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Resumo

Esta Dissertacao pode ser lida em duas partes. Na primeira, iniciando com as equagoes
(Abelianas) de Maxwell, apresentamos um procedimento, denominado método de Noether,
que nos permite construir em alguns passos a versao nao-Abeliana a partir de um modelo
originalmente Abeliano. Dessa forma, obtivemos naturalmente uma formulacao de Yang-Mills
para particulas de spin-1 e massa nula a partir da Eletrodinamica de Maxwell. Em seguida,
dedicamos um capitulo inteiro a introducao de diferentes conceitos da Relatividade Geral, com
o objetivo de preparar o leitor, de modo que, ao entrar na discussao sobre a Gravidade Quantica
em Lacos, ja tenha familiaridade com determinados conceitos. Isso ocorre logo no capitulo
seguinte, onde apresentamos uma teoria que busca unificar a Mecanica Quantica e a Relatividade
Geral. Ao longo do texto, elencamos diferentes pontos que visam proporcionar uma melhor
compreensao da teoria, culminando com o cerne da Dissertacao: os principais observaveis de uma
teoria eletromagnética nao-linear incorporando efeitos da LQG e a posterior versao de Yang-Mills
acrescida das corregoes da LQG. Essa abordagem é descrita em um cenario que permite conectar
uma teoria de gravidade quantica a teorias nao-Abelianas, como a Cromodinamica Quéntica e

a Teoria Eletrofraca.

Palavras-chave: Teorias de Yang-Mills, Eletromagnetismo nao-linear, Gravitagao Quantica,

Gravitagao Quantica de Lacos.



Abstract

This Dissertation can be read in two parts. In the first part, starting off from the (Abelian)
Maxwell equations, we have adopted a procedure referred to as the Noether method, which
allows us to build up the non-Abelian version of an Abelian model we start from. In this way,
we have worked out a non-Abelian formulation for self-interacting massless spin-1 particles.
This is the Yang-Mills theory. Next, we have dedicated an entire chapter to introducing different
concepts of General Relativity, with the aim of preparing the readers so that, when entering the
discussion on Loop Quantum Gravity, they may feel already familiar with the main concepts.
This is the topic of the following chapter, where we present a theory that seeks to unify Quantum
Mechanics and General Relativity. Throughout the text, we present various points to further
provide a better understanding of the theory, getting to the core of the Dissertation: the main
quantities of a nonlinear electromagnetic theory and extending it to finally arrive at a set of
Loop-Quantum-Gravity-corrected Yang-Mills field equations . This approach is presented in a
framework that allows to connect a quantum gravity model to non-Abelian theories, such as

Quantum Chromodynamics and the Electroweak Theory.

Keywords: Yang-Mills theory, Non-linear Electromagnetism, Quantum Gravity, Loop Quantum

Gravity.
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| Chapter 1 ———

Introduction

Physics is, after all, an experimental natural science. Since the establishment of the
scientific method, it has been understood that for any discovery regarding a subject to be valid,
it must pass through all the stages of this method. However, the greatest discoveries and/or
advancements in Physics have arisen from two entirely different sources from experimentation:

contradiction and empiricism [1].

Contradiction, in turn, could almost be defined as the antithesis of Physics, as it
represents the lack of logic concerning something. The reader may think this statement is
contradictory, but there is a deeper connection. Einstein may have been the physicist who
best utilized contradictions, as two of them led to significant discoveries. The first arose from
the contradiction between classical mechanics and the photoelectric effect. The second came
from the formulation of Special Relativity, which resolved the inconsistency between classical
mechanics and electrodynamics. Of course, there are other examples of contradictions leading
to great leaps in understanding. It is noteworthy that these logical inconsistencies between two

previously successful theories paved the way for monumental theoretical developments.

Empiricism, on the other hand, plays a more subtle role. The major discoveries stemming
from contradictions were achieved without new empirical data. These models were developed
almost blindly. Undoubtedly, the most notable physicist to use this concept was Isaac Newton,
one of the greatest scientists in history. Another major example of empiricism is found at the
dawn of astronomy, with thinkers like Galileo, Kepler, and Copernicus working under such

frameworks.

Physics, which describes fundamental interactions, benefited from the concepts of contra-
diction and empiricism throughout its development [2]. It began with the creation of Quantum
Mechanics by W. Heisenberg, P. Dirac, and E. Schrédinger [3,4]. However, the electron, the

=

main protagonist, lacked a relativistic description. P. Dirac [5] resolved this issue, introducing

gauge symmetry U(1) [6] and unifying Quantum Mechanics and Special Relativity. Dirac, based
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on purely empirical reasoning, also predicted the existence of antiparticles, discovered in 1932.
Around this time, the atom was undergoing theoretical development. I. Tamm and H. Yukawa
began studying the interaction between protons and neutrons in the atomic nucleus [8], using
Maxwell’s electromagnetism as an analogy to develop their nuclear theory. Since vector bosons
mediating interactions should be massless in electromagnetism, Yukawa formulated a theory of

massive scalar bosons to account for the short range of strong nuclear interactions.

After Quantum Mechanics, Heisenberg investigated the origin of isospin (or isotopic
spin). He addressed this by introducing the SU(2) symmetry group as the basis for isospin,
associating protons and neutrons, which have nearly identical masses, as members of a doublet
[12]. Later, E. Wigner [13] demonstrated that this new quantum number should be conserved,

invalidating Yukawa’s scalar boson theory.

