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Abstract

The present thesis consists of two parts. Part I is devoted to the construction of
the first analytic examples of topologically non-trivial solutions of the U(1) gauged
Skyrme model within a finite box in (3 + 1)-dimensional flat space-time. There are
two types of gauged solitons. The first type corresponds to gauged Skyrmions living
within a finite volume. The second corresponds to gauged time-crystals (smooth solu-
tions of the U(1) gauged Skyrme model whose periodic time-dependence is protected
by a winding number). The notion of electromagnetic duality can be extended for
these two types of configurations in the sense that some of the electric and magnetic
field components can be interchanged. These analytic solutions show very explicitly
the Callan-Witten mechanism (according to which magnetic monopoles may “swal-
low” part of the topological charge of the Skyrmion) since the electromagnetic field
contribute directly to the topological charge of the gauged Skyrmions. As it hap-
pens in superconductors, the magnetic field is suppressed in the core of the gauged
Skyrmions. On the other hand, the electric field is strongly suppressed in the centre

of gauged time crystals.

Part II is concerned with studying a new derivation of surface charges in gauge
theories. Part of the focus is on reviewing the method to compute quasi-local surface

charges for gauge theories to clarify conceptual issues and their range of applicabil-
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ity. The surface charges found are quasi-local, explicitly coordinate independent, and
gauge invariant. Many surface charge formulas for gravity theories are expressed in
metric, tetrads-connection, and even Chern-Simons connection. For most of them,
the language of differential forms is exploited and contrasted with the more popu-
lar metric components language. The study focuses on General Relativity theory
coupled with matter fields as Maxwell, Skyrme, and spinors. To derive the sur-
face charges, we specify the phase space by identifying the symplectic structure.
We use the formulation of the covariant phase space method. Here the symplectic
structure has two parts: the standard Lee-Wald term plus a contribution from the
boundary term read from the action. The latter is fixed by requiring the on-shell
and linearized equations of motion condition, and exact symmetry condition. These
conditions guarantees the conservation of the symplectic structure in phase space,
and leads to the new concept of “symplectic symmetry”. Given the “conservation
law” satisfying the symplectic structure, we construct the corresponding charges,
the “symplectic symmetry generators”. The explicit expression of the charges corre-
sponds to a function over the phase space.

We find the remarkable property that, in contrast with usual Noether procedures to
compute charges, the boundary terms and even topological terms do not affect the
surface charges. On the other hand, by studying two concrete examples, we also ex-
amine how torsion affects the surface charges. Both of them conclude that the torsion
field does not affect the general formula for the surface charges. Furthermore, three
examples with ready-to-download Mathematica notebook codes show the method in
full action. The charges and their associated first law of thermodynamics are derived
for: the BTZ black hole, the charged rotating (3 + 1)-black hole, and the Lorentzian

rotating Taub-NUT space-time.



Resumen

La presente tesis consiste de dos partes. La Parte I estd dedicada a la construccién
de los primeros ejemplos analiticos de soluciones topoldgicamente no-triviales del
modelo U(1)-gauged-Skyrme dentro de una caja finita en un espacio plano (3 + 1)-
dimensional. Existen dos tipos de gauged-solitones: El primer tipo corresponde
a gauged-Skyrmions viviendo dentro de un volumen finito. El segundo tipo cor-
responde a gauged-cristales temporales, soluciones suaves del U(1)-gauged-Skyrme
cuya dependencia temporal periddica es sustentada por un “winding number” no-
trivial. Existe una nocién de una dualidad electromagnética para estos dos tipos
de configuraciones en tanto algunas de las componentes del campo eléctrico y el
magnético pueden ser intercambiadas. Estas soluciones analiticas muestran clara-
mente manifestaciones del mecanismo de Callan-Witten (el cual senala que los monopo-
los magnéticos pueden “tragar” parte de la carga topolégica del Skyrmion) ya que el
campo electromagnético contribuye directamente a la carga topoldgica de los gauged-
Skyrmions. Tal como sucede en superconductores, el campo magnético es suprimido
en el centro de los gauged-Skyrmions. Mientras que el campo eléctrico es fuertemente

suprimido en el centro de los gauged-cristales temporales.

La parte II estd dedicada al estudio de una nueva derivacion de cargas super-

ficiales en teorias de gauge. Parte del enfoque consiste en revisar el método para

x1



calcular cargas superficiales cuasi-locales para teorias de gauge con el fin de aclarar
los problemas conceptuales y su rango de aplicabilidad. Las cargas superficiales
son cuasi-locales, explicitamente independiente de las coordenadas, e invariantes de
gauge. Muchas de las férmulas de cargas superficiales para teorias de gravedad son
expresadas en variables métricas, formas diferenciales e incluso conexiones de tipo
Chern-Simons. Para la gran mayoria de las teorias de gauge se utiliza el lenguaje de
formas diferenciales para resaltar y contrastar con el lenguaje méas popular de compo-
nentes métricas. El estudio se focaliza en la teoria de Relatividad General acoplada
a campos de materia como: campo electromagnético de Maxwell, campo de Skyrme
y espinores. Para derivar las cargas superficiales usamos la formulacion del método
de espacio de fase covariante. Encontramos que la estructura simpléctica posee dos
partes: el estdndard término de Lee-Wald més una contribucién del término de borde
derivado de la accion. Esto ltimo término es fijado requiriendo las condiciones on-
shell y ecuaciones de movimiento linealizadas, y la condicién de simetria exacta.
Estas condiciones garantizan la conservacion de la estructura simpléctica en el espa-
cio de fase, resultando al nuevo concepto de “simetria simpléctica”. Dada la ley de
conservacion satisfecha por la estructura simpléctica, construimos las correspondi-
entes cargas conservadas: los “generadores de simetria simplécticos”. La expresion
explicita de las cargas corresponden a funciones definidas sobre el espacio de fase.
Encontramos la importante propiedad de que, en contraste a los usuales procedimien-
tos de Noether para calcular cargas, los términos de borde e incluso los términos
topoldgicos anadidos a la accién no afectan a las cargas superficiales. Por otra parte,
analizando dos ejemplos concretos, estudiamos cémo el campo de torsién afecta las
cargas supericiales. Para ambos casos concluimos que el campo de torsién no afecta
a las cargas superficiales.

Ademss, tres ejemplos con codigos del programa Mathematica muestran el método

xii



en accién. Las cargas y su primera ley de termodindmica son derivadas para: el
agujero negro BTZ, el (3 + 1)-agujero negro cargado y rotante, y el espacio-tiempo

Taub-NUT Lorentziano rotante.
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Overview of the Thesis

The first part of this thesis was motivated by understanding the phase diagram of low energy
Quantum Chromodynamics (QCD) by coupling a U(1) gauge field with the Skyrme model. This
is sustained by the well-known reason that the Skyrme model describes the low energy limit of
QCD, one of the most successful theories in physics. This first part possesses an introduction
that explains the role of topology in physics and the birth of Skyrmions. Emphasis is put on the
concepts of topology and the construction of an effective field theory from this mathematical
approach.

In the second chapter of the first part, we study the Skyrme model and explain its main topolog-
ical properties, e.g. the discrete number: the topological charge. We emphasize how important
it is to have solutions, particularly analytic ones, to understand specific underlying properties
in this model. The next chapter is concerned with constructing analytical and topologically
non-trivial solutions of the U(1) gauged Skyrme model in (3 + 1)-dimensional flat space-times
at finite volume. Some properties of these solutions would reveal an essential characterization

of the phase diagram of QCD at this regime.

The second part of this thesis addresses an entirely different topic: the treatment of conser-
vation laws in gauge theories through the surface charge method. Firstly, a general overview of
symmetries in physics and their relations to conservation laws is presented in the introduction.

Next, we offer the derivation of the surface charge method as an alternative to deal with the



computations of charges in gauge theories. To exhibit the transparency of this method to com-
pute physical charges, we present three different examples of a family of solutions in General
Relativity with and without matter. The thermodynamics properties of these space-times and
especially the derivation of the first law of black holes mechanics are studied. Furthermore, three
examples with ready-to-download Mathematica notebook codes, show the method in full action.
For each of them, we compute step-by-step the charges associated to the exact symmetries of
the solution. New results as the presence of boundary and topological terms and torsion are

highlighted through the notes.



Chapter 1

Preamble

The two topics addressed in this thesis become are related through the study of the thermody-
namics properties of the most intriguing and strange objects in the Universe: black holes. The
baryonic (topological) charge ables of characterizing baryonic matter, and the charges derived
from the isometries of space-time will be the two ingredients of the Einstein-Skyrme system that
we try to connect. We do not intend to show a concrete structure of this connection but only

propose how this could turn out.

The first law of black hole thermodynamics is the energy balancing equation among small
variations of the different quantities characterizing a black hole. Each term appearing in the
first law is interpreted as standard physical quantities like energy, angular momentum, elec-
tric charge, electric potential or angular velocity. These quantities are normally defined in a
non-gravitational context then physical interpretation is easier for asymptotic observers (e.g.
space-time energy). Besides that, the true thermodynamical character of the first law emerges
once quantum fields are considered on top of the black hole classical background. The emergence
of the Hawking temperature almost complete the thermodynamic picture for black holes [1]. The

missing piece is a statistical description of the black hole entropy, which is by now an open ques-



tion almost a half-century old.

From a semi-classical point of view, the first law of thermodynamics of four-dimensional
asymptotically flat black holes might be obtained through the geometric derivation of the Komar
integrals [2], but as we will see throughout this thesis, it has problems. In many cases the charges
obtained with this method must be compared with others, e.g. with the Arnowitt-Deser-Misner
(ADM) expression.

A generalization of the Noether theorem for gauge theories, the surface charges, could better
pave this road. In this approach, for each exact symmetry, 6.® = 0, there is a conservation law,
dke ~ 0, and therefore a conserved charge, 6Q. = ¢ ke. In the gravity context, the integration

is over any surface that encloses the black hole singularity. The symmetry parameter, ¢ =

€1+ €3+ - - -, may be partitioned in several independent exact symmetries and each of them may
produce a different surface charge dQ¢,, 0Qe,,.... Then, in this setup, the first law takes the
form

010Q¢; + 20Qe, + -+ = Q¢ , (1.1)

where the charges can be arranged, with the help of the phase space functions «;, such that at the
right hand side we obtain a surface charge 6Q),. A particular version of the previous equation

for an electrically charged and rotating black hole family is the usual balancing equation
OM = TpoS + QpoJ + @460, (1.2)

where the energy/mass, M (S, J,Q), is a function of the charges: entropy S, angular momentum
J, and the electric charge Q). While T}, = %—]\g, Qp, = %—]\f, and & = % are identified as the
temperature, the angular velocity, and the electric potential, respectively. At the heart of the

surface charges method there is the gauge symmetry: Exact symmetries are a particular choice

of gauge parameters that, for a family of solutions, do not affect the variables.



Undoubtedly, there are motivations for connecting the geometry of space-time with the
thermodynamic properties of black holes. In 1977, Ruffini and Wheeler noted that the formation
of a black hole by a gravitational collapse is uniquely specified by the conserved quantities
previously mentioned: mass, angular momentum, and electric charge. This is known as the
famous conjecture “Black holes have no hair”.

During a long time there has been an interest in classical black hole hair [3-7]. In this con-
text, one of the most interesting results are the solutions of the Einstein-Skyrme equations [8].
The so-called “skyrmion black holes” has validity as long as the classical parameter of those
solutions are chosen such the black hole event horizon is smaller than a characteristic length
scale associated to the Skyrmion [9]. Considering the fact the Skyrme theory corresponds to
the low energy limit of QCD, the black holes with Skyrmion hair would be interpreted as black

holes with a baryon hair.

Then, a natural question arise: How the standard first law of black hole mechanics should be

generalized to include topological charges?

In the following, we design a possible answer to this question.
These families of black hole solutions with different topological charges may be very different
in their symmetry properties. For instance, black hole solutions with different baryonic charges
do not have, in general, a continuous symmetry. Instead, they may have different discrete
symmetries. This fact makes a black hole solution of one baryonic number very different from
another. However, there are families of black hole solutions with high baryonic numbers. One
expects that small changes of the baryonic charge do not drastically change the physics of the
problem (for example, the physics as seen by an observer far away from the source). These are

the approximation regime we are interested in. In these cases, one may expect that small but



discrete changes of the topological charge to be described similarly as the continuous charges
even though there is no continuous symmetry to define it as a surface charge.

We first note that the surface charges in (1.2) are infinitesimal variation of the finite charges
over the phase space. This is even assumed true for the electric charge which is known to be
discrete. However, topological charges split the phase space into disconnected regions. They are
insensitive to infinitesimal variations of the gauge variables. Then, a possible transformation
that allows us to jump from two solutions with different topological charges may be a discrete
finite transformation on the phase space. Let us define a “variation” that only change discretely
the topological charge 6N = 1 and let us define a generalized variation on the phase space by
A = §+ 6 such that 6N = 0 but AN = 1. This variation allows us to explore the tangent space
of a given solution but also to jump between solutions with different topological charges.

Thus, a possible generalization of the usual first law of black hole mechanics is reached by
adding an additional term related with this new variation that connect in principle topologically

disconnected sectors of the phase space, namely

AM = T,AS + uyAN, (1.3)

where py is the baryonic chemical potential. For simplicity we consider the electrically neutral
and static families of black hole solutions: @ =0 and J = 0.

To fully complete the previous picture, one should have a description of the dynamical
physical processes—in the same spirit of the known physical process of the first law of black
holes mechanics that relates a change in entropy of a perturbed Killing horizon to the matter
flow into the horizon—that change the baryonic number of a black hole solution. For instance,
to consider a baryonic soliton free falling into a black hole. However, this interesting question
is out of the scope of the present preamble. Here, the best we can say is that if such a process

exists, then a first law as written in (1.3) holds.



Conventions and notations

We employ units such that the speed of light ¢, the reduced Planck’s constant %, and the mag-
netic and electric permeability, ug and €, are equal to one. But we keep manifest the Newton’s

constant G.

For a D-dimensional space-time M, we use the signature convention for the Minkowski
metric 7y, = diag(—1,1,...,1). The dimension of space-time is generally D. The Levi-Civita

totally anti-symmetric symbol €,,...,,,, such that €. p_1) = +1, we also have

Eppopp = EMVTHED (1.4)
g 'QMDVDEMWMD - ég”l'“VD = gD (1.5)
Guivy 'guDuDENMMMD = 9&us-wp, (1.6)

with the space-time metric determinant g = det(g,,). We also introduced é*1*#P such that
g01+(P=1) — 11, this twiddle symbol is exactly the Levi-Civita symbol but with indices written
upstairs. In contrast, e "HD is a space-time function, not the Levi-Civita symbol, its indices

are raised with the space-time metric. Thus, similarly to (1.5), to raise and lower indices with

the internal flat metric, yields
n . nanDgal---aD — det(n_l)éblme — _ébl"'bD — gbl'”bD ) (17)

The introduction of the object € is highly recommended as a way to keep consistent the Einstein
notation of index contraction and thus to avoid some usual confusions on the computations.

This object will be extremely useful for the second part of the thesis.

Greek letters «, 3,7, ... generally are space-time indices, 4 = 0,1,2,...,D — 1. The index 0



represents a time-like coordinate. The space-time coordinates are denoted by z*. Latin indexes
will designate space-like coordinates x%,i = 1,..., D. Capital latin letters will be used to denote
internal indexes of a certain group. The differentials dz* anti-commute, and the volume element

is denoted by d°z

dzt N dx” = —dx” N dx* dPx = /—gda® A - A daxP7E (1.8)

For example a (D — 2)-space-time form k reads as

1
k= mkuuc&‘u”a&na[,dwa?’ VANREIAN dfl:aD ) (19)

The Einstein summation convention over repeated upper or lower indices generally applies,
namely p,zH = por® + prat 4 - .

Complete symmetrization is denoted by ordinary brackets (---), complete anti-symmetrization

by square brackets [ - -] including the normalization factor
1 1 o
My o) = %l Z My 1)t ry My o) = %! Z (=17 My 1)ty (1.10)
oeSk oeSk

where the sums run over all elements o of the permutation group S* of k objects and (—1) is

1 for an even and —1 for an odd permutation. For example, for £k = 2 we have

1

1
My + Myy) M) = 5(

M) = 5( My, —M,,). (1.11)
For the second part of this thesis, we note that waved equalities &~ represent any equation

that holds if and only if the equations of motion of the theory.
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Chapter 2

Introduction to Part 1

The principles of many physical theories have been constructed from geometry. The geometrical
character of a physical system can imply a deep understanding and considerable generality of the
theory, and naturally, any physical law will inherit these properties. Analogously, the topology
of a system is also another property equally crucial for understanding a theory.

Topology is an area of mathematics which analyze the equivalence of different objects under
continuous deformations. This analysis allows studying different confined structures in physics,
such as models in condensed matter physics, for example the Bose-Einstein condensates [10,11],
antiferromagnetic superconductors [12]; models in quantum mechanics as the Dirac’s analysis of
magnetic monopoles [13], the Aharonov-Bohm effect [14], applications in topologically quantized
edge and surface conducting states manifesting in quantum Hall effect and its variations [15],
and more importantly for this thesis: baryonic matter described by the Skyrme model.
Probably, one of the first study into using conserved topological properties for describing matter
was made by Kelvin’s vortex atom model [16]. In this model, Kelvin thought to the atoms as
knots in a perfect homogeneous fluid that cannot be smoothly transformed from one to another.
Fach knot could represent an atom of different chemical elements so that the atomic spectra

would arise from the dynamics of the perfect fluid producing vibrations of the knots. Although

10



Kelvin’s idea was never carried out, it was maybe the first step to involve topology in physics.

This inspired to T. Skyrme to develop his model later.

In the 1950s, the British high energy physicist
Tony. H. R. Skyrme proposed a radical new field the-

ory [17-19] based on the “degree” of the various topolog-

ical soliton solutions, known now as Skyrmions, which
can be identified with the baryon number of the so-
( (F s } lution. This model is a highly non-linear field theory
.Ik \ﬁ of pions that possesses topologically non-trivial solu-
\ f \ tions to its field equations: Skyrmions. These topologi-

cal configurations are static and spatially localized field

Figure 2.1: Tony. H. R. Skyrme in

19146 configurations labelled by an integer-valued topological

charge. Skyrme’s idea was to identify these Skyrmions
Image taken from Wikipedia.
as nuclei, with the topological charge being the baryon
number. In his original paper, Skyrme studied the simplest configuration with a topological
charge equal to one. This configuration was a spherically symmetric solution of the equations
of motion with dynamics identical to those of a point particle at low energy.

The importance of the Skyrme model was not widely recognized at the time as research
moved towards the culmination of the currently accepted theory of strong interactions: QCD
theory. A few decades after Skyrme’s paper, Witten showed the remarkable result that as
the number of quark colours becomes large, the baryons act like solitons based on their mass
scale [20] (see also [21]). Witten’s development revived the interest in the Skyrme model. Since

then, it has been a booming field theory in describing the structures of nuclei and outside the

realm of particle physics broadly.
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Despite the successful features of the Skyrme model in describing particle physics, the
(highly) non-linear character of its field equations produces difficult tasks to obtain exact solu-
tions with a topological charge greater than one. Usually, the most common way to tackle this
issue is by adopting a particular ansatz to make the equations of motion more tractable. How-
ever, this guarantees neither the reduction of the number of equations nor a consistent system
of equations. The first and best-known ansatz was given by Skyrme himself in order to reduce
the field equations to only a single scalar differential equation.

Until very recently, no analytic solution with non-trivial topological properties was known. In
particular, the lack of explicit solutions with a topological charge on flat space-times made very
difficult the analysis of the corresponding phase diagram of the low energy limit of QCD at finite

density and low temperatures.

On the other hand, due to the importance of the Skyrme model as a low energy limit of
QCD, it is a mandatory task to analyze the effects of the coupling of a U(1) gauge field with the
Skyrme theory. The so-called gauged Skyrme model—which describes the low energy limit of
QCD minimally coupled with Maxwell theory at the leading order in the 't Hooft expansion—can
describe the decay of nuclei due to the coupling with weak interactions [22]. Such a model also
describes baryons’ electric and magnetic properties and allows to study the decay of nuclei in
the vicinity of a monopole. Similarly, there have also been studies trying to understand the cou-
pling of the SU(2), gauged model with weak interactions [23,24]. The gauged Skyrme model is
expected to have exciting applications in nuclear and particle physics and astrophysics when the
coupling of Baryons with strong electromagnetic fields cannot be neglected (see a recent work
on how large amount of Baryon charge present within a finite volume, so-called nuclear pasta
phase, can be described through the Skyrme model [25]).

Recently, in [26-28], (see also [29-31] and references therein) a more general hedgehog ansatz

allowing to depart from spherical symmetry has been introduced for the Skyrme model. Such
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an approach gave rise to the first (3 + 1)—dimensional analytic and topologically non-trivial
solutions of the Skyrme-Einstein system in [29] as well as the Skyrme model without spherical
symmetry living within a finite box in flat space-times in [32].

In this thesis, by using the generalized hedgehog approach, we construct the first analytic, and
topologically non-trivial solutions of the U(1) gauged Skyrme model. The two different topo-
logical configurations found here are: Firstly, gauged Skyrmions living within a finite volume
(which appear as the natural generalization of the usual Skyrmions living within a limited vol-
ume). Secondly, the U(1) gauged Skyrme model also admits smooth solutions whose periodic
time-dependence is protected by a topological conservation law. These solitons manifest fasci-

nating similarities with superconductors as well as with dual superconductors.

The first part of this thesis is organized as follows. In Chapter 3 we shall review the SU(2)
Skyrme model, discussing its Lagrangian, topological charge, energy stability, and the simplest
analytic solution to its field equations. This will provide background material for the original
research presented in Chapter 4. In the latter, we start with Section 4.2 about a review of the
properties of the (3 4+ 1)-dimensional Skyrme model at finite volume both with and without
isospin chemical potential. Then, in Section 4.2.1 the gauged solitons are constructed and their
main physical properties are discussed. In Section 4.2.2; it is discussed time crystal gauged
Skyrmions which exhibit similar properties to those that appear in low energy limit of QCD.
Next, Section 4.3 is devoted to discuss how electromagnetic duality can be extended to include
these gauged solitons. In Section 4.4 a physically interesting approximation is discussed in which
the Skyrme field is considered as fixed and the electromagnetic field is slowly turned on. We

end with Chapter 5 giving some conclusions and outlook about the results found.
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Chapter 3

SU(2) Skyrme model

The Skyrme model corresponds to the low energy limit of QCD. In this limit, the quark and
gluon degrees of freedom are frozen out, and therefore the only relevant degrees of freedom are
those of the mesons: neutrons, protons and pions. In this chapter, we describe the (3+1)—SU(2)
Skyrme model. In particular, we will focus on its topological properties and analytic solutions

for its field equations.

3.1 SU(2) Skyrme model

As it is well-known, QCD has asymptotic freedom. At low energies, the running coupling
constant is large; at high energies, it becomes small. Therefore, QCD cannot be studied with
the usual perturbative methods. A way to overcome this problem is the construction of an
effective field theory. Usually, the construction of the effective field theory is based on the
(known) symmetries of the interactions. We follow this road.

As far as the mesonic degrees of freedom are concerned, we will focus on only the lightest mesons:
the pions. In order to construct a principle action for these fields, we will denote the pion fields

by ¢ = (7=, 7", %) plus an auxiliary scalar field o grouped in terms of the SU(2) matrix
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3
U(t, %) = o(t, Daxa + »_ 7 (t, F)7a, (3.1)

a=1

where Iayo is the identity matrix of 2 X 2, 7, = i 0y, with o, = (01,09, 03) the Pauli matrices
and the fields satisfy o2 + 22:1 mem® = 1 (see Appendix C for conventions). The expected
low energy action should inherit Lorentz symmetry, and in the approximation of zero quark
masses, it should also have an approzimated chiral symmetry.! Since chiral symmetry is only
approximated, we therefore expect, by Goldstone’s theorem, to Goldstone to be lightest mesons
of the Standard Model (if the broken symmetry were exact, the Goldstone particles should be
massless).

For N = 2, there are three (lightest) Goldstone bosons: 7%, 7°. The pions whose masses are
given by 7% ~ 140 MeV, 7° ~ 135 MeV. For N = 3, we have eight (lightest) Goldstone bosons:
the three pions, four Kaons K+, K% K° and the particle n. For this thesis, we put attention

on the former case.

A chirally symmetric action in terms of U means U' — C'U D, with C, D € SU(2). All of
these conditions combined with the constraint of having at most second order time derivatives
in the equations of motion, it leads us to write the following effective field action

FQ

Iy, [U] = Tg d*z/—gTr (L, L") , (3.2)

with Fj corresponding to the decay constant of the pions, \/—g¢g is the square root of minus
the determinant of the space-time metric, Tr stands for the trace, and the tensor L, an algebra
valued field L, = LL 7; corresponding to the left-invariant Maurer-Cartan (MC) one-forms given

by

!The chiral symmetry is partially realized in nature. The symmetry group in nature H is much smaller than
the chiral symmetry group G. It is because the quark masses are too light to cause such a large breaking of
the symmetry. However, they break some of the chiral symmetry. Then, we shall say that the Lagrangian is
approximately invariant under G, but with the vacuum only invariant under H symmetry.
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L, =U"'v,U, (3.3)

with V, the covariant derivative constructed from the Christoffel symbols. This model is called
the non-linear sigma model (NLo). Indeed, this action has SU(2) x SU(2) symmetry, that is,
when U — U’ = CUD ™!, we get

2

I, [U'] = % / d*z/=gTr [VH(CU D)V, (DUC™)] = Iy, [U]. (3.4)

In the last equality, remember that the SU(2) elements C' and D are constants, and the trace

has cyclic symmetry.

For a long time, this model was regarded as the simplest effective model for baryons. How-
ever, the simple fact that in three spatial dimensions, the static energy corresponding to the
pion field U = U(&) decreases with the increase of the space scaling implied that the pion field
were not stable [33]. To overcome this problem, T. H. Skyrme introduced an additional term to
(3.2), the so-called Skyrme term, leading to the action [17-19]

2
IU] = /d4x\/ngr (fg L,L*+ % Ly, L] [L“,L”]) : (3-5)

When the fundamental field U(¢, Z) is static, in three spatial dimensions it is thought as the
map

U:R3+— 53, (3.6)

Due to that S is the group manifold of SU(2), we can consider U(t, ) to be an static SU(2)-
valued scalar. The parameters of the model, experimentally determined, have the values F; =
186 [MeV] and e = 5.45, with the latter introduced for the stabilization of the Skyrmions [34,35].
Notice that from the action principle’s point of view we could have added any term that were of

degree four or higher in spatial derivatives. However, it is easy to check that the Skyrme term is
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the only term of degree four that is Lorentz invariant and that remain the equations of motion
of second order in the time derivatives.
Introducing the new parameters K = F2/4 and A\ = 4/(e2F2), the action (3.5) can be rewritten

as

A

K 1
hwdm—2/¢%F¢H@M%+HMWMMKUD- (3.7)

Throughout this thesis, we will refer to (3.7) as the Skyrme action. As we mentioned above, the
action (3.7) possesses two terms: the first term corresponds to the standard kinetic term of the
non-linear sigma model describing the low-energy dynamics of the pions, whereas the second
one, the so-called Skyrme term, is the simplest covariant term by maintaining the second degree
of the field equations and providing the existence of stable topological solitons with finite energy.
Furthermore, the wide range of applications of this theory in other areas (such as astrophysics,
Bose-Einstein condensates, nematic liquids, multi-ferromagnetic materials, chiral magnets and

condensed matter physics in general [36—-45]) is well recognized by now.

It is possible to add a mass term in the action (3.7) given by [46,47]
F2 2
ISKmass = WTTRW /d4$ Tr (U - HQXQ) . (38)

This introduces a pion mass m, which can be fixed experimentally. As we mentioned above,

when m, is zero, the action (3.7) is invariant under the full chiral symmetry, namely
U— CUD"”, C,D e SU(2). (3.9)

A non-zero pion mass m; restricts to take C' = D, breaking the SU(2) x SU(2) symmetry down

to an SU(2) symmetry. This is called the isospin symmetry and is given by
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U—cCcuct, CeSU(2). (3.10)

The last transformation is also known as isorotation because in the internal space it rotates
the triplet of pion fields via ©# — M7, where M;; = %Tr (Ti CTj CT) are the components of
an SO(3) matrix. Once quantized, it gives rise the isospin, the responsible quantity that dis-

tinguish protons and neutrons. However, for the purposes of this thesis, we will consider m, = 0.

The three-non-linear coupled field equations that follows of varying with respect to U the
action (3.7) are?

A <L“ + % (L, [L“,L”]]) =0. (3.11)

Despite the great interest of this model (due to the many applications in different branches of
physics), it is not easy to analytically solve the Skyrme field equations (3.11) due to their highly
non-linear form. Even for the simplest physical SU(2) case, the system (3.11) for U constitutes
a system of three coupled non-linear differential equations which cannot be solved in principle
in a closed-form. In Skyrme’s original works [17-19], he found a way to make this problem
more handle by adopting a particular ansatz for the Skyrme field U(t,Z). It led him to find
the first topologically non-trivial solution to (3.11): the so-called Skyrmions. As we will see
later, only suitable ansatz for the Skyrme field U allows reducing the number of equations of
motion keeping alive the topological charge. Therefore, the search for solutions to this system
becomes a fascinating subject of study. Together with the coupling of a Maxwell field, the latter

constitutes the main axis of this first part of this thesis.

