.60)
g 1.0 —da a2 1 1.0 g
- _ - — -2 .61
S0 2<bg . 278) 2(87T)2bg’ S = a1, + —5 47g + 4 + = 2,_)/ (b ’yl) (5 6 )
d dyc
CL()’O = —Sg, ajg = _(8—7;'4)27 a1l = (gﬂ_)lé (562)
NC dA NC dA dA Nc
=< 7 = ————(—2p"" = ———po. 5.63
B T I e K e o 0%
g, = a1 — 5.
o0 gl
0 — Q—bg, 1 = Q_b‘(l], B - 4(141 - Ao) (564)
Practical compact formula
For the LL series:
2N 1 « m b M,
= PN ! s — o (M, 2In —Z — a*(Mp) = In =2
7) P23 7) +P ( 2 ) (87.[_[)8 1+87Tb80[51n% Oés( 0) +O[S n Ms as( O)bg th
(5.65)
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while for the NLL series :

2N I T e dias, dya?
PNLL _pCaM | p. f &s 227 fa 14 228 4 220
ok a 2 8mby | fo \ 1+ 2Ea fa f3

(5.66)

by . M,
+ a2 (ln T/[E + dg) + dy & (M) — o?(Mp)— In —0> ,

s bg Mh
where a = a4(M},) and,

—4 Ar)?
dy ~ 320659 = (—)d,,, dy =~ 6.77276 = —(( 7;) )aza,
S0 ' S0

ds ~ —1.17201 = Cyy, dy ~ —0.711003 = 877s9.

(5.67)

And the truncated fy defined in Eqn.(5.46) reading explicitly :

11 19
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P/P;

P/P;

Figure 5.6: NNLO+ soft N3LO in Eqn.(5.19) versus NNLO+soft N3LO+RGI LL, NLL re-
summed pressures, as functions of ug = 3u, with u < M, < 4u. We follow the prescription
in [23]: Mg ~ 0.275mpg. My = 2u. For the RGI NLL resummed pressure, M, variation within

0.6
04

0.2

S NNLO+soft N'LO

B NNLO+soft N°LO +RGI N®NLL

0.0

3 4 5 6 7
uplGeV]

0.4

0.2

= NNLO-+soft N’LO

NNLO-+soft N°LO +RGI N*LL

0.0

mmm  NNLO+soft N°LO +RGI N°NLL
3

4 5 6 7

uplGeV]
(b)

[M/2,2M,] are shown in addition as darker bands.
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1.0

Mg=0.275 mg, u <My<4u, Mp=2u

0.8
_ 06
SO ,
R f ]
0.4 1A NNLO+soft N°LO :
0.2° |
; B NNLO+soft N°LO +RGI N*NLL
0.0 S S T T T T [ IO SO
2 3 4 5 6 7 8 9

uplGeV]
(a)

Figure 5.7: NNLO+ soft N3LO in Eqn.(5.19) versus NNLO+soft N3LO+RGI LL, NLL re-
summed pressures, as functions of ug = 3u. We follow the prescription in [23]: M, ~ 0.275mpg.
With M, =2p and p < My < 4p.
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Renormalization Group Optimized
Perturbation Theory

In this chapter, we will discuss other resummation schemes, first the optimized perturbation
theory (OPT), then we will introduce an extension incorporating renormalization group prop-
erties: renormalization group optimized perturbation theory (RGOPT), first in the A¢* model
at finite temperature [I], then in cold and dense QCD [2]. Application of the OPT approach
to the specific case of Hard Thermal Loops goes by the name of Hard Thermal Loop pertur-
bation theory (HTLpt) and will be part of the last section of this chapter, including the first
developments of RGOPT on HTLpt.

6.1 The need to reorganize the perturbative series

We already discussed in depth how the naive weak expansion breaks down at finite temperature
and density. This is not the only issue of the perturbative series in a medium. It appears that the
series is also very poorly convergent, specifically at finite 7', and that higher order contributions
are not so small with respect to lower orders, even when pushed to the highest perturbative order
available. Furthermore with increasingly sizeable remnant scale dependence, at least specially
at T' # 0. Accordingly many efforts have been devoted in the past to overcome the generically
observed issues of poor perturbation theory convergence. Apart from the most important case
of QCD, the above mentioned behavior is generic for any thermal quantum field theory, thus,
it seems desirable to have if possible a framework which would incorporate the same physics,
namely quasi-particle degrees of freedom, in a more systematic way in order to improve the
convergence of the series. Various approximations attempting to more efficiently resum thermal
perturbative expansions have been developed and refined over the years, typically the optimized
perturbation theory (OPT) [3; 4], sometimes called linear delta-expansion (LDE) [5], or also
better known under the name of screened perturbation theory (SPT) [6} [7; [8; O] in the thermal
community. But also the non-perturbative renormalization group (NPRG)[10] approach or the
two-particle irreducible (2PI) formalism [IT} 12; [13]. The former one, OPT, being the subject
of our focus.

76



CHAPTER 6. RENORMALIZATION GROUP OPTIMIZED PERTURBATION THEORY

6.1.1 Optimized perturbation theory

OPT is a reorganization of the weak-coupling expansion based on a variational approach. A
physical quantity, typically, the pressure P in our context, is then expressed as the variational
minimum of a thermodynamic potential P(T, i, g; m;) Elthat depends on one or more variational
mass parameters that are collectively denoted by m; and a generic coupling g. Remark that
adding a Gaussian mass term does not change the polynomial structure of the theory so that
the process is compatible with the usual renormalization procedure. At least in theories where
mass terms do not spoil gauge invariance, so it is not so simple for QCD. In the thermal
field theory context, these variational mass parameters are the equivalent of the thermal mass
presented earlier in Eqn.. The idea is to “add and subtract” such variational parameters,
one being treated as an interaction term while the other modifies the free propagator. This can
be conveniently generalized as the following modification :

upon identifying 6 = 1, we recover the original massless interacting theory, while § = 0 is
the non-interacting theory incorporating the massive quasi-particles degrees of freedom. The
trick now is to perform a re-expansion in §, with respect to both the coupling and the mass,
at the same perturbative order than the original perturbative expression, and subsequently
taking the limit 6 — 1. If we were able to calculate the perturbative series at all order, this
procedure would trivially remove the contribution from m to the perturbation series and leaves
no differences with the original calculation. But, due to the specific truncation at finite orders
of perturbative series, this leaves a remnant non-trivial dependence in m, that reshuffies the
perturbative expansion. Notably, at leading order the OPT has the welcome property of exactly
reproducing large-N results [14; [I5] for simpler models with an O(N) symmetry. Since the full
results (at all order) does not depend on such variational parameters, the best approximation
at finite perturbative order is the one that minimizes the dependence on these non-physical
parameters, the one where it is the less rapidly varying [3; [16]:

aP(T7 M, 9, ml)
8mi m;=m,;

The application of this OPT procedure to the specific case of the HTL Lagrangian (HTLpt),
see [I7] for a review, as compared to perturbation theory, the NNLO HTLpt predictions in
Refs.[I8} 19t 20} 21] are very close to the lattice results for temperatures down to 7' ~ 27, (the
critical temperature). Unfortunately, there is a serious issue, also plaguing standard thermal
perturbation theory but not sensibly reduced in OPT: namely the sensitivity to the arbitrary
renormalization scale is observed to substantially increase when higher orders are considered.
Even a moderate scale variation of a factor 2 dramatically affects the pressure and related
thermodynamical quantities by relative variations of order 1 or more. It appears that the lack
of renormalization group (RG) invariance is more basically rooted within the HTLpt approach
that definitely calls for further improvements.

"'We will not distinguish these two functions in the following even though they are strictly speaking different.
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6.1.2 Renormalization group optimized perturbation theory

More recently, OPT at vanishing temperatures and densities was extended to the so-called
renormalization group optimized perturbation theory (RGOPT) [15; 22]. The basic novelty
is that it restores perturbative RG invariance at all stages of calculations, in particular when
fixing the variational mass parameter, by solving the (mass) optimization prescription as well as
the RG equation. An important feature of the approach is that it also incorporates consistently
the RG properties of the vacuum energy density defined in chapter 2 and reviewed for HTL
EFT in chapter 5. At vanishing temperatures and densities, it has given precise first principle
determinations [22] of the basic QCD scale (Ajz5) or related coupling «;, and of the quark
condensate [23; 24]. The RGOPT was extended at finite temperatures for the scalar A¢* model
in [25; 26] and for the non-linear sigma model (NLSM) in [27], showing how it substantially
reduces the generic scale dependence and convergence problem of thermal perturbation theories
at increasing perturbative orders. More recently the RGOPT in the quark sector contribution
to the QCD pressure was investigated at NLO, for finite densities and vanishing temperatures
[28], and at finite temperature and density [29;30], leading to drastic improvements with respect
to both perturbative QCD and HTLpt, specially at nonzero temperature.

The heart of the method relies on three main modifications to the standard OPT. The first
one is to incorporate consistently for a massive theory, the vacuum energy and its anomalous
dimensions, necessary both for renormalization as well as for restoration of the perturbative RG
invariance as explained in chapter 2. Secondly, one applies a modified delta expansion rather
than the original one in Eqn.(6.1)):

g—dg, mi = my(1—9)*. (6.3)

Where a; are at first arbitrary parameters, to be next determined by enforcing the delta-
expansion to be consistent with RG invariance. Since the underlying goal is to reproduce the
massless pressure, after the delta expansion 6 — 1 is carried out, we impose the pressure to
satisfy the reduced (massless) RG equation :

(MaiM + 6(9)8%) P = 0. (6.4)

This equation determines at leading order once and for all the values of the a; coefficients with
a; = #Vfo’i . Once the a; are fixed, the RG equation at higher order, is not satisfied anymore,
which gives alternative prescription, different from Eqn., to determine variationally the
parameters m; of the theory, incorporating some higher order RG properties. If one considers
alternatively the full RG equation, incorporating the anomalous mass dimension, this leads to

three possible prescriptions (not all independent) that may be used to determine the parameters

aP(Ta M, g, mz)
8mi

0 0

) B B
M—— — 4> MiYmig— | P =0.
( aM+6(g>ag+ : mmm,zami>7> 0

0

m;=m;

2Since this determination depends of the specific convention for the beta and gamma function, we will
specify their precise values later
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We speculate that if one could calculate to all orders the solutions of those different prescrip-
tions, the solutions would presumably converge towards a unique, non-perturbatively dressed
mass . As it happens [I5] in the large-N limit of the O(N) Gross-Neveu model, where the
original perturbative series is known to all orders.

Inherently to many variational methods beyond the lowest order, solutions to this equation,
non-analytic in m;, are often complex valued. While physical quantities of interest, in our
context the pressure, are obviously real. This is admittedly a technical burden of such methods,
but the occurrence of complex variational solutions has no deeper physical meaning. Rather,
it may be viewed to some extent as an accident of the specific MS scheme in which the original
perturbative coefficients were calculated, given that nonreal solutions are often expected upon
exactly solving nonlinear equations. At the same time we wish to maintain these relations as
exact as possible in order to capture RG resummation properties beyond perturbation theory.
A crude escape could be simply to take the real part of the solutions, but that potentially loses
some of the sought RG properties.

Having multiple perturbatively equivalent prescriptions becomes handy in the search of real
valued solutions. Notably, since we are interested in thermodynamic quantities at different
energy scales, it may be possible that on a specific subregion (T, € [a,b] for generic a,b)
of interest, one prescription gives real valued solutions that become complex elsewhere. One
solution to circumvent this issue is to simply take the Debye screening mass, instead of a
variationally determined parameter, as is indeed prescribed in HTLpt [19; 21] but by doing so,
we loose some of the benefits of the method namely, the RG consistent construction. Another
option is to proceed to a perturbative renormalization scheme change (RSC), provided that
non-real solutions are not far away from being real. The formalism of RSC introduce at the
end of chapter 2 will become particularly useful.

Having in mind that the all order perturbative expansion is renormalization scheme inde-
pendent, and that only the partial sum is scheme dependent, we will use the freedom to change
the unphysical scheme for another one whose slightly different coefficients might lead to recover
real solutions.

Importantly, keeping a; = v;/bo at higher orders further guarantees that the only accept-
able solutions are those matching [22] the perturbative asymptotic freedom (AF) behavior for
g — 0 at T'= 0. This simple but compelling criterion often selects a unique solution, even at
five-loop order so far explored [24], in contrast with the related OPT/SPT approaches where
using solely Eqn. generates an increasing number of possible solutions at increasing orders.
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6.1.3 Application at leading order in \¢* model

As a concrete example, let us investigate the application of the method at leading order for
the specific case of the A\¢* model. At leading order, the free energy (equivalently minus the
pressure) including a mass term is :

1 1 2 M? T m
= _Y'In(P? N=——ml|= 2ln — )| — —— (—0> . :

To restore the RG invariance and renormalize the UV divergence of Eqn., we add the
perturbatively determined vacuum energy:

Somg

4
Eo(hoym) = — 0§ g Nk = — symd 4+ O(\). (6.7)
Ao Ao
k>0
Where,
1 (bl — 4’)/1)
s = = = 877, §1= 7 =—1 6.8
0 2<b0 — 4’)/0) ! 8’)/0 (bg — 4’)/0) ( )
Note that, the vacuum subtraction terms (s, ) are calculated with respect to :
dg<)‘7 m) — d 2 —

using the following definition for the beta and gamma functions:

d\
B == A b A
) =2 AN o
Ym —dlnM—’VO M

with relevant values at LO: (47)%by = 3, (47)%*yy = 1/2. Hence, the RG reduced equation
defined in Eqn.(6.4)) gives the universal RG coefficient :

Y0
a=20_

1
=0 6.11
b 6 (6.11)

After performing the modified delta expansion F(m? — m?(1 —§)?**; X — 6)), only the s,
term is non-trivially affected which yields, after taking the limit 6 — 1 :

3 1, M?

