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Abstract

Quantum chromodynamics (QCD) is the fundamental theory describing the strong
interactions between quarks and gluons. Its distinctive properties, asymptotic
freedom at high energies and confinement at low energies, make it a paradigmatic
example of a theory whose ultraviolet and infrared regimes require qualitatively
different tools. While perturbation theory and lattice simulations have provided
powerful insights, many questions remain unsolved in regimes of strong coupling,
finite temperature and density, and real-time dynamics. In this context, holography
offers a complementary approach: by mapping certain strongly coupled field theories
to weakly coupled gravitational descriptions, it provides a controlled framework to
explore non-perturbative dynamics.

This thesis addresses two problems at the intersection of QCD and holography.
The first concerns the description of baryons in one-flavored QCD. Unlike the multi-
flavor case, where baryons emerge as solitons of the chiral Lagrangian, the single-flavor
theory lacks the symmetry structure required for this construction. Building on
proposals that interpret baryons as quantum Hall droplets, i.e. (241)-dimensional
excitations of the 1’ meson charged under the baryonic symmetry, we provide an
explicit realization within the Witten-Sakai-Sugimoto (WSS) model. These extended
objects, namely Hall droplet sheets, are constructed as D6-branes embedded in
the WSS model. Their charged configurations yield a holographic description of
single-flavor baryons, whose masses, radii, and spin-baryon number relations can
be computed. We further extend this framework to related topological defects
such as axionic strings, domain walls, vortons, and exotic composite configurations,
some of which have potential cosmological implications, including novel dark matter
candidates.

The second problem addressed in this thesis concerns weak interaction rates in
dense, strongly coupled quark matter, which is expected to be present in neutron star
cores. These rates determine how quickly dense quark matter restores equilibrium
and dissipates energy, which is crucial for the damping of stellar oscillations and
for the long-term stability of rapidly rotating stars. Conventional perturbative
estimates are restricted to weak coupling and uncertain in astrophysical regimes.
We derive a non-perturbative expression for the weak rates in terms of correlators
of gauge-invariant operators. Within a bottom-up holographic model of massless
quark matter, we compute their leading low-temperature behavior at large density,
uncovering qualitative deviations from perturbative predictions, including logarithmic
suppression at high chemical potential.

In summary, this thesis demonstrates how holography can shed new light on
open problems in QCD. On the one hand, it provides a framework for the low-
energy description of baryons in one-flavor QCD and their potential dark sector
relatives. On the other hand, it provides a first step toward non-perturbative
determinations of weak interaction rates in dense quark matter, relevant for neutron
star phenomenology. Together, these results highlight the versatility of holographic
methods in addressing strongly coupled phenomena beyond the reach of traditional
approaches.
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Introduction

This thesis is based on the original research results obtained in [II, 2 B, 4 5] [6].
Before focusing on the latter, we will provide the reader with an introduction to
the related scientific context and tools, with the further aim to situate our research
works in the modern landscape of high-energy theory. We begin from first principles
and progressively move towards the specific problems that motivated our research.
The two problems treated in the original papers collected in this thesis are

o the low-energy description of baryons in single-flavor quantum chromodynamics

(QCD),

e the computation of weak interaction rates in strongly coupled cold quark
matter.

In order to motivate these problems and explain the methods used in our works,
it is necessary to recall several central ideas in QCD, the physics of matter at finite
temperature and baryon density, and several core ideas from string theory and
gauge/gravity duality.

Quantum chromodynamics is the quantum field theory describing the strong
interactions between quarks and gluons. The theory is asymptotically free [7, [8, 9} [10]:
at high energies, the gauge coupling becomes small and perturbative techniques
are applicable. The same theory is, however, confining at low energies [11], 12]:
asymptotic states are always color singlets. As a consequence, quarks and gluons
cannot exist freely but are confined into color singlets: hadrons (mesons and baryons).
Asymptotic freedom and confinement together make QCD an example of a theory
whose ultraviolet (UV) and infrared (IR) behaviors are qualitatively different, and
which therefore requires very different theoretical tools in the two regimes. Moreover,
many of the most interesting phenomena of QCD, like mass gaps, chiral symmetry
breaking, hadron structure, and bound states, are inherently non-perturbative and
require methods beyond perturbation theory.

In the last decades, several non-perturbative methods were developed to study
QCD at low energies, where it becomes strongly coupled. Lattice gauge theory, i.e.
Wilson’s formulation of gauge theories on an Euclidean spacetime lattice [T1], provides
a first-principles, systematically improvable tool to compute the static properties
of QCD and its equilibrium thermodynamics using Monte Carlo simulations; it
has been extremely successful at computing hadron spectra, the QCD equation of
state at vanishing baryon density, and many thermodynamic observables. Effective
field theories and model approaches, e.g. chiral perturbation theory, capture the
low-energy and symmetry aspects of QCD and provide analytic control in particular
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regimes [13, [14]. Large-N methods provide a systematic framework to study non-
perturbative aspects of QCD by considering a generalization of the theory in which
the number of colors, N, is treated as a (large) free parameter [I5]. In the large-N
limit, one can identify a natural organization of hadronic spectra and interactions
in powers of 1/N, providing both qualitative and quantitative insights into the
spectrum of mesons and baryons, and the emergence of topological structures, e.g.
solitons. For instance, baryons can be interpreted as solitonic objects in the large-N
limit, and meson couplings scale with definite powers of 1/N (for instance, meson
decay amplitudes scale as 1/v/N and meson-meson scattering amplitudes as 1/N),
giving a controlled approximation scheme for otherwise strongly coupled dynamics
16}, [17).

Despite these successes, several serious limitations remain. Perturbation theory
breaks down (well) above the QCD dynamical scale Aqcp =~ 200 MeV since the gauge
coupling constant becomes large. Lattice techniques are very powerful for Euclidean
(imaginary-time) observables at zero chemical potential, but they confront severe
obstacles when one attempts to simulate QCD at non-zero baryon chemical potential
due to the infamous sign problem [I8]. The sign problem is not merely a technicality,
but a fundamental obstruction to Monte Carlo approaches, and no general solution
is currently known. Effective models can capture aspects of the QCD phase diagram
and hadronic physics, but they necessarily involve model-dependent assumptions
and parameters that cannot be systematically improved from first principles.

String theory was first introduced in the late 1960s as an attempt to describe
the strong interactions, inspired by the pattern of hadronic resonances observed
experimentally. In particular, the masses and spins of mesons and baryons were found
to approximately lie on linear Regge trajectories, hence indicating the occurrence
of a linear relation between the angular momentum and the squared mass of these
particles. The Veneziano amplitude [I9] provided an explicit analytic expression for
a four-point scattering amplitude that exhibited crossing symmetry and the expected
Regge behavior, effectively reproducing the spectrum of observed resonances. This
success led to the interpretation of hadrons as excitations of one-dimensional extended
objects, i.e. strings, and to the development of the bosonic string model.

In spite of these initial successes, bosonic string theory encountered severe
theoretical problems. The spectrum included an unphysical tachyon, signaling
an instability, and the consistency of the quantum theory required 26 spacetime
dimensions. Moreover, the subsequent formulation of QCD as the fundamental theory
of strong interactions in the early 1970s provided a more accurate and predictive
description of hadronic physics. As a result, string theory was no longer pursued
as a model of hadrons, but the mathematical structures developed in this context
became the foundation of modern string theory, which includes gravity and gauge
interactions in a unified quantum-consistent framework; see e.g. [20, [21].

In its modern formulation, string theory is a consistent quantum theory of
one-dimensional extended objects (strings) whose vibrational modes correspond to
particles of different spins and charges. Remarkably, the spectrum automatically
contains a massless spin-2 excitation, which can be interpreted as the graviton,
thereby providing a quantum-consistent framework for gravity. Together with the
other modes corresponding to gauge fields and matter fields, this makes string theory
a candidate for a unified theory of all fundamental interactions.



Holography emerged from this string-theoretic framework as a realization of the
idea that a quantum field theory in flat spacetime can be equivalently described
in terms of a quantum gravity theory in at least one higher dimension. This
correspondence is perhaps one of the strongest realizations of the holographic principle,
first proposed in [22], 23], which states that the information about the spectrum and
dynamics of a theory of quantum gravity inside a volume V' is encoded in the degrees
of freedom residing on the boundary 0V. The first (and best understood) concrete
example of holography is provided by the AdS/CFT correspondence first proposed by
Maldacena in [24], and further elucidated in [25] 26]. This correspondence establishes
a duality between (a certain version of) string theory on Anti-de Sitter spacetime
(AdS) and a Conformal Field Theory (CFT) on the boundary of the AdS spacetime.
Subsequent works established the explicit dictionary between boundary field theory
operators and bulk fields, relating correlation functions, symmetries, and a variety
of non-perturbative phenomena to corresponding objects on the gravity side.

The holographic correspondence realizes a strong-weak duality: certain strongly
coupled regimes in the quantum field theory side turn out to be mapped into weakly
interacting, low-energy regimes of the dual string description, where the latter effec-
tively reduces to a classical theory of gravity. This makes holography particularly
appropriate to attack the problems outlined at the beginning of this introduction.
On the one hand, holographic models provide a framework in which strongly coupled
phenomena of quantum field theories, like hadronic physics, can be studied using
geometric and semiclassical tools. In particular, baryons appear as localized topolog-
ical configurations whose properties, such as masses and couplings, can be computed
within the holographic setup [27, 28]. On the other hand, holography gives direct
access to e.g. spectral functions and real-time response, at finite temperature and
finite density, by solving linearized fluctuation equations in a black hole geometry,
which is often much simpler than analytically continuing noisy Euclidean lattice
data [29], 30].

The original AdS/CFT correspondence applies strictly to supersymmetric and
conformal theories, which differ substantially from QCD. The latter is neither su-
persymmetric nor conformal, and instead displays phenomena such as confinement,
chiral symmetry breaking, and the emergence of a rich hadronic spectrum. To
approach such a theory holographically, various extensions of the original correspon-
dence have been developed. On the one hand, “top-down” constructions [311, [32] [33]
are derived from explicit string theory backgrounds and can incorporate ingredients
such as flavor degrees of freedom or deformations that break conformal invariance,
producing models with confinement and chiral symmetry breaking. On the other
hand, “bottom-up” approaches [34, [35, [36, 37] adopt a more phenomenological
perspective, in which effective gravitational actions are engineered to reproduce the
salient features of QCD, such as confinement, phase diagram, or hadronic spectra.
Generally, one considers holographic theories dual to “QCD-like theories” intended
as non-Abelian gauge theories with fundamental flavors that share non-perturbative
features with QCD, even if they do not reproduce all of its quantitative details. In
both top-down and bottom-up frameworks, the large N (with N being the rank of
the non-Abelian gauge group of the dual QCD-like theory) and large gauge coupling
limits play a central role, allowing for the validity of the classical gravitational dual
and providing a natural organizing principle for the strongly coupled dynamics.
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Through these developments, holography has evolved into a powerful toolkit for
investigating QCD-like theories beyond the reach of perturbation theory or lattice
simulations.

The first part of the thesis collects the original contributions from [II, 2} [3], 5] ©].
These research works are motivated by the following puzzle in low-energy QCD.
In the standard low-energy description valid for Ny light flavors, baryons can be
described as topological solitons (Skyrmions) of the chiral Lagrangian. However, in
the case of one flavor, Ny = 1, this description fails: there are no pionic SU(Ny)
degrees of freedom to support a Skyrmion, and it is not possible to write down a
conserved baryon current. Therefore, an alternative low-energy description of the
baryon is required.

At low energies, in the large-N limit, one-flavored QCD is not a trivial theory:
there is a light particle, namely the 1’ meson. It is a periodic field, being the phase of
the chiral condensate, and its physics is described by the chiral Lagrangian. In [38], it
has been shown that in the infrared of one-flavored QCD, there are extended, (2+1)
dimensional excitations of the 7’ particle, charged under a topological generalized
symmetry. These objects are called sheets and they are metastable in the large-N
limit, so it makes sense to study the effective field theory living on their worldvolume.
In [3§], following the ideas of [39], it has been argued that the effective field theory
living on their worldvolume is a U(1), Chern-Simons (CS) theory. Remarkably, this
is the effective field theory that describes the bulk physics of a fractional quantum
Hall state. Then, the sheets (with finite radius) can be interpreted as baryons by
coupling the baryon gauge field to the CS theory on the sheet. Indeed, this coupling
is precisely like the coupling of the electromagnetic gauge field to the emergent gauge
field in the fractional quantum Hall effect (FQHE). This way, the so-called Hall
droplet sheets provide an alternative description of one-flavored baryons in low-energy
QCD at large N. Several expected properties of baryons have been derived from
these premises, yet precise quantitative statements are, as usual, difficult to achieve
from purely effective descriptions [40] 41| 42, 43 4], 38, 45, 46, 47, 48, 49, K0, 51, 52].
In particular, the 1’ potential arises non-perturbatively from gluon dynamics and
is generally non-analytic, which makes semiclassical approximations subtle and
potentially unreliable.

In this thesis, we provide an explicit realization of this idea within the Witten-
Sakai-Sugimoto (WSS) model [3T], 32, [33], which is the top-down holographic model
that better resembles QCD in the planar limit and in the low-energy, strongly
coupled regime. It is constructed by compactifying type IIA string theory with N
D4-branes on a spatial circle with antiperiodic boundary conditions for fermions,
which breaks supersymmetry and generates confinement at low energies. Chiral quark
flavors are introduced via pairs of D8 and D8 branes, whose geometric embedding
in the background enforces spontaneous chiral symmetry breaking. The resulting
set-up provides a unified holographic framework that naturally incorporates mesons,
baryons, and glueballs, and has been widely used as a qualitative laboratory for
non-perturbative QCD phenomena. First, we constructed the Hall droplet sheets in
terms of D6-branes embedded in the one-flavored WSS model [I]. These are wrapped
on the background S*, and extended along (2+1) Minkowski directions. After the
reduction on the four-sphere, the expected U(1), CS theory naturally arises on the
D6-brane worldvolume. We focused on two relatively simple configurations: the
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infinite sheet and the semi-infinite sheet with a straight boundary on the flavor
brane. The holographic framework allowed us to compute several properties of the
sheets, like their tension and thickness. Moreover, the spatial profile of the ' meson,
associated with the flavor gauge field sourced by the D6-brane, has been determined
for both configurations.

In [6], we provided a first-principle construction of baryons as quantum Hall
droplets in the WSS model. These are described again in terms of a wrapped
D6-brane, which now has a circular boundary on the flavor brane and, therefore, has
a disk-like profile in the Minkowski directions. In order to describe a (meta)stable
baryon as a quantum Hall droplet, it is necessary to consider charged configurations
under the baryonic symmetry. This corresponds to considering a D6-brane with a
non-trivial electromagnetic field on its worldvolume. Such a configuration carries a
non-zero baryon number npg, and a non-zero spin J. In particular, we focused on
configurations such that J = Nn%/2 (as in the standard FQHE), which reduces to
the expected relation J = N/2 for the elementary np = 1 one-flavored baryon made
by N quarks with aligned spins. The baryon physical properties, like the energy
and the stability radius, were computed within the holographic model, revealing
agreement with the field theory expectations.

In [2, 5, 6], we employed a similar brane setup to describe models of so-called
cosmic topological defects. We considered the WSS model at high temperature as the
holographic dual of a completely hidden sector composed of an SU(N) gauge theory
coupled with a single massless flavor in a cosmological scenario. At low energies, the
effective theory is described by an axion-like particle resulting from the spontaneous
breaking of the axial U(1) 4 flavor symmetry. As the Universe cools below a critical
temperature, the chiral symmetry is broken, and non-trivial vacuum configurations
form, resulting in the creation of topological defects such as cosmic strings and
domain walls. In the above-mentioned works, we realized in terms of D6-branes
various topological defects: the straight axionic string, the string loop, and the
domain wall. In particular, we showed the presence of a first-order phase transition
separating the string loop from the domain wall solution. Then, we studied their
charged version by turning on an electromagnetic field on the D6-brane worldvolume,
and imposing the anyonic relation J = NV ”23 /2. The charged string loop, i.e. the
vorton, has been studied in terms of fields living on the D6-brane worldvolume,
finding that there are no metastable vortons unless they carry a huge charge in
terms of the parameters of the theory (np ~ A, with A the 't Hooft coupling). The
charged domain wall, described by a D6-brane with a circular boundary on the
flavor brane, corresponds to a dark Hall droplet baryon and in this cosmological
scenario represents a new candidate of dark matter recently predicted in [2] as the
azionic-baryon (a-baryon). In [6], we enriched the zoo of topological defects by
studying more exotic objects like the “sandwich vortons”, described by a D6-brane
ending, with a circular boundary, on two flavor branes; and the infinite domain walls
with a hole. In addition, in [2, 5], we provided an effective description in terms of
degrees of freedom living on the flavor brane, 7.e. mesonic modes, of the charged
straight string and vorton.

The second part of the original content of the thesis is devoted to presenting the
original work [4]. The physical systems that motivated this study are the neutron
stars, which are the remnants of old massive stars that undergo a supernova explosion
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and a subsequent gravitational collapse [53]. They provide a unique laboratory to
study matter under extreme conditions. As a matter of fact, neutron stars probe
the high-density and low-temperature portion of the QCD phase diagram, as they
are made of cold nuclear matter and (perhaps), in the core, cold quark matter
[541 B, B6). Among all the interesting aspects to study, we focused on the role
played by the weak interactions.

Weak interactions are essential in shaping the physics of neutron stars and
their binary mergers. The stellar equation of state, which governs the mass-radius
relation, is constrained by the requirement of beta-equilibrium. This condition
fixes the balance among the abundances of different quark (or baryon) and lepton
species. If the density of the star is perturbed so that matter is driven out of
beta-equilibrium, weak processes act to restore equilibrium and, in doing so, damp
the perturbation. The associated dissipation manifests itself as an effective bulk
viscosity, which is strongly amplified when the oscillation period of the perturbation
matches the relaxation timescale set by the weak interaction rates at a given density
[57, 58, 59, [60L 61 62, 63, 64, [65] [66], [67]; see [68] for a review of transport in neutron
stars. Oscillations of a rotating neutron star produce gravitational waves that cause
the star to lose angular momentum and spin down, a process that is more pronounced
for rapidly rotating stars. Despite this, fast-rotating pulsars with periods on the
order of milliseconds are observed within a limited range of temperatures. Bulk
viscosity induced by beta equilibration is a leading candidate to explain this “stability
window” [69] [70} [71]. Moreover, this viscosity influences not only the continuous
gravitational wave emission of isolated stars [72], but also the gravitational wave
signal from binary neutron star inspirals [73] and the complex post-merger dynamics
I74, [75, [76,, [77, [78, [79, ;’(].

At the densities involved in the core of neutron stars, where quark matter is
expected to be present, QCD cannot be reliably treated within perturbation theory,
and lattice simulations are obstructed by the sign problem. This motivates the
use of alternative non-perturbative methods. Holographic approaches provide one
such framework and have been applied to the study of dense matter in neutron
stars (see [81], [82] for recent reviews). In particular, the bulk viscosity generated
by weak interactions was investigated holographically in [83]. However, the bulk
viscosity formula involves weak interaction rates, which so far have been computed
only perturbatively. As a result, the approach is not fully self-contained. Moreover,
existing perturbative formulas are based on tree-level scattering amplitudes of
quarks and leptons [84], 85, [86], and a key property of the bulk viscosity, that is its
temperature dependence, is especially sensitive to the microscopic behavior of these
rates. This introduces a significant source of uncertainty in current estimates. In [4],
we proposed a step toward reducing this uncertainty by providing a non-perturbative
expression for the weak rates in terms of correlators of gauge-invariant operators.
Using this formalism, we evaluated the temperature dependence of the rates in
a simple bottom-up holographic model of unpaired (massless) quark matter [34].
Within this framework, we obtained the leading-order low-temperature behavior of
the weak reaction rate in dense, strongly coupled matter at beta-equilibrium. A
comparison with perturbative results [84, [85] R6] revealed qualitative differences,
most notably a logarithmic suppression of the rate at large p,/7', where 11, denotes
the quark chemical potential.
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The thesis is organized as follows. In the first part, we provide an introduction to
the relevant topics covered in this manuscript. In chapter [, we discuss some aspects
of QCD in the non-perturbative regime. In particular, we show that at low energies,
in the large-N limit, the theory can be described in terms of weakly interacting
mesons, where baryons arise as topological solitons. Then, we briefly discuss the
phase diagram of QCD at finite temperature and finite baryon chemical potential.
Finally, we introduce neutron stars and their main characteristics, focusing on the
role played by weak interactions.

In chapter [2] we present in more detail the problem of finding a low-energy
description of baryons in one-flavored QCD. This chapter is mainly based on the
article [38].

Chapter [3] gives a short introduction to string theory and the holographic
correspondence, focusing on applications to large-/N models of QCD. This is far from
being a comprehensive review of the topic, but rather a summary of the key points
we will use in the following.

The thesis is then divided into two parts associated with the two topics presented
at the beginning of this introduction. The first part, covered by the chapters [ [5] [6]
and [7] addresses the problem of finding a holographic description of the one-flavored
baryon in terms of a Hall droplet sheet. The second part, which contains the chapters
and [0} focuses on the computation of the weak rates in strongly coupled cold quark
matter using a bottom-up holographic model.

Chapter [ represents the first step of the quest for finding the holographic dual of
the Hall droplet baryon, and is based on [I]. The holographic construction of the Hall
droplet sheet in terms of a D6-brane is presented, and two explicit configurations (the
infinite sheet and the semi-infinite sheet with a straight boundary) are analyzed in
detail. Chapter [5|is based on [2, 5] and discusses the holographic realization, within
the WSS model, of topological defects such as cosmic strings and domain walls. This
part of the thesis ends with chapter|§|7 based on [6]. Here, we present the construction
of baryons as quantum Hall droplets as D6-branes in the single-flavor WSS model,
both in the confined and in the deconfined phase. The holographic description allows
us to calculate precisely their properties, such as mass and size. We also consider
other objects with baryonic charge, such as vortons, domain walls with holes, and
“sandwich vortons”. We conclude by discussing the relative (meta)stability of the
various configurations.

Chapter [7] provides a summary and some concluding remarks regarding the
original contributions collected in the chapters [ ] and [} We conclude with some
future directions.

In chapter |8 based on [4], we derive the formulas for the weak equilibration
rate of quark flavor densities to leading order in the Fermi coupling. Then we use
the holographic model [34] to compute explicitly the leading order low-temperature
behavior of the weak reaction rate in a large-density state of strongly coupled
(massless) matter at beta-equilibrium.

Finally, in chapter [9] we summarize the results of chapter [8 and we compare
them with the perturbative result for weak rates already present in the literature.
We conclude with a few possible outlooks.

Supplementary material, together with technical details, can be found in the

appendices [A] [B] [C] D} [E} [F], and [G



Chapter 1

Some non-perturbative aspects

of QCD

In this chapter, we are going to briefly review some important aspects of Quantum
chromodynamics in its non-perturbative regime. After a short introduction to the
theory in section [I.1] we discuss the low-energy limit of QCD, showing that in the
large-N limit, it reduces effectively to a theory of weakly interacting mesons. This
is the content of section [[.2] Then, in section [I.3] we discuss the appearance of
baryons as solitons in the meson effective field theory. In section we discuss the
role of axion particles in low-energy QCD and in QCD-like theories where they are
usually called axion-like particles (ALPs). We conclude with section in which we
review the QCD phase diagram and explain the importance of neutron stars in this
context.

1.1 The theory of strong interactions

Quantum chromodynamics is the quantum field theory that describes the interaction,
mediated by particles known as gluons, between elementary particles called quarks.
At sufficiently low energies, it is responsible for the force that makes hadrons (baryons
and mesons) bound states of quarks.

QCD is a Yang-Mills theory, a SU(3) gauge theory, with fermionic matter fields,
Dirac fermions, transforming in the fundamental representation of the gauge group.
The gauge bosons of the theory are identified with the gluons, while the Dirac
fermions are known as the quarks, and they can be in Ny different species, called
flavors. In real-world QCD, there are Ny = 6 different flavors known as up, down,
charm, strange, top, and bottom.

The QCD Lagrangian, up to gauge fixing terms, reads

Ny
1 _ .
Lqcp = —3 %Mtr (FMFy,) + g G (ZZD —m;) g, (1.1)
i=1

where F),, = 0,A, — 0, A, +i[A,, A)] is the SU(3) field strength, D, = 0, + 14, is
the covariant derivative in the fundamental representation of the gauge group, acting
on the quark fields ¢;, and P = Y D,,, with v* is the four-dimensional Dirac matrix.
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The SU(3) gauge connection A is the gluon field and, like a Lie algebra-valued one-
form, it transforms under the adjoint representation of the gauge group: A, = A7T*"
where a = 1,...,8 is the color index and T* are the generators of the group. The
QCD Lagrangian is invariant under the SU(3) color gauge transformations

qi — U(z)q, A, — U@ AU () + i gymd U (2) U (2), (1.2)

where U(z) € SU(3).
The theory of strong interactions is renormalizable, and we can compute the
beta function of the theory at small coupling (one-loop)

d gm ( QNf) 1
= p— gym = — n-=1I)to 1.3
Blgym) = p PIRALY (4m)? 5 )T (9ym); (1.3)
where p is the energy scale. This leads to the well-known running of the strong
coupling constant, defined as as = g2,/ (47)

_ as(Auvy)
1+ by as(Auy) log (p2/A%y)

where Ayy is the UV cutoff scale and by = 11 — 2N, /3, which is positive for Ny = 6.
This expression of the running coupling constant accounts for a key feature of QCD,
known as asymptotic freedom [7, 8, 9, [10]: the coupling constant approaches zero
at high energies (or short distances), implying that the theory is weakly coupled
in such a regime. Therefore, it is consistent to use perturbative methods to study
quantum corrections. On the contrary, it is much more difficult to study the theory
at large distances where the coupling constant becomes very large, since the beta
function is valid only when the coupling constant is small compared to one.

We can estimate the energy scale at which a4(u) diverges. This happens at a
finite energy, known as the QCD dynamical scale given by

as () (1.4)

1
o0, Oés(AUV)) ~ 200MeV. (1.5)
We can interpret this scale as the energy at which QCD makes the transition between
the weakly coupled and the strongly coupled regime.

At low energies, where QCD is strongly coupled, it shows another key property
known as color confinement, meaning that asymptotic states are always color singlets.
As a consequence, quarks and gluons cannot exist freely but are confined into color
singlets: hadrons. These particles are classified into two families, depending on their
quark composition. The first family goes under the name of mesons: particles made
out of a quark and an antiquark, strongly interacting. Then, there are the baryons
which are made out of three interacting quarks. These are the only hadronic bound

statesEl that respect color confinement, and their wavefunction is schematically given
by

Aqcp = Auv exp (—

Vnesons ~ 4iGis ‘l’baryons ~ GiijinQM i,J,k =1,2,3. (16)

We do not consider ezotic hadrons like the tetraquarks, the pentaquarks or the hexaquarks.
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Wilson loops as a probe for confinement

In a gauge theory, a special role is played by non-local operators, like the Wilson loops.
These are non-local gauge-invariant operators that describe the parallel transport
for a quark field along a closed path. If the path is not closed, the operators are
referred to as Wilson lines. Let us consider a Yang-Mills theory with the quark as
an infinitely heavy (non-dynamical) test particle not sourcing the gauge field.

As first pointed out in [IT], the vacuum expectation value of the Wilson loop oper-
ator, denoted as W, provides an order parameter for the confinement/deconfinement
phase transition in pure Yang-Mills. We can compute such an expectation value by
performing the path integral over the gauge connection configurations A:

w(ee)) = /DAtr (77 exp [i}éd:r“A#}) exp(i Sym), (1.7)

where C is the closed contour, Sym = —(2¢%y) ' tr (F,, F*) is the Yang-Mills
action.

Consider, as an example, the contour C to be a R x T rectangular closed path in
the (¢, z')-plane as in figure In the limit 7' > R, this configuration corresponds
to a static quark-antiquark pair at a fixed spatial distance R where the temporal sides
of the rectangle can be interpreted as the worldlines of the two particles. Because of
the path orientation, one is a particle and the other, the one propagating backward
in time, is an antiparticle.

A

T

Figure 1.1. Rectangular-shaped Wilson loop in the (¢, z!)-plane with sides T, and R. We
consider the limit 7' > R.

One can show that, in this limit,
(W(C)) = B(R)exp (-T'V(R)), (1.8)

with V(R) being the quark-antiquark potential and B(R) an R-dependent prefactor.
We can invert this formula to formally extract V(R) in terms of the Wilson loop
expectation value: W)
. log(W
V(R) = — lim —===r. (1.9)
For a confining theory, like Yang-Mills theory with probe quarks, the potential
scales linearly with the quark-antiquark spatial distance:

V(R) ~ Tiube R, (1.10)
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where Tiype is the tension (energy per unit length) of the flux tube (or string) that
forms between the quark and the antiquark. In this case, the expectation value of
the Wilson loop behaves as

(W(C)) ~ exp (—TiupeArea(C)), (1.11)

where Area(C) = T - R. The exponential decay of the Wilson loop expectation
value with the area enclosed by the loop C itself is known as area-law criterion to
determine if a quantum field theory is confining.

In QCD with dynamical quarks, the notion of confinement is more subtle than
in pure Yang-Mills theory [12, 87]. The Wilson loop no longer shows an exact area
law at large distances, since the string connecting static quarks can break through
the creation of light quark-antiquark pairs. Nevertheless, confinement manifests in
the absence of colored asymptotic states: only color-neutral hadrons are observed
experimentally. Effective order parameters, such as the Polyakov loop and the
behavior of chiral symmetry, are often used to study the confinement—deconfinement
transition. Thus, while the strict area law is lost, the physical principle of confinement
remains a defining feature of QCD with dynamical quarks.

The symmetries of QCD

The analysis of the symmetry pattern of QCD is a powerful tool to investigate how
the theory behaves at low energies, in the regime where it is strongly coupled. We
have already noticed that the QCD Lagrangian is invariant under the SU(3) color
gauge transformations.

Real-world QCD has 6 massive flavors (up, down, strange, charge, bottom, top)
whose masses are approximately m, ~ 2 Mev, mg ~ 5 Mev, ms = 95 Mev, m. ~ 1.2
Gev, mp ~ 4 Gev, and m; ~ 173 Gev. Among them, it is possible to distinguish
between light quarks (up, down, and strange) and heavy quarks (charm, bottom,
and top), with respect to the QCD dynamical scale. The lightest hadrons are made
out of the lightest quarks, and therefore, we forget about the heavy ones if we want
to study the most stable bound states of QCD. Moreover, we know that the QCD
scale, at which QCD confines, is around 200 MeV, so a reasonable approximation is
to neglect also the mass of the light quarks since m, 4, < AQCDEI

The massless limit for the quark fields is known as the chiral limit, because now
the QCD Lagrangian with N; massless flavors enjoys chiral symmetry, with group

U(Ny)r x Ur(Ny)R- (1.12)

This is evident if we decompose the Dirac fermion into the left-handed and right-
handed parts ¢; = ¢* + ¢, which transform as

af = Ukl q* — Uil (1.13)

with UF € U(N #)r,r- The chiral symmetry group can be written in terms of its
vectorial subgroup U(N¢)y and the axial subgroup U(Ny)a:
SU(N U1 SU(N U1

ZN, Zn,

2Clearly, this approximation is more reliable for the up and the down quark than the strange
quark.



1.1 The theory of strong interactions 5

where ~ indicates the isomorphism relation since we have used the well-known
mathematical result U(N) ~ SU(N) x U(1)/Zy

Every exact symmetry of the QCD Lagrangian corresponds to a conserved
quantity, as dictated by Noether’s theorem. In quantum mechanics, this implies
that physical states can be organized according to the irreducible representations
of these symmetry groups. In the case of chiral QCD, the SU(Ny)y symmetry is
an exact symmetry and leads to the conservation of isospin. Hadrons, the physical
states of the theory, can be classified by the irreducible representations of SU(Ny)y
Although this classification arises from an approximate model, it agrees reasonably
well with experimental observations.

Another exact symmetry of QCD is the U(1), symmetry, which corresponds to
the conservation of the baryon number. In contrast, the axial symmetry SU(Nf)a
is not an exact symmetry. It is spontaneously broken, meaning that while it is a
symmetry of the Lagrangian, it is not preserved by the vacuum state. This leads to
the emergence of N]% — 1 massless particles known as Goldstone bosons, as predicted
by Goldstone’s theorem. In the real world, these correspond approximately to the
three pions (for Ny = 2) or the octet of light pseudoscalar mesons (for Ny = 3).
These particles are not exactly massless because the up, down, and strange quarks
have small but nonzero masses.

Finally, the axial U(1) , symmetry is anomalous, meaning it is a classical symme-
try of the Lagrangian but is broken at the quantum level due to the axial anomaly.
The presence of an anomaly explains why there is no light singlet (under SU(Ny)y)
pseudoscalar meson with mass comparable to that of pions. This has been known as
the 0’ or U(1) problem because the measured experimental mass of the 1’ meson was
incompatible with it being a Goldstone boson of the U(1) 4 spontaneous breaking.

0 term in QCD

In the Yang-Mills sector of the theory, there is a Lagrangian term consistent with
gauge symmetry, Lorentz invariance, and renormalizability that we did not mention.
It can be written as

Sp = /d4me“”P"tr (FuFoo). (1.15)

3272
The parameter 6 has to be an angular variable, 6 € [0, 27) because the path integral
of the theory is invariant under § — 6+ 2nk with k € Z. The theta term is topological
and therefore it does not enter the equations of motion for the fields. However, it can
affect some physical quantities [88], [89]. For example, one can show that the vacuum
energy density of a Yang-Mills theory £(6) depends on 6. A relevant quantity in this
context is the topological susceptibility, defined as

d?e(0)
Xo = “ap?

(1.16)

0=0

This quantity can also be written as

= [ d's(Q()0(0)), (1.17)
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where Q = "7 tr(F,, F,y)/(327%) is the topological charge density. This expression
shows that x, measures the fluctuation of the topological charge in the vacuum: a non-
zero x4 implies that topologically non-trivial configurations contribute significantly
to the QCD vacuum energy.

The presence of quarks creates an interplay with the theta term. In particular, if
at least one quark is massless, a U(1) 4 transformation can rotate away the presence
of 6 and therefore there are no physical quantities which depend on #. However,
if all the quarks are massive, as in real-world QCD, then the theta angle cannot
be rotated away. Therefore, when quarks are taken into account, the full QCD
topological susceptibility is modified, and it goes to zero in the limit of massless
quarks since the theory does not depend on 6.

1.2 Large-N limit of low-energy QCD

As mentioned in the introduction, the perturbative approach to QCD works only at
energies much greater than Aqcp. If we are interested in the low-energy limit of
QCD, we have to employ alternative approaches. A very useful tool in the low-energy
regime is the large-IN expansion, with N number of colors, first introduced by Gerard
't Hooft [I5]. Now we will promote the number of colors N to be a large number,
even if real-world QCD has N = 3.

Let us go back to our definition of the QCD scale . If we directly take the
limit N — o0, bg o< N, and there is no parametric separation between the physical
scale Aqcp and the cutoff Ayy. To rectify this, and not change the theory at the
QCD scale, we define the 't Hooft coupling constant

A= g2y N, (1.18)

and require that in the limit, known as 't Hooft limit, N — oo and g%M — 0, we
keep A = constant.

In the large- N limit, there is a new coupling constant which is small and allows
for a perturbative expansion ~ 1/N. It is a known result that Feynman diagrams in
the large- N limit can be ordered by relevance according to their 1/N dependence.
This expansion has a close connection with topology since one can show that the
N-dependence of a diagram goes like NXZ | where x g is the Euler characteristic of
the diagram inscribed on the Riemann surface of a two-dimensional manifold of a
given topology.

In this work, we are mainly interested in the low-energy regime of QCD, where
the theory confines, and therefore, we focus on hadron degrees of freedom that we
have at large-N. The naive wave-function of baryons in this case is

large— N ~ eilig...iN
baryons

qi14is - - - Qi il,iz...iNzl,...,N. (119)

This means that baryons are made out of N quarks, and therefore it is reasonable
to deduce that the baryon mass scale linearly with N. Their radius is fixed by an
energy scale o Aqep ~ NV (see [16]). This very specific behavior, where the mass
of a particle scales with the inverse of the coupling constant, and the size does not
scale with it, is the typical behavior of solitonic solutions. This strongly suggests
that baryons should emerge as solitons in the large-N effective field theory [16] [90].
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On the other side, the naive meson wave-function at large-V is

wlaree N g, i=1,...,N. (1.20)
Their structure does not change with N and therefore their mass scales ~ N,
Also in this case, the only dimensionful energy scale that can set their radius is
Aqcp ~ N°.
In the limit of large- N, baryons cease to be dynamical degrees of freedom because
their mass diverges. Consequently, the low-energy QCD Lagrangian simplifies and
effectively describes only mesonic ﬁeldsﬂ

LEETN = Linesons- (1.21)

In this regime, the interactions among mesons are suppressed, since the interaction
coupling constant scales as ~ 1/N. This implies that as N increases, mesons become
increasingly non-interacting. In this theory, baryons emerge as solitons as we will
see in section [[3]

1.2.1 An effective field theory for mesons

We have seen how, in the large-N limit, low-energy QCD reduces to a theory of
weakly-interacting mesons. In this section, we review how the meson effective field
theory can be constructed. First of all, this is a low-energy theory, valid for energies
lower than some putative cutoff A, therefore, the fields of this theory will be hadrons
with m < A. Moreover, the symmetries of the Lagrangian have to be ones of the
QCD Lagrangian. The theory will come with some free parameters that have to be
fixed by comparing observables, derived within this theory, with experimental data.

For energies lower than A, the relevant degrees of freedom of QCD are the NJ% -1
Nambu-Goldstone bosons associated with chiral symmetry breaking. They can be
cast in the matrix-valued field

N2-1
i

U(x) = exp 7 Z w4 (x)T |, (1.22)

a=1

where T are the generators of SU(Ny), normalized so that Tr(T*T°) = §9°/2. We
have not included a Ny th generator matrix proportional to the identity, since the
corresponding field would be the Goldstone boson for the U(1), symmetry, which
is eliminated by the chiral anomaly. We will come back to this point later in this
section. We have also introduced a dimensionful constant f.. This ensures that
pion fields have canonical dimensions for scalar fields in four dimensions. It is called
the pion decay constant, although this name makes very little sense in our current
theory because the pions are stable excitations and do not decay. However, they
can decay when they are coupled to the electroweak sector. The scale f, determines
the pion’s decay width, whence its name. In the large-/N limit, it can be shown that
f7r ~ \/N

3The large-N is not necessary to study pions using the effective field theory. However, in the
large-N limit this becomes more reliable.
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The Lagrangian describing the meson effective field theory will be constructed
as an expansion in the derivatives of the meson field /. Moreover, in the massless
limit, the Lagrangian must be invariant under the global chiral symmetry group
U(1)y x SU(Ny)r x SU(Nf)g. Then, it is easy to show that the leading-order term
in the meson Lagrangian is

Lonesons = fTr (uu0mut) + 0 ((au)*). (1.23)

This is known as the chiral Lagrangian and it describes the dynamics of the meson
field. The normalization constant has been fixed to reproduce the canonical form of
the kinetic term. In fact, we can expand in a power series of 7%/ f; to get

Lmesons = %8M7T“(:c)8“7r“(33) + O(7h). (1.24)

Let us now consider the effect of including masses for the quarks. If the masses

are large compared to the QCD scale, then the quarks play no role in low-energy

physics. Here we will be interested in the situation where the masses are small,

compared to Aqcp. In this case, we still have an approximate chiral symmetry.

We can incorporate the masses in the chiral Lagrangian by the N; x N; matrix
M = diag(my, ..., mny,) and adding to the chiral Lagrangian the term

2
Y
fWQ Te(MU+UTMT), (1.25)

['mass =

where Y has the dimension of a mass, and it is related to the chiral condensate ¥ by
Y=f2N 7Y This term breaks explicitly the chiral symmetry, but for small masses
it can be treated as a perturbation.

We conclude this section by discussing what happens to the chiral anomaly in the
large-N limit. Let us recall that the presence of the chiral anomaly can be expressed
in terms of the non-conservation of the U(1) , axial current at the quantum level

2. N
9, J" = g‘%MTf Ty (Fy Pl ). (1.26)

In the large-N limit, the RHS of the above equation goes to zero, and U(1) , is
not anomalous anymore. As a consequence, the 1/, which was very massive compared
to pions, appears as a Nambu-Goldstone boson. Therefore, the pion matrix U(x)
takes now values in U(Ny), and the 7’ meson is identified as its phase

det U = exp(in'/ fx), (1.27)

and it is said to be the phase of the chiral condensate[]
The chiral anomaly can be seen only going to the next leading order in 1/N and
it gives rise to a mass term for n':

1 .
Emesons D _§f72r m,%/(—z lOg det u)2a (128)

“In the formula (T:27), we used that at leading order in 1/N, f,» = fx.
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where m,y is the 1’ mass which scales as N —1/2 A long time ago, Witten and

Veneziano [88] [89] found a relation between the topological susceptibility of pure
Yang-Mills and the 7’ mass

4N

m%, =miyy = —Qf Xg - (1.29)

I
To stress the paternity of this formula, the ' mass is often indicated as mwyy.
This formula ends the famous U(1) , problem, as it gives a non-vanishing mass to
the 7’ also in the chiral limit, thus confirming that it cannot be interpreted as a
Nambu-Goldstone boson.

1.3 The Skyrme model for baryons

We have presented an effective theory for the mesons, and we can ask which role
is played by U(1)y in this theory. This symmetry acts trivially on & — U. As a
consequence, there is no conserved charge coming from this vector symmetry. We
remind that charged objects under this symmetry are the baryons, and therefore
there is no reason to expect that the meson effective theory knows anything about
the baryons, since we intentionally threw out all but the lightest excitations.

It is therefore surprising to learn that the baryons do arise in the Skyrme model,
an extension of the chiral Lagrangian: they appear as solitonic objects in the meson
effective field theory. Let us first show that the chiral Lagrangian has a hidden
conserved current. The field U(z), at given time ¢, is a map from the space of
coordinates to the space of fields

U(z) : R® — SU(Ny). (1.30)

In order for this map to be physical, it must be continuous and with finite energy.
The latter request implies that

lim U(x) = Uyacuum, (1.31)

|z|—o00

where Uyacuum 1S @ constant value, and represents the minimum of the potential of
the chiral Lagrangian. This is necessary to avoid singularities on the boundary of R3.
Then, it follows from the stereographic projection that the R? space with a single
point at infinity (associated with the boundary) is equivalent to the three-sphere S3.
Therefore, we can rewrite

U(z) : S* — SU(Ny). (1.32)

Such field configurations are characterized by their winding
m3(SU(Ny)) = Z. (1.33)

This winding number, which we denote by np € Z, can be computed by the integral

1

"B = o

/ a5 Tx (Ut @)Ul (@)Ut (B10)) (1.34)
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We can go further and write down a corresponding local conserved current

Jhy = gy T (Ut @ ut @uyut (.u)), (1.35)
which obeys 0,5, = 0. The winding number is given, as usual, by ng = [ d3x 59 .
It is natural to search for an interpretation of this conserved current jf ., in terms
of the microscopic theory. The only symmetry group candidate for this symmetry is
U(1)y, strongly suggesting that we have to identify np as the baryon number and,
correspondingly, these solitonic configurations with baryons.

However, even if the meson effective field theory with only two-derivative terms
has the topology to support solitons, no static solutions exist. This comes from
Derrick’s theorem [91], which in our case can be understood as follows. Taking into
account only two-derivative terms, the energy for a static configuration U is

2
jo ij / ds Tr (010 (1.36)

Solutions to the equations of motion are minima (or, more generally, saddle points)
of this energy functional. A simple scaling argument tells us that these do not
exist. To see this, consider a putative solution U, (z) with energy E,.. Then, the
new configuration Uy (z) = U,(A\x) has energy E) = E,/)\ so that we can always
lower the energy of any configuration just by rescaling its size. The reason for this is
that the classical theory is scale invariant, so there is nothing to set the size of the
soliton. Indeed, the only dimensionful quantity, f., multiplies the whole action and
so does not affect the classical equations of motion. The way out of this problem
is to introduce a higher derivative term so that the scale invariance is broken, and
the solution is stabilized. The effective Lagrangian, cured with the higher derivative
term, reads

2
ESkyrme = ijTI‘ (a#u 6HZ/{T) + Tr ([UTa“L{,L{T@LU]) , (137)

32¢2

2 is a dimensionless coupling constant. This is known as the Skyrme model

where e
[92].

We conclude this section by presenting a solution to the equations of motion that
carries a non-zero baryon number. We consider Ny = 2 in which case, a convenient
parametrization of U € SU(2) is

U=p+iocm,, PP mi=1, (1.38)

where 0% are the Pauli matrices. The so-called hedgehog ansatz describes a single
Skyrmion wrapping around the target space S°

U =exp (iija)aaa:a> = cos f(r) + !

%, .
S

in f(r), (1.39)

r

where 1 here is the radius of the manifold where U is defined. The condition
U(r — oo) = 1 is achieved by f(r — c0) = 0. In order for U to be well-defined at
the origin = 0, we have to require f(0) = wm, with m € Z. It is a simple exercise
to show that

ng =m. (1.40)
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With our ansatz, the equation of motion becomes an ordinary differential equation

for f(r)

(r2 + 252 £(r)) (1) + 20/ () + sin(2f ()£ ())? = sin? £(r) sin(2£ (1)) = 0,
(1.41)
which can be solved numerically. The solution corresponding to m = 1 is interpreted
as a classical baryon.

1.4 Axions and ALPs

The strong CP problem and the Peccei-Quinn mechanism

As we discussed in section [I.I} the QCD action admits the presence of a topological
term Sy, see equation . This term breaks parity P and time reversal T since
under P or T transformation, § — —6, while the charge conjugation is a symmetry.
Thus, the transformation CP: 8 — —@ is not a symmetry unless § = 0, 7. In the
presence of massive quarks, the physically relevant CP-violating parameter is not
simply 6, but the combination

6 = 6 + arg det M, (1.42)

with M the quark mass matrix. Since § cannot be rotated away through chiral field
redefinitions if all quarks are massive, it represents a genuine physical parameter of
QCD. Its presence violates both P and CP symmetries.

A particularly sensitive observable to 6 is the electric dipole moment (EDM) of
the neutron. Current experimental bounds on the neutron EDM constrain  to be
extraordinarily small:

0] < 10717, (1.43)

which corresponds to a level of C'P violation in the strong sector that is many orders
of magnitude below the naive expectation. This extremely small value lacks a natural
explanation within the Standard Model and constitutes what is known as the strong
CP problem.

A compelling solution was proposed by Peccei and Quinn (PQ) [93], who intro-
duced a new global chiral symmetry U(1)pq, which is anomalous when coupled to
QCD. When this symmetry is spontaneously broken at some high scale f,, it gives
rise to a pseudo-Nambu—Goldstone boson, the axion, which dynamically cancels the
effective @ angle. The scale f, is known as the Peccei-Quinn symmetry-breaking
scale, and it sets the axion decay constant, which also governs the strength of
axion interactions with Standard Model fields. The axion field a(z) couples to
the QCD topological charge density Q(z) and shifts under PQ transformations as
a/fa — a/fo+ a, allowing the QCD vacuum energy to be minimized dynamically at
6+ a/fa = 0. As a result, the axion field relaxes to cancel any CP-violating effects
from the QCD #-term, thus solving the strong CP problem naturally.

At energies well below the PQ symmetry-breaking scale f,, the axion can be
described within the framework of an effective field theory. Since it arises as
a pseudo-Nambu—Goldstone boson, its interactions are suppressed by f,, and it
couples derivatively to matter fields and anomalously to gauge bosons.
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The effective Lagrangian for the axion in the presence of QCD and electromagnetic
fields takes the form [94]

zamn_ Ouadat 4 5;2?4 HVPT (B F )+ (1.44)
a
C C;
4 it ,ul/pUFemFem + la adP 5 )
4(& %:ZE,L%vqu

where Fj; is the electromagnetic field strength tensor, and ¢; is the quark field.
The constants C, and C; are model-dependent dimensionless coefficients that arise
from the details of the UV completion.

QCD instanton effects generate a potential for the axion:

V(a) ~ m?f? [1 — cos <a>} , (1.45)
Ja
where the axion mass, in the two-flavored case, is approximately

12
VI fre g 7oy (107 GEV) (1.46)
mu+md fa Ja

Thus, the axion acquires a small mass from QCD effects, with its mass inversely
proportional to the PQ scale. For f, > Aqcp, the axion is extremely light and
weakly coupled, making it an excellent dark matter candidate and a prime target
for experimental searches.

Mg ~

Axion-like particles (ALPs)

Axion-like particles are hypothetical pseudoscalar bosons that arise in a broad class
of theories beyond the Standard Model. While the QCD axion is specifically tied
to the solution of the strong CP problem via the Peccei-Quinn mechanism, ALPs
generalize the concept by relaxing this connection. In particular, ALPs do not
necessarily couple to gluons or solve the strong CP problem. Still, they retain
the pseudo-Nambu—Goldstone boson character and share many properties with the
axion.

By definition, an ALP is typically a pseudoscalar particle that couples to Standard
Model fields via higher-dimensional operators, most notably through an anomalous
coupling to the photon field. The pseudoscalar nature ensures that its leading
interactions are derivative or involve dual field strengths, preserving shift symmetry
at the classical level. The low-energy effective Lagrangian takes a similar form to
(1.44). However, in this case, the ALP mass m, and the decay constants C' are
largely independent. This decoupling from QCD dynamics allows for a wide range of
possible masses and interaction strengths, leading to a much richer phenomenology
and connection with dark matter.

As we will discuss in detail in chapter [ in this work, we are going to use the
name ALPs for pseudoscalar particles that do not necessarily have a coupling with
the photon field.
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Composite axion models

Axion models can be broadly divided into two classes, depending on the ultraviolet
origin of the axion field. In elementary models, the axion arises as the phase of
a fundamental scalar field, whose vacuum expectation value spontaneously breaks
the PQ symmetry. In contrast, in composite models, the axion is realized as a
pseudo-Nambu-Goldstone boson of a new confining gauge theory, in close analogy
to the pions of QCD. In this case, the PQ symmetry is an approximate global
chiral symmetry of the strong dynamics, and its spontaneous breaking by fermion
condensation generates the axion without invoking a fundamental PQ scalar.

A well-known benchmark for elementary axions is the Kim-Shifman-Vainshtein-
Zakharov (KSVZ) model [95, 06]. In its minimal form, a new heavy vector-like
fermion W is introduced, charged under QCD and under the global anomalous
U(l)PQ symmetry. The axion field arises as the phase of a complex scalar ® whose
vacuum expectation value breaks the PQ symmetry spontaneously:
ia
@-\/Eexp(fa), (P) = —.

The fermion ¥ couples to ® via a Yukawa interaction,
LOydVU Ui +he.,

acquiring a mass after PQ breaking. Upon integrating out W, a one-loop triangle
anomaly generates the effective axion-gluon coupling, dynamically canceling the
QCD #-term. Variants of this construction can also accommodate ALPs, in which
case the pseudoscalar does not necessarily couple to gluons.

While the minimal KSVZ axion is elementary, one can envision composite
realizations of the same idea, where the role of the PQ scalar ® is played by a
fermion bilinear condensate in a new confining gauge theory. More generally, one
may construct models where both the PQ-charged fermions and the confining gauge
group belong to a hidden “dark” sector neutral under the Standard Model. In such
cases, an asymptotically free gauge group Ggarx confines at a scale Agark, generating
a condensate

<1Z¢> ~ Agarka (1'47>

which spontaneously breaks the global PQ symmetry, U(l)PQ — (0, and gives rise to
a composite axion. This is the situation we will consider in Chapter [5

1.5 Phases of QCD

Quantum chromodynamics can be studied at finite temperature, finite baryon
chemical potential, and finite isospin chemical potential. These ingredients are
necessary to study QCD in a “real-world” scenario. Varying the values of the
temperature T', and the chemical potential up (as well as the isospin chemical
potential u1g0), one can construct the phase diagram of QCD. See e.g. [97] for
a review on the topic. For the purposes of our discussion, we can set the isospin
chemical potential to zero, and discuss the QCD phase diagram as a function of T’
and pp, whose schematic representation is reported in figure The reader should
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Figure 1.2. A schematic view of the QCD phase diagram as a function of the temperature
T and the baryon chemical potential up.

keep in mind that there is broad consensus about the behavior of QCD matter
only in two limiting regimes: at vanishing baryon chemical potential (up = 0),
where lattice QCD calculations are reliable, and at asymptotically large pup and
low temperature, where perturbative QCD provides guidance. In contrast, the
intermediate region of the QCD phase diagram, which is most relevant for the
physics of neutron stars and heavy-ion collisions, remains highly uncertain. Our
current understanding of this domain is largely conjectural, based on effective
models, phenomenological approaches, and indirect constraints from astrophysical
observations and experimental data from relativistic heavy-ion collisions.

At low densities and low temperatures, QCD is in the hadron gas phase. In this
phase, quarks (and gluons) are confined into color-neutral states.

At sufficiently high temperatures, quarks are no longer confined into color-neutral
hadrons, and the QCD matter enters a plasma state of quarks and gluons. There
is no net separation (i.e no first-order transition line) between the latter and the
hadron gas phase (at sufficiently low densities), but just a crossover. The quark-gluon
plasma can be studied using hydrodynamics as the temperature decreases, and since
it becomes strongly coupled, it cannot be described in terms of quasiparticles.

At high baryon density and low temperature, the situation is far less accessible.
Because of the sign problem, lattice QCD cannot directly address this regime.
Moreover, unless we consider asymptotically large densities, QCD cannot be treated
using perturbation theory. See [98] [99] for more details.

If the baryon chemical potential is less than the mass of a nucleon (~ 939
MeV), it is not possible to create neutrons and protons at zero temperature. In
this regime, the ground state of QCD contains no baryons and corresponds to the
vacuum. However, when pp approaches the mass of a nucleon, the system undergoes
a transition to uniform nuclear matter, where baryons begin to populate the ground
state. Nuclear matter is a liquid with neutron and proton quasiparticles. They
are equal in number as long as uiso = 0. In contrast with the hadron gas phase,
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now protons and neutrons interact with each other via the strong force. There
are many attempts in the literature to construct models of nuclear matter, see e.g.
[T00]. At sufficiently low temperatures, the motion of nucleons in nuclear matter is
governed primarily by the Pauli exclusion principle, since almost all states up to
the Fermi surface are occupied. In this regime, the excitations of the system can
be understood in terms of a relativistic Fermi liquid theory. This framework allows
us to treat neutrons and protons as long-lived quasiparticles with effective masses
and interactions. In addition to this quasiparticle picture, attractive components of
the nucleon—nucleon interaction lead to the formation of Cooper pairs, much like
in conventional superconductors where electrons pair due to an effective attraction
mediated by phonons. The onset of pairing implies that nuclear matter is not
just a Fermi liquid, but a superfluid at low temperatures. This superfluidity is
expected in regions of the QCD phase diagram where densities are comparable to
nuclear saturation density ns and temperatures are low compared to the pairing gap
(T ~ (107 — 10'9) K).

At higher densities, the common understanding is that quark matter becomes the
relevant phase of QCD, with quarks being the relevant degrees of freedom. Despite
little being known about the transition from hadronic to quark matter, we expect that
at high enough densities, quark matter is a Fermi liquid, with quark quasiparticles.
Increasing the density even more, the momentum transfer between quarks near the
Fermi surface leads to a weakly-interacting theory of quarks. Moreover, since the
interaction between quarks is attractive, below some critical temperature, quarks
will form Cooper pairs, creating a superconducting state called color superconductor.
Among the possible superconducting phases, one of the simplest is the Color-Flavor-
Locking (CFL) phase (where all quarks participate in Cooper pairing), which is
believed to dominate for asymptotically large values of up [101].

As we will discuss in the next section, neutron stars probe the high-density
and low-temperature portion of the QCD phase diagram, as they are made of cold
nuclear matter and (perhaps), in the core, cold quark matter. Neutron stars, like
all astrophysical objects, are governed not only by the strong interaction but also
by the weak and electromagnetic interactions. Weak interactions work to maintain
the beta-equilibrium in the star, 7.e. the condition that fixes the balance among the
abundances of different baryon (or quark) and lepton species, and are responsible
for various transport properties. This aspect plays a major role in this thesis, as we
are going to discuss in chapter [§

1.5.1 Neutron stars in a nutshell

In this section, we introduce the physical system which will play a relevant role in
chapter [} the neutron star. Neutron stars are the remnants of old massive stars
that undergo a supernova explosion and a subsequent gravitational collapse [53]. For
this to happen, the mass of the progenitor star, i.e. the original hydrogen-burning
star, has to be sufficiently large (M 2 10Mg) for a supernova explosion to take
place, but not too large (M < 25M¢) so that its core does not collapse directly to a
black holeﬂ As the stellar material collapses, its density increases and eventually it

5The symbol Mg, refers to the mass of the Sun, which is measured to be approximately Mg =
(1.988475 + 0.000092) x 10%° Kg.
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reaches a density comparable with the nuclear saturation density ng ~ 0.16 fm 3.
This is the equilibrium density of nuclear matter, i.e. the density at which nucleons
(protons and neutrons) arrange themselves inside nuclei. At this stage, the nucleons
created during the collapse are packed as tightly as possible, leaving no room for
further compression. The short-range hard-core repulsion of the strong nuclear
force between nucleons, together with the neutron degeneracy pressure that arises
from the Pauli exclusion principle, makes the stellar matter stiff enough to stop the
gravitational collapse. The result of this process is a compact object with a mass
of approximately ~ (1 — 2)Mg, and radius ~ (11 — 13) Km. The average density
is comparable with the nuclear saturation density ns ~ 0.16 fm~>. However, the
density inside a neutron star is not uniform throughout its structure. In the outer
layers, or crust, the density is much lower, beginning at values comparable to those
of ordinary atomic nuclei and gradually decreasing toward zero at the surface. In
contrast, toward the inner core, the gravitational pressure becomes far more intense,
and in more massive neutron stars, the weight of the overlying layers compresses
the central region even further. As a result, the density at the core can exceed the
nuclear saturation density by several factors, typically reaching values in the range
of (2 — 5)ns for stable neutron stars, and possibly even higher for the most massive
ones on the verge of collapsing into a black hole.

At the densities corresponding to neutron star cores, QCD is strongly coupled.
Modern chiral effective field theory [I3] (based on perturbative treatment of nuclear
interactions via meson exchange) can describe quantitatively nuclear matter at
densities only slightly above ng, while perturbative QCD is accurate only around
40ns. Moreover, as we already said in the previous section, at high densities, lattice
QCD suffers from the sign problem and therefore cannot be trusted. In this scenario,
holography provides a powerful tool for tackling the strongly coupled nature of
matter inside neutron stars. See [102] for a comprehensive review on the application
of holography to compact objects.

In this thesis, we will focus on the role played by weak interactions, since they
affect many properties of neutron stars and their binary mergers.

Weak interactions and effective bulk viscosity

Weak interactions enforce beta-equilibrium in the star, é.e. the system is in chemical
equilibrium thanks to weak processes. For a compound of neutrons, protons, electrons,
and muons, one has

P = Hp + Hu, = He = [y (1.48)

where [ stands for electrons e, and muons p, so i, fip, e, and p,, are respectively
the neutron, proton, electron, and muon chemical potentials. We have assumed
that neutrinos are not trapped. As we have discussed, in the core of neutron stars,
matter is expected to be in the deconfined phase, and therefore, the beta-equilibrium
condition transferred to quark matter readd’|

P + g = Hs, = pe = My, (1.49)

SAt the densities expected in the core of neutron stars, quark matter can exist only in terms of
the three lightest flavors: up, down, and strange.
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where p,, and ug are respectively the up and strange quark chemical potentials. As
before, we assume that neutrinos are not trapped here.

A perturbation can drive the system out of equilibrium, and weak processes
will try to restore the balance and dampen the perturbation. This generates an
effective bulk viscosity (. We remember that in standard hydrodynamics, the bulk
viscosity is a transport coefficient associated with the ability of a fluid to counteract
a compression or an expansion. Bulk viscosity becomes important when a fluid’s
density is changing over time, such as in oscillations or waves within a star. When
a neutron star undergoes oscillations - say, due to rotation or stellar quakes - its
density fluctuates. This changes the relative abundances of neutrons, protons, (or
up, down, and strange quarks in the core), and electrons, pushing the system out of
chemical equilibrium. The weak interactions try to restore equilibrium, but they take
time. This delay between the change in density and the system’s chemical response
causes a phase lag in pressure. As a consequence, the pressure response is no longer
perfectly in sync with the volume change. This mismatch leads to dissipation of
mechanical energy into heat: this is exactly what bulk viscosity does.

Let us review the derivation of the bulk viscosity in the context of neutron
stars, as described in the review [68], where more details can be found. We indicate
with w the angular frequency of the volume oscillation so that we can write the
volume as V(t) = Vp[1 + dv(t)], with a dimensionless volume perturbation dv(t) =
dvg cos(wt) < 1. On the one hand, the dissipated energy density, averaged over one
oscillation period 7 = 27 /w, can be written as

2
/dt ~ - 4“25”, (1.50)

where the upper dot indicates the time derivative, and v is the velocity field of the
fluid. On the other hand, the dissipated energy density can be expressed in terms of
the mechanical work done by the induced pressure oscillation

1 /7 dov
= — dt P(t)— 1.51
- [apw S (151)
where the pressure is given by
OP oP
P(t — —0ny. .
(t) = Po+ =7 Vo dv + 72. Gnmén (1.52)
r=species

The oscillation in the pressure is, in general, out of phase compared to the volume
oscillation because of the microscopic re-equilibration processes which induce changes
in the number densities of the particle species n,. In the case of unpaired quark
matter, the oscillations in density occur for the three quark flavors and the electron,
0Ny, 0Ny, Ong, and ..

