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Abstract

In this thesis, we address two topics related to the physics of dense baryonic mat-
ter in the V-QCD holographic model for QCD. In a first part, the single V-QCD
baryon solution is analyzed. An important part of this analysis is the construction
of the five-dimensional Tachyon-Chern-Simons action. The most general form of the
Tachyon-Chern-Simons 5-form, compatible with symmetries and flavor anomalies,
is determined. It is the sum of a non-trivial gauge-invariant 5-dimensional form
and a non-invariant closed 5-form that reproduces the flavor anomalies. The single
baryon solution is then considered, and identified as a bulk axial instanton. The
baryon ansatz and the field equations are derived and the boundary conditions are
determined, which ensure that the solution has finite boundary energy and unit
baryon charge. The boundary baryon number, which is computed from the univer-
sal (closed) part of the Tachyon-Chern-Simons action, is shown to coincide with the
bulk axial instanton number. Finally, we present a numerical computation for the
baryon solution. The spectrum of spin and isospin modes is also computed by quan-
tizing the light fluctuations around the baryon. It is shown that there is a partial
restoration of chiral symmetry at the baryon center. In a second part, we initiate the
study of neutrino transport in holography, with the eventual project of extending the
analysis to V-QCD. As a first step, a (toy) model for cold and luke-warm strongly-
coupled nuclear matter at finite baryon density is used to study neutrino transport.
The complete charged current two-point correlators are computed in the strongly-
coupled medium and their impact on neutrino transport is analyzed. The full result
is compared with various approximations for the current correlators and the distri-
butions, including the degenerate approximation, the hydrodynamic approximation
as well as the diffusive approximation and we comment on their successes. Further
improvements are discussed.

Keywords— Holography, dense matter, QCD, flavor anomalies, instantons, baryons,
neutrino transport



Résumé court

Dans cette these, nous abordons deux sujets liés a la physique de la matiere baryonique
dense dans le modele de QCD holographique V-QCD. Dans une premiere partie, la solution
de baryon unique est analysée dans le modele V-QCD. Une partie importante de cette
analyse est la construction de 'action de Chern-Simons tachyonique en cinq dimensions.
La forme la plus générale de la 5-forme de Chern-Simons tachyonique, compatible avec
les symétries et les anomalies de saveur, est déterminée. C’est la somme d’une forme a
5 dimensions invariante de jauge non triviale et d’une forme a 5 dimensions fermée non
invariante, qui reproduit les anomalies de saveur. La solution de baryon unique est ensuite
considérée et identifiée comme un instanton axial dans le bulk. L’ansatz pour le baryon et
les équations du mouvement sont établies et les conditions aux limites sont déterminées,
ce qui garantit que la solution a une énergie de bord finie et un nombre baryonique égal a
1. Le nombre baryonique du bord, qui est calculé a partir de la partie universelle (fermée)
de 'action de Chern-Simons tachyonique, coincide avec le nombre instantonique axial du
bulk. Enfin, nous présentons un calcul numérique pour la solution baryonique. Le spectre
des modes de spin et isospin est également calculé en quantifiant les fluctuations de basse
énergie autour du baryon. Nous mettons en évidence une restauration partielle de la
symeétrie chirale au centre du baryon. Dans une deuxieme partie, nous initions I’étude du
transport des neutrinos en holographie, avec le projet a termes d’étendre ’analyse a la
V-QCD. Dans un premier temps, un modele(-jouet) pour la matiére nucléaire fortement
couplée, froide ou tiede, a densité baryonique finie, est utilisé pour étudier le transport des
neutrinos. Les corrélateurs a deux points complets du courant chargé sont calculés dans le
milieu fortement couplé et leur impact sur le transport des neutrinos est analysé. Le résultat
est comparé a diverses approximations pour les corrélateurs des courants et les distributions
statistiques, y compris 'approximation dégénérée, I’approximation hydrodynamique ainsi
que 'approximation diffusive et nous commentons leurs succes. Des pistes d’amélioration
sont discutées.
Mots-clés— Holographie, matiere dense, QCD, anomalies de saveur, instantons, baryons,

transport de neutrinos



Résumé de la these

La matiere qui compose le monde phénoménologique peut exister dans diverses phases, qui
sont caractérisées par des propriétés physiques différentes. Lorsque que les conditions de
pression ou de température sont modifiées, la matiére peut étre amenée a changer de phase,
dans un processus que ’on appelle une transition de phase. L’exemple le plus célebre de
transition de phase est bien sur I’ébullition de ’eau, par laquelle ’eau passe de I’état liquide
a l'état gaseux.

La transition liquide-gaz de l'eau est une conséquence de la brisure des liaisons hy-
drogene entre les molécules d’eau, du fait de l'injection d’énergie thermique. De maniére
plus générale, les transitions de phase se produisent typiquement lorsque la température,
ou la pression, est de I'ordre de 1’échelle des interactions qui contrdlent la dynamique mi-
croscopique du systeme. L’interaction la plus forte que nous connaissions est [’interaction
forte, qui lie entre eux les nucléons dans les noyaux atomiques, et les quarks et gluons
élémentaires au sein des nucléons. L’échelle de I'interaction forte est de ’ordre de 100 MeV,
ce qui correspond a des températures extrémes d’environ 102 K, et des densités massiques
de I'ordre de la densité de saturation nucléaire pg ~ 2.5 x 1017 kg.m 3. A titre de compara-
ison, cela correspond & des températures cent mille fois plus élevées qu’au coeur du soleil,
et des densités 10'? fois plus grandes.

A ce jour, notre connaissance des phases que prend la matiere dans des conditions si
extrémes de température et de densité reste incomplete, aussi bien du point de vue théorique
qu’expérimental. Ce probleme est intrinsequement 1ié a ’objectif plus général de déterminer
les propriétés de l'interaction forte, décrite par la théorie de la chromodynamique quantique
(QCD). Par ailleurs, cette question est plus qu'une simple curiosité théorique. En effet, on
sait qu’il existe des systemes macroscopiques observables ou ces conditions sont réalisées.
D’une part, de telles températures ont di exister a un moment dans I’histoire de I'univers
primordial. D’autre part, ces immenses densitées sont a priori atteintes au coeur des étoiles
a neutron.

Malgré la simplicité conceptuelle de la QCD, le caractere fortement couplé de la théorie
a des énergies bien en-dessous d’une centaine de MeV rendent les prédictions théoriques
difficiles dans ce régime. Il existe cependant des méthodes rigoureuses qui fournissent une
description précise de la matiére de QCD dans certaines régions de son diagramme de
phase. Pour des énergies bien au-dessus de 100 MeV, la matiere de QCD est bien comprise
dans le cadre de la QCD perturbative, tandis que sa description & basse énergie (bien en
dessous de 100 MeV) est controlée par la théorie effective chirale. En plus de ces deux
approches, 'avancée la plus récente dans notre compréhension du diagramme de phase de
la QCD est venue de la méthode numérique de la QCD sur réseau, qui est adaptée pour
décrire le régime de basse densité.

La région qu’aucune des méthodes susmentionnées n’est capable de décrire correspond
au régime de la QCD dense et froide, a des densités entre environ 2 et 40 fois la densité
nucléaire pg, et grande devant 1’échelle de la température. Cette région du diagramme de



phase est d’autant plus intéressante qu’elle correspond au régime atteint dans les étoiles a
neutron. Les observations d’étoiles a neutron offrent donc une opportunité sans précédent
d’obtenir des données expérimentales sur les propriétés de la matiére dense, et ont déja
commencé a contraindre ces propriétés.

Bien que les données issues des étoiles a neutron soient amenées a jouer un role majeur
pour améliorer notre compréhension de la matiere dense, il est d’égale importance de
développer des outils théoriques pour décrire la physique dans ce régime. Du fait du
couplage fort, une méthode non-perturbative est nécessaire. Dans ce travail, I’approche
que nous avons suivie est celle de la correspondance holographique.

La correspondance holographique fournit un outil pour étudier les problemes de cou-
plage fort en théorie quantique des champs. Les principes fondamentaux de la correspon-
dance et de son application a la QCD sont résumés brievement dans le chapitre 2 de
cette these. La méthode holographique associe & une certaine théorie quantique en qua-
tre dimensions, une théorie duale semi-classique en cinq dimensions, qui inclut le champ
gravitationnel. La dimension supplémentaire du dual gravitationnel est interprétée comme
I’échelle d’énergie dans la théorie quantique. Ce qui rend la méthode non-perturbative est
que le dual d’une théorie fortement couplée est faiblement courbé, de telle maniere que la
théorie gravitationnelle peut étre simplement décrite par la relativité générale. Ainsi, des
observables quantiques non-perturbatives peuvent étre déterminées en procédant a la place
a un calcul de relativité générale.

La capacité de ’holographie a adresser des problemes fortement couplés a rapidement
fait de la QCD I'un de ses objets principaux, avec pour résulat I’élaboration des premiers
modeles de QCD holographique. Bien que l'exemple originel de correspondence ait été
formulé pour une théorie supersymétrique et conforme, des méthodes ont été pensées pour
briser a la fois supersymétrie et invariance conforme. De plus, I’étude des boucles de Wilson
en holographie a permis de déterminer les conditions nécessaires a la réalisation d’une phase
confinée. Tous ces éléments entrent dans la construction du modele de Sakai et Sugimoto
(WSS), que nous présentons dans la deuxiéme section du chapitre 2.

Le modele WSS est probablement le plus abouti des modeles top-down de QCD holo-
graphique. Il contient a la fois les secteurs de couleur et de saveur, avec des spectres de
mésons et boules de glu globalement proches des donnés expérimentales ou des résulats
de la QCD sur réseau. Il inclut également des états baryoniques, dont la construction est
prsentée dans le chapitre 2. Le modele a cependant plusieurs limitations, parmi lesquelles
la trivialité du groupe de renormalisation pour la constante de couplage de Yang-Mills, et
I’absence de réaction du secteur de saveur sur la couleur. Pour dépasser ces limitations, la
meilleure stratégie a ce stade est de considérer des modeles holographiques bottom-up.

Nous présentons dans la derniére section du chapitre 2 le modele de QCD holographique
qui est considéré dans cette these: le modele de Veneziano-QCD (V-QCD). La V-QCD est le
plus sophistiqué des modeles bottom-up pour la QCD holographique. Il inclut en particulier
la réaction du secteur de saveur sur le secteur de couleur, qui est cruciale pour étudier la
matiere de QCD a grande densité baryonique. Le modele de V-QCD a déja été étudié dans



plusieurs régimes: dans le vide, a température finie et & température et densité finies, dans
le régime ou les quarks sont déconfinés. Dans tous ces régimes, plusieurs observables de
QCD (spectres de mésons et de boules de glu, thermodynamique, susceptibilités) ont été
calculées et comparées avec succes avec les données expérimentales et la QCD sur réseau.

Une composante importante qui doit toujours étre étudiée en V-QCD, est le régime ou
la matiere est composée de baryons. Puisque 'on sait que la matiere de QCD froide reste
dans la phase baryonique au moins jusqu’a des densités deux fois supérieures a la densité
nucléaire, inclure les baryons est crucial pour construire une description appropriée de la
matiere dense.

Dans ce travail, nous avons étudié deux probemes liés a la physique de la matiere
baryonique dense en V-QCD, discutés respectivement dans les chapitres 3 et 4. Dans le
chapitre 3, nous décrivons ce qui est la premiere étape pour la construction de matiere
baryonique en V-QCD, a savoir le calcul de la solution correspondant a un baryon unique.
Nous avons a la fois établi le formalisme approprié pour le baryon de V-QCD (section 5.1),
et calculé une solution numérique explicite (section 5.2). Un élément important de cette
analyse a été I’étude du terme topologique de Chern-Simons, que l'on sait étre nécessaire
pour stabiliser la taille des solutions baryoniques en holographie. Jusqu’a maintenant, ce
terme n’avait pas été étudié en détail en V-QCD, car il ne jouait aucun role dans les régimes
étudiés. Dans une approche bottom-up, ce terme a été construit ici comme la 5-forme la
plus générale compatible avec les symétries et les anomalies de saveur de la QCD. En
incluant ce terme de Chern-Simons nouvellement construit dans I’action de V-QCD, nous
avons ensuite déterminé les équations du mouvement et les conditions aux limites que la
solution de baryon doit vérifier.

Dans la section 5.2, nous présentons une solution numérique explicite a ce probleme
différentiel, qui correspond a un soliton statique pour les champs de saveur dans le dual
gravitationnel. Cette solution est calculée pour un modele spécifique dans la classe V-QCD,
qui est obtenu en fittant la thermodynamique a basse densité et le spectre de mésons dans
le vide aux données expérimentales et de la QCD sur réseau. Le baryon décrit par cette
solution solitonique est caractérisé dans la théorie du bord par un nombre skyrmionique
égal a 1, et le profil du champ de pions est proche du skyrmion du modele de Skyrme.
Néanmoins, le baryon de V-QCD est plus réaliste que le skyrmion, puisqu’il est couplé
a tous les mésons plus massifs. Par ailleurs, son influence sur le condensat chiral peut
aussi étre étudiée, ce qui montre le comportement attendu d’une restauration partielle de
la symétrie chirale au centre du baryon. Le spectre de baryons est obtenu en quantifiant
les modes d’excitations autour de la solution statique. Nous avons calculé le sous-secteur
du spectre de spin-isospin, a partir de la solution pour un soliton en rotation lente. La
comparaison avec les données expérimentales pour les masses des nucléons et de l’isobar
A montre une erreur de 'ordre de 20%, ce qui est cohérent avec les corrections d’ordre
O(1/N,) attendues dans la limite d'un grand nombre de couleurs N..

Dans le chapitre 4, nous nous intéressons au probleme de calculer les coefficients radi-
atifs des neutrinos dans la matiere des étoiles a neutron. Le transport de neutrinos joue un
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role important dans les premiers instants de la formation d’une étoile a neutron. Quand
une étoile a neutron se forme dans une supernova a effondrement de coeur, I’émission de
neutrinos énergiques depuis le cceur chaud et dense est probablement le méchanisme prin-
cipal qui mene au départ du choc de la supernova. Par ailleurs, apres le départ du choc,
la proto-étoile & neutron qui reste comme résidu se refroidit principalement par I’émission
de neutrinos.

Cependant, les coefficients radiatifs pour le transport de neutrinos dans la matiére
de QCD dense restent mal connus. Le manque de données expérimentales ne peut étre
compensée par des calculs théoriques du fait du couplage fort. De nombreuses approxi-
mations ont été considérées dans la littérature, mais leurs résultats dépendent fortement
des modeles. L’holographie a le potentiel d’apporter une contribution décisive dans ce
probleme, puisqu’elle permet d’effectuer des calculs en couplage fort.

Dans ce travail, nous avons initié ’étude du transport de neutrinos en holographie, en
considérant comme premiere étape un simple modele-jouet. Il s’agit du modele bottom-
up le plus simple pour décrire une matiere baryonique a température et densité finies.
La matiere décrite par ce modele est composée de quarks supersymétriques et déconfinés,
tandis que le groupe de renormalisation du couplage de Yang-Mills est trivial. Malgré
les différences essentielles entre ce modele et la matiere réelle dans les étoiles a neutron,
son étude permet d’établir certains comportements qualitatifs attendus des modeles holo-
graphiques en général.

En particulier, nous avons étudié un ensemble d’approximations pour les coefficients ra-
diatifs, dont la plus importante est ’approximation hydrodynamique. Cette derniere décrit
le régime o les énergies leptoniques impliquées dans le transport de neutrinos (énergie des
neutrinos, potentiels chimiques des électrons et des neutrinos) sont faibles devant ’échelle
d’énergie microscopique, donnée a haute densité par le potentiel chimique baryonique. Pour
étudier 'applicabilité de cette approximation, nous avons procédé, dans le modele holo-
graphique considéré, a une analyse des coefficients radiatifs dans ’espace des parametres en
densité baryonique et en énergie des neutrinos. Cette analyse révele que 'approximation
hydrodynamique est assez bonne & haute densité (avec une erreur de 'ordre de 20 & 50%),
alors qu’elle devient inutilisable a basse densité.

Nous concluons le chapitre 4 par une comparaison des résultats obtenus avec des calculs
précédents dans la littérature. Cette analyse révele que les opacités calculées avec le modele
holographique sont supérieures par un ordre de grandeur aux résultats obtenus par diverses
approximations dans la matiere baryonique, et beaucoup plus faibles (par deux ordres de
grandeur) que ce que prédit un calcul perturbatif dans la matiere de quarks. Cela suggere
que les effets non-perturbatifs ont tendance a réduire l'oppacité des neutrinos.

Les pistes de continuation sont multiples pour chaque sujet, et plusieurs sont men-
tionnées a la fin de chacun des chapitres 3 et 4. D’un point de vue plus large, ’objectif
général qui suit ce travail est d’obtenir une description de la matiere baryonique dense en
V-QCD. L’idée sera d’étendre la solution pour un baryon unique afin de déterminer le dual
holographique d’un état contenant une densité finie de baryons. Par ailleurs, une fois cette



construction effectuée, le projet devra converger avec ’étude du transport des neutrinos,
afin d’étudier les propriétés de transport de la matiére baryonique en V-QCD.

A termes, le programme global de cette approche utilisant le modele de V-QCD, est
d’établir un modele holographique standard pour la QCD (& grand N.). Un tel modele
sera construit par un fit commun des données de QCD dans tous les régimes ou elles sont
disponibles, et permettra de faire des prédictions solides dans le régime de matiere dense
et froide. Etant donné qu’un fit de cette ampleur est un défi d’un point de vue numérique,
les méthodes modernes d’intelligence artificielle seront probablement les mieux adaptées
pour accomplir cette tache.
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Introduction

The matter that the phenomenological world is made of can exist in various phases, that
are characterized by qualitatively different physical properties. Under varying conditions
of pressure and temperature, the phase of matter can be modified, as it undergoes a process
called a phase transition. The most famous example of a phase transition is of course the
boiling of water, by which water goes from the liquid phase to the gaseous phase.

The liquid-gas transition in water is a result of the breaking of the hydrogen bounds
between the water molecules, due to the injected thermal energy. More generally, phase
transitons typically occur when the temperature, or pressure, is of the order of the scale
of the interactions that control the microscopic dynamics of the system. The strongest
interaction that we know of is the strong interaction, that binds together the nucleons in
atomic nuclei, and the elementary quarks and gluons within the nucleons. The scale of
the strong interaction is of the order of 100 MeV, corresponding to extreme temperatures
of about 102K, and mass densities of the order of the nuclear saturation density py =~
2.5 x 1017 kg.m™3. For comparison, these correspond to temperatures a hundred thousand
times higher than in the core of the sun, and densities 10'? times larger.

The problem of understanding the phases of matter in such extreme conditions is more
than a theoretical curiosity. Indeed, macroscopic systems are known where these conditions
should be realized. On the one hand, such high temperatures must have existed at some
point in the history of the early universe. On the other hand, these enormous densities are
expected to be reached in the core of neutron stars.

Under such extreme conditions of temperature and density, the phase of matter is
controlled by the strong interaction. In our modern understanding, the strong interaction is
described by the theory of Quantum Chromodynamics (QCD) [1]. Despite the conceptual
simplicity of the theory, the strongly-coupled nature of QCD at energies below a few
hundred MeV makes it very hard to make theoretical predictions in this regime.

There are however well-controlled methods that give an accurate description of QCD
matter in some regions of its phase diagram. At energies well above 100 MeV, QCD matter
is well understood in terms of perturbative QCD [2, 3, 4], whereas its low energy description
(well below 100 MeV) is controlled by the chiral effective field theory [17, 18, 19]. In addition
to those two approaches, the most recent breakthrough in our understanding of the QCD
phase diagram came from the numerical lattice QCD method, which is appropriate to
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describe the regime of low density.

The remaining part that none of the above methods is able to capture corresponds
to the regime of dense and cold QCD, at densities between about 2 and 40 times the
nuclear density pg, and large compared with the temperature scale. Interestingly, this
region of the phase diagram is the regime that is probed by neutron star matter. Neutron
star observations therefore offer a unique opportunity to obtain experimental data on the
properties of dense QCD matter, and have already started putting constraints on these
properties [66, 68, 79, §].

Although neutron star data will play a major role in improving our understanding of
dense QCD matter, it is equally important to develop theoretical frameworks to address
the physics in this regime. Because of the strong coupling, a non-perturbative method
is necessary. In this work, we considered the non-perturbative approach given by the
holographic correspondence.

The holographic correspondence, [91, 92, 93, 87], has provided a new tool as well as a
new paradigm for strong coupling effects in Quantum Field Theory. In its application to
QCD, holography has provided very interesting and intuitive ways to address confinement,
[107, 135], the calculation of Wilson loops, [110, 109], the spectra of glueballs and mesons,
[107, 116], the origin of flavor anomalies and their relation to supergravity Chern-Simons
terms, [93], as well as the related chiral symmetry breaking, [136, 121, 124, 137, 138], along
the large-N ideas of Coleman and Witten, [14].

The strong coupling phenomena in QCD-like theories have been investigated via holog-
raphy using a variety of models. A first class contains top-down string-theoretic models
that have been developed to describe both Yang-Mills (YM), [93] as well as QCD, [121, 124].
Bottom-up models, more or less faithful to string theory dicta, have also been developed
both for YM, [144, 145, 146, 147, 149] and QCD, [143, 111, 150]. The holographic models
usually attempt to describe a specific regime of interest, for example the finite temperature
thermodynamics or the finite density dynamics. Others, like [145] and [150], attempt to
provide a complete description of the dynamics in several different regimes.

The different models have various advantages, that range from simplicity (but being
crude in the quantitative part) to complexity (but being closer to real data). The most
complete bottom-up model for YM is Improved Holographic QCD, [145, 147] which has
been shown to describe quantitatively rather well both T' = 0 physics for pure YM as well
as finite temperature physics, [148]. Its extension to include flavor results in the so-called
Veneziano-QCD (V-QCD) model [150, 151].

V-QCD is the most sophisticated bottom-up model for holographic QCD. It includes
in particular the back-reaction of the flavor sector on the color sector, which is crucial
to address QCD matter at high baryonic density. The V-QCD model has already been
studied in several regimes: in vacuum [150, 161], at non-zero temperature [163], and at
non-zero temperature and density, in the regime where the quarks are deconfined [164]. In
all these regimes, several QCD observables (meson and glueball spectra, thermodynamics,
susceptibilities) were computed and successfully compared with lattice and experimental
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data.

An important component that still needs to be studied in V-QCD, is the regime where
matter is composed of actual baryons. Since it is known that cold QCD matter remains in
the baryonic phase at least up to two times the nuclear density [26], including baryons is
crucial for giving a proper description of dense matter. In [174], baryonic matter was intro-
duced in V-QCD via a simple homogeneous approximation. This approximation turned out
to produce sensible results for the QCD phase diagram and the equation of state of neutron
star matter [165]. We would like however to have better control over the construction of
baryonic matter in V-QCD, beyond this approximation.

In this work, we addressed two problems related to the physics of dense baryonic matter
in V-QCD. In the first part (chapter 3), we made the first step towards constructing bary-
onic matter in V-QCD, by computing the single baryon solution. We both determined the
appropriate formalism to describe the V-QCD baryon [5], and found an explicit numerical
solution [6]. In the second part (chapter 4), we focused on the transport properties of the
dense QCD matter. This problem is related to the transport of neutrinos in neutron stars,
which plays a crucial role in the mechanism of supernova explosions [62] and the subsequent
cooling of neutron stars [85, 84]. Here, we inititated the study of neutrino transport in
holography, by considering first a simple toy model. Eventually, the project is to extend
the analysis to V-QCD, which would provide a holographic model for neutrino transport
in neutron stars.

The organization of this thesis is as follows. The first chapter gives a brief review of
our current knowledge of the QCD phase diagram, from the three well-controlled methods
that are perturbative QCD, chiral effective field theory and lattice QCD. We also discuss
the current status of the experimental constraints from neutron star observations. In the
second chapter, a brief introduction to the holographic correspondence and its application
to QCD is provided. We then introduce the bottom-up V-QCD model that was used in
this work.

The original work in itself is presented in chapters 3 and 4. Chapter 3 discusses the
construction of the V-QCD baryon, first the formalism [5] and then the numerical solution
[6], whereas the holographic analysis of neutrino transport is presented in chapter 4. Several
technical details are left to the appendix.
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Chapter 1
Phases of QCD

In this first chapter, we discuss the current status of our understanding of the properties of
QCD matter in various phases. We give a brief review of what is known about the phase
diagram of QCD from perturbative QCD, effective field theory and lattice QCD. We then
point out the region of cold and dense QCD matter as the one which is still out of reach
of current methods, and explain how neutron star observations provide experimental data
on the properties of QCD in this regime.

1.1 Asymptotic freedom

Quantum Chromodynamics (QCD) is the quantum field theory that describes the strong
interaction between quarks mediated by gluons. The gluons are the excitations of a gauge
field Aﬁb in the adjoint representation of an SU(3) group, whereas the quarks arise from a
spinor field ¥¢ in the fundamental representation of SU(3). The fields are labeled by color
indices a and b, that run over the three colors 1 < a,b < 3. There are Ny = 6 different
flavors of quarks, associated with the flavor index 1 < ¢ < 6, that are characterized by
(generically) different masses. The Lagrangian of QCD is given by the minimal gauge-
invariant Lagrangian coupling the gluon gauge-field to the quarks

Ny

Laop =—55— ; TT<GWGW> +) (W”(au —iAu) - mi) Vi, (1L.1.1)
9y m i=1

where gy s is the strong coupling constant and G/, the field strength for the gluon gauge

field. The color indices are implicit and the index 7 runs over the flavors of quarks, with

masses m;. The theory is renormalizable, and at small coupling the renormalization group

(RG) flow equation for the Yang-Mills coupling is given by [2, 3]

Ogvm _
dlog u 4872

(1LN, — 2N§)gipr + O(g501) » (1.1.2)
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where g is the energy scale, and N, the number of colors, equal to 3 in QCD. The all
important minus sign in front of the beta function implies that, as long as N, is superior to
%N t, the Yang-Mills coupling decreases with the energy scale. This property is famously
known as the asymptotic freedom of non-abelian gauge theories [2, 3|. In particular, QCD,
as we know it today, has N. = 3 colors and Ny = 6 flavors, so that it is weakly coupled in
the ultraviolet (UV). On the contrary, asymptotic freedom also implies that the Yang-Mills
coupling grows at low energy, meaning that QCD is strongly coupled in the infrared (IR).
The transition between the strongly coupled and the weakly coupled regime is characterized
by an energy scale proper to QCD.

There are several ways of defining the QCD scale, either as an integration constant
for the perturbative RG flow (1.1.2) (in that case it is usually denoted Aqcp), or directly
from the masses of hadrons observed experimentally. The various definitions all give values
typically between 200 MeV and 300 MeV.

The non-perturbative nature of QCD in the IR is the main reason why so much theo-
retical effort is still spent in controlling low-energy QCD. For this, most of the discussion
in the following will address the strongly-coupled regime of QCD. For now however, we
will focus on the perturbative regime of QCD.

As far as the phase of QCD matter is concerned, asymptotic freedom implies that the
quarks and gluons interact weakly at high temperature and/or density (compared with the
QCD scale). In this regime, the propagating degrees of freedom correspond to long-lived
quark and gluon quasiparticles, which form a weakly-coupled quark-gluon plasma. Because
of the perturbative nature of the strong interaction in this plasma, several of its properties
can be computed analytically. These include thermodynamics but also out-of-equilibrium
observables, such as transport coefficients or thermal radiation [4].

Another important result of the perturbative QCD calculations is in the quantitative
estimate of the precise scale at which weakly-coupled results become accurate. At low
density, it was found that the perturbative results are already quite precise for T' 2 600 —
800 MeV [4, 7], whereas the corresponding baryon chemical potential for the state-of-the-
art calculation at small temperature is around pup ~ 2.6 GeV [8]. It is believed that this
last result can still be improved by pushing the perturbative calculation to higher order,
which is currently the subject of active work [9, 10].

At small temperature and high baryon density, the asymptotic freedom of QCD has
also made it possible to exhibit the likely existence of a color supercoducting phase [11,
12], where the quark and gluon degrees of freedom develop a gap, and the low energy
excitations are instead given by bound pairs of quarks. At asymptotically large chemical
potential, the transition temperature T2 below which the quark-gluon plasma enters the
color-superconducting phase was found to be proportional to the superconducting gap at
zero temperature A. The density dependence of the gap can also be computed, resulting
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in [12]

5
2

78 ) x M) o (105 (522 ) ) . (1.1.3)

Aqcp
where the coeflicients of proportionality are constants.

In figure 1.1, we summarize the contents of this section according to the QCD phase
diagram. We show the typical region where QCD matter is well described by the weakly-
coupled quark-gluon plasma, and a sketch of the expected location of the color-superconducting
phase. The other features present in the figure are related to the regimes discussed in the
rest of this chapter.

Lattice

Qcb Perturbative QCD

EET \ TcA (up)

Hig Neutron star matter Up -

Figure 1.1: Schematic representation of the QCD phase diagram, in the plane of
baryon number chemical potential and temperature. The colored areas indicate the
regions where QCD matter can be described by well-controlled methods. Full lines
indicate first-order phase transitions and the dashed line is the smooth deconfining
crossover at low density. The dots symbolize critical points. The red features are
well established results, whereas the gray ones are speculative. The hatched region
indicates the regime probed by neutron star matter.
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1.2 QCD at low energy

We will now discuss the opposite limit in energy scales, that is the low energy limit of QCD.
The asymptotically free RG flow of the Yang-Mills coupling (1.1.2) implies that QCD is
strongly-coupled in the IR. An important consequence of the increase of the coupling at
low energy is that QCD exhibits the property of confinement in the IR [13]. That is, the
quarks and gluons cannot be directly observed, and are enclosed together within color-
singlet bound states: the hadrons.

Although the low energy hadronic states are color singlets, they still interact via a
residual strong force, known as the nuclear force. The latter can be understood as arising
from the exchange of virtual mesons. The coupling from this residual interaction is weak
at energies well below the QCD scale, such that QCD can effectively be described by a
theory of weakly-coupled hadrons in the IR limit. The appropriate language to formalize
this theory is that of Effective Field Theory (EFT).

The EFT approach [17, 18, 19] exploits the fact that, in the limit of vanishing quark
masses m; — 0, the QCD Lagrangian (1.1.1) exhbitis a global chiral symmetry group
U(Ny)r x U(Ny)r, that rotates the left and right-handed quark fields in flavor space

oF = (ULl e = (Ur)TWE. (1.2.1)

Guided by phenomenology! (more precisely, the fact that the mass of the pions is much
smaller than the other hadrons), it is assumed that the chiral symmetry is spontaneously
broken at low energies, to the diagonal subgroup U(Nf)y = U(N¢)r+r. In these condi-
tions, the pion fields 7%(z) are understood as the massless Goldstone bosons that arise in
the low-energy spectrum of the theory. The pions are collected in the so-called pion matrix
U(z) = exp <Z7r“(x)7a> , (1.2.2)
fr
where they parametrize the Lie algebra of the broken axial part of the symmetry group, the
7%’s being the generators of the Lie algebra. By convention, the pion fields are normalized
by the pion decay constant f.
The low-energy effective Lagrangian for QCD is then written as a functional of the
matrix U, and it is called the Chiral Lagrangian. The latter is constructed as a perturbative
series

LU) =LA+ LBDO) + ..., (1.2.3)

where the parameter of the expansion is given by (p/A,)?, p being the typical momentum
scale and A, =~ 1 GeV the hadronic scale (roughly the mass of the lightest massive hadron

1Upon a few reasonable assumptions, it can actually be proven that the chiral group is sponta-
neously broken to the diagonal subgroup in the large N, limit of QCD [14]. At N, = 3, this can
also be checked from first principles via numerical lattice calculations [15, 16].
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for massless quarks). Specifically, the £") terms in (1.2.3) are of order (p/A,)?", and the
dots indicate terms of order (p/A,)% and higher. The terms of the series are constructed
as the most general functionals of U that are compatible with the symmetries of QCD,
including chiral symmetry. The general terms determined by the symmetries depend on
unknown parameters, called the low-energy constants. In particular, the quadratic part of
the chiral Lagrangian is given by the non-linear sigma model

O = i P2Te(9,U0mT), (1.2.4)

which contains a single low energy constant f.

There is no way to compute the low energy constants within the EFT, so that they need
to be measured experimentally for phenomenological applications. Those constants can
in principle be determined from the QCD Lagrangian, but this requires non-perturbative
approaches such as the numerical lattice QCD method discussed in the next section. Lattice
QCD has been able to compute some low energy constants (see e.g. [20]), but in practice
experimental measurements still give the most precise values.

The Lagrangian (1.2.3) gives an accurate description of the pion physics in the case of
massless quarks. However, the quarks are known to have finite masses in real QCD, meaning
that the chiral symmetry is explicitly broken and the observed pions are not massless. The
mass of the pions m, is much smaller than the other hadrons though, so that the explicit
breaking of the chiral symmetry can be treated perturbatively?. The chiral symmetry is
said to be an approximate symmetry of QCD, with the pions as pseudo-Goldstone bosons.
The chiral Lagrangian (1.2.3) is modified to include new terms proportional to m2, with
m2 of order O(p?) in the low-energy expansion. In particular, the quadratic part (1.2.4)
contains the mass term for the pions?

LU = ifﬁTr <8MU8“UT +m2(U + UT)) . (1.2.5)

2We implicitely assumed here that only the two lightest flavors are included in the EFT, such
that the Goldstone bosons acually correspond to the pions observed experimentally. The strange
quark (and the associated bosons, the kaons and eta meson) with a mass of the order of 100 MeV
can also be treated with the chiral Lagrangian to some extent [19], but it results in larger errors in
the predictions of the EFT. The charm, bottom and top quarks have masses larger than 1 GeV, so
they cannot be described by the chiral Lagrangian

3This form where the mass term for the pions appears explicitly is often used in chiral EFT
calculations. It assumes that the QCD 6 angle is equal to zero, such that the charged and neutral
pions have the same mass. The 6 angle is constrained experimentally to be smaller than 10719,
The general expression including the theta angle is better expressed in terms of the quark mass

matrix M, as L&) (U) = (1/4)]"7%T1r((%U@“UJr +afr (MU + UTMT)), with a a low energy constant,
whose value is fixed by the Gell-Mann-Oakes-Renner relation. This is also the appropriate form for
a number of flavors larger than 2.
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Another important ingredient that misses from the pion Lagrangian (1.2.3) is baryons.
Despite their mass being of the order of the hadronic scale A, it is indeed a daily observa-
tion that low energy QCD matter contains nucleons, which are stable baryonic states. In
a phenomenological approach, the nucleons are added as external particles, and the chiral
Lagrangian (1.2.3) is completed with terms that couple the pions to the nucleons. This
can be done in a way that is consistent with chiral symmetry [21], and maintaining the
structure of the chiral Lagrangian as a low energy expansion. For example, the leading
order 7N Lagrangian takes the form

A
=9 <WDM ~ My + 927“7%) v, (1.2.6)

Du=0u+56h0,8] . wo=ifeh o) . €= VT,

with ¥ the nucleon spinor field. Those new terms come with additional low energy con-
stants, such as the axial coupling g* in (1.2.6). In addition to the pion-nucleon couplings,
the complete description of the nucleon-nucleon interactions in this formalism requires the
introduction of nucleon-nucleon contact terms. The latter model the short-range interac-
tions due to the exchange of heavier mesons (notably the w meson), that are integrated
out in the chiral Lagrangian.

The chiral Lagrangian gives a good description of QCD matter at low temperature
and density. In particular, the two and three-nucleon interactions that are computed
from the EFT are rather successful in describing the structure and interactions of light and
medium-mass nuclei [22, 23, 24, 25]. The phase of QCD in this region of the phase diagram
is understood as follows. In the limit of vanishing temperature and density, QCD matter
takes the form of a pion gas. As the baryon chemical potential up is increased, the fluid
undergoes a first order “liquid-gas” phase transition to the nuclear matter [27, 28, 29, 30,
31, 32, 33, 34]. At zero temperature, this transition is characterized by the baryon density
jumping from zero to a finite value, which happens when the chemical potential is equal
to the energy per nucleon in an iron nucleus

Hig = MN - Eb,ir0n7 (127)

with My the nucleon mass and FE}, jron ~ 8 MeV the nucleon binding energy for iron. At
1B > [g, the nuclear matter phase is well described by the chiral Lagrangian, up to an
upper bound where the effective theory starts losing accuracy. The state-of-the-art upper
bound in densities is about two times the nuclear saturation density ng ~ 0.16 fm=3[26].
The corresponding upper bound on the chemical potential has large uncertainties, but it
can be estimated from the results? of [26] that up — My is between 30 and 100 MeV, i.e.

4The value of up is not computed in [26], but at zero temperature pp is related to the pressure
P and the energy per particle (excluding the mass) E/A via up = My + E/A+ P/np.
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roughly up ~ 1 GeV. Beyond 2ng, the many-body nucleon interactions become large, and
the lack of precise experimental data already for three-body interactions make the effective
theory unusable.

When the temperature is increased, the liquid-gas transition at zero temperature ex-
tends to a line in the phase diagram, that ends at a critical point. This point is located at
a value of the temperature close to the binding energy per nucleon in cold nuclear matter
Ty ~ 10MeV [31, 33]. At temperatures T' > T}, and much smaller than 100 MeV, QCD
matter is described by a gas of pions and nucleons. When the temperature is of the order
of 100 MeV, the gas also contains higher excited hadronic states. The hadron gas at these
temperatures is modeled by the so-called Hadron Resonance Gas (HRG) model, whose free
energy is that of an ideal gas containing all the infinitely many hadronic species

F(T,up,V)= > FE(T.V)+ > FEL(T.usV), (1.2.8)

i€mesons i€baryons

where V' is the volume, and ng and an; are respectively the single particle partition
functions for bosons and fermions, with mass m;. The HRG model was found to reproduce
well the numerical lattice QCD? thermodynamics at small density [36, 37], as well as the
observed yields of hadronic species produced in heavy-ion collisions [38]. Note that, as
the particle densities increase, the interactions between the hadrons in the gas should
become larger and invalidate the ideal gas picture used in the HRG. This should happen
both at large T and pp. At low up, it turns out that the main correction which makes
a difference to describe the experimental results from heavy-ion collisions, comes from
the hard-core short-range repulsion [38]. The latter is introduced via excluded volume
corrections, implemented as a shift of the chemical potentials

B = Ueigenp(T, /L) ’ (129)

where p is the pressure, and the eigenvolume of the particles vejgen is a dimensionful pa-
rameter.

The HRG description does not apply anymore when the deconfinement temperature
T, is reached. The best tool to describe the transition and the properties of the stongly-
coupled quark-gluon plasma that exists at T' > T, is the numerical lattice QCD method.

1.3 Lattice QCD at low baryon density

In this section, we review briefly the principles of lattice QCD, together with some of its
main successes and limitations. Lattice QCD is a numerical method, which aims at com-
puting QCD observables on a discrete lattice, directly from the QCD Lagrangian (1.1.1).

5See below for a brief review of the lattice QCD methods.
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As such, it takes full account of the strongly-coupled nature of QCD at low-energy, leav-
ing it to a computer to perform the non-perturbative calculations that cannot be done
analytically.

As we shall discuss below, lattice QCD for now is best suited for the calculation of
observables in a static system at equilibrium, at temperature T" and zero baryon chemical
potential. The expectation value of an operator O in such a system can be written as a
Euclidean path integral over field configurations {A,, ¢;,v;},

= ;/HDAMHD%D% Oe %Gen (1.3.1)
v %

where the probability weight of a given configuration is controlled by the QCD Euclidean
action

Sch:/l/T /d3 [QYMTr< #VGMV)+Z¢I(17E +¢A“)+mi)wi], (1.3.2)

the 4/ being the Euclidean gamma matrices. Z is the QCD partition function

= / [1 DA [ DviDw:e 56 . (1.3.3)
1% i

Upon discretizing space-time, the path integral is replaced by an integral over the field
values at each lattice point x

/ [I1PAT] DwiDvs — [ / [T d A [ ] dvizdida . (1.3.4)
I 7 x 17 7

Actually, instead of the gauge fields themselves, the gauge-invariant discretization of the
QCD action [13] is written in terms of the link variables

Upz = exp (ia A, ), (1.3.5)

where a is lattice spacing. (1.3.5) is the discrete version of the Wilson line. Another
obstruction to the naive discretization (1.3.4), is that Grassmanian integrals cannot be
defined numerically. This problem is avoided by noting that the fermionic action in (1.3.2)
is quadratic, so that the Grassmanian integrals can be performed analytically. In particular,
the discretized version of the expectation value of a pure glue operator O(U,) takes the
form

(0) = % / T[] dUe OWU,) T det (ivi (@, +iAL) +my) e FmanUis) - (1.3.6)
T, A
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where S{?M disc 15 the discretized version of the Euclidean Yang-Mills action. Despite the
factor of i, the determinant of the Dirac operator in (1.3.6) is a real and positive quantity,
such that the factor that multiplies O in the integrand can be interpreted as the proba-
bility of a given configuration of the gauge fields on the lattice {U, ,}. The integral can
therefore be evaluated with a Monte-Carlo algorithm. In this method, a large number Ny
of configurations of the gauge fields are generated randomly according to the appropriate
probability weight. For each configuration i, the value of the operator O; is evaluated, and
the expectation value is computed by averaging over the configurations

1 X
©) =7 Z; O; . (1.3.7)

(1.3.7) is guaranteed to converge towards the exact result (1.3.6) in the limit Ny — oo by
the law of large numbers.

Lattice QCD has been able to improve our understanding of QCD at finite tempera-
ture and low density in an unprecedented manner. The QCD thermodyanmics has been
computed [39, 40, 41], including the equation of state, as well as several screening masses
[42, 43]. We refer to [44, 45, 46] for reviews. One of its most important results is the
determination of the nature of the phase transition between the hadronic gas and the
quark-gluon plasma. The latter was found to correspond to a smooth crossover, which
happens gradually for temperatures between T' ~ 145 MeV and 165 MeV [47, 48, 49, 50].

Unfortunately, the methods of lattice QCD face a major obstacle at finite baryon
number chemical potential pp, which is known as the sign problem. When a finite up
is introduced, the Dirac operator in the QCD Lagrangian (1.3.2) is effectively replaced by

Mp = iy (0, + iA,) +mi — Mp(ug) = iV (O + 1AL) + My + g (1.3.8)

where g = pp/N, is the quark number chemical potential. The expectation value of an
operator at finite pp will therefore be evaluated by replacing the determinant of Mp by that
of Mp in (1.3.6). However, unlike that of the zero-density Dirac operator, the determinant
of Mp is not real anymore. This means that what could be interpreted as a probability in
(1.3.6) is now a complex number, so that the Monte-Carlo method cannot be used anymore
to compute the expectation values. Note that, even if the operator O is real, such that the
expectation value can be computed with the real part of the determinant, the sign of the
real part will not be positive for all configurations (hence the “sign” problem). In absence
of alternative numerical methods to compute such highly-dimensional integral® as (1.3.6),
lattice QCD is unable to compute the properties of QCD at finite baryonic density. Note
that a similar problem is encountered when one tries to compute real-time observables on

6More precisely, the average can still be formulated in terms of positive probabilities, by absorb-
ing the sign of the real part in the operator. However, computing the resulting integral with the
Monte-Carlo method can be shown to be a NP-hard problem [51].
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the lattice”, even at up = 0, since in Lorentzian signature —SgCD should be replaced by
1SQcD in (1.3.1).

The situation is actually not so grim as it seems, and lattice physicists have found
ways to go around the sign problem, at least to some extent. Several methods exist
[54, 55, 56, 57], among which the simplest conceptually is the Taylor expansion around
up = 0 [58, 59]. The idea is to expand the pressure p(T, pup) for chemical potential up
smaller than the temperature

© 2n
P(T. )T~ = (LT~ + 3 v (B2) (1.3.9)

n=1
where the x2, are the baryon number susceptibilities
1 d2n (p/T4)
Xon =
" (2”)!d(,uB/T)2n

The latter can be computed on the lattice as zero-density expectation values. As is clear
from (1.3.9), this method is adequate only for chemical potentials up to the scale of the
temperature. This is also true for the other methods that have been developped.

To summarize, the successes of the numerical lattice QCD method give us a good
understanding of many properties of QCD at small density. This includes the important
region around the deconfining crossover, which is not accessible to both the hadronic models
and perturbative QCD. Lattice QCD typically applies for up < T, as indicated on figure
1.1. However, the sign problem prevents it from exploring phases at up > T.

The region which remains blank in figure 1.1, at chemical potentials 1 GeV < up <
2.6 GeV larger than the temperature, cannot be described by either of the well controlled
methods that are perturbative QCD, chiral effective field theory and lattice QCD. As such,
it is still largely an uncharted region of the phase diagram.

Many models have been elaborated to try and address the physics of QCD in this
region (see the reviews [60, 61] and references therein). However, beyond suggesting a
very rich phase structure, those models are unable to produce solid results in the dense
regime of QCD. This region is all the more interesting that the corresponding conditions
are realized in macroscopic systems observed in nature, i.e. in the core of neutron stars.
In the next section, we discuss how neutron star observations put experimental constraints
on the properties of dense QCD matter.

(1.3.10)

#p=0

1.4 Dense QCD and neutron stars

Neutron stars are the most compact stars observed in the universe, that are formed as the
remnant of the supernova explosion of a giant star [62]. With masses between 1 and 2

"Although there are techniques to estimate spectral functions and transport coefficients from
equilibrium correlators [52, 53].
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solar masses, and radii of 10 to 20 kilometers, the density at the center of these objects
can reach several times the nuclear saturation density ng ~ 0.16fm=3. These are baryon
densities much higher than what can be currently reached in experiments on Earth, so that
the observation of neutron stars offers a unique window to probe the properties of QCD
matter at very high density.

Neutron stars are self-gravitating objects whose strucure is determined by the Ein-
stein equations, together with the dynamics of strongly-interacting matter. To a good
approximation® they are spherically symmetric, sourcing a metric of the form

_ 2Gm(r)

r

—1
ds? = —e®(Mqt2 + (1 > dr® +1r2dQ03, (1.4.1)

where r is a radial coordinate, equal to 0 at the center of the star. It can be shown that
m(r) is the gravitational mass enclosed within radius . The matter that consitutes the
neutron star is modeled by a static perfect fluid, with stress-energy tensor

Tp,u = diag(p(?") + E(T’),p(?“),p(r),p(?“)) ) (142)

p(r) being the pressure and e(r) the energy density. For the ansatz (1.4.1)-(1.4.2), the
Einstein equations reduce to the so-called Tolman-Oppenheimer-Volkov (TOV) equations

-1

L= =S o)+ =) (o) + arp)) (12920 )
am e e )

g = Admrte(r) D) 1)’ (1.4.4)

with G the gravitational constant. For the system (1.4.3)-(1.4.4) to be closed, an additional
relation between the pressure and the energy density is necessary. The relation p = p(¢)
is a microscopic property of neutron star matter, known as the equation of state. For a
given value of the central density ., the structure of a neutron star is fully determined
by its equation of state. In particular, knowing the equation of state makes it possible to
determine the mass M and radius R of the star as a function of €.. Conversely, knowing
the functions (R(e.), M(e.)), or equivalently M(R), allows to infer the equation of state
of neutron-star matter. This means that observing the masses and radii of many neutron
stars to construct the function M (R) (the so-called M-R diagram) puts constraints on the
equation of state of dense QCD matter.

The available data from neutron star observations already puts significant constraints
on the equation of state [64]. To date, the masses of more than 60 neutron stars have been

8The shape of a typical neutron star is slightly different from a sphere due to its rotation. Even
for the fastest rotation velocities (milisecond pulsars), the deviation remains small and can be
treated perturbatively [63].
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measured [65], some of which with accuracies of less than 1% at the 1-o confidence level.
The most accurate measurements are for pulsars in a binary system, whose masses can
be determined via the Shapiro delay of the periodic signal when the pulsar passes behind
its companion. Most of the recorded masses are between 1.2 and 1.6 solar masses, but
some very massive neutron stars were also observed. The most significant measurements
include the pulsars J1614-2230 (M = (1.908 £ 0.016)M) [66, 67], J03484+-0432 (M =
(2.01 £+ 0.04) M) [68] and J07404+6620 (M = (2.08 &+ 0.07)Mg) [69, 70], with Mg the
solar mass. These observations imply that the equation of state of neutron stars should be
sufficiently stiff to support such high masses. That is, the speed of sound ¢? = dp/de in
neutron star matter cannot be too low. In practice, this 2-solar mass condition is already
sufficient to discard many equations of state proposed in the literature [66].

Measuring the radius of a neutron star is more difficult than the mass. The main
methods are based on the analysis of the thermal emission from the surface, each method
focusing on different properties of the emission. These include spectroscopic measurements
[71, 72] (the standard method for other types of stars) and pulse profile modeling [73]. Both
methods have much larger uncertainties than the mass measurements, due to the fact that
they involve the complex physics of the neutron star atmosphere. Most recent results are
due to the pulse profile modeling method, which is the one used by the ongoing NICER
experiment. This method infers the radius of the star from the observation of the periodic
component of the thermal X-ray emission. The latter is understood as arising from the
existence of hot spots at the surface of the star, that enhance the thermal signal when
the star rotation brings them on the line of sight. Given a model for the properties of the
spots, the mass and radius of the star can then be inferred from the gravitational lensing
of the signal. Using this technique, NICER has been able to determine the radii of pulsars
J0030-+0451 and J07404-6620 within 10% of accuracy at the 1-o confidence level (up to
systematics) [74, 75], which gives interesting constraints on the neutron star equation of
state [76, 77]. Several other pulsars have been observed, and their investigation is ongoing
[78].

Another type of observation that brings information about the properties of neutron
star matter is that of a neutron star merger. Such an event can be detected via the emitted
gravitational wave signal, which may be observed with the LIGO/Virgo interferometers.
To date, LIGO/Virgo has confirmed one such observation, GW170817 [79], and another
likely event GW190425 [80]. Apart from the mass of the binary, the observed gravitational
wave signal depends on the tidal deformation of the stars during the inspiral, such that a
larger deformation enhances the gravitational wave emission. Such an effect is quantified by
a quantity A called the tidal deformability, which is correlated with the equation of state.
The analysis of GW170817 made it possible to bound the tidal deformability of the two
neutron stars that merged, which is often presented in terms of the inferred deformability
of a 1.4My neutron star Aj4 = 1901“?38, at the 90% confidence level [81]. The most
interesting part of this result is the upper bound on A, which favors compact stars, and
therefore soft equations of state, giving a complementary constraint to the 2-solar mass
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condition.

It is expected that the continued observational effort to measure neutron star masses,
radii and tidal deformabilities should eventually provide us with sharp constraints on the
equation of state. Including the condition of matching with the effective field theory result
at low energy, and perturbatibe QCD at high energy, it was shown in [8] that the current
observational constraints already reduces a lot the space of possible equations of state.

Although it plays a major role in neutron star physics, the equation of state is only
a single observable from the dense QCD matter, which is far from determining all of its
properties. In particular, it is not very sensitive to the nature of the degrees of freedom that
QCD matter is effectively made of. On the contrary, transport phenomena are typically
much more sensitive to those phase properties [82]. Neutron stars have also the potential
to give us information about the transport properties of QCD matter, if they are observed
during the cooling stage. This period after the formation of the star in a supernova lasts
for about 10° years, during which the star cools mainly via neutrino emission [83, 84]. The
neutrinos that are trapped in the core radiate towards the surface, by scattering inside
neutron star matter (see Chapter 4 below for a detailed review of the formalism used to
describe neutrino transport). If this neutrino flux can be observed, this will provide us with
information on the transport of weak charge in dense QCD matter. The main prospect
for obtaining this kind of data would be the observation of a galactic supernova, for which
the late time signal is expected to depend on the properties of dense QCD matter [85].
Observing the thermal flux from a cooling neutron star also provides us in principle with
information about transport, but there is some degeneracy with the dependence on the
characteristics of the outer layers of the star [86, 85].

The contents of this chapter are summarized by figure 1.1. The colored areas indicate
the region of the phase diagram where our understanding of the properties of QCD matter
is good:

e At high temperature and density, where the perturbative picture applies,
e At low temperature and density, where effective field theory can be used,

e At finite temperature and low density, where the numerical lattice QCD method is
effective .

Beyond those regions, that is for cold and dense QCD matter, our knowledge is very limited.
In particular, the properties of matter in the core of neutron stars (hatched area) cannot
be predicted by a solid theoretical model. However, the experimental data from neutron
star observation is providing us with constraints which should help constructing an efficient
phenomenological model.

The work presented in this thesis is part of a more general program, which aims at
investigating the properties of dense QCD matter via the holographic approach. This
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approach has the significant advantage that holographic models are defined over the whole
phase diagram, as long as QCD remains strongly-coupled. This implies that the models
can be compared with real QCD data at temperature and densities where such data exist,
and make predictions for dense QCD matter. Apart from this phenomenological prospect,
another important asset of holography is that it provides an intuitive (gravitational) picture
of the strongly coupled matter, which may help our understanding of its dynamics. Finally,
dynamical real time phenomena and dissipation, which are difficult to describe in other
approaches (including lattice QCD), are naturally described in holographic theories.

The next chapter discusses the holographic approach to QCD. We start by introducing
the fundamental concepts, and then describe in more details the V-QCD framework, which
is the most complete framework for holographic QCD, and the one that is used in this
work.
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Chapter 2

Holographic QCD

This chapter presents a brief introduction to the main ingredients for the construction of
holographic models of QCD. We start from the basics of the holographic correspondence,
before discussing how confinement is implemented in holography. As an illustration, we
then describe the top-down Witten-Sakai-Sugimoto model, whose construction is represen-
tative of the ingredients that holographic QCD models should contain. It is in particular
an inspiration for the bottom-up V-QCD model that we used in this work. The latter is
introduced in the last part of this chapter.

2.1 Basics of the gauge/gravity duality

We provide in this section a brief introduction to the basic principles underlying the holo-
graphic (or AdS/CFT) correspondence. The discussion will remain at the descriptive level,
and we refer the reader to the available reviews [87, 88, 89, 90] for more details about the
duality and its tests.

The holographic correspondence [91, 92, 93] is a well-motivated and amply tested con-
jecture that states the duality between a large N quantum field theory (QFT), and a
semi-classical gravitational theory defined on a higher-dimensional space, which henceforth
will be called the bulk. It is a strong-coupling/weak-coupling duality in the sense that, if
the quantum theory is strongly coupled, then the holographic dual is weakly curved and
vice versa. Via this duality, quantum observables whose evaluation would require a non-
perturbative calculation, can instead be derived from classical computations in general
relativity.

In order to present some generic features of the holographic correspondence, we shall
first focus on the case of a conformal field theory (CFT). Assuming the CFT to admit a
holographic dual (in this case, it is called a holographic CFT'), the dual geometry cor-

Not all CFT’s admit holographic duals, as the existence of the dual gravitational description
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responds to the negatively-curved anti-de Sitter space. In particular, the original corre-
spondence [91] was formulated for an explicit 4-dimensional conformal field theory (CFT):
N = 4 SU(N) super-Yang-Mills (SYM). The latter was postulated to be dual to type IIB
string theory on AdSsxS®, which at large N and large 't Hooft coupling reduces to type
IIB supergravity on AdSsxS®. In the following the S® factor does not play an important
role so we will focus on the AdS part of the geometry.

The geometric properties of AdS space can be interpreted from the point of view of
the holographic duality. In the so-called Poincaré coordinates?, the AdSs metric can be
written as

£2
ds? = ﬁ(d?“Q + nudatda’) (2.1.1)

where / is the AdS length and 7),,,, the 4-dimensional Minkowski metric. A notable property
of the AdS space, is that it possesses a conformal boundary. In the Poincaré coordinates,
this boundary is located at r = 0, and has the geometry of Minkowski space, which is
precisely the space-time on which the dual CFT is defined. That is, the CFTy dual to
AdSs may be thought of as living at the boundary of AdS.

Another interesting property of the AdS metric (2.1.1) is related to its isometries. First
of all, it is clear that (2.1.1) is invariant under Poincaré transformations of the boundary
coordinates x*. Also, it is easy to check that a rescaling of the coordinates

=Xt = A, (2.1.2)

also leaves the AdS metric invariant. These symmetries are strongly reminiscent of the
conformal symmetry of the dual CFT. In fact, the full isometry group of AdS is precisely
isomorphic to the 4-dimensional conformal group SO(2,4). Therefore, the conformal sym-
metry of the boundary theory is seen to be realized as the isometries of the gravitational
dual.

In addition to the boundary coordinates x*, the emergence of the fifth “holographic”
coordinate r can also be understood in terms of the boundary theory. Due to the warp
factor ¢/r in (2.1.1), the proper distance L(r) measured by a local observer at a given
position r, is rescaled compared with the distance as measured along the flat directions of

the boundary Ly
l

L(r) = —-Ly. (2.1.3)
r
Conversely, for a fixed value L of the proper distance measured by the local observers, the
corresponding boundary distance changes with r as

Ly(r) = %L. (2.1.4)

imposes constraints on the structure of the dual CFT [91, 94, 95, 96].

2Note that the Poincaré coordinates cover only a finite patch of AdS, called the Poincaré patch.
The CFT defined on flat space is actually dual to the Poincaré patch, rather than the full AdS
space.
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This means that larger and larger distances are probed in the boundary theory as r in-
creases. The holographic coordinate is therefore interpreted as the (inverse) energy scale
in the quantum theory, with the AdS boundary (r = 0) identified as the UV limit, and the
interior (r — oo) as the IR limit.

When discussing holographic QCD, the QCD-like theories that one wants to describe
are typically not conformal, and become conformal only in the UV limit. In these condi-
tions, the geometry of the bulk is only asymptotically AdS near the boundary, but deviates
from it in the interior. In spite of this, it is still expected that the general properties of the
correspondence as stated for the conformal case should hold: the QFT lives at the bound-
ary of the bulk, and the holographic coordinate is interpreted as the running energy scale.
The deviation from AdS in the interior of the bulk is then understood as the non-trivial
RG flow of the boundary theory?>.

2.1.1 Holographic dictionary

We now discuss the correspondence at the level of the boundary quantum operators, where
it translates into the so-called holographic dictionary [93]. The latter associates to every
gauge-invariant boundary operator a dual field in the bulk with the same quantum numbers
under the global symmetries of the theory. In particular, a scalar operator O(z) has a dual
scalar field in the bulk ¢(z, 7). The boundary value of the dual field is identified as a source
¢o(x) for the operator O in the boundary theory

¢o(x) = limo(z,r). (2.1.5)

Equation (2.1.5) is actually correct only for massless fields, and for massive scalar fields ¢
it should be generalized to

dolw) = lim (r26(e,r)) L A= (d— VBt ame2) (2.1.6)

r—0

where d is the dimension of the boundary and m the mass of the (bulk) scalar field. With
this identification, a quantitative formulation of the correspondence may be written as

(e ( [ s o))

where the left-hand side is the (off-shell) generating functional of the boundary QFT, and
the right-hand side the on-shell partition function for the bulk gravitational theory. Note

. Sd+1

= exXp ( on—shell) ’ (2 L. 7)

¢ ~ 2=y
r—0

QFTq

3Such an identification results in the notion of holographic RG flow. The properties of such flows
and their relation with the RG flow of the boundary theory is the topic of a vast literature; see e.g.
[97, 98, 100, 101, 102, 103, 104].
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that equation (2.1.7) is written in Euclidean signature. There is a similar formula for
Lorentzian signature but it involves a more subtle construction [105].

We wrote (2.1.7) for the example of a specific scalar operator, but it should be under-
stood that the equality generalizes to all types of (single-trace?) operators, where the source
¢ should be replaced by the boundary value of the appropriate bulk field. In particular,
an important component of the holographic dictionary is that about the holographic duals
of conserved currents. If the boundary theory possesses a global symmetry, associated with
a conserved current J#, then the bulk theory contains a dual vector field A,. Moreover, it
can be shown that the conservation of the current implies that the bulk theory is invariant
under gauge transformations of the vector field A,, which is therefore a gauge field. The
corresponding gauge group is the continuous version of the global symmetry group in d+1
dimensions.

A crucial example is given by the current associated with translation invariance, that is
the stress-energy tensor 7. Applying the holographic dictionary to 7" as above, implies
that the dual bulk field is a spin-2 gauge field, whose gauge transformations are given by
diffeomorphisms. That is, the stress-energy tensor is dual to the bulk metric. We therefore
reach the important conclusion that the holographic dual of a translation-invariant theory
includes dynamical gravity.

2.1.2 Holography at finite temperature

We shall now discuss how a finite temperature in the boundary theory is realized in the
gravitational dual. An equilibrium thermal state in the boundary theory is described by
its partition fonction. The latter may be obtained from the Lorentzian path integral by
performing a Wick rotation of the time coordinate

t— —itp, (2.1.8)

to go to Euclidean signature, and compactifying the time direction such that

y 1
ENtE+T’ (2.1.9)
where T is the temperature. In Euclidean signature, the holographic dual of a thermal
state will therefore contain a compact time direction, whose periodicity should correspond
to the temperature of the boundary state.

At a given temperature, and for fixed sources (i.e. for a given theory), there are generi-
cally several competing solutions to the bulk equations of motion, corresponding to different
states in the boundary theory. Among those, the boundary equilibrium state corresponds

4Multi-trace operators can also be included, but the identification of the source from the bound-
ary behavior of the dual field should be modified [106].
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to the solution with lowest free energy. Which solution dominates may depend on the tem-
perature, which signals a phase transition in the boundary theory. In particular, deconfined
phases are typically dual to black holes in the bulk, where the Hawking temperature of the
black hole is equal to the boundary temperature.

The simplest example is again given by A/ = 4 SYM, which at finite temperature is
dual to an AdS black hole [107], with metric

ds? = fz (f(r)tdr? — f(r)dt* +di?) , f(r)=1- 2 (2.1.10)

in Poincaré coordinates. In equation (2.1.10), g corresponds to the horizon radius, which
is related to the Hawking temperature Ty via

! (2.1.11)

rTH=——. 1.
H 7TTH
The Euclidean continuation of the black hole metric is obtained by the transformation
t— —itg
£2

dsiy = 5 (F(r)7'dr® + f(r)dth +d2®) . (21.12)

Requiring that (2.1.12) does not have a conical singularity at the horizon [108] implies that
the Euclidean time direction should be periodic, with period 1/Tx. From the identification
with (2.1.9), this means that the Hawking temperature of the black hole is the temperature
of the boundary theory.

2.1.3 Confinement in holography

As discussed in the previous chapter, the confinement of color charge plays a major role in
the low energy dynamics of QCD. It is therefore one of the basic properties that holographic
models of QCD should exhibit. It is the purpose of this subsection to explain what is the
criterium for confinement from the point of view of the gravitational dual.

The observable which is used to indentify the confining behavior of a gauge theory is
the expectation value of the so-called Wilson loop [13] operator

We = Tr{Pexp <7§CAdeﬂ> } : (2.1.13)

where A is the gauge-field operator, C is a closed contour in space-time and P is the path
ordering operator. A confining theory is characterized by an area law for the Wilson loop

(W) = exp (105(0)) : (2.1.14)
where ¢ is a constant and S(C) refers to the area enclosed by the path C.
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Figure 2.1: The Wilson loop

In QCD, A, corresponds to the gluon field, and the expectation value of the Wilson
loop W evaluates the probability of observing a quark-antiquark pair forming at some
point on the contour C, and annihilating at some other point, as shown in figure 2.1. The
area suppression of W (2.1.14) implies that, for contours of given large diameter D, it is
much more probable to observe a narrow loop with S(C') ~ D than a broad loop having
S(C) ~ D?. In particular, resolving the individual quarks in a macroscopic detector of size
L would correspond to observing a broad loop with S(C) ~ L2, which is heavily suppressed.
Instead, what is observed is a line-like contour describing the path of a free particle, the
latter being a bound state of the quark and anti-quark (a meson).

The holographic correspondence provides a simple method to compute the expectation
value of Wilson loops from the gravitational description [109, 110]. The idea is to consider
the bulk classical string worldsheet 3, whose boundary coincides with the path C' defining
the Wilson loop at the AdS boundary (see figure 2.2). The expectation value of the Wilson
loop is then identified with the on-shell partition function of the dual string worldsheet X

(W) = exp (iS3Ean(C)) (2.1.15)

The on-shell action is evaluated on the surface X that extremizes the Nambu-Goto action
SNB,
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Figure 2.2: The string wolrdsheet dual to the Wilson loop. The AdS boundary is
represented by the gray surface, and the boundary of the worldsheet ¥ coincides with
the loop C.

With the prescription (2.1.15) for evaluating Wilson loops, it is possible to investigate
the confining behavior of given bulk geometries. The typical criterium for confinement to
occur is for the geometry to end at a finite value ry of the holographic coordinate®, where g
gives the confining scale of the boundary theory. A simple heuristic way of understanding
how this works is as follows. Let us consider a rectangular Wilson loop of finite extent T'
in the time direction ¢, and L < T in the spatial direction z, as shown in the left of figure
2.3. Then the dual worldsheet in the bulk is essentially invariant under time-translation,
and takes the form shown in the right of figure 2.3 in the (r, ) plane. As one increases the
size of the loop L, the worldsheet extends deeper and deeper in the bulk, until it is forced
to stick to the end of space at r = ry. For L > rq, the action of the worldsheet therefore
goes as

SNB. (C) ~ LT, (2.1.16)

on-shell

which is precisly the area of the Wilson loop. For rg — oo, there is no obstacle to the

5In some cases, including the bottom-up soft wall backgrounds [111, 112, 113], the “end of space”
should be understood in an effective sense. That is the space does not end at rg, but the dilaton
becomes so large at r > rg that the minimizing worldsheet cannot go much beyond rg.
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r=0

|—~x r=T
DN

Figure 2.3: Left: A rectangular Wilson loop, with length 7" in the time direction,
and L in a spatial direction denoted x. Right: Schematic view of the worldsheet
dual to the rectangular loop, shown in the the (z,r) plane. r is the holographic
coordinate, such that the boundary is located at » = 0. The confining background
is such that the geometry ends at a finite value r = ry. We show two examples of
loop, with L < rg and L > r.

worldsheet extending ever deeper in the bulk, so that the area law (2.1.16) is not obtained
and the background is deconfined.

One way of constructing confining backgrounds is to compactify one of the spatial di-
rections of the boundary [107]. The simplest example is given by the AdS soliton geometry
[114], which can be obtained from the Euclidean AdS black-hole (2.1.12) by Wick rotating
one of the spatial coordinates into a new Lorentzian time x1 — it
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ds? (f(r)rdr? + f(r)dt3, — dt* + da3 + da3) . (2.1.17)
The geometry described by (2.1.17) ends smoothly at r = rg, which implies that the dual
QFT is confining. 7 is not interpreted in terms of a temperature anymore, but rather as
the confining scale of the boundary theory.

The boundary theory dual to the AdS soliton geometry shows an interesting behavior
in the IR. To see this, remember that the Euclidean black hole (2.1.12) is dual to the SYM
theory, defined on a Euclidean space with one compact coordinate of size proportional
to rg. In the low energy limit, at distances much larger than rg, this theory becomes
effectively 3-dimensional. Furthermore, if the boundary conditions for the fermion fields
of the SYM theory are chosen to be anti-periodic along the compact direction, then the
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spin 1/2 fields acquire a mass proportional to r;{l. The scalar fields can also be shown

to acquire a mass due to quantum effects, whereas only the SU(N) gauge fields remain
massless. As a result, the low energy limit of the theory dual to the Euclidean black hole
corresponds to the Yang-Mills theory in three Fuclidean dimensions. By performing the
analytic continuation x; — it, we see that, at low energy, the dual of the AdS soliton
(2.1.17) reduces to (large N) Yang-Mills in (2+1) dimensions. This observation is the basis
for the construction of the top-down holographic QCD model that is discussed in the next
section.

2.2 The Witten-Sakai-Sugimoto model

We introduce in this section an explicit top-down construction of a holographic QCD model,
known as the Witten-Sakai-Sugimoto (WSS) model. This model can reproduce a large
amount of known properties of QCD with very few parameters. In addition to reviewing
the successes of the holographic approach to QCD, the presentation of this model will also
help understanding some aspects of the V-QCD framework that was used in this work.
The latter is discussed in the next section.

The glue sector of the WSS model is designed to behave as the four-dimensional Yang-
Mills theory at low energy. In analogy with the AdS soliton (2.1.17), this can be obtained
by compactifying one of the spatial directions of the five-dimensional SYM theory [107],
with supersymmetry-breaking boundary conditions around the circle. The gravitational
dual to this construction can be computed in string theory, along the same lines as for the
four-dimensional SYM [115]. The resulting ten-dimensional metric may be written as

0 = (9)? (uatorasr s sy + (B (ry o+ vran),
U3
f=1- % (2.2.1)

where the holographic coordinate U extends from the boundary at U = oo, to a finite
value Uk where the geometry smoothly ends. The geometry depends on two dimensionful
parameters: Ukgk and the radius of curvature R, which determine the periodicity of the
compact coordinate 7

1/2
2m 33Uk
T ~T-+ MKK y KK = 5R3/2 . (222)

As expected from the field theoretic picture, the boundary theory dual to (2.2.1) has a
phenomenology close to that of Yang-Mills. In particular, the fact that the geometry ends
at a finite value of U implies confinement and a discrete spectrum of normalizable modes,
which is identified as the glueball spectrum. The masses of the glueballs were even found to
be in rather good agreement with the results of lattice QCD [116, 117]. However, since the
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boundary theory possesses a single scale Mk, the glueball masses are of the order of Mkx,
which is also the scale at which the Yang-Mills picture breaks down. As a consequence, the
low energy spectrum contains, in addition to the glueballs, all the Kaluza-Klein modes that
arise from excitations along the compact dimension [118]. Another important difference
with the actual Yang-Mills theory, is that the model does not exhibit any sort of asymptotic
freedom, since the four-dimensional Yang-Mills coupling is simply a constant.

2.2.1 Adding flavor

Despite the limitations that we mentioned, the phenomenological successes of the holo-
graphic Yang-Mills model described above gave an incentive to develop it further, so as
to get closer to QCD. In particular, QCD possesses, in addition to the glue part, a flavor
sector with matter in the fundamental representation of the gauge group (the quarks). For
massless quarks, the theory exhibits a global chiral symmetry group U(Nyf)r x U(N¢)r,
where Ny is the number of flavors. Then, according to the holographic dictionary (see
section 2.1), the gravitational dual of a theory containing a massless flavor sector should
include a U(Ny)r, x U(Ny)r gauge theory. The flavor sector is therefore implemented by
adding (flavor) D-branes in the bulk [119, 120], whose low energy dynamics are well known
in string theory to be described by U(N) gauge theories.

In the WSS model [121], the specific set of D-branes that realizes the flavor sector is
given by an ensemble of Ny coincident D8-branes, paired with N; anti-D8-branes (D8-
branes). Those branes are nine-dimensional objects that are taken to be localized in the
compact dimension, where the branes and anti-branes are separated by a finite distance
L (see figure 2.4). The D8 generate the left-handed group U(Ny), and the D8 the right-
handed one U(Ny¢)g.

The vacuum of the boundary theory with the quarks will then be dual to the solution
of the bulk equations of motion including the D-branes. The general bulk solution where
the branes back-react on the geometry is not known, but the problem simplifies in the
quenched limit

Ny < N. (2.2.3)

In this limit, the branes can be treated as probes on the glue geometry (2.2.1), and their
dynamics solved on this fixed background.

The general solution for the brane configuration depends on the separation L between
the branes and anti-branes at U — oo. The solution turns out to be trivial in the antipodal
case L = TrMIZé, meaning that the separation between the branes along the compact
coordinate 7 does not depend on U [121]. Even so, the shrinking of the compact dimension
in the interior implies that the proper distance between the branes decreases, until they
merge at U = Ukg (see figure 2.4). The consequence of this merging is that, instead of
U(Nyg)r x U(Ny)R, the chiral group reduces in the IR to the diagonal subgroup U(Ny)v .
Therefore, the WSS model realizes geometrically the spontaneous breaking of the chiral
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UKK

Figure 2.4: A sketch of the flavor branes’ configuration in the confining geometry
of the WSS model, in the (7,U) subspace. We show the case of antipodal branes,
which merge at the point where the geometry ends U = Ukg.

symmetry in the QCD vacuum. Note that the picture is analogous for general L, except
that the branes merge earlier, at Uy > Ukxk.

Apart from the spontaneous chiral symmetry breaking, the WSS model is succesful in
reproducing several aspects of the mesonic properties of QCD. These include the structure
of the chiral Lagrangian, the QCD chiral anomalies, and the meson spectrum, which was
found to be in reasonable quantitative agreement with experimental data [121]. As part of
the successes regarding the spectrum, the model reproduces the Witten-Veneziano formula
[122, 123] for the mass of the 1’ meson in the large N limit. The meson interactions that
are computed from the WSS model were also shown to compare well with data [124]. In
particular, the model exhibits vector meson dominance in various sectors, including for
the electromagnetic form factor of the pion. Note that this last property is common to all
proper holographic models.

To give a credible account of the IR physics of QCD, the spectrum of the model should
include all the types of hadrons. That is, in addition to the glueballs and mesons, baryon
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states should also appear. In the next section, we discuss how baryons are realized in the
WSS model. Studying this concrete example gives a good idea of the basic properties that
are expected of baryon solutions in holography. We will also identify clearly what are the
specificities of the WSS baryon.

2.2.2 Holographic baryons

Baryon states are realized in holography as solitonic configurations of the bulk theory
[125, 126], which realizes the intuition from large N, QCD [127]. In the WSS model, the
baryonic soliton corresponds to an instanton for the chiral U(Ny) gauge fields Ay, which
are the holographic dual of the (boundary) QCD chiral currents. Note that there is a
single remaining (unbroken) gauge group U(Ny) since the two stacks of branes merge into
a single object in the IR, as shown on figure 2.4. The action that describes the dynamics
of the gauge field in the bulk is given by the low energy effective action of the flavor D-
branes. The latter contains a quadratic Yang-Mills part and a topological Chern-Simons
(CS) term, which may be written as

S = Sym + Scs, (2.2.4)
AN, 1 U3
Sym = ———t— [ d*zdzTr | =h(2)F? KK p(2)F? 2.2.5
YM 2167T3UKK / rdz ir (2 (Z> puv + 4R3 (Z) pz | o ( )
h(z) <1 2 >_é k(z) =1 > (2.2.6)
)= (14 55— , k() =14 ——, 2.
Ugx Ugx
N, i 1
= [T (AANF?—-—A3ANF——A° 2.2.
5C8 = 54 r( " SRR > ’ (22.7)

where F is the chiral field strength and A = g2, N, the 't Hooft coupling. The integral
is over the four coordinates x* of the flat boundary, and a new holographic coordinate z,

related to U via
U3
z = UKK 73 1 Sin(TMKK) . (228)
Uik

We consider the anti-podal case shown in figure 2.4, where the anti-branes are taken to sit
at 7 = —(m/2Mxkyk) and the branes at 7 = (7/2Mxkxk). This implies that z goes from —oo
on the D8, to 400 on the D8, being equal to 0 at the point where the space ends.

The instanton dual of the baryon state is a solution of the bulk equations of motion for
the action (2.2.4), with unit instanton number

1
— d%dzTr(F A F) ~1. (2.2.9)
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The integral in (2.2.9) is over the four-dimensional Euclidean space spanned by the holo-

graphic coordinate z and the three spatial directions of the boundary x’. To discuss the

properties of the instanton solution, it is useful to first consider the case of a flat geometry,

corresponding to h(z) = k(z) =1 in (2.2.5). In that case, the non-abelian structure of the

instanton solution would be given by the standard BPST instanton, in an SU(2) subgroup
of the full U(Ny) chiral group

£ 1
Ap(Z,2) = 0 , 2.2.10
m (T, 2) 52 ey 2Iomg ( )

where p is the instanton size, and & the distance to the center of the solution

£E= \/g:«' X)2 - 7)2, (2.2.11)

()2 , Z) being the position of the instanton in the four-dimensional Euclidean space. g is
an SU(2) matrix given by

g(T,2) = g((z ~Z)—i(@—X).0), (2.2.12)

where & = (01, 09, 03) contains the Pauli matrices.

If the instanton does indeed describe a baryon, it should also source the abelian part of
the gauge field Ay, which is dual to the baryon number current. This is realized via the
CS part of the action (2.2.7), which includes a Coulomb interaction between the abelian
gauge field and the instanton density

N, A
Scs D ¢ MNPQ /d4xdz AoTI"(FMNFpQ) . (2.2.13)

6472
With this coupling, the solution for the abelian gauge field sourced by the instanton can
also be computed exactly in the flat limit

FHETL . (R
TN U@L (P e

Apart from the position of the center, the size of the instanton p is the only parameter of
the solution (2.2.10) and (2.2.14). In absence of the coupling to the electric field Ag, it
is well known that the scale invariance of the classical Yang-Mills theory implies that all
the sizes give a possible solution. However, the coupling to Ay breaks the scale invariance
of the action, so that solutions of different sizes have different energies. In flat space, the
energy of a solution of size p goes as

(2.2.14)

A~

E
Efat(p) = Mo + 2 (2.2.15)
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with My and E two positive constants. So the true solution that minimizes the energy is
such that p — 0o, meaning that the coupling to the electric field destroys the instanton
solution.

The geometry (2.2.1) on which the WSS instanton is defined is not flat, which implies
that the solution is different from the BPST instanton. Qualitatively, the instanton tends
to shrink due to the space-time curvature. This gives a competing effect with the Coulomb
repulsion (2.2.15), resulting in an instanton of definite finite size. The solution on the curved
background cannot be derived exactly, but it turns out that the size of the instanton p is
much smaller than the bulk radius of curvature R at large 't Hooft coupling

p _1
=~ A 1. 2.2.16
Paata (2:2.16)

In these conditions, the instanton is well approximated by the BPST instanton (2.2.10)
and (2.2.14), as long as we consider distances to the center much smaller than \'/2p. Then,
the energy of the solution can be computed exactly up to order O(\?), which results in an
expression of the form

1 E
1+ (Eg)\pQ + =+ Eg,zzz> + (’)()\_2)] : (2.2.17)

E<p7Z):MO APQ

The first term My ~ AN, is the mass of the BPST instanton, which gives the leading order
contribution to the classical part of the baryon mass at A > 1. The terms at order O(\°)
give the dependence of the energy on the parameters of the solution. The gravitational
contribution which favors small instantons is given by the term proportional to p?, whereas
the term that goes as p~2 comes from the Coulomb repulsion. From the point of view of the
boundary theory, the gravitational term is interpreted as the effect of the confining strong
force (recall that the glue sector of the theory is dual to the geometry (2.2.1)). As for the
Coulomb repulsion, it simply implements the fact that higher baryon densities result in
higher energies.

Note that the background curvature has another effect, that corresponds to the Z2
term in (2.2.17). The latter implies that the baryon solution should sit at z = 0, that is
at the point where the geometry caps off. The four-dimensional translational invariance of
the BPST instanton is thus broken in the holographic direction, but remains intact along
the boundary directions.

Most of the properties of the WSS baryon solution are expected to be common to other
holographic models of QCD:

e The boundary baryon state is dual to an instanton configuration of the chiral gauge
fields in the bulk;

e The gravitational attraction makes the instanton shrink, whereas the Coulomb re-
pulsion from the topological Chern-Simons term makes it inflate. The competition
of the two effects results in a finite size for the baryon;
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e The baryon tends to fall towards the IR region (the interior of the geometry) due to
the background curvature.