(47)2F = m? {—3—;(1 - 4Z—;’) - (g +ln Wﬂ -5 o(F). (6.12)

The standard (dimensionless) thermal integrals appearing in Eq.(6.12)) and below are given by

: (6.13)

I (2) = 4 I'[1/2] Ood A= 1
= L5/2—n] Jo V2 £a2 eVtra? 1

where t = p/T and z = m/T. The other relevant integrals can be easily related by employing
derivatives such as L8

(6.14)
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Also, a high-T" expansion,

16 2 3
Jo(x) =~ £ﬂ4 - 4%m2 + ng?’ + o {ln (%) + 9 — ﬂ + O(a29), (6.15)

is often useful as a rather good approximation as long as x < 1,i.e., m < T.

At this leading order, the reduced RG equation is satisfied exactly, while the mass optimiza-
tion Eq. determines a nontrivial dressed thermal mass as follows. One can conveniently
express results in terms of the one-loop renormalized self-energy including all the relevant T-
dependence, X g, reading explicitly

2

S = 7o) {nﬂ (m% - 1) + T2, (%)] . (6.16)

Since

T

0 9 9 YR
ainln(wn +wl) = 27, (6.17)
the exact solution of the OPT Eq.(6.2)) gives the mass-gap equation:
m? = (4m)? by Lr(m?), (6.18)

which at this leading nontrivial order is exactly (one-loop) RG-invariant, being only dependent
on by. To illustrate more transparently the latter property, it is convenient to use the above
high-T" expansion m/T =z < 1 of J,(x) E| In this case the OPT Eq. is a simple quadratic
equation for z, with the unique physical (z > 0) solution:

2 1
i) \/1+§<W+LT>—1

T = =7 il
T bo—)\—i—LT

with Ly = In[M €72 /(4xT)]. The corresponding one-loop RGOPT pressure reads

pW 15 15 45 (1
— =1-—37 o — + Ly ) &'+ O(2° 6.20
2 1t T omt T (bo)\+ T)x +0(&), (6:20)
where Py = (72/90)T* is the ideal gas pressure. Eqs. (6.18)-(6.20) involve clearly an all order
dependence in A, and are ezactly RG-invariant, upon using for A = A(M) the “exact” (one-loop)
running:
1 1 M
= —boln — 6.21
MM~ A(Mo) T M, (6.21)
since 1/(boA(M)) + Ly is M-independent. Accordingly Egs. (6.19) and (6.20]) only depend on
the single parameter boA(My), where M is some reference scale, typically My = 27T

Eq. (6.20)), perturbatively re-expanded, gives for the first few orders

PW /Py~ 1—5a/4+5vV6a%%/3 + 5(Ly — 6)a?/4 + O(a®?) (6.22)

where a = byA. Note that Eq.(6.22) contains the nonanalytic term \3/?, originating from the

3At one-loop order this approximation is actually valid at the 0.1% level even for z1, sufficient for our
purpose since the RGOPT one-loop solution w /T happens to always lies in this range.
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bosonic zero mode resummation, here readily obtained from RG properties.

Expanding at

higher orders Eq.(6.19) it is easily seen that it entails nonanalytic terms A2*+D/2 p > 1 at all
orders. It is worth stressing that Eqgs. — correctly reproduce at all orders the O(N)
scalar model large N-results (e.g. Eq. (5.7) of [31]), as can be checked upon identifying the
correct large-N by = 1/(167%) value [3I]. Accordingly, at one-loop order, although RGOPT
essentially relies on the very first one-loop graph of Fig[2.29, augmented by the optimized RG
construction as above described, it happens to correctly resum the whole set of 'foam’ graphs
as illustrated in Figl6.1]

Figure 6.1: The graphs being resummed at first nontrival RGOPT order.

6.2 Renormalization group optimized \¢* pressure at
next-to-next-to-leading order

This part reports on the original work [I] pursued by the author. We refer to the article for
further details and only quote the results.

6.2.1 NNLO massive free energy

The contribution up to three-loop order to the free energy comes from the set of graphs in Fig

(6.2) and read

2
fé’lz—A—g 3(# ! )i !
48 op? +m (g% 4+ mj)?

1
*?;qxp? Fmd) (e + mR) 2+ md)((p+at )2+ maﬂ

+ Fgl,0t7
OO0 000
o(1) o) o)

Figure 6.2: Free energy diagrams up to NNLO in A¢* model
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With the contribution at NLO being [§] (using L = %—22) ;

m)+ 1 A
T 8 1672

1 1 2
(4m)2FNEO = g, — gm‘1 (3+2L) — §T4J0( (L +1)m?* — T%Jﬂ%)] . (6.24)
The NNLO contribution involves the additional genuine three-loop second integral in (6.23]),

first calculated in [32]. After algebra, the complete three-loop contribution can be expressed
as[g].

1, A

Fy = ——
3t 48<167r2

)2 [m4 (51;3 FATL? 4 41/2 — 23 — 23/1202 + 2¢(3) + o + 3(L + 1) s

N33
=

—szzjl(%) (12L2 +98L — 12 — 7 — dey + 6(L + 1) Jy
m

+7* (3(3L +4+ Jz(%))ﬁ(g) + 65 ( 5

)+ 4K;5(

>3
o=
S—

where
co = 275/12 4+ 23/2¢(2) — 2¢(3); ¢ = —59/8 — 3/2¢(2), (6.26)

and it involves two extra irreducible two-loop Ky(m/T) and three-loop K3(m/T) integrals,
given explicitly in ref.[32], reproduced for self-containedness in Appendix D.

If not including the RG invariance restoring subtractions in Eq., note that the lack of
RG invariance from unmatched leading m*In M terms remains largely screened at one- and
two-loop orders of the thermal expansion for sufficiently small coupling, since perturbatively
m?* ~ A2, This explains why the remnant scale dependence of SPT remains nevertheless quite
moderate at NLO. Conversely it partly explains why a very sizeable scale dependence plainly
resurfaces at three-loop A\? order in SPT[8]. In contrast the RGOPT scale dependence is ex-
pected to further improve at higher orders: being built on perturbative RG invariance of the
free energy at order m*\* for arbitrary m, the mass gap exhibits its dominant remnant scale de-
pendence as m? ~ XT?(1+---+O(N11n M)), thus the dominant scale dependence in the free
energy, coming from the leading term —som?/), is expected to appear first only at O(N\*1).
However, this formally expected trend may be partly spoiled, first by large perturbative coef-
ficients (generically growing at higher orders), or by the well-known thermal PT issues due to
infrared divergent bosonic zero modes. It is thus important to investigate more explicitly the
outcome of our construction at NNLO, where standard thermal PT starts to badly behave, to
delineate the RGOPT scale dependence improvement that can be actually obtained. Concern-

1.4t
&,
= 1.2
d
=
210
1]
0.8+
0.0 0.2 0.4 0.6 0.8 1.0
g

Figure 6.3: Relative scale dependence at successive orders of the running coupling in the ¢*
model, with g = \/\/24 and 7T < p < 47T at one, two- and three-loop orders.
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ing the ¢* model moreover, the peculiar sign alternating beta-function coefficients b; from one-
to three-loop orders imply that considering the running coupling alone, its three-loop order has
a comparatively worse scale dependence than the two-loop order, as is illustrated in Figl6.3
This feature tends to partly counteract the benefits of our RG-improved construction, when
comparing three-loop with two-loop order. E|

Applying the variational modification from Eq.(6.3])(6.11)) to the complete thee-loop free
energy, sum of Eq.(6.24) and Eq.(6.25)), expanded consistently now to order 2, and taking
0 — 1, gives after algebra :

4

2 2 m4 T
(4n)2F = & — — (3 F2L+8( 2L+ JQ)) -5

8 bo
m*S% v (v 3 m?
e (e 3) et (627

2

ER
R,
T 28r2gy T

where we again conveniently expressed results in term of the one-loop ¥g defined in (6.16)),
and with: " ) .
So
EF = —mt [ S22 4 Sy + Zsoh + 5302 6.28
0 m 81)\+981+382 +53 s ( )
and the three-loop order contribution, designated by Fy; in Eq.(6.27)), is already given in the
original expression (6.25)), this term being not affected at §2 order.

The explicit expressions at NNLO for the RG and OPT Eqs., can be obtained
easily from ([6.27]) (we refrain to give their explicit form, being quite involved and not particu-
larly telling). At this stage without examining further constraints one may a priori use any of
the three possible (but not independent) prescriptions for the NNLO dressed optimized mass
m(A,T): the OPT Eq.(6.2)), or the (massless) RG Eq.(6.4)), or the full RG equation with the
anomalous mass dimension. One may also exploit the freedom to incorporate the highest order
subtraction term s3 or not, the latter being formally a three-loop contribution, but depending
on four-loop order RG coefficients, and not necessary for perturbative NNLO RG invariance.
The latter flexibility happens to give a relatively simple way to circumvent the annoyance of
possibly non-real NNLO solutions, that appear only at relatively large couplings in the \¢*
model. The outcome is that, in order to maximize the range of coupling g and scale M where
real solutions are obtained, it is appropriate to take simply s3 = 0 if using the OPT Eq.,
and s3 # 0 when using the RG . On the other hand at NNLO the full RG gives no real
solutions for the relevant case of M = 4xT', for a large coupling range.

Fig. illustrates our two different prescriptions thus retained at NNLO, namely the OPT
(with s3 = 0) and RG (with s3 # 0). As seen, despite giving quite different functions of the
coupling, they have very similar and very moderate scale dependence. Similarly to NLO the
RG solution is generically giving a slightly better scale dependence than the OPT one, since
the former embeds more directly the perturbative RG properties.

Fig. [6.5] illustrates the corresponding pressures obtained from the two alternative OPT and
RG mass prescriptions E| As one can see, despite the quite different m in Fig. the resulting

4We mention that in QCD the analogous behavior is expected to be better, since the first three beta function
coefficients have the same sign.

5At NNLO we use the exact expressions of all thermal integrals: in particular the high-T' approximations
of the two-loop Ka(x) and three-loop K3(z) integrals are not a good approximation.
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T
fignLo(83=0)

nLo($3%0)

Figure 6.4: NNLO (three-loops) m from the OPT Eq.(with s3 = 0) and RG Eq (with s3 # 0)
as a function of rescaled reference coupling g, with scale dependence 7T < p < 47T .

OPT and RG pressures are very close and similar in shape, and have very comparable and very

moderate scale dependence. The latter feature will be better appreciated when being compared
with NNLO PT or SPT below.

1.00F 3
0.98} |

3 0.96] |
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054  PONLos3=0) |
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Figure 6.5: Comparison of NNLO pressure P/ P4, for the m OPT and RG prescriptions (with
s3 = 0 and s3 # 0 respectively), as a function of g = \/A/24, with 7T < u < 47T

Finally, we illustrate our main results at successive LO, NLO, and NNLO in Fig. [6.6] com-
pared with both PT and SPT. The NNLO PT, namely with successive terms up to O(A\?), has
a substantially larger remnant scale dependence than the O(A%?) PT in Fig. Concerning
the SPT at NNLO we only show the results from using the same prescription as in [§] namely,

Mipr = Lg. (6.29)

In contrast one can see that the RGOPT pressure is extremely stable from LO to NLO and
NNLO, and has a very moderate remnant scale dependence. Actually, the improvement from
NLO to NNLO is quite moderate, that we understand as the counter effect from the worsening
NLO running coupling as above explained. At any rate it appears drastically improved as
compared to PT and SPT.
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6.3. REVIEW OF LO AND NLO IN RGOPT COLD & DENSE QCD

Overall, although ¢* model is much simpler than QCD, it has a simpler IR behavior, calling
for resummation. Our RGOPT results here give us some reasonable hint that RGOPT applied
to thermal QCD, within appropriate description of thermally dressed gluon mass, might give
similarly improved scale dependence at higher orders, in contrast with the HTLpt approach.

1.00} NNLO PT -
0.98} NNLO SPT(mgap)
F 096 =~ ORGOPT

E NLO RGOPT

& 0.94 i NNLO RGOPT
0.92r
0.90 NLO PT

0.0 0.2 0.4 0.6 0.8 1.0

£

Figure 6.6: RGOPT pressure at successive LO,NLO,NNLO orders versus NLO,NNLO PT and
NLO,NNLO SPT pressures, with 77 < p < 47T, (g = \/\/24).