From (1.50)), and (1.51)), it follows that

2 1 7 dov

The weak processes responsible for restoring beta-equilibrium are produced by a
W-boson exchange or emission:

utd=u+s, ut+l" —d,s+vy, d,s—>utl +vy ] =l +vy +uyg, , (1.54)
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where £ = e, u. Among them, the non-leptonic process u + d <> u + s will turn out
to be the dominant one. In chapter [§) we will give general expressions for the decay
rates of these processes, keeping the leptonic processes as well.

Referring to [68] for details, it turns out that the final result for the bulk viscosity
in the limit where leptonic processes can be neglected, is

Ags B2
N 1.55
¢ A2, B? 4+ w?’ (1.55)
where
aﬂd 8#5 6#6[ 8#5
B =ng2td ., s c =20 . 1.56
nd@nd " ong ong + ong ( )

The parameter )y, is the decay rate of the process u + d <> u + s, in unpaired quark
matter [103]

(1.57)

dog /iOéS/Ad)4
|
or 2T T )
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Ads & G% sin? O cos? GCRMZTQ (1 +

where k ~ 0.28(2/37)'/2 ~ 0.13, G is the Fermi’s constant, - the Cabibbo angle
giving the change of basis between quark mass and flavor eigenstates. This result for
Ads is obtained using perturbative QCD and therefore cannot be trusted completely
for the densities inside of a neutron star, where non-perturbative effects of QCD
can become important. In chapter [§] we will employ holography to perform a
non-perturbative computation of Ay.

Bulk viscosity is particularly important for the stability of r-modes, global os-
cillations of rotating neutron stars that are driven unstable by gravitational wave
emission. The competition between this driving mechanism and viscous damping
determines the instability window in the plane of stellar rotation frequency and
core temperature. Observational data on spin distributions of young pulsars and of
accreting systems can therefore provide indirect information on the magnitude and
microphysical origin of bulk viscosity in dense matter, thus linking microscopic QCD
processes to astrophysical observations. In this sense, neutron stars act as unique
laboratories where the interplay between fundamental particle physics and macro-
scopic astrophysical dynamics can be explored. The study of bulk viscosity, together
with other transport coeflicients such as shear viscosity and thermal conductivity,
remains central in bridging QCD-inspired microphysics with the phenomenology
of compact stars. Future observations with improved gravitational wave detectors
and X-ray telescopes are expected to provide further constraints on the damping
timescales of oscillation modes, thereby refining our knowledge of the properties of
dense QCD matter and its various phases.
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Chapter 2

Baryons as quantum Hall
droplets

In section [1.3] we have seen that baryons can be described as solitons of the chiral
Lagrangian called Skyrmions. However, in the special case of Ny = 1, the group
manifold SU(Ny) trivializes, and it is not possible to write down a conserved baryon
current. It seems that a low-energy description of the one-flavored baryon is not
available, even if we know that the one-flavored baryon must exist: it is the bound
state of N quarks with total spin N/2. In this chapter, we present the idea, proposed
in [38], according to which one-flavored baryons can be described at low energy in
terms of another kind of solitons.

In section [2.I] we will review the one-flavored QCD theory showing that it does
not admit a low-energy description of baryons in terms of Skyrmions. In section
m we will show that, in the IR of one-flavored QCD, there are extended, (2+1)-
dimensional excitations of the 7’ particle, charged under a topological generalized
symmetry. We will call these objects sheets and discuss their features. As we will
see, these sheets are metastable and hence it makes sense to study the effective field
theory living on their worldvolume which we will present in section Finally,
in section [2.4] we will explain how these sheets can be charged under the baryon
symmetry following a close analogy with the fractional quantum Hall effect. This
way, they provide an alternative description of one-flavored baryons in low-energy
QCD at large-N.

2.1 One-flavored QCD

It has been known for several decades that in the ’t Hooft limit, baryons should
be viewed as solitons [16, B0]. As we discussed in this statement is explicitly
realized when we consider QCD at low energy in the large-N limit, since their mass
scales linearly with IV, the inverse coupling constant 1/N of the effective field theory,
while their size does not scale with N.

At low energy, QCD is effectively described by a theory of weakly interacting
mesons described by the pion matrix ¢/, which takes values in SU(Ny). Within this
theory, baryons arise as solitonic objects known as Skyrmions constructed out of U.
The baryon number is identified with the winding of the configuration and,
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as we have seen, it is classified by m3(SU(Ny)) = Z.

Let us comment on this general result. The baryon charge is identified with the
third homotopy group w3 of the entire space of fields. However, we have just seen
that it is enough to consider the w3 of mesons U, the (pseudo-) Nambu-Goldstone
boson of chiral symmetry breaking. It is not guaranteed that this prescription
correctly describes all the baryonsEl This is the central idea in [SS]H there are
situations where the baryons are not captured by the mesonic degrees of freedom
alone. One of these situations appears when we consider the case of Ny = 1. The
one-flavored QCD Lagrangian reads

Ny=1

1 174

Pty (Fu Fpo) + q(il) = m)q,  (2.1)

where m is the quark mass, and we will take it real and positive. In this chapter,
we will consider the limit where m < Aqcp, so that the chiral limit makes sense.
Moreover, we will work at 6 = 0. See [39} [105] for a beautiful discussion about the
one-flavored QCD at 6 = 7 and associated domain walls in this theory.

From a microscopic point of view, this theory admits only one baryonic object,
whose naive wavefunction is given by

(\I’Nle baryon)s1...sN = €ai...an qgll ce qgj\\]] s (22)

where the indices a;, with ¢ = 1... N, are the color indices and s; are the spin
indices, taking two values. Due to the anti-symmetrization over color indices, and
the fermionic nature of the quark fields ¢¢, the spin indices must be symmetrized
over to get a non-zero combination. Therefore, there exists only one Ny = 1 baryon,
and its spin is N/2. However, the Skyrme model fails to describe this one-flavored
baryon. This is because the group manifold SU(Ny) trivializes for Ny = 1 and the
baryon charge can no longer be identified with the 73 of mesons. It seems that there
is no longer a low-energy description of this baryon. This opens a puzzle since the
baryon does exist in one-flavored QCD and therefore we should be able to describe
it also from the IR point of view.

It is now that things get interesting! Remember that, if m < Aqcp, at large N,
there is a light particle: the 1’ meson. We have seen in section how this particle
arises in the chiral Lagrangian: the one-flavored QCD at finite N is gapped but if
we take the large-N limit, U(1), becomes an exact symmetry and its spontaneous
breaking leads to the (pseudo-) Nambu-Goldstone boson 1. The meson 7’ is a
periodic scalar 7’ ~ n’ + 2, being the value of the phase of the chiral condensate
(1.27). The effective Lagrangian for the 7’ field at large N, including the 1/N
correction reads

2 1 1 .
Ly =5 (9n)" = 5m fZAqep cos (of) — 5 f2mimin (of +2mk)*, (2.3)

where we recall that m,, = mwy. The first and the second terms of the Lagrangian
are respectively the kinetic and mass terms for 7/. They both scale with N in

1See [104] for a recent demonstration that enlarging the space of mesons may improve upon the
predictions of the Skyrme model.
2This work develops some ideas already present in the literuature [40|, (4T, [42] 43, [44].
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the large-N limit, since fr ~ +/N. The third term is the first 1/N correction to
the chiral Lagrangian coming from the ABJ anomaly, and m,, ~ 1/ VN is the
Witten-Veneziano mass . Let us put it on the bench for the moment; we will
go back to it in section There is a unique trivially gapped ground state of the
theory, which is ' = 0 mod 2.

2.2 Extended configurations of the n' meson: the sheets

Let us study the symmetries of the Lagrangian (2.3)). We have already observed
that 7' takes values on a circle S' and therefore the Lagrangian is invariant under
n — 1 + 2mw. Moreover, if we set m = 0 we restore the exact chiral symmetry.

This model enjoys another symmetry which lies in a class of symmetries that go
by the name of generalized symmetries. For the purposes of our discussion, we can
limit ourselves to the basic definition of these symmetries following [106], T07]. We
are accustomed to understanding global and gauge symmetries as acting on fields
or, more generally, on local operators in a quantum field theory. These symmetries
may be either discrete or continuous. Continuous symmetries are associated with
conserved currents J#, satisfying the conservation equation 9,J# = 0. In the
language of differential forms, J is a one-form, and conservation law translates to
d*J = 0. Given such a current, one can define a conserved charge by integrating J
over a codimension-one sub-manifold X C M of the whole spacetime M:

0= / . (2.4)
X
This charge acts on local operators O defined at a point z € X via
Q0! (z) = RiO (z), (2.5)

where R;- represents the group action. In the case of a discrete symmetry, there is no
associated conserved current, yet the generator can still be linked to a codimension-
one manifold. We refer to both continuous and discrete symmetries of this sort as
zero-form symmetries. These are the standard symmetries commonly encountered
in quantum field theory.

The notion of generalized symmetries extends this framework to include higher-
form symmetries. A g-form symmetry is defined such that its generator is associated
with a co-dimension (¢ -+ 1) submanifold X C M. For a continuous ¢g-form symmetry,
there exists a conserved (¢ + 1)-form current J, and the corresponding conserved
charge is given again by @Q = [, *J. For ¢ > 0, these generalized symmetries
are necessarily Abelian. This property arises from the structure of the group
multiplication, Qg, (X)Qg,(X), for group elements g; and go. In the ¢ = 0 case,
the associated manifolds are codimension-one, and we can define this product via
time-ordering. However, for ¢ > 0, such an ordering is not possible, implying that
the symmetry generators must commute. A ¢-form symmetry acts on operators
defined on ¢-dimensional manifolds C. For instance, one-form symmetries act on line
operators, such as Wilson lines.

Let us go back to the Lagrangian . As we anticipated, this model enjoys a
generalized symmetry. This is a topological U(1) two-form symmetry, associated
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with the current

1
JHP = %e“l’p"(‘%n’. (2.6)

In the language of differential forms, J is a (241)-form current, and it is topologically
conserved, as one can easily see from

1
O™ = 59,05 = 0. (2.7)
T

The associated conserved number is classified by the fundamental group of U(1):
71 (U(1)) = m1(S1), where we used U(1) ~ S. Charged objects under this symmetry
are infinitely extended, (2 + 1)-dimensional objects that interpolate from 7’ = 0 on
one side to 7’ = 27 on the other. Through this work, we will call these objects sheets.
In order to visualize an infinite sheet, consider the simple configuration
o : _ : _

o= fa), lm flg) =0, lm flag) =2 (2.8)
in the Minkowski spacetime spanned by the coordinate (¢,x1,x2,z3), where 1’ is
some function f of the spatial coordinate orthogonal to the sheet solely, which we
called x3. This configuration satisfies

Q = /d3l‘ Jtml To — 1 (29)

An issue concerning these sheets is that they are not finite energy configurations
because they have a divergent mass. However, things may change if the sheet has a
boundary preventing it from being extended infinitely. Around the boundary, the
field has the monodromy 7’ — 1 + 27 and as a consequence, the field 1 cannot be
smooth everywhere: it has to be singular somewhere in spacetime. It is easiest if we
take advantage of figure As one can see, the field can interpolate continuously
between the two vacua ' = 0 and i’ = 27 through the sheet placed at ' = 7. But
what happens outside the sheet? We would like that ' = 0 mod 27 outside the
sheet in order to construct finite energy configurations. However, this requirement
violates the monodromy of 1/, because the field i’ can stay in the O-vacuum while
avoiding the sheet, ending in a region where 1’ = 2. Thus, we conclude that the 7’
field must be singular, and the minimal singularity that must exist is of the form of
the boundary. One can interpret this monodromy violation with the presence of a
higher-dimensional Dirac string through which n’ has a jump discontinuity from 0
to 2m. We will call this object Dirac sheet and it will be investigated in detail in
chapter [4

Within the effective Lagrangian , the tension of these boundaries is incalcu-
lable. It diverges logarithmically in the ultraviolet, as one can see from a qualitative
analysis [38]:

Toary ~ NAGcp 108 Acutoft (2.10)

where T,qry denotes the tension of the string-like boundary and it is of order IV just
because the effective Lagrangian is of order N.

Before we study the effective field theory on the sheet and its boundary, we must
pause for a moment and ask ourselves if this makes sense. Indeed, it seems that we
have found a paradox: from the point of view of the infrared theory, there are objects,
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n'=21'[

a

.(ﬁ dn'=2n

n =0

Figure 2.1. The figure shows schematically a sheet living in the field space at n’ = 7, with
a circular boundary. The 7’ field has a n’ — 1’ + 27 monodromy around the boundary.

the sheets, which carry a conserved charge and hence cannot decay, but there are no
such unbreakable objects in the full QCD theory. Thus, these sheets must decay
because they do not separate two distinct vacua and do not carry a conserved charge
in the full theory. We said that the mass of the strings is incalculable in the infrared
theory. This is why, from the point of view of the infrared observer, the sheets seem
stable. Hence, we argue that the divergence in the energy will be regulated in the
full theory.

We need to estimate the lifetime of the sheet. Since the tension of the boundary
scales like N, and since the tension of the sheet itself also scales like N (both follow
simply from the fact that the Lagrangian is of order NNV), it immediately follows
that the decay probability per unit volume and per unit time, I', obeys:

logT ~ —N. (2.11)

Thus, the sheet is metastable in the large N limit, and the question of finding the
effective field theory on it makes sense.

2.3 The effective field theory on the sheets

So far, we have discussed some features of these new objects, the sheets, and yet
there is no sign of baryons. The turning point in this discussion is the observation
that the )’ effective theory is incomplete: there is a cusp singularity in the potential,
and it is because of this that we can reinterpret some excitations of the theory as
baryons.

The cusp singularity appears when we include the 1/N correction through the
potential term

fgm%/
2

which is a perfectly smooth and 27r-periodic function except for ' = ¥ mod 27.
Such a cusp singularity in an effective theory is quite mild. It does not signal the
appearance of new light particles in (3 + 1)-dimensions, usually associated with
branch cuts in the effective potential. The physical interpretation of the cusp is that
at ' = m some heavy fields jump from one vacuum to the other. These heavy fields
are the glueballs, which are not taken into account in the chiral Lagrangian.

in(n + 27k)? 2.12
Igg%(nJrTr), (2.12)
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Before proceeding to study the effects of this cusp singularity on the effective
theory on the sheet, we must make some cautionary remarks. Within an effective
theory such as , for sufficiently small m, the sheet is guaranteed to be a
metastable configuration in the theory, decaying through non-perturbative effects
that scale like . However, due to the cusp singularity at the core of the sheet
and the fact that some heavy fields are rearranged at the core of the sheet, we
cannot prove that the sheet is a metastable configuration in the effective theory.
It might disappear altogether. While one can give several qualitative arguments
supporting the existence of the sheet despite the mild singularity that makes the
effective field theory break down, at present, this is not proven and should be viewed
as an assumption.

The effective field theory on the sheet always includes the center-of-mass degrees
of freedom, typically described by the Dirac-Born—Infeld (DBI) action. This action
captures the low-energy dynamics of the transverse fluctuations of the sheet. However,
since we are primarily interested in the internal dynamics on the sheet, we will omit
this term for the moment. The effective field theory that lives on the r’-sheet can
be motivated using arguments presented in [39, [105, [38]. These arguments rely on
sophisticated tools involving 't Hooft anomalies, especially mixed anomalies involving
discrete symmetries. While a full account would require these advanced techniques,
which are beyond the scope of this work, we aim to give a physical intuition for the
emergence of the effective field theory.

To illustrate these ideas, let us begin with an instructive (though not minimal)
example [108, [39, [105]. Pure SU(N) Yang-Mills theory admits multiple global
formulations that differ in the global structure of the gauge group. Since the gauge
bosons transform in the adjoint representation, they are invariant under the center
symmetry Zy C SU(N):

Ty = {eQ“ik/N-]IN, k:O,l,...,N—l}. (2.13)

This suggests that the gauge group could be taken to be either SU(N) or the quotient
SU(N)/Zy. However, this choice is not merely a matter of convenience: it defines
distinct quantum field theories. More generally, for any subgroup 7, C Zy, one
can consider a gauge group G, = SU(NV)/Z,. The key point is that although these
theories share the same Lie algebra su(/N), and hence the same local operator content
and Lagrangian density, their global properties differ. In particular, they differ in
their spectrum of non-local operators, such as Wilson and ’t Hooft lines, and in how
they respond to background gauge fields for global symmetries.

For instance, Wilson lines are labeled by representations of the gauge group.
The representations of G = SU(N)/Zy form a strict subset of those of SU(N), as
some representations, such as the fundamental, are not well-defined in the quotient
group. Consequently, the theory with gauge group G = SU(N)/Zy does not allow
Wilson lines in the fundamental representation. Only those representations invariant
under the action of the center are permitted. Similarly, matter fields transforming in
representations that are not center-invariant (such as fundamental matter) cannot
be coupled to such a theory. Only adjoint or other center-blind representations are
allowed.

Another crucial difference between the two theories arises in their behavior under
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shifts of the §-angle. For G = SU(IV), the theory is invariant under § — 427, owing
to the fact that the instanton number is quantized in integers. However, when the
gauge group is Gy = SU(N)/Zy, the instanton number becomes fractional, taking
values in %Z, due to the presence of non-trivial bundles with a non-trivial second
Stiefel-Whitney class. As a result, the theory is invariant only under 8 — 6 + 27 N.

G=SUN):0€(0,27), Gy =SU(N)/Zy :0 € [0,27N). (2.14)

Let us now focus on discrete symmetries, in particular CP (or equivalently,
time-reversal symmetry), under which § — —6. Time-reversal invariant points then
correspond to fixed points under this transformation:

0=0,7 for G = SU(N), (2.15)
0=0,TN for Gy =SU(N)/Zny. (2.16)

These fixed points do not generally align across the two theories. For example,
suppose we start with the SU(N) Yang-Mills theory at # = 7, which is time-reversal
invariant. Now consider gauging the Zy one-form global symmetry: this effectively
promotes the center symmetry to a gauge symmetry and transforms the theory into
one with gauge group Gy = SU(N)/Zy.

However, under this procedure, the #-angle must be reinterpreted. In the new
theory, the angle becomes

Osu(ny/zy = (2p+ 1), for some p € Z, (2.17)

which is not a time-reversal invariant point when N is evenEl Indeed, for even N,
there exists no integer p for which fgy(ny)/z, = 0 or 7N. This implies that the
gauging of the one-form symmetry explicitly breaks time-reversal invariance.

This phenomenon reflects the presence of a mized t Hooft anomaly between
the Zy one-form symmetry and time-reversal symmetry. In essence, these two
symmetries cannot be simultaneously preserved: gauging one necessarily breaks
the other. Due to anomaly matching, this anomaly must manifest in the infrared
effective theory.

At 6 = 7, time-reversal is spontaneously broken, leading to two degenerate vacua
related by CP. Domain walls can then interpolate between these vacua. Since the
two vacua differ by a discrete symmetry transformation, the theory on the domain
wall must itself encode the anomaly. Remarkably, it can be shown [39] that the
anomaly is saturated by a (2 + 1)-dimensional topological quantum field theory
(TQFT) living on the domain wall. An appropriate theory turns out to be an SU(V);
Chern—Simons theory:

! / t <~/\d~+2~/\~/\~) (2.18)
— rlanda+-aNala .
A S, 3 ’
where M3 denotes the (2+1)-dimensional worldvolume of the domain wall and a is

an su(NV)-valued gauge connection. This theory correctly reproduces the anomaly
structure and hence provides the effective field theory on the domain wall.

3We can end up with the same conclusion also for N odd. In order to prove it, we would have to
invoke a whole bunch of new machinery, and therefore we restrict ourselves to even V.
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It is natural to conjecture that also for Ny = 1 QCD, the configuration that
interpolates between 1’ = 0 to y’ = 27 carries a SU(NN); Chern—Simons theory on the
sheet at 7 = 7. Let us explain the heuristic reason for the appearance of this TFT
in the one-flavored case, but please note that this is far from being a demonstration.
If we perform an axial transformation with parameter «, this leads to 8 — 6 + 2a,
accompanied by ¢ — €!®¥5q. Taking o = 7, the shift § — § + 27 implements the
transformation described in the example above. Thus, the sheet of the one-flavored
QCD, and so the 7’ configuration, plays the role of a domain wall in pure Yang—Mills
theory.

In summary, we have found that the Lagrangian admits some extended
excitations of the n’ field, known as sheets. They are very long-lived in the large- N
limit, so studying the effective field theory that lives on their world volume makes
sense. It turns out that due to the rearrangement of some glueballs, the = 7 sheet
carries a non-trivial topological field theory.

Non-Abelian Chern—Simons theories are quite difficult to deal with, so we
make use of the level-rank dualities [I09], which are known exact dualities between
Chern—Simons theories. In our case, we can use the following level-rank duality:

SU(N)1 — U(I)N. (2.19)

Finally, we can write the theory on the sheet (again, we are omitting the DBI term)
by the introduction of an Abelian connection a:

Ssheet = aAda, (2.20)

A S

where now M3 is the (2 + 1)-dimensional space spanned by the sheet worldvolume.

2.4 Baryons as quantum Hall droplets

We have all the ingredients to show how baryons arise in this framework. The theory
on the sheet is a U(1)ny Chern-Simons theory defined on a three-dimensional
manifold Ms. As discussed in appendix[A] this theory is intimately connected with the
physics of the fractional quantum Hall effect (FQHE). In condensed matter physics,
the FQHE describes a strongly correlated phase of electrons in two dimensions under
a strong magnetic field, and at low temperature, characterized by a quantized Hall
conductance:

—u, (2.21)

where e is the electron charge, h is the Planck constant and v is a rational number
known as the filling fraction. For certain values of v, such as v = 1/N with N odd,
the low-energy effective field theory is given by a U(1), CS theory [I10, [I11].
This connection was first formalized by Zhang, Hansson, and Kivelson [110]
in the context of the effective field theory for the FQHE. The electrons form an
incompressible quantum fluid with topological order, where individual particle
identities are lost and only collective excitations (anyons) survive at low energies.
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The emergent gauge field a in the CS theory encodes the dynamics of these collective
modes. Coupling a to an external electromagnetic field A via the term

1
Sime = 5- / a A dA, (2.22)
yields a total action
N 1
:—/a/\da—i—f/a/\dA. (2.23)
47 2

Integrating out a leads to the Hall response with filling fraction v = 1 /N, reproducing
the correct Hall conductance.

Let us go back to the theory on the sheet. We want to couple it with the U(1) 5
baryonic background gauge field, namely Ap, which plays the role of the external
electromagnetic field in the standard FQHE. The minimal coupling is

1
—/ aAdAp, (2.24)
21 S

as in the FQHE with A — Ap. In the language of level-rank duality, the baryon
symmetry is now a magnetic symmetry in the description based on the U(1), theory.
The effective field theory on the sheet (without the DBI term) is

Ssheet = N/ aAda+ 1/ aNdApg. (2.25)
AT J g 21 S

We can go on with the parallelism between our model and the fractional quantum
Hall physics. Our sheet is, in fact, a droplet realizing the fractional quantum Hall
effect. It is an Abelian quantum Hall state, and for this reason, we refer to the sheet
as a Hall droplet. The presence of the boundary is crucial to claim the stability of
these objects, even at finite N. It can be shown that, if the action is defined
on a manifold with boundary, the gauge degrees of freedom become dynamical at
the edge. This is the bulk-boundary correspondence, briefly discussed in appendix [A}
the universal physics of the bulk, including the electromagnetic (baryonic) response,
is encoded in the edge theory. For a circular boundary of radius R, the edge physics
is described by the Floreanini-Jackiw [I12] action:

N
Sedge = i /dtdl‘ (O¢x + v OzX) 02X, (2.26)

where x = Ry is the coordinate along the boundary, and R is the radius of the
circular boundary. The field y, related to the gauge connection a through a = dy, is
the chiral edge mode moving at a velocity v along the compact boundary, and hence
x is called the compactified chiral bosonﬂ It is a periodic field x ~ x + 27n with
n € Z. The total baryon charge is given by the winding of the chiral boson along
the boundary

ng = o / dy. (2.28)

T o

“The chirality of the field x, can be read from the Floreanini-Jackiw action, and the associated
Euler-Lagrange equation, which reads

(0r +v0:)0xx = 0. (2.27)
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Thus, the operator carrying one unit of baryon charge is the vertex operator
V) =:etNx (2.29)

where the subscript indicates the baryon number of the operator V.

The energy of the state corresponding to the operator V; over the ground state
is ~ N/R. The scaling with N follows from the fact that the action is proportional
to N, while the 1/R follows from the energy dependence on the geometry of a chiral
edge state. The spin of this operator is N/2 (see formula of the appendix
Al), which is the spin of the one-flavored baryon. This construction bridges the gap
between the UV baryons and the IR effective theory: we now have a description of
the baryons in terms of objects in the IR field theory.

The configuration presented above can be argued to be dynamically stable.
There are various contributions to the energy of this configuration. As we already
mentioned, the Hall droplet prefers to shrink due to its tension and the tension of
the physical boundary. Both these contributions are positive and scale linearly with
N, so it is preferable for the droplet to simply disappear. However, as soon as the
vertex operator is excited, the natural tendency of the droplet to shrink due
to its tension cannot eliminate this configuration. The final product is a baryon
with size that does not scale with NV, as we expect.

One can understand qualitatively why the excitation corresponding to the baryon
vertex operator may stop the droplet from shrinking altogether. In the
presence of the baryon vertex operator, there is a force that counteracts the tension
of the droplet and its boundary. Qualitatively, the energy of a droplet of size R is
(omitting numerical factors)

N
E(R) ~ TR? + Thary R + & (2.30)
where T is the tension of the droplet and Tiq,y is the tension of the boundary. The
first two terms scale like N and simply prefer to shrink the droplet altogether. But
the last term, which is associated with the baryon vertex energy, counteracts the

tension forces and may lead to a stable droplet of size (up to numerical factors)

1

R~ )
Aqcp

(2.31)

This size follows simply from dimensional arguments: Aqcp is the only dimensional
quantity of the theory. Of course, any computation in the effective theory breaks
down at the QCD scale, but it is encouraging to see that one can understand
qualitatively why the droplet may be stable in the full theory in the presence of the
vertex operator.

Interestingly, in addition to Vi, the theory also contains Vy/n =: e’X : that
carries fractional 1/N baryon charge. This is the basic anyon of FQHE and can be
identified with the microscopic quark. We can dress the operator (2.29)) with these
anyonic-quark excitations, which do not change the baryon charge. For instance, we
can consider the state corresponding to the vertex operator:

: Oy etNX (2.32)
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This would be an excitation of the baryon, like we have excited one of the quarks
that form the baryon, where the energy is greater by ~ 1/R (~ Aqcp) and the spin
is one unit higher.

Hall droplet baryons in the N; > 1 case.

Let us now consider the SU(N) gauge theory coupled to Ny light Dirac quarks in
the fundamental representation of the gauge group. We take 6 = 0 as previously. In
this setup, the analog of the conserved current discussed in equation (2.6) becomes

J=Tr(U'dU), (2.33)

where U is a U(NNy)-valued field parameterizing the low-energy degrees of freedom.
This current corresponds to a two-form U(1) symmetry, generalizing the Abelian
case considered previously. In the confined phase, the theory admits a unique
vacuum, realized at U = Iy,. Nevertheless, the existence of the conserved two-
form symmetry implies the presence of codimension-one objects, the sheets, which
interpolate between topologically distinct configurations. Specifically, the sheet
induces a jump in the phase of U from U = Iy, to U = eiQWHNf, and must carry
nontrivial degrees of freedom to match the anomaly associated with the two-form
Symimetry.

It can be argued that the infrared theory on the sheet supports an SU(N)_n;,
Chern-Simons topological field theory. This follows from anomaly inflow arguments
and can be understood as a generalization of the single-flavor case. Recalling the
standard level-rank duality,

SU(N)_Nf — U(Nf)]v, (2.34)

we can interpret the sheet as hosting a U(NNy)y theory in dual variables, with a
background u(Ny) connection a living on its worldvolume. The baryon number
symmetry, as before, couples to the U(1) part of a via the coupling

1
— Tr(a A dAg), (2.35)
21 S

where Ap is a background gauge field for the global U(1) 5 symmetry. This coupling
captures the baryon number carried by the edge modes of the Hall droplet.

There are many interesting features and open questions associated with this
multi-flavor generalization. While we do not explore them in full detail here, let
us highlight a few reasons why this construction is physically significant. One
particularly intriguing aspect is its potential connection to the Skyrme model. It is
tempting to conjecture that the dynamics of the ' field, the associated Hall droplet,
and the chiral edge states provide a useful description for high-spin baryons. In
contrast, low-spin baryons may be better captured by the conventional Skyrmion
picture. Importantly, the baryon number symmetry is unique and universal; thus,
the same background field Ag couples both to the Skyrmion current in the bulk and
to the Hall droplet degrees of freedom on the sheet. This suggests that transitions
between Skyrmions and Hall droplets should be possible, and understanding such
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transitions remains an important direction for future work. We will return to these
ideas in Chapter [7}

In the real world, with N = 3, extrapolations to large N can be subtle and
potentially ambiguous. Take, for example, the A** or Q~ baryons, which both have
spin 3/2. At large N, one can interpret such states in two qualitatively different ways.
In one approach, we hold the spin fixed and consider baryons built from multiple
quark flavors, maintaining spin 3/2 even as N grows. This perspective aligns well
with the Skyrmion description, where the baryon is a topological soliton of the chiral
Lagrangian. Alternatively, we can consider baryons composed predominantly of a
single quark flavor, such that the total spin scales with N, typically as J ~ N/2.
This matches the structure of the quantum Hall droplet picture, which naturally
accommodates such high-spin states through collective edge excitations. Both
extrapolations are valid and may capture complementary aspects of the same physical
baryons. Notably, the Hall droplet model appears to reproduce key quantum numbers
and structural features of the AT and ~, suggesting it provides a useful dual
perspective, especially in the high-spin, single-flavor regime.
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Chapter 3

Holographic QCD

The holographic correspondence provides a robust framework for investigating
the non-perturbative dynamics of quantum field theories. A key focus within this
approach has been the study of large- NV models of QCD in the strongly coupled regime,
where traditional methods face significant challenges. Over the years, significant
progress has been made in developing holographic models of QCD, leading to the
so called holographic QCD framework [31}, 113], 32], 34}, B3], 36, B7]. The original
contributions of the present thesis focus on some applications of holography to
QCD-like theories, and therefore, in this chapter, we review the foundations of
holographic QCD.

This chapter is organized as follows. In section [3.I] we recall the basics of the
holographic correspondence. We will focus on how confinement and the breaking of
conformality can be achieved in holography. We will also show how flavors can be
introduced in the holographic dual of gauge theories. In section [3.2] we present the
WSS model, which is the top-down holographic model that better resembles QCD
in the planar limit and in the low-energy, strongly coupled regime, while in section
we discuss the finite-temperature version of the WSS model.

3.1 Basics of the gauge/gravity correspondence

3.1.1 Strings and branes

The basic object of string theory is the string, a one-dimensional object with
characteristic size [, referred to as string length. The classical description of a
relativistic bosonic string is inspired by that of a point-particle with mass m in
special relativity, whose action is proportional to the integral of the line element ds
along the trajectory in (flat) spacetime X*(s), namely

S = —m/ds = —m/ds \/nu,,alX;ﬁd)i;(s), (3.1)

where s is the affine parameter. From a geometrical point of view, this is just the
length of the worldline. A string moving in spacetime describes a surface ¥ known
as the worldsheet, whose area element is d¥. Then, the immediate generalization of



3.1 Basics of the gauge/gravity correspondence 32

(3.1) for a string is given by the Nambu-Goto action
Sna = T /E s = Ty /Z @5 \/det Plgay) (3.2)

dX*dXxv
P[g(lb] = g}l/l/ dsa dSb 9 (3-3)

where

is the pullback of the background curved spacetime metric g,,,, and T is the tension
of the fundamental string, which can be expressed in terms of the string length as

1

There is an equivalent description of the string dynamics, known as the Polyakov
action T IXE dXY
Sp = ——f/ d*sV/=hhPg,, —— .
P 2 Jx I g5 "dsh
The price we pay is the introduction of an auxiliary field h, which is the intrinsic
metric on the worldsheet ¥. The action enjoys the Weyl invariance

XH(s) — X"(s) = XH(s), (3.6)
hap(s) = hig(s) = Q% (s)hags(s), (3.7)

for some arbitrary positive function 2. Weyl invariance can be used, together with
the reparameterization invariance, to make the intrinsic metric flat h = 7.

The quantization of the bosonic string in flat spacetime leads to a spectrum
which includes tachyons, i.e particles with m? < 0, signalling an instability of the
theory. To overcome this problem, the theory must include fermionic coordinates
for the string and require the theory to be supersymmetric. This is realized, with
h =mn, by

(3.5)

Sp — Sp — % /E d%@*%aﬁ”naﬁmu, (3.8)
where v, is the two-dimensional gamma matrix and U* is a two-dimensional Majorana
spinor. Such a theory, called superstring theory, is anomalous at the quantum level
unless it lives in ten spacetime dimensions.

A string can be open or closed. The spectrum of open strings contains massless
particles of spin one whose dynamic is effectively described by the action of gauge
bosons. The closed string spectrum contains massless spin two particles, which
satisfy the Einstein equations. They are therefore identified with the gravitons.
Therefore, the spectrum of strings contains the fundamental fields of particle physics
(gauge bosons) and gravity (gravitons), living in the same target space, providing an
important step towards a unifying theory.

Several string theories can be built out of string quantization. Here, we focus on
the so-called type ITA and type IIB string theory, living in ten dimensions, which in
the low-energy limit and perturbative regime reduce to type ITA and IIB supergravity
theories whose degrees of freedom arise from the massless excitations of the closed
string spectrum. The bosonic part of the spectrum is

Type IIA: o, B, Guv C1, Cs, (3.9)
Type 1IB: o, B, Guvs Co, Co Cy, (3.10)
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where ¢ is a scalar field known as dilaton, B is the Kalb-Ramond two-form, g is
the metric, and C,, are the Ramond-Ramond n-forms. The expectation value of the
dilaton determines the string coupling constant

gs = ' (3.11)

which controls the perturbative expansion of string theory. In particular, string
perturbation theory is organized as a sum over (string) worldsheet topologies: a
genus-g worldsheet corresponds to a g-loop contribution, and each additional handle
is weighted by a factor of g29~2. Hence, perturbation theory is reliable only in
the regime g; < 1. Crucially, g5 is not an independent parameter, but is instead
determined dynamically by the expectation value of the dilaton field.

The bosonic part of the type ITA and type IIB supergravity actions reads

1 _ 1 1
Sta =57 /dlox V=g {e 26 <R+ 4(0¢)* — \H3\2> — Z|Fy)?
K{o 2 2
_1‘ﬁ|2]_1 /B ANFyAF (3.12)
9 4 4/{1%0 2 4 4, .
1 10 —2¢ 2 1 2 1 2
Sun =5 [ 4 v=g [ (R+4(00)* - S|Hf) - S IR
K10 2 2
—1113\2—1@\2}—1/0 A Hs A\ F (3.13)
2 3 2 5 4/{%0 4 3 3 .
where
262, = (2m)718. (3.14)

The forms appearing in the action are defined as

F, =dC),_1, H3 = dBy, F3 = F3 — Gy F3,
~ ~ 1 1
F,=F,—Ci A F3, F5:F5—§CQAH3+§B2/\F3.

We stress that these actions are valid in the low-energy limit and in the perturbative
regime

energy < I, gs < 1. (3.15)

The effective actions above are written in the so-called string frame, in which the
dilaton couples explicitly as an overall factor e=2? in front of the Einstein-Hilbert
term. In this frame, the metric g,, corresponds directly to the one seen by the
fundamental string. One can alternatively define the Einstein frame by performing
a Weyl rescaling of the metric, so that the Einstein-Hilbert term takes the canonical
form without a dilaton prefactor. Unless otherwise stated, we will work in the string
frame.

The equations of motion derived from the above actions admit a particular class
of solutions charged under the RR potentials Cp;1. These solutions are known
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as extremal p-branes [I14, 115, 116]. Requiring Poincaré symmetry in (p + 1)-
dimensions and rotational symmetry along the (9 — p) remaining dimensions, the
metric associated with these solutions reads

ds* = H=V2 (1Yo pdzda® + HY?(r) (dr2 + T2dQ§7p) , (3.16)

where a, 3 = 0,1, ..., p, the coordinate r is the radius of the transverse space to the
(p + 1)-dimensional worldvolume, and

R,\"7P gsN(27ls)7—P 27z

H(ry=1+ (-2 RIP =2 . V(S™) = : 3.17

(T) + ( r ) ) D (7_p)v(58_p)7 ( ) 1 ( )

In the formulas above, we have defined the warp factor H(r), R, as the characteristic

length of the spacetime, and given their expressions in terms of g5 and N, an integer

number which denotes the units of RR flux on the S®~? sphere. The other (bosonic)
fields in the extremal p-brane solution are

) = g |H(P)|BP4 Cpy = g7 (H Y (r) = 1)da® A -+ A da?. (3.18)

The supergravity approximation is consistent if we can neglect the O(ls) correc-
tions. Therefore, the solution is reliable only if its curvature is small in string length
units, namely R,/l; > 1. In terms of g, and N:

gsN > 1. (3.19)

Since the perturbative regime requires that g; < 1, the above relation translates to
N > 1. This means that the solution is reliable only in the large-N limit.

The seminal paper of Polchinski [I17] shows that these extremal p-brane solutions
can be identified with the backreaction of extended objects in string theory placed
at r = 0, known as Dp-branes. In particular, the flux of the RR form on S®7 is
related to the charge of N coincident Dp-branes through the following formula

1

2/{%0/5817 *Fp+2 - N,up, (320)

where p1,, is the Dp-brane charge whose expression is given a few lines below in
(13.22)).

From a microscopic point of view, Dp-branes are (p + 1)-dimensional objects in
string theory, on which open strings can end. Dp-branes are not just geometrical
objects but also have their own dynamics. In particular, since the open string
spectrum contains a U(1) gauge field, we can interpret the corresponding field
strength as an internal excitation, living on the Dp-brane worldvolume. Moreover,
the embedding of the brane in the ambient spacetime can be parametrized by (9 — p)
coordinates ®! (I =1,...,9— p) transverse to the brane, which behave as scalar
fields. When two branes are separated, the low-energy states in the open strings
stretching between them acquire mass proportional to their separation, leading to a
Higgs-like mechanism. If the branes coincide, the lightest states are massless gauge
vectors, scalars, and their superpartners. Introducing Chan-Paton factors adds
global labels to string endpoints, promoting global symmetries on the worldsheet to
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local gauge symmetries in spacetime. For N Dp-branes, assigning each Chan-Paton
index to a different brane yields a U(1)" gauge group, enhanced to U(k) x U(1)N—*
when £ branes coincide. Fields V;; represent strings between branes i and j, with
massless states for coinciding branes and massive states for separated ones. Massless
vectors A;; transform non-trivially under SO(1,p) on the brane, while scalars ®;;
transform non-trivially under internal SO(d—p—1). Massive vectors W;; and scalars
®;; arise from symmetry breaking, with the scalar acquiring a vacuum expectation
value, restoring the correct degree of freedom count via the Higgs mechanism.

The action for a single Dp-brane is given by the Dirac-Born-Infeld (DBI) action
plus a Chern-Simons term for the non-zero Ramond-Ramond forms, which couple to
the brane. In the string frame, the action is given byE|

Spp =—1T) / APty e*‘b\/— det(Plg + Blay + 27/ F) +

p+1
+ pp / 3" P[C B A e, (3.21)
q=0

where o/ = [2 is the inverse string tension, F' is the field strength of the gauge field
living on the Dp-brane, and

1
Ty = o tp = gs Tp. (3.22)
S

The quantity 7}, is the Dp-brane tension, and is in an extremality relation with
the brane charge. The effective tension scales with 1/gs (due to the presence of
the dilaton, see equation ), and it is a manifestation of the non-perturbative
nature of the D-branes.

3.1.2 The holographic correspondence

The fundamental ideas behind the holographic correspondence have their roots in
what is known as the holographic principle, proposed by 't Hooft [22] and Susskind
[23]. In a few words, it states that given a quantum gravity theory in a volume V/,
the information about its spectrum and dynamics are encoded in a non-gravitational
theory living on the boundary 0V. Therefore, the holographic correspondence
describes dualities between two theories, one of quantum gravity and the other
without dynamical gravity. Here, duality means that the two theories describe the
very same physics. One of the most interesting aspects of these dualities is that
they are weak/strong dualities, meaning that a computation in the non-perturbative
regime of a theory can be mapped into a relatively simple perturbative computation
of the other theory.

The first and most famous explicit realization of such a duality was proposed by
Juan Maldacena in [24], where he conjectured the duality between the conformal
N = 4 U(N) Super-Yang-Mills (SYM) theory and Type IIB string theory on
asymptotically AdSs x S® spacetime. This example is a realization of the famous
AdS/CFT correspondence, a well-known realization of the holographic principle

'We stress that this action is valid in the limit g < 1.
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where a CFT is thought to live on the boundary of an asymptotically AdS spacetime
where a quantum gravity theory lives.

In the case of [24], the duality arises from considering two complementary
descriptions of a stack of N coincident D3-branes. On the one hand, taking the low-
energy limit of open strings ending on the branes, only the massless excitations survive.
These degrees of freedom are associated with a four-dimensional N' =4 U(N) SYM
theory, which is conformal. The gauge group factorizes as U(N) ~ SU(NNV) x U(1),
where the U(1) factor corresponds to the center-of-mass motion of the branes and
decouples. The resulting N/ =4 SU(N) SYM theory is a conformal field theory with
global SO(4, 2) superconformal symmetry and SU(4) ~ SO(6) R-symmetry.

On the other hand, from the closed string (supergravity) perspective, the stack
of N D3-branes is described as an extremal solution of type IIB supergravity given

by (3.16), (3.17)), and (3.18)) with p = 3. The corresponding metric reads
ds* = HV2(r)napdzda® + HY?(r) (dr2 + r2dﬂg) , (3.23)

where now H(r) =1+ R3/r* a,8=0,1,2,3, and Rj3 is the characteristic length of
the geometry. For r > Rj, the metric approaches flat ten-dimensional Minkowski
space, while in the near-horizon region r < R3 one obtains the AdSs x S® metric

2 91 a8 dz? 2

where z = R%/r is the so-called holographic coordinate, and R3 is interpreted as
the radius of both the AdSs and the S° factors. The limit » — 0 is known as
near-horizon limit of the solution. The isometry group of AdSs is SO(4,2) and
that of the five-sphere is SO(6), precisely matching the global symmetries of N' = 4
SU(N) SYM.

In this case, the dilaton field reads exp(2¢) = g2, and it is constant in r. This
fact is related to the property of conformal invariance of the dual field theory. There
is also a non-trivial RR form Cy with the associated field strength F5 = dCy. In
particular, the flux of F5 over the five-sphere is non-zero, and it is related to the
number of colors N of the dual gauge theory

Fs = (2n)N. (3.25)
S5
An important feature of the holographic setup is the so-called radius/energy
relation, or UV/IR correspondence. It can be understood as follows: the time
component of the AdSs x S° metric in the near-horizon region reads

2 o
ds* D —— dt=, (3.26)
R3

so that the proper energy of a bulk excitation located at a radial position r is
redshifted with respect to the energy measured at the boundary (r — oo, or
equivalently z — 0). A mode of local energy Fjoca at radius r is seen by a boundary

observer with energy
r
72 Eloca]. (327)

E ~
RS
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Taking FEjoca to be of order 1, we obtain the identification of the radial coordinate
with an energy scale in the boundary field theory:
1

r
E~ — ~ Z. 3.28
R% z ( )

Large values of r (small z) correspond to ultraviolet scales in the field theory,
while small values of  (large z) correspond to infrared scales. This is the essence
of the UV/IR correspondence, which provides a geometric interpretation of the
renormalization group scale of the boundary theory in terms of radial motion in the
bulk spacetime.

Maldacena’s conjecture thus relies on the identification of the two low-energy
limits: the open-string description yields the N'=4 SU(N) SYM theory, while the
closed-string near-horizon geometry corresponds to string theory on AdSs x S°. In
the large-N and large-'t Hooft coupling limit A = g, N >> 1, the string background
reduces to weakly coupled type IIB supergravity on AdSs x S°, establishing a duality
between strongly coupled N' =4 SU(N) SYM theory and classical supergravity.

Once the duality between two theories is stated, we have to understand how the
correspondence works and how it can be used to perform computations. The two
sides of the duality talk to each other through the so-called holographic dictionary
[25, 26]. In particular, every gauge-invariant operator O(z) in the boundary field
theory is associated with a field in the bulk ¢(x,z) that has the same quantum
numbers under the symmetries of the theory. On the bulk field ¢, some boundary
conditions have to be imposed, and the restriction ¢g = ¢|pary of the field to the
boundary acts as a source for the dual operator]

Sqrr — SoFT + /b  d'(@)0(a). (3.29)
ry

The bulk theory partition function will depend on the boundary condition
®0 = @|bdry, Which, from the boundary field theory, is interpreted as a deformation of
the bare Lagrangian. At the same time, the boundary field theory partition function,
since it will depend on the source ¢ - it is a generating functional Zqrr[¢o]. At
the same time, the bulk theory partition function will depend on the boundary
conditions imposed on the field ¢. The holographic duality states that the partition
functions of the two theories coincide

Zorrldo] = <exp (z / o 0) >QFT — Zyuldol. (3.30)

Then, correlation functions of boundary operators O can be computed by taking
functional derivatives of the bulk theory partition function with respect to ¢g:

l 1) 1)
i 0do(x1)  do(xn)

2To be more precise, ¢o is the restriction of the field ¢ on the boundary only after extracting a
factor of the holographic coordinate to some power. For example, in pure AdS written in Poincare
coordinates, for z — 0 (AdS boundary), ¢ ~ 2472 ¢y. For a massive field ¢, d # A and therefore,
strictly speaking, ¢¢ is not the boundary value of ¢.

<O($1) . O(ﬂfn»QFT = log Zbulk[ﬁbo]‘ (331)
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In general, Zy,uk[¢o] is a very complicated object, but in the large-N and large-\
limit, we can use the classical supergravity approximation such that

Zpulk[po] = <eXP (1 / b0 0) >QFT A exp (’L glré_sss}?ell[cbo]) , (3.32)

where Sglg‘sssl?e“ [po] is the classical supergravity action computed on a solution of the
field equation of motion with appropriate boundary conditionsEl

In many cases, the right-hand side of is relatively tractable from a com-
putational standpoint. The efficacy of the holographic approach is then evident:
the computation of correlation functions in the strongly coupled dual gauge theory
can be obtained by taking functional derivatives of a classical on-shell action. Nev-
ertheless, the on-shell action generally exhibits divergences, primarily originating
from infrared divergences in the bulk gravitational theory. Owing to the holographic
correspondence, these IR divergences in the bulk are mapped into UV divergences
in the boundary gauge theory. To render the theory finite, one must introduce
carefully constructed boundary counterterms to cancel these divergences. This
renormalization procedure is known as holographic renormalization [118, [119] and
can be implemented in a systematic manner.

Another interesting aspect of the correspondence is that by analyzing the near-
boundary behavior of fields, one finds that the mass m of a bulk field is dual to the
scaling dimension A of the dual boundary operator:

mass <+ A. (3.33)

For instance, in a (d 4+ 1)-dimensional AdS spacetime with radius L, the relation
for a free scalar field ¢, dual to a boundary operator O, reads

A=_-+1\—+m2L2. (3.34)

As a consequence,
o if m? >0, the A > d and O is an irrelevant operator,
e if m? =0, the A = d and O is a marginal operator,
o if m? <0, the A <dand O is a relevant operator.

A peculiarity of AdS spacetime is that scalar fields can have negative mass as
long as they obey the Breitenlohner-Freedman bound [120], 121]
d2
m?L?* > - (3.35)

While equation ([3.32)) was initially presented for a specific scalar operator, its
validity extends more generally to all single-trace operatorsﬂ In such cases, the source

3Multiple saddle points can be present, and the right-hand side of the holographic expression
becomes a sum over all relevant saddle point contributions.

4One can also include multi-trace operators with appropriate modification in the identification
of the source from the boundary behavior of the field.
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term ¢ should be interpreted as the boundary value of the bulk field corresponding
to the operator in question. A particularly significant aspect of the holographic
dictionary concerns the dual description of conserved currents. When the boundary
theory exhibits a global symmetry associated with a conserved current J*, the dual
bulk theory contains a corresponding vector field A;. The conservation of the current
implies invariance of the bulk action under gauge transformations of A,;, thereby
identifying Ajs as a gauge field. The associated bulk gauge group corresponds to
the continuous extension of the global symmetry group of the boundary theory, now
embedded in one higher spacetime dimension.

A paradigmatic example arises from the current associated with translation
invariance, namely, the stress-energy tensor T*”. Applying the holographic corre-
spondence to T implies that its dual in the bulk is a spin-2 gauge field whose gauge
symmetry consists of diffeomorphisms. In other words, the stress-energy tensor is
holographically dual to the bulk metric itself. This leads to a central conclusion
of holography: any boundary theory that is invariant under spacetime translations
must be dual to a bulk theory that includes a metric field.

3.1.3 Confinement in holography

In the introductory chapter [I} we have seen that one of the crucial aspects of QCD
at low energies is the confinement of gluons and quarks within hadrons. Since the
formulation of the holographic correspondence, there has been interest in trying to
incorporate confinement in this framework. We have seen that the natural object to
probe confinement is the Wilson loop. Holography provides a simple prescription to
compute it within the holographic description of a quantum field theory [122].

The Wilson loop expectation value can be computed holographically in the
low-energy gravity regime as

(W(C = %)) = exp (SR (D)), (3.36)

where C is the closed path present in the field theory definition. In the gravitational
dual, C is a curve on the boundary of the bulk spacetime at which a string is attached.
The string worldsheet is a surface 3 such that 0¥ = C. The dynamics of the string is
given just by the Nambu-Goto action Sxg, hence the surface > prefers to minimize
its area, and therefore C is the boundary of the minimal area Y. The on-shell action
Sgeshell(37) in is evaluated on the surface ¥ that extremizes the action. With
such a prescription, we can investigate the confining nature of bulk geometries, dual
to field theories.

Let us consider a rectangular Wilson loop with sides T" and R, as the one
represented in figure [I.1] of chapter [I} in an AdS spacetime with radius L. After the
renormalization of the divergences, we get the following result

47212 1

on-shell
b normalized = T =7T——.
SNG (D) re lized V(R) (P(1/4))40/ R

(3.37)
The behavior ~ 1/R is typical of a Coulomb-like potential due to the absence of an
explicit scale in a CFT (dual to a pure AdS solution).

The general paradigm in holography to have a confining background is for the
geometry to end at some finite value zy of the holographic coordinate (where the
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metric along the Minkowski time direction g, # 0). This value sets the confining
scale of the boundary theory. In other words, a key feature of CFT is the existence
of excitations at arbitrary low energies, and this corresponds to the fact that the
spacetime geometry extends throughout the full range of AdS itself. On the contrary,
a mass gap in a quantum field theory corresponds to a geometry that ends at some
point in the bulk. In these cases, one can compute holographically the Wilson loop
by computing the on-shell Nambu-Goto action, which goes like

SI%IESheu(E)’renormalized ~TR. (338)

A way to describe the breaking of conformal symmetry in the framework of
gauge/gravity duality is to consider an AdS;1 black hole with an event horizon at
z = zp. Its metric is given by

ds? = 522 <—f(z)dt2 + dx;dz; + }?;) ) (3.39)

where ¢ = 1, ..., d and the blackening factor is given by

z

d
Fz)=1— () | (3.40)
2
In Euclidean signature, this gravitational theory is dual to an Euclidean QFT at
finite temperature 7', given by the Bekenstein-Hawking black hole temperature
| (zn)l
T=-——= 3.41
pp (3.41)

This is another aspect of the AdS/CFT correspondence: the geometry of an
AdSgy1 black hole is dual to a quantum theory in d-dimensions at finite temperature
T. The finite temperature correlation functions are computed as already explained
following the holographic dictionary, but in the black hole metric.

A way to describe a non-conformal confining theory at zero temperature is
through the compactification of one spatial coordinateﬂ This way, the inverse
length scale arising from the compactification will be interpreted as the dynamically
generated energy scale of the non-conformal field theory. In the dual field theory
description, this corresponds to the renormalization group IR scale emerging in
quantum field theories with a non-vanishing beta-function. One of the most famous
examples is the AdS soliton geometry

L? dz?
2 LT[ 40 . 2
ds” = = < dt® + dxidx; + f(2)dr° + f(z)) , (3.42)

with i = 1,...,d — 2 and f(z) is given in (3.40). This geometry ends smoothly at
z = zp and does not have an event horizon. The compactified coordinate here is
referred to as 7.

5We mention that, among several approaches to achieve confinement, a successful bottum-up
approach is to end the AdS space at some IR cutoff. See [123, [124] [34) 125] [126] for explicit
realizations.



3.1 Basics of the gauge/gravity correspondence 41

This spatial compactification also has the consequence of breaking supersymmetry
and follows from the Kaluza-Klein reduction on S'. Choosing anti-periodic boundary
conditions for fermions, one can show that they acquire a mass proportional to z; L
This breaks supersymmetry since bosons acquire mass only due to quantum effects.
At low energies, we are left with the gauge fields since they remain massless. These
observations set the basis for the construction of a top-down holographic model for
large-N QCD-like theories, as we will see in [3.2]

3.1.4 Flavors in holography

The formulation of AdS/CFT we discussed so far only involves fields in the adjoint
representation of the CFT gauge group. In order to describe holographically QCD-
like theories, we have to introduce quark degrees of freedom, which are fermions in
the fundamental representation of the gauge group. Let us review how this is done
in the gravitational dual of N’ =4 SYM.

Open strings attached to the background D3-branes generate degrees of freedom
in the adjoint representation of the gauge group. However, if a string has only one
end on the D3-branes and the other end on a different brane, it generates matter
in the fundamental representation. In this context, the natural candidateﬂ for the
other brane is a D7-brane [128 [129] [I13]. Table shows the embedding of the
D3/D7 system of branes in the spacetime.

‘ 01 2 3 45 6 789
D3| e ¢ ¢ @ 0 0o o o o o
D7|e © © o ¢ ¢ ¢ ¢ 0 ©

Table 3.1. D3/D7 intersection. A bullet indicates a direction where the branes are extended,
and an empty dot indicates a direction where the branes are localized.

We consider a number Ny of D7-branes that probe the geometry generated by the
D3-branes. The backreaction of the D7-brane on the background geometry can be
neglected only if, roughly, their number is small compared to N, the number of D3-
branes. From the dual field theory perspective, this limit corresponds to a scenario
in which quarks propagate within a fixed gauge background, represented by the
geometry. Ignoring the influence of the D7-branes is equivalent to neglecting quark-
loop contributions, effectively placing the theory in the quenched approximation. In
the supergravity dual, the low-energy degrees of freedom of a single D7-brane are
described by the DBI action, and they correspond to open string fluctuations on the
probe D7-brane. In the case of multiple, coincident D7-branes, one has to consider
the non-Abelian generalization of the DBI action [I30].

The D3/D7 brane configuration preserves one-quarter of the total supersymmetry
of type IIB string theory, corresponding to eight supercharges. It exhibits an
SO(4) x SO(2) isometry in the directions transverse to the D3-branes. Given

5The new stack of branes has to be separated from the background stack of D3-branes. This
request excludes D9-branes as probes. It can be shown that D3-branes and D5-brane probes lead to
defect field theories, if supersymmetry has to be preserved (see [127] for more details). This leaves
D7-brane probes as a candidate for adding flavors to the theory.
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X1, with I =0,...9, the spacetime coordinates, the SO(4) symmetry acts on the
X4, X5 X% X7 coordinates, while the SO(2) symmetry rotates the X% X9 plane.
Introducing a separation L between the D3 and D7-branes along the X8-X? directions
explicitly breaks the SO(2) symmetry. These geometric symmetries are reflected in
the global symmetries of the dual field theory.

The presence of the D7-branes leads to a N/ = 2 supersymmetric U(N) gauge the-
ory which contains N; hypermultiplets in the fundamental representation associated
with the light modes coming from strings stretching from D3-branes and D7-branes.
If the D7-branes are separated from the D3-branes in the transverse space (X®, X?),
then the hypermultiplets acquire a mass m, «x L, and breaks the SO(2) ~ U(1),
where U(1) is a field theory R-symmetry. Note that the hypermultiplets also enjoy
a baryonic symmetry U(1) g, which is a subgroup of the U(Ny) flavor group.

3.2 The Witten-Sakai-Sugimoto model

In this section, we review the Witten-Sakai-Sugimoto model [311, [32] 33], which is
the top-down holographic model that better resembles QCD in the planar limit and
in the strongly coupled regime. It describes a non-supersymmetric Yang-Mills theory
in (3+1) dimensions with gauge group SU(N), interacting with Ny quark flavors as
well as with (an infinite tower of) massive Kaluza Klein (KK) modes transforming
in the adjoint representation of SU(N). The model emerges in the low-energy limit
of a string theory construction based on N D4-branes compactified on a circle S} "
where the coordinate x4 satisfies the periodicity condition

Ty ~ $4—|—27['/MKK, (3.43)

with My, the inverse radius of S1 , being the KK mass scale. In order to break
supersymmetry, we choose periodic boundary conditions for the fermionic fields and
anti-periodic boundary conditions for bosonic fields. This way, the fermions take a
mass ~ Mgk at tree level, whereas the traceless components of the bosonic scalar
take mass ~ AM g at one-loop level.

At zero temperature, the large-IN strong coupling regime A > 1 of the unflavored
model, where A is the 't Hooft coupling at the KK mass scale Mk, is holographically
described by a type ITA supergravity background sourced by the N D4-branes [31]:

3/2 du2

3/2 R
2 _ (¥ " 2 it 3/2,,1/2 402 A4
ds <R) (datdzx,, + f(u)dxy) + (u) i) + R “u2dQy, (3.44)
u? w32 2r N
flwy=1-—3, € =g, (R) N 7‘;4 wi, R’ =mg,N,

where z# spans the four-dimensional Minkowski directions, u € [ug, +00) is the radial
coordinate holographically related to the renormalization group energy scale of the
dual field theory, and w; is the volume form of the unit S*, with volume V; = 872/3.
The field ¢ is the (running) dilaton, and Fy is the Ramond-Ramond four-form field
strength. The above background holographically accounts for confinement and mass
gap formation in the dual SU(N) gauge theory. The mass scale of the glueballs is
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set by M i, which thus essentially also accounts for the dynamical scale A of the
dual quantum field theory
M KK <7 A. (3.45)

To avoid conical singularities in the (u,z4) subspace, the KK mass scale is related
to the background parameters through

. 3 [ U

Moreover, the ’t Hooft coupling A is related to the string theory parameters through

3
B_Ll A (3.47)
lg 2 Mgk
The supergravity approximation works as long as the background’s curvature
is small in string units, namely when the curvature radius is large. The smallest
value of the curvature radius is of order ~ (ugR?)*/* and it is reached at u = ug.
Therefore
(uo R3)1 /2 \
zo
so the supergravity description is reliable as long as A > 1. However, we should
mention that, in this limit, the extra fields that make the Witten theory differ from
the YM theory, namely the adjoint scalars and fermions, do not decouple from the
dynamics. Their mass is of order ~ My . As a consequence, there is no asymptotic
freedom in the supergravity approximation. Moreover, in the UV limit © — oo, the
dilaton diverges. This reflects the non-renormalizability of the five-dimensional YM
theory living on the D4-brane worldvolume. The supergravity description is thus
reliable as long as the dilaton does not become too large. We can define a critical
value of the holographic coordinate ueis such that exp(¢erit) = 1, demanding that
Ucrit > UQ:

(3.48)

Uerie > ug — N¥/2 >\, (3.49)

We conclude this section by showing that it is possible to introduce the YM
f-term in the holographic dual and to compute the topological susceptibility. The
D4-brane dynamics is regulated by its DBI+CS action. Let us consider the following
term of the total action

1

where we have used the conventions of [32] for the RR forms. Here F' is the field
strength whose dimensional reduction on S} , yields the gluon field. Assuming that
F' is along the Minkowski directions and does not depend on x4, we can reduce the
above term to the four-dimensional YM #-term

0

with the identification
/ Cy = 0 + 2nk, (3.52)
st
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where k € Z. In order not to change the background, we have to neglect the
backreaction of dC7, meaning that [I31]

A6
Solving the supergravity equation of motion for C7, we get the on-shell field strength

ANSME 18 0 + 27k

By =dCh = 37 u?

du N dxy. (3.54)

We can compute the vacuum energy densityﬂ £(0), which is given holographically by

172
() —=(0) = in 5 o5 / dCy A +dCy

on-shell

The associated topological susceptibility reads

_d%e(9)

MM
Xo = "0z = 4(3n1)6

oo A(Bm)S

(3.56)
which is non-zero as expected in a YM-like theory.

3.2.1 Introducing flavors

In [32], flavors were added to the Witten background. These are realized holographi-
cally in terms of a stack of Ny D8/D8-branes transverse to the Sl , circle, treated in
the probe approximation. The embedding of the branes in the model is described in
the following table.

(01 2 345673809
Di|e @ @ ¢ @ 0 0o o o o
DS|e © ¢ ¢ 0 o o o o o

Table 3.2. D4/DS8 intersection. A bullet indicates a direction where the branes are extended,
and an empty dot indicates a direction where the branes are localized.