Efforts shifted towards the formulation of a gauge theory with spin-1 bosons, in which,
self-interaction among the gauge fields was allowed. Initially, these bosons would be massless,
but would acquire mass through spontaneous symmetry breaking. Massless mediators would
imply that strong interactions have infinite range, contradicting the short-range nature of nuclear
forces. Two groups independently formulated this theory for nuclear interactions: the first,
more renowned, by C. N. Yang and R. Mills in 1954 (known as the Yang-Mills theory) [16],
and the second, by R. Shaw [15], whose work remained unpublished but was recorded in his
doctoral thesis at Cambridge under A. Salam’s supervision. Both formulations addressed prior
issues, providing a local SU(2) gauge theory that conserved total isospin and it was anticipated
(though not demonstrated at the time) to be renormalizable [16, 18, 36].

It is worth noting that by 1954, the Higgs mechanism had not been formulated. Conse-
quently, the Yang-Mills theory faced significant challenges concerning mediator masses. Empiri-
cism had also been set aside, as fundamental interaction theories failed to align with existing
experimental data. In 1956, C. N. Yang and T. D. Lee published a study showing that weak
interactions violate parity symmetry to comply with special relativity [20]. This work inspired
Salam to develop a Yang-Mills theory for weak interactions, emphasizing the importance of such
formulations and introducing the concept of chiral symmetry [24]. Other physicists, including
S. Glashow [21] and S. Weinberg [22], also contributed to this effort. Salam had previously
integrated weak interactions into the SU(2) Yang-Mills framework [23].

The problem of the masses of mediators persisted until the spontaneous symmetry-
breaking mechanism (the Higgs mechanism), which earned the 2013 Nobel Prize, was developed.
These advancements solidified the Yang-Mills theory as the most comprehensive framework for

describing fundamental interactions [25,26].

Once again, the pillars of contradiction and empiricism have influenced physics, particu-
larly in Quantum Gravity research since the 1930s. Developing a theory of Quantum Gravity
faces challenges due to a lack of guiding empirical data and the contradiction between General

Relativity and Quantum Mechanics. Achieving this theory is crucial for addressing significant
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open problems in contemporary physics, such as unifying General Relativity and Quantum
Mechanics, resolving singularities in black holes and the Big Bang, understanding spacetime at

Planck scales.

For years, efforts to quantize gravity have faced difficulties due to the foundational
differences between the theories being unified. Einstein’s General Relativity introduced a
groundbreaking view of spacetime, merging space and time into a gravitational field. Conse-

quently, quantizing the gravitational field equates to quantizing spacetime itself.

As with any minimally functional theory, a ground state for the quantized gravitational
field is required. This state involves quantum metric fluctuations relevant at scales where a
quantum particle’s localization avoids being concealed by its horizon (the Planck length). Above
these scales, such corrections can be disregarded. Quantizing the gravitational field inherently
involves quantizing geometry, fundamentally challenging traditional perspectives. A Quantum

Gravity framework must describe quantum states before spacetime itself emerges.

The Planck scale introduces the discrete, finite nature of quantum spacetime, establishing
a fundamental constant [y akin to the speed of light (¢) in special relativity and & in Quantum
Mechanics. These concepts necessitate revisiting basic physical notions, suggesting that all
phenomena in nature might be described by general-covariant quantum fields. This [ is a

fundamental and discreteness constant of the world.

Descartes: Matter Time
Y N\ \
Newton: Particles Space Time
v N\ \ i
Faraday-Maxwell: Particles Tields Space Time
' { N/
Special relativity: Particles Fields Spacetime
N/ '
Quantum theory: Quantum-Tields Spacetime
v
General relativity Particles General-covariant fields
N\ e
Quantum gravity: General-covariant quantum fields

Figure 1 — Evolution of the Concept of Spacetime in the Development of Physical Theories [1].

The ultraviolet energy implies finiteness on a Planck scale. Two theories that successfully
incorporate this consideration are String theory and Loop Quantum Gravity (LQG). String
theory incorporates and addresses Quantum Gravity, aiming at the grand unification of physics.
It originates from a different perspective than LQG, inheriting concepts from Supergravity
theories, which, in turn, stem from Supersymmetry and Kaluza-Klein theories. These theories

themselves are based on earlier ideas.
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LQG, on the other hand, is solely a theory of Quantum Gravity, not directly concerned
with grand unification, though it does not exclude it. Moreover, LQG presents two distinct
versions, analogous to twin siblings raised differently. Both versions originate from a quantized
metric. However, the canonical version, utilized in this work, stems from the loop solutions of the
Wheeler-DeWitt equation and later redefined using Ashtekar variables. The other formulation,

"

known as Spinfoams, resembles a "sum over geometries," inspired by the Euclidean functional
integral developed by Hawking and his group in the 1970s. The Spinfoam theory has merged
with the canonical formulation’s kinematics, leading to the Covariant Loop theory, which can

satisfactorily describes LQG. The figure below outlines the historical evolution described earlier.