6.3 Review of LO and NLO in RGOPT Cold & Dense
QCD

Let us now switch to the RGOPT construction applied to complete QCD, restricted here to
the cold and dense regime. The relevant Feynman diagrams at NNLO for cold and dense QCD

m@ OO R

(6.30)
The convention for the renormalization group functions at hand are:

Blg) = —2bog® — 2b19° + O(g") (6.31)
Yima(9) = Y049 + 11.49° + O(g%) (6.32)
Yinga(9) = V0,99 + 199" + O(g°) (6.33)

which gives, upon solving the RG reduced equation in ([6.4]), the value of the coefficient:

Yo 4

=—=_. 6.34
Y 9 T 9 (6.34)
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Before going to our work at NNLO, we first review the RGOPT results that were obtained|2§]
considering three massless flavors of quarks, up to NLO order-g (defining for convenience in this
section g = 4mag), corresponding to the first two graph on Figure in the limit of vanishing
temperatures and finite baryon densities. With the genuine mass of the quarks being zero, we
take ps = py, = pq, as we will review in the next chapter upon considering beta equilibrium in
neutron stars. At this order, there is still no gluons in the medium as they formally enter at
the NNLO through the Ring diagrams. This simplifies drastically the approach as we do not
have to use HTLpt yet to address a medium-dressed mass term for the gluons, i.e at NLO the
gluons can still be considered massless. The expression of the pressure for the quark sector is
given in appendix A up to NNLO. At leading order, the RG equation being already used for
fixing a, = 73/(2by), we solve mro using equation applied on [37] after the delta expansion
of Eqn.(6.3)). For illustration, we give the LO mass gap that was obtained in [2§]:

N 1+4c(mpo,,9) — 1
miO:;f(\/ (z0. 1. 9) > (6.35)

2c (mLO7 2 g)

With:

5 1 1 2 +
C(mLOmu?g) = ( 5+ LIJ) ) th =1In <Iu MpF) , PF =V ,LL2 — m? (636)

2bog 2

Applying the procedure (6.3)) to perturbative expression at NLO , the following expression
for the RGOPT pressure for a single flavor is obtained:

" N 5 3 3 m' [y 1
P =Ne—n ‘ Pt ) om (L= )| = Nerr 5 (30) Uis
e (m, ) C(47r)2bog + 1972 {/LPF (,LL 2m ) + 2m ( 1 4” (47)2 <b0 bog

2 2
1o _ m= (%) _ _9da [ oL 2
+m <260 1) 81+NC87r2 (bo> (1—2L,) + 2upr] 12y m (4 4Lu+3Lu>

+ 12 (1 +m?) + mPupp(4 — 6LM)]

(6.37)
Where dy = N? — 1 and N. = 3. Already at this order [28], it has been found that no
real solution existed on the full domain of interest so that a Renormalization Scheme Change
(RSC) was needed. Invoking the invariance under RSC of the observable, we are free to slightly
change the scheme, to a one close to MS, such that a comparison remains relevant but modifying
the coefficient of the RG equation to possibly recover real solutions. Practically, it consist of
applying the RSC before the delta modified expansion:

m —m (14 By ¢*) (6.38)

Where By is at first an arbitrary variationnal parameter. Now we have to solve {m, Bg} simul-
taneously. In order to fix By, one needs, however, to use a definite prescription. Following[28],
one notes that the closest real solution arises when the two independent RG and OPT equa-
tions intersect first, namely hen their respective tangent vectors are collinear. The latter easily
translates into a vanishing determinant, the frgc equation:

Frsc = Ifrc Oforr  [re Ofopr
RSC dg Om om 0dg

=0 (6.39)
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Since the latter also depends non-trivially on By, one solves it in conjunction with the RG
equation for (Bg,m). It can be checked a posteriori _that Byg?, driving the RSC, represents a
reasonably perturbative deviation from the original MS scheme.

6.4 RGOPT pressure at next-to-next-to-leading order

6.4.1 RG resummed quarks and perturbative gluons

Now pursuing on at NNLO, we have to take into account the new three loop diagrams in
Eqn.. As already explained, we will first study the gluons only perturbatively, using the
result for the ring diagram Eqn.[33]. We apply the procedure in Eqn. to the quark sector of
Eqn.([36) where the ring diagram, represented in Fig (6.30), takes the value in Eqn.(42). Upon
using the PMS prescription Eqn.([6.2) or the reduced RG equation in Eqn.(6.4) to determine
m we found no real solutions in the full domain of interest for u € 0.5,2.5 GeV but only in
a subregion p € 1.0,2.5GeV for the RG equation. It is actually a double root at u =1 GeV
being complex for values of p below one GeV, and two distinct real solutions for values above.
It then motivated us to introduce again a RSC in order to obtain real solutions on the full
domain. To be consistent at NNLO, we modify the scheme only at order §2:

m — m (1+ Bs g°) (6.40)

Due to the g3 term, this modification enters solely through the term —m?sy/g, producing an
extra contribution to the pressure, ~ —4m*s,Bsg®. By construction Bs is also a variationnal
parameter, and its solution will encode non-trivial coupling dependence: Bs — Bg(Q). Simi-
larly to NLO, we can recover a real solution by requiring the condition above, Eq., to be
satisfied, now solved for (ég, m). We chose to use the three loop order running coupling recalled
in appendix A. Actually, another conceptually simpler way to recover a real m solution is to
truncate the RG equation to lower orders, noting that the higher order RG terms are strictly
beyond the actual (NNLO) perturbative pressure expansion ~ g®. In this way, one certainly
loses some effects from higher RG order content, but at the benefit of a much simpler prescrip-
tion as compared to Eq. . Moreover, it turns out that the two different prescriptions
actually give very similar m: this is illustrated in Fig. [6.7 Moreover, quite remarkably we
notice that both solutions tend asymptotically for sufficently large p towards the standard (LO)
Debye screening mass:

9
m2Debye - @l’ﬂv (641)

as illustrated in Fig.. Next, in Fig we illustrate the scale dependence of the RG solution
as compared to the one of the perturbative Debye mass, Eq.. Already at this stage, as
it was expected, the RG dependence seems to have significantly dropped going from a purely
perturbative Debye mass to the variational RG-determined mass. Accordingly, the pressure
is expected to exhibit reduced scale dependence upon using the RG determined mass. It is
precisely the case as can be observed in figure [6.9) However, the RGOPT pressure tends to be
lower than the NNLO pressure for a given u, which is due to relatively large mge, see Fig. [6.7]
Alternatively, since the RG variational mass tends asymptotically to mpepye, we could use the
latter as another possible prescription: this is illustrated in Figl6.10, where one can see that
the resulting pressure is closer to the standard NNLO one, but at the price of not so much
improved scale dependence. Finally, it is worth to combine our RGOPT results in the quark
sector with the recently derived all order resummed HTL soft logarithmic dependence in the
pure glue sector[34], that are discussed in chapter 5. More explicitly, we add to the NNLO
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Figure 6.7: Solution to the RG equation at NNLO, for the central scale M = 2u, from Eq.
(6.39) or from LO truncated RG (black, plain), compared to the standard LO Debye quark
mass (purple, dotted).
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Figure 6.8: Remnant scale dependence of the RG-determined mass mrG(M) for M € {p,4u}
as compared with the LO Debye mass.
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1.0

NNLO (N =3, m, =0)

NNLO (Ny =2+1: m;#0)

RGOPT NNLO (jitgc)

1.5 2.0 2.5

u [GeV]

Figure 6.9: RGOPT pressure compared to NNLO pQCD pressure (massless and massive quarks
as indicated) for three different scales M = X 2u with X € {3,1,2}
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Figure 6.10: RGOPT pressure using mpepye compared to NNLO pQCD pressure (massless and
massive quarks as indicated) for three different scales M = X 2u with X € {3,1,2}

massive quark expression the expression for higher order LL, NLL given in Eqn.(5.66)). This is
illustrated in Fig[6.11] and Figl6.12| respectively, where a visible scale dependence improvement
is obtained in addition from the gluon resummed sector.

90



CHAPTER 6. RENORMALIZATION GROUP OPTIMIZED PERTURBATION THEORY
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Figure 6.11: RGOPT pressure using mpgg and adding NLL-resummed HTL glue pressure, com-
pared to NNLO pQCD pressure (massless and massive quarks as indicated) for three different
scales M = X 2u with X € {1,1,2}
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Figure 6.12: RGOPT pressure using mpepy. and adding NLL-resummed HTL glue pressure,
compared to NNLO pQCD pressure (massless and massive quarks as indicated) for three dif-
ferent scales M = X 2u with X € {1,1,2}
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This closes our analysis on the renormalization group improvement of the naive quark sector
(not HTL) with sound result displaying good improvement with respect to the NNLO state-of-
the-art. Notably, the result for the pressure obtained seems to drop towards zero slightly less
faster than NLL thus suggesting interesting results once the equation of state will be considered.
For that matter, see chapter 7.

6.5 HTLpt framework for gluons in cold and dense
QCD

Having explored the RGOPT approach to the quark sector, we will focus now on the gluon
sector and the applicability of the renormalization group improved HTLpt approach. Namely,
we will consider massless quarks in interactions with the HTL resummed gluon propagator. At
LO and NLO, the pressure is given by the set of diagrams given in Eqn.(6.42) :

y
(6.42)

We already calculated in chapter 5 the subtraction coefficient s§ and s{ for the gluon so
we can readily incorporate them in the picture. Now, what differs from the HTL effective
field theory picture of the last chapter, is that we do not need a matching procedure anymore.
The delta expansion will ensure that we will consistently address the degrees of freedom of the
massless pressure and so the vacuum energy is not spurious anymore. Consequently, that means
that we have to consider its renormalization, a point that we omitted in the last chapter since
it essentially cancelled in the matching procedure. Following the general steps we introduce
in section 6.1.1 and 6.1.2, we start with the mass renormalization for the gluons, the coupling
renormalization, which enters only at NNLO so not needed here, then after this multiplicative
renormalization we proceed to the additive multiplication of the vacuum energy. Details on the
notations and the renormalization of the vacuum energy operator can be found in chapter 6
and in [34].

Following previous definitions of the gluon gamma function and beta function, we can
determine via the RG reduced equation the coefficient a¢ for the gluons which reads:

"%
a? = —. 6.43
2h, (6.43)
Here, by stands for the complete LO beta function coefficient while 4§ is no longer equals to
by since we have now introduced the quarks in the picture, but rather 7§ = by. Therefore, we
have the trivial result for the gluon sector:

(6.44)

ad = —.
2

Meaning that the naive “add and subtract” tricks as was used in HTLpt for simplicity, appears
in retrospect to be RG-consistent for the gluon sector. Now, it is important to remember that
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the gluon mass parameter undergo the modified delta expansion, thus it has be treated as a
variational parameter, blind to its precise physical origin (at first) as a dynamically generated
thermal mass. Since the gluons do not possess a chemical potential, at T = 0, u # 0, their
contributions (in HTL) is proportional to m;} and thus, a priori, medium independent. In order
to obtain a solution to the mass gap equation ([6.2) which depends on the thermodynamical
variable u, like it is the case for the Debye mass, one needs to go one order higher than
the leading order, to get a mixing in the Feynman diagrams between the quark and the gluon
sector. Then, a term #asmg p? will arise naturally from the calculations, and lead to a nontrivial
solution to the mass gap equation which effectively dependent on the parameter of the medium.
Such term naturally arise from the mixed sector, namely the last diagram in Eqn.(6.42).

This diagram has already been evaluated at finite temperature [35] as well as in the limit
of high temperature and small chemical potential [2I] in a naive mass expansion mf]. However,
no such calculation has been pursued at strictly zero temperature and finite chemical potential.
This lead to us to investigate this calculation such as to apply the RGOPT method to the gluon
sector.

Naively, one would think that the calculation at zero temperature is simpler than the one at
finite temperature since at zero temperature, the Bose-Einstein distribution vanishes and the
Fermi-Dirac distribution of the quarks either vanished or goes to a theta function cutting the
momentum integration up to the Fermi sphere. Unfortunately, it appears that it is still very
involved. By-passing this issue required the use of Mellin-Barnes transformation and contour
integration over generalized Hypergeometric functions. The calculation is very closed to be
completed now, only one last piece of an integral needs further crosschecking as we are not
confident on this specific contribution. The detailed derivation of this diagrams is given in
appendix B, while useful mathematical reminder and relations over the Mellin-Barnes method
and the generalized Hypergeometric function are given in appendix C.

The formal expression for this diagram, expanded in mg reads[35]:

P(hh):_dANf 5 2# d+1 1 4d q* 2 P-Q -
219 2 P Lo ld— 1P d—1P2Q¥t d— 1Pt
_dalNy 2$ 3-d 1 24 PQ dt2 |
2 mgg {r0) d—1P2Q2R2 ' d—1P2Q¥* d—1P2Q? (6.45)
n 4d 7 B 4 q?
d—1P2Q**  d—1PQ*rR2|
Where
w(e) [ oo iR w(e) iPy 5. ['(2 — 2€)
In= de(l — ) = = 2% 270 (6.4

f 2 /_1 =< iRy — |7 ¢ 2 \iPh—pc/,’ w(e) T(l-e) (6.46)

While our current results for it is given by :

B damyg® Nyp? B damyg® Nyp? | (%) B dam,g* Nyp? 3 dag®mp® In(2) N 89da g*m2 Ny’
25674e 6474 i 51272 12874 2880074 '
(6.47)
This diagrams seems to possess, at first, a spurious double pole 1/e2. We obtained, with
certainty, that the coefficient of this double pole is zero. This is a very nice crosscheck since we
know it must not have a double pole otherwise this diagram would possess a double logarithm
which can only arise from the pure soft sector [36]. We also have crosschecked in multiple
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different ways the simple pole complete structure and the associated logarithm arising. Only
the finite coefficient O(g"), of interest, remains unknown at present. Notably, the unnatural
coefficient appearing in the last term suggest that, indeed, the last piece is probably incorrect.
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Neutron Stars

Having now spent a lot of time and ink on the formalism of perturbation theory, we will turn
to a topic a bit more down to earth. Or let’s say down the stars. This chapter is merely an
introduction to neutron stars and certainly not exhaustive, it presents first application of the
RGOPT approach to the neutron stars [I]. It is perhaps not so surprising that a special interest
has been progressively given in this thesis to the case of cold and dense QCD regarding the ever
growing interest of the community in the physics of neutron stars (NS). It appears that we are
at the dawn of multi-messenger astronomy which will teach us a lot about celestial corpses in
extreme conditions. Since 2016, and the discovery of gravitational waves (GW), the study of
NS has taken another leap forward. Combining information from GW, electromagnetism and
neutrino physics, it provides a deeper insight in the physics of compact stellar objects. Notably,
the special event of GW170817 [2; 3], first merger of two neutron stars, opens a new path to
determining neutron stars properties.