As explained in [I32], the parameter that accounts for the backreaction of the
D8-branes on the Witten background is
NN
€ = 5
1274 N

(3.57)

which is smaller than 1 as long as Ny is not too big. Throughout this work, we
neglect O(ey) corrections to the background so that we can still use (3.44]).
According to the holographic dictionary, the gauge group U(Ny)pg x U(Ny)pg
living on the D8/D8 worldvolume is dual to the global chiral group rotating the
quark degrees of freedom. Thus, the analysis of the low-energy spectrum (which we

"We remember that, at zero temperature, the free energy of the dual QFT coincides with its
vacuum energy (or generating functional at fixed sources), which in holography is computed by
evaluating the renormalized on-shell Euclidean gravitational action.
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omit here for brevity) of strings connecting the D4-branes to the D8 (D8) branes
shows the presence of left (right) quarks, with one color index and one flavor index.
Since there is no room for the D8-branes to be separated from the D4-branes, these
excitations are necessarily massless. Therefore, the WSS model at low energy reduces
to a large-N QCD-like theory with massless chiral quarks.

Now, we are going to show that the embedding of the D8/D8-branes with minimal
energy is such that the branes join at some value of the holographic coordinate wu.
This has a very compelling interpretation in terms of the boundary theory: if the
branes are separated, the flavor symmetry group is U(Ny)r, x U(Ny)g, however,
when they are joined the flavor group is broken to its diagonal part U(Ny). This is
precisely the spontaneous symmetry-breaking pattern of flavor symmetry, which is
then realized geometrically by minimizing the energy of the D8-brane configuration.

We start by writing the induced metric on the D8-brane worldvolume in terms
of the embedding inverse function u = u(xy4)

3/2 3/2 RN\3/2 o/ (24)2
dstg = (2) dztdz,, + ((g) Flu) + <u> “ ;Zj)) ) dz? + R3/u1/2d02,
(3.58)

where u/(z4) = du/dxzs. The DBI action (with no gauge fields) for the D8-brane
reads

3/2 10 \2
SPBL = T Vay Vi / dx4u4\/ Flu) + (R> 4 f(zj)) ,

where Thg = (27) 81 is the D8-brane tension, V3,1 is the volume of the Minkowski
space and Vg4 the volume of the four-sphere. The action has a first integral

(3.59)

u

u’gfl —L=- U4‘f;u)3 O = constant, (3.60)
u (x4
\/ o+ ()

with £ proportional to EBSBI, the Lagrangian associated with the action (3.59)).
The D8-brane profile can be found by imposing the following boundary conditions:
w(xg = 0) = uy and v/(z4 = 0) = 0. As a result one gets:

o (u) =+ udu E i uﬁ fluy) , 3.61
fw=s], (%) Fw)fu () — b f () e

where the + holds for the D8/D8-branes. These two solutions coincide at v = uy,
meaning that the two stacks of branes join at u; to form a single component of
the D8-branes stack, on which only a single factor of U(NNy) survives as a gauge
symmetry. From the boundary theory point of view, this accounts for the breaking
of the chiral group U(Ny)r, x U(Ny)g to its vector component U(Ny). Therefore, we
interpret this mechanism as the holographic realization of the pattern of spontaneous
symmetry breaking of chiral symmetry.

We can now integrate the equation to get the asymptotic brane separation
L

d 3/2
L:/dx4=2/if :J(b)Rl—/Q, (3.62)
u u]
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where

S
Il

, (3.63)

@‘2
< S

and

205 M Vo
J() =5V 53/0 d PR (3.64)

The case uy = ug is known as antipodal embedding because the two staks of
D8/D8-branes are asymptotically placed at antipodal points on S} ,- In this case,
2’ (u) = 0 Yu, which is solved by

o (u) = :I:QJ\;KK = |Azy| = TMKK. (3.65)

For the antipodal embedding, it is useful to introduce new coordinates on the
(u, x4) subspace, known as cigar subspace

y =1 cos(xsMkx), z=r sin(x4Mgg), ud = ug + ugr?. (3.66)

Then, the metric on the cigar subspace (z4,u) reads

dszjgar = : (R>3/2 {(1 — h(r)23)dz* + (1 — h(r)y?)dy? — 2h(r)yz dydz} ,  (3.67)

9 \u
hr) = = (1 - l:f) , (3.68)

where u = ug and u = oo correspond respectively to z = 0 and z = +o00. The
antipodal embedding is realized by setting y = 0 so that u = u(z) = (ud + ug2?)'/?
is only a function of z.

The D8-brane theory

Now, we study the effective theory living on the D8-branes worldvolume in the
presence of a U(NNy) connection A. We set to zero all the components along the
four-sphere since we are interested in the SO(5) singlet states. Moreover, we assume
that the other components do not depend on the four-sphere coordinates. It is
convenient to decompose the U(Ny) connection in its U(1) part A, and SU(Ny) part

A, as
A= A1y, + Ao T (77" =
2N, ’ -

5ab
— 3.69
2 ) ( )
wherea =1, ... ,N]% — 1. The associated field strength is defined as F = dA+idAN
dA, and can be decomposed as above.

The total D8-brane action is given by the sum of the DBI term plus the Chern-
Simons term for the Ramond-Ramond p-forms C), (being p an odd number) and the
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associated kinetic terms®|

Sps = — Ips / d%z Stry ¢ {6_‘1’\/— det(P[gap] + 271'@]:)} + (3.70)

4
1
/kleggk/\ Ha E S (2ml,) 0 4>/dcp+1/\*dcp+1

odd

Here, we use the notation of [32] for the RR forms. The RR field strengths will also
be indicated by dCp1 = Fj12 in the following. Moreover, the notation F* stands
for the wedge product of F with itself k£ times. We can work out each term on
the Witten background and expand the DBI action to quadratic order in the field
strength. The only Wess-Zumino term that survives is the one involving the RR
potentials C3, and C7. In fact, the Wess-Zumino term with C] reads

1 4

which is zero if we assume, as we did, that the field strength F has no components
along S*. For the same reason, the term involving C5 is zero. Moreover, the Wess-
Zumino term that involves Cjs is integrated by parts to have Fy in the action, whose
flux is quantized as [gu Fy = 27N.

All in all, we have

1
Spg = — K/d4$ dz (Qh(z) Tr(Fuw F*) + k(z) Tr(Fp.F* Z)) + (3.72)
N U(Ny) 27Tl
3!(277)2/M5w5 (A) — /dC /\*dC’7+f/C7/\Tr]:/\w13
where

_ NMgxg  NAMgg B 9 R

= 54312 = T ol67% k(z) =1+2% h(z)= (1+22)1/3’ (3.73)
w0 = Ty (A NF2— SAPNF - 110A5) C A =T L (3.74)

Moreover, w; is a one-form, representing the D8-brane embedding in order to
extend the CS integral to the whole spacetime. Mj5 is the sub-space spanned by
(t, 2%, 22, 23, z) where the theory effectively lives.

The first term of is the five-dimensional YM action of the D8-branes gauge
field, while the second term is the five-dimensional CS term for A. The last two
terms of involve the Ramond-Ramond potential C7 and, in particular, the
last term indicates that the presence of the D8-branes acts as a source term in the
equation of motion for C7, resulting in a violation of the Bianchi identity for its
Hodge dual form. The equation of motion for C7 is

1
A dC7 = s T F A, (3.75)

8Formally, the kinetic terms for the RR form comes form the Type ITA supergravity action and
not from the brane action.
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However, the presence of flavor branes spoils the gauge invariance of the RR form
Fy = dC1, therefore, an anomaly arises [133]. We can still define the dC7 Hodge-dual
two-form

*Fy = (27l,)%dCy, (3.76)

with the notation ﬁ’Q =# dC7. The equation of motion for C7 translates into the
following Bianchi identity

~ Ny -~
ngzTr}"/\wl:\/?fF/\wl, (3.77)

where we used the decomposition (3.69)). One can solve the above equation formally

to get
~ Ne o
ngdCl%—“?fA/\wl. (378)

It has been shown that the C7 action
27Tl
507 = /dC A*dCr7 + 7/07 ATr FAwi, (3.79)

supE(Q)élted with the equation of motion (3.75]) is equivalent to the following action
for F

Sﬁg = W/FQ /\7\'}727 (380)
and has to be supplemented with the modified Bianchi identity (3.77). We can
use the formal solution of the modified Bianchi identity (3.78)) and the holographic
definition of the f-angle (3.52), to get

2
Xy 4 Ny [t A
SF2__2/dz(9+’/2/oo dzAZ) . (3.81)

Mesonic degrees of freedom arise in the WSS model as excitations of the D8-branes
gauge field. We will focus on the antipodal embedding for the flavor branes; however,
the same results can be obtained for non-antipodal embeddings. The former case
describes a dual theory in which chiral symmetry breaking occurs at the same scale
as the mass gap of the glue. Since there is chiral symmetry breaking, there should
be Nambu-Goldstone bosons at low energy. In the case of Ny = 1, this should play
the role of the ' meson in QCD. Remember that we are working at large-N where
the chiral anomaly is suppressed.
For a single D8-brane, the DBI action expanded at quadratic order reads

Mesons

1
Sps = _g / d*z dz <2h(z)]-"m,}'“” + k(z)]’uz}"‘z) : (3.82)

9See Appendix B of [I34] for a derivation.
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We can expand the gauge field components as

Au(at,2) = 3" BO @)a(z),  Ax(at,2) = D " (@) u(2). (3.83)
The functions v, (n > 0) are the eigenfunctions satisfying
1
—%az(k(z)azwn) = A\n, (3.84)

together with the normalization condition
p / 2 h(2) b = S (3.85)
Combining the above relations, we also have

K / dz k(2)0:0n0:0m = Anbnm. (3.86)

If we set (™) = 0, the action becomes

> 1 v {n 1 n n
SDSZ—Z:I/d45U {4;&2)}‘# ( )+§/\nM12<KB;S ) gt (n) , (3.87)

where ]-](f;) = GMBl(,n) - 8VBan). This is the Proca action for the fields Bﬁn), with
masses m2 = A\, M# ., and these fields are interpreted as the vector mesons of the
theory. Now, we include the fields go(”). In order to have a canonically normalized
kinetic term for (™ we impose the orthonormality condition

p / 42 k(2)bnbm = S (3.88)
for every n. From (3.86)), it is natural to identify
1
On = —0xn, n > 1. (389)

There exists only a function ¢ that is orthogonal to v/, for all n > 1. Imposing ¢
to be normalized to one, the zero mode reads

_ 1 1
= VARRG)

We throw away 1)p o< arctan(z) since it is not normalizable according to our definition
(3.85). Then, the pz component of the field strength can be rewritten as

Fuz = e V0 + 3 (mi 0p™ = B ) 0.1p. (3.91)

n>1

o (3.90)

The gauge transformation B,Sn) — B,Sn) +m; 19,0 can be used to eliminate from
the theory the modes ¢(™ with n > 1. The zero mode p(© survives. All in all, we
get the following total action

1 1 1
Spe = — / T {2%90(0)3%(0) s (4 FRF 4 S B B (n)) (3.92)

n>1
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Under a parity transformation (z#, z) — (—z*, —z), we have A, — —A,, so since
¢o is an even function of z, Lp(o) has to be a pseudoscalar field which we interpret as
the Nambu-Goldstone boson of the spontaneous chiral symmetry breaking. A similar
analysis can be performed to include also the massive scalar mesons, by fluctuating
the embedding of the D8-brane in the Witten background.

This analysis can be generalized to the multi-flavored case Ny > 1. The pion
matrix is identified in the WSS model with the following quantity

U(z") =P exp (—i/dz Az(x“,z)) . (3.93)

In [32], it was shown that the effective action for pions reduces to the massless
Skyrme model in the limit A — oo, where the constant coefficients are given by the
model’s parameters. In particular, the pion decay constant is given by

fr = 2\/3 (3.94)

which has the expected behavior in the large-N limit, fr ~ v/N. Finally, the Skyrme

parameter reads
1

= o5

(3.95)

Quark masses

The WSS model offers an effective description of a QCD-like theory with massless
flavors. These flavors are introduced as codimension-one defects placed at (non-)
antipodal points along the Si, ,- As aresult, a local Dirac mass term for the quarks
is not allowed. The gauge-invariant boundary operator that better resembles the
Dirac mass term is an open Wilson line.

The mass term for flavors in the WSS model was originally introduced in [I35] [136]
as an open string stretching from the D8-brane and the D8-brane, representing a
vertex that joins the left and right quark degrees of freedom. The worldsheet of long
open strings is holographically mapped into an open Wilson line operator, described
by the following action

+00
Sinass = c/d4x Tr (M exp (—z’ .Azdz> + c.c.) , (3.96)
—00
where M = diag(ma, ..., mn,) is the quark mass matrix and c is a constant which
reads 32173

3.2.2 Holographic baryons

In section [1.3] we discussed how baryons arise as solitonic solutions of the Skyrme
model. In this section, we are going to show that baryons have a low-energy
description in terms of solitons, also in the WSS model.

The idea that baryons can be holographically described as Dp-branes on a
compact manifold was proposed by Witten in [27]. In string theory, a Dp-brane
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wrapped on a compact cycle can couple to background flux via a Chern—Simons term,
sourcing exactly N fundamental strings in an SU(V) gauge theory. This configuration
naturally represents the baryon vertex, since those IV strings correspond to the N
quarks that form a color-singlet baryon. The WSS model makes no exception, and
the baryon vertex is identified with a D4-brane wrapped on the background internal
four-cycle. The baryon number is then defined as the charge of the D4-brane as
follows. In the presence of a D4-brane, the Ramond-Ramond forms C5 and Cs5 are
not related by Hodge duality, so we have to include in the total D8-brane action the
Chern-Simons term

1
— CsNTr (FAF). (3.98)
872 Jps
Assuming that F is the istantonic configuration satisfying
1
— Tr (FAF)=np€Z, (3.99)
8= Jmy

where M, is the sub-space spanned by (x!, 22 23, 2), then

1
—/ Cs NTr F?2 = nB/ Cs, (3.100)
872 D8 20x 54

which is precisely the charge term for a D4-brane with charge ng. Therefore, an
instantonic gauge field configuration on the D8-brane is equivalent to a D4-brane
wrapped on S* charged under Cs. The charge is given by the instanton number of
the gauge configuration.

It is useful to briefly review the derivation in the holographic model. We
decompose the U(Ny) gauge field A into its SU(Ny) part A and its U(1) part A
as in . The Yang-Mills-Chern-Simons action, up to total derivatives, is then
written as

1
Sps = — K/d4$ dz (2h(z)Tr(F/WF#V + k(2)Tr(F,. F* Z)) +
1 . .
- g / dhz dz <2h(z)Fw,F’“’ + /.c(,z)FMFMZ> +
N

SU(Ny) 3 4 1 PPN
- /M5 <w5 (4) 4 e ATHEAF) 4 5 e A ) ,
1,2

where M is the sub-space spanned by (2%, 2", 2%, 2%, 2), and ng(Nf)
in (3.74) but now it depends only on the non-Abelian components.
?U@) = 0. We define

is defined as
Following [28], we consider the Ny = 2 where w

: (3.101)

and we treat it as a time-dependent perturbation over the instantonic solution with
baryon number ng. The [ A Tr(F A F') term in the action becomes

N
— /d:coa(xo) Te(FAF) = nBN/dxoa(:cO). (3.102)
82 M,

This describes a point-like particle with U(1) 5 charge equal to N np: it is precisely
the charge of a baryon (a bound state of N quarks) with baryon number np. This
justifies the interpretation given above.
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The classical solution

Let us recall that in the WSS model, the parameter A is taken to be large. Given that
the YM term of the total action scales as ~ O(\) while the CS term scales as
~ O(AY), the dominant contribution to the soliton’s mass (or energy) is expected
to arise from the Yang-Mills action, Syy. Therefore, we can initially neglect the
Chern-Simons term. Under this approximation, the U(1) component of the gauge
field A decouples from the SU(2) component, making it consistent to set A=0. Our
focus is then on finding energy-minimizing configurations that carry a unit baryon
number, ng = 1.

If the five-dimensional spacetime, effectively probed by the D8-branes after
the integration over S*, were flat with trivial metric functions h(z) and k(z), i.e.,
h(z) = k(z) = 1, the solution would correspond to the BPST instanton with arbitrary
size p and position in the four-dimensional Euclidean space My = (2!, 22,23, ). The
explicit form of the BPST instanton can be found in the lectures [137]. However,
within the Witten background, the energy-minimizing configuration corresponds
to an instanton whose size shrinks to zero, p — 0. To make this point clear, we
begin by analyzing how the energy depends on the instanton size by substituting
the BPST instanton as a trial configuration. We assume that the instanton is placed
at the center of the four-dimensional space (7, z) = (6, 0), and compute the energy
of this configuration as a function of the instanton size p:

E(p) = m/dgx dz (;h(z) Tr(F, F*™) + k(2) Tr(FMZF“z)> =

r'(7v/3 4 2
=3’k [W 2F1(1/371/2717/6;1 - PQ) + -+ 7:02

T(17/6) st (3109

The energy E(p) increases monotonically with p, attaining its minimum value
E(p=0) = 87?k when p = 0. This represents the absolute energy minimum within
the sector of configurations carrying a single instanton number. Such a minimum is
achieved exclusively by (anti-)self-dual instantons that are infinitesimally small and
localized at z = 0.

Now, we consider the contribution from the CS term. This term contains a
coupling between the instanton density and Ay, meaning that the instanton induces
an electric charge which couples to the Abelian part of the gauge field. Such coupling
leads to a contribution to the energy which, in five dimensions, goes like ~ p~2 for
an object of size p and hence it stabilizes the instanton radius to a finite size.

We can work out a systematic expansion in 1/\. Following [28], we rescale the
coordinates and the gauge field as

M~ oY), 2P~ 00N, Ay~ O Ag~ O, (3.104)
and as a consequence p ~ A1/2,

The equations of motion, up to O(A~!) corrections, are

DnFny =0, ONEny =0,

N A
Dy Foyr + @GMNPQFMNFQP =0,

A N 1. .
OmFom + 672 CMNPQ Tr(FynFpg) + §FMNFPQ =0.
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At this order in A\, the BPST instanton is still a solution of the non-Abelian equation
of motion. It is consistent to set A v = Ag = 0, while 1210 is sourced by the instanton
density. The regular solution, which vanishes at spatial infinity for this gauge
component, is given by

~ N1 pt

where £ = \/(f— X)2+ (z— Z)2, and X, Z are moduli in the four-dimensional
Euclidean space, 7.e. the position of the instanton.
Then, the on-shell energy of the system, up to O(A~2) is

E(p, Z) =8’k ll—&— <p2+N+Z2>] : (3.106)

6  320mk2p2 3

The instanton moduli p, Z appear explicitly in the action and therefore are not
genuine moduli, but are rather called pseudo-moduli. The minimization of the
on-shell energy over these two parameters gives
N /6

=32:\5 Z =0. (3.107)
The instanton is then located at the tip of the cigar geometry and its size scales
as p ~ A~1/2 consistently with the approximation we used. Finally, the energy
computed on these minimal values of the moduli gives the classical value of the
baryon mass

p

Mg = 87%k + O(A72). (3.108)

Ny =1 WSS baryon

In the picture we have presented, nothing forbids taking only one flavor brane,
namely Ny = 1. From the point of view of the underlying SU(NN) QCD-like theory,
there is no reason why there will not exist baryonic states as color singlets composed
of N quarks. However, as we will see in a moment, the construction of baryons as
instantons is not consistent with taking Ny = 1. As we discussed in chapter [2] it
is not possible to construct a baryonic configuration using the mesonic fields alone
in the low-energy one-flavored QCD. This problem arises in the same way in the
holographic model because we can construct a baryon vertex with a single flavor
and still cannot identify the baryon number in such a theory with the procedure
outlined in [28].
The action describing the one-flavored theory takes the following form

K 4 1 A A PN N 1 449
SDS = — 5 /d T dz (2h(Z)FHVF'u + k‘(Z)FuZF'u Z> + 2471‘2 /M5 ﬁAF .
(3.109)
The corresponding equations of motion are
h(z)8, F" + 8, (k(z)F* N wosiofy fro— 3.110
— # [A(OEM + 0 (k(2)F¥ 2)] + (g Faglrs = 0, (3.110)

. N PN
Rk + e €7 FyFpp = 0. (3.111)
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We assume that the U(1) gauge field is static and we analyze the leading behavior
in the A~! expansion under the rescaling (3.104). Then, the equations of motion are

ONEMN =, (3.112)

6]2\/[140 + EMNPQFMNﬁpQ =0. (3.113)

6472k
Now it is well known that this Abelian theory, without sources, does not admit a
non-singular instanton solution, and thus we are not able to identify the baryon in

such a theory, as it happens in low-energy QCD.

3.3 The WSS model at finite temperature

The WSS model exhibits a rich phase structure, featuring both a first-order con-
finement /deconfinement transition and a first-order transition for the restoration
of chiral symmetry. These two transitions can take place at distinct critical tem-
peratures, depending on the specific parameters of the model. Notably, within
the strongly coupled, planar regime A, N — oo, these phenomena can be captured
and analyzed in a precise manner using the dual holographic description. The
confinement /deconfinement phase transition occurs at the critical temperature
Mgk

T. = ) 114
2T (3 )

In the dual gravity picture, it corresponds to a Hawking-Page transition [138] between
the solitonic background , dual to the confining phase, and a black brane
solution dual to the deconfined one. If the flavor branes are placed at antipodal points
on the compactification circle, i.e. when LMk = m, chiral symmetry breaking
and confinement occur at the same energy scale. In other words, when T" < T,
chiral symmetry is broken and the theory confines, while at 7" > T, the theory
enters a deconfined phase with chiral symmetry restoration being realized by two
disconnected stacks of D8/D8 branes crossing the black hole horizon. However,
for non-antipodal configurations with LMk < 0.97, an intermediate phase with
deconfinement but broken chiral symmetry arises [I39]. This is the scenario we will
be interested in.

The black brane background corresponding to the deconfined phase of the WSS
model is given, in the string frame, as

3/2 o R\32 [ du2
ds? = (2) {—fT(u)dtQ + dotdzt + d;péﬂ + <u) [széu) + u2dQA21‘| : (3‘115)
u w34 2T N
fT<u): _?ga e¢:gs (R) ) Fy= Vi Wy, Rgzﬂglef,

where ¢, 2% (i = 1,2, 3) and 2* span the worldvolume of D4-branes, u € [ur, 00) is
again the holographic coordinate. The parameter ur is related to the black brane
temperature T' (which corresponds to the field theory temperature) through

ur = 16m2R3T?. (3.116)

The definition of the other fields and parameters is the same as in the solitonic
background.
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3.3.1 Flavors in the deconfined phase of the WSS model

In this section, we present the flavor D8-brane embedding at finite temperature and
we review the holographic first-order phase transition, occurring in the deconfined
phase, between the chiral symmetry broken phase (corresponding to the connected
configuration) and the chirally symmetric one (corresponding to the disconnected
configuration). We consider Ny = 1 since it will be the case of interest in following
sections.

We start by writing the induced metric on the D8-brane’s world volume, in terms
of the inverse embedding u = u(xy4)

3/ . R\? o/ (4)*
dspg = (;LE> [_fT(U)d# Fdvde (1 - <u> uf;:?jt)) > i

where v'(z4) = du/dz4. The DBI action (with no gauge fields) for the D8-branes
reads

3/2
+<R> u?d03

u

R 3
Sps = *T8V3+1V4/d$4 u4\/fT(u) + (u> u(z4)?.
The action has a first integral
%u/ L= u4fT(U?3
V) + (2) wey

ou/
The U-shaped connected configuration has a tip at v = u; where v’ = 0. Thus, we
can derive the profile of the D8-brane as

3/2 4
=+ du R uy/ frus) . (3.117)
4 / (U> \/W\/quT(u) —u8 fr(uy)

We can now integrate the equation (3.117)) to get the asymptotic brane separation
L, which reads

= constant .

d - R3/?
L= /d:v4 - 2/—? = Jr(h) 7z (3.118)
u UJ
where o
b=~ (3.119)
uy
and

JT(B)§\/153/01dy\/<1 - )( VY . (3.120)
— by

1— b3y — (1 - 53) y8/3>
Using (3.116)) we see that u; becomes a non trivial function of 7"

LT = %JT(B)\/Z:). (3.121)
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Figure 3.1. Schematic picture of the chirally broken (left) and chirally symmetric (right)
phases in the deconfined phase of the Witten-Sakai-Sugimoto model. The x4-direction is
compactified on a circle with radius 1/Mk, and v is the holographic coordinate with
u = 0o being the boundary where the dual field theory lives. If the asymptotic distance
L between the flavor branes is sufficiently small, a deconfined, chirally broken phase
(left figure) becomes possible. In this phase, the connected flavor branes are embedded
non-trivially in the background according to a definite function x4(u).

The connected configuration is not the only possible solution satisfying the
requirement that the asymptotic separation of the flavor brane branches is L. Another

solution exists with u/(z4) = +oo, which describes two disconnected branches
extended along the radial direction w till the horizon. At
0.154
T="T,~ — (3.122)

there is a first-order phase transition between the connected solution, holding at
T < T, and the disconnected one. Hence for T' < Ty, chiral symmetry is broken, while
for T' > T, chiral symmetry is restored. See figure for a pictorial representation
of these two phases in the (x4, u) subspace.

Non-antipodally embedded D8-branes in the chirally-broken, deconfined phase
of WSS describe a dual theory that shares key properties with the theory we are
interested in: an SU(N)-like gauge theory coupled to a massless flavor at finite
temperature. At low energy, the physics is captured by D8-brane excitations whose
zero mode is the pion/ axiorm associated with the pseudo-Goldstone boson of the
chiral symmetry breaking [140)].

We conclude this section with some useful formulas. We can rewrite the D8-brane
induced metric as

3/2 o R\3 du? R\ 3/2
dshg = (g) [—fT(u)dtQ—i-d:Udez—i- <u) VTL(LU)] + (u> w?dQ3, (3.123)

/ u
V/— det gpg = <§>3 4u4 fr(w) , (3.124)

vr(u)

10The distinction between these two terms relies on the interpretation of the theory. We can
consider a QCD flavor at finite temperature, and in that case, the Nambu-Goldstone boson will be
the pion. However, this scenario can describe an ALP, as discussed in section [[4] In particular,
this is an example of a composite axion model.



3.3 The WSS model at finite temperature 57

where we have introduced the function

uSfir(u) = fr(us)

u8

vr(u) = (3.125)

Turning on the gauge field on the worldvolume of the (Ny = 1) D8-brane, we get
a DBI action which, up to quadratic order in o/, can be expanded as

SEBI — Ty /dgxe —det(gps + (2ma’)F) ~
TRV, 2R3 [ gt s [fr(w) [1 (R o (R b
495( )R /dmduu yr(u) 2<U> Ey (u> fT(U)+
- TR 4 >F] , (3.120

where the indices M, N, P,Q run over (t,z%,u). Upon reduction on the four-sphere,
the Chern-Simons part of the action reads

N o
Ses = /A/\f/\}'— /A/\F/\F:
“5 = 94n? 487?2\/§
N tMNPQ/5(1AA A AAA)
- B (= A, EynEro — Ay EinEro ) | 3.127
YR v A MNP — AnFinEpg ( )

where the convention for the anti-symmetric tensor is that 1?34 = 1.

It is often convenient to work with a dimensionless holographic coordinate z,
defined as
u(z) = uy(1+2°)"3 = usk(2)"/?, (3.128)

where we have used the definition (3.73)) of k(z) = 1 + 22. Using this coordinate,

the action (|3.126|) becomesEl

ppr 18V "2 3/2/ 4 fr(u)|Ou||1 (R>3 > (R>3 £?
Sps. = 10 (2ma)“R d*xdzu (@) 82 " F " fT(u)+
oul|” —2

() o | |Ou
RO ’

w(u)@] : (3.129)

oz 0z

HEven if not specified, every u has to be intended as a function of z.
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Chapter 4

Hall droplet sheets in
holographic QCD

In section [2] we discussed in detail the reasons why in the one-flavored QCD, the
standard Skyrmion mechanism for baryon construction is not applicable. In this
case, baryons may not be particle-like solitons, but rather extended two-dimensional
topological defects, termed Hall droplet sheets. These configurations are domain
walls of the 7/ field that interpolate between distinct 27-shifted vacua of the effective
potential. Although these vacua are physically equivalent due to the periodicity of
7', the non-trivial topological winding across the sheet allows for a non-zero baryon
number to reside on its boundary. In this picture, the baryon can be seen as a Hall
droplet with gapless chiral edge modes localized on the boundary of the sheet, in
analogy with edge currents in fractional quantum Hall systems.

Unfortunately, the dynamical properties of such sheets, including their tension,
baryon number density, and interactions with other QCD states, remain challenging
to compute directly within the effective field theory framework. The 7’ potential
is generated non-perturbatively via gluon dynamics and is typically non-analytic,
making semiclassical treatments subtle.

To address these limitations, we can employ a top-down holographic approach
to QCD, in particular, working within the WSS model. As we have seen in
the WSS model naturally incorporates the 7’ meson and includes the axial anomaly
through Chern—Simons terms, providing a controlled and calculable environment for
exploring the physics of Hall droplet sheets.

As a first step towards the construction of baryons as quantum Hall droplets
in holography, in this chapter, based on our original results presented in [I], we
will provide a concrete realization of the Hall droplet sheet in terms of D6-branes
wrapping the internal S* of the geometry and extending along two spatial dimensions
and time. These D6-branes act as (2 + 1)-dimensional membranes embedded in the
bulk geometry, supporting the U(1), CS theory, conjectured in [38]. In this picture,
the sheet can be viewed as a wall with a hard (gluonic) D6-brane core, corresponding
to the heavy fields associated with the singularity in the chiral Lagrangian, and
a soft shell (a mesonic cloud) coming from the non-trivial profile of the " meson.
Indeed, the D6-brane can be viewed as a source for the Maxwell gauge field living
on the D8-brane, whose excitations are identified with the meson. The holographic
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construction makes it transparent that the dynamical gauge field on the sheet is
not mesonic; rather, it sources some mesonic profiles through the boundary. See
[46, (48, [49] for related discussions.

In this chapter, to simplify our analysis, we will focus on two configurations: the
infinite and the semi-infinite sheet with a straight boundary. In the first case, as
expected, we find a regular profile for the r’-field both in the massless and the massive
quark case. We compute the tension and the thickness of the sheet considering
the contributions from the hard core and the mesonic cloud. In the second case,
the straight boundary can be viewed as a linear distribution of magnetic charge in
the D8-brane five-dimensional Maxwell-Chern-Simons effective theory on a curved
background. The corresponding gauge field can be found semi-analytically, through
a series expansion, and numerically. From this solution, we extract the effective
action for the transverse fluctuations of the boundary and the tension, which scales
parametrically as expected from [38]. Then, we can compute the profile of the 7’
field, which now has two different features depending on the domain. In fact, it is
continuous (in analogy with the infinite sheet case) through the D6-brane, while it
is discontinuous outside the sheet, enforcing the monodromy of the 1’ meson around
the wall. Finally, we will show that it is possible to turn on, with no energy cost, a
chiral component of the gauge field on the boundary of the sheet, possibly connected
to the chiral edge mode on the boundary of the Hall droplet.

This chapter is organized as follows. In section we describe our proposal for
the holographic realization of the sheet in the WSS model. The explicit realization
of the infinite Hall droplet sheet, with massless and massive quarks, is presented
in section [£:2] The main results of the chapter are contained in section .3 where
we present the simplest example of a sheet with a boundary, that is, a straight
boundary.

4.1 The sheet in the WSS model

We propose that the holographic picture for the Ny = 1 baryons considered in [38]
is given, in the WSS model, in terms of a D6-brane wrapped on the background S*.
When the D8-branes are antipodally embedded, the D6-brane is localized at z = 0,

=0 (i.e. u = up) and can be taken, say, at 3 = 0 in the Witten geometry at zero
temperature ; see figure for the displacement of the branes in the cigar of
the geometry. The following table shows the embedding of the various branes in the
model

(01 2 345673809
Di|e © ©¢ ¢ ¢ 0 0o o o o
DR |e ©¢ ¢ ¢ 0 o o o o o
D6/ e @ @ 0 0 0 o e e e

Table 4.1. D4/D8/D6 intersection. A bullet indicates a direction where the branes are
extended, and an empty dot indicates a direction where the branes are localized.

The low-energy theory on the D6-brane world-volume is given by a U(1)y CS
theory (plus the center of mass degrees of freedom) just because it is wrapped on
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Ug

Figure 4.1. The displacement of the D-branes on the cigar of the geometry for antipodally
embedded D8-branes.

the S* [T41], which supports N units of flux of Fy. In particular, from the CS term
of the D6-brane, we get

1 1 N
W/Cg/\f/\f:@/ﬂ/\a/\fzﬂ/a/\f, (4.1)

where we have used [qs Fy = 2N and f = da. Remarkably, the above theory
precisely agrees with the expected CS theory proposed in [38] for the theory on the
bulk of the sheet![T]

The DBI action of the D6-brane gives, upon integration on the four-sphere, the
effective theory for the Abelian gauge connection a which lives on the D6-brane
world-volume. The CS-DBI theory will be extensively discussed in the next chapters,
while here we will focus mostly on the effects on the flavor theory of the D6-brane
presence.

This picture resembles that of D6-branes as domain walls separating different
degenerate vacua in the WSS model at § = 7 [142] 141]E| Across the domain wall,
there is a jump of the value of the gluon condensate, while in our case, there is
a monodromy of 7. In addition, note that the sheet now does not separate two
different vacua since the ' = 0 and the ' = 27 ones are the same. The story
goes in close analogy with the axion monodromy studied in [I43], where interesting
comments on the metastability of the D6-brane configuration with a boundary on
the D8-brane can be found. In [I43], in fact, it is argued that the D6-brane sheet
is at best metastable, since it can decay by developing holes with an exponentially
suppressed rate I' ~ eV,

As already mentioned in the introduction of this chapter, the holographic picture
of the sheet does not end with the D6-brane. The latter (which in the baryon case
is expected to have a finite, disk-like shaped extension) has to be thought of as the
hard core of the Hall droplet baryon. On top of this, there will be a soft mesonic

!The integration by parts of the D6-brane CS term has to be corrected in the presence of a
boundary for the D6-brane. We will come back to this point in chapter [6} since it does not play a
role in the present chapter.

2The world-volume theory for real QCD has been studied in [105].
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cloud due to the non-trivial configuration of the 7’ field. The latter can be explicitly
found considering the whole structure of the D8-brane action in the presence of a
D6-brane source.

As we have seen in section , the flavor gauge field for Ny = 1 is just given
by the Abelian component A = A/+/2, so we can drop the hat without ambiguities.
The D8-brane action for Ny = 1 admits the CS term

217T/07A5§. (4.2)

Note that, as we will see in the following, the D6-brane source induces a flux
/FxSdegdz = —2m/2, (4.3)

which provides an D6-brane charge precisely canceling that of the source. Hence,
the total D6-brane charge in the setup is zero. The sheet, in fact, can decay, and
thus there cannot be a net D6-brane charge.

The condition (4.3]) precisely accounts for a non-trivial profile of the n’ field,
i.e. a non-trivial profile for A,. The mesonic shell of the sheet can be seen as a
non-trivial solution for the Abelian gauge field on the D8-brane satisfying .

However, this is not enough to get the action for a point-like particle with
baryonic U(1); charge on the D8-branes. Following the discussion around ,
we can define ag(t) = Ap/+/2 and treat it as a time-dependent perturbation. Thus,
we can get such a point-particle action only if the other component Fj, ,, of the field
strength is turned on. It is easy to understand this by looking at the five-dimensional
CS term in the D8-brane action

N 1 N F F
—— | —ANFANF=—— [ dtag(t — AN — 4.4
247r?/2\/§ 24772/ aof )/\/5 V2’ (44)

which implies that the baryon solution has to be some kind of “Abelian instanton”
with unit instanton number

1

48? /(F A F)SC1I2Z‘32: dIldedl‘gdZ =1. (45)

As observed in section there is no such solution in R*. The conclusion
changes if the theory is sourced by some kind of non-trivial extended source or
if the theory is defined on a non-trivial manifold. See [144] for a discussion on
Abelian instantons. Having in mind the droplet, and therefore a disk geometry, if
the overlap between the sheet and the D8-branes in the (z1,z2) plane is a disk of
radius /, then the above condition has some hope of being satisfied. Analogously to
what happens for the standard baryons, due to the five-dimensional CS coupling,
the above condition induces an electric field. We expect that the related Coulomb
interaction is what stabilizes the sheet to some finite size lsape. We will tackle this
problem in the next chapters.

In this chapter, we will focus on infinitely extended sheets, and hence we will
not impose the condition .
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4.1.1 Comparison with QCD

In the WSS model, departure from the antipodal D8-brane configuration corresponds
to increasing quartic Nambu-Jona-Lasino (NJL) type couplings between the quarks
[145]. If this departure is large, i.e. the configuration is far from the antipodal one,
the effect of large NJL-type couplings is that the critical temperature for chiral
symmetry breaking is different (larger) than that for confinement [139]. Thus,
this scenario is different from what is expected to happen in QCD. Instead, if the
departure from the antipodal configuration is not large, the chiral symmetry breaking
and confinement temperatures are still coincident and there is no clear contradiction
with QCD expectations.

Thus, the configurations closer to QCD are the antipodal one and the moderately
non-antipodal ones. In the antipodal case, the holographic description of the sheet is
a D6-brane lying on top of the D8-branes at the tip of the cigar (as in figure . In
flat space, such a configuration is unstable towards the formation of a D8-D6 bound
state, where the D6 is melt in the D8 world-volume. This happens because the
spectrum of D8-D6 strings contains a scalar. The scalar is tachyonic if the branes
are on top of each other (and there are no fluxes turned on). The melting of the
D6-brane corresponds to the condensation of this ScalarEl This corresponds to a
complete Higgsing of the U(1) gauge group of the three-dimensional theory living
on the world-volume of the sheet (the D6-brane). In this scenario, it should again
be possible to describe finite-energy baryons. A very similar situation is found in
the case of the domain-wall at § = = [141].

A small departure from the antipodal configuration is sufficient to give a positive
mass to the scalar, avoiding the Higgsing mechanism and so the melting of the
D6-brane. Thus, there is a family of moderately non-antipodal configurations whose
phase diagram is consistent with the QCD one, and for which the sheet is realized
with an actual D6-brane, which is not meltedEl The D6 melting could also be avoided
by introducing sufficiently large masses for the quarks [41], [141].

The condensed scalar scenario is not the one explored in [38]. While it would be
of obvious interest to explore the melted-D6 configuration, in this chapter we aim
at studying the original proposal in [38], corresponding to an actual D6-brane. In
order to simplify the computations, in this chapter, we will consider the antipodal
configuration without large quark masses, aiming at revealing some basic features of
the sheet. This is obviously an oversimplification, which eventually must be lifted in
future studies.

4.2 Infinite sheet

In this section, we study the infinitely extended wall corresponding to a sheet without
boundaries, introduced as an example in [2.8] The sheet has a “hard”, gluonic core
corresponding to the D6-brane, and a “soft” shell from the 1’ profile, i.e. a meson
cloud, as advocated e.g. in [41].

3Tt is not immediately evident how to describe the three-dimensional scalar field on the world-
volume of the sheet in terms of the elementary fields of the four-dimensional theory.
“We thank Ofer Aharony for the exchange of ideas on this issue.
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4.2.1 The core

The “hard” gluonic core of the sheet is holographically given by the wrapped D6-
brane. Assuming the sheet to be extended along the x1, zs directions, its tension
Thara can be extracted from the DBI term of the wrapped D6-brane action

SEBL = 15 / dze® —det P[ | = —Thard / dtdxydxs (4.6)
where Tg = (27)7%1;7 and
Thard = — A2N M (4.7)

As expected, the tension scales as N, but is enhanced by the A\? factor, as usual in
holographic theories.

Considering the thickness ¢ of a D-brane sitting at the tip of the background
cigar to be given by the effective local string length lgﬂ, one gets for the thickness of
the hard core of the wall (up to a numerical factor)

1
ff
Ohard ~ lg" ~ NP2 M (4.8)

which comes from the scaling of the effective Yang-Mills string tension ~ (1¢F)=2 ~
AM% ;- in the model.

4.2.2 The shell

A localized D6-brane is a source for the RR C7 field. This, in turn, will generate a
non-trivial profile for the D8-brane mode corresponding to the n’. The profile of the
7', the meson cloud, constitutes the “soft shell” of the sheet.

In order to study the D6-D8 setup we have in mind, we should better consider the
total action with the contribution from Sc¢,. In the presence of an explicit D6-brane,
the action for the C7 form reads

Se = —%(27rl5)6/d07 A %dCh + % /07 A \2 Awr + /07 Awg.  (49)
The first two terms are respectively the kinetic term coming from the type ITA
supergravity action, and the coupling to the flavor D8-brane, whose embedding,
in the antipodal case, is described by a delta-like one form w; = d§(y)dy. We
have discussed these two terms in detail in section .23l The third term arises
from the D6-brane source, whose embedding is described by the three-form ws =
3(2)0(y)d(z3)dz A dy A dxs, since we have placed the D6-brane at z =y = x3 = 0.
Now, we compute the equation of motion for C7 as we did in . This time,
there will be an additional source term coming from the presence of the D6-brane.
Let us recall that xFg = (27l s)_6ﬁ2, and we derive

dFy = \2 N(y)dy + 2m5(2)0(y)d(z3)dz A dy A dzs . (4.10)
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We can formally solve the above equatiorﬂ as

Fy = \1/45 ANd(y)dy + 21O (x3)d(2)d(y)dz A dy . (4.11)

As we mentioned in [3.2.1] the full action for C7 turns out to be equivalent to

= = [ B AKE 4.12
SF2 47r27rl /2 2 ( )

just as in the case with no explicit D6-brane source. At 8 = 0, the above action can

be written as
4 —+00
SFQ = /d (277@ x3) / dz A ) , (4.13)

where we recall that the topological susceptibility of the unflavored gauge theory, in
units of Mgk, reads

)\3
4(3m)6
Moreover, we add the mass term as in equation (3.96]), which in the one-flavored
case becomes

1 “+oo A3/2pr3
Sass = ZCm/d4:E cos (\/§ [ dz AZ) , c= KK (4.15)

Xg = (4.14)

39/243

where m is the quark mass.

From the full action, we can obtain an effective four-dimensional Lagrangian for
the /' field, after integrating over the four-sphere and the holographic coordinate,
using the following ansatz for the flavor gauge field

Ax(z,23) = —%@(ﬁzs), (4.16)

where k(z) = 1+ 22, and ¢ is a function of x3 alone. Integrating the gauge field over

z we get
n K
/Azdz:—\/ingQf, fr=2,)5 (4.17)
- 7T

where we have written the precise relation between the meson field " and the bulk
field A.
Therefore, the effective Lagrangian reads

L= —ﬁ(ﬁﬂgo)(ﬁu )+ 2cmcosp — % Il?el% (¢ — 21O (x3) + 27k)?. (4.18)
™

From the above Lagrangian, we can derive the equation of motion for the field
¢ = p(x3). We are going to search for a configuration interpolating from 0 for
x3 — —o0 to 2w for £3 — +oo and such that ¢(0) = 7. In this case, the potential is
minimized for k = 0, and the equation of motion reads

P p(x3) — miyy (o(x3) — 27O (23)) — m3 sin(p(x3)) = 0, (4.19)

5We set dCy = 0, which corresponds to treating the theory at zero 6-angle.
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where )
miyy = Xom_ 2
2K 27Tm2N
is the Witten-Veneziano mass, introduced in . Treating the D8-brane in the
probe approximation amounts to taking mwyv < 1. The other parameter in the
equation of motion above is

(4.20)

4em
2
™
which represents the quark mass contribution to the 7’ mass. As observed in [141], the
parameter m, has to be small, m; < 1, in order to neglect higher-order corrections

to the mass term of the WSS model.

Massless quark

In the massless case m = 0 the equation of motion for ¢ (4.19) has an analytic
solution
p(rg) = MWV IS — T MWV IS (MWVES 1)2 O(z3), (4.22)

where we have imposed the boundary conditions ¢(x3 — +00) = 27, and ¢(x3 —
—o0) = 0. This solution has been derived in the presence of an explicit gluonic
source. Similar solutions without explicit sources, with regular or singular potentials,
have a very long history, see e.g. [41] [42].

The thickness of the “soft” part of the wall (the one given by the 1’ profile) is
clearly linear in 1/myyv, as it can be seen from , so up to a numerical factor,

1 VN
mwy  AMgkk

The ¢ ~ 1’ solution (4.22) interpolates between zero (for x3 — —o0) and 27
(x3 — 00) and it takes the value ¢(0) = 7 in x3 = 0. See figure (left panel).

(4.23)
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Figure 4.2. Left: the profile of ¢ = —v/21/f for mwv/Mxx = 0.1,0.3,0.5 (green,
yellow and blue lines). Right: the profile of ¢ for mwy /Mg = 0.3 and m2 /M% ;- =
0,0.05,0.1,0.2 (blue, yellow, green and red lines).

Correspondingly, the Abelian field strength on the D8-brane reads

_V2mwy

Fx z =
’ k(z)

(eMWVT — 20 (x3) sinh(mwy z3)) , (4.24)
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where we have reinserted the z-dependent factor. This satisfies
/darg dz Fy,, = —2V/27, (4.25)

hence, as anticipated in equation the 7’ profile effectively induces a unit of
D6-brane charge.

Due to the field strength , the D8-brane has an excess of energy, providing
the tension of the soft shell of the sheet. This can be deduced from the on-shell value
of the D8-brane DBI action, expanded at the quadratic order in the field strength

Sps = _g / dt dzy dxy / dzdzs(1+ 2*)F2,, . (4.26)

Inserting the solution (4.24) and performing the integration in z,x3 we get the

tension 1

339232 39/293 3

Note that considering the expression of f, in (4.17)), one has Ty ~ f2mwy.

Tooft = ANmwyv Mz e = NNY2AL - (4.27)

Massive quark

In the massive-quark case, one can integrate numerically the equation with
k = 0. As can be seen from figure (right panel), the solution shows a similar
behavior to that in the massless case. Also in this case, the solution corresponds to
a unit D6-brane charge.

The thickness of the soft part of the wall now depends on the quark mass m (and
hence on m;) as well and roughly behaves as (at small ¢ this comes from )

1
\/ My +m2

In order to estimate the tension, we have to insert the numerical solution for
F,, in formula (4.26)), which gives

Osoft ~ (4.28)

Teott = ANmwy ¥ (my /mwy) My g - (4.29)

332371.2

The result is exactly as in (4.27)) but for the substitution

mwy — mWV\I/ ( M > s (4.30)
mwv

where ¥(q) is a function reported in figure going as /1 + ¢? at small q.
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Figure 4.3. The function ¥(m,/mwy) providing the quark-mass dependence of the soft
part of the tension of the sheet.

Resume

Table contains the parametric dependence of tension and thickness of the core
and shell parts of the sheet discussed above.

Massless quark Massive quark
Core tension Tiarq AZN A3 A2N A3
Core thickness 0.4 A1/2p -1 A~1/2pA-1
Shell tension Ty ANmywyA2 ~ N2N1/273 ANmwv ¥ (m /mwy ) A2
Shell thickness s | Mgy ~ AT IN/ZA71 (M +m2)~1/2

Table 4.2. Summary of parametric dependence of tension and thickness of the core and
shell parts of the sheet. For the reader’s convenience, we used the dynamical scale
notation A instead of My .

4.3 Semi-infinite sheet: the vortex string

In this section, we present the holographic description of the semi-infinite sheet,
whose boundary is a straight infinite vortex StringEl The sheet is dual to a D6-brane,
which for convenience is placed at x5 = z = y = 0 and extended along x5 > 0. The
string is its boundary, which we take at xo = 0, attached to the D8-brane, see figure
M4 As it will be clear soon, the boundary is a magnetic source on the D8-brane

5The manifold defined by the D6-brane worldvolume has now a boundary. The CS theory for
the D6-brane gauge field is now given by plus a six-dimensional boundary term. This will be
discussed in the next chapter and does not play a role in this discussion since we are interested in
the D8-brane’s description of the Hall droplet sheet.
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X3

X2
X1

Figure 4.4. D6-brane dual to the semi-infinite sheet. It is taken to be extended along
the zi-axis and along the positive values of the xs-axis. The directions x3 and z are
orthogonal to the sheet. Every point is also extended in time and along the other four
dimensions, which are wrapped on S%.

worldvolume. In this case the action terms (4.9)) take the form

Sen = —i (2r,) / dCs A +dCy (4.31)

/C’7 A [ N(y)dy + 2mO(z2)d(z3)dxs A 6(2)dz A d(y)dy

where we used w3 = ©(z2)d(w3)drs A §(2)dz A 6(y)dy. The corresponding equation
for C; can be transformed into the anomalous Bianchi identity for F3,

~ F
dFy = 7 N (y)dy + 2mO(z2)d(z3)dxs A 0(2)dz A §(y)dy . (4.32)
Taking the exterior derivative of the above equation, we have to require that the
RHS vanishes. This provides the violation of the Bianchi identity for A due to the
presence of a magnetic source, which is the boundary of the D6-brane

dF = =227 8(x2)8(23)0(2)dxa A dxs A dz . (4.33)

Thus, we are led to consider the problem of finding the fields generated by a
uniform linear distribution of magnetic charge in five-dimensional electromagnetism
with CS and F5 source terms on the effective curved background

dz?

2 _ 1.2/3
ds —k/(z)dx“dx“—i-m,

(4.34)
as can be deduced by rewriting the Maxwell action for F' in general covariant form.
We have not found such type of solution, or part of it, in the literature, so we derive
it in this section. The strategy will be the following.

1. We will first find a configuration F satisfying the Bianchi equation (4.33))
and dxF'™ = 0. This corresponds to a kind of magnetic monopole-like solution
for a source extended along the x; axis.



4.3 Semi-infinite sheet: the vortex string 70

2. The complete field can be written as
F=F"+dA°, (4.35)

being A€ the gauge connection associated to a closed field strength. If we
consider a potential A™ for I, we have

dA™ = F™ 4 S, (4.36)

where S is the Dirac sheet (a higher-dimensional version of the Dirac string)
field strength. A particular gauge choice of the Dirac sheet allows us to solve

equation (4.32)) as
~ AC 4 A™
B= (22
2 < V2

Such a gauge choice corresponds to writing

> N d(y)dy 4 2mO(x3)d(z)dz A (y)dy . (4.37)

S = —0O(—xz2)d(x3)dxs N §(2)dz, (4.38)

meaning that the Dirac sheet is placed at 3 = z = 0 and extended along
x1 and z9 < 0. Following section the integral of the field F5 along the
(2, y)-cigar

~ AS + AT

F :/(H) dz + 210(x3), 4.39

cigar 2 \/5 ( 3) ( )

enters, through the supergravity term (4.12)), the equation for AS. If there
are no CS terms (as will be the case), and considering that d«F"™ = 0, the
equation reads schematically

drd A = / (A4S + A™) dz + 2772 O(x3) . (4.40)

Given that A7" is known from step 1, we can solve this equation for A¢.

3. We can consider the charged case by switching on the components Ay (x4, z2, x3, 2)
of the gauge field, where z¥ = (x1 4 t)/2 are the light cone coordinates in
the (¢,z1)-space. One can easily realize that Ay do not enter the previous
equations, but on the contrary, the field A, = AS + A7* generates a CS term
for their equations, which schematically read

dxdAy = F:I:mg A Fzgz —+ ... (4.41)

The latter can be solved independently after steps 1 and 2 are completed, since
the only unknowns are Ay.

In order to illustrate this procedure, in the next section we consider as a warm-up
the flat space case. Then, in section we will provide the solution on the curved
space (|4.34]). The procedure does not depend on the explicit form of the metric
function k(z) and can in principle be applied to a generic metric of the form .
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4.3.1 Solution in flat space

In this section, we consider the case of five-dimensional flat spacetime, i.e. k(z) = 1.
In this case, the configuration has spherical symmetry in the directions 9, x3, 2
transverse to t, z; where the line source is placed, so we employ spherical coordinates

To =pcosl, x3=psinfcos¢p, z=psinfhsing. (4.42)
where 0 € [0, 7], and ¢ € [0,27). It is also convenient to parameterize the (¢, z1)-part
of spacetime with light-cone coordinates
1 £t

2 )
such that the effective five-dimensional spacetime where the Maxwell-Chern-Simons
theory lives reduces, in the flat limit, to

Ty = (4.43)

ds? = ddx dx_ + dp? + p?dQy, (4.44)

with the two-sphere parameterized by angles 6, ¢.
We consider an ansatz where:

o all the fields just depend on the radial direction p;
o the magnetic charge from equation is
—2v276(p)pPdp A wa (4.45)
with wy = sin 6dO A d¢ being the two-sphere volume form;
o the field strength has just two components
Fygwa, Fy,dxy Ndp, (4.46)

where either Ay or A_ are turned on. This implies that we have (only) one
non-vanishing term in F' A I, entering the equation for Ay.

It is readily verified that the ansatz is consistent with the equations of motion and
Bianchi identity.

Step 1: monopole-like solution

We start by searching for a solution F™ to the Bianchi equation dF'™ = —2+/276(p)p?dpA

wo and the equation of motion (without CS term, as explained above) dxF™ = 0.
Considering translation invariance along x; and spherical symmetry, the problem

is very similar to that of finding the field strength generated by the standard Dirac

monopole in four dimensions. Thus, the solution is quite similar

1
F™ = Fjjwy = —ﬁpQ\@ Wy, (4.47)

where wy = sinfdf A d¢ and we have made explicit the singular behavior at the
origin p = 0. It is straightforward to check that (4.47)) solves the equations of motion
and that

dF™ = | F™=-2\2r, (4.48)
M3 Mo
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where M3, M5 are three- and two-dimensional closed surfaces containing the point
p =0, My = OM3 being the boundary of Ms.
A standard way of writing a potential A™ for this field is

(1 —cosf) .
Am = Am = — 27 . 4.4
6 do V2 Y, psin Odo (4.49)

In this form, we can write a magnetic potential for the monopole solution as
dA" =F™ + S, (4.50)

where S is a Dirac sheet along 8 = 7, i.e. extended along x; and the negative branch
of x9
S = —2V210(—12)(x3)0(2)dx3 A dz . (4.51)

As usual, one could choose the position of the Dirac sheet to be along any other
direction, and glue the solutions up to gauge transformations.

The energy associated with the field strength is readily checked to be
divergent, due to the small-p behavior. This can be interpreted as the usual divergence
close to the charges (electric or magnetic) in standard electromagnetism, and it is
a consequence of having expanded the DBI action at quadratic order. The very
same field strength with opposite sign represents the solution corresponding
to an opposite sign of the charge distribution, dF™ = 2/27 6%(p)p?dp A wo. This
corresponds to choosing an D6-brane instead of a D6-brane in the stringy setup.

Step 2: solution for A¢

In flat space, this step is trivial, since there is no (z,y)-cigar over which we can
integrate F, with a finite result. However, our five-dimensional electromagnetic
problem is well-defined without the F} source term. Since the CS term does not
enter the equations for A,, A,,, Az,, we can just consider as a solution of the
equations (for those potentials), without the need to turn on further components in
directions x9, x3, 2.

Step 3: solution for A
Even if the equations do not force us to do it, we can switch on the components

A4 (x4, p) of the gauge field. The equations read

1
—2d*F =NFAF, (4.52)
g5

where the five-dimensional coupling constant is in this case g2 = 1/(87%k). Consider-
ing the solution for Fyy (4.47)) in the CS term, the equations of motion for A4 (x4, p)
reduce to

Op(p°0,A+) = FGENO, A, (4.53)
with the solutions
LN
e P
0pAy = c(xy) (4.54)

2
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Here we have included a possible arbitrary function c(mi)ﬂ Since g2N ~ 1/(AMk ),
the exponential behavior of the solution, due to the CS term, sets in for radii smaller
than p ~ 1/(AMk[), that is very close to the source (since A > 1).

Now we can note two interesting facts. First, only one of the two modes, A_El
is normalizable. Second, if we just keep the normalizable mode, i.e. as long as we
do not switch on both components F,_ and F,, in , it has zero energy: it
is tempting to read this as an indication that the mode ¢(z+) has zero potential.
These properties seem to suggest that the functions ¢(z1) could be related to the
chiral edge modes expected to be present on the boundary of the sheet: they are
only left or right moving and have zero Hamiltonian.

4.3.2 Solution on curved space

In this section, we report on the main result of this chapter, that is, the solution
for the semi-infinite sheet on the curved background . For simplicity, we just
consider the massless-quark case.

Let us recall that the boundary of the sheet extends along ¢, x1, while the sheet
itself is placed at z = 3 = 0 and extends along z2 > 0 up to the boundary at x5 = 0,
see figure [1.4] The configuration without the sheet has translational invariance along
x1 and axial symmetry around the boundary, so we can use polar coordinates

Tg = 1rcos, x3 =rsiny, (4.55)

where 9 € [0,27). In terms of these coordinates, the effective five-dimensional
background metric reads

d 2
ds? = K*/3(2)(4dwydo_ + dr® + r2dy?) + —e— | (4.56)
k:2/3(z)

The ansatz we put forward is such that:

o all the fields are independent on x4 (eventually apart from the field Ay which
can depend on 4 through the function c(z%));

e the field strength has the components
Foozy Fayey Fagay, Fioy Fiay, Fiay. (4.57)
Thus, the non-vanishing CS terms have components
FrozFigy s FrgeFiay, FryuyFis, (4.58)
and all of them enter just the equation for A4.

The ansatz is consistent with the equations of motion and Bianchi identity (4.33]).
We proceed to solve them in three steps as explained above.

"Note that the component F| _ of the gauge field strength would mix the equations among each
other, so we are keeping it off.

8The fact that A_ is normalizable depends on the sign choice of the magnetic source, 7.e. on
whether we consider a D6 or an D6-brane in the string setup.
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The vortex string

The goal of this section is to find a solution F™ of the Bianchi equation such
that dxF™ = 0 on the background . In this section, the only non-zero field
strength components will be Fy,,, Fy.., Fi,z,. The configuration is less symmetric
than in flat space, so we are not able to write a compact solution. However, we can
expand the fields on an orthonormal basis of eigenfunctions depending only on z,
and find the corresponding modes.

We start by writing an ansatz which solves automatically the equation of motion
dxF™ = 0, which reads

O H
Foo=-g25,  Fm=Es Py = K3 (2)0.H,  (4.59)

where we recall that k(z) = 1 + 22. Employing the polar symmetry on the plane
transverse to the sheet, we can rewrite the monopole field strength as

H
F™ =dy A |r ‘ZEZ) dz — kY3 (2)r 9, Hdr| . (4.60)

The function H = H (z2,x3,2) is determined by the Bianchi equation (4.33),
which, with the ansatz above, reads

KN (2)(92, + 02 H + 0. (k"/3(2) 0. H) = —2V/2r0(22)6(23)0(2 — Z),  (4.61)

where Z is a (possibly pseudo-) modulus for the position of the string in the z
direction. Here we consider just the classical configuration taking Z = 0 at the end,
but we should remind that, eventually, Z should become a time-dependent operator
at the quantum level [2§]. Taking inspiration from similar equations in [28], we
search for a solution in the form

H(xg,13,2) = ZYn(T)Cn(Z)gn(Z) ) (4.62)
n=0

where we employed polar symmetry, and we have set to zero, without loss of
generality, the modulus Bﬂ in the argument of the modes Y,,(r — R). Equation (4.61])
is equivalent to the infinite set of equations

(02, + 02, — \n)Yn = =227 (22)0(3) (4.63)
k(2)0:(k"3(2)0:Ca) + Ann = 0, (4.64)

supported by the completeness condition

>y Cn('z)é")(z) =8(z— 2), (4.65)
n=0

9The modulus R is defined as R = v/ X2 + X2, where the moduli X7 and X3 together with the
pseudo-modulus Z represent the center of mass collective coordinates of the vortex string. We
expect X2 and X3 to be true moduli of the vortex string, unlike Z, since there is a potential term
depending on z due to the warp factor.
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satisfied by the functions (,(z) with orthonormality condition given by

teo  Gal(2)Cm(2)
dz 222 = S 4.66
[ @ = (4.66)

As long as A, # 0, the first set of equations (4.63)) has solutions in terms of the
modified Bessel function of order zero of the second kin

Yo (r) = vV2Ko(vVAnr), n>0. (4.67)

They behave as logarithms at small r, while they fall off exponentially fast at large
r. For Ao = 0 the solution of (4.63)) is just the logarithm function

Yo(r) = —v2log (1), n=0. (4.68)

We have chosen to set to zero the constant solution, since the ansatz only
contains derivatives of H.

We have numerically solved the second set of equations , determining the
eigenvalues \,, by requiring that the derivatives of the functions (,(z) vanish at
z — too for n > 0, so that they are orthogonal to the even part of the zero-mode,
which is just a constant, (y = 1/y/7. The masses of the first even modes computed

from (4.64) are then
An = 0,1.6,4.6,9.2,15.2,22.8,31.8, . .. (4.69)

We have checked that the numerical solutions form a complete set according to
(14.65)).

Notice that since the functions ¢, have definite parity, so that (,(Z = 0) = 0 for
odd parity, classically the function H is even in z. A plot of the resulting solution
for H is reported in figure

Figure 4.5. The function H(r,z) obtained from the first six (even) modes in (4.62).