2Remember that the Skyrme fields U are expanded in terms of the traceless Pauli matrices. Therefore, the
traceless condition reduces the number of field equations from four to three.

18



3.1.1 Energy stabilization and topological charge

The stress-energy-momentum tensor is obtained from the Lagrangian density £ associated to
the action (3.7) as
pox _ 2 0(V/=gL)
N
— _En(orz Lal® + 2 (g°P[L,, Lo)lLw, L) — ~ gl L, Lo (L7, L?
—_Z 2 uliv — Guvlia +§ g [,u» oz” Vs 5]_Zg;w[ o BH ) ] .

(3.12)

Restricting to static SU(2) Skyrme fields, say U(Z), the static energy functional can be obtained

as the integral of Ty

K 1. . A o
E=—3 d%\/—gTr<2LiLZ+1-6[Li,Lj][LZ,LJ]), i,7=1,2,3. (3.13)

Here a few comments deserve mention: from left to right, the first term arises from the non-
linear sigma model term in the action (3.7) and is quadratic in spatial derivatives. In contrast,
the second term originated from the Skyrme term is quartic in spatial derivatives. We note that
by making a spatial rescaling in the spatial coordinates via & — nZ, the static Skyrme energy
E becomes

1
E(n) = ; EO' + nESKterm . (314)

Because the non-linear sigma term of the energy, F,, scales in the opposite way to the Skyrme
one Egi tern when the parameter scale 7 increases, then there is a minimal value of E(n) for a
finite n # 0. In other words, the soliton—Skyrmion— will not expand or contract indefinitely
in order to lower its energy. We say that the Skyrme term comes to stabilize the configuration.
Naively, instead of the Skyrme term as the second term in the action (3.7) that stabilize the
non-linear sigma term, we could have considered any term that is of degree four or higher in

spatial derivatives. However, the Skyrme term is the only one of degree four that is: (i) Lorentz
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invariant and (ii) that the resulting field equations remain second order in the time derivatives.

Demanding the existence of an unique vacuum in the theory, one imposes the boundary
condition

U(z!) — lTaxa as |z#| — 0. (3.15)

It implies the compactification of the physical space, R3 U {oo} = S3) resulting that the target
space of SU(2) has group manifold S3, and therefore all finite energy configurations are maps
from S3 to S3. In this case the homotopy group is 73(S®) = Z. Such maps, S? to itself, are
characterized by a degree that measures how many times the sphere is wrapped around itself.
Explicitly, it is given by

_ 1
2472

/ T (U100 (U-'0,U) (U0U)] (3.16)
b

which is a topological invariant identified by Skyrme as the baryon number of the configuration.
Because the latter B is also known as the topological charge or baryonic charge. For topological
invariant, we mean that by doing a continuous deformation of the field U, say 0U, the topological
charge keeps unchanged. It is not necessary to demand that dU holds the equations of motion.
The normalization factor 1/247? is just for later convenience. The hyper-surface ¥ where one
integrates is usually considered to be space-like, but as we will see in the next chapter, there
exists specific soliton configurations where it can be time-like as well. The topological charge B
depends on the (time/space-invariant) boundary conditions of the Skyrme field U. For example,
for the boundary conditions (3.15), the topological charge is not zero, and the associated field
configuration is stable because it cannot be deformed through continuum transformations to the
trivial vacuum. As a final comment, we stress that this conserved charge does not arise from an
invariance of the Skyrme action under any symmetry transformation, but rather it comes from

the non-trivial topology of the Skyrme field equations. Then, it is not a Noether charge.
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Completing the square in the integrand of the expression the static energy (3.13) and by

using the Cauchy-Schwarz inequality a? + b% > 2ab, one finds
E > 127KV B|, (3.17)

namely, the static energy is bounded from below. This is known as the Bogomol’'ny bound and

it is saturated when E = 1272K+/A|B|, i.e when L; is a self-dual tensor

4 )
Li = —e; i LVLE . (3.18)
Va?

This means that for any baryon number there is a lower bound for the energy of Skyrmion solu-
tions. This Bogomol’'ny bound was also found by Skyrme himself in his paper [18]. It is worth
noticing that this bound cannot be saturated for any non-trivial finite energy configuration in
flat space-time. This latter was one of the main difficulties to explore solutions to the Skyrme

field equations in contrast to, for instance, monopoles and vortices.

In the following, we will analyze some properties of the best known ansatz for the Skyrme

field that allow to simplify the system (3.11).

3.1.2 Spherical hedgehog ansatz

Despite Skyrmions are not known analytically for any baryon number B, the case B = 1 allows
to the Skyrmion minimizes the energy functional (3.13) with a spherical symmetry. Let us
consider the flat space-time metric ds? = —dt? + dz? + dy? + dz?, and the Skyrme field U with

the following SU(2) standard parametrization [17-19]
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Urlzt) = YOoaM)loxo £+ Yi(eM)r,  (YO2 +YiY;=1, (3.19a)

Y = cosa, Yi=nlsina, (3.19b)
al = sinfcosd, n? = sinfsin @, n® = cosh, (3.19¢)

where 0, ¢ are the spherical coordinates, the signs + in the exponent of the U field denote the
field itself and its inverse, and «(r) is the radial profile subject to the constraints «(0) = 7 and
a(0o) = 0 due to the boundary condition (3.15). Notice that the element U is not spherically
symmetric (because it depends on all the coordinates), but rather the energy-momentum tensor
Ty, namely Z;T,,, = 0, where £ denotes the dragging of T}, along the SO(3) generators.”
This ansatz allows reduce the three non-linear coupled partial differential equations to a single
scalar equation for the function «a(r) keeping alive the topological charge equal to one. Usually,
this is also known as the hedgehog solution because the pion fields point radially outwards from
the origin at all points in space.
Substituting the hedgehog ansatz (3.19) into (3.11), it reduces to a single equation

(12 + 2sin? a)a” + Asin(2a)(a’)? + 2ra’ — sin(2a) — 7%si1[12 asin(2a) =0, (3.20)
where prime stands for derivative with respect to r. This second order non-linear ordinary
differential equation cannot be solved in a closed form, but numerical solutions have been found

[18,48].* The energy of this configuration is given by

24 2 2\ si 2 22
E = Kw/err[ S:; ¢ @)+ S:; a (S”;;“ +2(a’)2>} . (3.21)

Particularly, the asymptotic behaviour of « can be achieved by linearizing the Euler-Lagrange

equations (3.11), and leading to

3Spherical symmetry on U implies to have a radial-dependent field U = U(r). But, this field configuration has
a vanishing topological charge B.
“See also a numerical computations for B = 2 in [49-51].
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a(r)~—e , r— oo with ¢p,c; €R. (3.22)

T(Z) ~ ——e A7, r— 00. (3.23)

Therefore, at large distances the B = 1 Skyrmion approximates to a triplet of Yukawa dipoles.

Finally, notice that for ¢; = 0 the pion fields take the form

ﬂ@N%ﬁ, T — 00, (3.24)

namely, we have now an approximate triplet of Coulomb triplets.

3.1.3 Generalized hedgehog ansatz

Inspired in the amazing characteristic of the spherically symmetric hedgehog ansatz (3.19) that
reduces a system of coupled non-linear partial differential equations to a single scalar equation,
Canfora and Salgado-Rebolledo in [52] (in the context of Yang-Mills theories) generalized this
study for non-spherical geometrical conditions of the spherical hedgehog ansatz that also allow
to reduce the number of non-linear coupled partial differential equations (PDEs) to a single
scalar PDE. Remarkably, this idea works to Skyrme theory works as well. Let us consider the

most general SU(2) parametrization for the Skyrme field

Urtzt) = YOaM)lawo £ YieM)r,  (YO2 4+ Y, =1, (3.25a)
YY = cosa, Y'=n'sina, (3.25b)
Al = sinOcosd, 2 =sinOsind, n® = cos O, (3.25¢)
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where the profile function @ = a(z*), and the angular functions © = O(z#), and & = &(a*)
depend now on all the four space-time coordinates. Replacing back into the action (3.7) these
three functions can be interpreted as a theory of three interacting scalar fields.

The search of a suitable ansatz for the functions © and ® that reduces the coupled system of
PDEs to a single non-linear equation for the profile o defines the generalized hedgehog ansatz [52].
The Skyrme field equations (3.11) can be written as a 2 x 2-matrix representation, i.e £ = E'r;,
1 = 1,2,3, where the linearly independent three coupled non-linear field equations correspond

to the entries of the matrix E. So, substituting (3.25) into (3.11) leads to the system

(—Oa + sin(a) cos(a) (V,OV"O + sin? OV, 2V+ D))
sin() cos() (V,aV*a)(V,0VY6) — (V,aV+e)?)
+ sin(a) cos(a) sin?(0) ((V,aVHa)(V, V') — (V,aVHd)?)
+A +2sin(a) cos(a) sin?(0) ((V,OV*O)(V,2V'®) — (V,O0V P)?)
—V,, (sin?()(V,OV*0)VHa) + V,, (sin?(e) (V,aV’0)VHe)
~V,, (sin®(a) sin?(©)(V,®V*®)VFa) + V,, (sin?(a) sin?(0)(V,aV?®) V-P)

(3.26)

The variation of the Skyrme action with respect to © leads to the equation of motion

(—sin?(a)0O — 2sin(a) cos(a)V,aVH O + sin(a) sin(O) cos(0)V,OV+P)
sin?(a) sin(©) cos(0) ((V,aVF a)(V,2VY®) — (V,aV+iP)?)
+sin*(a) sin(©) cos(0) ((V,OVHO)(V,2V"®) — (V,0VHD)?) =0,
—V,, (sin?()(V,aV¥@)VHO) + V,, (sin?(a) (V,aV”O)VFa)
~V,, (sin*(a) sin?(0)(V,®V*®)V*O) + V, (sin*(a) sin?(0)(V,OV*®) V- D)

+A

(3.27)
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while the variation of the Skyrme action with respect to ® yields to

(—sin?() sin?(©)0® — 2sin(a) cos(a) sin?(O)V,aV P — 2sin?(a) sin(O) cos(0)V,0VH®)

\ —V, [sin?(a) sin?(©)(V,aV’a)VI®] 4+ V,, [sin®(a) sin?(0)(V,aV”®)VFa] =0.
+
—V,, [sin*(a) sin?(0)(V,0V’O)VH®] + V,, [sin*(a) sin?(0)(V,OV”®)V+O ]
(3.28)
On the other hand, the topological charge becomes
= 241 5 / V=g dzpp, pp = 12sin?(a) sin(0©) da A dO A dP . (3.29)
™ Jz

Here ¥ is considered to be a space-like hyper-surface. We observe that a necessary condition
to have a non-vanishing topological charge is that the three functions must be independent, i.e
doo ANd® Add # 0. For example, a sector with non-vanishing winding number is the original
Skyrme ansatz

alxt) = ask(r), ©=0, D=9, (3.30)

in the flat metric in spherical coordinates ds? = —dt? + dr? 4+ r2(d6? +sin? 0dp?). As we will see,
this approach have allowed the construction of analytical solutions that describe multi-solitons
at finite density for both, in the non-linear sigma model [53] as well as in the Skyrme model
coupled to Maxwell theory [54]. Even recently, configurations of analytic multi-Skyrmions with
crystalline order were constructed in [55] and similar features for the non-linear sigma model

in [56].
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Chapter 4

The Gauged Skyrme Model

Due to the importance of the Skyrme model as a low energy limit of QCD, it is natural to extend
this study to analyze the effects of the coupling of a electromagnetic gauge field with the Skyrme
theory. This theory is known as the Maxwell-Skyrme theory or U(1) Gauged Skyrme Model. In
the following, we will describe the main properties of this model and the first analytic examples

of gauged soliton solutions in flat space-time.

4.1 The U(1) Gauged Skyrme Model

Let us consider the U(1) gauged Skyrme model in four space-time dimensions with global SU(2)

isospin internal symmetry. The action of the system is

S[U’ A,LL] = SSk:y'rme + SU(I) ) (41)

SSkyrme = 5 d ‘T\/ngr iLuLH + E[LH«) LV} [L’u7 L ] i (42)
1

CRAS -3 / d*aN/—gF,, F* (4.3)

where the tensor L, is now defined by
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L, =U"'D,U, Du() = Vo) + Ay [, 1. (4.4)

0

Since the neutral pion 7" is associated to the generator 73, the interaction with the electromag-

netic force will occur only with the pions 7. This is the reason because the commutator [r3, -]
in the covariant derivative D, is only along the generator 73.
The electromagnetic field strength is given by F),, = d,A, — 0, A, with A, the electromagnetic

potential. The stress-energy-momentum tensor is

Ty =Tl +Tp, (4.5)

with TEVK defined in (3.12) (taking into account the new definition of the tensor (4.4)), and the

electromagnetic stress-energy momentum given by
A « 1 a3
T, = o, % — ZQWFQBF . (4.6)

The field equations that follows from varying the action with respect to U and A, (4.1) are,

respectively, given by

D, <L“ + 2 L., [L“,L”]]) _— (4.7a)

V., F* = J”, (4.7b)
where JV is the variation of the action (4.1) with respect to A,, getting
K A~ A~
JH = 5Tr <OL“ + ZO [L,, [L*, L”]]) , (4.8)

where

6:U_1T3U—7'3.
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It is worth to note that when the gauge potential reduces to a constant along the time-like
direction, the system (4.7) describes the Skyrme model at a finite isospin chemical potential.
Hence, the term gauged Skyrmions (or, more generically, gauged topological configurations of the
U(1) gauged Skyrme model in (3 + 1)-space-time dimensions) refers to smooth regular solutions

of the coupled system in (4.7) possessing a non-vanishing winding number.

4.1.1 Gauged topological charge

By construction, the topological charges are conserved whether or not the equations of motion
are satisfied. When the coupling to a U(1) gauge field is considered, the expression of the
topological charge in (3.29) cannot be correct since it is not gauge invariant under U (1) gauge
transformations. Naively, one could replace in (3.29) all the derivatives with covariant derivatives
leading to a gauge invariant expression, but that topological current would not be conserved.
The correct solution was constructed in [22] (see also the pedagogical analysis in [57]), and the

expression for the gauge invariant and conserved topological charge reads

1

— W/Eez‘jkTr (U™'0U) (U 0,U) (U 0xU) — 05 (375 (U 05U + 0,UU 1Y) .

(4.9)
The topological charge gets one extra contribution which, at the end, is responsible for the
Callan-Witten effect [22]. Notice that the extra contribution from electromagnetism is a total
derivative that makes it still an integer.
As we described, the usual situation considered in the literature corresponds to a space-like
hyper-surface ¥ in which case B is the Baryon charge. However, in [32] it has been proposed
to also consider cases in which ¥ is time-like or light-like. If B # 0 (whether ¥ is space-like,
time-like or light-like) then one cannot deform continuously the corresponding ansatz into the
trivial vacuum U = Isxo. Consequently, when X is time-like and B # 0 one gets a Skyrmionic

configuration whose time-dependence is topologically protected as it cannot decay in static
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solutions. These kind of solitons have been named topologically protected time crystals in
[32]. The computations below show that such an effect (according to which, roughly speaking,
a magnetic monopole may “swallow” part of the topological charge) is more general and, in

principle, strong magnetic fields may be able to support it even without magnetic monopoles.

4.2 Brief review of Skyrmions at finite volume

As a warm-up section, we analyze an extension of the generalized hedgehog ansatz, which also
works in situations in which the Skyrme model (without a Maxwell field) is analyzed within a
finite volume V in a flat metric. One of the reasons to study Skyrmions within a limited volume
comes from the fact that the Skyrme model corresponds to the low-energy limit of QCD. There-
fore, this type of study could reveal essential thermodynamics properties of the phase diagram
of QCD at this energy regime (for example, such as the pressure P = —9FE/9V'). The first study
of a Skyrmion in a limited region using a phenomenological approach was given by Klebanov in
the eighties [58].

On the other hand, by considering this point of view, a non-vanishing isospin chemical potential
was introduced in [59-61]. In all these cases, numerical tools were needed to implement on
the analysis since the chemical potential breaks explicitly the spherical symmetry. Then, the
spherical hedgehog ansatz does not work.

Later on, by considering the generalized ansatz, the first analytic examples of Skyrmions as well
as Skyrmions-anti-Skyrmions bound states were found within a finite box in (3 + 1)-dimensional

flat space-time [32]. In the following, wee will briefly describe this last approach.

Let us start considering the flat space-time metric

ds* = —dt* + I (dr® + dy* + d¢?) | (4.10)
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where [ denotes the size of the box side where the Skyrmion lives, and the coordinates 7,y and
® have the range

0<r<2r, 0<~y<d4r, 0<¢<2r. (4.11)

The Skyrme ansatz is based on the following parametrization of the functions

tan H V1+ tan? ®
_ate tan @ = 0 tana = ﬂ, (4.12)

@ ) )
2 cos A tan A

where,
_ _1—¢ _
A=A(9)=——, H=H(tr). (4.13)
The Skyrme field equations (3.11) reduce to a single ordinary differential sine-Gordon equa-

tion for the function H(t,r)

A .

It can be verified directly that the topological density pp is non-zero, and is given by

1

= 2/ 0B ps =3sin(2H)dH ANdy ANdo, (4.15)
247 to=cte

where the integral is computed on a hyper-surface at fix time ¢y. For certain boundary conditions

on H, we get three different topological sectors

-1 if  H(to,0)=-% and H(to,2m) =0
B=¢ 0 if H(to,0) — H(to,27) =0 - (4.16)
+1 if H(to,O) =0 and H(to,?ﬂ') = g

In particular, the sector B = 0 is relevant for the construction of Skrymion-anti-Skyrmion

bound states. Hence, the original (3 + 1)-dimensional Skyrme field equations, energy density
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and effective action in a topologically non-trivial sector (as pp # 0) can be reduced to the
corresponding quantities of the (1 + 1)-dimensional sine-Gordon model. Following [32], this
allows constructing Skyrmions as well as Skyrmions-anti-Skyrmions bound states.! The effective

coupling sine-Gordon density Lagrangian reads

ﬁom::—;VM¢v¢D+gé«nuﬂé)—1), (4.17)
a A I (4.18)

T 22 (A +22)° VAF22
Therefore, the Skyrme model within the finite volume defined above always satisfies the Coleman
bound 32 < 8.

It is worth emphazing that Skyrme and Perring [62] used sine-Gordon model in (1 + 1)-
dimensions as a “toy model” for the (3 + 1)-dimensional Skyrme model. The analogies between
(a simplified version of ) the Skyrme model and the sine-Gordon model have also been emphasized
in [63] and references therein. The very surprising feature of the results in [32] is that there is a

non-trivial topological sector of the full (34 1)-dimensional Skyrme model in which it is exactly

equivalent to the sine-Gordon model in (1 + 1)-dimensions.?

4.2.1 Gauged Skyrmion

In this section, we extend the Skyrmion configurations constructed in the previous section to
the cases in which the minimal coupling with the U(1) gauge field cannot be neglected. We will
also analyze the most interesting physical properties of these gauged configurations.

For this analysis we start by considering the following parametrization of the SU(2)-valued

Tndeed, a quite remarkable prediction of the Skyrme model at finite volume discussed in [32] is that the model
possesses around 87/8% — 1 Skyrmion-anti-Skyrmion bound states with 8 of Eq. (4.18). When the size of the
box is large compared with 1fm one gets that the number of these bound states is between 5 and 6 (in good
agreement with the number of Baryon-anti-Baryon resonances appearing in particles physics).

2The semi-classical quantization in the present sector of the Skyrme model can be analyzed following [34,64,65]:
since principle of symmetric criticality applies (see also [32]).
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scalar U

Ulzh) = e™%emPemP (4.19)

where «, 5 and p are the Euler angles which in a single covering of space take the values
a € [0,27], B € [O, %} and p € [0,7]. Like in the case without an electromagnetic field we
consider the flat space-time metric (4.10), where the ordering of the coordinates that we assume
is

‘TLL = (tﬂ“a% ¢) ’

and where again we fix the dimension of the spatial box by requiring
0<r<2m, 0<~y<A4nm, 0<¢<2r. (4.20)

As before, [ represents the size of the box while r, 7 and ¢ are dimensionless angular coordi-
nates, and ¢ represents the time coordinate. It is possible to choose an ansatz for the Skyrme

configuration in the following manner

 BG=HD),  6)=d5.  poaeN, (121)

where p and ¢ must be integer in order to cover SU(2) an integer number of times. In this

context we assume an electromagnetic potential of the form
A= A,dx", Ay = (bi(r), 0, ba(r), b3(r)) . (4.22)
Under the previous setting, the ensuing Maxwell equations (4.7b) become
_ K

Vi(r) = 5 (Myrsbs(r)+ Np), 1,J=1,2,3, (4.23)
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where the non-vanishing components of the 3 x 3 matrix My; are

My = 4sin®(H) (2)\H’2 + AW +a) cos’(H) + 212> , (4.24a)

Mas = My = —%)\sinQ(QH) : (4.24b)

Mgy = My + §M23 ; (4.24c)

M3z = M1 + %MQ?H (4.24d)
and

N = (o, %Mu - qtng Mas, —%Mu 7 A;)pQ M23> : (4.25)

Remarkably, the hedgehog property is not destroyed by the coupling to the above U(1) gauge

field since the Skyrme equations continue lead to a single equation for the profile H(r),

AP? +¢?)

4 <X1 sin?(H) + 5

+ 212> H" 42X, sin(2H)(H")? + 4sin®(H) X} H'

2 2 /\ ) R 2+ 2 2[2
+ <2)\ (pba + gbs) <pb2 + gbs + 4 5 4 > — p2q _P 2 4 X1> sin(4H) — ! sin(2H) =0,
(4.26)
where
X1(r) = 4X (—20%b7 + ba(2by + p) + b3(2b3 — q)) . (4.27)

Therefore, we have reduced the whole system to four coupled non-linear ordinary differential
equations. But we also want to solve these remaining equations. Trying to solve the Eq. (4.26)
analytically is a difficult task. However, there is hope, by considering X;(r) to be constant. In
that case, we see that (4.26) turns out to an equation of the form a(H)H"(r) + b(H)(H')? +

¢(H) = 0, with a, b and ¢ arbitrary functions, which can be solved through quadrature formulas.
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Therefore, a slight pause on Skyrme equation (4.26) and Maxwell equations (4.23) tells us
that it is possible to go further in the simplification by imposing the following relations

Ap? +¢?)

Xl:_ 2 )

(4.28)

and

bo(r) = —%bg(r) - (4.29)

Combining these two relations with (4.27), we can also express b1 (r) in terms of b3(r) as

4b —q) VP2 + ¢?
() = 2B — DV e (4.30)
4lp
Surprisingly, the Maxwell field equations (4.23) reduce to the following single scalar equation
for b3(r)

4+ %q — dby) sin’(H) (4% + 4N(H')* + X (0 + ¢°) cos’(H)) = 0, (4.31)

whereas the corresponding equation for the profile H reads

812 :
(M + 2 cos2(H)> H" +sin(2H) (I = A(H")?) =0. (4.32)
Interestingly enough, the above equation for the profile H interacting with a U(1) gauge field
is equivalent to the Skyrme field equation with a chemical potential possessing a value ﬂg =

%. An interesting non-trivial topological sector of Eq. (4.32) is the simplest solution

H(r) = ho + hyr, with hg, hy constants. Here, the coupled field equations of the gauged Skyrme

model (which, in principle, are seven coupled non-linear PDEs) reduce to the Heun equation,

which for some particular choice of the parameters, can be further reduced to the Whittaker-Hill
"

equation [53].

The remarkable result of reducing the full coupled Skyrme-Maxwell system (4.7) in a topo-
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logically non-trivial sector (as it will be shown below) is that, in the finite box defined in Eq.

(4.10), it can be reduced consistently to a solvable system of two ordinary differential equations.
Then, gauged Skyrmions can be constructed explicitly (see Appendix D for the details of the
derivation of this result).

We can summarize the previous procedure as follows: to use the static ansatz in Eq. (4.21)
for the Skyrme configuration and the ansatz in Eqs. (4.22), (4.28) and (4.29) for the U(1) gauge
field. Thus, one can determine the Skyrme profile H(r) from Eq. (4.32) and then Eq. (4.31)
for the gauge potential bs(r) becomes a simple linear non-homogeneous equation in which there
is an effective potential which depends on H(r). The other components of the gauge potential
are determined solving the simple algebraic conditions (4.28) and (4.29). The above system
allows to clearly disclose many features of the U(1) gauged Skyrme model which are close to
superconductivity (for plots of these analytic solutions, see Figure 4.5).

As a final remark, it is worth mentioning that the Skyrme profile equation (4.32) coupled with
the U(1) gauge field looks like the Skyrme field equations with isospin chemical potential. On
other hand, we know that a non-vanishing isospin chemical potential suppresses the Skyrmion
until it reaches the critical value when the Skyrmion completely disappears [32]. Therefore, we
conclude that the coupling with the Maxwell field suppresses in a certain space-time region (but
without destroying) the Skyrmion.

As a consistency check, if one considers b; — 0 = X; — 0, then (4.26) reduces to

\p? % sin(4H (7))

o) =5 (422 + A (p* + %))

=0, (4.33)

with a first integral given by

Ap?q? cos(4H (1))

U S 507+ )

= Iy = cte, (4.34)

and whose general solution is
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Figure 4.5: The solutions for the Egs. (4.31) and (4.32) correspond to the values: A = 0.04,
=047, K =1.0, p= 1.0, and g = 1.0. Solving for b = —by = b3. The above plots clearly show

the suppression of the magnetic field (which is non-vanishing only in the v and ¢ directions) in
the core of the Skyrmion.

1 _ Xefy A2
H(r) = £-am [ 2¢o + 2 Aerp = , 4.35
(T) 2am < Co r 2 ) ) ) fr ) (4[2 + )\(pQ + q2)) ( )

where am denotes the Jacobi amplitude, and ¢y an integration constant.
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Topological charge

For this configuration, we also compute the temporal component of the baryon density as it is

modified by the Maxwell field following the steps of [22]. The full density reads

By = 305 (T (LiLiLy) = 30; (A;Tx (73 (U 0U + 0,00 ) (£36)
4.36
pq . pq
= =z SRHH 750 (cos” () (b2 = bg))

So, the Baryon number for the gauged Skyrmion is

2m 2w
B=[ Bydrndyrds = —pg / Sin(2H)dH + [2co(H) (abs —pbs) || . (437)
t=to 0 0
which depending on the boundary conditions for the profile function H(r), we get
—pq —2(qb2(0) —pb3(0)) , if H2w)=7%5 and H(0)=0
B pq —2(qb2(0) — pb3(0)) (2m) = 3 0)=0 (4.38)

pq+2(qba(2m) —pb3(2m)) , if H(R27)=0 and H(0)= 75

Clearly, B depends now on the size of the system through p and ¢, as well as on the boundary
values set for by and b3z which are related to the magnetic components of F},,. The solutions
we have found with p = ¢ = 1 for b3 (and the corresponding values of by) of Eq. (4.31) have
b2(0) = b3(0) so that the topological charge reduces to the usual integer value. However, it is
clear that there are much more general possibilities and one could try to construct configura-

tions in which the topological charged is “shared” by the Skyrmion and the electromagnetic field.

It is worth notice that by combining these tools with the techniques introduced in [30], one
can construct multi-layered configurations of the gauged Skyrme model such that each layer
corresponds to the present gauged-Skyrmion configuration with Baryon charge the product pgq,

while the number of layers is related to the number of peaks of the (energy density associated to
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the) profile H(r). This observation suggests that the present formalism could be used to describe
analytically the regular patterns known to appear in the Skyrme model when fine-density effects

are taken into account.

4.2.2 Gauged Time Crystals

In [66,67], Wilczek and Shapere made the following deep observation. One can construct simple
models in which it is possible to break spontaneously time translation symmetry.

Although it is well-known that no-go theorems [68,69] ruled out the original proposals, new
research fields started trying to realize in a concrete system the ideas presented in [66,67, 70]
(see [71] for a review on time crystals). Many examples have been found since then in condensed
matter physics [72-77]. The first example in nuclear and particles physics has been found in [32]
in the Skyrme model at finite volume.

Namely, the (3 + 1)-dimensional Skyrme model supports exact time-periodic configurations
which cannot be deformed continuously to the trivial vacuum as they possess a non-trivial wind-
ing number. Consequently, these time crystals are only allowed to decay into other time-periodic

configurations: hence, the name topologically protected time crystals.