Considering that we cannot reproduce, yet, such conditions in heavy ion collisions, it is even
more thrilling since it is completely new physics. Especially, NS resides partially (conjecture)
in the region of interest, namely, near the theoretical first order phase transition at finite
chemical potential between a chirally broken phase and a restored one, see Fig.. Although
at zero temperature and finite chemical potential, the picture is slightly different since it might
be possible that formation of diquark pairs still breaks the chiral symmetry. Such pairs arise
from QCD color-magnetic interactions and are very similar to Bardeen-Cooper-Schrieffer (BCS)
condensate of electron pairs in superconductor [4].

7.1 Neutron stars, from the core to the crust

In the very core of the neutron stars, it might be possible that deconfined matter exists [5]
(see [6] for recent developments), while the outer crust is composed of a dilute gas of nucleons.
In the core, a stiff equation of state (EoS) is required for stability of the NS, i.e, preventing
the gravitational collapse. A stiff EoS means that the pressure (P) versus energy density (&)
ratio is high and it is particularly hard to compress the quark matter. This reflects in a high
value of the speed of sound ¢? = P /e. Intuitively, this is just like in seismology where we know
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Figure 7.1: Schematic picture of the transition from nuclear to deconfined quark matter with
increasing density. ng is the nuclear saturation density, the typical density of heavy atoms.
While np is the baryon density related to the baryon chemical potential g = 3pg4, 1y the
chemical potential, used in last chapter, for a single quark. See text below for further description
of the different states of matter. Source [10]

that seismic waves travel faster where the rigidity of the material is greater. Such stiffness
of the EoS is required in order to support the NS and prevent gravitational collapse. On the
contrary, the outer crust, of dilute gas, can be “easily” compressed and is thus described by
a soft equation of state. Recombining the two equation of states, soft to stiff, is theoretically
very challenging, but it seems to be what nature prefers in view of the latest observations of NS
masses. Specifically, the existence of neutron stars of mass greater than two solar masses|7; 8} [9]
is not very compatible with soft equations of states that incorporate hyperons in nuclear models.
The apparition of strange hadrons around twice nuclear saturation density softens the EoS and
puts an upper constraint on the maximum stable star mass. Additionally, pQCD tends to
soften the EoS in the core of NS and suggests that at intermediate baryon density regime a
phase transition involving a stiff EoS.

Describing hadrons and quarks degrees of freedoms within the same framework is a partic-
ularly difficult task. The conventional approach is to regard the nuclear and quark matter as
distinct phases and evaluate both energy density to determine which state is preferred. Recom-
bination of the two phases using bitangent Maxwell construction leads to a first order phase
transition from nuclear to quark matter [10].

A schematic picture of the different states of matter in function of the baryon density
inside the star is depicted in [7.1] The relevant scale is the nuclear saturation density ny =
0.16 nucleons by fm?, the typical density inside atoms. Below 2 ng, the relevant degrees of
freedom for QCD are hadrons whose exchange are well described by mesons. At such low
densities, the equation of state is well described by low energy effective QCD, such as chiral
effective field theory [I1I] or pNJL model [12; 13; [14] . Going to higher densities, quarks from
different hadrons start to interact with each others. There is no successful model at the moment
describing such state of matter since it is very difficult just to identify the relevant degrees of
freedom. Many bodies interactions might be the answer but it seems that higher number of
bodies interaction non perturbatively correct the picture. For even higher ng, the relevant
degrees of freedom would be a quasi particle model of quark pairing since hadrons starts to
overlap and loose their meaning at that scale. Finally, for 40 ~ 100ng, perturbative QCD is
relevant to address the free quarks degrees of freedom. This is mainly the range of our focus
here. Although, the density in NS in believed to be less than the domain of applicability of
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pQCD, the density being of order 1 ng to ~ 10ng in the core. Upon using better resummation
techniques, the domain of applicability of pQCD will be extended towards lower values of
the baryon density and puts additional constraints on the equation of state [15]. Moreover,
theoretical pure quark stars may exist and pQCD would be relevant for this deconfined state
of matter.

7.1.1 Constraints on NS

Astrophysical observations taught us a lot about neutron stars. First, the existence of pulsars
with pulse period smaller than one second implied that the star in question possesses a radius of
order 10—100kms. The reason why such stars are rotating so fast is that the angular momentum
of the original massive star is conserved during the supernovae. Just like ice-skaters retract
their arms to gain speed, the reduced radius of the star means an higher rotation speed. Since
the star is stable, mechanical balance means :

GMm
R2

cM )1/2 (7.1)

_ 2 _
=mRw —>w-(R3

where m is a mass test at the surface of the star, R the radius of the star, M the mass of
the star and G is Newton’s gravitational constant. Therefore, a rapidly pulsating star must be
very massive to conserve its mechanical balance. The maximal mass versus radius is an open
question and directly related to the determination of a precise EoS. In a more refined approach
of general relativity and gravitational waves, the first observed event of two merging neutron
stars was GW170817 [2; [3], observed conjointly with EM waves [16]. From GW, it is possible
to recover the tidal deformability of the star which reflects how easily a, more or less, compact
star is deformed under an external gravitational field. It can be related to the radius of the
star itself and gravitational Love number ko [17]:

2
AN=—-ky—. 7.2
372 mb (7.2)
The Love number is of order ky ~ 0.2 — 0.3 and depends on the stiffness of the EoS. Hence,
measurement on the tidal deformability gives an upper bound for the maximum radius of the
star [6]. Lastly, an important constraint concerns the speed of sound inside NS. Obviously, it
must be less than one (in natural units) according to special relativity, but we also know that

at asymptotically high baryon densities, the relevant degrees of freedom are free quarks, whose
Ne Nyppj

—3.2—, the pressure of an ideal Fermi gas. Relating this

pressure is well-known to be Py =
pressure to the energy density:

oP

-9 7.3
o (7.3)

e=—PHusng ng

this gives:
e =3P. (7.4)

In this limit, since for free quarks the QCD beta function is zero and the Fermi gas is confor-
mally invariant. This conformal limit of ¢? = 1/3 is well accepted and since first perturbative
corrections to the free pressure are negative, this conformal limit is believed to be reached from
below. It remains an open question whether this conformal limit is an absolute limit in QCD, or
if at some intermediate baryon densities, during a possible phase transition, it may be exceeded
before going down again to approach the conformal limit from below. The second one being
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preferred recently in order to have a sufficiently stiff EoS at intermediate baryon density to
support the neutron star.

Following recent observations [I8], it seems that the maximum radius for a NS is roughly
~ 13kms while its maximum mass is ~ 2.2 solar mass.

7.2 Equation of state for neutron stars

As a very good approximation, one often describes neutron stars as being completely cold,
since only 10 — 100s after the birth of the star (after the supernovae), the temperature at the
surface drops to few~ keV and it is three to six orders of magnitude below the typical chemical
potential scale in low energy effective model of QCD or with respect to pQCD.

Neutrons stars are not made entirely of neutrons, a small fraction of protons and electrons
are present. The reason for this is that a free neutron will undergo a weak decay, the so-called
direct URCA process,

n—pte + . (7.5)

The decay products have low energies (m,, — m, —m. = 0.778 MeV') with most of that energy
being carried away by the light electron and (nearly massless) neutrino. Because it is almost
non-interacting with nuclear matter, a neutrino tends to escape from the neutron star and this
is the major cooling mechanism as the neutron star is being formed in a supernova explosion.
Since neutrons has a typical lifetime of about 15 minutes, there must be something that prevents
this decay in the case of the star, and that is the presence of the protons and the electrons. If all
the available low-energy levels for the decaying proton are already filled by the protons present
in the star, then the Pauli exclusion principle takes over and prevents the decay from taking
place. But, the reverse process, the electron capture, is also authorized by weak interactions,

pt+e = n+r.. (7.6)

To reach stability, the star must be at equilibrium with respect to these weak interactions. This
equilibrium can be expressed in terms of the chemical potentials for the three particle species
(four if including the neutrino, but since it barely interacts, it is negligible)

Since we are interested in perturbative QCD approach, the relevant degrees of freedom for our
approach are the quarks and not the nucleons that may be found in the core of the NS. In this
approach, the previous URCA process now reads

d—n+e +1,

7.8
u+e —d+uv, (7.8)

which reflects in terms of chemical potential :
fla = fts = fu + fle- (7.9)

Moreover, the NS must be electrically neutral, therefore we have one additional constraint on
the density of quarks and electrons. Since the electric charges are ¢, = 2/3, ¢4 = ¢s = —1/3,
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ge = —1 (for quark u,d,s and e~) then neutrality implies:

2 1 1
gnu — gns — §nd —n.=0 (7.10)

Ne Npp
At leading order, if we assume the masses to be negligible, since Py = 2T and P, = e

1272 12727
using the second equality in Eqn.(7.3]) leads to:
Ny =Ng =MNg, Ne=20 (7.11)

and electrical neutrality is realized without electrons. This does not describe a realistic NS, so
one must abandon the assumption that every particle are massless. Introducing the strange
mass, m, ~ 93MeV, as a first correction will allow electrons to be present in the star. Using
Eqn., 1e can be expressed in terms of up so one is left with only one parameter for the
pQCD pressure: the baryon density up.

Going to higher orders in perturbative calculations, one can evaluate corrections to the
pressure and the energy density such as to evaluate the ratio :

gzé—#las—i—... (7.12)
which is the equation of state, necessary for determination of the mass versus radius constraints
of neutron stars. Hence, upon knowing exactly the equation of state, we characterize uniquely
the structure of the neutron (or dwarf) stars. Alternatively, knowing the structure of the star
(from astrophysical observations) means that, using reverse engineering, one can constrains the
value of the equation of state.

7.2.1 Integration of the EoS

Assuming a static and spherically symmetric perfect fluid, then the general relativistic Tolman-
Volkoff-Oppenheimer equation, that characterizes neutron stars, is :

P _GIMO) [y 00 [ S [, 6MONT

dr c2r?
Where G is Newton’s gravitational constant, M(r) is the mass inside radius r, therefore
M(R) = M is equal to the mass of the star M for a radius R of the star. The first two
factors are corrections from special relativity — boost factor for the momentum and the space-
time volume, respectively, while the third factor comes from General Relativity. The mass
inside radius r is determined via :

cr

2
% _ 47?7”2/)(7’) _ Ay 26(7’)
M(r) —47T/dr’r’2p(r’) —47T/d7”/7"/2—62 .
0 0

Since the neutron star is a bounded sphere in vacuum, it satisfies the boundary condition:
P(R) = 0. Now, these equations can be integrated for a certain equation of state P(ug)/e(1p),
for different up, that will give different configurations (Mass versus Radius) for the star.

As a concrete example, we can use our previous result at leading order. Including the
strange quark current mass:
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(m + my)?
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(471')29(1)0 — 2’)/0)

m+ms)* (3
mamsmuvusvlue) :_Ncg (
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(7.15)
Where,
N, 5 3 p+ pr[m, p]
P = 2 2 2 Y, .2 e 41 VPR P
r(m, ) =0(" —m )1%2{# prlm, p] (u 5m ) +5m n( -
(7.16)
—i—§m4ln (M+pF[m7M]> }’
2 m
and

pr[m, p] =/ p? —m?. (7.17)

Comparison of the result with the easier my, = 0 case is displayed in ﬁg. Using an equation
of state coming from pQCD, is a crude approximation, for first application, giving an incomplete
picture explaining why the tail of graph is off the charts with respect to [19]. A better approach
would be to recombine with low energy effective model but this is currently outside our scope.
We see quite clearly that ignoring the strange quark mass leads to non-physical description of
the neutron star since the maximum mass/radius is well above the observed neutron star so far
(see section 7.1.2). However, at leading order, for non zero strange current mass, the result is
roughly in agreement with observations. This result has been crosschecked by the author as well
as his coauthors [I]. This is part of an on-going project to be pursued to NLO and NNLO using
the RGOPT approach. This sound result at LO is encouraging and motivates applications at
higher orders that may lead to more precise determination of the EoS for neutron stars from
the resummed perturbative side.
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Figure 7.2: Mass versus radius curve for RGOPT improved QCD at leading order with N; =
2+ 1. The red curve corresponds to mg # 0 while the black one corresponds to mg = 0.
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Summary

In this Thesis, we have discussed various aspects of the renormalization group properties applied
in the context of thermal field theory. A review of the core concepts of renormalization was
discussed in chapter 2, notably the concept of anomalous dimensions which is important for
effective field theories, but also introducing the concept of vacuum energy, a mandatory piece
of any massive quantum field theory in order to achieve renormalization group invariance. A
brief introduction to the theory called Quantum Chromodynamics was discussed in chapter
4, introducing the core concepts and some technicals aspects required for calculation at finite
temperature and density. Notably, the state-of-the art perturbative calculations for QCD in
a medium and its current limitations has been over-viewed. Chapter 5 was dedicated to the
theory of Hard Thermal Loops (HTL), which incorporates the long-distance physics that arises
for QCD in a medium. We saw an EFT construction out of the HTL Lagrangian, at least for
the leading order, while discussing the concepts for its generalization at next order. Defining
such EFT permitted to resum exactly the so-called soft leading logarithm in QCD that involves
a?Inay,. The procedure also resummed partially the next-to-leading logarithms and we paved
the way for a full resummation of this last one once the mixed sector, appearing at a2, will be
determined. This result, published in Physical Review Letters, now replaced the previous ones
as the new state-of-the-art calculation in Cold and Dense QCD, until the completion of the
mixed sector, that is presumed to go even well beyond through other resummation of logarithm
families, is achieved.