However, the fact that the baryon size is parametrically small at large ’t Hooft coupling
A is a specificity of the WSS model. On the one hand, this property is very handy for
computing the baryonic properties, since at leading order in A™!, the solution is equivalent
to the flat space BPST instanton. On the other hand, it implies that the baryon size is
much smaller than the confining scale MIEf(, which clashes with the expectation from QCD.

Despite this issue with the baryon size, the WSS model was shown to be quite succesful
in reproducing QCD data in the baryonic sector as well. These include the mass splittings
in the baryon spectrum [128], but also static properties [129], including some nucleon flavor
form factors and baryon-meson vertices. Those observables turn out to be independent of
A: apart from the zero-point energy, the spectrum is determined by the order O(\%) term
in (2.2.17), and the relevant size in the flavor form factors is controlled by the mass of the
rho meson rather than the instanton size.

However, the main limitation of the WSS model for baryons is that some baryonic
observables do depend on A. These include mainly the zero-point energy My ~ AMxkxk,
which is parametrically larger than the confining scale, and the gravitational form factors
(the matrix elements of the stress-energy tensor). This shortcoming of the WSS model is
a consequence of the fact that the 't Hooft coupling A appears as a parameter of the low
energy theory. That is, the dimensional transmutation from A to Mkxk is not realized, and
some hadronic scales end-up depending on A in addition to Mkk.

In summary, the WSS model gives an elegant top-down construction of a holographic
theory which contains many properties in common with QCD. The glue sector is dual to the
bulk geometry, and the flavor sector to probe D-branes. Apart from the number of colors
N,, the model contains only two parameters: the 't Hooft coupling A and the mass scale
Myk5. The theory exhibits confinement, spontaneous breaking of the chiral symmetry,
and its spectrum contains all the types of hadrons, with properties that are mostly in quite
good agreement with experimental or lattice data (with two parameters!). However, the
model also has several limitations. Apart from the fact that the results are valid only at
leading order in the large N, limit (which is common to all holographic models), these
include:

e The absence of separation between the UV cut-off of the four-dimensional description
and the confining scale, both of which are given by Mgr. As a consequence, the
glue sector does not exactly correspond to the Yang-Mills theory in four-dimensions;

6 Above, we focused on the case of anti-podal branes, but the brane separation L can be consid-
ered as an additional parameter of the model.
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e The trivial RG flow of the four-dimensional 't Hooft coupling A, and the fact that it
appears as a parameter of the low energy theory;

e The fact that the embedding of the flavor branes can only be computed in the
quenched approximation Ny < N., where the back-reaction on the geometry is
negligible;

e A point that was not mentioned above: the bifundamental “tachyon” field dual to
the quark bilinear operator ¢ is non-local [132]. As a consequence, it is hard to
implement a finite quark mass in the model”. In the WSS model, the tachyon field
arises as the low energy excitations of open strings that connect the branes to the
anti-branes. Because the branes are separated along the compact direction 7, those
strings are stretched to a macroscopic size L ~ MIZf(

In the next section, we present the holographic model that was used in this work. This
so-called Veneziano-QCD (V-QCD) model is the most complete framework for holographic
QCD, which is able to overcome all the limitations of the WSS model mentioned above.
In particular, it makes it possible to implement the back-reaction of the flavor sector on
the glue sector, which is crucial for our present purpose of investigating the properties of
dense QCD matter.

2.3 The bottom-up V-QCD framework

In this section, we will introduce the (semi-)bottom-up V-QCD framework that was used
in this work. Until now, the holographic models that we have been considering were top-
down models. That is, models where the holographic dual of the strongly coupled QFT
is given by an explicit construction in string theory. However, the bulk theory that we
ended up dealing with in the large N and strong coupling limit, reduced to a classical
theory of gravity and other fields (such as the WSS gauge field), defined on a specific five-
dimensional geometry. From this observation, the philosophy of the bottom-up approach is
to start directly from a five-dimensional classical theory, whose field content is determined
from the holographic dictionary. The action that determines the dynamics of the bulk
fields may then be written in terms of low energy parameters, in the spirit of effective
field theory. As we will see, the V-QCD action builds up on the successes of the top-down
models, in particular the WSS model, by using an ansatz qualitatively similar to the low
energy actions that arise in string theory. In that sense, V-QCD should be considered as a
semi-bottom-up model, as it satisfies all the qualitative properties implied by string theory
(unlike many other bottom-up models).

"There are ways of improving the model to include quark masses [130, 131, 132, 129, 133], but
explicit calculations can only be done perturbatively in the quark mass.
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The cost of considering a bottom-up approach is that the UV completion of the bulk
theory is not known (although we have some intuition of the underlying string theory
[134]), and the low energy theory that is built typically contains more parameters than
the top-down models. Also, the exact form of the boundary QFT is not known. However,
it is the best approach to tailor a theory as close as possible to QCD®. Indeed, starting
from the holographic dictionary ensures that the boundary operator algebra contains the
main operators that are important for the low energy dynamics of QCD. In particular, the
tachyon field dual to the quark bilinear 11, which is difficult to include in top-down models,
is naturally part of the bottom-up bulk theory. Also, imposing the number of flavors N
to be of the same order as the number of colors N,, does not require to solve complicated
brane dynamics, but simply the back-reaction of the flavor fields on the metric.

The physics of the V-QCD model has been analyzed in various phases, showing good
agreement with QCD data where it is available. The structure of the confining and chirally
broken vacuum has been derived, both at zero quark mass [150] and finite quark mass [160],
and at finite f-angle [166]. The spectra of the mesonic excitations at zero temperature was
shown to be discrete and gapped (modulo the pions) [161], with linear trajectories for the
radial excitations m% ~ n. Moreover, it has been shown that the V-QCD potentials can be
fitted efficiently to experimental data for meson spectra, with accuracies better than 10%
for most of the states [162].

V-QCD has also been studied at finite temperature 7' [163] and quark number chemical
potential p,, when ignoring the baryonic states [164]. The structure of the phase diagram
in the (7, p14) plane was shown to exhibit chiral and deconfining” phase transitions, where
the critical temperature T,(j,) decreases with the chemical potential, and vanishes at some
critical value ji.. The thermodynamics at ;1 = 0 was also computed, and shown to compare
well with lattice results [165].

Having exposed the motivation for its construction, as well as its successes thus far,
we will now proceed to reviewing the V-QCD model. As mentioned above, V-QCD is a
bottom-up, five-dimensional holographic model for QCD with N, colors and N; flavors,
which captures both glue and flavor dynamics, i.e. the flavor sector is fully backreacting.
The holographic description in terms of a 5-dimensional theory is assumed to be valid in
the Veneziano large-N limit,

N
N.,N; =00, z= Ff and A\ = g2y N, finite, (2.3.1)

C

8 As we will explain below, the convenient approach in practice is to first tailor the glue sector
of the theory to the properties of Yang-Mills, and then tailor the full theory with flavors to QCD.
This is also described in more detail in section 3.2.2.

9Tt is well known that there is no order parameter for confinement in QCD, when quarks are
taken into account. However, in the large N limit, the confined and deconfined phases can be
distinguished by the scaling of the free energy in the number of colors. The free energy is of order
O(1) in the confined phase, whereas it is of order O(NN?2) in the deconfined phase.
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where gy is the Yang-Mills coupling.

The holographic model consists of a five-dimensional bulk theory whose dynamical fields
are in one-to-one correspondence with the lowest-dimensional gauge-invariant operators in
QCD. These are:

1. The five-dimensional metric g4, dual to the stress-tensor;

2. A scalar field X (the dilaton) dual to the operator TrF),, F* (where F),, is the Yang-
Mills field strength) and encoding the running 't Hooft coupling;

3. A set of U(Nyf)r x U(Nf)r non-Abelian gauge fields, denoted Ljys, Ry, dual to the
) (R
I

. L .
chiral flavor currents J EL , , whose matrix elements are:

where gy /g; are the left-handed and right-handed quarks in the fundamental repre-
sentation of U(N¢)r, r;

4. An Ny x N; complex scalar field matrix T]’ (the tachyon) in the bi-fundamental
representation of U(Ny)y, x U(N¢)g, dual to the quark bilinear ghqr, ;.

All the above operators have dimension 4 or smaller. To those, one can add the Yang-Mills
instanton density Tr(F A F'), which describes the CP-odd sector of QCD, related to the 6
angle. The CP-odd sector has been analyzed in V-QCD [166], but for the present purpose
we can as well consider that the 6 angle is experimentally constrained to be less than 10719,
and set it to zero.

The bottom-up nature of the model then resides in truncating the spectrum to the
low-dimension operators listed above!'’, and writing a phenomenological action describing
the dynamics of the corresponding bulk fields. The general structure of the action is
obtained from string theory. It involves a few a priori unknown functions of the scalars T'
and A, whose relevant features are fixed by a mixture of theoretical and phenomenological
motivations.

The five-dimensional action for the bulk fields takes the following form:

Sv_gcp =S¢+ Sppr + Scs - (2.3.3)

The first term S; depends on the color sector alone, while the second and third terms
describe the coupled flavor-color degrees of freedom. Sppr is a Dirac-Born-Infeld-type

10The criterium for the truncation is actually not only given by the dimension of the operators.
There are other operators of dimension less than 4 that are not taken into account, such as [y*, v*]1
or the traceless part of Tr(F), F,,). Those operators are ignored because they are expected to be
dual to massive higher excitations of strings, due to their higher tensor structure.
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action which contains the kinetic terms of the tachyon and gauge fields, whereas Scg is a
generalized Tachyon-Chern-Simons action whose role is crucial to correctly recover chiral
anomalies. If we think of this model as originating from a (non-critical) string theory,
then the color action describes the low-energy effective theory of closed string fields, while
the DBI and Tachyon-Chern-Simons actions describe the open string sector living on the
world-volume of Ny pairs of space-filling D4-branes and anti D4-branes. Below we shall
describe in more detail the first two terms in the action. The construction of the TCS term
is part of the results from the work carried out in this thesis, so it will be discussed later,
in section 3.1.3.

The action Sy in (2.3.3) gives a holographic description of the pure glue sector in terms
of the Einstein-dilaton theory of the fields A and gp;n. It has the form:

4

ngNaM)\aN)\ FV,(N)| ., 0<A< 400 (234)

Sglg, A\l = MPN? / d’zy/—g [R —~
This is the action for the five-dimensional Improved Holographic QCD (IHQCD) holo-
graphic model for pure Yang-Mills theory [145]. The UV regime of the theory corresponds
to the small-A region, and the IR is reached as A — 4o00. The dilaton potential V() is
chosen in such a way that it allows for a logarithmically running coupling constant in the
UV, leads to color confinement (i.e. a Wilson loop area law) and has a qualitatively correct
glueball spectrum. These requirements fix the large-A and small-A behavior of V,(\) as
follows [145].

For small A, one requires an analytic behavior of the glue potential:

Vo(\) = g 14V A+ 03] . A—0. (23.5)
The leading term in the expansion ensures that the model admits an asymptotically AdSs
solution with AdS length ¢, and with A — 0 as one approaches the boundary. The second
term ensures that A (identified with the running ’t Hooft coupling in the UV) has the
correct perturbative running, and the coefficient V;; is fixed by matching the first S-
function coefficient of four-dimensional Yang-Mills. Similarly, higher-order terms in the
expansion (2.3.5) can be fixed by matching higher-order S-function coefficients.
For large A, matching the expected qualitative behavior of Yang-Mills at low-energy
requires [145]:
Vo(A) ~ A 3log )2 | N = +oo. (2.3.6)

With this asymptotics, the Wilson loop follows an area law. Moreover, the model has a
discrete spectrum of glueball excitations, with masses m,, obeying Regge-like asymptotics
m2 o n, both in the scalar and in the tensor sectors.

We now come to the DBI part of the action, the second term in (2.3.3). In most of the
previous works in the context of V-QCD [150, 151, 156, 157, 160, 161, 163, 164, 166], only
the Abelian vector part of the gauge fields was relevant, and moreover the tachyon matrix
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was restricted to be the identity matrix times a real function 7. These assumptions apply
when considering homogeneous solutions (the vacuum, or a thermal equilibrium state) and
neglecting quark mass differences. In this case the DBI action reduces to an action for a
single Abelian gauge field and a real scalar 7. For illustrative purposes, we first present
this simplified version of the DBI action, because it already contains the phenomenological
potentials which characterize the model. The full DBI action including the non-Abelian
structure will be presented in section 3.1.2.
The simplified DBI action was taken to be of the form, [138, 150]:

SDB[,simpl [gaba )\7 T, UM] = _]\43]\]'0]\]’]‘>< (237)

X /d5l’Vf()\, T)\/—det (gMN + R()\)@MTaNT + w()\)FMN) ,

where the field 7 is defined by the tachyon ansatz

T) =716, , TER, (2.3.8)

and Fjy is the field strength of the vector U(1) gauge field vy, defined such that:
(La)s = (Rag)s = ondh , d,j=1...Ny. (2.3.9)

The form of the action (2.3.7) is modeled after the Abelian form of Sen’s DBI action
for unstable D-branes [159], which governs top-down holographic models of flavor that
incorporate chiral symmetry breaking (such as the WSS model discussed in the previous
section). Lacking a top-down description, the phenomenological character of the DBI
action (2.3.7) is encoded in three functions of the scalars Vy(A,7), k(\), w(X), which affect
both the flavor dynamics and its interaction with color. These functions are constrained
by consistency and phenomenological requirements, which are discussed in detail in [161]
and that we summarize below'!.

e V(A7) controls the overall effect of flavor over the color background, and it is
crucial (for example) for the correct description of chiral symmetry breaking. More
specifically, we assume that, at large values of 7, it behaves asymptotically as:

Vi(\,7) ~e @V s oo, (2.3.10)

with a(A) > 0. The behavior (2.3.10) is modeled after Sen’s action for unstable
D-branes, and it implies that as 7 — oo the space-filling flavor branes disappear
[159, 138].

1 The functions x and w can in principle also depend on the tachyon field. We shall not consider
such a dependence in this work.

46



e The effective scalar potential including the DBI contribution is
Ny
VersO7) = Vo(A) = 17-Vi(As 7). (2.3.11)

As 7 — o0, chiral symmetry is broken, the flavor sector decouples due to (2.3.10)
and Verr(A) reduces to Vy(A). On the other hand, for 7 = 0 (which corresponds to
the UV), the effective dilaton potential contains a flavor contribution:

Ny

VersOur = 0) = Vo) =

Vf}o()\) y Vf}o()\) = Vf()\, 0) . (2.3.12)
At small tachyon, the flavor potential V; follows an expansion of the form:
Vi(AT) = Vo) [L—a()m?+ 0 (74)] . (2.3.13)

e For the correct UV behavior, all functions of A have a regular power-law expansion
in A around A = 0, similar to the one of Vj in (2.3.5):

Vepr(Am=0) =V [L+ViA+0(\)] |

Vio(A) = Wy [1+ WA+ 0(\)],

K(A) = ko [1+ k1A + O(\?)] A= 0, (2.3.14)
w(A) = wo [1+wiA + O(N?)],

a\) =1+ a A+ 0(\?),

where Wy, ko etc. are constants. The UV AdS length is now given by the effective
potential (2.3.11) evaluated at A = 0,7 = 0:

12 12
where £2 was defined in (2.3.5) and z in (2.3.1). The other expansion coefficients are
fixed by matching the UV behavior of the QCD operators (dimensions, two-point
function normalization, etc.).

e In the IR regime, thermodynamics and the qualitative features of the meson tra-
jectories constrain the large-A behavior of the functions Vi o(A), x(A) and w(X). In
particular, qualitatively consistent results are obtained if we assume that, to leading
order as A — +00 :

Vf70 ~ WigA?, Kk~ /@[R)\_4/3(log )\)1/2, w ~ wIR)\_4/3(log )\), a~ arR,
(2.3.16)
where Wig, k1Rr, wrr, arr and v, are constants, and 4/3 < v, < 10/3.
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2.3.1 Vacuum solution

The Poincaré-invariant vacuum of the dual field theory is described by a bulk solution to
the classical field equations in which all the gauge fields are set to zero. Assuming that the
quark mass matrix is proportional to the identity'?, the solution is characterized by the
three functions A(r), \(r) and 7(r):

ds? = e2Ar) (er + mudatda”), A= Xr), T=7(r). (2.3.17)

Here, r is the holographic radial coordinate, and z* , © = 0...3 are identified with the
coordinates of 4d Minkowski space-time, on which the dual field theory is defined.

With the gauge fields identically zero, the TCS action does not contribute to the field
equations, and the Poincaré-invariant solution (2.3.17) is completely determined by the
first two terms in (2.3.3).

While in general the equations of motion have to be solved numerically, the asymptotic
behavior of the solution in the UV and IR can be obtained analytically and it is fixed by
the asymptotic behavior of the potentials discussed in the previous section. Below, we give
a review of the asymptotics of the V-QCD vacuum solution. These results are necessary
to understand the boundary conditions satisfied by the baryon solution that is analyzed in
the next chapter.

UV asymptotics. The region of the geometry corresponding to the UV of the dual
field theory is the region where e — +o00 and A — 0 [145]. If the radial coordinate is
chosen as in (2.3.17), this region corresponds to the limit » — 0, and one finds (see e.g.

[145, 161]):
r 4 1

! ) , (2.3.19)

V1 910g (rA) (
(am1))
Lo (log TA))) (2.3.20)

In the equations above, ¢ is the AdS length, V; is the first subleading coefficient in the
effective potential (see equation (2.3.14)), and A, m and ¥ are integration constants of the
field equations. In terms of the dual field theory, A is a scale which measures the breaking of
conformal invariance in the UV (it is the holographic manifestation of the QCD scale); m is

A(r) =

1
ZT(T) mr(—log(rA))© (

_|_
+ 2 73(=log(rA)) (

12This implies that the quark masses are all the same.
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the quark mass'® and ¥ is the quark condensate. The independent leading and subleading
terms in the tachyon expansion correspond to a field theory operator of dimension A = 3,
with the extra logarithm reproducing the QCD mass anomalous dimension. The exponent
¢ is determined by the O(A) terms in the expansions of the potentials (2.3.14), see [161]:

4 K1 — aq
=—11 . 2.3.21
c 3 ( + % ) ( )

IR asymptotics The IR region of the geometry corresponds to e — 0 and A — +o0,
[145]. In the chiral symmetry breaking solution (for which 7 # 0) the tachyon also diverges
in this limit [150]. With the glue potential behaving as in (2.3.6), the IR is found in the
limit » — +o00, and we have [145, 150]:

A(r) = oS e (1+0(r2)), (2.3.22)
e = \/Ze}%?ﬁf‘c (1+0(r ), (2.3.23)
= (F) 0+0() 2:5:21)

Here, C;, A., and A, are constants determined by the asymptotics of the various potentials
(2.3.14) and (2.3.15), and the first of these constant must obey C; > 1; R and 71y are
integration constants which are (implicit) functions of the integration constants appearing
in the UV. In particular, R plays the role of the non-perturbative IR scale of the theory.

13Recall that we are assuming a quark mass matrix proportional to the identity.

49



Chapter 3
The V-QCD baryon

Baryon bound states are difficult to describe quantitatively in terms of quarks and gluons.
In the large-N limit however, [127], they have a nice description as solitons of the effective
chiral theory, [139, 140]. This theory, beyond the ad-hoc higher derivative term introduced
by Skyrme to stabilize the solitons, contains a topological term that is crucial for making
the solitons fermions in the case of N, odd, [140]. Once the quarks are coupled to external
sources that are flavor gauge fields, this topological part of the action becomes gauged and
reproduces the well-known flavor anomalies, [140, 141, 142].

The issue of flavor anomalies and the associated topological terms, is an important
ingredient of the low-energy dynamics of QCD. In the effective chiral Lagrangian, such
terms emanate from Witten’s five-form topological term, [140], whose quantized coefficient
is given by the number of colors, N.. Such a term is written as a five dimensional (topo-
logical) integral over a five-manifold with a single boundary which is identified with the
four-dimensional spacetime on which QCD is defined. Once the theory is coupled to vec-
tor sources L, R, for the flavor currents, the Noether procedure has given eventually the
gauged WZW term, [140, 141, 142], that controls the anomalous variations of the effective
action under flavor transformations. This action must be both P and C invariant as is
expected from QCD without a 6 angle!. Higher topological terms that are gauge invariant
start at six-derivatives, [167, 168] and have been analyzed up to eight derivatives [169].
However, in this context the chiral condensate and its size fluctuations are absent from the
low energy dynamics of the chiral Lagrangian.

The issue of the relevant parity-odd terms in holographic models is also diverse?. In

!The relevant P and C transformations are defined in appendix A.

2In this theory the combined parity transformation P is the product of two transformations Py
and P, that are defined in appendix A. P, acts in the usual way on the boundary space coordinates.
P, acts on the fields. In most cases in holography, parity-odd refers to P>-odd in our notation, and
it always involves the Levi-Civita tensor. From now on we will be careful in specifying the type of
parity transformation we refer to, Py, P, or P = P\ P5.
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the simplest bottom-up model, the hard wall model [143], the relevant terms are five-
dimensional Chern-Simons terms involving the flavor gauge fields L, R,. They do not
include, in particular, contributions from the quark condensate field, T, which is dual to
the quark-mass operator and controls chiral symmetry breaking. Moreover, in this simple
model, chiral symmetry breaking occurs by fiat rather than dynamically.

In the more realistic top-down model of Sakai and Sugimoto [121, 124], the topological
terms arise again from a five-dimensional Chern-Simons term that involves the (now unique)
flavor gauge field A,. As explained in section 2.2, the reason that the gauge field is unique
is that in the chirally broken case, the branes and antibranes fuse to a single brane and
A, is the left-over gauge field after the fusion. However, as it was anticipated later [170],
this Chern-Simons term is not enough to describe the physics of baryons and an extra
contribution, localized at some IR boundary on the flavor brane was added by hand [170].
Again, here the tachyon field is absent as it is a fluctuation of a non-local string.

The V-QCD theory has in general a P»-odd five dimensional Tachyon-Chern-Simons
term that is not only a functional of the flavor gauge fields, A[Z’R but also of the (matrix-
valued) tachyon field, [138]. As already shown in [138], an analysis of a general tachyon-
dependent CS term is notoriously difficult, and this is why, in that reference, it was deter-
mined based on string theory calculations for a tachyon field that is proportional to the
identity matrix. In this work we shall go a step further and we shall assume that

T =7U (3.0.1)

where U is a unitary matrix and 7 a single real field 3. Both 7 and the unitary matrix U
are five-dimensional fields. With this assumption, we shall perform a comprehensive search
for the most general tachyon-dependent CS term that is compatible with all symmetry
expectations, and which reproduces the flavor anomalies of QCD. From now on we shall
call these terms the Tachyon-Chern-Simons terms or TCS for short.

The TCS term beyond anomalies is also relevant for dynamical questions. Because of
its structure, and the fact that it is proportional to the five-dimensional e-tensor, it does
not contribute in several relatively-uniform bulk solutions. Solutions, with full Poincaré
ISO(3,1) invariance, or RxSO(3) invariance relevant at finite temperature and density are
not affected by the TCS term. In the presence of a (weak) electromagnetic field the TCS
term contributes to the two-point functions of currents, [185, 186].

In a similar spirit, it is known that the (T)CS term can mediate mixing and translational
invariance instabilities in finite density contexts, [187, 188, 189, 190], leading to spatially
modulated phases. Finally, being cubic to leading order in the flavor gauge fields, it is
important in the determination of the three point function of the flavor currents.

3A chiral rotation can transform U to the identity. It cannot however change the value of 7.
This means that flavor symmetry is broken to the diagonal vector U(N¢) but not further, as in
the chiral limit of QCD. The most general form of the tachyon matrix would be instead T' = TU,
where T is a Hermitian matrix. If the latter is non-trivial, the tachyon matrix cannot (in general)
be brought to be proportional to the identity matrix by a L-R gauge transformation.
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Probably, the most important role of the (T)CS term so far, beyond anomalies, is in
the determination of the baryon soliton solution in the holographic context. The baryon
ansatz is sufficiently complicated so that it contributes non-trivially, in several ways. In
particular, the soliton would have the tendency to shrink to a point, but the CS term is
crucial in its stabilisation. As reviewed in section 2.2 in the context of the WSS model,
the soliton is essentially an instanton of the flavor symmetry group, and because of the
CS term it acquires a U(1)p charge. This has a dual effect. First it makes the soliton a
baryon. Second the U(1)p charge repulsion in the bulk stabilizes the soliton that would
like otherwise to collapse as it happens in simpler cases, [128, 171].

This chapter discusses the construction of the single baryon solution in V-QCD. It is
divided in two parts. In the first part, we introduce the formalism for the baryon solution,
including the construction of the TCS term, and the derivation of the appropriate baryon
ansatz. In the second part, we compute numerically the baryon solution for a specific
model in the V-QCD class. We then analyze the quantization of the collective modes of
the solution, which results in the calculation of the baryon spin-isospin spectrum. The
chapter ends with a discussion of limitations, advantages and further directions.

3.1 Tachyon-dependent Chern-Simons term and
formalism for the baryon solution

This section is based on my original work [5].

The goal in this section is two-fold:

1. To analyze the general structure of the TCS term and to understand the relevance
of different parts in dynamics and anomalies.

2. To write the appropriate ansatz of the baryon solution, to derive the equations of
motion, and to understand the boundary conditions relevant for the solution as well
as the conditions for obtaining the correct baryon number.

In this work, we fully answer these questions provided we are in the exact chiral limit.
This implies in particular that the tachyon field will be taken to have the form (3.0.1),
where 7 is a real scalar function and U is a (spacetime-dependent) unitary matrix. In the
chiral limit, we are able, on the one hand, to write down the most general combination
of tachyon-dependent Chern-Simons-like terms compatible with symmetries and anomalies
of the boundary theory, and with (bulk) gauge-invariance. On the other hand, we work
out the appropriate ansatz for a cylindrically-symmetric bulk instanton which is regular,
horizonless, has finite mass and unit baryon charge with respect to the boundary theory,
and is therefore the candidate for a single-baryon state in V-QCD.
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3.1.1 Summary

In order to make our main results more directly accessible, we start the discussion by giving
a brief summary of the contents of this section.

CS terms

We call the TCS part of the bulk action anything which is written as a bulk integral of a
five-form,

.N2
Seg = ZC/ Qs (3.1.1)
bulk

where the normalization is chosen for convenience. We assume? that Q5 may depend only
on the flavor sector fields (the tachyon modulus 7, the unitary matrix U and the flavor gauge
fields), but not on the glue sector fields (the metric and dilaton). Under this assumption,
we write the most general form 5 which is compatible with the discrete symmetries and
such that, under a bulk gauge transformation, the variation of (3.1.1) reduces to a UV-
boundary term which reproduces the flavor anomalies of QCD. These restrictions largely
(but not completely) fix the form Q5. It must be the sum of three terms:

Q5 = O + QF + dGy, (3.1.2)
which have the following properties:

1. The first term Q2 is gauge-invariant (under bulk gauge-transformations) but not
closed; it is the sum of four terms:

4
0 =>" fi(r)Fi(U,F* FF), (3.1.3)
=1

where the f;(7) are arbitrary functions of the tachyon modulus, and F¢(U, F¥, FT)
are specific gauge-invariant five-forms which depend on U, its gauge-covariant deriva-
tive DU, and the field-strengths F© and F of the left and right flavor gauge fields,
and are given explicitly in section 3.1.3.1. The functions f;(7) can be constrained to
some degree if one makes further assumptions. In particular, their value at 7 = 0
can be fixed by asking that in the chirally unbroken phase with trivial tachyon field
7 = 0, (3.1.1) matches the standard gauge Chern-Simons action in 5d for the left
and right gauge fields.

2. The second term in (3.1.2) is closed but not exact and it is completely fixed by the
flavor anomaly (including the overall coefficient):

%:—%wwmwm (3.1.4)

4This assumption is dictated by string theory.
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3. The third term in (3.1.2) is written in terms of a 4-form G4, which is fixed, up to a
few arbitrary functions h;(7). However as it only enters the action via a boundary
term, only the values at 7 = 0 of h;(7) matter, and these values are completely fixed
by the QCD flavor anomaly.

To summarize, the TCS action is parametrized by two sets of functions f;(7) and h;(7). The
fi(7)’s have no effect on anomaly matching, but enter the field equations in the presence
of non-trivial gauge-field configurations; the h;(7)’s on the other hand are irrelevant for
the dynamics, and their boundary value is fixed by anomaly matching (therefore this
description has a certain redundancy).

In order to match the flavor anomaly, we have to make a further assumption of IR
regularity on the matrix U as it usually happens in holography. This can be translated
into the requirement that the matrix U should go to constant fast enough in the IR, so
that there is no IR contributions to the on-shell action or to the anomalous variation of the
action under gauge symmetry®. The same argument (no IR contributions to the on-shell
action and anomaly) requires the functions f;(7) and h;(7) to vanish fast enough in the IR
(which corresponds to the limit 7 — +oc in the chirally broken phase).

The V-QCD baryon

As we mentioned earlier, the TCS action is crucial for correctly describing baryons in
holographic theories. The second part of this work is devoted to lay out the general
grounds for constructing the baryon as an asymptotically-AdS soliton solution of the bulk
theory with the following properties:

e It is time-independent and spherically symmetric with respect to the boundary spa-
tial directions;

e It is a finite-energy excited state over the QCD vacuum. This requires in particular
that all bulk fields which are turned on must have vev-like asymptotics near the AdS
boundary and must reduce to the vacuum fast enough at spatial infinity |Z| — +oo;

e It has baryon-number equal to one with respect to the boundary abelian vector flavor
symmetry U(1)p;

e It is horizonless: the baryon number is not fractionalized, i.e. it is not provided by
deconfined degrees of freedom like in a quark-gluon plasma state.

Here, we construct a bulk SU(2) instanton configuration of the U(Ny) flavor axial
gauge fields, depending on the four directions (r,Z) together with a nontrivial function

5This can often be rephrased more rigorously in terms of normalizable vs. non-normalizable
solutions of the field equations near the IR: one then assumes that only normalizable configurations
are physical.
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U(r,|Z]) describing the non-abelian part of the tachyon, which satisfies all above require-
ments. We argue later that we can neglect the backreaction of the baryon fields on the
background fields (the metric, dilaton and tachyon modulus), that we take to be fixed on
the homogeneous vacuum solution®. Indeed the baryon contributes to order N, which is
negligible compared to N2 and N.N 7 in the Veneziano limit. Specifically, the construction
involves the following steps:

1. We derive the full equations of motion for the instanton;

2. We identify the boundary conditions such that the finite-energy condition is satisfied.
The boundaries here are 1) the near-AdS region UV boundary r — 0, where the
solution should satisfy vev-like boundary conditions for all the fields; 2) the boundary
at spatial infinity |Z| — oo, where the fields have to vanish fast enough so that one
can meaningfully describe the solution as a localized lump of finite energy in the
boundary field theory;

3. We identify suitable “regularity” conditions in the IR region of the geometry (using
both a gauge-invariant formulation, and in a Lorenz-like gauge);

4. We show that, under these conditions, the boundary baryon charge coincides with
the bulk instanton number of the solution.

The last item on this list is particularly important because it shows that baryon configu-
rations are topologically stable in the bulk.

We find that, remarkably, the derivation of the baryon number does not depend in
any manner on the non-closed part of the TCS action Qg and the corresponding TCS
potentials f;(7) in equation (3.1.3). Rather, the generation of the baryon number and the
contribution of the CS terms to the equations of motion (responsible for the stabilization
of the baryon size) are ensured by two distinct parts of the TCS action (closed and non-
closed, respectively). Although slightly counter-intuitive, it is not a contradiction. The
reason is that the result for the baryon number simply tells us what should be the boundary
behavior of the tachyon field for Np to be non-zero (it should have a Skyrmion winding
from (D.38)). It does not guarantee that a solution with such boundary conditions exists
though. In particular, it is expected that no finite size solution should exist when Qg
vanishes (f;(7) = 0).

The rest of this section is organised as follows. The first two subsections discuss the
structure of the non-abelian V-QCD flavor action. Section 3.1.2 introduces the full DBI
action, and the expansion that we consider, whereas the form of V-QCD Tachyon-Chern-
Simons terms is determined in section 3.1.3. In section 3.1.4 we give the ansatz of the
baryon state as an SU(2) instanton of the bulk flavor sector. Then, in section 3.1.5, we

6The last requirement in the list above is trivial in this probe regime, since a horizon can only
arise if the backreaction on the metric is non-negligible.
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write the expression for the baryon energy, which generates the equations of motion for
the ansatz fields. Finally, in section 3.1.6 we discuss the boundary conditions at the UV
boundary and spatial infinity, as well as the conditions at the IR end of the bulk spacetime,
which have to be satisfied in order for the baryon to have finite energy and unit charge. In
that section we also compute the baryon charge of the solution and discuss its relation to
the bulk instanton number. Several technical details are left to the Appendix.

3.1.2 Full DBI action

The first step to investigate the V-QCD baryon solution is to determine the appropriate
form of the V-QCD flavor action used to describe its dynamics. We start here by discussing
how the DBI part of the action is treated, whereas the TCS part will be discussed in the
next subsection.

The V-QCD action was introduced in the previous chapter, section 2.3. The simplified
DBI action (2.3.7) presented there is adapted to describe the dynamics of abelian gauge
fields. However, the baryon solution has a non-trivial non-abelian stucture in the chiral
group. To analyze baryons, it is therefore necessary to work with the full DBI action,
including the non-abelian part. The full DBI action is the non-abelian generalization of
(2.3.7), in which the full matrix nature of the tachyon and of the left and right gauge fields
is explicit. It is again based on Sen’s action, deformed by the same three phenomenological
functions of the dilaton and tachyon V¢(\,T'), k(X), w(X) [150]:

1
Sopi = —5M*N, STr / &z V(A T1T) (\/ “det A 4+ v/—det A(R)> . (3.15)
where the symmetrized trace over the flavor indices STr is defined as

1
STr(MiMy... My) = — > Tr(MyyMy) - - - My(n)), (3.1.6)
" oEeS,

for every integer n and matrices M1, Mo, ..., M,, with S,, the symmetric group. The
convention for the normalization of the SU(Ny) generators is

Tr (tg”tff)) - %5‘“’ , Tr (th>t§R)> = %5“’). (3.1.7)

The fields appearing in (3.1.5) are

A
AD = gun + wVFE + 2 (D\T)'DNT + (DNT) D T] (3.1.8)

2
H()\
2

—

A = gy + wV)FE, [DMT(DNT)T + DNT(DMT)T} : (3.1.9)
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where F sy is the field strength for the gauge fields and the covariant derivative is such
that
DyT = 0yT +iTLy — iRy T . (3.1.10)

The bold font indicates that the U(1) part is included in the gauge fields.

There is no simple way to express v/ —det A(L/B) though, even with the help of the
permutativity of the symmetrized trace and within the SU(2) ansatz’. In order to make
the problem tractable, in the following we consider the same kind of expansion that was
considered in [174]. That is, the DBI action is expanded up to quadratic order in the non-
abelian field strengths, where the non-abelian part of the tachyon covariant derivatives is
considered to be of the same order as the field strength. In the quadratic approximation, the
symmetrized trace can be replaced by a simple trace in the DBI action without ambiguity.

We shall work in the chiral limit, with all quark masses set to zero. In this case, in
the chirally broken phase, the flavor group is broken in the large-N limit to the diagonal
U(Ny¢) subgroup [14]. This is realized in the bulk theory by considering tachyon field
configurations of the form:

T=1U, (3.1.11)

where 7 is a real scalar and U is a unitary matrix®
The quantities A/ defined in (3.1.8)-(3.1.9) can be written as

ASDN = Gk + W FL + ()T DU Dy U, (3.1.12)
Ag\ilz])v = 571(\?1)\7 + w(A)Fjgszf + K(AN)T2D UDNUT, (3.1.13)

where the abelian part F' 1(\/% ]<,R) of the field strength and the tachyon derivatives were col-
lected in an effective metric:

G = gun + w N EER 1 k(N oyronT. (3.1.14)

As in [174], we made the simplifying assumption that the potentials w and x depend on the
dilaton only. 2-tensor indices can be raised and lowered using the effective metric (3.1.14)
according to the following convention

AC CB
MA, = ((gWR))*l) Mep , M5 =M ((g@/R))*l) , (3.1.15)

where which of L or R should be used will depend on which component (L or R) of the
DBI action we are considering.

"Note however that, with the SU(2) ansatz, the computation can be done in principle at any
finite order in the non-abelian gauge fields.

8The chirally broken vacuum corresponds to a bulk solution with a non-zero profile for 7 and
U = T (up to chiral transformations). This solution indeed breaks the flavor symmetry to the
diagonal U (Ny).
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The expansion of the DBI Lagrangian up to quadratic order in the non-abelian field
strengths is then obtained from

—det AL) =/ —det g(&) x (3.1.16)

1 1
z F(IN-1p(L) i 5L -1 ]
X (1 + thr ((g ) F ) + 2/<;7' tr ((g ) D(MU DN)U)

_ itr (((Q(R))l (WF(R) * ’WQD(MUDN)UT>>2>
(e (6 (o s o))

o <<(§<R>)1 (wF<R> + HT2D(MUDN)UT))3> ) ,

where the trace over the space-time indices is denoted by tr. The term linear in F' in the
first line will vanish upon taking the (flavor) trace of the full expression. Also, as mentioned
before, the U covariant derivatives should be considered as of the same order as the field
strength. The final expression for the expansion of the DBI action (3.1.5) up to quadratic
order in the non-abelian field strength is therefore

Spp1 = —M3Nc/d5x V(A 72)y/ —det §F) x (3.1.18)

11 o awy-1)MN)
X [2—1—457 ((g ) ) SMN



(LR,
where we defined the symmetric 2-tensor

Sun = TrDU'DyyU = TrD(,y UD U . (3.1.19)

3.1.3 Tachyon-Chern-Simons terms

We now discuss the TCS term in the brane action, i.e., Scg in (2.3.3). The Tachyon-
Chern-Simons term arises as a part of the Wess-Zumino sector, which has been considered
in [137, 138] and adjusted in connection to V-QCD in [150, 161, 166].

The Wess-Zumino term can be derived in flat-space boundary string field theory, [182,
183, 184]. We sketch here the main points of the construction, see [138] for details. The
expression of the full WZ term is

Swz = T4/C’/\ str e, (3.1.20)

where Ty is the tension of the flavor D4 branes, C is a formal sum of the RR potentials
C = Zn(—l)%Cn, str denotes the supertrace as defined in [138], and F = dA —iA AN A

is the curvature of the superconnection

iL TT
iA = (3.1.21)
T iR

in terms of the gauge fields L, R, and the tachyon T defined above. Expanding the
exponential in (3.1.20) we find four different terms

SWZ=T4/C5/\Z0+C3/\Z2+01/\Z4+C1/\26 (3.1.22)

where the Zs,,’s are the coefficients arising from the expansion of the exponential. The terms
in (3.1.22) play different roles in QCD, [138, 134]. As the theory lives in five dimensions, the
first term contains the five-form flux under which the flavor branes are charged. The second
term is important for the correct holographic implementation of the U(1) 4 anomaly, [138].
The third term controls the CP-odd interactions associated with magnetic strings. Here,
we shall only discuss further the last term, which is the one important for constructing the
baryon solution.
The last term in (3.1.22) may be written as

Scs = Q5 (3.1.23)

e
472
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where df)5 = Zg and we inserted an explicit expression for the constant Fy = dC_1. Fj
is the flux that is proportional to N, and supports the bulk geometry associated with the
glue. It is the analogue of the RR five-form in the ten-dimensional AdSs x S® solution. In
string theory Zg can be computed straightforwardly, but it is somewhat nontrivial to carry
out the integration to find explicitly the five form 5. This task was done in [138] for the
case where the tachyon is proportional to the unit matrix, T = 71.

In the rest of this section we derive a generalized expression for the TCS action, which
is the generalization of the results above to V-QCD and to the more general tachyon
configuration with a nontrivial U matrix in equation (3.1.11).

First, as we are following a bottom-up approach, there is no reason a priori to resort to
the flat space expression of the Wess-Zumino term given in (3.1.20). Therefore, we consider
a general TCS action which satisfy known constraints from the bulk gauge symmetry as well
as the anomaly structure of QCD. Second, instead of taking the tachyon proportional to
the unit matrix, we consider a more general Ansatz (already written down in section 3.1.2)

T =7U (3.1.24)

where 7 is scalar and U is a generic SU(Ny) matrix. While this Ansatz is not the most
general one, it will be sufficient for our purposes. Notice that the presence of the U matrix
allows one to write down expressions which are covariant in the full left and right handed
flavor transformations, rather than only the vectorial transformations. Moreover, the fluc-
tuations of the U field are the pions, so that U maps to the exponential exp(iA,m,/ fr) at
the boundary as the notation suggests, which makes it possible to explicitly compare to
chiral effective theory.

3.1.3.1 Constructing the Tachyon-Chern-Simons term

We proceed to the construction of the TCS action. We require that it satisfies the following
constraints (to be discussed in more detail below):

e The TCS action has the expected behavior under discrete symmetries, i.e., it is
even under both parity (P) and charge conjugation (C) whose actions are defined in
appendix A.4.

e Its variation under infinitesimal (bulk) gauge transformations is closed, dé€2s = 0,
and therefore integrates to a boundary term.

e The gauge transformation of the boundary term matches with the expression for the
flavor anomaly in QCD.

e When chiral symmetry is preserved, 7 = 0, the result agrees with the standard CS
action for D-branes.
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e All TR contributions to observables vanish?.

In what follows, we construct the most general action satisfying these properties. De-
tails are given in Appendix D and here we only sketch the main points.

The CS action is even under P if for the simple parity operation acting on the forms (P;
in Appendix A), Q5 is odd. The extra minus sign then comes from reversing the space-time
coordinates (P2 in Appendix A). Under the action of C on the forms, 5 is required to be
even. We therefore start by writing down the most general five-form which is P; odd and
C even, where the transformation properties of the various fields are given in Appendix A.

The ansatz is given as a linear combination of all possible single-trace 5-forms composed
out of U, the gauge fields, their covariant derivatives, and the one-form dr, with the
coefficients being functions of the only available scalar 7:

11

Zfl UL R] +dr A gi(r)E{)[U, L, R] (3.1.25)
=1

The forms F4(Z) and Fél) are listed explicitly in Appendix D. Notice that we do not expect
dependence on the closed string sector (i.e. on the metric or dilaton) to appear in these
terms, as it happens in standard string theory.

The most drastic constraint is then the requirement that dd€2s = 0. After imposing
this constraint, the general solution can be written as

Q5 = QF + QF + dGy (3.1.26)

where Qg is invariant under gauge transformations and € is closed, so that indeed (triv-
ially) déQs = 0.

The nontrivial part of the derivation is to show that (3.1.26) is the only solution. This
is discussed in appendix D. In (3.1.26), Q2 is the most general gauge covariant 5-form with
the expected eigenvalues under P and C:

Q2 = fi(n)[Te(DU AFD AFDUT 4 To(DUUT A FE) AR
+ fo(r) [Te(DU AFBUT A DUUT A DUUT)
+ Te(DUUT AFE) A DUUT A DUUT)]
+ f3(1) [Te(DU AFDUT AFR) 4 Te(DUUT AFRU AFEUT]
+ fu(r)Te(DUUT A DUUT A DUUT A DUUT A DUUT). (3.1.27)

and depends on four arbitrary functions of 7.

9This requirement becomes non-trivial as the type of bulk geometries that are relevant are mildly
singular (but are compatible with the Gubser bound).
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The closed term Qf is completely fixed (up to exact forms which we include in G4 in
(3.1.26) ) to be
Q¢ = goTr((UTAU)®) (3.1.28)

where gg is a constant. Lastly, G4 is a generic 4-form, i.e., a linear combination of all the
possible P; odd and C even 4-forms:

11
Gi=Y hi(r)F{"[ULR] . (3.1.29)
i=1

Explicit expressions for the forms F, 4(1) can be found in Appendix D. Recall that 25 depends
only on the boundary value of G4 and therefore only on h;(7 = 0), so that the functional
form of h;(7) is irrelevant for the final result, except that the functions should vanish for
T — 00 in order to avoid undesired IR boundary terms.

The next step is to require agreement of the gauge transformation of the boundary
term with the flavor anomalies of QCD. That is, we write 02t = d0G§ and set

3G5 + 0G| = —éTr [AL ((dL)2 _ ;d(L3)> (L R)] Fdie) . (3.1.30)

dry
where Ay is the generator of the left-handed gauge transformation and the right hand
side encodes the flavor anomalies, see e.g. [140, 141, 138]. Notice that the contribution to
the action from the last two terms of (3.1.26) is localized on the UV boundary, because
consistency requires that IR contributions vanish. As we detail in Appendix D, the condi-
tion (3.1.30) completely fixes these terms near the boundary, and therefore also the action
from these terms is fully determined. The result for this part of the action may be written
as

iN, 1N iN,
e [ e — =Y [ mutau)® c ) 1.31
e | S5 dG =~ [ T(UTAU)) + 5 | Ga bdry (3.1.31)
where
24 G4’bd = {2[T(@L AP UT A DU) + TH(LUT A DU AFE)]+ (3.1.32)
ry

+ [H(L Ut ADUUT AFR U + Te(LUt A FE) A DU)} +
+i[Te(L ALUT AR A DU) = Te(LALUT A DUUT ARU)|+
+i [Tr(L AFD UTARU) + Te(LUT ARU A F<L>)} +

+2%Tr(LALALUT ADU) — 2T (LALALUT ARU)+
+2Tr(LUTADUUYADUUTARU) — Te(LU' A DU ALUT A DU)+

—2%Tr(LUTARUALUADU) — 2T (LU ADUUYADUUT A DU)}+
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+ {L<—>R}+Tr(LUT/\RU/\LUT/\RU).

In particular, go = —1/60. The explicitly L > R symmetrized expression is given in
Appendix D. Notice that the last term in (3.1.32) is already symmetric. As one can check,
this expressions matches (up to a four dimensional total derivative) the Wess-Zumino terms
of chiral Lagrangians given in the literature [140, 141], see appendix D.

There is however a subtlety in the above derivation. Namely, we assumed that the
IR contributions from integrating the closed terms vanish. For the contribution from dGy
in (3.1.26) this can be easily obtained by adjusting the 7 dependence of the coefficient
functions as 7 — co. But in the Qf term, the coefficient gq is required to be a constant,
which cannot be set to zero in the IR. Therefore an IR contribution seems unavoidable.
We solve this by requiring that the solution for U is such that the IR boundary term
vanishes. In Appendix D we argue that this is satisfied given relatively mild assumptions
on the asymptotic IR behavior of U. Such an asymptotic regularity condition for U may
be expected due to the following reason: the geometry in the confined phase ends in an
IR singularity at r — oo, where all components of the metric vanish so that the space-
time shrinks to a single point [145, 150]. In our choice of coordinates, this single point
is seemingly described by a 4-dimensional manifold at the boundary r — oo. At this
IR boundary, regularity conditions may be needed in analogy to spherical or cylindrical
coordinates in flat space, where the single point at the origin » = 0 is mapped to a higher
dimensional space (sphere), and regularity conditions for the angular dependence at r = 0
is required to ensure the regularity of the full solution.

More generally, even if the space-time is singular at r — 0o, the holographic consistency
of models like the present one relies on considering as physical only field configurations
which vanish (or more precisely, are normalizable in a precise sense given by the radial
Hamiltonian) at the IR endpoint of space-time. Often this condition can be imposed
without having to specify extra input at the singularity (in which case we say that the
singularity is repulsive and the holographic model is calculable [145, 181]). In short, our IR
boundary conditions for holographically acceptable configurations must be such that the
term (3.1.28) does not contribute in the IR. This is satisfied in particular by the baryon
solutions we discuss in later sections.

After the boundary term has been fixed, the only free functions in our results are the
fi’s in (3.1.27). They are however not fully arbitrary: due to the requirement of vanishing
IR contributions to the action, these functions should vanish fast enough in the IR, i.e., as
T — 00. Moreover, the analysis of [174] suggests that the Tachyon-Chern-Simons action
should vanish faster than the DBI action in the IR.

There are also conditions at the UV boundary. For the chirally-symmetric vacuum, for
which 7 = 0 and U = I, we expect that the Tachyon-Chern-Simons action should reduce
to the standard expression

Ne

Ses(7=0) = 51

Tr (L AFE AFD) 4 %L ALALAFD (3.1.33)
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1
—L/\L/\L/\L/\L—(L<—>R)>

10
up to boundary terms. This is the case if
AO) =5, RO =S BO)=- . f(0)= (3.1.34)
1 - 6 Y 2 - 12 9 3 - 12 9 4 - 60 . oL
Finally, setting U = I, the TCS action reduces to that of [138] if
1 2 7 2
— __ —T I 1 2 —T
f1(7_> 66 Y f2(7—) 12( +7— )e I
1 _ 2 1 2 4 _ 2
— T = —(2+2 . 1.
fa(r) = e fa(7) = o35 (2427 4 7)e (31.35)

That is, our result generalizes the expressions of [138] to U # I for these choices of the
functions. We remark that the action with this choice satisfies all the requirements dis-
cussed above. A simple generalization of these functions, which we use below, is to allow
the normalizations of the tachyon field between the DBI and TCS terms to be different.
We choose

1 _br2 { 2\ —br?
= —— T = — 1 T
fl(T) 66 ) f2(7—) 12( +b7— )e )
1 2 1 2 | 12 4y —br?
[ = —(2+4+2 .
f3(7) 3¢ , fa(T) 120( + 2b7° + b*1)e , (3.1.36)

where b is a positive constant. It was argued in [174], within an approximation scheme for
the baryon, that regularity of the solution requires b > 1. We shall observe the same for
the baryon solutions considered in this work.

The precise functions f;(7) here were chosen by modifying slightly the string theory
result, based on the superconnection formalism, [138]. The modification is the parameter
b inserted in the exponent. However, nothing guarantees that this is the correct choice for
QCD. More constraints on these functions should be derived in order to fix their form.

The TCS terms we have constructed, are written in terms of 7 and U separately. This
is general enough, if the tachyon can be split according to equation (3.1.24). However, as
discussed in more detail in section 3.1.4.4, in the general case with non-zero quark masses,
one has to use the more general tachyon ansatz

T = HU (3.1.37)

where now H is a Hermitian matrix, and the TCS terms must be generalized.

3.1.4 Cylindrically symmetric ansatz for a single baryon

As we discussed in the introduction, the presence of the TCS terms is crucial when searching
for baryon solutions. Indeed, the TCS action is responsible for stabilising the baryon size
and position.
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If we think of this model as originating from a five-dimensional non-critical string
theory, a baryon is described by a Dy brane, [134]. The analogue of the Cy4 flux sourcing
the D3 branes, in this case is a zero-form field strength Fy ~ N,. Its Chern-Simons coupling
on the one-dimensional world-volume of the Dg brane is

/dTATFO ~ Nc/dTAT (3.1.38)

where A, is the world-line gauge field. This is the analogue of the F5 A A Chern-Simons
coupling on the D5 baryon brane in N=4 sYM. As usual, fundamental string end-points
are charged under A, and N, of them are needed to screen the induced charge on the Dg
(baryon) brane, as in the N = 4 sYM case. Moreover, on the D4+D, flavor branes there
is a C coupling to the flavor instanton number. C] is the RR gauge field under which
Dy branes are minimally charged. Therefore Dy number transmutes to flavor instanton
number as in the SS model, [128, 171].

Therefore, in the gravity approximation that we shall be using, a single static baryon Dg
brane, is realised in the bulk as a Euclidean instanton of the non-abelian bulk gauge fields
extended in the three spatial directions plus the holographic direction. In this section we
describe the ansatz that is used to compute the instanton solution in the bulk. On general
grounds, it is expected that an appropriate ansatz can be determined by requiring that
the solution is maximally symmetric, that is symmetric under all the symmetries of the
bulk action (2.3.3) compatible with the boundary conditions. In the case of the baryon
solution, this means all the symmetries of the action compatible with the baryon number
being non-zero °.

3.1.4.1 Ansatz for the glue sector

As explained in the next subsection, we shall consider a baryon whose flavor quantum
numbers are a U(2) subgroup of the U(Ny) flavor group. This implies that the flavor
action (composed of the DBI (3.1.18) and TCS (3.1.23) actions) for the baryon ansatz does
not depend on Ny!'! and is of order N.. On the other hand, the glue action (2.3.4) is of
order N2. So, at leading order in N, the glue sector composed of the metric and dilaton
is not affected by the presence of the baryon and is identical to the vacuum solution. The
latter depends only on the holographic coordinate r

ds? = 240 (—dt? 4 dx? 4 dr?), (3.1.39)
A=A(r). (3.1.40)

10A non-zero baryon number breaks in particular Lorentz invariance. It also breaks charge
conjugation, which should send a baryon solution to a distinct anti-baryon solution.

"When considering that the on-shell action for the baryon solution should correspond to the
classical contribution to the baryon mass, this is the expected scaling at large N,.. This scaling was
equally reproduced in the context of the WSS model [128].
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Let us comment some more on this result that the baryon is a probe on the color back-
ground. In fact, it is well-known that SU(Ny) instantons are constructed from a single
embedded SU(2) instanton that is then conjugated to cover the full SU(Ny) group. This
gives rise to many charged moduli associated to the one-instanton solution. However, here
such parameters are fixed and are not moduli. Therefore, in this case the effective (active)
number of flavors is two, and a non-backreaction approximation for a single baryon is valid.
Note, that if flavor were to be gauged, this approximation would be invalidated.

3.1.4.2 Gauge fields ansatz
The left and right handed gauge fields are denoted

L=L+Lly, , R=R+RIy,, (3.1.41)

where L and R correspond to the SU(Ny) part of the gauge fields, and L and R to the
U(1) part. From these we define the vector and axial vector gauge fields as

L L-—
+R , L-R

V=" o V2

We look for a static instanton configuration for the U(NNy) gauge fields. This configuration
belongs to a non-trivial class of the homotopy group of U(Nf) on the 3-sphere at infinity
of the 4-dimensional Euclidean space spanned by (Z,r). Because for any Ny > 1, the
homotopy groups of U(Ny) and SU(2) are equal

(3.1.42)

m3 (U(Ny)) =73 (SU(2)) =Z, (3.1.43)

a U(Ny) instanton can be constructed by embedding an SU(2) instanton in U(Ny) (acting
with global U(Ny) on an instanton for an SU(2) subgroup of U(Ny)).

Because the TCS action (3.1.23) contains cubic couplings for the gauge fields, a consis-
tent ansatz should contain all the matrices in the Lie Algebra of U(Ny) that can be written
as a product of two SU(2) generators

0%t = 69Ty + 5 (3.1.44)

where the ¢%’s are the Pauli matrices and I is the 2 by 2 identity matrix in the same
subsector of the chiral group as the SU(2) subgroup. This implies that the SU(2) instanton
couples via the TCS term to the gauge field in the direction of Is. The full flavor structure
of the baryon ansatz is therefore that of a U(2) subgroup

a a
I — L“% + L', , R= RCL%R + R R, (3.1.45)

where the superscript T stands for trace, as the corresponding part contains the abelian
part of the gauge field. Note however that, although Iy generates a U(1) subgroup of the
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chiral group, in general'? it is not a subgroup of the abelian part of U(N). In other words,
Il is a combination of Iy, and an SU(Ny) generator

2 2
I =—1I I — —I . 3.1.46
The traceless matrix that appears in (3.1.46) is not any matrix, as it is equal to minus the
traceless part of the strong hypercharge

0

0

1 1 Ny—2 9

Y =_—1I 1 —(— 4+ Iy, — (I, — =TI 3.1.47

N (Nc+ Ny >Nf <2 Ny Nf)’ (o447
1

where by convention the 2 flavors of the SU(2) subgroup are assumed to correspond to the
down and up (note that at zero quark mass, this choice is arbitrary). The fact that the
gauge field ansatz (3.1.45) contains a part in the direction of I is therefore a sign that the
baryon is charged under baryon number and hypercharge. Because a single combination
of the two charges appears, the baryon number and hypercharge will not be independent
for the classical soliton solution. Specifically, we find that for this ansatz

Y = Ng, (3.1.48)

which is the expected result for a baryon composed of the first two flavors's.

To find a relevant U(2) instanton ansatz we follow [173] and look for a configuration
that is invariant under a maximal set of symmetries of the action (2.3.3), compatible with a
finite baryon number. In particular, we look for a U(2) instanton solution that is invariant
under cylindrical transformations. These correspond to rotations in the 3-dimensional
space spanned by x, up to a global SU(2) rotation.

As we look for a static solution, we impose in addition invariance under time-reversal'*

t——t , LY -7 | RT - —RT. (3.1.49)

Note that the definition of time-reversal reduces to that of [173] for Ny = 2 flavors. For
Ny > 2, the time component of the non-abelian gauge field will be non-zero, but propor-

tional to the abelian part. The same was observed in the context of the WSS model in
[128].

12With the exception of Ny = 2.

13This does not mean that the baryon spectrum does not contain higher hypercharge states, with
Y > Np. The baryon spectrum is calculated by quantizing the collective modes of the soliton,
including in particular the rotations in isospin space. Such rotations move the baryon around in
the full chiral group, so they will imply the existence of higher hypercharge baryon states.

4The action on the time component of the gauge fields is necessary for the TCS action to be
invariant under time reversal.
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Then, the static, cylindrically symmetric ansatz takes the form:

L = —H(Zz%(fﬂqaki'k + d)ffg’r)(éaéia —Tixq) + A{ég’r)xixa ) (3'1'50)
Lo — ‘4525% (3.1.51)
LY = oL(r¢), (3.1.52)

where i,k = 1,2, 3 refer to spatial indices, & = \/ac% + x% + :1:% is the 3-dimensional spatial
radius and a = 1,2,3 is the index for the components in the SU(2); basis (the Pauli
matrices o, divided by 2). A similar ansatz can be written for the right-handed gauge
field with corresponding fields qﬁ{%, g, A{Z,Ag, ®”. These are a priori independent from
the left-handed degrees of freedom, as is the embedding of the corresponding SU(2)g in
SU(Ny)r.

The choice of the ansatz partially fixes the gauge but there is still a residual U(1)f x
U(1)r invariance that preserves the cylindrical symmetry, corresponding to the SU(2)
transformation

. x-0
9(L/R) = €XP (Za(L/R)(faT)2£ > ; (3.1.53)
where

x-0=a"". (3.1.54)
Under this gauge transformation, (AgL/ R), AéL/ R)) is the gauge field, cbgL/ B) + iqﬁgL/ B) has

charge +1 and ®L/F) is neutral.

The V-QCD action possesses another discrete parity symmetry

P:x—-x , L+ R. (3.1.55)

A general instanton solution is a linear combination of a P-even instanton and a P-odd
instanton. As discussed in Appendix B, only the P-even part can generate a finite energy
solution. So we also impose the parity symmetry (3.1.55) on the ansatz (3.1.50)-(3.1.52)
for the instanton solution. This relates right and left-handed quantities in the following
manner:

Ay =Ab = AR | Ay = AL = AR (3.1.56)
o=k =k, (3.1.58)
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Also, the right and left-handed gauge fields should belong to the same SU(2) subgroup of
U(Ns)'. Our ansatz is now fully specified by 5 real functions

Ap=(A1,A) , ¢9=¢1+ip2 and P, (3.1.59)

depending on the two variables zF = (£, 7), that we will use as coordinates on a 2D space.
The constraints (3.1.56)-(3.1.58) fix the vector part of the remaining U (1), x U(1)r gauge
invariance, leaving only a residual (axial) U(1) invariance, corresponding to the SU(2)4

transformation
t . xr-o
g1 = gp = €xp za(ﬁ,r)j . (3.1.60)
Under the transformation (3.1.60), Ay is the gauge field, ¢ has charge +1 and ® is neutral,
with gauge transformations

Ap = Ap+ 0, p—ep , . (3.1.61)

3.1.4.3 Tachyon ansatz

The most general cylindrically symmetric'® ansatz for the tachyon field is

(z-0)Y
é )
where p and ¢ are two complex scalar fields and ¢ and j are the indices in the fundamental
representation of the right and left handed SU(2) subgroup, respectively. The parity
transformation acts on the tachyon field as T'(z) — TT(—x) [138]. Imposing the parity

symmetry implies that ¢ and j in (3.1.62) describe the same space and constrains p and ¢
to obey

TY = p(r,€)6Y + o(r,€) (3.1.62)

pER | peciR. (3.1.63)

The tachyon matrix restricted to the SU(2) subgroup T°Y(?) can therefore be cast in the
shape of a scalar times an SU(2) matrix

7Y@ = oI, + @% =7(r,¢§) (COS 0(r, &)1y +z’sin9(r,£)”>

3
— 7(r, &) exp (ie(r,g)x%“> : (3.1.64)

15This implies in particular that the manifest SU(2)y invariance of the SU(2) ansatz simply
maps to invariance under the conserved diagonal subgroup SU(Ny)y of the chiral symmetry when
lifted to SU(Ny).

6Up to a global SU(2) transformation.
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where 7 and 6 are respectively the modulus and phase of the complex number p+ ¢, where
p and ¢ are defined in (3.1.64),

T=VIpP +lel* Hzmam(—w>. (3.1.65)
p

Equation (3.1.64) reproduces the Skyrmion ansatz (equation (16) in [172]) for the unitary
part of the tachyon. The SU(Ny) tachyon ansatz is then obtained by embedding T5U(2)
in SU(Ny)

T=71(r&U(r¢E), (3.1.66)

where U(r, &) is the SU(Ny) matrix resulting from the embedding of exp (2'9(7“, 5)“5—”)

Note that under the residual U(1)4 gauge freedom (3.1.60), the tachyon in equation
(3.1.64) transforms as
00— a. (3.1.67)

Source and vev Depending on whether we set the quark mass m to 0 or not, the
vev term should be identified differently from the tachyon near-boundary expansion. In
this work, we will consider the case in which all quarks are massless. The situation with
non-zero quark mass will be treated elsewhere.

In the massless quark case, the chiral condensate is simply the coefficient of the leading
term of the tachyon, in the near-boundary expansion as r — 0

-0
¢

We used the fact that the near-boundary behavior of the tachyon modulus is still given
by (2.3.20), except that the amplitude of the chiral condensate 3 generically depends on &
due to the presence of the baryon. From (3.1.68), the pion matrix is identified to be

TSV (1, €) = £3(€) exp <¢9(o,g) > 3 (—log(rA) ¢ (1 +---) . (3.1.68)

Up(€) = exp (ia(o,g)x%") . (3.1.69)

The associated near-boundary expansion of the flavor gauge fields can be found in Appendix
G.1.

To summarize the content of this section, the ansatz for the instanton solution (3.1.50)-
(3.1.52), (3.1.56)-(3.1.58) and (3.1.64) contains 7 dynamical fields

() , o(r&) = d1(r &) +iga(r,€)  Au(r &) = (Ae(r, ), Ar(r, ), (3.1.70)
(&) , 0(r,¢),

with a U(1) gauge redundancy under which the fields transform as

¢_>eia¢ R Aﬂ—>Aﬁ—|—8ﬁoz s 0—0—a. (3171)
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3.1.4.4 Comments on non-zero quark masses

In the presence of a non-trivial quark mass matrix M;;, the near-boundary asymptotics
(3.1.68) must be modified, and the leading asymptotics is now:

Ej ~ Mij T(— IOg T'A)C + ... (3172)

Since the nontrivial matrix nature of T starts at leading order, we cannot assume the
decomposition (3.1.66) but the most general form:

T = H(r,&)U(r,€) (3.1.73)

where the scalar field 7(r, &) is replaced by the Hermitian matrix field H(r,§). Near the
boundary r — 0, equation (3.1.72) requires to leading order:

H(r,€) = Hor(—logrA)*+O(r?), U(r,&) =Us+0(r?*) r—0 (3.1.74)

where Hj is a constant Hermitian matrix and Uy is a constant unitary matrix such that
(HoUo)ij = Mij.

Notice that now the matrix U contributes to the source term in the near-boundary
asymptotics. As a consequence, in this case we cannot interpret U(r = 0) as the pion
matrix as in equation (3.1.69) in the massless case.

Furthermore, due to equation (3.1.74), U is constrained to go to a constant matrix as a
function of Z, at leading order in 7. This is very different from the massless quark case, in
which the leading asymptotics of U(r, &) is unconstrained, and in particular it is allowed to
be a non-trivial function of the space-time coordinates to leading order in r. This changes
drastically the on-shell asymptotics of our TCS terms'”.

As a consequence, the baryon ansatz has to be modified in the massive quark case, and
we will not discuss this case further in the present work.

3.1.5 Constructing the baryon solution

We discuss in this section the construction of the baryon solution. As mentioned in the
previous section, a baryon state is realized in the bulk as an instanton solution on the
4D Euclidean space parametrized by (r, Z). The instanton is a configuration of the ansatz
of equations (3.1.50)-(3.1.52) and (3.1.64) that obeys the bulk equations of motion. Con-
structing the baryon solution therefore requires deriving the equations of motion obeyed
by the 7 fields of the ansatz in (3.1.70). These field equations are obtained by substituting
the ansatz into the general field equations (C.1),(C.6) and (C.8). We present here the
general procedure for the computation of the equations of motion and give more details in
Appendix F.

Teven assuming that the quark mass matrix is proportional to the identity, in which case the

decomposition (3.1.66) still holds.
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As discussed in the previous section, the baryon can be treated as a flavor probe on
the glue background. Note that the modulus of the tachyon field 7 is also non-zero in
vacuum (2.3.17). In the Veneziano limit where N, and Ny are both large and of the same
order, the tachyon modulus couples to the glue sector at leading order in N.. Because of
that, the back-reaction of the baryon on the tachyon background is also of order O(1/N.).
The leading order baryon solution is therefore a probe on the vacuum background, and
the back-reaction on the background can be computed order by order in 1/N.. In the
following, we first discuss the leading order probe baryon solution and then consider the
back-reaction. We do not expect the color back-reaction to be qualitatively important for
the flavor structure of the baryon, which is its most important dynamical property. This
motivates the approximation that we consider later, where we compute the back-reaction
on the tachyon modulus alone, assuming the color background to remain unchanged.

We start the discussion of the baryon construction by a few general results. First note
that, for this particular ansatz, the effective metric gasn in equation (3.1.14) is the same
in the L and R sectors. We will simply denote it gysn and it is given by the matrix:

A
—62 —87~¢) —%(%(I) —%8&@ —‘%385@
0.® 44 k(0,7)? /ﬁ%@ﬂ@g /@'%2@7857 ﬁ%@ﬂ@gr
2
LoD KL Atk (?) (BeT)? K%%(ag)? KL (D)’
202 KEOTOT H%%(@g’?‘)Z ek (%) (0eT)? /@%%3(027)2
BOD  KIO,TOET RIS (D)2 22 0r)? k(%) (0r)
(3.1.75)
where the order of the columns (and lines) is (0|r|1]2|3). Its determinant is:
—det § = '™ — e%w? ((9,®)% + (9:®)?) + ¥k ((0,7)? + (0e7)?) — (3.1.76)

— Mg’ (0r®OeT — 8§<I>8r7')2 .

Another useful observation is that, because the equations of motion are covariant under
the residual gauge transformations (3.1.71), the phase € in the tachyon ansatz (3.1.64) can
be absorbed into the gauge field. By doing so, the dynamical field content (3.1.70) can be
reduced to a set of 6 fields invariant under the residual gauge freedom. In practice, if we
define

9(8) = exp <z9“> : (3.1.77)
28
then we consider the following redefinition of the gauge fields

Las — Ly = g(0)Larg(0) +ig(0)drrg(6)" (3.1.78)

Rar — Ry = g(0)"Rarg(0) +ig(0)10rr9(6) (3.1.79)
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which for the ansatz (3.1.50)-(3.1.52) is equivalent to
Ap > Ap=Ap+00 , 9—od=el9 | &= 0. (3.1.80)

From (3.1.71), it is clear that the gauge field thus redefined is invariant under the residual
gauge transformation (3.1.60).

We shall use these gauge-invariant fields in some of our future calculations in this
chapter. When we do that, we will always write the tildes so that it is clear that we are
using the gauge-invariant fields. Working with the gauge-invariant fields is identical to
working in the unitary gauge.

3.1.5.1 Probe instanton

At leading order in N, one can consider the probe regime where the geometry of the
bulk, the dilaton and the modulus of the tachyon field are fixed to their background value
(describing the V-QCD vacuum solution) and search for an instanton solution for the gauge
fields, plus an associated non-trivial solution for the unitary part of the tachyon field. In
our case, there is no abelian field strength in the background (no baryon number density
in the vacuum). Because of this, it is consistent to expand the DBI action at quadratic
order in the abelian field strength also

SpBr = —M3Nc/d5x Vi(A, 72)y/—det g x (3.1.81)

11 1
. (|:2+4I€7-2 (g_l)MN SMN_§U}2 (g—l)MN (g_l)PQ TI‘FE\%;FEQZJ]L'—’_

+0O ((F<L>)3) ] (Lo R)> ,
where Sysy was defined in (3.1.19) and g is now the effective background metric

GuN = gun + KNI TONT = gun + KA()) (7/(r) 2850 (3.1.82)

which takes a diagonal form

—e?4 0 0 0 0
0 e +kOm1)* 0 0 0
g=1 0 0 e 0 0 (3.1.83)
0 0 0 e 0
0 0 0 0 e
Its determinant is given by
—det g =% (1 + e K(0,7)?). (3.1.84)
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SU(2) ansatz Substituting the ansatz (3.1.50)-(3.1.52), (3.1.56)-(3.1.58) and (3.1.64)
into the bulk action (3.1.81) and (3.1.23) yields the expression for the instanton energy!'®
in terms of the fields of (3.1.70)

E = Epp1 + Ecs , (3.1.85)

Boni = 4nM°N. [ drd¢ Vy(xm)et /1 -+ e=24(0,7)2 x

2442 2 1 2 A2 (€5+¢~5*)2
) (e &R (1 + e*“/@(&«T)QAT At 252) *

2 L 1 20 2, L 2 1 9
+uld) (8 1 +e*2A/£(8r7')2£ (Fi) +2 (D§¢| +1 + e 245(0,7)2 [Dro| >+

_1612)?
(14|;25|) -¢ (1 n 62‘1%(&,7’)2 (0,9)% + (35(1))2))) . (3.1.86)

_|_

AN, .
/drd£ " 0P x
T

Ecs =
A L 1 72 T2
< [0+ 5a0) (o4 Ji6 Duot D) + L0 - ) ) +
5 Bifar) — fi(r) — fo(r)(G+ ) As]| (3.1.87)

The differential equations obeyed by the fields of the ansatz are then obtained by extremiz-
ing the energy (3.1.85) with respect to variations of the fields'. The expressions for these
equations (F.38)-(F.43) are presented in appendix F. It is also checked that substituting the
ansatz directly into the general equations of motion (F.26)-(F.28) yields the same equations
as extremizing the energy (3.1.85).

18Gtrictly speaking, this is the bulk action, which as we shall evaluate it on the solutions of our
equations of motion will also be the on-shell action. As all fields considered are time-independent,
the boundary energy differs from this action by a trivial — [ d¢ factor and this is why we shall call
it the “energy” from now on.

191t is well-known that substituting an ansatz into the action and then varying the action to derive
the equations of motion leads to wrong results. However, symmetry sometimes can protect this
procedure. In our case, the SU(2) instanton ansatz (3.1.50)-(3.1.52), (3.1.56)-(3.1.58) and (3.1.64)
fixes most of the gauge invariance, and therefore one could worry that deriving the equations of
motion for the fields of the ansatz in this manner may not reproduce all the constraints obeyed
by these fields. However we can show that the constraints that one misses in this procedure are
trivially satisfied by our ansatz as it has cylindrical symmetry.
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3.1.5.2 Inhomogeneous tachyon

To go beyond the probe limit, we now consider the back-reaction on the tachyon modulus
7. We will assume that the color sector remains fixed to its vacuum value, and write the
equations of motion for the tachyon modulus coupled to the baryon fields. At leading order
in the Veneziano limit, the baryon fields are given by the probe baryon solution, and the
correction to the tachyon background starts at order O(1/Ny). Note that considering such
a back-reaction will imply that 7 will depend on the 3-dimensional radius £. Its EoM is
(C.A4).

In this case the expression (3.1.81) for the expanded DBI action can still be used but
the effective metric, although symmetric, is not diagonal anymore:

—e?4 0 0 0 0
0 62A+/€(6r7')2 5%67«78257 /ﬁ%@ﬂ@g /i%’@ﬂag
0 KGO TOeT e? Atk (’2—1 (OeT)? /ﬁ%%(@g)Q m%%(@g)Q
0 k2O PR A () (3er)? /@“%2%3(8527)2
0 KLOTOT  RE(Der)? 22 0r) k(%) (0r)
(3.1.88)
Its determinant is given by:
— det g =04 (1+ e g ((0,7)* + (9e7)?) ) - (3.1.89)

Soliton energy With the new metric (3.1.88), substituting the ansatz of equations
(3.1.50)-(3.1.52), (3.1.56)-(3.1.58) and (3.1.64) into the DBI action (3.1.81) and the TCS
action (3.1.23) yields the following result for the soliton energy

FE = Epp1 + Ecs, (3.1.90)

Eppr = 4 M*N. Ny / drdg &2 \/ 1+ e 24k ((9,7)2 + (9e7)2) V(A7) €7 — Eppivact

+ 47 M3 N. / drd¢ \/ 1+ e 245 ((0,7)2 + (9¢7)2) Vi(\, 7) et x
~ ~ 7 T%\2
X <62A§2K()\)T2 (eQAATTAg + (1 — eQAA&) Ag + ((25—2’_;5)—
— 2e2AA5r/L215> +
+ w()\)2 (1e2A [AM (1 - eZAA&) - e2AA§T] 52(Fﬁ,7)2+
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1
+5 (1= Ag) Do + €A, [D,6f) +
(-19P)° 1
4€? 2
¢ (emA"(@"‘I’)z + (1 - e Ag) (9:2)*~

_ QQQAA&agq)aTq)))) :

(3.1.91)

e?*A A¢r(Dr¢* Degp + hoc.)—

4N, -
/drdf " 0P x
7r

Ecs =
A 1 ;% 1 72 T%\2
<[+ ) (A 367D+ e + L0 () +
5 (3ifa(r) — Lr) — ()G + ) As] | (3.1.92)

where in the DBI part, Epgivac refers to the DBI contribution to the vacuum energy
and the symbol A is defined in (F.53)-(F.55). The equations of motion are obtained by
extremizing the energy (3.1.90) with respect to small deformations of the ansatz fields
(3.1.70). They are presented in Appendix F.2.

3.1.6 Boundary conditions

The field equations presented in the previous section must be subject to appropriate bound-
ary conditions both at spatial infinity £ — 400 and at the UV boundary » — 0. Moreover,
certain (generalized) regularity conditions must be imposed at the center of the instanton
¢ = 0 and in the bulk interior. In this section we present the conditions that are imposed
on the fields of the ansatz (3.1.70) for the bulk instanton solution to be the dual of a single
baryon at the boundary.

The discussion assumes that the dynamics for the tachyon modulus 7 is also solved and
the equations of motion given by (F.56)-(F.62) (this corresponds to what was referred to as
the inhomogeneous tachyon case in the previous section). The conditions that are presented
will also apply in the probe approximation, where 7 is assumed to be a background field
and the equations of motion are given by (F.38)-(F.43).

3.1.6.1 Baryon charge and mass

We start by deriving the expression for the baryon charge and mass in the boundary theory,
in terms of the fields of the ansatz (3.1.70). We will then use these results to determine
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the boundary conditions required for the charge to be equal to unity and the mass to be
finite.

We first discuss the calculation of the baryon charge, whose details can be found in
appendix D.1. The baryon current at the boundary is given by (D.37)

N, . .
NeJhwy = _isﬂ dzh A | — 4iTe(L A FE) 4 Te(L A LA L)4+4iTe(R A FE))—
—Tr(RA RA R)+6Te(DU A FOUN46Te(DUUT A FUH)—
—~2Te(DUUT A DUUT A DUUY)] ’UV , (3.1.93)

where we denoted by w4 the Minkowski volume 4-form
wy = dt Adat Ada? Adad. (3.1.94)

Remarkably, as shown in the appendix, the baryon number current only arises from the
closed, G4 term (3.1.32) in the TCS action and does not depend on the non-closed part
of the CS action Q2 in (3.1.26), (3.1.27). That is, it is also independent of the functions
fi(7) which are the only degrees of freedom in the CS action that were not fixed by general
arguments in section 3.1.3.

Because no external gauge fields are present in the UV boundary theory, the non-abelian
gauge field at r = 0 should vanish. The baryon number current is therefore simply

1
Jhwy = — dz* A Te(dUUT A dUUT A dUUT) (3.1.95)
2472 v
Then the baryon number is?°
_ f t f
Np= 51 / [Tr(dUU AdUUT A dUU )} . (3.1.96)

which is nothing but the Skyrmion number for a matrix that is identified as the pion field
at the boundary?!,
Up(&) =U(r=0,¢)". (3.1.97)

Substituting the tachyon ansatz (3.1.64) into (3.1.96), we finally obtain the expression of
the baryon number in terms of the phase 6 at the boundary

Np = L (0(¢ = 00) — 0(0)) . (3.1.98)

s

20Remember that the baryon density is pp = J° and the raising of indices for the Levi-Civita
tensor is such that egro3 = —€0123 = 1.

21 As discussed in section 3.1.4.4, this identification only makes sense for vanishing quark masses.
Moreover, if we take the expression (3.1.96) at face value, for non-zero quark masses the matrix
U(r, &) has to asymptote to a constant at » = 0, and the resulting baryon number vanishes identi-
cally. This suggests that for non-zero quark mass both the baryon ansatz (as well as the form of
the TCS action) must be generalized.
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The expression for the baryon number in (3.1.96) is a boundary topological number but
is not manifestly topologically stable in the bulk. On the other hand, a state with baryon
number equal to 1 is expected to be dual to a solution of the bulk equations of motion with
instanton number equal to 1 [126]. We would therefore like to relate the baryon number
(3.1.96) to the bulk instanton number

|
. _ (L) A pL) _ pB) \ pR)
Niastaston = g /b o (F AFD @ AF ) (3.1.99)

1 . e
= % drd§ EHV (Fﬁl—, + 8ﬁ (—Z(ﬁ D;¢ + hc)) N
where in the second line we substituted the instanton ansatz. The detailed calculation
is presented in Appendix D.2.1. There it is found that, in terms of the baryon ansatz
(3.1.50)-(3.1.52) and (3.1.64), the condition for the baryon number to equal the instanton
number can be written as the vanishing of an IR integral

/d€ (A£(|¢~>|2 — 1) + 01 + Oe b — a§§52<51>

=0. (3.1.100)
IR

This condition on the instanton solution follows from the regular IR asymptotics presented
in Table 3.1 that will be discussed in detail in the next section.

Another global property of the baryon solution that can be used to identify the right
boundary conditions is the mass of the nucleon. The mass of the nucleon is the sum of
a classical contribution, equal to the classical instanton energy (3.1.85) evaluated on the
solution, and quantum corrections:

Mnucleon =FE+ 5MQ . (31101)

Requiring the classical contribution to the mass to be finite sets the boundary conditions
for the ansatz fields at £ — oo, as in Table 3.1. The derivation of Table 3.1 is the topic of
the next subsection.