Quantum field theory perspective General relativity perspective
The full metric is quantized
gravitational field is split
G () = My + Iy () A/ \
wave function path integral
of the metric over geometries

1 Llg] f Dlg] ¢t f v=3Ri]

) ) Wheeler-deWitt "6o
The theory is non-renormalizable Hartle-Hawking 7o

} l 1

and huu(-’l‘ )is quantized.

Ashrtekar variables 80
R*, Supergravity, Kaluza-Klein ... 70 Loop quantization

. ,
_ . : 2
Unification Spinfoams 'g2

of interactions L
geometry quantization

\ (Spin networks) 94

String Theory
Covariant loop theory "o8

Figure 2 — The Development Stages of the Two Main Quantum Gravity Theories. On the left, we
have String Theory. On the right, we have LQG [1].

After this brief introduction, this work is outlined as follows. In Chapter 2, we develop
Yang-Mills theory as a self-interacting gauge boson theory. More precisely, starting from
Maxwell’s electromagnetism and its U(1) group, we extend it to obtain a non-Abelian version
of Maxwell’s equations with SU(N) symmetry. We achieve this using Noether’s method to
introduce self-interactions in a free theory. After deriving these equations, we apply them
to fundamental quantities in electromagnetic theory, such as the Poynting vector and the
energy-momentum tensor. Expanding beyond spin-1 vector bosons, we apply the method to
fermionic matter, observing that minimal coupling of fermions to gauge bosons (Yang-Mills

bosons) arises spontaneously [2].

In Chapter 3, we introduce the reader to the fundamentals of General Relativity (GR),
which are essential for understanding the basics of LQG. We begin by presenting arguments
framing GR as a gauge theory. Subsequently, we develop the tetrad formalism and its impact on
the traditional description of GR. Here, we introduce the main quantities in this formalism and

how the gravitational field action is described. Finally, we present the Hamiltonian formulation
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of GR, known in the literature as the ADM formalism, providing a pedagogical introduction to

its key concepts, including the Hamiltonian and diffeomorphism constraints.

In Chapter 4, we delve into Loop Quantum Gravity, connecting the ADM formalism from
the previous chapter to the Wheeler-DeWitt equation. We then explore LQG comprehensively,
introducing its foundational concepts, such as area and volume operators. Additionally, we
dedicate attention to Ashtekar variables, which are fundamental to LQG, and their connection
to the tetrad formalism. To foster familiarity, we include an introduction to Wilson loops in
the context of LQG. Finally, we discuss some applications of LQG in cosmology and black hole
physics.

In Chapter 5, we extend LQG applications to the electromagnetic sector, presenting
the main results of this work. We calculate key quantities in electromagnetic theory under
LQG effects, such as the Poynting vector, stress tensor, wave equations, dispersion relations,
group velocity, and refractive index. These expressions provide an overarching understanding of
LQG’s influence on classical electromagnetism. Building on these concepts, we further develop
Yang-Mills theories incorporating LQG effects in the electromagnetic sector, following a similar
approach to the non-Abelianization of the theory in Chapter 2 but with additional complexities.

This led to intriguing results that may aid future understanding of Quantum Gravity.

Finally, we conclude the work with a chapter summarizing the findings of all chapters,
emphasizing the novel results from Chapter 5. We also outline future perspectives emerging

from this text.

At last, this work includes three Appendices that elucidate key equations and technical
concepts regarding LQG that, while important, are too detailed for the main text. Following

these Appendices, we present the references that support this Dissertation.



Chapter 2

From Maxwell’s equations to Yang-Mills Theory

We begin this chapter with the aim of developing Yang-Mills (Y-M) theory as a theory
of self-interaction for gauge bosons [2, 16]. More precisely, starting from the construction of
Maxwell’s electromagnetism using its U(1) group, we will extend it to obtain a non-Abelian
version of Maxwell’s equations with the symmetry group SU(N). We will achieve this by
using a method to create fields self-interactions through a free theory, known as Noether’s
method®. With these equations in hand, we proceed to apply them to other key quantities
in electromagnetic theory, such as the Poynting vector and the energy-momentum tensor. To
extend beyond spin-1 vector bosons, we also apply the self-interaction framework to fermionic
matter, where we find that minimal coupling between fermionic matter to mediating bosons

(Y-M bosons) arises naturally.

The light particle was identified as the photon, which is massless, allowing electric
and magnetic phenomena to be described by equations known as Maxwells equations in the

vacuum [27] of the form:

V-E =0, (2.1)
V-B =0, (2.2)
0B
E = - 2'
V X TR (2.3)
OE
B=— 2.4
V x TR (2.4)
the bold parameters are vectors. The electric field can be write as
0A
E=-V¢— — 2.5
and the magnetic field
B=VxA. (2.6)

*Named after Emmy Noether, whose profound contributions, especially Noether’s theorem, reveal the link
between symmetries and conserved quantities in physics [28,29].
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The field ¢ is called the scalar potential and A the vector potential. Maxwell’s equations enjoy
gauge freedom, meaning that when expressing the electric and magnetic fields as in equations
(2.5) and (2.6), the gauge symmetry associated with the potentials in Maxwell’s equations must

be preserved. Consequently, the potentials should remain invariant under the transformation

form
{6,A} = {¢/, A}, (27)
¢/:¢+&“gft’f> A’:A—V-Oz(t,f). (28)

The following step involves applying Noether’s method, a widely recognized approach in
supersymmetry and supergravity due to its extensive range of applications [30-33], to construct
a non-Abelian Maxwell theory. For simplicity, in this dissertation we have opted to use Euclidean

signature.