Following [32], a very efficient choice to describe the finite box is the line element (4.10),

where the coordinate v now plays the role of time. The Skyrme configuration reads

,  B=H(r), p=—, (4.39)

where w again is a frequency so that p is a dimensionless quantity. Once more we assume an
electromagnetic potential of the form (4.22), but now we have to consider that the coordinate
ordering is

= (3,7, 2, 0). (4.40)
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The Maxwell field equations have the same form as (4.23), but the entries of the matrix M now

read
Myy = 2sin®(H(r)) (4N(H')? + Acos®(H) + 41%) (4.41a)
M3 = —%“ sin?(2H) , (4.41Db)

Pw? +1

Moy = Mi1 + %ML‘S’ (4.41c)
Mss = My + PwMs, (4.41d)
Msy = —1*Ms, (4.41e)

while

1 1 [ (2Pw? +1

N = <4(M13 _WMll), 0, Z <((U)Ml3 "‘Mll . (442)

Interestingly enough, also in this case the hedgehog property is not lost. Namely, the full
Skyrme field equations for the time-crystal ansatz defined above coupled to the U(1) gauge field
in Eq. (4.22) (taking into account that the coordinates are as in Eq. (4.40)) reduce to a single

ordinary differential equation for the profile function H(r) (for more details see Appendix D)

4 (1% (4 — M®) + Xosin®(H) + \) H” + 2X, sin(2H)(H')? + 4sin®(H) X5 H'

1 212X
+ 17 (Pw? = 1) Xg + A (20%wby — 2b3 — 1) (20%wby — 2bg — I*w?) | sin(4H) — FX sin(2H) =0,
(4.43)
where
Xo(r) = 8\ (I%b1(w — 2b1) + 2b3 + b3(1 + 2b3)) . (4.44)

The closeness with the situation in which one has (instead of the dynamical Maxwell field) a
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non-vanishing chemical potential is useful in this case as well. Indeed, by requiring

Xo=A(Pw?—1), (4.45)
and
20?2 1
b3(7‘) = l2wb1(7‘) - 72) - Z y (446)

not only the equation for the time-crystal profile becomes solvable (as it is reduced to a quadra-
ture) but also the full Maxwell equations reduce consistently to a scalar ordinary differential
equation for by (r).

All in all, using the ansatz in Eqgs. (4.22), (4.45) and (4.46) (in the line element in (4.10))
with coordinates (4.40)) the full coupled Skyrme Maxwell system made by Eqs. (4.7) and (4.7b)
in a topologically non-trivial sector can be reduced consistently to the following solvable system
of two coupled ODEs for H(r) and b;(r) (a detailed derivation of this result can be encountered

in the Appendix D)

b — %w — 4by)sin?(H) (2(Aw? — 8) — A+ A (I%w?® — 1) cos(2H) — 8A(H')?) =0,  (4.47)

(lPw? —1) sin(2H) (1> — A(H')?)

H//
T (P — 1) cos2(H) — 47)

=0. (4.48)

Hence, also in this case the recipe is to determine the profile H(r) (as the corresponding equation
(4.48) is solvable) and then to replace the result into the equation for (4.47) which becomes a
simple linear non-homogeneous equation in which there is an effective potential which depends
on H(r). It is worth noticing that there are two simple topologically non-trivial sectors: the
first case is when [2 — A\(H')? = 0, and the sector [?w? — 1 = 0. In this thesis, we do not explore

those sectors.
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The remaining components of the gauge potential are determined solving the simple algebraic
conditions in Egs. (4.45) and (4.46). The above system allows to clearly disclose many features
of the gauged time-crystals (and, more in general, of the U(1) gauged Skyrme model) which are
close to a “dual superconductivity”.

The first integral of (4.48), which allows to reduce it to quadratures, is given by

1
—1? (1 - 1’w?) cos(2H) = Iy, (4.49)

(47 + X (1 — Pw?) cos®*(H)) (H')* — 5

where Iy is determined by the boundary conditions. As we did in the previous section for the
gauged Skyrmion, we also calculate here for the time crystal, the non-vanishing topological

charge density which for this case becomes

By = ;i;’; (Tr (LiLiLy) — 30; (A;Tx (73 (U™ 0U + 8,UU))) > ,

(4.50)

=z {g sin(2H)H' + 0, (cosQ(H) (b1 — Wb?)))} ;

where the Latin indices of the previous relation assume the values 0, 1, 3 and the resulting integral

is

T (blio) - bg<0)> ,

W= /32 dr A d (wy) Ad =1+ 2| cos(H(r) (blff) - b3(”)> }
° (4.51)

if we consider r € [0, 27], wy € [0,47], ¢ € [0,27] and H(27) = 7/2, H(0) = 0.
However, a “normal” topological charge is also present here due to the correction from the
electromagnetic potential. By taking By as defined in (4.36) as an integral over spatial slices we

obtain
27
= 2by(0),

B:/BodrAdzAd¢: —2[0082(H(7‘))b2(7‘)} )

with the same boundary values used as in (4.51) with the difference now that we have z in place
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of v for which we consider z € [0,27]. The charge B is non-zero as long as b2(0) # 0.
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Skyrmions, here the electric field suffers a suppression in the core of the time crystal.
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4.3 Extended duality

In this section, we show that an extended electromagnetic duality® exists between the gauged
Skyrmion and the gauged time-crystal constructed above. This means that to disclose such
a duality, one needs to interchange electric and magnetic components suitably and transform
specific parameters of the gauged solitons. In other words, the question we want to answer in
this section is: how do the usual duality transformations of the electromagnetic field have to be
generalized (so as to act on the Skyrmions and time-crystals considered here) in such a way that
the field equations Eqs. (4.31) and (4.32), corresponding to the gauged Skyrmion, are mapped
into the field equations Eqgs. (4.47) and (4.48) of the gauged time-crystal?

Let us take the simplest non-trivial cases of gauged configurations we examined above. For

the Skyrmion we have the profile equation (4.32), which for p = ¢ = 1 reduces to
2 (20* + Acos?(H)) H" +sin(2H) (1> — MN(H')?) =0, (4.53)

while for the electromagnetic potential components we get from relations (4.28) and (4.29)

ba(r) = ilfjgl(”, ba(r) = —bs(r). (4.54)

with b3(r) being determined by the differential equation

K
vy + - (1= 4bs) sin®(H) (207 + 2A(H')? + Acos®(H)) = 0. (4.55)

Let us now consider the corresponding time crystal equations, where—in order to avoid

3This extended electromagnetic duality does not correspond to the electromagnetic duality in vacuum because
not all the components of the electric and magnetic fields hold the relation

It

oy &

— (4.52a)
— —E. (4.52b)
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confusion—we denote the potential as A,, = (ai(r), 0, az(r), az(r)) (namely, we label differently
the components). The profile equation is, of course, given by Eq. (4.48) with the potential
components related as

(IPw? 4+ 1)

TR (4.56)

1
as(r) = £ Zl\/ 1 —Pw?(w —4ai(r)), az(r) = Pway(r) —
and with a; determined by the following equation
" K 22 2 2 2,2 N2
ay — g(w — 4a1)sin®(H) (P(Aw® = 8) = A+ X (I°w? — 1) cos(2H) — 8X\(H')*) = 0.  (4.57)

These are just equations (4.45), (4.46) and (4.47) with the new labeling of the components.
An immediate observation is that profile equations (4.48) and (4.53) become identical if we
set w = —4. Then, it is an easy task to see that (4.57) and (4.56) are mapped to (4.55) and

(4.54) under the linear transformation
i .
ai(r) = sz(r), az(r) = ilbi(r), az(r) = —bs(r). (4.58)

The appearance of the imaginary units is not alarming since one also needs a suitable imaginary
scaling in the relevant coordinates to map one space-time metric to the other. Notice that the
imaginary part of the transformation involves only the v and z components of A,. Hence, after
performing such a transformation, the result is a real electromagnetic tensor of the Skyrmion
case. We have to note, however, that transformation (4.58) is not unique. Other linear trans-
formations map the two sets of equations to each other by mixing the electric and magnetic
components. However, (4.58) belongs to a smaller class of transformations that associates the
electric component of the time crystal potential a; with the purely magnetic components of the

Skyrmion, namely by and b3. In particular, this property is respected by any linear transforma-
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tion of the form a; = L;;b; as long as the following set conditions hold

7 .
L13=L12—Z, Loy =il Loz = Lo, Ly =L31 =0, L3z = L3y —1. (4.59)

Of course, the free parameters appearing in the above transformation must be chosen each
time in such a way so that the result is strictly real. In the following table, we can see how
the gauged Skyrmion and the time crystal (TC) components of the electromagnetic field are
mapped into each other as well as H, A and G (in relations (4.12) and (4.13)) that are involved
in the generalized hedgehog ansatz. So, we can see that the two configurations correspond
to an interchange between the electric and one of the magnetic components that looks like a
duality relation as seen in the plane formed by the 2! and 23 components. We shall call this

transformation an extended or generalized duality.

gauged Skyrmion — gauged TC
Eq —Bs
By —By
Bs Ey
(H,A,G) (H,A,G)

It is a surprising result that a duality symmetry exists, which maps the gauged Skyrmion into
the gauged time crystal. Thus, if such extended duality transformations discussed here would
have been known in advance, one could have found that time-crystals exist just by applying such
transformations to the gauged Skyrmion. Moreover, the plots in Fig. 4.5 and Fig. 4.10 clearly
show that, as the magnetic field is suppressed in the gauged Skyrmion core, the electric field is
suppressed in the gauged time-crystal core. Thus, as gauged Skyrmions have some features in
common with superconductor, gauged time-crystals have some features in common with dual

superconductor.
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4.4 External periodic fields

In this section, we will discuss an approximation which can be of practical importance in many
applications from nuclear physics to astrophysics.

We have been able to construct analytically two different types of topologically non-trivial
configurations of the full (3 + 1)—dimensional U(1) gauged Skyrme model (which are dual to
each other in the electromagnetic sense). Thus, it is natural to ask why we should analyze
approximated solutions as we have the exact ones. The obvious reason is that, in this way, we
will be able to discuss electromagnetic fields more general than the ones leading to the exact
solutions discussed in the previous sections. In particular, it is interesting to discuss the physical
effects of time—periodic electromagnetic fields (which do not belong to the class leading to the
above exact solutions).

Here it will be considered the case in which the Skyrme configuration is fixed and not
affected by the electromagnetic field (as in [32]) which is slowly turned on to get a tiny time-
periodic electromagnetic field in these Skyrme background solutions. In this case, the Skyrme
background plays the role of an effective medium for the Maxwell equations. Very interesting is
the situation in which the background is a time-crystal as the reaction of the time—dependent
Maxwell perturbation to the presence of the time-crystal critically depends on the ratio between

the frequency of the perturbation and the frequency of the time-crystal.

4.4.1 Tiny time periodic fields in Skyrme background

Let us consider the approximate situation where we introduce a small enough electromagnetic
field with the purpose not to consider its effect on the profile equations. Additionally, we demand

that it is periodic in time in one of its components

A, = (bi(r), 0, ba(r) cos(dy), bs(r)) . (4.60)
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The electromagnetic current is conserved 9,J" = 0, while the Maxwell equations constitute a
compatible system of differential equations. For example, the one that corresponds to ba(r) is
given by

5 K

Tl [N (8H"™ +2 (1 — I*w?) cos®(H)) + 81%] sin?(H) — I°Q?, (4.61)
2

and by considering the approximation by << 1 we are led to the single profile equation

P w? sin(4H)
H" — =0 4.62
412 (M\w?—4) =) ’ (4.62)
therefore with a first integral given by
12 \w? cos(4H) 1, .9
+ - (H")" =1y = cte. (4.63)

16202 —4) —\) ' 2

With the help of the latter and using the change of variable x = cos(H(r)), we can express

(4.61) as
o K, 21 (Aw? —4) (Az?w? — 4) + 12X (X (82% — 1022 + 1) w? + 8)
b~ 2@l 12 (w? —4) — A
—2X 8y +2?)) — I*Q%. (4.64)

From the form of (4.64) we can deduce that the nature of the solution strongly depends on the
sign of the right hand side. If the sign is negative one expects a periodic type of behavior. On
the other hand, if it is positive, we rather expect an exponential kind of behavior. Clearly, the
appearance of these two possibilities has to do with the value of the frequency €2 of the field and

its relation to the rest of the parameters of the model.

47



In general, one can consider the function

— 2\ (81 +2?) |,

Fa) = (1) (214 (Mw? —4) (Az?w? — 4) + 12\ (A (82 — 102% + 1) w? + 8)

2 (A\w?—4)— A
(4.65)

which at most possesses five extrema. The value x = 0 is always a global extremum, for the
rest of the values of = in [—1,1] one may have from none up to four extrema depending on
the parameters A, [, w and Ip. For example, when [ = w = A = 1, Iy = —1/2 one gets five
extrema in the region = € [—1,1], of which, z = 0 is a global maximum; on the other hand,
when | =w = A =1, Iy = —1 one gets only one extremum, x = 0, which now is a minimum.

In any case, it is possible to arrange the external field frequency €2 so that the right hand
side of (4.64) has a clearly positive or negative sign. The critical value for this is Q., = % £(0),

where
A (47 + X)

2+ X161, —1) . 4.
(4_)\w2)+)\+8 + A (161 — 1) (4.66)

f(O) = 2

If £(0) is a maximum, we need to have € > ()., in order to obtain a periodic type of behaviour.
Alternatively, if f(0) is a minimum, the condition 2 < €2, leads to an exponential type behavior.

This simple analysis shows that the reaction of a time periodic Maxwell perturbation to
the presence of a time-crystal strongly depends on the relations between the frequency of the

Maxwell perturbation and the parameters characterizing the time-crystal.

Let us conclude with an important remark. In this chapter, we found a suitable choice of
variables that enables us to decouple the field equations partially. It is worth noticing that it
can be successfully extended to analyze the gravitating Abelian-Higgs model [78]. Here, the
strategy is the same, but now the decouple is between the Maxwell field from the Einstein field
equations by demanding

A AP = VAP = A,V =0, (4.67)
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with ¢ being the scalar field. With this requirement, three exact solutions characterized by a
non-vanishing superconducting current were studied: pp-waves, AdS waves, and Kundt spaces
for which both the Maxwell field and the gradient of the phase of the scalar are aligned with
the null direction defining these spaces. One of the most interesting case was the Kundt family.
Here, the geometry of the two-dimensional surfaces orthogonal to the superconducting current
is determined by the solutions of the two-dimensional Liouville equation, and in consequence,
these surfaces are of constant curvature, as it occurs in a vacuum. The solution to the Liouville
equation also acts as a potential for the Maxwell field, which we integrate into a closed-form.
Using these results, we show that the combined effects of the gravitational and scalar interactions
can confine the electromagnetic field within a bounded region in the surfaces transverse to the

current.
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Chapter 5

Conclusion of Part 1

In this first part of this thesis, we began by reviewing the main properties of the Skyrme model,
particularly how it can be thought of as an approximate, low-energy effective field theory for
QCD. Then, we stress the task of finding solutions to the Skyrme field equations by considering
suitable ansatz for the Skyrme field. The background chapter concluded with a generalization

of the hedgehog ansatz, which helped develop the next chapter.

In the second chapter by using the generalized hedgehog approach we constructed the first
analytic and topologically non-trivial solutions of the U(1) gauged Skyrme model in (3 + 1)-
dimensional flat space-times at finite volume. There are two types of gauged solitons. Firstly,
gauged Skyrmions living within a finite volume appear as the natural generalization of the usual
Skyrmions living within a finite volume. The second type of gauged solitons corresponds to
gauged time-crystals. These are smooth solutions of the U(1) gauged Skyrme model whose peri-
odic time-dependence is protected by a topological conservation law. Interestingly enough, elec-
tromagnetic duality can be extended to include these two types of solitons. Gauged Skyrmions
manifest very interesting similarities with superconductors while gauged time-crystals with dual

superconductors.
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Due to the relations of the Skyrme model with low energy limit of QCD, the present results
can be useful in many situations in which the back reaction of baryons on Maxwell field (and
viceversa) cannot be neglected (this is especially true in plasma physics and astrophysics).

It is a very interesting issue to understand the relevance of the present results in Yang-
Mills theory. From the technical point of view, the tools which allowed the construction of the
present gauged configurations have been extended to the Yang-Mills case as well (see [79-81]
and references therein). Thus, it is natural to wonder whether time-crystal can be defined in
these theories. The present analysis suggests that this construction could shed some light on

the dual superconductor picture.
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Chapter 6

Introduction to Part 11

6.1 Symmetries in Physics

As we observe the world around us, we see patterns and symmetrical combinations in the ob-
jects of nature. For instance, the crystals found in rocks exhibit unique symmetry patterns,
which often allows us to reveal the structure of solids. The study of symmetry for objects spans
hundreds of years; for example, the Greeks and others civilizations were intrigued by the sym-
metries in things and believed that these would be mirrored in the structure of nature. However,
our perspective of analyzing symmetry had a twist. More than studying the well-proportioned

objects, we care more about the symmetry of the fundamental laws of nature themselves.

In Physics, before Einstein’s advance in 1905, the people thought of symmetry as a conse-
quence of the dynamical laws of a physical system. By analyzing Maxwell’s equations, Einstein
changed the attitude to deal with symmetry by considering it a main feature of nature that
constrains the dynamical laws. The invariance under Lorentz and gauge transformations of
Electromagnetism were not derived from Maxwell’s equations but were consequences of a sym-

metry principle. Fascinated with the geometry of space and time, Einstein thought of the
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“principle of equivalence” as a geometrization of symmetry which allowed him to understand
the dynamics of gravity. Ten years later, it culminated in his famous General Relativity theory

of gravitation.

With the progress in physics, symmetry principles have played an important role on the
understanding and structure of the fundamental laws of nature. The simple fact of being able
to carry out an experiment in different places at different times is a consequence of space-time
translations.

We now know that symmetry principles constraint the form of the fundamental laws of nature.
It can be understood already in the classical description of a mechanical system in the follow-
ing way. For example, let us describe the position of a point particle in space by a dynamical
variable Z(t). The actual motion of the particle from #(t1) to #(t2) happens when the local
functional—the action—S[Z(¢)] is extremal. This is known as a principle of least action and the
classical equations of motion for %(t) follow from this principle.

One says that there is a symmetry in the classical system when on the dynamical variable ;Z:'(t)
we act with a transformation, ;B:'(t) — R[%(t)], that leaves the action unchanged. If the classical
equations of motion are also unchanged under that transformation, and R produces a symmetry
of the action, then, R[%(t)] is also an extremum. Therefore, the symmetry can then be used to
derive new solutions. This classic example reaffirms the fact that symmetry can constrain the

form of the equations of motion.
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Probably, the main consequence of sym-
metry in physics is the existence of conser-
vation laws. It can already be noted in
the conservation of energy and momentum
in Newton’s law of mechanics due to time

and spatial translation invariance, respec-

tively. The connection between every global

Figure 6.1: Emmy Noether [1882-1935]. continuous symmetry—set of parameters var-

ied continuously—and conservation laws was

fully understood by Emmy Noether in 1918 [82]. In this paper, Noether proved two different

theorems. The first theorem deals with symmetries generated by finite Lie groups and states

that those global symmetries lead to conserved charges. It is important to emphasize that the

transformations must be generated by continuous transformations. Discrete symmetries do not
lead to conserved quantities.

The second theorem applies for infinite dimensional Lie groups and show that gauge symmetries

containing arbitrary functions of space-time lead to (off-shell) relations among the equations of

motion, the so-called Noether identities.

6.2 Gauge symmetries and trivial currents

Usually, the symmetries appearing in physics correspond to global symmetries.! They are for-
mulated in terms of physical events; namely, after a symmetry transformation, we find a new
physical situation, but all the observations are unchanged under that transformation. For ex-

ample, spatial translations on a laboratory translate either the observer and the apparatus, but

n terms of the Lagrangian approach, those that preserve the Lagrangian up to a boundary term.
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observations will remain undisturbed. However, for gauge symmetries, the situation is different.
Gauge symmetries or local symmetries are by definition a transformation in fields parametrized
by one or more arbitrary functions of space-time. The main difference with global symmetries
is that gauge symmetries only change the description of the same physical situation but do not
lead to a different physical situation.

Despite its character, gauge theories have assumed a central role in describing fundamental theo-
ries of nature. The first time that gauge symmetry appeared was in Maxwell’s electrodynamics.
In this theory the observable fields E(t,7) and B(t,) could be written in terms of a vector
potential A to simplify the equations. In this description one can notice that there exists a
transformation—gauge transformation— A — A + 6X(l’) that remains unchanged the values of
E and B.

From Noether’s point of view, a natural question that follows from here is: Is there any connec-
tion between charges and global symmetries in the case of gauge theories? To understand this
point, let us be more precise in certain concepts. A gauge theory is a Lagrangian theory such
that Euler-Lagrange equations of motion admit non-trivial Noether identities and that admits
non-trivial gauge transformations. If gauge transformations vanish on-shell, we would call them
trivial gauge transformations.

Now, returning to the question previously posed, we find certain issues and ambiguities when
first Noether theorem applies for gauge symmetries. The reason is that the would-be Noether
current is trivially conserved, i.e. it is conserved without requiring the equations of motion
(without the on-shell condition). As we will show, this is in fact a consequence of the second
Noether theorem. Then, the would-be Noether charge is ambiguous as it has the arbitrary gauge
parameter on it. To stress this point, let us put in action the First Noether Theorem for the
gauge symmetry of pure Maxwell’s electrodynamics theory:

In differential form language, Maxwell’s electrodynamics theory is described by the Lagrangian

is L|A] = F x F, where the two-form field strength is the exterior derivative of the one-form
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connection, F = dA, and « is the Hodge operator?. The theory has a U(1) gauge symmetry
on the dynamical field A — A’ = A + dA, with the infinitesimal version 6yA = —d\, with ),
a space-time function, corresponding to an infinitesimal parameter of A &~ 1 + \. The general

variation of the Lagrangian is given by

SL = —2(d*F)6A + 2d(5A + F). (6.1)

If we now restrict this general variation to an infinitesimal gauge symmetry, say § — §y, such

that 6\L = 0, then the variation (6.1) reduces, off-shell, to

0=2(d*F)d\ — 2d(d\«F) = —2d((d« F)A + dA « F) , (6.2)

where in the second equality we used —2d(d x F)\ = 0 because d> = 0. We may be tempted to

interpret the previous equation as a conservation law, say dJ, = 0, for the current

Jy=—2d*F)IXN—2dA+F = —2d(A+F), (6.3)

however, the second equality tells us that the current is trivially conserved, even without im-
posing the equation of motion. In the differential form parlance, a current built from a gauge
symmetry is always (locally) an exact form and, therefore, a closed-form. This is another form
of the old Second Noether Theorem. Therefore, the would-be Noether current J is trivial and
thus is physically meaningless to define a charge with it. In fact (6.2) is an off-shell identity by
virtue of the Noether identity Ny = —2d(d*F)A = 0 which here, in the case of electromagnetism
written in differential forms language, is a mere consequence of d> = 0 and not of whether the
on-shell condition holds. This analysis is in agreement with the expected well-known result that

gauge symmetries do not produce charges.

2 All the operators and conventions are detailed in Appendix A.6 and 1.
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Now, a subset of gauge symmetries in special cases may become global symmetries: the

so-called exact symmetries. They are the non-trivial subset of gauge transformations generated
by €, for which §:® = 0, with ® a generic solution to the field equations of a gauge theory. This
type of symmetries do not move us in the solution space. If we consider diffeomorphisms, the
exact symmetries are the isometries of space-time which are generated by Killing vector fields.
In the presence of gauge fields, the exact symmetries are not limited to Killing vectors, and there
could be a subset of internal gauge transformation which does not change a given solution.
In the case of pure electromagnetism this stands for solving §yA = —d\ = 0 which has the
solution (the global part of the U(1) gauge transformations) A\ = \g = cte.> The previous
analysis will still not change its triviality because it was wholly general, and this is just a
particular choice of A. This is important to stress because a naive use of J), as defined before
will produce here the right formula for the electric charge. However, the logic is misleading, and
that mistake will hit back in other gauge theories.

To get a sensitive charge from the exact symmetry in gauge theories, ), A = 0, we should

not follow Noether’s approach but use another strategy.

6.3 Charges in General Relativity

Like in Electromagnetism, a similar situation happens in gravitational physics, mainly in Gen-
eral Relativity (GR). From the early days of GR, many proposals for computing conserved
charges associated with exact isometries of space-time, Killing vector fields, have been consid-
ered. The first covariant formula for conserved charges associated with Killing vectors was given

by A. Komar [83], which was followed by a Hamiltonian formulation by Arnowitt, Deser, and

3 Just for electromagnetism this solution does not depend on the fields and thus the rest of the analysis is
quite general. In the case of general relativity the analogous equation is the Killing equation which is a property
of certain symmetric space-time, or for the case of Yang-Mills theory 6y A% = —daA® = 0 also depends on the
fields. Therefore, there is no a general solution.
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Misner (ADM) in [84] by defining charges associated with symmetries of asymptotic flat space
on constant time slices. Also it is worth mentioning papers by Bondi, van der Burg, Metzner,
and Sachs, in the same asymptotic context, but now in asymptotic flat isometries at null infin-
ity [85,86]. Of course, there have also been different approaches in computing charges in gravity.
The most popular are, by name of authors, Abbott-Deser-Tekin [87,88], Regge-Teitelboim [89],
Lee-Wald [90], Iyer-Wald [91], Barnich-Brandt [92, 93], and Torre-Anderson [94, 95] method.
Their developments were sometimes independent and cross inseminated. Nevertheless, all of
them have common features. One is their relying, directly or indirectly, on the structure of the
phase space, more specifically on the symplectic structure. Another common feature is that in
all of them the obtained charges are expressed as closed surface integrals (or (D — 2)-surface
integrals for D-dimensional space-times). The equivalence and connection among some of them
have been established in the literature.* However, a systematic study of their connection is still
missing. Although these methods have many advantages in their ease of working, they have
their shortcomings. For example, they are not covariant enough or crucially depend on the form

of Einstein-Hilbert action or the asymptotic behavior of fields.

The study of the computation of charges in Lagrangian gauge theories constitutes the core
of the second part of this thesis. With this context in mind, the present thesis is a first step
to explore, from a different perspective, the study of physical and gauge symmetries of the
symplectic structure when boundary conditions are imposed. To do so, we focus on “surface
charges” as the principal quantity that encodes the physical information related to symmetries
in the context of gauge theories.

One may ask for a “covariant” Hamiltonian formulation of generally invariant theories. A key

object in this formulation is the construction of covariant phase space and its symplectic struc-

4See for instance a recent review about the equivalence among the Iyer-Wald and Barnich-Brandt procedure
[96]. Analogously, in [97] was shown that the of-shell Abbot-Deser-Tekin formalism is related to the Iyer-Wald
and Barnich-Brandt-Compere formalism.

59



ture. We follow in general terms the Lee-Wald symplectic method [90] but being well aware
about the close equivalent Barnich-Brandt symplectic method [93], and also, being well aware
that the method differs from the original Noether proposal. One main difference of the approach
presented here is the emphasis on the quasi-local nature, explicit coordinate independence, and
gauge invariance of the formulas for charges (but of course, they might be used at space-time

® To achieve clarity our terminology and notation slightly differ from

asymptotic regions too).
the original Lee-Wald treatment but the core logic is the same. For a complementary approach

see the lecture [98].

The procedure to compute charges for a given solution within a gauge theory can be ordered
in five simple steps 1) Identify the fields infinitesimal gauge transformations, 2) Obtain the gen-
eral surface charge density formula for the theory, 3) Identify the parameters solving the exact
symmetry condition (e.g. generalized Killing equation), 4) Compute the surface charge integral
with those parameters (to get a differential charge), and 5) Integrate the differential charge on
phase space. The present part of the thesis extensively explores these steps for different gravity

theories coupled to matter fields by considering three families of solutions of the field equations.

This part of this thesis is organized as follows. In Chapter 7 we make a brief review on
symplectic mechanics, the covariant phase space method and its connection with the surface
charges. In Section 7.2 we explicitly derive surface charges for a general gauge theory. In
Sections 7.4 and 7.5 we progressively establish the explicit formulae for the surface charges for
the theory of gravity in the presence of cosmological constant, gravity coupled to Maxwell and

Skyrme fields, and spinors. In Subsection 7.5.3 we show that boundary terms in the Lagrangian

°It is worth to note here that the quasi-local treatment for the charge conservation ensures, given a space-time
with exact symmetries, the independence of the radius. This contrast with some asymptotic approaches where
r — 00 is required to get rid of terms appearing on the specific computation of charge formula even if the solution
is everywhere specified, e.g. a black hole solution.
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have no effects on surface charges. In Subsection 7.5.5 it is demonstrated that torsion, for two
particular examples, disappears from the formulas. Finally, in Section 8 we perform a test of
the reliability of the formalism by recovering the standard first law of black hole mechanics in a

quasi-local way.

61



Chapter 7

Surface Charges in Gauge Theories

It is well-known for theoretical gravitational physicists that Noether’s theorem does not work
correctly in gauge theories [93,95,99]. This latter is borne out by the fact that the would be-
Noether current is conserved without requiring the equations of motion of the theory, i.e. a
trivial conservation law. As an alternative to overcome this problem, this chapter shows explicit
derivations of charges through the so-called surface charge method with focus on GR coupled to
matter fields. To get a better understanding of the mathematical background on phase space,

we first show the main ingredients for the formulation of the covariant phase space.

7.1 Brief review of phase space

A symplectic manifold (usually referred as phase space) is a manifold M which is equipped with
a two-form €2, called symplectic form. Because the symplectic form 2 has degeneracy directions,
the manifold M considered here is already the reduced symplectic phase space, namely without

those redundancy directions. See an exhaustive analysis in gauge theories in [102].!