We have also explored applications of renormalization group properties in the context of a
variational approach named Optimized Perturbation Theory (OPT). Specifically, application
of the renormalization group optimized perturbation theory (RGOPT) in A¢? at finite tem-
perature and zero chemical potential up to next-to-next-to-leading order was discussed and
displayed great improvement in matter both of convergence, and remnant dependence in the
renormalization scale, with respect to the naive perturbation series. This work was subject
to a publication in Physical Review D. The RGOPT approach has also been applied to the
specific case of Cold and Dense matter on the current quark mass contribution also displaying
impressive improvements with respect to the naive expansion. This work shall be peer-reviewed
soon.

The specific case of RGOPT resummation in the Hard Thermal Loop perturbation theory
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framework for the gluons and its complications was considered, paving the way for, hopefully
soon, application of the method once the mixed hard/soft sector will be completed. Finally,
early results for the determination of an equation of state, relevant for neutron stars, using
the RGOPT procedure at leading order for massive quarks was presented after a very brief
overview of the main characteristics of Neutron Stars.

Next future work

The first work in line would be now to complete the evaluation of the two loop HTL diagram at
zero temperature and finite chemical potential, introduced in chapter 7 and (almost) complete
derivation in appendix B.2.2, to address a renormalization group improved version of Hard
Thermal perturbation theory. In view of the result of RGOPT applied to the quark sector
using the naive mass operator mn), it motivates us to consider instead the HTL resummed
quark propagator to address carefully the degrees of freedom for quarks at high baryon densities
and zero temperature. Once these results for the pressure obtained, the goal would be to obtain
a realistic equation of state for perturbative QCD that would add constraints on the presently
unknown range of 1 to 10 nuclear saturation density in the QCD phase diagram.

The second work in line, would be to address the case of finite temperature QCD using
the RGOPT procedure at next-to-next-to-leading order using already known results in the
literature for the gluon sector in order to (hopefully) decrease the large residual dependence in
the renormalization scale observed in the literature.

Finally, the resummation techniques applied in the context of cold and dense QCD to the
soft logarithms, call for even more resummation. Indeed, upon consideration of a more complete
framework for HTL EFT up to and including a2 order will allow to determine and resum the
LL and NLL hard logarithms while also fully determining the so (newly-)called hybrid sector
that involves ~ In(A/2u) In(mg/p). This sector amounts to a double resummation both in the
hard and soft logarithm which is believed to greatly decrease the residual scale dependence of
the pressure.
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Appendices

A.1 QCD basics

A.1.1 Notations

Natural units are always assumed : ¢ = h = kg = 1. Sum over repeated indices is implicit.

dimensional regularization, our notations for the sum integrals read:

27Td/2

T(d/2)(2m)®

i (eVEA2> Z /ddp
brpy 2m)4’

D=d+1=4-2¢ H(d) =

with wp/@p the bosonic/fermionic Matsubara frequen(nes respectively.

A.1.2 Gell-Mann matrices

Gell-Mann matrices:

010 0 — 0 1 0 0 0
AM={1 00| Xa=1|72 0 0] =10 -1 0] =10
000 0 0 0 0 0 0 1
00 — 000 00 O 1
AM=100 0] =00 1] M=10 0 —i|] As=—4
AV 010 0 0 V3
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A.1.3 Euclidean Feynman rules (Standard QCD)

W, a p, b
B P22
k w pv — gy T —17 o CP
099999999999 % (5;w —(1- f)PPI; ) g4y 19 fabe Py
px
k 5ab - c
....................... 2 i ] a
Q, b, 14 1 Qa b7 v
gigfabc[dup(P - R)zz < 1 ) 5 s 5 s
+§py(R _ Q)M Eg [feabfecd( upY9vo — Ouo yp)
+6I/M(Q - P)p] +fab€fedc<5uu5pg - 5/106Vp)
+facefedb(5 V(S o ) 5ua)]
Pa a, R’ &P Hep He

Poa,pu S,d,o

Every gluon impulsion face towards the vertices.

A.1.4 Sum integral basics

Consider the generic one loop sum integral over bosonic Matsubara frequencies:
_ f(iwn, )
Assuming f to be regular in w,, after analytic continuation, we identify 7'y with the residue

of the following weighting function (Bose-Einstein distribution):

np(ip) = ewpl_ T (3)

Using the residue theorem, this can be expressed as a contour integral represented on the left
diagram in ﬁg.. This same contour can be continuously transformed to the one on the
right hand side using Cauchy theorem. To avoid the poles, the integration contours are shifted
by +i0". Making a change of variable p — —p and using: ng(—ip) = —1 — ng(ip), after some
algebra we find:

+00—i0T co—i0t
dpo f(ipo, D). . / dpo f(ipo, D) dpo ; ,, . . np(ipo)
Iy = ¢ ol \WPo:D) _[ %o P0.P) o _ nelto) oy
= G g in o) e T ar s S BT )
—o0—10 —o0—10

The first term is medium independent and is identified with the vacuum contribution, which
goes through the renormalization procedure, while the second term is purely medium induced.
For the second contribution, we close the contour in the lower half plane, where the Bose-
Einstein distribution exponentially falls off, and encle the pole at pg = —ip. For the first one,
however, one need to have more information on the convergence of the f function. Generally,
f is just a propagator which thus satisfies Jordan’s criteria. Usually, one prefers to recombine
the po integral with the d?p integral such as to identify the generally well-known vacuum
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Figure A.1: Contour integration over bosonic Matsubara frequencies. Black dots are the pole
of the Bose-Einstein distributions at py = wg. Red dots on the imaginary axis are the pole of

the propagator in pg = £ip.

contributions. Here we will proceed to the py integral instead. The residue theorem leads to:

Iy — Qip (F(Pos )+ 150) (F (00 7) + F(—po. 7)) -

For the fermionic Matsubara frequencies, the method is very similar. Starting from:

IF:TZ i f(in, P) :TZ W—f(zwn,ﬁ) ’
{}(wn)2+ﬁg+m2 {}(zwn)Q—ﬁQ—m2
and using the Fermi-Dirac distribution:

1

nF(p) = m,

as the weighting function (E? = p? + m?):

b= /M@ Flpo,P) [ dpo f(po, ) [T dpo f(po, )

T / 0 dpy [ (po, P)

¢ 5
V °

S .

n _
*’L’OO27T/L. p(2) — E? B 2 pg — E2 fioo+0++u27rll p% — E2 F(pO M)

ne (i — po)

g VP
i(>070++,u27”’ Py — E

u

CACHCCACHCS
|

(5)

Figure A.2: Integral contour for fermionic Matsubara sum. While the gray contour, that run
on both sides of the vertical axis at yu, are shifted from the pole by £i0", the red closed contour

goes exactly through the poles and along the imaginary axis at Re(P,) = 0.

The first term in Eqn. corresponds to the vacuum term, and can be evaluated rather
simply from standard integration. In the present example, this vacuum contribution contains
a divergence ~ 1/e which should be treated by renormalization. The second term is a pure
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chemical potential contribution (zero temperature) whose contour is named B and is the red
one. Finally, the last two are the mixed temperature/chemical-potential contributions that run
both side of the imaginary axis at Re(F,) = p and depicted in fig.(A.2)) as the gray contours.

Finally,
e = 50 (F(B. ) — S(E, e — p) = f(~ B, p)ns (B + 1) )

It then remains to integrate over d%p (in dimenisonal regularization) which in general cannot
be done analytically.

A.1.5 One loop gluon self-energy

We will review the calculation of the quark loop contribution to the gluon self-energy at finite
temperature and density from which the expression of the Hard Thermal loop originates. Once
having calculated the expression for this diagram, it can be easily generalized to the three
others since most calculation steps are the same.

- -

— — dp —iP+m ,—iP —iK +m
a, b :H“V:2T —— N/ T iz v
: e A Zn:/(zn)i% / r(7 Prym | (P+K)2+m?

1
X 0 LTI
a,b,j

(10)
Note that one can evaluate the 00 component of this tensor only and the Ward identity will
give the spatial components instead of proceeding to the full evaluation. The first step is to
use Eqn.@ and to drop the temperature independent term. This will leave only the matter
part of interest. Without loss of generality, we will assume that there is no pole in the contour
integral over B define in figure so that the calculation reduce to:

mo — 22Vr 5 /dgﬁ 1 /imm“ 1 A[pE+ poko + B> + 7 k] 1
=9 S 9%b [ 75 3V Po — —
! 2 (2m)? | 2mi —ioo+0t 44 g — Ez (po + ko)% — (P + k)% — m? eBlpo—m) + 1
-1 ico—0T+p 1 4 2 + k +E2 + o~ E 1
i dp [p; + poko Pkl

270 ) ioo—0t 4 Up% — Eg (po + ko) — (5 + E)z _ m2 ePlu—ro) 1
(11)
The next step is to evaluate the py integral using the residue theorem, then for the two residues
which contain p'+ E, proceed to a shift p— p'— k. The four residues have the same structure
where the only differences are ky — —ko, np(E + p) — np(E — p). Thus we can calculate
one residue and in the end take ng(E + p) — Np(E) = np(E+p) + np(E —p) , f(ko) —

2Re(f(ko)) = [f (ko) + f(=ko)].
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The first contribution is:

2&5b/d3ﬁi ARE? 4+ Eko+ - K] 1 B2
2 (273 2E (B + ko)? — (5+ k)2 —m2 \e?E=# +1 )7

9

Integration over the solid angle (ﬁ k= p||w] z) can be carried out, using the fact that f_lldz L —

at+bz
+In(%t) and fjldz 2 =2 215 (%) such that one finds (k2 = k2 — k2):

a+bz a—b
2N dp p? 1 1 R\ 4Eky — 4E? — k? -
HSO = _%dead/ pEp TLF(E—IU) {5 —+ 5 In (R—+) 0 4pw } s Ri = kQ—QkOEiQPW,
(13)
Thus combining all the residues, the result for this graph is:
2 2 2 2
g N dpp 4Fky — 4F° — k R
o — _FTf(S“d Re/ = Ne(p) {1+ e In R—f (14)

This integral is not solvable analytically in general but can be integrated numerically. Without
demonstration (calculations are very similar but simpler than the previous one) the result for
each graph reads:

p+k
i’ 4]{’ 00 ch(;ab dp 1 2 K+
a,,u\szmwm/fx‘ Jansspsns byv =1y = —g 2n)? Re o 1 (p* — kop) In 7l
p
Ky =k —2kop+2pw
p+k
o _k _k, b N Re/ dp2p [ (109" + 3k — 10kop — 662) | (K.
’ =9 (27)2 efr —1 dpw K_
L
p
= Hggz
dp  2p
a, W Mﬂ%ﬂﬂb b,l/ = Hgtg)l = _923Nc(5ab /W@BF 1

(15)
Neglecting the quark masses and regarding the static infrared regime, namely, taking ko = 0
first then ||k|| =w — 0) :
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0 205, we [P (10 2 (i 0 )

18 o' e [Fom i {09 (22 + o) (16
o é\zfj)ag Re/egfipl {1 +(1Opl);w6‘”2) (im - % - O(;—2)> }

9, — — 9”3 Neday /(;Tp)geﬁf—]il

where the sign of +im depends on the relative magnitude of w and p. Since the function Re
kills this divergent contribution, in this limit the result is :

22 00
w 9T p p 13 p
I atter = 272 { 2Nf/0 dp (eﬁ(pu)+1+eﬁ(p+u)+1) N (2 2 3) /dpeﬁp—l}

(17)
therefore, we can identify the Debye mass for the gluon after the last integration :
N. N 1
2 00 2 c f 2 2
= —II = —+—|T°"+—N . 1
mg matter g {( 3 + 6 ) + 72 Y } ( 8)

A.1.6 Massive pressure at NNLO for Cold and Dense
A.1.7 Evaluation of the NLO correction

Here we will outline the calculation of the massive quarks contribution to the pressure at next-
to-leading order [I] for arbitrary temperature and chemical potential. Then, we will take the
limit 7" — 0. Since at T' = 0 only the quark loop is non zero, we will not discuss the other
diagrams but the derivation is very similar (just like in the previous section) after scalarization.
This contribution reads, for one flavor of quark:

P 0 = ()
(19

_ dsd(» = T VW (=il + m) (=i +m))
=, 5T T B L B

Evaluating the trace gives (d — 1)P - Q +m?*(d + 1). Using,

B =K
P-Q=— [(P=QF=(P*+m®) = (Q"+m’) +2m" |, (20)
then,
Pio M (m, T, ) =

d—1/1 1 1 1 1
2 dsd
d¢2 5N i d T n _
o {P]S{g]?,K( ) p7 Hq{ 2 (K2(Q2+m2 P2+m2> Q2+m2P2+m2> (21)

—i—2m2L ! !
K2Q2+m2p2+m2 !
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Introducing useful notations:
d—1
P, ) = s { 150 QI(T) = Iy T ) Iy 4 20y T (22
with

WD) =Y TnTw=% (23)

{p PZm2

—

are one loop integrals while Hy(m, T, n) = (2m)46%(p— §— Eﬁ"m”””q%mm is a pure
two loops integral. At this point an important comment is crucial. The order of evaluation of the
multiple sums appearing in H; leads to potentially different results. The root of the problem
is that there is no unique analytic continuation of a function defined only on integers. The
resolution of this ambiguity was given by Norton and Cornwall [2]. The idea is to transforms
the Kronecker delta in H; into a contour integral which leads to a factorization of the sum
integrals. Reintroducing the factor § = % :