In terms of the expansion in N, the classical mass is of order O(N.), whereas the
quantum corrections start at order O(1). Computing the quantum corrections requires to
take the sum of the ground state energies for the infinite set of bulk excitations on the
instanton background, and subtract the vacuum energy. It is not known how to do this
calculation, so we can only assume that the classical mass gives the dominant contribution.
Note that it is correct at least in the large N, limit.

The experimental spectrum of baryons contains the nucleons but also many excited
states, such as the isobar A. Here we focus for concreteness on the nucleon mass, but the
mass of the excited states can be derived by an appropriate quantization of the perturbation
modes of the instanton solution. This will be discussed in the next section.
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D h(r) | €26 =0 G+ d2 — 1 ¢1— 0
B 0 | €21+ do) = 0 | Oy + Achr 0| 9, = 0
Ag_%—ﬂj 24, =0 Oy Ag — 0 A =0
A, —0 E12A, =0 A, —0 A, —0
9e® — 0 320, — 0 d —0 0,® — 0
et — 0 7 — 7(7) r27 =0 T — Ty(rR)

Table 3.1: Gauge invariant boundary conditions for the fields of the baryon solution
(3.1.70).

3.1.6.2 Boundary conditions for the gauge invariant fields

We are now ready to derive the boundary conditions relevant to the baryon solution.
We present here the general conditions for the gauge-invariant fields (3.1.80) and discuss
separately the 4 boundaries of the (&, r) space.

¢ =0 : Theboundary conditions in the limit where the 3D radius £ goes to 0 are chosen as
in the first column of Table 3.1, where f; () is some function of the holographic coordinate.
The first 4 conditions come from requiring that L (3.1.78) and R (3.1.79) are well defined
5D vectors at € = 0. The last two conditions respectively come from requiring that the
abelian field strength F (F.16) and the tachyon covariant derivative DT are well defined
at £ = 0. The detailed asymptotics of the fields in this limit are presented in Appendix
GA4.

UV : The boundary conditions in the UV limit » — 0, are chosen as in the third column

of Table 3.1. The first three conditions in the column originate from requiring that there

are no sources for the gauge fields at the boundary. The fourth condition for A, is a

consequence of (G.7), which originates from the near-boundary analysis of the constraint

(F.38). Finally, the condition for ® corresponds to setting the baryon chemical potential y

to 0, and that for 7 is due to our choice to work with massless quarks, as mentioned before.
The UV asymptotics of the fields are discussed in more details in Appendix G.1.

¢ — oo : The boundary conditions in the limit £ — oo are chosen as in the second
column of Table 3.1 and come from requiring that the instanton energy in (3.1.85) is finite.
In particular, the condition for the tachyon modulus 7 is that it goes to its value in vacuum
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(7). For ® we set the additional condition that the baryon chemical potential u is equal
to 0. Finally, for ¢, the finite energy condition is

Orpa(r,€) 20 (3.1.102)

or equivalently ) )
P2(r,€) — ¢2(0,00). (3.1.103)
£—o00

The value of ¢o on the UV boundary at & — oo is determined by the requirement that
the baryon number (3.1.98) is equal to 1. This condition is for the tachyon phase at the
boundary 0(r = 0,£) to be such that

f(r =0,00) —0(r=0,0) =m. (3.1.104)

Because the sources for the gauge fields at the boundary are required to vanish, &2(7" =
0,§) = —cosf(r =0,&). Then, from the condition that ¢o = —1 at & = 0, we deduce that
6(r =0,0) =0. (3.1.104) therefore implies that

¢p2(r,§) — —cosm=1. (3.1.105)

£—00

The detailed asymptotics of the fields in the limit & — oo are presented in Appendix G.2.

IR : The regularity conditions in the IR limit 7 — oo are chosen as in the last column of
Table 3.1. The ansatz fields obey second order differential equations, whose general solu-
tions are a linear combination of two independent solutions. These independent solutions
can be chosen such that one is finite in the IR while the other is singular. The regularity
conditions correspond to the choice of the IR finite solutions. In that case, the precise
IR asymptotics of the solution are presented in Appendix G.3. Note that the resulting
conditions match those imposed in [172] for chiral symmetry to be broken on the IR wall:

=0. (3.1.106)

TIR
TIR

(L-R) =0, (F,%)JrFfff))

As far as the tachyon modulus 7 is concerned, it should match the vacuum solution far
from the baryon center, so in particular in the IR at » — oo. The IR behavior of 7 will
therefore be given by (2.3.24).

3.1.6.3 Boundary conditions in Lorenz gauge

The non-linear second-order differential system of equations of motion (F.38)-(F.43) is not
elliptic. This is due to the presence of constraint equations. While this is not problematic
per se, it can lead to trouble when one tries to solve the problem numerically (which we
will eventually do in an upcoming work). This is because the gauge invariance indicates
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O¢Ae — 0 O¢A¢ — 0 Ae =0 Ae =0

A, =0 £3/2 (Ar—%) 5084, =0 8,4, = 0
O:® — 0 ®—0 ®—0 0,® — 0
0—0 9%#(1—#) 00+ A —0|60—0

e — 0 T — T(7) T—0 T — Tp(rR)

Table 3.2: Boundary conditions in Lorenz gauge.

that given boundary conditions, the solution is not unique. This can be avoided, if one
works with an elliptic system instead.

Equations (F.38)-(F.43) can be recast in elliptic form if we write them in terms of the
gauge variant fields (3.1.50)-(3.1.51), and then fix the gauge with the Lorenz condition

Or Ay + 8£A§ =0. (3.1.107)
Note that this condition leaves a residual gauge freedom of the form
Ap = Ap+05f . OF+0=0 , (0,8 =0. (3.1.108)

The convenient choice that we present below for the fixing of the residual gauge freedom
(3.1.108) requires to introduce an IR cut-off rg.

The equations of motion in Lorenz gauge are listed in appendix F.1.3 and the relevant
boundary conditions written in Table 3.2. Because of the gauge fixing these conditions
contain additional information compared with Table 3.1 that we discuss again separately
for each boundary of the (r,§) space.

UV : In the UV limit » — 0, the only difference with the gauge invariant conditions
Table 3.1 is the additional condition for A,., which comes from imposing the Lorenz gauge
(3.1.107) near the boundary.

§ — 0o : For compatibility with the condition (3.1.104) 0¢6 should go to 0 as & — oo,
so A¢ should also tend to 0 according to the gauge-invariant condition in Table 3.1. Then
the Lorenz gauge condition in the limit where £ — oo reads

0.A, =0=—-0%0, (3.1.109)

81



so that 8 at £ = oo should be of the form
0 — 7 + constant x 7. (3.1.110)

Then, for a solution with Np = 1, we proved in section 3.1.6.1 that the instanton number
(3.1.99) should also be equal to 1. The latter can be written as a boundary integral

1 (MR .~ ~ . ~76=cc 1 [TIR _
Ninstanton = / dr |:A7“ + ¢187"¢2 - ¢28r¢1] = / dr [Ar]g;(o)o s (31111)
™ Jo £=0 T Jo
where, to obtain the first integral above we used the boundary conditions in Table 3.2, and
to obtain the second integral above we used the boundary conditions in Table 3.1. We find
it convenient to choose a residual gauge (3.1.108) such that the instanton winding occurs
at £ = 00?2, In this case the condition that A, =0 at £ = oo implies that 6 has to go to

9—>W<1—T) . € +oo (3.1.112)
TIR

¢ =0and IR : Once (3.1.112) is imposed, what remains of the residual gauge freedom
(3.1.108) corresponds to the freedom of choosing the profile of 6 on the 1-dimensional space
composed of the lines at & = 0 and r = rir, with the condition that 6 goes to 0 at the two
endpoints of this line. The simplest choice is to set

0(r,0) = 0(rr, &) =0, (3.1.113)

for which the tachyon field is well defined at £ = 0 and the stronger IR gauge condition
proposed in (D.24) is obeyed. Then, the boundary conditions at { = 0 and r = g come
from the gauge-invariant ones Table 3.1, with the additional derivative constraints on A
and A, due to the gauge choice.

To summarize, these boundary conditions ensure that a topological instanton in the
bulk has finite bulk energy (therefore finite boundary mass) and unit baryon charge. The
question of solving the field equation and finding such smooth solutions must be tackled
numerically, and will be addressed in the next section.

3.1.6.4 Further comments

In the WSS model, the size of the instanton becomes small at large 't Hooft coupling
A. The flat space BPST instanton therefore gives a good approximation to the WSS
instanton solution near its center. By contrast, there is no possibility in V-QCD which
would make the size of the instanton parametrically small. Instead, the size is set by the

22 Another possible choice would be to place it at € = 0 as in [175]. That choice has the advantage
that U is regular at £ — oo in the limit rig — oo, but instead it is not well defined at £ = 0.
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mass scale of the boundary theory which roughly corresponds to Aqcp. The curvature of
the background space-time should therefore be taken into account in the calculation of the
V-QCD instanton, for which there is no simple BPST approximation.

Moreover, the size of the baryon of the construct is clearly N.-independent. The reason
is that it is a solution to the gravitational equations to leading order in N, and the solutions
are N, independent.

3.2 Numerical baryon solution and baryon spec-
trum

This section is based on my original work [6].

In the previous section, we have established the baryon instanton-like ansatz and its field
equations, as well as the boundary conditions it should satisfy in order for the corresponding
state in the boundary theory to have finite mass and unit baryon charge. Whether or
not a full solution exists satisfying these field equations is a question which can only
be addressed numerically. The corresponding equations are a set of non-linear partial
differential equations in a two-dimensional space, whose numerical resolution is non-trivial.

The purpose of the work presented in this section is to compute and analyze the numer-
ical baryon solution in a specific model in the V-QCD class. We first obtain numerically
the static instanton solution (which corresponds to the baryon ground state), and then
analyse the instanton collective modes and their quantization (which correspond to baryon
excited states).

As important ingredient of this work, we present a specific model in the V-QCD class
which offers a good quantitative match to low-energy QCD parameters, including some
parameters in the flavor sector (like the pion decay constant) which were not correctly
reproduced in previous models.

3.2.1 Summary

We start by giving a summary of the results presented in this section.

Fit to QCD data

We carry out an extensive comparison of the model predictions to experimental and lattice
QCD data in order to pin down the parameters of the V-QCD action in section 3.2.2. The
comparison consists of two main steps:

1. Qualitative comparison to QCD physics. The action both in the limit of weak and
infinitely strong coupling, up to a few remaining parameters, can be determined by
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requiring that the model respects known properties of QCD such as confinement and
asymptotic freedom. This work has been done in earlier literature [145, 150, 161,
160, 174], and we simply review the results here.

2. Quantitative comparison to QCD data. The details of the action at intermediate
coupling, as well as the few remaining weak and strong coupling parameters, can be
tuned so that the predictions of the model match with QCD data. In this step, the
dependence of the predictions on the exact values of the model parameters is typically
weak. In spite of this, the model has been able to describe various observables to a
high precision [147, 165, 162].

As for the second step, the work in this section extends the earlier work where the full
V-QCD model was separately compared to data for thermodynamics [165] and to meson
spectra [162]:

e We fit the model parameters to data for thermodynamics and spectra simultaneously.

e Unlike in [162] (where the model was fitted to a large number of excited meson
states), we stress the lowest lying meson states.

e Importantly, we require a good match of the model with the experimental value of
the pion decay constant f; ~ 92 MeV, which was poorly reproduced in both previous
fits.

We now discuss the fit in more detail. The V-QCD model contains two sectors, cor-
responding to gluons (improved holographic QCD [145]) and quarks (tachyon Dirac-Born-
Infeld actions for space filling branes [137, 138]). The former sector can be separately
compared to data from lattice analysis of pure Yang-Mills theory [147]. In this work, we
use the fit of [162] for the gluon sector, and check explicitly that it reproduces both the
lattice data for the thermodynamics of Yang-Mills at N. = oo (see figure 3.1) and for the
glueball spectrum (see table 3.4) to a good precision.

Most of the freedom in the full V-QCD model is however in the quark sector. In order
to determine the model parameters in this sector, we compare the predictions to

e Lattice data for the thermodynamics of full QCD with Ny = 2+ 1. We use both the
data for the equation of state at vanishing chemical potential (see figure 3.2) and

for the first nontrivial cumulant of the pressure at nonzero chemical potential (see
figure 3.3).

e Experimental data for lowest lying meson masses and the pion decay constant. See
table 3.6.

The final values of the model parameters are given in table 3.5. Apart from a few exceptions,
the model depends on these parameters through four different functions of the coupling,
which are shown in figure 3.4 for the final fit.
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The fit in figures 3.2, 3.3 and table 3.6 has rather good quality. However, the agreement
when fitting the thermodynamics [165] and the spectra [162] separately was significantly
better. This is the case because the combined fit is challenging: there is some clear tension
between the fit to the properties of the finite temperature state and the zero temperature
vacuum state. It is likely that this tension can be reduced by carrying out a simultaneous
numerical fit of all parameters to all data. We do not attempt to do this technically
demanding task here, but are planning to return to it in future work. In particular, we
expect that the methods of machine learning should be of particular relevance to address
this problem. Notice also that, at least to our knowledge, an overall fit to QCD data of
the similar extent as presented in this work has not been attempted in any other model in
earlier literature.

Static baryon solution

Starting from the formalism introduced in the previous section, we compute in section 3.2.3
the numerical bulk solution for a single static baryon, with the V-QCD potentials presented
in Section 3.2.2.23 In the Veneziano limit N, — oo, N ¢ — 00, the baryon contribution to
the bulk action is of order N, which is negligible compared to N2 and N.N ¢. This implies
that the leading order baryon solution can be treated as a “probe” on the background dual
to the vacuum of the boundary theory.

The numerical baryon solution is computed both at leading order and including the
first corrections to the background, which are of order O(1/N,,1/N¢). The leading order
baryon solution is reliably calculated, by ignoring both the tachyon and glue backreactions.
The backreaction of the baryon solution to the tachyon is computed by neglecting the glue
backreaction for simplicity. It is expected that the back-reaction on the color sector, does
not affect the qualitative results for the tachyon backreaction.

For the leading order probe solution, the following results are obtained:

e The instanton number and bulk Lagrangian densities (figure 3.5) are confined to a
region of finite extent in the bulk, which confirms the solitonic nature of the baryon
solution. The integrals of these densities give respectively the baryon number, which
is confirmed to be equal to 1 numerically, and the classical contribution to the nucleon
mass. The latter is found to be relatively close to the experimental nucleon mass for
N, = 3 colors

N,
My ~ =° x 1150 MeV . (3.2.1)

We recall however, that the full result for the V-QCD baryon mass should also include
quantum corrections: these should be computed from the perturbations around the
baryon, together with an appropriate subtraction of the similar fluctuations around
the vacuum state. Computing these corrections goes beyond the scope of this work.

23Tn addition, the solutions with a different choice of potentials are discussed in Appendix I.
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Although these corrections are subleading at large V., starting at order O(N S), they
may give a sizeable contribution when V. is set to 3. Note that this state of affairs
regarding quantum corrections is not particular to our model, and is true also for
both the Skyrme model and other holographic models.

e In the previous section, it was found that, for the baryon solution, the pion matrix
at the boundary follows the Skyrmion hedgehog ansatz

U (©) = exo (1967, (3.2.2)
with £ the 3-dimensional radius. Also, the baryon number was shown to be equal to
the skyrmion number for the pion matrix. This indicates that the baryon solution
in V-QCD is qualitatively similar to the Skyrme model skyrmion solution®*. To
measure the difference with the Skyrme model skyrmion, the pion phase 6(§) is
compared with the Skyrme result in figure 3.6. This indicates that the two solutions

are quantitatively close.

At the next order in the large N expansion, the back-reacted solution provides the
following information:

e The modulus of the chiral condensate ‘<1Z¢>| is observed to decrease towards the
baryon center, as shown in figure 3.7. This signals the expected partial restoration
of the chiral symmetry inside the baryon.

e The correction to the baryon Lagrangian density from the back-reaction is calculated
numerically and presented in figure 3.8. The observed behavior is well understood
in terms of the chiral restoration, which has two effects. First, the negative contri-
bution in the UV is mainly understood as a direct consequence of the decrease of
the contribution from the chiral condensate to the Lagrangian density. Second, a
positive correction is observed in the IR, which corresponds to a shift of the baryon
towards the IR. This shift also contributes to the negative region in Figure 3.8, and
is understood as a consequence of the weakening of the IR-repelling bulk force felt
by the baryon in the chirally broken background. The results also indicate that the
correction to the classical soliton mass is negative, and relatively small in absolute
value.

Rotating baryon solution and spin-isospin spectrum

The second part of this section is devoted to the quantization of the isospin collective
coordinates of the bulk soliton dual to a baryon. In the large N, limit, the moment of

24This should not come as a surprise, as we already know that the dual boundary theory can be
understood in the confined phase as a chiral effective theory coupled to a tower of massive mesons.
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inertia A of the baryon is of order O(N.) and the quantization is that of a solid rotor.
The result of this procedure is the derivation of the spin-isospin baryon spectrum for the
V-QCD model considered in this work.

The starting point for the quantization of the collective coordinates is the classical bulk
solution obtained by a time-dependent isospin rotation of the static soliton, parametrized
by

V(t) = exp (itw\?) € SU(Nf)L+R

with w® the rotation velocity. In this work we restrict to the following regime:

e Only an SU(2) subgroup (the same where the static soliton sits) of the full isospin
subgroup is quantized. This means that we impose that V(t) € SU(2)r+r. By
doing so, we compute only a subset of the full spin-isospin spectrum, corresponding
to baryons composed of quarks with 2 flavors (or equivalently, the states with strong
hypercharge Y = 1).

e The rotation is assumed to be stationary and slow. In terms of the rotation velocity
w?, this means that w® is assumed to be a constant and obey w? < My/\. This
regime describes well the baryon states with spins

s << N .

The quantization therefore requires the calculation of the bulk solution corresponding
to a slowly rotating baryon. This calculation is done at linear order in w. Already at this
order, it turns out that a simple rotation of the static soliton fields with V(¢) € SU(2)r+r
is not a solution of the bulk equations of motion. Instead, as soon as the soliton is made to
rotate, some new flavor fields are turned on in the bulk, at linear order in w [177]. These
are the flavor equivalents of the magnetic field sourced by a rotating charge.

The appropriate ansatz for the rotating fields is constructed in section 3.2.5, by impos-
ing the same symmetries as for the static solution, apart from time-reversal. These include
3-dimensional rotations and parity. Once this ansatz is determined, the construction of the
rotating soliton solution follows the same steps as in the static case:

e We derive the expression of the moment of inertia of the soliton in terms of the
ansatz fields.

e We derive the full equations of motion for the fields of the rotating ansatz.

e We identify the boundary conditions such that the moment of inertia is finite. The
boundaries here are 1) the near-AdS region UV boundary r — 0, where the solution
should satisfy vev-like boundary conditions for all the fields; 2) the boundary at
spatial infinity || — oo, where the fields have to vanish fast enough for the moment
of inertia to be finite.

87



e We identify suitable regularity conditions in the IR region of the geometry.

The last part of this section presents the results of the numerical calculation for the
solution to the equations of motion obeyed by the rotating ansatz fields. The spin-isospin
baryon spectrum resulting from this solution is shown in table 3.3. We emphasize that

Spin V-QCD mass | Experimental mass
My ~ 1170 MeV My = 940 MeV
Ma >~ 1260MeV | Ma = 1234 MeV

S =

N[ [N

S =

Table 3.3: Baryon spin-isospin spectrum in the V-QCD model with the potentials of
section 3.2.2, compared with experimental data.

these numbers were obtained by substituting N. = 3 in the leading order large N, and
Ny result. In principle, at small values of N, and Ny, this result is not expected to be
quantitatively accurate.

3.2.2 The V-QCD model: comparison to data

This section describes the procedure for constructing the specific model in the V-QCD
class that was used to compute the numerical baryon solution. The parameters of the
model are determined by comparing to QCD data. This is done in two stages: In the first
stage, we choose the asymptotics of the functions so that the model has the potential to
resemble QCD. In the second stage, we fit the remaining parameters to QCD data. In
earlier work, this second step has been done for pure Yang-Mills [147] (see also [197, 198]),
as well as for full QCD by fitting the thermodynamics [165] and meson spectrum [162]
separately. Here we carry out a simultaneous fit to the thermodynamic and spectrum data
for full QCD, with a slightly higher weight on the spectrum fit because it probes directly
the vacuum phase which is relevant for the current study. Apart from just combining the
earlier thermodynamics and spectra fits, we also choose a different set of observables for
the latter fit as compared to [162]. In this reference, the stress was on fitting a high number
of meson masses including relatively heavy states, in order to obtain a good description of
Regge trajectories. Here we focus on the mesons with lowest masses and also fit the pion
decay constant.

The V-QCD action was introduced in section 2.3, but we will reproduce the expressions
here, so that it is clear what are the parameters that take part in the fit. The five-
dimensional action

Sv_gcp =S¢+ Spsr + Scs (3.2.3)
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is the sum of three terms?. The action for the glue sector is

MNGVUAONA + V(N | (3.2.4)

Sg = MBNE/d5Z‘\/—g |:R— wg

and the flavor action contains a DBI and a CS term. The simplified abelian form of the
DBI action introduced in section 2.3 is given by

SDBI.simpl = — MPN.Nx (3.2.5)

X /d5x Vf()\, T) \/—det (gMN + R()\)@MTaNT + U)()\)FMN) .

This simplified form is sufficient to discuss the fit to QCD data, which is based on properties
of the vacuum and equilibrium thermal states. The CS term was presented in section 3.1.3.
We will not reproduce its expression here since it is not needed for the background analysis.
We emphasize however that this term is included in the action for the V-QCD model, which
is necessary for stabilizing the size of the baryon solutions that we construct below.

3.2.2.1 Comparing V-QCD to data: asymptotics

We now discuss how the potentials Vy(A), V¢(A, 7), (X)) and w(A) are determined. We
start by considering the asymptotic constraints as A — 0 (UV) or A — oo (IR), which
arise from comparison to QCD. The constraints on the asymptotics were already briefly
sketched in section 2.3. Here we provide a more detailed discussion.

In the UV, the field theory becomes weakly coupled and it is far from obvious that
gauge/gravity duality can provide useful predictions. In this region we follow the usual
practice for bottom-up models and adjust the model by hand so that it mimics closely
the behavior of QCD in the perturbative regime. Such choices are expected to give good
boundary conditions for the more interesting, strongly coupled IR physics.

In order to write down the asymptotics as A — 0, we write down the effective potential

Ny

VersOur) = Vo) =

Vi(A\,T) (3.2.6)
as well as the expansion of the flavor potential at small tachyon:
Vi(AT) = VoA [L—aN) 7+ 0 (74)] . (3.2.7)

The UV behavior is in general chosen such that the geometry is asymptotically AdS5 and
the asymptotics of the bulk fields match with the expected (free field) UV dimensions

25The action generically contains an additional CP-odd term that couples the flavor fields to the
holographic axion, dual to the Tr(G AG) operator. This term was derived in [161, 166] based on the
ideas of [138]. We do not write this term here because, as explained in Section 3.2.5.1, the coupling
to the axion is ignored in the following.
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of the dual operators. Moreover, one can require that the logarithmic running of the
dilaton agrees with the two-loop perturbative running of the QCD coupling. This maps
the subleading terms in the potential V, and the effective potential V.f; to the two-loop
B functions of the YM theory and full QCD, respectively. We implement this constraint
here for the gluon potential V; only, and choose to fit the other higher order coefficients to
low energy data instead. The explicit definitions of the UV expansions take the form

Vo(A) = Vo [1+ Vi d + O(A?)]

Verr(A 7 =0) =V [1+ V1A + O(N\)]

Vio(A) = Wy [L+Wid + O(\)],

K(A) = ko [1+ k1A + O(N)] A= 0, (3.2.8)
w(A) = wo [1+wiA+O0N)],

a(\) =1+ a A+ 0(0\?).

Here the coefficients V, o and Vj are linked to the radii of the UV AdSs geometry in the
absence of flavors, and for the full background, respectively:

12 12
0= ‘/[):Vg,o_xWO:ﬁ-
g

Vy (3.2.9)
We fixed the normalization of the tachyon field such that a(\ = 0) = 1%.
The requirement that the asymptotic dimension of the gg operator equals 3 sets
202
Ko = ? .
The subleading coefficients V1 and V2 are determined by comparing to the YM § func-
tion, which sets

(3.2.10)

11 4619
2772 927 46656771
The rest of the parameters are left free at this point.

The IR (A — o0) asymptotics of the various functions is chosen such that the model
agrees with various qualitative features. First, the asymptotics of V,(\) is adjusted such
that the model has a discrete glueball spectrum with Regge-like linear radial trajectories
(i.e. that the masses behave as m2 ~ n as a function of the radial excitation number n).
This requirement automatically implies also color confinement and magnetic screening,
[145].

The geometry ends in a “good” IR singularity according to the classification by Gub-
ser [200]. Second, several requirements constrain the asymptotics of the functions in the
DBI action:

Vo1 = (3.2.11)

26T his is without loss of generality, as we have left the normalization of the tachyon kinetic term
free for the moment.
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e The IR singularity should remain fully repulsive, so that the boundary conditions
for the background and fluctuations are properly determined [150].

e The meson mass spectrum needs to be discrete, admit linear Regge-like radial tra-
jectories, and all meson trajectories should have the same universal slope [161]%.
The mass gap of, say, vector mesons should grow linearly with quark mass at large
values of the mass [160].

e The flavor action should vanish in the IR for chirally broken backgrounds, corre-
sponding to the annihilation of the flavor branes in the IR, [159]. Moreover, the
phase diagram as a function of z, T', i and the 8-angle, should have the qualitatively
correct structure.

These requirements can be met if we choose the flavor action which behaves as
Vi, 7) ~ etV o (3.2.12)
with a(\) > 0, and require that as A — oo
Vy ~ VIgA3(log VY2, Vig ~ WipA™,
K~ /{13)\_4/3(10g )\)1/2, a~ ajr, w~ wIR)\_4/3(log A (3.2.13)

with 4/3 < v, < 10/3 and w; > 1/2 (see [161] for details).

3.2.2.2 Comparing V-QCD to data: fit of parameters

After the asymptotics of the potentials have been fixed, the remaining task is to determine
the leftover freedom by doing a more precise comparison to QCD data. We shall be using
lattice data for the thermodynamics of the YM theory and QCD as well as glueball masses,
and experimental data for meson masses and decay constants.

The complete ansatz is given by

V, 202 ey (AP
Vo(A\) =12 |1+ Vo d+ —2 — 4 Vige™ 0/(exA) <)\) Viog(1 4+ exA /o)
0

1+ C,\)\/)\o
(3.2.14)
ViAT) = Vio\) (14+74)™ exp (—a(MN)7?) (3.2.15)
WaA2 Wi\
_ WA 14 1170 o/(cgA) 2 21
Via() = W+ Wi+ 120 Wi ( e (AN (3:216)

2"There is a certain freedom in this direction. Tachyon condensation induces a mass term for the
axial gauge field in the bulk, and depending on bulk IR asymptotics, it may change the slope of
the radial trajectories for the axial and vector mesons, [156, 157]. It is not yet clear whether this is
true in QCD, [201].
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o)) =1+ %ast 1+ tanh (—ag, + log(A/A0))] (3.2.17)

_ 4/3 -1
k() = Ko [1 + Ro (1 + on> eo/(een) (A o) ] (3.2.18)
CrA V1og(1 + ¢/ o)
_ wlcw)\//\o
w(A) —w0{1+1+cw)\/)\0 (3.2.19)
(Cw)‘/)‘O)4/3

+ woe—j\o/(cu)\)

log(1 + cwA/Xo) [1 - was (log (1 + Cw>\/)\0))4} }_1

where \g = 872. We have also chosen vp = 2 in the IR, and set /, = 1, so that the AdS

radius is given by
1
b= ———— (3.2.20)

1— aWo/12
and consequently, from (3.2.10)
B 2
C3(1—aWo/12)

K0 (3.2.21)

Requiring agreement with the two-loop S-function of Yang-Mills fixes the subleading coef-
ficients of V, in the UV to the values given in (3.2.11).

We now set « = 2/3, roughly corresponding to QCD with Ny = 2 light quarks and
N, = 3. The rest of the parameters are fitted to data. In addition to the parameters
of the potentials, we also fit the 5D Planck mass M and the characteristic scale A of
the background solutions, which is roughly dual to the scale Agcp in field theory, see
section 2.3.1.

The fit is carried out in steps. We fit the various functions sequentially to appropriately
chosen observables as we explain below. Although the best strategy would be a global fit
of all the parameters to all appropriate data, this is numerically very demanding and we
are not yet able to do it.

The function Vj is chosen to be the same as in the fit of [162] where it was determined
through a global fit to the QCD spectrum. Even if it was not directly fitted to the data
from Yang-Mills theory, it does produce a good description of the lattice data for Yang-
Mills thermodynamics [148] and the glueball spectra [202, 203, 204], see figure 3.12% and
table 3.4.

The next function to be fitted is V¢ (X, 7) at zero tachyon, i.e., V(). For this function,
we mostly use the lattice data for QCD thermodynamics at high temperatures and zero
density in the chirally symmetric phase. As we are working at zero quark mass in the

28In this figure, the Planck mass M and the scale parameter A were fitted independently of the
later fits to full QCD data. This reflects the dependence on x of these parameters: the values for
Yang-Mills are those with & = 0, whereas for full QCD we take 2 = 2/3.
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TIT,

Figure 3.1: Our result for the thermodynamics of pure Yang-Mills theory (dashed
curves) compared to lattice data interpolated to N, — oo [148] (solid curves and
error bars). The red, blue, and green curves show the normalized energy density,
pressure, and interaction measure, respectively.

holographic model, chiral symmetry is fully restored in this phase, meaning that the tachyon
is identically zero. This means that the thermodynamics only depends on Vo through the
effective potential

Verr(AN 1 =0) = Vy(A) —xVio(N). (3.2.22)

In order to present our results, we introduce a reference value Myy for the Planck mass,
defined by

1 756 lV

3 _— — f

M, =—— [1+ 22 =7 2.2
UV = 457248 (1 4 )  TEN (3.2.23)

where x = 2/3. This expression gives the value of the Planck mass for which there is
agreement of the pressure with the perturbative QCD result in the limit 7" — oo. We
fitted the effective potential (3.2.22) to latice data for various fixed values of the Planck
mass M, while the other scale parameter A, which only affects the temperature scale in
the plots, was allowed to vary freely. Figure 3.2 shows fits with M3/M2,, = 1.5 (dashed
thin black curves) and M?3/M2y, = 4 (solid thin black curves).?? Note that, although the
fit results are determined mostly by Vis¢(A,7 = 0), M and A, they also depend on other

29In the right hand plot disentangling the two curves is difficult because they almost overlap.
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Ratio Model Lattice (N, = 3) Lattice (N. = 00)

1.603 + 0.042 [202] 1.835 £ 0.032 [202]
Mo+ /mo++ | 1.52

1.719 + 0.016 [204] 1.903 £ 0.018 [204]

1.346 + 0.037 [202] 1.451 £ 0.048 [202]
Mog++ [Mo++ 1.29

1.437 +0.011 [204] 1.497 + 0.008 [204]

T./mo++ 0.162 | 0.182 + 0.004 [202, 203] | 0.181 + 0.003 [202, 203]

Table 3.4: Our results for glueball mass ratios and the ratio of the mass to the critical
temperature compared to lattice results.

parameters of the theory via the critical temperature of the phase transition between the
chirally-unbroken and the chirally-broken vacuum.

When fitting, we therefore took the critical temperature as an additional fit parameter.
In the next step of the fitting procedure, which is discussed below, the tachyon dependent
functions were adjusted such that the critical temperature is indeed close to the fitted
value. The two values will however be slightly different, and therefore the results for the
thermodynamics with the final fit parameters differ from the direct fits of the effective
potential. The discrepancy is clearly visible in figure 3.2.

The best fits to thermodynamics were obtained at low M3/M2, < 2. However, in the
analysis that follows we chose a high value M3 /M%V ~ 4. The reason is that such high
values lead to a better description of the spectrum and in particular of the pion decay
constant, which, as we remarked above, are stressed in the fit. We also note that there is a
simple flat direction in this fit as the thermodynamics is unchanged under uniform rescal-
ings of the coupling A — cA in the effective potential. This happens because the kinetic
term in (3.2.4) is invariant under such rescalings, so that a constant in V¢ multiplying
A can be eliminated through a field redefinition. We use this freedom to ensure that the
constructed effective potential is consistent with the choice of V;, meaning, in particular,
that Vg is set to be positive and monotonic.

The most complicated step in the fit is the next step, where we choose the form of
V¢(A, 7) at nonzero tachyon, including the function a(\) in the exponential factor, and the
tachyon kinetic term k(A). These functions are probed by the chirally broken vacuum,
which has nonzero bulk tachyon condensate. The main observables are the pion decay
constant, the mass of the p meson, and the mass of the lightest scalar flavor nonsinglet
(i.e., isotriplet for Ny = 2) state. When doing the fit, it is important to keep an eye on the
ratio of the meson masses to the critical temperature.

As it turns out, fitting the thermodynamics and meson spectra simultaneously leads to
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tensions in the choices of potentials. The basic issue is that it is difficult to find a choice of
function that would, at the same time, give high enough pion decay constant, heavy enough
scalar states, and the experimentally observed meson mass to critical temperature ratio.
In order to alleviate this tension we introduced an ansatz for the tachyon dependence of
Vrin (3.2.15) and (3.2.17), which is somewhat more detailed than those used in previous
studies. This ansatz has the following properties

e It includes a new parameter 7, in (3.2.15), controlling a term which depends on the
tachyon only. We find that increasing 7, leads to better fits, so we choose the value
7p = 1 which is close to the maximal possible value. This maximum arises because
V¢(A, 7) needs to be monotonic in 7 at small A, otherwise no appropriate background
solutions exist.

e The exponent in the tachyon exponential a in (3.2.15), is taken to be a function of
the dilaton a(\). a(\) needs to be constant at both large and small A, but may have
a step in the middle. The fit result is that the IR value of a()) should be significantly
higher than the UV value (that was normalized to one).

In addition, the function x(\) has three free parameters (notice that kg in the ansatz (3.2.18)
is given in (3.2.21)). One of these (in practice k1) is fitted such that the final critical tem-
perature is close to that obtained from the fit of Vs, discussed above. Due to tension with
the fit to thermodynamics, we however choose a value that is a bit higher than obtained in
the fit. The other two parameters Ko and ¢, are used to adjust the function such that the
pion decay constant and the scalar masses are optimal. This means, in practice, taking =g
to be close to the critical value beyond which the model stops to be confining for mesons
(see [161]), and adjusting ¢, according to the fit of the masses and the decay constant.

The remaining task is to fit the function w(\), parametrized in (3.2.19). The spectra,
in particular the vector and axial meson masses, do depend on this parameter. But as it
turns out, the dependence is rather weak. Therefore, we fit this function to lattice data on
the baryon number susceptibility

1 9*p(T, p)

T = —— 2 3.2.24
XB( ) N(;2 8M2 =0 ( )
following [165]. Here u is the quark chemical potential. For the parameter w,s in (3.2.19),
we choose a small value®”

Was = 2 x 1075 (3.2.25)

so that this fit is essentially independent of the IR modification (i.e., the factor in the
square brackets in (3.2.19)). Due to the weak dependence of the spectrum on w(\) the
last two steps of the fitting procedure need to be done in part in parallel: in practice we

30This value can also be chosen to be zero without affecting the quality of the fits.
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Parameter Value Parameter | Value
M3 /M3y, 4.929 (3.8) Tp 1
A 4107 MeV (3350 MeV) st 2.5
M3 /M3 | =0 1.4 Qsh 1.5
Vir 1.804 Ko 2.429
Cr 2.833 K1 0.32
W 2.376 Cr 2.0
Wi 0.04603 Wy 1.17
Wy 0.02546 wq 52.5
Wir 1.783 Wo 200
W, 4.357 Cuw 0.18
cy 1.463 Was 2 x107°

Table 3.5: Choices of model parameters, split in groups. For the first two parameters,
the Planck mass M and the scale A, the first set of values are determined by the p
mass and f., whereas the values in parentheses are the values preferred by the fit
to thermodynamics. We also set x = 2/3 and b = 10 for the additional parameter
appearing in the CS action.

determine first V¢(A,7) and () using a choice of w(A) that produces a rough fit to the
lattice data for the susceptibility. When V;(A, 7) and () are known, we then tune w(\)
to obtain a good fit as the last step.

The final parameter values are collected in table 3.5. The fits for the QCD thermody-
namics are shown in figures 3.2 and 3.3. The results for the most important meson masses
and the f; are given in table 3.6.

Before discussing the details of the fit results, we give a summary of the observables
that the various parameters were fitted to. Notice that the parameters in table 3.5 were
grouped in six groups. In the first group (top left), we show the final values fixed to f; and
m,, for the mass scales M and A, as well as the values preferred by the fit to the lattice
results for thermodynamics (values in parentheses). The value of M at x = 0 is the one
used in Figure 3.1 for the thermodynamics of pure Yang-Mills.

The parameters of V;; (middle left group) were not fitted here but we used the values
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Figure 3.2: Fits to the thermodynamics lattice data [40] of QCD with 241 flavors.
The thin black solid (M3 /M2y, = 1.5) and dashed curves (M3 /M, = 4) are direct
fits of the effective potential (3.2.22). The dotted blue and solid magenta curves
are final fits, with scale parameters M and A optimized for thermodynamics and
spectrum data, respectively. The fit parameters are given in table 3.5. These two
fits have different transition temperature compared with the direct fits of the effective
potential; see the text for details.

from [162]. The thermodynamics and glueball masses from this choice were however seen
to agree well with lattice data (figure 3.1 and table 3.4).

The parameters of the Vo potential (the bottom left group) are fitted to the thermo-
dynamic data of figure 3.2 and the parameters of the w potential (the bottom right group)
are fitted to the susceptibility in figure 3.3. The remaining parameters of the tachyon po-
tential V} (top right group) were adjusted to obtain a spectrum that mimics that of QCD,
as shown in table 3.6. The parameters of the x potential (middle right group) were fitted
in part to the thermodynamics and in part to the spectrum.

Apart from the parameters fitted to data here, there is a single parameter arising
from the CS sector, which was discussed in section 3.1.3. The most general CS term
contains four functions f;(7) which are only known at 7 = 0 and at 7 = co. We will
use here the functions derived in [138] arising from flat space string theory, up to the
parameter b which corresponds to a rescaling of the tachyon field in the CS term. The
corresponding expressions for the f;(7) are given in (3.1.36). Our results here turn out to
have little dependence on different finite values of this additional parameter; we set b = 10
following [174].

We now discuss some additional details of the fit. Figures 3.2 and 3.3, show the final
fit to the thermodynamic data, with the values of M and A given in the parentheses in
table 3.5.

The dotted blue curves in figure 3.2, show the results for the thermodynamic fit to the
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Figure 3.3: Fits to the lattice data (with 2+1 flavors) [205] for the light quark
susceptibility of QCD. The dotted blue and solid magenta curves are final fits with
scale parameters optimized for thermodynamics and spectrum data, respectively.

equation of state. They differ from the direct fit of Vs, the solid black curve, because
the transition temperature was adjusted differently in the final fit, in order to obtain a
better agreement with the experimental meson spectrum. As we pointed out above, the
final transition temperature is determined, apart from the effective potential, by the values
of kg, k1 and ¢, in table 3.5.

Finally, the solid magenta curves show the fit for the values of M and A that reproduce
the values of f; and the p mass, i.e., the values in table 3.5 which are not in parentheses.
Their difference to the dashed blue curves therefore demonstrates the remaining tension
between the fits to thermodynamic and spectrum data. Because we are interested in
baryons in the zero temperature vacuum state in this work, we chose to use this latter fit
in the analysis of the properties of the baryon solution in the rest of this section.

Notice that we only fit the lattice data above the QCD crossover, and in the deconfined
phase of the holographic model, where the phases are separated by a first order phase
transition. The phase transition in the model, is at the same time a deconfining transition
as well as a chiral restoration transition. Since we are in the massless quark case this is in
agreement with universality arguments, [163]. It is possible to obtain higher order phase
transitions by tuning the potentials [207], but such tuning would contradict the other con-
straints we have set, in particular the requirement of linear radial glueball trajectories.
However, it is expected that stringy loop corrections, which map to the pressure of pions
and other light hadrons on the QCD side, can make the transition continuous also in the
current setup for the holographic model [163]. Such corrections are neglected in the holo-
graphic model, but may be added as in the second reference in [163]. After the holographic
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Quantity | Model | Experiment [206]

fr 92 MeV* 92 MeV

m, 775 MeV* 775 MeV
mp» 886 MeV | 1465 £ 25 MeV
Mg, 1240 MeV | 1230 £+ 40 MeV
My 1260 MeV | 1300 + 100 MeV
M, 639 MeV -

Table 3.6: Fitted low lying (flavor nonsinglet) meson masses and the pion decay
constant. The values of the scale parameters M and A were chosen such that the
values of f; and m,, marked with asterisks, match exactly the experimental values.

model has been fitted to lattice data, even simple hadron resonance gas models for the con-
fined phase equation of state match almost continuously with the model in the deconfined
phase [208].

Regarding the meson spectrum, we compare in table 3.6 the masses of the flavor non-
singlet mesons (i.e. the fluctuation modes with vanishing trace in flavor space) to the
experimental values of isospin I = 1 mesons from the particle data group tables [206]. We
also include the pion decay constant, and its value is used together with the p meson mass
to determine the final values of M and A, as mentioned above.

Of the remaining mesons, the mass of the lowest axial vector and the mass of the first
pion excitation agree very well with the experimental values. The mass of the excitation
of the p meson is however too low. As it turns out, requiring the scalar mass to be high
with respect to the p mass leads to a situation where excited states in all sectors are rather
close to the ground states. One should however also notice that the state in QCD that we
are comparing is suspected not to be a clean radial excitation of the p but to contain a
significant hybrid component [206]. This may in part explain the difference in the numbers.

As we remarked above, the mass of the lowest scalar m,, is low: it is slightly less than
m,. We do not attempt to compare this mass directly to the experimental data as the
scalar sector in QCD has a rather involved structure with several states that resemble pion
and kaon molecules. Nevertheless our result is too low to be identified with any known
state in the spectrum. This is perhaps not surprising since similar issues often appear in
simple potential quark models. We do note, however, that the model of [156, 157], which
is closely related to V-QCD, does produce a significantly heavier flavor non-singlet scalar
state. We also remark that we did not try to fit the pion mass as we carried out the fit
at zero quark mass. It would be simple to fit the pion mass accurately by turning on a
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nonzero quark mass.
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Figure 3.4: Potentials for the choice of parameters given in Table 3.5. Notice that
the left (right) plot uses linear (logarithmic) scale for the dilaton .

Finally we show the potentials after the fit in figure 3.4. We remark that all the
functions are simple, i.e. monotonic functions with no rapid changes in behavior. Notice
also that even though we list a high number of parameters in table 3.5, almost all of
these parameters only appear through the functional form of the functions shown in these
plots. As the asymptotic form of the functions is fixed by comparison of QCD properties
independently of the values of the parameters, they only affect the details of the functions
in the middle, i.e., for A/A\g = O(1). That is, despite the high number of parameters, the
details of the model and therefore predictions for the observables are tightly constrained
from the beginning, and the fit basically amounts to small tuning of the final results.

3.2.3 The static soliton

Based on the formalism described in the previous section, we discuss here the numerical
solution for the bulk instanton dual to a static baryon state at the boundary.

The ansatz that is relevant for the instanton solution was presented in section 3.1.4.
We fix the residual U(1) gauge freedom by the Lorenz condition (3.1.107), for which the
equations of motion obeyed by the ansatz fields take an elliptic form (see appendix F.1.3).
The most general form of the equations of motion including the back-reaction on the
tachyon field are listed in appendix F.2. Those are the non-linear differential equations
that were solved numerically, with the boundary conditions listed in table 3.2.
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3.2.3.1 Probe and back-reacting solutions

As explained in the previous section, we shall consider a baryon whose flavor quantum
numbers are a U(2) subgroup of the U(Ny) flavor group. This implies that the flavor
action (composed of the DBI and CS actions in (3.2.3)) for the baryon ansatz does not
depend on Ny and is of order N.. On the other hand, the glue action is of order N2
Likewise, the tachyon modulus background contributes a factor Ny more than the baryon
fields to the bulk action, which can be seen explicitly from (3.2.27) below. So, at leading
order in the Veneziano limit, both the glue sector (metric and dilaton) and the tachyon
modulus 7 are not affected by the presence of the baryon, and remain identical to the
vacuum solution.

We start by computing the numerical baryon solution in this leading order probe regime.
In this case, the equations of motion reduce to the form given in appendix F.1.3.

In the Veneziano limit, the back-reaction on the background starts at order O(1/N,).
At this order, the correction to the glue sector (metric and dilaton) and tachyon modulus 7
can be computed by solving the linearized Einstein-dilaton equations sourced by the probe
baryon solution, together with the linearized equations for 7. Qualitatively, we do not ex-
pect a dramatic effect on the glue sector from the presence of the baryon. Correspondingly,
the back-reaction on the glue sector is not expected to affect much the flavor structure of
the baryon, which is its most important dynamical property. This motivates the approxi-
mation that we consider in the following, where the baryon is assumed to back-react only
on the tachyon background. The full equations of motion including the back-reaction on
the tachyon are given in appendix F.2.

In summary, we consider two different regimes for the baryon solution, with different
treatments of the tachyon modulus:

e The probe baryon solution, where the tachyon modulus 7 is fixed to its vacuum value.
This corresponds to the solution at leading order in the Veneziano expansion. At
this order, the chiral condensate profile around the baryon is trivial, but the other
flavor properties of the baryon are expected to be qualitatively correct.

e The back-reacted tachyon regime, where the equations of motion for 7 are solved,
with the gauge fields and tachyon phase 6 fixed to the probe baryon solution. In
the Veneziano limit, this will reproduce the leading order O(1/Ny) correction to the
tachyon background, assuming no back-reaction on the glue sector. In this case, the
solution obtained for the tachyon modulus should give a good idea of the qualitative
behavior of the chiral condensate in presence of the baryon.

3.2.3.2 Baryon mass

Once the soliton solution is found, several static properties of baryons can be computed
[173, 129]. The most elementary of these properties is the nucleon mass. This mass is the
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sum of a classical contribution and quantum corrections
Mnucleon = MO + 6MQ . (3226)

The classical contribution is computed from the bulk on-shell action evaluated on the soliton
solution. It corresponds to the energy of the soliton, whose expression was presented in
section 3.1.5. Here, we reproduce this expression for the purpose of introducing some
definitions. In the approximation where the back-reaction on the glue sector is neglected,
the soliton mass is given by

My = N, (NfST + SB) — EpBrIvac (3.2.27)

where Epgi vac is the DBI contribution to the vacuum energy

EDBI,vac = /d’l“df 4ﬂ£2pDBI,vac y,  PDBIwac = M3 \/1 + e_2AH(6T7'0)2 Vf()‘a TO)eSAa

(3.2.28)
with 79(r) the vacuum profile of the tachyon field. The baryon contribution to the bulk
action is split into two pieces

S, = /drd§47r§2pT , Sp :/drd§4ﬂ§2p3, (3.2.29)

pr = M3\[1 4+ e=245 ((9,)? + (96m)?) Vi (A, )™ (3.2.30)

pB = M3\/1 + e 245 ((9,7)2 + (9e7)2) Vi (A, 7) et x

~ 5 7 T%\2
X (eQAK,()\)TQ (eQAAWA% + (1 - eQAA&) Ag + 7@5 ;ff ) -
— 262AA§T/ITA§> +
+w(A)? (;em [Ar (1= Age) — A ] (Fao)*+
(12 e24A0) Do + 24A,. Dy o2
+ 55 (1= e Ag) [Deg|” + ™Ay D07 ) +
28
(1 — ’¢|2)2 1 o4 *
4 7454 - 2—§2e Agr(Dr¢*Dep + h.c.)—
- (62AA7«7«(8T(I))2 + (1 — ezAAgg) (8&‘1’)2—

_ 2e2AAEr6§<I>8T<I>) ) > +
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+ Eﬁﬁaﬁq>><

7T2§2
< [+ 1) (o + (=107 D + ) + 1068 — () ) +

5 Bif(r) — i)~ FNG+ A (3.231)

R

The covariant quantities Fy; and D¢ are defined in Appendix A.5 and the symbol Ay in
(F.53)-(F.55). The f;(7) are the Chern-Simons potentials, whose expressions are given in
(3.1.36). Note that, as far as flavor fields are concerned, S; depends only on the tachyon
modulus 7, whereas Sp contains the dependence on the baryon fields. In particular, in the
leading order probe baryon regime, only Sp contributes to M. The total bulk Lagrangian
density will be denoted by pps

PM = NC(prT + PB) — PDBI,vac - (3232)

As discussed in section 3.1.6, computing the quantum corrections dMg is a difficult
problem that goes beyond the scope of this work. Another comment is that we considered
here the mass of the nucleon, but the experimental spectrum of baryons also contains many
excited states, such as the isobar A. The calculation of the spin dependence of the baryon
mass spectrum is the subject of section 3.2.4.

3.2.3.3 Numerical results

We present in this subsection the numerical solution for the static baryon configuration.
The equations of motion written in appendix F are solved with the gradient descent
method?!, imposing the boundary conditions of table 3.2. The same kind of method was
used in [195, 178] to compute baryon solutions in other holographic models. We focus here
on the results and give more details about the numerical method in appendix H. We start
by presenting the leading order probe baryon solution and then discuss the back-reaction.
We recall that the back-reacting solution is computed assuming no back-reaction on the
color sector (metric and dilaton).

Probe baryon solution

We start with the numerical results obtained for the probe baryon solution. In this case
the modulus of the tachyon field 7 is fixed to its background value, and the equations of
motion take the form presented in appendix F.1.3.

The instanton number and bulk Lagrangian density in the (£, 7)-plane are presented in
figure 3.5, where all dimensionful quantities are expressed in units of the classical soliton

31The name heat diffusion method also appears in the literature.
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mass (3.2.27). The bulk Lagrangian density is given by (3.2.32) , whereas the expression
for the instanton number density can be obtained by dividing equation (3.1.99) by 4m&2

1 . Lk
on. = g [Fﬁp + 0p( — 16" Dyip + h.c.)} . (3.2.33)

Figure 3.5 shows the expected behavior for a solitonic configuration, that is the densities
are confined to a region of finite extent in the bulk. The size of this lump in the £ direction
gives an estimate of the baryon size, which is of the order of M ! The numerical value for
the classical soliton mass My is obtained by integrating the Lagrangian density in Figure
3.5

N,
My = 5% x 1150 MeV . (3.2.34)

This number is expected to give the leading contribution to the nucleon mass in the V-QCD
model with the parameters of Table 3.5. As discussed above, the full result for the nucleon
mass also receives quantum corrections (3.1.101) whose evaluation is an unsolved problem.

In Figure 3.6, we also plot the profile at the boundary (r = 0) for the non-abelian
phase € of the tachyon field (3.1.64). As stated above, the pion matrix in the boundary
theory (3.1.69) reproduces®? the skyrmion hedgehog ansatz, and the associated skyrmion
number is equal to the baryon number. Figure 3.6 should therefore be compared with the
corresponding plot of the pion field in the Skyrme model skyrmion solution in the chiral
limit [176]. This plot is reproduced®® in Figure 3.6. It makes it clear that the shape of
the boundary skyrmion is close to that of the Skyrme model. Note, in particular, that the
asymptotic behavior is the same:

00,6 7 ~ (3.2.35)

0(0,¢)

ot
This can be seen from the asymptotic analysis in appendix G.

Back-reacted tachyon

We now discuss the numerical results obtained when taking into account the back-reaction
on the tachyon field. In this case, the gauge fields and tachyon phase 6 are fixed to the
probe baryon solution, and the equation of motion for the tachyon modulus 7 is solved on
this background. The corresponding equation of motion for 7 is written in appendix F.2.

32This comparison is well defined even though the phase # transforms under the residual U(1)
gauge freedom: the boundary gauge transformations of Up match exactly those of the pion matrix
in the Skyrme model, and the gauge is fixed in both cases by requiring the absence of sources for
the gauge fields.

33Notice that @ goes from 0 to 7, instead of 7 to 0 for the skyrmion, because the boundary value
of the tachyon field is the conjugate of the pion matrix (3.1.69). So it is actually 7 — Fikyrmion that
is plotted in Figure 3.6.
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Figure 3.5: Instanton number (3.2.33) (left) and bulk Lagrangian (3.2.32) (right)
density for the static soliton solution in the probe baryon regime. All quantities are
expressed in units of the classical mass of the soliton (3.2.27). The center of the
soliton is located at £ = 0 where the density diverges as £~!. The UV boundary is
located at r = 0. The green line in the right plot indicates the boundary of the region
over which the mean value is computed to define the relative difference in Figure 3.8.

For a back-reacted tachyon, the chiral condensate profile around the baryon can be
computed from the near-boundary behavior of the tachyon modulus

3

7(r, &) et (&), (3.2.36)
where ¥ is proportional to the modulus of the chiral condensate ’<1/;1/}>| The relative
difference of ¥(£) with the vacuum value ¥(o0) is plotted in Figure 3.7. This shows the
expected behavior, where the chiral symmetry tends to be restored inside the baryon. Note
that the result that is shown is valid in the limit of large N, and large N;. There is a priori
no guarantee for it to be a quantitatively accurate approximation when a small number
of flavors (for example Ny = 2 or 3) is substituted in the leading large Ny result. So, at
small Ny and N, Figure 3.7 should not be considered as more than an indication of the
qualitative behavior of the chiral condensate in presence of the baryon.

Another interesting information that can be extracted from this back-reacted tachyon
solution, is the effect of the back-reaction on the soliton mass (3.2.27). The leading order
correction to the on-shell Lagrangian density due to the back-reaction on 7 can be expressed
as 52
20757

o712

1
N Y5py = 5 NpoT + 6T —— +O(N;?), (3.2.37)

probe

probe

where 67 refers to the order (’)(Nf_l) correction to 7, and S; and Sp are defined in (3.2.29).
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Figure 3.6: Radial profile of the non-abelian phase of the tachyon field (3.1.64) at
the UV boundary (blue line). The dashed gray line indicates the asymptotic value
m. For comparison, we also plotted in black the profile for the pion fields in the
skyrmion solution of the Skyrme model. The parameters of the Skyrme model were
chosen such that f; and the soliton mass are equal to those of the V-QCD model,
with the parameters of Table 3.5.

Note that we dropped the terms that vanish on-shell

S| _ s
ot probe 6@3

—0 , e {® 0 A0}, (3.2.38)

probe

Equation (3.2.37) can be simplified by using the back-reacted equations of motion for the
tachyon modulus

O(NgS-+ S
O(NySr + Sp) =0, (3.2.39)
ot back-react
which, at leading order in Ny, implies that
) 528,
2Bl pNger | = O(NFY), (3.2.40)
or probe 0T probe
and finally
N Spy = —=N 57225 +O(N;?) (3.2.41)
¢ 2 d 072 probe ! ' -
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Figure 3.7: Chiral condensate profile around the static soliton solution in the back-
reacted tachyon regime, where the baryon center is at £ = 0. The plotted quantity is
the relative difference between the modulus of the chiral condensate and the chiral
condensate in vacuum. In the Veneziano limit N., Ny — oo, the difference is of order
O(1/Ny), so that it has to be multiplied by Ny in order to obtain a finite result.
We also divide by 3, which means that what the figure shows is the large Ny result,
where the value N; = 3 is substituted for the number of flavors. As discussed in the
text, there is no reason for this result to be quantitatively accurate for Ny = 3, but
it gives an indication of the qualitative behavior.

Although the correction to the mass (3.2.41) is suppressed by a factor O(1/Ny) in the
Veneziano limit, it can be sizeable when a realistic value is substituted for Ny. Figure
3.8 shows the relative difference between the bulk Lagrangian density for the back-reacted
solution and the probe baryon solution, when setting Ny = 3 in the leading large N result.
As for the chiral condensate, there is no reason for the result to be quantitatively accurate
at Ny = 3, but it gives an indication of the qualitative behavior.

We should also emphasize that the definition of the relative difference which is shown
in Figure 3.8 is not the standard one, where the difference of the two quantities that are
compared is divided by the quantity of reference (as in (3.2.45) for instance). The usual
definition of the relative difference is not appropriate to compare the densities over the
(&,7) plane, since the place where the densities go to zero is not exactly the same for the
probe and back-reacted solutions. Instead, we define the relative difference by dividing the
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difference of the two densities by a reference value pjs

PM back-reacted — PM,probe

3.2.42
PM ( )

Arel:OM =
pu is defined as the mean value of the probe density over the region of the bulk where
most of the density is contained. To be more precise, the criterion that we used to define
the relevant region is given by

3
Pz 0.7M, (3.2.43)
C

whose boundary is shown by the green line in the right of Figure 3.5. In practice, the
mean value is then computed numerically by averaging over the cells contained in the

given region, denoted A here
_ 1 .
M= > i), (3.2.44)
cells icA

where Ncgs is the number of grid cells contained in A.

Figure 3.8 indicates that there is a region near the UV boundary where the back-reacted
Lagrangian density decreases with respect to the probe solution. This is understood easily
as coming from the decrease of the tachyon modulus in presence of the baryon, which is
dual to the decrease of the chiral condensate observed in Figure 3.7. Another noticeable
feature of Figure 3.8 is the shift of the baryon Lagrangian density towards the IR. This can
be understood as another consequence of the partial chiral restoration at the baryon center.
Indeed, the interaction of the baryon with the tachyon modulus results in a repulsive force
from the IR. So a decrease of the tachyon modulus weakens this force, and implies the
observed shift towards the IR.

Even at small values of V¢, the relative difference between the probe and back-reacted
solutions is observed to be relatively small numerically, of the order of a few 10%. This is
also the case at the level of the soliton masses

Nf MO,back—reacted - M(],probe
3 MO,probe

~ —10%. (3.2.45)

Here again, the number in (3.2.45) is the leading large Ny result, that cannot precisely be
trusted for small Ny and should be considered as indicative.

3.2.4 Quantization of the isospin collective modes

The baryon states of equal half-integer spin and isospin are found by quantizing the soliton
collective coordinates (or zero modes) around the static solution [176]. These modes are

e The spatial position of the soliton X = (X1, X2, X3) .
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Figure 3.8: Relative difference of bulk Lagrangian density for the static soliton solu-
tion in the probe baryon and the back-reacted tachyon regime. The relative difference
is defined as the difference of the two densities divided by the mean value of the probe
density (3.2.44). The mean value is taken over the area delimited by the green line in
the right of Figure 3.5, which is the region where the density is substantially different
from zero. The ratio is multiplied by Ny in order to obtain something finite in the
Veneziano limit. The UV boundary is located at » = 0 and the baryon center at

£=0.

e The isospin orientation of the soliton, encoded in an SU(Ny)y matrix3 V.

The baryon solution can be deformed in many ways in addition to these modes, such
as changing the position of the soliton in the holographic direction, or the size of the
soliton [128]. Quantizing such modes leads to a tower of excited baryon states in each spin
sector. In the following, we focus on the lowest states of these towers and consider only
the quantization of the zero modes.

There is no guarantee in principle that the rotation modes can be studied as those of a
rigid rotor, independently from the dilation mode of the soliton. In [128], it was actually
found that the geometry of the collective modes manifold for dilation and isospin rotation

34The relevant collective coordinates are actually only a subgroup of the isospin group SU(N v
For instance, for Ny = 2 they are the elements of SU(2)y /Zy and for Ny = 3, the elements of
SU(3)y/U(1)y, where U(1)y refers to the strong hypercharge subgroup.
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had to be such that the modes are rather quantized as a 4D harmonic oscillator, with energy
levels given by equation (5.24) in this reference. The rigid rotor is a good approximation to
the harmonic oscillator only when its fundamental frequency is very large compared with
its inverse moment of inertia. In QCD, this condition is fulfilled in the large N, limit. This
property is reproduced in the holographic QCD model of [128], as is manifest from the large
N, limit of the energy levels, equation (5.31) in [128]. Their equation (5.24) also indicates
that the rigid rotor (large N.) approximation is better for lower spins. In the following,
we assume that the rotation modes can be treated as those of a rigid rotor. According to
the previous discussion, once we set the number of colors to its physical value N, = 3, this
should not induce too large errors for the low spin modes that exist in real QCD (s = 1/2
and 3/2). Note that the same rigid rotor approximation was considered in the context of
the hard wall model [177] .

The spatial position of the baryon is actually irrelevant to the study of baryon states,
so it will be kept fixed at X = 0. We are therefore left with the problem of quantizing the
isospin rotation mode of the soliton. To do so, we consider a configuration where the soliton
isospin orientation V'(t) evolves with time, but sufficiently slowly to be approximated by
the ansatz

L(t) = V(HLED (r, ) V()T —idV (5)V ()T, (3.2.46)

R(t) = VR (r, ) V()T —idV(t)V (1)1, (3.2.47)

T(t) = V()T (r, ) V(1)1 (3.2.48)

where the superscript (sol) refers to the field evaluated in the static soliton solution. V()

is parametrized as

V(t) = exp (itw®\?), (3.2.49)
the A*’s being the generators of SU(Ny), and the angular velocity is identified to be

dV (¢
wint = vyt (3.2.50)
dt
We assume that the rotation is stationary
dw?®
=0 3.2.51
=0, (3:2.51)

and slow, so that w can be treated as a perturbation on top of the static soliton background.
Also, from now on we restrict to the case of Ny = 2. This means that we shall quantize
only a subset of the full isospin rotations. Specifically, we restrict to V(t) € SU(2)y, in
the same subgroup as the baryon solution.

The starting point for the quantization of the isospin rotation modes is the classical
Lagrangian that controls their dynamics. The latter is obtained in the next section by
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substituting the slowly rotating ansatz (3.2.46)-(3.2.48) into the bulk action (3.2.3) and
evaluating it on-shell for the slowly rotating soliton solution

1
Lot = — My + §w2 : (3.2.52)

where M is the mass of the static soliton and A its moment of inertia. The classical
Hamiltonian is then computed, and quantized in the canonical way described in Appendix
K. As a result, the eigenstates of the Hamiltonian are shown to have same spin and isospin
and its eigenvalues are given by

1
Es = My + ﬁs(s +1), (3.2.53)

where s refers to the spin. In particular, the nucleon states correspond to s = 1/2 and the
isobar A to s = 3/2.

3.2.5 The rotating soliton

This section is dedicated to the calculation of the rotating soliton solution, from which can
be computed the moment of inertia A that controls the splitting of the baryon energy levels
(3.2.53). We start by determining the ansatz relevant to the solution, before deriving the
equations of motion for the fields of the ansatz as well as the boundary conditions they
should obey. We finally describe the numerical solution for the rotating solution. We work
with a slowly rotating soliton, at first order in the rotation velocity w. Also, we recall that
we only consider the quantization of the subsector of the chiral group that contains the 2
flavors of the soliton solution.

3.2.5.1 Ansatz for the rotating instanton

Substituting the naive ansatz (3.2.46)-(3.2.48) with V' (t) € SU(2) into the equations of
motion, reveals that this ansatz in itself cannot solve the time-dependent equations of
motion. The reason is that the components (L/R)2 and (LT/RT),; in (3.1.45) are turned
on at linear order in w [177], as is the abelian phase of the tachyon (det 7'—1). Accordingly,
the ansatz (3.2.46) for the gauge fields should be supplemented by

Lo(t) = VIO LT (& @) V(O — iV () V (), (3.2.54)
LY (1) = LY 6), (3.2.55)

and likewise for the right-handed fields. Also, the ansatz for the tachyon field (3.2.48)
should be modified to
T(t) = V()T (r, &0V ()T, (3.2.56)

where L% and (det 7Y — 1) start at linear order in w.
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To determine relevant ansitze for L™ and T we proceed as in the case of the

static soliton and impose the maximal number of symmetries of the bulk action. In the
rotating case, this includes the cylindrical symmetry and parity. For Ny = 2 flavors, the
cylindrical symmetry of the static soliton solution (3.1.50)-(3.1.52) implies that a constant
isospin rotation of the soliton is equivalent to a constant spatial rotation. So the soliton
rotating in isospin space can be seen as rotating instead in physical space, with angular
momentum &. In particular, & transforms as a pseudo-vector in 3-dimensional space®>. At
linear order in &, the cylindrically symmetric ansatz for the gauge fields of the rotating
soliton is then [175, 177]

(L/R); = VI)(L/R)FV)! , (L/R), = V() (L/R)EIV (), (3.2.57)

(L/R)E = (L/R)y ™,

T N Ty (xaxb - 5“b>} + (3.2.58)

(L/R)o = V(1) (wb [ﬁ” B g)cate?

(L/R) a
+ ”L]Zf’g)(@.f)xa + w“) v,
(L/R) . e
(L/R)T = ”5(’"’5) (w — (@ 92‘)262) +B L/R (r, €)(& )52 + QU (1 )eipow® a
o (3.2.59)
(L/R)} = BEO(,6) =~ (3.2.60)

where the superscript (sol) refers to the field in the static soliton configuration®, and we
introduced the new 2-dimensional fields

B R R pUER) QLR (3.2.61)

)

Imposing symmetry under the parity transformation (the full transformation P = P; - Py
in terms of the definitions in Appendix A)

P: ¥—--2%, L& R, G—d, (3.2.62)

35Gtrictly speaking, & is a definite 3-dimensional vector, and the rotation breaks the cylindrical
symmetry. However, as is standard for broken symmetries, the appropriate ansatz can be derived
by assuming that @ transforms as a pseudo-vector (in that case, & is regarded as a field, called a
spurion).

36At order O(w?), the static fields will receive corrections from the rotation. These could in
principle contribute to the moment of inertia in (3.2.74). It is not the case because the static fields
sit at a saddle point of the static action. The leading contribution to the Lagrangian (3.2.74) from
the O(w?) correction to the static fields therefore starts at order O(w?), corresponding to an O(w?)
correction to the moment of inertia.
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relates the right-handed and left-handed fields as

v=v"=v",

p=pt=—pft, (3.2.63)
Bn =By =-BE,

Q=0Q"=Q".

For the tachyon field, the ansatz that has the right transformation properties under 3-
dimensional rotations and parity takes the form

T =V (t) exp (i{(r, g)"jéf) TEDY () ¢(r,€) eR. (3.2.64)

The ansatz thus defined is invariant under a U(1); x U(1), residual gauge freedom,
where the first factor was already present in the static case (3.1.60), as denoted by the
subscript “s”, and the second factor appears in the rotating solution, as denoted by the
subscript “r”. This new factor is an axial U(1) gauge freedom that is a subgroup of the
chiral U(1)4

W-x

42 = gb = exp (wm 0% ) , (3.2.65)

under which only By, p and ¢ transform, with transformation rules

Also, the complex scalar field
X =x1tixe, (3.2.67)

transforms as a charge 1 complex scalar field under U(1), in (3.1.60).

In the case of a rotating soliton, one should in principle consider the coupling to
the holographic axion 2, dual to the boundary Yang-Mills instanton density operator
Tr (G A G) [145, 161, 166]. This coupling appears because of the additional residual U(1) 4
gauge freedom (3.2.65), which turns on the abelian phase of the tachyon ¢ and the axial
part of the abelian gauge field B; and p. However, as for the other color fields, the action
of the baryon on the axion is suppressed by a factor O(Nc_ 1) in the large N, limit. The
rotating baryon solution will therefore decouple from the axion field at leading order in N,.
At next-to-leading order, the axion will contribute to the order (’)(Nc_ 1) correction to the
moment of inertia®”. In the following, we consider the same approximation as in the static

3"The go; component of the metric will also be turned on by rotation, and contribute at order
O(N;1)

c
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case and ignore the action on the color sector. This implies in particular that we set the
axion to 0.

As in the case of the static soliton, there exists a redefinition of the ansatz fields such
that the tachyon phases 6 and ( are absorbed into the gauge fields

> 10

x=ex , B C. (3.2.68)

1
2

1 -
Bﬁ+§aﬁ< , P p+

The resulting fields are invariant under the residual gauge freedom (3.1.60) and (3.2.65).
In addition to this field redefinition, for later use it is also convenient to define the field
strength for the Bj gauge field

and the covariant derivative for the p and x field

Dap=0ap—Bp , Dpx = (95 — iAg)x. (3.2.70)

Lorenz gauge

Because we obtain the static soliton solution by fixing the residual gauge freedom (3.1.60)

to the Lorenz gauge
Or Ay + 8§A5 =0, (3.2.71)

we work in the same gauge for the rotating soliton. Also, we fix the additional gauge
freedom (3.2.65) by imposing a similar Lorenz condition for By

0B, + 0B = 0. (3.2.72)

For this choice, the equations of motion for By (J.8) and (J.9) are elliptic and can be solved
numerically by a heat diffusion method upon setting the right boundary conditions.
Note that the Lorenz condition (3.2.72) leaves a residual gauge freedom of the form

By — Bu+0pf , O+ %f=0 , §0,6)=0. (3.2.73)
Part of the choice of boundary conditions will correspond to the choice of residual gauge
freedom (3.2.73). The explicit choice that we make is discussed below, in Section 3.2.5.3.

3.2.5.2 Moment of inertia and equations of motion

The Lagrangian for the rotational collective modes of the soliton is obtained by substitut-
ing the ansatz (3.2.57)-(3.2.60) and (3.2.64) into the bulk action (3.2.3). This yields the
Lagrangian of a rigid rotor

1
Lot = — My + §Aw2, (3.2.74)
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where M is the mass of the static soliton (3.2.27), and we defined the moment of inertia

A= Appr+ Acs, (3.2.75)

ADBI = /drd§477520,\,DBI , Acs = /drd£477520)\7057 (3.2.76)

PADBI = —§M3Nch(Aa T)eA\/l +e 24k ((0,7)? + (0e7)?) %
X <62AI£()\)7'2 <4e2AAMl§Z +4(1 - eQAA&) [Bg + ;f] -
— 8* A¢, B¢ B, — 2;2%) -
~ 0 (01~ A + 5 A D
- %eQAA& (Dex*Dyx + hec.) + i(l — M Age) (Dev)*+

1 1
+ ZeQAATT(&nU)Q — §e2AA§r0TU8§U—|—

|
T 5@+ XA +16P) - o(xd” + he)-

= 2210, 672 (Dyp)* = 2(1 = A Age) €2 (Dep)*+
+4¢* A &2 D, pDep — 264 A (9,Q)*—

—2(1 — M Age) (0:Q)? + 4> A, 0,Q0:Q—
—2672Q 2 P (e + 00,7 Ag,)) | -

1
-5 [eZAAW(l — AN — e4AA§T} (BM,,)2>> : (3.2.77)

where the A symbol is defined in Appendix J,

s = poag e (Dan((A() + AE)Doo X" + 1)~
= 202f5(r) = fu(7)) (Do + huc.) Xa—
—4(A(7) = fa(r) = ifo(r) ApdrXe) +
+ 5(2(f5(7) = if2(7) (= Fao 1%z + Ap(i050x" + hoc.) )=
— 07 f1(T)(DpopX* + h.c.) + 857 f5(7) (DX + hec.)—
- 2@6,;rf§(r)fiﬂq§1;<2)+
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+20,7(f1(7) = f3(7)) Dap X161+
+ 04(6Q) ((f1(7) + fo(r)) (X" Dy + hc.) +
F4(A1(T) + f5(7) = B (T) Ap i )+

+ 2057 (f1(7) + £4(7))0a(£Q) b1 %2~
— 8(f1(7) + f3(1))EQ Dupdy® + 8057 (f1(7) + f5(7))EQp0 P+

0B [0 (0) + 5(0) (6 = 1)+ (71(7) — fo(r) — ifa(r)F] +
+ (fi(7) + f3(7)EQFus — 2(f3(7) — ifz(T))Bp(Dp(zg + h.c.)qz~51>+
+ 00, ((f1() + £5(7) (Bal1 = |8) — 26QA5) +2if3(r) Bud?) ) (3.2.78)

We recall that the tildes on the static fields refer to the redefined fields that contain the
non-abelian tachyon phase 6 (3.1.80). The total bulk Lagrangian density for the rotating
fields is denoted by p

PX = PADBI + PACS - (3.2.79)

The equations of motion for the fields of the rotating soliton ansatz are obtained by ex-
tremizing the moment of inertia (3.2.75) with respect to small deformations of the fields.
They are presented in Appendix J.

3.2.5.3 Boundary conditions

We present in Table 3.7 the boundary conditions that are imposed on the fields of the
rotating soliton ansatz (3.2.57)-(3.2.60) and (3.2.64), which obey the equations of motion
(J.5)-(J.12). We discuss separately the 4 boundaries of the (&, r) space

e UV : In the UV limit » — 0, the condition that v, X, B¢, p and @) should vanish
comes from requiring that there is no source for the gauge fields at the boundary.
Moreover, the condition for B, comes from imposing the Lorenz gauge.

The condition for  is somewhat more subtle than the other fields. The reason is
that, because the quark mass is set to 0, there is no source term for the tachyon
field. The abelian phase ( is therefore not associated with any source. At the level
of the near-boundary behavior, it translates into the fact that the boundary value of
¢ appears in front of the vev term for the tachyon field

@G- T T-0

T(r6) =, (e (160,97 +i9(0.9%

) tog(r) e (1420,

(3.2.80)
where the dots refer to terms that go to 0 near the boundary; 3(§) is proportional
to the modulus of the chiral condensate in the boundary theory ’<1MJ>} The UV
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E—0 §E—L— o r—0 7 — TR — 00
v+x2 — 0 v— —1 v— —1 o,v— 0
x1 — 0 x1 — 0 X1 — —sinf x1 — 0
Oex2 — 0 X2 — —1 X2 — cosf d,x2 — 0
O¢Be — 0 O¢Be — 0 Be — 0 Be — 0
B, — 0 B, — 0 0,B, — 0 0,B, — 0
Oep— Be = 0 p—0 p—0 p—0
Q—0 Q—0 Q—0 0,QQ — 0
(—0 (—0 r¢ —0 (—0

Table 3.7: Boundary conditions for the rotating soliton solution in Lorenz gauge.

condition for ¢ will therefore not come from a choice of source at the boundary, but
rather from the requirement that the solution be regular. The equation of motion
for ¢ (J.12) has two linearly independent solutions, one of which behaves as r~2 near

the boundary and the other as V. Requiring that

r¢ = 0, (3.2.81)

r—0

will therefore select the regular behavior.

e £ - L(L — o0) : Requiring that the moment of inertia (3.2.75) should be finite
imposes that, as £ — oo

2% =0, &P%hxa—0 , £Pow—0, (3.2.82)

¢3/2 <Bﬁ + ;aﬂc> —0 , &2 <p + ;c> -0, &20,Q —0. (3.2.83)

For regularity d¢( should go to 0 as £ — 0o so Bg should also tend to 0 from (3.2.83).
Then the Lorenz gauge condition in the limit where £ — oo reads

1
OB, =0= —gafc, (3.2.84)
so at £ — oo, ¢ should take the form

¢ ¢O 4 p¢® (3.2.85)
—00
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In the UV, from (3.2.83)
lim ¢(&,0) = —2 lim p(£,0) =0, (3.2.86)
£—00 £—o0

because the source for p is set to 0. We shall further fix the residual gauge freedom
(3.2.73) such that ¢ = 0 in the IR. With this choice, the linear part also vanishes in
(3.2.85) and

¢ — 0. (3.2.87)

E—o0

The final condition for Bg, 0¢ B¢ — 0 rather than B¢ — 0, is chosen to impose Lorenz
gauge even at finite L in the numerical solution.

IR : As for the static soliton, the conditions in the IR limit » — rg are regularity
conditions. In section 3.1, it was found that the resulting conditions for the gauge
fields were equivalent to the conditions imposed in the hard-wall model for chiral
symmetry to be broken on the IR wall

L R
-0 , (F;(“) +F;(u"))

(L —R)| =0. (3.2.88)

TIR

TIR

In the following, our strategy is to assume that the IR regularity conditions for
the gauge field are still equivalent to (3.2.88) in the case of the rotating soliton.
This assumption will be confirmed numerically if a solution can be found with this
behavior in the IR. It can also be checked analytically by studying the IR asymptotics
of the equations of motion. With the ansatz (3.2.57)-(3.2.60), (3.2.88) translates to

X1|IR =0, B§|IR =0, p|1R =0, (3.2.89)

a7")(2‘IR =0 , arQhR =0. (3.2.90)

Finally, the condition for B, comes from the Lorenz gauge (3.2.72) and, as stated in
the previous point, the residual gauge freedom (3.2.73) is chosen such that ¢ = 0 in
the IR.

& =0 : The boundary conditions in the limit where £ goes to 0 come from requiring

that L and R are well defined vectors at £ = 0 and that the field strength (J.1)-(J.4)

is a well defined 2-tensor. The additional constraint on B is imposed by the choice

of Lorenz gauge. The final condition ( €—>0 0 fixes what remained of the residual
—)

gauge freedom (3.2.73) after setting ¢ to 0 in the IR. Note that for this choice the
tachyon matrix (3.2.64) is well defined at £ = 0.
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3.2.5.4 Numerical results : the spin-isospin spectrum

We present in this subsection the numerical solution for the slowly rotating soliton con-
figuration. The equations of motion written in appendix J are solved with the gradient
descent method, imposing the boundary conditions of Table 3.7.

At linear order in w, the rotating solution is a probe on the static background. At
leading order in Ny, the static background will correspond to the probe baryon solution
presented in Section 3.2.3.3. Order O(Nj?l) corrections to the rotating solution will come
from including the back-reaction on the tachyon in the static background, as discussed in
Section 3.2.3.3. We start by presenting the leading order probe baryon solution and then
discuss the back-reaction. We recall that the back-reacting solution is computed assuming
no back-reaction on the color sector (metric and dilaton).

Probe baryon background

We start with the numerical results obtained for the probe baryon background. In this
case the modulus of the tachyon field 7 is fixed to its vacuum value, and the equations of
motion take the form presented in appendix J.3.

] 2 paMy3 2 pa(NMg3atEMo = 1.34
0.54
0.301
5 0.48
0.42 0.254
4 0.36 0.201
3 0.30
= i
w3 0.24 0.15
2 0.18 0.10
0.12 0.05 1
1 0.06
' ' ' ' 0.00 0.00 1
05 10 15 20 25 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
rMy rMo

Figure 3.9: Left: bulk Lagrangian density for the rotating fields (3.2.79) in the probe
baryon approximation. All quantities are expressed in units of the classical mass of
the static soliton My (3.2.27). The center of the soliton is located at & = 0 where the
density diverges as £71. The UV boundary is at » = 0, and the green line indicates
the boundary of the region over which the mean value is computed to define the
relative difference in figure 3.10. Right: Same as the left figure, but at some given
value of the 3-dimensional radius £. This figure makes it clear that the Lagrangian
density eventually reaches 0 as r — 0, as it should in absence of sources.
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The bulk Lagrangian density for the rotating fields (3.2.79) in the (£, 7)-plane is pre-
sented in Figure 3.9, where all dimensionful quantities are expressed in units of the classical
soliton mass My (3.2.27). As for the static fields, Figure 3.9 shows the expected behavior
for a solitonic configuration, that is the densities are confined to a region of finite extent
in the bulk. The size of the lump is again of the order of M L

Note that the density is observed to have a maximum very close to the UV boundary.
This is associated with the flavor gauge fields of the rotating solution having the same kind
of sharp behavior near the boundary. However, it is possible to check that the smooth
vev-like behavior is recovered asymptotically as one goes closer to r =0

Auwr2 X vev.