"We use the BLACKBOARD BOLD notation to refer to the phase space M and then avoiding confusion with
space-time M.
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If the manifold M is parametrized by the coordinates X, inducing basis for the cotangent

space of the manifold as §X*, then Q = Q,50X* A d X7, has the following properties:
® Qup=—C0ga.
e 00 =0.
e QL VP=0«<=VF=0,

where V4 is a vector in the tangent space of the manifold. We use CAPITAL letters coordinates
in phase space X, with A, B =1,...,2N where N are the degrees of freedom of the theory, and
d (instead of d) to denote the exterior derivative in phase space. In particular, in the canonical
formalism one chooses a Darboux chart by introducing introducing momenta p; and coordinates

q',i=1,..., N, in which the symplectic structures takes the form

Q = dp; Adog'. (7.1)

However, it is convenient to combine the set {p;, ¢’} in a variable, which we denote X“. Here
Xt =QUp; fori < N and Q' = ¢ for i > N. The symplectic structure © can be thought
as a two-form in phase space with the antisymmetric components 2,5 being a 2N x 2N matrix

with non-zero elements €; ;4 v = —Qi4n,; = 1.

The first condition tells us simply that the symplectic structure is anti-symmetric. The sec-
ond condition is read as € is closed, and the third one as {2 is non-degenerate. Due to this last
condition, € is invertible and one can define its inverse Q42 = (271),5. In phase space, the

matrices Q45 and Q4% are responsible for lowering and raising the indices, respectively.

By considering a differentiable function f = f(X*) on the phase space, it is possible to

associate a vector field to it as
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Vi=6f=0,f0X", (7.2)

where 0, = 9/0X*. In reverse, given a vector field V4(X?), it is also possible to associate a

function Hy (usually called Hamiltonian generator) to it such that
6HV - V - QAB(SXAVB 3 (73)

in which §H,, = 0,H,6X*. The set of conditions for the existence of Hy are called integrability
conditions. If V is not integrable, we should use the notation § instead of §, namely V = §H,.
In other words, there is no any function H, such that its exterior derivative on all phase space

would be equal to V.

With this formalism, the Poisson bracket of two functions f and g is defined as

{f.g9} = QAB(Vf)A(V:q)B =, (Vf)BaBg = gvfga (7.4)

where .%,, denotes the Lie derivative in direction V on the phase space.? By anti-symmetry on

Q, the Eq. (7.4) is also equal to =%, f.
Example 1: One-dimensional motion of a particle.
The simplest example to apply this approach is the one-dimensional motion of a particle,

with position ¢ and momentum p. In our notation, 4,7,... = 1, then A4, B,... = 1,2, and by

setting X' = g and X2 = p, we have

2Remember that the Lie derivative, exterior derivative, interior product, etc are defined independent of the
metric, therefore they apply in the phase space in the usual manner.
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0 1
Qup = L o s {Q7p} =1, {q7Q} = {pap} =0. (75)

The basis for the tangent and cotangent spaces are Oxa and 6.X*, respectively. They are related
to the matrix Q given in (7.5) as Oxa = Q450 X?”, for instance in this case we have 9; = Jp.
Notice that it is also possible to read the symplectic two-form from the surface term in the
variation of the Lagrangian. For this example, the dynamics of this particle is described by the
Lagrangian functional £ = L(q, ¢), whose general variation is given by
oL oL d
L=|———-0| =) ) dqg+ —(piq). 7.6
<8q t(aq.>> ¢+ - (pda) (7.6)
A second variation of the on-shell action will then becomes d(dp A d¢)/dt which is nothing but

the time derivative of the symplectic structure two-form computed over the tangent space of the

phase space parametrized by dp and dq. From here, we get
Q=48(pAdg)=dpAdq, (7.7)

where in the second equality we used the nilpotency of the operator §. In particular, we can

choose the function f to be the momentum or Hamiltonian H. Then,

f=p — Vp =dp =0y, (7.8)

OH oH

where we used the Hamiltonian equations of motion. These relations correspond to the well-
known results “momentum is generator of translations in space” and “Hamiltonian is generator
of translations in time”. While momentum or Hamiltonian are generators of evolution in spatial

and time, respectively, any symmetry direction of the symplectic form is produced by a generator.
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The symplectic structure 2 leads to the notion of symplectic symmetries over the phase

space. A vector V is called a symplectic symmetry over the phase space if

L=V -dQ+d(V-Q) =d(V-Q) =0. (7.10)

By using the Poincaré’s lemma on the one form V - 2, which says that it can be written locally
as an exact form, we find?

V-Q=dHy, (7.11)

or in index notation Q,5V? = d,H,. Multiplying this by the inverse Q“* we find

VA =5 QABaBHV . (7.12)

Therefore, H, is the generator of evolution along the symmetry vector field V' through the
Poisson bracket. It is worth noticing that symplectic symmetries form an algebra through the
Lie bracket. Let us assume V, W are two symplectic symmetries, .2, = 0 = £, Q). Then, the

Lie bracket [V, W] = £, W is also a symplectic symmetry, explicitly

Example 2: Free Scalar Field in Two-Dimensional Space-Time.

Let us consider a massive scalar field ®(¢, z) with mass m living in a two-dimensional space-
time M endowed with the Minkowski metric n = diag(—1,1). We will choose a particular

foliation with time-like hyper-surfaces ;. The action is given by

3If v is a p-form which can be written in terms of a (p — 1)-form 3 as da = 3, we say that « is an ezact form.
If now the p-form a fulfills dax = 0, we say that a is a closed form.
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1
S[®] = /ML[fb,@(I)]dtdx o L[@,00] = (0,20"® — m*@?) | (7.14)
where M = [t;,t5] x V, with V a spatial region. Varying this action for t; <t < ty, we get

5 = / dtdz (9,090 — m*®5®) |
M

= / dz(0°®5d) — / dtdz(0,0"® + m?*®)5P . (7.15)
oM M

By boundary conditions, the surface term at the spatial boundary vanishes, and the remaining

surface terms specify the canonical one-form in phase space

o) = . dzd®(t, 2)0®(t, ), (7.16)

whose variational exterior derivative gives the canonical two-form symplectic structure

Q(t) = //E dz6dd(t, x) A 6®(t, ), (7.17)

= // drdz's(z — 2')00°®(t, z) A 6D (t,2) . (7.18)
P

The only non-vanishing momentum p* is p® = 9°®. This is the usual conjugate variable com-

puted as IT = §L/6(9g®). Thus, Q,ps(x,2’) and its inverse (Q71) 45(z,2") are given by

0, — 0 5(x — q:/) | (Q—l)AB(x7 w/) _ 0 —5(.@ — 1'/) | (7'19)
—0(x —a’) 0 Oz —a’) 0

so that the Poisson brackets become

{®(t,z), p'(t,2")} = *5(x — 2), {®(t,x), (t,2')} = {p"(t,x), p"(t,2")} =0. (7.20)
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It is worth mentioning that choosing this specific foliation (time foliation) breaks the theory’s
covariance. To have a covariant phase space, we should proceed differently. This result gives
rise to the covariant phase space method which is a covariant way of defining phase space and

symplectic structure for field theories and gauge theories.

7.2 Derivation of Surfaces Charges

7.2.1 Covariant Phase Space

In this section, we provide a brief introduction to the covariant phase space method (CPSM).
The CPSM provides a systematic way of calculating variations of conserved charges in generic
theories with local gauge symmetries, in particular generally covariant theories. This method
was primarily developed in the papers of Iyer, Lee and Wald [90,91] (see also Crnkovic and Wit-
ten [100]). In this approach, the invariant symplectic form € is derived from the action. However,
there exists an alternative way of formulating the CPSM, developed by Barnich, Brandt and
Compere, based on equations of motion instead of the action [93,101]. We will see that for exact

symmetries, these two formalisms become equivalent.

This section discusses a less appreciated application of the CPSM for computing the con-
served charges associated with exact symmetries. First, we introduce the Lee-Wald symplectic
structure, which provides a covariantly way of building a manifold equipped with a covariant
symplectic two-form [90]. Then, by evaluating the symplectic structure on exact symmetries, we
derive a lower degree conservation law that allows us to define the so-called surface charges. We
will carry out this derivation in parallel both at geometric language as differential form language.
To highlight the difference, we will use BOLD letters for differential forms and ordinary letters
for geometric language (see also Appendix A.6 and 1 for conventions).

Let us start with a Lagrangian theory in a D-dimensional space-time M
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S[@]:/MHdeL[i’,@H@, e [S[®] = /ML[@a@, L (121

where L[®,0,®,...] = Ld"x is the diffeomorphism-invariant Lagrangian depending on the col-
lection of dynamical field configuration ®(x) and its first derivatives, with ® = ®'.* A field
configuration ®(z) in the space-time M corresponds to a point in the phase space M, to say ®.
Those field configurations satisfying the equations of motion of the theory form a sub-space in

the phase space denoted by M.

An arbitrary variation of the Lagrangian is given by
L = E[®]6® + 0,0H[D, 0], 0L = E[D]6® + dO[P,6D]] , (7.22)

where E[®] are the equations of motion of the Lagrangian theory and they locally depend on the
dynamical fields and their derivatives, while @[®, 9] locally depends on the dynamical fields @,
their variations d® and derivatives. The letter d stands for exterior derivative in space-time. In
agreement with the previous section, an infinitesimal field perturbation ®(z) over a configura-

tion ®(x) then corresponds to a vector tangent to the phase space at ®. We denote this vector

by 6®°.

By excluding theories with higher derivatives in the fields, the boundary term ©®[®,§®P] is
linear in the variations 6®, therefore is a one-form in phase space. But, it is a (D — 1)—form in
space-time and is called the symplectic potential form. It suffers from two types of ambiguities:

The first ambiguity arises from adding an exact D—form to the Lagrangian top—form, namely

4«7 qn L[®] means for higher derivatives of the fields. We neglect theories with higher derivatives in the

dynamical fields.
SFollowing the terminology of the previous section, we should write [§®]* instead of §®. However, for clarity
in the notation we follow the latter.
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L[®,08] — L[®,0P] + 8, A*[2], [L[®, 93] — L[®, 9] + dA[®]], (7.23)

which shifts the symplectic potential form by an exact form

OH[®, 6B] — OF[®, 58] + SAM[P], [©[®, 58] — O[®, 5d] + SA[®]]. (7.24)

The second ambiguity arises from adding an exact (D — 1)—form to ©® as follows

O [B, 5B] — OM[D, 5] — 8,Y[D, 69, [©[®, 60] — O, 5d] — dY[®,5®]], (7.25)

where Y'[®,09] is a (D — 2)—form space-time. As we will show in a moment, these freedoms of
defining ® may cease to exist for exact symmetries. We will return to this point later.
The Lagrangian has a symmetry if for certain infinitesimal variations over the configuration

space it becomes at most an exact form

5L = 8, M, 6.L = dM.] (7.26)

where € are the collection of parameters that generate the infinitesimal symmetry, and denote
the infinitesimal transformation generated over any quantity, in particular acting over the fields
as .. Here M. is a (D — 1)—form in space-time. Comparing this last result with (7.22), we

have

0, M! = E[®]5.D + 0,0/[0,6.0],  [dM, = E[®]5.D + dO[®,5.]] . (7.27)

Now, let us consider that the transformations 6.® are linear in the symmetry parameters e.
This allows to remove the derivatives over all symmetry parameters by integrating by parts and

formally decompose
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E[®]6.® = 8,5" — N.,  [E[®]5.® =dS.— N, (7.28)

such that in the quantity IN. the symmetry parameters appear only as factors. Using the new

expression for E[®]J.P we get

0, (OM[®,6.0] — MF + S*)=N,.,  [d(O[®,6.8] — M.+ S.) = N . (7.29)

Restricting to gauge symmetries, the very structure of the last expression implies

Il
o

N. (7.30)

These are called Noether identities and there is one of them for each independent gauge param-
eter. Notice that these identities are satisfied off-shell (see, for instance, Section 7.4.1 for the
derivation of these identities in Einstein-Hilbert theory). They also are the usual constraints due
to the redundancy of using gauge variables to deal with the theory and why the First Noether
theorem does not apply appropriately for non-trivial gauge symmetries.® Considering this latter,
it is natural to define the form

JH = OM[®,5.0] — MF+ 5", [J.=0O.®,6:] — M.+ S , (7.32)

€

such that by virtue of the Noether identities (7.30) satisfies

Bt =0, [dJ. = 0], (7.33)

A gauge transformation of the form 6.®' = €(i71§5/5®7 leaves the action S[®] invariant, but no matter what
€ are, namely
5Dt 507
In Hamiltonian formalism, these gauge symmetries vanish when the equations of motion hold (so called- “on-shell
condition”) because they are not generated by a constraint. This type of transformation are named trivial-gauge
transformations [102].

5S[@'] =

=0. (7.31)
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which is identically conserved, i.e. even without the use of the equations of motion. Notice also
that although . is a gauge symmetry, the current defined above has an off-shell conservation
law. In this sense, one says that J. is trivially conserved. When the equations of motion are
used, J. becomes the sometimes called Noether current J. ~ &, — M, which due to the pre-

vious analysis is also trivially conserved.

At this stage, we can evoke the Poincaré’s lemma for the conservation law of the current J,

i.e. it says that locally exist a co-dimension two-form ée such that
JE = 8,Q" [J€ — dQE} , (7.34)

where Q, is a (D — 2)-form in space-time called the Noether-Wald potential. We observe that

QE suffers from an ambiguity since is defined up to a closed co-dimension two-form.

Because of this trivial conservation, charges should not be defined using J.. A natural al-
ternative is to consider lower-degree conservation laws [93-95] (all of these approaches can be
thought as a generalization of Noether’s theory of conserved currents to differential forms of any

degree).

Now, let us return to our previous discussion. To go further let us assume that e contains
diffeomorphisms. More precisely, suppose the collection of gauge parameters can be split as
e = (&, \), such that

0@ = 0¢P + 0,P, (7.35)

where £ is a vector field generating infinitesimal diffeomorphisms and §y denotes the rest of the
infinitesimal gauge symmetry transformations.

In order to define charges for gauge theories one has to rely on the symplectic structures of the
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theory. A way to define the symplectic structure current is [90]
QH[D, 51D, 62P] = 0107[D, 62P] — 520D, 0, D] — OH[ D, [d1, 02] D] | . (7.36)

The last term ensures linearity on the variations, and where §; and §o are, for the moment, two
arbitrary variations. Note that QF[®, §; P, Jo®P| is a double variation in the phase space and a
(D — 1)-form in space-time. The double variation can also be understood as a two-form in the
phase space.

Now, let us consider the arbitrary (off-shell) variation of the current J in (7.32), we get
I = §OM[®, 5.8] — SMF + 6S* = 8,0QM ,  |6J, = d(aée)} . (7.37)
From here, we find
SOH[D, 5.B] = SMF — 65" + 8,6QM [0©[®,0.0] = 6M, — 5. + déQ,.].  (7.38)

Evaluating the symplectic current (7.36) on the gauge symmetry, do — . and d; — J, one

obtains

Q" [6®,5.D] = —6.OM[D, §D] — OF[D, [0, 6] + SMH — 5S* + 8,0Q . (7.39)

We will also assume that the Lagrangian theory is left invariant under transformations generated
by A, namely 5yL = 0.7 As a top form in the space-time manifold, the Lagrangian satisfies
6L = 6¢L = %L = d(icL), then, M¥ = ¢"L. Here and in the following we assume 6§ = 0.
Then, the Eq. (7.37) yields

51 = 6OM[D, 5.B] — EMSL + 65" = 8,0Q1 [5.15 - d(aée)} . (7.40)

"Notice that if A is a gauge symmetry parameter for a Chern-Simons theory, this assumption is not longer
valid [103,104].
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With this assumption, the symplectic current (7.39) takes the form®

V[5D,0.8] = 0O1[®,5:D] — 5.0, 60],
= H(ESD + 0,0"[d,50]) — 65" + 9,6QM — 20, (g[V@Ml [®, 5@]) 19,0V [®, 6],

— PESD - §SP 10, (5@5” +2¢lrevo, 5@]) , (7.42)

in second line we replaced 0OH[®, 6P| from Eq. (7.40), we expressed the variation of the La-
grangian 0L, and we used the Lie derivative of the tensor density © as 6:0# = Z;0F =
20, (s eH) + ¢10,0".

To be consistent, with differential forms we have

Q[6®,6:0] = 0O[®, D] — 0:0[®, D],
= i¢ (E6D + dO[®, 6D]) — 0S¢ + d(6Q;) — d(ic®[®, 5 P]) — ig(dO[, 5D]),

= i¢B§® — 08, +d (5@6 —i®[d, 5@]) . (7.43)

In the next section, we will implement a set of conditions on the Lee-Wald symplectic structure

(7.42) to find the desired lower degree conservation law we are looking for.

7.2.2 Surface Charges

Let us consider a field configuration ® satisfying the equations of motion

8In the following, we are assuming that variations commute, i.e. [§,5¢]® = 0 and, therefore, ®(®, [, 5¢]®]) = 0.
This is true if £ is assumed to be fix on the phase space as we do here. But if besides £ the theory has more gauge
symmetry parameters involved, e.g. a collection € = (£, A%, \*,...), then the term ©(®, [§,5.]®) can always be
decomposed as (in analogy to Eq. (7.28))

O[2, [6,0c]®] = dBsc + Cse (7.41)

where Cs. collects all terms linear in the variation of the symmetry parameter and it vanishes on-shell, Cs. = 0.
The term Bs. will affect the surface charge density as far as some of the symmetry parameter could be field
dependent, de = (8€, 00, 6)%,...) # 0, still with ¢ = 0.

74



E[®]=0. (7.44)

Given @, it is also possible to study perturbations around that exact solution at linear order.
These kind of perturbations are called linearized equations of motion, and are found at first

order expansion of the equations of motion as

SE[®] =0. (7.45)

For example, for the Einstein-Hilbert theory in vacuum, the equations of motion are given by

G, = 0. Here the dynamical field is the metric g,,,. The linearized equations of motion are given

as G o™ = 3Gy |g d9gap = 0. We can think 0Gur | a5 a differential operator built from the

59(1,8 69:1,8 |g

background metric g which acts linearly on g, . See Section 7.4.1 for the explicit form of G,(j;f o),

Therefore, when the equations of motion and linearized equations of motion are satisfied,

the symplectic structure (7.42) takes the form

OB, 58,6.8] ~ 8, (5@5“+2§[“@’4[<§,5<§]> : [n[&),aé,@] ~ d(éQE —ig@)[@,é@])] .
(7.46)
Remember that ~ denotes the on-shell condition. The final step consists in defining, up to a

total derivative, the surface charge density
kM [, 60) = 6QM + 2¢0V[D, 69, k [®,00] = 6Q, — i:O[, 6] | . (7.47)

In the special case of an exact symmetry, i.e. specific € function satisfying §.® = 0, it turns out

that the surface charge density is conserved on-shell
Oukt” =0, [dke ~ 0] . (7.48)

75



The exactness condition of the surface charge density guarantees that the value of its integration
on a closed surface is independent of the choice of the surface. By integrating it over any closed
surface S (e.g. a (D — 2)-dimensional sphere), one obtains the surface charge

_ 1 -
— 1224 as . ap
$Q [P, 5P] 2D )l ék Ewas..apdT®® A Adx ygke[cb,écb], (7.49)

naturally on both languages one obtains the same value for the surface charge. Note that this
quantity is a differential or one-form on the phase space. The symbol § emphasizes that the
surface charge is not necessarily an exact differential on the phase space of the solutions. In
other words the function Q. may not exists. A sufficient condition for the integrability of the
surface charge to become a finite charge is ¢ (515 k:e) = 0. If the condition holds, then, after an
integration on the phase space it is possible to Sbtain the finite surface charge Q..

It is worth to emphasize that this quantity is a charge because it is conserved only because the

exactness of the symmetry guarantee the conservation law (7.48).

Properties of Surfaces Charges:

1. The surface charge density exhibits linearity in the vector field generating diffeomorphism

and in all the gauge parameters, i.e
alkel + 04214362 = ka1€1+a2€2 , (750)

where a and «g are arbitrary functions defined on the phase space. Thus, if k., and k.,
are closed forms for exact symmetries generated by e; and eg, then ke, = Kkaje;+age, 18
also a closed form for the exact symmetry generated by e3 with the precise identification
€3 = «1€1 + agea. This linearity property of surface charges will be exploited in the

examples of Section 8.
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2. The charges have to be finite. Usually, in the literature it is common to carry out an
expansion, say in r, in the symmetry parameters or make the integration “close to infinity”,
r — 00, on the (D — 2)-surface 0S. For both scenarios one could find divergences in the
charges. However, in the case of exact solutions and exact symmetries thereof, the theory
of charges developed above does not depend on asymptotic properties of the fields near

some boundary.

3. The charges have to be integrable. In some situations, the function @z such that its
variation on the phase space satisfies 6Qs = §Q¢ may not exist. A sufficient condition for

its existence is

§ (4Qz) =0, (7.51)

or

&%m@@@-@%m@m@:m (7.52)
S S

for all 0;®,7 = 1,2. This is the condition of integrability for the surface charge to become
integrable and therefore finite. In this context, it is worth mentioning that in the context
of asymptotic symmetries, integrability implies that charges form a representation of the

asymptotic symmetry algebra, up to a central extension [101].

4. The charges have to be conserved in time. This corresponds to the particular and usual
case when one performs the integration of k£ on a space-like (D — 2)-dimensional surface

0S. Note that no mention on the asymptotic regions is realized.
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7.3 Equivalence between Lee-Wald and Barnich-Brandt proce-

dures for exact symmetries

To make contact with other approaches, in this section we introduce a different definition for
surface charges used in [101], and further import the comparison with the prescription presented
in the previous section. We elaborate this section in differential forms language. The key of
this different definition is the direct use of the quantity S introduced in (7.28). Namely, the
particular equations of motion combined with the gauge parameters that result from the use of
Noether identities. In other words, the only term appearing in the trivially conserved current,
J.=0[d,§.P] —ELL + S, that does not depend directly of the Lagrangian boundary term. In

this approach, the surface charge integrand is expressed as [101]

T o | (7.53)

where I5¢ is called the homotopy operator (see Appendix A for its conventions and definitions).
The homotopy operator is an efficient way to get a sensible (p — 1)-form from an exact p-form.

In particular, it can be used to select the boundary term in the Lagrangian variation
6L = E6® + d [©'[®,6®] +dY | = E§® + d[IsoL] . (7.54)

With the risk of keeping the discussion rather abstract while brief, we just pick up the properties
that allow us to understand the comparison (see [101] for a detailed definition of the homotopy
operator). The defining property of the homotopy operator is its relation with a variation of

fields in the space of configuration

8 = dlse + Isad, (7.55)
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where d is the exterior derivative. In fact, the homotopy operator provides a prescription to
define a variation on the phase space. Therefore we called it ¢’ to distinguish it from our previous

treatment. Note the analogy with the expression of the space-time Lie derivative (7.129).

Already with this property we can prove

Akl = —I;0dS.+6'S., (7.56)
= —Is4|ES.®] + 'S, (7.57)
= —Is4[E]5.® — (—1)PPE I;4[5.®] + 6'S. (7.58)

where we used the Noether identities E6.® = dS. — N. = dS., and pg is the form degree of E,
i.e. IsoE = (—1)PEE Isp. Therefore, it is shown that k. is closed if the equations of motion,
the linearized equations of motion, and the exactness condition hold, i.e. E = 0, dE = 0,
and 0.9 = 0. These conditions are exactly the ones required for the surface charge integrand
defined in (7.48) to be closed! In the previous calculation we made use of the so-called invariant

pre-symplectic structure density
Q'[5,9D,620] = Is,o(Edy®) . (7.59)
It differs from the pre-symplectic structure density introduced before
Q61D, 62P] = 61O[P, 52P] — 62O[P, §;P] — O[D, [61, 02] D] . (7.60)

Both prescription are in general inequivalent as it is shown in the following.
The boundary term ©[®,dP] has an intrinsic ambiguity that can be selected with the ho-

motopy operator (7.54), we use it to fix the ambiguity of the pre-symplectic structure density
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Q[61®, 5,8] = 8, (Is,0 L) — 6y(Is,0L) . (7.61)

The use of 5’1’2 as defined by (7.55) ensure linearity in the variations, then to introduce the
commutator term is unnecessary. Although we have selected the boundary term, there is still
another intrinsic ambiguity if the Lagrangian is allowed to change by an exact form, L — L+dc,
it is in this sense that this prescription for the symplectic structure density is not invariant. The

comparison of both pre-symplectic structure densities goes as

V612, 6508] = I5,0(Edy®), (7.62)
= Ij,e(0yL — dlssL), (7.63)
= Oplsyel + iIs0L —d (Iyelsyel) | (7.64)
= Q[6,®,6,%] — dE, o, (7.65)

where we used that the homotopy operator satisfies Is, 6, = d415,,° and ELQ = I5D¢,I(52]¢L. Thus,
in the case we have exact symmetries (when 0; or ds is a gauge symmetry), E vanishes and there
is a match in both prescriptions. The Lee-Wald and Barnich-Brandt procedures are equivalent

for exact symmetries.

It is worth to point out the differences in the prescription: k. and Q'[6;®,d2®] depend
directly on the equations of motion and it is insensitive to the intrinsic ambiguities of the
variational principle. On the other hand, k. and Q[d; P, Jo®| can be computed from standard
procedures without introducing the homotopy operator. As a final remark, we note that in
(7.53) we exhibited and explicit formula for the homotopy operator written for a gravity theory

in tetrad-connection variables.

9n this notation, this property is the equivalent of equation [dyv, Idv] = 0 where dy denotes vertical derivatives
in the jet-bundle approach (see A.5 in [101]).

80



Example: We can illustrate this comparison for GR theory defined in (7.69). The (D — 2)-

space-time form E [®, 51D, 62P] for this case is given, in components, by

FHY k olv
By, = 1V —g(519), A (829)7M (7.66)

which taking d; — d¢ and d2 — 6, we get
foHV R k olv
EYy — E"9:69,0¢9] = =5V =9 (Vi + Voel) A (3g)7M, (7.67)

where we have used §gi* = —ghg¥P§ Jap- Notice that this term vanishes for an exact symmetry,

i.e when &# is a Killing vector.

7.4 Gravity theories with metric variables

In this section, we study the surface charges for gravity theories in the metric formalism language
whose action reads

Slguw, @ = S gu] + S g, B, (7.68)

where S*#)[g,,] is the Einstein-Hilbert (EH) action describing GR, and S"****"[g,,,, ®] is the
action describing the dynamics of any matter fields ®.

Particularly, we focus on the derivation of surface charges in GR by studying the known family
of solutions and its comparison with standard procedures of the derivation of charges.

7.4.1 Einstein-Hilbert-A theory

Let us consider the Einstein-Hilbert (EH) action in D-dimensional space-time with an additional

cosmological constant term A

SE0lg) = § [ dPrymg(R-28) (7.69)
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where k = 1/(87G) with G the Newton’s constant. The variation of the metric field under an

infinitesimal diffeomorphism amounts for its Lie derivative generated by the vector field &

5§guu = Dg/ﬂfguu = v,ugy + vuéu . (770)

This corresponds to the gauge symmetry of GR. We take the perspective of GR as a gauge
theory in the sense that for arbitrary vector field the Lie derivative of the metric is both 1) a
local transformation and 2) a symmetry of the action (i.e. the varied action after replacement of
the symmetry becomes, at most, a boundary term). Therefore, as we know, to compute charges

we should use the surface charge method.

The ingredients that we need are

L = g\/—g (R - 2A), (7.71)

1
B — g\/?g <RW — SN Ag””) : (7.72)
E(I;Z.am) - 2?av(yhau) - ihuu - ?uvuh - guu[va?ﬂhaﬁ - E]h] + Ahuy , (773)

0"(g,0¢9) = V=gV (¢ d¢gag)
= n/=g (VaViog) - viveg, ) |
= w7 (VaVlee + V., )

— /=g (vav[agﬂumaga), (7.74)

where we used the identity [V, V#](* = RF*E,, and we defined h,, = dg,, and h = h*,, and

1%

(l.e.o.om

0= ?H?“. Notice that we used bar notation in the linearized equations of motion E ) to
indicate that g, is the dynamical field satisfying the equations of motion E*” = 0, and where
the covariant derivative ?M is built using g,,,. Now, we first need to compute the variation of

the Lagrangian generated by an arbitrary vector field £ = {#0,. One has, from Eq. (7.27), that
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Ou(EML) = Euoeg" +V,0%(g,0¢c9),
= —2E,VW¢) +V,0M(g,09),
— vyl (2EW§”)> + 26UV E,, +V,0"(g, 5cg)
= —VF(2EwE") +V,.0"(g,0¢9),

— V(28,8 + O,(9,5¢9)) (7.75)

In the second line we replaced '’ degh” = —VHEY — VVEH = —2V(#e¢Y) in the third line we made
use of the Leibniz’s rule, and in the fourth line we used the symmetry of E,, and the Noether
(Bianchi) identity V¥ E,,, = 0.
As seen in the general case, Eq. (7.29), and using Eqgs. (7.71)-(7.72)-(7.74), one has the
trivially conserved current
JE = ©(g,0eq) - €"L— 2, B,
= w/gV, Ve
— k0, (\/Tgv['jf“]) — kD, (—\/?gv[#gyl) . (7.76)

Then, the Noether potential reads
Q¢ = —ry/—gVlirel, (7.77)

because its anti-symmetry the current is trivially conserved, (3#81,@2“’ = 0, without using the
equations of motion.