2.1 Construction of Self-Interacting Theory for Spin-1 Fields

The quest for a non-Abelian framework fir spin-1, massless particles with self-interaction
begins by the introduction of a multiplet of fields that are massless and own have spin-1, as
described below:

A, 1=1,2,...,N Oi, 1=1,2,..., N (2.9)

as a consequence we have the fields grouped into an N-plet. Yang-Mills theory is built upon Lie
groups, so we assume a Lie-type symmetry for the potentials in an arbitrary N-dimensional

representation, which transform as follows:
¢; = Rijd;, (2.10)

Al = RyA;, (2.11)

where R;; is a element of the Lie group, which, due to the exponential structure of the group

algebra [34], can be written as
Rij = (€™9)yj ~ 8;5 + iwa(Ga)ij + O(w?), (2.12)
whew w, is the parameter of the group and the fields transform in infinitesimal form as
0A; = 1wa(Ga)ijAj, (2.13)

5¢z = iwa(Ga)ijqﬁj. (214)

Where (G,);; are the generators of the Lie group in a given representation, forming the core of

a Lie group’s structure; they satisfy the following commutation relation:

[Gm Gb] = Z-fabcC*Yc- (215)
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The fape is the structure constant of the group SU(N). So, we use this representation, represented
by complex, n X n unitary matrices with determinant equals to 1. Additionally, w, are arbitrary
functions of x. Let us begin with the free Lagrangian of electromagnetic theory in vacuum
1
L= §(E2 — B%). (2.16)
We want to generate interactions between the fields; to achieve this, we will use the variational
principle with respect to the potentials

2 2
53—0—/614955-[2—%]

1

~ [t [E . (v(s@ n agf*i) _ B, (V x 6A)| (2.17)
from this, we obtain
0 0E;
Eq. (2.4) Eq. (2.1) e 24)
(2.18)

The terms selected as Eq. (2.1) are zero, as is the term Eq. (2.4), due to Maxwell’s equations.
The remaining terms are total spatial and temporal derivatives. If these terms involve the
variation 0A;, we substitute them using Eq. (2.13); if they involve d¢;, we substitute them using

Eq. (2.14). These can be separated into spatial and temporal currents as follows
Jo = —iwa(Ga)i[(Ei - ¢5) — (Bi x Aj)], (2.19)
jg = _iwa(Ga)ij(Ei . AJ) (220)

With the construction of these currents, we move from a theory of free particles to one where
massless spin-1 vector bosons exhibit self-interactions. Observe that the currents carry the
index (a) associated with the symmetry group’s generators, while the fields are indexed by the
representation label (7). Consequently, self-interaction is possible only if these indices coincide,
meaning ¢ = a. To enable self-interaction between the fields and currents, the fields initially
assigned to an arbitrary representation must transform in the adjoint representation, aligning
with the current’s representation. Once this realignment is achieved, the subsequent step is to
incorporate these currents into the standard Lagrangian, yielding a self-interaction Lagrangian
for the photons as follows

Ly = 5(B* = BY) = louji = lAdja; (2:21)
we introduce [ as the coupling constant for the self-interaction. An essential aspect of the
adjoint representation is that the number of fields matches the number of generators. In this

representation, the generators are expressed as

(Ga)bc = _ifabca (222)
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where a,b,--- = 1,..., N> — 1. In the adjoint representation, as in the case of SU(2), the

generators of the representation are given by the Pauli matrices

01 0 —i 1 0
- , - , - : 2.23

and, in the case of SU(3), the representation is the octet of Gell-Mann matrices, which are

010 0 —i 1 0 0
M=1[100]|, X=]|i 0 . XA =10 =1 0

000 0 0 0 0 0

00 1 0 0 —i 000
AM=10 0 0], Xs=10 0 ., X=1|0 0 1],

1 00 i 0 010

00 O 1100
M=110 —i|l, X=—12=|01 0. 2.24
7 ‘Z 8\/§ ()

0 i O 00 —

Thus, it is possible for the previously obtained currents to be expressed in terms of these

structure constants of the adjoint representation in SU(N)

Jo = —1wa(Ga)is[(Ei - ¢5) — (Bi x Aj)]
= _fabC[(Eb ’ ¢C> - (Bb X AC)]’ (225)

Jo = —iwa(Ga)i; (E; - Aj)
= —fare(Ep - Ap). (2.26)

The parameter w is no longer necessary. Using relation (2.25) and (2.26) in Eq. (2.21), we
obtain the self-interaction Lagrangian for massless, spin-1 vector bosons in the form

El - ;(EQ - BQ) + l¢afabch : Ac + lAafabc[(Eb ) ¢C) o (Bb X AC)]’ (227)

the interaction Lagrangian modifies the original one and, consequently, the original field equations
given by (2.1) and (2.4). We will obtain new modified Maxwell equations derived from (2.27).