(i B(PP~QO—K®)~1

i(PO— Q0 — KO

B
BOupmping = | due™ ==K — 24
PNQtNK 0

Where P°/Q° = &], = (2npjq + 1)7T —ip and K° = 2ngBT. Since Q°and K° enters with a
minus sign inside the exponential, to ensure that integrand in the contour integral over u falls
off exponentially, we multiply by —expiB(Q° + ip + K°) which is equal to one when Q° and
K° take value on the bosonic/fermionic Matsubara frequencies respectively. This is a unique
prescription that also ensures that the normal vacuum is recovered upon taking T,y — 0.
Defining,
iBQO+K®) B _ i PO~
(PP — Q=K%

which has no poles in P°, Q" and K°, then the sum in H; factorizes. Using same contour tricks
as in the first section of appendix A, one finds:

I(P°,Q° K°) = (25)

1 1 , R .
T mI(PO, Q°, K =0 (I(iEy, Q°, K°) — n, I(—iE,, Q°, K°) — n} (iE,,Q°, K°)).
{P} P
1
T ﬁI(PO, Q°, K°) :%(I(PO, Q" iw) +np I(P°,Q°, iw) —ng I(P°,Q°, —iw))
(26)
Where,
1 -
n, =ng(E,) = BB 117 By, = /p?+m?, o

np =np(w) = oow= 12]].

eﬁw _

Proceeding to the evaluation of the three sums, then rewriting I(P° Q°, K°) as

17,0 = ==y (e +1) (e ~1) - (e 1)) 9
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after lengthy algebra, most conveniently carried out by mathematica, one finds (with N, =
nt+n;):
p p

- 1 E,+F
Hi(m,T,p) = o2m) 6 (p—q—k + P
T = [ 0545 -a >{4Equw<Ep FE,w) T PRE Eal((Ey + By = )
. (N E§+w2—E§ o ))
n <
P\ 2B (B + B — ?) (B — B —w?) - 1
E, +w
— (N 4q
( VIB, BByt W —E7) TP ”)
B n, n; + n;n; B njn; +n ny
4E, E, ((Ep + Eq)2 - WQ) 4E, F, ((Ep - Eq)2 - WQ)

(29)
The two terms on the second line actually vanishes in dimensional regularization. This can
be seen by expanding the numerator and denominator and realizing that it leads to a factor
P - @ in the numerator which vanishes in the integration from —oo to oo. The first term is the
vacuum contribution, since no distribution multiplies it. This contribution is well known from
QCD at T = u = 0 therefore we can reverse the machinery on P° Q% K° integral using,

0 — +OOdPO +00on 1 B 1
i / / )2+ a?) (PO 4+ Q)2 + b2)((Q0)2 + ¢2) 4(ab0)(a+b+c)(.30)

Such the vacuum contribution reads:

J41p d1Q 1
HVHC. = H O 0 — . 31
7 £(m,0,0) /(27T)d+1 /(QW)d-&-l (P2 +m2)(Q? + m?)(Q — P)? (31)
Terms on the third line can also be expressed in a simpler way using :
ﬂ:/%wo 1 _ 1
P 2m (PY)24a? 24’
IOZ/OOdPO 1 _ath ! (32)
27 2w (PR +a@) (PO Q02 +0%)  2ab ((Q°)2+ (a+b)?
d+1p 1
Qi = | |
(Q , My, mz) (zﬂ)dJrl (P2 + m%)((P _ Q)Q + m%)

In the end, terms on the third line simplify to 27¢(7T, ) II(—=m? m?,0). Similarly, the second
term on the first line identify to I, I1(0,m? m?). The last two terms on the fourth line are
pure two loops in medium contributions that are hardly possible to simplify. Only angular
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integration can be readily carried out and leads to:

d'Pd'Q . . _ _ 1 L ]
/ (27T)2d {(npnq +npnq>8Equ<m2 _1_17(7_ Equ) +(npnq —i—npnq)

EE,—pqg—m?
+.,+ 1 p—q
4EE {(” Mg T >H<Equ+pq—m2>

_ E,E, +pq+m?
+ pHq
—i—(npnq +n,n, )ln< F, T ,

dpp

(33)
Collecting all the pieces, the final expression for the massive fermion loop contribution to the
pressure is:

d—1
PLM :gsz{T(QIb — I +2m? (H;ao + I(T) TL(0, m*, m?) + 21;(T, ) TI(—m? m?, 0)

- }1J3(m7 T7 :u)) }
(34)

From this expression, the complete vacuum contribution can be readily extracted since we
saw in the last section how vacuum contribution splits from in medium contributions: I, =
=04 170 = 04 IF and I;(m, T, ) = I?:“:()—l—l}(m, T, ). Since we are ultimately interested
in the cold and dense case, that means taking the limit 7" — 0 where:

np —— 0, n, P O(n—Ep), nf P 0. (35)

The theta function, or Heaviside/step function, then cuts the momentum integration at the
Fermi impulsion pr = y/p? — m? which becomes simpler to evaluate. The final result is given

below in Eqn. (39).

Quark pressure

The expression for the NNLO pressure for one massive flavor of quark is:

Pff(m, p) = Pfg,f(”% ) + Pﬁgo,f(ma 1) + P]I\?]:I\;LO,f(mv 1) (36)
With: - N i
m C
PES . ) = ~Negg (G} — L) + €% = )35 [ (1 = S
_|__m4 hl <1u pF) ]
2 m
Pr = MQ — ”]”)”LZ7 Lm = In <%> (38)
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PJI\?JT\;LO,f(ma p) =+

da g

1(2n)
—@(MQ—W)L:E’;—fZ {3 {m%n <M:,LPF) —uppr—%ﬁ:} (39)

2
m?*(4 — 6L,,) {u pr —m?In <,u+—pp>}

m

m* (3Lfn — 4L, + 9)

P]{/)gO,f<m> M) = 1

2 2 da
- @(:u —-—m >4(27T)4)

g4m4

W (050,2 + a1 Lin + o L2, + a3 Lfn)

4d 4 . ~
+ U iggr®l’ - m2>{ — #2110 — 2Np)s + 18Cp (22 — @))(Ln)?

1 185 9C
-3 {CA(22124 - 72m2 —332%) + TF(16m2a(1 — 1)
— 3(Tm? — 81)z — 242%) — Ny(4a* — 132m* — 622)} Ly, (40)
1. m 71 .

apa = (357315 + 1767 + 9607 (log 2)* — 960(log 2)* — 23040 Liy(1/2) + 12960 ((3)
+ 90N (—393 + 224 ¢(3)))

ay9 = 180(—3817 + 286 N + 48 ¢(3))

Qg9 = — T20(—807 + 26 Ny)

3 = 2880(—81 + 2Ny)

m m u A —m? 14+a

m=—, Lp,=In—, 4=—= . 2=1—m*In
A I I

~

, L=Inm

G1(m) = 32r*m*(—0.01863 + 0.02038m* — 0.039m*L + 0.025811m*L* — 0.03153m*L*  (41)

+0.01151/m°L?)

Go(m) = 327 (—0.1998 — 0.04797L + 0.19881m* — 0.35691° L + 0.30431m> L*

— 0.1611M>L* + 0.09791m>L*)

Gs(m) = 327*m?(—0.05741 — 0.02679L — 0.002828L* + 0.057161m* — 0.08777m>L

+0.06667m>L* — 0.02381m> L% + 0.01384/m>L*)

G4() = 327*m?(0.07823 + 0.0388L + 0.004873L* — 0.078221n*

+ 0.1183m>L — 0.08755m°L* + 0.03293m> L — 0.01644m>L*)

Ring graph resummation in standard weak coupling expansion

The ring diagram with massive quarks was first evaluated in [3]. There, they used two mass-
less flavours (up and down) and considered the strange quark to be massive. Introducing a
global symmetry factor of nine to incorporate the physics of three massive quarks instead, the
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contribution reads :

9dy gt put g 1 1 16
QRING = W 113 21n @ — 5 + 5 120 + 3(1 —1In 2) ln(2)121 + 122 (42)

We checked that upon taking the massless limit, this correctly reproduce the expected coefficient
at g* order in Eqn.(5.11)). The integrals appearing here are :

Tys(m, ) _g( — In2)pp® + 0.318px°% — 0.137pp"

Too(m, p1) =3.840 — 7.940% + 8.06p%> + In(0)(3.810 + 9.70% — 7.420% In(v))
Toi(m, p1) = — 0.110 4 1.119% + In(0)(—0.0590 — 2.076% + 0.49% In(0))
Iyo(m, p) = — 0.8255p% — 0.03084p%" 4+ 0.001619 In(d)

(43)

. 2’4 '12]: I
+ Lis(m,p) [ 21n 2+ 21In a ;L a 22h:2 + Toans (m, 1)
1t 4 0.5/1%Ig0n2 (1, f2)

Toonz(m, 1) = 1.313pr + 0.434pF> + 0.253p%"
Toons(m, p) = 1.8440 — 0.8440% 4 In(0)(0.1949 — 0.39202 — 0.7049* In(d))

Where & = 1 — 2, pp = BE and i = i/ The vector i = (u1, po, ..., piy,) in Eqn. 1}

m 1
the chemical potential vector for N; massless flavors of quarks in their analysw Addltlonally,
f = ji/u = 2. For quarks with the same chemical potential, it reduces to % = 2.

A.1.8 Anomalous dimensions

We give here the expression for the first coefficient of the beta, gamma functions as well as the
subtraction coefficients related to the vacuum energy density anomalous dimension. Note that
we do not need the 4-loop b3 and 73 coefficients for our analysis but since they are known in
the literature, we can use them to derive sz, the O(g?*) subtraction coefficient. For the gamma
function :

dlnm
T A (44)
1
Yo(Ny) =
1 /202
e 4@( -5%)
2216 160 140
1Ny (1249+Nf( 20 D) - o) "
4603055 135 680
73(Ny) ~128(27)8 ( o7 ¢(3) —8800¢(5)
91723 34192 18 400
+ (= = — T5C(8) + 880C(4) + —5—C(5) ) Ny
5242 800 160 332 64
(o + 3¢ = 5@ N+ (- 52+ 3=3)) N}
For the beta function : p
g
8lo) = 1% (46)
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2
bo( 11— =
e (15
b ( (102 — —Nf)
2857 5 033 L 3%
ba( —N
( TR ) (47)

149753 1078361 6508
bs(Ny) = (47r)< g 735643 - < 162 a7 C<3)>Nf

50065 6472 1093
N2+ —°-N
*( 162 s C<3)> g f)

Finally, the subtraction coefficients associated with the naive mass operator myn) for quarks:

_N,

(450 — 2%)
N, by — 27 1
Ty <4(b0 o) 127r2)
112077 + 24 519N + 2 101N? 4 576(15 — 58N;)C(3)
4+ 11527%(=81 + 2N,) (15 + 2IVy)

32N, (2485.78 + 1045.17 N, + 351.286 N — 8.6872 N + 0.0282158 N'4)
12876 (=81 + 2N;) (=57 + 2N;)(15 + 21N;)

Sp —

(48)

S =1Ve

S3 —

A.1.9 Running of a; = g/4n

At leading order, upon solving the beta function, the running of «y reads (g; = g(M,)):

Mh) 1 (1 1)
n({f—)|]=—|—=-——=1. 49
<M0 2b0 \ 97 4 (49)

Which, upon introducing the one-loop MS QCD scale,
_ 1
A% = Mye 2%09*, (50)
one can express the coupling solely in function of this parameter and the renormalization scale
M, he
9 1
9h = 5 (51)

2by In Mn
0 Aif%

At leading order, we use ALY = 176 MeV which corresponds to a (M = 1.5GeV) = g/4r =
0.326. At next-to-leading order:

b
ANLO — /@000 (b g2 /(1 + by g3 /b))~ T (52)
We used A%O = 320 MeV. And finally, at NNLO:
L b _ g ((b2_ b1 b1 _biby
ANEEO — Mye™ 07 (bog) 2% e 0 (( b%)+<2b18 }%z)g). (53)
1 ANNLO _
With Af5 ™ = 334 MeV.
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B.2 Hard Thermal Loop framework

We detail the HTL formalism introduced first in chapter 5. Note that the two following sub-
sections B.2.1 and B.2.2 has different conventions that should not be mixed. Each sections
are self-consistent. The first one, following [4], is used in our work on the determination and
resummation of the LL. and NLL series seen in chapter 5, while the second is important for the
evaluation of the HTL two loop diagram discussed in chapter 6 and follows the notation of [5].
We only detail the convention we used for our work on the LL and NLL series in section B.2.1.

B.2.1 One-loop T'=0 HTL pressure calculation

The one-loop HTL graph of Fig.(5.5) gives for the free energy :

R = =5 [ (@ = DA + AL (). (54)

where K* = (K°, /;) is an Euclidean vector in d 4 1 dimensions. The propagator Az ; depends

on the gluon self-energy:
1

S K24y,

The scalar functions II7 and II;, being the transverse and longitudinal components of the one-
loop HTL self-energy tensor :

Ap(K) (55)

" (K) = T (K)p(K) + L (K)HL (K), (56)
where the T, L projection operators are :

T(K) = 66 (57— 1037

. L . (57)
L"(K) =" - K'KY — TH(K).
The HTL gluon self-energy is :
v _ 2 0 c0 ZKO v

Where V# = (—i,v) is a light-like vector, with v a d-dimensional unit vector. The integration
measure in d dimensions is defined as

/f @ /Owdevsmd—%ev) = @ /_ldzv(l — 2%, hd) = %
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B.2. HARD THERMAL LOOP FRAMEWORK

where z, = k - v. Taking the trace and 00 components of Eqn., and Eqn. with appro-
priate d-dimensional measures, leads to

I"(K) = m? /500 =m3,

00 02 1Ky
) = m, 1+/¢—¢K0+|12\z7j] (60)

[ 1 d k2
2 .
_mg 1_2F1<§717§7_Kg>]7

where ,F' is the Hypergeometric function, and where the final equality assumes \R[ /Ko € R
and Re(d) > 1. Following notations of [4], we define

0 1
Na(x) = £2F1 (5, 1,2;3:)

= (61)
0 1
K/a<x>5%2Fl 571,2;1’

zZ=a

which gives a compact expression for the e expansion for the II1° integral:

n%(K) =m? (62)

| 1 155
1+ 'LKOE(K) + n3/2 <—Fg> g — 5/{3/2 <_Fg> 52 —+ O(E)

with the notation

1 Ko + |k
LK) = — 1 [ Bot k) (63)
2|K| iKo — [K|

The scalar functions I and 11y, expanded up to O(g?), can be expressed as
I;(K) =Tl0(K)+e ;1 (K)+ & Ta(K)+0(*), Ie {T,L} (64)

where the coefficients above are given by

k|? (65)
, K? k|?
Hpo(K) =~ E2|—k|2 2|~ g2 |
0
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For computation, it turns out to be convenient to express these expressions in terms of the
polar angle ¢x = ||k||/K°.

m

r(dx) = 79 cot(¢k) [arctan[tan(¢x)]esc? () — cot(dx)] + O(e),

I (¢ ) = m? csc®(¢p) [1 — arctan[tan(¢x)]cot(dx )] + O(e).