It can be checked numerically that with such a solution in , one has the
correct magnetic charge coming from (4.33))

dF™ = [ F™=—-2V2r, (4.70)
M3 Mo

°Remember that we are working in units where My = 1. The correct dimensionalities can be
obtained by reinserting the appropriate powers of Mk in these formulas.
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where M3, M5 are three- and two-dimensional closed surfaces containing the point
r =z =0, My = OMj3 being the boundary of M3H

We can choose to express the solution in terms of the potentials
o-H
k(z)

This corresponds to choosing the Dirac sheet S, defined by the equation

AT =r

z

A" = —prkY3(2)0.H . (4.71)

dA™ =F"+ 8§, (4.72)
to be placed along x; and the negative xo direction
S = —2V21O(—x2)6(23)d(2)dxs A dz . (4.73)

We can see explicitly the stringy nature of the solution by plugging formulas
(4.60), (4.62) into the quadratic D8-brane action and integrating in z, obtaining the

four-dimensional effective action for the vortex string
1 & ~ ~
Sos=—5 Y [ dw[@Tulr ) + M(Talr))?] (4.74)
n=0

where we defined N
Y, = VEG(0)Y,. (4.75)

As we can see, we have an infinite tower of massive modes depending only on the
two coordinates xy, x3 transverse to the string (with dynamics only in the radial
direction), plus a massless zero-mode.

Putting the Lagrangian density in on-shell on the solutions and
integrating in r, 1, one can derive the tension of the vortex string (re-inserting the
Mk i factors)

AN

Tvortox - M%(Km

[Tt S e an + /] |
n=1

(4.76)
As expected [41], [42), 44, [38], this scales linearly with N and is divergent at the
location r = 0 of the string. One has to remember that the solution is derived under
the hypothesis that the field strength is small in order to consider only the first
term in the expansion of the square root of the DBI action. Thus, the solution we
found cannot be trusted close to the source, where the divergence is expected to be
avoided in the full DBI setup.
On the other hand, we do know that the core of the string is made by the
boundary of the D6-brane on the D8-brane, and that it has the width

1
5V0rtex,hard ~ m . (477)

This can thus be reasonably used to cut off the integral (4.76)) at small .

U Numerically, we used spheres of different radii to perform the check.
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There is also a divergence of at large distances, due to the zero mode.
This divergence is typical of U(1) global strings in the context of topological defects
[146], as it will be explained in section and it is expected that a natural cutoff
exists in the system. This analogy is one of the reasons that motivated the works
[T, 5], and they will be discussed in the chapter

Calling R, the long distance cut-off, one obtains the estimate for the tension of
the “soft” shell of the string as

Tvortex,soft ~ Az)‘N IOg (Rc/évortex,hard) ~ A2>\N 1Og ()\1/2RCA) ) (478)
while the “hard” core of the strings, coming from the D6-brane, has tension
Tvortex,hard ~ AQ/\?)/QN . (479)

This corresponds to considering the boundary of the sheet to have radius dvortex,hard
, which is a reasonable definition in the antipodal D8-brane configuration we
are considering.

Finally, the logarithmic behavior of the zero mode means that the soft shell of
the string is very spread in space, so that it is not meaningful to identify a thickness
different from the above-mentioned large-distance cut-off and

5vortex,soft ~ Rc . (480)

The above estimates are summarized in the table

Core tension Tyortex,hard A32N A2

Core thickness dyortex,hard A1/2p -1
Shell tension Tyortex soft Alog ()\1/2A R.)NA?
Shell thickness dyortex,soft R,

Table 4.3. Summary of parametric dependence of tension and thickness of the core and
shell parts of the vortex string. For the reader’s convenience, we used the dynamical
scale notation A instead of Mg . R, is the large-distance cut-off.

The sheet

In this section, we work out the solution of the equation of motion for the closed
part AZ of A., including the source from F5.
Let us begin by computing the term in F5. With the choice of Dirac sheet as in

(4.73) we can write
1

V2

The integral of F, on the cigar gives

A= [ (A™ 4 A%) + 27r9(m3)6(z)dz} A S(y)dy . (4.81)

Fy = 270(z3) + ;5 [ar+ aaz. (4.82)

cigar
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As before, this gives a source term in the equation for A¢ of the form

A [5r0(ay) + % [+ aza] y (4.83)

Note that we know the explicit form of AY, and so its integral, from (4.71]).
The z-dependence of the field AS can be dealt with the ansatz (4.16])

c_ V2
Az = —F(z)(ﬁ(ﬂa, I‘g) . (484)

Its equation of motion reduces to an equation for ¢(x2, z3)

It is straightforward to integrate numerically this equation. The sum of the solution
and the integral of A7" gives the profile of the 7’ field

_% - (¢(x2,x3) - % / A;’”dz> . (4.86)

We impose the boundary conditions 7(z2, —00) = 0 (trivial vacuum on one side of
the sheet), n/(oc0, 23) = 1l (z3), where 0’ (x3) is the profile found in section
for the infinite sheet. We plot this field in figure [£.6l While for x5 > 0 the profile
resembles that of the infinite sheet by construction, for zo < 0 it is visible the
discontinuity due to the Dirac sheet, enforcing the monodromy of the 7’ field around
the D6-brane wall (whose boundary is at 9 = x3 = 0 in Minkowski).

Figure 4.6. The profile of —‘j{—fn’ for mwv /Mgg = 0.3.

As usual, the solution induces a D6-brane charge on the D8-brane, which we can
calculate in terms of the flux of Fj,., obtaining

/dl‘gdz Frpr = /dz Az|§g§tg§ — /dazgdz Sesz = —2/2r O(xz2), (4.87)

where S is the Dirac sheet in formula (4.73). The result is that there is a unit
D6-brane charge induced only for x5 > 0, where the sheet is located. Once again,
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the condition accounting for the cancellation of the total D6-brane charge in
the setup is satisfied. The parametric dependence of the tension and thickness of
the sheet are the same as in the infinite sheet case, see table

The effective action for the system of the vortex string and the sheet can be
derived from the total D8-brane action (the Maxwell term plus the F, action),
considering that the complete field strength reads

Frpey = k3(2)0.H , (4.88)
Fyp,. = —k7Y(2) [@xSH + \fams] , (4.89)
Fp,. = k71(2) [amH - fax?,(b] . (4.90)

By means of formula (4.62)) and integrating in z, the effective action is

= _% / d%{ 3 (DY) + 2 (V)?] + [(0220) + (907
n=0
T ~ 1 2
, [, 5e0— 5 [ Az - 2779(333)] } S (o)

Va= VRGOYa, 5=y (1.92)

where we defined

The action is that for a string configuration (the part in ffn) and a membrane
(the part in ¢) with a non-trivial potential.

This action must be used with caution. In fact, while it gives the correct equation
of motion for ¢, it does not provide the correct equations for the Y,,. This is because
of the coupling term between the Y, in J A7 and the ¢ in the second line of (4 ,
which must be dropped by hand from the equations for the Y Ultlmately, the
reason for this resides in the fact that the Y, and ¢ are both modes of the same
gauge field in five dimensions. We chose to solve the equation of motion of the
latter by enforcing the extra constraint d«F™ = 0 on the monopole-like part of the
solution (which is written in terms of the Y,). The latter constraint is not included
in and amounts to dropping the coupling term between the Y,, and the gg in
the equations of motion of the Y,,, as stated above.

In any case, we made an extra check that the configuration we found in two steps,
first solving for F™™ enforcing the constraint d«F™ = 0, and then solving for the rest
of I, satisfies the complete equation of motion for the five-dimensional gauge field.
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The charged mode

In this section, we solve for the components A4 of the D8-brane gauge field. Their
equations of motion reduce to

1 2 2 N 1/3
aszi ﬂ 83:3Ai \/§ .
G <8x2H— W&C?)qb) 2 <8x3H+ e[ =0, (493)

Since the only unknowns in these equations are Ay, one can find them either
numerically or employing the basis (,,(z) to reduce them to a set of equations in
just the xo, x3 variables. In any case, the solutions can be multiplied by a generic
function c¢(zy), as in the flat space case. The associated energy is zero as long as
there is just one of the two components Fips turned on (M = z+, 29, 23,2). Again,
this mode could be related to the chiral edge mode expected on the border of the
sheet.

In fact, one can argue without solving equation that only one of the two
modes AL is normalizable. The reason is that the equation simplifies drastically close
to the string at z ~ x9 ~ z3 ~ 0. It can be checked that it reduces to the flat space
one , with the two solutions , only one of which (A_) is normalizable at
the origin. Thus, there is only a left-moving or a right-moving normalizable mode.

One can derive an explicit numerical solution for this mode given particular
boundary conditions. The analysis of the equation in the asymptotic regions of
large z,x9, x3 shows that one can impose the solution to go to constant values. It
is natural to choose a zero constant at large |z|. Another boundary condition can
be imposed at z = 0, where equation can be integrated numerically in zs, 3.
In this case, one can impose that close to the origin the solution is the flat space
one (a primitive of equation at z = 0), and that at large |z2|, |x3| it goes to a
constant[*Z]

With these boundary conditions, one can integrate numerically equation .
Plots representing two slices of the solution at z = 0 (the boundary condition) and
at a fixed z > 0 are reported in figure [£.7]

2This condition is the same as in flat space as well. The difference between the flat space case
and the curved one (4.93) at z = 0 is encoded in the two terms Oy, ,z5¢. These are limited and
multiplied by derivatives 0z, 45 A+, s0 a constant boundary condition is still the most natural one.
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Figure 4.7. Slices of the solution for A_ at z = 0 (left) and z = 5 (right). For these
plots we fixed N/167%k = 1 and A_ (29, 73,0) = 1 at large |z3], |v3]. The 2z = 0 slice is
almost the same as in flat space. As z increases, the solution reduces in amplitude and
eventually goes to zero at large z (as dictated by the boundary conditions).
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Chapter 5

Cosmic topological defects from
holography

In this chapter, we are going to pause our quest to find the holographic description
of the Hall droplet baryon. We will instead show how the brane setup presented in
the previous chapter, analyzed here in the deconfined phase of the WSS model (see
section , allows us to describe the so-called cosmic topological defects.

Topological defects in gauge theories often arise as remnants of phase transitions
in the early Universe [147, 148, 149, 150} 151} [146]. As a playground theory, consider
a hidden sector composed of an SU(N) gauge theory coupled with a single massless
flavor. At large-N and low energies, this theory can be effectively described by
an axionEl which is the pseudo-Goldstone boson of the spontaneously broken axial
U(1)4 flavor symmetry, as it happens in Kim-Shifman-Vainshtein-Zakharov-like
axionic models [95], [96]. This scenario, briefly introduced in section and its
variants have been widely studied in cosmology due to their rich phenomenological
implications. In particular, the cosmological evolution of these theories often leads
to the formation of various topological defects, such as cosmic strings and domain
walls. A key feature of the model we consider is the presence of a residual vector
U(1)y symmetry, associated with the baryonic charge of the single massless flavor.

In holographic QCD models or their dark sector analogs, these defects typically
emerge from the spontaneous breaking of symmetries such as chiral or axial sym-
metries. In our context, the phase transition responsible for generating topological
defects is closely tied to the breaking of chiral symmetry. As the Universe cools
below a critical temperature, non-trivial vacuum configurations form, resulting in
the creation of the above-mentioned cosmic strings and domain walls.

The WSS model, presented in chapter |3} offers a concrete holographic framework
to study such topological defects. To mimic a single flavor SU(NN) theory in a
cosmological scenario, in this chapter, we study the Ny = 1 WSS model at finite
temperature, in its deconfined phase (see section . This phase occurs at high
temperatures, analogously to the deconfinement transitions observed in Yang-Mills
theories. In this phase, the WSS model can be seen as effectively describing a

!This particle could also serve as a QCD axion or an ALP for the Standard Model, as explained
in section [[.4] Nevertheless, in our discussion, we do not take into account interactions with the
visible sector.
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non-supersymmetric SU(N) dark gauge theory coupled with a dark flavor sector,
where the gauge fields and flavor degrees of freedom interact in a high-temperature
regime. This dark flavor sector plays a crucial role in the study of topological defects,
which form when the axial symmetry is spontaneously broken. In this model, the
scale of condensation of the extra flavor is set by the strongly coupled version of a
non-local quartic Nambu-Jona-Lasinio interaction [I45]. Thus, it can have a chiral
symmetry-breaking phase in the deconfined regime. See, again, the discussion in
section

We start from section [5.1} where we will give an overview of the cosmic defects
we are interested in: the axionic strings, the vortons, and the domain walls.

In [2], the straight axionic string of the WSS model in the deconfined phase
was described as a probe D6-brane wrapped on a four-cycle S* of the background
geometry. The effective four-dimensional action for this string can be derived from
the DBI action of the D8-branes, whose gauge fields are sourced by the D6-brane.
This construction provides a physical interpretation for the otherwise problematic
short-distance divergence in the effective action of global cosmic strings: the D6-
brane, acting as a hard core, regularizes the small-distance behavior of the string.
We are going to show how these strings can be described from the D6-brane and the
D8&-brane perspective.

In a realistic cosmological scenario, axionic strings can break and form string
loops. Moreover, when DWs are formed, they can end on cosmic strings. In this
chapter, based on [5], these objects are studied in detail as described as probe D6-
branes, wrapped on S*, with a circular boundary on the flavor branes. In particular,
it is shown that at fixed temperature, the string loop and the DW solutions are
separated by a first-order transition as their size is variedEl

Charged string loops with an angular momentum are commonly referred to as
vortons in the literature. In the scenario we are considering, the conserved charge
is associated with the baryon symmetry U(1)y, and a crucial role is played by
the Chern-Simons theory that lives on the world-volume of the wrapped D6-brane,
introduced in chapter E| in formula . We have already seen that this is effectively
a (241)-dimensional U(1)x CS theory, which is famously the theory that describes
the bulk physics of the fractional quantum Hall effect. We postpone to chapter [6] the
D6-brane description of these charged objects since it can be done systematically for
various D6-brane embeddings.

Section is devoted to studying the embeddings of the probe (uncharged)
D6-brane representing axionic topological defects. First, we focus on the straight
axionic string. Then, we study the string loop and DW embeddings considering
a D6-brane with a circular boundary on the flavor branes. We show that these
two embeddings, which are both unstable, cannot be realized for every value of the
D6-brane boundary radius but are separated by a first-order phase transition. The
critical radius for the transition depends on the temperature.

We also provide the effective, low-energy description of straight string, string
loops, and vortons, in terms of the degrees of freedom living on the flavor branes, i.e.
mesonic modes. We provide the four-dimensional effective action for the uncharged

2As we will see, these are not equilibrium configurations, so the transition is not the usual
first-order phase transition between two equilibrium phases.
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straight string and string loop. Then we turn on the electric potential on the flavor
branes. In the case of vortons, we study the stability of the defect when charged
under the baryon symmetry. The role of the vectorial U(1)y symmetry, associated
with baryonic charge, is essential for the stability properties of these defects. In
particular, the baryonic charge could prevent some decay mechanisms that would
typically collapse the defects. This will be the content of section [5.3

5.1 Cosmic topological defects in a nutshell

Phase transitions in the early universe are expected to lead to the spontaneous
breaking of fundamental symmetries. The order parameter field responsible for
the symmetry breaking (typically a scalar field acquiring a vacuum expectation
value) takes values in the vacuum manifold of the theory. According to the Kibble
mechanism [I47], after the transition, different causally disconnected regions of space
randomly settle into different vacuum states. Since the choices in separated regions
are uncorrelated, when these domains meet, the order parameter cannot, in general,
be smoothly interpolated between the different vacua. This mismatch implies that
the field configuration is forced to remain away from the vacuum manifold along
certain regions, giving rise to the so-called topological defects. The stability of these
configurations is guaranteed by the non-trivial topology of the vacuum manifold
M = G/H, with G the symmetry group and H its unbroken subgroup.

The type of defect depends on the homotopy group m,(M):

(M) # () = domain walls,

71 (M) # 0 = cosmic strings,
(M)
(M)

m3(M) # 0 = textures.

D) # () = monopoles,

Of particular importance in cosmology are axionic strings, their charged closed
loop configurations known as vortons, and the domain walls which can be attached
to strings. These defects arise naturally in theories with an axion or an axion-like
particle and are of great interest for cosmology and dark matter phenomenology.
In the following, we will focus on the above-mentioned topological defects. The
interested reader can find out more about topological defects by looking at [146].

5.1.1 Global strings

Global strings are line-like topological defects that arise when a continuous global
U(1) symmetry is spontaneously broken. A prototypical model involves a single
complex scalar field ¢ with Lagrangian density

A 2
£=0.00"6 ~ (16 =), (5.1)

where 7 denotes the symmetry-breaking scale. Minimization of the potential shows
that the vacuum manifold is given by |¢| = n, which is topologically equivalent to S?.
Since m1(S!) ~ Z is non-trivial, one expects the existence of stable string solutions
classified by an integer winding number n € Z.
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To construct such a solution, it is convenient to use cylindrical coordinates
(r,p, z) centered on the string axis. A static configuration with winding number n
may be written in the form

gb(r, 90) = f(?“) einso’ (5'2)

where the real function f(r) represents the radial profile of the scalar condensate.
The boundary conditions are determined by regularity and finite energy requirements:
the field must vanish at the core, f(0) = 0, and approach the vacuum manifold far
from the string, f(r) — n as r — oo. The characteristic size of the core is set by the
inverse mass of radial fluctuations, § ~ m;l, with mg = V.

The energy per unit length p of the configuration can be obtained by
integrating the energy density over the transverse plane. Far from the core, the
energy density is dominated by gradients of the Goldstone phase 6 = np. In this
region one has |V0|? = n?/r2, so that

Re 1 n\?2 R
~ 2 (Z2) = an2n?in( =<
= : 27y dr 5"l (T) ™mon ln( 5 >, (5.3)

where R, is an infrared cutoff, in cosmology identified with the correlation length or
the horizon sizeEl Thus, the tension of a global string diverges logarithmically with
system size, in contrast with local (gauge) strings whose energy is confined by gauge
fields [146]. This infrared divergence is the manifestation of a long-range Goldstone
boson field that mediates interactions between strings. Note that this is the behavior
we found for the vortex string tension of the holographic Hall droplet sheet .

In the early universe, global strings are formed via the Kibble mechanism during
the symmetry-breaking transition. Causally disconnected regions choose random
values of the vacuum phase, and at their intersections, stable string configurations
appear. Numerical simulations indicate that once formed, the string network evolves
toward a scaling regime in which the density of long strings per Hubble volume re-
mains approximately constant (see [I52] for a recent discussion on this phenomenon).
As the network evolves, long uncharged straight strings frequently intersect and
reconnect, a process known as intercommutation. Fach intercommutation event
typically leads to the formation of closed loops, which then detach from the long-
string network. These loops oscillate under their own tension and gradually lose
energy, predominantly by emitting Goldstone bosons in the case of global strings.
The continual production and decay of loops is an essential mechanism driving the
network toward the scaling regime.

In the specific case of ALP models, these Goldstone quanta are ALPs themselves,
and their emission from the string network represents a significant contribution to
the cosmic axion population.

Vortons

A particularly interesting class of string configurations arises when charge/currents
are trapped on cosmic strings. In theories where additional fermionic or bosonic

3Note that the small distance cutoff can only be defined inside the effective field theory ,
and it does not know anything about the UV completion of that theory. This limitation is overcome
in the holographic model, as we have already seen in chapter [d] since the small distance cutoff is
associated with the presence of an “hard core”, i.e. the D6-brane.
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fields couple to the string-forming scalar, massless modes may localize along the
string core. These modes can carry conserved charges and currents, endowing the
string with additional degrees of freedom. If a closed loop of superconducting string
is formed, the presence of such currents can stabilize the loop against collapse, giving
rise to non-trivial objects known as vortons.

The simplest way to see this is to consider a circular string loop of radius [
carrying a conserved charge ) and current I. The energy of the loop receives two
competing contributions: on the one hand, the string tension p tends to contract
the loop, producing an energy ~ pl; on the other hand, the momentum of charge
carriers trapped on the string generates a centrifugal effect, which resists contraction.
The total energy of the loop can be schematically written as

2
E(l)~upl+ QT (5.4)
The first term decreases with decreasing [, while the second term grows as the loop
shrinks. As a consequence, the energy has a minimum at a finite equilibrium radius

lstable ~ (55>

Q
Vi
indicating the possibility of a stable configuration. Such an equilibrium loop is what
is called a vorton in the literature.

The existence and stability of vortons depend on the microphysics of the un-
derlying theory, and it has been the focus of extensive literature, with renewed
interest in recent years (see e.g. [I51], 153 154, 155, 156, 157, 158 159]). These
studies argue that charged fermions present on the string can exert pressure to
counteract shrinking, potentially leading to stable configurations. Typically, vortons
are considered charged under electromagnetic symmetry, and their decay into Stan-
dard Model particles often destabilizes them. From a cosmological perspective, the
possible survival of a significant vorton population has important implications. A
stable population of macroscopicﬁ vortons behave like non-relativistic matter and
can easily dominate the energy density of the universe if produced abundantly in
the early phases of string network evolution. This can lead to stringent cosmological
constraints: the absence of vorton observations today excludes large regions of
parameter space in models predicting vortons. On the other hand, if vortons are
only metastable, their eventual decay provides a potential source of high-energy
particles or radiation, which could also be constrained observationally.

5.1.2 Domain walls

Domain walls are sheet-like topological defects that arise when a discrete symmetry
is spontaneously broken. Consider a real scalar field ¢ with potential

V)= (s ), (5.6

4Macroscopic vortons are intended as string loops with a radius which is not parametrically
small with respect to the parameters of the theory. However, the vorton stability radius can be
set to be very small. In such a case, they behave like point particles, and there is no associated
cosmological problem.
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which is invariant under ¢ — —¢. The vacuum manifold in this case consists of two
disconnected points, ¢ = 4n. Since the zero™ homotopy group of this manifold is
non-trivial, i.e. mo({£n}) =~ Zs, stable domain wall solutions exist that interpolate
between the two vacua.

The field configuration of a static planar wall, lying for instance in the zy-plane,
depends only on the coordinate z transverse to the wall. Solving the Euler-Lagrange
equation for ¢(z) yields the kink solution

m
z) = tanh( z) , 5.7
() = ntanh( (5.7
where m = v/An is the scalar mass. This profile smoothly interpolates from ¢ = —7
at z — —00 to ¢ = +n at z — +oo, with characteristic thickness 6§ ~ m~!. The
surface energy density (or tension) of the wall o is obtained by integrating the energy
density across the profile,

o= [ a E (;lf)Q + v(as)] - 2\3@ A2y, (5.8)

In cosmology, domain walls are produced when a discrete symmetry is broken in
the early universe. Different Hubble patches choose different vacuum states, and the
boundaries between regions of opposite sign of ¢ become domain walls. Networks of
walls are therefore a generic outcome of such transitions. However, domain walls
present a serious cosmological problem: their energy density redshifts much more
slowly than radiation or matter. A frustrated domain wall network quickly comes to
dominate the energy density of the universe, leading to an unacceptable cosmology
unless the walls are somehow destabilized or inflated away. This is the well-known
“domain wall problem” [160} 161} [148].

In the QCD axion case, the Peccei-Quinn mechanism breaks a global U(1)pq sym-
metry, leading initially to axionic strings. At lower temperatures, non-perturbative
QCD effects generate a periodic potential for the axion, as we have seen in ,

V(a) =~ m2f? [1 — cos(a)] , (5.9)
Ja

which selects discrete vacua a = 2wk f,/Npw, where k is an integer, and Npw is
the domain wall number determined by the color anomaly of the PQ symmetry.
Each string in the network then becomes attached to Npw domain walls, forming a
string-wall system. The cosmological consequences depend crucially on the value
of Npw. For Npw = 1, each string is attached to a single wall, and the wall
bounded by string quickly collapses and decays, producing axions. For Npw > 1,
however, strings are attached to multiple walls, leading to a stable and long-lived
network which inevitably dominates the universe, unless explicitly broken by small
PQ-violating operators. Thus, viable QCD axion models typically require Npw = 1
or an equivalent mechanism to avoid the domain wall problem.

As we have seen in [[.4] axion-like particles are pseudo-Nambu-Goldstone bosons
arising from the breaking of global U(1) symmetries not tied to QCD. Their potential
behaves as the QCD one , and is generated by higher-energy explicit breaking
effects. The vacuum structure is then a = 27k f,/Npw, with Npw determined by
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the structure of the breaking operator. As for the QCD axion, phenomenological
ALP scenarios typically enforce Npw = 1 to remain cosmologically viable.

Domain walls therefore occupy a central role in the cosmology of axions and
other theories with discrete symmetry breaking. They not only constrain model
building through the requirement of a consistent late-time cosmology, but also act
as efficient sources of axion radiation during their decay, contributing significantly
to the relic axion abundance.

In our holographic construction, the condition Npw = 1 is automatically realized
as it happens in Kim-Shifman-Vainshtein-Zakharov-like ALP models. The extra
flavor condenses at a scale f, much bigger than the confinement scale due to e.g.
quartic Nambu-Jona-Lasinio-like interactions or some other mechanism preserving
Npw = 1.

5.2 D6-brane description of the defects

In this section, we study the various D6-brane embeddings that could holograph-
ically describe axionic topological defects, such as the straight axionic string, the
axionic string loop, and the axionic DW. In the usual cosmological scenarios, the
axionic DWs arise in the confined phase of a QCD-like theory, around the confine-
ment /deconfinement transition, and they are not present at higher temperatures. In
our model, DWs can be formed earlier, leading to a novel cosmological feature that
can have interesting phenomenological consequences. In particular, DWs charged
under the baryon symmetry can form in the early Universe and be (meta)stable,
leading to new candidates of dark matter, recently predicted in [2] as azionic-baryons
(a-baryons).

We will start by presenting the D6-brane embedding associated with the straight
axionic string [2]; then, we will study the D6-brane embeddings that describe the
axionic string loop and the axionic DW [5]. Surprisingly, these last two embeddings
cannot always be realized, but there is a first-order phase transition between the two
depending on the radius of the string loop/DW at the tip of the U-shaped D8-branes.
As far as we know, this phase transition has not been investigated in the literature.

We have already introduced in chapter [ the presence of a D6-brane wrapped on
the background S* of the Witten background. A key feature of this object is the
presence of a U(1)y Chern-Simons theory on its world-volume. This comes from
the CS term of the D6-brane, which does not depend on the specific background
metric we are considering

1 1 N
87r2/03/\da/\da 87r2/ 1A\ aAda 47T/a/\da, (5.10)

where a is the D6-brane gauge field and we have used [¢4 Fy = 27N EI

In this section of the chapter, we will turn off the D6-brane gauge field. This
will correspond to describing uncharged topological defects. As already said in the
introduction to this chapter, the charged version of these topological defects will be
studied in detail in chapter [6}

5As in the previous chapter, we neglect the boundary term in the integration by parts.
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Figure 5.1. The D6-brane embedding for the straight axionic string is presented from the
Minkowski space point of view (left) and in the (x4, u) cylinder sub-space (right). The
D6-brane is attached to the D8-brane tip and it ends on the horizon.

5.2.1 Straight axionic string embedding

The straight axionic string can be described holographically by a D6-brane wrapping
5S4, attached to the tip of the U-shaped D8-brane, ending on the black-hole horizon.
In analogy with the Hall droplet sheet, this represents the “hard core” of the axionic
string. The D6-brane is also extended along, say, the x1-coordinate of Minkowski
space. See figure for a pictorial representation. The D6-brane, in general,
could have a non-trivial profile say in the (z2, u)—plandﬂ and it is described by the
embedding function o = x = z(u). The induced metric on the D6-brane reads

dsy = (2)3/2 [_fT(U)dtQ +da? + (x’(u)2 + <R>3

1
fr(u)

where 2/(u) = dz/du. The DBI action for the D6-brane with the world-volume
gauge field switched off is

T 3 : 3
SEBL — —W/dtduu \/1 - (;) fr(u)a! (u)? = ViV, /dtduc,
s

- ) duQ] + R3212q02

where L = —T6R3u \/1 + (;)3 fr(uw)z!(u)?. (5.11)

Gs
The Euler-Lagrange equation for the profile z(u) reads

3 3 3 3
ou® — 2uyp 4u® — up

x (u) + @ " (u)? + mm/(u) =0, (5.12)

and admits 2’ = 0 as a solution. This is referred to as the straight axionic string
configuration (saxs).
The tension of the straight axionic string can be easily computed as

SEBL = Tiavs / dt dxy,

50f course, one could equivalently consider the z3 direction or both.
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In the language of chapter [ this is the tension of the hard core of the axionic string
Thara- Explicitly, it reads

T 3,2 .2 )\2N T4 28 4.4 T4
T, = LoValtuy —up U A N GRE)
Js 2 3. 2673 MKKcé 3t T
where 0.154
Cq 2 ——. (5.14)
Jr(b)

The tension grows as the temperature T drops towards 7T, and it reaches its
maximum in the supercooling regime 7" — 0. The thickness dna.q of this core is
provided by the brane thickness, which is roughly the local string length scale and
has its largest value at up, giving

/2

Ohard ™~ N2T3/2 (5.15)

Note that the (inverse) thickness is naturally set by the temperature scale T, rather
than the scale of symmetry breaking 7T, as commonly assumed in the literature
for axionic strings. This is because the transverse size of the D6-brane, as seen by
the theory on the boundary (where it represents the axionic string), depends on
the holographic direction. Objects localized at u; have a smaller size than objects
localized at up. Since the string is really a brane stretched from w; to ur (see
figure , its maximal transverse size is set at ur, giving formula . Only its
portion close to the D8-brane would have size set by uy, giving a thickness set by

the symmetry breaking scale as ¢ ~ TNV, 2,

5.2.2 Axionic string loop & axionic domain wall embeddings

The axionic string loop and the axionic domain wall configurations correspond
to two different profiles of a D6-brane, wrapped on S*, ending with a circular
boundary of radius [ (say in the (x1,x2) plane) at the tip of the U-shaped D8-brane.
The two profiles correspond to two different solutions for the embedding function
p = y/z% + 23 = p(u) satisfying the boundary condition | = p(u;). The induced
metric on the D6-brane now reads

0N 372 ’
isto=(3)" [Fontone e+ (g + (5) 1)

+ R¥?u12d03

where p'(u) = dp/du and the (x1,x2) plane has been expressed in terms of polar
coordinates (p,1). The DBI action then reads

u
SB(]?I = —C’/dtdu p(u) u\/l + ﬁf:r(u)p’(u)2 = —C/dtdu p(u)uDo(u), (5.16)

where

u3
mw—%+mﬁwmw, (5.17)
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and

T, N 1 AN
C="CR3ov, =

= ) 5.18
Js 3(2ra’)? 32472 M2 RS (5.18)

The Euler-Lagrange equation for p(u) derived from the action above

up(u) u? / _
o, ( R (R> Fr(u)p (u)> — uDo(u), (5.19)

has to be solved numerically and turns out to admit (at least) two solutions: one
which describes a D6-brane that extends from u = u; to the horizon u = up (see
ﬁgure; another which gives a D6-brane profile going from wu ; to some intermediate
coordinate ug (> ur) at which the configuration shrinks to zero size (see figure .
The first possibility corresponds to an uncharged axionic string loop while the second
one describes an uncharged azionic domain wall ending on a string loop. It is
important to notice that, due to the absence of a charge which might counterbalance
the tension of these objects, both configurations are, not unexpectedly, unstable. In
fact, for both of them, it turns out that

p(ug) #0, (5.20)

which means that the D6-brane does not end orthogonally to the D8, as it would be
required by the zero-force conditionﬂ

As we will see, at any fixed value of b = up Juy in the chiral symmetry broken
phase, the string loop configuration exists only for some [ > lyn, while the domain
wall exists only for I < lyiax, where Iyvn, Imax are critical values for the D6-brane
radii at the tip of the U-shaped D8-brane. This suggests the possible occurrence of a
“phase transition” between the two conﬁgurationsﬁ As we will see, this is the case.

In order to find a numerical solution of we adopt dimensionless coordinates,
rescaling

p=1Lp, u=usju. (5.21)

Dropping the hats for simplicity and using (3.118]) the action can be rewritten as

SPBY = —Cw3 L [ dtdu p(u)u Do(u),

b3

Do(u) = /1 + Jr(B2 fr(w)udp/ (w)?,  fr(u) =1 - o (5.22)
and the equation for p(u) reads
Jr(b)%d “4p(“)f (uw)p' () | —uDo(u) =0 (5.23)
T w Do(u) T\u)p 0 . .

"From equation it follows that if we impose p'(us) = 0, we get p”(us) > 0 which implies
that uy is a local minimum for the radius p(u). This is opposite to the behavior of the unstable
solutions shown in figures @ and

8Here and in the following we will loosely use the term “phase transition” although, properly
speaking, this should be referred to transitions between phases that are stable on certain domains
at equilibrium, while our uncharged configurations are unstable.
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Figure 5.2. Pictorial representation of the D6-brane embedding describing holographically
the axionic string loop. The D6-brane has a radius [ at w = u; where it is attached to
the D8-brane, while it ends on the horizon with a non-trivial profile.
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Figure 5.3. Pictorial representation of the D6-brane embedding describing the axionic
domain wall ending on a string loop. The domain wall has a radius I at u = u; where it
is attached to the D8-brane, and it shrinks to zero size at u = ug, with ur < ug < uy.
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The free energy of a D6-brane configuration solving the above equation reads

NN Jp(b)AT
32672 (0.154)3 M2

1 A
Epg :CugL/* du p(u) u Do(u) = / du p(u) u Do(u) .

(5.24)
The integral over u runs from u* = b for the string loop solution and from u* = ug /u;
for the domain wall one.

String loop solution

Examining equation , we can immediately notice that a cylindrical-shaped
string loop solution, satisfying p/(u) = 0 for every u, does not exist. This does not
mean that the D6-brane cannot end at the horizon. It does, but with a non-trivial
shape that we are going to determine. Since the D6-brane ends at the horizon, we
must carefully choose the boundary conditions there. We use a series expansion to
give initial values for the solution and its first derivative at the horizon’] We insert
in equation the regular expansion

Ny

p(u) = Z cn(u—b)", (5.25)

n=0

with N, = 6 and we expand it around u = b. All the coefficients ¢y, are determined
given cg, which is the non-zero radius at the horizon. For example, the first coefficients
of the expansion are

1 14 18bJ7(b)%c3

T B2’ P I

)

This series expansion is consistent with the D6-brane entering orthogonally at the
horizon. This can be better seen switching to Euclidean space: regularity of the finite
temperature WSS background metric around v = ug is immediately realized,
after the condition is imposed, by introducing the coordinate v ~ \/u — urp,
which renders the metric in the sub-space (tg,v) explicitly flat. In terms of this
coordinate, the near-horizon equation for the embedding reads

(v — p(0)7 ) (1 + ' (0)2) = vp(v)p" (v). (5.26)

The orthogonality condition

p(v=0)#0, p(v=0)=0, (5.27)

is consistently realized by the series expansion .

The corresponding solution describes the string loop configuration that ends at
the horizon, realizing the axionic string loop in the (3+1)-dimensional Minkowski
space. A particular numerical solution with ¢y = 1 and b = 0.1 is presented in
figure A numerical study of the solutions leads us to observe that for each
value of b, we cannot reach an arbitrarily small radius [ at uy. Therefore, the string
loop configuration, at fixed b, does not exist for arbitrarily small radii . Another
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Figure 5.4. Revolution plot around the 4 axis of the non-trivial embedding p(u) describing
the string loop configuration, for b = 0.1 and ¢o = 1. The u variable runs from the
horizon b = 0.1 to the D8-brane tip at @ = 1.
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(a) Plot of the D6-brane free energy in while the blue line is a fit with a linear
the string loop phase for b = 0.1. function.

Figure 5.5. Plots of the D6-brane free energy in the string loop phase as a function of
and the fit with a linear function for b = 0.1.

observation is that for large values of the radius at the horizon (cp), the radius [ is
almost equal to ¢y, so we have a quasi-cylinder configuration.

The free energy of the string loop configurations at fixed b turns out to
be linear in [, as expected by the scaling of their tension with the length. This can
be seen, for instance, from the plots in figures [5.5a] and [5.5D] where the free energy
at b= 0.1 is given in units of Cu%L. Figure |5_5b| shows the fit of the energy with a
linear function of [. Several values of the energy as a function of  (the red dots) are
well approximated by the linear function y(I) = ¢l with ¢ ~ 0.7 for b = 0.1 (the blue
line). We have checked that this linear behavior persists also for other values of b.

Sandwich defects

Before discussing the DW solution, we mention another possibility for the axionic
string and string loop solutions. We have seen that the D6-brane in figures and
[b-2] has a boundary on the D8-brane and terminates at the horizon. However, the
D6-brane can extend from two different flavor branes as in figure The second

9In our numerics, we employ a cutoff at the horizon of e = 107%.
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Figure 5.6. Straight axionic string and string loop configurations between two types of
D8-branes. The D6-brane does not terminate at the horizon but has two boundaries
attached to the two flavor branes.

flavor brane can be thought of as another dark flavor that condenses at a temperature
T, set by uk (the radial variable of the tip of the corresponding D8-brane), distinct
from T,. Analogously, if we consider the confined phase of the theory, the second
flavor brane can represent a QCD flavor. We have such a possibility because the
asymptotic separation between a D8-brane and a D8-brane L, of a given flavor, is
a free parameter in the model, and hence we can tune L to get the desired T, at
which the chiral symmetry is broken. This “sandwich” structure has been studied in
the literature [41], 42, 162} [163], in particular between topological defects composed
of the axion and the 7’ field, realizing composite objects of dark excitations and
Standard Model excitations, leading to interactions between the two sectors.

We will come back to these sandwich defects in chapter [6] where their charged
(under the baryonic U(1)) version will be investigated in detail in both phases of the
WSS model.

Domain wall solution

The domain wall configuration is a solution of the equation of motion with
boundary conditions: p(ug/uy) = 0and p/(ug/uy) = oo, i.e. the wall closes smoothly
at up. Notice that the equation depends only on b so, once we have fixed it, by
choosing the value of the holographic coordinate ug, the value of the radius I = p(uy)
is determined. A particular solution for b = 0.1 is presented in figure For a
given value of b, no matter which value of ug we pick, the radius { will be limited
from above. We cannot get arbitrarily big radii [ if we want the configuration not to
reach the horizon.

The free energy of the domain wall configuration shows the following
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Figure 5.7. Revolution plot around the @ axis of the non-trivial embedding /(%) describing
the domain wall configuration for b = 0.1. The @ coordinate runs from ug/u; = 0.35,
where the D6-brane has its tip, to the D8-brane tip at & = 1.
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Figure 5.8. The D6-brane free energy of the domain wall configuration as a function of [ is
plotted for b = 0.1.

features. In figure E we examine it (in units of Cu%L) for b = 0.1. For large values
of I, the energy scales linearly with [ (as the energy of the string loop configuration),
while for small I, the energy scales quadratically with [. Figure shows the
analysis of the D6-brane energy for small radii I. A fit of the energy with a second-
degree polynomial is shown in figure [5.0b] We see that a set of values of the energy
at a given [ (the red dots) are well-approximated by the parabolic curve p(l) = al?
with a ~ 0.5 for b = 0.1 (blue line).

The reason for this behavior is that at small radii the D6-brane is close to the
D8-brane and very flattened, so the energy is coming from a disk shape of almost
constant tension. Instead, for large radii the D6-brane has a region where the
embedding is almost vertical in the u direction (resembling a string configuration)
before turning inside to close near to the horizon, where its tension is small; so its
energy is dominated by its string-like portion. In other words, from the holographic
QFT dual point of view, the tension of the domain wall is reduced in the region far
from the string at its boundary. So at large radii, the string dominates the energy,
while at small radii the DW world volume is never far from the string, the tension is
never small and the whole world volume contributes to the energy.
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Figure 5.9. Plots of the D6-brane free energy in the domain wall phase as a function of [
and the fit with a parabolic function for small [ and b = 0.1.

Analysis of the first-order phase transition

In this section, we analyze the competition between the two configurations studied
above. As we said, for the string loop solution, the asymptotic radius [ is limited
from below, while for the domain wall, [ is limited from above. We can therefore
compute the minimal allowed radius for the string loop phase and the maximal
allowed radius for the domain wall phase as functions of b and compare them. The
result is shown in figure [5.10] where the blue line is the minimal allowed radius for
the string loop configuration Iy, while the red line is lyiax, the maximal radius
allowed for the domain wall configuration. At a given value of b, for | < lyy only
the DW phase exists, while for [ > Iyjax only the string loop one is present. Inside
the yellow region, Iymin < I < Iyiax, both phases coexist.

In the small region where the two phases compete, we can compare the free
energies of the associated configurations using . The results are shown in figure
The plot in figure shows the energy of the DW solution (in blue) and the
string loop (in red) configurations. For small [ the DW phase is less energetic, while
for bigger values of [, the string loop phase is less energetic. Despite the difference in
energy (see figure being very small, it shows the characteristic behavior of a
first-order phase transition, whose occurrence is ubiquitous in holographic scenarios
like the one presented in this work. Even if this analysis refers to the model at
temperature b = 0.4, the results apply to every value of 5

All in all, in the yellow region of figure [5.10] where both phases are allowed, we
find that there is a critical radius l¢ptical Such that for I < leriticas the DW phase
dominates while for [ > l¢itica1 the string loop phase dominates over the DW one.
The value of leritical depends on b, and it is the critical value at which the system
exhibits a first-order phase transition. We can compute numerically [ itical as a
function of b and the result is shown in figure and in figure where the
critical radius is plotted together with Iyn and lyax.

10The behavior of this energy difference with the temperature is not trivial, but instead grows if
b grows.
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Figure 5.10. The blue line is the minimal allowed radius lyn for string loop configuration,
while the red line is lyiax, the maximal radius allowed for the domain wall configuration.
Both are functions of b. At a given value of 5, for I < Iy only the DW phase
exists, while for [ > Iy ax only the string loop one is present. Inside the yellow region,

Imin < I < Imax, both phases coexist.
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(a) Plot of the free energy of the DW
(blue) and string loop (red) configu-
rations in the range of [ where both
phases coexist. We analyze the model
at b= 0.4.
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(b) Plot of the difference of free energies,
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of [, for b = 0.4.

Figure 5.11. Analysis and comparison of the free energy balance in the string loop and

DW phases for b = 0.4.
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Figure 5.12. Plot of the critical radius as a function of b with the comparison with Iyrax
and lMIN~

We can also describe the evolution of the system by varying b, or in other words,
the temperature of the background. Given an intermediate value of [, looking at
figure we can start, for example, at a very high temperature (we are thinking
about the thermal evolution of an expanding Universe), corresponding to very high b,
where only the string loop phase exists. The D6-brane cannot close off, realizing the
DW configuration, because the horizon is very close to the D8-brane tip. Then, as
the temperature is reduced, we enter the yellow region, where the DW configuration
exists but the string loop phase still prevails until we reach lcpitical. A first-order phase
transition occurs, and the DW phase starts to dominate because it is energetically
favored. Eventually, by lowering the temperature further, we exit the competing
region, and only the DW configuration remains from now on. That is, in the thermal
history of this theory, string loops produced during the chiral symmetry-breaking
phase transition can survive up to the confinement phase transition only if they are
very large and do not have the time to decay significantly (a phenomenon which
reduces their size); in the other cases, reached a certain temperature they undergo a
transition where a DW forms inside the loop.

5.3 DB8-brane description of the defects

In this section, we study the charged axionic string and the charged string loop
configurations, i.e. the vorton, from the point of view of the D8-brane world-volume
theory. The latter provides the description of the strings in terms of mesonic degrees
of freedom, which are dominated by the (light) axion. Using the vocabulary of the
previous chapter, i.e. chapter [d] this constitutes the soft shell description of these
cosmic defects as it was for the vortex string.

The analysis of the D8-D6 setup in the WSS model involves the action
and for the U-shaped D8-branes and the action S¢, for the C7 RR form in
the presence of a localized D6-brane source. We recall that the latter reads

xr

1 1
So, = _E(les)‘a/dcw*dcwr %/CM o)

N wi + /07 N ws, (5.28)
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where F' is the U(1) gauge field on the D8-brane and w; and ws are, respectively,
the differential forms representing the D8-brane and the D6-brane embeddings in
the ten-dimensional spacetimelzl

As in the previous sections of this chapter, we consider a D6-brane which wraps
the internal background S* and is extended along the holographic coordinate v and
one Minkowski coordinate.

The equation of motion for C7 deduced from leads to a violation of the
Bianchi identity for the D8-brane gauge field. The computation of the Bianchi
identity reads the same as the one we have seen in section [£.3] so we just give the
result depending on the D6-brane embedding we are considering. In particular, if, as
in section [5.2.1] the boundary of the D6-brane attached to the tip of the U-shaped
D8-brane is a straight line along, say, the x; direction, then the non-trivial Bianchi
identity reads

dF = =272 6(22)6(23)0(2)das A dxz A dz, (5.29)

being z the holographic coordinate as defined in the finite temperature WSS back-
ground in . This setup will be investigated in section m First, we will
find a full solution for the uncharged axionic string following what has been done
for the vortex string in Then, we turn on an U(1)y charge on the string. This
corresponds to turning on an electric potential A; on the flavor brane. In this case,
we will find solutions to the equations of motion for the gauge field A in various
regions of the spacetime, and then we glue them together following [I65].

If the boundary of the D6-brane is, as in section a circular loop of radius [
in the Minkowski subspace (x1,x2), then the Bianchi identity becomes

dF = —27v26(p — 1)0(x3)6(2)dp A ds A dz, (5.30)

where p = /2% + 2% . We are going to focus on this setup in sections [5.3.2/and |5.3.3
For this configuration, we will study the solutions of the Maxwell-Bianchi problem
for the D8-brane gauge field in various steps. First of all, we will look for a solution
near the tip of the D8-brane, where the induced metric, in the subspace transverse
to 9%, behaves effectively as a five-dimensional flat metric. This analysis aims to
study the system with a non-zero baryon charge and to extract the stability radius
lstable due to Coulomb repulsion mediated by the CS term. Then we will move to
the asymptotic region where we can solve exactly the equations of motion if the
electric potential is turned off; in the presence of the electric potential, we will find
linearized solutions following the procedure outlined in [165].

5.3.1 The straight axionic string solution

In this section, we analyze the equations of motion for the D8-brane gauge field on
the curved background (3.115]). The D6-brane represents a magnetic source

dF = =212 6(22)6(23)6(2)dxo A das A dz (5.31)

111 the deconfined phase, the contribution from the on-shell action of the C7 RR form is zero.
See [164] for details. In the confined phase, this term is not zero, and the authors considered its
contribution in [I] to study a similar D6-D8-brane system.



5.3 D8-brane description of the defects 101

associated with the presence of a straight axionic string in the dual QFT picture. We
start by turning off the electric potential and solving exactly the Maxwell-Bianchi
system in the curved background.

The symmetries of the string configuration allow us to turn on only three field
strength components: F,.,, Fy,., and F,,,. The associated action for this field

configuration can be easily read from ([3.129))

31 VR3/2 *(2ma) kY2
SDBI 8 /d dZ{ ’z‘ ) ( )fT( )[ x22+F§3z}

4R? ’Z‘ f(z) 2
+ uy k5/6(2) \ vr(2) me?’}

where we have used the equation (|3.128)).

Following the computations of chapter [4, can employ the following ansatz for
the field strength components

Juy k¥6(2) [yr(2)

Frona = L Hrp, .32
’Z‘ aJJQHT

= = BRE) Vi(r() -39

szz = - |Z| 8963HT (534)

k3/2(2) /fr(z)yr(2)

This ansatz solves automatically the equation of motion coming from the brane
action. The Bianchi identity leads to the following differential equation for Hp

— 27V/26(22)6(23)0(2) = Oy Foye + 02 Frywy — Opy Fippz =

_ E 2 2 u,y k5/6(2) y7(2)
B2(2)/ fr(2)vr(z) [8‘”HT + 8$3HT} HE 9 < 2| fr(z) azHT) '

H7 is an unknown function which we are going to determine by imposing the Bianchi
identity (5.31). This is the finite-temperature analog of the function H defined in
(4.62). Following the definition (4.62)) of H, we look for a solution by series such as

H(T .%'2, xr3, 2 Z < (T) (xg, xg) (5.35)

where the center of mass moduli (X2, X3, 7) are taken to be zero for simplicity.
Then, the Bianchi identity becomes

Zcm [9“JY’5T)32<"’5/6<2) (Z; (s )>+

4R3 p 2]V fr(z

2168 (=)
S (02, +2,) ynm] — 272 6(w2)3(23)8(2)
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This is solved by the following infinite set of equations

k/%(2) [yr(2) (T)(, ) |z (1) (7)) —
@<!z ) Y R e ¢ @)= (630
(02, +02,) Vi~ ié‘éY = —21V/26(22)(x3) (5.37)

supported by the completeness condition

- 2|
G0 (2) = 6(2) (5.38)
nz::ok?’/Z(Z) fr(z)yr(2)
satisfied by the functions (,, with orthonormality condition given by
/+°° ol ¢PE6Ee) (5.30)
oo Kk(2)¥2 \/fr(nr(2)

We have numerically solved the first set of equations (5.36)), determining the eigen-
values A%T), by requiring that the derivatives of the functions Q(LT) vanish at z — +oo
for n > 0, so that they are orthogonal to the even part of the zero-mode CST), which

is just a constant given by

@ _ ([ L] "
0 (/_ood 2 VI <>) | (>:40)

The eigenvalues of the first even modes computed at b = 0.1 from ([5.36) are

AT =0, 2.11, 6.20, 12.31, 20.43, 30.59, ... (5.41)
(T)

In general, the eigenvalues A;, ° and the solutions ng,T) are the finite-temperature
version of A\, and (, found in the previous chapter for the vortex string. They
depend on the temperature, which is encoded in b. However, this dependence is very
weak and hence the )\gT) ’s and the C,(LT)’S profile are approximately constant with b.

We have checked that the numerical solutions form a complete set according to
(5.38)). Notice that since the functions Cq(qT) have definite parity, so that C,ST)(Z
0) = 0 for odd parity, the function H*) is even in z.

The solution for the modes Y}ET) looks formally identical to the one for the modes
Y., at zero temperature: the differential equation for YTET) is the same as the

differential equation for Y, with the replacement A\, — A D9y 7/(4R3). As
long as )\n 7& 0, the equatlon is solved by

(r) = \/§K0< Z;‘;A( ) ) n>o0, (5.42)

where we have introduced the radius r = \/xQ —|— z3, as in chapter For )\( ) = )
the solution is again the logarithm function , where the constant solution has
been set to zero.
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We can now write the on-shell D&-brane action

DBI /d4 {k3/2 ) ( )fT( ){ a:gz—i_F:?:sz}

AR 2| [fr(z) o \
uy k5/6(2) \ vr(2) meg}

T T
Z Z ¢y /d4xdz{ 2 Qg’ )(z)Q(n)(z) (@YTST))Q—F
n=0m=0 k3/2 ) ’YT(Z)fT(Z)
ug [vr(2) K¥5(2) o ) o A1)y D) <T)}
0.C (2)0.¢,, ()Y, )Y b =
4R3 fT(Z) |Z’ C ( ) C ( )
__'w 4 2 Ty (1) (1))
-4 /d { D) TN ()
where we have introduced the constant
AN ug\*?

We define
YO ) = Vig ¢ )Y D (), (5.44)

and we get the canonically normalized action
soBi_ _1 4 2 ug (1) (1)) 2
2 [ a{ (rn)' g ().

Note that this global string effective action is rigorously derived from the fundamental
theory; it is not postulated. It can be seen as the global string analog of the chiral
Lagrangian coupled to an infinite tower of massive mesonic modes.

We can extract the tension of the soft part of the axionic string from the action
evaluated on-shell on the solution

AN (ug PR (1), 0\2 1
Teott = 2671_3]”“{<R3> /0 dr (Co (0)) ;"’ (5-45)

e (o) o [ (i) ¢t (Vi) |

The divergence of the tension at the location of the string (r = 0) should be cut off
by the hard core scale dparq in . In fact, the quadratic effective theory on the
world-volume of the D8-brane is not suitable to describe the string core. For example,
the field strength diverges in that region, so that the employed approximation breaks
down. However, the brane construction gives a precise description of the string core:
it is the boundary of the D6-brane. It has a gluonic nature and has a thickness given
in , which is thus the natural cut-off in the effective “soft” description. This is
the very same behavior of the vortex string studied in chapter [l However, in this
context, it is associated with a cosmic string in a cosmological scenario described by
the deconfined phase of the WSS model.
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The large distance divergence is the usual one of cosmic global strings discussed
in section [5.1.]] Omitting unimportant numerical factors, we get

Tooty ~ ANM3 - 1og (Re/Shard) (5.46)

where R, is the large distance cut-off associated with the horizon size, while dyarq is

given in equation (|5.15)).

The charged mode

The straight axionic string can have a U(1)y charged mode, described again by
the D8-brane gauge field. As we already observed in chapter [ this topological
configuration for the D6-brane boundary does not allow for an Abelian instanton
configuration. See discussion around formula . It is however instructive to
derive an approximate solution for the gauge field components A; (associated with
the U(1), charge, i.e. the baryon number) and A, that does not change the
monopole-like solution found in the previous section, following the same kind of
approximation employed for the baryons in [I36]. First, we find a solution very close
to the source, where we can neglect the curvature of the spacetime. In this region,
we are able to solve the full equations of motion derived from the five-dimensional
Maxwell-Chern-Simons action. As we will show, the solution is localized around the
string position in the large A-limit. As we move away from the string, we can neglect
the Chern-Simons term since it is sub-leading in the 1/\ expansion. The solution in
this intermediate (again flat) region matches with the expansion of the full flat-space
solution far from the source. Finally, we connect the solution to the large-z region
of five-dimensional space-time, where we study the linearized equations of motion.
In the flat space limit we employ the ansatz A.(p), Az, (0), where

0= /23 + 23 + w2, (5.47)

is the radius of the two-sphere around the axionic string, and the coordinate w is
related to the holographic coordinate z through the rescaling

3 2
w(z) = Mz (5.48)

3uy\/5 -8k
Then, the induced flat metric reads
2 uy )/ 7\3 o 2 2, 2102 2 1/2 52
ds? = <R3) (- (1-5) dt* + dat + do* + o d(22> + R¥2Y2a02,  (5.49)

where dQ)3 is the line element of a two-sphere. Then, we can compute the equations
of motion for A;, and A,, from the total D8-brane action, which now has a non-zero

CS term (|3.127))

Dp(020,A¢) — 0 V1 —130,A,, =0, (5.50)
g
0,(0%0,A4,) — ——=—==0,4; = 0, (5.51)

V1—b3
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where
3r Mgk R®

V2A ug

They can be integrated analytically, neglecting the divergent solution in ¢ = 0
and a constant term, to get

Ai(0) =cV1—b3e /e, (5.53)
Ay (0) = ce7o/e, (5.54)

(5.52)

o=

with an arbitrary constant c. Note that o ~ 1/\ < 1, and therefore the maximum
of the corresponding field strength is much greater than one, and it occurs very close
to o = 0.

We can employ a 1/ expansion and look for a solution in this limit, called
the scaling limit. Since, as we have just seen, the solution is very localized around
0 =0, in the (still flat) intermediate region 1/A < ¢ < 1, the Chern-Simons term is
sub-leading and does not enter the equations of motion for A;, and A,,, which have
solutions in terms of the flat three-dimensional Green function

A (0) ~ L (5.55)
0
with different proportionality constants for the two modes. These solutions can be
interpreted as the exponential ones , for o > o, up to a constant.

Now we look at the system at large distances from the flat region z = 0, in order
to find the solution in the curved background. In this region, the ansatz is slightly
modified to A¢(r,z), Ag, (r,2), where 7 is again given by r = \/x3 + 2%, since the
curvature of the background breaks the spherical symmetry around the string. As it
is clear from formula in the flat space limit, the solutions become smaller as
one moves away from the source. Thus, it makes sense to linearize the equations of
motion at large distances (considering also the suppression with A of the CS term).
A-posteriori, one can check that indeed the solutions at large distances are actually
small. The linearized equations read

2] 1 2 2 uy k32(2) [vr(2) B
k5/8(2) /fr(z)yr(2) (05, + 0 ) Ar + 4R382 ( |2] f:r(z)azAlt =0

z c u k3/2( 5
k5l6|(z) ZEZ; (Or, + 0z, ) Aay + iR{” - ( Iz!( : fT(Z)’rT(Z)azAx1> =0.

The solutions can be written in terms of a series expansion

Ai(r,2) = 3 an(0)an(2) Y, (r), (5.56)
n=1
A0 (12) = 3 Bu(0)Ba(2) YD (r). (5.57)

n=1
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The functions «a,, and 3, are solutions of the eigenvalue equations

E32(2) [yr(2) 2] !
8z< |2] fr(z) +/€5/6(Z) Jr(z)yr(2)

k3/2(2’) |2] fr(z) B
0. <|Z| Jr(2)yr(2) azﬁn(z)) 50 ’YT(Z)bnﬂn(Z) —0, (5.59)

supported by the completeness conditions

azan(z)> anan(z) =0, (5.58)

sl an@onlz) _ ) (5.60)
n=1

— k5/5(2) VFr(2)11(2)
|2| fr(2) _
;Mz) () P (0)8n(2) = 8(2), (5.61)

and the orthonormality conditions given by

[ elant)
o ) VI

+oo 1zl [ fr(2) _
/_ - | e e 2)n() = b (5.63)

We have numerically solved the equations (5.58) and (5.59)), determining the eigen-
values a, and b,, by requiring that the functions «,, and 3,, vanish at z — +oo. The
first even eigenvalues a,, and b, are:

(5.62)

an, = 0.92, 1.96, 3.74, 5.84, 8.59, 11.79, 15.58, ... (5.64)
b, = 0.92, 1.96, 3.74, 5.84, 8.59, 11.79, 15.59, ... (5.65)

The two sets of eigenvalues appear equal only because we truncated their values
to two significant digits. In reality, they differ, albeit slightly. Notice that the
eigenvalue equations and do not admit a normalizable zero mode.
The functions Yn(T are again the Bessel functions K with the eigenvalue
replacement
A2 XD = a,, Ay 2 XD b, (5.66)

n

They are exponentially small at large r. The equations of motion are homogeneous,
so the solutions are defined up to an overall constant. Thus, the charge and current
densities in the dual theory at the boundary are arbitrary parameters in the straight
string configuration.

5.3.2 Vorton solution near the D8-brane tip

In this section, we focus on the string loop configuration. Let us start by considering
the D8-D6 setup in the region close to the tip of the U-shaped D8-brane. This
is where the circular boundary of the D6-brane, acting as a monopole source for
the magnetic field on the D8-brane according to , lies. The near-tip region
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is thus close to the source and it is expected to capture the main contribution to
the full solution. As it will be clear in a moment, the DBI action for the D8-brane
in this region effectively reduces to that of a D4-brane in a flat five-dimensional
spacetime. In this effective description, the wrapped D6-brane source can be seen as
a D2-brane with the same circular boundary. Hence the whole setup, in this limit,
resembles that examined in [I66] in the context of the supersymmetric supertubes,
with the crucial difference being the occurrence, in our case, of a CS term in the
five-dimensional effective action.

The induced metric (3.123)) on the U-shaped D8-brane near the tip u = u, hence
using (3.128)) near z = 0, reads

3/2 5 4 3 1
ds? = <UR5]) ( (1 — b3) dt? + dp* + p*dy® + diL“% + :j(SE)BS’)dZ2>
7 (8 —
+ RY2u/2a03 =

3/2
= b 1/2
- <R) <_ (1 - b3> dt* + dp® + p*dyp® + dr® + 7’2d92) i R3/2uJ/ 02,
(5.67)

where we have introduced the polar coordinates p, 1 in the (z1,x2) plane, where the
circular source lies, and the polar coordinates r, 6 in the orthogonal plane (z3,w)
with?]

x3 =1rcosf, w=rsinf, (5.68)

where w is given by ([5.48)).
Let us now assume that the gauge field on the D8-brane only depends on the

two radial directions r and p. The non-zero field strength components can be chosen
to be Fy,, Fyr, Fpy, Flg, Fry and Frg. Hence, the low-energy D8-brane DBI action
(3.126]) in the near-tip region reduces to

gpB_ _ AN ugVi- b / dt pdp dip v dr df (i + £2) N
=— rdrdf| — =
D8 MKK3'267['3R3 pap 1—03 p2
F;  Fi 2
Yr pf 0
ot Tg] (5.69)
The CS part of the D8-brane action reads as in ((3.127)
Scs = NEtMNPQ/d51' <1AtFMNFp — Ay FEinFp > (5.70)
2472\/2 4 “ ?)

with M, N =t,p,1,r, 0. If the gauge field is not time-dependent as in our ansatz,
then we can integrate by parts the second term in the above integral to get

o N
“5 7 39722

2The letters used for the radii p, and r are used for other radius definitions. The meaning should
be clear from the context, and there is no ambiguity within a single section.