Thus, we obtain expressions for Gauss’s law and Ampere-Maxwell as

V- Ea + 2lfabcv : Abgbc + 2lfabciabv : ¢c + 2ll&bfabc]:—cc = 07 (228)

OE,
ot

Notice how self-interaction modifies the standard equations. To eliminate any dependence on

(VxB,)— 21881?1’ Favebe — 20 Fae[(Bp - d) — (By X Ad)] +1fareV % [(Ap X Ap)] — =2 = 0. (2.29)

potential terms within the adjoint representation in the derivatives, we must repeat the same

procedures. This involves redefining the fields in the form of

514(1 = iwd(Gd)aeAe = wdfdaeA67 (230)
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5¢a = iwd(Gd)ae¢e = wdfdae¢e- (231)
To obtain the new currents, it is necessary to use the principle of least action in the Lagrangian

(2.27)

0S5 =0= /d4x ) ;(EQ — B?) + loa farcEp - A+ 1A, fare[(By - ¢e) — (By x AL)]| =0,

= /d4£€; (2Ez : 5Ez - 2Bz ' 6BZ> + Z(S(bafabch . Ac + l(bafabcéEb : Ac + l¢afabch : 5Ac+
Z(SAafabc[(Eb : (,bc) - (Bb X Ac)] + lAafabc[((SEb : ch) + (Eb : 5¢c) - (5Bb X Ac)_

(By x 6A,)]
\ DSA,
== /d i Ez . <V5§bz + (925 ) - Bz : (v X 5A’L> + l5¢afabch : Ac + l¢afabch . 5Ac+
J6A,
l¢afabc <V5¢b + 8t ) . Ac + l(SAafabc[(Eb : (bc) - (Bb X Ac)] + lAafabc[<Eb : 5¢c)+
((vwb n a‘;f”> - asc) (V% 6A) X A,) — (B, x 5A,)] (2.32)

As previously done, it will be necessary to solve each term separately. Some terms will vanish
as they correspond exactly to Eqgs. (2.28) and (2.29). Other terms will remain, all of which
are total spatial or temporal derivatives. These can be assigned to the spatial and temporal

currents, as shown below

iV = = Faael(Ba - ¢0) — (Ba X AL) — 2 fure Ao, (2.33)

jg(l) = _fdae(EA : Ae - QlfabcAbAe¢c)' (234)

Finally, the self-interaction Lagrangian is

Lo =L —U'pajg" — I AgY
1
= §(E2 — B2) — l/Aafabc(Bb X Ac) — 4ll/fabcfadeAbAd¢c¢e + 2l/fabc¢aAbEcu (235)
observe that once expression (2.35) is obtained, deriving a new current is no longer necessary.
This occur because the expression is now independent of the potential terms in the adjoint
representation associated with the field. Therefore, if the same procedures are repeated n
additional times, we will obtain n currents identical to the previous ones, as in (2.33) and (2.34).
Consequently, there is no further need to derive self-interaction currents, and we can use the
1
values | = 17 and I' = 59 for the coupling constants. We set these values by invoking the
principle of universality, we can choose them in such a way that there is only a gauge coupling
constant, exactly as it is the case for Yang-Mills theories [35], to write the Lagrangian as
1 1 1
‘62 = §(E2 - BZ) - §gAafabc(Bb X Ac) + gfabc¢aAbEc - 592fabcfadeAbAd¢c¢ea (236)
from equation (2.36), we find the following equations for the electric and magnetic fields of

Yang-Mills:
0A,

ot

Ea =-V- ¢a - + gfabcAb¢ca (237)
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1
B,.=(VxA,+ §gfabc(Ab X Ac). (2.38)

Where, from the Lagrangian (2.36), it is possible to obtain the following field equations

A Ea + gfabcAbEc = 07 (239)

OE,
V x Ba + gfabc(Ab X Bc) + gfabc(bbEc = ot .

Note that equations (2.39) and (2.40) have the same structure as equations (2.28) and (2.29)

when their electric and magnetic fields are defined as in (2.37) and (2.38). Furthermore, two

(2.40)

more field equations are still needed to complete the quartet of Maxwell’s equations. Thus, from

the new formulations (2.37) and (2.38), it is possible to obtain the last two Maxwell equations

(Gauss’s law for magnetism and Faraday-Lenz law) in the non-Abelian formulation:

0B,
ot

V- -B,+ gfwAyB. = 0. (2.42)

V x Ea = - + gfabc¢bBc - gfabc(Ab X Ec)7 (241)

In a compact form, we can write the new non-Abelian Maxwell equations, that is, expressed in
the Yang-Mills formalism for the group SU(N), as:

V E, + ¢fucAyE. = 0, (2.43)

A Ba + gfabcAbBc = 07 (244)
0B,

v X Ea _'_gfabc(Ab X Ec) = - (915 + gfabc(bbBc; (245)
0E,

V X Ba + gfabc<Ab X Bc) = W - gfabc¢aEb- (246)

From this newly derived set of non-Abelian equations, we can observe, when compared to
equations (2.1), (2.2), (2.3), and (2.4), that Gauss’s law for magnetism (2.44) undergoes
significant structural changes. These changes suggest that the self-interacting spin-1, massless
vector fields can generate magnetic monopoles even in the absence of fermionic matter, as
demonstrated in equation (2.44). This distinction is a key difference between the Abelian and
non-Abelian cases, as derived from Maxwell’s equations. It is also essential to note that the

electric and magnetic fields here lack physical meaning, as they are not gauge-invariant.