(66)

Note that arctan[tan(¢ )] = ¢ — 7-0(Ppx — 7/2) where 6 denotes the Heaviside step function.

B.2.2 HTL two loop diagram

Fermion diagram at zero temperature and finite chemical potential.

Following Andersen et al. [5], the fermion diagram in figh.4b| reads in the mass expansion m,
(after using simplifications notably through Ward identities) :

,P(hh)__dAmeQ 2$ d+1 1 B 4d 7 B 24 P-Q .
3q9 9 g troyld — 1P2QY2  d—1P2QYrt d— 1 P2Qrt R
daNy 22$ 3—d 1 " 2d P-Q d—+2 1
— —m J—
2 " L [ d— 1 PR T d— 1 PPt d— 1 PP (67)
4d q* 4 q* 0 4
- @ :
taoipgEs a—1pgnere | FOWT™)

where we only selected the g2 mz term relevant for the discussion. The factor Zp reads:

w(e) [~ oo 1P w(e) iPy 5. 1'(2 — 2¢)
%:77/¥M“”>¢%_m: 2<merv wE) =2 =y (68

Every integrals appearing here were evaluated in [5] at finite temperature and zero chemical
potential, then, in the limit 7' > p using an expansion in p/7 in [6]. Here, however, we need
these integrals in the strict T — 0 and p # 0 limit. This means reevaluating the master integrals
for strictly zero temperature and finite chemical potential. The major difference with the non-
zero temperature evaluation lies in the fact that the previous change of variable (p, q) — (s, 5)

1
(see below), leads now to a non-trivial new integration boundary on the variable s : fOH\/TB.
At non zero temperature, the boundary is co. The dependence on the s variable factorize
trivially in calculations and thus we are left with basically the same master integrals but with
an additional term (5 +\/1@>a that we treat using Mellin-Barnes (MB) transformations. More
information on MB and the vocabulary that we will use can be found in appendix C. U

(67

the two identities (Z£) = (%) — <1€z_2g>’ ny = (L) - <%>, where R? = r2 + ¢*r?, Eqn.

7,4
simplifies to:

(hh) _ dalNy 5 4
7D3qg - 9 mgg i{PQ}

d+1 1 d+1 c? N 4d q*c?
d_1PQa2  d-1\Pg?R2/), T a—1\PQ*2R?/,

2d P-Qc
T <P2Q2r2R2> (69)

3-d 1 d+2 1 4 e

TIIPQP R T d_1PQ?  d— 1 PAQP R
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In MS it reads for the final result:

4e
hwy _ daNympg*u® (M 1 0
Pl =~ (5 (20 (70)

obtained from Eqn.(69)) with:

1 pr M\ /1
I = = — -4+6 71
! %PQ}P2Q2R2 64 (QM) <5+ ) (71)
I i ! P (ML o (72)
= = — — - —21In
? Py P?Q%r? 3274 \ 2 €

q2 N2 M de 1 )
I3 = = — — (15 —=121In2 4 — —481In2
3 i{pQ}PQQgrzRQ " (QH) (6( 5 n2)+84—m Sln > (73)

c? ur (M e 52
I, = —— ) = — | — - (-14+1In2)— — +4In2 4
' i{1%2}<PQQQRZ>C 327 <2/~6> <6< A T > (4

02(]2 M2 M 4e 1
Is = a3 ) =il ) (= (-1+4In2)+ O 75
() () (Cenan)
AP-Q 112 M\% /1
Is = = =) (=+10-2m2). 76
6 i{PQ}<P2QQRET2>C 1287 (2u> <8 i ! ) (76)

Following [5], it is straightforward to derive I, I and I, as long as we incorporates the mod-
ifications in the boundary integration on “s” after the change of variable from (p,q) to (s, ).
For the three other integrals, some 2-cut parts need to be reevaluated as explained previously.
We call O-cut, 1-cut and 2-cut integrals, the integrals with 0,1 or 2 factor of n, respectively.
The sum can be carried, using the formula (B.39) of [5], for example:

n n r?c? —p? — ¢?
+/ r(P)nr(a) .Ii q
pq P4 A(p+1i0t,q,rc)
(77)
Where integral over 4-momentum | Qare carried at T = p = 0. More precisely, at zero temper-
ature, the integrals decomposition reads:

i 1 :_/np(p)2Re 1
o PRy b e

Po=—ip+0+

_ b 9(u—p)9(u—q)) 2pq
[1 B i{PQ}PzCQQR2 /pq( 4pq A(p, q, 7“) (78)
_ 1 f0e—p) [ 1 O(p—p)bp—q) 1
= i{PQ}PZQ%Q B 2/p 2p /62Q27"2 i /pq 4pq r? (79)

I Zi Q_2:_/9(u—p)/ L (¢, P
3 {PQ}PZQQTQRQ o 2D QQQRZ P2 g

+/ O —p)O(p—q) p*r* — p* — ¢
_2 )
b dpq r?2 A(p,q,r)

P():—ip+0+ (80)
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’ 0 —p) 1 /e
i) [ (2
Y e\ PPQPR2/, p 2P Q@* \R2/,

Po=—ip+0+ (81)
+/ O(p—p)0(n—a) <C2(7“2c2 —p? - q2)>
(§]
b dpq A(p,q,7c)

]5:$ < ¢ > :_/Q(M—p) Re/ (p* +¢*)
{poy\ P2Q*R2r? [ b 2D oQ?r?(R§ + 1%c?) P07_1p+0+

‘2
+/ 0 —p)o(p — q)q2<Re 2 f (1)> '
b dpq r A(p+1i0t,q,rc) /,
(82)
Where A(p, q,7) = p* + ¢* + 1t — 2(p*¢* + ¢*r® + p*r?) = —4p?¢*(1 — 2?) and z is the angle
between p and ¢. For I, we proceed first with some algebra simplifications:

_ 2P-Q _ c? 2
Is _i{PQ}< P2Q2R27“2 > - iPQ}< 2P2Q2R2 > + i{PQ}< 2P2()212 >c
B i{PQ}< 2P?Q*R? > i@}i}zx Q*R2r? > 7

where IR, means bosonic Matsubara frequencies shifted by —2ip. This term is straightforward
to evaluate, it leads to modified Bose-Einstein distribution whose limit when 7" — 0, 4 # 0 is
non-zero, but the result is a pure imaginary contribution. The first term in is /2 while
the second is (c?).I5/2. Finally, the last term decompose into:

P°=ip>c (84)

(83)

i c* __2/9(u—p) Re/ c!
Py P?Q*R? p 2P QQ*(RG + c*r?)

e e A

All one-cut integrals and two-cut integrals are given below giving back —.

One-cut formula

11 1
- M%p=222 (= +4—2In2 85
| (ra-2m) (85)
1 2222 1 1-2n2 T
/Q2R2T2 o (47T)2,U, (—1) <§+T+10 2In2+ 21In*2 5 (86)
1 Lo 99 (1
— e (2 _-92-9In2 87
| e = (: ) (87)
Re/1 N L L e 20-M2) | 4o 2+122)—7T2 (88)
o@\R2/. " (mp " P e peT 2
1 /2 1 1N\ /1 4 2
R - — 2e —2—2¢ = - - _1 2 89
[ ) = v (1) (Fraime) L

2 2
@ /e 1, ., (13-16Im2 29 19 8 ,. 4,
R i G- e i W ST D B 90
¢ QQ%«?<R§>C (am2! P ( T R T S i (90)
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1/ 1 5—6In2 52 2
Re | — (=) = 2 ([ = 42 92In2+4+4In?2 - — 91
G/QQ2<Rz>c ol ( 3z g omerhm 2) &)

Two-cut integrals

The two-cut integrals appearing in [, I, are straightforward to evaluate and with it gives
back and . The 2-cut integrals appearing in I, can be analytically integrated over x
and ¢ giving:

Liae :/ 01— p)0(p — q) Re <c2(027~2 o q2)>

dpq A(p,q,rc) (92)
(i) (5) [ o (w528 (7))
with v = < +q)2 The remaining integrals gives (— —41In2), so we end up with:
uz
Lo = ~regnd (7> —24In2). (93)

However, I3 9. and I5 5. possesses at least one degree of divergence in € thus cannot be integrated
numerically. We will proceed with the evaluation of I3, being the easiest one, and give
instructions for the evaluation of I5 5. (the latter being the most complicated one). Using,

¢Crr-pr-¢)\ 1 /¢ (04)
r2  A(p,q,r) N 2\t L
we have

h = [P (1) <q—i>x

() G e o[-

—Z

where we proceeded to the change of variable (p,q) — (s, 3) with s = 1%, B="24y=

This change of variable leads to a non-trivial upper-bound of integration at zero temperature
One must make the difference between the two regions of integration p < q and p > g where
(p=s54,qg=s_)and (p = s_,¢ = s4), s+ = s(1£+/1—7). In Eqn.(9 , it leads to the
suppression of a term (1 —+/1 — ) and an overall factor of two. Now, one can proceed to the
trivial “s” integral. The “s” integration leads to a factor of (14 /1 — 3)*~2 which we simplify
using Melhn Barnes transformation (see appendix C). From now on, “s” will designate the MB

variable:
(1 +4/1— ) . 2%4) /CdsF(—s)F(Q —de +5)(1 — B)*/2. (96)
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Once implemented into , the 3 integral can be recognized as an Hypergeometric function
Fy:
o1

Q4 \° 2t w(e) [ (1 =22 T(=s)I'(5 + 9T (2 + s — 4e)
T30 = dz [ds
: 2mn)i) 128e2—4¢) 2 )., 1282(—1+ 2

-2 2,2-2

TE+5-2)% "\5+5—2

(3 — 2¢) 2,32
) A

(T2

Using the change of variable z = 1 — 2t, t = y, we recognize, via (123)), the integral over ¢ as a
4F'5 at unity. Using (127]), both Hypergeometric can be simplified to ,F'; and then one can use
Gauss’s summation theorem ([125)) to further simplify to gamma functions:

I3,2c = -

Qp \*p2 % 1 /d825+s (1+8)2 =42+ s)e +4e) T(—s)I ()T (1 + 5 — 2¢)
(2m)d e TE-2) Je (—14+s—2e)(1+s—2¢)(3+s—2¢)
(98)
We choose to close the contour on the right enclosing the poles of I'(—s), a rising gamma, and
m which comes from a lowering gamma. Thus, using residue theorem, we have to sum

over all poles of I'(—s) and subtract the spurious pole in s = 1 4 2¢ which pinches the contour
in the ¢ — 0 limit (see figC.4)). Evaluating first the pole in s = 0,1, 1 + 2¢ we find:

Y 1 +2—24ln2
©19274e 57674
eq. 1 +—5+81n2+—17+27T2+401n2—321n22 (99)
2567ie2 512mie 102472
s 142 — 1 +—3+4ln2+—96+57r2+721n2—481n22.
25674e2 2567ie 153674
Now, we can expand in series of e:
. 1+s
Lizc = esc(ms) (647r3(—(3 n 23) T s2)e
N (=14 s(13+4s)(—1+ s+ s*) — (=1 +s)(1+5)*(3+ s)H(g))) (100)
3213 (=14 $)%(1 + 5)(3 + 5)?

—45(24s)(—2+s(2+s))In(2) + 12In2
32m3 (=14 5)%2(1 +5)(3 + 5)?

+ csc(ms)

The pole in this expression now only comes from csc(ms) whose residue are: csc(ws) = (_7:)5.
Evaluating the sum from 2 to infinity can be done using mathematica. The sum over harmonic

numbers is in general not recognized but using its integral representation:

1—=x

H(z) = /Oldx L= (101)

it can be easily evaluated. Note that the same trick can be used for digamma functions which
also appear recurrently:

P(0,2) =H(z—1) — 7E. (102)
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The results for the sum from 2 to infinity then reads:

> 42 — 1441n2 —23 —552In2+ 5761n%2
Res(I30.) = . 103
; es(fs.2c) 0216mie T 921674 (103)

Grouping up the results, and reintroducing the factor p, M S and 2% :

MN\*/ -1 34+4In2 72 —3(5+4In2)
I3oe = p* | =— — : 104
32 = H (zu) (1287r452 o56mie 19277 (104)

Adding ((104)), and we find where the divergence proportional to e~ cancel out
which is a non-trivial crosscheck. We found the integral Is . to have no divergence at all, so

the evaluation can be carried out numerically.