Finally, the surface charge density is taking the form

"Notice that from the variation of the metric, d¢gu = V,& + Vo€, and from the identity 0 = §(6%) =
09" gar + g"*0gar, the variation of the inverse metric gets a minus sign.
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K = 0Q¢ + 2610 (g.09).

= w0 (V=gVleT) + 2my/=gel v (¢176g,5) . (7.78)
To compute the variation of the first term we use
6(Val”) = 01", &7 = %g”)‘ (Vy6gar + Vadgyy — Vadgay) €7, (7.79)
we insert this in the first term of (7.78) as

5(\/jgv[“§”]> - 5(\/?gg[ﬂlavag”]), (7.80)

1
= V=g <—25gv[“§” + 697 W V¢ —@;v[“ég"]") . (78

with 6g = gu,,égo‘ﬁ , then we replace the result in (7.78). Then, the surface charge density for

GR is given by the following expression!!

kY = =gk <§[VVU(59“]‘7 — ¢wHlsg + 6, VIHagMe — %@v[vw + 590{”%5#‘}) o (7.82)

where d0g = gagégaﬂ. The surface charge density does not depend on the cosmological constant
term. This last is because the cosmological term in the EH action does not produce a boundary
term when one integrates by parts in the derivation of the pre-symplectic structure ©(g,dg).
Moreover, it is linear in the symmetry vector field £ and in the variation of the metric field §g"”.
Note also that k:g " is anti-symmetric: An indication that the differential form language may be
appropriated here.

If we assume the condition that & obeys an exact symmetry for the metric field, i.e. £ is a

Killing vector

See also [98] or [105]. Note the overall sign difference. Tt is due to our conventions on the variation symbol 4.
We assume it respects 6g"" = —g"*g"?6gazs.
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%g;w = vufu + vug,u =0, (7.83)

then, the surface charge density satisfies a conservation law, 8#12:2“’ = 0, and therefore it is

suitable to define a surface charge through the integral expression (7.49).

7.4.2 Einstein-Hilbert-Maxwell action

Maxwell theory is considered to be a fundamental theory with a domain of validity at a much
larger energy scale than other effective models. In the gravity context, Maxwell potential is the
simplest matter field that, coupled to GR, allows for black hole solutions [106,107]. As we will
see next in the examples, it introduces an additional term of the form ®6(Q) in the first law of
black hole mechanics that takes into account the variation in the mass of the black hole when

its electric charge @) varies. In this term, ® corresponds to the electric potential on the horizon.

The Einstein-Hilbert-Maxwell theory is described by the following action

S[gm,, Au] = /M dx/—g (g (R—2A) - iFuuFW> ) (7.84)

where A, is the electromagnetic gauge potential and F,, = d,A, — 9, A,, is the electromagnetic
field strength.

The infinitesimal gauge transformations for this theory are

5§g,uu = -iﬂég;w = v,ufu + vy&p, (7.85)

0y = OepnAp =LAy = VX ='Fy = VoA, (7.86)

where in addition to the diffeomorphisms on the A, field we must consider the U(1) gauge
symmetry of the electromagnetism. Note that we use A = X' — ¢{#A,,, which is the prescription

for the so-called “improved gauge transformations”. It will be explained better in Section 7.5.2.
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We use € = (£, A) to pack all gauge symmetry parameters. This prescription is useful each time
there is a gauge transformation acting on connections. The advantage is that the transformations
become explicitly invariant as far as the gauge parameter A transforms in an invariant way. To
undo the prescription, a simple replacement of A in the final formulas is enough.

The surface charge density for Einstein-Hilbert-Maxwell theory is!? (see Appendix E.1)
. 1
T VA {)\ <5FW - 259FW> _SA, (gaFW n 2§[“F"1a)} : (7.87)

where again g = g,,69"".

In order to define a conserved surface charge the exact symmetry conditions must be satisfied.
The conditions stand for equating the infinitesimal gauge transformations (7.85) and (7.86) to
zero and solve for the parameters € = (£, A). As we know for pure gravity this is the Killing
condition on &, but here we also need to solve A in terms of £&. The standard way to solve this
system is first consider a (given) Killing field £, and then introduce it in (7.86) to solve A = A(€).
Note that even if there is no Killing field at all, still £ = 0 and A = Aq is a general solution. This
is the origin of the electric charge in curved space-times discussed in the Introduction. This
formula will be used when we study the example of the electrically charged and rotating either

(2+1) and (3 4 1)-dimensional black hole in the examples in Chapter 8.

7.4.3 Einstein-Hilbert-Skyrme action

As we explained in the first part of this thesis, the Skyrme theory is one of the most useful
nuclear and particle physics models due to its close relationship to low energy QCD. With its
various developments in particle physics, it has been interested to apply this theory to GR

and astrophysics. For example, through numerical computations, the existence of spherically

12This formula should be compared with the results in [99], Eq. (4.22) in [108], Eq. (4.13) in [109], or recently
Eq. (51) in [97]. In the explicit formulas of [108] and [109], an extra term 2F"?dg,,g°" appears, due to their
different definition of the variation of the field strength with the indices up: §F*" = ¢g"? ¢"? 6 Fy,.
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symmetric black solutions with a non-trivial Skyrme field has been found in [8,110], and sectors
with non-vanishing topological charge where the Skyrme model has interesting consequences
[111-113).

Here we consider gravity coupled to a Skyrme field U(z#), which is a SU(2) group valued
field on space-time. The Einstein-Hilbert-Skyrme action is

S[gu, U] = /M dPz/—g <’; (R—A)+ g <LML“ + %[LM,L,,] [LH, L”]>> : (7.88)

with L, defined in (3.3), and K and X are positive coupling constants. Here we use (-) to denote
the trace on the su(2) algebra elements.
Analogously with the previous theory there is no new gauge symmetry. Then, we must

consider just the infinitesimal diffeomorphism transformations on the fields

569}11/ =3 cgfg/,u/ == vugll + Vz/gu 9 (789)

06U = ZU=¢"0,U. (7.90)
In Appendix E.2, it is worked out the derivation of the surface charge density. The result is
nwyo v [ V] A vl 7o -1
R = ke 4 Ky =geh ( (2745 [LU, [L L H U-lsU ) . (7.91)

Again, to have the conservation law, 8Mk:g Y ~ 0, the exactness symmetry condition must hold.
That is, equating Eqs. (7.89) and (7.90) to zero and solving for ¢ (have a Killing vector).
As an application, this is the formula one should use, within this formalism, to compute the

mass/energy of a spherically symmetric black holes in the presence of a Skyrme field.
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7.5 Gravity Theories in Differential Form Language

Theories of gravity are mainly studied in metric formalism, where the metric tensor g, is the
dynamical variable describing the gravitational field. It comes from Einstein’s cornerstone idea
that gravity is geometry. When Einstein was formulating his theory of gravity, the only geome-
try available to him was the Riemannian geometry of metric described by the tensor calculus of
Ricci and Levi-Civita. However, at the same time, Elie Cartan was developing a very different
type of geometry [114,115]. The geometry can also be recast using the language of differential
forms. This alternative approach is nowadays known as the Cartan formulation of gravity, and
the metric tensor is traded for tetrads and spin connections as dynamical variables in the action
principle.

The Cartan formulation of gravity, though less preferred in the literature,'®> has undoubted
advantages to provide an explicit coordinate-invariant description, describe the coupling with

fermionic matter fields, and study dynamical and non-dynamical torsion.

In the following, we start by presenting theories of gravity in tetrad formalism. The reader
might appreciate comparing the two formalisms mentioned above and the benefits and dis-
advantages in either formulation. We aim at presenting the surface charge formulas for the
FEinstein-Cartan theory coupled to electromagnetic and matter fields. For the equivalent the-
ories, the formulas in this section are equivalent to those derived in the previous section with
the metric formalism. We comment on some features highlighted by using differential forms by
deepening the direct consequences of the formulas.

In the case of a pure gravity theory and for asymptotically (anti)-de Sitter space-times,
we show that the corresponding surface charge evaluated in the asymptotic region gets a very

compact form, as recently noted in [117,118]. Finally, a new result is about torsional gravity

130ne recent exception is the work [116], where boundary charges for the Holst Lagrangian in tetrad-connection
variables are analyzed.
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theories: We show two relevant examples where the charges are unaffected by the presence of

non-dynamical torsion fields.

7.5.1 Einstein-Cartan formalism

In the early 1900s, Einstein noted that under the assumptions of locality in space and short
periods, one should not feel the effect of gravity in a freely falling laboratory. This Gendanken-
experiment tells us at least two things: 1) the experiments carried out in gravity, under these
assumptions, will be indistinguishable from those in Minkowski space.; 2) in a local neighbor-
hood, the space-time will be ruled by Lorentz invariance. As we know, Lorentz invariance is
reached by performing a coordinate transformation to a freely falling reference system. How-
ever, in the absence of gravity, one can consider an accelerated laboratory where gravitation and
acceleration look the same in a small space-time region. This latter is known as the equivalence
principle.

From the point of view of differential geometry, to have locally inertial frames moving in straight
lines corresponds to have a flat tangent space at every point of a differentiable manifold. Here
we introduce the basics of the Einstein-Cartan formulation of gravity. For a complete review we

suggest [119,120].

Let us consider the space-time as a differentiable D-dimensional manifold M, i.e. one can
considers the differentiable manifold M as smoothly connected local infinitesimal patches of
RP. At every point x € M there is a D—dimensional flat tangent space T} describing, in the
neighborhood of x, the manifold M. In other words, one can define the open bijective map
® :V — U, where V. C RP and U C M. Physically, this map corresponds to a change of

reference frame to that of a freely falling observer (change in space-time coordinates).

In Einstein’s theory of special relativity, an observer at x € M relies upon the ability of
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measuring lengths and angles locally. In order to do this, we must define a scalar product of
vectors ¥, @ € T, such that lengths and angles are well-defined. In gravity, to this end, we need
an extra ingredient: the metric. Let us define a metric g(z) on M defined at each point in

x € M such that

(0(z), () = g(x)[(x), d@(2)] = " (2)gyu (x)u” () . (7.92)

g defines a scalar product (, ) between two vectors. The invariance under coordinate transfor-

mation, e.g. Lorentz transformation A € SO(1, 3) requires that g(z) transforms as

Guv () = A () A () g () - (7.93)

Then, lengths and angles are well-defined in the standard way in terms of the scalar product,

and the infinitesimal element is defined by

ds*(z) = gu(v)da"(z)dz" (z). (7.94)

The isomorphism between M and the collection of tangent vectors {1} can be constructed as

a coordinate transformation between a local coordinates {#*} in an open neighborhood in M

and an orthonormal frame in the Minkowski space T, with coordinates x®. The Jacobian matrix
Ox®

e’ (z) = Bt (7.95)

is such that allows us construct a relation between tensors on M and tensors in T, namely if

T is a tensor in M, then the corresponding tensor in the tangent space T, is given by

PUn () = My (2) ey, (@) TR (@), (7.96)

In particular, for the Minkowski metric g(z) = 7, this isomorphism induces a metric on M as
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follows: by considering a coordinate separation dz* between two infinitesimally close points on

M, the corresponding separation z® in T}, is
dz® = e dzt . (7.97)

Then, the length in 7}, given in (7.94) can also be expressed as npe?,(7)e’, (z)dz#dz”, where

the metric in M is identified as

guv(@) = e p(@)e’ s (x)nap (7.98)

Therefore, this relation tells us that all metric properties of space-time are contained in the so-
called veilbein e®,(x). Notice that there are many choices of veilbein that give the same metric
guv because there exists Lorentz invariance.

Under coordinate transformation e, (z) transforms as a covector
1y #
e () = (I ) (2)eu(@) (7.99)

while for a Lorentz transformation, the veilbein e, () transforms as a vector

/

e u(x) = Ay (z)e () (7.100)
A%(x) € SO(D —1,1). The veilbein has inverse, and is defined by
e ' (x) ey (z) = o . (7.101)

Now, let us introduce another important ingredient to describe Cartan geometry. In standard

A

Ly also

Riemannian geometry, the notion of parallelism of a vector is codified by the connection I

known as Christoffel symbol, which roughly speaking does not belong to space-time manifold but
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rather it belongs to a bigger manifold called fiber bundle. We want to implement the same idea
on an orthonormal basis defined by the veilbein. The problem one faces is that the derivative
of the components of a vector of SO(D — 1,1) is not a vector of SO(D —1,1).

As an attempt, suppose V?(z) to be a field that transforms like a vector under the Lorentz

group SO(D — 1, 1), and we will take the following ansatz for denoting its covariant derivative
D, V(x) = 9,V (x) + wpu(x)V(z), (7.102)

where w®y(x) = w?y,(z)dx* is a one-form playing the analogous role of Ff\w in the basis manifold

but now in the tangent space T,. Under a SO(D — 1, 1) rotation, w®;,(x) transforms as
o) = M%) @ (@) + A(@)0, M), (7.109)

where Ap? = ngn@A®, is the inverse transpose of A’;. Due to its presence in the covariant
derivative, wgy(x) is called the Lorentz connection and define the parallel transport of Lorentz
tensors in the tangent space between T, and T,.4,. For instance, the parallel transport of a

vector V¢(x) from x to = + dx is a vector V‘f(az) defined as
Vii(z) = V) + dz"D,V*(2), (7.104)

or,

dz" D,V (z) = Vj!(z) = V(z). (7.105)

So far, we see that all the affine properties are encoded in the arbitrary and metric-independent
connection w?,(x). On the other hand, we would like to find a relation between the two

covariant derivative V, and D,,. To this end, let us consider an arbitrary vector field

X = e, X", (7.106)
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satisfying

DuX® = 0, X" + w%, X", VX" =0, XY + T, X (7.107)

As we see, these two derivatives have only in common the ordinary partial derivative 9 and it
seems there is no further relation to be established. To go further, let us define a full covariant

derivative of a hybrid vector
Dp(-) = 9u(-) + 0 ()4 + Thr (- (7.108)
Now, applying D,, on the following hybrid object X = e, X A we get
DX = (Due® )X + D, X7 (7.109)

For each term, the full covariant derivative D, reduces to the covariant derivative of each factor,
D or V, when the connection in the other factor vanishes. With this in mind, we find the
relation

(Dﬂea A = Opes — whhuels + rzxe“p) X =0. (7.110)

Because we supposed X to be an arbitrary vector, from this equation we find the full covariant
derivative of the veilbein

Dye®s = Opes + wpely — FZAe“p. (7.111)

Now, if one adds the assumption of that the metric (and its inverse) should be invariant under
parallel transport, i.e

V)\gul/ =0, V)\glw =0, (7'112)

using (7.98), we find
2ap(Dae®u)e’y =0, (7.113)
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and because the veilbein has inverse, multiplying by e.”, we get
Dyey = 9pe\ + wy el — FZAe“p =0. (7.114)

This expression is so-called wveilbein postulate. It is worth mentioning that this equation is not
an extra hypothesis on the notion of parallel transport, but rather a simple relation between the
connections Fﬁ,, and w,.

An important consequence of this postulate is that together with the metric compatibility con-

dition (7.112) restricts to wgp to be anti-symmetric
Wap = —Whg - (7.115)

These two fundamental fields: the veilbein e® and the Lorentz connection w,, define the

so-called Cartan formalism or first order formalism.

Lorentz curvature and Torsion

One of the fundamental properties of the ordinary derivative operator is that [0,,0,] = 0, i.e.
the partial derivatives commute. However, the covariant derivative D does not hold this. In

effect, it is an easy check to see
D2V% = DA (dV 4 w% A V) = (dw® + w AwS) AV, (7.116)

As we see, it does not involve any derivative of V%! The term in angle brackets in the rightest

expression is named the two-form Lorentz curvature, and is defined as

Y = dw®y +whe AW . (7.117)
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This verifies that both w,(x) and the gauge potential A = A, (z)dz* in Yang-Mills like-theories
share very similarities from the fiber bundle perspective because they are connections of a gauge
group [119].

Another two-form that one can define solely involving derivatives of the veilbein is
De® = de® +w Aeb = T, (7.118)
which is called torsion. In an explicit coordinate basis, reads

Oue®y +wup e’y — Ope’y —whiy Aey =T5, (7.119)

where the two-form torsion is given by 7% = (1/2)T}, dx* A dz”. The last equation can be

rewritten as

1 1 1
b |
ety +wype’, = §Tﬁ,, + ipﬁ,j =35

(T/ﬁ, + Pjy) €%y, (7.120)
where P/, is an arbitrary symmetric tensor. By comparing this result with veilbein postulate
(7.114) we find

A A A
Iy, =1,+P

o (7.121)

where by Eq. (7.118) T, ﬁ‘,, is the torsion tensor, and Pﬁ\u is still non-defined. But, if we evoke the
metric compatibility condition Vg, = 0, or equivalently Dy, = 0, we find

1 1
QP:\I/ = 59)\0 (augou + 8Vgo,u - (%gw) . (7.122)

Let us conclude this review section with a final comment. At the end of the fifties, the seminal
paper by Yang and Mills [121] generated a great interest in describing gravity as a gauge theory.
In 1956, Ryoyu Utiyama showed that Einstein theory would be rewritten as a gauge theory

with a gauge group: the Lorentz group [122]. This latter raised the question of whether one
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would be able of replicating this idea for a bigger gauge group including translations, i.e. the
Poincaré group. However, the main problem one faces is how the Poincaré symmetry, as a gauge
symmetry, looks for the dynamical fields e,w and g,,. In spite that gravity in four space-time
dimensions cannot be developed as a gauge theory using the standard fiber bundle machinery,

this does not prevent rewriting this theory elegantly in the language of differential forms.

7.5.2 Einstein-Cartan-A

The EH action with cosmological constant (7.69) is equivalent to the so-called Einstein-Cartan

action with cosmological constant

1
Sle®, w®] = K,// Eabed (Rabeced + 2e2e“ebeced) : (7.123)
M

where the wedge product among forms is left implicit, for instance e®e® = e* Ae? = %e%ebudw” A

dxt = —%eaueb,jdm” A daxt = —eb A e®. The coupling constants are related to the old ones by
K =k/4=1/(32nG) and £? = % The =+ signs correspond to negative and positive cosmolog-
ical constants, respectively. As expected from the metric analysis, the surface charges will not

depend on the cosmological constant in the Einstein-Cartan formalism either.

In metric formalism, space-time symmetries or isometries are encoded in the Killing equation.
The general wording used to refer to it on arbitrary fields is the exact symmetry condition. As
we showed before, it is not always just a Lie derivative because when a local gauge symmetry
is present, it quickly spoils the symmetry condition. The infinitesimal transformations of the
fundamental fields in this formalism, the vielbein and connection, by the local Lorentz group

st

MThroughout this section we use d,, instead of D for the covariant derivative defined by the Lorentz connection
w.
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Se® = A%el, (7.124)

S = —(dud) = —dA% — W X% + WA, (7.125)

where A\ = — X\ are the parameters of the infinitesimal Lorentz transformation A ~ 6%, + \%,.
Remember that it is a gauge symmetry; the group elements take different values at different

points on the manifold M.

Improved gauge transformations

The infinitesimal transformations of the fields due to diffeomorphisms are normally assumed to

be generated by an arbitrary vector field

gge = Zre=d(&se) + £o(de), (7.126)

ggw = Zrw=d(§w) + &a(dw), (7.127)

where in the second equality we use the Cartan’s formula: Zze® = d(£.e®) 4+ £1(de®). However,
note that they are not homogeneous under local Lorentz transformation due to the presence of
exterior derivatives. The intuitive interpretation of gge and ggw as infinitesimal variation require
them to be homogeneous under the action of the local Lorentz group. More precisely, if we attach
ourselves to the intuitive idea of variations as a comparison of fields in a neighborhood, de =
e/ — e, we expect them to have a covariant transformation under the local Lorentz group. This
criterion is not satisfied by the infinitesimal diffeomorphism transformation presented before,
and therefore we correct Eqgs. (7.126) and (7.127) by eliminating the non-homogeneous part.
This can be done by adding an infinitesimal Lorentz transformation with a parameter £ jw. This

corrects the non-homogeneous part of both transformations at once, and we get
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dee = ZLre+ 0¢ e = dy(§ue) + Ea(dye), (7.128)

dew = ZLew+ b¢w =E0R. (7.129)

Another way to think about this, is that in the transformation of the tetrad, the exterior deriva-
tive d is promoted to a covariant exterior derivative d,, while in the transformation of the
Lorentz connection, because of the identity d(§.w)+&.dw = dy, (€ aw) + &R, the ill-transforming
part, d,(§_w), is subtracted. This kind of Lie derivatives are also called the Lie-Lorentz deriva-
tive which implements the adequate compensating local Lorentz for each general coordinate
transformation [123-125]. In simple terms, it is just a Lorentz-covariant Lie derivative.

By grouping the infinitesimal parameters as € = (£, ), such that §c = Z¢ + 0x1¢., the exact

symmetry condition that is gauge invariant is

b = dy(€Ese?) + Eu(dye?) + A%’ =0, (7.130)

Sew® = E4R™® —d,\"? =0, (7.131)

which in fact can be understood as a Lie derivative on forms plus a specific infinitesimal Lorentz

transformation,'® Jye® = N abeb generated by the field dependent parameter \ ab — yaby £w,

This combination of infinitesimal transformation is just a convenient prescription, sometimes
called improved transformation, and it has the advantage of being homogeneous under local
Lorentz transformations, 6E(A“beb) = A% Sce?, which is crucial to keep the local Lorentz gauge
symmetry explicitly free while imposing the exact symmetry. If we do not do this, a local Lorentz
transformation will change the Killing equation, and one has to keep track of the extra piece in
all formulas. A simple analysis shows that the exact symmetry condition d.e®* = 0, an on-shell

condition, implies the usual Killing equation on the metric field

5We use the notation ¢, = i¢ for the interior product, for instance £.e® = &he?,.
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Leg =L Qeq+ €' R Lreqg =06c" Qeg+ € @, =0, (7.132)

where we used that g = g, (dz* ® dz") = 1gp(e® ® €°) with ® the symmetric tensorial product,
and the anti-symmetry of A% makes that dye® ® e, = A% e, ® e, = 0. Note also that if the
connection can be expressed in terms of the vielbein, w®(e), the condition d.w® = 0 is a trivial
consequence of 6.e® = 0. And note also that the equation is linear and thus it is straightforward

to solve for the parameter A\*’. In fact, we find
A = e (d,, (£2€%)), (7.133)

which is equivalent to

pr- ea“ebyv[ugy] , (7.134)
where the anti-symmetry in the Greek indexes is an explicit consequence of the Killing equation

Viusn) = 0.

Now, let us return to the derivation of the surface charge density. For the details we refer to
the Appendix E.3, where the surface charge density for this theory is worked out step—by—step.

The final result is simply (see [126,127])
ke = —K'eqpea (A“bé(ec A ed’) - 5w“b§_|(ec A ed)) , (7.135)

or equivalently

ke = —2K € aped ()\abéec - 5w“b5466> Aed. (7.136)

Thus, as mentioned earlier, it does not depend explicitly on the cosmological constant. In partic-
ular, if there is no cosmological constant term in the action, the surface charge density formula

is the same. We explicitly put the wedge product among differential forms again to emphasize
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that this expression is a two-form in space-time.

The previous formula can be used to define charges in wherever space-time region the exact
symmetry condition holds! Suppose the space-time is assumed to have an exact symmetry
with parameters € defined on a limited region in that region. In that case, the surface charge
density will satisfy all;6 ~ 0, and therefore, a surface charge may be defined. In particular,
for exact solutions with exact symmetries, like simple black hole solutions, the surface charge
defines charges quasi-locally: an asymptotic analysis is not needed, and the charge is defined at
any two-surface enclosing the black hole. This property makes surface charge a useful tool to
compute the charges in space-times with complicated asymptotic structures.

As a final comment, let us mention again that the cosmological constant term does not
affect the surface charge. This fact is just because it does not contribute to the pre-symplectic
structure. A similar phenomenon, but not equal, happens for any addition of boundary terms in

the Lagrangian and topological terms. This result will be analyzed in detail in the next section.

7.5.3 Topological terms effect on surface charges

As we mentioned in Section 7.2, any boundary term added to the Lagrangian does not affect
the surface charge formula for exact symmetries. This is a remarkable property that is in high
contrast with usual Noether procedures to compute charges (see, for instance, the recent review
[128]). To see how this happens let us add a boundary term to the Lagrangian: L — L + da,
with the assumption that o is gauge invariant, 6. = Zra. Now we can repeat the procedure of
Section 7.2 by keeping track of this boundary term. We have J. — J. + d(£.a), and the surface

charge density acquires the additional terms

ke —  ke+0(&ua) — Elda. (7.137)
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If we use that 06 = 0, thus, the terms proportional to « in the last expression vanish, and
therefore no change at all for the surface charges.
The previous case is quite general. Let us take a few examples. For example in D = 4 the

Nieh-Yan topological term, given by

X\ = / (TuAT* = R neaney) (7.138)
M@

is in this category. However, there are examples where « is not gauge invariant. This is the case

for the Euler or the Pontryaguin topological terms, whose densities are, respectively, given by

Y — / €aped R A R Y= / R% A RY,. (7.139)
M(4) M4)

Both are exterior derivatives of Chern-Simons Lagrangian which are gauge quasi-invariant forms

[120]. The contribution of the Euler term to the surface charge density expression explicitly yields

kP = =2k (A% 0R — dw* E4R) = —2k (d(A* dw) + Sew * 6w) . (7.140)

The first term vanishes because is an exact form and disappears when the density is integrated
on a smooth boundary 9% = S of a manifold, and the second factor vanishes by the exactness

(4)

symmetry condition on d.w = 0. A similar computation for the Pontryaguin x’ yields
k) = —2k (AOR — dwELR) = —2k (d(Mow) + Sewiw) | (7.141)

where in the rightest side of the last expression: the first term does not contribute to the
conservation law dk. ~ 0 (because d> = 0); and the second one vanishes due to the exact
symmetry condition d.w = 0. Then, surface charges are blind to the Pontryaguin topological
term too.

Finally, in D = 4 we may also be interested in using the Holst term density
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X = / ea N ey AN RY, (7.142)
M#)

inside the gravity action. This is not a topological term by itself but a part of the Nieh-
Yan term, and it does not affect the equations of motion either. To deal with it note that
ea Ney ANR® =T AT, —d(e* AT,). The second term was already studied, then, it is enough
to keep track of T AT, in the computation of surface charges potential. This term also does
not produce any changes because already at the level of the pre-symplectic structure density,
Q(6, d), the contributions are all proportional to the torsion T* and therefore vanish when the
on-shell condition holds.

Then, boundary terms, and in particular topological terms, do not affect the surface charges.
Note that this is already explicit for surface charges computed through the contracting homotopy
operator (7.53) because it depends only of Sz and not of the Lagrangian. In this sense here we
have stressed what is already indirectly known due to the fact that surface charges obtained

through both methods are equivalent (see section 7.3).

7.5.4 Einstein-Cartan-Maxwell

The electromagnetic field is described by the one-form potential A and the field strength is
simply the exterior derivative of the potential, F' = dA. The Einstein-Cartan action coupled to

the electromagnetic field is

(Fc’aabcdRabeced +aF % F) , (7.143)

Sle?, w®, A] :/

M

with a = —1/2. The coupling with the vielbein field in the second term is through the Hodge
operator x. Explicit components on the frame field are F' = %Fabeaeb, and the Hodge dual is
*F = %%bchabeced (see Appendix 1 for conventions).

To impose the exact symmetry conditions we still should impose the equations d.e* = 0
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and 6.w® = 0 as in (7.130) and (7.131), but now we have the field A with its own extra gauge
symmetry. The corresponding infinitesimal gauge transformation is dyyA = —d\. Therefore,
besides the two previous conditions, we should add a third exact symmetry condition directly

on the potential, namely

5A=EF —dr=0. (7.144)

Once more for the symmetry condition, we use the improved transformation or the Lie-Maxwell
derivative that is the composition of a Lie derivative and a particular U(1) gauge transformation

with parameter N = X\ + £1A; explicitly
0eA =LA+ (5(/\_’_@14)14 =d(£1A) + EudA — d(N+ £LA). (7.145)

In this set up we group together all the parameters as € = (&, b A). Notice that A does not
transform with local Lorentz, i.e §ya A = 0. Likewise, e® or w® do not change with U(1) gauge
transformation.

Then, the surface charge density is the sum of /:;6, from (7.135), and an extra electromagnetic
piece

EEOM — ke —2a (N6« F — SAEL+ F) . (7.146)

The derivation is presented in Appendix E.4 for a general Yang-Mills theory. The surface charge
for gravity coupled with extra fields is then given by the surface charge of the pure gravity plus
the contributions from the additional fields. This is because these additional fields enter the
boundary term ©(¢) in a linear way. An exception to this structure is for non-linear couplings
to gravity (see, for instance, the conformally coupled scalar field studied in [123]).