To check this, one needs to go very close to the boundary » = 0, so log coordinates
u = log(r) are more appropriate. We have explicitly checked that the vev behavior is
recovered very near the boundary. We believe that this feature is a peculiarity of the UV
behavior of our choice of V-QCD potentials, and that it can be avoided with a better
choice. In particular, this behavior is not observed for the potentials of [165], for which
the solution is analyzed in Appendix I.

The numerical value for the classical moment of inertia density A in (3.2.75) is obtained
by integrating the Lagrangian density in Figure 3.9

L2 60Mev 3.2.91
Y = X 00MeV. (3.2.91)

From this result, the spin-isospin spectrum of the baryons (3.2.53) can be computed and
compared with experimental QCD data, as shown in Table 3.8. We set N, = 3 in the large
N result to make this comparison. We recall that the estimation (3.2.34) for the soliton
mass gives only the classical contribution, which can receive sizeable O(NB) quantum
corrections at finite N.. Likewise, (3.2.91) is the leading order contribution to the moment
of inertia in the Veneziano limit. Also, the V-QCD potentials presented in Section 3.2.2
were not fitted to baryonic properties, but rather to QCD thermodynamics and mesonic
properties. In light of these remarks, the precise numerical value for the baryon spectrum
presented in Table 3.8 should not be taken too seriously, but rather as an indicative result.
In particular, we shall not mention the numerical accuracy of the result as it is much better
than the theoretical uncertainty.

Back-reacted tachyon background

We now discuss the slowly rotating soliton solution computed on the static background that
takes into account the back-reaction on the tachyon field. The corresponding equations of
motion for the rotating fields are written in Appendix J.2.
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Spin V-QCD mass | Experimental mass
My ~ 1170 MeV | My = 940 MeV
Ma ~ 1260 MeV | Ma = 1234 MeV

S =

N[W [N

S =

Table 3.8: Baryon spin-isospin spectrum in the V-QCD model with the potentials of
Section 3.2.2, compared with experimental data.

We are interested in the effect of the back-reaction on the soliton moment of inertia

(3.2.75). In the large Ny limit, the correction is of order (’)(Nf_l)

5x = 6722 +O(N;?), (3.2.92)

or probe

where d7 refers to the order O(N 7 1) correction to 7. Figure 3.10 shows the relative dif-
ference between the bulk Lagrangian density for the back-reacted and probe backgrounds,
when setting Ny = 3 in the large N result. The definition of the relative difference is
analogous to the static case (3.2.42)

P,back-reacted — PA,probe
P

where the criterion defining the region over which the mean value py is computed is now
given by

Arelp)\ = y (3293)

3
N ME. (3.2.94)

This region is delimited by the green line in figure 3.9.

The dominant effect of the tachyon back-reaction observed in Figure 3.10 is the same
as in the static case shown in Figure 3.8: the density decreases in the UV and is shifted
towards the IR. Even more strikingly than for the soliton mass in the static case, even at
small values of Ny, the relative difference between the probe and back-reacted solutions is
observed to be small numerically, of the order of a few percent. At the level of the soliton
moment of inertia we obtain

1 1
N _
Ny /\back—reactei‘l Aprobe ~ 0.37%. (3.2.95)
3 Xprove

As for the static mass, we would like to emphasize here again that precise quantitative
results such as (3.2.95) cannot be trusted when substituting a small number of flavors in
the large N result. The result in (3.2.95) should be considered as an indication, that the
moment of inertia does not seem to be affected much by the back-reaction of the baryon
on the background.
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Figure 3.10: Relative difference of bulk Lagrangian density for the slowly rotating
soliton computed on the probe baryon and the back-reacted tachyon backgrounds.
The relative difference is defined as the difference of the two densities divided by the
mean value of the probe density. The mean value is taken over the area delimited
by the green line in the left of Figure 3.9, which is the region where the density is
substantially different from zero. The ratio is multiplied by Ny in order to obtain
something finite in the Veneziano limit. The UV boundary is located at » = 0 and
the baryon center at £ = 0.

3.3 Discussion and outlook

In the first part of this chapter, we have determined the form of the Tachyon-Chern-Simons
action in V-QCD in the chiral limit and set up the formalism for obtaining single-baryon
configurations. Several questions remain open.

The most important drawback of the TCS action that was obtained is that it is limited
to the exact chiral limit. We have assumed an ansatz for (3.1.2) which, based on the
factorization of the tachyon (3.0.1), is made up of terms of the form:

Q5 O f(1) x 5-form(U, gauge fields) (3.3.1)

However this cannot be the full story when quark masses are non-zero: if this is the case,
instead of (3.0.1), the scalar function 7 must be replaced by a Hermitian matrix (see
footnote 5). Therefore, one cannot write the simple ansatz (3.3.1) for the TCS terms,
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which instead must have a more complicated dependence on the matrix 7T, such that it
effectively reduces to the form (3.3.1) for zero quark masses.

A possible way to proceed is to return to the superconnection formalism of Quillen,
(see [138] for a description) which has been used and shown to be relevant in string theory
calculations of the Tachyon-Chern-Simons terms, [138]. In a recent paper [191], it was
shown that it is an appropriate formalism for anomalies. If this formalism is used in
our analysis here, it will reduce the four unknown tachyon dependent functions that can
appear to only one. It is possible that within the superconnection formalism, the problem
of writing the general TCS term may be tractable. The difficult part is in writing the
anomaly related tachyon-dependent six form as the exterior derivative of a five-form.

The other result from this chapter is the construction of the V-QCD baryon configu-
ration, for which we found a concrete numerical solution. The solution presented here has
several advantages with respect to similar constructions in the literature, as well as some
limitations. In order to discuss them, we shall compare the results of this work with the two
main models of holographic QCD in which single-baryon solutions were analyzed. These
are the top-down Witten-Sakai-Sugimoto model (WSS) [121, 124, 128] and the bottom-up
Hard-Wall model (HW) [143, 178].

The main improvement with respect to both models mentioned above is that the V-
QCD background solution on which the baryon solution is constructed is a more accurate
description of the QCD vacuum. The V-QCD vacuum possesses a rich structure, including
the running of the Yang-Mills coupling and the spontaneous breaking of the chiral symme-
try in the chiral limit. Moreover, it incorporates the back-reaction of the flavor sector onto
the color sector, due to the Veneziano limit. The model can have several parameters that
can be adjusted to experimental data if one wants to produce a precise phenomenological
model for strongly-coupled QCD [161, 163] although generically, the dependence on these
parameters is weak.

We now focus on the comparison with the HW model. In the HW model, a baryon
state was constructed as a bulk axial instanton for the chiral gauge fields, using the same
kind of ansatz that is considered in this work [173]. However, the main difference is that
the bulk geometry was arbitrarily fixed to AdSs, where a hard wall was placed in the IR
for the boundary theory to be confining. Because of the gravitational potential, the bulk
soliton was found to fall on the IR wall. This indicates that the hard wall model is too
crude to stabilize the baryon solution dynamically. Moreover, since its position is at the
very end of space, the properties of the soliton will strongly depend on the IR boundary
conditions.

On the contrary, the baryon solution that is constructed in the present work is well
localized in the holographic direction. It stands at a value of the holographic coordinate of
the order of the inverse of the soliton mass. This is due to the fact that, beyond the metric,
the V-QCD vacuum contains another field under which the baryon is charged: the tachyon
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field®® dual to the quark bilinear operator. The combined effect of the baryon boundary
conditions and the interaction of the gauge fields with the tachyon field, result in a force
that balances the gravitational attraction towards the IR.

We now discuss the WSS model. As discussed in section 2.2, the main drawback of
the baryon solution that was constructed in [128] is that the baryon size was found to be
parametrically small at large 't Hooft coupling. Instead, the size of the baryon solution
that we derived in V-QCD is set by the mass scale of the boundary theory, which roughly
corresponds to Aqcp. Note that this was not an obstacle to the calculation of meaningful
baryon form factors in the WSS model, as the latter were found to be related to the
scale set by the rho meson mass rather than the soliton mass [129]. Nevertheless, the
infinitesimal size of the soliton will be an issue for classical fields in the bulk, such as the
chiral condensate, as well as the gravitational form factors.

Another aspect where our construction is an improvement, compared with previous
settings, lies in the tachyon dependence of the bulk action. First, the DBI form of the
kinetic action for the flavor fields contains an infinite sum of corrections compared with
the quadratic action considered in the HW model. In vacuum, such a square-root behavior
was found to play an important role to reproduce linear trajectories for the meson spectrum
[161]. Although in the WSS model the same kind of action was introduced in [130], the
present work is the first one in which a baryon solution is computed by keeping the full
DBI action for the tachyon®’. Second, and most importantly, we consider for the fist time
the tachyon dependence of the topological Chern-Simons (CS) term. In our bottom-up
approach, this term was constructed as the most general topological action compatible
with QCD symmetries and chiral anomalies.

The approach we followed here presents also some limitations. Apart from the usual
drawbacks which are intrinsic in a bottom-up model (a certain amount of indeterminacy
in the action, no known embedding as a low energy approximation of string theory), the
most important limitation is that the solution presented here is only valid in the exact
chiral limit. This is related to the CS term mentioned above: as was explained in the
first section, our construction only applies in the limit of zero quark masses, as turning on
non-zero quark masses requires modifying both the CS term and the instanton ansatz.

Finally we should mention that, in this work, we focused on a small subsector of the
baryon spectrum. This is due to the specific ansatz considered for the quantization of the
soliton excitations:

38The baryon solution including a non-trivial tachyon in the context of the HW model was
considered in [196, 178]. In that work it was also found, as in our model, that considering a non-
trivial tachyon resulted in a repulsive force on the baryon from the IR, although the mechanism for
this to happen is different (in our case the baryon is a probe on the tachyon background). At large
chiral condensate, this could eventually make the baryon detach from the IR wall, but only a finite
distance from it.

39Note that the calculation is done here by expanding the DBI action at quadratic order in the
non-abelian fields, but keeping the abelian part of the tachyon fully non-linear.
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e We considered only the zero-modes, which resulted in the spin-isospin spectrum
of the baryons. However, the experimentally observed baryon spectrum contains
higher excited states for each isospin eigenvalue. These states are understood in
the holographic picture as non-zero modes of the soliton, that is modes that are
associated with a non-trivial potential, for which the soliton solution sits at the
minimum. These include for instance the dilation and oscillating modes considered
in the WSS model [128].

e Within the isospin zero-modes, we focused on a subgroup containing N; = 2 flavors.
For phenomenology, it is interesting to quantize higher subgroups, in particular Ny =
3. When introducing asymmetric masses for the quarks, this will make it possible to
discuss the properties of holographic hyperons.

e We restricted to the case of a slowly rotating soliton, which is enough to compute the
spin-isospin spectrum at s < N.. In particular, at linear order in the rotation velocity
w, there is no deformation of the static fields, such that the cylindrical symmetry
is preserved. The consequence on the spectrum is that only states with equal spin
and isospin s = I are reproduced. States that do not obey s = I are observed
experimentally, such as N(1520) or A(1950). Reproducing such states will require a
rotating ansatz that deviates from cylindrical symmetry. This can be obtained, for
example, by computing the solution at next order in w.

e The assumption of slow rotation also means that the linear Regge trajectories that are
observed experimentally cannot be reproduced. Namely, the spin-isospin spectrum
that we compute is that of the rigid rotor, for which the masses go as M ~ s at large
spin, instead of M ~ s/2 for a linear trajectory. It is expected that reaching the
linear regime, if it can be reached in this framework, will require to consider states
with s 2 N.. For such high spins, the relevant ansatz for the rotating soliton should
be fully non-cylindrical. In particular, it will reproduce the linear Regge behavior if
it turns out that the solution resembles a string at high rotation velocity [192].

All the points above can be the subject of future improvements.
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Chapter 4

Holographic neutrino transport

The work presented in this chapter will be the subject of an upcoming paper.

Neutrino transport plays a pivotal role in various astrophysical processes involving
dense QCD matter. The most studied class of such processes are the core collapse su-
pernovae which occur in the last stages of the lifetime of massive stars. Neutrino-driven
heating and turbulence are crucial ingredients in the complex dynamics that leads to the
explosion of the star (see the reviews [210, 211]). Strong explosions, similar to what is
observed in nature, are only obtained in simulations that properly take into account these
ingredients.

Neutrino interactions are also important in the physics of neutron stars. Right after a
neutron star is formed in a supernova explosion, its temperature is comparable to the QCD
scale, and subsequently cools down due to neutrinos emitted by various processes [83, 212].
Neutrino cooling is the main mechanism for the first ~ 10° years (after which photon
cooling dominates).

Apart from a supernova remnant, a hot neutron star can also be formed as a prod-
uct of a binary neutron star collision. The observation of gravitational waves from the
merger event GW170817 by the LIGO and Virgo collaborations together with the anal-
ysis of the electromagnetic signal from the kilonova has boosted the interest in neutron
stars recently [79, 213|. State-of-the-art neutron star binary merger simulations are now
developing towards a stage where the effects of neutrino transport are included [214, 215].
While it can be estimated that this effect is relatively small in the actual merger phase,
neutrino emission affects significantly the evolution of the hypermassive neutron star after
the merger within timescales accessible in simulations [216]. This is expected to hold even
for a class of events where a black hole is formed: analysis of the electromagnetic signal
from GW170817 suggests that a collapse to a black hole took place about one second after
the merger in this event [217], which is easily long enough for neutrino effects to matter.
Moreover, neutrinos affect drastically the composition of the ejecta, the evolution of the
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torus, and the jet formation after the merger [218].

The importance of neutrino transport has sparked a wide literature studying the neu-
trino emission rates and opacities in dense matter. Most theoretical studies of neutrino
transport focus on the nuclear matter phase, which is natural as most of the matter in
neutron stars and in the collapsing core in the supernova process is known to be in this
phase, and various effective theory tools are available for nuclear matter. There is a vast
literature on this topic, see [219, 220, 221, 222].

Computing the emissivities and opacities at high densities boils down to computing
the correlators of the currents of the weak interactions in the strongly interacting QCD
matter. Standard methods for estimating these correlators include the use of mean-field
theory [223] and the addition of correlation effects through ring resummation, i.e., the
random phase approximation [224, 225] and its improvements (see, e.g., [226, 227]). Results
in various limits and approximation schemes, such as the degenerate limit and the “elastic”
approximation where the recoil of the nucleon is neglected [228], have been worked out.

However, for the highest densities reached in core collapse supernovae or in the cores
of massive neutron stars, other phases than regular nuclear matter may appear. Phase
transitions may play an important role in neutrino transport: while the equation of state
typically changes modestly at phase boundaries (e.g. densities may jump by an O(1) factor
at a first order transition), observables related to transport can easily change by orders of
magnitude. Perhaps the most natural transition to consider is the transition from nuclear
matter to quark matter, where neutrino emissivities are expected to be larger than in
regular nuclear matter by orders of magnitude. This is indicated by analyses both in the
ungapped regime [229, 230, 231, 232, 233|, and in color-superconducting phases [241, 242,
243, 12]. But estimates for neutrino transport are also available in phases with pion [234,
235, 236] or kaon condensates [237, 238] and nuclear matter with superfluidity [239, 240].

At high densities in QCD, i.e., densities well above the nuclear saturation density
ns ~ 0.16 fm~3, all these results include however sizable or uncontrolled uncertainties.
This happens because first-principles methods are not reliable in this region of the phase
diagram. For the equation of state, loop expansions in chiral perturbation theory for pure
neutron matter converge below n & 2ng [244], while perturbation theory requires densities
above n & 40ns to be reliable [245], which is clearly higher than the densities reached in
neutron star cores. The uncertainty of the equation of state [8, 246, 247] readily affects the
estimates of neutrino opacities and emissivities, and approximations used in the compu-
tation of the current-current correlators bring in additional uncertainty. The importance
of the uncertainties in the densest regions is enhanced because the neutrino interactions
with QCD matter become significantly stronger with increasing density. In the absence of
reliable first-principle methods, it is therefore useful to analyze neutrino transport in this
region by alternative and complementary approaches, such as the gauge/gravity duality.

The holographic correspondence has proved to be useful to study the properties of QCD,
in particular the properties of hot QCD plasma produced in heavy ion collisions. Examples
include the description of the far-from-equilibrium dynamics right after the collision [248,
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249], and the famous estimate for the shear viscosity in strongly coupled plasma [250, 251].
Naturally, transport in hot quark gluon plasma at low densities has been studied also in
holographic models that mimic properties of QCD more closely, see for example [145] and
[252]-[257].

There has also been a considerable interest in studying dense matter by using the
gauge/gravity correspondence (see recent reviews [151, 258]). The equation of state of QCD
matter at high density has been analyzed both in the nuclear matter [174, 259, 260, 208, 261]
and quark matter [262, 165, 263, 264] phases as well as in more exotic phases [265, 266,
267, 268, 269], aiming at applications in neutron star physics. Also transport coefficients
in quark matter, i.e., viscosities and conductivities, have been estimated [270, 271].

In this work, we initiate the holographic study of neutrino transport. We consider a
simple holographic model, based on an Einstein-Yang-Mills action. In this model, charged
black hole geometries (Reissner-Nordstrom black holes) are interpreted as the dual of dense
unpaired quark matter in QCD. We analyze charged current interactions in holographic
matter, leading to estimates for the emission and absorption of neutrinos. Neutral current
interactions (neutrino scattering) will be discussed in future work.

The structure of this chapter is as follows. We start by giving a brief summary of
the results in section 1. In section 2, we review the formalism used to describe neutrino
transport. The holographic model that is used to compute the charged current 2-point
functions is introduced in section 3, with the calculation of the correlators described in
section 4. Section 5 is devoted to the analysis of the results obtained for the neutrino
radiative coefficients.

4.1 Summary of results

The transport of neutrinos is described by the Boltzmann equation' for the neutrino dis-

tribution f,
1

MNE)
with K, the on-shell neutrino 4-momentum and F, the neutrino energy. The radiative
coefficients j and A\ are properties of the medium: j is the neutrino emissivity and A
the mean free path. As reviewed in section 4.2, the calculation of the neutrino radiative
coefficients in a neutron star requires the knowledge of the chiral current two-point function
in dense QCD matter. Computing this correlator is a strongly-coupled issue, which remains
unsolved. As mentioned in the introduction, several approximations have been considered
in the literature but these remain highly model-dependent.

In this work, the approach that we follow is to compute the chiral current two-point
function holographically, using the simplest holographic model where this calculation can

(KV'a)fu:j(El/)(l_fl/)_ fz/a

I'Written in flat space here, for simplicity.
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be done. We focus here on the charged current contribution, leaving the analysis of the
neutral current for future work. The model contains many of the properties that are
expected from a quark-gluon plasma at finite density but also has simplifications that
are unphysical. It has an underlying scaling symmetry in the absence of baryon density,
and the mechanism of chiral symmetry breaking is not (yet) implemented. Therefore our
calculation should be considered as a first step towards performing this calculation in a
successful theory, like holographic V-QCD, [150].

An important property of holographic strongly coupled theories at finite density is the
following: although scaling symmetries are broken by the finite density, there is an emergent
one-dimensional scaling symmetry at zero temperature which is also accompanied by a
large density of states at very low energies, [272] and can even be responsible for glassy
behaviour, [273]. This symmetry is associated to an AdSy factor? in the geometry of the
relevant black hole. Such a regime exists in our theory and it is the one that controls most
of the calculation. It has been also seen in the phenomenologically successful and more
complete model of V-QCD, in [164]. It is an interesting question, that we do not address in
this paper, to investigate what are the signals of this behavior, in both neutrino transport
as well as the dynamics of neutron star mergers.

The holographic toy model that we consider is a bottom-up model where, in addition to
the metric, the 5-dimensional bulk contains gauge fields belonging to the U(Nyf)r, x U(N¢)r
flavor group dual to the field theory chiral current operators. The bulk holographic action
which controls the dynamics of these fields, is the Einstein-Yang-Mills action

S=8.+S.

12
S, = M?’Nf/df’x\/—g <R+ z?) ,

Sp = —E;(Me)?)wgzvc/d%\/?g (Tr FUOFMND LTy FE@VFMN’(R)> :

where F(Z/B) is the field strength for the chiral gauge fields, N, the number of colors and ¢
the AdS length. The model has two dimensionless parameters, M ¢ and wy and these enter
in the physics of the dual, strongly-coupled quantum field theory. As detailed in Appendix
O, the parameters are fixed to match the lattice result for the QCD thermodynamics in
the deconfined phase at low baryon density.

The background solution is the gravitational dual of a medium composed of quark
matter at equilibrium, at finite temperature T" and quark number chemical potential u.
We consider isospin symmetric matter, with isospin chemical potential

n3 =0.

2AdS, stands for the anti-de Sitter geometry in d space-time dimensions. AdSy is a constant
negative curvature manifold with infinite volume and maximal O(2,d-1) symmetry.

129



Neutron star matter is known to be far from isospin symmetry, as it contains many more
neutrons than protons. This isospin asymmetry may have a significant influence on the
transport of neutrinos, as can be seen for example in the condition for S-equilibrium below.
In this work, we restrict to the isospin symmetric case for the sake of simplicity® , leaving
the study of isospin imbalance for future work. The corresponding gravitational dual
corresponds to a charged AdS black-hole with a charge proportional to .

To this strongly-coupled medium, we add neutrinos and electrons so that we have full
charge neutrality. The neutrinos that scatter in this medium are assumed to be sufficiently
close to equilibrium for the chemical potential u, to be well defined, and at S—equilibrium
with the quarks and electrons

Hy = pe + p3 = He -

However, the distribution of neutrinos is generically different from the equilibrium distri-
bution. In particular, it is expected that there is generically no Fermi surface with chemical
potential u, associated to it.

Following the usual holographic procedure, the charged current two-point function is
then evaluated from the solution to the equations of motion for gauge field perturbations
on the black-hole background. The correlators are computed numerically for energies w
and momenta k between 0 and a few times 7';[1, rg being the horizon radius.

From the numerical solution for the chiral current correlator, the neutrino charged
current radiative coefficients can be computed as a function of the neutrino energy. This
calculation is the main result of this work. When completed with the neutral current
coefficients, it can be used to simulate numerically the transport of neutrinos, in the kind
of quark matter described by our holographic model. The numerical results are discussed
in detail in Section 4.5. Here, we give a summary of this analysis.

Approximations

We considered in this work several approximations, in which the radiative coefficients have
simpler expressions. Apart from academic interest, these approximations are useful to
obtain a better qualitative understanding of the exact numerical results. We list them
below

e The degenerate approximation, where the expressions in the limit of y > T are used
for the Bose-Einstein and Fermi-Dirac equilibrium distributions n;, and ny. In this
limit, the weak processes which contribute to neutrino transport are clearly identified.
This is summarized in table 4.1.

e The hydrodynamic approzimation, where the radiative coefficients are computed by
expanding the charged current 2-point function GF(w,k) at leading order in the

3 As we discuss later in this introduction, a non-zero 3 may change non-trivially the background
solution and phase, and makes the computation of current correlators more involved.
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hydrodynamic expansion, that is at leading order in rgw and rgk. Note that, at
p > T, the parameters of the expansion are w/u and k/u, rather than w/T and
k/T. As reviewed in Section 4.4, this emergence of a hydrodynamic behavior at low
temperature is a consequence of the AdSs geometry of an extremal horizon.

In relation to this, a cautionary note is relevant here. Typically, as T — 0, like in the
case studied here, hydrodynamics is known to break down as the non-hydrodynamic
poles of the energy-momentum tensor correlators are moving towards zero energy
and momentum and eventually collide with the hydrodynamic poles. However, in an
AdS; regime, like the one encountered here, there are indications that there is a kind
of hydrodynamics that survives, [299]. The relevant poles of the correlators were
studied in a toy model in [300]. An infinite lattice of equidistant poles were found
that seemed to collide once in a while with the hydrodynamic pole. However, we
have found that the presence of such an infinite lattice of poles do not seem to affect
our two-point correlator of currents and its leading hydrodynamic behaviour. We
suspect that this is because the residues of these poles are very small in this regime.
A calculation of these residues, in a large d limit, using the framework of [301] seems
to corroborate this expectation. It is however a topic that may be important more
generally, and more is needed to understand it fully.

The leading order hydrodynamic expression for the retarded correlator of the charged
currents, is given by

GE,_(w, k) = —io | PL(w, k)w + P (w k)fﬂiﬁ:ﬁff
C,A0 ) g ’ Ao ) W+2Dk‘2 ’

where P+ and Pl are respectively the projectors transverse and longitudinal to the 3-
momentum k. In this approximation, the only strongly-coupled calculation required
to determine the charged current correlator, is that of the two transport coefficients:
the conductivity o and the diffusivity D. In the simple holographic model considered
in this work, analytic expressions can be derived for the transport coefficients

1
No(MO3w | D= -ry,

o= |]Mud‘2
2

87‘H

where M,4 is the ud component of the Cabibbo-Kobayashi-Maskawa (CKM) matrix,
M{, wy and N, are the parameters of the theory and rg is the horizon radius of the
dual black hole, which is an explicit function of the baryon density and temperature.

The hydrodynamic approximation approaches the exact result in the limit where
all the leptonic energies e, iy, £, are much smaller than 7“;11. At > T, rgpe
(and 7pp,) is found to asymptote to a constant close to 1, (4.3.26). For ryFE,
also smaller than one, the leptonic energies are therefore at the limit of the regime of
validity of the hydrodynamic approximation. As we summarize in more details below,
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this approximation typically gives a good qualitative description of the radiative
coefficients, but its accuracy is around a few tens percent.

e The diffusive approximation, where the hydrodynamic approximation is used, and
it is further assumed that the dominant contribution to the radiative coefficients
comes from the time-time component of the retarded 2-point function. We show in
Appendix Q that this approximation is valid in the degenerate and hydrodynamic
regime

T < ey v, By < 1.

We use the diffusive and degenerate approximation to derive approximate expressions
for the opacities

k(Ey) = j(E,) +

AEY)

The results are shown in (4.5.22) for neutrinos, and in (4.5.25)-(4.5.26) for anti-
neutrinos. When it comes to describing the actual numerical results, these approx-
imate expressions were found to be inaccurate. However, the expression at E, = 0
(4.5.27)
G%o
Re,0 = 7_‘_}; Mﬁa

which originates fully in the transverse part of the correlator, was found to be in
good agreement with the exact result for baryon densities ng > 1072 fm~3. (4.5.27)
is therefore a good estimate of the typical scale of the opacities as a function of the
baryon density.

Properties of the radiative coefficients

We now summarize the main properties of the numerical solution for the neutrino radiative
coefficients, that are presented in Section 4.5. The radiative coefficients depend on several
parameters: the neutrino energy F,, but also the parameters of the theory M/ and wy, as
well as the environmental parameters p and T'. As detailed in Appendix O, M{ and w are
fixed by matching the zero-density thermodynamics of the model to the free quark-gluon
plasma result. As for the environmental parameters, the temperature is fixed to values
typical of young neutron stars® [274]

T = 10MeV,

and we investigate the remaining 2-dimensional parameter space, of neutrino energy F, and
baryon density np. We consider regimes of energy and density that are typical of transport

40f course, the temperature is not constant as a function of the distance to the center of the
star. However, the typical relative variation is of order 1.
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in a neutron star, i.e. energies below ten times the temperature [274] and densities much
larger than the thermal scale

E,<10T , np>T3.

We first discuss the charged current polarization functions, which are the direct outcome
of the holographic calculations. The polarization functions at ng = 1fm~3 are shown in
figure 4.13. The comparison with the leading order hydrodynamic prediction reveals that
the polarization functions look qualitatively similar to the hydrodynamic expressions. We
also evaluate quantitatively the difference between the two, focusing on the region of the
energy-momentum space which is relevant to the calculation of the neutrino opacities. As
a result, we find that the error from the hydrodynamic approximation to the transverse
polarization function is comprised between 0 and about 50%, whereas for the longitudinal
part it ranges from 0 to about 100%.

The next step of the analysis in section 4.5 is the discussion of the neutrino opacities
themselves. The latter were computed numerically for a whole range of baryon densities
np and neutrino energy FE,, for values typical of transport in a neutron star

103 fm 3 <ng<1fm™2 , 0<E, <100MeV.

The solutions at the two extreme values of the density, ng = 1072 fm =3 and ng = 1fm=3,
are shown as a function of the neutrino energy in figure 4.16. The general qualitative
behavior depends mainly on the statistical factors, so that it agrees with other calculations
discussed in the literature: the opacities increase with both the density and the neutrino
energy. When the baryon chemical potential is much larger than the temperature, a dip is
observed in the neutrino opacity for energies close to the neutrino chemical potential p,,.

The accuracy of the various approximations introduced before is then analyzed in de-
tail, over the full parameter space of density and neutrino energy. The corresponding
2-dimensional plots of the relative differences are shown in figures 4.18 to 4.23. The main
conclusion from this analysis is that the accuracy of the approximations are typically better
at high baryonic density. In particular, for ng 2 107! fm=*(T/(10 MeV))g, the hydrody-
namic approximation is within 0 to 50% from the exact neutrino opacity, whereas the error
is less than 30% for anti-neutrinos (see figure 4.1). That is, extracting only the leading
order transport coefficients o and D from the holographic calculation is a sufficient input
to obtain a good estimate of the opacities at those densities.

At densities np < 1072 fm =3 (7'/(10 MeV))S, the hydrodynamic approximation is much
cruder, with errors exceeding 100% at high neutrino energy. This means that higher order
transport coeflicients are required to produce a reasonable approximation. For even smaller
densities, as u/T becomes of order 1, ryFE, becomes larger than 1 for £, 2 T. In this
case, the hydrodynamic expansion breaks down, and the full holographic 2-point function is
needed to compute the opacities. The reason for this breakdown is that the hydrodynamic
expansion (4.4.44) and (4.4.53) is an expansion in (rgw,rgk), where w and k depend on
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Figure 4.1: Relative difference between the hydrodynamic approximation and the
exact opacities, for neutrinos (Left) and anti-neutrinos (Right).

the leptonic energies in the radiative integrals. In particular, large values of ryw and rgk
are explored for large rF,. This is discussed in detail in section 4.5.2.

Comparison with the literature

In the last section of this work, our results are compared with other calculations of the
neutrino radiative coefficients from the literature. We focus on the recent results in non-
relativistic nuclear matter from [274], and the calculations in weakly-coupled quark matter
from [231]. The opacities computed from the holographic model

e =t () (G) (i)

free

are found to be about an order of magnitude larger than the results from approximate
calculations in nuclear matter, which is about two orders of magnitude smaller than the
perturbative result in quark matter (see figure 4.2). This indicates that, although the
holographic matter is deconfined, the strong coupling implies that the neutrino opacity is
highly suppressed compared with the perturbative estimate. We caution however that the
model we used is not very close to the real theory and more effort is needed to corroborate
the results.
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Figure 4.2: Neutrino opacity from our holographic result (blue) compared with the
perturbative QCD result [231] (orange), at ng = 0.11fm™2 and 7' = 10 MeV. The
opacity is expressed in km™!.

4.2 Formalism for the transport of neutrinos

In this section, we give a complete review of the elements of formalism that are used to
describe the transport of neutrinos. The idea is to make clear the connection between
neutrino transport and the retarded chiral-current two-point function, which is the quan-
tity that we compute in this work using holographic methods. We start from the basic
definitions of the real-time correlators in the closed-time-path formalism, before deriving
the Boltzmann equation, obeyed by the neutrino distribution function. The collision term
in the Boltzmann equation depends on the neutrino self-energy in the medium of propa-
gation. The charged current contribution to the self-energy is then computed explicitly at
quadratic order in the Fermi weak coupling constant G g, in terms of the chiral current
two-point function. The final form of the neutrino Boltzmann equation is presented at the
end of this section.

4.2.1 Definitions in the closed-time-path formalism

The mathematical objects which contain the information about the transport of neutrinos
in a given medium, are the (exact) real-time propagators of the neutrinos

iGap(w1,22) = (Ta(z1)a(z2)) | (4.2.1)

where 9 the neutrino spinor field. 7 is a time-ordering operator, for which the possible
choices are made explicit below (see (4.2.4)-(4.2.7)). The brackets refer to the expectation
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value in the medium at finite temperature. The convenient formalism to compute out-
of-equilibrium real-time quantities such as (4.2.1) is the so-called Schwinger-Keldysh, or
closed-time-path (CTP) formalism. The latter relies on the fact that all real-time corre-
lation functions can be written as correlation functions on a specific path in the complex
time plane: the CTP, shown in figure 4.3.

to +

to

Figure 4.3: The closed-time-path. The turning point of the contour on the right of
the figure should thought of as being pushed to infinity.

In particular, the propagators can be expressed in terms of the two-point correlation
function on the CTP, which is defined as

iGag(w1,12) = (Tetba(21)0s(22) ) = Tr{p(to)TCwa(ml)@Z;/g($2)} , (4.2.2)

where p(tp) is the density matrix at the initial time on the CTP, C' denotes the CTP and
Tc is the time-ordering operator on the CTP. The CTP two-point function can be split
into several pieces depending on the location of the points 1 and x5 on the path, which is
written in matrix form as

G++(l‘1, 552) Gt- (.Tl, $2)

G(wl,ﬂfg) = (G“/(azl,xz)) , =
€=+ G_+(:c1,a:2) G__(xl,.ibg)

, (4.2.3)
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where the indices + and — refer to the upper and lower branches of the path as indicated in
figure 4.3 so that € (¢/) gives to the location of the point 1 (z2). The correlation functions
G’ can be defined in terms of regular propagators as

iG;rg($1>fU2) = Z'Ggﬁ(‘fh@) = (Ta(z1)¥p(22)) , (4.2.4)
IG5 (w1,22) = iGLy (1, 29) = (Tavha(x1)is(22)) | (4.2.5)
ZG;? (z1,29) = iG;,B(CUlam) = — (Pp(w2)alz1)) (4.2.6)

iGL 4 (01, 29) = 1G25(w1, 32) = (al@1)Vs(x2)) - (4.2.7)

In the above expressions, 1" and T4 are respectively the real time-ordering and reverse
time-ordering operators.
The retarded and advanced propagators are combinations of (4.2.4)-(4.2.7)

Gfﬂ(xl,@) = Ggﬁ(xl,xg) - Giﬁ(l‘l,mg) = —i@(x? - xg) ({ta(z1),¥p(z2)}) , (4.2.8)

Géﬁ(xl,xg) = Ggﬁ(ml,asg) - Gzﬁ(xl,xg) = iﬂ(xg — ) ({va(21), ¥a(z2)}) . (4.2.9)

Note that the four propagators in (4.2.4)-(4.2.7) are not independent. In particular, the
anti-commutation relations for the fermion field operators imply that

G +G=G"+GF. (4.2.10)
Also, from the definition of the time ordering
G (21, 29) = 0(2 — 29)G™ (w1, 2) + 0(25 — 29) G=(21,22) . (4.2.11)

Therefore, all correlators in (4.2.4)-(4.2.9) can be expressed in terms of G< and G~.

Relations at equilibrium for bosonic two-point functions

Although only fermions were considered above, the CTP formalism is perfectly well adapted
to describe bosonic real-time correlators as well. As we shall see in the next section, the
transport of neutrinos is controlled by the chiral current real-time two-point functions in
the medium. The latter is a bosonic correlator, which can be expressed in terms of the
two-point function on the CTP

Z.Guy(xl,xQ) = <TOJu(.’1,'1),],,(x2)> y (4212)

where J refers to the chiral current and we omitted the flavor indices. When the medium
is at equilibrium, the 2-point function (4.2.12) obeys further constraints that we present
here. Only the results are given, but the derivations are standard and simple. They are
reviewed in Appendix L.1.
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The first useful property obeyed by the 2-point function at equilibrium is related to
the time-translation invariance of the system. If we focus on the time dependence of the
propagators, it implies that

Gu(ti,t2) = G (At 0) = G (At) , At=t; —ta. (4.2.13)
In particular, the retarded and advanced propagators are

iGyy, (At) = 0(A1) ([Ju(AL), L (0)]) ,  iGy, (At) = =0(=At) ([J,(0), J,(—=A1)]) -
(4.2.14)
In momentum space, the expressions (4.2.14) imply that the behavior of the retarded 2-
point function under a change of sign of p? is fixed

Im Gﬁy(—po) = —Im Gﬁy(po) , Re Gﬁy(—po) = Re ny(po). (4.2.15)

The other equilibrium result that we use is a consequence of the so-called Kubo-Martin-
Schwinger (KMS) symmetry. The latter gives a relation between the forward and backward
propagators

GH(p) =e ' G3(p). (4.2.16)

Using this result, G/fl, and Gﬁy can be expressed in terms of the imaginary part of Gf’u
only

G5, (p) = 2iny(p")Im G}, (p) (4.2.17)
G, (p) = 2i(ny(p°) + 1)Im GfL, (p) , (4.2.18)
where ny is the Bose-Einstein distribution
1
ny(E) = NI (4.2.19)

4.2.2 Boltzmann equation for neutrinos

We introduce in this subsection the equation which controls the dynamics of neutrino
transport. The fundamental equation obeyed by the neutrino propagator is an exact QFT
result, called the Kadanoff-Baym equation [296]. Upon certain semi-classical limits, this
equation results in the Boltzmann equation for the neutrino distribution function, which is
what neutrino transport simulations aim at solving. We first review the derivation of the
Kadanoff-Baym equation from the Schwinger-Dyson equation, and then explain how the
Boltzmann equation arises.

Note that the curvature of the space-time has an influence on the transport of neutrinos
inside a neutron star. The equations obeyed by the neutrino propagators should therefore
be written in a generally covariant form. To keep the presentation of the formalism as
simple as possible, we consider the case of flat space-time. The covariant form can be
inferred from the final form of the equations.
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4.2.2.1 Kadanoff-Baym equation

To derive the Kadanoff-Baym equation, the starting point is the Schwinger-Dyson equation
on the CTP contour. The latter relates the exact neutrino propagator G to the free
propagator G° and the neutrino self-energy 3

G(21,22) = G(x1, x9) —l—/ d*udo GO(z1, u)B(u, v)G (v, x3) (4.2.20)
C

which is written diagrammatically in figure 4.4. The area of integration C' contains inte-

Figure 4.4: Diagrammatic representation of the Schwinger-Dyson equation (4.2.20).
Thick lines correspond to exact fermion propagators and thin lines to free propaga-
tors.

grations over spatial coordinates and over the CTP contour. The self-energy is equal to
the interacting part of the 1PI 2-point function

—iN= <7/MZ>1PI - <¢¢_’>1PI, free (4.2.21)

(4.2.20) is valid for any z;,z9 on the CTP and can be understood as a matrix equation, if
we write the self-energy ¥ in matrix form as in (4.2.3)

»tt (561, .%‘2) >t (1‘1, CL‘Q)

- (4.2.22)
e¢/=% 2_+(a:1,x2) 2__(x1,x2)

Y(z1,10) = (Eeel(ﬂ?hl’z))

In particular, the +— component of (4.2.20) reads
G*< (x1,29) = Gt~ (x1,29) = GOt (x1,22)+

+ / dPud3vdug dvo GO (21, w) ST (u, v)GT (v, 29)—

to

g

— / dPud®vdug dvg - GO (21, u) ST (u, v)G™ (v, 29)—

to

- / dBudvdug,_dve GO (21, u) 2 (u, v) G (v, 22)+

to

8
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—I-/ dPudvdug,_dve, GO (21, u) 8 (u,v)G (v, 22)
to

(4.2.23)

where the subscripts + and — on the real times ug and vg indicate on which branch of the
CTP the integral is performed. We then use the fact that the free propagator G is the
inverse of the Dirac operator i@ — m, which implies in particular that

(idy —m)GO T (2,y) =0 , (i@, — m)GOT(2,y) = d(x —y). (4.2.24)

Applying the Dirac operator to (4.2.23) therefore results in the following equation for G<
(idy, —m)G=(x1,22) = /d4U (S5 (21, 0)GS (v, 22) — B (21,0)G™ " (v,22)] . (4.2.25)

(4.2.25) is called the Kadanoff-Baym equation for the propagator G<(x1,z2). In analogy
to the neutrino propagator, we define ¥< = X+~ and ¥~ = X~ 7.

The first step towards the Boltzmann equation, is to go from (4.2.25) to an equation for
G< in momentum space. The appropriate way of doing so for correlators which generically
are not translation-invariant, is via a Wigner transform, that is a Fourier transform with
respect to the separation between the two points

F(X, k) = /d4y oy o (X n %,X _ %) . (4.2.26)

Note that the Wigner transform of a convolution is not the product of the Wigner trans-
forms. We shall however consider the semiclassical gradient approximation

k> dx (4.2.27)

which corresponds to requiring that the system is sufficiently dilute for the mean free path
of a neutrino to be much larger than its de Broglie wavelength. In this approximation, the
Wigner transform of a convolution is simply the product of the Wigner transforms. Then,
assuming (4.2.27) and Wigner transforming (4.2.25) gives

(K —m)G<(X, k) = XTH(X, k)G<(X, k) — 2<(X, k)G~ (X, k), (4.2.28)

where we defined )
K = k4 20 . (4.2.29)

There is another way of writing the Schwinger-Dyson equation, which is shown in figure
4.5. Starting from this alternative writing, the adjoint Kadanoff-Baym equation can be
shown to be

G<(X,k) <57 - m> =G (X,R)XS(X, k) — GS(X, k)2 (X, k). (4.2.30)
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Figure 4.5: Alternative writing of the Schwinger-Dyson equation. The difference
with figure 4.4 is whether the exact propagator comes before or after the self energy
in the right-hand side.

Taking the trace of the difference of (4.2.28) and (4.2.30) results in an equation that
depends only on the +— and —+ correlators

07 Tr {y"G=(X, k) } = =Tr {G” (X, k)S<(X, k) — 7 (X, k)G=(X, k) } | (4.2.31)
where we used the fact that for every two-point function F

Ft™t 4 F - =F<4+F>. (4.2.32)

4.2.2.2 The Boltzmann equation

We now explain how the Boltzmann equation for the neutrino distribution function is
derived from (4.2.31). This requires considering the so-called quasi-particle approximation.

The quasi-particle approximation consists in assuming that the propagator for the
system out of equilibrium can be written in the same form as the free propagator at
equilibrium®

GO (k) = —(f + m + o) 1 (B — w)3(E, — kK — )=

B,
— (1= ny(By + w)O(Ey + K+ )| (4.2.33)

TGO (k) = (k= m =+ goro) - | (1= (B = )y — K — )=

— g (Ep+ (B + K + )] (4.2.34)

5See appendix L.2 for a review of the derivation of (4.2.33)-(4.2.34), and appendix L.3 for a
more detailed discussion of the quasi-particle approximation.
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but replacing the Fermi-Dirac distribution by space-time dependent particle and anti-
particle distributions, f,(X;k) and fz(X;k)

Y .
IG5 (X k) = ~(k, + mr0) ™5 - [ £ (G RSB, — K~ )
— (U= fol X3 =F)O(By + KD+ )|, (42.35)
A5 .
G2 (X k) = 2 (o) [(1= (X RSB, = K = ju)

— (X5 —K)O(B, + KO + uy)} : (4.2.36)

In the above expressions, we neglected the neutrino mass, F), is the on-shell neutrino energy

E, =\/k2, (4.2.37)

and p,, is the chemical potential of neutrinos at f—equilibrium with the medium, which is
related to the electron (p.) and isospin (us3) chemical potentials via

o = fe + i3 - (4.2.38)

Note also the presence of the left-handed projectors (1 — 4°)/2, which account for the
left-handed nature of the neutrinos in the Standard Model.

The Boltzmann equations for neutrinos and anti-neutrinos are then obtained by sub-
stituting (4.2.35)-(4.2.36) into the Kadanoff-Baym equation (4.2.31)

(K, - 0)f(X:ky) = —iTr [K,,E<(K,,)(1 —f)+ 2>(KV)KVfV} , (4.2.39)
(Ko ) fo(XiF) = TH[K S5 R + 57 (CRIK, (- f)] . (4240

where K, is the on-shell neutrino momentum
K) = (B, k). (4.2.41)

The quasi-particle approximation is exact in the limit of free particles at equilibrium
(both thermodynamic and f—equilibrium). It is therefore justified when the neutrino mean
free path is large compared to the typical neutrino wavelength, and the neutrinos are close
to equilibrium. In a neutron star, the neutrinos are at equilibrium for layers of the star
such that the optical depth to the surface is much larger than one for all neutrino energies.
This is typically the case in the core of the star, but not near the neutrinosphere. The
quasiparticle approximation is expected to be valid near the core, but it is not clear to what
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extent it is justified up to the neutrinosphere. In absence of alternative methods to the
Boltzmann equation (solving directly the Kadanoff-Baym equation is too complicated), it
is always assumed in astrophysical simulations that the quasiparticle approximation applies
for neutrinos. We will therefore follow the same assumptions here.

As we shall see in the next subsection, the real time propagators for the electrons
also appear in the neutrino Boltzmann equations, via the self-energies. The electrons are
assumed to be at equilibrium with chemical potential u., and in a regime where the quasi-
particle approximation can be used. Within those assumptions, the electron propagators
are given by

. 4 g
ZG?(t;pe) = —(ﬂe + me + ,Uze"YO)f [fe(t;pe>5(Ee - pg - Me)_

— (= folt =)0 (Be+ 90+ )|, (4.2.42)
iG:(t§pe) = (pe + me + NE’YO)EL [(1 — fe(t; pe))0(Ee —Pg — fhe)—
— folti —F)O(Be + 5+ )| (4.2.43)

where f. and fz are the electron and positron distribution functions, and E, = \/1_62 +m2
is the on-shell electron energy.

4.2.3 Charged current self-energy

As we have explained in the previous section, the Boltzmann equation is determined by the
neutrino self-energy. In this section, we derive the neutrino self-energy (4.2.21) at leading
order in the weak coupling Fermi constant Gr. We restrict our analysis in this work to the
contribution from the charged current interaction of electronic neutrinos with the baryonic
matter

ut+e =d+v.. (4.2.44)

This means that several other components are not considered here:

e The neutrino self-energy receives a contribution from the neutral current interactions
vtq=v+q , vH+q=v+gq, (4.2.45)

g+qd =v+v+q+q, (4.2.46)

where ¢ and ¢’ are quarks. Those interactions are not negligible a priori and should
be taken into account when addressing neutrino transport. The calculation of neutral
current neutrino self-energies in holography will be the subject of a future work.
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e In general, the other charged leptons contribute if they are present in the medium.
In particular, there may be a significant muon component in the core of neutron
stars [283, 284]. We assume in this work that the only charged leptons present in
the medium are electrons. In presence of muons, the muonic neutrinos also couple
to the medium, and their transport is described by a separate Boltzmann equation.

e The propagating neutrinos do not interact only with the baryonic matter, but also
with the leptons contained in the medium. Assuming the leptonic component to be
composed of electrons, the corresponding charged current processes are given by

Vete =vet+e , v+et =v+tet. (4.2.47)
et +e = v+ 7. (4.2.48)

The contribution to the neutrino self-energy from these leptonic processes can be
derived from a weakly-coupled calculation, which can be added independently from
the strongly coupled component considered here. The expressions can be found in
[285].

The Feynman diagram for the +— neutrino self-energy from the reaction (4.2.44) at
order O(G%) is represented in figure 4.6. Applying the Feynman rules in the limit where

_I_ —

Figure 4.6: Diagram for the calculation of the charged current +— neutrino self-
energy at leading order in the electroweak interactions. Lines correspond to free
propagators, whereas the hatched blob denotes the W current-current correlator in
the dense medium <Ju_ JF > This two-point function is the exact non-perturbative
quantity, that is computed holographically in this work. For illustration, the one-
loop contributions to this correlator are shown in figure 4.7, where only the quark
component is considered here. The + and — are the Schwinger-Keldysh indices
referring to the location of the operators on the CTP contour in figure 4.3.

the neutrino momentum is much smaller than the W-boson mass® yields the following

In which case the free W diagonal propagators reduce to —iG%;,ij; = i}‘z"
? w

. See appendix M for

a review of the weak vertices involved in neutrino interactions.
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result for the self-energy

d*k.
(2m)?

where we defined the W boson 2-point function

S5 (X k) = —2iGh / (1 =7 (G5 (ke))77 (1 =) (G p\ (ke — o)) - (4.2.49)

iGeor = (J; Y ), (4.2.50)

J)jf being the W boson current. The expression for the backward self-energy X2 is obtained
from (4.2.49) by exchanging the < and >.

d e~

Figure 4.7: 1-loop diagram for the W —+ current-current correlator, from the quark
(left) and lepton (right) contributions. Only the quark component is included in this
work.

We now proceed to write the quark contribution to the W current J ;“ in terms of the
chiral currents J >(\L/ R) " As we shall see in the next section, the latter are the duals of the
bulk gauge fields in the holographic set-up. We assume here for simplicity that Ny is even
and the quarks are divided into an equal number of up and down type quarks. Later we
will set Ny = 2. The quark W current is

JtA — _ pyCKMyi ,\1—’Y5dj 4.9.51
= ij  w 9 Y (4.2.51)

where u is a vector that gathers the Ny/2 up flavors of quarks (of weak isospin I3 = 1/2)
and d gathers the Ny/2 down flavors of quarks (of weak isospin I 3=-1/2), N ¢ being the
number of flavors. MSKM is the CKM matrix that determines the mixing between mass
and weak eigenstates of the quarks. As for the chiral currents, they are expressed as

S A1FA
JERA _ o 27 o (4.2.52)

145



where the minus sign is for the left-handed current. The vector g contains all the Ny flavors
of quarks

u
q= . (4.2.53)
d

In order to write the W current (4.2.51) in terms of the chiral currents (4.2.52), we introduce
the enlarged CKM matrix

0 A CKM
MM = , (4.2.54)
0 0
of size Ny x Ny. (4.2.51) can then be written as
TN = GRM A, (4.2.55)

4.2.4 Emissivity and absorption

In this subsection, the results from Sections 4.2.2 and 4.2.3 are combined to obtain the final
form of the kinetic equation obeyed by the neutrino distributions. From there, the radiative
coefficients that control the neutrino transport are identified, and classified according to
the radiative process they correspond to.

Substituting the expression for the charged current self-energy (4.2.49) into the Boltz-
mann equations (4.2.39) and (4.2.40) results in the following kinetic equations for the
neutrino and anti-neutrino distribution functions

Ky-af:iG%/d%e L
v (27)3 E.E,

B, 4
x (127 (1= 1) £eGEnla) = 10 = )G (a)) +
+ 127 (L= f) (L= )G g (a0) = fuleGipalan))],  (4:256)

K, 0 iG% [ &3k, 1
fo=— X
4 ) (2r)3 E.E,
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x (127 (F21.GZ plaer) = (1= J)(1 = f)GEn(an)) +
+ 127 (fol1 =[G (a0) = (1 = fo)feGipnlaer) )|, (4:257)

where f, and f; both have argument (X, I;Z,), and f. and fz argument (X, Ee) We defined
several condensed notations for the momenta k. — k, in the different leptonic sectors

Gev = (Be — By — pie + i, Ee - Eu) s Qe = (Be + By — e + p, Ee + Eu) ) (4.2.58)

Gev = (—Ee — By — e + p, — E k v) » Ger = (—Ee+ By — ple + p, _Ee+Eu)a (4.2.59)

and the lepton tensors
Lige = Tr [(Ke £me)y” (1= 75) K, N1 =127 - (4.2.60)

In (4.2.60) the + is for e and the — for e, and the K’s refer to the on-shell momenta

—

K. = (Be,ke) , K,=(E, k). (4.2.61)

Computing explicitly the trace in (4.2.60) gives
L = [} =8 (K?K;,’ FKOK) — (Ko K™ + z‘eAmﬁKe,aK,,ﬁ) . (4.2.62)

Note that the antisymmetric part will vanish in the contraction with the current-current
correlator if the medium is assumed to be isotropic and the interactions preserve parity.

The transport equation for neutrinos can be further simplified by assuming that the
medium in which they scatter is at equilibrium. This implies that the electrons follow the
Fermi-Dirac distribution

fe(ke) =nf(Be — pe) =ne ,  folke) = np(Be + pie) = ne, (4.2.63)

and the chiral current 2-point functions can be expressed in terms of the retarded correlators
according to (4.2.17) and (4.2.18). Then, (4.2.56) and (4.2.57) become

K,,-af :_% ke 1,
E, 7" 2 (27)3 E.E,
X [Im Gfa/\(%u) ((1 — fu)ne(1+ nb<qgu>) — fu(1— HE)”b(qgu)) =+
+m G (ge0) (1= £) (1= ne) (1 + m(gg,)) — fonenn(ge,))],
(4.2.64)

] 2 3
K, 8f17:GF/dke L o
E, 2 | (2n)3 E.E,
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x [Im GE,\ (gen) (fome(1+mu(a)) — (1= f5)(1 = ne)np(al)) +

+1m Gl (o) (fo(1 = ne) (L mp(agp)) = (1= fo)nem(agy)) ]
(4.2.65)

The emissivities j(F,),j(E,) and mean free paths A\(E,), \(E,) are defined such that

Kl/ -0 . 1

EV fV = ](Ey)(l - fl/) - mfu7 (4266)
K, 0. - 1

Eu fr? = ](Eu)(l — fzj) - mfp (4.2.67)

The two radiative coefficients are themselves the sum of two terms, corresponding to the
contributions from electrons and positrons

J(By) = je- (Bu) + jer (By) 5 J(Ey) = je- (Bu) + jet (Eb) (4.2.68)

1 1 1 1 1 1
NE) N (By)  2r(By) T MBS A (By) (B (4.2.69)
In the quasi-particle picture, each of these coefficients can be associated with a given weak
interaction process between the neutrinos and the baryonic matter

e tu=v+d: (jo,A-) , dte" =v+d: (Jor, Aet), (4.2.70)

u=v+d+et : (je+,)\e+) , d=v+ute : (36_,/_\6_). (4.2.71)

These are identified as the various versions of the (3 reaction (4.2.44). Note that, as men-
tioned before, the purely leptonic processes are not included. Also, as far as the baryonic
component of the medium is concerned, the quasi-particle picture is not expected to give a
good description of the interaction of the leptons with the strongly-coupled QCD matter.
Writing the weak reactions as in (4.2.70)-(4.2.71) corresponds to approximating the chiral
current two-point functions with the 1-loop contribution, which comes from the diagrams
in figure 4.7. However, at strong coupling, the exact 2-point functions receive contributions
from all numbers of loops, which means that the weak processes that occur typically involve
many quarks and gluons. It is still useful to make the identification as in (4.2.70)-(4.2.71)
because it summarizes the exchange of flavor charges that occurs in each reaction. It also
makes it clear what is the relation between the various coefficients that we defined and
the weak processes that are usually considered in the literature, from a weakly-coupled
perspective.

From (4.2.64) and (4.2.65), the expressions for the various contributions to the emis-
sivity and absorption can be identified to be

Gh [k 1
2 | (2n)3 E.E,

Je— (EV) = Lg\UIm Gfo)\(%u)ne(l + nb(qu)) )
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G%L [ Bk 1

Jer(B) = =5 | G, LT Glor(ga) (1 = ne) (14 mo(ab)
Ae—}Eu) _ _ij (‘;";63 E:E,, LT GE \ (ge) (1 — me)mn(a,)
AJE,,) = —Gj“ ((;f); El o (gev)nenn(gg,)
o) == [ e LGl )1 - no )
o= [ L G o),
o o ElE R (oo (1 + (el
X!(LEV) _ _GZ% (‘;?;’_“)63 EIE L Tm GE \ (ge) (1 — me) (1 + 1 (a2)) -

(4.2.72)

(4.2.73)

(4.2.74)

(4.2.75)

Detailed balance Because the medium in which the neutrinos scatter is assumed to
be at equilibrium, the charged current emissivities and mean free paths (4.2.72)-(4.2.75)
are actually related by a detailed balance condition. In terms of the fermionic and bosonic

equilibrium distribution functions, detailed balance refers to the equalities
ne (14 m0(gl,)) = (1= o)y (g, e sw),
(1 —ne) (1 +np(q2,)) = nenp(ql,)e P E=r),
ne(1+mp(q%)) = (1 — ne)np(qS,)e P Br=m) |

(1= 7ne) (1 +np(agy)) = nem( S )e Pl

which imply that

e /B(Eu Hu)
SR I
— e /B(E +Hv)
Je— et (By) = m

(4.2.76)

(4.2.77)
(4.2.78)
(4.2.79)

(4.2.80)

(4.2.81)

Due to the detailed balance relations, the emissivity and absorption are not indepen-
dent quantities. It is therefore sufficient to study one of the two quantities, or a linear
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combination. The usual quantity that is considered is the opacity corrected for stimulated
absorption [274],
1

AE)’

which determines the (F,-dependent) location of the neutrinosphere.

We conclude this section by commenting on the expressions obtained for the neutrino
radiative coefficients (4.2.72)-(4.2.75). Up to kinematic and statistical factors that are
straightforwardly determined from the quasi-particle approximation (4.2.42)-(4.2.43), all
the contributions are expressed in terms of only one function : the imaginary part of the
retarded 2-point function for the charged chiral currents. All the processes in (4.2.70)-
(4.2.71) are captured by this single correlator. Computing this correlator in neutron-
star matter is a strongly-coupled problem, which is why the transport of neutrinos in
neutron stars remains an unsettled issue. In this work, we consider a simple holographic
model where the strongly-coupled computation of the chiral current 2-point function can
be done exactly. The holographic model and the computation of the retarded correlator
are described in the next sections.

k(E,) =j(E,)) + (4.2.82)

4.3 The holographic model

We introduce in this section the holographic model that is used to compute the charged
current retarded correlator. It is the simplest bottom-up model describing the dynamics of
chiral current operators. We assume therefore the strongly interacting medium is described
by a strongly interacting quantum theory with Ny quarks and U(Ny)r x U(Ny)g chiral
symmetry. According to holographic duality, this theory is dual to a five dimensional
gravitational theory that lives on five dimensional Anti-de Sitter space AdSs, which is a
constant negative curvature space with a four-dimensional boundary. It is this form of
the theory that we solve using gravitational methods in order to compute the two-point
current-current correlator.

The background solution of this model at finite temperature and density will be then
reviewed, and the expressions of the particle densities will be determined as a function of
the chemical potentials.

4.3.1 Action

We consider a five-dimensional asymptotically AdS bulk theory, whose field content is
dictated by the types of operators that we want the dual (boundary) quantum field theory
to include. In the present case, the operators of interest are the chiral currents J,SL/ R), which
are dual to chiral gauge fields in the five dimensional bulk Lj; and Rjs. The latter, are
elements of the Lie algebra of the chiral group U(Ny)rx U(Ny¢)g. The bulk gravitational
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action is constructed as the sum of a color and a flavor part
S=5+S5;. (4.3.1)

The action for the color sector is the 5-dimensional Einstein-Hilbert action
12
SC = ]\4-3]\@2 /dSl'\/ —g <R + €2> s (432)

where R is the 5D Ricci scalar, M the 5D Planck mass, £ the AdS radius and N, the number
of colors. For the flavor sector, we make the simplest choice of a quadratic Yang-Mills action
for the chiral gauge fields

S5 = _@(Mg N, /d%\/ (Tr P FMNL) i) pMN(R >) . (43.3)

where wy is the flavor Yang-Mills coupling, and F(L/5)

fields L and R

are the field strengths of the gauge

FY =dL —iLAL , F® =dR-iRAR. (4.3.4)

As usual in holographic theories, the number of colors N, is assumed to be large in order
for the semi-classical treatment of the bulk theory to be valid. Since we are interested in
describing dense baryonic matter, the back-reaction of the flavor sector on the glue sector
will play an important role. In order for this back-reaction to be finite, we consider the
so-called Veneziano large N limit

Ne—o00 , Ny—o0 &ﬁxed. (4.3.5)
Ne
Although N, and Ny are assumed to be large, finite values of V. and N will eventually be
substituted in the large N result for phenomenological applications. Specifically, N, will
be set to 3, and from now on we fix the flavor sector to be composed of Ny = 2 massless
flavors. When the chiral group is U(2);,xU(2)g, the chiral currents and their dual gauge
fields can be decomposed in the Pauli basis {o,}

3 3
1. 1 a 1. 1 a
T = §J;SL)H2 T3 Z JrWo, | Ly = §LMH2 +5 ZLMUa ;
— a=1
1; 1 1<
(R) _ = a, > - a
JS 57 By + = ZJ , = SBulz + 2 ;RM%, (4.3.6)
and the CKM matrix (4.2.54) takes the form
- 0 M,
NICKM 9. (4.3.7)
0 0
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Then, substituting the decomposition (4.3.6) into the definition of the charged current

(4.2.55) gives
1
TN = oM (I g (4.3.8)
Among the bulk gauge fields, the charged currents will therefore be dual to L and Lo,
that is the non-abelian left-handed gauge fields orthogonal to the isospin direction.

4.3.2 Background solution

We now present the background solution for the bulk action (4.3.2), at finite temperature
and density. The dual state of matter that it describes in the dual boundary theory
corresponds to a plasma of deconfined (generalized) quarks and gluons. Introducing a finite
density of deconfined baryonic matter is equivalent to sourcing the bulk baryon number
gauge field with a chemical potential

A

=2, (4.3.9)

boundary

where we defined the vector gauge field

3
1. 1
Vi =Ly+Ry = §VM]I2+§ZV]{§[%. (4.3.10)

a=1

w is the quark number chemical potential, related to the baryon number chemical potential
by up = N.u. Then, the background solution is given by the solution of the Einstein-
Maxwell equations obeying the boundary condition (4.3.9), together with appropriate reg-
ularity conditions in the IR. The derivation of the solution is reviewed in appendix N. It
corresponds to an asymptotically AdSs Reissner-Nordstrom (RN) black-hole”, with metric

ds? = 24 (— Fr)dt2 + f(r) " tdr? + déf) , (4.3.11)
where
l r\* r\°
AN =2 )y =1- <) (1421 —aTrg)) +2(1 —7Try) <) . (4.3.12)
r TH TH
-1
_ 2 wg

"The phase diagram and the associated thermodynamics of RN black holes has been studied in
holography in [279, 280].
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The background solution for the gauge field is given by

Vo = 2u (1 - (7;>2> . (4.3.14)

In (4.3.11), the coordinate r is the holographic coordinate, defined such that the AdS
boundary is located at » = 0 and the horizon at » = rg. Note that the background that we
consider is such that all non-abelian gauge fields vanish. In particular, the field dual to the
isospin current is not sourced, meaning that the dual thermal state is isospin symmetric,
with isospin chemical potential

us =0. (4.3.15)

In the following, we consider conditions relevant for neutron stars, where the baryon
chemical potential is much higher than the temperature, i.e. g > T. In this limit, the
charged black-hole is nearly extremal and the horizon radius is essentially controlled by

the chemical potential
3N, 2 T
= | e 2 (1 e ()) | (43.16)
wg 1

4.3.3 Particle densities

In (4.3.14), the background gauge field is expressed in terms of the baryon number chemical
potential up = N.u. Instead of the chemical potential, the relevant physical observable
is given by the dual thermodynamic state variable, that is the baryon density. In this
subsection, we explain how the chemical potential u is traded for the baryon density np.
We also compute the chemical potentials for the leptons at equilibrium with the baryonic
matter.

The baryon density is defined to be the vev of the 0 component of the baryon current
1
N
and the current vev is obtained by differentiating the grand-canonical potential 2 with re-

spect to pup. The holographic correspondence states that €2 is equal to minus the Euclidean
on-shell bulk action, [279, 280]

nB <j2 + jg> , (4.3.17)

2
Q=-S5 e = —(M0)° <Nc27"1_{4 + Ncugjuzr_2> Vs, (4.3.18)
where V3 is the volume of the boundary 3-dimensional Euclidean space. This gives the
following expression for the equilibrium density
1 090

np(u,T) = Vi onn = (MOPwE(rugT)*T?pu, (4.3.19)
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where the dimensionless quantity ry7 is a function of the ratio u/T that we reproduce

here for convenience .

_ 2 wh  p

e Tog(4)
1.0 1.2 1.4 1.6 1.8 20 2

Cubic Fit : 2 « (f%)3 logio(7) at T =10 MeV ---- Fermi gas

Figure 4.8: The dependence of the baryon number density np on the baryonic chem-
ical potential p. The precise quantity that is shown is the density in units of the
temperature, ng/T3. The latter does not depend independently on 7" and p, but only
on p/T. The dashed orange line corresponds to the cubic fit at high density u > T,
(4.3.21). For comparison with the typical scales in a neutron star, the dotted green
line indicates the value of the nuclear saturation density ng ~ 0.16 fm=3, in units of
the temperature at 7' = 10 MeV. We also compare our result with the degenerate
Fermi gas at f—equilibrium, which is shown as the red dot-dashed line.

At high density u > T, the expression (4.3.19) simplifies and np is found to behave as

. np(p) = %M’ (1 +0 (i)) . (4.3.21)

The profile for ng/T? as a function of /T is shown in figure 4.8, where the parameters
are those of Appendix O. For comparison, figure 4.8 also shows the relation between np
and p in the case where all fermionic species are described by a degenerate Fermi gas. The
quark matter described by our model is seen to have a harder equation of state than the
degenerate Fermi gas, but the two are relatively close.
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Figure 4.9: The dependence of the electron chemical potential on the baryonic chem-
ical potential . The precise quantity that is shown is the chemical potential in units
of the temperature, p./7T. The latter does not depend independently on 7T and
i, but only on u/T. The dashed orange line corresponds to the linear fit at high
density p > T, (4.3.26). We compare our result with the degenerate Fermi gas at
[—equilibrium, which is shown as the green dot-dashed lines.

In addition to the particle densities, the calculations for the transport of neutrinos close
to equilibrium also require the knowledge of the leptonic chemical potentials ue and u, for
given p and T'. p, is related to the isospin chemical potential 3 and the electron chemical
potential g via the condition of S—equilibrium (4.2.38). Since ug is set to 0, u, and .
are equal in the medium that we consider.

The electrons are described by a relativistic Fermi liquid at equilibrium, so the relation
between the electron density n,.- and the electron chemical potential p, is known explicitly

00 /2 (me)2
e _ 1 dxw. (4.3.22)

T3 2 me 1+em_%

Likewise, the positron density is given by

2
Ne+ 1 > x x2 - %)
7?3 = ﬁ - dwl_i_e—f"r% (4323)
T
Moreover, the electron fraction
y, = lem " ler (4.3.24)



is fixed by the condition of charge neutrality in the medium
Y. =—. (4.3.25)

Combining (4.3.22)-(4.3.25) and (4.3.19) then gives a relation that fixes . as a function
of pand T.
At high density u > T, the leptonic chemical potentials behave linearly in g

1
4 2\ 3 T
fy = e = Mlw§ (72r4> 7 (1 + 0O (M)) . (4.3.26)

In figure 4.9 we show the dependence of p. on u/T, for the parameters of Appendix O.
Figure 4.9 also shows the comparison with the chemical potentials in a degenerate Fermi
gas at S—equilibrium. p. is observed to be of the same order as in the Fermi gas.

4.4 Holographic calculation of the chiral current
2-point functions

This section discusses the calculation of the retarded 2-point function for the charged cur-
rent (4.2.55), in the holographic model presented above. To do so, we follow the now
standard prescription of [297], and study the linearized field equations for small perturba-
2

tions 6 L12 of the bulk gauge fields dual to the chiral currents J(1 i)

O (v (V517 — aNsLMe)) =0, (441

We choose the axial gauge
L2 =0, (4.4.2)

and define the 4-dimensional Fourier transform of the perturbation as

SLY(r-t.7) = dk* fi(wtflz.j’)ﬁa 4.4.3
u(rv ,CL‘) - (27_[_)46 ,u,k(r)' ( c )

To avoid clutter, the k dependence of L}, will not be written explicitly in the following.
We also omit the flavor index in most places, since the action is invariant under exchange
of £ and £2. We first present the general expression for the 2-point functions. We then
study its behavior in the hydrodynamic limit.
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4.4.1 General expression

The general tensor structure of the chiral current 2-point function can be inferred from the
symmetries of the background. The finite temperature plasma is invariant under SO(3)
spatial rotations, as well as chiral transformations®. This implies that the 2-point function
can be decomposed into a longitudinal and transverse part to the 3-momentum E, according
to

L)a R 2 a Xy - oy -~
<A> ﬁpb>(wJﬁZSb<R$@%@dﬁmwgm+JﬁAw$ﬁHbﬂMk0, (4.4.4)

where a,b € {1,2} and the non-zero components of P+ and Pl are

. keiks
11§(w,k)::(xj-gi51, (4.4.5)
.2 2
Ik I opll . whi | _ kikj  w
POO_OJQ_E27P01'_P1'O_ w2_E27Pz‘j— 2o (4.4.6)

The sum of the two projectors is the flat 4-dimensional projector transverse to k*

Kk

L
PMV+P/UV:77MV_ k2

=P, | ku::C%%E>. (4.4.7)

Note that we did not include any term involving the Levi-Civita tensor in (4.4.4) because
the bulk action is symmetric under parity (Z <> —&). Also, the polarization functions have
the following properties :

o Atk = 0, the transverse and longitudinal directions cannot be distinguished anymore,
so that the 2-point function should be written as

R
(I 50N (0,0) = 5Py il 1y ), (1.48)

which implies that
1Y, (@, 0) =TIy (w,0). (4.4.9)
e Due to the shape of the longitudinal projector (4.4.6), and since the retarded 2-point
function should be regular at w = k, IIl vanishes for light-like momenta as

1l (w, k) ~w? -k (4.4.10)

w2 k2
8Remember that this model does not account for neither explicit or spontaneous breaking of

the chiral symmetry. Chiral symmetry imposes that the correlator should obey the Ward identity
(Jads) k7 = 0.
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The 3-dimensional part of the gauge field perturbation can also be decomposed into
transverse and longitudinal parts

k;
L=1L;— = (ki) , (4.4.11)

)

>

cl =2l (kL)) . (4.4.12)

2

U

We now write the equations of motion (4.4.1) component by component. In the axial
gauge (4.4.2), the N = r component implies a constraint

Lo+ 20 (ki) =0, (4.4.13)

W

and the other equations of motion are

1 VR
O, (rar.co> ~ (r)E =0, (4.4.14)
o, (f(r)ar£i> + fl()“kaE| -0, (4.4.15)
T rr\r ki
o (%”awf) + Tfl(r) (w2 - f(r)l?) L=0. (4.4.16)

We defined the longitudinal electric field

El = VE2Lo+ — (kL) . (4.4.17)
2

V2

Because of the constraint (4.4.13), (4.4.14) and (4.4.15) are actually the same equation,
which can be written as a differential equation for El

f(ry  o,.El 1 Il
o, ( P f(r)l%'2> P =0 (4.4.18)

The charged current retarded 2-point function is then extracted from the solution to
the equations of motion (4.4.16) and (4.4.18), with infalling boundary conditions at the
horizon [297]. The on-shell action for the infalling solution reads

4
Son-shell = i(Mﬁ)g’ngc / ((217:;4 Vf(r) <£¢l’a(—k)3rﬁfa(k)—

8¢ -
_ glha(_ M r=c
B k‘)uﬂ — f(r)k2>] , (4.4.19)

r=rg
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with € a UV cut-off. The AdS boundary contribution to (4.4.19) can be rewritten as

4 1
s = . | (e S
I arEH(k) " r—e
SRCR O

(4.4.20)

According to the prescription of [297], this implies that the polarization functions for the
left-handed chiral currents are given by

- 1 1 9.L;

Hé_L) (w, k) = _Z(ME)SW(Q)NCE L ) (4.4.21)
- 1 1 0.El

Hl(IL)(ka) = _Z(Mg)gngc; Rl : (4.4.22)

To obtain the polarization functions for the charged current HCL ’H, (4.3.8) implies that
(4.4.21)-(4.4.22) should be multiplied by a factor §|M,q|?

ﬁ 1 1 0,L+
HCL(ka) = _7(M€)3w(2)Nc|Mud|2f J_l ) (4423)
8 [’l r=e¢
- [
M), F) = MO 3N Mo 22 (4.4.24)
€

Whether the expressions (4.4.23) and (4.4.24) give finite results or need to be regularized
depends on the near-boundary behavior of the solutions. The latter is obtained by solving
(4.4.16) and (4.4.18) at r — 0

1 -,
£t =rcg+r? (E%‘ - §(w2 — k%) Ly log r> (1 + O(r2)> , (4.4.25)

1 .
El = E) 4+ <EQ - 5(& — B)E/log r> (1 + o(ﬁ)) , (4.4.26)

with the two independent integration constants given by the source L'Ol, E(‘)‘ and vev terms
E%-, EQ This behavior implies that the polarization functions are subject to a logarithmic
UV divergence, which behaves as (w? — k?)loge. The log term contributes only to the
real part of the polarization functions, whereas the imaginary part does not need to be
regularized. Since only the imaginary part enters in the expression for the neutrino radiative
coefficients, no regularization is required for our purpose.
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4.4.2 Hydrodynamic limit

We study in this section the hydrodynamic limit for the retarded 2-point function of the
charged current, whose dual field is not sourced by a chemical potential. The expression for
the correlators is given by (4.4.23) and (4.4.24). The hydrodynamic limit corresponds to
the limit of w and k small compared with the temperature. In this regime, the correlators
can be expressed in a systematic expansion in w and k, whose coefficients correspond to
the transport coefficients of the corresponding currents [298]. At leading order in the
hydrodynamic expansion, the 00 component of the retarded 2-point function exhibits an
imaginary diffusive pole of diffusivity D
7.2
(Todo) = —TF__ (1 +0(w, E2)> , (4.4.27)
w + iDk?
where the transport coefficient o which controls the residue is the DC conductivity. The
notation O refers to a term that is at most of the indicated order, but can be much smaller
depending on the relative values® of w and k2. In particular, since the imaginary part of the
retarded Green’s function is odd in w (see (4.2.15)), the first correction to the numerator
in (4.4.27) should be of order O(w?) when k = 0. From (4.4.4), (4.4.27) then implies that
the leading order hydrodynamic approximation to the longitudinal polarization function is
given by
—io(w? — k?)
w + iDk?

As for the transverse part of the correlator, it is not associated with any hydrodynamic
mode, so that it is analytic in the hydrodynamic limit

1l (w, k) = (1 +0(w, l?)) . (4.4.28)

I (w, k) = icow (1 + O(wQ, EQ)) + O(w, l?) ) (4.4.29)

where ¢ is a real constant, and we made explicit the decomposition into real and imaginary
parts. Note that the corrections to the imaginary part start at order O (wg,wk‘z), since

ImII* is odd in w according to (4.2.15). Using the fact that, when k = 0, the transverse
and longitudinal polarization functions are equal, the coefficient at linear order in w in
(4.4.29) is shown to correspond to the conductivity

I (w, k) = —iow (14O, B) ) + O (w2, F?). (4.4.30)

The shape of the correlators (4.4.28) and (4.4.30) is determined by hydrodynamics, but the
transport coefficients D and ¢ are computed from the microscopic theory. In the present

9The terms that appear in the expansion in the parentheses of (4.4.27) do not correspond to

a simple double Taylor expansion in w and k2. Instead, corrections to the denominator will yield
aw2+bE4
w+iDE2 ' .
they are not of a definite order in w or k2.

terms of the form These are always small corrections for w and k2 small and real, but
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case, the holographic calculation makes it possible to extract analytic expressions for the
leading order transport coefficients.

In this work, we are interested in conditions typical of neutron star matter, where the
baryon chemical potential u is much larger than the temperature T'. In this regime and for
the bulk action (4.3.3), it can be shown that the hydrodynamic approximation to the 2-
point function (4.4.28)-(4.4.30) is valid not only at w, k < T', but extends to T’ < w, k <
[299]. In the following, we summarize the procedure for computing the hydrodynamic
approximation to the 2-point function at p > T from the equations of motion (4.4.16) and
(4.4.18), and give the expression for the transport coefficients D and o. We refer to [299]
for more details 1°.

4.4.2.1 Transverse correlator

We start by analyzing the transverse polarization function (4.4.23), whose expression at
leading order in the hydrodynamic expansion is given by (4.4.30). To compute II* in the
hydrodynamic regime, we solve the equations of motion for the transverse fluctuations
(4.4.16) at w, k, T < p. To do this, a small parameter € < 1 is introduced, and we consider
the following scaling of the energy, momentum and temperature

ryw — ergw , rgk— rgk , ryT — érgT |, a,b>0. (4.4.31)

Since we are interested in the linear terms in the hydrodynamic expansion, we consider
(rak)? < rpw, that is a > 1/2. As far as the temperature exponent is concerned, b < 1
corresponds to the usual hydrodynamic limit w < T, whereas b > 1 corresponds to the
regime where w > T but the hydrodynamic approximation remains valid as long as w < p.
The bulk is then divided into two regions where different approximations to the equation
of motion (4.4.16) are valid

e The outer region, where the holographic coordinate r is sufficiently far from the
horizon for

w? S 2L

72 7[, L 07 L, (4.4.32)

to be obeyed. For a > 1/2, this region includes the boundary at » = 0, and inside it

the equation of motion (4.4.16) reduces to

8, (f (r)arﬁ) —0. (4.4.33)

r

£t <orct

10The problem considered in [299] is not exactly the same, as they consider perturbations of the
gauge field in the group under which the black hole is charged (in our case, such a gauge field is
dual to a current that enters the neutral current, but does not contribute to the charged current).
In that case, the gauge field perturbation couples to the metric perturbation, and the linearized
Maxwell equations have to be solved together with the linearized Einstein equations. The general
method that they use still applies to the present case though, which is even simpler.
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The solution to (4.4.33) is given by

,,,_/

ik (4.4.34)

Léut:A—kB/ dr’
0

with A and B two integration constants.

e The inner region, where the holographic coordinate r is sufficiently close to the
horizon for
w? > flr)k?, (4.4.35)

to be obeyed!!. For b < 1, the outer region extends down to the horizon, and the
solution in the inner region reduces to an infalling boundary condition for the outer
solution at the horizon

B =irgwA. (4.4.36)

For b > 1, the solution in the inner region is better analyzed by zooming on the
near-horizon geometry, which is done by defining

u=e(, (4.4.37)

where u = 1—r/ry. ( is the radial coordinate that describes the AdSs-Schwarzschild
factor of the near-horizon geometry (which has an additional R? factor). For b = 1,
the equation of motion (4.4.16) reduces in the inner region to the equation for a
massless scalar field in AdSs-Schwarzschild

9 (4 2 i (raw)? 1
¢ ((mrnTC+12¢)0.L*) + T Te ract =0 (4.4.38)

The infalling solution in the inner region is then given by
3¢\ wr
Lih=C— 4.4.39
n (3( +7r HT> ’ ( )

with C' an integration constant.

For b > 1, w > T implies that the near-horizon region of the AdSs-Schwarzschild
space-time is not probed by the perturbation, and the equation of motion (4.4.16)
reduces in the inner region to the equation for a massless scalar field in AdSs

2
O (12¢%0cL+ ) + (7"11;2"2) ct=o. (4.4.40)

1Tn general, the inner region is simply defined as a region where rg —r < 7. When considering
(rgk)? < 1, the additional condition (4.4.35) can be added. This results in k? disappearing from
the inner equation of motion.
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The infalling solution in the inner region is then given by

L =Cexp <Z:I212J) ; (4.4.41)

with C' an integration constant.