2.1.1 The natural emergence of the covariant derivative

As an initial approach to developing a self-interaction theory for massless spin-1 vector
bosons from first principles, we can naturally define the covariant gauge derivative with its

spatial component as:
D= (SZV + gfabcAb, (2.47)

and the covariant gauge temporal derivative is:

0
Dy =6— — . 24
t 6@ at gfabc¢b ( 8)
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From such definitions, it is possible to rewrite equations (2.43), (2.44), (2.45), and (2.46) with
the same structure as the usual Maxwell equations in (2.1), (2.2), (2.3), and (2.4). They will be
replaced by the derivative operators with a non-Abelian structure of the group SU(N); thus,

we obtain the following expressions:

D-E, =0, (2.49)
D B, =0, (2.50)
D xE,=-D, B, (2.51)
D xB. =D, E.. (2.52)

With these results, the analysis of the theory can be extended to the point of application
to matter. This allows it to be used in the construction of the electroweak and quantum
chromodynamic theories, since both are formulated within a non-Abelian framework. Moreover,

these theories constitute fundamental components of the Standard Model of particle physics.

2.1.2 The energy and momentum of Yang-Mills waves

With the derivation of equations (2.49), (2.50), (2.51), and (2.52), which are analogous
to the Maxwell equations, we can demonstrate that certain applications of these equations
yield results similar to those in conventional electromagnetism. Moreover, the covariant gauge
derivative behaves like a standard derivative when dealing with scalar terms in the Yang-Mills
indices. A Yang-Mills scalar is defined as a singlet of the symmetry group, indicating that

the generators, G, are trivial, with G, = 0, when acting on Yang-Mills scalar quantities.

Consequently, we have D; = g and D = V. Thus, we can express:

d ( B?

ch ) . Bc — gfcab¢aBbBc = — <2> . (253)

ot

0B,
ot

(Dch)'Bc:( =

- gfcab¢aBb> : Bc = (

Such a relationship occurs in the same way as the spatial covariant gauge derivative given
in (2.47). Therefore, we will use this relation to find the directional energy flux, that is, the
Poynting vector. The method of obtaining this quantity is similar to that used in undergraduate
electromagnetism courses. Due to the property of the covariant gauge derivative shown previously,

we have:

OUerm
ot
this equation is associated with the conservation of energy since S = (E. x B,.) is the Poynting

V-S+

—0, (2.54)

vector, a fundamental quantity in electromagnetic theory, as it represents the momentum flux,
1

and U, = §(E2 + B?) provides the electromagnetic energy density. Taking the time derivative

of the Poynting vector, we can naturally deduce the continuity equation relating the momentum

of the non-Abelian wave to the corresponding stress tensor, as follows:

S
5 TV T=0, (2.55)



Chapter 2. From Mazxwell’s equations to Yang-Mills Theory 13

where again S is the Poynting vector and T is the electromagnetic stress-energy tensor, which
determines the fundamental properties of the electric and magnetic fields such as energy,

momentum, pressure, and so on, and has components
T = [6™(B2 + E?) — BB — E™E"). (2.56)

After having explored some applications through the equations describing spin-1 fields in vacuum,
we can now consider the case where external sources are present. It is of highest importance to
emphasize that the addition of sources is crucial for the equations, just as in the usual Maxwell
equations. However, for the derivation of the non-Abelian spin-1 equations, they do not present
a fundamental character. Therefore, now that the entire construction has been made, we can
add them. This would lead to the equations (2.49) and (2.52) being rewritten as:

D-E, = p., (2.57)

DxB. =D, E,+1J.. (2.58)

An important observation when adding the sources is that the Yang-Mills indices of these

sources must be the same as the indices of the fields.

2.1.3 Coupling with matter

In this work, we have developed a theory of self-interaction for massless, spin-1 vector
bosons. Naturally, this leads to a question of how the theory behaves in the presence of matter,
particularly in coupling with fermionic matter. Yang and Mills, in their foundational 1954 paper,
initially explored the matter sector in a similar way. Such an analysis allows us to understand

how gauge transformations act on the matter fields. We start from the Dirac Lagrangian
ta0 0 ot
Lo = iy s+ ity vy, (2.50)

where 1 represents the fermionic matter field, and its transpose conjugate ! = ()T is used
here. The spinorial indices are hidden and the y-matrices, known as Dirac matrices, satisfy the

Clifford algebra:
{¥*,7"} =+ =2, (2.60)
where 7" denotes the Minkowski metric. Based on equation (2.59) a Lie transformation for the

fermionic matter fields can be introduced similarly to equations (2.10) and (2.11) like

Yy = Rapip. (2.61)

Here, we take these indices in the adjoint representation. For the group SU(IV), these indices
range as A, B =1,...,N* — 1 . Assuming a linear transformation for fermionic matter, we
seek to identify the function R4p. This group is characterized by unitary matrices, satisfying
R'R=11in U(N), and |det R|*> =1 — det R = 1. Analysis shows that this group has N real
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constraints and N? — 1 degrees of freedom. To ensure the invariance of Lagrangian (2.59), we
apply the covariant derivatives (2.47) and (2.48) on the N-plet of matter, with the following

transformations:
(Dip)s = Rap(Dey)) s, (2.62)