EtMNPQ /d5$ AtFMNFpQ . (5.71)
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The equations of motion for the gauge field A resulting from the sum of the
above DBI and CS action terms read

p@r (T‘Frt) + Tap (prt) — T (Fm/,Frg — Ferp9> = O, (572)
1 1 T

Tap (prd;) + ;67’ (TFT'IZJ) + 1_783 (FthTG — FtTFpG) = O, (573)

1 1 T

200 (0F0) + 90 (1 Foo) 4 155 (Fubps = FigFry) =0, (574)

where

247 M V1 — b3 R3
AV2 uy’

These equations have to be supplemented by the modified Bianchi identity ,

with the magnetically charged loop of radius [ acting as a source. In polar coordinates

it reads

T

(5.75)

dF = —27v26(p — Z)‘;S::dp Adr Ardf . (5.76)
A similar system of equations dealing with five-dimensional CS terms has been
studied in the literature, see for example [167, [168], 169, 170].
We have not found an analytic solution to the above set of differential equations.
To simplify the problem, we consider the parametric dependence on A of the gauge
field. As we discussed in chapter [ in analogy with the standard Hata-Sakai-
Sugimoto-Yamato baryon [28], we want to get an action for a particle with baryonic
charge on the D8-branes. This corresponds to the charge of a D4-brane wrapped on
S%. We will see in detail in the next chapter that this D4-brane charge can be carried
by the D6-brane with a non-trivial magnetic flux. Now, defining a;(t) = 4;/v/2 and
treating it as a time-dependent perturbation, the CS action reduces to

N
1272 /dt at(t) /d4fL‘ (prFTG - FerpG) s (577)

from which we realize that a baryonic solution, as anticipated in section [£.I] has to
be some kind of “Abelian instanton” with baryon number np equal to the instanton
number

1
1272

1
npg = /d% (FypFrg — FrpF) = 3 /dr dpI(r,p;l), (5.78)
where

I(r, ;1) = FpyFrg — FryFpp. (5.79)

We are looking for a solution with a baryon number of order \° supported by the
Abelian instanton density I(r, p;1), so the magnetic components of the gauge field
do not have to scale with A at leading order:

Fro, Fpo, Fryy Fpy ~ O (27). (5.80)

With this observation in mind, let us look at the equation of motion ([5.72)) for
the electric potential Ay, taking into account that 7 as defined in (5.75)) scales like
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A~!. This equation tells us that the electric potential should scale as A~! at leading
orderH As a consequence, the CS term in the equations of motion for the magnetic
components of the field strength is negligible due to the 1/ suppression. Therefore,
the equations of motion for the gauge field A in the flat limit can be approximated
as

1 FT‘@ 92

Z0,(pF 2 =0, 81
0, (p p9)+pa<r)+<’)(/\ ) =0 (5.81)
1 F

Z0,(rFpy) +10 (W)JFO A7) =0, 5.82
O (1 Frg) 70, (=2 (A7) (5.82)
pOr (1 Fup) + 70, (p Fip) + T(Fpy Frg = FryFp) + 0 (A7) = 0, (5.83)

ignoring O (A72) and further subleading terms. It can be checked that a correction

to the solution from these terms gives a correction of the same order to the action.

As a matter of fact, at leading order, the CS term enters only in the equation of

motion for A;. The Bianchi identity is topological and it contains only the

magnetic components of the field strength so there is no 1/\ expansion to perform.
The equation is automatically solved by the ansatz

r r
Fre = ;8leoop ) Fp9 = _;arHloop7 (5'84)

where Hioop = Hioop (T, p;1) is a function that has to be determined by solving the
Bianchi identity (5.76]), which becomes
11 1 o(r)
; ; 8r<r arHloop) + 8p (p 6leoop> = _271'\65(/) — Z)% .
To solve the differential equation for Hj,, we use the machinery of the two-
dimensional Fourier transform in polar coordinates. Let us define the Fourier
transform of Hjyp, namely Hipop, as

(5.85)

1o
Hioop(r.pi0) = 5= | ke B (k. i ) Jo(k), (5.:86)
ﬁloop(ka 05 l) = 277/ rdr Hloop(r7 P; l)JO(kr) ) (5'87)
0

where we have used the radial symmetry of the problem. Jy is the 0** order Bessel
function. The equation ([5.85) can be Fourier transformed to get

L, = Hioo
dp <,0 3pH100p) — K % = —2mV26(p—1). (5.88)

This differential equation can be solved with the Green function method and the
solution readd™

2my/21p I (k) K1 (pk)  p>1,

221 p K1 (1K) Iy (pk)  p<1. (5.89)

ﬁloop(ka P; l) = {

13As we will see, also the zero mode of the equation of motion will scale as A~!, and this
observation is consistent with a solution with angular momentum of order \°. In particular, we will
look for a solution with baryon number ng = 1 and angular momentum J = N/2.

1We have to impose the continuity of ﬁloop at p = [ and the discontinuity, coming from the §
source, of the p-derivative 8pﬁ100p at p=1.
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Using the results from [I71], we can perform the Hankel transform to get

P2+ 12+

Hloop(r> P,l) = 7T\/§
\/(p +p2+ r2)2 — 422

—1]. (5.90)

The corresponding field strength components, from ([5.84]), are thus
42 Pr (12 — p% +1?)
3/27
((12 +p24+r2)’ - 4p2l2) /
8mv21%r%p

Fy= 573 - (5.92)
((12 +p2+r2)’ - 4p2l2) /

Fo= (5.91)

Now we have to solve the equation of motion for Ay. This equation is
homogeneous in Ay, and this field does not enter the Bianchi identity; therefore,
the solution will be defined up to a constant pre-factor. Remember that the full
equation of motion for Ay has a source term due to the CS contribution, but
this is suppressed in the large A expansion we are considering. To leading order, one
can, however, argue that A, is sourced by a current jy, ~ 0(p —1)d(r), flowing along
the circular loop, which is (proportional to) the spatial four-dimensional Hodge dual
of the three-form magnetic current entering the modified Bianchi identity . In
the supersymmetric supertubes context [I66], the proportionality constant is fixed
since the magnetic gauge field is taken to be self-dual w.r.t. the four-dimensional
Hodge transform. In our non-supersymmetric setup with CS terms, we will stay
agnostic and leave the proportionality constant undetermined. The equation of
motion with such a source term looks like , the differential equation for Hjsop,
hence the solution reads

2 424 2
Ay =N b = (5.93)
\/(12 + 2+ r2)2 — 4p2]2
where N is a constant. The corresponding field strength components are
l2 l2 _ 2 2
Flp = 4N pl ’;+r) 75 (5.94)
(@2 + p? +12)* — 4p22)
l? 2
Frp=—8N P (5.95)

3/2°
((12 +p2 4+ 72)? — 4p2l2) /

The overall factor A/ can be fixed by requiring that the above configuration supports
baryon number ng = 1. However, it is easy to realize, using the above solutions, that
the integral of I(r, p;1) in , giving ng, diverges close to the circular source, and
hence it has to be regularized. We can parametrize the divergence by introducing a
small-distance cutoff € along the r integration.

Before going on, let us mention that up to this point, we have overlooked another
crucial ingredient that is necessary for the D8-brane description to fully capture the
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attached D6-brane setup. It is well-known that magnetic charges on a D(p+2)-brane
correspond to the endpoints of a Dp-brane [172), 173], [I74, [I75] 176], and the D8-D6
system studied in this thesis is just a particular example within this class. Given
this correspondence, we should be able to read off the D6-brane energy from the
energy of the monopole configuration on the D8-branes by turning on a scalar field
fluctuation which pulls the D8-branes towards the horizon. Let us thus consider a
scalar field X = 7o/ ®, representing the fluctuation along the u direction transverse
to the brane at z ~ 0. The factor wo' is the required normalization for the scalar
field to be of the same order as the gauge field A. Within the quadratic low-energy
approximation of the DBI action we are considering in this SectionH the action for
the scalar field near the D8-brane tip reads

Sy = - U N/dtdd dr do| (8,®)? + (9,9)2|.  (5.96
X MKKR33.277(-3\/W PPU”“T (T)+(P) ( )
The equation of motion for ®, sourced by the charge distribution corresponding to
the local density of strings ending on the circle of radius [ [166] at the tip of the
D8-branes is

% 0, (r 0,®) + ; 8, (p9,®) ~ 8(p — )20 (5.97)

2nr

The solution reads

o= L (5.98)

J@ 4 g2 492 —ap2

where we leave the constant ¢ unfixed. In the supersymmetric case of the supertube,
the proportionality constant is given in terms of the total charge of the fundamental
strings ending on the loop, which in our case would be N. This is because our brane
is constructed to support baryon number 1, and therefore, as for the standard WSS
baryon, it can be thought of as made out of N -1 fundamental strings. As it will
be clear in the following, the scalar field given in is proportional to the zero
mode of the electric potential A; (i.e. to the solution of the related equation of
motion obtained neglecting the CS term contribution), as pointed out in [166]. We
will return to this point in a moment.

Let us observe that if we go close to the source, p = [ and r = € with € — 0, the
scalar field behaves as the usual transverse field representing a magnetic source on a
D(p+2)-brane [I72] where now ¢ is the distance from the source

ma'cl

X =7md® =
T 5 .

+O(e). (5.99)

In the quadratic approximation of the DBI action, the action for the scalar field
sums to the Maxwell action for the monopole gauge field A. Therefore, the total

5 As stated in [I72] in the non-BPS case, the quadratic limit of the DBI action necessarily leads
to quantitatively incorrect results and we should make use of the full non-linear action. However,
we will use it to study qualitatively the D8-brane embedding around the tip.
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energy of the D8-D6 brane system from the D8-brane perspective is

AN uyv1-03

My R3 3247

Epg = Emonopole + Escalar = /d?“ dp {; [(8;7]{)2 + (87'H)2} +

o (17“ £ = (2,2 + (8,9)?] } _
B )\NUJ?T\/].—bS{ 1_'_# ‘
"~ Mgy R396 (x + x3) 1672(1 — b3)

2y c?
2 2 _ _ =
. (wx +2(X —i—l) arccot(l_x2>+7r) 4x (1 16772(1—133)) }_

AN wuyg(ebx)
- Mg R3 3-24 7

(5.100)

where we have introduced the dimensionless quantity x = €/l and we have defined
the function

2

~ _ C 2 2 2X
g(C,b,X) —{ (1—’_]&72(1—[;:3)) <7TX +2(X +1> aI'CCOt(l_X2> +7T>+

2 /1 — b3
VY [ ———— }” b3 . (5.101)
16m2(1—53) ) J2(x +x%)
In the limit x = ¢/l — 0 with e — 0, we can expand the energy to get
By = N VIR by (5.102)
P87 Mix B3 48 1672 (1 - 53) e ‘

From this expansion, we can retrieve the usual formula for the energy for the D(p+2)-
Dp system of branes [I72], using the expansion of the transverse scalar close to the
source

NN V1-b3 2
Epg ~ —g 2T 1t | 1X(0)] (5.103)
M B® - 48¢ 1672 (1 - b3) '
/
1
with X(e)],, = —ov=, (5.104)
1v. 2 €

where the prefactor reproduces the tension, in a flat spacetime, of a D6-brane with
radius [ extending from the D8-brane’s tip along the u direction. We stress that
this result becomes increasingly reliable as the D6-brane extends further along the u
direction. In other words, it is the limiting scenario of a Blon in flat space which
is infinitely extended along the transverse direction to the D(p+2)-brane. We also
remember that when ¢ — 0, higher-order terms in the full DBI Lagrangian that we
dropped become important, and one has to replace the Maxwell action with the
Born-Infeld action. We will not investigate these corrections in this thesis.

Now we are going to compute the baryon number, the angular momentum, and
the energy of our system giving the results as functions of the parameter y and
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b. Then we will analyze them carefully from various perspectives to extract the
parametric dependence of the stability radius of the string loop.

We start by performing the integration of the Abelian instanton density to get
the baryon charge . The result reads

N (wxz + 2 (x? + 1) arccot (%) — 4y + 7r)
6v2 (x* +x) '

Hence, if we want to focus on solutions with baryon number np = 1, the normalization
of the gauge field component Ay, has to be fixed as

6v2 (x* + x)
T (7rx2 + 2 (x? + 1) arccot (12‘(2) — 4y + 7r>

np = ;/drdpf(w;l) =

N:

(5.105)

The equation of motion (5.83]) for the electric potential A; can be solved since
we know explicitly the source term (see appendix , and the solution is

2, 2
A - d N 2V2 7N T (p* + 1) (5.106)

\/(12 L2412 —gprz (PP r2)? — 4p212’

where the first term is the zero mode of the differential operator applied to A
andm as anticipated, it is proportional to the scalar field ® as given in . This
relation is to be expected from the supersymmetric configuration first studied in
[172] and then in [I66] in the context of supertubes. In this picture, the presence
of A; accounts for the fundamental strings as constituents of the D6-brane, which
sources the D8-brane gauge field. This interpretation will be clearer when, in chapter
[6l we will investigate in detail the charged D6-brane, which can be thought of as
made out of a D4-brane baryon vertex and a bunch of fundamental strings. More
precisely, the charge density sourcing the scalar field equation of motion, which has
support on the loop, corresponds to the local density of strings ending on the loop.
Note that, in our system, the presence of the CS term prevents a direct identification
of the scalar field with A;. In the supersymmetric case, the constant d would be
fixed in terms of c.

The coefficient d in our case can be fixed by requiring that our solution with
baryon number np = 1 has angular momentum

_ AN uy 1
Mgk R33.9573\/1 — 13

equal to N/2. In chapter [2| we have seen that this is the only possibility for the one-
flavored np = 1 baryon (ground state) due to the antisymmetry of the wavefunction.

J

/pdp dyrdrdd [FipFpy + FipFryp) (5.107)

16As shown in appendix the Laplacian operator in duo-polar coordinates has two zero modes.
We set one of them to zero because it leads to unphysical solutions.



5.3 D8-brane description of the defects 114

The above request fixes the coefficient d to be

8V2R3 My V1 — b3

d=—
)\UJ

[—87‘(2()(3—1-)()+7F3(X2+1)2+96< ) +

)+
~1

2
+16mx% + 47 (X2 + 1) arccot ( X ) 2+ (X2 + 1) arccot (
1—x2

_4X+7r>} [(X2+1) (7TX2+2(X2+1) arccot (1 3XX2> _4x+n)2}

(5.108)

Using these results, we can verify that the solution we have found has the desired
scaling with A that we assumed at the beginning of this section.

Now that we have found the solution that solves the leading-order equations of
motion for the gauge field, we can compute the total free energy of the configuration,
defined as Stor = — [ dt Epor. It can be written as

ETOT = Emagn. + Escalar + Eel, )

where Epag. and Egcalar are of order A while E,) scales as A~1 and they are associated
respectively with the magnetic, scalar, and electric energy of the configuration. They
read

AN uyV1-—03 2, Fjr F%  FY
EmagnA = Mg 3 2673 33 /pdpdwrdrdé [ ,0 02 + 7172 + ?”77“2 ) (5.109)
AN UJ 2 2
Escalar - MKK 3. 277T3R3m /pdp d¢TdT do [(8p(1)) + (8T<1>) ] 5 (5110)
o pdpdiprdrdd |FZ + FY]
. MKK3'267T3R3‘/1—Z~)3 tp tr
N
Y / d°x Ay [FpyFro — FrgFry) . (5.111)
Using the solutions to the equations of motion, we find
AN uy -
Emagn. = Mi]ﬂ(ﬁ m(b7 X) )
where
- V1—8[rn 92 72 arccot <13’§<2)
mb) = -+ ,
487 [2x x?+1 %
18 (x* + x)

_l’_

(5.112)

1222) _4X+7r)} |

is a function of b and x. The plot of the function m(b, x) is shown in figure
It encodes the dependence of the magnetic energy on b and x.
Then, the contribution coming from the transverse scalar field is

2 (7rx2 +2(x? + 1) arccot (

Escalar = 55773 C n(b7 X) )
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(6,0

(c) Plot of 5(b, x).

Figure 5.13. Plots of the energy contributions as functions of b and y. b spans the whole
range of values for which chiral symmetry is broken, while the variable x spans the range
from 0.1 to 1.

where
n(i) X) = ! <7rx2 -2 <X2 + 1) arccot ( 2X ) +4x + 7T>

’ 15367 (x + x3) V1 — b3 X2 -1 ’

} (5.113)

is a function of b and x whose plot is shown in figure |5.13b)

Finally, the electric contribution to the energy FE.j reads

5o _ N MixR® (b x)
el. )\'LLJ 2 )

with
A YA A & 2x 722 41 _ i3\ A2 (12
j(b,x) = { 2 (X —i—l) arccot <1 — (d X~ + 11527 (1 b )N (X —i—l))

4

— 256m2d N x\/1 — b3 (3X6 T 6xt 452+ 2) — 38474N 2 (1 - 63) 3 (x2 + 1) n
+x (92° + 0x + 102 +3)) — % (m + 4y + ) (32 + 1)2 }

: {768“/3 (* +x)3]_1 ,
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a function of b and y. We remember that A is also a function of x and here we have
defined d = d R®*My g /uy which is again a function of b and y. See figure for
a plot of 5(b, x).

At this point, we can analyze the total energy in the limit of a very long spike,
which is x = €/l — 0 with € — 0. The total energy expanded at leading order reads

onshell _ AN v 1-b X( )’ { A uym 1+ ¢? I+
TOT _MKKR3 Tc € ldiv. My R348 1672 (1 _ [;3)

My R31728 — 72(162 — 48 H
T i LS m W+W)}+... (5.114)

A ouy 372 l

The dependence on the transverse scalar field factorizes and hence we can minimize
the action over the free parameter [, representing the loop size. The minimization
gives

Mk uy 16 (1 - 133) (1728 — 72(162 — 487 + 14))
A RPT 2 + 1672 (1 — 53)

lstable = (5115)

From the above result, we can deduce that the stability radius scales like A™*. Hence
the string loop radius in the flat region is suppressed similarly to the instanton size
of the standard baryon in the WSS model but with a different power of A.

It is useful to give the result for the stability radius also in terms of the chiral
symmetry breaking critical temperature Ty

M i 16(0.154)> (1 - 53) (1728 — m%(162 — 487 + 7*))
ATZ w2 (b) c + 1672 (1 - 53)

lstable = (5116)

It is also interesting to write the stability radius in terms of the more common
phenomenological quantity f,, the axion decay constant. Remembering the relation
between f, and Ty (see e.g. [140)])

N J3(b) T3

2
— _ , 5.117
Ja 1673 (0.154)3 I (b) MKk ( )
where
N 1 \/1— 03
Ir(h) = / dy Y : (5.118)
0 \/y (1 BBy — (1 _ b3) yS/S)
we get
- 73 2 4
L UNT, ) (1-5%) (1728 — 72(162 — 487 + 7)) 5.119)
TR f2 0154wt Ip(b) ¢+ 1672 (1-5?)

The analysis can be repeated by considering an object with baryon number ng

(of order \). This leads to the following redefinition of the integration constants N
and d as

N*)TZB./\/’, d*)an. (5.120)
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This propagates to the energy, leading to the following result for its minimization
with respect to I:

lstable = 15 1181 (5.121)

where l:t};;; is the result written in equation ([5.115)) or equivalently in (5.119). As
we will see in section the D8-brane analysis in flat space is consistent with the

charged D6-brane result for the stability radius
Istable ~ ”TB . (5.122)
This confirms that the flat limit gives the correct result for the stability radius scaling,
even if it is not able to capture whether the solution exists in the full spacetime. We

will come back to this comparison in section |6.3
Let us make some observations about the cutoff €. The result lgapie ~ A~1 leads
to observe that in order to have ng ~ A’ and the scaling for the magnetic
fields, it follows that ¢ ~ A~!. Therefore, the ratio x = ¢/l does not scale with \.
This statement is expected to be true also from other perspectives. Going back to
the transverse scalar, this represents the extension of the D6-brane along u, and we
know from the D6-brane perspective that this length is of order (o/)° in the vorton
case. This is because the D6-brane, even if it is charged, is extended from w; to the
horizon radius uz, and u; — ur ~ (o/)?. Since X = 71a/® ~ 7a’c/(2¢) has to go like

()Y, we get € ~ o’ ~ A\~!. This identification can be written qualitatively as
- R Mgk
=y(b,c) ———— 5.123

where (b, ¢) is some function of b and ¢ which cannot be fixed at this level.
Another argument that leads to the same qualitative result comes from equating

the energy of the transverse scalar plus the energy of the monopole with the energy

of the D6-brane. According to our results in section [5.2.2} the energy of the D6-brane

that describes the uncharged string loop can be written as

NN BROTE -

Epg = b)i 124
D6 = 3902 (0a5)inZ, O (5.124)

where a(b) is the slope of the linear~ dependence of the energy with [, which can be
found numerically as a function of b and it is shown in figure

0.65 -

0.60 |-

0.55

a(b)

0.50 -

0.40 -

0.1 0.2 0.3 0.4 0.5 0.6
b

Figure 5.14. Plot of the slope «(b) of the D6-brane energy for the string loop configuration
as a function of [.
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Then, an estimate for the cutoff is obtained by equating the two energies ([5.124])
and (}5.100)):

- R} Mgkxk
€= y(C, b7 X)?JT ) (5125)
where
(e.0) ~ — T gleb ) (5.126)
Ylc, o, x) ~ = = X9\C 0,X). .
Jr(b)a(b)

Once again assuming that the quantity x does not scale with )\, we get e ~ A7L
The coefficient y(c, b, X) is a function of b and y, and its exact value cannot be fixed
within our approximations since we cannot compare the flat D8-brane result with
the D6-brane result valid in the whole spacetime. This function is more involved
than the one defined in but since we are not able to fix either of them we
will keep generically the cutoff € depending on a function y. The important result
relies on the parametric dependence of € with A.

We are going to show that also in this case we will obtain the same qualitative
result for the stability radius. We can express [ in terms of x, using the expression
for . N

o MKKigy(cv b, X)

l ) 5.127
A ouy X ( )

We can substitute the above relation in the electric contribution to the energy F.
to give
AN uy X >
= —= — j(b, x)- 5.128
MKK R3 y2(cab7X) ( ’ ) ( )
Remarkably, this term becomes of the same order in the parameters as Epyagn.

and Fycalar. Eventually, the total energy depends only on y, which has not yet been
fixed, and all the dimensionful parameters, together with A and N, factorize

Eel.

AN w - " X
on-shell _ T (b, x) + En(b, x) + —2——— (b, . 5.129
TOT Vr B3 (b, x) (b, x) e d) J(b,x) ( )

We have to minimize the above action with respect to x. This procedure will return
a function for Xgtaple(b, ¢) that does not scale with A. The result of the minimization

~ ~ 2 y A
dym(b, x) + ¢ oxn(b, x) + 9y (W) —0, (5.130)
y2(c,b,x)

depends on ¢ and on the explicit expression for y(c,b,x) and it is in general a
function of the temperature b.

We can conclude, from the relation (5.127)), that Iaple scales like A~1. More
precisely

l o = MKK (0'154)26(07 B, Xstable)
T NTZ TR (0) XstabielD )
o p(b, c, Xstable) Jj?’"(b) NTa

16m3(0.15)3I7(b)  f2 (5.131)

Mgk

= p(b, ¢, Xstable) W =
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where R
(O 154) Qy(cv b7 Xstable)

Jj%(b)Xstable(ba C)

As we are going to show in section [6.3] the local D8-brane analysis around the
tip at u = uy, provides a result on the stability radius which is perfectly consistent
with what can be found from the D6-brane perspective. In that case, in fact, any
(meta)stable vorton solution would have a radius I scaling as ngA~!. However, we
will see that the actual existence of such a solution can be eventually confirmed
only by a global analysis of the full equations of motion. In particular, we will show
that if ng ~ A, as in the case considered in the present section, no (meta)stable
vorton solution actually exists. In order for the same conclusion to be drawn from
the D8-brane perspective, we should go far beyond the near tip limit and consider
the full equations of motion of the D8 on the whole curved background, something
which, for the moment, we are not able to do. In other words, the flat limit in the D8-
brane perspective captures only the local result near © = u; of the complementary
D6-brane description.

(5.132)

p(i), c, Xstable) -

5.3.3 Analysis of the vorton solution in the asymptotic region

In this section, we analyze the equations of motion for the D8-brane gauge field on
the curved background , sourced by the string loop configuration. First, we
switch off the electric potential and we solve exactly the Maxwell-Bianchi system
in the curved background. Then, we solve the linearized equations of motion with
non-zero A; and Ay, following [I65]. Such solutions are written in terms of the
curved metric Green functions that can be smoothly connected with the flat space
solutions. Finally, we compute the one-point function of flavor currents in the
deconfined phase of the WSS and we use the result to compute the baryon number
of the solution to the linearized equations of motion.

The D6-brane-monopole source for the D8-brane gauge field leads to the modified
Bianchi identity , which complements the equations of motion for the D8-
branes gauge field. Turning off for a moment the potentials A; and Ay, the only
field strength components that we need to consider are Fj,.,, F,, and Fj,.. With
this gauge choice, there is no contribution from the five-dimensional CS term of
flavor brane.

The action in the present case reduces to

3T ViR 2%/ % (2na/)?2 132 (2
gpBL _ 27814 ng ( ) /d4xdz{ ‘Z|( ) yr(2) fr(z) {F5Z+F§3Z}

AR |zl [fr(2) o
uy k5/6(2) \ vr(2) Fp“}’

where, again, p = (/2% + 23 and we have used the equation (3.128). Moreover,
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d*x = dtpdpdipdxs. The resulting equations of motion

0p (pFpz) + pO0pyFyy. =0, (5.133)
AR |z [fr(2)

k3/2
Yu s k(z)5/6 vr(z) Oy Fpwy + 0; < W pz) =0, (5.134)
AR || [fr(2) k:3/2 )
( D o)) (5.135)

e | o 2+ o) =09 (]

can be solved by the following ansatz

9uy k%/5(2) [vr(2) azHl(oCoi)

Fpog = AR3  |2] fr(z) p (5:136)

(©)

‘Z’ aﬂ‘[jlloop
Fm z = 5 5.137
k2(2) p/ fr(2)vr(2) ( )

C

_ ‘Z| 8733‘[{1(00;
Fp=——3p : (5.138)
k31%(2) py/ fr(2)vr(2)

where Hl(ocoi) is an unknown function that has to be determined by requiring that
the above components of the field strength satisfy the Bianchi identity ([5.30)),

—27V28(p — 1)0(23)8(2) = OpFyys + 02 Fpyy — Oy Fpr =

(©) ©)
_ ‘Z| ) 9 Hloop + 82 loop
K32(2)/ fr(2)r(z) |7 p P

Jus 1, (K5(2) [vr(2), )
TR o ( || fT(Z)aZHlOOp '

_l’_

The function H. 1(00) is the curved space generalization of the function Hj,ep introduced

in the formula . We look for a solution by series, such as

Hl(ooi) p’ 35 2; l Z Cn (pa $37l) ) (5139)

where the center of mass moduli (X3, 7) are taken to be zero for simplicity. The
Bianchi identity becomes

o /
> ") [i;;*] 0. <k5|z|(z) 7T(”7’)<9z<7ST>(z>> +
n=0

fr(z)

12¢87 (2) OpJn a§3Jn> o Y
WEEEN e <a< )+ 2 ) | = anvRite - otaace).

The eigenfunctions CT(LT) are the same defined for the straight axionic string in

formulas (|5.36])

kSS(2) |yp(2) Z) E o
az( A\ ) =) e e e 0 GO
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with the associated completeness and orthonormality conditions.
Then, the Bianchi identity is solved if the modes J,, satisfy the following equation

apt]n 823 Jn QuJ (T) Jn o
o ( p ) T, = 2mV20(p — (). (5.141)

The solution to ([5.141)) can be found by performing the Fourier transform along
the coordinate x3

dk

and then by solving the following equation for Jn through the Green function method

Opn(p; k3 1) _( 2 uy (T)> Jnlpk3l) B
ap< p o+ s P 2mv268(p—1).  (5.143)

e*23 ] (p, k3 1), (5.142)

Using the Green’s theorem, we can write the solutions as

Juy | (1) Yuy | (1)
27r\/§l11<l +4_R3’\ >pK /K2 + 4R3>\ p>1,

Jn(p, k1) =
277\/§lK1 k2 + ==\, pli | p k2 4+ — )\ p<l.

4R3 4R3
(5.144)
In order to obtain the solutions J,,(p, x3;1) we have to perform the Fourier transform
(5.142) numerically. The first modes Jy, J2, J4 and Jg are shown in figure -, 5.15] for
I=1,9u;/(4R%) =1 and b = 0.1.

J2(p,x3;1)

Ja(p, x3;1)

Figure 5.15. The first modes of J,(p,z3;1) for | =1, 9u;/(4R?) =1 and b = 0.1.
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We can now evaluate the on-shell D8-branes action,

SDBI _ /d4 {k ) vr(2) fr(2) [F2 +F$23Z}

AR || f() 2 | _
9qu5/6(z) yr(2) pr?’}_

d'z ERROLEON

nz:omg:ocn G )/ 4 {k3/2(2) Vr(z) fr(z) "
uy [yr(2) k°/6(2)

[ + 0] G5 75

N /1] d X 2 9U] (T) 2
S Z G )) = - {(a Ta)? + D)+ N2
where k; is defined in . We define

ulpit) = Vi 60 (0) 7L (5,145

to get the canonically normalized action

d)Z ¢n Ju
DBI__fZ/dZL { P¢n ( x3¢n) +7+ p¢n+7éA T)¢3L}'
p? 4R
The interaction term ¢d¢ can be eliminated by integrating by parts so that finally
we get

e Z /d4 { Bpbn)? + (Opshn)? + (;2 + Z%; T)> gbi} (5.146)

Upon extending the derivatives to the four coordinates and adding the source term

Seource = / d'2 27v/2 8(p — 1)5(23) —L (5.147)
VE] C '(0)

this can be read as the four-dimensional effective action for the uncharged string
loop, with the eigenvalues )\% ) being related to mass parameters. The fields in this
action come from the mesonic modes at finite temperature, the lightest one being
the axion (the zero-mode with /\éT) = 0). More precisely, the fields ¢,, come from
the D8 gauge field modes “transverse” to the circular source, i.e. A, (including the
axion) and A,, Az, (two components of the (tower of) vector mesons), with a specific
identification, coming from the five-dimensional equations of motion, reducing to
the single tower ¢,, the number of independent fields.

The free energy of the string loop, defined as SDBI — [ dt Engop, scales linearly
with V. The energy is divergent at the location x3 = 0, p = [ of the string while it
does not diverge at large distances, i.e. for 3 — +00 and p — 00, as expected from
the literature [147, 148]. One must remember that the solution is derived under
the hypothesis that the field strength is small (compared to I;!) so to consider the
quadratic expansion of the DBI action. Thus, the solution we found cannot be
trusted close to the source, where the divergence is expected to be resolved in the

full DBI analysis.
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The charged mode

If we turn on the gauge field components A; and A, we also have contributions from
the CS term in the action. The equations of motion, in this case, arelﬂ

AR || [fr(2) K32(z)
* P { Yuy k5/6(2) \| vr(2) OrsEpas + 0 (’Z’ 17(2)f12) sz) }+

N2
+ ie
6872

PMNPQ By N Fpg = 0. (5.148)

50, . 3/2(,
° —Kjy {3fj k:5l6’(z) i) 0o (PFpas) = p O (k \Z\( ) @) fr(z) sz) }+

yr(2)
N\/i 3M N P
L CFyuNnFpg=0. (5.149)
K22 NVE
o st PG {0, (o) 4 00 P 4 503 VTR g = 0.
(5.150)
o & {4R3 12 L 10, (pFL) + p Dy Frug] +
IV 9uy 65/5(2) \| Fr(z)yr(z) F P7te) TP Gea s

k‘3/2 N3
+p0; ( Z|(Z) '};Ez; th> }+ 68‘7{;615MNPQFMNFPQ —0. (5.151)

4R3 |z fr(z) 1 1
* Kj{guj k5/6(z) vr(2) [ap (meD) - paccst:a} +

3/2
— 1 82 (k ’Z’(Z) \/’}/T(Z)fT(Z) sz> } + ](:;\;EGwMNPQFMNFPQ =0. (5.152)

p

This system of equations is very hard to solve in general. Following [165],
and what we have done for the straight string configuration, we can linearize the
equations of motion, neglecting the non-linear terms since they are small for large A
and because we look for solutions in the large-z region. In this regime, the monopole
solution found in the previous section is not spoiled. We can thus study the linearized
equations of motion for A; and Ay , , searching for curved space Green

"Under the reasonable assumption that the gauge field still depends only on (p, z3, 2z) and the
parameter [.
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functions sourced by a circular loop distribution

4R? |7 1 )
Juy k5/6(z) fT( ) ( ) { ('08 At) a$3At:| +
00, <k:3/2( ) (Z) 8ZAt> ~ 5(:L’3)5(p — l)&(z) , (5153)
12|V fr(2)

AR |z| [ fr(2) 1 Lo
- ad, -0,A —-02. A
Yuy k5/6(2) \| vr(z) [ P (p ' w) 50 w] *

1az<kw2@)

2]

To solve these equations we define A; and A, as Green’s functions in curved spacem

vr(2) fr(z) BZA¢> ~ §(z3)0(p—1)o(2) . (5.154)

A(p, x3, 2;1) Zan an(2)En(p, x3;1) (5.155)

Ap(p a3, ;1) ~ Zﬁn Bu(2) Fu(p, 3;1) (5.156)

where functions a,, and f,, are defined in (5.58)), (5.59)), and the formulas below
them.
The modes FE,, and F;, are the solutions of the infinite set of equations

;;8p (pOpEn(p,x3;1)) + 02, En(p, x3;1) — i%{)anEﬂ(p, x3;l) =0(p —1)d(x3),
(5.157)
1 9 Juy
P9, (pﬁpFn(p,xs; l)> + 0ay Fulp, 330) = g bnFin(p, 2331) = 0(p — 1)d(3) -
(5.158)

In order to solve these equations we have to perform the Fourier transform and use
the Green theorem

o0 dk
Ealpozsil) = [ S e (o ksl (5.159)
+oo dk
Fulpiagil) = [ Gre™ o Bu(p k). (5.160)
—oo 2T
Following the same computations we have done for the monopole solution we get
L, (00,E 42 0 By = (o1 5.161
;p(Ppn)_ +4R3an n=0(p—1), (5.161)
1 ~ 9UJ
o, (=0,E,) — (K> +=2b, | E,=6(p=1), 5.162
00, (Z0,Fn) = (K -+ {5t ) B = (0= 1) (5.162)

BWe set to zero the center of mass moduli (X3, Z), as we did previously in this chapter.
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Eu(pxs; 1) | Eapxy D)

! R CTCE Vi L Fy(p, %3 1)

|~
1 U
-5 -5

Figure 5.16. The first modes of E,,(p, r3;1) and Fy,(p, x3;1) for I = 1, uy/(4R?) =1 and
b=0.1.

whose solutions are

Ju Ju
) ~I (z k2+4R§an> Ko | p\[K2+ pgan | p> 1
B, k1) = o - (5.163)
J
—Ky <l“k2 4R3 >IQ p“k2 4R3 p<l.
Yu s / Ju s
. —lply <l k2 + 4R3b )Kl P k2 + 4R3b p>1,
—IpK, (h/k2+4—R3b>Il p\/k2—|—4—R3b p<l.

Figureshows the plots of the first modes E,, and F}, for [ = 1, 9u;/(4R>) = 1
and b = 0.1. They are obtained by numerically performing the Fourier transforms
and (5.160). Physically, they are the excitation modes of the t and
components of the field theory vector mesons, whose non-trivial profiles encompass
the charge of the string loop.

We conclude this section by writing the effective action arising from the on-shell
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Maxwellian DBI action. For A; we have

AN uy |z
GDBI —/d4 d { 2 42
W g e B ) TR A e

0us K2(2) [rr(2) o\
R fT()FtZ}_

uy Z‘an( )am(z)
T 9. 257T3MKK\/72 2_ n(0)am(0 /d%dz{kf’/ﬁ (VAT (@) fr(2)

n=1m=1

Qug K32(2) [yr(2)
AR 2|\ fr(2)

(s En)? + (9,En)?] + Gzan(z)azam(z)EnEm} -

(5.165)
We can define
AN U
En(P7$3; l) = \/m% R;;’ an(O)En(p7 T3, 5)7 (5166)
to get
DBI Yuy
Z/d x{ (Ongen)?® + (0pen)® + Wanei}. (5.167)
We can do the same thing for Ay:
DBI [uy [d'z { |2| fr(2) 2 2
SAw 9. 257T3MKK R3 / 6 )\ 17 (2) [Fwwa + FW%L
Juy k3/2(z) 2 | _
+ @ |Z| v (2) fr(2) sz} =
—_ UJ .
9. 257T3MKK V R3 — = an Jetm (0)
d*x |2| fr(2) 2 2
[ 55 e iatet 2o 5u(e1 ) 0o + 0
Yuy k3/?(2) B
@ ‘Z| ’YT(Z)fT(Z) 8Z/Bn(z)8z6m(z)FnFm} =
9.3 Mir VR Z f(0 / {(ang )y (8pFn) 4R3b nk }
(5.168)

and define

AN [ug Fo(p, x3;1)
Cn(/?, 373;1) = \/% ﬁ/@n(o)fa (5'169)
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so that we can write

19
SRPI - Z /d4 { (Orgn)? + (Dpsn)? + (p2 + ;R{;bn> gﬁ}. (5.170)

Promoting the derivatives to the four coordinates, the actions ,
represent the four-dimensional effective actions for the charged modes of the vortons.
They are nothing else than the reduced actions, in cylindrical coordinates, for the
D8 gauge field components “longitudinal” to the circular source, i.e. A; and Ay,
corresponding to two components of the (tower of) vector mesonsﬂ

Currents in the deconfined phase of the WSS model

In this section, we compute the currents associated with the WSS flavor symmetry
in the deconfined phase. The procedure is analogous to the computation of the chiral
currents in the confined phase of the WSS model [I65]. In order to study the flavor
currents, it is useful to introduce external gauge fields Ay ,,, ARr,, associated to the
chiral symmetry U(Ny), x U(Ny)g in Minkowski space. The chiral currents J/,
JF can be read off from the action term that is linear in the external gauge fields:

Set[Ar, Ar] = —2 / 'z tr (A W TP+ Ag T2 (5.171)

We can trade the left and right components for the vectorial and axial components
of the current

Seff[AL,AR] = —2/d4x tr (V;(j_)j‘l; + V;(L_)j;;) , (5.172)
where
A, £ A
Th=Tr+Tk. Ji=g) g4, V=TIl (5.173)

2

In the WSS model the chiral symmetry is identified with the constant gauge trans-
formation at z = £o00, and the external gauge fields Az, ,,, Ar, can be introduced
by the following boundary conditions for the five-dimensional fields

A2tz — 4o0) = Ay (2!), A2,z = —o0) = Ay r(2!). (5.174)

In order to write down an expression for the current, we need to compute the first
variation of the action. Let us consider the connection

Apr(a?, 2) = AS (x#, 2) + 0 Ay (2, 2) (5.175)

such that A$, (z#, 2) is a classical solution to the equations of motion with boundary
conditions A§,(2#, 2 — £00) = 0 while 6.4y (z#, 2) is a small deviation from the
classical solution such that

0Au (2!, 2 = F00) = Ap u(2"), dAu (2!, 2z = —00) = Ag(2!) . (5.176)

9The masses appearing in the four-dimensional effective actions are different for the various
components due to the breaking of Lorentz invariance by the temperature and the choice of
cylindrical coordinates.
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Remember that for the one-flavored case A = A/v/2, with A the U(1) gauge field.
The background metric in the deconfined phase breaks the covariance in the

Minkowski space but it is straightforward to find the currents as in the confined

background. The DBI action for the D8-brane expanded at quadratic order is

DBI _ T8V21R3/2(27T0/>2 4 fr(uw)|Ou|ll (R ’ 2
s 4gs /dxd vr(u) |0 { (u> Fit
R\* F2 |0u| yr(u) , | |Ou| 2
- (u> fTéU) 9z fT(U)FtZ+ o )Fw}

The CS term leads to a vanishing boundary term (at z — +00) and hence it does
not contribute to the current computation. This is why we will not consider the CS
term in this section even if it does contribute to the bulk action and hence to the
equations of motion for the gauge field.

We consider a small deviation §Aj; from the classical solution to the equation
of motion obeying the boundary conditions . The field strength components
can be written as

F2 = (Fg)" + 20 Fe] (90 A; — 0,0 Ay)
2
F2 = (Fg) +2F (004; - 0,0A,),

F2 = (B 4 2R (064, — 0.64),
(F)" + 27 (004, - 0.04:),

where the coefficients nyn (M, N = t,x1, 22, x3, 2) refer to the five-dimensional flat
metric.

In order to read off the flavor currents we look at the terms with derivatives
w.r.t. the holographic direction z since they give the boundary terms of the action:

TMRW(QMIV/ d*zdz 0, |u’/? [ Jorw) " Pl A+
295 ¢ fT(U) t

+ () fr(v) nijFiile)] =

@,
0z

zZ=-+00

(lu_
0z

Shdry =

295 fT(u)

+ () fr(v) nijFﬁMj)]

:Tng?)/z(Qm/y/d%[um 1( yr(u) DL Ayt

Z=—00
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Following the prescription ([5.171)), the chiral currents can be written as

k(2)*2 [y (2)
t_ ttFCl 1
JL K;J|: ’Z‘ fT(Z) n tz oo ’ (5 77)
k(2)*? [yr(2)
t — ttFC1:| 1
‘]R ’iJ[ |Z| fT(z) n tz e 3 (5 78)
. k(2)3/2 y
1= [ @ G ]| (5.179)
z=-400
. k(2)3/2 y
Th= | <|2| @R (5.180)

where kj has been defined in ([5.43)).
From these expressions, we can extract the vectorial and axial components of
the currents:

k(2)*? [yr(2) e

t — _ tthl 181

JV " |Z’ fT(Z) e z=—00 ’ (5 i )

71’0(2)]{7(2)3/2 yr(2) tt 1} e

Jh = — F¢ , 5.182
A RJ |Z| fT(Z) n tz e ( )
. [k(z 3/2 .. zZ=+00

By = [M = @ ] (5.183)
) Nk(z 3/2 z=400

Ji = —py [0 )|ZT Ly g , (5.184)

where 9y(z) = %arctan(z). We will drop the apex “cl.” from now on.

We can use these results to compute the baryon number current (and in general
all the other components of the currents Jg and Jz) associated with the electric
potential A;. This fixes the proportionality constant in front of the solution

for Ay to K = — (322313 R3/2) /(u/* M \):

t_ 2 _3 k3/2(2) r(2) u e
JB - NJV - NK/J |Z| fT(Z)n th o
S B2 () ] e
=Kk an(0)E,(p, x3;l Oyon (2 =
J;::l (0)En(p, 3 )[ E ) (2) o
= Kry Y gfnaon-1(0)Ean—1(p, x3;1) , (5.185)

n=1

where we have defined the decay constants associated with the eigenfunctions ay,(2)
as

|2 agn—1(2) . :agn/dz |z|  aon(2)vo(2)

o« _, .l
gyn = 2n—1/d ]{:5/6(2) ’YT(Z)fT(Z), k?5/6(2) ’YT(Z> T(Z)
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A direct application of this formula is to compute the baryon number charge

+0o0 [e’¢) +oo [ee]
ng :/ dxg/ pdipdp (Jh) = 27r/ d(Eg/ pdp (J%)
—c0 0 0

—00

9u oo +00 o)
=2m S gilana0)) [ dus [ pdp Ban-a(p,asi) =
4R el —00 0
=3 I (g, 1 (0) = 1, (5.186)

where we used the properties of the Fourier transform and the addition sum rule of
Bessel functions. Note that this definition of baryon number is equivalent to the one
given in terms of the CS term in equation ([5.78]) (plus total derivatives) by using
the equations of motion.
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Chapter 6

Holographic baryons as quantum
Hall droplets

In this chapter, we finally provide a first-principle construction of baryons as quantum
Hall droplets in a QCD-like theory admitting a holographic dual. We observed
at the beginning of chapter [2| that in QCD-like theories with gauge group SU(N)
and a single massless flavor (N;y = 1), the low-energy description of baryons as
solitonic Skyrmions is not available. This puzzle can be overcome by following the
ideas of [40} 4T, 42, [43] [44], and recently carried on by Komargodski in [3§]. In the
planar limit of these theories, baryons at low energy should correspond to some kind
of “brane-like” objects related to the singular locus of the low-energy i’ potential
defined by 1’ = w. Moreover, on the worldvolume of these objects, there should live
a (2+1)-dimensional U(1), Chern-Simons theory [38]. In this respect, the baryons
would be analogous to the quantum Hall droplets of the fractional Hall system.

Several expected properties of the baryons have been derived from these premises,
yet precise quantitative statements are, as usual, difficult to achieve from purely
effective descriptions [A0, A1, 42, 43, [4) [38, 45, 46, 47, 48, 49, 50, 51, 52].

In this chapter, based on [6], we adopt the WSS model as a playground theory
to construct the one-flavored baryon. We will focus on its D6-brane description,
corresponding to the gluonic core of the baryons. In the language introduced in
chapter ] we do not consider here its mesonic description given in terms of the
flavor brane gauge field. We also construct related configurations, such as vortons,
“sandwich vortons” and domain walls with holes, study their stability, and (some of)
their possible decay channels.

In section [6.1} which constitutes the core of this chapter, we set up the study
of various configurations, including the baryons, as D6-branes ending on the flavor
D8-brane with a circular boundary, in both confined and deconfined phases. Indeed,
as we have seen in the previous chapters, the D6-brane is the object realizing the
correct monodromy of the field dual to the ' [I], and after reduction on the four-
sphere of the background, it naturally hosts on its worldvolume the U(1), CS theory
advocated in [38]. In order to describe a (meta)stable baryon as a quantum Hall
droplet, as well as other baryonic configurations, it is necessary to consider charged
configurations under the baryonic symmetry. This corresponds to switching on an
electromagnetic field on the D6-branes.
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We thus describe in detail the equations of motion, variational principle, boundary
conditions, and the relations between the baryon charge np, the quark charge gs,
and the spin J associated with the D6-brane. In particular, we study configurations
such that J = n4N/2 (as in the standard Fractional Quantum Hall Effect) - this
reduces to the expected relation J = N/2 for the elementary np = 1 baryon made
by N quarks with aligned spins. By analyzing the topology of the configuration, we
are able to identify the solitonic mode living on the boundary of the droplet and
carrying integer baryonic charge, in close analogy to the description of the electron
in the FQHE. Perhaps not surprisingly, the solitonic mode is a would-be gauge mode
of the gauge connection on the D6-brane worldvolume.

Section is devoted to the presentation of the (numerical) solution correspond-
ing to the baryon, i.e. the embedding profile and the electromagnetic field of the
D6-brane. The solution allows to compute precisely, from first principles, the baryon
properties, such as its mass and radius. As envisaged in [38], while the mass scales
linearly with the number of colors IV, as customary for baryons in the planar limit
[16], the radius is N-independent. Instead, both these observables depend on the 't
Hooft coupling A, the chiral symmetry breaking scale f(r),/, and the temperature
(in the deconfined phase). In particular, it turns out that these baryons are small
particles in the holographic regime, with size suppressed by the large value of A, as
in the case of the standard Ny > 2 baryons in the WSS model [28, [165] (but with a
different power law suppression).

The charged string loops, i.e. the vortons, are studied in detail in section [6.3]
As we have seen in the previous chapter, they correspond to a D6-brane extended
from the flavor brane tip, where it has a circular boundary, to the horizon of the
finite temperature WSS background. We will find that stable vortons with baryon
number ng ~ A\? do not exist. The only way to find metastable vortons is if they
carry a very large charge ng ~ A. Then, we will connect these findings with the
results coming from the D8-brane analysis presented in section [5.3

In section [6.4] we study two different but related configurations: a domain
wall with a hole and a “sandwich vorton”, briefly introduced in section [5.2] Both
correspond to a D6-brane with a circular boundary at the D8-brane tip (as the
baryon). The former is expected to play a role in the decay of infinite domain walls,
which develop holes that eventually eat up all their worldvolume. We concentrate on
metastable configurations with baryonic charge, but analogous metastable uncharged
solutions and unstable solutions exist as well.

The “sandwich vorton” is a charged string loop whose structure depends on two
different fields. A prototype example is the “axionic-n’ string” (or the “axionic-pionic’
string) [41]. In the holographic model, it corresponds to a cylindrical D6-brane
terminating on two D8-branes whose tips are at different holographic radial positions.
In the WSS model, it can carry baryonic charge, which makes it (meta)stable.

Section discusses possible decay channels between various configurations:
baryons, “sandwich vortons”, ordinary vortons, quarks (in the deconfined phase).
The discussion is based on energy and charge considerations. The results are non-
trivial “phase diagrams” highlighting the most stable configurations depending on
the theory parameters (e.g. fyr ., temperature, \).

Finally, Appendix [C| provides more details on the topology of the solutions, while
appendix [D] describes the numerical integration procedure followed to solve the

Y
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equations in the main body of this chapter.

6.1 The D6-brane system

In this section, we present a detailed analysis of the Euler-Lagrange equations and
the related variational problem for a D6-brane wrapped on the background S*,
extended along the holographic coordinate u with a circular boundary at the tip of
a U-shaped D8-brane. We find a zoo of solutions associated with different D6-brane
profiles. We present the analysis in both the confined and deconfined phases of the
WSS modelll

The worldvolume action for the D6-brane is composed of two parts: the Dirac-
Born-Infeld action and the Chern-Simons one. We remind the reader that this
reads

SDBI_ _, / ATz e%\/— det (g + (2712) f + B), (6.1)

where Tg = (27) 7617 is the D6-brane tension and f is the field strength associated
to the U(1) gauge connection a living on the D6-brane worldvolume. Locally, we
can write f = da. The Kalb-Ramond field B appearing in the DBI action will be
set to zero, as always in this thesis. Integrating out the four-sphere, the above
action reduces effectively to the DBI action of a membrane with a three-dimensional
worldvolume Mjz. The worldvolume coordinates of the manifold M3 are identified
with £, 1), u, where v is the polar angular variable of a circle in Minkowski, whose
radius p(u) (which we take to be (t,1)-independent) has to be determined by
solving the Euler-Lagrange equation. The manifold M3 has a boundary 0Ms, which
has in general a non-trivial topology. It has one connected circular component in
uy, and depending on the nature of the solution for p(u), it might have a second
connected component at the position where the D6-brane ends, which we denote
by us. In the following, we use the convention €¥* = +1 which is equivalent to
dt A dy A du = dt dip du. Note that this induces an orientation on M3, spanned by
Y, t.

The Chern-Simons action for the D6-brane is given by
S =s 2/03/\f/\f—

N
_47T/M3a 8772/ Cshanf, (6.2)

where in the last equality, we have integrated by parts and used [gqu Fy = 27 N.
We have also used that d?a = 0, and we denoted with D6 the boundary of the
seven-dimensional D6-brane worldvolume. The effective theory on the D6-brane is
thus described by a three-dimensional DBI-CS action with U(1), CS term [179, [141].
In the case of a D6-brane with a boundary 0D6 = 9Ms3 x S%, there is also a six-
dimensional boundary term. Since in the previous sections we were not interested in
the charged D6-brane, we always forgot about such a boundary term.

1Let us remind that the physics of fractional quantum Hall effects has been studied widely in
the literature. See, for example [I77), [I78] and related works.
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Let us comment on this result. The authors of [32], following the results presented
in the seminal paper [I33], observe that the standard Wess-Zumino term, involving a
RR form C, for a wrapped brane in the presence of a non-trivial flux on the compact
manifold, has to be traded (integrating by parts) with the term involving the field
strength of C. This is the case whenever C' is not single-valued. Looking at ,
the first line has to be traded with the first term of the second line. However, our
configuration is more complicated than the one described in [I33] [32], since we have
a physical boundary. This leads to the presence of a boundary term in the second
line of , involving explicitly C5, which could be problematic as well. Anyway,
we are going to impose that the gauge connection vanishes at the boundary of the
D6-brane worldvolume dD6£

f

This way, the CS theory on the D6-brane worldvolume reduces effectively to three-
dimensional U(1), CS theory, ubiquitous in this thesis.

Let us comment now on the gauge invariance of the theory. Consider the first
line of , since the action depends only on the gauge curvature f, it is manifestly
gauge invariant. However, after the integration by parts, performed in the second
line of , the two terms are not independently gauge invariant. In particular, the
U(1),y CS theory alone is not gauge invariant if the manifold M3 has a boundary
(see e.g. [I80]). We study this issue by allowing for a general variation of the
gauge connection a — a + da, and then by specializing this variation to a gauge
transformation. The corresponding variation of the CS action to first order in the
fluctuations reads

o5 (6.3)

N
0Scs = — d(da A a) + 20a A da . (6.4)
A Sy
In the specific case of a pure gauge transformation, we have da = —ig~'dg = d,

where g = €' is an element of U(1). With these definitions, the phase ¢ is a periodic
scalar field with period 2. We can use Stokes’s theorem to rewrite (6.4]) for pure
gauge transformations:

N N

6505 =5 [ dens=1-[ wf. (6.5)
4 Sy AT Joms,

Therefore, the condition for gauge invariance is that the curvature of the connection

a identically vanishes at the boundary:

f (6.6)

OMs
One can realize that this condition is nothing but the reduction on Ms, of the
condition that we imposed to get rid of the six-dimensional boundary term in
the Wess-Zumino action. Note that we are considering a gauge connection a which
does not depend on the four-sphere coordinates, and with null components along
S4. Therefore, imposing , we get for free the gauge invariance of the effective
theory after the integration by parts.

2This condition preserves the gauge invariance of the RR form Cjs in the seven-dimensional
D6-brane worldvolume with a boundary. This is not the only choice that preserves this gauge
invariance.



6.1 The D6-brane system 135

A simple way to guarantee that vanishes is to make an ansatz for the gauge
connection corresponding to time-independent axisymmetric solutions, i.e. such
that its components depend on the holographic coordinate u aloneEl In addition,
to simplify our study, in the following we will work in the radial gauge a, = 0.
Therefore, our gauge connection configuration will be given by

ar(u), ap(u). (6.7)

Let us now derive the equations of motion both in the confined and deconfined
phases for the D6-brane embedding and its gauge connection. We do this assuming
to have a well-posed variational problem, and then we will discuss how, imposing
particular boundary conditions, this analysis is consistent.

Confining phase

We start with the Witten confining background (3.44)). The induced metric on the
D6-brane is

/
d%GZ(;)32<dﬁ+4ﬁwmwﬁ+Qﬂm2+(f>ai®>dﬁ>+iﬁﬂwﬂﬂﬁ.
(6.8)

After some algebra, the full action can be written as

S —N/dt /ou " { (at Oyay ; ay Oyay) n ug((;zg)(;) } ’ (6.9)

where we have introduced the function

w\? u@ 2
D) - Jp%u)? (1) + i + e (P4 - ) . @10

Let us now write the Euler-Lagrange equations for p(u), a¢(u), and a,(u), defining
a Lagrangian density Lpg from the action by

S = /dtd¢du£D6. (6.11)

The equations of motion read:

o Equation of motion for p(u)

u4p'(u)p(u) _ R3U / 2 E ° L_ 7'(2 2 a 2
8u< D(u) ) ~ D(u) <’0 (u) (R) - Fu) (2nl5)* (Ouar) ) (6.12)

o Equation of motion for as(u)

30,0y + Oy (W) ~0. (6.13)

3Note that, with our choice of coordinates and orientation, the equation (6.6) can be written in
components and reads fiy v 0. By choosing a time-independent axisymmetric configuration, this
3

is automatically satisfied.
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« Equation of motion for a,(u)

u@u% .
36uat + au <p(u)D(u)> =0. (6.14)

We can rescale the gauge connection by a factor (27/2) in such a way that there
is no more explicit dependence on I in the equations:

a=(2rl%)a. (6.15)

The equations of motion (6.13]) and (6.14) for the gauge connection components are
total derivatives, so from them we get

Zg’((s)) Oy + 3ay = Ky, (6.16)
u —

Y B,y + 3 = ky, 6.17

o) D) e 3 =K (617)

where k; and R¢ are two constants of motion to be fixed. As for the gauge connection,
the barred constants are related to unbarred ones through k; ,, = 2ml? k¢ . Defining

k k
%Z%—gt, at:at—?’/’, (6.18)
the equations of motion can be rewritten as
& (u'p' (w)p(u) 3 9 9
il - D 1— —a2) =
M ( D(u) R’u D(u) ( u2at> 0,
3
_ 3D(u) _
Ouar + — ayp =0. 6.19
Using the latter we can write D(u) as
u\3 1
P (3) + 7o
D(u) = r)__fw) (6.20)

9 ( a
14+ — — a3
u? (pQ(U) t)

This on-shell expression for D(u) will be helpful in the numerical resolution of the
differential equations.

Deconfined phase

In the deconfined phase, where the background metric is given by (3.115)), a similar
approach can be followed. The D6-brane induced metric reads

3/2 R 3 1
ds%’ D6 = (;;) <—fT(U)dt2 +p2(u)d1/}2 + (p/(u)Q + <u> fT(u)> du2> +
+ R3/241/2402 . (6.21)
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The full D6-brane action is

Spbe = —N/dt/ ! du { (2 Duay ; @y Jutr) + u’;((?;ifl)f)gu)} ) (6.22)

where we have defined Dr(u) as

u 3 u a
Dr(u) = \/ 1+ pf(u)? <R> Fr(u) + (2712)2 (W _ (8uat)2) . (6.23)

Using the rescaling ([6.15]) the equations of motion read

u p(u w3 U U ay)?
6u< o) (R) fT(u)p’(U)> —uDr(u) + fr(u) (Oudy) =0, (6.24)

Dr(u) Dr(u) p*(u)
g’) ((“)) Duliy + 3y = Ky | (6.25)
T\U
u  fr(u), I
DT(U,) p(u) Bu% + 3a; = kw , (6.26)

where k; and Ew are two constants of motion which, despite we adopt the same
notations, are a priori different from their counterparts in the confined phase.

Using the analogous redefinition as in , the complete set of equations of
motion in the deconfined phase can be written as

utp (u)p(u U a;
e

3
gy + ——— D a =0,
Outy+ 72 s l) Dr(u)ae =0
_ 3Dr(u) _
n — = . .2
8at+u () ay =0 (6.27)
Using the latter we can rewrite Dp(u) as
e
Lo () o
Dr(u) = . (6.28)

9 ( aj Q7
L | o —
w? \p*(u)  fr(u)
In both phases, we verified that imposing the gauge a, = 0 does not impose
a constraint on the non-zero fields. This can be done, as usual, by deriving the
equations of motion with a, # 0 for all the fields (also a,,) and then setting a,, = 0.

The equation of motion of a, could, in principle, give rise to a constraint. This is
not the case for our system since it leads to a trivial identity.

Baryon number, fundamental string charge and angular momentum

In the WSS model, the baryon vertex is associated with a D4-brane wrapped on
the background four-sphere S*. The presence of np D4-branes sources the Cs
Ramond-Ramond field through the Wess-Zumino term

np / Cs. (6.29)
54 XRt
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If the gauge connection on the wrapped D6-brane is turned on, the D6-brane can
carry a wrapped (on S%) D4-brane charge, hence a baryon charge ng. The D6-brane
can also carry a fundamental string charge, which corresponds in the field theory
picture to the number of quarks building up the baryonic configuration. These
features recall those of a charged cylindrical D2-brane (eventually ending on a
D4-brane) in flat spacetime, known as supertube, which supports both fundamental
string charge and DO-brane charge [I81] [166].

The induced baryon charge can be read from the D6-brane CS coupling. Let
us write the D6-brane worldvolume as M3 x S* = Ry x ¥ x S*, where ¥ is a
surface extended along 1 and p(u), or equivalently along ¢ and u with u € [uy, uy].
Therefore, the D6-brane CS term reads

1 1
[ cnf= 7/ / o 6.30
2m Jpe sng 2m zf S4xR, b ( )

so that 1 1
[ r= i [ davoes =) -, (631

where in the last equality, we used the axisymmetry of the gauge connection. Notably,
np appears as an integrated magnetic flux for the U(1) gauge connection on the
D6-brane, and it is related to the boundary values of the connection. We will return
to the topological interpretation of the baryon number in section If we define
the shifted gauge connection as

k; . ky

&d}:ad}_g: = ar — =, (6.32)
we can rewrite (6.31)) as
np = Gy(us) — ay(uy). (6.33)

Fixing the baryon number thus gives a boundary condition on a or, equivalently,
on a. As we will see shortly, the solutions to the equations of motion have to satisfy
appropriate boundary conditions to describe metastable objects with baryon number.

The induced fundamental string charge on the D6-brane can be computed by
doing the variation of the total action with respect to ff]

N K

/ a Log = N+, (6.34)

qs = a o)
where in the last identity, we used the equations of motion. We stress that the above
formula holds both in the confined and in the deconfined phases since the equation
of motion for a; has the same expression in both phases (up to replacing D by Dr).

“The identification of the string charge g, with the variation with respect to f comes from
considering that the latter appears in the fundamental string action as

Sf—string D _2;]:[3 / (B + 27Tl§f) .

Then, we can write
— — 91 l2 6Sf string 6Sf—string

6B f
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As we have already shown in equation (6.2)), on the D6-brane worldvolume, there

is also the term N
— A 6.35
N /M3 anf, (6.35)

which in the presence of the non-trivial magnetic flux in (6.31]) becomes

NnB/ a(t)dt = qs= Nnpg, (6.36)
Ry

where a,(t) is now a gauge connection ﬂuctuationEl The result ¢s = N np comes
from the identification of the D6-brane CS Lagrangian (6.36)) with the fundamental
string Lagrangian; and it is physically expected to hold in the presence of baryonic
objectsﬁ From this result and the definition , it also follows that

dyp = ayp —NB. (6.37)

Because of the matching condition we enforced gave ¢s = N k;/3 = Nnpg, we have to
impose k;/3 = np when we solve the equations of motion for the gauge connection.

Another property of the charged D6-brane configurations we are focusing on is
that they carry angular momentum [5] [6]. Following Noether’s theorem, the angular
momentum along the u axis is

J= Aoz /=g gyy T . (6.38)

NS4

The Chern-Simons term is topological, and hence its contribution to the stress-energy
tensor vanishes. We are thus left with the stress-energy tensor contribution from
the DBI action

2 0Lpg _ 1 s
Tyn = ——— =Tge ¢ — gMN \/1+9ABQCDfACfBD+
/—g §gMN 2

AB ¢ r
n 91 fmalng ) 7 (6.39)
\/1 +5949“P fac fop
where ¢ is the induced D6-brane metric and the indices M, N, A, B, C, D run over

the D6-brane worldvolume coordinates. In particular

Tt?,/) _ T6 e*ﬁb 8uat8u&w
VEIUG05Gu [ g (9w g+ (0uy)?) + gup(Oute)?)