The full solution at leading order in € is finally obtained by imposing that the outer and
inner solutions (4.4.34) and (4.4.41) (or (4.4.39)) are equal in the region where they match.
It can be shown that there exists such a matching region, where the outer and inner regions
overlap. This region is reached by setting u to be of order O(e¢), with 1 —a < ¢ < 1. In
practice, this amounts to defining

u=cv = (=", (4.4.42)

and equating £Z,(v) and L (v) for v of order 1. Proceeding as such, the solution to

(4.4.16) in the outer region is obtained as

r

Ll.(r)=A[1+irgw /m do—— + O(e%, e, e2) | . (4.4.43)
0 f(z)

Then, from (4.4.23), the transverse polarization function is found to follow the hydrody-
namic behavior (4.4.30)

I (w, k) =— ‘Mgdyzr;I%Mﬁ)?’w%Nc( —irgWw (1 + O((THCU)Q, (rak)?, rHT)> +
+O((ruw)?, (ruk)?, ri,wT)> . (4.4.44)
The DC conductivity is identified to be
o= Mg:ZPNC(Mz)?’wg, (4.4.45)

with rg the black-hole horizon radius, whose expression is given by (4.3.13). This result
agrees with the universal result derived in [302]. For x> T, the expression simplifies to

1

N, T
= | Mygl?1/ =5 (Mlwe) (1 ). 4.4.4
0 = 16l Ml 5 ( ewo)u< +O<N)> (4.4.46)

4.4.2.2 Longitudinal correlator

We now turn to the longitudinal polarization function (4.4.24), whose expression at leading
order in the hydrodynamic expansion is given by (4.4.28). In this case, the equation of
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motion that has to be solved at w, k,T < p is (4.4.18). A small parameter ¢ < 1 is again
introduced, and the same kind of scaling of the energy, momentum and temperature as in
(4.4.31) is considered. To describe the diffusive pole of the longitudinal correlator, we want
to include in the calculation terms of order (r HE)Q Therefore, unlike the transverse case,
we now consider general positive values for the momentum exponent a.

The bulk is still divided into outer and inner regions, which are defined as in the
previous section. The longitudinal equation of motion (4.4.18) is solved separately in each
region as follows

e In the outer region, (4.4.18) reduces to

ar<fg)w2&lw )::0, (4.4.47)

— f(r)k?

with solution

- )k

.
@M=A+B/dﬁﬂ) (4.4.48)
0

with A and B two integration constants.

e In the inner region, the shape of the equation of motion depends on the relative size
of the energy w and the temperature 7. For b < 1, the outer region extends down
to the horizon, and the solution in the inner region reduces to an infalling boundary
condition for the outer solution at the horizon

B= i (4.4.49)
(raw)? + 3i(rgk)?

For b = 1, the equation of motion (4.4.18) in the inner region takes the same form
(4.4.38) as in the transverse case (with £ replaced by Ell), and the infalling solution

is .
I 3¢ T anT
E' = —_ 4.4.
m ¢ <3C + 7TTHT> ’ ( 50)

with C' an integration constant.

Forb>1 (w>T), (4.4.18) has the form (4.4.40) in the inner region and the infalling
solution is given by

. 1w
B, = Cexp < 12 ) , (4.4.51)

with C' an integration constant.

By matching the two solutions, the solution to (4.4.18) in the outer region is obtained
as
i o (raw)® = f(@)(rk)?

n :A( _ d
Eou (1) 1+ ) + %i(THk)Q ; Tx (@) X
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X (1 + O(e, e, 62“)>> . (4.4.52)

Then, from (4.4.24), the longitudinal polarization function is found to follow the hydrody-
namic behavior (4.4.28)

5 —1 2_ ]27“}])2) o
1l (w, K) = 72 irno((wrn)” 14+ O(wry, Fr)2,ruT) ) . 4.4.53
(w, k) =g wrn + Lilkra)? < (wra, (kra)*,rn )) ( )

The diffusivity is identified to be

1
D=ru, (4.4.54)

which, for p > T, simplifies to

D= @M—l (1 +0 <T>> . (4.4.55)

wo K

4.5 Analysis of the radiative coefficients

This section is dedicated to the analysis of the neutrino charged current radiative coeffi-
cients computed from the holographic model, which are the final target of this work. The
coefficients are computed by performing the integrals over the loop electron momentum
(4.2.72)-(4.2.75), where the charged current retarded 2-point function is computed holo-
graphically following Section 4.4. We first draw the consequences of the presence of the
statistical factor to determine which coefficients dominate and which are suppressed.

We then introduce a set of approximations that help understand the behavior of the
computed coefficients. These include the hydrodynamic approximation discussed in the
previous section for the correlators. Finally, we present the numerical results for the ra-
diative coefficients, and estimate the accuracy of the various approximations. We end the
section by comparing the results of this work with some examples of radiative coefficients
that are currently used to describe neutrino transport in simulations.

4.5.1 Statistics at large baryonic density

We assume in this subsection that the conditions in the medium where the neutrinos
scatter are typical of neutron stars, so that the baryonic and electron densities are very
high, p/T, pe/T > 1. In these conditions, the medium at equilibrium is highly degenerate.
We investigate here the consequences of having such a highly degenerate medium for the
neutrino radiative coefficients (4.2.72)-(4.2.75).

As far as the neutrino chemical potential p,, is concerned, we recall that S—equilibrium
(4.2.38) with pg = 0 implies that it is equal to the electron chemical potential, fi.
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The effect of a high density will appear via the statistical factors in (4.2.72)-(4.2.75),
which contain the electron Fermi-Dirac distribution, and the Bose-Einstein distribution
from the chiral currents correlator at equilibrium. Below, we review the degenerate limit
of the statistical factors, which is valid at high density. These approximations depend on
the fact that the distributions are evaluated against the imaginary part of the retarded
2-point functions for the chiral currents. By dimensional analysis, at p > T', the 2-point

functions obey
Im GR(w, k) = p*F <‘*’, k) <1 +0 (T)> : (4.5.1)
wop I

where F' is some dimensionless function which vanishes linearly at w = 0. Given these
properties, within the integrand of the radiative coefficients (4.2.72)-(4.2.75), the Bose-
Einstein factors can be approximated by

ny(w) = —0(—w) — 7;32 <Z>25' <Z> 4O (i)g : (4.5.2)

where 6 is the Heaviside distribution and § the Dirac distribution. When the integration
path is such that w > wg > T', the Bose-Einstein distribution is exponentially suppressed

ny(w) = e~ (/1;6 (w;wo> +0 <z)2> +0 (7)) . (4.5.3)

At high electronic chemical potential p. > T, the distributions for the electrons and
positrons at equilibrium (4.2.63) are approximated by

72 (T\? , [ Ee— pte T\?
ne = 0(e —E) = <) 5 <) ‘o <) L Oy, 154
(e B) -5 (1) 0 (B D) voem), s

ne = e Plretbe) L O (e=28me) (4.5.5)
In particular, (4.5.5) implies that the following processes involving positrons

v+d+et s u and d+et wv+u (4.5.6)

are exponentially suppressed

)\1 : neny(qf,) = O(e™Fetre)),
et
et nenp(ql) = O(e PEetR)y (4.5.7)

where the momenta g were defined in (4.2.59); their time components are

@, =FE.~E,—pe+p=E.~E, , ¢, =E.+FE, —pic+pm =E.+E,, (45.8)
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ngE_Ee_Eu_He+MV:_E6_Eu ) QQ‘E_E6+EV_N6+NV:_E6+EV' (4.5.9)

Moreover, (4.5.2) implies that the emission of a neutrino by the decay of an up quark is
also suppressed

Jer t (1—me)(1+mp(¢d)) =1 —0(Ee + E,) + O <Z)2 =0 <z>2 .

The only positronic process that may play a significant role in the transport of neutrinos at
high density, is the absorption of an anti-neutrino by the medium, resulting in the emission
of a positron

v4+u—d+et (4.5.10)
The statistical factor for this process is approximated by
1 0 0 T\ 2
o (1 —ne) (1 + mp(qg;)) = 0(qg;) + O ) (4.5.11)
&

which is of order 1 at electron energies E. < F,,.
The charged current sector also accounts for weak processes involving electrons

e tu=v+d and d=v+u+e” (4.5.12)
For the processes involving neutrinos, the degenerate approximations are given by
T\ 2
o (14 m(d) =0 — B0 + 0 (1) (45.13)
1 0 0 \°
o mmam(ah) = (B~ p)o(-al) + 0 () (4.5.14)
o

This shows that the emission of neutrinos dominates for F, < u,, whereas the absorption
dominates for E, > p,. From the detailed balance condition (4.2.80), the ratio of the
subleading coefficient to the leading one is given by a Boltzmann factor e A1 —#v| When
|E, — p| < T?/u, both terms are of the same order O(T'/p)?.

For the processes involving anti-neutrinos, the statistical factors are approximated by

2
G (L mens(e) = —O(Ee — p)0(—g3) + O (i) , (4.5.15)

2
S el m(a)) =0 - B0 + 0 () (45.16)

(4.5.15) implies that the emission of anti-neutrinos is suppressed for p, > 0. From the
detailed balance condition (4.2.81), the suppression of the emissivity with respect to the
absorption is given by a Boltzmann factor e #(Ev+im)

To summarize the contents of this section, we show in Table 4.1 the radiative processes
that contribute to the transport of neutrinos for a given neutrino energy, as well as the
associated radiative coefficients.
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EV Ey < /-/Ly MV < EV

v processes | e~ +u—v+d|v+d—e +u

v+u+e —d|v+tu+te —d
UV processes

v+u—dte | v+u—d+er

coefficients Je—s Ae— s Aot Ae—s Aes Aet

Table 4.1: Radiative processes that contribute to the transport of neutrinos as a
function of the neutrino energy F,, in the degenerate limit.

4.5.2 Approximations to the neutrino radiative coefficients

In this subsection, we present and analyze a set of approximations that result in simpler
expressions for the radiative coefficients. Although not required for the calculation of the
coefficients which can be done numerically, the approximations presented below provide
some qualitative understanding of the numerical results. Here, we define and investigate the
regime of validity of the approximations, leaving the numerical analysis of their accuracy
for the next subsection. They are defined as follows:

The degenerate approximation, which corresponds to replacing the equilibrium
statistical distributions ny and ny by their expression in the limit of > T, (4.5.2) and
(4.5.4). This approximation is of course well known and purely related to the statistical
factors whose general expression is analytically known. It is therefore not of much use
for numerical calculations. However, it simplifies a lot the expression of the opacities,
which helps a better conceptual understanding of the neutrino transport. The degenerate
approximation is exact in the limit of u/T — oo.

The hydrodynamic approximation, where the charged current 2-point function
is replaced by the leading order hydrodynamic expressions (4.4.28) and (4.4.30), with the
transport coefficients given by (4.4.45) and (4.4.54). From Section 4.4.2, this approximation
is expected to be exact when all energies e, ty, B, are much smaller than the baryonic
chemical potential u, because in this case we will have ryw,rgk < 1. Below we discuss
its validity in more detail.

At the level of the two-point functions, the criterion for the validity of the hydrody-
namic approximation was shown in Section 4.4.2 to correspond to ryw,rgk < 1. The
radiative coefficients (4.2.72)-(4.2.75) are defined as integrals over the loop electron mo-
mentum containing the retarded charged current 2-point function, which is a function of
two arguments w and k. For the radiative coefficients, we therefore need to determine the
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region in the (w, k) plane which contributes to the calculation of the integral.
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Figure 4.10: Region of the (w, k) plane which contributes to the calculation of the
radiative coefficients, for ng = 1fm™® and T = 10MeV. We consider neutrino
energies between 0 and 100 MeV. The left plot shows the region for neutrino energies
E, < u,, where the dotted line corresponds to E, = 0. It should be combined with
the right plot when E, > pu,.

The corresponding region is shown in figure 4.10, where the baryon density np is taken
to be much larger than 73, and the neutrino energy E, to go from 0 to a few times 7. For
concreteness, the figure is constructed by setting ng = 1fm™3, and E, = 0 — 107, which
is the range of energies investigated in the numerical analysis of the next subsection. We
use the anti-symmetry of the imaginary part of the retarded two-point function (4.2.15)
to restrict to the half space w > 0. Then, the boundaries of the integration area are
determined from the Fermi-Dirac and Bose-Einstein distributions, which behave as step
functions at high density, as well as the range of neutrino energies.

All possible values of the angle 6 between the electron and neutrino momentum are
taken into account. In the left figure, the dotted line in the middle corresponds to E, = 0,
and it separates the region relevant to the calculation of 1/A.- (below) from that relevant
to j.— (above). The output of this analysis is that the scales that control the size of the
region are shown to be controlled by the leptonic energies'?. This confirms that we enter
the hydrodynamic regime when e, 1, and F,, are much smaller than pu.

12For the situation considered here where ng = 1fm=2 and E, < 100 MeV, E, is always smaller
than the chemical potential p,. When E, becomes significantly larger than p,, the shape of the
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Notice that, for > T, e (and p, ) are actually proportional to u, according to (4.3.26).
Whether or not the hydrodynamic approximation is relevant to the calculation of the
radiative coefficients therefore depends on the parameters of the bulk action, wg and M.
For the values of the parameters derived from matching the ideal plasma thermodynamics
(0.3) and (0.6), the following number is found for the leptonic chemical potentials in units
of the horizon radius

rHMy = THpe = 117 <(%§gg > ((w%"(%ﬁ‘z)fg); )é <1 +0 <z>> . (4.5.17)

free free

N[

where we also set the number of colors to N, = 3. This number is of order 1, which
explains why the hydrodynamic approximation can produce sensible results. Notice that
the dependence on the parameters of the bulk action is weak.

The diffusive approximation, where the leading hydrodynamic expression of the
retarded 2-point function is used, and it is assumed that the time-time component of
the retarded 2-point function dominates completely the integral in the calculation of the
opacities (4.2.72)-(4.2.75). To show that this approximation is valid in the hydrodynamic
regime, we evaluate the contribution of each component of the 2-point function to the
integral, specifying to the case of the electronic neutrino emissivity j.- (it is analogous for
anti-neutrinos and/or positronic processes). The precise analysis is done in Appendix Q,
and we reproduce here the main steps and results.

We consider the degenerate and hydrodynamic regime, where ry e = € is much smaller
than 1, with all the leptonic energies of the same order and much larger than rgT

raEy ~rgpy =rgpe =€ , rgl =0(") , e<1l, a>1. (4.5.18)

Since the temperature is assumed to be negligible, the degenerate expression of the statis-
tical distributions can be used (4.5.2) and (4.5.4). j.- (4.2.72) can then be written as an
integral over the first argument of the charged current 2-point function w

G2 s pw—Ey, Eu
Je-(E,) = ==L [ dfsinb / deL;\“ImeM(w,k(w,H)), (4.5.19)
872 0 0 EV ’

with

k(w,0) =/ (w+FE,)?+ E2—2(w+ E,)E, cosf.

From (4.4.28) and (4.4.30), the imaginary part of the hydrodynamic retarded correlator is
given by

w? — k2
w? + D2k4

c,o\

ImGE |\ (w, k) = —ow (Pa%\(w, k) + P(!)\(w,k) > + O(e?), (4.5.20)

bounding curves deviates significantly from straight lines. However, the size of the region is still
controlled by the scales indicated in figure 4.10, up to factors of order 1.
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where PL and Pl are the projectors defined in (4.4.5)-(4.4.6). The 2-point function reaches
the maximum of the diffusion peak when w is equal to w*(E,, ), whose expression is given
in (Q.8). Since w* is of order O(e?), which is parametrically smaller than the upper bound
of the integral in the hydrodynamic limit, the integral can be split into two parts: the first
part including the diffusion peak and the other being such that w > k?. These two parts
are respectively labeled by the subscripts “diff” and “lin”. The following hydrodynamic
scalings can then be derived for the contribution of each component of the 2-point function
to the emissivity

i =0, j % =0(loge),

e diff — e lin
jé(ji’)diﬁ — O | jégi,)nn = 0(e"), (4.5.21)
=00 L i =0,
M=o M=o,

where the powers in e are determined by the form of the hydrodynamic 2-point function
(4.5.20). As long as y, — E, is much larger than O(€?), the term jégozin dominates all
the other contributions to the neutrino emissivity. When FE,, is so close to the neutrino

chemical potential that p, — E,, is smaller than O(€?), the integral includes only the diffusive
g
dominates, this shows that the diffusive approximation is valid in the hydrodynamic limi

To illustrate the above discussion, figure 4.11 compares the contribution to the neutrino
emissivity from the various components of the hydrodynamic 2-point function, at F, =
0 and ngp = 1fm™3. Two cases are considered for the values of the leptonic chemical
potentials. The right plot shows the result for the actual values of u, and p, derived from
thermodynamic (4.3.22) and S—equilibrium (4.2.38), whereas in the left plot we consider
values fifty times smaller, which goes deeper into the hydrodynamic regime.

The left figure is completely consistent with the hydrodynamic scalings shown in
(4.5.21). It confirms in particular that the time-time component of the 2-point function
gives the largest contribution in the hydrodynamic limit. Also, it shows that the leading
contribution to the time-time integral does not come from the diffusion peak itself, but
rather from the region D2 < w < wy — Ey.

For the actual equilibrium values of p. and p, (on the right), the contribution from
the time-time component is found to be of the same order as the other contributions.
This indicates that the diffusive approximation to the neutrino radiative coefficients is not
accurate to describe the actual result, and is only of the right order of magnitude. The
latter is not surprising, since in this case rgue and rgu, are not much smaller than one.

part, and the leading term becomes j Since in both cases, the time-time component

13,

13With the exception of vanishing E,; see the discussion in appendix Q.
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Figure 4.11: Comparison between the contributions of the various components of the
charged current 2-point function to the integrand of the neutrino emissivity, in the
hydrodynamic approximation. We fix ng = 107! fm™3, T'= 10 MeV and E, = pu, /2.
The right plot is for the actual values of the leptonic chemical potentials u. and g,
derived from equilibrium, whereas the left plot is for values fifty times smaller. The
various contributions include the time-time (blue), time-space (green) and space-
space (red) components. The orange line shows the contribution from the diffusive
peak to the time-time component, which corresponds to the lower bound (Q.9). In
the right plot the orange and blue lines are almost confounded. The areas under the
curves give the corresponding contributions to the emissivity, whereas the grayed
area does not contribute to the integral due to the statistical factor.

Approximate expressions We now use the crudest diffusive (and degenerate) approx-
imation to derive simple approximate expressions for the radiative coefficients. Details are
again provided in Appendix Q. For generic values of the leptonic energies (much smaller
than p), the diffusive approximation is found to result in the following simplified expression
for the neutrino opacity (defined in (4.2.82))

B SG%U

Dip, — E
Ke— (EV) - E4 log <‘IUJVV|

3r2 Y D2E2

>+OML (4.5.22)

where € is the parameter of the hydrodynamic expansion (4.5.18). (4.5.22) is valid as long
as |p, — E,| is much larger than O(€?).

The point F,, = u, is a peculiar point, since the opacity vanishes there in the degenerate
limit. This translates in the presence of a dip at E, = u, in the logarithm of k.-, which
is clearly visible in the numerical analysis we carry out in section 4.5.3. When taking
into account the finite temperature, the finite value of the opacity at E, = u, can be
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calculated at leading order in T'/u from the corrections to the equilibrium distribution
functions (4.5.2) and (4.5.4)

2 g
e ) = CET o2 [410g (2“”) - 1] (14 0() + Olme/m)?).  (45.23)

Me

This expression gives the depth of the dip in opacity in the hydrodynamic limit. In Ap-
pendix Q, the typical width of the dip is also estimated

3N, pﬁ,

5 .
wg

AE, = (4.5.24)

As for the anti-neutrino opacity, the degenerate and diffusive approximation is given by

_ 8G2%o D(py, + E,
Re— (El,) = 377:;E3 log <(WEQ)) + 0(64) y (4525)
2
Ret (Ey) = 8;:;0 Ellog (DE,) 4+ O(e*). (4.5.26)

Note that the leading log term in (4.5.23) and (4.5.26) actually vanishes as the neutrino
energy goes to zero. In this limit, the appropriate expression is given by the term of order
O(€*), which results in the following approximation

2
GFQ" i+ O(F). (4.5.27)

Re-(0) = ke (0) = ke =

This gives an estimate of the typical size of the opacity at a given baryon density.

To summarize, the analysis of Appendix Q shows that the approximate expressions
given above (4.5.22) and (4.5.25)-(4.5.27) are valid in the hydrodynamic limit. This occurs
when the leptonic energies are much smaller than the baryonic chemical potential. Figure
4.10 and equation (4.5.17) indicate that the conditions in the medium, where the neutrinos
scatter, are such that the leptonic and baryonic energies are of the same order. Therefore,
the approximate expressions shown above are expected to give a rough estimate of the
exact opacities.

To obtain a more precise idea of the usefulness of those expressions in the present
context, we would like to compare them with the exact opacities. In figure 4.12, the plots
of the approximate expressions as a function of neutrino energy are shown together with
the numerical solution for the opacities, which is discussed in the next subsection. The
state variables that characterize the medium are fixed to T'= 10 MeV and ng = 0.31 fm—3.
The approximation to the neutrino opacity is given by (4.5.22), and for anti-neutrinos
in (4.5.25)-(4.5.26), to which we add the expression at zero-energy (4.5.27). It is observed
that ke as defined in (4.5.27) gives a good approximation of the opacities at zero neutrino
energy. However, the energy dependence given by (4.5.22) and (4.5.25)-(4.5.26) is quite

173



Ko(Ey) Ke(Ey

Ke,0 Ke,0
1.4} 14}
1.2} 1.2}
10— 1.0f
) \ 0.8}
0.6} 0.6}
s I I I J E T L L L L J E /T
0.05 0.10 050 1 5 10 v 0.05 0.10 050 1 5 10 v

Figure 4.12: Comparison of the hydrodynamic-degenerate approximations (orange),
with the exact numerical opacities (blue), for neutrinos (Left) and anti-neutrinos
(Right). The approximations are given by (4.5.22) and (4.5.25)-(4.5.26), summed
with the typical value at E, = 0, k.o in (4.5.27). The medium is characterized by
T =10MeV and np = 0.31 fm™2, and the opacities are normalized by k. g.

far from the actual result. This is particularly striking in the case of the neutrino opacity,
where even the monotonicity is not correctly reproduced.

Therefore, the conclusion from figure 4.12 is that, although the expression (4.5.27) gives
a good estimate of the opacities at leading order in the hydrodynamic limit, the dependence
on the neutrino energy derived from (4.5.22) and (4.5.25)-(4.5.26) is not accurate. It is
likely that more accurate expressions could be obtained by including the terms of order
O(e*), beyond the leading log term. However, those result in complicated expressions that
are not very useful for a qualitative understanding.

4.5.3 Numerical results

We present here the results of the numerical calculation of the neutrino transport coeffi-
cients (4.2.72)-(4.2.75). We first discuss the strongly-coupled component which is computed
holographically. This is the imaginary part of the charged current polarization functions.
The latter are calculated according to the procedure described in Section 4.4. In particular,
we are interested in estimating the accuracy of the hydrodynamic approximation (4.4.44)
and (4.4.53) to the 2-point function for the parameters of interest. Then, we analyze the
radiative coefficients themselves, that are obtained by computing the integrals over the loop
electron momentum (4.2.72)-(4.2.75), which include the charged current 2-point function.
We estimate the accuracy of the approximations introduced in the previous subsection over
a range of parameters relevant for neutron stars.

In the following, we fix the temperature to a value that is typically relevant to neutrino
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transport calculations, for example in a cooling proto-neutron star
T =10MeV. (4.5.28)

We shall investigate the numerical results for the remaining 2-dimensional parameter space,
spanned by the baryon number density np and neutrino energy F,,.

4.5.3.1 Charged current polarization functions

Figure 4.13 shows the numerical result for the imaginary part of the charged current polar-
ization functions II*(w, k) and IIl(w, k), for ng = 1fm~3. In terms of chemical potentials,
this corresponds to p/T ~ 65. ryw and ryk are varied between 0 and 2, which includes
the region over which the integral is performed to compute the radiative coefficients'* (see
figure (4.15)).

For the smallest values of w and k, the hydrodynamic approximations (4.4.44) and
(4.4.53) are expected to be relevant. This is confirmed at the qualitative level by comparing
figure 4.13 with the hydrodynamic result plotted in figure 4.14: whereas the longitudinal
polarization function Im IIl shows a peak at a location set by the position of the diffusive
pole w = DE?, the transverse one ImIT+ goes to zero near the origin, remaining relatively
close to a linear behavior in w up to rgw = 1.

0.0 MW 0.0 ’ rHw

Figure 4.13: Imaginary part of the transverse (Left) and longitudinal (Right)
charged current retarded polarization functions. The energy and momentum are
expressed in units of 7', and the polarization functions are normalized by o /ry.
The medium is characterized by ng = 1fm ™ and T = 10 MeV.

4In principle, the integrals go up to infinite electron momentum, but the contribution from high
energies is exponentially suppressed by the statistical factors. In practice, computing the integral
over a finite region as the one shown in figure 4.15 is sufficient, and the contribution from outside
of this region is completely negligible.
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Figure 4.14: Same as figure 4.13 but for the hydrodynamic approximation to the
polarization functions (4.4.44) and (4.4.53).

To extend the previous discussion to the quantitative level, we show in figure 4.15 the
relative difference between figures 4.13 and 4.14, together with the region in the (w,k)
plane which gives a sizable contribution to the radiative coefficients. We consider a range
of neutrino energies which is typical of transport in a neutron star £, = 0— 100 MeV [274].
For this range of neutrino energies, the dominant coefficients are given by the neutrino
emissivity j.- and the anti-neutrino absorption 1/)\,-. The region which contributes to
the calculation of the radiative coefficients is indicated by the purple polygon in figure 4.15.

Figure 4.15 shows that, in the region relevant for the calculation of j.— and 1/A.-, the
accuracy of the hydrodynamic approximation is of about 0 to 50% for the transverse part,
and 0 to 100% for the longitudinal part. Also, the largest deviation from the hydrodynamic
result is consistently reached in the corners of the plots, that is for the largest values of w
and k. Note that the region where the hydrodynamic approximation is the best, is different
for the transverse and longitudinal parts : whereas it is located near the line w = k for the
transverse part, it is close to the location of the diffusive peak w = DE2 for the longitudinal
part. This observation is consistent with the respective leading order of the corrections in
the hydrodynamic expansion, as shown in (4.4.28) and (4.4.30). It also indicates that the
first corrections in w and k2 have opposite signs.

All in all, the numerical results for the polarization functions presented in this subsec-
tion indicate that, at ng = 1fm~3 and for the region in the (w, k) plane which is relevant
for neutrino transport, the hydrodynamic approximations (4.4.28) and (4.4.30) not only
reproduce the qualitative features of the exact numerical result, but are also quite good
quantitatively. This is especially true for the transverse part of the correlator. This sug-
gests that, in the calculation of the radiative coefficients (4.2.72)-(4.2.75), replacing the
retarded 2-point function by its leading order hydrodynamic approximation may give a
rather good approximation to the coefficients. In the following, we investigate the validity
of this statement for a whole range of baryon densities np and neutrino energies E,,.
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Figure 4.15: Relative difference of the imaginary part of the transverse (Left) and
longitudinal (Right) charged current retarded polarization functions with the hy-
drodynamic approximation. The relative difference is defined as the absolute value
of the difference divided by the hydrodynamic approximation. The parameters of
the medium are the same as in figures 4.13 and 4.14. The red and pink contours
correspond respectively to the 10% and 20% lines, and the purple polygon encloses
the area that is relevant for the calculation of j.- and 1/A.-. The way this region is
determined is detailed in Section 4.5.2. The white dashed lines indicate the location
where the relative difference typically goes to 0. For the transverse part (Left) it
corresponds to the line of lightlike momenta w = k, and for the longitudinal part
(Right) to the location of the diffusive peak w = Dk?.

4.5.3.2 Radiative coefficients

We now turn to the analysis of the radiative coefficients themselves, that are the emissivities
and absorptions listed in (4.2.72)-(4.2.75). More specifically, we shall be analyzing the
opacities defined as in (4.2.82). We consider a range of baryon number densities, np,
between 1072 and 1fm~2, and neutrinos energies between 0 and 100 MeV. These are
typical values for neutrinos scattering in a cooling neutron star [274].

For the parameters of interest, the neutrino chemical potential is positive and large com-
pared with the temperature, so that the emission of anti-neutrinos (4.5.15) is suppressed.
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The two quantities that will be the object of our analysis are therefore

(4.5.29)

E) =k-(F,) =j.-(E .
Ke(Ey) = K- (Ey) = je- (EV) + N (Ey)

We first present in figure 4.16 plots of the opacities at the two extreme values of baryonic
density that we considered,

n =107 fm™? and nl¥ = 1fm3. (4.5.30)
which correspond to the values of the chemical potentials
p1 ~47MeV  and  pe ~ 650 MeV (4.5.31)

respectively. We also show in figure 4.17 the full density dependence of the opacity at zero
neutrino energy. The qualitative behavior is essentially dictated by statistics, so it is the
same that was observed in previous works, for example!® in [274]. The anti-neutrino opacity
increases with the baryon density and the neutrino energy. As for the neutrino opacity, it
also increases with density, but has a different behavior as a function of the neutrino energy:
it is more or less a constant until a threshold located near E, ~ pu,, where it decreases in
relative value to a number of order O(T/u)?. An estimate of the typical magnitude and
parameter dependence of the opacities at E, < T is given by (4.5.27), which was derived
within the diffusive approximation.

To estimate quantitatively the accuracy of the approximations presented in Section
4.5.2, the opacities were numerically computed and compared to the results from the ap-
proximations over the whole 2-dimensional parameter space of baryon number density
npg = 1073 — 1fm~2 and neutrino energy E, = 0 — 100 MeV. We discuss in turn the de-
generate, hydrodynamic, diffusive and diffusive and degenerate approximations, analyzing
each time both the neutrino and anti-neutrino opacities.

Figure 4.18 shows the relative difference between the exact opacities calculated numer-
ically and the opacities calculated within the degenerate approximation. In the case of the
neutrino opacity, the approximation is worst on the curve F,, = pu,, where the degenerate
approximation goes to 0 whereas the exact result remains finite. Apart from that curve,
the magnitude of the error is of about 5 to 30% over most of the parameter space, and it
reduces when |E, — 1, | increases, that is both at larger baryon density and larger neutrino
energy.

For anti-neutrinos, the degenerate approximation becomes very good at high density,

and it reaches less than 5% of error at ng = ng). On the contrary, the approximation

becomes unreliable for the lowest densities, reaching more than 50% at ng = ng) . The
error depends only marginally on the neutrino energy over the range investigated.
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Figure 4.16: Neutrino (Left) and anti-neutrino (Right) opacities as a function of the

neutrino energy E,. We show two values of the baryon density, ng) = 1073 fm=3 and

ng) = 1fm~3, associated to the corresponding chemical potentials y; and py. The
opacities are normalized by the typical value at E, = 0 (4.5.27), evaluated for the
largest density ”(32)- In the plot for the neutrino opacity, the typical scales that control
the location, depth (4.5.23) and width (4.5.24) of the observed dip are indicated,
where we defined A logo(Ey/T) (1) = logay (1, + AB, (1)/2) —1ogo (1t — AE, (1) /2).
The region in gray corresponds to neutrino energies larger than 100 MeV, which is
not expected to be relevant for transport in a neutron star. It is included in the
plot in order to show the complete qualitative behavior of the neutrino opacities as
a function of E,, including the threshold at E, = p,,.

We now focus on the hydrodynamic approximation. We start by discussing separately
the transverse and longitudinal components, for which the relative difference between the
hydrodynamic and the exact opacity is respectively shown in figures 4.19 and 4.20.

The qualtative behavior for the transverse part of the opacity is similar for neutrinos
and anti-neutrinos: the error becomes larger at higher neutrino energy and smaller at
higher density. There is an exception to this trend in the case of anti-neutrinos, for which
the approximation crosses the exact result on a curve at low density and high energy (which
appears as a blue line in the bottom-right corner of right Figure 4.19). In both cases, the

(2)

error is smaller than 30% for np = ny’ or E, < T. However, the error grows large at
low density and high energy, reaching more than 800% at ng = ng) and E, = 107 in the
case of neutrinos, and about 70% for anti-neutrinos. That being said, we note that the

error is smaller than 40% over most of the parameter space for anti-neutrinos, whereas the

I5Note that the neutrino chemical potential was negative in [274], whereas it is positive here.
This implies that the role of neutrinos and anti-neutrinos are exchanged with respect to [274].
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Figure 4.17: Neutrino opacity at zero neutrino energy, as a function of the baryon
density ng. At E, = 0, the opacities are the same for neutrinos and anti-neutrinos.
The dashed orange line shows the asymptotic power-law behavior at np > T3,
Ke ~ n5B/3 (see equation (4.5.33) in the next subsection).

error on the neutrino opacity is already larger than 60% for a wide range of energies at
ng < 0.1fm3.

In short, the main information from figure 4.19 is that the hydrodynamic approximation
to the transverse part of the opacities is reasonably good at high density and low E,, but
becomes mostly unreliable at low density and high E,,. The situation turns out to be better
for the anti-neutrino opacity, which remains quite good over the whole parameter space
that was investigated. This last point is most probably accidental, and we would expect
no significant difference were we to take into account all possible values of energies and
densities.

The error from the hydrodynamic approximation to the longitudinal part of the opac-
ities is shown in figure 4.20. The qualitative behavior of the error on the neutrino opacity
is essentially similar to the transverse case, apart from the presence of a curve where the
error vanishes (in blue in the left of figure 4.20). Quantitatively, the error is smaller than
the transverse case: at high density it is of about 20%, and although it grows large at
low density and high energy, it remains below 80%. As for the error on the anti-neutrino
opacity, it is very similar to the transverse case. It depends marginally on the parameters
over the range that is investigated, and is typically comprised between 30% and 50%. All
in all, the comparison between figures 4.20 and 4.19 indicate a similar qualitative behavior,
but with the approximation to the longitudinal opacity typically more accurate than for
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Figure 4.18: Relative difference between the degenerate approximation and the exact
opacities, for neutrinos (Left) and anti-neutrinos (Right).

the transverse opacity.

Finally, figure 4.21 shows the error from the hydrodynamic approximation for the total
opacity, which is the sum of the transverse and longitudinal parts. On the whole, figure
4.21 looks similar to the figure for the transverse part (figure 4.19). This indicates that
the latter contributes more to the opacity than the longitudinal part over a large part of
the parameter space. This is true for sure at small neutrino energy, where the longitudinal
part becomes very small, of order O(me/u,)*. The contribution from the longitudinal part
implies that the error on the total opacity is lower than for the transverse part.

On the whole, figure 4.21 indicates that the hydrodynamic approximation to the opaci-
ties is reasonably accurate at high density and/or low neutrino energy, whereas it becomes
unreliable in the opposite limit. More precisely, the following quantitative results are ob-
served

e The error from the hydrodynamic approximation to the neutrino opacity is between 0
and 40% for densities np > 107! fm ™3 or neutrino energies E, < 20 MeV. The error
exceeds 100% for densities typically smaller than 3 x 1073 fm=3 and E, > 60 MeV.
Some additional information can be extracted from the comparison of figure 4.21
with the plot for the degenerate approximation (figure 4.18). In figure 4.18, the
white line where the error is equal to 100% corresponds to the place where E, = p,.
In the degenerate limit, this line separates the region where the neutrino opacity is
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Figure 4.19: Relative difference between the hydrodynamic approximation and the
exact transverse opacities, for neutrinos (Left) and anti-neutrinos (Right).

dominated by emissivity j,- from that where it is dominated by the absorption 1/A.-
(see Table 4.1). Since the location of the E,, = pu, line is close to the contour at 90%
accuracy in the right of figure 4.21, this means that the hydrodynamic approximation
describes reasonably well the neutrino emissivity, whereas it is very rough as far as

the absorption is concerned.

e The accuracy of the hydrodynamic approximation to the anti-neutrino opacity is
between 10 and 40% over the range of parameters that was considered.

The last approximation that we investigate is the so-called diffusive approximation, in
which only the contribution from the time-time component of the current-current corre-
lators is included in the hydrodynamic approximation. The error for this approximation
is shown in figure 4.22. On the whole, the error for neutrinos is observed to take values
typically between 20 and 60%, whereas for anti-neutrinos the range is between 60 and 80%.
For neutrinos, the difference is observed to vanish on one curve in the parameter space,
which is located close to the curve E, = p, (the white curve at 100% error in figure 4.18).
Comparing with the previous analysis of the hydrodynamic approximation, we see that the
accuracy of the diffusive approximation is worse for anti-neutrinos. In the case of neutrinos,
the comparison depends on the parameters: although the diffusive approximation is found
to be less accurate at low energy or high density, the error is actually much smaller at high

energy and low density.
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Figure 4.20: Relative difference between the hydrodynamic approximation and the
exact longitudinal opacities, for neutrinos (Left) and anti-neutrinos (Right). We
do not show the region of small £, since there are large numerical errors there. The
reason is that the longitudinal opacity becomes very small in this region, of order
O(me/ ), with m, the electron mass.

To conclude, the general outcome observed in figure 4.22 is that, as expected, the
diffusive approximation is essentially less accurate than the hydrodynamic approximation.
However, there is an exception in the case of the neutrino opacity, at low density and high
energy. The latter is due to accidental cancellations, which are not expected to occur for
general setups.

For completeness, we also analyze the accuracy of the crudest approximation to the
opacities, which is obtained by combining the degenerate approximation with the diffusive
approximation. This specific approximation is the one that is used to derive the approxi-
mate expressions (4.5.22) and (4.5.25)-(4.5.26). The error for this diffusive and degenerate
approximation is shown in figure 4.23. As expected, the error is dominated by the degener-
ate approximation at low density, whereas the main cause of error comes from the diffusive
approximation at high density.

In order to give another view on the above analysis, we compare in figures 4.24 and
4.25 the exact opacity computed numerically with the various approximations at the two
extreme values considered for the baryon density. Figure 4.24 shows the result for neutrinos
and figure 4.25 for anti-neutrinos. These figures illustrate the general results from the
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Figure 4.21: Relative difference between the hydrodynamic approximation and the
exact total opacities, for neutrinos (Left) and anti-neutrinos (Right).

analysis of this section. The degenerate approximation is good at high density and becomes
unreliable at low density. At high density ng = ng), the hydrodynamic approximation is
within a few tens of percents of error from the exact result, whereas the diffusive one is
off by about a factor of 2. At low density ng = ng), both approximations tend to lose
accuracy. However, they appear in some cases to be quite close to the exact result over the
range of neutrino energies considered here, which is due to accidental crossings with the
exact result. This happens for the diffusive approximation in the case of neutrinos, and for
the hydrodynamic approximation in the case of anti-neutrinos.

The main conclusion from the analysis of this subsection is that, for neutrino energies
of a few times the temperature, the accuracy of the hydrodynamic approximation depends
on the baryonic density. At np > 107! fm=3(T/(10 MeV))3, the holographic opacities
are quite well approximated by using the leading order hydrodynamic expressions of the
correlators (4.4.28) and (4.4.30), whereas higher order corrections become large at lower
densities. In practice, this means that, for the highest densities realized in neutron stars,
computing only the leading order flavor transport coefficients o and D from the holographic
model is a sufficient input to obtain a good estimate of the neutrino opacities. At lower
densities, higher order transport coefficients are required to produce a reasonable approx-
imation. Eventually, as /T becomes of order 1, ryE, becomes significantly larger than
1 for E, 2 T. When this is the case, the hydrodynamic expansion cannot be used any-
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Figure 4.22: Relative difference between the diffusive approximation and the exact
opacities, for neutrinos (Left) and anti-neutrinos (Right).

more, and the full holographic calculation of the chiral current 2-point function is needed
to compute the opacities.

4.5.4 Comparison with other calculations

We conclude this section by comparing the results obtained for the neutrino opacities
with other calculations from the literature. We start by evaluating the typical order of
magnitude of the opacities and compare it with other references. The leading process of
neutrino emission is known to be qualitatively different in quark matter compared with
nuclear matter. Indeed, whereas the direct Urca process is kinematically suppressed in
nuclear matter, it can be realized in quark matter [229, 230]. Since our calculations take
place in deconfined matter, the second part of this subsection brings the focus on the
comparison with previous results in quark matter.

In Appendix Q, approximate expressions for the opacities are derived within the diffu-
sive and degenerate approximation (defined in Section 4.5.2). In particular, at zero neutrino
energy the final result is given by (Q.24)

G%‘ |]\4ual|2
2304

where € is the small parameter of the hydrodynamic expansion (4.5.18). We compare

Keo(ng) = (374)% N2 (MO0 (u(np))” + O(), (4.5.32)
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Figure 4.23: Relative difference between the diffusive and degenerate approximation
and the exact opacities, for neutrinos (Left) and anti-neutrinos (Right).

(4.5.32) with the exact value of the opacity at E, = 0 in figure 4.26, which shows that
(4.5.32) reproduces the correct order of magnitude for the opacity at ng > 1072 fm=3.
Substituting the numerical values of the parameters results in the following number

ko (0) ~ 6.2 x 102 km™! (0‘1"22_3)2 <(%g;e)_2 (Wg’(@(w—fffg;)e . (4.5.33)

where we also used (4.3.21) to express u as a function of the baryon density np.

It is interesting to compare (4.5.33) with the values of the opacities that are currently
used in numerical simulations of neutrino transport. The most common rates that are
used to describe neutrino transport in nuclear matter are based on mean-field calculations
[223], often completed by the random phase approximation to include some degree of
nucleon-nucleon correlations [224, 225]. The latest results using these methods in the non-
relativistic regime are summarized in [274]. To compare with (4.5.33), we note that the
opacities computed in [274] at E, = 0 and np = 0.11fm ™3 are between 1 and about
30km~!. The value that we obtained (4.5.33) is therefore about one order of magnitude
larger than the largest opacities from [274]. Also, in [274] multiplying the baryon density
by 10 results in opacities which are about 100 times larger. This dependency is close to

/

the behavior in ”533 from our conformal result (4.5.33).
We now consider the comparison with references that address the calculation of the
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Figure 4.24: Neutrino opacity k.- and its various approximations as a function of
the neutrino energy E,, for ng = ng)(Left) and np = n(;) (Right). The opacity is
normalized by the approximate value at E, = 0 (Q.24), evaluated at np = ng).

neutrino radiative coefficients in quark matter [229, 230, 231, 232, 233]. The approach
considered in those references is qualitatively very different from ours, since the calculations
are done in perturbative QCD. The comparison with our results will therefore indicate
how much our strongly-coupled calculation differs from the weakly-coupled result. More
specifically, the results that are most readily compared with those presented in this work
are derived in [231]. The neutrino opacity k.- (E,) for degenerate neutrinos is given by
equation (6.27) of [231]

:4G%
7T3

e

KPYP(E,) | Myal*pr(d)*pr(v)x

Lpp(v) 1 <pF(l/)>2

1+§pF(d) 10 \ pr(d)

X [(E,, — )2+ (71)?] (4.5.34)

where the pr(f;) refer to the Fermi momentum of the corresponding species. We considered
the case |pp(d) —pr(v)| > |pr(u) —pr(d)]|, since it is the right ordering in isospin symmetric
matter. The weakly coupled quark matter is described by a Fermi liquid, for which the
relation between the Fermi momentum and the chemical potential is given by

pr(u) = pu (1+O0(as)) , pr(d) = pa (1+ O(as)) , (4.5.35)

where o = g%/(47), g being the strong interaction Yang-Mills coupling. At leading order
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Figure 4.25: Anti-neutrino opacity k.- and its various approximations as a function
of the neutrino energy FE,, for ng = ng)(Left) and ng = n(BQ) (Right). The opacity
is normalized by the approximate value at F, = 0 (Q.24), evaluated at np = ng).

O(a?), (4.5.34) becomes

cD 8G3
KPS (By) = TgF‘Mud’Q,U?MV [(El/ - NV)z + (WT)Z}

€

1p 1 ([ 2
1+”+<;> ] (4.5.36)

The comparison between the perturbative result (4.5.36) and the exact neutrino opacity
computed from our holographic model is shown in figure 4.27. We consider fixed values of
the temperature 7' = 10 MeV and baryon density ng = 0.11 fm~3, whereas the neutrino
energy F, is varied. Figure 4.27 shows that, although the qualitative behavior of the two
opacities is the same, the perturbative opacity is about two orders of magnitude larger
than the result from our calculation.

Note that the widths of the dip in opacity at F, = u, scale differently in the energy
scales for the two results. Whereas the estimate for the width in our calculation is given by
(4.5.24), which is controlled by the neutrino and baryonic chemical potentials, it is clear
from (4.5.36) that the width of the perturbative result is controlled by the temperature

3N, 112
cle AEPQOD — g7 (4.5.37)
wg

AE, ~

We conclude this comparative analysis by a numerical estimate of the two opacities,
which should support the results shown in figure 4.27. The typical order of magnitude of
ke— will be estimated from its value at E, = 0. For our holographic result the estimate is
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Figure 4.26: The ratio of the neutrino opacity at E, = 0 over the approximate
expression from the hydrodynamic and degenerate approximation (4.5.32). The ratio
is shown as a function of the baryon density in fm=3.

given by (4.5.33). For the perturbative result, the corresponding number can be inferred
from equation (6.28) of [231], together with (7.27)

wlot

KPP () ~ 7.9 x 10* km ™! (%) : (4.5.38)

e
This shows that the perturbative opacity is about two orders of magnitude larger than
our holographic calculation (4.5.33). The dependence on the baryon number density np is
given by the same power 5/3, which is a consequence of the degenerate limit.

All in all, the analysis of this section indicates that the magnitudes of the rates com-
puted from our strongly-coupled holographic model are larger than the results from ap-
proximate calculations in nuclear matter, but still much smaller than the perturbative
result, by about two orders of magnitude . Since the holographic calculation was done in
the deconfined phase, it is rather surprising that we obtain rates that are much closer in
magnitude to the nuclear result. The quark matter that we considered is also such that
the direct Urca process is not kinematically suppressed, so we might have expected the
resulting opacities to be closer to the result from [231]. The lesson from this compari-
son is that the neutrino emissivity is highly suppressed when taking full account of the
non-perturbative nature of the strong interaction.

4.6 Outlook

The results of the work presented in this chapter were summarized in section 4.1. There
are two main points. First, we observed that the neutrino radiative coefficients in the kind
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Figure 4.27: Neutrino opacity from our holographic result (blue) compared with the
perturbative QCD result [231] (orange), at ng = 0.11fm™2 and 7' = 10 MeV. The
opacity is expressed in km™!.

of dense quark matter that was considered, were quite well described by hydrodynamics for
neutrino energies F,, smaller than the baryonic chemical potential ;. Second, by comparing
with previous results in the literature, we found that the numerical values of the opacities
that we computed are larger than the estimates in nuclear matter [274] by about an order
of magnitude, and two orders of magnitude smaller than the result in weakly-coupled quark
matter [231]. These results suggest that the neutrino transport properties of the strongly-
coupled matter show an interesting hydrodynamic behavior, which is very different from
the weakly-coupled regime. However, despite the common points (especially the strong
coupling), the simple setup considered in this work is by many aspects not very close to
the target problem of neutrino transport in QCD matter. The results obtained in this work
therefore need to be corroborated by further studies.

The analysis presented here can be extended and improved in several ways. Since we
focused on the charged current correlators, an obvious extension is the holographic analysis
of the neutral current correlators and their impact on neutrino transport, simply by using
the setup described here. As we already mentioned above, this will be the topic of a future
publication.

As for the setup, perhaps the most natural place to search for improvements is the
holographic model. We shall now provide a summarized description of the physics of the
toy model, in order to sketch possible improvements.

The model describes a strongly coupled large-N. plasma, and Ny quarks with Ny ~ N,
so that they have non-trivial backreaction on the glue dynamics. There is a U(Ny) x U(Ny)
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chiral symmetry that is unbroken (no pions here). The theory is conformal like N =
4 super-Yang-Mills, ie. at zero temperature and density, the mesons are vectorial and
massless, and the spectrum continuous, as is the case in conformal theories. The spectral
density is fixed by conformal invariance. This spectrum is quite similar in many respects
(but not all) to what is expected in quark-gluon plasma phases. The axial U(1)4 is not
anomalous here, but also does not enter in the dynamics.

This model is the simplest holographic model in which the calculation of chiral current
2-point functions at finite baryon density can be performed. There are several directions
for its improvement

e As already mentioned, a next step is to add an isospin chemical potential together
with the baryon chemical potential. It is well known that in real world QCD, two
different extra phases are possible in such a case. The first, [286], is pion conden-
sation, that can be established from the chiral Lagrangian, while the other, [287],
is p-condensation that also breaks the rotational symmetry. In the model we use,
there are no pions, but one in principle could have vector meson condensation. This
possibility was already found to be realized in [281, 282], which discussed a simi-
lar holographic model but for a three-dimensional (ABJM) theory. A mapping of
the phases and the determination of the (expected second order) phase transition of
the four-dimensional theory is necessary before the calculations at finite baryon and
isospin chemical potential is done.

e A Chern-Simons (CS) term can be added. In the absence of a tachyon, such a term
is unique and is the same as in N = 4 super-Yang-Mills, [90]. It controls the P-
odd structure of the correlators, it generates the chiral anomalies, and may have an
interesting impact in the associated neutrino diffusion problem!®. In the vacuum
of the holographic theory, the CS term affects correlators of currents starting from
the three point functions, while it is explicitly independent of the string coupling
constant (dilaton). However, at finite baryon density, it affects also the two-point

functions of currents.

e As flavor is added by adding flavour branes to the glue sector, [119], one could also
upgrade the five-dimensional flavour action to the DBI action which include a class
of long distance non-linearities of the flavour gauge fields, [90].

e The model used is relatively close to N'= 4 SU(N.) SYM coupled to fundamental
flavor fields (N = 2 hypermultiplets), [119], which is an interesting model to test our
formalism. This is a top-down model with Ny D7 branes embedded non-trivially in
the ten-dimensional background space-time, AdSs x S°. It is conformal to leading
order, as the running of the gauge coupling due to the presence of the hypermultiplets

16The effects of the Chern-Simons term on transport in holographic theories has been discussed
for example in [291, 292, 290].
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is subleading in 1/N, for Ny ~ O(1). Its associated holographic physics has been
analysed in detail, [293, 275, 276]. Because the embedding of the flavor branes inside
AdS5 x 8% is non-trivial the flavour gauge fields are subjected to a different open
string metric than in the previous items. In this case, the full DBI action is used as
well as the CS term.

e A further improvement, but keeping to the top-down nature of the holographic the-
ory, is to use the Sakai-Sugimoto model [121, 124], introduced in section 2.2. In
this case the glue sector is confining and non-scale invariant while we have quarks
and antiquarks with a chiral symmetry that is similar to QCD with chiral group
U(N¢)r x SU(Nyf)g. This setup is close to QCD, with the only exception that the
relevant field that is important for giving mass to the quarks, the open string tachyon
is missing.!”

e The bifundamental open string tachyon, which in the present setup is not included, is
important in the holographic setup, as it is the order parameter for chiral symmetry
breaking in QCD, [138], as well as a way of adding a mass to the quarks. A simple
holographic model that includes the bifundamental open string tachyon, using Sen’s
string theory action, [295], was proposed and analyzed in [156, 157, 186]. The model
does extremely well in describing chiral symmetry breaking and meson spectra. It is
therefore a good laboratory for testing the calculations of the present paper.

e As mentioned in the introduction to this thesis, eventually the goal is to analyze
neutrino tranpsort in V-QCD (reviewed in section 2.3), which is the best holographic
model so far to address QCD dynamics in a variety of arenas.

e In all the setups mentioned above, including V-QCD, either quarks are all massless
or all quarks have the same mass. In the case studied in this paper, the flavor
sector is assumed to contain two massless flavors. In QCD, this would correspond
to including only the two lightest flavors up and down, and neglecting their masses.
At the densities relevant for neutron stars, it is expected that neglecting the up and
down masses is a good approximation. On the other hand, it cannot be excluded
that neutron star cores exhibit some degree of strangeness. In order to take into
account strange quarks, the current model would need to be extended to include a
third massive flavor. Working with an SU(3) chiral group instead of SU(2) is just
a matter of algebra, but including quark masses actually requires the bulk theory to
include the bifundamental tachyon field 7%, with a non-trivial matrix structure. This
involves the analogue of the non-abelian DBI action for the tachyon. An example of
this was worked out in the appendix of reference [157]. The formalism needs to be

170f course, as mentioned in section 2.2, it is part of that theory, but for the relevant configuration,
the tachyon string is non-local, [132].
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developed so that we can address masses of the strange quark substantially different
from those of up or down quarks.

Apart from the simplicity of the holographic model, our approach included other ap-
proximations and simplifications of the general formalism which are typical in the literature
on neutrino transport.

e The derivation of the Boltzmann equation for neutrinos used the semiclassical gradi-
ent approximation (see (4.2.27) below), which holds when the mean free paths of the
neutrinos are much longer than their de Broglie wavelengths. A particular higher
order correction includes the effects of the (maximal) breaking of parity by the neu-
trinos (which are left-handed), and results in the so-called chiral kinetic theory [288].
Those corrections were found to be particularly relevant to neutrino transport [289].

e We used the so-called quasi-particle approximation for neutrinos, so that their prop-
agator has the same form as the free propagator but with generalized particle distri-
bution functions (see (4.2.35)-(4.2.36) below).

e We assumed that the neutrinos are sufficiently close to equilibrium so that their
chemical potential is well defined, and at S-equilibrium with the medium.

e We also assumed that the medium composed of electrons and quark matter was at
thermal equilibrium. This is expected to be a good approximation as the astro-
physical times should always be much longer than the thermalization time for the
medium.

While it is expected that these approximations work well in many cases relevant for neutron
stars and supernovae, it is also clear that they will not apply to all regimes, and eventually
a description of neutrino transport which is valid for neutrinos fully out of equilibrium is
desirable. This would require to solve the full Kadanoff-Baym equations instead of the
Boltzmann equations, which is much more involved numerically.

In addition to going fully out of equilibrium, there are other extensions to our formalism
related to the leptonic component, that are mentioned in section 4.2.3:

e We did not include muons (or muon neutrinos). While muons are relatively massive,
their effect may be significant at the highest densities reached in neutron stars or
core-collapse supernovae [277, 278|.

e We did not include the purely elecroweak interactions between neutrinos and leptons.
Since these interactions are weak, they may be analyzed separately, and their effect
can be added on top of the results presented here.

We leave such extensions of our approach for future work.
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General discussion

In this work, we made progress towards the description of dense baryonic matter using the
holographic V-QCD model. On the one hand, we constructed the single baryon solution
in V-QCD, and analyzed some of its properties. On the other hand, we made the first step
towards an analysis of neutrino transport in V-QCD, by considering first a toy model of
strongly-coupled quark matter.

Specific directions of improvement for each of these topics were mentioned in the pre-
vious chapters. In particular, obvious extensions include the calculation of the static prop-
erties of the V-QCD baryon, and the analysis of the neutrino rates from neutral current
interactions in the toy model presented above.

From a wider perspective, the general program that follows from this work, is to obtain
a description of dense baryonic matter from V-QCD. The exact gravitational dual of such
a boundary state would be given by a finite density of instantons. Computing a solution
of this sort is probably out of our reach, but we expect that it should be effectively well
described in terms of a codimension-1 baryonic membrane. The idea will be to use the
single baryon solution as an input to determine the dynamics of this membrane.

Once the solution for baryonic matter is obtained, it will be interesting to understand
what are the improvements compared with the homogeneous approximations considered
in [174]. In particular, it will make it possible to examine the robustness of the results
obtained in the context of neutron stars [165].

Eventually, this project should converge with the analysis of neutrino transport, to
investigate the transport of neutrinos in neutron star matter with V-QCD. As mentioned
in section 1.4, the transport properties are of particular interest for investigating the phases
of dense QCD matter, since they are expected to be more sensitive to the phase structure
than bulk thermodynamic properties [82].

The final goal of this approach with the V-QCD framework is to provide a state-of-the-
art holographic model for dense (large N) QCD. The advantages of V-QCD make it a good
framework for this purpose. Its structure based on (non-critical) string theory ensures a
good match with QCD properties, and is quite rigid, depending on a few scalar functions.
The asymptotic behavior of these functions is constrained by qualitative properties of
QCD, and the remaining freedom is contained in a few parameters. The model is in good
qualitative agreement with QCD for generic values of the parameters. By adjusting the
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parameters, QCD data can be fitted with a good accuracy, with a number of parameters
much smaller than the amount of data.

In analogy with the phases where the comparison with QCD is possible, it is expected
that the predictions of V-QCD in the bayonic phase should also be qualitatively reliable.
Moreover, because the model applies to the whole part of the phase diagram where QCD
is strongly coupled, it offers a unique opportunity to go further and fit jointly QCD data
in different regimes. Then, predictions can be made for dense QCD, based on a consistent
model solidly anchored in available data. As explained in section 3.2.2, it is typically
not easy to produce a simultaneous fit of quark-gluon-plasma thermodynamics and meson
spectra. Including baryonic properties will make the fit even more challenging. Eventually,
the best approach for this procedure should probably involve the methods of machine
learning, that would hopefully result in a V-QCD model that can reproduce well most
available QCD data, with a minimal set of parameters.
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Appendix

A Conventions and Symmetry Transformations for

V-QCD

A.1 Conventions for the gauge fields
For the SU(Ny) generators A%, A=1,.. .NJ% — 1, we take

1
AHT =X | Tr(A2\°) = 55“1’. (A1)
On the other hand the normalization for the U(1) generator is
A =1, (A.2)

where I 'is the Ny x Ny identity matrix. For the SU(NNy) generators A%, a =1,... ,N]% -1,
we have

AN =if® xe | Tr(AYN°, \¢Y) = a%, (A.3)
where f“bc and d%¢ are, respectively, the structure constants and the normalized anomaly

Casimir for SU(Ny). Because of (A.1) f® and d® are real numbers.
We define the gauge fields to be Hermitian

Ay = ATWT+ Ao, (A.4)
where AVM and A, arereal. In differential form notation'®, the field strength and covariant

derivative then read
F=dA—iANA , D=d—iA (A.5)

where A- indicates the representation-dependent action of the gauge algebra. In particular
the Bianchi identity reads

DF =dF +iFNA—tANF =0, (A.6)
and the covariant derivative of the tachyon is given by
DT =dT +iTA;, —iART DTT =dTt —iA TV +iTT Ap . (A7)
18We use the conventions of Appendix B of [90].
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A.2 Normalization of the chiral currents

Currents are defined to be Hermitian. We decompose a U(Ny) flavor current as
1 U1 aya
Ty = mJM( T+ JoA. (A8)

This decomposition corresponds to the following normalization for the currents

- =
JZ,I;% = Trfiavor (ZQVMQ%)\aq> , (Ag)
- =
JZ(I%) B Traavor <Zq7“275q> . (AlO)

Notice that the normalization of the currents and gauge field (A.4) has been chosen in such
a way that the boundary coupling of the current to the gauge field reads

2 / d*z Tr(JFA,) = / dz (JU(””AZ(” +Ja#A;;> . (A.11)

A.3 Gauge Transformations

Under gauge transformations with parameters (Vy, Vr) € SU(Ny)r x SU(Ny)r, the gauge
fields and tachyon transform in the following way

Ap = VLAV —idvi V] | Ap — VRARV] —idVaVY,
FL VL FL V) | Fr—Vg FRV}, (A.12)
T VeTV] |, Tt = Vv TV},

An infinitesimal gauge transformation is defined as Vi(z) = e“*®) ~ 1 + ¢ A(x) and the
gauge transformation of a field as A — A + ey A. From (A.12) we have then:

SpA = —i DA = —idA + [A, A],

oaF =I[A, F, (A13)
oa, T = —-TAyp, '
oaxT = ART .

Notice that the generators of gauge transformations are antihermitian. When we decom-
pose them in their U(1) and SU(Ny) parts, we will write

A = ial + iAN? | (A.14)
with a and A® real parameters. In particular we have, from (A.4) and (A.14)

sAYY = 9,0 and  §A% = (D,A)". (A.15)
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A.4 Discrete symmetries

We describe here the transformation properties of the flavor fields under parity and charge
conjugation. These were presented in [138].
Parity

The parity transformation is
P=P DP. (A.16)

where P5 is the action of parity on space
P2 : (xl, x9, xg) — (—Il, —I2, —563) . (A17)
and P; the action on the flavor fields.

P:L& R, ToTH (A.18)

Charge conjugation

The action of charge conjugation on the flavor fields is

t
C:L—-R , Rs—IL' , T—T TT—>(TT) . (A.19)

A.5 The 2D theory for the ansatz fields

We present in this subsection conventions and definitions for the theory of the fields of the
instanton ansatz (3.1.50)-(3.1.52) and (3.1.62) that live on the 2D space (£,7) = z#. The
first thing to note is that we choose the following convention for the 2D Levi-Civita tensor

Er=1. (A.20)

Before imposing the parity symmetry, the fields of the gauge-field ansatz exist in two
copies L and R that each have a residual gauge freedom (3.1.53) under which the fields
have well-defined transformation properties :

o OL/R) ig neutral.
o /B = ¢§L/R) + i¢§L/R) has charge 1.

o AL/R) Z

i = <AéL/ R),A,(aL/ R)) is the gauge field.
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From these, we construct the L/R covariant derivatives of the complex scalars »E/R) under
the residual gauge freedom

D¢ = (8, — i AL ) /R | (A.21)
which in component reads
Dﬂ(;bgL/R) _ 8ﬂ¢gL/R) + A,(iL/R)¢éL/R) ’ D,;<b§L/R) _ aﬁ(béL/R) _ A,(zL/R)ngL/R)‘ (A.22)
We define also the gauge-invariant field strength for A%L/ B)
L/R L/R L/R
FE = g, AR g, AR (A.23)
Once the parity symmetry (3.1.56)-(3.1.58) is imposed, the L /R fields collapse into a single
set with the residual gauge freedom (3.1.60). Also, the ansatz for the tachyon takes the

form of (3.1.64) and the tachyon phase 6 can be absorbed into the gauge fields to build
gauge invariant quantities (3.1.80)

Ap=A;+ 050 p=e?p. (A.24)

B The P-odd instanton

We justify in this appendix the statement made in Section 3.1.4 that a baryon state in
the boundary theory corresponds to an axial instanton for the bulk gauge fields, that is an
instanton solution even under parity

P:x——-x , L<R, (B.1)

and that a P-odd instanton cannot have a finite energy. This implies that not only a P-odd
instanton cannot generate baryon number, but also does not correspond to any other finite
energy state in the boundary theory.

Requiring the ansatz to be P-odd imposes the following relation between the left and
right-handed ansatz fields, instead of (3.1.56)- (3.1.58)

Ay = AF = AR Ay = AL = AR (B.2)
Pr=01 =1 , d2=¢5=—0 2, (B-3)
o =0l = o, (B.4)

Note that, because of the condition for ¢2 (B.3), the P-odd ansatz completely fixes the
residual gauge (3.1.53). The P-odd tachyon ansatz is

T -0

TSUQ@) = iT(r, &) exp <i9(r, §) ¢

> , T,0€eR. (B.5)
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We still consider the chiral limit where the quark masses are equal to 0. In this case, due
to the factor i, the P-odd ansatz is not continuously connected to a vacuum state with
tachyon UV asymptotics given by (2.3.20). It is rather connected to a U(1)4 rotation of
the vacuum, which is not degenerate with the vacuum due to the U(1)4 anomaly. There
is therefore no such thing as a static P-odd instanton solution taking root on the vacuum.
This result can be interpreted as the bulk equivalent of the non-conservation of the U(1)4
charge.

C The DBI contribution to the baryon equations
of motion

The DBI equations of motion for the flavor sector are obtained from varying (3.1.18) with
respect to the gauge fields L and R and the tachyon field 7.

abelian EoM The left-handed abelian equations of motion are obtained to be

ON [vf(x, %)/ —det gD w x

miN) 1
x <£(L) (@) + ot (RS RO — RS RO ) -

R @MN LY _ L sy )| _
4w Tr <F FC ) 2/417' S =

1 ) - N (MN) - o\ (MN)
_ = _ (L) (L)y—1 _ (R) (R)y—1
4Vf()\,7- ) < det g ((g ) ) +4/—det g ((g ) ) ) X
x k72T [iDNUTU + he| + 050, (C)

where the indices are raised according to (3.1.15). Note that, because g is not symmetric,
SMN g a priori not symmetric either. We denoted by ££/R) the left-handed /right-handed
integrand of (3.1.18) divided by V(A 7%)\/—det g(L/F)

MN
LR = % + %mZ <(§(L/R))71>( )SMN (C.2)
1 ) CANMN A\ PQ
(@) (@) e R RS
1 ~(L/R)\—1 [MN]_(L/R) ?
+ 6V Tr (((9 ) ) Fyy )

and the contribution from the TCS action to the abelian EoMs is denoted by jcg

1
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and likewise for R. The right-handed equations of motion are the same'® upon L < R and
U« Ut

Tachyon EoM Because it also appears in the effective metric (3.1.14), the equations of
motion for the modulus of the tachyon field have a form similar to the abelian gauge field
equations of motion

ON [Vf(A, 72\ / —det G KOy T x
x (ﬁ(L) (@) R %w2Tr (FUSFO™ + RS FEPM)
L (poomppey L S(va)) (Lo R)] _
=Vi(M\72) [\/det G0 (; ((g@))—l)(MN) KTSMN + %‘Z_’”L(“) + (L« R)] +
+Jos, (C.4)

where the contribution of the TCS action to the tachyon EoM is denoted by J/g

1

The equations of motion for U are

MN
% [D(M <Vf()\,7'2)/£7'2\/—det g ((g(L>)*1>( )DN)UT)U—h.c.+(L < R)| =JY,

(C.6)
where the contribution of the CS action to the U EoM is denoted by Jgs
1

Non-abelian EoM As the non-abelian part of the gauge fields does not appear in the
effective metric g, the DBI contribution to the non-abelian equations of motion is much
simpler than for the abelian part and the tachyon

1 9 ~ 1 1/ 1\ [NM]

Z _ (L2 [ L mmiNm) L (D)1 e\ |

5D [Vf(A,T) det §(L)w <2F ; ((g ) ) F! (C.8)
1 2 - (1) (MN) N v 1\ (MN)

— _ (L) (L)—1 _ (R) (R)y—1
SVf()\,T ) < det g ((g ) ) + det g ((g ) ) ) X

9Here it shouldn’t be forgotten that it also changes the definition of the raising of indices.
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1
X I{’T2 (ZDNUTU — FTT(ZDNUTU) + hC) + Jélg ’
!

and the right-handed equations are obtained by exchanging (L < R) and U <+ UT. The
contribution of the TCS action to the non-abelian EoMs is denoted by Jog

1 a L)a
~ 3N 0vSos = 6L A T (C.9)

and likewise for R.

D Tachyon-dependent Chern-Simons terms

In this appendix, we discuss the TCS action for a tachyon proportional to a unitary matrix
(T =1U).

First, we construct the most general single-trace {25 form out of the fields 7, U, L and
R, which is invariant under global SU(Ny)r, x SU(Ny)g transformations. Moreover, the
exterior derivative Fg = df25 must be gauge invariant (i.e., invariant under local trans-
formations also), and have the expected eigenvalues under parity and charge conjugation.
That is, we require that our ansatz for ()5 is odd under the action of the P; operator and
charge conjugation even, with definitions of Appendix A.

In order to write down our ansatz, we first construct all possible single trace 5-forms
and 4-forms built out of the non-abelian 1-forms L/R and DU = dU — iRU +iUL as well
as the 2-forms FU/R) (recall that DUT = —UTDUU? is not independent). They are then
made covariant under global transformations by adding instances U or Ut in the traces.
We then apply the projector I+ P — C' — P;C on the forms, which projects to the Pi-odd
C-even subspace. This leaves us with 45 independent P odd and C even 5-forms, which
we denote by Fél) [U,L,R], and 11 independent 4-forms, which we denote by F4Z) [U,L,R].
The complete list of 4-forms is given by

FY = (L AFBUT A DU) + Te(LUT A DU AFD)+
+ Tr(R A DUUT AFB) 4+ Te(R AFE) A DUUT)
F® = Te(LU A DUUT AFPU) + Tr(LUT AF®) A DU)+
+ Tr(RU AFDUT A DUUT) 4 Tr(R A DU AFPUT
F® = —Te(L ALUT A DUUT ARU) + Tr(LUT A DUUT AR ARU)+
+Tr(LALUTARADU) + Tr(LUT ARAR A DU)
FY = (L AFOUT ARU) + Te(LUT ARU AF) 4
+Tr(LUT AR AFEU) + Te(LUT AFE ARU)
F® = _Ti(L AL ALU A DU) — Te(R AR AR A DUUT)
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FY = TiL AL ALUT ARU) + Te(LUT AR AR A RU)

F\" = (LU A DUUT A DUUT ARU) + Te(LUT AR A DUUT A DU)

F® = Tx(R A DUUT AR A DUUT) — Te(LUT A DU ALUT A DU)

FY = To(LUT AR A DUUT ARU) — Te(LUT ARU ALUT A DU)

FY = _T(LUT A DUUT A DUU A DU) — Tr(R A DUUT A DUUT A DUUT)

F" = To(LUT ARU A LUT A RU) (D.1)

The complete list of 5-forms is the following:

FY = Te(DU AFD AFEUT 4+ Te(DUUT AFE) A FER)) (D.2)
F? = (DU AFDUT A DUUT A DUUY) + To(DUUT A DUUT A DUUT A FR))
F¥ = Te(DUUt AFRU AFPUT 4+ Te(DU AFEUT AFR)

FY = To(DUUT A DUUY A DUUT A DUUT A DUTT)
F =Tr(LALALALAL) - Tr((RARARARAR)
F§6> Tr(LALALALUTARU) - Tr(LUT ARARARARU)
F" = Tr(LALALALUT A DU) + THRARARAR A DUUY)
F(S) Tr(LALALUT ARARU) - Te(LALUT ARARARU)
FY = (L AL ALUY A DUUT ARU) + Tr(LUT A DUUT AR AR ARU)+
+Tr(LALALUTARADU) +Tr(LUT ARARAR A DU)

F' = T(L AL ALUT A DUUT A DU) — Tr(R AR AR A DUUT A DUUY)
FM' = (L ALUT ARU ALUT ARU) — Tr(LUT AR ARU ALUT ARU)

% = oL ALUT ARU ALUT A DU) + Tr(L ALUT A DU ALUT ARU)+

+ Tr(LUTARARADUUT ARU) 4+ Tr(LUT AR A DUUT AR ARU)

F" = (L ALUY A DUUT AR ARU) + Tr(L ALUT AR AR A DU)
F" = To(L ALUT AR A DUUT ARU) + Te(LUT AR ARU A LU A DU)
A" = Tr(L ALUT A DUUT A DUUT ARU)+

— Tr(LUT ADUUT ADUUT AR ARU)+
+Tr(LALUTARADUUYADU) — Te(LUT ARARA DUUT A DU)

F' = e(L ALUY A DU ALUT A DU) — Tr(R AR A DUUT AR A DUUT)
F'Y = To(L ALUT A DUUT AR A DU) — Te(LUT A DUUT AR AR A DU)
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FélS)

B9 _

F) —

FEY _

R _

FéQS) _

F5(24)

5

B9 _

5
B _

F5(29) _

F5(30)

BOY _

RO _

FO) —

F5(34)

729 _

720 _

= Tr(LALUT A DUUT A DUUT A DU)+

+Tr(RARADUUT ADUUT A DUUT)

Tr(LU' ARA DU ALUT ARU) + Te(LUT ARU ALUT A DUUT ARU)
Te(LUT ARU ALUY A DUUT A DU)+

— Tr(LUT AR A DUUT A DUUT ARU)

Te(LUT A DU ALUY A DUUT ARU)+

— Tr(LUT ADUUT AR A DUUT ARU)+

+ Tr(LUT AR A DU ALUT A DU) — Te(LUT AR A DUUT AR A DU)

Te(LUT A DUUT A DUUT A DUUT ARU)+

+ Tr(LUT AR A DUUT A DUUT A DU)

Tr(LUT A DU ALUY A DUUT A DU )+
+ Tr(RADUUT AR A DUUT A DUUT)

= Tr(LUT A DUUT AR A DUUT A DU)+

+ Tr(LUY A DUUT A DUUT AR A DU)

Te(LUT A DUUY A DUUT A DUUT A DU)+

— Tr(R A DUUT A DUUT A DUUT A DUUT)

T(LALALAF®) - Tr(RARARAFW)

T(LALALUTAFRU) — Tr(RARARU AFHUT

Tr(LALAFOUT ARU) + Te(L ALUT ARU AFD) 4
Tr(LUT ARARAFBU) — Tr(LUT AFP) AR ARU)

~Tr(LAFPUTARARU) — Te(LUT ARARU AFX) 4

+Tr(LALUT ARAFOU) + Tr(L A LUT AFH A RU)

=Tr(LALAFSUT A DU) 4+ Tr(L ALUT A DU A F5F)) 4

+Tr(RARADUUT AFE)) L Tr(R AR AFE) A DUUT)
Tr(L ALUT A DUUT AFBU) + Tr(L ALUT AFE) A DU+
+Tr(RARU AFOUT A DUUT) + Te(R AR A DU AFEUT)
Tr(LAFP ALUT ARU) — Te(LUT AR AFR A RU)

Tr(LUY ARU ALUT AFBU) — Te(LUT ARU AFDUT ARU)

= Tr(L AFPUT A DUUT ARU) 4+ Te(LUT AR A DU AFE)) 4
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+Te(LUT A DUUT AR ARU) 4+ Tr(LUT AR AFE A DU)
Tr(LUT ARU AFBUT A DU) 4+ Te(LUY A DU AFDUT ARU)+
+Tr(LUT AR A DUUT AFPU) + Te(LUT AFW A DUUT ARU)
FP = (@ AFE ALUT A DU) + Te(R A DUUT AR AFR))
FP = (LUt A DU ALUT AFBU) + Te(R A DUUT ARU AFDUT)
F* = To(LUT A DUUT ARU AFD) + Te(L AFEUT AR A DU+
+ Te(LUT A DUUT AR AFBU) + Te(LUT A FE AR A DU)
F¥ = (L AFDUT A DUUT A DU) + Te(LUT A DUUT A DU A FE)) 4
— Tr(RADUUT A DUUT AR — Tr(R AFE) A DUUT A DUUT)
FY = (@ut A DUUT A DUUT AFRIU) 4+ Te(LUT AFB A DUUT A DU+
— Tr(RU AFWUT A DUUT A DUUY) — Tr(R A DUUT A DU AFEIUT)
had Te(LUT A DU AFPUT A DU) — Tr(R A DUUT AFE) A DUUT)
F* = Tr(@ut A DUUT AF® A DU) — Te(R A DU AFDUT A DUUT)
F* = L AFE AFD) - TR AFE) AFR)
F* = oL AFOUT AFRU) + Te(LUT A FOU A FD) 4+
~Tr(RAFBU AFDUT) — To(RU AFDUT AR
% = LUt AR® AFBD) - Te(RU A FE) AFDUT)

Fé35) _

a1) _

The most general single-trace ansatz for 25 which is covariant under the global transfor-
mations and has the desired P and C eigenvalues can therefore be written as

11

Zfz FOULR] +dr A gi(7)F,"[U,L,R] (D.3)
=1

where we added the most general dependence on the scalar 7. Notice that the Ansatz
includes 56 arbitrary functions of 7.

Requiring that dQ)5 is gauge invariant, i.e., requiring that 6dQ25 = 0, sets 41 conditions
for the functions f;, g;, of which 29 are algebraic and 12 involve their first derivatives. This
reduces the number of free functions down to 15. Notice that the latter 12 constraints are
differential equations, the solutions of which contain 12 integration constants. We comment
on these integration constants below.

As it turns out, the result for Q5 after imposing the above constraints is something one
could have guessed from the start: it is given as a sum of two terms, where the first term
(involving 4 of the 15 free functions) is explicitly gauge invariant and the second term is
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a closed form (involving 11 of the 15 free functions). For such a solution, it is immediate
that indeed dd€)s = 0. The solution may be written explicitly as

Q5 = Q2 4+ Q¢ + dGy, (D.4)
where

00 = f1(1)[Te(DU AFD AFDUT) + Te(DUUT AFE A FR)] +
+ fo(r) [Te(DU A FE UT ADUUT A DUUT)+
+Te(DUUT AFE) A DUUT A DUUT)] +
+ f3(1) [Te(DUUT AFBU AFBUT) + Te(DU AFPUT AR+
+ fa(r)Te(DUUT A DUUT A DUUT A DUUT A DUUT) (D.5)
is the gauge-invariant term and 2§ +dGy is the closed term. The latter was, for convenience,

divided into two parts, where

Qf = goTr((UdU)?) (D.6)

with gg a constant, and G4 is a general Py odd and C even 4-form, i.e.,
Gy = Zh FYU,L,R] . (D.7)

(Note that g;(7) = hl(7).)

Several comments are in order. Notice that the gauge invariant term is indeed the most
general Pi-odd C-even 5-form composed of the covariant forms DU, F(X) and F(®) Only
this term contributes to the Fg = df15, which is given as

Fo = dr A {f{ (7) [Tr(DU AFE) AFDUT) + Te(DUTT A FE A FE)] 4
+£5(0) [Te(DU AFPUT A DUUT A DUUT)+Te(DUUT AFB A DUUT A DUUT |+
+f4(0) [Te(DUUT AFBU AFBUT) 4+ T (DU AFDUT AFE)] 4
+£1(r)Te(DUUT A DUUY A DUUT A DUUT A DUUT )}+
+ () [Te(DU AFD AFDUT A DUUY) 4 Te(DUUT A DUUT A FED A FE))
—iTr(F(L) AFDUT A F(R)U) + Z'Tr(F(L)UT AF®R) A F(R)U)+
+iTe(FEO AFE AFD) — T (FE) A FE) A RE)] 4
+fo(r)[ = 20Te(DU AFBUT A DUUT AFP) 4
—2iTe(DU AFD AFDUT A DUUT+
+Tr(DU AFPUT A DUUT A DUUT A DUUT)+
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—~2iTr(DUUT A DUUT AFE) A FE)) 4
+Te(DUUT A DUUT A DUUT A DUUT AFBE))] 4
+2f3(7)[Te(DU AFPUT A DUUT AR -
+iTe(FO AFBUT AFBD) —iTe(FEUT AFE AFBD)] 4
—5ify(T)[Te(DU AFPUT A DUUT A DUUT A DUUT)+
+Te(DUUT A DUUT A DUUT A DUUT A FR))] (D.8)

In particular, the 6-form derived by using the flat space expression in [138] is obtained for

A =—ge b= e
f3(7) = —%6772 . falr) = 17;0(2 +2r2 e (D.9)

Moreover, we require that the bulk action agrees in the chirally symmetric case, 7 = 0 and
U =1, with the standard expression

. . 1
Q0 = —%Tr <L(F(L))2 + %L?’F(L) e R)) (D.10)
up to boundary terms. This is the case if
RO =3, BO)=5. 0=, 0= (D.11)
1 = 6’ 2 - 12’ 3 - 12’ 4 = 60 .

Notice that the choice in (D.9) satisfies these conditions.

In (D.4) Qf is a closed 5-form which cannot be expressed globally as a total exterior
derivative. This form is related to the fifth de Rham cohomology group Hs(SU(Ny)r X
SU(Nys)r/SU(Ny)y) which reduces to the class of Tr((dUU~1)5).