(D) = Rap(Dy)s. (2.63)

Applying the gauge covariant derivative to both spatial and temporal components yields

consistent results. For SU(N), the covariant derivative transforms under similarity as:

o) 0
!/ —1 s . —1
Di=RDR™ = o +ig =R <6t + 1g> R, (2.64)
D'=RDR™' -V +ig=R(V +ig) R™". (2.65)

These unitary matrices provide a unitary group representation. Thus, such transformations
apply similarly to other fields. Using the field transformation in Eq. (2.8), we derive the

transformation for the A field, covering both spatial and temporal components:

A'=RAR ' +i(VR)R, (2.66)
/ / -1 . a —1
®' = A = ROR ™ +i (atR) R (2.67)

Choosing to work with spatial components, we set Ay = ® and substitute this into the following
equation:
V' + 1Ay = RygVi) + iRAp A, (2.68)

which, upon resolution, gives

Rap = (€"9) 4p. (2.69)
Using Noether’s theorem, we obtain the fermionic self-interaction current for this system
Jm = V" m(Ga) apts, (2.70)
with the temporal component, also known as charge density, given by
P = VI (Ga) ants. (2.71)
The Lagrangian for fermionic matter self-interaction is then written as
Lh=Lp— gom®+ ginA, (2.72)

where g is the universal coupling constant of Yang-Mills theory. This universality implies that
both the self-coupling of the mediating bosons and their coupling to matter are governed by
the same parameter g, which typically matches the Yang-Mills coupling in the Dirac equation.
Expanding all terms yields

, 9 ,
Lh = il 5 vn + Wy Vs = ghn"(Ga) ap¥p® + gvly"(Ga)apvsA - (273)
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. o . . .
= ohin® <5ABat + Zg(Ga)AB(I>> Vg + Vhin"(648Y +i9(Go) aBA)p.

This expression can be reorganized using covariant derivatives defined in the adjoint representa-
tion as follows:

(D)ap =64V +1i9(Ga) aA, (2.74)

g .
(Di)ap = 5A3a +i9(Ga) aB®. (2.75)

This formalism demonstrates that the gauge covariant derivative structure adapts to the
representation proposed by the theory. Ultimately, this approach leads to the following expression

for the Lagrangian:
Lh =i}y (D) apts + i7" (D) apts. (2.76)

The central idea it becomes clear that, through Noether’s procedure, we obtained the main
goal — starting from a free Abelian theory of massless spin-1 vector bosons and arriving at a
Yang—Mills theory, which retains these same bosonic properties, but now in a non-Abelian and

self-interacting version.

We also showed that several developments originating from Maxwell’s electromagnetism
can be extended to the non-Abelian formalism. The illustrations we chose were: the energy
conservation equation involving the Poynting vector and the computation of the electromagnetic

energy-momentum tensor.

Finally, we chose to carry out the same analysis for the fermionic matter sector. This
entire chapter serves as a way to prepare the reader for what is to come. We will once again
employ Noether’s procedure in this work, but now considering the effects of Loop Quantum
Gravity (LQG) in the electromagnetic sector, which makes the procedure considerably more

challenging.
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meeeeesssessssssssmm  Chapter 3

Fundamentals of General Relativity

General Relativity (GR), developed by Albert Einstein from 1907 to 1915, provides a
comprehensive theory of gravitation. Before formulating GR, Einstein had established the theory
of Special Relativity, which he later expanded upon to create GR. Unlike Newton’s concept of
gravitation as a force between masses, GR reinterprets it as an effect of spacetime geometry
distortion around mass and energy. This theory has been supported by numerous physical
phenomena, with black holes and gravitational waves being among the latest confirmations. We
will start this chapter by examining the mathematical structure and physical consequences of
General Relativity, focusing on advanced methods such as demonstrating that GR is a gauge
theory [36,37] and showing how the tetrad formalism [38-41] naturally arises. An alternative
formulation of General Relativity can be achieved within the Hamiltonian framework, more
specifically through the Arnowitt-Deser-Misner (ADM) foliation [1,46-48]. These methods
provide alternative perspectives on the theory’s dynamics and serve as valuable tools for
investigating gravitational phenomena, offering deeper insights into the structure of spacetime

and its interactions with matter.

3.1 General Relativity is a Gauge Theory

The fundamental object of study in this work is Loop Quantum Gravity (LQG), with one
of its applications being in the electromagnetic sector. Since one of its foundations is General
Relativity (GR), we use this chapter to introduce the reader to the fundamentals of this theory,
which will be employed later in the context of LQG. In turn, we make use of the ideas of [36,37],
can General Relativity, with all its characteristics, be considered a gauge theory? The formulate
to this question in physical terms will be given briefly in this section, though we can begin
to discuss it now. Let us try to outline some main points of both theories and see how they

converge:
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« Both Einstein’s gravitation and Yang-Mills theories are highly nonlinear;

e In both theories, we have connections: the Christoffel symbol I’fw in GR and the gauge
potential A, in Yang-Mills. It is possible to derive a curvature term R,, in gravitation

and F),, in gauge theories;
« Both theories possess local symmetry;

« Einstein’s gravitation includes diffeomorphisms, which are general transformations of local
coordinates based on the covariant character of the metric. These transformations are

analogous to those in Yang-Mills theory, and we will explore this more explicitly later.