Tome = / On =)0 =) o <c4(7"202 —p’ - q2)> (105)

4pq A(p,gq,rc)

However, using MB method, we manage to find an analytic expression in perfect agreement.
The first step is to simplify the quotient:

PRt — gt 12 1
A(p+i0t,q,rc) 2 — (p+1i0t £ q)2 — r2c?’

(106)

then to integrate over c :

ct 3 1 r

<(p+i0+ +q)? —7"202>c - (3—20)(5—2¢) (p+i0T £¢)? ? 1(% -

(107)

In the case (p 4+ ¢ +i07), the 07 is not needed, but it is required for the case (p — ¢). Then

we proceed to the change of variable (s, 3) which send the argument of the Hypergeometric

to 1 — y B. Using then we can reproduce the same steps as for I39.. Unfortunately, all

the Hypergeometric functions do not disappear this time and we are left with remaining ;.

However, using we can recast these Hypergeometric in a much more convenient form. For
example:

2 1, 1—¢
3F2 3—s 1

1+€, -5

) (3 —0(-2— £+ 2¢) ( 2 €, 2
T 5
SO 52
2

146 3 —£+42¢

1). (108)

The ratio test for these Hypergeometric reads respectively: Sy =4 —4 — s and Spo) = 2 + s,
thus, we factorized a part of the divergence (in the variable s) in the gamma function that mul-
tiplies the Hypergeometric, but the remaining 55 still has a divergence. The trick is that this
new Hypergeometric possesses two arguments of order O(¢g), then the associated pochhammer
contributes as I'(e)7'T'(2¢)™!. Except for the case k = 0 in the series representation of the
hypergeometric. Then, only the term & = 0 (which is equal to one) contributes to the order
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O(£%). So we can rewrite the Hypergeometric as:

21, 1—¢
3F2 3—s 1

I4e 5

x (14 0(e%)). (109)

As the global coefficient of this Hypergeometric is not of order O(¢72) the first order in ¢ is
enough for our current order of interest in . This trick will also be used for 5. as explained
below. Equipped with these transformations, it is pretty much similar to I35, and so we end
up with the results (separating the case (p + ¢) from (p — ¢) using the upper index +):

6 — 72+ 4In?2
[(;t2c ::u2< )

38474
—4 + 72
Iy, =i | ———— 110
620 ~H ( 76871 ) (110)
8—7m2+8In2
_ - _,,2
lo2c = IEth + Iﬁ,Qc =H < 76874 >

Attempting to solve I5 5. now, require first to simplify the quotient

Lo [ = pbu—a) @ [0 —p )

so0 = L Re , (111)
pa dpq r A(p,q,7c) )

first by rewriting ¢*> = m = 5 — B where we dropped the ¢* — p? integral as it is

purely imaginary. Then we use the identities

LI Gttt A S U C R S o “ b
r? A(p,q,rc) ¢,z p2_q2 ‘ 2 + (p:l:Q)2 (p:l:Q)2_T202 ¢,

A(r*c —p* = ¢°) c? 1 (112)
< A(p,q,Tc) >c,a: :_Eg(p—f—ig:ﬁq)?—y«?@’
to get, using (c?) = 3—125:
Qd 2 rn K 1 CQ 1
Iso. = | —— d do—— 1-2¢( ¢
> <(2W>d) /0 p/o el ( 4 g (p+ic £ q)* — r2¢?

P’ +q° 1 <p~q>
(p—q+ie)23 =2\ r2 /4

1 1 Ap-q
+5§ (p +ie £ q)? <(piQ)2—7"202>c,m)'
(113)

In this equation, the second term (/§%.) and the case (p — ¢) of the last term (15426_) are

divergent whereas all others (I, gzj,fgzgt) are finite and can be evaluated numerically or using
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C.3. MELLIN-BARNES TRANSFORMATION, CONTOUR INTEGRATION AND
HYPERGEOMETRIC FUNCTIONS

MB transformation. They read:

121n2 — 72
L5t =40 (—n E )

7684
2
2 _ %

]C ) — 1]_4:
5.2¢ T 153672 (114)
by o (T —6(—5+2In2+8In2)

l3ze =1 46037 '

The integral I§%, can be readily evaluated following the same steps as for I ,. using first:

p-q> 1 1—¢,1 2—¢,1
=8|, F 1) —,F 1) |. 115
<7“2 .80 |2 1(3—25 221\ 83— 2¢ (115)

We find after all integration:

M 1 11 4222172
i ) (116)

4e
e — 2 =
22 = K <2u> (38477452 T is2rie T 69120

The very last contribution, I 50?2}_7 remains uncertain at the moment. While we obtained with
certainty the order O(¢72) and O(e7!), the finite coefficient gives unnatural number that has
not been fully crosschecked yet. At the moment, we have:

4de
. M 1 17— 61n2
T ). 11
s2e = H (2u) (3847r4s2 T Timpns T OC )) (117)
Finall
o M\™ (1 —1n2
I5,26 = :u2 (ﬂ) < 1927t4¢ + 0(80)) : (118)

Notice again, the non-trivial check that O(e~?2) disappears.

C.3 Mellin-Barnes transformation, contour integration
and Hypergeometric functions

Mellin-Barnes transformation is a generalization of the binomial theorem, it allows to sepa-
rate terms of the forms (z + )" into y*x”~* much more easier to handle with dimensional
regularization. Concretely,

(x+y) = ﬁ% /Cds x_y—:ﬂr(—s)r(—u +s). (119)

See for example [7] for a complete overview of the Mellin transform and generalized Hyperge-
ometric functions. We will call lowering gammas, the gamma functions with pole going from
zero to minus infinity in the left complex plane, such as I'(s), in opposition to rising gammas,
such as I'(—s), whose poles go from zero to infinity in the right complex plane. The contour
of integration C has to be chosen such that it separates the poles of rising and lowering gam-
mas, see [C.4] The coefficient of the all-order expansion is encoded in the pole of the gamma
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* * * * * * *
H

e I'(s+7),vy€R,Re(y) >0
- * I'(—=s+a), a € C, Re(a) > 0
- T(-5)
C T I'(s—p), 8 €C,Re(B) >0

Figure C.4: General contour of integration for a Mellin-Barnes transformation

functions that we need to carefully integrate. To choose on which side one should close the
contour entirely depends on the convergence properties of the integrand. In the trivial example
in Eqn., if x <y, one has to close the contour on the left, while for = > y it needs to closed
on the right. However, as the MB integral will be the last one to be carried out, the integrand
will become far more complicated and we will have to study the convergence properties of the
Hypergeometric and gamma functions that will appear. More information on Hypergeometric
functions can be found below. On the example drown above, it was asserted that all poles
from the different gamma functions could be well separated at all time so that the definition of
the contour is unambiguous. But it could happen that the first pole of a rising and a lowering
gamma are only separated by e, the dimensional regularization parameter. Concretely, the
situation drown on fig. for the two series of gammas I'(—s) and I'(s — 3) with § — 1+ 2e.
As long as € # 0, the contour, even though being wiggly, can be defined, but it is no longer the
case in the limit ¢ — 0. In this case, the pole of the lowering gamma is pinching the contour
on the first two poles of the rising gamma. The commutativity of the Mellin-Barnes integral
and the limit is lost. One must then identify these spurious poles, that cross the contour, and
integrate them before the limit is taken or before the expansion in €. Finally, upon choosing
the side of the complex plane in which one will close the contour, one has to subtract the
contribution of these spurious poles. In this example, if we close the contour to the right, it
would means taking the residue of the first two poles of I'(—1 + s + 2¢) and subtracting them
to the contribution of the poles of I'(—s).

C.3.1 Hypergeometric Functions

The generalized Hypergeometric function ,F, (z) is an analytic function of one variable with
p + g parameter. Its most common representation is the generalized Hypergeometric series

(041, Q2 ...y Oy
L Bl?"'?ﬁq

&
&
I
~

e (), (a2),, - (o), 2"
) B0 DT T ARt (120)




C.3. MELLIN-BARNES TRANSFORMATION, CONTOUR INTEGRATION AND
HYPERGEOMETRIC FUNCTIONS

where (a), is the Pochhammer’s symbol:

I‘(a—kb).

(a)b = F(b)

(121)

Obviously, if an upward parameter is equal to a downard parameter, they cancel out. The series
is defined on the disk |z| < 1 and by analytic continuation elsewhere. On the circle |z| = 1, it
converges if p < ¢, diverges for p > ¢q + 2, and the convergence for p = ¢ + 1 is dictated by the

ratio test ] ,
S=Y 8-> a. (122)
i=1 i=1

The series converges only for Re(S) > 0. Hypergeometric functions of order (p, ¢) can be related
to an higher order (p + 1, ¢ + 1) one by integration:

1
z) = dtt”ll—t“_lF(al"”’ap
) /O ( ) P Bl?"'?ﬁq

Hypergeometric at 2z = x can be related to other Hypergeometric at z =1 — a:

=

(B (o1 + g — Bi) Bi—a1—as f1— a1, i —ay
I(ag)Tay) (1-2) 4 (1 + 01— a1 —

F Qy, g, ..., Qp, V
p+1+ g+1
617 ceey 6[17 ILL+V

tz). (123)
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(124)
The particular Hypergeometric function , F) (z), the Gauss series, can be cast in analytical
functions for some specific values of the parameter and/or the argument. The one of interest
for us is Gauss’s summation theorem

(%) Ry 12

which is used extensively in our calculations. Such relation also exist for Hypergeometric 5 F,
at unity but it involves Clebsch-Gordan coefficients which are unpractical for summation. We
are not aware of such relations for higher order Hypergeometric functions. The MB framework
requires to perform summation of Hypergeometric function of the form:

0 (Hz F(al + S))qu (bll,ll..’.jli;,:;l::is 1)
Z ILT(Bi + ) ’

s=0

(126)

which, to the best of our knowledge, is impossible to perform. Thus motivating the introduction
of the following transformation formula on Hypergeometric to cast them into a summable form.
The first one relates Hypergeometric (p, ¢) at unity to a (p—1, ¢g—1), also at unity, for contiguous
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parameters:
ar, .o, Qpq, 1 ag, oo @ ) (al,...,ozf_l,af,...,ozj )
F 1)=__F, 1
b q( Bl?"'vﬁk—la c, Bk?"wﬁl p=17 -t ﬂla"‘aﬁk—l; Bk?"'vﬁn
J
[
L = (a1+1,...,af_1+1, ar+1, ..., a;+1 1)'
—ad 51+]—7"'76k—1+17 /8k+177/8n+1

n P
c H Bp
p=1
(127)

The two following relations allow one to transform (3, 2) Hypergeometric function into another
(3,2) with different parameters:

Ia (041, G2, O3 1) . F(52>F(5) F (ala p1— g, f1— a3 1)
3+ 2 - 342
B, B2 (B — )L (B1 + B2 — a2 — a3) Bi, Bi+ B2 — g — az
Ja (061, Qg, O3 1) _ L(8)L(B)I(S) v )
T2 B B L(a)(Br + Ba — ay — )L (B1 + P2 — a1 — a3)
><3F2( Bi—ai, fo—au, S 1)
Bi+ P2 —a1—az, fi+ F2— a1 —as
(128)
where S is the test ratio variable defined in Eq.(122)). These transformations are allowed only
for Re(S) > 0, otherwise the Hypergeometric may not be well-defined. For Re(S) = —1

or Re(S) = 0, it is possible to extract the singularity to define the Hypergeometric. In the
calculation pursued in appendix B.2.2, contour integration over these kind of Hypergeometric
functions appeared. The Mellin-Barnes variable appears into the parameters «;, 8; and thus
the ratio test variable & depends on s. In this manner, it allows one to factorise the divergence
of the Hypergeometric into poles of gamma functions such as I'(S) that can be easily integrated.

D.4 Thermal integral appearing in \¢* model

m 32 [ n(E,) (P, n(kE,) [P
Ky(— :——/ dpp—p/dqq—q/ dk k fo B, k 129
Q(T) T4 0 Ep 0 Eq g U:ZEJrl 2( ) ( )
m, 96 [ n(E,) (P, n(E,) (1, n(E,)
Koy =2 [ app M2 [y —q/d M)
X Z {f3(Ea‘rap+q+r) - f3<EaTyp+q_T) - f3(Eo‘r7p_q+r) +f3(EU7'Jp_q_T)}7
o,r=—1,+1
(130)
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where
1 1 1
E2_M2 2 E2_k2§ E2_M2§
Sl B, ) = ) )+ I
E? — |2 (B2 — k2)2 — (B2 — M2)?
M2 — E2 3 B2 _ 2 3
=92 (h) arctan (M2 E2> , E? —4m® < k* < F?
1 1
— Mlg_EQ 211,1 (Mk'Q_EQ) (k2_E2)2 E2<k2
k? — E2 (Mlg _EQ)% — (k2 _E2>% ’
m* — E? + p? 2 241 p 2 2
fg(E,p):plnT—i—Z(m —F )2arctanm ,E <m
1
_pln‘E2_m2_p2’+(E2—m2)éln (B2 —m?): +p E? >m?
m? (B> —m?)2 —p|
and
M} = 4m? + k?
Es(p,q) = VPP +m?+ oy +m?

EaTP:Q; \/p +m2+0'\/q +m2+T ,’a2+m2

In the limit x = m/T — 0 these can be expressed analytically as:

Ko(x) ~ (477;)4 (1 o2 5+ g((_ll;) —372.652 (Inx + 1.4658) ,

(LU) ~ (471')4 C,( ) CI(_?))
T4 15 ((-1)  ¢(-3)
In the numerics we rather use the exact expressions Eqs.(129)), (130]).

> +1600.0 2 (Inz + 1.3045) .
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