We then comment on the 12 integration constants mentioned above. We find that these
correspond to shifts of various linear combinations of the functions f; in (D.3). In more
detail, the 12 conditions involving derivatives are of the form

. (linear combinations of f;) = linear combinations of g; (D.12)
-

Instead of solving these conditions for f; one can eliminate the g;’s (as we have in practice
done above by using the functions h; instead in (D.7), which are derivatives of the g;’s),
in which case the question of the integration constants does not arise explicitly. However
notice that there are only 11 functions g; (and equivalently 11 h;’s) but there are 12
conditions so only 11 of the constants can be removed this way and one of them remains.
It is tempting to identify 11 of the integration constants with the freedom of adding

11
S R U,L,R] (D.13)
i=1
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in the closed contribution to {25. However explicit computation shows that this is not pre-
cisely correct: one also needs to include contributions from the gauge invariant terms (D.5).
Nevertheless, the conclusion is that 11 of the constants can be absorbed in the functions
hi(7) and f;(7) without loss of generality. The remaining integration constant however
cannot be absorbed in this way: it is identified as the constant gy in (D.6) — again explicit
computation shows that it is actually a combination of gy and a constant term in the func-
tion f4 in (D.5). Despite these technical complications, the computation shows that the
result in (D.4)—(D.7) is consistent.

The result for 25 is then constrained by requiring that it produces the correct QCD
flavor anomaly at the boundary. To do this we first compute the (linearized) gauge trans-
formation of the pure gauge term:

605 = 5god { Tr[Ad((UTdU)?) + Apd((QUUT)]} . (D.14)
Moreover, the gauge transformation of the dG4 can be written as
doG4 = d[Tr(ALdGsr, + ArdG3R)] (D.15)
where the 3-forms can be found by computing the gauge transformation of Gy,
0G4 = —Tr[dAp AN Gsp + dAg N Gsg] . (D.16)
Matching with the QCD anomalies therefore requires that, at the boundary,
Tr[ALdGsr, + ArdGag] + 590 Tr[ALd((UTAU)?) + Ard((dUUT)?)]

- - éTr [AL ((dL)2 - ;d(L?’)) — (L R)] : (D.17)

This equation fixes the boundary values of all the functions h; in G4 and the value of the
constant go:

1 1 1 i i
90 =750 hi(0) = 12 ha(0) = 21 h3(0) = 21 hy(0) = 51
1 1 1 1 ]
hs(0) = 12 he(0) = T h7(0) = 12 hs(0) = o1 ho(0) = TR
i 1
th(O) - ﬁ s h11(0) = ﬁ . (D18)

Notice that since dGy4 integrates to a boundary term, [ Qs is therefore determined up to
the four functions f;, assuming that there is no IR boundary contribution. As for the Gy,
this can be ensured by choosing the h; such that they vanish in the IR. The IR contribution
from 2§, however cannot be eliminated by the remaining freedom in the choice of the 5-
form. Therefore the vanishing of this contribution needs to be required as an additional
constraint on the solutions. We shall discuss this point in more detail below.
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After imposing the constraints, the explicit form for G4 at the boundary reads

24 Gy 2 [Tr(L AFD Ut A DU) + Te(LUT A DU AFE))+ (D.19)

’bdry:
TR A DUUT AF®) £ Te(R AF® A DU UT)}+
+[Tr(L Ut ADUUY AFR U + Te(L Ut A FR) A DU)+
+Te(RA DU AFOUT) 4 TRU AFP U A DU T+
—l—i[—Tr(L/\LUT/\DUUT/\RU)—l—Tr(L/\LUT/\R/\DU)—i—
+TH(LUT AR AR A DU) + Te(LUT A DUUT ARARU)|+
+i [Tr(L/\F(L) UTARU) + Te(LUT ARU AFE)) 1
+THLUTARAF® U) + T(LUT A FP ARD)|+
+2i[Tr(L/\L/\LUT/\DU)~|—Tr(R/\R/\R/\DUUT)}—|—
—2[Te(LALALUTARU) + Te(LUT AR ARARD)|+
+2[Tr(LUTADUUTADUUTARU)+Tr(LUTARADUUTADU)]+
+[ = (LU A DU ALUT A DU) + Tx(R A DUUT ARA DU U+
+2z’[—Tr(LUTARUALUTADU)+Tr(LUTARADUUTARU)]+
—2i [H(L U'ADUU'ADUU'ADU) +Te(RADUU' ADUUT A DU UT)}+
+Tr(LUTARUALUYARU) .

Our final result can then be compared to the chiral Lagrangian Wess-Zumino term
written in [141] and given below in (D.62). We find that

40 |
/QC /G4\bdry CULSP o /d[Tr(LUT AdRU) — Te(RU AdLUT)]  (D.20)

where Sy 7z is the action from this reference, discussed below in Appendix D.3. That is,
the expressions agree up to a derivative term, which is C-odd. Notice that adding such
a derivative in G4 would leave €25 unchanged. Because none of the Pi-odd C-even forms
F 4(1) is gauge invariant, there is no freedom of adding gauge invariant terms such as (D.61)
below. Moreover, the normalization of the action also agrees (up to differences in sign
conventions) with [141].
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IR contribution from (2

We investigate here the contribution to [ Qf — where Qf is the non-exact closed part of the
TCS 5-form (D.6) — that comes from the singular IR point at r — oo, and determine the
condition for it to vanish. This will put constraints on the extreme IR behavior (r — o)
of the gauge transformations that are allowed in the bulk.

Q) is a closed form, so in principle it can be written locally as the exterior derivative of
some 4-form wy. However, as noted in [140], there is no way to find an explicit expression
in terms of U for such an wy. On the other hand, what can be done is to write w4 order
by order in the pion field II defined as

U=erl, (D.21)

Up to order O(IT7), we find that locally Q€ is equal to

O = goTr {z <fi)5 d (H (dn)4) } + (D.22)

+ goTr {;f?id (3IT%dIT A TIAIT? + 3T1dIT A TIIT A TIAIT® — 2IT3d1T*) 4 O(11%) }

where all higher orders will also be written as the exterior derivative of a 4-form containing
four exterior derivatives of II. When integrating over the bulk, Qf expanded in powers of II
can therefore be written as a boundary integral, with contributions from the UV boundary
and IR singularity

Qf — igo 2 ’ Tr{H(dH)4} L (D.23)
fr uv

160

4—@90721f7Z

[ / Tr{3I12dII A IdIT3+

IR

+ 3IIdII A TIAIT A TIAIT? — 2113dIT* + O(T1%)}
uv

So the condition for the IR contribution to vanish at all orders in II, is for the derivative
of II (or equivalently U) in one of the boundary coordinates z* to be identically 0 in the
IR. Note that it is always obeyed by the instanton ansatz (3.1.64) because of its invariance
under time reversal. Also, we expect that it should be possible for physically relevant
solutions to impose the more natural stronger condition

o U(x,r) — 0, (D.24)

7—00

which is Lorentz invariant.
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D.1 Baryon charge

We now check the coupling of the non-abelian fields to the abelian vectorial charge. To do
this, we separate the vectorial abelian term by replacing L/R — ® + L/R (see (3.1.41)).
Notice that here ® is a generic abelian one-form, ® = ®;dz™, where the index M runs
over all the five coordinates. Consequently, the field strengths are replaced using the rules
FL/ER) 5 4 + FL/R) | while DU is unchanged. Therefore the bulk term becomes

08 = QY| ,_, +2d® A (fi(7) + f3(r)) T [DU A (FOUT + UTFE)]4 (D.25)
+2d® A fo(r)Te[(DU UMY + 2(f1(7) + f3(7))d® A d® A Te(DU UT).
Notice that gauge invariance of these terms guarantees that the dependence on ® is through

the derivative. Moreover only the functions f; + f3 and fs appear in the coupling term.
For this expression, the constraints (D.11) impose that
1 1
O+ f5(0) =7, f2(0) = —. (D.26)
For the Q5 of [138], we find that

Ji(T) + f3(7) = —36_72 , fo(r) = %(1 +72)e (D.27)

As it turns out, it is convenient to rewrite the coupling as
Q8 =00 ,_, + 2(f1(7)+ f3(1))d® A d® A Te(DU UT)+
— 20 A d{(f1(7)+ f3(1)Te[DU A (FPUT + UTFE) | 4 fo (1) Te[(DU UT)?] 3+

+2d{® A (f1(7)+ f3(7))Te[DU A (FPUT + UTFEN + fo (7)) Te[(DU UT)?]}
(D.28)

) )
) )

There are also boundary terms involving ®, which arise from G4. They can be written
as

1 , ‘
Galpgyy = Galg_o + 5@ A [F4Te(L A FEY £ Te(LALAL) 4 4iTr(R A FR) 4

—Tr(RARAR) +6Te(DU A FOUT) 4+ 6T (DUUT A FUD)+
— 2%Te(DUUT A DUUT A DUUT)]+ (D.29)

1
+ 5 dl® A (2iTr(LUT A RU) + 3Tr(LUT A DU) + 3Tr(R A DUUT))] .

Here, the total derivative term does not contribute to 5 and we drop it. Interestingly,
the covariant terms in (D.29) cancel against the boundary term arising from (D.28) after
using the conditions (D.26). Therefore the full baryon coupling takes a simple form:

/95_/95}¢;=0

211



_— 2/ ® A d{(f1(r) + f3(1))T[DU A (FPUT + UTFR) 4 fo(r)Te[ (DU UTY?]}+
+ 2/(f1(7-) + f3())d® A d A Te(DU U+

1
+ — [ ® A[-4iTe(L A FP)) 4+ Tr(L?) 4 4iTe(R A FF)) — Tr(R3

5 (D.30)

My -

Notice that here the integral on the last row is four dimensional whereas the other integrals
are five dimensional.

We then extract the expression for the baryon number current and charge. The full
action contains the dilaton gravity, DBI, and TCS terms. Only the DBI and TCS terms
depend on the gauge fields and are therefore relevant for the analysis of the baryon number
current. As it turns out, the charge of the baryon will only arise from the TCS term. The
full action may be written as

S = 56D 4 gb) — / drd'z £LOP) 4 / d'z L] _ (D.31)

where r = 0 is the UV boundary and the bulk has » > 0. The 5D piece arises from the
DBI and TCS terms whereas the boundary term arises from the CS sector only. The DBI
action is given in section 3.1.2, but the expression will not be needed here. The division of
the CS term into 5D and 4D pieces is not well defined per se, but for concreteness we may
take the 5D term to be (D.25) so that the 4D term is (D.29).

The variation of the on-shell action is then (after partial integration of the 5D term
and using the EOM as usual)

oLtr) oLtP)
3 _ 4 d 4 P o )
0Son—_shell /d x 50, B1s 0 M‘T’ZO + /d T 9%y ] M"I‘:O + (D.32)

where the dots stand for boundary terms from the variations of the other fields and we
assumed that the boundary Lagrangian £4P) is independent of the derivatives of ®.

Moreover, in order to obtain this expression, the term gg:zjl\; 0® )y must vanish in the
IR. Otherwise the variation will receive an inconsistent IR contribution. Similarly we must
assume that contributions from spatial infinity in the partial integration vanish. This will
be justified in the next subsection.

We can read off the (five dimensional) baryon current as

(5D) (4D)
gy~ 0L o |
88T(I)M r=0 a(I)M r=0

(D.33)

We did not comment on the gauge dependence yet. Without loss of generality, we may
assume that £0P) is gauge invariant and depends on ® only through its derivatives, while
L£UP) s not gauge invariant. Indeed this holds for the choices of the TCS terms specified
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above, i.e., that the 5D CS term is (D.25) while the 4D term is (D.29) (omitting the
irrelevant last line). Gauge invariance implies, in particular, that the variation of S (5D)
vanishes for any infinitesimal vectorial U(1) transformation depending on the space-time
coordinates, i.e., for 6®, = Oye. Inserting this in the formula (D.32) and integrating
partially we observe that by gauge invariance we must have

o [oLtpb
Dk (aa@u) o 0 (D-34)

where p is summed over the four Minkowski coordinates. (Recall that these terms would
vanish by the EOMs for homogeneous configurations.) Notice also that

a£(5D)
90,®,

0 (D.35)

i.e. the 5D action is independent of 0,®, since the derivatives of ® only appear either
through the field strength or in the TCS term. Notice that we did not fix the gauge so far,
but to make contact with field theory we should choose the gauge where ®, = 0.

We now discuss the term arising from the 4D action. Recall that we chose to use (D.25)
for the 5D action so that the full & dependent 4D piece is given in (D.29). Because this is
a boundary term at r» = 0, there is no dependence on ®,. such that

8£(4D)
- D.
5. 0 (D.36)
The other terms may be written as
oL"P) iN,
- = ——C dg" A [—4iTe(LAFE)Y + Te(LAL AL
9%, wa| 487r2d$ A [—4iTr(L A )+ Tr(LALAL)+
+4iTr(RA FB) — Tr(RA RA R) + 6Tr(DU A FEUH+
+6Tr(DUUT A FUB)) — 2iTe(DUUT A DUUT A DUUT)] (D.37)

where wy = dz® Adxt Adx? Ada? is the four dimensional volume form. The first four terms
in the square brackets reflect the mixed anomaly. They vanish for vectorial external gauge
fields, L = R. For zero external gauge fields the last term gives the expected topological

baryon current,
Ne' oo
— S T (&,UUT AOUUT A &,UUT) . (D.38)

The divergence of the current (D.37) is given by
oLAD) iN,

9 95 _ Y (L) : (R)
d, 55, 0= " Ir2 d[—4iTe(L A F)+Te(L A L A L)+4iTe(R A F8)) 4
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—Tr(RARAR)+6Tr(DU A FOUNY+6Tr(DUUT A FUD))+
— 2%Te(DUUT A DUUT A DUUY)] . (D.39)
Explicit computation of the exterior derivative gives

a£(4D)
" oa,
I

r=0 - 487'(2

+AiTH(LALAFP) —iTe(RARAFR)] (D.40)

W4q

[2Te(FP) A FB)) — 2Te(FR) A FUD) 4

This anomaly contribution vanishes for vectorial gauge fields, L = R. In conclusion, since
we have shown earlier that the divergence of the first contribution in (D.33) vanishes, we
have that

Oy J =0, Jg =0 (D.41)

in the absence of axial gauge fields at the boundary.
The contribution from the TCS action to the first term in (D.33) can also be computed

explicitly (omitting the nonlinear term):2°

aLsy)
s - D.42
90,®,, lr—0"* (D.42)
iN.
272

dz" A {(f1(0) + f3(0))Te[DU A (FEUT + UTFI)] 4 fo0)Tx[(DU UT3)} .

After imposing the conditions (D.26), this contribution cancels the last three terms in (D.37).
This cancellation is however superficial: We can also use the equations of motion to write

8£(5D)
= (9,,/(17“ . (D.43)
r=0 86,/(1)“

a£(5D)
90,0,

Then the baryon number is, taking the configuration to be independent of time,

oLGD) LD
_ 3. 70 _ 3 B 3
NB_/dXJB_/dexakac?k‘I’o /dx 90,

(D.44)

r=0

where the first term, arising from the 5D bulk action, integrates into a boundary term at
spatial infinity, so that the UV boundary contribution only arises from the second term

20The minus sign arises due to consistency with the chosen coordinate system. Because we have
chosen that » = 0 is the UV boundary value of the holographic coordinate, taking ws = dr A wy,
Jyygws = — [dPz g, and [,,, fws = [d*x [ is consistent with [, df = [,,, f where M is the UV
boundary. Notice that if we changed r — 1/r, there would be no need to include a minus sign in
any of the definitions.
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in (D.44) and the purported cancellation is absent. Assuming that the contributions from

spatial infinity vanish, the result may be written as the following 3D boundary integral:

AN
4872

—Te(RARAR) 4 6Te(DU A FOUTY + 6Te(DUUT A FU) 4

— 2iTe(DUUT A DUUT A DUUT)] . (D.45)

[—4iTe(L A FE)) + Te(L A LA L) 4 4iTe(R A FU9)+

B=

Notice that, in the end, the derivation of the baryon number did not require using the
conditions (D.26). Even more remarkably, Np does not depend in any manner on the non-
closed part of the TCS action Qg and the corresponding TCS potentials f;j(7). Here, the
generation of the baryon number and the contribution of the TCS terms to the equations
of motion (responsible for the stabilization of the baryon size) are ensured by two distinct
parts of the CS action (closed and non-closed). Although slightly counter-intuitive, it is
not a contradiction though. The reason is that the result for the baryon number simply
tells us what should be the boundary behavior of the tachyon field for Nz to be non-zero
(it should have a Skyrmion winding from (D.38)).It does not guarantee that a solution
with such boundary conditions exists though. In particular, it is expected that no finite
size solution should exist when Q2 vanishes (f;(7) = 0).

Bj

Figure 28: Volume of integration V, for the baryon and its three-dimensional bound-
aries Bs + Ds.
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D.2 Boundary terms to the baryon charge

We finish by discussing the boundary terms at spatial infinity. That is, we consider the
baryon number in a finite 3D volume. We take this volume to be the three ball B3, but
the analysis is the same for any shape of the volume. By using the equations of motion as
above, the charge may be written as

oLbtD) dLMUP)
Ng = d*x.J? :/dr/ dsS n —/ d3x D.46
o /133 B oB3 90,90 B 0®g ( )

where the unit vector n is normal to the surface element dS of 9B3. We can also write
down the TCS contributions explicitly:

Lo
N = [ dr dsS ny
B= / /833 90,D

[(fl( )+ f3(r))Te[DU A (FPUT + UTFH))+

21 2
+ fo(m) Te[(DU U]+
’LN

)+ f3(7))d® A Te[DU UT)+

[ 4Te(L A FE)Y) 4 Te(L A LA L) + 4iTe(R A FF) 4
487T B3

—Tr(RA RAR) + 6Tr(DU A FOUT) 4 6T (DUUT A FUD) 1
— 2{Te(DUUT A DUUY A DUUT)] (D.47)

where D3 is the boundary at spatial infinity. The boundary of the whole four-dimensional
(holographic and spatial dimensions) volume therefore breaks into two terms, 0V, = B3 +
D3 where Bj lies at the holographic boundary r = 0 and D3 lies at spatial infinity, see
figure 28. Notice that there is no boundary at r = co as the geometry shrinks into a single
point in the IR, where it ends in a singularity (represented by a blob in the figure). It
is important to check that the boundary contributions of the first three lines vanish for
soliton configurations at large volumes, i.e., when 0Bj3 is far from the soliton.

If the conditions (D.26) hold, the most important contributions (i.e., those that are
expected to contribute to the charge of the soliton solution in the limit of large volume)
can be written as a four dimensional bulk integral:

iN.

2
2me Jv,

Np = {(f1( )+ f3(T))Te[DU A (FOUT + UTFE)) 4

+ fa(r)TH(DU U }+

aLlL) i\,
/ dr / ds ny, 5 ;gl (f1(7)+f3(7))d® A Tr[DU U']+
OB3 kP07 Jp,
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_ e
4871'2 Bs
—~Tr(RARAR)]

[~ 4iTe(LAFWB) + Te(L A LA L)+ 4iTe(R A FE)) -

=0 - (D.48)

That is, while the conditions (D.26) were not necessary to derive the main formula (D.45),
they are necessary to write down the charge as a compact bulk integral for finite volumes.

We now show the vanishing of the contribution to (D.47) at spatial infinity for the
baryon solution. This is most conveniently done by using the gauge fields redefined to
absorb the tachyon phase as in (3.1.78). The 3-forms that are integrated on D3 can then
be written as

Tr [A A (F<L> n FWH : (D.49)
Tr [Aﬂ : (D.50)
dd A T [A} =0, (D.51)

where A is defined in (3.1.42). On the other hand, the DBI action?' can be written in
terms of the redefined gauge fields as

Sper = —M3Nc/d5a: V(A 7%)y/—det § x (D.52)

1 1 o5, _j\MN -
X <|:2+4I€7' (g ) Tr Ay Ayv—

1 e
—5? @) G T EGED, + 0 (D)) } + (Lo R)> :

from which it is clear that both A and F(/B) should vanish at spatial infinity for a finite
energy cylindrically symmetric baryon solution. This implies that there is no contribution
from spatial infinity to the baryon number (D.47).

D.2.1 Details on the relation to the bulk instanton number

We derive in this subsection the condition for the baryon number (3.1.96) to equal the bulk
instanton number

1
Nostanton = 53 / T (B® ARG R0 A B (D.53)
bulk

or in terms of the ansatz fields (3.1.70)

1 __
Ninstanton = % /dl‘df e (Fﬂﬂ + aﬂ (_Z¢*DD¢ + hC)) : (D54)

2In the probe limit. The result extends straightforwardly to the inhomogeneous tachyon case.
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We first notice that (3.1.96) can be rewritten in terms of the redefined gauged fields of
(3.1.78) at the boundary as

1

N / [T - RS+ 3L AR 312 AR)|

uv

Because the redefined gauge fields at the boundary take a pure gauge form, FL/R) =,
which implies that L? = —id L and likewise for R. (D.55) can then be rewritten as

1
2472

— 241%2/[—1'Tr(1~43—]::{3)} .

1 S(0) AT . LT3 S(R) AR 1 L. @3
S [Tr(F()/\L—irSzL —<F()/\R—|—3ZR

No = 5ig [ [FTE - RO - a@AR))

uv

(D.56)

uv

On the other hand Tr(F(W) AF(1)) = d [Tr (F<L> AL+ Li 133)] = dws(L), and likewise for
R, where wj is the Chern-Simons 3-form. So, using Stoke’s theorem, we find that

, (D.57)

1 . .
NB = Ninstanton — 87’(’2/ |:LU3(L) - W3(R)} .

where the contribution from spatial boundaries was dropped because of the boundary
conditions Table 3.1. Therefore, the condition for the baryon number to equal the instanton
=0. (D.58)

number is that
[ [nl@) - ()]
IR

In terms of the baryon ansatz of equations (3.1.50)-(3.1.52) and (3.1.64) the condition reads

/df (A§(|¢~5|2 — 1) + 01 + Oe b — 35952451)

~0. (D.59)
IR

D.3 Gauged WZ term
The gauged WZ term was first written down fully by Witten in [140] (equation (24)) where

he also derived the chiral anomalies (equation (25)). It was then noted that this expression
has some typos and that it is defined up to a gauge invariant term by [141] and [142]. First
note that the authors all have different conventions for the gauge fields:

itten aymakcalan . anes
AT = — AL = —i(L/R)Manes (D.60)
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Upon these conventions, the expressions derived in [141] (equation (4.18)) and [142] (equa-
tion (69)) are exactly the same and differ from Witten’s expression by the following:

e As mentioned above, Witten’s expression should be corrected, by adding iA% to
ArdAp +dAp Ay in the second line, interchanging R <> L in the second term of the
third line and replacing the % in front of A%U A%U ~1 by 1 in the last line.

e They add to Witten’s T
1

482Tr/(d(ALUdARU1) —~FOUyFr®y—1y, (D.61)
m

where the second term is such that the gauge-invariant form FIOUFE U1 does
not appear in the final expression and the first one yields a 3-dimensional boundary
term that vanishes .

We write here their expression using the convention of [141]
Swz(U, Ap, Ag) = C / Tr [55} +5C / Tr [ALoﬁ +ARB3]—
- 5C/Tr (dALAr + ArdAp)a+ (dARAR + ARdAR)B] +

+ 5C/Tr dA QUARU " + dARﬂU—lALU} +

+5C / Te|ApUTALUB? — ALUARU*@Q} +
+ % / Tr[(ALa)Q - (ARB)Q] +5Ci / T&"[A%a + A?,’{B]Jr
+5C / Tr [(dARAR + ARdAR) U ALU—
~ (dALAL + ALdAL)UARU‘l} +
+5C / Tr [ALUARU‘IALoz n ARU‘lALUARB] +
+ 5C/Tr [A%U*lALU — BUARU + %(UARU”AL)Q} , (D.62)

where C = 2_4%17\13, a=dUU~ ! and B = U~'dU. Note that all terms are P1-odd. They are

also C even, apart from the term in the third line which is the sum of a C-even non-closed
4-form and a C-odd exact 4-form.
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Gauge transformations It can be checked that (D.62) reproduces the correct chiral
anomalies

6Swz(U, Ar, AR) = —100/% [AL <(dAL)2 - ;d(Ai)> —(L & R)] , (D.63)

upon a general infinitesimal gauge transformation, where the various fields transform as
oU =AU —UApg, (D.64)

0Arp = —idAr/r + [AL R, AL/R]- (D.65)

E The TCS contribution to the baryon equations
of motion

The TCS action reads .
i
Scs=—5 [ © E.1
es = s [ % (B1)
where 5 is the TCS 5-form, which is decomposed as in (3.1.26)
Q5 = QF + QF + dGy. (E.2)

The expressions for each term are given in Appendix D. Upon a small variation of the fields,
Q¢ and dGy yield boundary terms which do not contribute to the equations of motion. The
TCS contribution to the equations of motion is therefore given by varying the first term

Q2 (D.5).

Gauge field EoM Upon a little variation of the gauge field L — L + 6L, QY changes
as

o5 = Tr{5L A (— ifi(r) (F(L) AFD) L UTFE ANFRY — LAFD AUTDU -
~FOANUDUAL -LAUDU AFE) -
—UtDU AFE) A L)_
— d[A(W'DU AFD +FD AUt DY) -
—ifa(T) (F<L> AUTDU AUTDU + UtDU AUTDU AFE) 4

+UDUANFB AUTDU-
—~LAU'DUANU'DU ANUTDU -
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—~U'DU ANUTDU AUTDU A L+
+FB A puUt A DUUT + DUUT A DUUT AFW) 4
+ puUt AR A DU -

—d[fz(’r) UTDU AUTDU A UTDU}—

—if3(7) (F(L) ANUTFRU+UTFRU AR 1L A UTF A DU-

~UFBADUAL -LAUDUAUTF® U -
—UtpU AUTF®U A L) _
— d[fs()(@t DU AUTR D 4 UTFR) A DU) |-

— 4ify(T)UTDU ANUTDU AUTDU A UTDU>},

(E.3)

and SR is obtained by exchanging L > R, U <+ U! and multiplying by —1. From the

definition of the CS currents (C.3) and (C.9), (E.3) can be written as
1 .- A
L0 = 472 M3 Tr {25L nIS) + ;LA J&) HNf} :
where
A 1 A
JéLS) = IEMNPQRJéI:q)VdeN AdzP A dJ?Q Adz® ,
a 1 7 a
J(L) = fEMNpQRJéIg ’Md:L'N AdzP A dx@ A d:L'R,

¢s Tyl

N

with the quantities J((;LS)’M and J((;LS) oM appearing respectively in (C.1) and (C.8).

U EoM Upon a little variation of U, U — U + §U, Q2 changes as

Sy = Tr{cSU(— f1(7) (z’L AFE AFDOUT —ip) AFREUT A R-
—U'DU AFE) AFDUT 1L AUTEE) A PO -
UTF® AFB AR — UTFE) A FR) A DUUT) +
+d [ AED AFDUT 4 gip® A FR)|
— fo(7) (z’L ANFE) A UTDU AUTDUUT -
—iFO AUTDU AUTDUUT A R—
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—~U'DU AR AUTDU AUTDUUT+
+iLAUTDU AFP) AUTDUUT-
—iUtDU NFE) AUTDUUT A R—
—~U'DU AU'DU AR AUTDUUT+
+iLAUTDU AUTDU AFPIUT -
—iU'DU AUTDU AR UT AR-
—~U'DUAUTDU AUTDU ANFDUT 4
+iLAUTF® A DUUt A DUUT -
—iU'FE A DUUY A DUUT AR—-
~UtbUuUt AFH A DUUT A DUUT+
+iL AUTDUUT AR A DUUT-
—iUtDUUT AR A DUUT AR—
—Utpuut ADUUY AFB A DUUT+
+iLAUTDUUT A DUUT AR —
—iU'DUUT A DUUT AR A R—
—U'DUUT A DUUT A DUUT AF® )4
+d [fQ(T) (F<L> AUTDU AUTDUUT + UTDU AFD) A UTDUUT+
+UtDU AUTDU AFBUTLUTRE) A DUUT A DUUT+
+UTDUUT AR A DUUT+
+utpuUt A DUUT A F(R)ﬂ -
— f5(7) (iL AFD A UIE® _p@) A yTFEE) A R-
—~UTFB DU AFDUT 4L AUTFE AUFRDIUT—
—iUTFRANUFPUT AR - UTFR AUFPUT A DUUT+
+ PO AUTDUUT AF® — ytpuut AR A ROt ) +
+d|f3(r) (F® A UTE® 4 UTFRID A FEUT) |-
— 4f4(T) (iL ANUTDU ANUTDU NUTDU AUTDUUT—
—iUTDU AUTDU AUTDU AUTDUUT AR~
—U'DU AU'DU ANUTDU AUTDU A UTDUUT)+
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+4d[f4(T)UTDUAUTDUAUTDUAUTDUU*D}. (E.6)
From (C.7), (E.6) can be written as
500 = Ani M3 Tr <5UJgSUT) , (E.7)
where

IV = J8gdt Adr Adaxy Adzg Adas, (E.8)

and where JYg can be read off from (C.6).

F The baryon ansatz field equations

We present in this appendix the derivation of the differential equations obeyed by the fields
of the baryon ansatz (3.1.70). We start with some general results which are useful to derive
those equations and then specify to the two different regimes of approximation considered
in this work, the probe instanton and the inhomogeneous tachyon.

We first write down the expression for the inverse of the effective metric g (3.1.75),
which is found to take a relatively simple form

—detgg = x, «a | ¥Vt |, (F.1)
X7 | s
where we defined 2 scalars
ap = e + 8% ((9,7)? + (8e1)?) (F.2)
ar = e (M f — w?(9:®)? + K (0eT) %) | (F.3)

the 4-vector X with components
X, = e*w (*40,® + k0T (0, 90T — 0:®9,T)) , (F.4)
X; = e4A%w (€240:® — kO, 7(D, BT — DD, T)) (F.5)

the 3-vector Y with components

Y, = —e4A%(—w2ar<I>8§<I> + 24 k0,70,T)) (F.6)
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and the symmetric 3-matrix gg with components

(95)ii = 4 — e*w? <(8T(I>)2 + (6§<I>)2 <1 - Z;Z)) - (F.7)
2
- eQA/fMQ(agTaT(ID — 0,70:®)? <1 - z;> +

z;
+ 5k <((9,«7')2 + (9¢7)? <1 - 52)) ,
T;X4
(95)ij = —e2A§—2j(—62Aw2(8§®)2 + M k(0:®)? — kw? (970, ® — 0,70 ®)%).  (F.8)
Provided these results, the equations of motion (C.1),(C.6) and (C.8) are simplified in the
following ways:

e The superscripts (&) and ) can be removed from §.

L/R
L/ g

o FéL/R)C _ (gfl)[MN}F](VLAQR) = 0 because F|

TrDNUTU = 0. (F.9)

e In terms of the redefined gauge fields (3.1.78), the following replacements can be
performed 3
iDNUTU = V2Ay, (F.10)

N
% [D(M <Vf()\,7'2)m'2\/—det g ((g@))*l) )DN)UT> U~ h.c.+ (L <+ R)

(M
= —iv20y (Vi(\, r2)er?y/=detg (7)™ Ax) -
—Vf()\,7'2)/£7'2\/—det§(g_l)(MN) [VM,AN , (F.11)

where A and V are defined in (3.1.42).

e Within the ansatz the matrices Sy;y and F ]Ef ]<,R) can be written
0 0
PR — , (F.12)
0 FL/R)
(4)
0] 0
SunN = , (F.l3)
O 5(4)
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where F((4L)/ B) s an antisymmetric 4-matrix

(L/R)\? (L/R)
F(L/R)a __ .atj <¢1 ) ( t gb ) F 14
@ € & + (F.14)
(L/R) (L/R))? (L/R)
+ (x.eajk — ,€aik)l, €D£¢2 + ((bl ) <1 + ¢ ) +
7 7 k 64
D™ B (1 n ¢gL/R)>2
+ (:Ei(Sja — iL'j(Sm) §12 + $aezjkxk§—4 s
(L/R) (L/R) (L/R)

o D, X %

FLIRe _eazkxk# — (£260 — Tita) =gy T it 52 , (F.15)

where the covariant derivative D¢ is defined in (A.21) and the field strength Fjp
n (A.23). We recall that the abelian part of the field strength is included in the
effective metric g and has the components

F =o,0(r6) , By = za,§<1>(7~ £). (F.16)
S(4) is a symmetric 4-matrix
(Say)rr = 2(0,0 + A,)% = 242, (F.17)
(S(ay)ri = 2(A, + 8,0) (A + age)% = QATA% , (F.18)
(Seay)ij =2 <(e% Z?%*)Q (5@' - x€§j> (A¢ +9 9)233?”>
9 ((ci; Zg*)Z (51']' B xg;) +f~1§ xgg) 7 (F.19)

where we recall that we defined the 2-vector (Ag¢, A,) = (A1, A2). Then, noting that

g~ ! can be written

8A 6A ar 2 ) 2 _Xt
Cdetggte [ 1° % (0r7) +(57))‘ , (F.20)
v K

with S the symmetric 4-matrix

S— ( eta (e4A —w?(9:P)? + H(@gT)QGQA) ‘ & )

(F.21)

—

Y ‘gs
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the following expressions can be obtained for the matrices with raised indices

¢ p(L/R)
(Perm) ™~ (—det g2 - X'F w > ) (F.22)
-3Fy/ )X‘ SF/ s

(F.23)

t t
SMN = (—det )~ ( et ‘ ~X w3 ) ,

SSX \ 5SS

( F(L/R>>MS ( F(L/R))gN _ (F.24)

E (LR ¢ p(LIR) x| st pl(L/R) o oL/ R)
ey (XF(4) SEEx | —xtF LM 5)7

s p(L/R) g p(L/R) x ‘ SELMSEE™ s

(4) (4)

(F(L/R)>MN <F(L/R))NM — (—det §)"2tr (SF((ZLL)/R)SF(E;L)/R)> : (F.25)

where the symmetric and antisymmetric parts are easily identified.

F.1 Probe instanton

We consider first the case of the probe regime. We recall the expressions of the non-abelian
equations of motion in (C.6) and (C.8)

1 =~ (~—1\(MN
3 [D(M (Vf()\,TQ)KTQ\/Tetg ()M Dyyut) U - h,c_} o (F.26)
1
Lo O -
= %Vf()\,TQ)\/Tetg (g—l)MN kT2 (iDNUTU — ]éfTr(iDNUTU) + h.c.) + QJéLg .

With the quadratic expansion introduced in Section 3.1.5.1, the abelian gauge field equa-
tions (C.1) are modified to take the same shape as the non-abelian part

Ny [Vi(, 7) /= det g u? FINM] (F.25)
= V(A 72)y/—detg (571" k2T (z‘DNUT U+ h.c-) +2J%)

where the result (F.9) was used to simplify the right-hand side.
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SU(2) ansatz Substituting the ansatz (3.1.50)-(3.1.52), (3.1.56)-(3.1.58) and (3.1.64)
into the equations of motion (F.26)-(F.28) yields the following system of equations for the
fields of the ansatz (3.1.70)

¢ a 63A ~
27530 Or (Vf()\, ) kT2 \/1 - e2AK/(arT)2€2AT> (F.29)
+Vi(\, T ,.;7263/1\/1 4+ e24y <8£(€2A5) +2¢1¢2)} — %Jgs,
0,
o Vf()\’ 7‘2)w2eA \/1 + 6_2’4&(@7)2] (F.30)
2
+ Vf()\, 72)w2€A\/1 + e*QAK;(aT,q—)Q 85(2285(1)) _ —jCSO :
eA 2 2 .k . «
V14 e 245(8,7)2 Vi T Juw? 53 [85(‘5 Fer) = (i¢" Dy — id Dy b )] (F.31)

a 3A o (L)a
KT Ar+4J54,

— 2\ ©
=) £ \/1+e 240, 7

6zak

2¢2

) erAw2 ~
o () )]

28 _ o 2
_l_g 5za2£3$2$a [erA\/l—ke?A/ﬁ;(@r ) <D D ¢ ¢|¢‘ +h )

erAw2 ~
o (ind) o)

TiXg
2¢4

V. \/1 —2A 2 _ |¢|2
re +e7245(8,7)2w? ( iD¢ Ded — i e —|— h.c. (F.32)

erA\/l + e24%(0,7)2w? (2ip* De¢ + h.c.) +

A, 2
12620, Vie®w Fer
V1 + e 245(0,7)2

26,
- 4er3A\/1 + e~ 245 (9, 7)2KT> <f w2£ Tita

TiZq,

(CZ) Q;*) - 2{4

(—2521215)> +4J537
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where we used the covariant quantities (A.21) and (A.23). The right-handed equations are
obtained by performing

¢ ——0" , Ap— —Ap. (F.33)
It can be checked that (F.30), (F.31) and (F.32) yield the same form for the equations of
motion as what was found in [173] and [175] when the tachyon and the CS contribution
are set to 0. We derive the CS contribution in the next subsection.

F.1.1 TCS contribution

The general form of the contribution of the TCS term to the equations of motion is pre-

sented in Appendix E. For the SU(2) ansatz (3.1.50)-(3.1.52) and (3.1.64), the CS currents

~(L) L)a
JCSM’ JéSM

jggo = Aé‘}?S‘)O = 47:2flM(§22 ((1 + ;?E:;) M (Fup + 0a(—i¢* Dy + h.c.))
B fa()
" <32 Ao ! f1(T)>

and Jgs in the probe approximation are found to be

€
1%

(350065 - Audua+ 57

v2r (RO B0 o -1+ L6+ 5006 - D)
—3”'%%3145(&%5*)2) : (F.34)
S
__h(D) . f3(7)
= %;7]\/_,35395 aﬁ’( <1 + fj(T > (1 —1[o)+ (F.35)

)
. <3Z.f2(7) f3<f>> <q3+¢3*>2> |

J(L)a _ %040 — xitta 1 (7)e” ( — <1 + f3<T)> 8ﬁq>D17¢~5+

T g oM fi(7)
So(r) _f3<r>>~_ I,
+2<3zf1(7) 1 ) ¢8#¢Ay+h.c.>+

2¢4 2m2 M3 fi(7)

-fQ(T) 1 f3(T) 7 T\ 2
+ <3zf1(7) 1 f1(T)> 0r®(p + ¢") >+

~zixa f1(7) (_ 9 (1 T+ f3(7)> 0,9(|o]> — 1)+
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¢iak g T :
+ et ( <1+ e §> " (@p®Dyd + hc)+ (F.36)

fi(r) + £3(7)

- fi(7)

(¢ + ¢7)0:P )

T = 0% st x — () + fa(r) = Bifa) (D + 6°)05@(Dsb + Do)+

+ () + B0 = 1) = T i(r)rocné+ 72
(F.37)

Note that only f1(7) + f3(7) and f2(7) contribute to the equations of motion.

F.1.2 Full EoMs

Substituting (F.34)-(F.37) into (F.29),(F.30),(F.31) and (F.32) yields the full set of 6 real
equations of motion for the 6 fields of the SU(2) ansatz (3.1.70) in the probe instanton
limit (where the tachyon modulus 7 is a background field)

Oy (eQAk: /<;7'2£2/~1T> + e*Ah k72 (85(52[15) + 2%(552 - (¢~5*)2)>

_ A+ gjr(;]\)4; ST (3 4 50,0 (Do + Do)
3t

b (L) + ST OB — 1) — o DT O + 3, (F.38)

Oy [kw? 528 ] +hw ag 20: )

fi(r ((
47r2M3

(
) (Fap + Op(—i¢* Dy + h.c.)) +

f(T) SN o (L (7.7 1 0-(3 + 342
+(3 fl(T)_l_ fi( > " (2 Fio 6+ 67)° AM8V(¢+¢)>+
J1(T) + f3(7 LGt - o
+ar BOEBD (32 - 1)+ 16+ 5(De6 - Ded)) -
—3ir /f2(T) iy x
3iT f1(T)A€(¢ o) > (F.39)

kw?® [0¢(6* Fer) — (i Dy — i¢ D)
= 4e*4k /<,’7'2§2Ar
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2R g (14 ) ey o} (520 5O 6 ),

w2 M3 fi(7) fi(7) fi(7) F.10)
F.40
huw? <D Ded — ¢’¢Z 1) +D, (kaquB) +he.
4e24h, m'Qgg—i-
+ 2f12(]\;€:v (_i (1 + fiE:i) 9P Dyt (F.41)
fa(7) RGO c
+2 < AOR f1<7)> ¢6M<I>Al,> + he.,

haw? (—w*ngB n h.c.) + €20, (kw?F¢)
= 462Ah/<;7'252]1§

S0 (14 B - topy+ 5 (32D <1 - D) G i)

hw? <1D ngﬁ — 2¢‘¢|2 > + 4D, (kw2qu~5> + h.c.

&2
2f1(7
-3 (-3

) eﬂDB,Z(I)Dmg-i- WT’&@@) + h.c. . (F43)
Si(7)

where we defined

k(r) =

A

V1 +e245(9,7)2

(F.38)-(F.43) are consistent with the equations of motion derived in [173] (equation (19))
and [175] (equations (2.16)-(2.19)) in the limit where the tachyon goes to 0?2.

Vi) L h(r) = oty e 20,12V (N 7). (FAd)

F.1.3 Lorenz gauge

We write in this subsection the equations of motion (F.38)-(F.43) in the Lorenz gauge,
which corresponds to the constraint

0p Ay + D¢ Ac = 0. (F.45)

22Except that 7 should be divided by 2 in (2.19) of [175] and multiplied by -1 in (2.17) and
(2.18). Also, to obtain the same coefficients for ~ it is necessary to change the convention for the
normalization of the abelian gauge field ®: ® — &//2N; .
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In this gauge, the equations of motion for the 2-dimensional gauge field A; can be written
in an elliptic form, which is the appropriate form to solve the equations numerically via
the heat diffusion method. The full set of equations of motion in Lorenz gauge reads

0 (e*Ak kT%620,0) + **h k7296 (£20¢0)
+ 0, (2 kT2 A,) + 2 hkr? <8§(§2A5) +

_ f1(7)+£;(27]\)4g31f2( ) /u/(qb_’_qﬁ a (I)< V¢+hc>
(7

¥ g (L) + BRI ~ 1) — o Fir

1 - Tk
5@ - @)

)P 9B(d+ 672, (F.d6)

O [kw? €20, 9] +hw ag 28@))

(
it (12 500) (e 00 (05 00)

f2( ) 7z 1 (T IR\2 A 9 (T T\2
(o fl(T)—l— B o (ZFW<¢+¢> Aonlo+ 87
Ji1(T) + f3(r ey py
# 2 BB (Ge38 — 1)+ 56+ 5%) (Ded— e
— 3T /f2(T) OIS
it fl(T)A£(¢ ¢7) > (F.47)

kw? [gQ(agAr + 02A,) + 26 Fyy — (i&*Dré + h.c.)}

= 4>k m‘%gflr

+ 20 0w (1+ 2D - gy (52D -1 - BN G152, pay

hw? (D Ded — ¢‘¢|2 1) +D, (kuﬁDTqE) Y he

&2
:4e2Ah/<aTzq5
2fi(r)e™ (. BN 5 an 7
2 (2 (1 25 ) aweess
20 5O 0 0i ) w e
+2 <3 ro ! f1(7)>¢8M<I>AV)+h.., (F.49)

hw ( z¢*D5¢+hc>+§2kw (02 Ag + 02 A¢) + €2 (kw?) Fre
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= 462Ahl<67'2€2/~1§

8 B0+ (1~ 50) 7). e

huw? <1D5D§q§ - ié‘d";_ 1) +iD, (ku?D,$) + he.

= i{lj\(g <<1 - ;jgg) 9P Dy + "WT’J)@@) +hee. . (F.51)

F.2 Inhomogeneous tachyon

This appendix presents the expressions for the equations of motion for the ansatz fields
(3.1.70) in the case where the tachyon modulus 7 is allowed to be dynamical.
The equations of motion involve the inverse effective metric which in this case takes

the following form

—e 24 0 0 0 0
0 Arr —F B —F B —FBer
2
Gi=| 0 —mAy e (%) Ag %A —mmAg |,
0 —BA,  —BBAE M (2) Ay —REAL
2
0 —PAy PPN —2BAe oM (2) Ag
(F.52)
where we defined the symbol A as
6A o 2 —4A ) 2
A= RO e RO (F.53)
—det g 14 e 24k ((0,7)? + (0¢7)?)
A, = ef4g O¢TO,T _ e 44k O¢TOrT (F.54)
& —det g 1+e 245 ((0,7)2 + (0¢7)?)
A = S + e 25 (0e1)?) _ e 24 (1 +e 2k (0e1)?) (F.55)
" —det g 1+e 246 ((0,7)% + (0¢T)?) '

The equations themselves are then obtained by extremizing the energy (3.1.90) with
respect to small deformations of the ansatz fields (3.1.70)

Or (RT2XMANL €A, ) + Derr2 XA (1 — M Age)? Ae)
— O (RT2XeM A 2 Ag) — e (kT2 X Ag, £2A,)
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b T XA - (§))
el

=520 [(fl (T) + f3(r) = 3ifo(7)) (& + ") 05 @(Doé + Dyd")

#0057 ( (1) + AON0P - 1) - 06+ 32) ] (F50)
O (W2 XA, £20,®] + 0¢ [w? X (1 — 2 Age)£20: D)
— 0 [w2Xe2AA5T§28§<I>] — O (WX A, 620, 0]

_ A0 << ()>(FW—I—0( i6" Dy + h.c.)) +

TVES fi(7)
+ (50 -1 8)( Fur(6+3% = &0, (6+57) ) +
+zaﬂ(f B (o — 1) + 56+ 67 (D3 - Dsd))-
3 QJ;?I((TT)) An(d+ 56*)2)) : (F.57)

O [wQXeQA (A (1= A Age) — A2 ] fQFgT] W2 XAA, (id" Dy — i Dr* )+
+ w?Xe* A Ag, (i¢* Dep — ip Dedp™)
= AkT XM A, A, — 4/<;TQXe4AA§ 52;15—}—

n 2f1(7) X <<1 fa(T )) (1—|62) + < Z-fQ(T) 1 f3(7'>) @4_&*)2) 7

2 M3 fi(7) fi(7) fi(7)
(F.58)
D£ [wZX(l - eZAA&)Dg(ﬂ + Dr [’LUQXGQAATTDT(H —
~ D¢ [0?Xe* Ag, D, 3] — Dy [w?Xe* A Deg| — w?X ¢ Wg + hec.
= 4k Xe* ¢ +
+ Q%EZW <—i <1 + fjé:;) 0B Dypt+
A0 B0) G0 ) e
+2 (3 O C $0;®A5 ) + hec., (F.59)

Or |02 X [Apn(1 — e Age) — AL ] €2 Fre| -
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— WX (1 — e Age) (10" Dep — i¢De¢*) + w X e*A D, (i1¢* Dyp — i Dy ")
= ArT2 XA (1 — A )2 Ap — ArT2 X A 2 A, —

NPy ((1 ' ;8) (1-16P) + 1 <3§E§ 1 §8> G+ ¢3*>2> (F60)

iDy [wQX(l _ e2AA§§)D§¢~)] +iD, [w2Xe2AAMDT¢~S} —

—iD[2X2AAD~—' 2 24 e lelf -1
¢ |w*Xe ¢r rgf)} 1D, [w Xe AgTngb} wX ¢ & + h.c.
_2/1(7) BON S an 1 O+ S0, -
= 0 et <<1+ f1(7)>0#CI>Dy¢+ ) &,T¢8ﬂ<b> + h.c. (F.61)
Or |:y (arTﬁDBI‘i‘

+ex <62A£2I€(>\)T2 (Amrflz - A&Wflg — QAEW/NXT/Q) +

+w())? (; (Amr (1 - Age) = A Ager — 2eQAA5r,rA§r)€2(Fw)2+

1 1
+ 2 <_A5§7T ’D£¢|2 + Apry |D7’¢‘2) - iAfm"(Dr(ﬁ*Dﬁ‘b + h.c.)—
—§2 (ATT’T((?T(I))Q — Agg}r(af(b)Z — QA&,,T@&(DaT‘I))) ) )] +

+ O¢ [3} (357'513131
+ eQAX (62‘462%()\)7'2 (Arngzzl,% — Agg’gfig — 2A§T,5A7~/~15> +
+w(N)? < (Arre (1= Age) — A A e — 267 Ay e Ay ) € (Fp)*+

1 1 .
+3 (‘Afﬁ,é IDep” + Apre |Dr¢\2) - §A§r,§(Dr¢ D¢+ h.c)—

—& (D1 (0,9)? — Age (0 ®)? — 206, 0:90, D)) ) )| —
1)

~ 5 (log V) Lper
B _ *\ 2
= 2Xe? A2 kT <e2AAf,~,~Ag +(1- eQAA&) Ag + ($+¢7)

262

- 262AA§,"1‘L~A§>
+ oy O [(f{ (7) + £5(7)) (Ay b5 (i Dy + he) + - 0n(F (&*)%)
F3 BT~ () = G+ 3P| (F 62)
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where we defined

X =1+ e 245 ((0,7)2 + (8er)?) V(A7) (F.63)
Lppr = Np&2xe+
+ X (62A§2I{()\)T2><
X <e2AATTA2 + (1 - e Ag) AZ + ((ﬁ;rgf) — 2e2AA§TATA£> +
1
+ w(\)? (892‘4 [Arr (1 — 2 Age) — 24AZ ] E(Fun)*+
1 24 2, 24 2
+ 5 (1= e Age) Degl + 2 A, Do) +
(L= 16P)° 154 :
— (A0 (0,2) + (1 - M Age) (9:®)?-
_ 262AA£ra§<1>arq>))) , (F.64)
€_2AI€
— , F.65
Y T e (0,2 + (@) (F.65)
and introduced the following condensed notation
1 5A,, 1 6Agy
Ty, = 3 ’ x =5 ’ ’ ) . F.
=Y 5o V= Y55, 0 mYERY (F.66)
These are equal to
A = =20,70r Dy = 20e7 [~ Ay + 724 (F.67)
A&J = —287«7'A§§ , A§§,§ = 2857‘ [—A& + e_2A] , (F68)
Agry = —20,m0¢ + 72407 | Dgrg = —20e70¢ + e 40,7 (F.69)

G Asymptotics of the probe instanton solution

We present in this appendix the analytical asymptotics near the boundaries of the 2-
dimensional space (r,€&) of the bulk instanton solution in the probe limit. The leading
asymptotics will be necessary to determine the boundary conditions for the numerical

method used to compute the instanton solution.
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G.1 UV asymptotics

We start by analyzing the asymptotics of the solution near the AdS-like UV boundary,
that is in the limit where r — 0, which are obtained by solving the equations of motion
(F.38)-(F.43) in this limit. This analysis involves the UV asymptotics of the background
(2.3.14) and (2.3.18)-(2.3.20). According to the holographic dictionary, the UV asymptotics
contain the external sources and vacuum expectation values (vev) for the operators dual
to the instanton bulk fields.

At leading order in r, (F.39), (F.41), (F.42) and (F.43) respectively determine the
power-law behavior of the two independent solutions for ®, d~>1, flg and g?)g, which are the
components of the gauge fields (3.1.50)-(3.1.52), redefined to absorb the tachyon phase as
in (3.1.80). These power-laws correspond to the standard result for massless gauge fields
on AdS

=0+ )+ @O +-), (G.1)

where ¢ represents all the above mentioned fields, the (0) index refers to the source for the
dual operator, the (2) index to a term proportional to the vev for that operator and the
dots terms that go to 0 at the boundary. Note that this behavior does not apply to A, as
the equations of motion are first order for A, in the r direction.

For the baryon state under study, the chemical potential is set to 0 : ®©) = 0 and
there is no source for the gauge field at the boundary, which for the redefined gauge fields
(3.1.80) corresponds to

ALY = 9600,6) . 9" =sin6(0,€) B = —cos6(0,8), (G2)

where 6 is the phase in the tachyon ansatz (3.1.64). Near the boundary, the ansatz fields
at leading order therefore behave as

® =) r21+--), (G.3)
1= sin0(0,6)(1+---) + ¢ () (1 +---), (G.4)
o= —cos0(0,€)(1+ )+ ¢ (€) rP(1+---), (G.5)
A = 000,91+ ) + AP () r*(1+---). (G.6)

Then, the constraint (F.38) imposes that A, vanishes at the boundary, and behaves at
most linearly in 7

where Aﬁ” obeys

0 (€20:0(0,€)) — sin(20(0,€)) + 462 A (€) = 0. (G.8)

236



From the behavior of the background (2.3.14) and (2.3.18)-(2.3.20), we deduce the order
of the next terms in the UV expansion

= o2 (£) 2 (1+O<rlo;m>> : (G.9)

$1 = sin6(0,¢) + 2 (¢) 2 (1 +0 <7~10;m>> , (G.10)

By = — c0s0(0,€) + 3 (€) 12 (1 +0 <MO;A>> : (G.11)
Ae = 0¢0(0,€) + AP () r? (1 +0 (mém)) , (G.12)

AT:AS)@)T(HO(HO;A)) : (G.13)

Note the peculiar feature that the source mode does not receive r-dependent corrections
when moving away from the boundary. This property is specific to the chiral limit m, = 0.

G.2 Asymptotics at £ — oo

We study here the EoMs (F.38)-(F.43) in the limit where £ — oo, given the boundary
conditions of the second column of Table 3.1, which impose that the instanton energy is
finite. These asymptotics contain information about the tail of the meson cloud far from
the baryon, which determines the long range meson-exchange interaction between baryons.

We assume that the fields can be expanded as Taylor series in 1/ and analyse the
EoMs order by order in 1/¢. This yields the following behavior for the instanton fields in
the limit £ — oo

Dg(r)

®(r, &) = @ +0E™, (G.14)

B1(r€) = ¢1,2(7") n ¢1,£22(?") n ¢1§3(7“) n ¢1§4(7“) N ¢1§5(T) +O@E, (G.15)
- G21 | 22 | b23 | 0o, o, _

Gl &) =14 0+ 5 224(r) - 2555(7") +0(67°), (G.16)

1215(7“7 5) _ Ag;(’l") + Ag;}(’l”) + A§é44(r) + A&;{)(T) + (9(576)7 (G17)

Anrygy = 20y Aealr) y Zsl) | Ail) L o), (qay

& ¢l & €0
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where &2,1, QZ;QQ and @273 are constants and /Alr,n is a linear combination (with r-dependent
coefficients) of ¢ ,,_o, @ 4+ s Ag, 1, A¢ 3. - The other coefficients obey second
order differential equations:

(kw2

F+ kw? F = Sp , F= ¢32,n7 ‘i)n ) (G19)
k 2\/ 2Ah 2 ~ ~
ean (ktUUQ) o 4%(} =S¢ ) G=rnAcn, (G.20)

where k and h are defined in (F.44) and S¢ and Sp are source terms that depend on lower
order coefficients. In particular

Sé1,1 - S<131,2 - SAgg = SA§73 =0. (G.21)

Note that, because of the UV boundary conditions of Table 3.2, the boundary values of
the coefficients q@lyn, Qggm and flgm can all be written explicitly in terms of the asymptotics
of 6(0,¢) at & — oo. In particular, this implies that ¢3271 =0.

Another interesting observation is that the source terms are such that the solution at
¢ — oo can be divided into two independent parity sets

Peven , ¢rodd , ¢2even up to r-independent terms , Ageven , A,odd,
(G.22)

or

®odd , ¢reven , ¢p0dd up to r-independent terms , Agcodd , A,even.

(G.23)
G.2.1 IR behavior of the large ¢ coefficients
The homogeneous solutions of (G.19) are of the form
dr
F(r)= —_— G.24
(r) =c —1—02/ R ( )

where ¢; 2 are two independent constants. From (2.3.16) and (G.26), it is clear that the
second term in (G.24) is singular in the IR. For regularity in the IR ¢ should therefore be
set to 0 for every coefficients obeying (G.19). Note that in the UV, ¢y parametrizes the
freedom for the vev term that goes like ~ r2 as r — 0. Comparing with the UV expansions
(G.3)-(G.6), we see that this constraint imposes that ®?) and q@f) are fixed in terms of
6(0,¢), gzggz) and A?).

Near the IR boundary, the homogeneous solutions of (G.20) are found to behave as

r

G(r) =} exp <a1RT§ <§>QCT (1 + (’)(7‘2))>
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/ 20, kir\’ T\ 2072 _
erexp <_ 3ar(Cr — 1) <w1R> o (E) (1+00r 2>)> ' (G-25)

The first solution diverges in the IR so for all coefficients obeying (G.20), ¢} should be set

to 0. In terms of the UV expansion of (G.3)-(G.6), this should impose é?) and 12122) in
terms of 6(0,€).

G.3 IR asymptotics

We consider in this subsection the asymptotic behavior of the fields near the IR boundary,
that is in the limit where r — oo. For each field, there exist generically two independent
solutions in the IR as in (G.24) and (G.25), only one of which is regular. The asymptotics
we present in the following are the unique regular asymptotics.

From the asymptotics of the background (2.3.16) and (2.3.22)-(2.3.24) we find the
functions k(r) and h(r) defined in (F.44) to behave in the IR as

~1/2

WirR \/§ 24,+(5/3)2e (T \P/2Cr

k(r) ~ C. ( 2/‘01R> e <R> X (G.26)
7\ 2C- _ 2
X exp (—Tg (E) (1+0(r %) + 2RZ> ,
WinnCs [ 3\ Y
 WRToCr [ [9 /3 (IN777

h(r) - <\/;m) e (R) X (G.27)

X exp (—Tg (%)ZCT (1+0(r™?) + 2;;) :

The IR behavior of the fields is obtained by solving the equations of motion (F.38)-
(F.43) in the IR limit. In this limit the CS terms become negligible, which simplifies a lot
the EoMs.

The IR behavior of ®, ¢; and flg is found to be separable in £ and r

1

O(r) = ;oup(f) (1+0 (7‘_207)) , (G.28)
$1(r) = a1 (€) exp (C (%)2@72 (1+ 0<r‘2))) 7 (G-29)
Ag(r) = ag(6) exp (—c (5) 0<r‘2>)> , (G.30)
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where we defined the constant

2 C; KIR 2 9
= - . 31
¢ 3ar(Cr — 1) (w1R> 0 (G-31)
and ag(§) obeys an independent linear ODE
" 2 / 1
o’ (§) + e (&) — Ba(ﬁ) =0, (G.32)

with
§e_2ACmRC'TR

8 arR,

B= (G.33)

(G.32) is compatible with the condition that ® goes to 0 at £ — oo and admits a unique
solution up to overall normalization once the boundary condition that d¢® goes to 0 at
¢ — 0 is imposed.

From (G.29) and (G.30), the constraint (F.38) in the IR limit then fixes the leading
behavior for [lr to be

AT(T) _ arif) exp (‘C (%)207—2 (1 n (’)(7"2))> ? (G.34)

We finally discuss the ¢s field, whose IR behavior is more subtle as the  and ¢ depen-
dence cannot be factorized. Instead, the relevant ansatz is found to be of the form

bo(r, &) =F <B1§gr) , (G.35)

where 3 is defined in (G.33) and the function F' obeys a second order non-linear ODE

F(X)?-1 §

F"(X) - F(X) =3 +F(X)=0 , X Flogr”

(G.36)

It can be checked numerically that (G.36) admits a unique solution compatible with the
boundary conditions
F(0)=—1 , F(co)=1. (G.37)

The plot of the corresponding solution is shown in figure 29

G.4 Asymptotics at £ =0

We present here the asymptotics of the instanton solution near the center of the baryon
at £ = 0. We assume that the fields are regular at £ = 0 and can be expanded as Taylor
series. Then, solving the EoMs (F.38)-(F.43) order by order in ¢ with the condition that
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Figure 29: Numerical solution to (G.36) with the boundary conditions of (G.37).

the gauge fields (3.1.50)-(3.1.52) are well defined at £ = 0, yields the following asymptotics
up to order O(£4)

D(r, &) = Do(r) 4+ Po(r)€2 + y(r)er + O(£9), (G.38)
$1(r,€) = d10(r)é + d13(r)E* + O(&7), (G.39)

G2 (r,€) = =14 doa(r)& + doa(r)é* + O(£°), (G.40)
Ag(r, f) = Ag’U(T) + 1‘_1572(7')§2 + 14_15’4(7“)64 =+ 0(56) s (G.41)
Ap(r, &) = Ap i ()€ + A 3(r)E3 + O(D), (G.42)

where @, ¢» and flg are even and ¢; and A, are odd. All the coefficients of the expansions
are expressed in terms of the 4 functions Q:DO,<Z>170,<]3270 and flr,o. Note that, as in the
& — oo limit, the UV boundary conditions of Table 3.2 imply that the boundary values of
the coefficients qgl,n, qggm and flg,n can all be written explicitly in terms of the asymptotics
of 6(0,¢) at £ — 0.

H Numerical method for the computation of the
baryon solution

We detail in this appendix the numerical method that was used to solve the static soliton
equations of motion. We summarize how the gradient descent method works, and specify

241



the type of grid that was used to obtain the solution. We also present some precision tests
that support the validity of the numerical solution.

H.1 Method and grid choice

In the gradient descent method, the solution to the equations of motion is found by rephras-
ing the original minimisation of the energy My problem, into a flow in a fictitious time, so
that the limit of that flow is the solution of the original problem. Specifically, the limiting
field configuration of the flow will minimize the soliton energy Mj. The limiting solution is
found, by starting from a reasonable initial field configuration that satisfies the boundary
conditions, and then evolving the fields. In practice, the fictitious time evolution equations
are taken to be

My

oMy oMy oM
0t =75

~ ) 87'14_ = T 87—9:—7,
01,2 ! 0An 00

and they are solved numerically. The fields above have been defined in section 3.1.4.
Equations (H.1) must be also supplemented by the boundary conditions of table 3.2 for
any value of the fictitious time.

Note that the gradients of the action with respect to the fields are nothing but the
respective equations of motion. Also, the signs in front of the gradients, mean that M
is maximized with respect to ®, and minimized with respect to all the other fields. This
choice of sign ensures that the coefficient of the Laplacian is positive in the right hand sides
of (H.1). In these conditions, the ellipticity of the equations of motion guarantees that the
diffusive problem has a limiting solution which is the solution we are looking for.

The numerical algorithm is then constructed by discretizing the differential equations
(H.1). That is, the bulk is covered by a grid, and the derivatives are approximated by
finite differences between the values of the fields at the points of this grid. We denote by
n the number of points in the holographic direction and by m the number in the radial
direction. Note that the bulk has infinite extent, but the soliton solution is confined to a
finite region. Therefore, it can be computed by considering finite cut-offs. In practice, the
following cut-offs

3 8TQ;LQ = -

(H.1)

Tmax = 30M(;1 y Emaz = 100M(;1

were found to be good enough to solve the problem reliably. Those numbers may seem
large given that the baryon density is mainly confined to My and €M of order 1, as seen
on Figure 3.5. However, the chiral gauge fields have non-trivial power-law asymptotics®3
away from the baryon center, which can only be captured by using sufficiently large cut-
offs. The gradients associated with these long-range tails are small though, so that a few
grid points are sufficient to describe them. Instead of a linear grid, we therefore considered

Z3This long-range behavior of the meson cloud is due to the fact that we consider the chiral limit,
and will be suppressed exponentially when introducing finite quark masses.
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a logarithmic grid, where most points are concentrated near the baryon center, and only
a few points cover the region that separates the baryon from the cut-offs. The precise
definition of the grid that we used is given by

r(k) = exp (kAr +10g (rmin +1)) =1 , 0<k<n, (H.2)

where the spatial steps are

1 1
Ar = E(log (Tmaz + 1) - lOg (Tmin + 1)) s Ag = a log (gmax + 1) . (H4)

Note that we introduced a UV cut-off r,;, since the boundary is a singular point of the
equations and the boundary conditions there must be imposed on a shifted boundary, as
usual. As long as 7, < (1) in (H.2), having 7., finite does not influence the baryon
solution. In practice we found that the precision of the vacuum solution for the tachyon
field is very good for r > 7y, ~ 0.02M, 1 Also, the size of the grid that was chosen to
produce the numerical results presented in the text is (n,m) = (100, 100). Below, we show
evidence that the baryon solution has already converged well for such a grid size.
A remark is that, instead of (H.1), one can consider the diffusive problem with general
diffusion coefficients, which are generically field and position-dependent
M, oM

. ) oM
87@ = D(I)(Taé.)Téo s 8T¢1,2 = _D¢(T7£) 5¢1 ) ’ aTAﬁ - _DA(T7£)5T? ’
I

)

(H.5)

0.0 = _DO(Tv g)% :
Although a uniform diffusion coefficient amounts to a redefinition of the fictitious time
7, the dependence on the fields and position in the bulk actually modify the diffusive
problem. A good choice for the purpose of solving (H.5) numerically is to set the diffusion
coefficients such that the coefficients of the fields’ Laplacians are equal to 1. This choice
has the advantage that the stability properties of the discretized version of (H.5) are more
tractable. If we ignore the first and zeroth order derivatives, requiring the absence of modes
growing with 7 implies the famous bound on the time step A7 (see for example chapter
3.6 of [209]) Y r

AT < —A§ Ar ,

2(A&2 + Ar?)

which is valid for uniform spatial grids, with steps Az in the £ direction, and Ar in the
r direction. For the logarithmic grid that we used (H.2)-(H.3), (H.6) would still apply
with the definitions of Ar and A¢ from (H.4), since they correspond to the smallest point
separation on the grid. However, the full equations of motion include first and zeroth order

(H.6)
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derivatives of the fields, so that the stability bound is more complicated than (H.6). For
the grid that we used, we found that using as a bound

A 2
Ar < = (H.7)
4
resulted in stable algorithms. We do not claim any generality of this result though, and

different bounds were actually observed for different grids.

H.2 Precision tests

We now present some tests of the numerical precision of the soliton solution computed via
the gradient-descent method. We first investigate the convergence of the observables as a
function of the grid size. Left figure 31 shows the evolution of the calculated soliton mass
as a function of the grid size for n = m. It is observed that the soliton mass converges in
the limit of large grid size, and the value that we derive at n = m = 100 is already within
0.2% of accuracy from the limiting value. Actually, even at n = 50, the error on the mass
is already less than one percent.

As another test of the precision of the solution, we also investigated the convergence
for the divergence of the 2-dimensional gauge field

LA(T, f) = ‘&»Ar + 8§A5\ . (Hg)

Due to the Lorenz gauge fixing (3.1.107), the baryon solution should be such that L4
vanishes everywhere in the bulk. To estimate what is the error on the Lorenz condition in
the numerical solution, L4 (r,§) is computed numerically and compared with the typical
scale of the gradients of A;. One way of defining this typical scale, is via the combination
of derivatives orthogonal to (H.8)

DA(T,E) = \8TAT — 8£A£| . (Hg)

The accuracy of the Lorenz gauge fixing will therefore be estimated by comparing the two
quantities L 4 and D4, where the criterion for accuracy is that L 4 should be much smaller
than D 4. Because D 4 vanishes in some places in the bulk, calculating the ratio of L 4 over
D4 does not give a globally well-defined indicator of the precision of the Lorenz gauge.
Instead, we will use two global indicators, that are defined from the maxima and mean
values of L4 and D4

il = = , ig = = . (HlO)

The first indicator 41 estimates the average error on the Lorenz gauge fixing over the whole
solution, whereas is indicates what is the error at the location in the bulk where it is
the worst. Here, it should be clarified what we mean by the mean values L4 and D4 in
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Figure 30: Density plot of the quantity D4 defined in (H.9), as an function of r and
&. All dimensionful quantities are expressed in units of the soliton mass M, and the
grid size is (n,m) = (100, 100). The orange dots correspond to the grid points that
belong to the region Ap (H.11), where D4 is significantly different from 0.

(H.10). The definition is similar to what was used to define the mean of the Lagrangian
density (3.2.44). That is, the mean value is computed over a region of the bulk where
the derivatives of Ay are significantly different from zero. Specifically, the corresponding
region Ap is defined as

(r,§) e Ap <= Dy(r,§) > 0.1D A pmaq - (H.11)

In the numerical solution, Ap contains a finite number of grid cells, N5, and the definition
of the mean values over Ap is analogous to (3.2.44)

_ 1 ) _ 1

La= g La(i) , Da= N
cells . cells

i€EAD

Dai). (H.12)
i€EApD

For concreteness, Figure 30 shows the density plot of D4 over the (r, &) plane for a grid of
size (n,m) = (100, 100), together with the grid points that belong to Ap.

The plot of the two indicators i; and iz defined in (H.10) is shown in the right of
Figure 31, as a function of the grid size. Although it is much slower than for the baryon
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Figure 31: Left : Relative difference of the soliton mass M, with the value at
nyg = 100, as a function of the grid size n. Right : the two indicators for the
accuracy of the Lorenz gauge fixing, i; (orange) and iy (blue) from (H.10), as a
function of the grid size n.

mass, 71 and 9 are also found to converge, towards a value which is consistent with zero.
The indicator iy is observed to be much larger than i, which means that the maximum
of the gauge field divergence L4 is reached at the top of a narrow peak. In particular,
for the grid that we used to produce the numerical results presented in the main text
(n,m) = (100, 100), 41 and is are found to take the following values

i1(100) ~ 2.5% , ip(100) ~ 30%. (H.13)

This means that on average the Lorenz condition is well obeyed within 2% over most of the
baryon solution, but there is a narrow region in the bulk where the error grows up to 30%.
For the largest grid investigated that has (n,m) = (300, 300), the average accuracy of the
Lorenz gauge fixing is given by i1(300) ~ 0.8%, and the maximum error by i2(300) ~ 8%.

The fact that the value i2(100) is quite high, indicates that there is a small region
in the bulk where the Lorenz condition is not very well obeyed for the solution on the
grid that we used, with (n,m) = (100, 100). Since i2(300) ~ 8% is much smaller, another
way of checking the quality of the solution at n = 100 is to compare the numerical field
configurations computed at n = 100 with those at n = 300. In particular, we will focus
on the two bulk quantities that were analyzed in this work, that are the instanton number
and Lagrangian densities (3.2.33) and (3.2.32). The relative differences of the two types
of densities between the n = 100 and the n = 300 solutions are shown in Figure 32. The
definition for the relative differences is the same as (3.2.44), where the mean of the bulk
Lagrangian density is still computed over the region bounded by the green line in Figure
3.5. For the instanton number density, the average is computed over the region where
|pNi|M64 > 2.8 x 1073, The two solutions are compared on the grid with n = 100. Figure

246



|on,(300) — py,(100)]
On,

|om(300) — pi(100)|
Pm

4.0 0.072 2.5 0.02322
3.5 0.064 0.02064
3.0 0.056 2.0 0.01806
0.048 0.01548
o 2.5 o
= 0040 S 1.5 0.01290
W 2.0 s

0.032 0.01032

15
1.0
0.5

0.024 1.0 0.00774
0.016

0.008 0.5

0.00516
0.00258

. . 0.000
1 2 3 4 05 1.0 15 2.0 25 3.0 35

f'Mo I'Mo

0.00000

Figure 32: Left : Relative difference of the instanton number densities computed
on the grids with (n,m) = (100,100) and (n,m) = (300,300). Right : Relative
difference of the bulk Lagrangian densities computed on the grids with (n,m) =
(100, 100) and (n,m) = (300, 300).

32 shows that the densities computed at n = 100 and n = 300 only differ by a few percent
of the mean value, with a maximum of about 8% in the case of the instanton number
density.

In addition to the grid size, we also studied the convergence of the soliton mass as
a function of the cut-offs &,,4x and rpa.. As far as the radial cut-off is concerned, we
found that larger &4, modified the soliton mass by less than 0.01%. For the holographic
coordinate, it was found that larger IR cut-offs 4, do not affect the soliton mass by more
than about 0.2%.

The conclusion of this analysis of the numerical precision is that the grid that we used
with (n,m) = (100,100) gives a very precise value for the soliton mass My, and a result
within a few percent of accuracy for the densities. This means that the solution can be
trusted at the qualitative level, and also at the quantitative level as far as M is concerned,
which is the observable that we were interested in in this work. When extracting other
observables from the baryon solution, one should check in each case the properties of
convergence, and adapt the grid size to the desired level of accuracy. In particular, the
analysis of the densities in Figure 32 indicates that accuracies better than the percent level
may require grid sizes larger than (n, m) = (100, 100).
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I Numerical baryon solutions for a different set of
potentials

In this appendix we present, for comparison, the numerical baryon solution obtained for
a different set of V-QCD potentials. We focus on the leading order probe baryon case,
for static and rotating baryons. The potentials are those derived in [165], the set “7a” in
Appendix A of this reference, and can also be found in Appendix B of [174]. The value of
the pion decay constant f; for these potentials is significantly smaller than the experimental
value, so they are not expected to give a quantitatively good description of all baryonic
properties. The potentials of [165] have the same UV and IR asymptotics fitted to QCD
properties as the ones that were used in this work though (with parameters given in Table
3.2), so the qualitative behavior should be the same. The purpose of this appendix is to
check the previous statement by reproducing the plots of the main text for the potentials
of [165]. We also compute the baryon spectrum in this case and compare with Table 3.8.

I.1 Static soliton

pNiMO_4

4.0
3.5
3.0
2.5

5 2.0
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0.01470 1.25 1.26
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Figure 33: Instanton number (left) and bulk Lagrangian (right) density for the static
soliton solution in the probe baryon regime. All quantities are expressed in units of
the classical mass of the soliton (3.2.27). The center of the soliton is located at £ = 0
where the density diverges as £71.

The instanton number and Lagrangian density in the (£, 7)-plane are presented in Figure
33, where all dimensionful quantities are expressed in units of the classical soliton mass
(3.2.27). By comparing with Figure 3.5, it is observed that the qualitative shape of the
densities are similar. However, the densities are typically located significantly closer to the
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Figure 34: Radial profile of the non-abelian phase of the tachyon field (3.1.64) at the
UV boundary. The blue line corresponds to the solution for the V-QCD potentials
presented in Section 3.2.2, and the orange line for those of [165]. The dashed gray
line indicates the asymptotic value 7.

UV boundary for the potentials of [165], in units of the soliton mass. Also, the extent of the
densities in the holographic direction is smaller, especially for the Lagrangian density. The
numerical value for the classical soliton mass My is obtained by integrating the Lagrangian
density in Figure 33

N,
My = = x 265 MeV. (I.1)

This value is about 4 times smaller than for the potentials used in the main text (3.2.34).
Our numerical analysis indicate that this small value for My can be traced back to the
smallness of the pion decay constant for the potentials of [165].

In Figure 34, we also plot the profile at the boundary (r = 0) for the non-abelian phase
0 of the tachyon field (3.1.64), and compare with Figure 3.6. We see that the results are
close up to the rescaling of the radial coordinate as a function of the soliton mass M.
That being said, we notice that 0(£Mp) increases somewhat faster from the baryon center
for the potentials of [165] compared with those of the main text.

1.2 Rotating soliton

The bulk Lagrangian density for the rotating fields in the (&, )-plane is presented in Figure
35, where all dimensionful quantities are expressed in units of the classical soliton mass M
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Figure 35: Lagrangian density for the rotating fields in the probe baryon approxima-
tion, for the potentials of [165]. All quantities are expressed in units of the classical
mass of the static soliton M, (3.2.27). The center of the soliton is located at £ = 0
where the density diverges as ¢~!. The UV boundary is at r = 0.

05 10 15 2.0 25 3.0
rMo

Spin Pot 2 Pot 1 Experimental mass
s=1| My ~340MeV | My ~1170MeV | My = 940 MeV
s =32 | Ma~640MeV | Ma ~1260MeV | Mp = 1234 MeV

Table 2: Baryon spin-isospin spectrum in the V-QCD model with the potentials
of [165] (Pot 2), compared with the potentials used in the main text (Pot 1) and
experimental data.

(3.2.27). Comparing with Figure 3.9, we see that the Lagrangian densities for the two sets
of potentials are qualitatively different. In particular, the maximum of the density is well
separated from the boundary for the potentials of [165]. As stated in the main text, we
believe that this behavior is more generic than that of Figure 3.9. Also, as was observed
for the static solution, the density has a lesser extent in the holographic direction (in units
of My) for the potentials of [165].

The numerical value for the classical moment of inertia density A in (3.2.75) is obtained
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by integrating the Lagrangian density in Figure 35

1 3

SN x 200 MeV . (1.2)
From this result, the spin-isospin spectrum of the baryons can be computed and compared
with the result for the potentials of the main text, shown in Table 3.8. This comparison
is presented in Table 2, setting N, = 3 in the large N result. Table 2 indicates that the
baryon masses for the potentials of [165] are much smaller than experimental data, which
is a consequence of the low mass of the soliton (I.1). Note however that the mass difference
between the nucleon and the A is much closer to experimental data than for the potentials
of section 3.2.2.

J Equations of motion for the rotating soliton

We present in this appendix the expressions for the equations of motion for the rotating
soliton ansatz fields. These equations are obtained by extremizing the moment of inertia
(3.2.75) with respect to variation of the fields. We start by giving the expression of the
components of the field strength that are turned on by the slow rotation, as those are
useful to compute the moment of inertia. We then write the equations of motion, first in
the general tachyon back-reaction regime and then in the probe baryon regime.

J.1 Field strength

For the slowly rotating soliton ansatz of (3.2.57)-(3.2.60) and (3.2.64), the components of
the field strength that are already non-zero in the static soliton solution are identical to the
static solution at linear order in w. Their expressions are given by equations (F.14)-(F.16).
The effect of slow rotation at linear order is to source the components Fy,, Fy;, F,-j and
FE}y., where the superscript (L/R) is implicit. These components are expressed in terms of

the fields of the ansatz as

FO'r = V(t) <_ (&"Xl + A’I’XQ) 6abcwb%
X

Hona— Ao (+ - @05 ) 00 @D ) GV, 0




N 0.2 <xiw“ B 5ia> X2 — V2
W

e\ e ¢
+ wie“bcwbg Xl?‘m — (1 + Am))
2 (- 5@ e - dcw) + T o)) Frt, 02
By = “’“i(g";"f) (0B, — 9,B¢) + (wi - ‘”i(g";“”)) e CCE
By = xiwjéwxj (Oep — Be) + 2?&7%’“ + (3562 - ?) wagg (eﬂ’”? - fibczj> . (J4)

J.2 Equations of motion in the tachyon back-reaction regime
The general equations of motion in the tachyon back-reaction regime are given by

w? [85 (X(1 — e Age)£20ev) — 2X (v(1 + |¢]?) — (xo* + h.c.))} +

+ 0, (£wPXeA A, 0,0) — 0, (£02 XA Mg 00 ) — 0 (X Mg, 0,0) =

2e¥

s (B [30+ ) 10 — )+ (- i85 +

+ (fi+ f3)6QFus — 2(f3 — Z’fQ)B,L_L(DZ_/(g + h.c.)q31+

+ 057 [(f{ + f3) (Bn(l — %) - 25@%) + 2¢f§Bﬂq~sﬂ ) : (J.5)

w? [Dg(xu — M A\ge)E2Dex) + X (209 — (1 + yqs\?))} +D, (Ew?Xe* A, DY) —
— D, (2w Xe** Ag, DeX) — De (€*w* Xe** Ag, Dy X) + hec.
= 422X kT +

- <6(f1 ) DupDod — 4ilfs — if2)p Apdod

T2 M3
+ 0(6Q) (201 + f2) Do+ 4(f1 + fo = 3if2) An )+

+20,7|(F = B)Dup = (f1 - fé)ﬁDuéD +he., (3.6)

w?[ = iDe(X(1 - AN Dex) — i (206 — X(1+ |6[2) | -
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—iD, <£2Xe2AAMw2DT)Z> +iD, (§2Xe2AA5rw2D5>z) n

+iDe (EXPAAGw? DR ) + hec.
el

= s <Dﬁp <—2i(f1 + f3)Dop — 4(f1 — f3 — ifz)zzlaa;) +

+20u(6Q) (f1 + ) Do + 2(fs — if2)p (243006 — Fund)

_l’_
+28177[(fl‘f'fs)PDu(b_QlszAud)"‘ f1+f3 )—i—hc

w?[0(X [P0 (1 — e Age) — M A2 ] €2Bg,) + 2624 (A Dyp — AgrDep) | =

4e4AXArrm'2§2Br - 464AXA§TI€T2£2B5—
1 -
<(f1 + f3)(Ded x* + h.c.) = 2(2f3 — f1) (D§¢ + h.c.) X1—

N 2m2 M3
—4(f1 — f3 —if2) Acd1 X2 — 8(f1 + f3)EQO: B+
+20(f3 — ifo)(Ded + h.c.)dr—

— 20 (v 30+ 1 (07 =)+ (1 - fa - i1 ) -

= 0gr [ + £l - 1o) + 21308 - 2061 - Fad] ).