(6.40)

Using the above expression and the equations of motion, we get, from ((6.38|)

J = Z/du@u [(cw — ?)Q] . (6.41)

5Tt can be shown that our time-independent axisymmetric gauge connection can be gauge trans-
formed into this new gauge configuration. This can be done by performing a gauge transformation
ay — au+ 0, with the gauge parameter A = —aq(u)t + ft a.(t')dt'. The field strength f is trivially
gauge invariant, so equation is not spoiled. We have to mention that, this way we exit the
radial gauge since the component a,, is turned on.

5This relation holds only for confined baryonic objects, and it has to be modified in the presence
of free quarks.
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This formula holds for every D6-brane embedding and in both the confined and the
deconfined phases. We can integrate it in u between the generic endpoint in u, and
uy to get

6.1.1 Zoology of (meta)stable solutions

For a given value of k; and ky, the space of solutions of the system of differential
equations derived in and is a four-parameter space whose general
structure is challenging to determine.

We focus on the zoology of time-independent axisymmetric solutions, which can
be interpreted from the field theory point of view:

e« Baryons. They correspond to D6-brane configurations that shrink to zero
size at some value of the holographic coordinate u, = ug so that p(ug) = 0.

See figure

(00]
B~
Mink, )_xg
I -
UE |-
Ug, Up b Mink,

Figure 6.1. Pictorial representation of the D6-brane embedding describing holographically
the Hall droplet baryon. The D6-brane has a radius I at u = uy where it is attached to
the D8-brane, and it shrinks to zero size at © = ug. We present the embedding both in
the deconfined (cylinder) phase and the confined (cigar) phase of the WSS model.

e Vortons. They are solutions in the deconfined phase for which p(u) # 0 for
all u, and they extend from u; to the horizon u, = ur (see the discussion in

section . See figure
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3
Mink, il
Uy [ X5

UT | T Mink,

Figure 6.2. Pictorial representation of the D6-brane embedding describing holographically
the vorton. The D6-brane has a radius [ at u = uy where it is attached to the D8-brane,
while it ends on the horizon with a non-trivial profile.

o Sandwich vortons. These are solutions such that p(u) # 0 for all u, and they
extend from ujy to u, = ug, which corresponds to the tip of another U-shaped
flavor D8—braneﬂ These topological defects can be interpreted as excitations
of two different flavors leading to a “sandwich” structure. We will return to
the interpretation of these objects in section Bl See figure

3
Mink, X1
Uy [ Xs

Ugl oo Mink,

Figure 6.3. Pictorial representation of the D6-brane embedding describing holographically
the sandwich vorton. The D6-brane has a radius [ at u = uy; where it is attached to
the first D8-brane, while it ends on a second D8-brane at © = ux. The embedding is
presented in the deconfined (cylinder) and the confined (cigar) phase of the WSS model.

¢ Punctured domain walls. They are domain wall solutions attached to a
circle of radius I at u;y that extend to p — oo at some uy > ug in the confined
phase and us > ur in the deconfined phase. See figure [6.4]

"Thus, since ux # wuy, the two flavors condense at different scales.
8We can also think of sandwich defects with a straight boundary on the two D8-branes. In this
case, the composite objects are straight global strings associated with two different flavors. See

figure @
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Uy

Uy

ur

Figure 6.4. Pictorial representation of the D6-brane embedding describing holographically
the punctured domain wall. The D6-brane has a radius [ at u = uy where it is attached
to the first D8-brane. It extends to p — oo for a finite u = w,. The embedding is
presented in the deconfined (cylinder) phase and the confined (cigar) phase of the WSS
model.

These configurations are not necessarily metastable. Time-independent stable or
metastable solutions are generally a very restricted subclass of solutions for which
we need to impose other constraints.

The first necessary criterion for (meta)stability comes from a no-force condition
for intersecting branes, which is achieved when the intersection is orthogonal. This,
in our case, will result in a first boundary condition

p(uy)=0. (6.43)

For D6-brane embeddings associated with baryon solutions, we also have to require
that the embedding is a smooth manifold. For example, a conical shape at u, will
result in tension, causing the brane to shrink. As a result, in the baryon case, we
must have

P (ug) — o0, (6.44)

where u, = ug is the value of the holographic coordinate such that p(ug) = 0.

For vortons in the deconfined phase, together with p’(u;) = 0, the orthogonality
requirement at the horizon is discussed in section 5.2} Expanding the metric in the
near-horizon region, it is possible to show that orthogonality is guaranteed if and
only if the embedding p(u) admits a (regular) Taylor expansion in wuy.

The sandwich vortons have to be supported also with the orthogonality condition
at ug

P (ug)=0. (6.45)

6.1.2 Variational principle for a DBI-CS action

In this section, we address the variational problem for a DBI-CS action in the
presence of a boundary. Let us recall that M3 =¥ x R, (and 9M3 = 9% x R;) with
R; the time axis and ¥ a surface extended along v, p(u), or equivalently along 1, u,
with u € [uy, us] and with some profile p(u).

In our setup, both the DBI action and CS action produce a boundary variation
under a — a + da, and therefore, it has to be taken into account. As a consequence
of the presence of the DBI action, unlike in the pure CS case [I80], the variables




6.1 The D6-brane system 143

day and day are not conjugate to each other, and we can safely choose Dirichlet
boundary conditions for both of them to work out the variational problem. See e.g.
[182] for a recent discussion on this topic. Therefore, we setﬂ

uy ug
da;] =0, day| =0, (6.46)

U (1

and the variational problem is automatically well-posed.

Boundary conditions for the gauge connection

We are now ready to discuss the boundary conditions, consistent with the variational
principle, that we will impose to solve the equations of motion. In the baryon
setup, and in both phases, assuming that the electric field is finite at the tip of the
D6-brane, the equation of motion for a; implies that, at the tip where p(ug) =0
and p’'(ug) — oo, we have ay(ug) = np. This, together with the baryon number
definition np = ay(ug) — ay(uy), implies ay(u.y) = 0 for the baryon.

In both phases and for all the other solutions with baryon number ng, we will
impose the same conditions, a,(uy) = 0 and ay(us) = np. As a consequence for all
solutions we have a,(us) = 0 and ay(u;) = —np using (6.37). Let us summarize
the boundary conditions of each configuration presented in section [6.1.1] separately:

Baryons: ap(up) =np  a(ug) =0 ay(uy)=0. (6.47)
Vortons: ap(ur) =np  a(ur) =0 ayp(uy) =0. (6.48)
Sandwich vortons: ap(ux) =np  a(ux) =0 ay(uy)=0. (6.49)
Punctured domain walls:  ay(us) =np  ai(us) =0 ay(uy) =0. (6.50)

Imposing the above conditions and recalling equation (6.42)), we find

for every configuration. We insist that in the baryon case this is derived, while it is
a consequence of our choice of boundary conditions for the other solutions. This
quadratic dependence of the angular momentum on the charge is a typical feature of
anyonic systems, and it is consistent with the observation that the charged D6-brane
configurations we are focusing on are excitations of a topological phase of a U(1) 5

CS theoryll_q

6.1.3 Topological interpretation of the baryon number

In this section, we classify the principal U(1)-bundles that can be defined on the
D6-brane worldvolume. We show that these bundles are precisely classified by the
baryon number. We identify the topological data at the intersection of the D6-brane

9Let us recall that u = ug, and u = u. represent the location of the boundary.
0The state with opposite spin J = —(N/2)n% can be obtained by considering a D6-brane for
which the CS term changes sign.
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and the D8-brane, we connect this boundary data to the baryon number, and show
the similarities with the well-known Yang-Mills instanton description of baryons.
Then, we provide a physical interpretation of the shifted gauge connection @, which,
as we shall see, describes in the baryon case a vortex living on the D6-brane. Finally,
we outline some similarities and differences between the well-known Nielsen-Olesen
vortex [I83] and the one we study throughout this chapter, which we will refer to as
DBI-CS wvortez.

Topological properties of the D6-brane

In this section, we do not consider the S* on which the D6-brane and the D8-brane
are wrapped. Moreover, for our purpose, the time axis will be neglected; therefore,
the manifold of interest is the above-defined . All the D6-brane configurations
considered in this chapter (and the previous chapters) have an intersection with the
D8-brane in u = u s, which has the topology of a circle S'. This circle is a connected
component of 03. For baryon solutions, it is a priori the only one, but the other
solutions may have other connected components. Hence, we discuss separately the
solutions for which p(u) # 0 for all v and the baryon.

In the p(u) # 0 case, which corresponds to the sandwich vorton, the vorton and
the punctured domain wall cases presented in section the boundary has two
circular connected components. One is the circle in u s, and the other is in w,. This
last circle is either the intersection with another U-shaped D8-brane (for sandwich
vortons), the intersection with the horizon (for vortons), or a circle at infinity (for
the punctured domain walls). In all these cases, ¥ has the global topology of a
cylinder between two circles, which we will denote S}’*.

In the baryon case, 3 has a priori the topology of a disk. However, as we have
seen in equation , a has a vortez-like singularity in up. We will interpret
this ay(ug) # 0 as a topological defect at the tip of the D6-brane. A common
workaround procedure to study these defects is to consider instead the manifold
3. with a small neighborhood of the defect excised. This has multiple topological
and physical consequences. Firstly, it adds another circular boundary component
in uy = ug, which allows for a non-trivial value of the gauge connection at the tip
without a singularity. Moreover, this implies that the discussion of baryons and
the other D6-brane configurations can be conducted simultaneously, as both can be
treated by considering a cylinder between two circles.

Classification of the principal U(1)-bundles

We now want to work out a classification of the principal U(1)-bundles defined on
the manifold ¥, which, as we have shown, can be reduced to the study of a cylinder.
Note that, because of , the curvature f has to vanish on both bounding circles
of the cylinder. Therefore, f restricts to a map on the one-point compactification of
3\ 0%. This corresponds to identifying the entire boundary 0¥ as a single point.
Doing so, we obtain a pinched torus, noted PT, illustrated in figure [6.5]
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(b)

Figure 6.5. Cylinder configuration (a) and its one-point compactification PT (b). The
boundary is indicated in blue.

It has been shown that U(1)-principal bundles are classified up to gauge transfor-
mations by the second cohomology group of this manifold, with integer coefficients
(see appendix [C| for a more detailed explanation of this statement). This is a crucial
difference with the baryons constructed usually with more flavors, which rely on
non-trivial SU(Ny)-principal bundles, classified by the fourth cohomology group.
The cohomology of the pinched torus is

H*(PT;Z) = (H°(PT;Z), H*(PT; Z), H*(PT;Z),0...) = (Z,72,7,0...), (6.52)

and all the higher cohomology groups vanish because of dim(PT) = 2. H = Z is
a direct consequence of the connectedness of PT. The coefficient of H! describes
a winding numberE The last integer classifies U(1)-principal bundles up to gauge
transformations. It can be extracted by computing the first Chern number over the

pinched torus:

1
— Z. .
I (6.53)

This quantity is a quantized magnetic flux over PT. The compactification we used
mapped ¥ to PT and therefore the above integral is exactly the baryon number
previously defined on ¥ in equation . Therefore, the baryon number classifies
the U(1)-principal bundles on M3 up to gauge transformations.

It is useful to consider the link between this construction and SU(2) instantons in
four-dimensional Euclidean space, which share many similarities. The mathematical
objects we used and the analogous ones appearing in the instanton study are reported
in table

Manifold Boundary | Compactification | Group | Classification
Baryon | ST x [u.,uy] | SIUSE PT U(1) H?(PT;Z)
Instanton R? S3 S SU(2) H*(S*7)

Table 6.1. Relevant groups and manifolds to the topology of the baryon and instanton
case.

HThough in this case it comes from the “gluing” operation we performed and is not physical.
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Though there are many similarities between these constructions, there is an
additional element in our setup. The structure of the large gauge transformations on
> is non-trivial. The entire cylinder has a non-trivial first cohomology group, equal
to Z. Moreover, as is well known [I80], the allowed holonomies around circles for an
Abelian Chern-Simons theory at level N like the one we consider are given in units
of 1/N. Therefore, for every integer (divided by ), we can define a unique large
gauge transformatiorﬂ over the manifold. We denote the fraction associated with
such a transformation as ng. As an example, in the particular case of an integer
ng = npg, we can define a scalar x as

ky, k; ky
= Yy =Yy 6.54
X=5t+3 (4 5 bt np, (6.54)
where we used the result k; = 3np coming from ([6.36)), such that we can send a to
the shifted gauge connection & through the following large gauge transformation

a=a+dy. (6.55)

Importantly, after this transformation, a is always a regular field, i.e. a(ug) =0
in the baryon case. This was already known from the boundary conditions ,
though in the baryon case, connecting them by a large gauge transformation was
only possible because of this excision of the defect.

We will now connect the bulk data (the baryon number) to the topological
data of the boundary. As we have seen, the latter consists of two disconnected
circles on which f = 0, therefore, locally a = dp but not globally, as a can wind
around circles. This winding is classified by 71(U(1)) = Z. The possible pure
gauge configurations are therefore split into topological sectors, labeled by their
holonomies. We define two fractional topological numbers from the holonomy of
a (the regularized gauge connection) over the bounding circle. The orientation we
chose for M3, dt A\ diy A du = +dt dip du, induces an orientation on the bounding
circles, which results in an opposite sign for the u; circle and the u. oneﬂ

1 . 1 .
nJ:—%L}a(UJ), n*—%/&}a(u*). (6.56)

Recall that for baryon configurations u, = ug and therefore n, = ng = 0, while for
sandwich solutions uy = ugx and hence n, = ng. These numbers are connected to
the winding numbers nSVI:) by the following relations:

or T on

N N
nV) = /S1 a(uy) =Nny, n") = /51 a(uy) = Nn, . (6.57)

The gauge connection & can then be interpreted as a topological soliton interpo-
lating between two topological sectors, one at © = u; characterized by n; and the

12A large gauge transformation is a gauge transformation that is not homotopic to the identity.
As we will see, it acts non-trivially on the boundary and has to be viewed as a global symmetry
of the theory. The argued uniqueness is assuming it does not spoil the axisymmetry and time
invariance of our ansatz.

3Subtleties might arise when u, = ur is the event horizon of the spacetime.
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other u = u, by n,. Using Stokes’ theorem, we can then rewrite the baryon number
np as
ng=mns+ny, (6.58)

where we stress that, even though n, and njy are fractional, their sum has to be an
integer in virtue of . Importantly, these two fractional numbers are not invariant
under a global action ng, which can, for the same reason, take fractional values
ng = n(GW) /N, with n(GW) € Z. One can check that the large gauge transformation
ng transforms ny — ny — ng and ny — n. + ng, which confirms that even though
these numbers are not invariant, their sum np is. Moreover, equation implies
that for a D6-brane solution to have a non-zero baryon number, it has to have at
least one non-trivial winding over one of the circles at the boundary. With the
choice of conventions that we made, the winding number on an intersection with
a U-shaped flavor D8-brane counts exactly the net number of fundamental strings
coming out from the aforementioned flavor brane. This number corresponds in the
field theory to the number of quarks associated with the corresponding flavor.

We can rewrite the formula for the angular momentum in terms of the

holonomies of a ([6.56))

_N

Nnpg
J =
2

2

(n% —n?) = (ng —ny). (6.59)
Then we can change the topological sectors defined by the two holonomies by
ny — ny —ng and n, — ne + ng. As we have seen before, this transformation
associated with ng does not change the baryon number ng, however, it affects the
total spin of the D6-brane:

J%J—Nanng—angW). (6.60)

Therefore, the spin is shifted by an integer number —npg n(GW)

It is instructive to visualize the gauge connection component a, for a baryon
solution to illustrate the singularity we discussed. We have not yet illustrated the
strategy to solve the equations of motion, but for the purposes of this section, we can
present directly the result for the gauge connection component a,, and its shifted
version a,. Figure shows the revolution plot around u of ay(u) (left panel)
and ay(u) (right panel) projected into a plane of fixed u. The solid circumference
corresponds to the value of the field at u = uj, while the center corresponds to
u = up. The color represents the strength of the field, going from 0 in blue to [np| in
yellow. As explained previously, the gauge connection a,; is singular at the D6-brane
tip while it is zero in u = uy, as imposed by the boundary conditions discussed in
the previous section. The shifted gauge connection a,, is regularized, but becomes
nonzero at the boundary u = u; due to the action of the large gauge transformation.

HMWe want to outline a connection between formulas (6.33), (6.42) or equivalently (6.58), (6.59)

and the results presented in [I84] where they study an Abelian Chern-Simons theory coupled with
a charged scalar field in (2+41)-dimensions. They find the very same formula for the magnetic flux,
and the anyonic-like angular momentum for solitons in this theory. See also [I85] for more recent
investigation of Chern-Simons solitons.
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Figure 6.6. Projection of the revolution plot of a, (left panel) and a,, (right panel). This
solution is computed for A = 100 and b = 0.4 in the confined phase.

Summarizing the discussion of this section, in all the cases under study, we can
define a global baryon number, which is shown to be given by the first Chern number,
and classifies the possible U(1)-principal bundles up to gauge transformations. Up
to removing (in the baryon case) from the manifold a small circle around the point
where the defect is located, one can define a global topological number ng around
the D6-brane profile. y, a large gauge transformation connecting a and @, has a
non-trivial ng = np. For the baryon, a appears as a regularized connection, in
the sense that the singularity is removed from the tip of the D6-brane in ug. This
regular field is then used to define two boundary holonomies, n, and n s, that are
directly related to the baryon number, counting the number of field theory quarks
(divided by N) that form the baryonic state.

The DBI-CS vortex

We shall now point out an interesting interpretation of @ in the baryon case, which has
a single non-zero integer holonomy in u ;. The baryon solution we are studying shares
many similarities with the Nielsen-Olesen vortex [I83] (see also [I86] for a review).
Most importantly, both of them arise from a similar topological construction: as we
discussed, the shifted gauge connection & is regular in ug, so that the non-trivial
topological number is given just by n; (since ng = 0, this is an integer), which is
associated with the homotopy group

m(U1)) = Z, (6.61)

as for the Nielsen-Olesen vortex. Additionally, both configurations carry a magnetic
flux, quantized for topological reasons. However, there are two significant differences
with respect to the Nielsen-Olesen case. Nielsen-Olesen vortex solutions are con-
structed by starting with a non-trivial singular solution with non-zero winding at
the boundary at infinity, and then allowing it to depend on a radial coordinate to
regularize it at the origin. Instead, we first obtained the gauge connection a, which
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did not have winding around the boundary uy, and it was singular in ug (see left
panel of figure . Then, the singularity is resolved by applying a non-trivial gauge
transformation y, which gives it a winding at the boundary in u .

The second difference is that Nielsen-Olesen vortices are often introduced for
theories with another scalar field charged under the U(1), typically a Higgs field,
which is absent here. In these Maxwell-Higgs models, the scalar vacuum expectation
value connects a; and Oyay as well as ay, and 9,a¢, see [I87]. In our system, by
looking at the equations of motion in the confined and the deconfined phase
and , we observe that the quantity that connects them comes from the DBI
Lagrangian and it is mediated by the quantity D(7)(u). We can interpret this
observation as if the role of the scalar field is played by geometrical degrees of
freedom in our system.

Comments on the interpretation of baryons as quantum Hall droplets

The D6-brane configurations presented in this work correspond to non-trivial ex-
citations of a topological phase of matter given by the U(1), CS theory living on
their worldvolume (after the reduction on the four-sphere). Such excitations are
also commonly studied from the boundary point of view, after adding a dynamical
term living on the boundary for phenomenological reasons. For comprehensive
reviews on the topic, see e.g. [I88] [I89, [190]. This famously known edge dynamics is
then described by the Floreanini-Jackiw action [112], and is the one governing the
boundary physics of quantum Hall states. In our setup, we do not have access to
the standard Floreanini-Jackiw action, since there is no explicit boundary term in
the effective three-dimensional theory. However, we can identify the solitonic mode
of the gauge configuration a with x, being a = dy.

With this observation in mind, we can discuss the topological sectors of the edge
theory, which on the field theory side allow us to define the “electron operators” of
integer charge in the FQHE. They are used to define the baryon charge and the
corresponding charged operator. See, for example, [38]. In our holographic model,
such an operator can be formulated as

Op = VX, (6.62)

This is the minimal local operator that carries a baryon charge. See the discussion
in section [2.4] of chapter [2] and the appendix [A]
For the field y, it is easy to verify that

1
= — dx . 6.63
np =g [ iy (6.:63)

Therefore, as in the standard FQHE, the solitonic part of the edge mode gives the
charge of the droplet configuration.
6.1.4 Analysis of the D6-brane energy

In this section, we derive the formula for the energy of the D6-brane configuration.
The total D6-brane energy can also be derived from Noether’s theorem by means of
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the stress-energy tensor ([6.39)f'°

E = —/dudz/; duv/—g T, (6.64)
with
R\** 1 uARYp(u) (Dudy)?
t_ ot (1 7/4 p9/4 P udt
Ty =9 T (u) G2 @m)TT (u R p(u)D(u) + D) )
(6.65)
After some algebra, we get
N wy ((%dt)Z
EF=——F D . .
322 /., duu p(u) ( (u) + D(u) (6.66)

Using the equations of motion for a, in (6.19) and the definitions in (6.18]) we get

N wy o
E = 30rER /u* du (u p(u)D(u) — 3ay0,0¢)
N quw
du (u p(u)D(u) — 3ay0uat) + N np p, (6.67)

~32n12)2 Ju,

where we have introduced a would-be chemical potential 1 conjugate to np

Uy
= du Oyar = ai(uy). (6.68)

In the deconfined phase, the result looks formally the same

N quw

E———
3(27l2)? Ju.

du (u p(u)Dr(u) — 3ay0uar) + Nnp . (6.69)

Let us observe that the final form of the energy is the non-supersymmetric version
of the BPS result present in [I8T], 191], 192} [166] where the sum of the charges (with
appropriate coefficients) gives the energy. In fact, in our case, the energy can be
rewritten as a free-energy bulk term

ug (a¢ Oyay — ay Oyar) — up(u)D(u)
Fbulk:NA du{ 9 + 3(27_(_@)2 }, (670)

where we have defined the free energy associated with a generic action as
S:—/ﬁR (6.71)

plus the sum of charges:

s+ Nnp

FE = Fpux + 1 5 , (6.72)
with ¢s = Nnp. The Fpyi term (as well as the presence of a chemical potential

factor) makes the difference with respect to the BPS case.

15Just as the CS term, the boundary action does not contribute to the stress-energy tensor.
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The energy of the D6-brane configurations we are focusing on, is bounded from
below by a Bogomol’nyi bound that arises because of the topological nature of the
solutions we are considering. The derivation of the bound is very similar in both
phases, though the result differs. We show the derivation in the confined phase, and
we indicate the result in the deconfined phase at the end. Let us start from the total
energy of the configuration

N v up(u) (1 o (u\?  (Ouay)?
Ezi/ du —— 4+ (u () + . 6.73
3n27 Juy ' D0y \ ) TP R) T ) 079
The first two terms can be combined to give the Lagrangian in the uncharged (a = 0)
case, and we can use the usual Bogomol'nyi trick of completing the square to get

B 2
s=sm 150 (VoG55

E\Li
— 20,0y 4 | U2 a2 )
20, ¢J +9 <p2(u) t)} (6.74)

Now, we can easily derive the Bogomol'nyi bound

2N ug 9 [ a
E>Et = | duudyiy,| 1+ — | 2 — a2 6.75
3@A)7 Juy " ‘“”J i <p2<u> ) o)
with the associated Bogomol’'nyi equation
Duiiyy = —plu) \/p’(u)Q (“>3+1 (6.76)
i R) " f(w)’ '

which has to hold if the bound is saturated.
In the deconfined phase, the Bogomol’'nyi bound reads

deconf. _ ) d¢ &t
E > EB = 27Tl2 / duud awm\l ﬁ <p2(U) a fT(u)> ’

and the associated Bogomol'nyi equation

U 3
Duiiy = —plu) \/pf<u>2 (%) + 70 (6.78)

We do not expect a solution to the full problem satisfying (6.78]) or (6.76) to exist.
However, if it were possible to saturate the bound, we would get an energy formally
given by the same expression in the two phases

E = Bt = gt = 73 o / du@ydudy > Caplnpl,  (6.79)

where C) is a strictly positive constant, depending on the value of A and b.
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6.2 The Hall droplet baryon

In this section, with the aim of providing a D6-brane realization, within the WSS
model, of the Hall droplet baryon discussed in [38], we present the numerical solutions
of the Euler-Lagrange equations for the baryon configuration. We remind that the
baryon solution corresponds to a charged D6-brane configuration, which is attached
at the D8-branes’ tip at v = u s, and it smoothly shrinks to zero size at u = ug < uy.
The details on the numerical methods used to solve the equations of motion can be
found in the appendix [D] We will present the results separately for the confined and
deconfined phases of the WSS model. For both phases, we have checked analytically
that the boundary conditions for the fields p(u), a;(u), and a,(u) are consistent
with the equations of motion by employing a series expansion around ug and u ;.

6.2.1 Excursus: rigid rotor estimates

Before we present the numerical results, we approximate the D6-brane as a disk-like
rigid rotor in order to extract analytic estimates for the stability radius and the
energy. We will then compare these estimates with the numerical results and show
that the rigid rotor is a good approximation for the baryonic D6-brane’s size.

For a rigid rotor with mass M, moment of inertia I, spinning with angular
momentum of modulus J, the total energy in the non-relativistic limit can be
approximated as

J2

E=M+ 5T (6.80)
For a disk-like rigid rotor of radius [, I = %M 2. Approximating the D6-brane
baryon with such an object is justified since, as we will show, the extension of
the D6-brane along the holographic coordinate u, compared to its radius on the
D8-brane, is found to be parametrically small in A. This means that the D6-brane is
squeezed at u = uy for which [ = p(uy) ~ constant, making the disk approximation
consistent.

Let us consider solutions that satisfy the relation J = N n%/2. The mass M can
be estimated from the D6-brane DBI action by setting the gauge connection a to
zero. Let us proceed in the confining phase for which M, defined as Spg = — [ dt M,
reads

N
M= o / du p(1) D (1) oo - (6.81)
In the disk approximation, the first derivative of the embedding, p'(u), tends

to infinity throughout the D6-brane extension, and hence D (defined in equation
(6.10)) at @ = 0 can be approximated as

D(u)ao = ﬂ}g)?)p/(u)z n f(lu) = (;)3/2 o)+ ... (6.82)

Therefore, after some algebra, the mass M can be written as

2N )2

— 3 2
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We can replace this value of M in the equation for the total energy (6.80) and
minimize it as a function of [ = p(uy). As a result, we get an analytical, approximate
estimate of the corresponding stability radius lgtaple, given by

3272/315/6 1N\ 2/3
lstable Mk = ————— | — . 6.84
e M = ——=— (12) (6:34)

Therefore, the stability radius in the confined phase scales with the dimensional
parameter Mg <> A as lgaple ~ A7, and is independent of N, in agreement with
field theory expectations [38]. Moreover, lsiaple ~ (n5/ )\)2/ 3 and therefore if ng = 1
we find Igapie ~ A2/3. We can introduce the parameter

(6.85)

to write the stability radius as

32.:2/3 15/6
lstable Mg e = —————— £2/3. 6.86
table MK K NG § (6.86)

The parameter ¢ is parametrically small whenever we consider a baryon with
ng ~ O(A%) while it becomes of order one when ng ~ A. We can also derive an
analytical estimate for the on-shell energy of the stable configuration as

N nj/*x2/3 N A2

= — 4/3
= or2apere MEK = o & PMgk . (6.87)

Therefore, if we consider a solution with baryon number ng ~ O(\?), the energy
scales with \ as E ~ \%/3,

In the deconfined phase, similar formulas can be worked out, starting from the
a = 0 limit of eqns. (6.22]) and (6.23)). The mass of the rigid rotor now reads

2N = (TN s
M:?W(l—b)(T) M3 12, (6.88)

C

where we have defined the temperature-dependent 't Hooft coupling
Ap = — X\, (6.89)

with T, being the critical temperature for deconfinement (3.114]). The stability
radius and the corresponding energy now read

32,2/3 15/6 T. /n 2/3 32,2/3 /6 T.
lstable Mgk = ~—1/3 ? <)\B> = ~—1/3 ? 31/3, (690)
)" T ()P
ang/:s)\;/g -\1/3 T N A2 a3 T

E:W (1_b> iMKK:6W2/355/6 ( B ) &r MKK’

(6.91)
where -

§r =+ (6.92)
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In the following, we will present the actual numerical results for the D6-brane
baryon solutions in both the confined and the deconfined phases and compare them
with the above analytical estimates. We will see that the rigid rotor approximation
correctly captures the behavior of the stability radius as a function of b (or b) and A
(or Ar) while the energy fails to be reproduced by this approximation.

6.2.2 Confined phase

We present the baryon solution with ng = 1 in the confined phase in figures
and [6.8] for A = 100 and b = 0.1. The integration of the differential equations stops
when p/(u) — oo, and this happens at u = ug, which for the present solution is
numerically found to be ug = 0.92u ;. The details of the numerical methods used
to solve the set of differential equations can be found in appendix |D} let us simply
mention that to simplify the numerics, we performed the following coordinate and
field redefinitions

u— uy i, p— Lp, ay — Luyay, ar — uydg. (6.93)

We will specify whenever we are dealing with rescaled fields in the following. The
plots of the solutions to the equations of motion are shown as a function of the
rescaled coordinate 1.
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Figure 6.7. Numerical solution of p (times Mk) for b = 0.1 and A = 100 as a function
of the rescaled holographic coordinate 4 = u/uy € [0.92, 1], describing a stable baryon
with baryon number ng = 1. The profile’s derivative at 4 = 1 is zero, indicating the
(meta)stability of this embedding, while it goes to co at & = ug/uy, enforcing the
smoothness of the manifold.
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Figure 6.8. Numerical solutions for u; '@, (left panel) (u;L)"'ay (right panel) as a function
of the rescaled holographic coordinate @ for b = 0.1 and A = 100.

We can compute the extension along u of the D6-brane embedding with baryon
number np = 1. This is shown in figure 6.9} The left panel shows the behavior of
the relative extension (uy — ug)/(uy — uo) for fixed A = 100 as a function of b. The
right one shows (u; —ug)/(uy — up) for fixed b = 0.1 as a function of X\. Moreover,
in red, we present a fit for a fixed b = 0.1 (The result does not depend on the specific
value of b), for which we have

) ~ AT with v A 0.8 (6.94)
Uj — U0 lpfixed
Since A > 1 for the reliability of the holographic model at hand, the extension of
the D6-brane along w is parametrically small in A for every value of b.

1.0 : : : : 1.0
08 08
3 3
L ol ! osl
3 s
= =
= =
T 0.4 T 0.4}
3 3
3 3
02 02}
0.0 . . . . 0.0 . . .
0.0 0.2 0.4 0.6 0.8 1.0 0 50 100 150 200
b A

Figure 6.9. In these plots, we show the behavior of the extension of the D6-brane along
the u coordinate (uy — ug)/(uy — up). In the left panel, we fix A = 100 and we show
the dependence on b. In the right panel, we fix b = 0.1 and we show the behavior of
(uy —ug)/(uy — ug) as a function of .
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Figure 6.10. The plot of lstapie Mk is shown (in blue) for fixed A = 100 as a function of b
(left panel) and for fixed b = 0.1 as a function of A (right panel). The red lines are the
analytical estimates coming from the rigid rotor.

The rigid rotor approximation perfectly fits the behavior of the stability radius
Istable, computed as the on-shell value of p(uy), as a function of (large) A. In the
left panel of figure the plot of Ilgaple as a function of b for fixed A = 100 is
shown in blue, together with the analytical result in red coming from the rigid rotor
(6.84)). The right panel shows the plot of lgaple for b = 0.1 as a function of A (in blue)
together with the analytic prediction at fixed b = 0.1 coming from the rigid rotor
(in red). The analytic prediction is very reliable for large X\, while it starts to fail at
very small A\, where in any case the holographic approximation is not expected to be
reliable.

We can observe that the approximation of the D6-brane as a rotating disk seems
reasonable since the extension along u of the D6-brane (~ A~%%) is parametrically
smaller than the radius of the D6-brane (~ A\~%/3).

Then, we can compute the energy numerically from the following formula (see

equation (6.66))

2 CNLt 2
B ﬂjﬁﬁ/@ Micxe /ul da i p(a) (D(ﬂ) + (%(ﬁ; ) ,  (6.95)

E/ug

where p(@), and D(a) are computed for the rescaled fields. In figure we plot
the on-shell energy for a fixed value of b = 0.1 as a function of A and show that for
this observable, the rigid rotor approximation is not reliable. We suspect that
dropping the gauge connection in the mass term of the rigid rotor energy might be
too drastic, and it spoils the A-dependence of the energy.
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Figure 6.11. The plot shows the energy of the baryon solution with np = 1 in blue for

b = 0.1 as a function of A € [5,200]. The red curve is the corresponding analytical
prediction from the rigid rotor.
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Figure 6.12. The figure shows the plot the energy for a D6-brane solution with ng =1
in orange as a function of b and A € [5,200]. We plot it together with the associated

Bogomol'nyi bound (6.79) in red.

In figure we plot the energy of a D6-brane solution with np = 1 in orange
as a function of b and A\. We plot it together with the associated Bogomol’'nyi bound
(6.79) in red.

It is also interesting to shed light on the picture of the D6-brane as composed of
a D4-brane vertex and a bunch of fundamental strings. This interpretation has been
made precise in the supersymmetric case [192] also at the level of the energy. We
would like to see the emergence of this structure even in our non-supersymmetric
case. Therefore, we can compare the energy of the D6-brane baryon solution with
the energy of a wrapped D4-brane placed at ug plus the energy of N fundamental
strings hanging from u; to ug giving

N N
ED4—|—f-strings = WUE + W(UJ - UE) (696)
s s

2
As it can be seen from figure[6.13] the actual energy of the D6-brane baryon solution
(in violet) and that given in equation (in orange) are, remarkably, almost equal,
especially in the large-A limit, reinforcing the reliability of the above-mentioned
picture.
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Figure 6.13. The plot shows the energy of the D6-brane baryon solution in violet and the
energy of the D4-brane vertex plus the energy of N fundamental strings in orange. The
range of parameters is A € [5,200] and b € [0, 1].

We remind that the equations of motion together with the associated boundary
conditions depend on the ratio £ = np/A and not on A alone. We also observe that
if ng ~ A%, the large-\ limit corresponds to the & — 0 limit. Moreover, we can
have & of order one in the large-A limit if ng ~ )\H In the confined phase, baryons
are found for every value of b in the regime where ¢ is less than some critical value
écr.. In the regime where £ is close to &, the solutions are typically parametrically
larger, and tend to occupy a larger fraction of the space between ug and u; until
they become almost space-filling, and eventually, we do not find any solution.

6.2.3 Deconfined phase

In this section, we present the baryon solution with ng = 1 in the deconfined
phase for A7 = 100 and b = 0.1, in figures and For these values of the
parameters, the integration stops at ug ~ 0.92. The plots show functions of the
rescaled holographic coordinate & = u/u.
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Figure 6.14. Numerical solution of p (times 27T for b = 0.1 and Ay = 100 as a function
of the rescaled holographic coordinate 4 = u/uy € [0.92,1], describing a (meta)stable
baryon with baryon number ng = 1. The profile’s derivative at 4 = 1 is zero, indicating
the (meta)stability of this embedding, while it goes to oo at 4 = ug/u;.

5Note that ¢ can be of order one also if ng ~ A% and A ~ O(1), but in this case the holographic
model is not reliable.
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Figure 6.15. Numerical solutions for u;'a, (left panel)

and (uyL)~'ay (right panel) as a
function of the rescaled holographic coordinate 4 for b

nd (
= 0.1 and Ay = 100.

We can compute the extension along u of the D6-brane embedding with baryon
number np = 1 also in this case. The left panel of figure [6.16] shows the plot of
(uy —ug)/(uy — ur) as a function of b for fixed \p = 100. In the right panel of
figure we show the plot of the same quantity for fixed b = 0.1 as a function of
Ar (in blue). We also show a fit (in red) with a power function of Ap

e Y with v~ 0.8. (6.97)
b fixed

uy —ur

In all the plots for the deconfined phase, we remind that b ~ 0.75 is the value for
which we have chiral symmetry restoration, after which the D6-brane configurations

do not make sense anymore. Therefore, we stop all the deconfined phase plots at
b=0.7.
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Figure 6.16. In these plots, we show the behavior of the extension of the D6-brane along
the u coordinate (uy —ug)/(us —ur). In the left panel, we fix Ay = 100 and we show
the behavior as a function of b. In the right panel, we fix b = 0.1 and we show the
behavior of (uy —ug)/(uy — ur) as a function of Ar. A fit with a function of Ar is
indicated in red and goes like ~ A%

Also in the deconfined phase, the rigid rotor approximation perfectly fits the
behavior of the stability radius lgaple as a function of A. In the left panel of figure
6.17] it is shown the plot of lsaple as a function of b for fixed Ay = 100 in blue,
together with the analytical result in red coming from the rigid rotor approximation
. In the right panel of figure it is shown the plot of lsape for b = 0.1
as a function of Ay (in blue) together with the analytic prediction at fixed b = 0.1
coming from the rigid rotor. The analytic prediction is very reliable for large A,
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while it starts to fail at very small Ay where, anyway, the holographic results are
not reliable.

Therefore, also in the deconfined phase, the approximation of the D6-brane as a
rotating disk looks reasonable since the extension along u of the D6-brane (~ A~%-%)
is parametrically smaller than the radius of the D6-brane (~ A=2/3).

00 o1 0z 03 04 o5 os o7 0 50 100 150 200
b Ar
Figure 6.17. The plot of lstape27T is shown (in blue) for fixed Ar = 100 as a function of b

(left panel) and for fixed b = 0.1 as a function of Ar (right panel). The red lines are the
analytical estimates coming from the rigid rotor.

The energy of the solution in the deconfined phase can be computed numerically
starting from the following formula (see also equation (6.73))

2x Jp(b) T3 1 (Duiir)?
E=NXN""=% / dutp(a) | Dr(t) + ~—== , 6.98
34 b3/2 MIQ(K iy uup(u) T(u) DT(@) ( )

where p(@) and Dy (@) are computed for the rescaled fields. In figure we plot
the energy for b = 0.1 as a function of Ay and show that for this observable, the
rigid rotor approximation is not reliable. Again, we suspect that dropping the
gauge connection in the mass term of the rigid rotor energy might be too drastic,
and it spoils the Ap-dependence of the energy.

25

N
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Figure 6.18. The plot shows the energy of the baryon solution with ng = 1 in blue for
b = 0.1 as a function of Ay € [5,200]. The red curve is the corresponding analytical
prediction from the rigid rotor.

In figure [6.19} we plot the energy for a D6-brane solution with ng =1 in orange
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as a function of b and Ap. We plot it together with the associated Bogomol'nyi

bound (6.79) in red.

Figure 6.19. The figure shows the plot the energy for a D6-brane solution with np =1
in orange as a function of b and Ar € [5,200]. We plot it together with the associated

Bogomol’'nyi bound (6.79)) in red.

We conclude by noting that for small enough &7(< 0.01), we find baryon solutions
in the deconfined phase for every value of b. However, for small & such that the
holographic model is still reliable in the ng ~ A? case, baryon solutions exist only
for b less than a critical value 5(§T), which decreases as a function of £&7. This means
that for sufficiently large temperatures, the baryons cease to exist, since they melt
in the plasma. The existence region of baryons in parameter space is shown in figure
0. 20

0.05 0.10 0.15 0.20

ér

Figure 6.20. In blue the region, in the parameter space 0 < b < 0.7 and & € [0.005,0.2],
where D6 baryons exist in the deconfined phase.
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6.2.4 Summary of the baryon’s properties

We conclude the analysis of the D6-brane baryon solution by collecting the results
about its physical properties, namely its mass (i.e. the on-shell energy E) and
its radius. We list them for both the confined and the deconfined phases. In
table they are shown as functions of the string theory parameters (neglecting
multiplicative constants) while in table we give their full expressions in terms of
“phenomenological” parameters, like the 7" decay constant f,,. The definition of the
latter in the confined phase, for generic non-antipodal branes, reads

NA M with

2= / dy .
" 5473 I(b)b3/2 \/1 By — (1 — b3)y8/3

(6.99)

The decay constant at finite temperature iﬂ

N r(2rT)” Wby (6.100)

y = ————=—— with I / d .
I 5473 [ (b)b3/2 ( 0 y 1 _ b3y — (1 —B3)y8/3

See e.g. [140] for a review on the derivation of the above expressions. Note that they
have a non-trivial N-dependence. In the following, we will use the approximations
I(b) ~ 1(0) =1 =248, and I7(b) = I7(0) =1 = 2.48

The results are given in the large-\ limit for a baryon with ng = 1:

Confined phase Deconfined phase
Radius | lstable ~ A 2PA0Y/0 | gapie ~ AT 107/0(1 — 5%) 113
Mass E ~ NAAb~! E ~ NArTbh™!

Table 6.2. Summary of parametric scaling properties of the baryon solution’s radius and
mass. For the reader’s convenience, we used the dynamical scale notation A instead of
MKK~

Confined phase Deconfined phase
Radius | Lyaple & C1 N2 (A/ )Y 1 | e = Cp NSP (MNP 700
Mass | E~CpNYSO/NLL E ~Cp N'BOA) B

Table 6.3. Summary of the main properties of the baryon.

To obtain the radius estimation, we can use the rigid rotor values, which give

Cp = 2719/1831/37=1175/9 0,221 . (6.101)

" The expression for fr,n reads the same as the one for f, introduced in chapter |5|in equation

EID).

18 This is a fairly good approximation since I(b) and I(b) are monotonic functions, with I(b =
N=mIb=1)=2
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For the mass estimation, we use a power law fit for b and A. Cpg is a constant
obtained by a fit of the energy scaling law obtained numerically. Notably, the same
value is obtained in both phases

Cp ~0.1291%*/3 ~ 0.236. (6.102)

6.3 Vortons

In section [5.2.2] we studied the uncharged axionic loop by analyzing the D6-brane
embedding with no gauge field. The fact that the embedding does not end orthogo-
nally at the D8-brane tip is a signal that the D6-brane is going to shrink in size due
to its tension. In fact, both the string loops and the (uncharged) DWs can decay
at least by emitting mesons (mostly axions) on the D8-brane. In this section, we
consider the charged version of the D6-brane representing the string loop, i.e. the
vorton, and we discuss its stability.

The main difference between the vorton embedding and the baryon one is that for
the vorton, the extension along the u-coordinate does not scale with A (or equivalently
a'), uy —ur ~ A%, while for the baryon we have seen that uy —ug ~ A\%8. This leads
to important consequences for the vorton stability. Let us analyze the A-dependence
of the fields in the vorton case. Since in this case the integration domain in is
of order zero in A, we need to have a, ~ ngA". Moreover, in order for the angular
momentum J not to scale with A, the fields p and a; have to scale as

prATY, a ~ Y, (6.103)

for some v > 0. We rule out immediately the case v > 1 because it leads to an
imaginary actionﬂ Moreover, for v € [0, 1), in the large-A limit, the equations of
motion do not admit solutions.

Actually, from the equations of motion for the fields, the condition p'(uy) =
0, the relations o/ ~ A~! and k;/3 = np, and the above observation concerning the
scaling of ay, it follows that aj(us) ~ A and

l=pluy) ~—. (6.104)

Thus, if a (meta)stable vorton solution exists, the vorton radius [ is expected to scale
as above. Note that this result, as anticipated, is consistent with the findings of
section [5.3.2f where the vorton stability radius has been computed from the D8-brane
perspective in the flat approximation.

It is interesting to notice that the above result also agrees with the following
estimates. Let us approximate the vorton as a rigid non-relativistic cylindrical rotor
of radius [, with mass M, moment of inertia I = MI?, and angular momentum
J = Nn%/2. We will do the same thing for the sandwich vortons in the next section.

The total energy is given by
J2
E=M+ —. 6.105
+ 57 (6.105)

9Remember that we are working in the large-\ limit.
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We approximate p(u) to a constant p(u) =~ [ throughout the whole u-range and
therefore p'(u) = 0. Setting a = 0 in the action (6.22)), the mass of the rigid rotor

reads ) ) N
- Ni)‘TN T 1— 2 T ' (6.106)
352m2p2 \T¢ 342 T2

Then, we can minimize the total energy with respect to [, and extract the stability
radius, which reads

311/4 1, 98zt 2\ 2 T
M i Istable = —og73— | 1~ 312 72 (T) &r. (6.107)

Since & = np/Ar, the minimization over [ gives lgable ~ /A consistently with eq.
(16.104)).

It is easy to realize that if ng = O(A?), the equations of motion for the embedding
and the gauge field on the D6-brane do not admit (meta)stable vorton solutions. In
fact, in this case, we would need to have p(u) ~ A~! for any u: in the large-\ limit,
this would lead to a solution to the equations of motion with a constant radius that
is inconsistent with the other equations of motion.

Actually, if ng = O(A?), it turns out that the gauge field is subleading w.r.t. the
profile p(u), and as such it can be treated in a probe approximation. But such an
approximation does not change the embedding solution found in section [5.2.2 and
thus, in particular, the charged string loop remains unstable: it is not possible to
find a solution with p/(us) = 0, which is the condition for stability at the tip of the
D8-branes.

The instability of the charged string loop solution with order-one baryon charge
is easily seen also by looking at the free energy in the probe approximation. The
expansion up to quadratic order in the gauge field of the free energy reads

Epg ~ NX\*C / dt du p(u) u Do(u) + g /dt du g(:()ul)b {— (Duar)® + Jp‘?(;)g) (Ouay)?

N
—5 / dt du (ay0yas — a;0,ay) 5 (6.108)

where Dy(u) is given in equation ([5.17)), and
1
3- 292 RO M2 .

From the above expression of the free energy, we can deduce that no stability radius
| can exist with scaling A\?. The Maxwell-Chern-Simons free energy is of order \°
if I ~ A% so it cannot counter-balance the energy due to the tension from the first
term (which scales as A\?), and no (meta)stable solution can be found. In order to
be stable, the vorton radius should be suppressed with a power of A, which is not
possible as we have seen when we studied the string loop embedding in section [5.2.2
(the minimal radius of the string loop was of order A\°). Thus, if a string loop of
radius of order A? has an order-one baryon charge, it is still unstable. It will evolve in
a smaller configuration with the same charge by emitting axions, eventually decaying
completely (for example in a charged DW) before its size can become parametrically
small in A\. Phenomenologically, this defect is expected to decay producing axions
and gravitational waves (if one adds gravitational interactions to the story).

C=

(6.109)
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(a) Plot of the solution p for b = 0.45. the embedding p for b = 0.45.

Figure 6.21. Numerical solution of p for b = 0.45 as function of the holographic coordinate ,
describing the metastable vorton configuration with large charge. The profile derivative
at @ =1 is zero, indicating the (meta)stability of this embedding. The @ variable runs
from the horizon b = 0.45 to the D8-brane tip.

6.3.1 Vortons with large baryon charge

The conclusions about the instability of the vorton come from the requirement that
such a solution should have baryon number and angular momentum of order A\°. As
a consequence, the gauge field can be treated in the probe approximation, and the
vorton cannot be stabilized by the D6-brane spin or the Coulomb repulsion due to
the electric field.

However, there is the case where the vorton solution can be at least metastable
if we allow it to carry a large baryon charge of order A. It can be shown, by a
parametric analysis, that this is the only possible choice. Let us then consider

ug

ng = — du Oyay ~ X, (6.110)

urt

which, according to , would correspond to a vorton radius [ of order \°. In
this case, a;, ~ np ~ A. Then, if we want a vorton with p ~ A0 we must also have
at ~ A. These scalings for the fields completely factorize the A dependence out of the
action. The equations of motion for the fields are formally identical to the ones we
derived in . However, in the present case, the gauge field a is not the barred
one a, since the A-dependence has factorized out. With this in mind, we solved the
equations of motion numerically, following again the procedure outlined in appendix
Di

Examples of the related numerical solutions for the intermediate temperature
corresponding to b = 0.45 are shown in figures Remember that these plots
refer to the hatted fields, as indicated in the plots’ labels. The plot of the profile p(u)
and its revolution plot around the w axis of the profile are shown in figures and
respectively. Figure shows the plot of a;(u), which goes to zero at the
horizon consistently with regularity. The plot of the gauge field component a,(u) is
shown in figure [6.22D] In a sentence, these big vortons are stabilized by their huge
charge, which balances their tension.
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(a) Numerical solution for @, for b = 0.45.

The gauge field component a; goes to
zero to enforce regularity at the horizon.
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(b) Numerical solution for , for b = 0.45.
This solution has the right boundary
conditions to give baryon number .

Figure 6.22. Numerical solutions for a; and a,, for b = 0.45 as function of the holographic
coordinate 1.

6.4 Punctured domain walls and sandwich defects

In this section, we present more exotic solutions to the D6-brane equations of motion,
which are not baryons but have non-zero baryon number: sandwich defects (see
figure and punctured domain walls (see figure . Before we present the
associated numerical solutions of the equations of motion, let us describe in more
detail the dual interpretation of these D6-brane configurations.

Punctured domain walls are infinitely extended domain walls with a hole inside.
They could form either from the chiral symmetry breaking phase transition, or by
tunneling transitions which open up a hole in an infinite DW. The latter is actually
a standard decay channel of infinite DWs (see e.g. [42]): holes can form on the
worldvolume, then they start to expand, and eventually eat up all of the defect;
collisions of the hole boundaries, i.e. global strings, can produce gravitational waves
[193].

An amusing feature of these configurations is that the D6-brane can end or-
thogonally to the D8-brane, signaling a force balance, even in the uncharged case.
Indeed, there is a specific value of the radius p(u) for which we get the necessary
metastability condition p/(u;) = 0. We can interpret this behavior by commenting
on what happens if we vary the hole radius. If we increase the radius of the hole, the
energy of the DW is reduced, as we are decreasing its Worldvolumem At the same
time, the energy of the bounding string is increased, since its length increases@
Thus, there can be a critical radius for which the two opposite forces are exactly
balanced.

In this chapter, we can also consider their charged version under the baryonic
symmetry. Holographically, these are charged D6-brane solutions. The charge just
adds a force component to the picture described above, with the only result that
the critical radius of the hole for which there is orthogonality is different w.r.t. the
uncharged case. In the following, we are going to show only the results for the

2ONote that this behavior is opposite w.r.t. all the other configurations we consider in this chapter.
2'Holographically, this is seen as an increase of the area of the “vertical portion” (in u) of the
D6-brane.
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charged critical (orthogonal) case.

Sandwich defects are even more exotic objects. We introduced them in section
in the deconfined phase of the WSS model. From the holographic point of
view, these are described by D6-branes ending on two different flavor branes. These
objects can be studied in the confined and deconfined phases. The two flavor branes
can be interpreted as both dark (for the Standard Model interactions) flavors in
the dual QFT, or one of the two flavor branes (the one that condenses at a lower
scale), or both, can be associated with QCD flavors. We have such a possibility
because the asymptotic separation between a D8-brane and a D8-brane L, of a
given flavor, is a free parameter in the model and hence we can tune L to get the
desired T, (see equation ) at which the chiral symmetry is broken. In the
framework of SU(N) Yang-Mills theories with flavors, the interplay between a dark
and the ' meson (or any other dark meson) leads to the formation of rich topological
structures. These arise due to a sequence of symmetry-breaking patterns, each
introducing different types of defects, which can ultimately combine into composite
structures carrying both axion (for example) and 7’ excitations (see e.g. [41] [42]).
The formation of these defects is a natural consequence of the non-trivial vacuum
structure of the theory, and their evolution depends on the dynamics of spontaneous
and explicit symmetry breaking. The presence of both 1’ and dark topological
defects (or two dark topological defects) in the same system means that, in certain
regions, these structures can overlap or interact. This is where the idea of sandwich
structures emerges: a layered configuration where the presence of one field influences
the stability and interactions of the other. We can think of these objects both at zero
and at finite temperature. In a realistic cosmological scenario at finite temperature,
the evolution of these defects depends on their stability and interactions with the
surrounding plasma.

Sandwich solutions, if not charged, are not stable and will decay. They can be
stabilized, like the other kinds of configurations, by turning on the gauge connection
on the D6-brane worldvolume. In this case, these objects will have a baryon number
given by (see equation ((6.31]))

ug
ng = —/ duOyay = ny + ng, (6.111)
ug

where ux and uy (with ug < uy without loss of generality) are the positions of the
tip, respectively, of the less and more energetic flavor branes. Importantly, in the
deconfined phase, the value of ux (as the value of uy) is bounded from below by
the quantity ~ 0.75up, to ensure that also the second set of branes is in the chirally
broken phase. As discussed in section [6.1, n; and nx are physically associated
with two different flavor degrees of freedom, counting the number of quarks of each
flavor (divided by N). These sandwiches are therefore prototypes of multi-flavored
configurations that support a baryon number, and we expect them to be enclosed in
a more general theory that describes Ny > 2 Hall droplet baryonslfl

In the following, we will present the numerical solution for the punctured domain
walls and for the sandwich defects with non-zero baryon number ng and angular
momentum J = N n%/2, obtained from ng = 0 and n; = 1. We first check if the

22Let us mention that these sandwich configurations resemble the construction presented in [T94].
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expansion around u = ug allows for a,(ux) = 0 and regularity (p’(ux) =0). We
demand that the fields have a regular expansion around wug

Z en(u—ug)”, al(u) = Z bn(u—ug)”, ay(u) = Z dp(u—ug)",
n=0 n=0 n=0

(6.112)

and we impose ¢; = 0 for orthogonality and dy = 0 to enforce the relation between
the angular momentum and the baryon number. We checked that both in the
confined and the deconfined phase we get a consistent series expansion in terms of
co = p(ur) and by. An analogous consistency check for the boundary condition with
the equations of motion has been done for the punctured domain wall configuration.

Rotor estimates

We end this introduction by giving a numerical estimate of the stability radius
and the energy of the sandwich solution, which can be approximated by a rotating
cylinder, as for the vorton (see section. As we have seen previously, for a rotating
cylinder with mass M, radius [, and angular momentum J, the total energy in the
non-relativistic limit can be approximated by
J2

E=M+—, 6.113
where I = M1{? is the moment of inertia, and J = N n%/2. For this type of solution,
we can approximate p(u) as a constant p(u) & [ throughout the whole u-range and
therefore p'(u) = 0. Let us start from the confined phase. The mass M of the
rotating circle is obtained, with the above assumption, from the DBI action in ,
setting the gauge field a =0

N )2

— 2

with

_m<2F1<2 T 1) 1)) (6.115)

) 76 b3

Analogously, in the deconfined phase, setting a = 0 in (6.22)), the mass of the rotating
cylinder is approximated by

NAQ (T
ar

2 2 : 1 u%{

uy

Minimizing the total energy of the rotor w.r.t. the radius, we find the following
results:
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e Confined phaseﬁ

31/
Mg K lstable = S3igif £, (6.117)
25/4N A2
~ 313/45 g P My €. (6.118)
¢ Deconfined phase:
3Wirh (T,

Mgk lstable = W (T) ér, (6.119)

/4NN 10 (T
E= g or (T> Mk &r - (6.120)

In both phases, the stability radius and the on-shell energy scale linearly with ).
We checked that these analytical estimates correctly reproduce the sandwich
stability radius and energy in the large-A limit, up to numerical factors@

6.4.1 Confined phase

We start by presenting the punctured domain wall solutions. These are infinitely
energetic configurations with non-zero baryon number. We are free to choose the
value of the holographic coordinate u, at which the D6-brane profile has infinite
radius. This value fixes the stability radius of the hole. In figures and we
show the solutions to the equations of motion for ng =1, b = 0.1, A = 100, and for
which we have chosen u,/u; = 0.6.

2 X M/ b

-1

1
e o1 s es T X2 M/ b
a

Figure 6.23. Numerical solution of p (times My x/vb) for b = 0.1 and A = 100 as a
function of the rescaled holographic coordinate @ = u/uy € [0.6, 1], describing a stable
punctured domain wall with baryon number ng = 1. The profile’s derivative at 4 = 1
is zero, indicating the (meta)stability of this embedding. At & = u./uz, the profile’s
radius goes to infinity while in the plot we cut it for clarity at some finite value.

Z3Remember that &y = %.

24This marks a difference with the baryon case, where the energy scaling with A¢r) is not well
reconstructed. This can be attributed to the less stringent approximation that we did in the rigid
rotor analysis for the sandwiches, for which the integration region stays finite.
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Figure 6.24. Numerical solutions for u; '@, (left panel) and (u;L) '@y (right panel) as a
function of the rescaled holographic coordinate 4 for b = 0.1 and A = 100.

Then, we present the sandwich solution for A = 20 and b = 0.1 associated with
the choice of holonomies nx = 0 and ny = 1. We are a priori free to set the position
of the tip of the second (set of) D8-brane(s), which we will fix to ug/u; = 0.6 in
the plots. The profile p of the sandwich, as a function of the rescaled holographic
coordinate u, is shown in figure [6.25] while the associated gauge connection is shown
in figure [6.26

0wt
0.82
I; 0.80
3 o
2‘ 0.76
X om / ) ) .
072 0.5 0.0 -0.5
0707 x1 Myx/ ‘/;

Figure 6.25. Numerical solution of p (times My /Vb) for A = 20, b = 0.1 and Gx =
uk Juy = 0.6, as a function of the rescaled holographic coordinate @ = u/u; € [0.6,1],
describing a stable sandwich defect with baryon number ng = 1. The profile’s derivative
at both 4y and @ = 1 is zero, indicating the (meta)stability of this embedding.

The sandwich defect solutions exist only if the two D8-branes are close enough
to each other. That is, for every b and A, there is a minimum value of u, denoted as
Umin (b, A), such that the sandwich solutions are found for every tmin (b, \) < tx < 1.
As in the baryon case, these solutions are more and more extended along u and
larger in p as we consider smaller values of A\. We find numerically that Gy, is a
monotonously increasing function of b and A.
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Figure 6.26. Numerical solutions for u; '@, (left panel) and (u;L) 'ay (right panel) as a
function of the rescaled holographic coordinate @ for A =20, b = 0.1 and 4x = 0.6.

We conclude by mentioning that we can find a sandwich solution with nx and
ny interchanged, that is, nx = 1 and ny = 0. This solution shows the opposite
behavior for the profile p(u), meaning that for all u, p/(u) < 0.

6.4.2 Deconfined phase

Let us now present the punctured domain wall solutions in the deconfined phase. In
figures and we show the solutions to the equations of motion for b = 0.1,
Ar = 100, and for which we have chosen to end the integration at u,/u; = 0.6.

2t iy b
>

Figure 6.27. Numerical solution of p (times QWT/\/Z) for Ap = 20, b= 0.1 and 4, = 0.6,
as a function of the rescaled holographic coordinate 4 = u/u; € [0.6,1], describing a
stable punctured domain wall with baryon number np = 1. The profile’s derivative
4 = 1 is zero, indicating the (meta)stability of this embedding. At @, = u./uy; = 0.6 the
profile’s radius goes to infinity while in the plot we cut it for clarity at some finite value.
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Figure 6.28. Numerical solutions for u;'a; (left panel) and (uyL)~'ay (right panel) as
a function of the rescaled holographic coordinate @ for b = 0.1 and A = 100, with the
singularity in 4, = 0.6.

In figures and [6.30} we present sandwich solutions in the deconfined phase.
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Figure 6.29. Numerical solution of p (times 27T /VD) for b = 0.1 and Ay = 100 as a
function of the rescaled holographic coordinate & = u/u; € [0.6,1], describing a stable
baryon with baryon number ng = 1. The profile’s derivative at both 4y and & = 1
is zero, indicating the (meta)stability of this embedding. At @ = u./uy, the profile’s
radius goes to infinity while in the plot we cut it for clarity at some finite value.
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Figure 6.30. Numerical solutions for '@, (left panel) and (uyL)™'ay (right panel) as a
function of the rescaled holographic coordinate 4 for b = 0.1 and Ay = 100.

Much like in the confined phase, we obtain these solutions for every value of
g above a minimal value ,j,. This function is once again an increasing function
of both b and Ar. As mentioned previously, both b= ur/uy and IN)K = up/ug are
bounded from above by a fixed value (~ 0.75) if we want the D8-branes to be in the
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U-shaped configuration corresponding to the chirally broken phase. The region of
existence of physical sandwich domain walls with ng = 1 for b = 0.2 is shown in red

in figure [6.31}

AT

Figure 6.31. Region of existence (red) of sandwich domain walls solution in the deconfined
phase between G x = 0.27 and 4x = 1, for values of A\r € [1,100].

Also in the deconfined phase, we can find sandwich solutions with ng = 1 and
ny = 0 with an associated profile p(u) for which for all u, p’(u) < 0.

We conclude by mentioning a connection of the sandwich solutions with the
simple vortons studied in section[6.3] Let us ignore for a moment the chiral symmetry
restoration mechanism and consider the family of sandwich solutions as it could
be defined in a larger interval of values of u. Then, if we take the limit ux — urp
at fixed value of b and A\, that is, if the tip of the lower D8-brane approaches the
horizon, we observe that the limiting solution is precisely the vorton solution at the
same b and Ay and with the same baryon number as the sandwich. This family of
sandwich solutions transitioning to the limiting vorton solution is shown in figure
0.2

2xT p(d)

0.2 0.4 0.6 0.8 1.0

u

Figure 6.32. Family of sandwich domain walls for uzx — w7 in the deconfined phase (blue)
and vorton solution (red). The black vertical line shows the position of the horizon.
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6.5 Instabilities and decay channels

In this section, we will examine in detail the energy balance of all the solutions
presented in this chapter. All the solutions are either stable (for the baryon in
the confined phase) or metastable, meaning that they can decay into less energetic
configurations. Let us mention that at finite temperature, the possible instabilities
of the D6-brane configuration can be thought of as driven by changing the value of
the temperature, mimicking what happens in a cosmological scenario.