Particularly, we mention that the exact symmetry condition dyA = 0 is solved for A =
Ao = cte, such that the gauge symmetry turns into a rigid symmetry. Note that here the exact

condition is independent of the fields and admits a general solution. Then, we have
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dky, ~ 0, (7.147)

which can be integrated in a three-dimensional space-like surface 3 enclosed by a two-dimensional

/di% = # ky, =0, (7.148)
% S

where we have used the Gauss’ theorem in the first equality. It defines

space-like surface S

$Qn, = Ao # *x6F (7.149)
4 S

where we have restored the value of «, and where the overall factor 1/47 is due to that S has
been considered a sphere. For simplicity, the parameter \g is chosen to be a constant in the
phase space. Then, the variation can be trivially removed by integration on phase space. The
integration constant coming from this operation can be fixed to zero by demanding that the

fields vanish at infinity. Then, we obtain the definition of the electric charge

Ao
Q)\() - E #é *Fv (7150)

The conservation dky, =~ 0 ensures that for any other surface, say S’, obtained by a continuous
deformation of S, the electric charge is the same. If there are no sources S can be contracted
to a point and all charges are zero. This finishes the analysis of surface charges for Einstein-

Cartan-Maxwell theory.

7.5.5 Einstein-Cartan with Torsion: Two Examples

In the Einstein-Cartan theory, as a first-order formulation, the connection w®

is an independent
variable. Therefore, in this frame, the torsion does not vanish in general. It is enough to have

a source in the corresponding field equation to turn on the torsion field. While being a natural
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option to consider for the geometry of real space-times, so far, the torsion seems an elusive
feature of physical space-time, and there is no experimental indication for it at the moment.
Still, it is not ruled out, and thus for the sake of generality, it is worth studying.

Here, in particular, we wonder in the following questions:

How is that surface charges get modified with the presence of torsion in space-time? How the

torsion affects the space-time charges?

We do not have a general answer. However, by studying two particular and quite different
theories, the conclusion for both of them is that the torsion field seems not to affect the general
formula for the charges.

The role of torsion in the following charge formulas is analogous with the role played by the
cosmological constant term: Although present in gravity theories, explicitly modifying the field
equations and their respective solutions, it does not appear as a direct contributing term into
surface charges.

The first theory we consider is a simple, pure gravity example in (2 4 1)-space-time where
torsion is sourced without adding extra fields. The term, first introduced by Mielke and Baekler
in [129], is built from the same gravity fields. In a second example, now in (3 + 1)-dimensional
space-time, we consider the well-known Einstein-Cartan-Dirac theory where Dirac spinors source
torsion.

For both theories, we find the remarkable fact that torsion is explicitly absent from the
charge formula (this result may be contrasted with the recent work [130]). It remains an open

problem to specify under which conditions the torsion does not affect the charges.

Einstein-Cartan in (2 + 1)-dimensions plus a Torsion Term

Consider the gravitational action in three dimensions
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Sle®, w®] = / (5abce“ AR + Beg A T“) , (7.151)
M

for simplicity we set the overall parameter to one and introduce 8 as the coupling constant for
the new term, where T = d,e®. As a matter of fact, e, A T® cannot be written as a boundary
term. Furthermore, it produces a source for torsion, as can be checked in the equations of motion
(E.43). This action can be seen as a sector of the more general Mielke-Baekler model [129] which
contains two more terms: A cosmological constant term and a Chern-Simons term built with
w®. A general analysis of the surface charges for the Mielke-Baekler model is straightforward,
but this additional torsional term is enough for our purposes. An even more elegant perspective
can be done by writing the full Mielke-Baekler model as a Chern-Simons theory and use the
results of the Chern-Simons Section 7.5.6 below.

Because the theory depends only on vielbein and spin connection fields, the corresponding
exact symmetry conditions are just the same as before, (7.130) and (7.131), which are valid for
any dimension. The computation of the surface charge density is straightforward and is done in

full detail in Appendix E.5. It reads
ke = —€ape(A0eC — 6w 1e€) + 2B€ 1e%de, . (7.152)

Note that the first two terms have a similar structure than the four dimensional case Eq. (7.135),
this is not casual (see a discussion about the general formula in arbitrary dimensions, for
Lovelock-Cartan theories in [123]).

As explained in Appendix E.5 we can go further and split w® = @ + @, such that the
torsionless part of the connection satisfies dge® = de“—l—dz“beb = 0, and we can use the equations of
motion to solve algebraically the contorsion @®. With this, the surface charge formula simplifies

to

ke = —ape(AP0eC — 600€ 1ef) (7.153)

106



where A% = e (d(£.€b)) is the parameter that solves the exact symmetry condition with just
the torsionless part of the connection, (E.52). Then, (7.153) shows that the contorsion is absent
from the seed formula for the charges, i.e before computing it for any specific solution and even
without use any kind of symmetry. This is not a fact due to exact symmetry. As we will see in

a moment, this is also true in a completely different theory.

Einstein-Cartan-Dirac

The action for the massless Einstein-Cartan-Dirac theory in four space-time dimensions is

S[e®, W, ] = /

M

Eaped € N P A [K’RCd — %o% e A (&'yd%dww + dw¢’}/d’}/5¢)] . (7.154)

with ay the coupling parameter and the y-matrices satisfying {va, %} = Va1 + VoYa = 27ab-

The covariant derivative acting on spinors is
1 ab T T, 1 ab 7
dyp = dip + §Wab7 P, dy = dy — §Wab7 (0 (7'155)

with v = i[fya, ). The special matrix v5 = Yoy172773 satisfies v57a = —7a75, and we use the
bar to denote the complex conjugate.
Besides the exact symmetry condition on e and w® given by (7.130) and (7.131), we need

to impose the exact symmetry condition directly on the spinor field
St = Lep + Np = Eudtp + Mp = 0, (7.156)

where again we used an improved version with the algebra valued parameter X' = L\, =
%()\“b—l—g 2w™®)yap. Remember that the gauge symmetry for spinors is the local Lorentz symmetry,
then e = (£, A\%). Spinors change under an infinitesimal Lorentz transformation as 61 = N,

with the algebra valued parameter A = 1\, Hence, in this section A’ without indices is a
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matrix.
For the surface charge density the calculations are long, details are in Appendix E.7. The

result is

ke = ke — 10 Eqbed £ae%ebels (ﬂyd%ﬂb) , (7.157)

which is again a simple modification of the Einstein-Cartan surface charge density produced by
the spinor field. The new term comes directly from the spinor contribution to the boundary
term in the varied action.

As we saw in the previous section we can go further if we consider the splitting w® = &% 4o
such that @ is the torsionless part of the connection and the contorsion field @ is solved from
the equations of motion. Replacing this back we find a cancellation to simply get (see Appendix
E.7)

ke = —K'€abed <Xab5(eced) — &IJ“be(eCed)) , (7.158)

where again Aab = e®1(dgz(€2€b)). This surface charge density is exactly lc%e but using on it the
Levi-Civita connection, &% (e), instead of the general connection w®. Therefore, the conclusion

for the Einstein-Cartan-Dirac theory is the same, contorsion leaves no trace on charges.

7.5.6 Chern-Simons action

In this section we discuss the surface charge formula for the Chern-Simons (CS) theory in
(2 + 1)-space-time dimensions. CS theories are quasi gauge invariant theories only defined in
odd dimensions which allows describe elegantly gravitational actions with promising quantum
versions.

In D = 3 space-time dimensions the CS action is given by

S[A] = HCS/ <A/\dA+§A/\A/\A>, (7.159)
M

108



the one-form gauge connection A is valued on the Lie algebra defining the theory, (-) denotes a
group invariant symmetric polynomial here of rank r = 2, which in this dimension is also named
the bilinear form; and k¢g the level of the theory which is not relevant for the classical analysis.
Under a gauge transformation the CS action (7.159) is not invariant but quasi-invariant because
it produces a boundary term, this is of course still a gauge symmetry of the theory as far as the
equations of motion are concerned. In the following, we consider diffeomorphisms and gauge
symmetries and group them in € = (£, A), with £ a vector field and A a Lie algebra valued gauge

parameter. The general infinitesimal symmetry transformation reads

0 A = LeA—daN = E0F —da, (7.160)

notice that we use the exterior covariant derivative d4(-) = d(-) + [A, (-)] and define a displaced
parameter as A = ) — £JA to work directly with the improved general transformation. Now,
the variation of the action produces the equation of motion F' = dA + A A A = 0 which holds
only if one gets rid of the boundary term given by the potential ©(6A) = kes(A A dA). The
symplectic structure density is simply Q(d1,02) = 2kcs (01 A A d2A), which we evaluate with one

of its entries on the gauge symmetry transformation (7.160)

Q(6,8.) = 265 (A A (E5F — daN)) = 205 d(SAN) (7.161)

where to get second equality we used the equation of motion, F' = 0 and the linearized equation
of motion 0F = d 0A = 0. Hence, for the CS theory in D = 3 we have the surface charge
density

kS = 2Kcs (AGA) . (7.162)
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This simple formula covers all CS theories in D = 3 dimensions in the sense that the algebra
of the theory is not specified yet.!® In particular we can choose the Poincaré or (anti-)de Sitter
group to obtain the surface charge formula for general relativity in (2 + 1)-dimensions (as we do

in the first torsion example).

The previous derivation is a particular case of the more general derivation for CS theory in
D = 2n + 1 dimensions. The details of the general calculation are explained in Appendix E.8.

The general result for the surface charge density is
ECH) = n(n+ 1)kes (WA A F™1Y (7.163)

which could probably had been guessed, in fact we note there is also a very direct computa-
tion to get this result by using the contracting homotopy operator, see Appendix E.8.1. The
infinitesimal symmetry transformation for the connection are the same (7.160) and the actions

for these theories are compactly written in equation (E.92).

We conclude this chapter with a summary table of all formulas found for the surface charge
densities corresponding to each theory described previously and additional ones studied in [123].
Moreover, we choose three family solutions as examples to show the complete scheme in full

detail for three different gravity formulations.

8This formula coincides with [131] when diffeomorphisms are considered only, i.e. setting A = —£JA in
Eq. (7.162).
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Chapter 8

Examples: Surface Charges in Action

In this chapter, we exhibit the surface charge method to compute charges in three different
examples: (i) The rotating charged BTZ black hole, (ii) The anti-de Sitter Kerr-Newman family,
and (iii) The Lorentzian rotating Taub-NUT solution in four dimensions. For each of them,
we compute step-by-step the charges associated with the exact symmetries of the solution.
Some of them have an explicit replicable calculation in Mathematica notebooks available at

[sites.google.com/view /surfacechargetoolkit /h].

8.0.1 Charged and rotating black hole

As an example, we apply the result to a particular black hole family. We show that surface
charges are compatible with the ones obtained through the standard asymptotic analysis. Then,
we offer how the quasi-local nature of surface charge allows having the first law of black hole
mechanics without relying on the asymptotic structure of space-time [132]. Note that this
quasi-local perspective is the best that can be done when the black hole is embedded in an
asymptotically de Sitter space-time.

We consider a black hole solution family which is electrically charged, rotating, and satisfies

the asymptotically constant curvature boundary conditions
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1
R + K—Qeaeb =0 in oM. (8.1)
This is known as the (anti-)de Sitter Kerr-Newman family. Its horizon is homeomorphic to
a sphere, and its metric, which is axisymmetric, reads in Boyer-Lindquist-type coordinates

as [133,134]

A, in20 2 2 2 Ansin2 0 2 4 2 2
dsQ:—pz[dt—asg dqﬁ] +£—dr2+2—9d02+% adt—" ;a do| . (8.2)
where
2_ 2., 2 2 -, a?
p°=r1r"+acos’ 0, :—1—£—2, (8.3)
2 a2
A, = (r* 4 a?) <1+€—2)—2mr+22, Agzl—l—200526, (8.4)

with 2z defined by 22 = ¢% + ¢2,, ¢ and ¢y, being the electric and magnetic charge parameters,
respectively. For simplicity, we set ¢, = 0. m is associated with the source’s mass, and a is
called the rotation parameter and is responsible for measuring the twist of the repeated principal
null congruence. Note also that the constant = in the metric (8.2) can be removed by applying
a rescaling to the angular coordinate ¢, as dp/= — d¢. However, this constant is included to

have a metric with a well-behaved axis both at § = 0 and § = 7 with ¢ € [0, 2x[.}

The electromagnetic potential and a possible tetrad describing the solution are? [135]

L' A metric without this rescaling implies the appearance of a singularity along the axial axis. In this last case,
one should take into account those singularities by changing the region of integration for the charges. Something
similar will happen in the Taub-NUT example.

We use e® = e, dz" and g, = n.pe” ey, where the flat Minkowski metric is n = diag(—1, +1, 41, +1).
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VA, in26
& = <dt—“sm d¢>, =L ar, (85)

p g VA,
A in@ 2 2
2 — _\/%de, 3 — Y2osmy (adt— T qu) , (8.6)
o p 2
2
A = —zi; <dt— e 0d¢> . (8.7)

We stress that it is possible to use another set of variables related to a gauge transformation.
Still, as the procedure is explicitly gauge invariant it will not have any impact on the results.
In particular, rotating e/ by an arbitrary Lorentz transformation or adding a term of the form
d) to A has no effect. From the equation d,e! = 0 we solve the connection and compute: dw!”,
SR', §A, and § » F. At this level, we have reduced the phase space to the particular family
solution spanned by the parameters (m,a,q). Thus, the variation § acts only on functions of
those parameters.

In metric formalism, 0; and J, are two independent Killing fields. Through the solution of
the exactness conditions for e/, Eq. (7.128), we get A/’ and )\é‘] , respectively. Similarly through
the exactness conditions on A, Eq. (7.144), we obtain the corresponding A; and A\s;. Now we
have the ingredients to compute surface charges. Plugging all the quantities in (7.146) we get
the associated integrands k; and kg, one for each symmetry. The space-time described by el
has non-contractible spheres due to the singularity. The integration can be performed over any
two-surface enclosing the singularity. The surface charges associated to the exact symmetries

generated by € = (0, \/7, \;) and € = (9, )\éj, Ag) are

om  3amda
fo = b= F T (53)
adm 3 4
5Q¢ = #gki(z, = —g + <E2 - EB) méa, (89)

where S is a two-sphere at r and ¢ constant, then we must integrate in 8 and ¢. The exactness

condition 6. A = 0 has a further independent solution for a constant A\g such that ), A = —dX\¢ =
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0. The corresponding exact symmetry parameter is €y, = (0,0, A\g) and the surface charge is

Ao 6q 2agda
$Qu = b by = 2 ff o) = —)\0< o ) | (8.10)

To proceed now, we have two strategies: Fit the scheme in the results from the asymptotic

picture or insist on a quasi-local approach. We sketch both.

Asymptotic strategy: In order to fit with the asymptotic picture we can exploit the
linearity of each surface charge (7.50), and to adjust the freedom of the gauge parameters in the

phase space to obtain the standard integrated charges (see for instance [136])

m
M = Qeaix/e)o, = =2 (8.11)
am
Q = Qrn=—1= % (8.13)

The surface charge associated to 0; is not integrable. However, the linearity property (7.50)
allows us to choose a different combination of the symmetry parameter { = 0; F 750y that in
fact produces an integrable charge. Note that £ is phase space dependent: 0§ # 0.

The charges satisfy the equation known as the black hole fundamental thermodynamics

S S \? T Q? Q2
2 _ 2
M= <1iw> +J <5 zZ) < i€2+25> (8.14)

which can be obtained by rewriting the condition A, = 0 in terms of the integrated charges plus

relation

S = A/4 with the area of the horizon A = 4m(r3 + a?). The horizon is at r = r; with 7 the

largest solution of A, = 0. From the last equation it follows

SM = T§S + Q6] + $6Q, (8.15)
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where the parametrization of the phase space is done with the integrable charges S, J, and @
such that M = M(S,J,Q). Then, the quantities T, €2, and ® have the usual physical inter-

pretation: T = ZM coincides with the Hawking’s temperature, Q = M is the horizon angular
a5 g 97 g

velocity, and ® = %—%[ the electric potential at the horizon.

The drawback of this logic line is that it relies on previous results. Ultimately, it depends
upon a choice of asymptotic tailing of the field components, which admits an asymptotic time
symmetry and allow us to make sense of a general asymptotic mass definition. We fixed the gauge
parameters in practice to obtain a known mass expression obtained with the asymptotic method.
That, for the case of anti-de Sitter space-times, indeed relies on asymptotic analysis. However,
in the cases of asymptotically de Sitter space-times, there is no notion of time symmetry in the
asymptotic region and not a physical argument to define a standard mass,®> we just kept the =+
in the formulae because it is consistent. Thus, given the quasi-local construction just developed,
a pertinent question is: Is there a way to derive the first law of black hole mechanics based just
on a quasi-local data?

Quasi-local strategy: To use the area of the black hole horizon as a starting point is a
possibility. The horizon area is a well—defined quasi-local quantity which is also a finite function
of the parameters of the solution. The variation of A(m, a, ¢) on the phase space can be expressed

as a combination of all the surface charges

0A = % ke - a(m, a, q)é‘Qt + B(ma a, q)équ + f)/(ma a, Q)é‘Qz\o ) (816>
— @(ma,0) P+ Fimaa) Ghg o maa) Phar, (817

4 40 4
= M~ 6] — 6Q, (8.18)

3Remember that the boundary of asymptotically de Sitter space-times are two disconnected three-dimensional
spacelike regions, one for the infinite past and one for the infinite future, and therefore none of them have a notion
of time symmetry.
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we expressed the freedom of the gauge parameter on the phase space explicitly. On the second
line, we expanded in a linear combination of integrable quantities. The problem reduces to
find the coefficient accompanying the integrated charges. Indeed, we already know that the
result, expressed in the third line, is a rearrangement of the first law presented just before.
However, we stress the difference in the logic; in this approach, the mass appears as an integrable
charge computed in a quasi-local way without the need of any asymptotic structure or physical
interpretation to define it. This quantity coincides with the mass obtained by an asymptotic
definition when such definition is at its disposal. Still, it is more general because it requires just
a quasi-local description of the space-time.

Note that the two closed two-surfaces where the integration of k. is performed, enclosing
the singularity, are arbitrary. For a matter of physical interpretation, the one of ¢f k. can be
chosen to be a section of the horizon, thus being associated with the area. In contrast, for each
of the other integrals, it can be chosen at convenience, producing the same value of the charges
for each of them. This freedom plus the gauge invariance of k. can be exploited to compute
the quantities quickly. For instance, when a bifurcated horizon is at disposal, the pullback of
a particular combination of the Killing fields vanishes on it, and the surface charge formula
simplifies considerably.

Summarizing, from this second perspective the first law of black hole mechanics is a con-
sequence of the expansion of A = ¢f k. into independent integrable quantities. One for each
independent exact symmetry ¢;. To accomplish integrability the symmetry parameters should
satisfy the condition & ¢f ke, = 0 in each case, where the variation § becomes an exterior deriva-
tive on the reduced phase space. Certainly, to have a true first law much more should be said,
and it has been said, regarding the physical interpretation of each term, but the stress here is
that the quantity sometimes playing the role of the mass can be relegated and be indirectly

defined, in particular when the asymptotic time translation symmetry is not present or is dif-
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ficult to identify.* To decide the true thermodynamic value of the quasi-local first law relation
obtained we would need to figure out a thermodynamics processes that allows us to change the
value of the integrated charges. That is, a physical exchange of the amount of charges to flow in
a description outside the reduced phase space, even when the usual far away of the black hole

notion is not available.

8.0.2 (2+ 1)—Black Hole with Rotation and Electric Charge

In (2 + 1)—space-time dimensions the equations of motion for gravity coupled to electromag-
netism (E.5) admits a black hole solution with rotation and electric charge [137]. The solution
is a generalization of the black hole solution known as Banados-Teitelboim-Zanelli (BTZ) [138].

Part of the solution is given by the metric field g,,,. The line element is

2 r? oo dr? 2 2
ds’ = s F2dt* + 5 + R (N%dt + do)?, (8.19)
with r-dependent functions [139]
R o= 2 (< )2 4 2 et (L (8.20)
= r oz ) Tt (aw nm , .
2 2
2 r
e A oy g 21
B () (5.21)
14 w r?
N® — ~ 23 (1_ w2> <€2 - F2> , (8.22)
where the negative cosmological constant A = —1/¢2, the constant r is defined by F2(r,) = 0,

w? < 1, and ¢ associated to the electric charge. Another part of the solution is the electromag-

netic field

“For instance, this is the strategy used in [140], where the embedding of a charged and rotating black hole in
a magnetic field makes subtle the selection of a preferred asymptotic time-like Killing vector field to define the
space-time mass.
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A= Audat, A = —i1n<%> , Ay = %m(%) . (8.23)

A curiosity of this solution is the logarithmic dependence on the radius brought in by the electric
charge of the black hole. Not present in other dimensions, this particular dependence has put
some trouble to the usual asymptotic analysis because standard asymptotic tailings do not admit
it—the charge formulas for the standard asymptotic blow up when is computed for this black
hole.

In [139,141] the asymptotic analysis has been widened to correctly work out the asymptotic
charges. However, it is possible to take another perspective and use the surface charge formula
corresponding to the whole theory. Because we have an explicit solution with exact symmetries
defined everywhere, we do not need to rely on asymptotic analysis and perform the calculation
quasi-local.

To illustrate this example, we choose the formula for surface charge density kg " in metric
variables (7.87). Indeed, the same can be done by using the surface charge formula in differential
form language for Einstein-Cartan-Maxwell theory in (2 4 1)-dimensions.”

To compute charges, we first identify the exact symmetries of the solution and the parameters
generating them, (£, \). They should solve (7.85) and (7.86). Then, we replace the parameters
and the field solutions with the corresponding surface charge formula. This has to be done for
each independent exact symmetry, obtaining thus a surface charge for each of them.

For the solution (8.19)-(8.23) we have three exact symmetries (remember the use of improved
prescription A = X — {1 A,,)

There is a surface charge density for each of them: kég, kﬁ;'), and k’é l; For the time symmetry

5A Mathematica notebook with the surface charge formula implemented for gravity coupled to electromag-
netism in (2 4 1)-dimensions can be found at [sites.google.com/view /surfacechargetoolkit/h].
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Exact Symmetries for BTZ black hole

Type of Symmetry | Diffeomorphism parameter | Gauge symmetry parameter
Temporal Eéib) = (1,0,0) A =5=1In (%)
Axial €l = (0,0,-1) Ao = 291 (%)
U(1)-rigid fé‘e) = (0,0,0) Ae = —1
the non-vanishing components are k:f;) = —k:z’tt) and k?f; = —kfg Explicitly
1
ki = (1 —w)(rd — g1 — w?))ory

™ 8r2e2y, (1 —w?)?
—20%qr, (1 — w?)? (w2 + (14 w?)In (%)) dq
+2rjw (m“_%_ — (1 — w?)? (1 +1In (%))) 5w] , (8.24)

and

ki) = 2
8m203ry (1 — w?)

[—2w(1 — w?)(mrd — g (1 — w?))ors

+20%qryw(l — w?)? (1 +2In (%)) 0q

—ry (mﬁ(l + w?) = P¢*(1 — w?)? (1 +2In (%))) 5w] . (8.25)

It is not always the case, but for this example, all surface charge densities k’g Y are coordinate
independent. Usually, coordinate independence is achieved only after space-time integration
(see the following example to contrast this point). In particular, notice that there is no risk in
evaluating them at asymptotic regions, say r — 0o, because the value is simply independent of

r. By construction (8,}:2‘ ” = 0), the integration can be done over any loop C around the origin

r =0 at t = cte, and because coordinate independence holds, it is trivially performed
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1 5 2
§M = 3 yg ké)ewpdxp = /0 k%d(b = 27rk'ét> : (8.26)

We remember that § means a priori non-integrability in phase space. Note also that k(g does
not play a role.

A mnon-trivial check is the integrability on the reduced phase space §(§M) = 27“%3) =0,
where the variation § acts on r4, ¢, and w. This guarantees the existence of the finite charge
M(ry,q,w). If the integrability condition was not satisfied one may try to define a combination
of Killing symmetries that produce integrable charges, as we did in the Kerr-Newman-de Sitter

black hole solution [127]. Here, by integrating the differential surface charge and setting the

integration constant to zero we get the finite charge
2 2 2
T 14w q T4
M=t (2% ——(2 1 21<7>>_ 8.27
8€2<1—w2> @ Fe)n( (8:27)

Notice that leaving implicit the integration on time as A; = f_oooo dt, we can compute a second

differential charge as
r 1 Ny P > ro ro
fM = 5 P Eyempda” = | kgjdt = Adky, (8.28)

where we identified future with past asymptotic regions in order to have a closed integration

path. Fortunately, ;5]\7 is an integrable charge, with its integrated version

V= (s - L (e (%)) 5 (820

The interpretation of this charge is not entirely clear, but we advance that it may has a precise
meaning for the Euclidean BTZ black hole (for an Euclidean time A; becomes finite).
For the axial symmetry we find that the surface charge density is related with the previous one,

(8.24) and (8.25), as
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tr _ 21.1¢
Koy =~k (8.30)
2

r¢ r q 2
kigy = —kity+9 <87r2(1 —w )> : (8.31)

After integration on any loop C of constant time the associated surface charge differential is

1 v o r r
gJ = ngkétp)prdxp = /0 kf¢)d¢ = 27rkf¢). (8.32)

This quantity can be integrated on phase space and produces a charge identified with the angular

J = L(liiwz—‘ff(wmn(?))) . (8.33)

Finally, for the U(1)-rigid symmetry

momentum®

ktr _67(]

p 1
(& = 5. and k? = —— (g0w 4 wdq) (8.34)

(e) 27l

by integrating both in space-time (loop around the origin) and in phase space we obtain the

(electric) charge”

Qe = q. (8.35)

Now, we can establish the first law of black hole mechanics for this family of black hole
solutions spanned by the parameter r, w, and q. With all the charges at hand and defining the

entropy
™4+

21— w?’

with L the perimeter of the black hole horizon and R(r) is given by (8.20), we have

S =

|

= TR(ry) = (8.:36)

5Notice the interesting relation J = fEQZ—:M. A similar relation is obtained from (8.31). The relations among
tilded and untilded quantities is a clear signal of a duality for the Euclidean BTZ charges not reported so far.

"There is also the second charge, C~25 :N—q% %, we can obtain identifying past and future and integrating over
an (infinite) loop in time, as we did for M in (8.28).

122



SM =T65S + Q5J + $5Q. . (8.37)

The previous first law, expressed in terms of ry, w, and ¢, is a linear system exactly solved by

oo Y- (1 - q2£2(1 - w2)> , (8.38)

22 71'7"?|r
q - % (8.39)
T2 T+
= —L-w )m( / ) , (8.40)

these quantities might be further identified with standard physical quantities: A temperature
(Hawking thermal radiation), angular velocity of the horizon, and electrostatic potential, re-
spectively.

Notice that one may get a non-physical negative temperature by increasing the electric
charge. This problem is related to the possibility of having a negative mass (8.27). This result is
a non-desirable possibility if one expects to interpret the mass as the energy of the system. The
negativity of this mass expression has been addressed from a Hamiltonian analysis of charges and
an asymptotic perspective in [139,141]. There, the authors introduce an improper gauge trans-
formation for the electromagnetic field and then impose the so-called holographic asymptotic
boundary conditions on the fields to fix it. The result within this frame is a consistently positive
mass: A better candidate for the energy of the system. From the surface charge perspective, it
can also be reached by adding from the very beginning an arbitrary function of the phase space
in the Maxwell potential A (called v in [139,141]) such that it gives the well thermodynamic
behaviour between the mass and the electric charge. In our context, the arbitrariness of this
function is completely determined by the integrability condition at the end. It is worth noticing
again that no mention of the asymptotic region is made.

Now, we give another family of solutions that breaks the standard relation between the entropy

and horizon area of the black hole.
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8.0.3 Lorentzian Rotating Taub-NUT space-time

The properties of black holes are intimately related with gravitational thermodynamics [1,2,142].
As we observe in the previous examples, the area A of the event horizon of a black hole can be
identified with 4 times its entropy S, and its surface gravity is proportional to its temperature
B~L. Usually, the understanding of black hole entropy comes from the use of Euclidean space-
times. In this Euclidean regime, the event horizon continue being and obstruction to foliate the
space-time with surface of constant periodic time 7. Such obstructions give rise to entropy by
leading to

S=HAT—-1, (8.41)

where I corresponds to the Euclidean on-shell action, H the Hamiltonian and A7 the period of

the Euclidean time.

As the event horizon in the black holes, there exists a similar defect in Taub-NUT (TN)
space-times obstructing the foliation: the Misner string [143-145]. At the Euclidean regime,
Hawking and Hunter [146] showed that the Misner strings could contribute to the entropy of
these space-times, by leading that the entropy was not just a quarter the are, as it is for usual
black holes [2]. For a long time, it has been considered as a interesting property of gravitation

which reveals some features of the geometric entropy.