€20, (X [ 8,0 (1 — A Age) — AL ] Bre )+
+ QIUZX((l — e Aee) Dep — eQAAgrDTp) -
462X (1 — A ) R Be — 46" X Ag, k7€ B+
+ %; [(fl + f3)(Drd X* + hoc.) — 2(2f3 — f1)(Dyré + h.c.)X1—

SSVE
—A(fi — f3 —if2) Ard1Xa — 8(f1 + f3)€Q0, P+
+20(fs — i f2)(Dr + h.c.)1—

— 20, (U [;(fl +f3) (62 =)+ (fi = f5 - ifz)@%D -

= o[+ £t~ 6P + 2ifj ot~ 28 - F)ad] ).

O (WX Ay Drp) + O (WX (1 ~ 4 Ae) Dep)

253

(J.8)

(J.9)



— 0, (wXe* Mg, Dep) — O (w?Xe*4 A, Dyp)
= 462AX(1 — eQAA&)KJT2,5+

L [Eh ((fl + £3) (Do X* + hoc) — 2(2f3 — f1) (Do + h.c.) X1 —

472 M3
—4(f1 = s = if2) Asie — 8(fi + )EQ00 ) -
= 2(fs = ifa)( = Fao b1z + Ap(—i0p% + hoc)) +
+ 0 (F1(Dpox* + hec) = f3(Dad + hoc.) + 2 f3Andr Kot

F 2T~ B)0a(ady) -S4 + 10se) (1.10)

£26, (w2Xe2AAW8TQ> + w20 (X(l _ e2AA§§)§Qa§Q> _
— 0 (WX 26,620,Q) — 0, (WX NG P0eQ) =
Xw? {2 — e2A§(85A§£ + eQA&ﬂ(e*ZAAET))} Q-

el

Ve [ - 6ﬂ((fl + f3)(iX" Dy + h.c.) + 4(f1 + f3 — 3if2)/~117<l~51>~<1) -

—8(f1 + f3)Dppdp® + (f1 + f3)v Fup+

+2057(FL + f4) (4;38,2@ — 0u(d1X2) — v Aﬂ) ] , (J.11)

%0, [e‘“‘)mwm? (BT + ;aTc)] +
+ ek [85 [X(l — e2AA§§)72§2 (Bg + ;6&)} —2X(1 - eQAA&)T2 (p + ;C)] —
— 0, [e4AXA§TﬁTQ§2 <B§ + ;8&)] — O¢ [e4AXA§Tm'2§2 (Br + ;&()}

e

- [au<(f3 —if2)0(Dpd + hc)d )+
- (fs = if2) (—Fpo b1%e + A(—i0pd% + hoc) ) +
# 0 (= U 5105 (o1~ o) — iF30(032) -
- %f{(DﬂﬁbX* +he)+ %fé(DWBX +he) —ifsAudixet
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A+ f?’,)ﬁQ@mbﬂ | (.12)

where
X = \/1 + o245 ((0,7)2 + (9e)2) Vi(A, 7) e (3.13)
and the symbol Ay is given by
4% (0e7)? e K (0e1)?
Age = —— = Y 62 2y (J.14)
det g 14 e 24k ((0,7)? + (0¢7)?)
Aer = 45 agT?rT _ _;4‘“/{ O¢TO,T ’ (1.15)
—det g 1+ e 24k ((0,7)% + (0¢7)?)
A= BA(1+ e 245k (0¢7)?) B e A (1 +e 24 (0e7)?) (1.16)
" —det g 14 e 245 ((9,7)2 + (9e7)2) '

J.3 Equations of motion in the probe baryon approximation

In the probe baryon approximation, the modulus of the tachyon field 7 is fixed to its
vacuum value. In particular, it does not depend on the radius £, so that the equations of
motion are somewhat simplified

hw? [9¢(€20¢v) — 2 (v(1 +|¢[*) — (x¢* + h.c.) )] + 0 (£kw0,v) =

7r2?\43 (23& B(fl(T) +f3(r) (1¢” = 1) + (fi(r) = f3(r) = ifQ(T))q?ﬁ] +

+2(f1(7) + f3(7)EQFer — 2(f3(r) — i fa(7))e™ Bu(Dydp + ha)q%) +

+ #ém [(f{ (1) + f3(1)) (35(1 —|¢?) - 25@[15) +2i fg(T)Bgaﬂ : (J.17)

hw? | De(€2DeX) + 206 — X(1 +6)| + D, (€kw? D) + hoc. =
45262Ah/€72>2+

b (60— ) DapDod + 0u€Q) (20h1 + J5) Do + AR + f5 — 3if2) Ao -
_4i(f3 - ZfQ)ﬁ fl,;(?pcﬂ +
2 ~ -
+ 5750 (= F)Depd = (F = [3)iDed | + b, (1.18)

huw? [—mg(éz)g;z) — 2ive +ix(1 + W)} — iD, (€2kw?D,%) + h.c.
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e

= s [D'P (—Qi(fl + f3)Dodp — A(f1 — f3 — z‘fﬂfl,—,&) +
+205(¢Q) (1 + fo) Do+ 2(fs — if2) (243056 — Fiod) |+

1
b O [iU + 1) Ded — 2003 pAch+ (f + F)0(6Q)3] + b, (119)

kw? [0¢(€2Bey) + 2D, p| = 4e* krr?€? B, —
! [(fl + f3)(Dep X* + h.c.) — 2(2f3 — f1) (Dgcg - h.c.) X1—

TWE
—A(fy — f3 —if2) Ach1Xa — 8(f1 + f3)EQI P+
+20(fs — if2)(Ded + h.c.)d1—

~20 (o5t B Qo -0+ G- -] ) | o)

€20, (kw®Bye) + 2hw? Dep = 4e* hir¢* Be+

1

+ Vil [(fl + f3)(Drd X" + h.c.) —2(2f3 — f1) (Drg?) + h,c‘> 11—

—A(f1 — f3 —if2) Ard1X2 — 8(f1 + f3)€Q0, D+
+ 20(f3 — ifo)(Drd + hoc.)dpr—

20, (v E(fl + f3) (91" = 1) + (1 = fo - ifz)é?]) -

~ o [+ AL 6P + 2ifyodt - 2s - udl] | G2

Oy (kw?Dyp) + hw?d¢ Dep = 4e* hrr? jt-

+ 5 ((f1 + £3)(Dod X* + hee) —2(2f3 — f1) (DDQE ¥ h.c.) F1—

—4(fi = f5 — if2) ArbiXe — 8(F1 + )EQ0,®) -
—2(fs —ifa)e™” <—Fru7 $1X2 + Ap(—i0p0X + h-C-)) +
+ 0,7 ((T)(Dedx” + b)) = J(7)(DebX + hoc.) + 2 f3(r) Aedr Ko+

F 2T - Boctiad) - 801+ Feeoee)] (122)

€20, (kw®0,Q) + hw? [0:(£20:Q) — 2Q| = (J.23)
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_ & [ _ Eﬁﬁaﬂ ((fl + f3)(ix* Dy + h.c.) +4(f1 + f3 — 3if2)z‘~117€51>21) -

472 M3
—8(f1 + f3)e" Dppdp® + (f1 + f3)ve™ Fyp

+20,7(f+ £5) (17060~ Oe(Gie) — v ) |

£20, [eQAkaHTQ (BT + ;aTgﬂ +

+ 2 hw?kT? [85 [{2 <B§ + ;QC)] -2 (p + ;C)}

= _47721M3 [e”“@u ((f3 —if2)v(Dpdp + h.c.)q@l) +

+ (f3 —ifa)e™ (—Ffu? P1 %2 + Aﬂ(_iaﬂ&i + h-C-)) +

#0rr( = U+ )2 (001~ 6) — i0c(032) -
— SHENDOX" +hee) + 5 Fi(r) (DR + huc.) -
— i Achie +40] + feeaee ) | (1.24)

where
e 2 A —2A 2 2
H0) = e YT ki) = V14 e 260,72V 7). (1.25)

K Quantization of the rigid rotor

We proceed in this subsection to the quantization of the classical Lagrangian (3.2.74) along
the lines of [177]. For this purpose, it is more convenient to reintroduce the SU(2) matrix
V() from the definition of & in (3.2.50). It gives

3
Lyot = Mo +2X ) a2, (K.1)
a=0
where we parametrized the SU(2) matrix V(t) as
V(t) = uolly + iuio, (K.2)
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where the u,’s parametrize the 3-sphere?? §3

dul=1. (K.3)

S3 can be alternatively described by 3 unconstrained coordinates [177] ¢® = (y, 61,62) in
the domains
ye[-1,1] , 61,05 €]0,2m), (K.4)

which are related to the u,’s as

M— . N .
Ul +iug = 21 = Tyewl , Ut iuz =20 = %ew? . (K5)

In terms of these coordinates, the Lagrangian (K.1) is rewritten as
Liot = —Mo +2X Gapd®d’ | (K.6)

where G is the metric of $2, which in the ¢® coordinates reads

Gopdg®dg® = il_ldeyz . ;yde% 41 JQF Ya02. (K.7)
The momentum conjugate to ¢“ is then
Do = qua = 4NGopd” (K.8)
and the classical Hamiltonian
H.= M+ éGaﬁpam : (K.9)

The quantum Hamiltonian operator is found by applying the quantization rules
1 1
8A VG

which is hermitian [177] with respect to the scalar product

1
H, = M, B (\FG Gaﬁaﬁ) = My — —V,V°, (K.10)

8A

(A|B) = / 4*V@ f4(a)" F(a). (K.11)

24The u,’s actually parametrize S®/Zs because the collective coordinates live in SU(2)y /Zs .
This means that u, and —u, correspond to the same point . In the ¢® coordinates, the identification
is between (y,601,02) and (y, 61 + m, 02 + 7) .
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Spin and Isospin operators The classical Hamiltonian (K.9) is invariant under an
SO(4) rotation of the momentum p®. Because SO(4) ~ SU(2) x SU(2), this symmetry
can be mapped to two SU(2) symmetries which are

e (Time-independent) isospin rotation of the fields, which acts on V() as
V()= WV(E) , WeSU®2). (K.12)

e 3D (time-independent) spatial rotation, which acts on V (t) as®®

V(t) > V()R , ReSUQ2). (K.13)

After quantization, there should be an isospin operator I’ that generates the symmetry of
(K.12) and a spin operator S* that generates the symmetry of (K.13)

(I, V] = %V . [ST,V] = V%, (K.14)
where the multiplication should be understood as the action on the wave function. The
expression for the spin and isospin operators can be derived explicitly

nn
[}
I

*%(691 + 0p, ) ,
5t =L .91+92( =20, + 1 1+y301_, 1+y‘992)7 (K.15)
il

S — ﬁe i(01+62) < \/1_78 1+ya _|_ 1+y892> ,

ﬁez (61—02) (\/1?8 +1 1+ya91 1+y692)’ (K.16)
1 -

—02) ( \/1—78 1+y8 % 1+y392> 5

where the raising and lowering are defined as usual

1 1
S*F=-—=(St+iS?) , IT=—=(I'+il?). K.17
\/5( ) \/E( ) (K.17)
S% and I' are checked to be hermitian with the scalar product of (K.11).
The Hamiltonian (K.10) then takes a simple form in terms of the spin and isospin
operators

_ 1 2 2
Hy = Mo+ 5.5% = Mo +2)\I (K.18)

Z5Under a spatial rotation z;0° — Rix;0'R, so the fields of (3.2.57)-(3.2.58) and (3.2.64) are
invariant if V' (¢) transforms as in (K.13) .
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which makes it clear that the eigenstates of H, have same spin and isospin and the eigen-
values are given by

1
Es = My + 58(8 +1), (K.19)

where s refers to the spin. In particular the nucleon states correspond to s = 1/2 and their
wavefunctions are easily found to be

1 —
|p T> - ﬂ—z‘l y ‘n T> 7T22’ (KQO)
|p\l/>:_%‘§27 ‘n*l/>:_%217

where z; and zo where defined in (K.5). The next level s = 3/2 corresponds to the isobar
A states.

L Details of the formalism for neutrino transport

We review in this appendix a few results of QFT at finite temperature, that are useful for
the formalism which describes neutrino transport.

L.1 Bosonic correlators at equilibrium

In this subsection, we review in more detail the derivation of the equilibrium properties
obeyed by the chiral current real-time two-point functions. Specifically, we explain how the
results (4.2.15) and (4.2.16) are obtained. Instead of the chiral-current 2-point function,
we consider the case of a scalar operator

iGB(.%'l,.%'Q) = <TCJ(.%'1>J(332)> s (L.l)

where J is a scalar hermitian operator. The case of a vector such as the chiral current is
completely analogous.

As mentioned in the text, the first result (4.2.15) is related to the invariance of the
system at equilibrium under time-translation. At the level of the bosonic 2-point function
(L.1), this invariance implies that

GB(tl,tz) :GB(At,O) EGB(At) , At =1t —ty. (L.2)

The expressions for the retarded and advanced propagators are the equivalent of (4.2.14)

IGE(AL) = 0(A) ([J(A), JO)) . iGA(AL) = —0(=A8) ([J(0), J(~AD]) . (L.3)
Taking the complex conjugate of the retarded correlator gives

—i(GE(AY))* = (A1) ([J(0), J(AD)]) = —iGH(~At), (L.4)
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so that

(GE(AL)* = G(—At). (L.5)
In momentum space, (L.5) reads
(GEP)" =G50 (L.6)
When combined with the property (which does not require equilibrium)
Ga(") = GE(=p"), (L.7)

(L.5) fixes the behavior of the retarded (and advanced) 2-point function under a change of
sign of p®
ImGE(—p") = ~ImGE@°) , ReGE(—p") =ReGEG’). (L.8)

Likewise, time-translation invariance implies that the time-ordered and anti-time-ordered
propagators are related by

(GE@)" = -GH("). (L.9)
We now focus on the result (4.2.16), which is a consequence of the KMS symmetry.

Because the Hamiltonian H is the generator for time translation, the operator J can be
shifted with an imaginary time according to

J(t) = e PH J(t —iB)ePH . (L.10)
If we substitute this equality in the G; propagator, we obtain
iG5(At) = (J(0)J(At))
=Tr _e_ﬂ(ﬁ_“N)J(O)e_BﬁJ(At - iﬁ)e'gﬁ]
= v [ J(0)e A1 J (At — w)}

= Tr [P 1 (AL = iB)eP N (0)e A1)

— Tr [PH T (AL — iB)J(0)e PU-1N >}
— STy [e*IB(H —1V) (At — z‘,@)J(O)}
= PG (AL —if), (L.11)

where N is the boson number operator, and p the associated chemical potential. We used
the cyclicity of the trace to go from the second to the third line, and the fact that [V, J] = J
to go from the third to the fourth line. In momentum space (L.11) becomes

Gip) = e PG (p). (L.12)

Note that the bosonic chemical potentials are equal to zero in the nuclear matter. This is
why no chemical potential appears in (4.2.16).
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L.2 Free fermion propagator

We review here the derivation of the equilibrium free fermion propagator G°(xq,x2) at
finite temperature and density. The expression for the latter is

Tr [poTc{va(z1)Ys(w2)}]
Tr [po] ’

where pg = exp (—5(Ho — uNo)) is the equilibrium grand canonical density matrix. The
equilibrium Hamiltonian and particle number operators can be expressed in terms of the
fermion and anti-fermion creation and annihilation operators as

d3p d3p
No= [ Gy, (abon i)+ 0= [ S e (abow 4 i) 10

where E, = \/p? + m? is the fermion on-shell energy. We dropped the zero-point energy,
which yields the same factor in the numerator and denominator of expectation values such
as (L.13). Starting from the canonical anti-commutation relations of the fermionic creation
and annihilation operators

{ap,al,} = 2m)32E,0(F— ) , {bpbl,} = @) 2E,0(F—p),  (L.15)

we obtain that

iGgﬁ(zl,:cg) =

(L.13)

{efﬁ(HO*MNOL ap} — e*ﬁ(HO*NN) (1 + efﬁ(EP7“)> ap , (L16)
{ePHo—nNo) 1, 1 — o= B(Ho—uN) (1 + efﬂ(Epﬂt)) bp . (L.17)
These commutators can then be used to compute the expectation values
Tr [po a;r)ap/] ) .
W = (2m)2Eyns(E), — ,u)5(p — p’) , (L.18)
Tr [po b;r)bp/} X -
where ny is the Fermi-Dirac distribution
1

In terms of the creation and annihilation operators, the fermionic spinor field in the inter-
action picture reads

d3p , .
_ —ip-T T ip-T
Ya(z) = ;:i: / T [as,pus’a(me + bl vs.a(P)e . (L.21)
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Substituting (L.21) into (L.13) and using (L.18)-(L.19) gives the final result?® for the free
fermionic propagator at finite temperature and density

3 .
iGog(ar,x2) = / (27:;3];]3}) [(er +m) (o (2 — 23) —np(E, — ) o~ (z1—x2)

+(p_+m) (60 (23— a) = ny(By + ) P72 | (L22)
where ¢ is the Heaviside function on the CTP and we defined
Po=%tEy0—7p-7. (L.23)

In particular, the Wightman functions for the free quasi-particles are given in momentum
space by

GO (k) = —(F +m + p0) 1 [ (By — w)O(E, — K = )=

E,
— (1= ng(By+ m)3(Ep + K + )| (L.24)

GO (k) = (k +m -+ 190) - | (1= ng(Ep = w)3(Ey — K = jo)=
p

—np(Ey + p)d(E, + k0 + u)} . (L.25)

To go from (L.22) to (L.24)-(L.25), we used the fact that the O-component of the quasi-
particle momentum is shifted with respect to that of the particle as

KO =p0 —p. (L.26)

L.3 A discussion of the “quasi-particle” approximation

In this sub-appendix, we discuss in more detail the underlying assumptions of what is
referred to as the quasi-particle approximation (introduced in section 4.2.2.2). The starting
point of this approximation is more of a near-equilibrium approximation. At equilibrium,
the fermionic Wightman functions obey relations similar to (4.2.17)-(4.2.18)

G;ﬁ (pl/) = _nf(pg - Nu)paﬁ(pu) s (L.Q?)

Gos(p) = (1= ng(p) — 1) pap(pr) , (L.28)

*9Recall the spinor sum rules which in this normalization read Y _ | 1o (P)ts,s(P) = (P+m)as
and 32, vs.a(P)0s,p(P) = (P — M)ap -
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where p,g is the equilibrium spectral density. The approximation then assumes that the

neutrinos are sufficiently close to equilibrium for the Wightman functions to be parametrized

as

0y — o5
2 b

G (X pl/) = _F(szzojaﬁyz)pa’y(Xapwﬁl/) (L29)

,75

oy — Vo .
G;,B(X7pl/) - ( (X pga VZ))#’YP’Yﬁ(X?pgapv)a (L30)

where F' is the neutrino distribution function, and the spectral density p is further assumed
to be close to its equilibrium value, up to corrections in the coupling. Note the presence
of the projectors (1 —~°)/2, that implement the fact that the Standard Model neutrinos
are left-handed.

Upon assuming the ansatz (L.29)-(L.30), the quasi-particle approximation is then a
consequence of the weakly-coupled nature of the neutrino interactions. That is, the equi-
librium spectral density is equal to the free spectral density, up to corrections from the
interactions

p(py, p) = 3 T (60— E,) — 600 + B)) +OGY) . E, =1l (L.31)

Another consequence of the weak coupling is that, at leading order, the energy of the
neutrino quasi-particles is shifted with respect to that of the neutrinos as in (1..26)

kS =pd — p, + O(G%), (L.32)

so that the Wightman functions for the quasi-neutrinos are given by

- N
G (X ) = = Fy(X, K F )y (6K + g, o) 222 (L.33)
0 72y, 907 ~ Yoy 0 7
Gyaﬁ(Xv ky)=(1—F,(X, k. k, ))Tpvﬂ(Xv ky + vy k) - (L.34)

The quasi-neutrino distribution function F), is split into neutrino and anti-neutrino distri-
butions as

(Xa kg’ _’1/2) fV(Xv kl(/]’ _’y2)9(k1(/] + :ul/) (1 - fI/(X7 kgv _‘V2))9(—k3 - IU’V) . (L35)

The ansatz (L.33) is then substituted in the Kadanoff-Baym (KB) equation (4.2.31),
that we reproduce here for convenience

07 Tr {y"G=(X, k) } = —=Tr {G™ (X, k)S<(X, k) — 7 (X, k)G=(X, k) } . (L.36)
There is a similar equation for the other Wightman function

07 Tr {y"G” (X, k) } = —=Tr {G™ (X, k)S< (X, k) — 7 (X, k)G=(X, k) } . (L.37)
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The difference of the two KB equations implies that a specific trace of the spectral function
is preserved by the kinetic evolution?’

0 Tr {+"p(X,k)} = 0. (L.38)
The equation for the distribution functions is then given by

03 Fy (X, k)T {v*p(X, k)} = =Tr{F, (X, k)p(X, k) S=(X, k) +
+ (1 - F)%7 (X, k)p(X, k)} . (L.39)
At leading order in the weak coupling, this reduces to the Boltzmann equations for the
neutrino and anti-neutrino distribution functions, (4.2.56) and (4.2.57).
In the general case, the ansatz for the Wightman functions contains several fields, that

are organized according to the expansion in the generators of the Clifford algebra, with the
condition of SO(3) symmetry

G™ (X, K, k%) = S(X, kS, k2) + in®P(X, kD, k2)+
+ V) (X, KD, k2) + ki Vi (XL KD, k2)+
+ 90 Aoy (X, KD, K2) + ki Ay (X, K, k2)+
+ ki7", A D(X, KD, K2 . (L.40)
Imposing that the Standard Model neutrinos are left-handed further reduces the form of
the ansatz

- 1—~° - , -
G (X, k0, 1) =~ (110 (X, KD B2) + kit Vi (X K, BD) ) . (L)

This can be rewritten in terms of an effective neutrino chemical potential out of equilibrium
Heff

- 1—~° o -
G (X, k), K2) = = = F (X K, B2) (K 4 (X, KD, 2 (L.42)

s vy vy

where the field F contains information about the spectrum and the distribution of neutri-
nos. The quasi-particle approximation assumes that peg is close to the chemical potential
of B-equilibrium, and that F can be factorized as a distribution function, times the sum of
Dirac delta functions that appear in the leading order equilibrium spectral density (L.31).
Instead of a single Boltzmann equation for the neutrino distribution function, the general
transport problem with the ansatz (L.42) will involve two coupled equations for the two
scalar fields peg and F. The formalism and computational setup we have in chapter 4,
allows then the evaluation of the two independent distributions far from equilibrium.

2In deriving (L.38) and (L.39), we use the fact that the trace of y°y#1 ... # is zero for all
n < 3.
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M Weak vertices for neutrino interactions

The charged current neutrino self-energy at leading order in the electroweak couplings is
computed from the diagram in figure 4.6. The expression for the weak vertices appearing
in this diagram is given by the Glashow-Weinberg-Salam (GSW) theory. We are interested
in energy scales much lower than the W boson mass, in which regime the weak vertices
are well described by a low energy effective theory, where the W and Z boson exchanges
are replaced by weak current contact interactions. For easy reference, the purpose of this
appendix is to give a review of the form that the effective vertices take.

After electroweak symmetry breaking, the GSW Lagrangian contains terms that couple
the electroweak vector bosons to the fermion electroweak currents

o 9w 1+ 7 aw 7 7
Seff = / [_ﬁwu (JE+JE) + MZM(%L +Jy) +eAu(Jh + Jh) (M.1)

with gy the electroweak coupling constant, 0y, the Weinberg angle and e = gy sin Oy
the elementary charge. From left to right, the currents that appear are respectively the
charged, neutral and electromagnetic currents. The currents without bar are the lepton
currents and those with the bar are the QCD currents made out of quarks.

Integrating out (classically) the weak bosons we get the quadratic effective action

2 2
g = v T g 7 v TV
Sepr = / [;V(Jﬁ + J)DW(JY + JV) + he. + COSQWGW (J§ + JODL, (T8 + J§)+

+eA, (JE + T + O(eGE) (M.2)
where DW'Z are the tree-level gauge boson propagators in a given gauge. The higher
order corrections come from the cubic and quartic interactions between the electroweak
gauge bosons, as well as Higgs interactions. They start at order O(eG%), with the leading

contribution coming from the WW+ vertex. In the limit where all momenta are much
smaller than My, the W, Z propagators are replaced by Dirac deltas and we obtain

Sepp = / [2f2GF<(Jﬁ + I (JY + J2) + hee. + 2(J8 + T (J5 + Jg))+
+eA, (JE + Jh ) + O(eG%)] (M.3)

This can be decomposed as
Seff’ :SW"‘SS‘FSJQ"‘S»Y (M4)
with

Sw = 2\/§GF/ [J_ﬁfJ_M + h.c. + 2J6LJ0,J + O0(eG%) (M.5)
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Ss = 4V3G / [T+ b+ 270 T0] + O(eGR) (M.6)

2 = 232Gy / [TET 0+ et 200 00,] + O(cG) (M.7)

and
S, = / (e A (T8, + Ji )] + O(eG2) (M.8)

Sw is the standard leptonic Fermi interaction and its neutral counterpart, whereas S, gives
the electromagnetic interaction of the fermions. Sg is the interaction of leptons with the
QCD weak current, and S ;2 is the weak interaction of the strong currents. It is small and
is therefore not expected to play an important role in the strongly-coupled quark-gluon
plasma. It can be included if necessary in the holographic calculation by changing the
boundary conditions of the gauge fields, according to the standard double-trace dictionary,
[106]. The higher order corrections that start at order O(eG%) include tree level terms, as
well as electroweak loop corrections. These terms include higher-point couplings between
the weak currents, as well as couplings of the charged current to the photon.
We now want to compute the effective interaction for neutrinos in the strong plasma
and for this we must compute
e Wesr = (e755) (M.9)

where the expectation value is obtained in the state (or ensemble) of strongly coupled
matter. This can be expanded as

Wesp = 4\/§GF/ [2Jﬁ<J_u) + hee. + 4T (Jou)+

422G (JﬁJ,y<J,MJ1> Y he+ 2J5J0V<Joujg>) + O(eG%)]
(M.10)

The contact interactions with the one point functions contribute to the neutrino chemical
potential u,, so they can be absorbed in the definition of y,. Then, the effective action for
the neutrino interactions contains the term quadratic in the neutrino current plus higher
order corrections

Werr = 32G% / [injl,(J#J_”Q + hec. 4+ 2J8 Jou(Jop Jg) + O(eGF)
N Background solution for the transport analysis
We review in this appendix the derivation of the Reissner-Nordstrom background solution

(4.3.11)-(4.3.14).
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The equations of motion from the action (4.3.1) are the Einstein-Yang-Mills equations

1 12 wil? L) w@P 1o nmro

+ (L + R)} , (N.1)

DﬁMKVQW@MWN>:m (N.2)

with Dg\ﬁ/ B) the Yang-Mills covariant derivatives

D\ = oy —ilLar, ], D =o0n — iRy, . ). (N.3)

The background solution is found by starting from the ansatz

ds? = A0 (— f(r)dt? + F(r) " 'dr? + d_>‘<2 N.4
f(r) f(r) ; (N.4)

1 ~
Ry =Ly = 159‘4%(7")12' (N.5)

This ansatz fixes the gauge for the gauge field, up to a shift by a constant. As we shall see
below, the regular boundary conditions in the IR (N.10) remove this degeneracy.

Substituting the ansatz (N.4)-(N.5) into the equations of motion (N.1)-(N.2) results in
the following system of equations for the ansatz fields

OPA — (0,A)? =0, (N.6)

O A(Df + 40, Af(r)) — 2 240 | @e—%“)(a Vo)?2 =0 (N.7)
T T (g 62 48Nc V0 — Y, .

a, (eA“)ar%) —0=0. (N.8)

The two integration constants of (N.6) correspond to translations and rescalings of r. We
fix the definition of the coordinate r by writing the solution as

l
A(r) =log (7’) , (N.9)
which implies in particular that the boundary is located at r = 0. We look for a solution

with a horizon at r = rg, where the blackening function f(r) vanishes. For the gauge field
to be regular at the horizon, the time component should vanish

A

Vo(ra) =0. (N.10)
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This implies that the solution of (N.8) is given by

Vo = 2u (1 _ <;>2> , (N.11)

with the boundary source i corresponding to the quark number chemical potential. Finally,
the solutions for the gauge fields and the scale factor A(r) can be substituted in (N.7), which
yields an equation for f(r)

2 2 r 4
8Tf—;l(f(r)—1)—1§3\’l;c (m) r=0. (N.12)

The solution takes the form
r\? w2 w2 r\°
1 0 ,2.2 0 2.2
f(r)y=1 <T‘H) (1 + GNC'M TH> + 6Nc'u T <7“H> . (N.13)

To avoid a conical singularity of the Euclidean solution at finite temperature, the derivative
of f(r) at the horizon should be related to the field theory temperature

f'(ry) = —4xT. (N.14)
This condition results in an equation for the horizon radius rg

wg

6N0M2T%{ =201 —nTry), (N.15)

whose solution determines the location of the black-hole horizon as a function of the chem-
ical potential ;1 and the temperature

-1
2 2

2 wy W
Top)=—=|1+4/1+ L N.1
(M) =2 (P L g e (N-16)
Note that (N.15) allows to rewrite f(r) in the form presented in the text
r\* r\°
f(r)y=1- <) 14+20Q—-7Try))+2(1 —aTry) <) . (N.17)
TH TH

O Parameters of the bulk action for neutrino trans-
port

The bulk action (4.3.1) possesses two parameters: the five-dimensional Planck mass MY,
which controls the overall normalization of the action, and the flavor coupling wy. We
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detail in this appendix how the values of these parameters are fixed by matching to QCD
data.

First, the 5-dimensional Planck mass MY is fixed by imposing that the zero-chemical
potential limit of the pressure be that of a free quark-gluon plasma

2n72
N2 TN,
- T (1 . 1
P="5 < TN, (0-1)

Lattice results [40] indicate that, for temperatures equal to a few times the deconfining
temperature, the pressure in the quark-gluon plasma is already close (within about 20%)
to the ideal result (O.1). Setting (M) to match (O.1) will therefore ensure that the
thermodynamics of the holographic model is close to that of QCD in the deconfined phase.
The pressure of the holographic model is computed from the grand-canonical potential
(4.3.18). At p < T, it is given by

1
p= (M0 |N2(zT)* + ngNcw(Q)(wT)Zuz +0wh] . (0.2)

(0.2) matches (O.1) at p = 0 if (M£)? is equal to
13 1
(Mg)?rcc - F@ s (03)
where the number of flavors was set to Ny = 2, and that of colors to N, = 3.

As far as the parameter wg is concerned, it can be fixed such that the baryon number
susceptibility at zero density agrees with the ideal Fermi gas result. As for the pressure, it
was observed to give a good approximation to the exact result for the quark-gluon plasma
on the lattice [205]. The baryon number susceptibility is defined as the first non-trivial
cumulant of the pressure at ugp = puz =0

82
XB = 55 b . (0.4)
KB lup=0
From (0.2) it is equal to
Ny o 3 2
= M T .
Xz = gr-wb(MOYT)?, (05)
whereas the ideal Fermi gas result is
N
XB,free = 3]\]; T2, (0.6)
C
Matching the two results fixes the value of wg to be
2
2 3
(U}O(Mg) )free = ﬁ . (07)

In the numerical calculations done in this chapter 4, we used the values of the param-
eters given by (0.3) and (0.7). For comparison, we discuss below another choice for the
value of the parameter wy.
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UV limit of the two-point function Fixing wg as in (0.7) also implies that
the holographic two-point function agrees with the perturbative QCD result in the UV
limit [161, 164]. Here, we will prove explicitly this result. So we now consider the Eu-
clidean version of the correlator (4.4.23) and (4.4.24) in the UV limit where w? + k2 goes
to infinity. In this case the temperature and chemical potential become irrelevant and the
computation can be equivalently performed in (Euclidean) AdS space-time. It follows that
the Lorentz invariance of the theory is effectively restored and the Euclidean correlator can
be written as

<J§L)J£L)>E (k) = Pao (R)IIE, (), (0.8)

where the 4-dimensional projector transverse to k was defined in (4.4.7). The function II(k)
is computed following the standard holographic method, starting from the perturbation

SLatrin) = [ e £, (09)

which obeys the equation of motion
O~ L0 — K =0, (0.10)
together with a boundary condition fixing the normalization of the perturbation
P(0) =1. (0.11)

The solution of this differential problem can be expressed in terms of a modified Bessel
function of the second type
Y(r) = krK,(kr), (0.12)

and the Euclidean on-shell action is
1 . /
Sonfshell = _8£<M€)3ngc/ d4k;£§¢0)(_k>Puy<k)£l(/0)(k)arww (013)
Near the boundary, K7 has the following behavior

Ki(kr) ~ i—k k:rlog (kr) + Cokr, (0.14)

r—0 kr

where Cj is a constant that does not depend on k. This implies that the on-shell action has
a logarithmic divergence which is removed by the appropriate counter-term. This leaves
the renormalized on-shell action

Sren = 2 (MOPuRN, / KL (—K) PP (k) LO (k) log (K2) + O(K),  (0.15)
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and
N,
{7 (k) = —K(M€)3w§k2 log(k?). (0.16)

Identifying with the perturbative QCD result

N. 2
H{JL),QCD(k) = _@3?]{2 log(k?), (0.17)

fixes the value of wq in terms of M/

2

2
_ 1
STV ER (0.18)

which agrees with the value derived from the susceptibility (O.7).

P Eddington-Finkelstein coordinates

The general solution to the equations of motion (4.4.16) and (4.4.18) behaves near the
horizon as the superposition of an infalling and outgoing waves

LY =citrg =) +etrg—r)" , El=di(rg —r) +dolryg — 1), y= er .
T
(P.1)

Imposing infalling boundary conditions amounts to setting ca = ds = 0, and the infalling

solution can be rewritten as

L+ =cexp (—m log (1 — T)) . El=dexp (—iy log <1 — T)) ) (P.2)
TH TH

which makes it apparent that the solution oscillates very fast near the horizon as soon
as w in non-zero. When solving the equations of motion numerically, such fast oscillating
solutions require high numerical precision to obtain good accuracy for the behavior of the
solution near the boundary. To avoid working with such solutions, it is more convenient
to do the numerical calculations in the natural coordinates for infalling solutions, that are
the infalling Eddington-Finkelstein coordinates. The change of coordinate is given by

= , t—ou=t—1r*(r) , r—r, (P.3)
where the tortoise coordinate 7*(r) is such that

dr* 1

= . P.4
dr  f(r) (P4)

Then, the Fourier transform of the gauge field perturbation transforms as
L p(r) — e L (1), (P.5)
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which can be decomposed into
L) = e Friry , El@r) — e Fl(r). (P.6)

Notice that, since near the horizon the tortoise coordinate behaves as

() ~ —ﬁlog (1 _ T) , (P.7)

TH

the fields - and FIl do not oscillate near the horizon, and are instead analytic at r = 7 25.

Applying the transformation (P.5) to the equations of motion (4.4.16) and (4.4.18) gives
the differential equations obeyed by the gauge-fields in Eddington-Finkelstein coordinates,
Ft and Fl

2t M _ 1 1 k2 1 _

OrF~ + < ) r> o F f(r)}— 0, (P.8)
opl (L) riw 1 K0 Ny gy
" +< foy o +w2—f<r>k2>&"f i =" (P.9)

These equations can be solved numerically by shooting from the horizon, where two bound-
ary conditions are imposed. The first condition fixes the normalization of the solution

F(ra) = Fliry) =1, (P.10)

and the second one selects the infalling solution at the horizon. In Eddington-Finkelstein
coordinates, this corresponds to requiring that the fields F- and F I are regular at r = rp.
By analyzing the equations of motion (P.8)-(P.9) near the horizon, for the regular solution
we find the following relation between the fields and their first derivative at the horizon

k2
iw — 4T

k2

OFru) = 5o

]:J_(TH) , 3r.7:”(7’H): ]—“”(rH)_ (P.11)

Q Analysis of the diffusive approximation

This appendix presents an analysis of the diffusive approximation, where the time-time
component of the two-point function is assumed to give the largest contribution to the
opacities. We first investigate the validity of this approximation, and then use it to derive
approximate expressions for the radiative coefficients as a function of the various parame-
ters.

28The infalling Eddington-Finkelstein coordinates are well-defined beyond the horizon, and there
exists a solution to the equations of motion which is perfectly regular at » = rp in these coordinates.
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Q.1 Radiative coefficients in the hydrodynamic limit

This subsection presents the analysis of the radiative coefficients in the hydrodynamic
regime 7 fie, T fy, T Ey < 1, which results in the scalings (4.5.21). The results justify
the validity of the diffusive approximation in the degenerate and hydrodynamic limit.
A small parameter € is introduced, and we consider the following scaling of the param-
eters
rgEy ~rgp, =rgpe =€ , rgT = 0(e), (Q.1)

where we take a > 1. This ensures that the temperature is much smaller than all other
energy scales in the problem, such that the degenerate expression of the statistical dis-
tributions can be used (4.5.2) and (4.5.4). We then consider the integrals over the loop
electron momentum which define the radiative coefficients (4.2.72)-(4.2.75). We focus on
the neutrino emissivity j,— for concreteness, but the others are analogous. The integral
over k. can be rewritten as an integral over the energy ¢°,

G2 s w—E, Ez/
Je-(Ey) = ——I; dé sin@/ dw? il L) Tm GEU)\ (w, k(w,0)) , (Q.2)
& 0 0 EV

w=q), =E.—E,,
k(w,0) =/ (w+E,)?+FE2 2w+ E,)E, cosf,

where we neglected the mass of the electrons®?, and the boundaries of the energy integral are

fixed by the Fermi-Dirac and Bose-Einstein distributions. Substituting the hydrodynamic
expression of the correlators gives

2 ™ MV*EV
jo (B = GF/O stinH/O A Er o (Q.3)

872 E,
w? — k*(w, 0)
w? + D2k* (w,0) )’

X ow (P/\la(w,k(w,&)) + Pl (w, k(w,6))

which is the sum of several components

n QG%O' & . pw—Ey 9
Joo (By) = —5 dfsin (1 — cos ) dww(w + Ey)“x (Q.4)
i 0 0
(w+ E,)E,
X <1+k2(w’g)(1+C089) 5
G2 T w—E,
jégo)(El,) = :20/0 dfsin O(1 + cos 9)/0 dww(w + E,)?x (Q.5)

29The mass of the electron is equal to about 0.5 MeV, which is much smaller than the temperature
T = 10MeV.
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 Bwo)
w? + D2k*(w,0)’

; 2 2 T w—E,
jég)(E,,) = - Gga / dfsin (1 + cos 0)/ dww?(w + E,)?x (Q.6)
m 0 0
y w
w? + D%k (w,0)’

163 gy — GEO [ g S 2
Jel N (Ey) = —5 dfsin (1 + cosh) dww?(w + E, )" X (Q.7)
™ Jo 0

w2

* B2, 0)(w? + Dk w, 0))

(

The diffusive approximation assumes that the component je(zo) dominates over the other
contributions. We now proceed to investigate the validity of this statement in the hydro-
dynamic limit. This will be done by determining the hydrodynamic scaling (the scaling in
€) for each component of the emissivity (Q.4)-(Q.7).

For a given angle 6, the integration over w meets the diffusive peak w = Dk? when w
is equal to

w*(EZ,79) — 1+2DE1/C089_ \/(1+2§DEVCOSG)2 _4D(EV+DE3) _El/

= 2DE2(1 — cos8)(1+ O(e)). (Q.8)

From (Q.1), w* is of order O(e?) whereas the upper bound of the integral u, — E, is of
order O(e). The integrals are therefore such that, over most of the integration region, w is
much larger than DE?. Specifically, the integrals can be split into two parts as

w—Ey Aw* w—Ey,
[ s
0 0 Aw*

where A is a number much larger than one which is independent of €. The first part
contains the contribution from the diffusion peak, whereas w > Dk? in the second part.

We now investigate the scaling of the first part of the integral in (Q.9) that we label
with the subscript “diff”. Since the transverse integrand (Q.4) does not depend on rg, its
hydrodynamic scaling is easily derived

Jem i = O%). (Q.10)

The longitudinal integrands require a more careful study since g appears via the diffusion
constant D = %T’H. The hydrodynamic scaling of the longitudinal emissivity coming from
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the first part of the integral in (Q.9) can be found by determining appropriate upper and
lower bounds. The lower bound is determined according to the following

Aw? k*(w,0)w 2t k2 (w, 0)w
/0 d(.uF((,u,Q)w2 D2k (w0, 6) >/0 dwF(w,Q)w2 DM (@, 0) (Q.11)

w*w

~ /OW AP (,0) Fyy oy > /OW dwF(w,H)% (1 . (wi _ 1)2> :

where F'(w,0) > 0 and the sign ~ means that the two expressions are equal up to a factor
1+ O(e). To write the first expression on the second line, we used the fact that Dw is of
order O(e?) over the integration interval, so that k%(w,8) = w*/D(1 4+ O(¢)). The upper
bound is obtained by replacing the fraction in (Q.11) by its maximum value reached at

Aw* 2 Aw*
k% (w,0)w F(w,0)
/0 dwF(w,@)(’u2 D2 (0, 0) < /0 dw 5D - (Q.12)

Then, for each component of the longitudinal emissivity (Q.5)-(Q.7), the bounds on the
contribution from the region around the diffusion peak are obtained by replacing F(w, 6) in
(Q.9) and (Q.12) by the appropriate expression, and performing the integral. This results
in the following bounds

w=w"

. 4G%.0
3% = a0 523 Eo(1+0(c) = O(e"), (Q13)

(0 32G2%.0
3 = —aon "5 D*ES(1+ 0(9) = O(), (Q14)

RNer: 64G%0
iM% = a5 5 DUEN(1+ 0(e) = O(), (Q.15)

4 4 A3 32 A5
a(o0) € §7A o€l ) o v €l

We now discuss the contribution from the second part of the integral in (Q.9), where
w > DEk?. Since this contribution includes essentially the region where w and k are of
the same order w ~ k = O(e), we label it with the subscript “lin”. The scaling of the
transverse part is again easily derived

Jemin = O(€"). (Q.16)

For the longitudinal part, the integrals are computed by neglecting D?k? in the denominator
of the correlator, which results in integrands that are independent of the diffusion constant
D. As for the transverse part, the hydrodynamic scaling of the (0i) (Q.6) and (ij) (Q.7)
components are then easily derived to be

jégi’)hn = 0(64) ) (Q17)
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46 Z oy (Q.18)

e lin
The (00) component is somewhat more subtle since the integrand contains a term that goes
as w~!. This implies that the time-time component contains a term of order O(e*log (¢2))

(00 8G2.o D(u, — E,
jé,}m = 37rFQ Eﬁ log <(D2E2 )> + (’)(64). (Q.19)

As long as p,— E,, is much larger than O(€?), this term dominates all the other contributions
to the neutrino emissivity. When E, is so close to the neutrino chemical potential that
oy, — E,, is smaller than O(e2), the integral includes only the diffusive part in (Q.10) and
(Q.13)-(Q.15). Since in both cases the time-time component dominates, the conclusion of
this analysis is that the diffusive approximation is valid in the hydrodynamic limit.

Note that there is one exception to this argument which happens in the limit where
E,, goes to zero. In this limit, the only remaining scale is the neutrino chemical potential,
such that all contributions (Q.4)-(Q.7) behave like p*. This means that the diffusive
approximation does not apply when F, < u,.

Q.2 Approximate expressions for the radiative coefficients

In this subsection, we take the hydrodynamic limit (Q.1) to derive approximate expressions
for the neutrino radiative coefficients. We consider the degenerate limit of the distribution
functions (4.5.2) and (4.5.4), and assume in a first time that |y, — E,| > O(€?).

According to the analysis of the previous subsection, the radiative coefficients are dom-
inated by the log term coming from the time-time component of the 2-point function. For
the opacities we obtain

8G2 g D My — EV
ke (Ey) = T;Ef log <|l)2E2|> + 0(64) ) (Q.20)
_ 8G%o D(p, + E,
e (Ey) = 37TFQ Eﬁ log <(l)2E2)> + 0(64) . (Q.21)

(Q.20) is valid as long as |y, — E,| is much larger than O(e?). In particular, instead of
diverging, the opacity goes to zero at F,, = u, in the degenerate limit.

From Table 4.1, the anti-neutrino opacity also receives a contribution from the positronic
processes. The latter is obtained from (Q.21) by replacing u, + E, by pu, + E, — pie = E,

8G2o
et (EV) = 37:;

Ellog (DE,) + O(*). (Q.22)

x|

Note that the leading order log term in (Q.20)-(Q.22) vanishes when E,, goes to zero,
such that the opacities become of order O(e?) in this limit. The expressions of the opacities
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at E, = 0 are of particular interest, since they set the typical opacity scale at a given value
of the baryonic density np. The latter can easily be computed from (Q.4)-(Q.7)

2
Re,0 = Ke— (0) = Ke- (0) GFJ 4

P 0(E). (Q.23)

Substituting the expressions for the conductivity o (4.4.45), and the neutrino chemical
potential (4.3.26), we obtain the dependence of the zero-energy opacities on p and the
parameters of the bulk action (M?¢) and wy

G%‘Mudp
2304

which is valid in the degenerate and hydrodynamic limit.

We are now interested in the regime where |, — F,| is smaller than O(e?). When
|, — Ey| goes to zero, both the neutrino emissivity and absorption calculated with the
degenerate limit of the distribution functions go to zero. This implies the existence of a
dip in the log of the neutrino opacity at E, = pu,, which is clearly visible on figure 4.16.
Here we would like to understand what are the typical width and depth of this dip. As
soon as |u, — E,| becomes of order O(e?), the integral over energies that appears in the
neutrino emissivity (Q.3) contains only the first part in (Q.9), where w and Dk? are of the
same order. Then, for T' < p, — E, = O(€?), the neutrino opacity is bounded from above
by

e o(np) = (37%) % NE (MO w2 (u(n))® + O(e), (Q.24)

Gio [lmw—Ev G%o

ke (B) < 55 [T dowr B = TSl - BI04+ 00). (@29
7T 0 Dn

This becomes much smaller than the leading contribution from the diffusion peak (Q.13)

when ]
Shulie = By < By <= |y = B,| < Dy, (Q.26)

Replacing the diffusion constant D by its expression D = rp /2, we find that the typical
width of the dip in opacity at F, = u, is given by
3N, 2
AE, = | ety (Q.27)
wy M

The depth of the dip is controlled by the value of the opacity at E,, = u,. At zero tempera-
ture, the opacity will be exactly zero at E,, = u,, and the depth of the dip infinite. At finite
temperature, the finite value of the opacity comes from the order O(T/u)? corrections in
(4.5.2) and (4.5.4). The latter are evaluated as derivatives in energy at the point E, = p,

2GFJ

Ke— () = / dfsin0(1 + cos 6)d, [ (W + ) k*(w, 0) )}

0 w? + D?k* (w, 0

(1+0().
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The angular integral in (Q.28) is singular, which translates the appearance of a non-
analytic behavior in the temperature ~ T2log7T. The latter can be traced back to the
divergence of the retarded 2-point function at = 0, which is due to the forward scattering
of soft electrons at ue. = p,. As expected, the divergence is regularized when taking into
account that the electron mass m, is finite

2 )
Ko () = SGSFTQTI_{Q [4 log (Q,u ) — 1] (14 0(€) + O(me/m)?) - (Q.29)

Me

279



Bibliography

1]

H. Fritzsch, M. Gell-Mann and H. Leutwyler, “Advantages of the Color Octet Gluon
Picture,” Phys. Lett. B 47, 365-368 (1973).

D. J. Gross and F. Wilczek, “Ultraviolet Behavior of Non-Abelian Gauge Theories,”
Phys. Rev. Lett. 30, 1343-1346 (1973).

H. D. Politzer, “Reliable Perturbative Results for Strong Interactions?,” Phys. Rev.
Lett. 30, 1346-1349 (1973).

J. Ghiglieri, A. Kurkela, M. Strickland and A. Vuorinen, “Perturbative Thermal QCD:
Formalism and Applications,” Phys. Rept. 880, 1-73 (2020); [ArXiv:2002.10188][hep-

ph.

M. Jarvinen, E. Kiritsis, F. Nitti and E. Préau, “Tachyon-dependent Chern-Simons
terms and the V-QCD baryon,” JHEP 12 (2022), 160; [ArXiv:2209.05868][hep-th].

M. Jarvinen, E. Kiritsis, F. Nitti and E. Préau, “The V-QCD baryon : numerical
solution and baryon spectrum,” [ArXiv:2212.06747][hep-th].

M. Laine and Y. Schroder, “Quark mass thresholds in QCD thermodynamics,” Phys.
Rev. D 73, 085009 (2006); [ArXiv:hep-ph/0603048].

E. Annala, T. Gorda, A. Kurkela and A. Vuorinen, “Gravitational-wave constraints
on the neutron-star-matter Equation of State,” Phys. Rev. Lett. 120, no.17, 172703
(2018); [ArXiv:1711.02644][astro-ph.HE].

T. Gorda, A. Kurkela, R. Paatelainen, S. Sappi and A. Vuorinen, “Cold quark
matter at N3LO: Soft contributions,” Phys. Rev. D 104, no.7, 074015 (2021);
[ArXiv:2103.07427][hep-ph].

L. Fernandez and J. L. Kneur, “All Order Resummed Leading and Next-to-Leading
Soft Modes of Dense QCD Pressure,” Phys. Rev. Lett. 129, no.21, 212001 (2022);
[ArXiv:2109.02410][hep-ph].

280


https://doi.org/10.1016/0370-2693(73)90625-4
https://doi.org/10.1103/PhysRevLett.30.1343
https://doi.org/10.1103/PhysRevLett.30.1346
https://doi.org/10.1103/PhysRevLett.30.1346
https://doi.org/10.1016/j.physrep.2020.07.004
http://arxiv.org/abs/2002.10188
http://arxiv.org/abs/2002.10188
https://doi.org/10.1007/JHEP12(2022)160
http://arxiv.org/abs/2209.05868
http://arxiv.org/abs/2212.06747
https://doi.org/10.1103/PhysRevD.73.085009
https://doi.org/10.1103/PhysRevD.73.085009
http://arxiv.org/abs/hep-ph/0603048
https://doi.org/10.1103/PhysRevLett.120.172703
https://doi.org/10.1103/PhysRevLett.120.172703
http://arxiv.org/abs/1711.02644
https://doi.org/10.1103/PhysRevD.104.074015
http://arxiv.org/abs/2103.07427
https://doi.org/10.1103/PhysRevLett.129.212001
http://arxiv.org/abs/2109.02410

[11]

[12]

[21]

22]

M. G. Alford, “Color superconducting quark matter,” Ann. Rev. Nucl. Part. Sci. 51,
131-160 (2001); [ArXiv:hep-ph/0102047].

M. G. Alford, A. Schmitt, K. Rajagopal and T. Schéfer, “Color superconductivity in
dense quark matter,” Rev. Mod. Phys. 80, 1455-1515 (2008); [ArXiv:0709.4635][hep-

ph].
K. G. Wilson, “Confinement of Quarks,” Phys. Rev. D 10, 2445-2459 (1974).

S. R. Coleman and E. Witten, “Chiral Symmetry Breakdown in Large N Chromody-
namics,” Phys. Rev. Lett. 45, 100 (1980).

A. Ukawa, “QCD PHASE TRANSITIONS AT FINITE TEMPERATURES,” Nucl.
Phys. B Proc. Suppl. 17, 118-136 (1990)

F. Karsch, E. Laermann and C. Schmidt, “The Chiral critical point in three-flavor
QCD,” Phys. Lett. B 520, 41-49 (2001); [ArXiv:hep-lat/0107020].

S. Weinberg, “Phenomenological Lagrangians,” Physica A 96, no.1-2, 327-340 (1979).

J. Gasser and H. Leutwyler, “Chiral Perturbation Theory to One Loop,” Annals Phys.
158, 142 (1984).

J. Gasser and H. Leutwyler, “Chiral Perturbation Theory: Ezpansions in the Mass of
the Strange Quark,” Nucl. Phys. B 250, 465-516 (1985).

E. Follana et al. [HPQCD and UKQCD], “High Precision determination of the pi, K,
D and D(s) decay constants from lattice QCD,” Phys. Rev. Lett. 100, 062002 (2008);
[ArXiv:0706.1726][hep-lat].

J. Gasser, M. E. Sainio and A. Svarc, “Nucleons with Chiral Loops,” Nucl. Phys. B
307, 779-853 (1988).

A. Nogga, P. Navratil, B. R. Barrett and J. P. Vary, “Spectra and binding energy pre-
dictions of chiral interactions for Li-7,” Phys. Rev. C 73, 064002 (2006); [ArXiv:nucl-
th/0511082].

P. Navratil, V. G. Gueorguiev, J. P. Vary, W. E. Ormand and A. Nogga, “Structure
of A=10-13 nuclei with two plus three-nucleon interactions from chiral effective field
theory,” Phys. Rev. Lett. 99, 042501 (2007); [ArXiv:nucl-th/0701038].

G. Hagen, T. Papenbrock, D. J. Dean and M. Hjorth-Jensen, “Medium-mass nu-
clei from chiral nucleon-nucleon interactions,” Phys. Rev. Lett. 101, 092502 (2008);
[ArXiv:0806.3478][nucl-th].

281


https://doi.org/10.1146/annurev.nucl.51.101701.132449
https://doi.org/10.1146/annurev.nucl.51.101701.132449
http://arxiv.org/abs/hep-ph/0102047
https://doi.org/10.1103/RevModPhys.80.1455
http://arxiv.org/abs/0709.4635
http://arxiv.org/abs/0709.4635
https://doi.org/10.1103/PhysRevD.10.2445
https://doi.org/10.1103/PhysRevLett.45.100
https://doi.org/10.1016/0920-5632(90)90226-K
https://doi.org/10.1016/0920-5632(90)90226-K
https://doi.org/10.1016/S0370-2693(01)01114-5
http://arxiv.org/abs/hep-lat/0107020
https://doi.org/10.1016/0378-4371(79)90223-1
https://doi.org/10.1016/0003-4916(84)90242-2
https://doi.org/10.1016/0003-4916(84)90242-2
https://doi.org/10.1016/0550-3213(85)90492-4
https://doi.org/10.1103/PhysRevLett.100.062002
http://arxiv.org/abs/0706.1726
https://doi.org/10.1016/0550-3213(88)90108-3
https://doi.org/10.1016/0550-3213(88)90108-3
https://doi.org/10.1103/PhysRevC.73.064002
http://arxiv.org/abs/nucl-th/0511082
http://arxiv.org/abs/nucl-th/0511082
https://doi.org/10.1103/PhysRevLett.99.042501
http://arxiv.org/abs/nucl-th/0701038
https://doi.org/10.1103/PhysRevLett.101.092502
http://arxiv.org/abs/0806.3478

[25]

[33]

[34]

[35]

T. Otsuka, T. Suzuki, J. D. Holt, A. Schwenk and Y. Akaishi, “Three-body
forces and the limit of oxygen isotopes,” Phys. Rev. Lett. 105, 032501 (2010);
[ArXiv:0908.2607][nucl-th].

I. Tews, J. Carlson, S. Gandolfi and S. Reddy, “Constraining the speed of sound
inside neutron stars with chiral effective field theory interactions and observations,”
Astrophys. J. 860, no.2, 149 (2018); [ArXiv:1801.01923][nucl-th].

M. E. Fisher, “The theory of condensation and the critical point,” Physics Physique
Fizika 3, no.5, 255-283 (1967).

G. Sauer, H. Chandra and U. Mosel, “Thermal properties of nuclei,” Nucl. Phys. A
264, 221-243 (1976).

M. W. Curtin, H. Toki and D. K. Scott, “Liquid-gas phase instabilities in nuclear
systems,” Phys. Lett. B 123, 289-292 (1983).

H. Jagaman, A. Z. Mekjian and L. Zamick, “NUCLEAR CONDENSATION,” Phys.
Rev. C 27, 2782-2791 (1983).

S. Fiorilla, N. Kaiser and W. Weise, “Chiral thermodynamics of nuclear matter,” Nucl.
Phys. A 880, 65-87 (2012); [ArXiv:1111.2791][nucl-th].

J. E. Finn, S. Agarwal, A. Bujak, J. Chuang, L. J. Gutay, A. S. Hirsch, R. W. Minich,
N. T. Porile, R. P. Scharenberg and B. C. Stringfellow, et al. “Nuclear Fragment Mass
Yields From High-energy Proton - Nucleus Interactions,” Phys. Rev. Lett. 49, 1321
(1982).

A. D. Panagiotou, M. W. Curtin, H. Toki, D. K. Scott and P. J. Siemens, “EX-
PERIMENTAL EVIDENCE FOR A LIQUID - GAS PHASE TRANSITION IN NU-
CLEAR SYSTEMS,” Phys. Rev. Lett. 52, 496-499 (1984).

J. Pochodzalla, T. Mohlenkamp, T. Rubehn, A. Schuttauf, A. Worner, E. Zude,
M. Begemann-Blaich, T. Blaich, H. Emling and A. Ferrero, et al. “Probing the nuclear
liquid - gas phase transition,” Phys. Rev. Lett. 75, 1040-1043 (1995).

J. W. Holt and N. Kaiser, “Fquation of state of nuclear and neutron matter at third-
order in perturbation theory from chiral effective field theory,” Phys. Rev. C 95, no.3,
034326 (2017); [ArXiv:1612.04309][nucl-th].

F. Karsch, K. Redlich and A. Tawfik, “Hadron resonance mass spectrum and lattice
QCD thermodynamics,” Eur. Phys. J. C 29, 549-556 (2003); [ArXiv:hep-ph/0303108].

F. Karsch, K. Redlich and A. Tawfik, “Thermodynamics at nonzero baryon number
density: A Comparison of lattice and hadron resonance gas model calculations,” Phys.
Lett. B 571, 67-74 (2003); [ArXiv:hep-ph/0306208].

282


https://doi.org/10.1103/PhysRevLett.105.032501
http://arxiv.org/abs/0908.2607
https://doi.org/10.3847/1538-4357/aac267
http://arxiv.org/abs/1801.01923
https://doi.org/10.1103/PhysicsPhysiqueFizika.3.255
https://doi.org/10.1103/PhysicsPhysiqueFizika.3.255
https://doi.org/10.1016/0375-9474(76)90429-2
https://doi.org/10.1016/0375-9474(76)90429-2
https://doi.org/10.1016/0370-2693(83)91202-9
https://doi.org/10.1103/PhysRevC.27.2782
https://doi.org/10.1103/PhysRevC.27.2782
https://doi.org/10.1016/j.nuclphysa.2012.01.003
https://doi.org/10.1016/j.nuclphysa.2012.01.003
http://arxiv.org/abs/1111.2791
https://doi.org/10.1103/PhysRevLett.49.1321
https://doi.org/10.1103/PhysRevLett.49.1321
https://doi.org/10.1103/PhysRevLett.52.496
https://doi.org/10.1103/PhysRevLett.75.1040
https://doi.org/10.1103/PhysRevC.95.034326
https://doi.org/10.1103/PhysRevC.95.034326
http://arxiv.org/abs/1612.04309
https://doi.org/10.1140/epjc/s2003-01228-y
http://arxiv.org/abs/hep-ph/0303108
https://doi.org/10.1016/j.physletb.2003.08.001
https://doi.org/10.1016/j.physletb.2003.08.001
http://arxiv.org/abs/hep-ph/0306208

[38]

[39]

[40]

[41]

[44]

[45]

[46]

[47]

[48]

[49]

P. Braun-Munzinger, K. Redlich and J. Stachel, “Particle production in heavy ion
collisions,” [ArXiv:nucl-th/0304013].

A. Bazavov et al. [HotQCD], “Equation of state in ( 2+1 )-flavor QCD,” Phys. Rev.
D 90, 094503 (2014); [ArXiv:1407.6387] [hep-lat].

S. Borsanyi, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg and K. K. Szabo, “Full result
for the QCD equation of state with 2+1 flavors,” Phys. Lett. B 730, 99-104 (2014);
[ArXiv:1309.5258] [hep-lat].

S. Borsanyi, Z. Fodor, J. Guenther, K. H. Kampert, S. D. Katz, T. Kawanai, T. G. Ko-
vacs, S. W. Mages, A. Pasztor and F. Pittler, et al. “Calculation of the axion mass

based on high-temperature lattice quantum chromodynamics,” Nature 539, no.7627,
69-71 (2016); [ArXiv:1606.07494] [hep-lat].

A. Nakamura, T. Saito and S. Sakai, “Lattice calculation of gluon screemning masses,”
Phys. Rev. D 69, 014506 (2004); [ArXiv:hep-lat/0311024].

M. Cheng, S. Datta, A. Francis, J. van der Heide, C. Jung, O. Kaczmarek, F. Karsch,
E. Laermann, R. D. Mawhinney and C. Miao, et al. “Meson screening masses from
lattice QCD with two light and the strange quark,” Eur. Phys. J. C 71, 1564 (2011);
[ArXiv:1010.1216][hep-lat].

E. Laermann and O. Philipsen, “The Status of lattice QCD at finite temperature,”
Ann. Rev. Nucl. Part. Sci. 53, 163-198 (2003); [ArXiv:hep-ph/0303042].

P. Petreczky, “Lattice QCD at non-zero temperature,” J. Phys. G 39, 093002 (2012);
[ArXiv:1203.5320][hep-lat].

C. Ratti, “Lattice QCD and heavy ion collisions: a review of recent progress,” Rept.
Prog. Phys. 81, no.8, 084301 (2018); [ArXiv:1804.07810][hep-lat].

Y. Aoki, G. Endrodi, Z. Fodor, S. D. Katz and K. K. Szabo, “The Order of the quan-
tum chromodynamics transition predicted by the standard model of particle physics,”
Nature 443, 675-678 (2006); [ArXiv:hep-lat/0611014][hep-lat].

Y. Aoki, S. Borsanyi, S. Durr, Z. Fodor, S. D. Katz, S. Krieg and K. K. Szabo, “The
QCD transition temperature: results with physical masses in the continuum limit I11.,”
JHEP 06, 088 (2009); [ArXiv:0903.4155][hep-lat].

S. Borsanyi et al. [Wuppertal-Budapest], “Is there still any T. mystery in lattice
QCD? Results with physical masses in the continuum limit III,” JHEP 09, 073 (2010);
[ArXiv:1005.3508][hep-lat].

283


http://arxiv.org/abs/nucl-th/0304013
https://doi.org/10.1103/PhysRevD.90.094503
https://doi.org/10.1103/PhysRevD.90.094503
http://arxiv.org/abs/1407.6387
https://doi.org/10.1016/j.physletb.2014.01.007
http://arxiv.org/abs/1309.5258
https://doi.org/10.1038/nature20115
https://doi.org/10.1038/nature20115
http://arxiv.org/abs/1606.07494
https://doi.org/10.1103/PhysRevD.69.014506
http://arxiv.org/abs/hep-lat/0311024
https://doi.org/10.1140/epjc/s10052-011-1564-y
http://arxiv.org/abs/1010.1216
https://doi.org/10.1146/annurev.nucl.53.041002.110609
http://arxiv.org/abs/hep-ph/0303042
https://doi.org/10.1088/0954-3899/39/9/093002
http://arxiv.org/abs/1203.5320
https://doi.org/10.1088/1361-6633/aabb97
https://doi.org/10.1088/1361-6633/aabb97
http://arxiv.org/abs/1804.07810
https://doi.org/10.1038/nature05120
http://arxiv.org/abs/hep-lat/0611014
https://doi.org/10.1088/1126-6708/2009/06/088
http://arxiv.org/abs/0903.4155
https://doi.org/10.1007/JHEP09(2010)073
http://arxiv.org/abs/1005.3508

[50]

[54]

[60]

[61]

T. Bhattacharya, M. I. Buchoff, N. H. Christ, H. T. Ding, R. Gupta, C. Jung,
F. Karsch, Z. Lin, R. D. Mawhinney and G. McGlynn, et al. “QCD Phase Tran-
sition with Chiral Quarks and Physical Quark Masses,” Phys. Rev. Lett. 113, no.8,
082001 (2014); [ArXiv:1402.5175][hep-lat].

M. Troyer and U. J. Wiese, “Computational complexity and fundamental limitations
to fermionic quantum Monte Carlo simulations,” Phys. Rev. Lett. 94, 170201 (2005);
[ArXiv:cond-mat/0408370].

H. T. Ding, A. Francis, O. Kaczmarek, F. Karsch, E. Laermann and W. Soeldner,
“Thermal dilepton rate and electrical conductivity: An analysis of vector current
correlation functions in quenched lattice QCD,” Phys. Rev. D 83, 034504 (2011);
[ArXiv:1012.4963][hep-lat].

Y. Burnier and M. Laine, “Towards flavour diffusion coefficient and electrical con-
ductivity without wultraviolet contamination,” Eur. Phys. J. C 72, 1902 (2012);
[ArXiv:1201.1994][hep-lat].

P. de Forcrand and O. Philipsen, “The QCD phase diagram for small densities
from imaginary chemical potential,” Nucl. Phys. B 642, 290-306 (2002); [ArXiv:hep-
lat /0205016].

Z. Fodor and S. D. Katz, “A New method to study lattice QCD at finite temperature
and chemical potential,” Phys. Lett. B 534, 87-92 (2002); [ArXiv:hep-lat/0104001].

A. Alexandru, M. Faber, I. Horvath and K. F. Liu, “Lattice QCD at finite density via
a new canonical approach,” Phys. Rev. D 72, 114513 (2005); [ArXiv:hep-lat/0507020].

Z. Fodor, S. D. Katz and C. Schmidt, “The Density of states method at non-zero
chemical potential,” JHEP 03, 121 (2007); [ArXiv:hep-lat/0701022].

C. R. Allton, S. Ejiri, S. J. Hands, O. Kaczmarek, F. Karsch, E. Laermann, C. Schmidt
and L. Scorzato, “The QCD thermal phase transition in the presence of a small chem-
ical potential,” Phys. Rev. D 66, 074507 (2002); [ArXiv:hep-lat/0204010].

C. R. Allton, M. Doring, S. Ejiri, S. J. Hands, O. Kaczmarek, F. Karsch, E. Laermann
and K. Redlich, “Thermodynamics of two flavor QCD to sizth order in quark chemical
potential,” Phys. Rev. D 71, 054508 (2005); [ArXiv:hep-lat/0501030].

M. Oertel, M. Hempel, T. Klahn and S. Typel, “Equations of state for supernovae and
compact stars,” Rev. Mod. Phys. 89, no.1, 015007 (2017); [ArXiv:1610.03361][astro-
ph.HE].

G. Baym, T. Hatsuda, T. Kojo, P. D. Powell, Y. Song and T. Takatsuka, “From
hadrons to quarks in neutron stars: a review,” Rept. Prog. Phys. 81, no.5, 056902
(2018); [ArXiv:1707.04966][astro-ph.HE].

284


https://doi.org/10.1103/PhysRevLett.113.082001
https://doi.org/10.1103/PhysRevLett.113.082001
http://arxiv.org/abs/1402.5175
https://doi.org/10.1103/PhysRevLett.94.170201
http://arxiv.org/abs/cond-mat/0408370
https://doi.org/10.1103/PhysRevD.83.034504
http://arxiv.org/abs/1012.4963
https://doi.org/10.1140/epjc/s10052-012-1902-8
http://arxiv.org/abs/1201.1994
https://doi.org/10.1016/S0550-3213(02)00626-0
http://arxiv.org/abs/hep-lat/0205016
http://arxiv.org/abs/hep-lat/0205016
https://doi.org/10.1016/S0370-2693(02)01583-6
http://arxiv.org/abs/hep-lat/0104001
https://doi.org/10.1103/PhysRevD.72.114513
http://arxiv.org/abs/hep-lat/0507020
https://doi.org/10.1088/1126-6708/2007/03/121
http://arxiv.org/abs/hep-lat/0701022
https://doi.org/10.1103/PhysRevD.66.074507
http://arxiv.org/abs/hep-lat/0204010
https://doi.org/10.1103/PhysRevD.71.054508
http://arxiv.org/abs/hep-lat/0501030
https://doi.org/10.1103/RevModPhys.89.015007
http://arxiv.org/abs/1610.03361
http://arxiv.org/abs/1610.03361
https://doi.org/10.1088/1361-6633/aaae14
https://doi.org/10.1088/1361-6633/aaae14
http://arxiv.org/abs/1707.04966

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[71]

[72]

[73]

H. T. Janka, “Fzplosion Mechanisms of Core-Collapse Supernovae,” Ann. Rev. Nucl.
Part. Sci. 62, 407-451 (2012); [ArXiv:1206.2503][astro-ph.SR].

P. Haensel, A. Y. Potekhin and D. G. Yakovlev, “Neutron stars 1: Equation of state
and structure,” Astrophys. Space Sci. Libr. 326, pp.1-619 (2007) Springer, 2007.

F. Ozel and P. Freire, “Masses, Radii, and the Equation of State of Neutron Stars,”
Ann. Rev. Astron. Astrophys. 54, 401-440 (2016); [ArXiv:1603.02698][astro-ph.HE].

J. M. Lattimer, “The nuclear equation of state and neutron star masses,” Ann. Rev.
Nucl. Part. Sci. 62, 485-515 (2012); [ArXiv:1305.3510][nucl-th].

P. Demorest, T. Pennucci, S. Ransom, M. Roberts and J. Hessels, “Shapiro Delay
Measurement of A Two Solar Mass Neutron Star,” Nature 467 (2010), 1081-1083;
[ArXiv:1010.5788][astro-ph.HE].

Z. Arzoumanian et al. [NANOGrav|, “The NANOGrav 11-year Data Set: High-
precision timing of 45 Millisecond Pulsars,” Astrophys. J. Suppl. 235, no.2, 37 (2018);
[ArXiv:1801.01837][astro-ph.HE].

J. Antoniadis, P. C. C. Freire, N. Wex, T. M. Tauris, R. S. Lynch, M. H. van Kerkwijk,
M. Kramer, C. Bassa, V. S. Dhillon and T. Driebe, et al. “A Massive Pulsar in
a Compact Relativistic Binary,” Science 340 (2013), 6131; [ArXiv:1304.6875][astro-
ph.HE].

H. T. Cromartie et al. [NANOGrav], “Relativistic Shapiro delay measurements of
an extremely massive millisecond pulsar,” Nature Astron. 4 (2019) no.l, 72-76;
[ArXiv:1904.06759][astro-ph.HE].

E. Fonseca, H. T. Cromartie, T. T. Pennucci, P. S. Ray, A. Y. Kirichenko, S. M. Ran-
som, P. B. Demorest, I. H. Stairs, Z. Arzoumanian and L. Guillemot, et al. “Refined
Mass and Geometric Measurements of the High-mass PSR J0740+6620,” Astrophys.
J. Lett. 915 (2021) no.1, L12; [ArXiv:2104.00880][astro-ph.HE].

E.F. Brown, L. Bildsten, and R.E. Rutledge, “Crustal Heating and Quiescent Emission
from Transiently Accreting Neutron Stars,” The Astrophysical Journal, vol. 504, no.
2, pp. L95-1.98, 1998; [ArXiv:astro-ph/9807179].

J. van Paradijs, “Possible observational constraints on the mass-radius relation of
neutron stars.”, The Astrophysical Journal, vol. 234, pp. 609-611, 1979.

K. R. Pechenick, C. Ftaclas, and J. Cohen, “Hot spots on neutron stars - The near-field
gravitational lens”, The Astrophysical Journal, vol. 274, pp. 846-857, 1983.

285


https://doi.org/10.1146/annurev-nucl-102711-094901
https://doi.org/10.1146/annurev-nucl-102711-094901
http://arxiv.org/abs/1206.2503
https://doi.org/10.1007/978-0-387-47301-7
https://doi.org/10.1146/annurev-astro-081915-023322
http://arxiv.org/abs/1603.02698
https://doi.org/10.1146/annurev-nucl-102711-095018
https://doi.org/10.1146/annurev-nucl-102711-095018
http://arxiv.org/abs/1305.3510
https://doi.org/10.1038/nature09466
http://arxiv.org/abs/1010.5788
https://doi.org/10.3847/1538-4365/aab5b0
http://arxiv.org/abs/1801.01837
https://doi.org/10.1126/science.1233232
http://arxiv.org/abs/1304.6875
http://arxiv.org/abs/1304.6875
https://doi.org/10.1038/s41550-019-0880-2
http://arxiv.org/abs/1904.06759
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac03b8
http://arxiv.org/abs/2104.00880
https://doi.org/10.1086/311578
https://doi.org/10.1086/311578
http://arxiv.org/abs/astro-ph/9807179
https://doi.org/10.1086/157535
https://doi.org/doi:10.1086/161498

[74]

[75]

[76]

[77]

[78]

T. E. Riley, A. L. Watts, S. Bogdanov, P. S. Ray, R. M. Ludlam, S. Guillot, Z. Ar-
zoumanian, C. L. Baker, A. V. Bilous and D. Chakrabarty, et al. “A NICER View
of PSR J0030+0451: Millisecond Pulsar Parameter Estimation,” Astrophys. J. Lett.
887, no.1, L21 (2019); [ArXiv:1912.05702][astro-ph.HE].

T. E. Riley, A. L. Watts, P. S. Ray, S. Bogdanov, S. Guillot, S. M. Morsink,
A. V. Bilous, Z. Arzoumanian, D. Choudhury and J. S. Deneva, et al. “A NICER View
of the Massive Pulsar PSR J0740+6620 Informed by Radio Timing and XMM-Newton
Spectroscopy,” Astrophys. J. Lett. 918, no.2, L27 (2021); [ArXiv:2105.06980][astro-
ph.HE].

M. C. Miller, F. K. Lamb, A. J. Dittmann, S. Bogdanov, Z. Arzoumanian, K. C. Gen-
dreau, S. Guillot, A. K. Harding, W. C. G. Ho and J. M. Lattimer, et al.
“PSR J0030+0451 Mass and Radius from NICER Data and Implications for the
Properties of Neutron Star Matter,” Astrophys. J. Lett. 887, no.l, 124 (2019);
[ArXiv:1912.05705][astro-ph.HE].

M. C. Miller, F. K. Lamb, A. J. Dittmann, S. Bogdanov, Z. Arzoumanian, K. C. Gen-
dreau, S. Guillot, W. C. G. Ho, J. M. Lattimer and M. Loewenstein, et al. “The Radius
of PSR J0740+6620 from NICER and XMM-Newton Data,” Astrophys. J. Lett. 918,
no.2, L.28 (2021) [ArXiv:2105.06979][astro-ph.HE].

S. Bogdanov, S. Guillot, P. S. Ray, M. T. Wolff, D. Chakrabarty, W. C. G. Ho,
M. Kerr, F. K. Lamb, A. Lommen and R. M. Ludlam, et al. “Constraining the Neutron
Star Mass—Radius Relation and Dense Matter Equation of State with NICER. 1.
The Millisecond Pulsar X-Ray Data Set,” Astrophys. J. Lett. 887, no.1, 125 (2019);
[ArXiv:1912.05706][astro-ph.HE].

B. P. Abbott et al. [LIGO Scientific and Virgo|, “GW170817: Observation of Grav-
itational Waves from a Binary Neutron Star Inspiral,” Phys. Rev. Lett. 119, no.16,
161101 (2017); [ArXiv:1710.05832][gr-qc].

B. P. Abbott et al. [LIGO Scientific and Virgo|, “GW190425: Observation of a Com-
pact Binary Coalescence with Total Mass ~ 3.4Mg,” Astrophys. J. Lett. 892, no.1,
L3 (2020); [ArXiv:2001.01761][astro-ph.HE].

B. P. Abbott et al. [LIGO Scientific and Virgo], “GW170817: Measurements of neu-
tron star radii and equation of state,” Phys. Rev. Lett. 121, no.16, 161101 (2018);
[ArXiv:1805.11581][gr-qc].

D. Page and S. Reddy, “Dense Matter in Compact Stars: Theoretical Developments
and Observational Constraints,” Ann. Rev. Nucl. Part. Sci. 56, 327-374 (2006);
[ArXiv:astro-ph/0608360].

286


https://doi.org/10.3847/2041-8213/ab481c
https://doi.org/10.3847/2041-8213/ab481c
http://arxiv.org/abs/1912.05702
https://doi.org/10.3847/2041-8213/ac0a81
http://arxiv.org/abs/2105.06980
http://arxiv.org/abs/2105.06980
https://doi.org/10.3847/2041-8213/ab50c5
http://arxiv.org/abs/1912.05705
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ac089b
http://arxiv.org/abs/2105.06979
https://doi.org/10.3847/2041-8213/ab53eb
http://arxiv.org/abs/1912.05706
https://doi.org/10.1103/PhysRevLett.119.161101
https://doi.org/10.1103/PhysRevLett.119.161101
http://arxiv.org/abs/1710.05832
https://doi.org/10.3847/2041-8213/ab75f5
https://doi.org/10.3847/2041-8213/ab75f5
http://arxiv.org/abs/2001.01761
https://doi.org/10.1103/PhysRevLett.121.161101
http://arxiv.org/abs/1805.11581
https://doi.org/10.1146/annurev.nucl.56.080805.140600
http://arxiv.org/abs/astro-ph/0608360

[83]

[84]

[85]

[36]

[87]

D. G. Yakovlev and C. J. Pethick, “Neutron star cooling,” Ann. Rev. Astron. Astro-
phys. 42, 169-210 (2004); [ArXiv:astro-ph/0402143].

D. Page, U. Geppert and F. Weber, “The Cooling of compact stars,” Nucl. Phys. A
777, 497-530 (2006); [ArXiv:astro-ph/0508056].

M. Prakash, J. M. Lattimer, J. A. Pons, A. W. Steiner and S. Reddy, “Fvolution
of a neutron star from its birth to old age,” Lect. Notes Phys. 578, 364-423 (2001);
[ArXiv:astro-ph/0012136].

D. Page, J. M. Lattimer, M. Prakash and A. W. Steiner, “Minimal cooling of neutron
stars: A New paradigm,” Astrophys. J. Suppl. 155, 623-650 (2004); [ArXiv:astro-
ph/0403657].

O. Aharony, S. S. Gubser, J. M. Maldacena, H. Ooguri and Y. Oz, “Large N field
theories, string theory and gravity,” Phys. Rept. 323, 183-386 (2000); [ArXiv:hep-
th/9905111].

M. Natsuume, “AdS/CFT Duality User Guide,” Lect. Notes Phys. 903, pp.1-294
(2015); [ArXiv:1409.3575][hep-th].

M. Ammon and J. Erdmenger, “Gauge/gravity duality: Foundations and applica-
tions,” Cambridge University Press, 2015.

E. Kiritsis, “String theory in a nutshell,” Princeton University Press, 2019.

J. M. Maldacena, “The Large N limit of superconformal field theories and supergrav-
ity,” Adv. Theor. Math. Phys. 2, 231-252 (1998); [ArXiv:hep-th/9711200].