In both phases, we will focus on the fate of the baryon solution, considering all
the other solutions as possible decay channels that conserve the baryon number.

6.5.1 Confined phase

In the confined phase, it is interesting to analyze whether the baryon solution is
unstable, meaning in this context that it is more energetic than another configuration
with the same baryon number.

In the case of a single flavor, the ng = 1 baryon is completely stable in the
confined phase, being the lightest charged particle. An interesting instability can
arise if the model features at least two non-coincident U-shaped D8-branes, when
considering sandwich solutions in the confined phase. These objects, as discussed
in section [6.4] have to be interpreted from the dual field theory point of view as
composite objects of two global strings charged under different (flavor) U(1)s living on
two separated flavor branes. We can therefore think of a decay of these sandwiches in
two different channels corresponding to the two different baryon solutions associated
with the two flavors. Our theory only features flavor-conserving interactions, so the
flavor numbers must be conserved quantities in these decays. The flavor numbers

(W)

associated with D6-brane sandwich configurations are directly given by n;- ’ and
nf,W) and they count the net number of fundamental strings coming out of the
flavor brane, i.e. the quarks. In addition to this, we associated with every actual
fundamental string coming out from a D8-brane a charge contributing 1/N to ng
or ny, depending on the flavor brane. Let us also recall that the baryon number is
given by the first Chern class np associated with the manifold we are considering,
and is also conserved. We start from a sandwich solution with baryon number np.

We consider the possibility of a decay of this sandwich vorton into two charged
D6-brane configurations, one attached at wjy and the other at ugx. These decay

products have respectively baryon numbers ng) and ng{)

ng) =njg+p, HSBK) =nNK —P, (6.121)
compatible with the total baryon number conservation. Here p is an integer divided
by N, which will be determined by the total angular momentum conservation and
flavor conservation 2]

These decay products are associated in the holographic model with the splitting
of the D6-brane sandwich solution into baryon-like solutions anchored respectively
at uy and ug. In general, they have to be complemented by fundamental strings

2Recall that a non-zero p corresponds to shifting the flavor number by a global holonomy
p=—ng.
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linking the two sets of D8-branes to conserve flavor number. We first enforce the
total angular momentum conservation. We study decays starting from sandwich
domain walls that satisfy the anyonic relation J = nQBN /2, this choice is restrictive
and enforces nxg = 0@ From this, it follows

ny =p’ + (ns+p)* = P> +pny=0, (6.122)
which is solved by p = {0, —n;}. There are then two possibilities:

e p=0. In this case, we have

s =ny, )=o), (6.123)
which means that in u; there is a D6-brane baryon solution with baryon
number np while in ux the D6-brane has zero baryon number and thus it is
unstable under mesonic radiation. Therefore, this competing solution consists
of a baryon on the D8-brane with tip in u s, plus some mesonic radiation due
to the decay of the unstable decay product.

e p= —ny. In this case, we have
ng) =0, nSBK) =ny. (6.124)

As before, we can think of this as the decay of the same sandwich solution
into a baryon, now hanging from ug, Nnjy fundamental strings linking the
two sets of D8-branes oriented from uj to ug, plus some mesonic radiation
due to the decay of the uncharged decay product at u ;.

We thus conclude that the baryon number on one of the two U-shaped D8-branes
is zero, leaving only two interesting competing solutions. We also showed that, as
a consequence of flavor number conservation, the allowed solutions must have a
number N|p| of strings, corresponding to multi-flavored mesons, stretched between
the two flavor branes. Considering the example that we studied in section of a
sandwich with nxg = 0 and ny; = 1, the possible decays are therefore to a baryon in
uy with no extra strings linking the D8 branes, or to a baryon in ug, with N strings
going from uy to ug, i.e. N multi-flavored mesons. Therefore, we are interested
in comparing the energies of these decay products in the large-A limit. Their free
energies are given, for fixed by = u“—f{ = 0.6 and A = 50, in ﬁgure The numerical
analysis shown in this figure reveals the presence of a first-order phase transition
between the sandwich solution and the baryon solution (hanging from ;). For the
above-mentioned values of the parameters, this happens at b ~ 0.38. In the limit
where the D8-branes are stacked together, the energy of the sandwich is the smallest,
and hence the sandwich is the stable configuration. Then, increasing the distance
between the D8-branes (i.e. decreasing b), the first-order transition occurs, and the
baryons hanging from u; begin to be stable under this decay.

260ne can also consider more generally decays of sandwiches with generic nx, and so they do not
satisfy the anyonic relation. These configurations can decay into baryons (plus mesons) if and only
if n% — dngnp is a perfect square.
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Figure 6.33. The plot shows the energy of the sandwich solution (with nxg =0 and ny = 1)
in grey and the energy of its possible decay products: a baryon solution hanging from
ug plus N fundamental strings going from u; to ug, shown in blue; or a baryon solution
hanging from u;, shown in orange. We present this plot for fixed by = 0.6 and A = 50.

In terms of the baryon stability, we have found that, for some range of parameters,
the one-flavored baryon solution can decay into a sandwich connecting two different
flavor branes. Moreover, the baryon solution hanging from ux plus strings is found
to be always more energetic than the other configurations.

We could also have considered a sandwich solution with nxg = 1 and ny = 0.
In this case, the decay products are: a baryon solution with ng =1 (plus mesonic
radiation) hanging from ug, or a baryon solution with ng = 1 hanging from u,
plus N fundamental strings connecting the two flavor branes with direction from
ug to uy. As for the previous decay, the sandwich solution is almost always less
energetic than its competing solutions.

6.5.2 Deconfined phase

As discussed in the introduction of this section, the instabilities in the deconfined
phase can be interpreted as “dynamical” instabilities driven by the temperature.
The first instability to study for the baryon D6-brane solution is the melting of the
baryon vertex into the horizon, which leaves ¢s fundamental strings terminating
at the horizon. Therefore, focusing on the ng = 1 case for simplicity, we compare
the energy of the D6-brane baryon solution (see equation ) with the energy of
qs = N strings extended from v = uy to the horizon:
N 4r T2 1-b

Ef-strings = W(UJ - UT) = ? N Mrx i) . (6125)

We plot the two energies in figure We can see that the energy of the
baryons is almost always lower than the energy of a bunch of fundamental strings
terminating at the horizon, apart from a small region in parameter space, when A
and b take large values (i.e. the temperature is large), for which baryons are more
energetic than the strings, so that they are unstable. Let us mention that the same
energy comparison for the case of a standard WSS baryon in the deconfined phase
has been performed in [195].
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200

Figure 6.34. The plot shows the energy of baryons (in orange) and the energy of strings
connecting the D8-brane to the horizon (in green) as a function of b and Ar.

The presence of the horizon allows for stable charged string loops, i.e. vortons.
We have seen that these objects are (meta)stable only if they carry a very large
charge np ~ \; otherwise, they are unstable. At the level of decay channels, they
could decay into a bunch of fundamental strings extended from u; to the horizon uyp,
preserving the baryon charge. We checked that the energy of large-charged vortons
is always lower than that of fundamental strings , and therefore these loops
are stable under this decay. However, we find that energetically the large-charge
vortons are in fact only metastable, since they can decay into a large number (of
order \) of baryons with baryon number ng ~ A°, conserving the baryon number in
the process. Instead, a single large charge (of order \) baryon could decay into a
large charge vorton.

We can also study the decay of sandwich solutions into baryons in the deconfined
phase. The derivation of the decay products performed in the confined phase is
also applicable to the deconfined phase, and therefore, we are again interested in
comparing the energies of a sandwich solution extended between u; and ug with the
energies of baryon solutions hanging from wu; or ug (with the addition of the same
number of fundamental strings to conserve flavor). We show the energy comparison in
figure We observe numerically the same pattern as in the confined phase, with
the same first-order phase transition and energy comparison between the competing
solutions. We can also have a sandwich solution with nxg = 1 and n; = 0 (instead
of ng =0, ny = 1), with the same decay products as in the confined phase.
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Figure 6.35. The plot shows the energy of the sandwich solution (with ng = 0 and n; = 1)
in grey and the energy of its possible decay products: a baryon solution hanging from
uy plus the energy of N fundamental strings going from u; to ug, shown in blue; or
a baryon solution hanging from wu;, shown in orange. We present this plot for fixed
b = up/ug = 0.6 and \ = 50.
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Chapter 7

Summary and conclusions

In this first part of the thesis, we have put forward a proposal for the string dual, in
the context of the WSS model of holographic QCD, of the quantum Hall droplet,
or sheet, that should describe the one-flavored baryon at low energies [3§]. This
object consists of a D6-brane wrapped on the four-sphere of the ten-dimensional
background, attached to the flavor D8-brane, with a non-trivial D8-brane gauge
field sourced by the D6-brane. Such a construction manifests many of the expected
features of the “baryon as quantum Hall droplet” proposal put forward in [38], most
importantly the emergence of a U(1), Chern-Simons theory on their worldvolume
and the appearance of topological edge modes carrying baryon number. Such a
structure emerges naturally in the holographic setup, which lends support for the
idea that planar QCD with one flavor admits such pancake-like baryons, despite
the absence of a traditional Skyrmion picture. The D6-brane constitutes the hard,
gluonic core of the sheet, responsible for the non-analyticity of the n’ low-energy
action. The D8-brane gauge field provides the soft, mesonic part of the sheet.

We started our journey in chapter [ in which we constructed two explicit
configurations of the sheet. The first configuration corresponds to an infinitely
extended sheet without boundaries. The profile of the 7/, interpolating from 0 to 27
on the two sides of the sheet, has been derived. The holographic construction allows
us to calculate precisely the tension and thickness of the sheet, both in the massless
and massive-quark cases.

The second configuration we have considered is semi-infinite, with a straight
infinite boundary (where the D6-brane terminates on the D8). The boundary
constitutes a continuous distribution of magnetic charge for the five-dimensional
Maxwell-CS theory (on curved space) on the D8-brane. We solved this interesting
problem both in flat space, where an analytic form for the gauge field can be
provided, and on the curved Witten background. In the latter case, we have
provided a semi-analytic solution. We have derived a four-dimensional effective
action for the fluctuating modes and calculated the tension and thickness of the
hard and soft parts of the string-like boundary of the sheet.

Finally, we have observed that one can switch on a chiral component of the gauge
field on the boundary having zero energy, which is possibly connected to the chiral
edge mode one could consider on the boundary of the Hall droplet.

In chapter [5| we adapted the D6/D8-brane system to the deconfined phase of the
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WSS model to provide a detailed description of cosmic topological defects within the
holographic dual of an SU(N) gauge theory coupled to one massless fundamental
flavor at large-N and finite temperature. As we observed in the introduction of
chapter B at low energies, the effective theory is governed by an axion, which emerges
as a pseudo-Goldstone boson associated with the breaking of the global U(1) 4 flavor
symmetry. The cosmological evolution of this system can lead to the spontaneous
formation of topological defects. These defects arise as non-trivial configurations
of the axion field and other mesons, and their properties depend on the specific
symmetry-breaking pattern and the thermal history of the Universe.

We examined various topological defects, including straight axionic strings,
axionic string loops, axionic vortons, and axionic DWs, through (wrapped) D6-
branes in the WSS model. As for a wrapped D6-brane in the confined phase of the
WSS model (see chapter @), a notable feature of this construction is the emergence
of a Chern-Simons theory on the (reduced) (2+1)-dimensional world volume of the
D6-branes. The interplay between topological field theories like the CS one and
axionic defects has been recently explored in [I96]. Hereby, our research positions
itself at the intersection of recent studies that explore the topological aspects of
theories involving an SU(N') gauge group coupled with fundamental flavors.

Our analysis first focused on the D6-brane description of the defects, followed
by a description in terms of the flavor degrees of freedom living on the D8-brane.
Initially, we studied the straight axionic string configuration, with the D6-brane
being the “hard core” of the string. We computed the thickness and the tension
of this hard core. Subsequently, we analyzed the D6-brane embedding for string
loops and DWs. The embedding of the D6-brane with a circular boundary on the
D8-brane revealed the existence of a first-order phase transitiorﬂ between the string
loop embedding and the DW embedding. We computed the critical radius (of the
D6-brane boundary on the D8-brane) at which this transition occurs, finding that it
is a non-trivial function of the background temperature. The WSS model is well
known for its rich phase structure, with recent studies addressing phase transitions
and bubble nucleation in this model (see, for example, [197, 198 199]). However,
this phase transition has not been considered previously in the literature, as DWs
are absent in the deconfined phase of conventional SU(N) gauge theory. The reason
can be found in the behavior of the WSS at high temperatures. In this regime,
the deconfined phase of the WSS model starts to exhibit properties reflecting the
nature of the underlying string theory setup diverging from standard SU(N) gauge
theoriesEl This behavior has consequences for axion physics, for example, the axion
mass does not go to zero for large temperatures but grows instead [I40]. Since in
standard phenomenological axion models the appearance of axionic DWs is tied
to the emergence of an effective axion mass, one can argue for the presence of
axionic DWs in the deconfined phase of WSS to be related to these high-temperature
features.

Recent works have also highlighted the relevance of phase transitions seeded by
cosmic topological defects [201], 202], 203]. It would be interesting to investigate if

! As discussed in chapter this transition is not the typical first-order phase transition between
two equilibrium phases.

%It has been argued in [200] that the deconfined phase of WSS is not in the same universality
class as that of SU(N) Yang-Mills since some discrete symmetries do not match.
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and how the D6-brane defects influence the first-order phase transition associated
with chiral symmetry breaking in the WSS model.

We further explored uncharged string loops and charged (under the baryon
symmetry) string loops, i.e. vortons, through the D8-brane gauge field, i.e., through
the mesonic modes. Following the results of chapter @ the D6-brane boundary on
the D8-brane acts as a source for the D8-brane gauge field, leading to a non-trivial
profile for low-energy mesonic modes. In particular, we derived the mesonic profile
and the four-dimensional effective action for the string loop. Then, we turned on the
electric potential on the D8-branes, associated with the baryon charge, which gives
rise to a Coulomb repulsion mediated by the CS term that can stabilize the loop. A
non-trivial electric potential corresponds to non-trivial profiles for the vector mesons.
Analyzing the system locally around the D8-brane tip at u = uy, i.e. in a flat limit of
the WSS background, we found that the stability radius of string loops with baryon
charge np = 1 and spin J = N/2, should be parametrically small in A. However,
the existence of such meta(stable) solutions cannot be verified in the flat space limit.
Actually, the analysis of the D6-brane embedding, presented in chapter [6] suggests
that vortons with the above quantum numbers cannot be stable. Unfortunately, we
are not able to attach the full problem from the D8-brane perspective in curved
spacetime.

Finally, in chapter [6], we have provided a concrete, first-principle realization of
baryons in single-flavor QCD-like theories as compact, solitonic objects holographi-
cally realized as D6-branes ending on flavor D8-branes in the WSS model. Their
physical properties, like the energy and the stability radius, computed within the
holographic model, are collected in the tables[6.2] and [6.3] The spin-charge relation
J=N n2B /2, satisfied by these configurations, hints at a deeper underlying struc-
ture. It suggests the presence of collective excitations with non-trivial statistics and
provides a concrete bridge between solitonic baryons and effective anyonic behavior.

From the string-theory point of view, these charged D6-brane configurations
can be seen as formed by a D4-brane, wrapped on the background S*, representing
the baryon vertex in the dual field theory, and by a bunch of fundamental strings
attached to it, representing the quark degrees of freedom. Then, the strings are
blown up to a D6-brane (with D4 charge) by the angular momentum, as in the
standard supertube case [I81] [192].

A central element of our construction is the detailed analysis of the DBI-CS theory
living on the worldvolume of a D6-brane, which in our setup describes effectively
a three-dimensional manifold with boundary. The analysis of this theory reveals
a rich topological structure supported on the D6-brane, governed by the global
properties of the gauge principal bundle. In particular, the D6-brane worldvolume
theory supports a non-trivial topological structure encoded in the first Chern number,
[ f/(27), which serves as a genuine topological invariant and directly quantifies the
baryon number of the configuration. The bulk flux [ f/(27) is closely related to
the boundary holonomies [ a/(2), defined along the circular edges of the D6-brane,
which are sensitive to large gauge transformations in contrast with the baryon number.
Physically, these holonomies are associated with winding numbers n(") = N [ a/(2n)
which precisely count the net number of fundamental strings coming out of the flavor
brane. In the field theory interpretation, this is the number of quarks associated
with the flavor brane.
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The generality of the techniques we made use of allows us to classify and analyze
a broad spectrum of solitonic objects, which we refer to as a zoo of configurations,
including baryons, vortons, punctured domain walls, and sandwich vortons. Vortons,
first presented in chapter [5] correspond to charged D6-branes with a circular bound-
ary on the flavor brane and ending in the horizon. The punctured domain walls
correspond to D6-branes ending on the D8-brane along a circular boundary, forming
metastable domain walls with holes; these holes can grow and contribute to the decay
of extended domain walls, as anticipated in previous studies of defect dynamics in
QCD-like theories [41], 43]. Sandwich vortons, on the other hand, are ring-shaped
objects corresponding to D6-branes stretched between two D8-branes, whose tips are
located at distinct holographic positions. These loops carry both baryon charge and
angular momentum and provide a controlled realization of metastable string-like
bound states, analogous in spirit to axionic-n’ or axionic-pionic vortons discussed in
[41], and introduced in chapter [5|in the context of the WSS model.

We have provided explicit numerical solutions for the D6-brane embeddings and
gauge connections corresponding to each of these configurations, computing their
key physical observables such as mass, size, and charge-to-spin ratio. These solutions
are constructed both in the confined and deconfined phases of the WSS model. We
mention that the results for the vorton configuration agree with the stability radius
and the energy computed in chapter [5] within the D8-brane theory in the flat limit.

Finally, we have explored the possible decay channels of the baryon configuration
in both phases. The decay modes are constrained by charge, angular momentum,
flavor conservation, and energy considerations. Our analysis suggests the existence
of non-trivial phase diagrams in the space of theory parameters in which different
solitonic configurations dominate. In particular, focusing on the confined phase,
the sandwich solution connecting two different flavor branes can be the decay
product of, or it can decay into a baryon solution with some radiated mesons and
fundamental strings (i.e. multi-flavored mesons). In the deconfined phase, other
than the aforementioned decay, the baryon solution can also melt into the horizon
and decay into fundamental strings ending at the horizon, i.e. deconfined quarks.
Finally, the baryon solution, whenever it has a large charge ng ~ A, can decay into
large-charged vortons, which themselves can decay into small charge baryons but
are stable under the decay into fundamental strings.

There are many extensions that we have left for the future. In chapter [5] we
investigated, within the holographic model, the low-energy description of the vorton
in terms of the mesonic degrees of freedom that live on the D8-brane worldvolume.
However, the holographic Hall droplet baryon is presented from the D6-brane
perspective alone (see chapter @ We plan to explore its description in terms
of mesonic degrees of freedom in the near future. Such a description would not
only enrich our understanding of baryons as topologically protected excitations,
but also extend the holographic picture of these objects to scenarios reminiscent
of Hall droplets in Chern-Simons theories. This analogy draws on the idea that
baryons, viewed as solitonic objects, could emerge as collective excitations within
a topologically non-trivial phase of the gauge theory. This would complete the
holographic picture of baryons as quantum Hall droplets initiated in [I] and inspired
by the seminal ideas in [38].

A delicate issue concerns the stability of the ng ~ O(1) baryon solutions we have
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found in chapter [6} In fact, we found that the size of these particles is parametrically
small in A, both in the Minkowski directions and the holographic direction. As such,
the distance of (the center of) the D6-brane from the D8-brane is small in units of
Vo/. In flat space, the system of parallel D6 and D8 branes on top of each other
has a tachyonic mode in the spectrum, with mass squared of order 1/, signaling
the tendency of the D6-brane to melt into the D8-brane worldvolume. Even if we
are considering a non-trivial background, with non-parallel, separated branes, the
distance of the D6 and D8 branes could be too small, and keep this mode tachyonic.
We plan to investigate this issue in the near future.

Another issue we want to clarify is the emergence of a chiral edge mode, largely
studied in the context of FQHE, and its dynamics. We would like to investigate
whether the edge dynamics could come from the interactions between the D6-brane
and the flavor branes and hence be already present in the model.

A further interesting question to answer is whether it is possible to realize the
Ny > 2 holographic Hall droplet baryon, and how this construction is connected
to the standard instantonic baryons in the WSS model, which are the holographic
realizations of baryons as Skyrmions. From [38], we expect that on the worldvolume
of the Ny > 2 Hall droplet sheet should live a U(/Ny)ny Chern-Simons theory and
this can be realized in the holographic model by considering a stack of Ny D6-branes
attached to the stack of Ny flavor branes.

Finally, there has been interest lately [45] [47, [52] in the role played by the Hall
droplet sheets and their charged versions at finite density to connect them to physical
systems as neutron stars. Therefore, it would be interesting to use holographic
methods to investigate these scenarios.
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Chapter 8

Weak rates in strongly coupled
cold quark matter

This chapter is devoted to an application of the holographic correspondence to the
study of weak reaction rates in strongly coupled, unpaired quark matter, which
represents a playground model for the core of neutron stars.

As we have discussed in section [I.5.1] weak interactions play a crucial role
in determining the properties of neutron stars and their binary mergers. The
equation of state, which dictates the mass and radius of the star, is constrained by
the condition of beta-equilibrium. This condition establishes relationships among
the relative amounts of different quark (or baryon) and lepton species. When a
perturbation in the density drives the matter of the star out of beta-equilibrium,
weak processes work to restore it and dampen the perturbation. This results in an
effective bulk viscosity that is significantly enhanced when the characteristic time
of the perturbation resonates with the timescale determined by the rate of weak
processes and the density in the star [57, 68| (9] 60, 61 [62), 63], 64 [65, 66}, 67] (see
[68] for a review of transport in neutron stars).

Oscillations of a rotating neutron star produce gravitational waves that cause the
star to lose angular momentum and spin down, a process that is more pronounced
for rapidly rotating stars. Despite this, fast-rotating pulsars with periods of the
order of milliseconds are observed within a limited range of temperatures. The
effective bulk viscosity induced by beta equilibration is likely necessary to explain
the existence and location of this stability window [69] [70, [7T]. This viscosity also
affects the continuous emission of gravitational waves by a quiescent star [72] and
could impact the gravitational wave signal produced during the inspiral [73] and
post-merger evolution of a neutron star collision [74, [75], [76}, [77, [78 [79} 80].

Although most matter in a neutron star and the remnant of a merger is expected
to be primarily composed of hadrons, there are indirect hints of quark matter in
the core of heavy neutron stars [54} 55 [56]. Simulations of binary mergers suggest
that pockets of quark matter may be produced just after the collision [204] 205].
Therefore, it is interesting to evaluate the bulk viscosity of quark matter induced by
weak processes. At the densities involved, QCD cannot be treated perturbatively,
and lattice QCD suffers from the sign problem, necessitating other non-perturbative
approaches. Holographic models can circumvent these issues and have been applied
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to the study of dense matter in neutron stars (see [81} [82] for comprehensive reviews).
Specifically, the bulk viscosity induced by weak processes was computed using
holographic models in [SB]H However, the bulk viscosity formula involves weak
reaction rates that have been computed only perturbatively, so it is not a completely
self-contained approach. Furthermore, the existing formulas for weak rates (see
section are obtained through tree-level scattering matrix elements of quarks
and leptons [84] [85], 86]. Since the observables obtained from gauge/gravity duality
are correlators of gauge-invariant operators, there is no straightforward way to obtain
the rates by extrapolating the tree-level formulas. Unfortunately, a main feature
of the bulk viscosity, namely its temperature dependence, is highly sensitive to the
behavior of the rate. Thus, the present estimation of the bulk viscosity is hindered
by significant uncertainty in this respect.

As a step towards improving the bulk viscosity estimates, we will provide a non-
perturbative formula for the rates based on correlators of gauge-invariant operators.
We will then use it to obtain the temperature dependence of the rates in a simple
holographic model of unpaired quark matter. The model, a phenomenological
(bottom-up) holographic dual description of QCD [34], has been used extensively,
with recent related works including the description of nuclear matter in neutron stars
and mergers [208] and the calculation of neutrino emissivities from flavor current
correlators [209]. Our goal is not to obtain completely realistic values for the rates,
for which more refined models would be needed, but to ascertain possible qualitative
changes in the temperature dependence at strong coupling.

We remind the reader that holographic models, despite their utility, come with
inherent limitations. They are typically constructed as approximations that capture
certain features of QCD, but they do not encompass all the complexities of the
theory. One significant limitation is the lack of a first-principles derivation from QCD,
leading to uncertainties in their applicability to specific phenomena. Furthermore,
these models often rely on large-N, i.e. the number of colors, approximations, which
may not accurately reflect the behavior of QCD at the finite IV relevant to real-world
scenarios. The models also face challenges in accurately representing the dynamics
at low temperatures and densities, where confinement and chiral symmetry breaking
are essential. Therefore, while holographic models provide valuable insights and a
non-perturbative framework, their predictions should be interpreted with caution
and validated against other approaches and experimental data.

Keeping the above limitations in mind, for direct application to the description
of neutron stars and their binary mergers, the rate should be computed in the
model used to describe matter in the star. The most employed holographic models
so far have been those inspired by top-down brane intersections, namely the D3-
D7 [113] and WSS (already introduced in the first part of this thesis work, see
sections of this thesis) models, and a bottom-up model designed to fit
lattice QCD data and other known observables, the V-QCD model [37]. The D3-
D7 model is the simplest but is limited to describing quark matter in the star
[210] 2111, 212, 213], 214] and must be combined with other nuclear matter models
to construct hybrid equations of state for the matter inside the neutron star. The

'The holographic estimate of the QCD contribution to the bulk viscosity was computed previously
and found to be much smaller than the expected weak contribution [206, 102} 207].
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V-QCD model can describe confined matter but is used primarily at large densities,
requiring a hybrid approach to describe matter at lower densities outside the core
of the star [2T5, 216, 217, 218, 219]. Hybrid equations of state have also been
constructed with the WSS model [220, 221], 222], 223], but there are proposals to
describe nuclear matter in neutron stars at all densities purely holographically
[224], 225], 226]. The WSS model has also been used to describe more exotic quark
stars [227]. Other proposals to describe dense matter in neutron stars include
FEinstein-Maxwell-Dilaton theories and other holographic phenomenological models
[228, 229, 230]. Computing the weak rate and bulk viscosity to estimate the location
of the stability window of rotating pulsars would serve as an additional constraint
on these models, as well as on any other phenomenological model for which such a
calculation is possible.

This chapter is organized as follows. In Section [8I] we introduce the weak
reaction rates for beta-equilibrium of quark matter and derive a non-perturbative
formula in terms of correlators of flavor currents. Next, in Section we use a
simple holographic model to compute flavor current correlators in a high-density
state and study their dependence on frequency and spatial momentum. Finally, in
Section [8-3] we combine the results of the previous sections to produce analytical
and numerical estimates of the weak rates at low temperatures. We refer to chapter
[9 for a comparison of our results with the perturbative results presented in [I.5.1}
Technical details regarding the calculation of correlators in the holographic model
are provided in the appendices [E] [F], and [G|

8.1 Weak reaction rates

In this section, we derive non-perturbative formulas in the coupling of the strong
interactions for the weak reaction rates of quark matter. The formulas correspond
to the leading contribution of the electroweak interactions, whose corrections could
in principle be computed perturbatively. We also assume that the times and length
scales involved are much larger than the scale set by the inverse of the W boson
mass.

For the densities expected in the interior of neutron stars and mergers, one
should be able to restrict to three quark flavors (¢ = u,d, s) and two lepton flavors
(¢ = e, ). As we have seen in section the relevant weak processes, or reactions,
are produced by a W-boson exchange or emission:

ut+d=u+s, ut+l —d,s+v, d,s—>u+l +vy, {7 =l +ve+vg, . (8.1)

Assuming neutrinos are not trapped, the beta-equilibrium conditions in quark matter
implied by these reactions are

flu =+ pe = Hd = Hsy  fie = e = iy - (8.2)

These relations assume that the different fermion species are at thermal equilibrium.
However, that is not the case for neutrinos and for large enough temperatures, the
relations among different chemical potentials might be shifted. This was analyzed
for baryonic matter in [231] 232] 66].
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Even if quarks are confined into hadrons, the same reactions will change their
type among protons, neutrons, and hyperons. In this situation, the beta-equilibrium
conditions should be given in terms of baryon chemical potentials. See section [1.5.1
Note that in order for any of the species of fermions to be present, it is necessary
that the chemical potential is larger than the mass of the corresponding particle.

If a perturbation takes the chemical potentials out of their equilibrium values,
the weak reactions will not be in balance, and the densities will change according to
the weak rates I'fl

dn
ditM = Z (Fd—méﬁ - Fu€—>du + Fs—)u(ﬁ - Fu€—>su) ’ (833')
l=e,p
dng
Y, = Fsu—md - Fud—)su + Z (Fué—niu - Fd—mffz) ’ (83b)
dt l=e,u
dn
— = Fud—>su - Fsu—)ud + Z (Fu£—>su - Fs—>u€z7) 5 (830)
dt l=e,p
dny
dtl - Fd%ufll_/ - Fuélﬁdy + Fs%uélfl - Fuflﬁsu + ng*}flllzﬂl - Fflﬂfgl/lﬂz . (83d)

It is easy to confirm that the total baryon number and electric charge are conserved
by these processes
2 1 1 dnp dng

1
ng = 5Ny +Ng +ns), NQ = 5Ny — 2Ng — 5Ns — Ne — Ny, o = @

0.
3 3

(8.4)
Assuming the deviation of the chemical potentials from their beta-equilibrium

values 0t ya is small compared to the baryon chemical potential up = piy, + f1q + fis,
we can expand the rates to linear order in the differences

Cudssu — Doumsud = Ads(Oprs — dpaq), (8.5a)
Tutosay — Dasurr = Nog(Opa — Spta — Sp0), (8.5b)
Cutssy — Domsutr = A, (8pts — Ot — Opug), (8.5¢)
Cemspvoin —Dpseviin = Aep(Opsy — Opte). (8.5d)

In some cases, for instance when quark matter is close to being symmetric, the
lepton chemical potential could be below the muon mass p, < m,. When this
happens, muons quickly decay, and the only leptons present are electrons. The
equilibration equations simplify somewhat

dn
d77fu = Fd—mez? - Fue—>du + Fs—)uer? - Fue—)su ; (863)
dnyg
ﬁ = Fsu—md - Fud—)su + Fue—>du - Fd—)ueD ) (86b)
dng

dt = 1—‘ud—>su - Fsu—md + Fue%su - Fs%uez? y (86(7)
dne

dt = Fd—)uel? - Fue—>du + Fs%ueﬂ - Fue%su . (86d)

2We have omitted the label on the neutrinos when there is just one lepton involved and put the
same numerical sub-index as the corresponding lepton when there are two.
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For small deviations from beta-equilibrium, the rates are expanded as , but
taking into account only the electron contribution. Moreover, the coefficient A,
does not involve strong coupling physics, so we will ignore it in the following, as
it can be computed using the standard methods. Our strategy to derive the other
coefficients is to arrive at an expression like from Ward identities capturing
the non-conservation of flavor currents due to the coupling to the weak sector.

8.1.1 Flavor Ward identities

The theory of strong interactions, QCD, respects flavor symmetries, ensuring that
there are no flavor-changing processes. Weak interactions, on the other hand, are
not flavor symmetric, and processes such as those in are possible. At energy
scales much below the W mass, the flavor-changing processes are captured by adding
Fermi’s interaction term to the effective action

‘CFermi = _2\/§GF(J£}1)TJCh/u (87>
where the J is the left-charged current

Jh =Verer + Uy " pr + cosOc upy*dy, + sinOc ury* sy, (8.8)

with Gr Fermi’s constant and 6o the Cabibbo angle giving the change of basis
between quark mass and flavor eigenstates. In addition to Fermi’s term, flavor
symmetry can also be broken by flavor-preserving mass terms and electromagnetic
and weak neutral interactions.

In the absence of any flavor-breaking terms, there would be a SU(3)z, x SU(3)r
global symmetry for flavor rotations among quarks and a SU(4); x SU(4)g flavor
global symmetry for leptons. To each of these symmetries, we can associate a
conserved current J ]‘f " where f =1, q for leptons or quarks and xy = L, R for left or
right chirality. Since the symmetry is non-Abelian, the current components transform
under flavor rotations. Denoting by TJ’C“X the generators of the flavor symmetry, the
transformation of the current is

_ A A
0 Ty = 050 Th - (8.9)

We will take the usual normalization for the generators tr(foTfX) = %5‘43.

A vector flavor transformation corresponds to a transformation with equal angles
for both chiralities Q?L = 6}41% = 0}4. In the following, vector currents and generators
will be denoted as J ]’f and Tf. If there are flavor-symmetry breaking terms in the

action Ly, the Ward identity associated with a vector transformation becomes

207tr (9 T7 Tf') = =842, Lor — gs Lor (8.10)

04, =04 =04
In the following, it will be convenient to introduce the notation for the currents
(J?X)ab :fxb’y'uf;a fa :qa’la; qa =u, d,S; "= Ve, €, Vyy - (811)

We are interested in the flavor-changing contributions introduced by Fermi’s
interaction. We can simplify the analysis by noticing that since Fermi’s interaction
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is symmetric under a rotation between the two lepton generations (ve,e) <+ (v, 1),
we can actually restrict lepton transformations to SU(2) x SU(2) C SU(4), with
each SU(2) rotating a charged lepton and its corresponding neutrino within each
generation. We leave details of the calculation, which is straightforward but tedious,
to Appendix [E] The Ward identities for the diagonal components of the vector flavor
currents are

B O[(JI%10) = V2G> [cosec O18 ) a()% — (8 % ()7 0)
l=e,u
+sin0c (0[(J1')" ()", (J;‘L)su(Jl”L)”éIOﬁ, (8.12a)
0y (O1(JE)%[0) = iv/2G pnpuy [cos B¢ sin Oy, -

01T ) (T )% = (T ) u (T 1) al0)
—cosfc Z <O|(J5L)ud(leL)ZVg - (J;‘L)du(Jz”L)”ﬁlml ,(8.12b)
l=e,u
o (0\(Jé‘)58]0) = i\fQGFnW [— cos Oc sin ey, -
01T ) (T )% = (T ) u (T L) al0)

“sinbe Y (0(1) (1), - <J5L>SU<J1”L>”5\0>] | (8.12¢)

l=e,u
Ou 0NV 4,100 = iRy [~ cos b O, )"a(UF)"s, = (T11)(2),10)
—sinfc (0/(J2) (), (J;‘L)S (J72)"10)
— OIS ) — ), () 0)] (8.12d)
B (O(JY10) = iV2Cpnu [cosec<0\(J;‘L) a(Ji1) W—<JqL)du<Jz”L)”é\0>
+sinfc <0|(J5L) (JlL) (JgL)su(JlVL)Vg 0)
+ O B ) = (), (E)0)] (8.12¢)

Where (£,0") = (e, ) or (u,e). Note that other terms that break the non-Abelian
flavor symmetry, but are diagonal in flavor, do not contribute to the Ward identities
of the diagonal components. One can easily confirm that the expressions above are
consistent with the conservation of baryon and lepton numbers as well as the electric
charge:

I (01(Jg) " (J“)d + (J5)%10) =0, 8, (O(I}")"%, + (J)"|0) = 0,

0 <0|§<J”> SO = S, = Y ()4l0) =0,
l=e,pu

(8.13)

The time components of the diagonal components of the flavor vector currents equal
the corresponding quark or lepton densities

ny = (IO, na = (J)%, ns = (JO)%, ne= (JD)" (8.14)

Compared with (8.3)) for homogeneous configurations, the rates are determined by
the expectation value of a non-diagonal operator quadratic in the flavor currents
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appearing on the right-hand side of the Ward identities. We can think of such
a quadratic operator as obtained from a two-point correlator in the (properly
regularized) limit of coincident points. In the absence of flavor-breaking terms, the
most general form of the flavor current correlators would be

(O1(T7 1)%(J7 £)al0) = G10565 + G263y - (8.15)

If there are mass terms in the action of the form £,, = f_aMJ‘} b f%, or chemical
potentials introduced through a background flavor gauge field A%, there could
also be terms where we replace some or all of the deltas in by My or Ay, or
contractions like Mg M5, My cA; p» etc. This potentially can produce many new
terms, however, for diagonal mass matrices and chemical potentials, the non-diagonal
current correlators appearing on the right-hand side of the Ward identities would
still vanish, and similarly for contributions originating from interactions that are
diagonal in flavor. Therefore, the non-diagonal current correlators contributing to
the Ward identities must be proportional to the flavor-changing coupling Gr. We
will derive in the following a closed expression for the O(G%) contribution to the
rates in thermal field theory.

8.1.2 Leading contribution in the Fermi coupling

We will assume that the theory is at finite temperature 7' = 1/ and use the real-time
formalism to compute the current correlators. See [233] for an introduction to the
topic. In general, thermal correlation functions are computed by insertions in a path
integral defined along a contour C in complex time. The path-ordered two-point
function of two operators @7 and Os is

(0|Tc [O1(x1)O2(22)]]0) . (8.16)

The complex time path, or Schwinger-Keldysh path, extends along C' = (t;,t¢) U
(ty,tp—io)U(ty —io, t; —io) U (t; —io, t; —iff), with o > 0 and t; — —o0, t; — +00.
We take the point x1 to be at the first leg of the complex time path on the real
axis. Then we have two possible contributions, depending on where the point x5 is
located. If xo is on the same leg as x1, then the thermal correlator coincides with
the usual time-ordered Feynman correlator

(0Tc [O1(21)Oa(22)]|0) = (0T [O1(1)O2(22)][0) = GO, 0, (b1 — t2, 21 — @2).
(8.17)
If, on the other hand, z5 is on the third leg of the contour C' (Im t' = —0), the
correlator is the Wightman correlator

(0T [O1(21)Oa(22)]|0) = (0]|O2(22)O01(21)|0) = G, 0, (t1 — t2 + io, 1 — ®2).
(8.18)
With this in mind, let us find the effect of Fermi’s interaction when we treat it
perturbatively. The thermal expectation value of an operator O will be, to leading
order in the Fermi coupling,

(0]0()]0) ¢, =(0|Tc [O(m)eifc LF‘*“‘“] |0), = (0|O(x)[0), +

+i /C d*2' (0/Tc [O(x) Lrermi(2)] [0}, - (8.19)
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In the expression above (0/X]0), indicates that the expectation value of X is
computed in the absence of Fermi’s interaction. Since x is in the first leg of the
complex time contour and z’ runs over its full extent, we have contributions from
both the first and third leg of C, which translate into Feynman and Wightman
correlators of the operator with the Fermi interaction, respectively

/C 2’ (01T¢ [O(x) Lrermi ()] [0)g =
:/#fk%%mﬁ—ﬂw—mﬁ+G&%m@—ﬂ+ww—xﬂ. (8.20)

In the evaluation of the right-hand side of the Ward identities (8.12)), O is quadratic
in the flavor currents, as well as Lgermi- Therefore, the leading O(G%) contribution
is proportional to correlators of the form

O[T @) TP @] [(T5)% @) TP )] 10y ~
55 p [<0|<J;‘>“b<x>u?>a;/ ()10} {O1(TF) @) (T]) ()]0} +
+ (1) (@) (T (2)]0)g <or<J;>Cd<w>u?>%/<x’>ro>o}- (8:21)

The factorization above is an approximation. For holographic models dual to a
large-N theory, it will happen naturally as part of the large-N expansion. More
generally, the non-factorizable contributions would originate from effective eight-
fermion interactions, so it is perhaps not unreasonable to assume that they would
introduce relatively small corrections even in the finite-INV strongly coupled theory.

As we discussed before, in the absence of the Fermi interaction, non-vanishing
current correlators should be diagonal in flavor, thus

Gl (& = ') = (O1(TF) % (@) (JF)% (2)[0) # 0,
= (a=bAd=0b)V (a=b Ad=0b).

This limits the number of non-zero contributions to the four-current thermal correla-
tors. We will now write the leading contributions in the Fermi coupling to the Ward
identities in terms of the Fourier transforms of the Feynman and Wightman
correlators of the flavor currents

d*k /
K pa ik-(z—2x K poa
Gf;(f[;’a/b/(x — 1'/) = / (27T)46 k-( )Gf;(fb,a/b/(k)’ K = _F’7 < . (822)

It will be convenient to define

gl =9 +75 (8.23)

Fofb pe rd fagbsrerd  lragboperd’

with (K = F, <)

d*k

K - K pa Kvp K po Kvp

Vee i fopd = Murllas / 27 (Gt (WG (k) = G e ()G pa(— )]
(8.24)
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In terms of these quantities, the leading order contributions in the Fermi coupling
to the flavor Ward identities are

A (OI(JE)4,10) = —4GE Yy, (€08 Ooyur—an + Sin* OcYur—sv) )

0y (O1(T)4410) & AG%, (= sin 02 005 00 Yudssu + €052 00 ey Yut—av ) +(8.25D)
Oy (0[(J1)%510) ~ 4G%, (sin 02 cos? OcYud—ssu + sin? O D t—ep ’yug_>5,/) ,(8.25¢)
9 (01(J}")72,10) =~ 4GTE (cos? Qo ur—sdy + Sin® OcYurs s + Yov'—ver) » (8.25d)

9y (0[(Jf)*,|0) = —4G% (cos® Ooyue—say + sin? Ocyue—ssy + Ve —ver) - (8.25¢)

Where in the last two rows (£,¢') = (e,u) or (u,¢) and v, are the neutrinos
corresponding to £, /' respectively.

8.1.3 Formulas for the rates

A direct comparison of the equilibration equations (8.5) and the Ward identities
(8.25)) results in the identification of the leading order contribution in the Fermi
coupling to the rates as

Tutosay — Damsuer = 4GF cos® 0cVur—sdy (8.26a)
Loy — Dot~ 4G sin® Ocvyurssy (8.26Db)
Tudossu — Dsusud = 4G%sin 02 cos® 0cYud—ssu » (8.26¢)
Loy stynin — Loymtinm = AGEV0m—mty - (8.26d)

With the factors v defined in (8.23) and (8.24)) in terms of thermal correlation
functions. We can further simplify the expressions by first noting that, if the system
has parity and time reversal invariance, the Feynman correlator satisfies

F F
Gf;gl;/,ba(ik(h 7k:) = Gf;g:ab(k07 k) (827)
A straightforward calculation then shows that q/ji s pegd = 0 in this case. The
IR i tr

Wightman correlator on the other hand is proportional to the spectral function,
defined as the imaginary part of the retarded correlator:

v v v R pv
G hia (Ko, k) = npan(ko)plfiny (Ko, k), ity = —2 Im (Gf;(l;bba) ; (8.28)

where the factor multiplying the spectral function is the thermal distribution

1
kotppa—pis) 1 ’

nf;ab(kO) = B( (829)
(&

with gy« the chemical potential for the fermion species f¢. We now introduce ({8.28)
in (8.24)), and use that

npab(—ko) = —(1+nyppa(ko)),  Prap(—ko, —k) = —pfh. (ko k), (8.30)
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where the last identity follows from time-reversal invariance and parity. After this,
one arrives at

= < _

pay-rerg

d*k o ”
= mwna,@’/w [(nfl;ac(kO) - nfg;db(ko))PﬁcLl;ac(ko,k)Pi;db(koak)] . (8.31)

~y

Rt

This quantity will vanish when the chemical potentials satisfy the relations
[ife = Hge = Hgd = fhgp- (8.32)
Then, demanding that each of the rates in (8.26]) vanish gives the conditions

P = Hd =y, — e (8.33)
Pu = Hs = Huy — [ (8.34)
fu = s = Hu — Hds (8.35)
fug, = Hey =y, — Hey- (8.36)

Setting 1, = 0, it is easy to check that this coincides with the beta-equilibrium
conditions in .

We will now expand to the lowest order around the equilibrium values,
ffa = M;% + dpipa. The thermal distributions have a pole at small frequencies,
that we need to deal with. Let us introduce an arbitrary frequency wg such that
Opufo — Opuge ~ 5Nfg — 5uf§ < wg K T. Then, there is a contribution that we can
expand to linear order in the chemical potentials plus a correction from the poles
(8.37)

N 0
v ~ (g = Ongy = Otgy = O1igg)) Afugy gepa + 09

Fers—rgsd Fers—rgsd

where, after defining Ap®? = pSh — pSt = pS% — p%h, the coefficient A is
f1 fl f2 f2

d*k
0 _ o 5
Afffgafffg = Nuwap / Wpfl;“C(ko’k)pfz;db(kOak)
1 T
8 B O(w? — (k o+ Apcd 2
AT sink? (Bt 2ty (ko + Apee)? (wg — (ko + Auc?)?)
(8.38)
We remind the reader that in this formula the fermion species are fi, fo = ¢

(quarks) or [ (leptons) and the possible flavors are ¢* = u,d, s, [* = ve, e, v, p. For
ko + Au? 2 T the function decays exponentially ~ e~ (ko+AuD)/T " thus most of the
contributions in the frequency integral will come from an interval of width ~ T
around kg + Ap©l.
The correction to the rate originating from the poles is approximately
d*k
R L L /kﬁAuquwO (2m)* P (ko, k)l gy (Ko, )

T - (8.39)

ko + Apd + dpupe — Oppe ko + Apcd + Opipg — Spipy

X
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We will use the principal value integral

(,.)O—A#eq dko T T (,UO —’—5[[1,
gl S(ko) ~ —8(—Apct)log LT
/WO A[J,Eq 27T kO + AILLEq + 5“ ( 0) 27T ( ,U/ ) Og wo — 5,[,[,
—S( Ap)op. (8.40)
TWo

Thus, we can write

Vyagpogerd (Mféi — Opgy = Opgg = 6“ff)> Apagp pepa (8.41)
with
T 3k
~ AY €q po eq eq Bv eq
1131714 NAffobﬁfffg F g Two /(27-[-)3pf17ac( Apt k)pp, qp (—Ap, k).
(8.42)

If the spectral function vanishes at kg = —Ap? the last term in (8.42)) is zero and
one can take the wy — 0 limit, in which case the expression for the coefficient A
simplifies

K P??Z? (—Ap k)pl ty, (—Apct, k)

Af1 arbopprg i TloB / AT sinh? (koz%/M) (8.43)

Combining the expression (8.41)) with (8.26]) and (8.5]), we arrive at the following
formulas for the coefficients of the rates

Ads  ~ 4G% sin? O cos? 0 Aud—s sus (8.44a)
/\ud ~ 4G% cos? O Mooy, (8.44b)
N, ~ 4G%sin® 00 Ay, (8.44c)
A ~ 4G Nvesspe. (8.444)

When leptonic contributions can be neglected, as is usually the case in the evaluation
of the bulk viscosity in neutron stars, the only relevant coefficient is A\; = Ags,
following the conventions in [68]. In the rest of the chapter, we will give an estimate
of A1 = A\gs at strong coupling using a holographic model.

8.2 Holographic model

We will use a holographic model dual to a SU(N) gauge theory with N flavors
to compute the rate. Differently form what we did in the previous parts of this
thesis, here we use a bottom-up approach, where we construct a gravitational action
with the necessary ingredients to capture the physics of interest, but that does not
correspond to a string theory construction where both sides of the duality are known.
The glue sector is given by an action consisting of just the Einstein-Hilbert action
plus a negative cosmological constant

/d%\ﬁR 2A], A=-—— . (8.45)

Se = 167TG L2
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In the absence of matter, the maximally symmetric solution is an AdSs space with
radius L. Including the flavor sector will modify the geometry, but it will still
asymptote to the same AdSs, so we can apply the usual holographic dictionary
between the fields in the gravity theory and sources and operators in the gauge
theory dual (see section [3.1.2).

The flavor sector consists of U(Ny)r x U(Ny)g gauge fields, Ly and Ry, dual to
the flavor currents, and a complex scalar field X in the bifundamental representation
dual to a scalar quark bilinear. The action for the flavor fields is the one commonly
used for bottom-up holographic QCD models, originating with [34]

1

3
_ 5 2 2 2 2 2
Sy = /d z+/—gTr [gX <—|DX| + 251X > ~ i (F(R) —I—F(L))} . (8.46)
The field strength is defined as F(A)MN = Oy AN — ONAp — 0 [AM, AN] The

covariant derivative of the scalar field is defined as follows
DnX =OnX —iLyX +iXRy,  DyX'=0yXT4+iXTLy —iRyXT. (847)

The mass of the scalar is fixed in such a way that the field is dual to a scalar operator
of scaling dimensions A = 3, as corresponds to a quark bilinear.

The action is fixed up to an overall normalization of the scalar and gauge fields. In
[34, 234] (see also [235]) the normalization was fixed by matching the large Euclidean
momentum form of current correlators derived from the holographic model to the
OPE of QCD. Then, the matching to QCD in the UV fixes

1 N 9.3 N

2 1er N ie (8.48)

The equations of motion for the metric are Einstein’s equations with a cosmolog-
ical constant and the energy-momentum tensor sourced by the gauge fields and the
scalars

1
Ryn — igMNR + gunA =87Gs5TyN. (8.49)

The equations of motion for the gauge and scalar fields read

1

ﬁDM [\/ _QF(%)N} = 952)93( .7(]}[2) ) (8.50a)
1 .

ﬁDM [\/ _QF(A[{)N} = gh9% ](A[f,) ) (8.50b)
1 Mol 3

7=Du [vV=gDMX]| = 5 X (8.50¢)

where the bulk currents appearing in the equations of the gauge fields are

iRy i {(DMX)T X — XTDMX} : (8.51a)

ithy = z[(DMX) XTX<DMX)T}. (8.51D)
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We will look for solutions dual to a deconfined state of the gauge theory at nonzero
temperature and baryon density, which are charged black brane geometries. In order
to simplify the analysis we will turn off the scalar field, which amounts to having zero
quark mass and condensate for all the flavors. In this case, imposing the condition
of beta-equilibrium fixes all quark chemical potentials to be equal, since deviations
from symmetric quark matter due to nonzero quark masses are absent. Since we
are ultimately interested in comparing with QCD results, we will fix the rank of the
flavor fields Ny = 3.

When the scalars vanish, the charged black brane geometry is the preferred state
of the system at large enough values of the chemical potential. There could also
be other competing states where the scalar fields or off-diagonal components of the
gauge fields acquire a non-trivial profile, corresponding to the spontaneous breaking
of flavor symmetries. Since we are interested in comparing with results of unpaired
quark matter we will neglect this possibility here.

8.2.1 Background solution

The metric of the charged black brane takes the general form, in Poincaré coordinates,

2 2 4 6
ds? = % (—f(z)dt2 + }Z(Z) + da?2> . S =1- M% + Qig . (8.52)

The AdS5 asymptotic boundary is at z = 0, and the horizon is at the value where
the black body factor vanishes f(zj,) = 0. The values of M and @ depend on the
background scalar and gauge fields.

As we mentioned above, we will set all quark masses to zero, which allows to
have a trivial solution of the scalar XP%& = 0. The background gauge fields dual to
the quark densities are

2
(L5'®)% = ("), = & (1 - ) % - (8.53)

h
Where 1y = pty = pg = ps is the quark chemical potential, which is the same for
all flavors at beta-equilibrium. Since in this case p. = 0, this implies that there is
no net electron density, but the processes in involving electron absorption or
emission would still contribute, although we are neglecting them because they only
give subleading corrections in the range of temperatures where the bulk viscosity

is largest. The backreaction over the metric is limited to the gauge fields, so the
geometry is the AdS Reissner-Nordstrom charged black brane (8.52)), with

2,2
_ *hlq

M=1+Q*,  Q'=-

(8.54)

The temperature in the dual field theory is equal to the Hawking temperature, given

by
7=t (1 - %) . (8.55)

TZp
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One can use these formulas to obtain the position of the horizon as a function of the
temperature and quark chemical potential

2
2 T T
= — 41+ () T (8.56)
Hq Hq Hq
Later we will often use oT
T=2T~ "~ (8.57)
#q

8.2.2 Two-point functions of flavor currents

The spectral function entering the formulas for the rates can be obtained from the
imaginary part of the retarded correlator of the left flavor currents. Following the
usual holographic dictionary [29] [30], we can extract the correlator from the solutions
to the linearized equations of fluctuations. We will impose the boundary conditions

. . o1
ll_l’)% Lu(x,z) =1,(x), lll}% R,(xz,z) =0, lim-X(x,2)=0. (8.58)

z—0 2

This turns off the sources for the right flavor currents and the quark bilinears and sets
l,,(z) as the source for the left flavor currents. The boundary asymptotic expansion
of the Fourier transform of the left gauge fields is

a v 14 < 14 a
(L) y(w, K, 2) ~ (% + (¢, )ab="log 7 + 2%(9, Jab + - ) (l)%(w, k), (8.59)
where, having set the quark masses to zero,

v 1 o SV v
(e )an = 5 (FakS), — kuk”). (8.60)

The two-point function of the left flavor current can be obtained from the one-
point function identifying the coefficient of the source [,. The one-point function is
extracted from the boundary value of the regularized canonical momentum

(017y10) =
= _ LI—IR) 7 {FFZ“ <logz + log(LB)> <LDa (\/TVFLW) - 9%(9%\/—773'&))] )
(8.61)

where 7, = g, is the induced metric on a radial slice and B is an energy scale of
the theory. The additional terms are obtained from the variation of the counterterm
action

Set = <1ogL + log(LB) ) /d%\/ [ FIY L+ g% L(D,X)IDIX| . (8.62)

The energy scale B, which determines the coefficient of a finite counterterm, can be
chosen arbitrarily. Its value is scheme-dependent, depending on how the logarithmic
divergence is cancelled. However, as shown in the formulas below, it only enters in
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contact terms of the real part of the correlators, so it does not affect the calculation
of the spectral function. In addition to the terms shown here, one should also
introduce a counterterm proportional to a quadratic potential for the scalar that is
necessary to cancel further divergences when the quark masses are non-zero. In our
case, with massless quarks, it can be safely ignored.
Using the expansion , the one-point function to linear order in the fluctua-
tion is
OO0 = 25 G W) Gl = = (o = (e hwlo 73 ) - (569

Taking the variation with respect to the source gives the two-point function
o o\a v \a' 2L w ca ca’
(01(J5 1) %(Jg L)% 10) = ?Gabéb’éb : (8.64)
5

The fit of the model to QCD at large Euclidean momentum ([8.48) fixes the normal-
ization constant to the value

2L N
N‘?g‘e;?' (8.65)

The spectral function is obtained from the imaginary part of the retarded correlator,
which can only receive contributions from the coefficient of the O(z?) term in the

boundary expansion ([8.59))
Phiba = 2N Tm (g, )ap - (8.66)

In order to compute the correlators of flavor currents involved in the formulas for
the weak reaction rates, we must consider linearized fluctuations of the gauge fields
around the background solution. We can restrict to fluctuations that are off-diagonal
in flavor, and take into account that the background is diagonal. When the quark
masses are zero and the scalar profile is trivial, the energy-momentum tensor of the
gauge fields is at least quadratic in the fluctuations. Therefore, metric fluctuations
can be turned off. Furthermore, the fluctuations of the left gauge fields decouple
from the right gauge field and the scalar, so it is enough to restrict the analysis to
the left gauge fields.

8.2.3 Linearized fluctuations

We will work in the radial gauge L, = 0 and expand the fluctuations in Fourier
modes

do [ &k 0.4
Lﬂ(x,z):/% el ik r (0K, z) . (8.67)

Our fluctuations correspond to the off-diagonal flavor components L, = (L,)%, but
we will omit flavor indices unless there is some ambiguity.
It will be convenient to rescale coordinates by the horizon position

z=zpZ, ot =z, X", (8.68)
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and work with the dimensionless frequency and momentum
O=zw, k=zk,(k=|k. (8.69)

We will also define a dimensionless temperature T' = z;,T. The equations of motion
for the linearized fluctuations of the gauge fields in these coordinates are collected
in Appendix [F]

We are interested in temperatures much smaller than the chemical potential
T/pq < 1. Since the integral over frequencies that determines the rates is
concentrated on frequencies smaller or of the order of the temperature, we can use a
small frequency approximation w/p, < 1.

We will use the approach of [236] to compute low-frequency correlators. When
the temperature is zero, the background solution is an extremal black brane that
develops an AdSs throat at the horizon. One can then divide the geometry into an
inner and outer region relative to this throat. When the temperature is non-zero,
but very small compared to the chemical potential, there is still a throat, but the
inner geometry is a non-extremal AdS; with a horizon. From , we see that
the near-extremal solutions correspond to Q2 < 2. Let us parametrize

2 zZ? zZ?
= Zo—1= 0|25,  Z.—7=|o|==.

Q* = (8.70)

The temperature in units of the horizon position is 77 = 1 — Z_6. This gives the

approximate relation
[
N— =, 8.71
OF ST T 2T (8.71)

Expanding the metric (8.52) for |@| — 0 and Z, ~ 1 (since T < 1), one gets

ds® ~ o —F(¢)d7* + Kisl + L%dX 2 (8.72)
12¢2 () ’ '
where
¢ _ 51 x0
F(()=1- %4, 7= 0] X0 = |w|2®. (8.73)
0
This is an AdSs x R3 Schwarzschild geometry with an AdS, radius L2 = L?/12

and a horizon at ( = (y. In the zero temperature limit Z, — 1, {y; — oo the throat
extends to values ( — oo.

The equations for linearized fluctuations can be solved in the inner region,
L}f, imposing an ingoing boundary condition at the horizon ¢ — (p, and in the
outer region, LOUt taking the zero temperature limit where the geometry becomes

the extremal AdS5 Reissner-Nordstrom, with Q = v/2. The calculation of
the solutions and connection coefficients up to O(w?/u2) corrections is detailed in
Appendix [G] we summarize here the main results.

In the region towards the end of the AdSs throat, ( — 0, the solutions have an
expansion

L~ AR + ARG AL> AL (8.74)
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This matches with the behaviour of solutions in the outer region close to the horizon
Z —1

LY =Con(Z)+ Ciny(Z), ne(2) ~ (1—2) %+, (8.75)
which allows the identification
—\ A
+ _ g+ ||
c = A (12) . (8.76)

The ingoing condition fixes a relation between A:[ and A, that translates into a
relation between C’: and C:

Cy = Gr(w,k)C, (8.77)

with G (w, k) usually interpreted as an infrared (IR) Green’s function associated
with a 0+ 1 CFT dual to the AdSs gravitational theory. This IR function determines
the Green’s function of the full theory. In order to see this, we need to translate the
above relation between coefficients to the outer normalizable and non-normalizable
solutions

L™ =1, ¢NN(Z) + gupn(Z), (8.78)

with expansions close to the boundary Z — 0

1.2
dNN(Z) ~ 1+ %22 log Z 4+ 0(Z"), ¢n(Z)=2Z*+0(Z%). (8.79)

The two sets of outer solutions, {n4,n—} and {¢nn, PN}, are related by the connec-
tion coefficients

N+(Z2) = ax¢nn(Z) + Bron(2) - (8.80)

Thus, the full solution is

LY = C (n—(2) + Gini(2)) =
= Cy (- +a1G) onn(2) + Oy (B-+B+GL) én(2) . (881)

Fixing the coefficient of the non-normalizable solution to be the source [, we get
that the coefficient of the normalizable term is

B8,

= . 8.82
K a_ + Oé+gL a ( )

More precisely, the connection coefficients and IR Green’s function depend on
whether the fluctuation is transverse or longitudinal. It turns out that at leading
order in w/T the longitudinal components do not contribute.

8.2.4 Spectral function

Since only the transverse components of the left gauge fields are relevant at low
frequencies, the spectral function determined by (8.66]) is (p°° ~ 0, p% ~ 0),

5 o
ii Iu, id klk] w - —
pan,ba ~ N?q <5J g2 > PL (27rT’k’T> , (8.83)
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where

Wz fra— — f-ay
— kT = I . 8.84
”L(%T’ | ) (0t arReG + (an) (g o B3

The IR Green’s function of the transverse modes of the left gauge fields is, up to
corrections suppressed by factors of T/,

F(—I/k)r (% —iﬁ + Vk:) (WT)QW
D) (3 —igep—w) \12

Where we have introduced v for convenience, defined as

1 k2
uk_\/1+ﬁ. (8.86)

At large spatial momentum the IR Greens’ function approaches

G(w,k,T) = (8.85)

o cos (ZE + 1235 T %
Gr(w, k,T) ~ — (m = QT) (Z) . (8.87)
sin (715)

At low temperatures, there is a strong suppression due to the T-dependent factor.
When T'/pqg — 0 (T' — 0), there is a strong suppression of the correlator already at

small momenta B
T B2 op 12

gr ~ (12> R (8.83)

The support of the Green’s function is concentrated on values k < |log(7T'/ pe)| 7t < L
In this case, we can approximate the Green’s function by

G, 5 T) ~ <”T> ¢~ (2i—1)log 12 (i“’ + (2 — 1)> +O((2p—1)2 i (20 —1)) .
12 T
(8.89)
The connection coefficients are real and only depend on the momentum. We have
computed them numerically and determined their asymptotic behaviour at large
spatial momentum (c.f. Appendix

k. _

ap ~ F6T Vg2 (8.90)
ko _ _

B ~ T67 V13 k32 log k. (8.91)

Considering the large momentum asymptotic behaviour of the IR Green’s function
and connection coefficients , we see that the spectral function vanishes
exponentially fast at large spatial momentum. A special point is k = 3 (v = 1),
where G;, diverges and the spectral function has its first zero. For a numerical
estimate, one can thus restrict the momentum integral to smaller values.
When T'/pq — 0 we can approximate the connection coefficients by their k—0
values, that we can compute analytically
1\2
<Vk — 2) ] , (8.92)

+0(1), By+=4+0 (z/k - ;) . (8.93)

1
a_zsl-i—o(l/k—Z), ﬁ_z—g(QVk—l)—i—O

4

300 1)
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Figure 8.1. Plot of the imaginary part of the full g7, function (dashed) and its leading-order

approximation in w/T (solid) for v, = 0.6,0.7,0.75,0.8,0.9 which correspond to colors
from blue to light purple.