Usually, from a Euclidean signature perspective, the interpretation of thermodynamic quan-
tities in TN geometries has been a work in progress in the literature. Although this analytical
continuation in time does not produce significant problems in the Euclidean regime, in Lorentzian
signature, it implies closed time-like curves (CTCs) and then cast doubt on the physical rele-
vance of these singularities.

Very recently, the study of Lorentzian versions of TN space-times with and without cosmolog-
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ical constant has attracted enough attention. For example, in [147-149] the authors consider,
based on the observation of Lorentzian TN space-times, the motion of free-falling observers in
the presence of Misner strings. One of the main results is that the Misner string is entirely in-

visible for their geodesics hitting it and the TN space-times turn out to be geodesically complete.

In this example, we face whether the Misner strings have relevance in establishing a First
Law for TN space-times. In particular, we will focus on TN space-times with rotation. We do
not adopt periodicity in time, and we work directly with them at the Lorentzian regime. The
non-trivial contributions to the mass and angular momentum of these solutions (supported by
the presence of the NUT charge) can be understood with a suitable integration in space-time.
With this quantities, what would-be an entropy can be obtained naturally from a conservation

law’s perspective.

The rotating TN space-time is described by the metric [150, 151]

A E
ds? = -5 (dt + (2ncos 0 + 2Cn — asin® 0)d¢)2 + ZdTQ + X db?
;2
SH; o (adt — (r* +a®* + n* — 2anC’)d¢)2 , (8.42)
where the metric functions are given by
A = r?4+a®—2mr—n?, (8.43a)
= 7%+ (n+acosf)?, (8.43D)

with m the integration constant associated to the mass, n the so-called NUT parameter, and a
the rotation parameter.

The two Killing symmetries produce two independent varied surface charges. We check that our
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corrected formula delivers the expected result. Let us consider the surface charge k@ being E a
time-like Killing vector & = (1,0,0,0) or axial-like Killing vector €= (0,0,0,1), integrated on
the volume limited by two spherical shells, say S7 and Ss, at t = cte and r = cte, with radius R,
and Ry, respectively, such that Ry > Rj, and two auxiliary tubes (actually cones) Ts and T,
at t = cte and 0 = 7 + ¢, with € < 1, opening towards the south pole and passing to close the
wire (See Fig. 8.1). The Misner strings correspond to string/wire singularities stretching from
the 7 = 0 to the infinity. They are labelled by the discrete integer C' which is related to the
location of the singularity: for C' = +1 the south pole axis is regular, for C' = —1 the north one

is regular, and for C' = 0 both wires/strings are symmetrically present.

The integration on the volume enclosed by these surfaces can be translated to the boundary

by using the Gauss’ theorem, we have

0—/dk€—/ kgz/ k:g—/ k§+/ k+/ ke, (8.44)
P 0% S1 Sa TS Tn

where the radial integration over each cone decouples in two terms associated to the circles found

as the intersection of the cone with the shells, we have

/k:Kf

Ts

/k—Kg
Tn

where K¢ denotes the primitive of k¢ in the south or north cone. We refer to 6§ = 0 as south pole,

_KE

r=Ri;0=m—¢

, (8.45a)

r=Ra;0=m—¢

: (8.45b)
r=Rg;0=¢

r=Rj;0=¢

and 6 = 0 as north. Then, we take the limit ¢ — 0 and reorder (8.44) with terms associated to
each shell to get an expression for the surface charge that is defined at a sphere S and is truly

conserved, i.e. its value does not depend on the specific surface S
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Figure 8.1: Integration region: a volume delimited by two spheres and two cones. The wavy
blue lines indicate the Misner strings symmetrically present (C' = 0).

+ K¢
S;south

$Qc = /Sks + K (8.46)

S;north

This charge corresponds to the mass or angular momentum depending on whether the Killing

vector E is time-like or axial-like, respectively.

Although we formally use a specific parametrization for the geometrical objects, the result

does not depend on them. We can deform either the shells or the cones before shrinking them
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and still have the same resulting surface charge. In particular, it does not depends on the specific
radius we compute it. Therefore, we have sketched how the K contribution solves the problem
of naively computing (7.49) when defects cross the surface S. For space-times, without strings-
like defects, the K terms automatically vanish. Still, we note that even for regular space-times,
we can introduce artificial string-like defects. This breaks down the charge conservation unless
terms similar to the K are considered (an example of this is the conical defect appearing in the

axial axis for some versions of the Kerr-(A)dS metric solution).

We emphasize that to get (8.46) we rely on the conservation law and its correct integrated
version, which requires the identification of the cones to compute the K-es correctly. We do not
know another way to identify how to correct (7.49) relying just on the surface S, even knowing

that string-like defects cross it.

Mass and angular momenta

The two Killing symmetries produces two independent varied surface charges, we check that
our corrected formula delivers the expected result. In fact, for the time translations symmetry

generator, as we expect the mass/energy let us rename M = §Qg,, then (8.46) reproduces

SM = om, (8.47)

which is indeed integrable, 6°M = 0. We set the integration constant equal to zero to obtain
the finite charge
M =m, (8.48)

which means that the parameter m can still be identified with the total mass/energy of rotating
TN space-time.

Analogously, for the axial symmetry generator we expect the angular momentum, thus we
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rename 0J = ;XQ_&I). We find an integrable charge §2J = 0. The variation of the angular
momentum is

0J = (da — 3Cén)m + (a — 3Cn)om, (8.49)

with a finite version given by

J=(a—3Cn)m. (8.50)

Note that as expected the TN space-time with a = 0 still carries angular momentum but just

when then strings are not symmetrically distributed along the axis.

Let us conclude here with a few remarks:

e the charges do not present divergences of any kind (e.g. r-divergences when we evaluate
it in asymptotic regions). While each integral in (8.46) is r-dependent and therefore
susceptible to divergences, it is only the sum of the three that produces r-independent

charges which are insensitive to asymptotic limits.

e No asymptotic region is required. We do not demand a particular location for the sphere

S. In that sense, we shall say that the charges computed above are quasi-local.
e The charges are trivially integrable. The procedure also works with the presence of the
integer parameter C.
Entropy and The First Law

We now turn to the thermodynamics of rotating TN space-time. We constructively present
the first law to determine the entropy of this space-time. For simplicity, we set C' = 0 in the

following formulas.
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The temperature is

_n2 2 2
T_ Vot mt , (8.51)

w(m( —a2+m2+n2+m>+n2>

and the angular velocity, of the r = r, surface as measured from infinity, is

o= J| __ a4 : (8.52)
969 |1, 2 (m (\/—a2 +m2+n2+ m) + n2)

with 74 read from A(ry) = 0. The expectation is that the temperature multiplies the entropy
variation, we call it S, and the angular velocity multiplies the angular momentum variation.

We isolate 45 to get

ZS:%(éM—QéJ) = \/_a2i_7r—ﬂml2_|_77 [—aéa—l—ém <2< —a2+m2+n2+m> +2anaQ>] :
(8.53)
Note that for n = 0 the previous expression is integrable, and it is the variation of the usual black
hole entropy of the Kerr solution. For TN space-time, n # 0, the expression is not integrable,
828 # 0, which is a problem to have a well-defined entropy charge. Note that, as presented,
the entropy variation is indeed conserved in the sense that it can be directly computed from
(8.46) with the Killing vector £ = % (0 + Q0y), that is, it is a proper varied surface charge as it
does not depend on the surface one choose to compute it. Therefore, this expression should be
a good seed to compute an entropy as a Noether charge as we did with the mass or the angular
momentum (we keep the Noether charge name, understanding that surface charge method to
compute charges generalizes the Noether procedure).
In the literature, it has been explored the possibility of adding extra terms to the first law

associated with the Misner strings. At this level, this strategy is equivalent to the splitting of

(8.53) in different terms and providing interpretation to each one. Here we choose another path.
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We stick ourselves to the criteria of having an entropy which is a conserved, a Noether charge.
Therefore the expression in (8.53) can not be split; otherwise, we can not write the entropy

variation as (8.46) with an arbitrary closed surface S.

Discussion parenthesis: We do not have formal proof that there is no splitting simultane-
ously producing conserved and integrable charges. We have just checked the natural splitting of
surface and tubes terms in (8.46). As explained before, separately surfaces and tube terms are
not conserved quantities and neither they are integrable. One may be tempted to fix the arbi-
trary closed surface and choose the r = r; surface in an analogy with black holes. In this case,
the surface integral in (8.46) indeed becomes the variation of one-fourth of the area. However,
we are not computing a conserved charge if we have to fix the surface where it is defined. For
completeness, insisting in this approach the terms associated with the tubes are not integrable
and another temperature should be introduced to achieve their integrability. This path would
be similar to the one presented in [151].

A way to have, simultaneously, the entropy as a charge and integrable is to reduce the
parameter space. Let us assume that m, a, and n are dependent quantities and solve this
dependence such that the integrability condition is satisfied. Consider m(n,a), because the way
these parameters enter in the metric components it is easy to see that, under scaling of the metric,
all the tree parameters should scale with the same factor, then, the allowed relation among them
is simpler: m = nh(a/n), with h(a/n) a function to be determined by the integrability condition

§(#S) = 0. The differential equation is solved by

h (9) ~a, (8.54)

with o an integration constant. Note that this relation among parameter is simpler rewritten

in terms of m, indeed: m = an.
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Thus, with this relation we have reduced the parameter space of our solution to two param-

eters. Replacing this in the equation for the varied surface charge (8.53) we can integrate it to

2
S = 2ran? (a+\/1—|—a2—22> . (8.55)

where we have set the integration constant to zero. Our method do not fix o and in what

obtain a finite entropy

follows it can be left untouched. However, we can fix the constant « if we require our result to
be compatible with the non-rotating TN entropy obtained through standard Euclidean methods

in [146], Syy = 7n?, then, with a = 2%/5 we get

1 2
§ = g’ (1“/9—1“2) . (8.56)

as the generalization of the entropy for the rotating TN solution. This entropy fulfills a standard
first law

SM =T8S + Q5 (8.57)

where M = % and J = 2“\—”@ In contrast with the usual black hole solutions, the entropy is
not one-fourth of the area, already noted in [146] for non-rotating TN. This first law is standard
as to be fulfilled. It does not require additional terms not justified in terms of charges. It may
be seen as not standard as we had reduced the parameter space to achieve integrability. But as
explained before, this is a consequence of having well-defined charges M, J, and S to compose
the first law. Then we conclude that there is a consistent thermodynamic description only for a

subset of the parameter space of the rotating TN.

The entropy (8.56) is compatible with the Euclidean method. We use the grand canonical

ensemble computed in [151] as a limit of a regularized Euclidean (A)dS action
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GI,) =" = ! , (8.58)

87T <1+3,/1+47552T2>

where in the second equality we have replaced m in terms of 7" and 2 following (8.51) and (8.52)

and the relation among parameters m = nh(a/n) with the fix constant a = 1/(2v/2). The

entropy of (8.56) is recovered from the standard equation

oG

(8.59)

Thus, we have shown that our covariant symplectic method to compute charges and the first

law is fully compatible with the Euclidean approach.

133



Chapter 9

Conclusion to Part 11

In this second part of this thesis, we have analyzed a powerful tool to deal with physical sym-
metries in gauge theories. In the Introduction 6 we have shown the importance of symmetries in
physics and how they may carve a physical theory. We examined Emmy Noether’s work about
the deep relationship between global symmetries and conservation laws with this motivation.
As a particular consequence, she taught us that the celebrated principle of energy conservation
in a given theory is a consequence of the symmetry under time translations of that theory. Her
general result is known as the First Noether Theorem. We discussed another Noether’s result
now applying to gauge theories: For each independent gauge symmetry, a relation among field
equations holds (off-shell relations), the so-called Noether identities (e.g. Bianchi identity for

gravity). This is the content of the Second Noether Theorem.

Motivated by the fact that the First Noether theorem does not apply appropriately in gauge
theories, we have presented the method, known as the surface charge method, to compute charges
for gauge theories in Chapter 7.

We stress the main difference with the First Noether Theorem is that in the surface charge

method the construction is over a one-dimension lower sub-manifold. That is, for theories with-
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out gauge symmetries, the usual Noether current J¥ corresponds to a (D —1)-form and defines a
charge over a (D — 1)-dimensional space-time slice ¥ as Q. = fz JI'dy,. In ¥ contrast, for gauge
theories, we have the surface charge density k", playing the role of a current, that corresponds
to a (D — 2)-form and defines a (differential) charge over a closed (D — 2)-dimensional surface S
as Q. = 955 kY VdSW . Thus, a second difference is that in the surface charge method, instead of
finite charges, one defines differential charges on phase space. They require further phase space

integration.

One of the aims of Chapter 7 and the next is to fill a key gap by obtaining the formulae of
the surface charges from the usual canonical symplectic approach (7.46). Another aim is to show
the relation with the so called invariant symplectic approach based on the contracting homotopy
operators [101]. We do so because a part of the community is unaware of the powerful results
related with the surface charges. And specifically, unaware of the way they help to solve the
problems of using Noether currents in gauge theories.

Along the derivation of surface charges we put attention on asymptotic charges, which are a
consequence of asymptotic symmetries, a lot of work is focused on providing the conditions to
have integrable asymptotic charges. In contrast insufficient effort is put in providing an expla-
nation of what those non-conserved asymptotic charges mean. Through these notes it is clear
that to have a conservation law an exact symmetry equation is needed: An equation that by

definition asymptotic symmetries do not satisfy.

In the hope to easy the work of gravity physicist and specially to those who decide to use
alternative variables, in Chapters 7.4 and 7.5 we systematically wrote the surface charge density
formulas for many gravity theories, presented all of them in a Table, and furthermore we also

performed all the step-by-step calculation in the appendices.
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A key field where the results here are of direct use is in analyzing black holes, more specifi-
cally, their thermodynamic properties. The surface charge method allows us to have good control
of the space of exact symmetries and the space of differential charges at once. In the case of
black holes this analysis can lead to a well-posed first law of black hole mechanics. In the first
of the three examples, Chapter 8, this was worked in detail for a complicated enough black hole

family and showed that a consistent first law holds.

As a final comment, and to put this part of this thesis in a wider perspective, we should stress
that all the methods to compute charges for gauge theories are defined in a classical regime.
Then, it remains as a challenge to understand how the surface charge method works within a
quantum gravity theory. It certainly depends on the quantization procedure one applies to the
classical phase space structure and the different quantities defined there. Still, nowadays there

is no clear path to achieve this quantization. We hope that future research will provide it.
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Appendix A

Three differential form operations

Let us consider a p-form expressed in a coordinate basis

1
a= ]jam,__updx“l A ANdatv . (A1)

The operator exterior derivative on differential forms defined as

d: QP — QP (A.2)
has the explicit action

1
do — Hauoaul---updxuo Adzf A - A date (A.3)

This operator satisfies the following Leibniz’s rule d(a A 5) = da A 8+ (—1)Pa A df, and it is
nilpotent, that is, d* = 0.
The Hodge dual operator
*x: QP — QPP (A.4)

acts on a p-form as
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1
=

(D —p)ip!

at...a b1 bD_
p6a1...apb1..‘bD_pe N---Ne P,

or with the differential form expressed in a coordinate basis

1
= m\/@a‘ul.“#pgﬂl~--,Upl/1...1/D_deV1 A - Adx¥P-p .

(A.5)

(A.6)

For a vector field € = E = £%q = £M0y, the interior product on forms is either denoted by ¢

or also with the alternative notation £.. This operation lows by one the form degree
le=E0: P r— QP

Explicitly, on a p-form it has the action

s 7
(p—1)!

o= & gyt N - N dzh .

The homotopy operator or Anderson’s homotopy operator If;q) is defined as the map
P . -1
Iy : QF — QP77
and acts as

k+1 - ) Ja
o= —— 0y, Oy, | 0P —— | .
o0 kgon—p—i-k:—l—l s Hr ( 0Dl v 8dw”>

This operator satisfies the following relations

.0
by = 5@’@ —dlg , when acting on space-time n-forms,
o = Ig’;ld —dI% . when acting on space-time p-forms (p < n).

and,
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(A.11)
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SI%, = 106

For example, expanding the sum in (A.10), we get [98]

0 ‘ 0 .0 0
o= (s _seie,— 2  Losei 2 ... |
0% [5 R TN TR T ] adar

1.0 1. 8 2. 9
In—l —_ 5Pt I Y ., _ -0, o -
o0 [25 20,0 3V " aa.a,0 3% 55,0, ]

where dots mean for higher derivatives depending on the nature of the theory.
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Appendix B

Derivation of the Skyrme field

equations

In this appendix, we make an explicit derivation of the Skyrme field equations (3.11). Let us
start by applying a general variation to the Lagrangian density associated to the Skyrme action

(3.7)

K
OLskyrme U] = Z&Tr <L“LM+ ;\[LM,L,,][L“,L”O )

_ gTr (L“(SL“—i— ;\[L“,L”]d([L“,Ly])) , (B.1)

The variation of the tensor L, is given by

5L, = §(U1oU),
= (U HoU+U1s(0,U),

= U YSUL,+ LU U +0,(U1sU), (B.2)
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where we have used the identity U ' = —U~1§UU ! deduced from the variation of the invert-

ibility condition U~'U = 1. With this, we get
Tr(LFS§L,) = —Tr[0,LFU 16U + 0, (U™ 'sUL")] . (B.3)
To compute the second term in (B.1) we notice that

L., L)) = [Ut9U,U19,U],
= U o, UU 9,U-Ut9,UU10,U,
= -0, (U 9,U)+0,(U10,U),

— —0,L,+0,L,. (B.4)
Now, we take a variation on this last term

5([Lys L)) = —0,6Ly + ,0L, |

= —0,(-U'SUL, + L, U '6U) + 0,(-U'6UL, + L, U '6U). (B.5)
Therefore, the second term in (B.1) reads

Tr ([L*, L"]6([Ly, L)) = 2Tx ([L*, L"]0,(-U UL, + L,U'SU)) ,

= 2Tr (0,(U'SU[L,, [L*, L¥]]) — U '6U|Ly, 0,[L*, L"]]) .(B.6)
Then, plugging back Egs. (B.3) and (B.6) into Eq. (B.1), we find
6L = —g Tr ((aﬂfﬂ + %[Ly, Ou[L*, L”]])U_16U> : (B.7)
but [L,, 8,[L*, L*]] = 8,[Ly, [L*, L*]], then
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K A
0L = -2 T (aﬂ(Lﬂ + [T (17 L”]})U—15U> ,
for an arbitrary group element U # 0, we arrive to the Skyrme field equations

0, (L” + %[LV, (LA, L”]]) =0.
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Appendix C

SU(2) group

In this appendix we provide details of the parametrization of the SU(2) group. The SU(2)
group is the set of all traceless anti-Hermitian 2 x 2 complex matrices M>(C) of det = +1 that

satisfies ATA = I, namely
&Hm:{Aeﬂb@WAﬂzAJAaunzl}, (C.1)

where AT denotes the Hermitian conjugate of A, namely, conjugate transpose of the matrix A,

explicitly AT = (AT)*. The Lie algebra associated to this group over the field C is given by

gwm:{AeMxm

(et = (M) det(e!) = 1,Vt € R} . (C.2)
Since (') = et = AT and det(ef) = €704 = ¢t r(4) | the conditions translate to
AT =471 and tr(4) =0. (C.3)

An arbitrary representation of the group SU(2) is given by the set of the three generators

T; which satisfy the Lie algebra
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(T3, Tj] = —2€iT , €012 = +1. (C.4)
An element of this group is given by the matrix
U = el (C.5)

where the vector & has components w; in a given coordinate system, and in the fundamental

representation Ty = 73, with 7, =i 0g, k =1,2,3 and

g1 ) 02 ’ 03 ) (CG)

the standard Pauli matrices, which satisfy the relation

T Tj = —51'3' — Eijka . (C?)

It implies

[Ti,Tj] = _26ijk7—k‘7 {TZ‘,TJ‘} = _261']' . (08)

Geometrically, the matrices U are generators of spinor rotations in three dimensional space R3
and the components of the vector w; are the corresponding angles of rotation. For SU(2) group,
there exists a parametrization for the elements U called the Euler parametrization and is defined

in terms of three angles 6, ¢ and 1) as
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U,e,v) = UZ(SD)Uy(Q)UZ(T/)) = ¥ emd 67—3¢a (C.9)

e 0 cosf sinf e’ 0
- ; (C.10)
0 e % —sinf cos6 0 e ™
cos B etV +¢) sin @ e~ t(¥—¢)
- ; (C.11)
—sinfel¥=9)  cosh e ite)

with 0 <0 <7,0< ¢ <27,0 <1 <4nr. Then, the SU(2) group manifold is isomorphic to
three-sphere S3.1

Using the matrices (C.9) it is possible to define the so-called left and right invariant one-forms

on the group SU(2): the Maurer-Cartan one-forms?

L=U%YUu=Lr, R=dUU'=R'rp. (C.12)

Because det(U) = 1 then tr(L) = tr(R) = 0. In term of the Euler angles, the Maurer-Cartan

forms in the Pauli basis are given by

Ly = —sin(2¢)df + cos(2¢) sin(26) de, Ry = sin(2¢)df — cos(2¢) sin(20) dy ,(C.13)
Ly = cos(2¢)df + sin(2¢) sin(20) dy, Ry = cos(2¢) df + sin(2¢p) sin(26) dyp ,(C.14)

Ly = dip+cos(20)dyp , Rs = dyp + cos(20) dy, (C.15)

satisfying the Maurer-Cartan equations

!The reduction to the parametric space SO(3) is reached through 9 ~ 9 + 2.

2In the literature these quantities are defined in the opposite way, i.e R := U~'dU and L := dUU~". Because
in much of the Part I of the thesis we work with R, in order to avoid confusion with Part II of the thesis, we
prefer to use the conventions of Eq. (C.12).
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dR; = Eiijj A Ry, dL; = — eijij A Ly . (C.lﬁ)
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Appendix D

Derivation of the reduced system of

equations (4.23), (4.26) and (4.43)

In this appendix we demonstrate how equations (4.23), (4.26) and (4.43) are obtained from the
general field equations (4.7) and (4.7b); thanks to the generalized Hedgehog ansatz [27,28, 113,
152], which remarkably enough still holds when the Skyrme field is coupled to Maxwell theory.

By considering the order of the space-time coordinates in the gauged Skyrmion case as
xt = (z,7r,7,¢), it can be easily seen that, under the choice (4.21) for the Euler angles and

(4.22) for the electromagnetic potential, the three components of L, = LZ% 1=1,2,3 read

L= (b1 cos(qd) sin(2H), — sin(qé) H', (g + b2> cos(q®) sin(2H), bs cos(qe) sin(2H)) , (D.1a)
Li = (bl sin(q¢) sin(2H ), cos(qp)H', <§ + b2> sin(q®) sin(2H ), bs sin(q¢) sin(2H)) ,  (D.1b)

3
Ly

(—2b1 sin?(H), 0, g cos(2H) — 2by sin?(H), g — 2bs sinQ(H)> : (D.1c)

With the help of the latter, the electromagnetic current vector can be computed through (4.8)
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to be

K
JH = 212 (Mirbr + N1,0, Marby + Noy M3rby + N3),  I,J=1,2,3, (D-2)

with the expressions M7y and N being given by (4.24) and (4.25), respectively. It can be easily

verified that V,J# = 0 holds as an identity for the previous expression.

By using (D.1), in the three gauged Skyrme equations

A . _
DH <LL + 1 [L”, [Lu,Ll,]]Z> n=FE7=0, (D.3)
the latter become
1 _sin(q(I)) B
LI A =0, (D.4a)
®)

g2 = ool - D.4

E3=0, (D.4c)

where

A(r) =4 (8Asin®(H) (—20%b7 + ba(2by + p) — bs(q — 2b3)) +41* + X (p* + ¢°)) H”
— 16Asin(2H) (20267 — ba(2b + p) + bs(q — 2b3)) (H')?
— 32Xsin®(H) (41°b1b) — (4bs + p)bh + (g — 4b3)bs) H' (D.5)
+ A (41207 (p* + ¢%) — (2gb2 + p(g — 2b3))?) sin(4H)
+ 1617 (20°67 — ba (22 + p) + bs(q — 2b3)) sin(2H)..
We can see that the 73 component becomes identically zero, while the other two are proportional
after the substitution of all the involved quantities. The remaining ¢ variable is decoupled from

r and the system is reduced to the single equation, A = 0, for H(r), which we have expressed

in a more compact form in (4.26). At the same time, the current J*, as given by (D.2), is only
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r-dependent and leads to the Maxwell set of equations (4.23).
The exact same thing can be repeated for the profile equation of the gauged time crystal
(4.43). This time we have to consider (4.39) for the Euler angles, with the help of which the

three L, components are written as (remember that now z* = (v,7, 2, ¢))

- sinw) 1
L, =sin(2H) <bl cos(wv), sin(2H)H , by cos(wy), <2 + b3> cos(w'y)) , (D.6a)
9 . : cos(w?y) .., . 1 _
L;, = sin(2H) (bl sin(wvy), sin(ZH)H , basin(wy), <2 + b3> sm(w*y)) , (D.6b)
1
Li = <; — 2by sin?(H), 0, —2by sin?(H), 3 cos(2H) — 2b3 sin2(H)> . (D.6c)

In the same manner the variables are decoupled in the three profile equations (D.3) and the
system once more reduces to the single equation. The 73 component is identically zero, while
the rest two are proportional to each other leading to a single equation for H(r), which is given

by (4.43). In particular, we obtain

sin(wy
E' = —%B(m =0, (D.7a)
cos(wry
E? = 1él4 )B(r) =0, (D.7b)
E}=0, (D.7c¢)

with

B(r) =4 (8\sin®(H) (I%b1(w — 2b1) + 2b3 + b3(1 + 2b3)) + 1% (4 — Aw?) + ) H”
+ 16Asin(2H) (b1 (w — 2b1) + 263 + b3 (1 + 2b3)) (H')?
+ 32X sin?(H) (1%(w — 4b1)b) + 4bobl + (4by + 1)b4) H' (D.8)
+ A (Pw? + 4171 (b) — w) + 4b3 (IPw? — 1) + 4Pwb3(—2b1 + wbs + w)) sin(4H)

— 161 (I%by (w — 2b1) + 2b3 + 2b3 + b3) sin(2H) .
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It is easy to verify that B = 0 is equivalent to (4.43). Of course the same considerations are also
true for the Maxwell equations and relation (D.2) still holds for the current, where now the My

and Ny are given by the expressions (4.41) and (4.42), respectively.
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Appendix E

Derivation of Surfaces Charges in

Metric Formalism

E.1 Einstein-Hilbert-Maxwell action

The variation of the Lagrangian generated by an arbitrary vector field { = £#0, and gauge

transformation A = X\ + *A,, (with . = 0¢ + 0y/) is given by

el = Eudeg" + E 0 A"+ 9,00(5,) | (E.1)
(L) = —Eun(VF"+ V) + E (G — VEX) + 0,0%(0c), (E.2)
a,u(EML) = 811 [*2(‘§VE!W) — EFA + @u(ée)] s (ES)

where we used the corresponding Noether identities F*, E¥ — 2V, E* = (0 and V,EF =0. The

explicit functions in (E.3) are
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L = =g (;(R —2A) — iFWFW> , (E.4)

1 1 1
EW = /=g [R (R“” - 9" R+ Ag‘“’) b (%ﬁFa“FBV - 49“”F”‘ﬁFa6>] ; (E5)

2 2
EF = ——=gV,F" (E.6)
01(6) = V=g (kY (9" 5egap) = S AF™) | (E.7)

= Vg |5 (VaVe) - VIVOE ) — (€ Fa — VA P

Replacing them we note that the three terms inside the total derivative in (E.3) can be rewritten

as a total derivative too

€

JH = OH(5,) — EML — 26, EM — \EH = 9, [—\/fg (W[f‘g”l - AF“")] , (E.8)

where we used [V#,V¥]¢, = R*E,. The term inside the total derivative is @ZV Then, we

obtain the surface charge density

K= 0QL + 2¢eM(5) (E.9)

= =0 [v=g (ke = aFm)| + 2y =gl (k91 (g0 8g0g) — 04 FV)

Note that when using improved transformations we have dA = (X — £+A4,) = —¢16A,." Ex-

panding all we obtain the surface charge density for this theory (7.87).

E.2 Einstein-Hilbert-Skyrme action

The variation of the Lagrangian (7.88) generated by an arbitrary vector field £ = £#0, is

!Equivalently, we can forget this and note that in the symplectic structure density the variations do not
commute, thus we should include a term ©([d,d]) which will contribute to the surface charge. The specific non-
commutation in this case is [0, 0] A, = devsa, A = —0u(EY5AL).
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bl = Eudeg" + (Budel) + 0,00 (5) (.10)
0u(§M'L) = —Eu(VF" +VYer) + (Ey€,V'U) + 0,01 (d¢) , (E.11)

Ou(E"L) = 8, [—26,BE"™ + 0M(5)] , (E.12)

where we used the Noether identity 2V*E, , + (EyV,U) = 0. The explicit functions in (E.12)

are

L = gB (R—2A) + K<R“R#+QFWFW>} (E.13)
B = g[g (RW —g"R — Ag“”),
B gy - 1g‘“’R°‘R + 2 (propr —lg’“’F b (E.14)
4 2 * Ty o yd Teb :
K A v —1

By = —5v=g(Vu| R+ R, F])UTT) (E.15)

u lay 1B K m A uv -1
O"d) = V=g sV g 0egup) + 7 (| B+ (R, PV UT0U )| (E.16)

and again, after cancellations, we simply have

Ji= O(6¢) — €L - 26, B = 0, [—ry/=gVIne"]|

where the cyclic property of the trace was used to show that ([R,, F*]|(*R, — & FFYFY,) = 0.
Therefore, @ZV = —ry/—gVIHeY! | and we use the surface charge formula k:é”j = 5@?”4—25[“@”} (8¢)

to get (7.91).