S. S. Gubser, I. R. Klebanov and A. M. Polyakov, “Gauge theory correlators from
noncritical string theory,” Phys. Lett. B 428, 105-114 (1998); [ArXiv:hep-th/9802109].

E. Witten, “Anti-de Sitter space and holography,” Adv. Theor. Math. Phys. 2, 253-291
(1998); [ArXiv:hep-th/9802150].

S. El-Showk and K. Papadodimas, “Emergent Spacetime and Holographic CFTs,”
JHEP 10, 106 (2012); [ArXiv:1101.4163][hep-th].

E. Perlmutter, “Bounding the Space of Holographic CFTs with Chaos,” JHEP 10, 069
(2016); [ArXiv:1602.08272][hep-th].

N. Afkhami-Jeddi, S. Kundu and A. Tajdini, “A Conformal Collider for Holographic
CFTs,” JHEP 10, 156 (2018); [ArXiv:1805.07393|[hep-th].

E. T. Akhmedov, “A Remark on the AdS / CFT correspondence and the renormal-
ization group flow,” Phys. Lett. B 442, 152-158 (1998); [ArXiv:hep-th/9806217].

287


https://doi.org/10.1146/annurev.astro.42.053102.134013
https://doi.org/10.1146/annurev.astro.42.053102.134013
http://arxiv.org/abs/astro-ph/0402143
https://doi.org/10.1016/j.nuclphysa.2005.09.019
https://doi.org/10.1016/j.nuclphysa.2005.09.019
http://arxiv.org/abs/astro-ph/0508056
http://arxiv.org/abs/astro-ph/0012136
https://doi.org/10.1086/424844
http://arxiv.org/abs/astro-ph/0403657
http://arxiv.org/abs/astro-ph/0403657
https://doi.org/10.1016/S0370-1573(99)00083-6
http://arxiv.org/abs/hep-th/9905111
http://arxiv.org/abs/hep-th/9905111
https://doi.org/10.1007/978-4-431-55441-7
https://doi.org/10.1007/978-4-431-55441-7
http://arxiv.org/abs/1409.3575
https://doi.org/10.1023/A:1026654312961
http://arxiv.org/abs/hep-th/9711200
https://doi.org/10.1016/S0370-2693(98)00377-3
http://arxiv.org/abs/hep-th/9802109
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
https://doi.org/10.4310/ATMP.1998.v2.n2.a2
http://arxiv.org/abs/hep-th/9802150
https://doi.org/10.1007/JHEP10(2012)106
http://arxiv.org/abs/1101.4163
https://doi.org/10.1007/JHEP10(2016)069
https://doi.org/10.1007/JHEP10(2016)069
http://arxiv.org/abs/1602.08272
https://doi.org/10.1007/JHEP10(2018)156
http://arxiv.org/abs/1805.07393
https://doi.org/10.1016/S0370-2693(98)01270-2
http://arxiv.org/abs/hep-th/9806217

98] D. Z. Freedman, S. S. Gubser, K. Pilch and N. P. Warner, “Renormalization group
flows from holography supersymmetry and a c¢ theorem,” Adv. Theor. Math. Phys. 3,
363-417 (1999); [ArXiv:hep-th/9904017].

[99] K. Skenderis and P. K. Townsend, “Gravitational stability and renormalization group
flow,” Phys. Lett. B 468, 46-51 (1999); [ArXiv:hep-th/9909070].

[100] J. de Boer, E. P. Verlinde and H. L. Verlinde, “On the holographic renormalization
group,” JHEP 08, 003 (2000); [ArXiv:hep-th/9912012].

[101] R. C. Myers and A. Sinha, “Seeing a c-theorem with holography,” Phys. Rev. D 82,
046006 (2010); [ArXiv:1006.1263][hep-th].

[102] T. Faulkner, H. Liu and M. Rangamani, “Integrating out geometry: Holo-
graphic Wilsonian RG and the membrane paradigm,” JHEP 08, 051 (2011);
[ArXiv:1010.4036][hep-th].

[103] I. Heemskerk and J. Polchinski, “Holographic and Wilsonian Renormalization
Groups,” JHEP 06, 031 (2011); [ArXiv:1010.1264][hep-th].

[104] E. Kiritsis, W. Li and F. Nitti, “Holographic RG flow and the Quantum Effective
Action,” Fortsch. Phys. 62, 389-454 (2014); [ArXiv:1401.0888][hep-th].

[105] K. Skenderis and B. C. van Rees, “Real-time gauge/gravity duality,” Phys. Rev. Lett.
101, 081601 (2008); [ArXiv:0805.0150][hep-th].

[106] E. Witten, “Multitrace operators, boundary conditions, and AdS / CFT correspon-
dence,” [ArXiv:hep-th/0112258].

[107] E. Witten, “Anti-de Sitter space, thermal phase transition, and confinement in gauge
theories,” Adv. Theor. Math. Phys. 2, 505-532 (1998); [ArXiv:hep-th/9803131].

[108] G. W. Gibbons and S. W. Hawking, “Action Integrals and Partition Functions in
Quantum Gravity,” Phys. Rev. D 15, 2752-2756 (1977).

[109] J. M. Maldacena, “Wilson loops in large N field theories,” Phys. Rev. Lett. 80,
4859-4862 (1998); [ArXiv:hep-th/9803002].

[110] S.J. Rey and J. T. Yee, “Macroscopic strings as heavy quarks in large N gauge theory
and anti-de Sitter supergravity,” Eur. Phys. J. C 22, 379-394 (2001); [ArXiv:hep-
th/9803001].

[111] A. Karch, E. Katz, D. T. Son and M. A. Stephanov, “Linear confinement and
AdS/QCD,” Phys. Rev. D 74, 015005 (2006); [ArXiv:hep-ph/0602229).

288


https://doi.org/10.4310/ATMP.1999.v3.n2.a7
https://doi.org/10.4310/ATMP.1999.v3.n2.a7
http://arxiv.org/abs/hep-th/9904017
https://doi.org/10.1016/S0370-2693(99)01212-5
http://arxiv.org/abs/hep-th/9909070
https://doi.org/10.1088/1126-6708/2000/08/003
http://arxiv.org/abs/hep-th/9912012
https://doi.org/10.1103/PhysRevD.82.046006
https://doi.org/10.1103/PhysRevD.82.046006
http://arxiv.org/abs/1006.1263
https://doi.org/10.1007/JHEP08(2011)051
http://arxiv.org/abs/1010.4036
https://doi.org/10.1007/JHEP06(2011)031
http://arxiv.org/abs/1010.1264
https://doi.org/10.1002/prop.201400007
http://arxiv.org/abs/1401.0888
https://doi.org/10.1103/PhysRevLett.101.081601
https://doi.org/10.1103/PhysRevLett.101.081601
http://arxiv.org/abs/0805.0150
http://arxiv.org/abs/hep-th/0112258
https://doi.org/10.4310/ATMP.1998.v2.n3.a3
http://arxiv.org/abs/hep-th/9803131
https://doi.org/10.1103/PhysRevD.15.2752
https://doi.org/10.1103/PhysRevLett.80.4859
https://doi.org/10.1103/PhysRevLett.80.4859
http://arxiv.org/abs/hep-th/9803002
https://doi.org/10.1007/s100520100799
http://arxiv.org/abs/hep-th/9803001
http://arxiv.org/abs/hep-th/9803001
https://doi.org/10.1103/PhysRevD.74.015005
http://arxiv.org/abs/hep-ph/0602229

[112] K. Kajantie, T. Tahkokallio and J. T. Yee, “Thermodynamics of AdS/QCD,” JHEP
01, 019 (2007); [ArXiv:hep-ph/0609254].

[113] U. Gursoy, E. Kiritsis, L. Mazzanti and F. Nitti, “Holography and Thermodynamics
of 5D Dilaton-gravity,” JHEP 05, 033 (2009); [ArXiv:0812.0792][hep-th].

[114] G. T. Horowitz and R. C. Myers, “The AdS / CFT correspondence and a new positive
energy conjecture for general relativity,” Phys. Rev. D 59, 026005 (1998); [ArXiv:hep-
th /9808079].

[115] N. Itzhaki, J. M. Maldacena, J. Sonnenschein and S. Yankielowicz, “Supergravity
and the large N limit of theories with sixteen supercharges,” Phys. Rev. D 58, 046004
(1998); [ArXiv:hep-th/980204].

[116] C. Csaki, H. Ooguri, Y. Oz and J. Terning, “Glueball mass spectrum from supergrav-
ity,” JHEP 01, 017 (1999); [ArXiv:hep-th/9806021].

[117] R. C. Brower, S. D. Mathur and C. I. Tan, “Glueball spectrum for QCD from AdS
supergravity duality,” Nucl. Phys. B 587, 249-276 (2000); [ArXiv:hep-th/0003115].

[118] H. Ooguri, H. Robins and J. Tannenhauser, “Glueballs and their Kaluza-Klein
cousins,” Phys. Lett. B 437, 77-81 (1998); [ArXiv:hep-th/9806171].

[119] A. Karch and E. Katz, “Adding flavor to AdS / CFT,” JHEP 06, 043 (2002);
[ArXiv:hep-th/0205236].

[120] T. Sakai and J. Sonnenschein, “Probing flavored mesons of confining gauge theories
by supergravity,” JHEP 09, 047 (2003); [ArXiv:hep-th/0305049].

[121] T. Sakai and S. Sugimoto, “Low energy hadron physics in holographic QCD,” Prog.
Theor. Phys. 113, 843-882 (2005); [ArXiv:hep-th/0412141].

[122] E. Witten, “Current Algebra Theorems for the U(1) Goldstone Boson,” Nucl. Phys.
B 156, 269-283 (1979).

[123] G. Veneziano, “U(1) Without Instantons,” Nucl. Phys. B 159, 213-224 (1979).

[124] T. Sakai and S. Sugimoto, “More on a holographic dual of QCD,” Prog. Theor. Phys.
114, 1083-1118 (2005); [ArXiv:hep-th/0507073].

[125] D. J. Gross and H. Ooguri, “Aspects of large N gauge theory dynamics as seen by
string theory,” Phys. Rev. D 58, 106002 (1998); [ArXiv:hep-th/9805129].

[126] E. Witten, “Baryons and branes in anti-de Sitter space,” JHEP 07, 006 (1998);
[ArXiv:hep-th/9805112].

289


https://doi.org/10.1088/1126-6708/2007/01/019
https://doi.org/10.1088/1126-6708/2007/01/019
http://arxiv.org/abs/hep-ph/0609254
https://doi.org/10.1088/1126-6708/2009/05/033
http://arxiv.org/abs/0812.0792
https://doi.org/10.1103/PhysRevD.59.026005
http://arxiv.org/abs/hep-th/9808079
http://arxiv.org/abs/hep-th/9808079
https://doi.org/10.1103/PhysRevD.58.046004
https://doi.org/10.1103/PhysRevD.58.046004
http://arxiv.org/abs/hep-th/980204
https://doi.org/10.1088/1126-6708/1999/01/017
http://arxiv.org/abs/hep-th/9806021
https://doi.org/10.1016/S0550-3213(00)00435-1
http://arxiv.org/abs/hep-th/0003115
https://doi.org/10.1016/S0370-2693(98)00877-6
http://arxiv.org/abs/hep-th/9806171
https://doi.org/10.1088/1126-6708/2002/06/043
http://arxiv.org/abs/hep-th/0205236
https://doi.org/10.1088/1126-6708/2003/09/047
http://arxiv.org/abs/hep-th/0305049
https://doi.org/10.1143/PTP.113.843
https://doi.org/10.1143/PTP.113.843
http://arxiv.org/abs/hep-th/0412141
https://doi.org/10.1016/0550-3213(79)90031-2
https://doi.org/10.1016/0550-3213(79)90031-2
https://doi.org/10.1016/0550-3213(79)90332-8
https://doi.org/10.1143/PTP.114.1083
https://doi.org/10.1143/PTP.114.1083
http://arxiv.org/abs/hep-th/0507073
https://doi.org/10.1103/PhysRevD.58.106002
http://arxiv.org/abs/hep-th/9805129
https://doi.org/10.1088/1126-6708/1998/07/006
http://arxiv.org/abs/hep-th/9805112

[127] E. Witten, “Baryons in the 1/N Ezpansion,” Nucl. Phys. B 160, 57-115 (1979).

[128] H. Hata, T. Sakai, S. Sugimoto and S. Yamato, “Baryons from instantons in holo-
graphic QCD,” Prog. Theor. Phys. 117, 1157 (2007); [ArXiv:hep-th/0701280)].

[129] K. Hashimoto, T. Sakai and S. Sugimoto, “Holographic Baryons: Static Properties
and Form Factors from Gauge/String Duality,” Prog. Theor. Phys. 120, 1093-1137
(2008); [ArXiv:0806.3122][hep-th].

[130] O. Bergman, S. Seki and J. Sonnenschein, “Quark mass and condensate in HQCD,”
JHEP 12, 037 (2007); [ArXiv:0708.2839][hep-th].

[131] A. Dhar and P. Nag, “Sakai-Sugimoto model, Tachyon Condensation and Chiral
symmetry Breaking,” JHEP 01 (2008), 055; [ArXiv:0708.3233] [hep-th];

“Tachyon condensation and quark mass in modified Sakai-Sugimoto model,” Phys.
Rev. D 78 (2008), 066021; [ArXiv:0804.4807] [hep-th].

[132] O. Aharony and D. Kutasov, “Holographic Duals of Long Open Strings,” Phys. Rev.
D 78, 026005 (2008); [ArXiv:0803.3547][hep-th].

[133] K. Hashimoto, T. Hirayama and D. K. Hong, “Quark Mass Dependence of
Hadron Spectrum in Holographic QCD,” Phys. Rev. D 81, 045016 (2010);
[ArXiv:0906.0402] [hep-th].

[134] E. Kiritsis, “Dissecting the string theory dual of QCD,” Fortsch. Phys. 57, 396-417
(2009); [ArXiv:0901.1772][hep-th].

[135] Y. Kinar, E. Schreiber and J. Sonnenschein, “Q anti-Q potential from strings in
curved space-time: Classical results,” Nucl. Phys. B 566 (2000), 103-125; [ArXiv:hep-
th/9811192].

[136] J. Babington, J. Erdmenger, N. J. Evans, Z. Guralnik and I. Kirsch, “Chiral sym-
metry breaking and pions in nonsupersymmetric gauge / gravity duals,” Phys. Rev. D
69 (2004), 066007; [ArXiv:hep-th/0306018];
M. Kruczenski, D. Mateos, R. C. Myers and D. J. Winters, “Towards a holographic
dual of large N(c) QCD,” JHEP 05 (2004), 041; [ArXiv:hep-th/0311270].

[137] F. Bigazzi, R. Casero, A. L. Cotrone, E. Kiritsis and A. Paredes, “Non-critical
holography and four-dimensional CFT’s with fundamentals,” JHEP 10, 012 (2005)
[ArXiv:hep-th/0505140].

[138] R. Casero, E. Kiritsis and A. Paredes, “Chiral symmetry breaking as open string
tachyon condensation,” Nucl.Phys.B 787 (2007), 98-134; [ArXiv:hep-th/0702155].

[139] T. H. R. Skyrme, “A Unified Field Theory of Mesons and Baryons,” Nucl. Phys. 31
(1962), 556-569.

290


https://doi.org/10.1016/0550-3213(79)90232-3
https://doi.org/10.1143/PTP.117.1157
http://arxiv.org/abs/hep-th/0701280
https://doi.org/10.1143/PTP.120.1093
https://doi.org/10.1143/PTP.120.1093
http://arxiv.org/abs/0806.3122
https://doi.org/10.1088/1126-6708/2007/12/037
http://arxiv.org/abs/0708.2839
https://doi.org/10.1088/1126-6708/2008/01/055
http://arxiv.org/abs/0708.3233
https://doi.org/10.1103/PhysRevD.78.066021
https://doi.org/10.1103/PhysRevD.78.066021
http://arxiv.org/abs/0804.4807
https://doi.org/10.1103/PhysRevD.78.026005
https://doi.org/10.1103/PhysRevD.78.026005
http://arxiv.org/abs/0803.3547
https://doi.org/10.1103/PhysRevD.81.045016
http://arxiv.org/abs/0906.0402
https://doi.org/10.1002/prop.200900011
https://doi.org/10.1002/prop.200900011
http://arxiv.org/abs/0901.1772
https://doi.org/10.1016/S0550-3213(99)00652-5
http://arxiv.org/abs/hep-th/9811192
http://arxiv.org/abs/hep-th/9811192
https://doi.org/10.1103/PhysRevD.69.066007
https://doi.org/10.1103/PhysRevD.69.066007
http://arxiv.org/abs/hep-th/0306018
https://doi.org/10.1088/1126-6708/2004/05/041
http://arxiv.org/abs/hep-th/0311270
https://doi.org/10.1088/1126-6708/2005/10/012
http://arxiv.org/abs/hep-th/0505140
https://doi.org/10.1016/j.nuclphysb.2007.07.009
http://arxiv.org/abs/hep-th/0702155
https://doi.org/10.1016/0029-5582(62)90775-7
https://doi.org/10.1016/0029-5582(62)90775-7

[140] E. Witten, “Global Aspects of Current Algebra,” Nucl. Phys. B 223, 422-432 (1983)

[141] O. Kaymakcalan, S. Rajeev and J. Schechter, “Non-Abelian Anomaly and Vector
Meson Decays,” Phys. Rev. D 30, 594 (1984)

[142] J. L. Manes, “Differential Geometric Construction of the Gauged Wess-Zumino Ac-
tion,” Nucl. Phys. B 250, 369-384 (1985)

[143] J. Erlich, E. Katz, D. T. Son and M. A. Stephanov, “QCD and a holographic model
of hadrons,” Phys. Rev. Lett. 95 (2005) 261602 [ArXiv:hep-ph/0501128];
L. Da Rold and A. Pomarol, “Chiral symmetry breaking from five dimensional spaces,”
Nucl. Phys. B 721 (2005) 79 [ArXiv:hep-ph/0501218].

[144] J. Polchinski and M. J. Strassler, “The String dual of a confining four-dimensional
gauge theory,” [ArXiv:hep-th/0003136].

[145] U. Gursoy and E. Kiritsis, “Ezploring improved holographic theories for QCD: Part
I,” JHEP 0802 (2008) 032 [ArXiv:0707.1324][hep-th];
U. Gursoy, E. Kiritsis, F. Nitti, “Ezploring improved holographic theories for QCD:
Part 11,” JHEP 0802, 019 (2008) [ArXiv:0707.1349][hep-th].

[146] U. Gursoy, E. Kiritsis, L. Mazzanti, G. Michalogiorgakis and F. Nitti, “Improved
Holographic QCD,” Lect. Notes Phys. 828 (2011) 79 [ArXiv:1006.5461][hep-th].

[147] U. Gursoy, E. Kiritsis, L. Mazzanti, F. Nitti, “Deconfinement and Gluon Plasma
Dynamics in Improved Holographic QCD,” Phys. Rev. Lett. 101 (2008) 181601
[ArXiv:0804.0899][hep-th];

U. Gursoy, E. Kiritsis, L. Mazzanti, F. Nitti, “Holography and Thermodynamics of 5D
Dilaton-gravity,” JHEP 0905, 033 (2009) [ArXiv:0812.0792][hep-th];

“Improved Holographic Yang-Mills at Finite Temperature: Comparison with Data,”
Nucl. Phys. B820 (2009) 148-177 [ArXiv:0903.2859][hep-th].

[148] M. Panero, “Thermodynamics of the QCD plasma and the large-N limit,” Phys. Rev.
Lett. 103 (2009) 232001 [ArXiv:0907.3719][hep-lat].

[149] S. S. Gubser and A. Nellore, “Mimicking the QCD equation of state with a dual black
hole,” [ArXiv:0804.0434] [hep-th];
O. DeWolfe, S. S. Gubser and C. Rosen, “A holographic critical point,” Phys. Rev. D
83 (2011) 086005 [ArXiv:1012.1864][hep-th].

[150] M. Jérvinen and E. Kiritsis, “Holographic Models for QCD in the Veneziano Limit,”
JHEP 03 (2012), 002; [ArXiv:1112.1261] [hep-ph].

[151] M. Jarvinen, “Holographic modeling of nuclear matter and neutron stars,” Eur. Phys.
J. C 82, no.4, 282 (2022) [ArXiv:2110.08281] [hep-ph].

291


https://doi.org/10.1016/0550-3213(83)90063-9
https://doi.org/10.1103/PhysRevD.30.594
https://doi.org/10.1016/0550-3213(85)90487-0
http://arxiv.org/abs/hep-ph/0501128
http://arxiv.org/abs/hep-ph/0501218
http://arxiv.org/abs/hep-th/0003136
http://arxiv.org/abs/0707.1324
http://arxiv.org/abs/0707.1349
http://arxiv.org/abs/1006.5461
http://arxiv.org/abs/0804.0899
http://arxiv.org/abs/0812.0792
http://arxiv.org/abs/0903.2859
http://arxiv.org/abs/0907.3719
http://arxiv.org/abs/0804.0434
http://arxiv.org/abs/1012.1864
https://doi.org/10.1007/JHEP03(2012)002
http://arxiv.org/abs/1112.1261
https://doi.org/10.1140/epjc/s10052-022-10227-x
https://doi.org/10.1140/epjc/s10052-022-10227-x
http://arxiv.org/abs/2110.08281

[152] G. Veneziano, “Large N Ezpansion in Dual Models,” Phys. Lett. B 52 (1974), 220-
222.

[153] S. Kuperstein and J. Sonnenschein, “A New Holographic Model of Chiral Symmetry
Breaking,” JHEP 09 (2008), 012; [ArXiv:0807.2897] [hep-th].

[154] R. McNees, R. C. Myers and A. Sinha, “On quark masses in holographic QCD,”
JHEP 11 (2008), 056; [ArXiv:0807.5127] [hep-th].

[155] N. Jokela, M. Jarvinen and S. Nowling, “Winding effects on brane/anti-brane pairs,”
JHEP 07, 085 (2009) [ArXiv:0901.0281] [hep-th].

[156] I. Iatrakis, E. Kiritsis and A. Paredes, “An AdS/QCD model from Sen’s tachyon
action,” Phys. Rev. D 81 (2010), 115004; [ArXiv:1003.2377] [hep-ph].

[157] 1. Iatrakis, E. Kiritsis and A. Paredes, “An AdS/QCD model from tachyon conden-
sation: II,” JHEP 11 (2010), 123; [ArXiv:1010.1364] [hep-ph].

[158] M. Goykhman and A. Parnachev, “S-parameter, Technimesons, and Phase Transi-
tions in Holographic Tachyon DBI Models,” Phys. Rev. D 87 (2013) no.2, 026007;
[ArXiv:1211.0482] [hep-th].

[159] A. Sen, “Tachyon dynamics in open string theory,” Int. J. Mod. Phys. A 20 (2005),
5513-5656; [ArXiv:hep-th/0410103].

[160] M. Jarvinen, “Massive holographic QCD in the Veneziano limit,” JHEP 07 (2015),
033; [ArXiv:1501.07272] [hep-ph].

[161] D. Arean, I. Iatrakis, M. Jarvinen and E. Kiritsis, “V-QCD: Spectra, the dilaton and
the S-parameter,” Phys. Lett. B 720 (2013), 219-223; [ArXiv:1211.6125] [hep-ph];
“The discontinuities of conformal transitions and mass spectra of V-QCD,” JHEP 11,
068 (2013) [ArXiv:1309.2286][hep-ph];

D. Arean, I. Iatrakis and M. Jarvinen, “The spectrum of (h)QCD in the Veneziano
limit,” PoS Corfu2012, 129 (2013) doi:10.22323/1.177.0129 [ArXiv:1305.6294] [hep-

ph].

[162] A. Amorim, M. S. Costa and M. Jarvinen, “Regge theory in a holographic dual of
QCD in the Veneziano limit,” JHEP 07, 065 (2021); [ArXiv:2102.11296][hep-ph)].

[163] T. Alho, M. Jarvinen, K. Kajantie, E. Kiritsis and K. Tuominen, “On finite-
temperature holographic QCD in the Veneziano limit,” JHEP 01 (2013), 093;
[ArXiv:1210.4516] [hep-ph];

“Quantum and stringy corrections to the equation of state of holographic QCD mat-
ter and the nature of the chiral transition,” Phys. Rev. D 91 (2015) no.5, 055017;
[ArXiv:1501.06379] [hep-ph].

292


https://doi.org/10.1016/0370-2693(74)90095-1
https://doi.org/10.1016/0370-2693(74)90095-1
https://doi.org/10.1088/1126-6708/2008/09/012
http://arxiv.org/abs/0807.2897
https://doi.org/10.1088/1126-6708/2008/11/056
http://arxiv.org/abs/0807.5127
https://doi.org/10.1088/1126-6708/2009/07/085
http://arxiv.org/abs/0901.0281
https://doi.org/10.1103/PhysRevD.81.115004
http://arxiv.org/abs/1003.2377
https://doi.org/10.1007/JHEP11(2010)123
http://arxiv.org/abs/1010.1364
https://doi.org/10.1103/PhysRevD.87.026007
http://arxiv.org/abs/1211.0482
https://doi.org/10.1142/S0217751X0502519X
https://doi.org/10.1142/S0217751X0502519X
http://arxiv.org/abs/hep-th/0410103
https://doi.org/10.1007/JHEP07(2015)033
https://doi.org/10.1007/JHEP07(2015)033
http://arxiv.org/abs/1501.07272
https://doi.org/10.1016/j.physletb.2013.01.070
http://arxiv.org/abs/1211.6125
https://doi.org/10.1007/JHEP11(2013)068
https://doi.org/10.1007/JHEP11(2013)068
http://arxiv.org/abs/1309.2286
http://arxiv.org/abs/1305.6294
http://arxiv.org/abs/1305.6294
https://doi.org/10.1007/JHEP07(2021)065
http://arxiv.org/abs/2102.11296
https://doi.org/10.1007/JHEP01(2013)093
http://arxiv.org/abs/1210.4516
https://doi.org/10.1103/PhysRevD.91.055017
http://arxiv.org/abs/1501.06379

[164] T. Alho, M. Jarvinen, K. Kajantie, E. Kiritsis, C. Rosen and K. Tuominen, “A
holographic model for QCD in the Veneziano limit at finite temperature and density,”
JHEP 04 (2014), 124; [erratum: JHEP 02 (2015), 033] [ArXiv:1312.5199] [hep-ph].

[165] N. Jokela, M. Jarvinen and J. Remes, “Holographic QCD in the Veneziano limit and
neutron stars,” JHEP 03, 041 (2019); [ArXiv:1809.07770][hep-ph].

[166] D. Arean, I. Iatrakis, M. Jarvinen and E. Kiritsis, “CP-odd sector and 6 dynamics in
holographic QCD,” Phys. Rev. D 96 (2017) no.2, 026001; [ArXiv:1609.08922] [hep-ph].

[167] J. Bijnens, L. Girlanda and P. Talavera, “The Anomalous chiral Lagrangian of order
p%,” Eur. Phys. J. C 23 (2002), 539-544; [ArXiv:hep-ph/0110400];
T. Ebertshauser, H. W. Fearing and S. Scherer, “The Anomalous chiral perturbation
theory meson Lagrangian to order p® revisited,” Phys. Rev. D 65 (2002), 054033;
[ArXiv:hep-ph/0110261].

[168] K. Kampf and J. Novotny, “Resonance saturation in the odd-intrinsic parity sector
of low-energy QCD,” Phys. Rev. D 84 (2011), 014036; [ArXiv:1104.3137] [hep-ph].

[169] J. Bijnens, N. Hermansson-Truedsson and S. Wang, “The order p® mesonic chiral
Lagrangian,” JHEP 01 (2019), 102; [ArXiv:1810.06834 |[hep-ph];
J. Bijnens, K. Kampf and S. Lanz, “Leading logarithms in the anomalous sector of
two-flavour QCD,” Nucl. Phys. B 860 (2012), 245-266; [ArXiv:1201.2608][hep-ph].

[170] P. H. C. Lau and S. Sugimoto, “Chern-Simons five-form and holographic baryons,”
Phys. Rev. D 95 (2017) no.12, 126007; [ArXiv:1612.09503] [hep-th]

[171] D. K. Hong, M. Rho, H. U. Yee and P. Yi, “Chiral Dynamics of Baryons from String
Theory,” Phys. Rev. D 76 (2007), 061901; [ArXiv:hep-th/0701276].

[172] A. Pomarol and A. Wulzer, “Stable skyrmions from extra dimensions,” JHEP 03
(2008), 051; [ArXiv:0712.3276] [hep-th].

[173] A. Pomarol and A. Wulzer, “Baryon Physics in Holographic QCD,” Nucl. Phys. B
809 (2009), 347-361; [ArXiv:0807.0316] [hep-ph].

[174] T. Ishii, M. Jarvinen and G. Nijs, “Cool baryon and quark matter in holographic
QCD”, JHEP 07 (2019), 003; [ArXiv:1903.06169] [hep-ph].

[175] A. Cherman and T. Ishii, “Long-distance properties of baryons in the Sakai-Sugimoto
model,” Phys. Rev. D 86, 045011 (2012) [ArXiv:1109.4665][hep-th].

[176] G. S. Adkins, C. R. Nappi and E. Witten, “Static Properties of Nucleons in the
Skyrme Model,” Nucl. Phys. B 228 (1983), 552

293


https://doi.org/10.1007/JHEP04(2014)124
http://arxiv.org/abs/1312.5199
https://doi.org/10.1007/JHEP03(2019)041
http://arxiv.org/abs/1809.07770
https://doi.org/10.1103/PhysRevD.96.026001
http://arxiv.org/abs/1609.08922
https://doi.org/10.1007/s100520100887
http://arxiv.org/abs/hep-ph/0110400
https://doi.org/10.1103/PhysRevD.65.054033
http://arxiv.org/abs/hep-ph/0110261
https://doi.org/10.1103/PhysRevD.84.014036
http://arxiv.org/abs/1104.3137
https://doi.org/10.1007/JHEP01(2019)102
http://arxiv.org/abs/1810.06834 
https://doi.org/10.1016/j.nuclphysb.2012.02.014
http://arxiv.org/abs/1201.2608
https://doi.org/10.1103/PhysRevD.95.126007
http://arxiv.org/abs/1612.09503
https://doi.org/10.1103/PhysRevD.76.061901
http://arxiv.org/abs/hep-th/0701276
https://doi.org/doi:10.1088/1126-6708/2008/03/051
https://doi.org/doi:10.1088/1126-6708/2008/03/051
http://arxiv.org/abs/0712.3276
https://doi.org/10.1016/j.nuclphysb.2008.10.004
https://doi.org/10.1016/j.nuclphysb.2008.10.004
http://arxiv.org/abs/0807.0316
https://doi.org/10.1007/JHEP07(2019)003
http://arxiv.org/abs/1903.06169
https://doi.org/10.1103/PhysRevD.86.045011
http://arxiv.org/abs/1109.4665
https://doi.org/10.1016/0550-3213(83)90559-X

[177] G. Panico and A. Wulzer, “Nucleon Form Factors from 5D Skyrmions,” Nucl. Phys.
A 825 (2009), 91-114 [ArXiv:0811.2211][hep-ph].

[178] A. Gorsky, S. B. Gudnason and A. Krikun, “Baryon and chiral symmetry breaking in
holographic QCD,” Phys. Rev. D 91 (2015) no.12, 126008 [ArXiv:1503.04820][hep-th].

[179] N. S. Manton, “Scaling Identities for Solitons beyond Derrick’s Theorem,” J. Math.
Phys. 50 (2009), 032901 [ArXiv:0809.2891][hep-th].

[180] S. K. Domokos, C. Hoyos and J. Sonnenschein, “Deformation Constraints on Solitons
and D-branes,” JHEP 10 (2013), 003 [ArXiv:1306.0789][hep-th].

[181] C. Charmousis, B. Gouteraux, B. S. Kim, E. Kiritsis and R. Meyer, “Effective Holo-
graphic Theories for low-temperature condensed matter systems,” JHEP 11 (2010),
151 [ArXiv:1005.4690][hep-th].

[182] C. Kennedy and A. Wilkins, “Ramond-Ramond couplings on Brane - anti-Brane
systems,” Phys. Lett. B 464, 206-212 (1999) [ArXiv:hep-th/9905195].

[183] P. Kraus and F. Larsen, “Boundary string field theory of the D anti-D system,” Phys.
Rev. D 63, 106004 (2001) [ArXiv:hep-th/0012198].

[184] T. Takayanagi, S. Terashima and T. Uesugi, “Brane - anti-brane action from bound-
ary string field theory,” JHEP 03, 019 (2001) [ArXiv:hep-th/0012210].

[185] D. T. Son and N. Yamamoto, “Holography and Anomaly Matching for Resonances,”
[ArXiv:1010.0718] [hep-ph].

[186] I. Iatrakis and E. Kiritsis, “Vector-azial vector correlators in weak electric field
and the holographic dynamics of the chiral condensate,” JHEP 02 (2012), 064;
[ArXiv:1109.1282][hep-ph].

[187] S. Nakamura, H. Ooguri and C. S. Park, “Gravity Dual of Spatially Modulated
Phase,” Phys. Rev. D 81 (2010), 044018; [ArXiv:0911.0679] [hep-th].

[188] A. Donos and J. P. Gauntlett, “Holographic striped phases,” JHEP 08 (2011), 140;
[ArXiv:1106.2004] [hep-th].

[189] O. Bergman, N. Jokela, G. Lifschytz and M. Lippert, “Striped instability of a holo-
graphic Fermi-like liquid,” JHEP 10, 034 (2011) [ArXiv:1106.3883] [hep-th].

[190] N. Jokela, M. Jarvinen and M. Lippert, “Fluctuations and instabilities of a holo-
graphic metal,” JHEP 02, 007 (2013) [ArXiv:1211.1381] [hep-th].

[191] H. Kanno and S. Sugimoto, “Anomaly and superconnection,” PTEP 2022 (2022)
no.1, 013B02; [ArXiv:2106.01591] [hep-th].

294


https://doi.org/10.1016/j.nuclphysa.2009.04.004
https://doi.org/10.1016/j.nuclphysa.2009.04.004
http://arxiv.org/abs/0811.2211
https://doi.org/10.1103/PhysRevD.91.126008
http://arxiv.org/abs/1503.04820
https://doi.org/10.1063/1.3089582
https://doi.org/10.1063/1.3089582
http://arxiv.org/abs/0809.2891
https://doi.org/10.1007/JHEP10(2013)003
http://arxiv.org/abs/1306.0789
https://doi.org/10.1007/JHEP11(2010)151
https://doi.org/10.1007/JHEP11(2010)151
http://arxiv.org/abs/1005.4690
https://doi.org/10.1016/S0370-2693(99)00967-3
http://arxiv.org/abs/hep-th/9905195
https://doi.org/10.1103/PhysRevD.63.106004
https://doi.org/10.1103/PhysRevD.63.106004
http://arxiv.org/abs/hep-th/0012198
https://doi.org/10.1088/1126-6708/2001/03/019
http://arxiv.org/abs/hep-th/0012210
http://arxiv.org/abs/1010.0718
https://doi.org/doi:10.1007/JHEP02(2012)064
http://arxiv.org/abs/1109.1282
https://doi.org/doi:10.1103/PhysRevD.81.044018
http://arxiv.org/abs/0911.0679
https://doi.org/doi:10.1007/JHEP08(2011)140
http://arxiv.org/abs/1106.2004
https://doi.org/10.1007/JHEP10(2011)034
http://arxiv.org/abs/1106.3883
https://doi.org/10.1007/JHEP02(2013)007
http://arxiv.org/abs/1211.1381
https://doi.org/10.1093/ptep/ptab131
https://doi.org/10.1093/ptep/ptab131
http://arxiv.org/abs/2106.01591

[192] J. Sonnenschein, “Holography Inspired Stringy Hadrons,” Prog. Part. Nucl. Phys. 92
(2017), 1-49; [ArXiv:1602.00704] [hep-th].

[193] K. Y. Kim, S. J. Sin and I. Zahed, “Dense hadronic matter in holographic QCD,” J.
Korean Phys. Soc. 63, 1515-1529 (2013) [ArXiv:hep-th/0608046];
K. Y. Kim, S. J. Sin and 1. Zahed, “The Chiral Model of Sakai-Sugimoto at Finite
Baryon Density,” JHEP 01, 002 (2008) [ArXiv:0708.1469][hep-th].

[194] H. Hata and M. Murata, “Baryons and the Chern-Simons term in holographic QCD
with three flavors,” Prog. Theor. Phys. 119 (2008), 461-490 doi:10.1143/PTP.119.461
[ArXiv:0710.2579][hep-th].

[195] S. Bolognesi and P. Sutcliffe, “The Sakai-Sugimoto soliton,” JHEP 01, 078 (2014)
[ArXiv:1309.1396][hep-th].

[196] A. Gorsky and A. Krikun, “Baryon as dyonic instanton,” Phys. Rev. D 86, 126005
(2012) [ArXiv:1206.4515][hep-th];
A. Gorsky, P. N. Kopnin and A. Krikun, “Baryon as dyonic instanton-II.
Baryon mass versus chiral condensate,” Phys. Rev. D 89, no.2, 026012 (2014)
[ArXiv:1309.3362] [hep-th].

[197] A. Ballon-Bayona, H. Boschi-Filho, L. A. H. Mamani, A. S. Miranda and
V. T. Zanchin, “Effective holographic models for QCD: glueball spectrum and trace
anomaly,” Phys. Rev. D 97, no.4, 046001 (2018) [ArXiv:1708.08968][hep-th].

[198] A. Ballon-Bayona, L. A. H. Mamani, A. S. Miranda and V. T. Zanchin, “Effective
holographic models for QCD: Thermodynamics and viscosity coefficients,” Phys. Rev.
D 104, no.4, 046013 (2021) [ArXiv:2103.14188][hep-th].

[199] G. Veneziano, “Some Aspects of a Unified Approach to Gauge, Dual and Gribov
Theories,” Nucl. Phys. B 117, 519-545 (1976).

[200] S. S. Gubser, “Curvature singularities: The Good, the bad, and the naked,” Adv.
Theor. Math. Phys. 4, 679-745 (2000) [ArXiv:hep-th/0002160].

[201] M. Shifman and A. Vainshtein, “Highly Excited Mesons, Linear Regge Trajectories
and the Pattern of the Chiral Symmetry Realization,” Phys. Rev. D 77 (2008), 034002
[ArXiv:0710.0863] [hep-ph].

[202] B. Lucini, M. Teper and U. Wenger, “Glueballs and k-strings in SU(N) gauge theories:
Calculations with improved operators,” JHEP 06, 012 (2004) [ArXiv:hep-lat/0404008].

[203] B. Lucini, M. Teper and U. Wenger, “Properties of the deconfining phase transition
in SU(N) gauge theories,” JHEP 02, 033 (2005) [ArXiv:hep-lat/0502003].

295


https://doi.org/10.1016/j.ppnp.2016.06.005
https://doi.org/10.1016/j.ppnp.2016.06.005
http://arxiv.org/abs/1602.00704
https://doi.org/10.3938/jkps.63.1515
https://doi.org/10.3938/jkps.63.1515
http://arxiv.org/abs/hep-th/0608046
https://doi.org/10.1088/1126-6708/2008/01/002
http://arxiv.org/abs/0708.1469
http://arxiv.org/abs/0710.2579
https://doi.org/10.1007/JHEP01(2014)078
http://arxiv.org/abs/1309.1396
https://doi.org/10.1103/PhysRevD.86.126005
https://doi.org/10.1103/PhysRevD.86.126005
http://arxiv.org/abs/1206.4515
https://doi.org/10.1103/PhysRevD.89.026012
http://arxiv.org/abs/1309.3362
https://doi.org/doi:10.1103/PhysRevD.97.046001
http://arxiv.org/abs/1708.08968
https://doi.org/doi:10.1103/PhysRevD.104.046013
https://doi.org/doi:10.1103/PhysRevD.104.046013
http://arxiv.org/abs/2103.14188
https://doi.org/doi:10.1016/0550-3213(76)90412-0
https://doi.org/doi:10.4310/ATMP.2000.v4.n3.a6
https://doi.org/doi:10.4310/ATMP.2000.v4.n3.a6
http://arxiv.org/abs/hep-th/0002160
https://doi.org/10.1103/PhysRevD.77.034002
http://arxiv.org/abs/0710.0863
https://doi.org/doi:10.1088/1126-6708/2004/06/012
http://arxiv.org/abs/hep-lat/0404008
https://doi.org/doi:10.1088/1126-6708/2005/02/033
http://arxiv.org/abs/hep-lat/0502003

[204] A. Athenodorou and M. Teper, “SU(N) gauge theories in 3+1 dimensions: glueball
spectrum, string tensions and topology,” JHEP 12, 082 (2021) [ArXiv:2106.00364][hep-
lat].

[205] S. Borsanyi, Z. Fodor, S. D. Katz, S. Krieg, C. Ratti and K. Szabo, “Fluctuations
of conserved charges at finite temperature from lattice QCD,” JHEP 01, 138 (2012)
[ArXiv:1112.4416][hep-lat].

[206] R. L. Workman et al. [Particle Data Group], “Review of Particle Physics,” PTEP
2022, 083C01 (2022).

[207] U. Gursoy, “Continuous Hawking-Page transitions in Einstein-scalar gravity,” JHEP
01, 086 (2011) [ArXiv:1007.0500] [hep-th].

[208] T. Demircik, C. Ecker and M. Jarvinen, “Dense and Hot QCD at Strong Coupling,”
Phys. Rev. X 12, no.4, 041012 (2022) [ArXiv:2112.12157][hep-ph].

[209] Anderson, D., Tannehill, J.C., Pletcher, R.H., Munipalli, R., & Shankar, V. (2020).
“Computational Fluid Mechanics and Heat Transfer”; (4th ed.). CRC Press.

[210] H. T. Janka, F. Hanke, L. Huedepohl, A. Marek, B. Mueller and M. Obergaulinger,
“Core-Collapse Supernovae: Reflections and Directions,” PTEP 2012, 01A309 (2012)
[ArXiv:1211.1378][astro-ph.SR].

[211] A. Burrows and D. Vartanyan, “Core-Collapse Supernova Explosion Theory,” Nature
589, 10.7840, 29-39 (2021); [ArXiv:2009.14157][astro-ph.SR].

[212] A.Y. Potekhin, J. A. Pons and D. Page, “Neutron stars - cooling and transport,”
Space Sci. Rev. 191, no.1-4, 239-291 (2015); [ArXiv:1507.06186][astro-ph.HE].

[213] B. P. Abbott et al. [LIGO Scientific, Virgo, Fermi GBM, INTEGRAL, IceCube,
AstroSat Cadmium Zinc Telluride Imager Team, IPN, Insight-Hxmt, ANTARES,
Swift, AGILE Team, 1M2H Team, Dark Energy Camera GW-EM, DES, DLT40,
GRAWITA, Fermi-LAT, ATCA, ASKAP, Las Cumbres Observatory Group, OzGrav,
DWF (Deeper Wider Faster Program), AST3, CAASTRO, VINROUGE, MASTER, J-
GEM, GROWTH, JAGWAR, CaltechNRAO, TTU-NRAO, NuSTAR, Pan-STARRS,
MAXI Team, TZAC Consortium, KU, Nordic Optical Telescope, ePESSTO, GROND,
Texas Tech University, SALT Group, TOROS, BOOTES, MWA, CALET, IKI-GW
Follow-up, H.E.S.S., LOFAR, LWA, HAWC, Pierre Auger, ALMA, Euro VLBI Team,
Pi of Sky, Chandra Team at McGill University, DFN, ATLAS Telescopes, High
Time Resolution Universe Survey, RIMAS, RATIR and SKA South Africa/MeerKAT],
“Multi-messenger Observations of a Binary Neutron Star Merger,” Astrophys. J. Lett.
848, no.2, L12 (2017) [ArXiv:1710.05833][astro-ph.HE].

296


https://doi.org/doi:10.1007/JHEP12(2021)082
http://arxiv.org/abs/2106.00364
http://arxiv.org/abs/2106.00364
https://doi.org/doi:10.1007/JHEP01(2012)138
http://arxiv.org/abs/1112.4416
https://doi.org/doi:10.1093/ptep/ptac097
https://doi.org/doi:10.1093/ptep/ptac097
https://doi.org/10.1007/JHEP01(2011)086
https://doi.org/10.1007/JHEP01(2011)086
http://arxiv.org/abs/1007.0500
https://doi.org/10.1103/PhysRevX.12.041012
http://arxiv.org/abs/2112.12157
https://doi.org/10.1201/9781351124027
https://doi.org/doi:10.1093/ptep/pts067
http://arxiv.org/abs/1211.1378
https://doi.org/doi:10.1038/s41586-020-03059-w
https://doi.org/doi:10.1038/s41586-020-03059-w
http://arxiv.org/abs/2009.14157
https://doi.org/doi:10.1007/s11214-015-0180-9
http://arxiv.org/abs/1507.06186
https://doi.org/doi:10.3847/2041-8213/aa91c9
https://doi.org/doi:10.3847/2041-8213/aa91c9
http://arxiv.org/abs/1710.05833

[214] Y. Sekiguchi, K. Kiuchi, K. Kyutoku and M. Shibata, “Gravitational waves and
neutrino emission from the merger of binary neutron stars,” Phys. Rev. Lett. 107,
051102 (2011) [ArXiv:1105.2125][gr-qc].

[215] F. Foucart, E. O’Connor, L. Roberts, L. E. Kidder, H. P. Pfeiffer and M. A. Scheel,
“Impact of an improved neutrino energy estimate on outflows in nmeutron star merger
simulations,” Phys. Rev. D 94, no.12, 123016 (2016) [ArXiv:1607.07450][astro-ph.HE].

[216] F. Foucart, “Neutrino transport in general relativistic neutron star merger simula-
tions,” [ArXiv:2209.02538][astro-ph. HE].

[217] R. Gill, A. Nathanail and L. Rezzolla, “When Did the Remnant of GW170817 Col-
lapse to a Black Hole?,” Astrophys. J. 876, no.2, 139 (2019); [ArXiv:1901.04138][astro-
ph.HE].

[218] M. Cusinato, F. M. Guercilena, A. Perego, D. Logoteta, D. Radice, S. Bernuzzi and
S. Ansoldi, “Neutrino emission from binary neutron star mergers: characterizing light
curves and mean energies,” Eur. Phys. J. A 58, 99 (2022) [ArXiv:2111.13005][astro-
ph.HE].

[219] D. G. Yakovlev, A. D. Kaminker, O. Y. Gnedin and P. Haensel, “Neutrino emission
from neutron stars,” Phys. Rept. 354, 1 (2001) [ArXiv:astro-ph/0012122].

[220] N. Chamel and P. Haensel, “Physics of Neutron Star Crusts,” Living Rev. Rel. 11,
10 (2008) [ArXiv:0812.3955][astro-ph].

[221] A. Schmitt and P. Shternin, “Reaction rates and transport in neutron stars,” Astro-
phys. Space Sci. Libr. 457, 455-574 (2018) [ArXiv:1711.06520][astro-ph.HE].

[222] A. Sedrakian, “The Physics of dense hadronic matter and compact stars,” Prog. Part.
Nucl. Phys. 58, 168-246 (2007); [ArXiv:nucl-th/0601086].

[223] S. Reddy, M. Prakash and J. M. Lattimer, “Neutrino interactions in hot and dense
matter,” Phys. Rev. D 58, 013009 (1998); [ArXiv:astro-ph/9710115].

[224] A. Burrows and R. F. Sawyer, “The Effects of correlations on neutrino opacities in
nuclear matter,” Phys. Rev. C 58, 554-571 (1998); [ArXiv:astro-ph/9801082].

[225] S. Reddy, M. Prakash, J. M. Lattimer and J. A. Pons, “Effects of strong and elec-
tromagnetic correlations on neutrino interactions in dense matter,” Phys. Rev. C 59,
2888-2918 (1999); [ArXiv:astro-ph/9811294].

[226] J. Margueron, I. Vidana and I. Bombaci, “Microscopic calculation of neutrino mean
free path inside hot neutron matter,” Phys. Rev. C 68, 055806 (2003) [ArXiv:nucl-
th/0307073].

297


https://doi.org/doi:10.1103/PhysRevLett.107.051102
https://doi.org/doi:10.1103/PhysRevLett.107.051102
http://arxiv.org/abs/1105.2125
https://doi.org/doi:10.1103/PhysRevD.94.123016
http://arxiv.org/abs/1607.07450
http://arxiv.org/abs/2209.02538
https://doi.org/doi:10.3847/1538-4357/ab16da
http://arxiv.org/abs/1901.04138
http://arxiv.org/abs/1901.04138
https://doi.org/doi:10.1140/epja/s10050-022-00743-5
http://arxiv.org/abs/2111.13005
http://arxiv.org/abs/2111.13005
https://doi.org/doi:10.1016/S0370-1573(00)00131-9
http://arxiv.org/abs/astro-ph/0012122
https://doi.org/doi:10.12942/lrr-2008-10
https://doi.org/doi:10.12942/lrr-2008-10
http://arxiv.org/abs/0812.3955
https://doi.org/doi:10.1007/978-3-319-97616-7_9
https://doi.org/doi:10.1007/978-3-319-97616-7_9
http://arxiv.org/abs/1711.06520
https://doi.org/10.1016/j.ppnp.2006.02.002
https://doi.org/10.1016/j.ppnp.2006.02.002
http://arxiv.org/abs/nucl-th/0601086
https://doi.org/doi:10.1103/PhysRevD.58.013009
http://arxiv.org/abs/astro-ph/9710115
https://doi.org/doi:10.1103/PhysRevC.58.554
http://arxiv.org/abs/astro-ph/9801082
https://doi.org/doi:10.1103/PhysRevC.59.2888
https://doi.org/doi:10.1103/PhysRevC.59.2888
http://arxiv.org/abs/astro-ph/9811294
https://doi.org/doi:10.1103/PhysRevC.68.055806
http://arxiv.org/abs/nucl-th/0307073
http://arxiv.org/abs/nucl-th/0307073

[227] J. Margueron, J. Navarro and N. Van Giai, “Effects of spin-orbit interaction on
nuclear response and neutrino mean free path,” Phys. Rev. C 74, 015805 (2006)
[ArXiv:nucl-th/0604019].

[228] S. W. Bruenn, “Stellar core collapse: Numerical model and infall epoch,” Astrophys.
J. Suppl. 58, 771-841 (1985)

[229] N. Iwamoto, “QUARK BETA DECAY AND THE COOLING OF NEUTRON
STARS,” Phys. Rev. Lett. 44, 1637-1640 (1980)

[230] A. Burrows, “BETA DECAY IN QUARK STARS,” Phys. Rev. Lett. 44, 1640-1643
(1980)

[231] N. Iwamoto, “Neutrino emissivities and mean free paths of degenerate quark matter,”
Annals Phys. 141, 1-49 (1982)

[232] Z. G. Dai, Q. H. Peng and T. Lu, “The conversion from two - flavor to three - flavor
quark matter in a supernova core,” Astrophys. J. 440, 815 (1995)

[233] T. Schéfer and K. Schwenzer, “Neutrino emission from ungapped quark matter,”
Phys. Rev. D 70, 114037 (2004); [ArXiv:astro-ph/0410395].

[234] J. N. Bahcall and R. A. Wolf, “Neutron Stars,” Phys. Rev. Lett. 14, 343-346 (1965)

[235] J. N. Bahcall and R. A. Wolf, “Neutron Stars. 2. Neutrino-Cooling and Observabil-
ity,” Phys. Rev. 140, B1452-B1466 (1965)

[236] O. Maxwell, G. E. Brown, D. K. Campbell, R. F. Dashen and J. T. Manassah, “Beta
decay of pion condensates as a cooling mechanism for neutron stars,” Astrophys. J.

216, 77-85 (1977)

[237] G. E. Brown, K. Kubodera, D. Page and P. Pizzochero, “Strangeness Condensation
and Cooling of Neutron Stars,” Phys. Rev. D 37, 2042-2046 (1988)

[238] V. Thorsson, M. Prakash and J. M. Lattimer, “Composition, structure and evolution
of neutron stars with kaon condensates,” Nucl. Phys. A 572, 693-731 (1994) [erratum:
Nucl. Phys. A 574, 851 (1994)] [ArXiv:nucl-th/9305006].

[239] E. Flowers, M. Ruderman and P. Sutherland, “Neutrino pair emission from finite-
temperature neutron superfluid and the cooling of young neutron stars,” Astrophys. J.
205, 541 (1976)

[240] A. W. Steiner and S. Reddy, “Superfluid Response and the Neutrino Emissivity of
Neutron Matter,” Phys. Rev. C 79, 015802 (2009) [ArXiv:0804.0593][nucl-th].

298


https://doi.org/doi:10.1103/PhysRevC.74.015805
http://arxiv.org/abs/nucl-th/0604019
https://doi.org/doi:10.1086/191056
https://doi.org/doi:10.1086/191056
https://doi.org/doi:10.1103/PhysRevLett.44.1637
https://doi.org/doi:10.1103/PhysRevLett.44.1640
https://doi.org/doi:10.1103/PhysRevLett.44.1640
https://doi.org/doi:10.1016/0003-4916(82)90271-8
https://doi.org/doi:10.1086/175316
https://doi.org/doi:10.1103/PhysRevD.70.114037
http://arxiv.org/abs/astro-ph/0410395
https://doi.org/doi:10.1103/PhysRevLett.14.343
https://doi.org/doi:10.1103/PhysRev.140.B1452
https://doi.org/doi:10.1086/155447
https://doi.org/doi:10.1086/155447
https://doi.org/doi:10.1103/PhysRevD.37.2042
https://doi.org/doi:10.1016/0375-9474(94)90407-3
http://arxiv.org/abs/nucl-th/9305006
https://doi.org/doi:10.1086/154308
https://doi.org/doi:10.1086/154308
https://doi.org/doi:10.1103/PhysRevC.79.015802
http://arxiv.org/abs/0804.0593

[241] S. Reddy, M. Sadzikowski and M. Tachibana, “Neutrino rates in color flavor locked
quark matter,” Nucl. Phys. A 714, 337-351 (2003) [ArXiv:nucl-th/0203011].

[242] P. Jaikumar, M. Prakash and T. Schéfer, “Neutrino emission from Goldstone modes
in dense quark matter,” Phys. Rev. D 66, 063003 (2002) [ArXiv:astro-ph/0203088].

[243] P. Jaikumar, C. D. Roberts and A. Sedrakian, “Direct Urca neutrino rate in
colour superconducting quark matter,” Phys. Rev. C 73, 042801 (2006) [ArXiv:nucl-
th/0509093].

[244] 1. Tews, J. Margueron and S. Reddy, “Critical examination of constraints on the
equation of state of dense matter obtained from GW170817,” Phys. Rev. C 98, no.4,
045804 (2018); [ArXiv:1804.02783][nucl-th].

[245] A. Kurkela, P. Romatschke and A. Vuorinen, “Cold Quark Matter,” Phys. Rev. D
81, 105021 (2010); [ArXiv:0912.1856] [hep-ph).

[246] E. Annala, T. Gorda, E. Katerini, A. Kurkela, J. Nattila, V. Paschalidis and A. Vuori-
nen, “Multimessenger Constraints for Ultradense Matter,” Phys. Rev. X 12, no.l,
011058 (2022); [ArXiv:2105.05132][astro-ph.HE].

[247] S. Altiparmak, C. Ecker and L. Rezzolla, “On the Sound Speed in Neutron Stars,”
Astrophys. J. Lett. 939, no.2, L34 (2022); [ArXiv:2203.14974][astro-ph.HE].

[248] M. P. Heller, R. A. Janik and P. Witaszczyk, “The characteristics of thermalization
of boost-invariant plasma from holography,” Phys. Rev. Lett. 108, 201602 (2012);
[ArXiv:1103.3452] [hep-th].

[249] M. P. Heller, R. A. Janik and P. Witaszczyk, “Hydrodynamic Gradient Expan-
sion in Gauge Theory Plasmas,” Phys. Rev. Lett. 110, no.21, 211602 (2013);
[ArXiv:1302.0697] [hep-th].

[250] G. Policastro, D. T. Son and A. O. Starinets, “The Shear viscosity of strongly cou-
pled N=4 supersymmetric Yang-Mills plasma,” Phys. Rev. Lett. 87, 081601 (2001)
[ArXiv:hep-th/0104066].

[251] P. Kovtun, D. T. Son and A. O. Starinets, “Viscosity in strongly interacting quantum
field theories from black hole physics,” Phys. Rev. Lett. 94, 111601 (2005); [ArXiv:hep-
th/0405231].

[252] S. S. Gubser, A. Nellore, S. S. Pufu and F. D. Rocha, “Thermodynamics and bulk
viscosity of approximate black hole duals to finite temperature quantum chromodynam-
ics,” Phys. Rev. Lett. 101, 131601 (2008); [ArXiv:0804.1950][hep-th].

[253] S. S. Gubser, S. S. Pufu and F. D. Rocha, “Bulk viscosity of strongly coupled plasmas
with holographic duals,” JHEP 08, 085 (2008); [ArXiv:0806.0407][hep-th].

299


https://doi.org/doi:10.1016/S0375-9474(02)01351-9
http://arxiv.org/abs/nucl-th/0203011
https://doi.org/doi:10.1103/PhysRevD.66.063003
http://arxiv.org/abs/astro-ph/0203088
https://doi.org/doi:10.1103/PhysRevC.73.042801
http://arxiv.org/abs/nucl-th/0509093
http://arxiv.org/abs/nucl-th/0509093
https://doi.org/doi:10.1103/PhysRevC.98.045804
https://doi.org/doi:10.1103/PhysRevC.98.045804
http://arxiv.org/abs/1804.02783
https://doi.org/doi:10.1103/PhysRevD.81.105021
https://doi.org/doi:10.1103/PhysRevD.81.105021
http://arxiv.org/abs/0912.1856
https://doi.org/doi:10.1103/PhysRevX.12.011058
https://doi.org/doi:10.1103/PhysRevX.12.011058
http://arxiv.org/abs/2105.05132
https://doi.org/doi:10.3847/2041-8213/ac9b2a
http://arxiv.org/abs/2203.14974
https://doi.org/doi:10.1103/PhysRevLett.108.201602
http://arxiv.org/abs/1103.3452
https://doi.org/doi:10.1103/PhysRevLett.110.211602
http://arxiv.org/abs/1302.0697
https://doi.org/doi:10.1103/PhysRevLett.87.081601
http://arxiv.org/abs/hep-th/0104066
https://doi.org/doi:10.1103/PhysRevLett.94.111601
http://arxiv.org/abs/hep-th/0405231
http://arxiv.org/abs/hep-th/0405231
https://doi.org/doi:10.1103/PhysRevLett.101.131601
http://arxiv.org/abs/0804.1950
https://doi.org/doi:10.1088/1126-6708/2008/08/085
http://arxiv.org/abs/0806.0407

[254] U. Gursoy, E. Kiritsis, G. Michalogiorgakis and F. Nitti, “Thermal Trans-
port and Drag Force in Improved Holographic QCD,” JHEP 12, 056 (2009);
[ArXiv:0906.1890][hep-ph].

[255] U. Gursoy, E. Kiritsis, L. Mazzanti and F. Nitti, “Langevin diffusion of
heavy quarks in non-conformal holographic backgrounds,” JHEP 12, 088 (2010);
[ArXiv:1006.3261][hep-th].

[256] C. Eling and Y. Oz, “A Novel Formula for Bulk Viscosity from the Null Horizon
Focusing Equation,” JHEP 06, 007 (2011); [ArXiv:1103.1657|[hep-th].

[257] 1. Iatrakis and I. Zahed, “Spectral Functions in V-QCD with Matter: Masses, Suscep-
tibilities, Diffusion and Conductivity,” JHEP 04, 080 (2015); [ArXiv:1410.8540][hep-
th].

[258] C. Hoyos, N. Jokela and A. Vuorinen, “Holographic approach to compact
stars and their binary mergers,” Prog. Part. Nucl. Phys. 126, 103972 (2022);
[ArXiv:2112.08422][hep-th].

[259] K. Ghoroku, K. Kashiwa, Y. Nakano, M. Tachibana and F. Toyoda, “Stiff equation
of state for a holographic nuclear matter as instanton gas,” Phys. Rev. D 104, no.12,
126002 (2021); [ArXiv:2107.14450][hep-th].

[260] N. Kovensky, A. Poole and A. Schmitt, “Building a realistic neutron star from holog-
raphy,” Phys. Rev. D 105, no.3, 034022 (2022); [ArXiv:2111.03374][hep-ph].

[261] L. Bartolini, S. B. Gudnason, J. Leutgeb and A. Rebhan, “Neutron stars and phase
diagram in a hard-wall AdS/QCD model,” Phys. Rev. D 105, no.12, 126014 (2022);
[ArXiv:2202.12845][hep-th].

[262] C. Hoyos, D. Rodriguez Ferndndez, N. Jokela and A. Vuorinen, “Holographic
quark matter and neutron stars,” Phys. Rev. Lett. 117, no.3, 032501 (2016);
[ArXiv:1603.02943][hep-ph].

[263] K. Bitaghsir Fadafan, J. Cruz Rojas and N. Evans, “Deconfined, Massive Quark
Phase at High Density and Compact Stars: A Holographic Study,” Phys. Rev. D 101,
no.12, 126005 (2020); [ArXiv:1911.12705][hep-ph].

[264] L. A. H. Mamani, C. V. Flores and V. T. Zanchin, “Phase diagram and com-
pact stars in a holographic QCD model,” Phys. Rev. D 102, no.6, 066006 (2020);
[ArXiv:2006.09401][hep-th].

[265] K. Ghoroku, K. Kashiwa, Y. Nakano, M. Tachibana and F. Toyoda, “Color su-
perconductivity in a holographic model,” Phys. Rev. D 99, no.10, 106011 (2019);
[ArXiv:1902.01093][hep-th].

300


https://doi.org/doi:10.1088/1126-6708/2009/12/056
http://arxiv.org/abs/0906.1890
https://doi.org/doi:10.1007/JHEP12(2010)088
http://arxiv.org/abs/1006.3261
https://doi.org/doi:10.1007/JHEP06(2011)007
http://arxiv.org/abs/1103.1657
https://doi.org/doi:10.1007/JHEP04(2015)080
http://arxiv.org/abs/1410.8540
http://arxiv.org/abs/1410.8540
https://doi.org/doi:10.1016/j.ppnp.2022.103972
http://arxiv.org/abs/2112.08422
https://doi.org/doi:10.1103/PhysRevD.104.126002
https://doi.org/doi:10.1103/PhysRevD.104.126002
http://arxiv.org/abs/2107.14450
https://doi.org/doi:10.1103/PhysRevD.105.034022
http://arxiv.org/abs/2111.03374
https://doi.org/doi:10.1103/PhysRevD.105.126014
http://arxiv.org/abs/2202.12845
https://doi.org/doi:10.1103/PhysRevLett.117.032501
http://arxiv.org/abs/1603.02943
https://doi.org/doi:10.1103/PhysRevD.101.126005
https://doi.org/doi:10.1103/PhysRevD.101.126005
http://arxiv.org/abs/1911.12705
https://doi.org/doi:10.1103/PhysRevD.102.066006
http://arxiv.org/abs/2006.09401
https://doi.org/doi:10.1103/PhysRevD.99.106011
http://arxiv.org/abs/1902.01093

[266] N. Kovensky and A. Schmitt, “Holographic quarkyonic matter,” JHEP 09, 112
(2020); [ArXiv:2006.13739] [hep-th].

[267] S. Pinkanjanarod and P. Burikham, “Massive neutron stars with holographic multi-
quark cores,” Eur. Phys. J. C 81, no.8, 705 (2021); [ArXiv:2007.10615][nucl-th].

[268] K. Bitaghsir Fadafan, J. Cruz Rojas and N. Evans, “Holographic quark matter with
colour superconductivity and o stiff equation of state for compact stars,” Phys. Rev.
D 103, no.2, 026012 (2021); [ArXiv:2009.14079][hep-ph].

[269] N. Kovensky, A. Poole and A. Schmitt, “Phases of cold holographic QCD: baryons,
pions and rho mesons,” [ArXiv:2302.10675][hep-ph].

[270] C. Hoyos, N. Jokela, M. Jarvinen, J. G. Subils, J. Tarrio and A. Vuorinen,
“Transport in strongly coupled quark matter,” Phys. Rev. Lett. 125, 241601 (2020);
[ArXiv:2005.14205)[hep-th].

[271] C. Hoyos, N. Jokela, M. Jarvinen, J. G. Subils, J. Tarrio and A. Vuorinen, “Holo-
graphic approach to transport in dense QCD matter,” Phys. Rev. D 105, no.6, 066014
(2022); [ArXiv:2109.12122][hep-th].

[272] H. W. Lin, J. Maldacena, L. Rozenberg and J. Shan, “Holography for people
with no time,” [ArXiv:2207.00407] [hep-th]. H. W. Lin, J. Maldacena, L. Rozen-

berg and J. Shan, “Looking at supersymmetric black holes for a very long time,”
[ArXiv:2207.00408] [hep-th].

[273] D. Facoetti, G. Biroli, J. Kurchan and D. R. Reichman, “Classical Glasses, Black
Holes, and Strange Quantum Liquids,” Phys. Rev. B 100 (2019) no.20, 205108;
[ArXiv:1906.09228][hep-th].

[274] M. Oertel, A. Pascal, M. Mancini and J. Novak, “Improved neutrino-nucleon inter-
actions in dense and hot matter for numerical simulations,” Phys. Rev. C 102 (2020)
no.3, 035802; [ArXiv:2003.02152][astro-ph.HE].

[275] J. Erdmenger, N. Evans, I. Kirsch and E. Threlfall, “Mesons in Gauge/Gravity Duals
- A Review,” Eur. Phys. J. A 35 (2008), 81-133 [ArXiv:0711.4467/[hep-th]].

[276] C. Nunez, A. Paredes and A. V. Ramallo, “Unquenched Flavor in the
Gauge/Gravity Correspondence,” Adv. High Energy Phys. 2010 (2010), 196714;
[ArXiv:1002.1088][hep-th].

[277] R. Bollig, H. T. Janka, A. Lohs, G. Martinez-Pinedo, C. J. Horowitz and T. Melson,
“Muon Creation in Supernova Matter Facilitates Neutrino-driven Explosions,” Phys.
Rev. Lett. 119, no.24, 242702 (2017); [ArXiv:1706.04630][astro-ph.HE].

301


https://doi.org/doi:10.1007/JHEP09(2020)112
https://doi.org/doi:10.1007/JHEP09(2020)112
http://arxiv.org/abs/2006.13739
https://doi.org/doi:10.1140/epjc/s10052-021-09479-w
http://arxiv.org/abs/2007.10615
https://doi.org/doi:10.1103/PhysRevD.103.026012
https://doi.org/doi:10.1103/PhysRevD.103.026012
http://arxiv.org/abs/2009.14079
http://arxiv.org/abs/2302.10675
https://doi.org/doi:10.1103/PhysRevLett.125.241601
http://arxiv.org/abs/2005.14205
https://doi.org/doi:10.1103/PhysRevD.105.066014
https://doi.org/doi:10.1103/PhysRevD.105.066014
http://arxiv.org/abs/2109.12122
http://arxiv.org/abs/2207.00407
http://arxiv.org/abs/2207.00408
https://doi.org/10.1103/PhysRevB.100.205108
http://arxiv.org/abs/1906.09228
https://doi.org/10.1103/PhysRevC.102.035802
https://doi.org/10.1103/PhysRevC.102.035802
http://arxiv.org/abs/2003.02152
https://doi.org/10.1140/epja/i2007-10540-1
http://arxiv.org/abs/0711.4467/[hep-th]
https://doi.org/10.1155/2010/196714
http://arxiv.org/abs/1002.1088
https://doi.org/10.1103/PhysRevLett.119.242702
https://doi.org/10.1103/PhysRevLett.119.242702
http://arxiv.org/abs/1706.04630

[278] E. Loffredo, A. Perego, D. Logoteta and M. Branchesi, “Muons in the aftermath of
neutron star mergers and their impact on trapped neutrinos,” Astron. Astrophys. 672,
A124 (2023); [ArXiv:2209.04458][astro-ph.HE].

[279] A. Chamblin, R. Emparan, C. V. Johnson and R. C. Myers, “Charged AdS black
holes and catastrophic holography,” Phys. Rev. D 60 (1999), 064018; [ArXiv:hep-
th/9902170].

[280] A. Chamblin, R. Emparan, C. V. Johnson and R. C. Myers, “Holography, thermody-
namics and fluctuations of charged AdS black holes,” Phys. Rev. D 60 (1999), 104026;
[ArXiv:hep-th/9904197].

[281] S. S. Gubser, “Colorful horizons with charge in anti-de Sitter space,” Phys. Rev.
Lett. 101, 191601 (2008); [ArXiv:0803.3483][hep-th].

[282] S. S. Gubser and S. S. Pufu, “The Gravity dual of a p-wave superconductor,” JHEP
11, 033 (2008); [ArXiv:0805.2960][hep-th].

[283] A. Y. Potekhin, A. F. Fantina, N. Chamel, J. M. Pearson and S. Goriely, “Ana-
lytical representations of unified equations of state for neutron-star matter,” Astron.
Astrophys. 560, A48 (2013); [ArXiv:1310.0049][astro-ph.SR].

[284] S. Goriely, N. Chamel and J. M. Pearson, “Further explorations of Skyrme-Hartree-
Fock-Bogoliubov mass formulas. XII: Stiffness and stability of neutron-star matter,”
Phys. Rev. C 82, 035804 (2010); [ArXiv:1009.3840][nucl-th].

[285] W.R. Yueh and J.R. Buchler, “Neutrino transport in supernova models: S/N
method,” Astrophysical Journal, Part 1, vol. 217, Oct. 15, 1977, p. 565-577.

[286] D. T. Son and M. A. Stephanov, “QCD at finite isospin density: From pion to
quark - anti-quark condensation,” Phys. Atom. Nucl. 64 (2001), 834-842; [ArXiv:hep-
ph/0011365].

[287] O. Aharony, K. Peeters, J. Sonnenschein and M. Zamaklar, “Rho meson condensation
at finite isospin chemical potential in a holographic model for QCD,” JHEP 02 (2008),
071; [ArXiv:0709.3948|[hep-th].

[288] Y. Hidaka, S. Pu and D. L. Yang, “Relativistic Chiral Kinetic Theory from Quantum
Field Theories,” Phys. Rev. D 95 (2017) no.9, 091901; [ArXiv:1612.04630] [hep-th];

[289] N. Yamamoto and D. L. Yang, “Chiral kinetic theory with self-energy corrections and
neutrino spin Hall effect,” [ArXiv:2308.08257][hep-ph].

302


https://doi.org/10.1051/0004-6361/202244927
https://doi.org/10.1051/0004-6361/202244927
http://arxiv.org/abs/2209.04458
https://doi.org/10.1103/PhysRevD.60.064018
http://arxiv.org/abs/hep-th/9902170
http://arxiv.org/abs/hep-th/9902170
https://doi.org/10.1103/PhysRevD.60.104026
http://arxiv.org/abs/hep-th/9904197
https://doi.org/10.1103/PhysRevLett.101.191601
https://doi.org/10.1103/PhysRevLett.101.191601
http://arxiv.org/abs/0803.3483
https://doi.org/10.1088/1126-6708/2008/11/033
https://doi.org/10.1088/1126-6708/2008/11/033
http://arxiv.org/abs/0805.2960
https://doi.org/10.1051/0004-6361/201321697
https://doi.org/10.1051/0004-6361/201321697
http://arxiv.org/abs/1310.0049
https://doi.org/10.1103/PhysRevC.82.035804
http://arxiv.org/abs/1009.3840
https://doi.org/10.1086/155605
https://doi.org/10.1134/1.1378872
http://arxiv.org/abs/hep-ph/0011365
http://arxiv.org/abs/hep-ph/0011365
https://doi.org/10.1088/1126-6708/2008/02/071
https://doi.org/10.1088/1126-6708/2008/02/071
http://arxiv.org/abs/0709.3948
https://doi.org/10.1103/PhysRevD.95.091901
http://arxiv.org/abs/1612.04630
http://arxiv.org/abs/2308.08257

[290] K. Landsteiner, E. Megias, L. Melgar and F. Pena-Benitez, “Holographic
Gravitational Anomaly and Chiral Vortical Effect,” JHEP 09, 121 (2011);
[ArXiv:1107.0368/[hep-th]].

[291] J. Erdmenger, M. Haack, M. Kaminski and A. Yarom, “Fluid dynamics of R-charged
black holes,” JHEP 01, 055 (2009); [ArXiv:0809.2488/[hep-th]].

[292] D. T. Son and P. Surowka, “Hydrodynamics with Triangle Anomalies,” Phys. Rev.
Lett. 103, 191601 (2009); [ArXiv:0906.5044][hep-th].

[293] M. Kruczenski, D. Mateos, R. C. Myers and D. J. Winters, “Meson spectroscopy in
AdS / CFT with flavor,” JHEP 07, 049 (2003); [ArXiv:hep-th/0304032].

[294] D. Mateos, R. C. Myers and R. M. Thomson, “Thermodynamics of the brane,” JHEP
05, 067 (2007); [ArXiv:hep-th/0701132].

[295] A. Sen, “Dirac-Born-Infeld action on the tachyon kink and vortex,” Phys. Rev. D
68, 066008 (2003); [ArXiv:hep-th/0303057].

[296] L. Kadanoff and G. Baym, (1962), “Quantum Statistical Mechanics,” W.A. Benjamin
Inc. , New York.

[297] D. T. Son and A. O. Starinets, “Minkowski space correlators in AdS / CFT corre-
spondence: Recipe and applications,” JHEP 09, 042 (2002); [ArXiv:hep-th/0205051].

[298] P. Kovtun, “Lectures on hydrodynamic fluctuations in relativistic theories,” J. Phys.
A 45, 473001 (2012); [ArXiv:1205.5040][hep-th].

[299] R. A. Davison and A. Parnachev, “Hydrodynamics of cold holographic matter,” JHEP
06, 100 (2013); [ArXiv:1303.6334][hep-th].

[300] D. Arean, R. A. Davison, B. Goutéraux and K. Suzuki, “Hydrodynamic Diffusion
and Its Breakdown near AdS2 Quantum Critical Points,” Phys. Rev. X 11 (2021)
no.3, 031024. [ArXiv:2011.12301][hep-th].

[301] U. Giirsoy, M. Jéarvinen, G. Policastro and N. Zinnato, “Analytic long-lived modes in
charged critical plasma,” JHEP 06, 018 (2022) [ArXiv:2112.04296][hep-th].

[302] N. Igbal and H. Liu, “Universality of the hydrodynamic limit in AdS/CFT and the
membrane paradigm,” Phys. Rev. D 79, 025023 (2009); [ArXiv:0809.3808][hep-th].

303


https://doi.org/10.1007/JHEP09(2011)121
http://arxiv.org/abs/1107.0368/[hep-th]
https://doi.org/10.1088/1126-6708/2009/01/055
http://arxiv.org/abs/0809.2488/[hep-th]
https://doi.org/10.1103/PhysRevLett.103.191601
https://doi.org/10.1103/PhysRevLett.103.191601
http://arxiv.org/abs/0906.5044
https://doi.org/10.1088/1126-6708/2003/07/049
http://arxiv.org/abs/hep-th/0304032
https://doi.org/10.1088/1126-6708/2007/05/067
https://doi.org/10.1088/1126-6708/2007/05/067
http://arxiv.org/abs/hep-th/0701132
https://doi.org/10.1103/PhysRevD.68.066008
https://doi.org/10.1103/PhysRevD.68.066008
http://arxiv.org/abs/hep-th/0303057
https://doi.org/10.1088/1126-6708/2002/09/042
http://arxiv.org/abs/hep-th/0205051
https://doi.org/10.1088/1751-8113/45/47/473001
https://doi.org/10.1088/1751-8113/45/47/473001
http://arxiv.org/abs/1205.5040
https://doi.org/10.1007/JHEP06(2013)100
https://doi.org/10.1007/JHEP06(2013)100
http://arxiv.org/abs/1303.6334
https://doi.org/10.1103/PhysRevX.11.031024
https://doi.org/10.1103/PhysRevX.11.031024
http://arxiv.org/abs/2011.12301
https://doi.org/doi:10.1007/JHEP06(2022)018
http://arxiv.org/abs/2112.04296
https://doi.org/10.1103/PhysRevD.79.025023
http://arxiv.org/abs/0809.3808

	Introduction
	Phases of QCD
	Asymptotic freedom
	QCD at low energy
	Lattice QCD at low baryon density
	Dense QCD and neutron stars

	Holographic QCD
	Basics of the gauge/gravity duality
	Holographic dictionary
	Holography at finite temperature
	Confinement in holography

	The Witten-Sakai-Sugimoto model
	Adding flavor
	Holographic baryons

	The bottom-up V-QCD framework
	Vacuum solution


	The V-QCD baryon
	Tachyon-dependent Chern-Simons term and formalism for the baryon solution
	Summary
	Full DBI action
	Tachyon-Chern-Simons terms
	Cylindrically symmetric ansatz for a single baryon
	Constructing the baryon solution
	Boundary conditions

	Numerical baryon solution and baryon spectrum
	Summary
	The V-QCD model: comparison to data
	The static soliton
	Quantization of the isospin collective modes
	The rotating soliton

	Discussion and outlook

	Holographic neutrino transport
	Summary of results
	Formalism for the transport of neutrinos
	Definitions in the closed-time-path formalism
	Boltzmann equation for neutrinos
	Charged current self-energy
	Emissivity and absorption

	The holographic model
	Action
	Background solution
	Particle densities

	Holographic calculation of the chiral current 2-point functions
	General expression
	Hydrodynamic limit

	Analysis of the radiative coefficients
	Statistics at large baryonic density
	Approximations to the neutrino radiative coefficients
	Numerical results
	Comparison with other calculations

	Outlook

	General discussion
	Appendix
	Conventions and Symmetry Transformations for V-QCD
	Conventions for the gauge fields
	Normalization of the chiral currents
	Gauge Transformations
	Discrete symmetries
	The 2D theory for the ansatz fields

	The P-odd instanton
	The DBI contribution to the baryon equations of motion
	Tachyon-dependent Chern-Simons terms
	Baryon charge
	Boundary terms to the baryon charge
	Gauged WZ term

	The TCS contribution to the baryon equations of motion
	The baryon ansatz field equations
	Probe instanton
	Inhomogeneous tachyon

	Asymptotics of the probe instanton solution
	UV asymptotics
	Asymptotics at 
	IR asymptotics
	Asymptotics at = 0

	Numerical method for the computation of the baryon solution
	Method and grid choice
	Precision tests

	Numerical baryon solutions for a different set of potentials
	Static soliton
	Rotating soliton

	Equations of motion for the rotating soliton
	Field strength
	Equations of motion in the tachyon back-reaction regime
	Equations of motion in the probe baryon approximation

	Quantization of the rigid rotor
	Details of the formalism for neutrino transport
	Bosonic correlators at equilibrium
	Free fermion propagator
	A discussion of the ``quasi-particle" approximation

	Weak vertices for neutrino interactions
	Background solution for the transport analysis
	Parameters of the bulk action for neutrino transport
	Eddington-Finkelstein coordinates
	Analysis of the diffusive approximation
	Radiative coefficients in the hydrodynamic limit
	Approximate expressions for the radiative coefficients


	References