Thus f+a— — f_aq = 6 and

w - 6(2v — 1)2 L w LW
oL ( E T) ~ D) AT (8.94)
27T’ w T T
Here we have defined
AR(T) = (g) e~ @nDlogr (8.95)

Numerically, at low frequencies, the IR Green’s function is well approximated by

.y 1., =\ 2Vk .
Gr(w,k,T) ~ a k)F<<1 - 3) (WT> <1—;tan(7wk);+ (8.96)
2
2

72 tan? (7 k)—w(l)(f—Vk)-i-iﬁl)(%‘FVk)wQ 0 w3
- 87 Tz)+ )

where () is a polygamma function. In order to see how good is the approximation
we plot the real and the imaginary part of the full IR Green function and its
approximated expression. We define a reduced IR Green function

v 2up, o
@) = 1 2L () 6wk, (5.97

so that the plots will be independent of T'. In Figure we plot the full imaginary
part of gr, (dashed lines) with the approximated formula (solid lines) for some values
of vy, as a function of w/T € (0,2). Then, we plot the full real part of g7, (dashed
lines) with the approximated formula (solid lines), as a function of w/T" € (0,2),
keeping just the first term in the expansion, Figure and then adding also the
quadratic correction, Figure [8.:2b] The values of vy are 0.6,0.7,0.75,0.8,0.9 which
correspond to colors from blue to light purple. We observe that as k becomes smaller,
the real part becomes better approximated by the leading term.
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function (dashed) and its second-order
approximation in w/T (solid) for vy, =
0.6,0.7,0.75,0.8,0.9 (colors from blue
to light purple).

Figure 8.2. Plots of the real part of the full g, (dashed lines) and its approximated
expressions up to second-order in w/T (solid lines).

8.3 Estimate of weak reaction rates at strong coupling

We will proceed to estimate the weak rate. Since all the quark chemical potentials
are equal at beta-equilibrium and the spectral function , vanishes at
zero frequency, we can use the simplified formula to compute the rate. Taking
into account that only the transverse components contribute to leading order, and
rescaling the variables in the momentum integral w = kg = 27T's, k = ,uql_f /2,

7
n 02 (s, k T)
Aydsus ~= N2 q/ / dk k> L . 8.98

= 2772 sinh?(ws) (8.98)

Introducing (8.94), and changing variables to k2 = 3(4v2 — 1),

3\/>/L5T2 32 S 12
Avdous ~ N2 / 7/ d 42 — 1 —2(2v—1)log = )
d— 4 0 Ssinh2 (TFS) 1/ v I/\/ﬁe T

(8.99)
We have
h s ! 8.100
ds——5——= — .
/o ssinh2(7rs) 6 ( )
Changing variables v = % + u,
Adsus = NP —1— f”q / du (1 + 2u)\Ju(u + 1) e 418 77 (8.101)
We use that the main contributions to the integral come from u < 1:
o0 12 o0 12
du (14 2u)y/u(u+ 1) e 1418 77 %/ duu'/? emtulos or —
|+ 20 futu ) 0
I'(3/2
e VT (8.102)

(4 log %)3/2 2 (4 log %)3/2
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Figure 8.3. Log-log plot of the weak reaction rate multiplied by A _Qu(fT_Q as function

of log (%) The solid line described the approximated analytic results of Equation

(8.103)). The symbols are the results of the numerical integration of the formula
for T/p, = 1071,1072,1073,107%, taking the leading order approximation of the IR
Green function (green dots), the second order approximation (red triangles) and the full
result (black diamonds).

Then,

N2 T3 6p1g\ ~3/2
Audosus ~ ——1] Zp2T? (1 q) . 8.103
s 25\ -t g ( )

We have computed numerically the rate for values of the temperature 7'/p, =
1071,1072,1073,10~*, considering the full dependence of the connection coefficients,
and several approximations for the IR Green’s function, namely the leading order
, the second order approximation , and the full result . In the
numerical integration over momentum, we cut the integral at v, = 1, where the
spectral function has its first zero. The exponential suppression already present
at this value of the spatial momentum makes higher momentum contributions to
be exceedingly small, so we believe this is a good approximation. We show our
numerical results together with the analytic approximation at low temperatures
in Figure We see that indeed the analytic formula approximates well the
numerical result at low temperatures, even up to T'/pq < 10~2, but for T/ fhg ~ 101
the deviations are already sizeable, although the analytic formula still serves as an
estimate of the order of magnitude.
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Chapter 9

Summary and conclusions

Here we present a summary of the second part of the thesis, together with some
conclusive remarks and possible future directions. In this part of the thesis, we
addressed the problem of computing the weak rates in (unpaired) quark matter
using holography as a tool to overcome the difficulties faced by standard methods
in performing computations in finite-temperature and finite chemical potential
QCD-like theories.

In particular, in chapter |8 we derived the formulas and for the
weak equilibration rate of quark flavor densities n, (a = u,d,s). These formulas
describe the equilibration rates near thermal equilibrium in terms of the spectral
function of left-handed currents, to leading order in the Fermi coupling. The result,
derived purely through field theory techniques, stems from the modification of Ward
identities for flavor currents by symmetry-breaking terms induced by the weak
interaction. Up to possible corrections by effective eight-fermion interactions, it
is exact in the QCD coupling, with all non-perturbative dynamics of the strongly
coupled theory encapsulated in the spectral function. Although we have focused on
quark matter, the formulas are derived in an explicitly gauge-invariant way and rely
solely on symmetry arguments. Thus, they should be valid for any state of QCD at
nonzero temperature, including hadronic (confined) phases. In a confined phase, the
natural degrees of freedom are baryons rather than quarks. Baryons are composed
of three quarks and can be grouped according to their flavor composition. Therefore,
the chemical potential for a baryon B¢ ~ ¢%¢¢¢ would be pigae = pia + iy + fe,
with pi4p . being the quark chemical potentials corresponding to each flavor. The
associated baryon densities should satisfy the conditions

na == 3nBaaa + 2 Z nBaab + Z nBabc, (91)
b#a b,c#£a

where the order of the flavor labels is immaterial, and ngae would, in principle,
include all contributions from baryon resonances with the same flavor composition
and with a mass below the value of the baryon chemical potential, assuming the
decay channels to lower resonances become closed. With these identifications, one
can combine the expressions in to obtain the rates for the evolution of the
density of different baryon species, or rather for the evolution of some combinations
of them.
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Returning to our analysis, we have used the general formulas for the rates in
a particular model of unpaired quark matter with a holographic dual description.
Using the holographic dual, we have obtained the leading order low-temperature
behavior of the weak reaction rate in a large-density state of strongly coupled matter
at beta-equilibrium. For simplicity, we have only considered massless quarks, from
which we were able to extract an analytic expression for the rate coefficient

as defined in (8.5)) and (8.44)), resulting in

. N2 3 6 —-3/2
Ads ~ G% sin? O cos? 9(;5 ;usz (log 7:,;1) . (9.2)
A fit to the large momentum behavior of QCD correlators fixes the normalization
constant to N = N/(672), Eq. (8.65). We can compare this with the perturbative
result [84, 5] [86] including the leading QCD correction [103]

da Kogptg \ X
52 S sHq
i (1 + o log T ) , (9.3)

Ads ~ G% sin? O cos? O %u
where & = 0.28(2/37)'/? ~ 0.13. The logarithmic enhancement of the rate at low
temperatures originates from a non-Fermi-liquid behavior of quark matter due to
long-range interactions (see also [237, 238]). Although the logarithm should not be
too large in order for the perturbative expansion to be valid, the fourth power with
which it appears can produce a significant effect on the rate. Considering the strong
coupling result, the holographic dual geometry has also been conjectured to describe
a non-Fermi (“marginal”) liquid [236]. However, the logarithmic factor operates in
the opposite way, suppressing the rate. Furthermore, compared to the perturbative
result, the logarithm will be much larger, as there are no coupling-dependent factors
in the argument suppressing the ratio /7. As shown in figure the analytic
formula (proportional to derived in the previous chapter) provides a
good approximation for temperatures 7'/p, below 1072, but at higher temperatures,
corrections to this formula start to become significant. However, their effect is to
further suppress the rate.

Several improvements could be applied to the model, with perhaps the most
significant being the inclusion of non-zero quark masses [239]. In the perturbative
calculation of the rate, the mass enters the dispersion relation of the fermions in the
scattering amplitude and removes the low-energy contributions from the massive
quarks. In the holographic model, the scalar field dual to the quark bilinears would be
non-zero, and its backreaction can change the near-horizon geometry, thus affecting
the rate behavior. A generic expectation is that the AdSy throat in the near-horizon
geometry would be replaced by a hyperscaling Lifshitz geometry (see [240] and
references therein), which would probably result in the rate becoming proportional
to a different power of the temperature depending on the dynamical exponent and
the hyperscaling parameters.

Another extension of the model would be to study phases of paired quark
matter, as quark pairing can affect transport properties [60, (62, [63]. A paired state
would have a quark condensate with a non-trivial flavor structure, which could be
captured by turning on a profile of the scalar field, in the holographic model we
used, reproducing the same structure.
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In conclusion, our study provides a framework for understanding weak inter-
action rates in strongly coupled quark matter and highlights the importance of
non-perturbative methods in studying dense QCD phases. Future works should focus
on refining these models, incorporating more realistic features such as non-zero quark
masses and quark pairing, to enhance our understanding of neutron star interiors
and their observational signatures.
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Appendices
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Appendix A

Fractional quantum Hall effect
in a nutshell

The quantum Hall effect is one of the best-known examples of a topological phase of
matter. It arises in a two-dimensional electron system, e.g. Gallium Arsenide, under
a strong perpendicular magnetic field B. At very low temperatures (7' ~ 10 mK)
and high magnetic field (B ~ 10 Tesla), the transverse (Hall) conductivity, as a
function of magnetic field, shows constant plateaux at the values

< (A1)

O'H:h

where e is the electron charge, and h is the Planck constant. The quantity v is called
filling fraction, and it can be an integer number or a rational number. The latter
case is known as the Fractional Quantum Hall Effect (FQHE). At the same time,
the longitudinal conductivity vanishes, and the system is insulating in the bulk. See
[188, 189, 190] for complete reviews on the topic.

The most compelling interpretation of the quantum Hall effect, originally pro-
posed by Laughlin [241], envisions the electron system as an incompressible quantum
liquid. In this phase, the electron density remains uniform throughout the bulk,
and the system exhibits a finite energy gap that suppresses low-energy density
fluctuations. This behavior is particularly transparent in the case of non-interacting
electrons occupying a full Landau level, where electron—electron interactions can be
safely ignored. The energy gap in such a setting is simply the separation between
Landau levels, given by the cyclotron energy, which ensures the stability of the
incompressible state.

A.1 Chern—Simons bulk effective theory

The low-energy degrees of freedom of a Hall state can be described by a conserved
matter current j#, which is dual to a gauge field a,,,

. 1
G = ge“ POy a,. (A.2)
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This current is topologically conserved, d,j* = 0, and the U(1) gauge field a is
usually referred to as a hydrodynamic field, arising from the collective behavior of
many underlying electrons.

The effective hydrodynamic action is given by

N 1
Seg:—/a/\da—}-—/a/\dfl—i—/a/\j. (A.3)
47 27

The first term is the Chern-Simons action for a and dominates the low-energy physics.
The coupling N in this context is called level of the CS theory, and it takes integer
values in order for the path integral of the theory to be well-defined. This theory is
usually referred to as the U(1), CS theory. Such action is topological and it does not
describe any propagating degrees of freedom, but rather it describes global effects
occurring at energies below the bulk gap. The CS action violates time reversal and
parity symmetry, reproducing what happens in a quantum Hall state in the presence
of an external magnetic field.

The second term of describes the minimal coupling of the hydrodynamic
degrees of freedom with an external electromagnetic field A. Neglecting the third
term, or equivalently, setting J = 0, we can integrate out a using the equation of
motion to get

1

=—— [ ANdA. A4

St = g [ And (A4)

By taking functional derivatives with respect to A, we compute the induced current
1

JilIle == ME”W)@VAP, (A5)

from which we can read the quantized Hall conductivity (with e?/h = 2m)

1 1

TH =5 N N

It is well-known that the CS theory describes the existence of fractional charge
and statistics in the system. These are low-energy excitations of the incompressible
fluid, known as anyons, and their coupling to the hydrodynamic field is described by
the third term of (A.3]). To see the fractional features of these excitations, let us
consider a static source J#(x) = n 6@ (2)6%, where n is U(1) charge coupled to a.
Setting A = 0, the equations of motion for a are

1 0ij o2

— %90, = —63 (2 , A7

o’ 17 N ( ) ( )
from which we can see that each excitation is equipped with n/N units of flux. We
can compute the electromagnetic response

Ha(@) = 62(@), (A8)

which shows that the electromagnetic charge of these static excitations is the rational
number n/N. As anticipated, these quasi-particles have fractional statistics. Recall
that the wavefunction of a particle of charge ¢ moving around a flux ® picks up a
phase exp(i ¢ ®). In the present case, the Aharonov-Bohm phase 26 of an excitation
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with charge n; for a moving around a flux ® = ng/N generated by another excitation
of charge no is
ni1 Ny
20 =2 . A9
L (A.9)

This is also known as braiding phase, and it is twice the exchange phase that
determines the quantum statistics. Among the excitations, the electron has n = N,

so that for two electrons 8/m = N, which is consistent with the Fermi statistics if N
is odd.

A.2 The bulk-boundary correspondence

In a finite quantum Hall system, gapless modes necessarily arise at the edge of the
sample. These edge modes are a direct consequence of the non-trivial topological
structure of the bulk. The presence of such edge states can be understood even
at the classical level. Consider a charged particle in a uniform magnetic field: the
particle undergoes circular motion (e.g., anticlockwise) due to the Lorentz force.
Near the boundary of a finite sample, these orbits are truncated, resulting in a
skipping motion along the edge. Because the motion is unidirectional, these edge
states are said to be chiral.

Quantum mechanically, edge states also emerge due to the breaking of Landau
level degeneracy near the boundary. For example, in a disc-shaped droplet of radius
R, a confining potential near the edge lifts the degeneracy, filling the states up to
a Fermi energy. The density profile reveals a Fermi point at the edge, as the bulk
remains incompressible. The low-energy excitations around this Fermi point are
particle-hole pairs that behave as massless fermions with an approximately linear
dispersion relation:

E(k) ~ vp(k — kr),

where k = m/R is the one-dimensional momentum (kr is the one associated with
the Fermi energy), m is the angular momentum, and v is the Fermi velocity. These
excitations correspond to a (1+1)-dimensional chiral relativistic fermion, known as
a Weyl fermion. For a detailed derivation of these results, see [190].

The (1+41)-dimensional theory of the edge modes can arise from the (2+41)-
dimensional CS theory as follows. In the absence of an external electromagnetic
field, A = 0, the equations of motion for a reduce to a = dy, with x a scalar field.
For a disk geometry D, the action reduces to a boundary term

N
Shdry = y= /dtdx Orx Oz X, (A.10)

with x = R#. This is just a symplectic term and leads to a vanishing Hamiltonian.
To introduce a dynamic for the edge mode y, we add a quadratic term in the
momenta [190]

N
Stary = 3 [ dtdz x (D + v 0:) (A1)

with v an external parameter. This action is also known as the Floreanini-Jackiw
action [I12]. The equation of motion for x is

(0 +v0,)0xx =0, (A.12)
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which shows that the edge modes are gapless and chiral.

The chiral boson x on 0D is a periodic field, being the phase of the U(1) gauge
field, with period 27. For the disk geometry, the general solution of the equations of
motion is

Xx(t,0)=x0— (0 —vt)ag +1 Z %emw*”t), ay = 0_p. (A.13)
n=0 n
As a consequence of the periodicity of the scalar field x, the coefficient ag = m/N
is quantized for some integer m € Z. Upon quantization, the coefficients yg, ag, and

an become operators acting on a bosonic Fock space, whose vacuum is defined by
an Q) =0, n > 0. (A.14)

Imposing the canonical commutation relations between x and the conjugate momen-
tum 7 = L£/5(d:x), one can get

1 n

[am am] = 75n+m,0 . (A.15)

[a(]v Xo] = - N

iN’
In terms of these operators, we can rewrite the Hamiltonian Lg and its moments
L, as

N N X
Lo = ?a% + N apan, Ln= Cn—mQm » (A.16)
n>0 m=—00
satisfying the following commutation rules
c
[Ly, ] = —manim, [Ln,Lm] = (n —m)Lpim + —(n?’ — 1)0n4m,05 (A.17)

12

with ¢ = 1. Thus, the chiral boson theory is a conformal field theory with central
charge ¢ = 1.

We conclude by connecting these results to the bulk physics. The definition of
the edge charge should correspond to the bulk expression

Q:—;W/dea@:ao: % (A.18)

The edge spectrum reproduces the charges of Laughlin quasiparticles. In the bulk,

fractional excitations with charge @ = m/N correspond to edge states |ag = m/N).

This is another aspect of the bulk-boundary correspondence: anyonic excitations

in the bulk map to solitonic configurations in the edge conformal field theory. The

conformal dimensions of these excitations are determined by the action of the
Virasoro generator Lg:

a0=m>=hm

L
0 N

2
m m
- - Al
o N>; hm IN ( 9)

In this CFT framework, the eigenstate of ag is a highest weight state satisfying
ay, |ag) = 0 for n > 0, representing the ground state in a solitonic sector. Excited
(descendant) states are generated by the action of the creation operators a_,, for
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n > 0, and have conformal dimensions n + m?/(2N). Furthermore, the edge
excitation with charge @ = m/N and conformal dimension h,, is created by the
Fubini-Veneziano vertex operator:

Vi = 1 €™X ;| (A.20)

where m € Z and V,, inserts a charge @@ = m/N at point z on the boundary. This
formalism underpins the consistency of the edge CFT with the bulk fractionalized
excitations and reflects the deep structure of the quantum Hall state through the
lens of conformal field theory.
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Appendix B

Green function in duo-polar
coordinates

In this appendix, we analyze a more general version of the equation of motion for
A; in flat space which is

1 1
;8AT&A0+;3MPQAO+TIUW)=07 (B.1)

where I(r, p) is a generic instanton density and 7 is a constant. We use the Green
function method which consists in finding the Green function associated with the
operator that acts on A; and then calculating the convolution with I(r, p). In other
words, the solution can be written as

A= [ Gr.p’ ) 1), (B.2)
where G is the Green function satisfying the equation

5(p—p)o(r—r')
2o/ 2!

1 1
L (1 OG) 0, (0,G) = (B.3)

One way to solve the above equation is to interpret G as the potential generated by
a charge distribution located at p = p’,r =1/t

G- /271' /27!‘ d¢ do B
o Joo pEHp2 2402 —2pp cos(¥) — 211 cos(f)
2w do

0 \/(pQ + p12 + r2 + 2 Qpp! COS(Q))Q _ 4p2p12

We use the following trigonometric substitution in the integral:
1— ¢

0 2
t = tan () , db dt, cos(f)=-—,
1+¢2

2 T 12

that is defined for # € (—m, 7). Therefore, we have to shift the angular variable, and
then use the trigonometric substitution. After some calculations, we end up with

4 +o0 dt

BN CHICs

, (B4)
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where

m=(p=p)+ =1 == )+ )

p=(p+p)+(r—r), g=(p+ )+ (r+"?2.

We can go to the complex plane and solve the integral using the Jordan Lemma
taking care of the four simple poles and the two branch cuts. The integral admits
an analytic solution in terms of the Elliptic integral of the first kind, which we will
indicate as K(z):

L dt 4r 2 np
G=— = K(1—-—=)=
e ey )
_ 8 ‘
V=02 + =) ((p+ )2+ (r+17)?)
‘ _(,0—,0/)24-(7“—1-7“’)2.(p+p’)2+(r—r’)2
* (1 (0 =92+ (r—r')? (P+p/)2+(r+r’)2> ' (B5)

One can check that this is indeed a solution of . To get the solution for A; we
have to perform the convolution with I(r, p;1). In general, the convolution will
not have an analytic result and the integration has to be performed only numerically.
In this work, we have found an analytic solution for the convolution with the
instanton density

167mvV2N rplt
Iryp) = V2N TPL (B.6)
(12 + p? +12)2 — 4p%12]
coming from the definition ([5.79)). The result of the convolution reads
2 D) 2 2
a4, = 2N ) 0 (B.7)

(124 p2 +1r2)2 — 4p212 t

where we have the freedom to add the zero modes of the Laplacian operator in
duo-polar coordinates:
o c1 P(p? —r? —12)

40 _ + . B.8
t \/(lz + p2 + 7,2)2 _ 4p212 [(l2 4 p2 + 7“2)2 _ 4p2l2]3/2 ( )
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Appendix C

Details on the topology of the
D6-brane system

In this appendix, we collect the details of the topological properties and theorems
used in section The results exposed here are extracted from [242] 243], 244].

Recall that we are considering a two-dimensional manifold ¥ such that M3 =
R; x X, that is, topologically equivalent to a cylinder with its two bounding circles
St

We now justify the statement regarding the classification of principal U(1)-
bundles used for the baryon number. In the following, we shall work with a general
smooth manifold, which we will denote as M. There exists a classifying space named
BU(1) such that principal U(1)-bundles over M (up to gauge transformations) are
isomorphic to the maps from M to BU(1) (up to homotopy):

{Principal U(1) — bundle on M }/gauge = {M — BU(1)}/homotopy.  (C.1)

The classifying space BU(1) is by definition (see [243] for more details) the infinite-
dimensional complex projective space CP* = S*°/U(1). This corresponds to the
fibering:

Sty §%° — CP>. (C.2)
Using the long exact homotopy sequence of this fibering (see section 4 of [243] or 17
in [242]), one can show that m(CP*°) = m(U(1)) = Z, and also that every other
homotopy group of CIP* vanishes. Path-connected topological spaces that have only
one non-trivial homotopy group, like this one, have very useful properties. They are
called Eilenberg-Maclane spaces K (G, n) for a group G if:

™m(K(G,n)) =G, (C.3)
and all their other homotopy groups are trivial. Therefore BU(1) verifies:
BU(1) = K(Z,2) . (C.4)

As a consequence of a powerful theorem (Brown’s representability theorem)El the

We are assuming here that M is endowed with a cellular compler (CW-complex) that respects
nice enough properties, which can always be done for closed manifolds. Remember that a cellular
complex is a topological space that is built by gluing together topological balls (so-called cells) of
different dimensions in specific ways. See [244] as a useful reference.
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maps from M to Eilenberg-Maclane spaces K (G, n) are classified by the nth coho-
mology group with coefficients in G, therefore in our case, where we have G = 7Z
and n = 2, we get:

{M — BU(1)}/homotopy = {M — K(Z,2)}/homotopy = H*(M;Z),  (C.5)

i.e. the maps from M to BU(1) up to homotopy, or equivalently the principal
U(1)-bundles over M up to gauge transformations, are classified by the second
cohomology group of M with coefficients in Z.

Recall now that given that f vanishes on the two bounding circles, we showed
that the relevant manifold to study our setup is in fact the pinched torus M = PT.
There, we are using the one-point compactification of the cylinder. In this case, it
is equivalent to performing a relative cohomology calculation of the cylinder with
respect to the two bounding circles. We proceed by computing its cohomology, which
can be done using the long exact sequence:

H*(PT;Z) = (Z,2,7,0...). (C.6)

Then, using the definition of the first Chern class, we get that the integer in
H?(PT;Z) = Z corresponds to the first Chern number of the U(1)-bundle. This last
definition also corresponds to our definition of the baryon number.

We now wish to confront this result with the topology of the usual Yang-Mills
SU(2) instanton setup. To reconstruct the statements used in section the steps
are very similar to what we just did. A similar classifying space can be constructed
for SU(2):

{M — BSU(2)}/homotopy = {Principal SU(2) — bundle}/gauge, (C.7)

which, this time, can be seen to be linked with the infinite quaternionic projective

group:
BSU(2) = HP™ = $°/SU(2). (C.8)

SU(2) = S — HP™ (C.9)

This, using the homotopy exact sequence, yields that w4 (HP*) = m3(SU(2)) = Z, and
every other homotopy group of this space vanishes. Therefore, BSU(2) = K(Z, 4),
which yields by the same theorem the classification of principal SU(2)-bundles by
H*(M;Z). Applying this to M = S* which is the manifold on which f is defined in
the instanton case we have :

HY(SY72)=17. (C.10)

The last step is to use the properties of the second Chern class instead of the
first one, which takes its values in H*(S%;Z) = Z, and corresponds to the instanton
number.
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Appendix D

Numerical analysis of the
D6-brane equations of motion

In this appendix, we present the methods used to numerically solve the equations
of motion. We first identify and exploit relations between the physical parameters
in order to reduce the parameter space of the numerical study. Then we recall the
boundary conditions derived in section and describe the methods used to solve
the differential equations. We start by performing the following coordinate and field
redefinition

U — Uy u, p— Lp, ay — Luyay, ag — Uy ag. (D.1)

Let us recall that L has a different expression for the confined and the deconfined
phases

R3/2

Confining phase: L= WJ (b),

J
1 _h3
ﬂng/dv VIZb Ve ,
0 (1 b30)y/1 - o — (1 — b3)08/3
R3/2

1/2
Uy

Deconfined phase: L = Jr (l;),

9 [l V1 — b3
ORI L CR—
3o VI 1 - Bo— (1 - B3
where we have used the standard notation of the WSS model, b = ug Juy and

b = wur/uy. In the following, all the fields and the coordinate u have to be intended
as the rescaled ones. With these transformations, the equations of motion become
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20 | = 0, (D.2)
Oully + Ep(u)D(u) ar =0 (D.3)
_ §D(u) o
Oyl + ) w =0, (D.4)
where
1
; T20) () 4
f=1-" D= - (05
L+ (pg’ - a?)
¢ Deconfined phase
2 u'p/ (u)p(u) fr(u) 9a; \ _
J=(b) Oy, < Dr(n) ) —u Dp(u) (1 - u2fT(u)> ) (D.6)
- 3 -
Oulyy + W T )p(u) Dyp(u)a; =0, (D.7)
- 3 DT(U) ~
Oyl + u p(u) w =0, (D.8)
where
i3 )2 3 2(7

@ @\
”w(wmﬁm)

We adapt the boundary conditions on a discussed in section [6.1.2] to study
configurations with generic spin. Recall that in the baryon case, J = Nn% /2 holds

.2
and therefore the boundary condltlons are those indicated in section For the
other cases, we invert equation (6.33]) and ( -

N np J
Gy (us) = — —

2 NnB’

. ng J
=—— — ) D.10
i) = ="~ = (DA0)
After the redefinitions in (D.1]), using the holographic dictionary, we obtain
o Confining phase
27l? ng 67?\[ J
ay(1) = Sl —— — D.11
4y (1) Luy ( 2 NnB> ( 2 NnB)’ (B-11)
oml? (np J 671\/ J
Qo (Use = S —=— — . D.12
ay(ufus) = - ( 2 ) J() A ( 2 NnB) (D-12)
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e Deconfined phase:

&(D:%ﬁ<3m_ J>: %VB(J@_ J> (D.13)
v Luy\ 2 Nng) Jp()Ar \ 2 Nng)’ '
27l /np J 67Vb ng J
i juy) = 2T (nB _ "B _ ., (D.14
aw(u /UJ) LUJ < 2 Nn3> JT(b) )‘T ( 2 N?’lB) ( )

where we have defined the effective 't Hooft coupling constant

SUE WY (D.15)

A =
T~ Mgk T.

Notably, the deconfined phase expressions are the same as in the confined case,
up to replacing (X, b, J(b)) — (Ar, b, Jr(b)). In general, the boundary value problem
we are considering depends, a priori, on four parameters: b (or b), ATy, np, and the
angular momentum J.

In the following, we will focus on objects with J = N nQB /2. In this case, recall
that np and A7) appear only in the ratio

effectively reducing the number of parameters by one. The baryon number can be
parametrically large in A7y, np = X(JT) with 0 < v <1, and we are working in large
A-limit. Therefore, the parameter £ ranges from zero when npg ~ )\?T) to order 1
when np ~ )‘(T)

We will now describe the integration method for this differential problem. The
integration domain of the differential equations in the rescaled radial coordinate u is
[b,1] for the confined phase and [b, 1] for the deconfined phase. In section we
have defined two of our boundary conditions in v = 1 and two in u = u,/uy. To
find a numerical solution with the correct boundary conditions, we will free the two
boundary conditions in u = u,/u; and implement two more boundary conditions in
u = 1, which can be thought of as parameters, a;(1) and p(1). The physical boundary
conditions in u = u/uy will then be obtained by varying these two parameters.

These parameter-boundary conditions are not allowed to take any value. Ob-
viously, p(1) can only take positive values. A more interesting inequality can be
derived for a;. Indeed, for the Lagrangian to be real, the quantity D(2T) has to
be positive or zero. In the confined phase, inside the integration region we are
considering, this implies

9 (@

A second constraint arises from the equilibrium condition for the D6-brane, which
requires that the D6-brane ends orthogonally at the D8-branes’ tip. This amounts
to having p'(1) = 0 and, for the lowest energy configuration, to having a concave
function. Replacing these values in gives the concavity inequality:

u2

§<ﬁ. (D.18)
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The value of the gauge connection component a; for an equilibrium configuration
then has to lie in the window

2 2 52
U -9 U ay,
—<a; < —+ = . (D.19)
9 b9 T p2

One can think of exotic solutions, like punctured domain walls, whose profile
p(u) is a convex function (or there is some interval in which it is convex) for which

~92 U2
0<a; < 9 (D.20)

Similar results can be written in the deconfined case for concave solutions

u? w2 al
frtu) g <af < e 5+ 75 ). (D.21)
and convex ones )
0<a?< fr(u) % (D.22)

In all the cases, we introduce a parameter « to span the window. Our boundary
conditions for a baryon become:

o ay(l) = —67;7}1(1\)/6 (Confined phase),
ay(l) = —M (Deconfined phase).
ArJr(D)

o p/(1) = 0, which enforces the equilibrium condition by requiring that the
embedding ends orthogonally at u = u.

o p(1) =1 the radius of the D6-brane at the D8-branes’ tip is our first parameter-
boundary condition. The value of [, which gives the physical boundary condi-
tions in u,/uy will be named lgaple, the stability radius.

o a¢(1), our second parameter-boundary condition, which can be given in terms

of a as
Confined phase: a;(1) = \/; + (1 —a?) ()%) . (D.23)
Deconfined phase: a;(1) = \/fT(l)J % + (1 —a?) (}%) . (D.24)
TIT

Let us observe that the same expression for d; with a minus sign in front of it gives
rise to nonphysical solutions, and hence, we focus on @; > 0. The function 1 — a?
was chosen heuristically and found to give faster convergence results.

We integrate the equations of motion parametrically using Mathematica. The
process depends on the type of solution considered. For baryons specifically, we
interrupt the integration process when p reaches zero. For punctured domain wall
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solutions, we also interrupt the process if p diverges. This allows us to consider
solutions without a predetermined wu., like domain walls and baryons. For solutions
which extend to a fixed u,, like vortons or sandwich defects, the integration domain
is predetermined, so there is no interruption condition.

Specifying the boundary conditions on one side of the integration domain provides
the uniqueness of the solution, reducing the problem to finding the parameters lg;aple
and « such that the physical boundary conditions in u = u, are satisfied. This is
achieved by translating the boundary conditions in u = u, into constraints, finding
a Lagrangian functional L for these constraints, and numerically computing its
minima over the parameter space:

Istable >0, O0<a<1. (D.25)

Since the different types of solutions we consider correspond to different boundary
conditions in u = u,, we need to adjust Ly to each type of solution. Moreover, the
Lagrange multipliers of these constraints also have to be further adjusted to ensure
convergence to the desired solution. The constraint functions used for each type of

solution are listed in tables and

Lo Confined phase
Baryon ay(ug)® + Ap(ug)?
Punctured domain wall ay(ur)? + 3 (uk — uy)?
Sandwich defect ay(ur)? + 3 (urx — us)® + M/ (ug)?

Table D.1. Constraint functions used for each configuration in the confining phase of the
WSS model.

Lo Deconfined phase
Baryon ay(up)® + Arp(ug)?
Vorton ay (us)? + ae(us)? + ﬁ(uT — Uy)?
Punctured domain wall ay(ur)® + ﬁ(uK — uy)?
Sandwich defect ay(ur)? + ﬁ(u[( —uy)? + Arp (ug)?

Table D.2. Constraint functions used for each configuration in the deconfined phase of the
WSS model.

It is easy to verify that every solution to the physical boundary problem is at a
minimum of this function, and that they are realized for Ly = 0. We will say that
the solution is found when the value of Ly at the minimum is lower than

Min Ly < e =101 (D.26)

For baryon solutions, the only choice lies in the Lagrange multiplier for each con-
figuration. For the explored range of Ay, this was found to give the best results.
For vortons and punctured domain walls, we add a (u. — ux)? term, which controls
the coordinate u at which the solution ends, either by entering the horizon (then
ug = ur) or by diverging (p — 00). For the sandwich vortons, we also add a p'(u.)?
term to control the stability at the second D8-brane setup.
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Appendix E

Non-conservation equations of
flavor currents

With three massless flavors of quarks ¢* = (u, d, s) and one flavor of massless leptons
[ = (ve, e) (with only left-handed component for the neutrino), the flavor symmetry
group is SU(3),, x SU(3),,, x SU(2);, x U(1),,. Unequal mass terms for the quarks

and the electron break explicitly the flavor group to U(1)5, where the quarks and
electron U(1)s are vector-like.

The EW sector, in particular, W-boson exchange introduces a term in the
effective action of the form (Fermi model)

ALpw = —2V2Gr(J5) e, (E.1)
where the J!, is the left-charged current
JéLh = feL’yy’eL + cos O HL’yudL + sin O~ HL’)/HSL, (EQ)

with #c the Cabbibo angle, which gives the change of basis between mass and flavor
eigenstates. Let us introduce the notation

(5 = @', (IS = ™1 (E.3)
Then, in terms of current components,
Jh = (JID)% + cos 0o (¥ )% + sin b (J))?, (E.4)

Where J/, is the current for the SU(2), lepton symmetry and JC’; 1 is the current for
the SU(3), flavor symmetry. The EW term becomes

ALpw = —2V2Gp [COSQ Oc(Jy )" (Jarp)'s +sin? 0o (') s (Jgr )’y
+ cos O sin O ((Jg‘L)21(J5L)13 + (J;‘L)31(J5L)1z)
+ cosfc ((Jl“L)Ql(JqLu)lz + (JﬁL)lz(JqLu)Ql)
+sin ¢ ((JfL)Ql(JqLu)lg + (JﬁL)l2(JqLM)31>} :
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Let us neglect the terms coupling quarks and leptons. We can rewrite the remaining
terms in the following way

ALgw = — 2\/§GF [COS2 Oc tr (PlngLPQQJqLM> + sin? Oc tr (PlngLP?,ngLM)
+ cos O¢ sin O (tl" (P11 JgLP32JqLM) + tr (PH J(/;LPQB)J(]L,U,))} .
(E.6)

Where we have defined the projectors (Py)’ ;= 5,16;-.
By doing SU(3);, x SU(3) ; rotations of equal angle, we can derive Ward identities
for the vector SU(3) flavor currents. The currents transform as

S Jb = i0A[T 4, JH] (E.7)

Defining Ji = J}'; 4 J}'p and Jf* = J{; + J{'z. The covariant derivative under a
background flavor gauge potential A}: is

Dy Jl = 0,k —i[A], T (E.8)

We will take the normalization for the gauge group generators to be tr(TATB ) =
%JAB. Then, the Ward identities are

26r (D, JpT) =
2iV2Gr [cos?0c (tr (PulT?, I8, Pasdyry) + b (PuaJly PolT4, Jy1,))
+sin 0 (tr (Pu[T4, J0 Py Ty p) + tr (Pl Pas[T4, Jyp,])) (E.9)
+ cos O sin g (tr (PulT4, 72| Pas Ty ) + tr (Pt Pas T, Jy )
ttr (PulT4, 7 ) Pady ) + tr (Pl PolT, o)) -

Combining the traces and using the cyclic property, we have that

D, J! =iv/2Gp <cos2 00 [ Jrp, Pl Po+ Pl P |+

+ sin? Oc [JqLu , P11J5LP33 + P33J5LP11 } +

(E.10)
+ cos B¢ sin O {JqLu , P11J5LP23 + P23J5LP11} +

+ {JqLuy P11J5LP32 +P32J5LP11} )) .

In general, there will also be contributions on the right-hand side depending on the
quark masses, but they should vanish for diagonal components.

We can do a similar derivation taking into account the leptons if we introduce
projectors

(Pui)b; = 8%5%, (BLY, = 8367, (E.11)

J a-j’
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Then
PPt ~ g, PTIIP ~ Jb. (E.12)

And introduce the SU(2); x SU(2) rotations of the leptons, such that the diagonal
rotations transform the vector currents as

Sp " = idalr®, JV). (E.13)

With similar normalization for the generators tr(r77) = £
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Appendix F

Linearized equations of motion
of fluctuations

The transverse spatial components of the gauge fields k’L; = k'R; = 0 decouple
from the other fluctuations. Their equations are

! -2 1.2

0 = Li// + (Lf]; - ;) Li/ + (?2 — I}) L;, (F.la)
! —2 1.2

0 = R"+ (‘fe - ;) i+ (?2 - l}) R, (F.1b)

When the quark masses are nonzero, the time Lo, Rp, and longitudinal L = %Li,

R = %Ri components of the gauge fields are coupled to the scalar fluctuations, but
they decouple otherwise. The left gauge field equations are

S| In ko
0 = LH” + <L]; — Z) L”/ + PLH + FLO, (F.Qa)
1 k2 ko
0 = L= L'~ Lo~ 7“’L”, (F.2b)
0 = @k +kfL) . (F.2¢)

The right gauge field equations are

! w? ki
0 = R”H + (ff - Z) R”/ + PR” + FR(), (F.3a)
1 k? ki
0 = Ry~ ZRo~ TR~ %R”, (F.3b)
0 = WRY + ]%fRH/ . (F.3¢)

The scalar equations are

/ 3 -2 ]%2 3
0 = X”+<=§Z>X’+<?2f+22f>x. (F.4)
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We can simplify the equations in the longitudinal sector by introducing the electric

fields ] )
Er, = kLo + (:JLH, Er =kRy+ (DR” . (F5)

The constraints (F.2c) and (F.3c) fix the time and longitudinal components of the
gauge fields in terms of the electric fields and the scalars

e kfE;
wFE
Ly =gfey,  Lo'= T (F.Ga)
e kfER
wFE
Ry = SE_, &f:_gfiﬁﬁ’ (F.6b)

The combinations wf/Z (F.2a) + k/Z (F.2b), and wf/Z (F.3a) + k/Z (F.3b)

produce the equations for the left and right electric fields respectively

_ f  Er 1

. f ER 1
0 = 0z (Zw2—k?2f> + ﬁER . (F.7b)
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Appendix G

Solutions in AdS
Reissner-Norsdtrom

We want to solve and without the terms depending on the masses, in
the charged black brane geometry with parameters . We can solve the
equations of motion in the near-extremal Ad.Sy throat and in the asymptotically
AdS5 metric (8.52)). When |w| — 0 the two sets of solutions have an overlapping
region ¢ — 0 in the throat and Z — 1 in the outer region. To leading order in
the small |w| expansion, the equations of motion of the left gauge fields and

(F.7al) in the inner region are
F' 1 k2
2 2
= 07L; L; - —F|L;, 1
0 O¢Li+ —0cLi + TE (C 12 ) (G.1a)

F' 2k 1 1 k?
- 9%E -z - E — | ¢?—ZF|E..(G.1b
0 ocEr + 7 C12§2—%F O¢ L+C2F2 ¢ D .- (G.1b)

Outside the AdSs throat, we can approximate the geometry by the extremal (zero
temperature) Reissner-Norstrom solution, with f(Z) = 1—-324+225. The equations
in the outer region to leading order in the small frequency expansion are

0 = 9z <f(ZZ) 82[/1') — kZQLZ' + O((D2), (G.2a)
0 = 0y (aZZEL) - Z]’f(QZ)EL + O(@?). (G.2b)

G.1 Inner solutions of the transverse components

Let us first find the solutions to the equations in the inner region (G.1). At T'=0
(F = 1), there is a simple solution to the equation of the transverse components

Lis(Q) = VC (V0 (O) + CPO(—w) HP (0)) | (G3)

where the coefficients have been chosen so that the solution satisfies ingoing boundary

conditions and we have defined
1 k2
=1/ =+ — . 4
=\ (G-4)
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These solutions should match with the solutions of the outer region for ¢ — 0. The
leading terms in the expansion are

Lis(¢) ~ AiZ " 4 Bi¢ato | (G.5)

A; = —izykl;(”’“) (cPew) - cPe(-w), (G-6)

B, = 2r<1k+1> (CV0(w) + €O (—w) + i cot(mn) (CfO(w) — CVO(-w))
(G.7)

In terms of the original coordinate Z, related to ¢ through (8.70)), the expansion

@) is

2l

12)2—% [(1 —7Z) 2 T4k +G(@, k) (1 — Z)—%—uk) : (G.8)

Li(Q) ~ Ai(

where the IR Green’s function is

s

Gr(@, k) = T ) T T o

~ 2vp
] (— cot(mug) + isign(w)) (’g) . (G.9)

At non-zero temperatures, it is still possible to find analytic solutions

Li1(¢) = Aig,, (O) + Byl (€) (G.10)
where
Lsign(w)Co 14,
N AT [
0, (¢) = (1 C()) <C0> (G.11)
1 4 3 i 2
Py <4 — gsign()Co £ o, T - ssign(@)Go £ o, 1w g{)) .

The condition that the solution is ingoing fixes

. T (—v) T (% — isign(w)Co + v N )
224T ()T (3 — isign(w)Co — 1)

Using that Z, ~ 1, we arrive at

Lu© ~ A ({eh) M [a- 2 i s Ge e - 27 L (G)
where now
_ T )L (5 o+ S\ 2vk
Go@ % (o) = (—v, (2 isign(w)Co Vk) <1|;JC\O) ' (G.14)

22T (1) T (% — isign(w)p — I/k)
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In terms of temperature the IR Green’s function is approximately

T (—v) T (% — i 52 + ) (Wz—,)zyk

gL((Da]%7T) ~
224T ()T (3 —i g% — ) \ ©

(G.15)

For frequencies smaller than the temperature, we can expand the IR Green’s function
as

=l

gL (‘Dv

_ r (—I/k) r(i + v T 2vk ; 2
1) =~ (2 ) <7T> (1 - ztan(m/k)w> +0 <w2> .
9201 (1) T (% _ l/k;) 6 2 T T

(G.16)
The imaginary term produces the leading contribution to the spectral function. We
can obtain these first terms in the w/T by first extracting the ingoing factor from
the solutions _
2 —3sign(w)Co
Lif(Q)=(1-% ¥i(Q), (G.17)
Co
and then expanding the equations in powers of {3 and solving order by order.
Changing variables to u = (%/(2, the equations for the first two orders v¢; =
Y9+ G} + -+ - are

1—4v?
0= 00 (Vau(l = wduuf) + e (G.18)
1—4v?

0=, (Vu(l —wo}) +

1
16u3/2 wzl + i sign(w)vu (&ﬂbg + 4u¢?> . (G.19)

The solutions to zeroth order are
U (u) = AJo) ™ (u) + Big) ™ (u), (G.20)

with ] 3
1 Vi Vi
Wg;ci(u) = ut1E2), [y (4 + BRI + DR T+, U) .

Imposing regularity of this solution when v — 1 (¢ — (p), i.e. removing logarithmic
terms, fixes the relation between the coefficients

(G.21)

po_ LIt (1) A9 (G.22)
22vk T (I/k) r (% — I/k)

The next-order solution can be obtained using a Green’s function. First we identify
the subleading solution when u — 0 (¢ — 0), =, and the ingoing solution when
u—1, ¢,

(=)D (% + l/k)
22vkT (vp)T (% — Vi

PS(u) = et (), ¢7(Q) = ¢ (u) + )wg;f(U) - (G23)
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With these and the Wronskian of the two subleading and ingoing functions we
construct a Green’s function that maintains the boundary conditions of the leading

order solution
n_ L es(uem @) , u<d
)= | Bl | S (@21

Then, taking into account that ¥) = A%~ (u), the subleading solution is
1 1
VH(u) = —i sign(w)A?/ du' G (u, u") V' (8u/cp>(u') + 4u,tp>(u')) . (G.25)
0

We can now expand the leading and subleading solutions for u — 0. Omne can
check that all contributions from 1} are subleading compared to the leading term

~ i (1=20) Also, there is just one contribution to the term ~ ui(1+2”’“), from a
total derivative
1 1
/ du/' G (u, v )Vu! (0u/<p>(u') + 4,90>(u’)) ~
0 U
1 > (211Y)2 >(1))2
~@<(u) im [ du'Oy (\/17(90@))> = @<(U)M . (G.26)
u—0 Jq 2 2
Taking this into account, the relevant terms in the expansion are
T ()T (3
RSN RV (C O P (3:+) w42 | 49 (G.27)
224T () T (3 — )

T (—Vk) T (% + l/k)

w2 40 (G.28)
22vkT (I/k) r (% — I/k>

Y}~ —isign(w)mtan(ryy)

It is straightforward to check that this reproduces the first two terms in the w/T
expansion of the IR Greens’ function (G.16]).

G.2 Inner solutions of the longitudinal components

The equation for the electric field in does not have a simple analytic solution,
but since we are interested in frequencies w/T < 1, we can apply the same expansion
as for the transverse components to find the leading contribution to the spectral
function.

We first extract the ingoing factor from the solutions

¢ — Zsign(w)do
Eri(¢) = (1 - g}%) Yi(Q), (G.29)

and then expand the equations in powers of (y and solve them order by order.
Changing variables to u = (%/(2, the equations for the first two orders v; =
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U0+ Gl 4+ are

1— 402
0=20, (u20u0) + ———F 40 G.30
(*20:08) + T g ¥ (G.30)
1 — 402 u/?
_ 3/2 1 L TEY s ur
(G.31)
The solutions to zeroth order are
U (u) = Aoy (u) + Byt (u), (G.32)
with ) )
0,+ _ . —iaFoy .
@OE () = umtIF2R), (—4j:2 Zi 2 lztyk,u> : (G.33)

Imposing regularity of this solution when v — 1 (¢ — (p), 7.e. removing logarithmic
terms, fixes the relation between the coefficients
r (—I/k) (s —+ Vg
B = (3-+) A9 (G.34)
22vk T (Vk) r (% — Vk)

It turns out that this makes the solution vanish at the horizon, something that will
be relevant below.

The next-order solution can be obtained in terms of a Green’s function. First, we
identify the subleading solution when u — 0 (¢ — 0), ¢<, and the ingoing solution
when u — 1, ¢~

(=)l (§ + l/k)
22vkT (vp)T (§ — I/k)

P (u) =t (), 7 () = vy (u) + e (u) . (G.35)
With these and the Wronskian of the two subleading and ingoing functions we
construct a Green’s function that maintains the boundary conditions of the leading
order solution

1 S(uw)p” W) , u<d
Glu) = - { A (C.36)
Then, taking into account that @ZJ? = AQ ¢~ (u), the subleading solution is
1 0 /2 / 3—u >0
Y; (u) = —isign(w A/duGuu)l u<8u<,0( )—|—m¢ (u))

(G.37)
We can now expand the leading and subleading solutions for u — 0. Omne can
check that all contributions from ! are subleading compared to the leading term
1(1420) Also, there is just one potential contribution to the term ~ u -1(1- k)

from a total derivative
/3/2 3
/ du'G(u,u') <8u o7 (u) + 4u,(1_u,)90>(u/)>

13/2 >/ 1\\2 >,0\)2
e [ (W R o )
o= () limy | o, (1—11,’ 2 =@t i Sy T

~ U 4

(G.38)
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Taking this into account, the relevant terms in the expansion are

I (—Vk) I (% -+ Vk)
224T ()T (3 —

1/}? N (uiu””’“)—k )ui(lbk)) A?, (G.39)

Wl o~ 0 x Ay (-2 (G.40)

)

Thus, the leading w/T correction actually vanishes for the longitudinal components.
This implies that for the calculation of the spectral function, it is enough to compute
the transverse contribution.

G.3 Outer solutions of the longitudinal components

Although we will not need these solutions to compute the leading contributions to
the rates, it will be useful to study them as they can be found analytically.
We are looking for solutions of the electric field in (G.2)). First we will change
coordinates u = Z?, so the equations takes the form of a Schroedinger equation
];,2
du(2u+1)(u —1)2

El o(u) — Ero=0. (G.41)

We can transform the above equation into a hypergeometric equation by the following
change of coordinate and field redefinition

Ero(u) = (1+2u)* (1 — u)**ty(u), (G.42)
1 1
Ciziiyk, bizl—ci=§:|:w€, (G.43)
3u T
= — = . G.44
TTltvow YT 3" (G.44)

Then, we get the following hypergeometric equation

k}2

r(1 — 2t (z) + (£20, — Dt (z) — o

ti(z) = 0. (G.45)

We can compare the above equation to the standard form z(1 — z)t (z) 4+ (c+ —
(ax + by + 1))t (x) —arbit(z) =0, to get

1 1 1 1
cx =0, ax= {2 Fvr =g ﬂFl/k}, by = { — 5 Ty T Vk;}- (G.46)

A general solution can be written as a linear combination of a normalizable and a
non-normalizable mode at the boundary. In terms of the original radial variable,
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they have the form
ES = aonn(Z)+Bon(Z), (G47)

1
oxn(2) = (1= 22 22 | (5 -2 ) By, — BT+ log3)

1 372 1 3 372
—|—12(1—|—3log3)> F <—|—1/k,—|—1/k,2, >+

1422221\ 2 2 14222
3
1 2 L_ z_
+—— 1 G| 32| iy } (G.48)
(=3 +w)T (3 +wm) 1+27 0,1
37? 1 3 322
Z)=(1— 222 (14222 "2 __,p = = 2, ——
¢N( ) ( )2 ( + )2 1+2Z22 1 2+Vk72+l/k> 71+2Z2 )
(G.49)
where H 1, is the (—% + 13,)™ harmonic number and G is the Meijer function.
2

The non-normalizable and normalizable solutions have been chosen so that their
near-boundary expansion is
3
ONN(Z) =1+ (=14 4w Z*log Z + O(Z*log Z), oN(Z) =Z* +0(ZY).
(G.50)

We want to determine the coefficients o and § for solutions with a selected behaviour
close to the horizon Z — 1. The expansion close to the horizon is

Ero(Z)~A(l— 22" £ B1—2)7 " +.. Z—1, (G.51)

These match with the expansions of the npg;ci inner solutions (G.33)) in the ¢ — 0
limit. By requiring that A =1 and B = 0, we then determine the value of o and 8
for the minus mode, while, if we impose A = 0 and B = 1, we find the coefficients
for the plus mode. They turn out to be

I (4 + 1)

af = , (G.52)
VAT (2 + §)
253 31D () (6 — 2407) H,_y — 1207 (1 +log(3)) + 1+ log(27))
6— = - )
ﬁF (Vk + %)
(G.53)
5 _ TV
" 2_Vk+%3l’k+%1—‘ (% — Vk) T (% — Vk) L(2u; +1)
. {csc(%uk) ((6-2402) B, 1 —1203(10(3) — 1) + 1+ log(27)) +
+ 37 (41/,% — 1) secQ(m/k)] . (G.54)

Since, in order to compute the rates, we have to perform an integral over all
momentum, it is interesting to ascertain the behavior of the spectral function at
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large spatial momentum, which will be in part determined by the behavior of the
connection coefficients. From the analytic formulas above, one can see that, for
v — 00, their asymptotic form is

o~ 6”’“_%(71'%)_1/2, ay ~ —6_”’“_%(7r1/k)_1/2 cot(muy), (G.55)

B~ 622 1og (31/26—1/2e7Euk) , (G.56)

By ~ 6_”’“+%uz/2\/% <1 — M log (31/26_1/267Eyk)> . (G.57)
i

We can recover this behaviour of the connection coefficients by using a WKB
approximation at large spatial momentum. The equation of motion (G.41]) is already
in Schroedinger form with a potential

];:2
U = . G.58
B(u) du2u+1)(u —1)2 ( )
We expand the solutions as
Epo(u) = Cexp (kSo(w) + Si(u) + O(1/k)) . (G.59)
The equation for the leading term in the 1/ k expansion is
St(u)? — L ~0 (G-60)
0 Sut — 12u3 + 4u ’ '
which has an analytical solution
1 3u
=+——tanh™! : 61
So(u) \/gtan ( 2u+1> + ¢ (G.61)

Then, the subleading term is given by

Si(u) = log (\/ﬁm Vu(l+ 2u)> + . (G.62)

Then the solution up to this order reads

By 0(u) ~ (u) = Cx VI~ u {fu(l +2u) exp (i L ( : iu%)) |
(G.63)

The WKB solution near the boundary has the following expansion
Y(u) ~ Crul/*e Ve 4y 0.

Note that the two terms in the solution directly correspond to the "plus" and "minus"
modes at the horizon

u — 1.

ot~ 0 ()

1—u
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We have to fix the overall coefficient to properly normalize the WKB solutions in
the original coordinate z which are

1+ 222

E(z) = CieV1— 22z (1 +222)Y exp (:I:jg tanh ! ( 32" )) . (G.64)

Then, the overall coefficients are found to be

Cy =67V, (G.65)

Now we have to match these results with the solutions close to the boundary and
read the boundary coefficients. Close to the boundary, the potential is to leading
order -

k?
~
A solution for this approximated potential can be given in terms of modified Bessel

() ~ c1v/u K (1% \/a) T eval (1% \/a) (G.66)

The expansion for large k is

Ug(u)

functions

fK (l;'\[) T 1/4_—kyu \f_[ (l;'\[) U1/4 Eva
u K4 u) ~ o/ =u'"e ) ulq u) ~ —e VY
2k V2rk

which is consistent with the WKB solution. We fix the coefficient c¢1 2 with the
formulas for Cy so that the WKB solution for z — 0 and the solution close to the
boundary for large k coincide. Finally, we can read off from the z — 0 expansion the
coeflicients a4 and S+ which are respectively the coefficients of the non-normalizable
and normalizable mode. In a compact form, they are

k_ _

as ~ F6TVEEL2, (G.67)
E_ _ _

Bi ~ F67 V2 k32 log k. (G.68)

Comparing to (G.55)), and taking into account vy ~ \/% in this limit, the WKB

approximation captures the leading k dependence up to the oscillatory factors.

G.4 Outer solutions of the transverse components

We are looking for solutions of the transverse components in . We do not have
a close analytic solution in this case, so we must resort to numerics. The general
solution is a linear combination of two modes 7y, +(Z) which when Z — 1 match
with the inner solutions for ¢ — 0,

na(Z)~ (1= 2) 2 4 . Z 51, (G.69)
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There is another basis of solutions we can use to write a general solution, consisting
of the normalizable and non-normalizable modes, with a boundary expansion at
Z =0

ONN(Z) =1+ g(—l +4v})Z%log Z + O(Z* log Z), oN(Z) = Z2 +0(Z%)
(G.70)

The change of basis is determined by the connection coefficients a4, 5+:

L+(Z) = axdnn(Z) + Bron(2). (G.71)

The connection coefficients can be determined from the solutions by matching the
1L + solutions and their first derivative with a linear combination of the normalizable
and non-normalizable solutions at any intermediate point 0 < Z < 1:

ar _ 1 (=0z6n8(Z) on(2) N+ (Z)

B+ W(Z) \0z¢nN(Z) —¢NN(Z2)) \OznL+(Z)) |,_4
where W(Z) = ¢n(Z2)0z20NN(Z) — 0z0N(Z)dNN(Z). We will obtain the connection
coefficients using this formula, by finding numerically the 7+ solutions using
shooting from the horizon, and the ¢y, dpnn solutions using shooting from the
boundary. We use Z = 0.2 as the matching point, but we have checked that changing
this value through the interval of numerical integration does not affect the result
within our numerical precision.

For the shooting from the boundary, we introduce a cutoff at Z = 1075 and use

a series expansion to give initial values for the solution and its first derivative at the
cutoff. The expansion is

, (G.72)

N
ON(Z) = anZ?", (G.73)
n=1
Ny N
ONN(Z) =bo+ > buZ?" +10g(Z) > en Z*". (G.74)
n=2 n=1

Where we take N, =8, N, =6 and N = 7. The first coefficients of the expansion
given that a; = by = 1 are

k2 k4 1 5k? kS
_ =14 =t —+ —, ... .
a2 =gy =14 g5, M= ot ot oo (G.75)
W R T PR
G B Tmu s AT 2t (6

For the shooting from the horizon we introduce a cutoff at Z =1 — 1075, We
extract the leading power in the horizon expansion from the solutions

i
nL(Z) = (1= 2) % pe(Z). (G.77)
The equation of motion we solve is

(D) (G ) e D g g (T
(2 =52 +22u)f(2) +2(1 — 2)Z (6(—1+ 2)(1 £ 21) — £'(2))] p+(Z) = 0.
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To give initial values at the cutoff, we use the series expansion

Nj
pr =Y Jrn(l—2)", (G.79)
n=0

and shooting it from the horizon towards the boundary. We expand up to N; = 8
terms, with the first coefficients in the expansion, given that j+ o = 1, are

 8V3V3+k? 24+ 7k?

TRl = 12(v/3V3 + k2 £ 3) (G.80)
;2 (49\/3\/1%2 134+ 534) — 156 (ﬁw@ 13T 3)
(G.81)

2= 864 (V3VE? + 3+ 6) .

Although we do not have an analytic formula for the connection coefficients,
we can obtain analytic expressions for their asymptotic behaviour at large spatial
momentum by applying the same WKB approximation we used for the coefficients
of the longitudinal components. First, we should put the equation of motion for L;
in (G.2) in Schroedinger form. This is achieved by the change of variables u = Z2
followed by the redefinition

Li(uw) = (1 —u) (14 2u) "2y, (u) . (G.82)
The equation of motion is now

" k? 3(u+1
r() = Un(wor, () =0, Ut = sa s ey ~ 1= 1(1)(;1 J)r ek
(G'83)

At large k the potential is to leading order the same as for the longitudinal modes

(G.58)

]{72
U) ™~ {0 = o 2u@u + 1)

= UE(u) . (G.84)

Therefore, the large k WKB analysis proceeds in the same way as for the longitudinal
components, and the connection coefficients have the save asymptotic behaviour
given in .

We have plotted the connection coefficients in Figures In Figures
[G.Ta] and [G.1b| we plot at and a—. The coefficient of the non-normalizable mode,
oy, is multiplied by the factor 2(1 — 1) (2v; — 1) in order to remove the divergences
in k =0, 3. We will examine the origin of this divergence in more detail below. In
Figures |G.2al and |G.2b| are shown the plots of 2(1 — v})3+ and (2v, — 1)714_.

G.4.1 Low momentum behavior of connection coefficients

When k = 0 (v, = 1/2) the solutions in the outer region are

14222
1— 272

1 4 3
S .
5 ~3log; (G.85)

0 2 4

0 _ _
n—(Z) =1, ne+4(Z) = 1- 2 + glog
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Figure G.1. Plots of coefficients . associated to the non-normalizable mode as functions
of k.
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Figure G.2. Plots of coefficients 3+ associated to the normalizable mode as functions of k.
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The expansions at the boundary and the horizon of the 77%7 o solution are

4
n . (Z) ~ §—710g§+622+-~-, (G.86)
’ 2 3 °2

4
np(Z) ~ (1-2) 1—§log(1—Z)+-~. (G.87)

Therefore, the connection coefficients of these solutions are

3 4 3

We can relate these to the k& — 0 limit of the connection coefficients of the non-zero
momentum solutions. First, note that the coefficient j_ , in go to zero in the
k — 0 limit, so NL,— — 77%7_. On the other hand j; 1 in is singular in this
limit, but the singularity does not propagate to other coefficients in the expansion,
one can already see that it is absent in j; o. In order to remove the singular term
we can take the following combination of the solutions

L+(Z) = n4(Z) = jr4n,-(Z) - (G.89)

Expanding this solution at the horizon and for & — 0 one can check that it coincides
with the expansion in (G.86). We then conclude that 7, — 7]%7 4 in the k& — 0 limit.
This determines the & — 0 behaviour of the connection coefficients

o~ ag) B— ~ B97 Q4 ~ a(i +j+710{9, B—F ~ 63 +j+71/89 . (Ggo)

Since j4,1 — 00 and S — 0, in order to completely determine 3, we need to find
the non-zero subleading contribution to f_. We expand

1 1\?
i (Z) = (1— 2)~30-2) <1 + <uk - 2) W (Z)+ 0 [(yk - 2) D . (G9)
The solution for 7t (Z) can be found explicitly

nt (Z) :% <log(1 — Z)(9 —121log(Z)) + 9log(1 + Z) + n% + 9 — 9log(2) — 6Liy(—2)

142272 372
1+7Z 1— 272

+61og(Z2) <2 log < ) + 6Lig(—2%) — 6L12(22)> :
(G.92)

The boundary and horizon expansions are

1
o (2) ~ (9 + 72— 9log(2) — 6L12(—2)) +32%(—1+2log Z) + - - {G.93)
11
n-(Z) ~ log(l=2)+ (1= 2Z)+---. (G.94)
Therefore

B~ —g(zvk _1). (G.95)
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Using now that to leading order

4

J+1 ma (G.96)

We find that when & — 0

2
a_wl—i—O(uk—;), ﬁ_w—g(ka—l)—i—O <Vk—;) ] ,(G.97a)
4 1
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