E.3 Einstein-Cartan-A

Consider four-dimensional General Relativity with a cosmological term in the differential form

language’

*We will omit the wedge product A among differential forms throughout these Appendix.

153



1 3
Sle®, w?] = /@'/ Eabed (R“beced + 2e2e“e”eced> , 2= (E.17)
M

with a,b=0,1,2,3. The general variation of the Lagrangian density is
SL = E,0e® + Eqgow® 4 dO(dw) . (E.18)

The equations of motion and boundary term are given by

1
E, = 2K'cabed (Rbc:i:ﬁebec) =0, (E.19)
Eu = 2r'eqpeqdT e =0, (E.20)
O(0w) = K'egpeadwPeed . (E.21)

The action (E.17) is invariant under diffeomorphisms and local Lorentz transformations. In-
finitesimal generators of these symmetries are a vector field & and the set of parameters A,
we group them in € = (£, A\?). Both can be combined such that the dynamical fields transform

infinitesimally as

bce® = dy(€2e?) + Ea(dy,e?) + A%, (E.22)

Sw® = €.R® —d, N\, (E.23)
The symplectic structure density computed with these local symmetries as one of its entries is

Q5,6.) = 00(w) — IO(6w) — O([0, dc|w) , (E.24)
= K'€ubed (56w“b6(eced) - 5wab5€(eced)) , (E.25)
= 2K'€abed ([f_nR“b — d 2\ ®]ede? — SwPld € e 4 Eade + Acfef]ed) , (E.26)

= dk, (B.27)
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note a subtle point, the term ©([d, JcJw) should be formally included to guarantee the bilinearity

on ¢ and d, because the variations do not commute in general. The surface charge density is
ke = —K'€apea (leé(eced) - 5w“b§J(eced)) : (E.28)

In the last step of (E.27) we used both, the equations of motion and the linearized equations of
motion too. Knowing the result of this kind of calculation the strategy is always to rearrange
the exterior derivatives on the parameters ¢ and A%, second and third terms in (E.26), to
complete exact differential forms and then check that all the remaining terms vanish due to the
equations of motion and the linearized equations of motion, for instance T% = de® + w“beb =0

and 67T% = doe® + (5w“beb + wabéeb = 0, as a general rule all of them have to be explicitly used.

E.4 Einstein-Cartan-Yang-Mills

The four-dimensional Einstein-Cartan gravity coupled to a non-Abelian field reads

Sle?, w, A :/

M

<f€’6abcdR“beced Fayar (F x F>> : (E.29)

where (-) denotes an invariant bilinear form on the Lie algebra of the non-Abelian Lie group

SU(N), ayy is the coupling constant, the two-form F' is defined as FF = dA+ANA = %Flab etebr;,
the Hodge operator acts as xF = %éabch iabecedr. with 7; the SU (N) generators.

The variation of the Lagrangian is
0L = E0€% + Egpdw™ + (E40A) + dO (6w, 6A) , (E.30)

with the equations of motion and boundary term given by
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E, = KeapeaR"e — ayy (equF x F — Feqix F) =0, (E.31)

Eu = 2r'eqpeaTe? =0, (E.32)
O(0w,04) = K'egpeadw™ee? + 20y (A% F) | (E.34)

with the covariant derivative defined by d4(-) = d(-) + [A, -]. Remember the operation of the

interior product e, F = §Fyceqa(e’e?) = $Fyc(05e® — €°65) = Fyee®.

The gauge symmetries are diffeomorphisms, local Lorentz transformations, and SU(N) act-
ing on A. The parameters of the infinitesimal symmetries are grouped in € = (&, b, M%), with \?
the components of the algebra valued gauge parameter A = \'7;. The improved exact symmetry

conditions are

6 = dy(€se?) + Eu(dye?) + A%e’ =0, (E.35)
Sew™ = ELR® —d NP =0, (E.36)
0 AT = ELFT—d N =0. (E.37)

As showed in the general case for the differential form language, the surface charge density
is the sum of three terms

ke = 6Qc — £.O(6) — Bse . (E.38)

We already have the boundary term, (E.34). Evaluating on an infinitesimal gauge symmetry
Eyb.e® + Egpdew® + (E,46.A) = dS. + N, with the Noether identities N, = 0, we obtain S..

Then, as usual, the would-be Noether charge J. = O(d¢) —&4L+ Se = d@€ is an exact form with

Qe = —K'eapearPee? — 20y (A X F) . (E.39)
Now, we use that [4,de] = [0, Le + dnabig b + Orteia] = Opabie s + dsate.64 because the
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vector field £ is assumed fixed on the phase space. Then, we have ©([4,0]) = dBse + Ce such

that on-shell C, &~ 0. Thus, we obtain
Bse = =K €apea(OA™ + £ 10w™®)eCe? — 2ary 5y ((OA + E16A)  F) . (E.40)
Replacing all back in the general expression (E.38) we get
ke = —K'€aped ()\ab5(eced) - 5w“b§_|(eced)) — 20y (MO *x F — §AELx F) | (E.41)

with the first two terms just the surface charge density of pure gravity (E.28). Thus, roughly,
to consider the extension to a general YM theory from a pure electromagnetic field one should

include the (-) brackets to deal with the algebra valued fields.

E.5 Einstein-Cartan in (24 1)-dimensions plus a Torsional Term

In this appendix, we compute the surface charge density explicitly. Because is faster and equiv-
alent, we use the contracting homotopy operator method to do it. Consider the Lagrangian for
(2 4+ 1)-space-time dimensions

L = capee® R + Be, T, (E.42)

where T% = de® + w“beb, and the term proportional to S is the one that would produce torsion.

The variation of the Lagrangian is
0L = (5(3“(5-,‘a;,CRbC +20T,) + 5wab(5abcT6 — Beqep) — d(eabceaéwbc + Be%e,) (E.43)

the second equation of motion tells us that torsion does not vanish, and because of the first one,
we can advance that in fact it plays the role of a cosmological constant term.

With the improved infinitesimal gauge transformation for the fields, d.e® and J.w® from
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(7.130) and (7.131), respectively, we rearrange the combination E,é.e® + Egdw® = dS, + N,
such that

Se = £ (eapeRY + 26T,) — X (eape T — Beqes), (E.44)

and N, = 0 are the Noether identities. The S, is what we need to compute the surface charge
density using the contracting homotopy operator. For the Einstein-Cartan theory the operator

is (see Eq. (3.29) in [127])

+ fw 4

I5e,6w = de” 9T ORab

(E.45)

because apart from e® and w® there are no extra fields in the phase space, this is the full

operator for this theory. Then, the surface charge density, ke = Is¢ 5.,Se, becomes
ke = —eabc()\“bdec — (5w“b£JeC) + 28&1e%0e, . (E.46)

By following the prescription that uses the symplectic structure density, Q(4, 0¢) = dk., we arrive
at exactly the same expression.

We remember that in general, boundary terms (exact forms) at the level of the Lagrangian do
not contribute to the surface charges, or at most they contribute as exact forms in the k. formula
and therefore can be neglected. However, notice that the term used here can not be written as
an exact form, the tentative term one would try vanishes identically d(e%e,) = T%, — e*T, = 0.
Then, at this level Se,T* is a genuine term that produces torsion. In particular, it contributes to
the surface charge density as is explicit in (E.46) with the last term, and again, this contribution
is not an exact form at this level either.

Now, we make a step further to analyze the surface charge density by performing a split of

the connection in torsionless and contorsion parts. That is,

w® = 5% 4 o (E.47)
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with @ (e) solving de® + G}abeb = 0. Then, the torsion is simply T% = wabeb. From the equation

of motion, e, 1% = Bepe., we solve

0% = geabcec, (E.48)
where we used sabcsdbc = —¢ abcédbc = —265.3 The split of the connection induces also a split of

the parameter, A%, that solves the exact symmetry condition. In general the condition d.e® = 0

is solved by

AP = e (d,,(Ea€%) + Eadye?), (E.49)
= eOL(d(€2eb) + @P.EoeC + @b € el + EL(@Pe)), (E.50)
= e®L(dy(€ae’)) — L, (E.51)
= AP _ e 0%, (E.52)

where we used dgze? = 0, e®_e® = 7%, and introduced A\* = e®_(dy(£,e)), the torsionless part
of the parameter. An equivalent way to define this parameter is to use the exact symmetry

condition but improving the transformation only with the torsionless connection

dee® = Eu(dgze®) + dy(£ue) + S\abeb =0, (E.53)

note that the first term vanishes by construction. Collecting all, we can now use the split of the

connection and the A% parameter on the surface charge density formula to show that

ke = —sabc(j\abéec — &Dabeec) + sabc(f_n&)ab(sec + &Dabf_:ec) + 2B€Le,0e” (E.54)

= ke+ geabcaabd(f_nedéec + deq€ue’) + 2BE e 0e? (E.55)

= ke, (E.56)

3Remember ¢ = ndd/nbb/ncclsd/blcl = —egpe = —E%¢ we put a twiddle to the Levi-Civita symbol that do not

carry information about the flat metric even if it has upstairs indices. Check this prescription in (1.7).
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in the second line we defined k., = —6abc(5\abéec — 6w™¢ Je) and used the explicit expression for
@™ computed at (E.48). To reach the third line remember that ¢4 = —£%4 a5 in (1.7), then
EabE™? = —26(‘?. The remarkable fact is the third line. At the level of surface charge density,
the torsion contribution to the connection cancels exactly with the extra source term 28¢ 1e,de®.
In other words, the surface charge can be computed with the usual expression if one uses the
Levi-Civita, or torsionless, connection & (e).

The equation k. = k. tells us that contorsion will never contribute to the charges in this
theory. For this simple theory this result could have been expected as from the beginning we
knew that the torsional term in the action is equivalent to a cosmological constant term. And we

already know, at least in four dimensions but for any dimensions is the same, that a cosmological

term do not enter in the surface charge formula.*

E.6 From a Chern-Simons perspective

The previous result can be understood from a Chern-Simons (CS) perspective too. In fact, it is
well-known that three-dimensional General Relativity with negative cosmological constant can
be written as a topological Chern-Simons theory of a one-form gauge connection A= 6“13,1+w“ja
valued on the anti-de Sitter algebra in three space-time dimensions (AdSs), s0(2,1). For the

spin connection we use w, = %aabcwd’ . The algebra reads

[ﬁm ﬁb] = Aeabcjcy [<]~aa f)b] = 5abcf)c ; [t7a7 <7b] = Sabcjca (E57)

4As an extra comment, we contrast our results with the charges computed in [153]. To compare, all contri-
butions coming from the action term, wdw + %ws, in [153], shall be set to zero. Still, due to the e, T term in
the action, it is found that the theory admits a so-called BTZ solution with torsion. The formulas for the mass
and angular momentum presented in [153] have a direct torsion contribution, and not only through the effective
cosmological constant parameter, as can be appreciated in Egs. (20) and (21) there. This is in tension with our
results because, as we just checked, torsion disappears from our charge formulas. Another curiosity is that in [153]
the proposed quasi-local charge expressions depend on the r coordinate. This dependence is avoided there, in
their final formula, by taking the usual r — co. From the surface charges density perspective we adopt here this
can not happen simply because of the conservation law, dk. = 0, guarantee independence of the radius.
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with A the cosmological constant. The algebra (E.57) admits a non-degenerate and invariant

bilinear form

<ja, ﬁb> = TNab - (E'58)

These two ingredients provide a CS construction for three-dimensional General Relativity as

follows
- - 1~ o~ ~
a A a b _c a
= 2e"Ry(w) + 3 fabec’ce + d(ew,) (E.59)

with the curvature Ry(w) = dw, + %Eabcwbwc. Note that the equivalence is up to a boundary
term. Now, the physics does not depend on the chosen algebra basis. Let us introduce a different

basis for the algebra generators

P, = P+ g Ja, (E.60)

Jo = Ja, (E.61)

with 5 a constant. Then, the AdS3 algebra commutators (E.57) in this basis are

2
[Paa Pb] = (A - i) 5achC + Bgabcpca
[Jaapb] = 5abc-PCa
[Ja, Jb] = SabCJC. (E.62)

The invariant and non-degenerate bilinear form associated to (E.62) is now

<Ja7Pb> = TNab » <Pa>Pb> = BNab - (E'GS)
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Thus, the equivalent CS Lagrangian for the one-form gauge connection A = e®P, + w®J, valued

on the algebra (E.57) and associated to the bilinear form (E.63) is
a a Aeff a, b c a
Les = 2¢"Rg(w) + feTy + —3 Cabec’e’e + d(e®w,) , (E.64)

with the torsion T, = de, + eqpewPe, and the effective cosmological constant A, gp=A— % B2.
We can choose the parameter 52 = %A and the last Lagrangian becomes exactly the Lagrangian
(E.42) considered previously. Therefore, we conclude that the torsional Lagrangian (E.42) is just
equivalent to the Einstein-Cartan Lagrangian (E.59) with a specific value for the cosmological

constant A = %52.

E.7 Einstein-Cartan-Dirac

Consider the gravity contribution to the surface charge density in four space-time dimensions
ke = —K'€aped [A“bé(eced) - 5w“b£_:(eced)] . (E.65)

As a preliminary we will rearrange this formula. First note that the spin connection can have a
torsion part, named the contorsion, we want to isolate its contribution into the formula. Exactly
as in the previous appendix, (E.52), we perform a split of the spin connection, w® = & (e) 4w,

such that dge® = 0. The exact symmetry condition, §.e® = 0, is solved by the parameter
A = elos(gudyet) + el L(dycae) = eltL(dpg el — o, (E.66)

thus, the split of the connection is translated in a split of the parameter A% = Aeb 4 Xab Then,

the gravity contribution to the surface charge density has two parts

ke = ke + ke, (E.67)



the torsionless part

foe = —K €aped [S\Qbé(eced) _ (5(,Dab§_|(eced)] ’ (E.68)

where A% = e%,(d(£2€%)), and the contorsion part that we wanted to isolate

ke = —K'€aped [S\abé(eced) - 5@ab§J(€C€d)] , (E.69)
where A\ = —¢_@®. If we further express the contorsion one-form in frame components,
0% = (D“bfef, we can write

ke = 2K € gped [(Dabfec(g_:eféed + f_nedéef) — 6a)“bfefec§_|ed} ) (E.70)

Now, we compute the whole surface charge density. Consider the Einstein-Cartan-Dirac

action

i _ -
Slets ) = [ eapaete [K’Rcd — sy et (7" sdats + dwwvdwﬂ , (E.71)
M

with dyv = dy + %wab'y“bw and vqp = %[’ya,yb] satisfying the Lorentz algebra. The special
matrix v5 = Yoy1727Y3 satisfies V57, = —747v5- The following computation of surface charge is
very sensitive to the coefficients, therefore we make a scriptsize detour to be self-contained and
to check the consistence of our conventions.

The y-matrices satisfy the Clifford algebra {va, v} = Ya¥b + VbYa = 21ap. Then, we have also [ya, (VoYe — Ve )] =
4(NabYe — NacYp)- If we define v,p = %[’Y‘l’ ~p] we can check that [Ya,Vbe] = NabYe — MacYp, and the matrices 7,45 satisfy the

Lorentz algebra, namely

[Yabs Yed] = MbdVea — MadYeb + MbeVad — NacVbd » (E.72)

this fix the 1/4 normalization of the ~4p definition. The coefficient multiplying the connection in the covariant derivative

acting on a spinor is fixed by the defining equation of the covariant derivatives on spinors

dor (AY) = Adwp . (E.73)
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The Lorentz transformation is A = exp (%)\“b'yab), thus we define the algebra valued coefficient A = %)\ab'yab. We check

that the 1/2 is consistent with (E.73). If we expand to first order in the Lorentz transformation both sides of (E.73), we

get
1 1 1

AN+ A = 2 (doXa)¥** W + S wapy PG = Adtp + 2wy, (E.74)
where we used W% = W 4 § W with Sywep = —dwrep = —dAgp + Aacw® — A% wac. The last expression brings
into the formula the convention for the infinitesimal transformation Ay used in the other variables (dye®* = )\abeb or
equivalently dywqp = —dwAgp). Then, we check that (E.74) is in fact an identity because our conventions are correct such

that d\ = 1d,;7??, and

ab 1 cd _ab 1 ab _cd

Wab |:)\:'Y ] = 5wab)‘cd ['Y Y ] :75wab>‘cd |:'Y ) Y } ) (E75)
= (Maew® — A%wae) 7. (E.76)

Those checks set correctly the three coefficients in v, = i['ya,%], A= %)\ab'yab, and dwY = dyp + %wabvabw

Now, besides the usual exact symmetry conditions on the gravity fields, (7.130) and (7.131),
we should impose the exact symmetry condition on the spinor field. Spinor field transform
under an infinitesimal local Lorentz transformation as dy¢) = XN'v. Therefore, the correct exact

symmetry condition is
St = Lo+ Np = Eadyp + Mp = 0, (E.77)
with, again, the improved prescription given by A = $7,(A® — £.w™®) (remember Ay = N —

f_lwab).

A general formula for the surface charge density in differential form language is (see Eq.
(2.19) in [127])
ke = 6Q. — £40(8) — Bse . (E.78)

The variation of the Lagrangian is
0L = Eqde® + Egw™ + Eydtp + +E 6 + dO(5), (E.79)

with the boundary term
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0(9) = gabcde“eb (K'&WCd + %o% 1) (&wd%w)) . (E.80)

This is the middle term we need in (E.78). For the first term we compute the trivial current
Je =0(d) — &L+ S = d@e, and after cancellations we get the usual @6 = —keapeae®e® A% we
find for pure Einstein-Cartan theory. For the third term in (E.78), the prescription tells us that
the symplectic potential term ©([d, d¢]) = dBs. + Cs. with Cse ~ 0, thus we use the commutation
of variations [0, d¢] = [0, Z¢ + Oxnt¢.w] = Osa+¢ 6w, and we get Bse = — k' gpeqgee® (SN + € 16w?).
Thus the spinor field does not contribute through Bg. nor @6 in the general formula (E.78), it
only enters through the extra boundary term in (E.80). The complete surface charge density

for the Einstein-Cartan-Dirac theory is
ke = —€abed (/4' <)\ab5(eced) — 5w“b£_n(eced)) + iay, £ae%ee’s (11_}7d'y5¢>) . (E.81)

We stress that the addition of a spinorial mass term in the action does not change the surface
charge formula. Then, this result is already useful enough to compute charges for this theory,
its massive spinor equivalent, or even with an additional cosmological constant term. But we

can go further. Let us split the gravity terms as we did at the beginning, (E.67), then
ke = ke + ke + kY, (E.82)

with

k’g = _iazp 5abcd£—‘eaebecé‘(&7dry5w) : (E83)

We can compute k. explicitly, as given by (E.70), by solving the contorsion @ from the torsion

equation of motion. We do it step by step. The equation we need is

17 _
EapedT e = T30 Ecamne e €™ (30, — 07" Va) 151 (E.84)

165



with T°¢ = d,e® = (Dcfef = G)“fgegef, we have

_ i -
6abchafgegefed = an Ecdmnecedenw (&T’Vb - 5?7@) 75¢ ) (E85)

or its dual equation

17 _
Eabcdsgfdhwcfg = ﬁaw Ecdrrmgccmhr‘p (5:{1’% - 5?7@) '75¢ . (ESG)

?}’ where we have to be

Note that in the left hand side 4peqe9 ¥ = —(—3167 61{6") = 3167 5£5

la c] la

careful with the extra minus sign because we raise indices with the flat metric n%. We also use

in the right hand side €.gmne®™" = —€cdnme®™" = —(—66") = 65" . Therefore
_ _ . 7 3
20, |+ 6hwe, — ohac,, = 500 ¥ (07" — 65" %a) 15 - (E.87)

To completely solve this equation we have to contract it and then replace the result in itself.

Contracting h = b we get w°,, = %aw Y Yay5%. Then

i _
oy = F ¥ (@’f’m - 53%) Y5 (E.88)

or equivalently

@y = Son (nabw - 5?7')) VY- (E.89)

We are ready to replace this into the expression for k., (E.70). We do it by parts. First note

that the following combination simply vanishes
i _
Eabcdw“bfec(f_nef(sed + £aeddel) = 5 Eabedy (n“b’yf — (5?717) vspe(Eael de + ELeddel) = 0.

Then
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ke = —26abcd5w“bfefec§_|ed = 10y 5abcdeaeb£_|e‘:5(1ﬁ*yd751/1) , (E.90)

this term is exactly —k? as in (E.83). Therefore, as it might have been suspected, for the surface

charge density, we have an exact cancellation of all the terms concerning the spinor field
ke+ k¥ =0, (E.91)

or equivalently, this means that the full surface charge density for the Einstein-Cartan-Dirac
theory is simply k. = ke as in equation (E.68). In particular, this implies that in a space-time
with a spinor field living on it, as far as exact symmetries are satisfied, it is not needed to have

the explicit solution for the spinor field to compute charges.

E.8 D-dimensional Chern-Simons form

A CS Lagrangian in D = 2n + 1 dimensions is a local function of a one-form gauge connection,
A, valued on a Lie algebra. That is A = Alr; = Al7; e with e the one-form frame field, 7; the
generators of the algebra, [1;, 7;] = fi:Fm, and fijk the algebra structure constants. The full
CS Lagrangian can be expressed in a very compact form using the trick of an integral over an
auxiliary variable ¢ [154]

LO 4] = i, / AR, (E.92)

0

where Fy, = dA; + Ay AN Ay, Ay = tA, and K, = Keg(n + 1) with keg the CS level. Notice
that the one-form nature of A induces the algebra commutator on the A? term, explicitly
A? = (tA)A(tA) = t2PANA = 312 A A A¥[r;, 7;]. The angled bracket (- ) denotes the symmetric
invariant polynomial on the algebra such that for any two algebra valued forms, says the p-form

P and the ¢-form @), the usual commutation properties are respected, namely

(- PQ---) = (=1)P1(---QP---). (E.93)
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The CS theory possesses two symmetries, in fact the Lagrangian is invariant under diffeomor-
phisms and also quasi-invariant (up to a boundary term/exact form) under gauge symmetries,
these are the key gauge symmetries that push us to compute surface charges. The trick to have
a compact expression for the Lagrangian allows us to perform all calculations directly, we show

them in detail. Let us start with a general variation of (E.92), we have

1
SLE[A] = gy / dt(SAF + nASFFY),
0
1
- Iin/ dt<5AFtn+”AdAt(5At)Ftn_1>’
0

1
d
= fn / dtQOAF] + ZOAF] — SAF] — nd(ASA, F ),
0

= ka(SAF™) — dO(5A), (E.94)

where we used dF; = ddAs + [A¢, 6As] = da,0A; with the notation d,, for the exterior covariant
derivative for the connection A;, we used also the Leibniz’s rule for d,,, that d4,F; = 0, the
identity %Ft = d4, A, integration by parts in the variable ¢, that %5/& = A, and the invariance
property of the symmetric polynomial < . > Then, the equations of motion and the boundary

term are

(F"y = 0, (E.95)

1
O(A) = —nky, / At(SALAFLY | (E.96)
0

Notice that we defined the boundary term with an overall minus sign, this convention save us of
carrying a minus sing in the following calculations. This is conventional, remember that surface
charge densities are defined up to overall factors.

Later we will also need the linearized equation of motion, namely

S(F™) = n((6F)F" 1Y = n(d,(6A)F" 1) =0, (E.97)
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where d,(-) = d(-) + [A, -] denotes the covariant exterior derivative for the connection A.
To obtain the surface charge density we first compute the symplectic structure density using
the boundary term. With two independent general variations on the phase space, say d; and ds,

the symplectic structure density reads

Q(01,8:) = 010(5,A) — 5:0(51A) — O([01, 5] A) ,

1
= —nky, / dt(200A51 AF ™1 + 63 4 A6 F] 1 — 61 A ASoF ). (E.98)
0
Now, the key to get a more tractable expression is to rewrite the second term as

(59 AL AS F )

s ArAd,, (514 F)?),

d (02ALASIALF]™?) — da, (02A) AS1ALE] 2 + 59 Ay da, AS1 A F )

n—l
= (n—1)
n—l

(F)6 A F2)

dt

(@
)
)(d(02Ar A1 ALE %) — S Fy AS1 AL F) ™% + 02 Ay — d
= (n—1)(d(02AAS| AL F]' %) — 85 F, ASy Ay F~ 2>+ <62At61AtF” B —2(0, A5 AT,

where we used in the second line the Leibniz’s rule for the covariant derivative d,, and the
identity clAtFt"_2 = 0. In the third line, d,,(02A4¢) = 62F}; and %Ft = d,, A. In the fourth line,
we introduce a total derivative in ¢, we use that all the expression is inside the bracket () to
perform commutations of the algebra valued forms, and used also that %6At =0A.

Now, replacing back, the second and fourth terms of (E.99) cancel exactly the first and third
terms of (E.98), respectively. We are left with a total derivative in ¢ which we can integrate
trivially, and also an exact form. Then, the result is a symplectic structure density composed

by a piece that could have been expected plus another piece which is an exact form
1
QD (51, 85) = nkn (51 ASAF" 1) — n(n + 1)kn d ( / dt<52AtA51AtFt”2>> . (E.99)
0
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We observe that unlike other theories, the symplectic structure density for CS is not gauge

invariant due to the last term, this is expected because the Lagrangian as well as the boundary

term O(JA) are not gauge invariant forms. Remember that the theory is just quasi-invariant.
Now, we combine infinitesimal diffeomorphisms and gauge transformations for the connection

to write an improved general infinitesimal symmetry transformation as
beA =LA —daN =E0F —dal, (E.100)

where as usual we select the parameter as A’ = A+£ A in order to define an overall homogeneous
infinitesimal transformation. Remember that A = N'7; = (X — #A!)7; is an algebra valued
gauge parameter which is also field dependent.

Then, we evaluate the symplectic structure density, (E.99), such that one of its entries is
an improved symmetry transformation, doA — J.A as in (E.100) (and 614 — §A). Using the
equation of motion (E.95), and also the linearized equation of motion (E.97) (varied equation of
motion on phase space), it is straightforward to show that the first term becomes also an exact

form
1
QED(5,65) = nwpd(MAF"YY —n(n 4+ 1)knd </ dt<5eAAt5AtFtn_2>) . (E.101)
0

When the exact symmetry condition is satisfied: §cA = 0 the symplectic structure density
simply vanishes and it also vanishes the integral second term of the last expression. Therefore,
we conclude that the surface charge density for a D-dimensional Chern-Simons theory, that

satisfies the conservation law (i.e. is closed dk. = 0), is
ECY = np (ASAF1Y (E.102)
This is the main result of this appendix and it could have been expected by symmetry considera-
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tions. In fact, with only a connection at disposal there are no other ways to write a (D —2)-form
which is also a variation (or one-form in field space) and at the same time a gauge invariant
expression.

On the other hand, in contrast to [155] and [156] we observe the advantage to group the
improved gauge parameter \ and the Killing vector £ in the symmetry parameter ¢ which allows
us to define an unique charge.

Note that for n = 1 we recover the standard D = 3 dimensional surface charge for a CS
theory computed in the main text.

We remark that in the last step we needed to invoke the exact symmetry condition to get rid
of the integral term in the symplectic structure density, (E.101). This is not usually the case.
For all other theories worked out through these notes the surface charge density is read directly
once we replace the symmetry transformation as one of the entries of the symplectic structure.
Instead, here there is this extra exact form, expressed as an integral in ¢t. As stressed before
this is related with the quasi-invariance of the CS theory and that our prescription to define
the symplectic structure relies on the Lagrangian.” Having said that, at this stage it should be
already clear through our discussions that it is only for those cases, when the exact symmetry
condition holds, that the surface charge density is closed and therefore it becomes a meaningful

formula to compute true charges.

E.8.1 D-CS surface charge from the contracting homotopy operator

As a final remark of this appendix we note that the surface charge density formula for CS
in D = 2n + 1 could had been easily obtained using the corresponding contracting homotopy

operator. For a CS theory we can sketch the operator as

°In the method based on the contracting homotopy operator this is not the case and the symplectic structure
is defined directly form the equations of motion. Because of this reason this alternative prescription is sometimes
called invariant symplectic structure [101].
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s = 5A§F . (E.103)

0
Now the Noether identity implies that —(k,0.AF™) = dS. +Mwith Se = Kn(AF™). Thus, for
the surface charge density

kC) = 1,8 = nrp (AWAF™1Y (E.104)

and we directly recover (E.102). This short calculation shows the power of the contracting
homotopy operator approach. Of course the procedure to obtain (E.103) as a rigorous expression
for the operator is the missing part here but, as we checked, its naive application it is certainly

powerful enough.
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