Thus, there are significant similarities between these theories, forming essential founda-
tions. However, the introduction of fermionic matter brings a crucial distinction between them.
Fermionic matter comprises fields 1, carrying the index «, which is a spinorial index—mnot
space-time based but in a complex space. This « index, for example, does not interact with the
Jacobians present in diffeomorphisms, unlike bosonic matter, which, regardless of its vectorial

nature, carries space-time indices and thus responds to diffeomorphism transformations.

The key lies in coupling fermionic fields in a way that enables them to interact with the
curved geometry proposed by GR, whether it is a Riemannian or pseudo-Riemannian space.

This coupling is achieved using tetrads.

3.2 Tetrads Formalism

The section we using the sign of the metric g, will be taken as (—, +, +, +). The vielbein
is a formalism in General Relativity [38—41], offering an alternative to the traditional description
of spacetime geometry via the metric tensor. In this approach, the metric is expressed through
a set of local basis vectors, known as vielbeins (or tetrads in four dimensions), which establish a
locally flat reference frame at each spacetime point. As already said, this formalism is particularly
advantageous when coupling General Relativity to spinor fields, such as in fermionic theories,
as it provides a natural way to incorporate spin in curved spacetime. Vielbeins also simplify
certain calculations by providing a flexible framework for analyzing geometric properties and are
frequently applied in Quantum Gravity. Through this formalism, the local Lorentz symmetry of
spacetime becomes explicit, allowing for a clearer understanding of the relationship between
local and global symmetries in gravitational systems. Let us consider the transformation from a

curvilinear coordinate system to a flat one
xt — & (3.1)

where the Greek letters p,v,--- =1,..., N denote indices in curved space-time, also referred to

as world indices, while lowercase Latin letters a,b,---=1,..., N denote local or frame indices.
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Figure 3 — This figure illustrates the action of the vielbeins [43]. At the bottom, we have an illustration
of a curved manifold denoted by U/. If we expand the view, this manifold I/ is embedded
in the manifold M, we can take a tangent plane over this manifold in the form 7, M.
There, the vielbeins provide the connection between the curvilinear coordinates in the
form dx and dy and the coordinates of the tangent plane, which are flat.

Consequently,
85& a a a
dl"u = @d& = €ud§ s (32)

a
p is the Jacobian associated with the transformation, establishing the transition

where the
x
from curvilinear to flat coordinates. This Jacobian is the vielbein €. Thus, the line element

given by the flat metric 7,, can be rewritten as

d52 = nabdfadfb
B 85“ p agb ,
= Tlab oxH du oxY du
oL ot
St
= g (z)dx"dz" . (3.3)

Note that we could have started from the curvilinear metric and arrived at the equation for the
flat metric. From Eq. (3.3), we obtain a relation between the curved metric and the flat metric

in terms of the vielbein
Guv = 62%&;63, (34)

the tangent space, as well as its quantities, possesses a local symmetry, endowed with the

Lorentz group SO(1,3). This is already an indication that the coupling of fermions is possible,
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as the present group allows coupling with spinorial indices. The connection between the rotation

group and spinors in the Lie algebra will be given by a vector transformation of the form
'a __ iaeds Y 4b
A = (e )bA, (3.5)

the o is the parameter of the transformation, i.e., the angles, and ¥.; are the rotation

generators in the spinorial space of SO(1,3), given by

)
Eab = Z[Pyaaf)/b]? (36)

where 7, are the Dirac gamma matrices, which are related to the flat metric through the Clifford

algebra

{2} = 2. (3.7)
Note that if we were dealing with scalars, Eq. (3.5) would have the generators ¥4 = 0.
Remember, a typical Yang-Mills transformation for any given field is given from Eqgs. (2.10)
and (2.11) as follows

' (z) = RO(x). (3.8)

If we apply a derivative 0, = , we obtain

9

Oxt
0, (x) = 0, (RO ()

= R0,® + (0,R)P(x). (3.9)

As we know, the last term in this expression breaks gauge covariance. The solution to this

problem is the introduction of the covariant derivative D,,, such that it does not act on the Lie

group parameter R which can be describe by the Eq. (2.12) and has the following form
D, =0, + igw,, (3.10)

where ¢ is the coupling constant and w,, is the gauge field. Here, for a gravitational theory, is
called the spin connection. This gauge field is written in contraction with the group generator,

a notation commonly used in Yang-Mills theory, as follows

1
w, = iw“bZab, (3.11)

the term 1/2 is a convention due to the antisymmetry of the indices ab in both quantities. The

spin connection field typically transforms as a Yang-Mills field in the following form:
D,=RD,R™
0, + igw, = R(0, + igw,)R™"

’ 1
w, = Rw,R™" — ER(aMR—l). (3.12)



Chapter 3. Fundamentals of General Relativity 20

The same analysis can be applied to the vielbein, showing that it is a gauge field

a axlj a
en(r +o0x) = St
ey +0x"0 el = e, — (9,02 ey,

de, = 6x"0,ely — (0,02")ey. (3.13)

As we have just shown in Eqgs. (3.12) and (3.13), our theory will have two fundamental gauge
fields instead of just one. It should be noted that these fields transform in the same manner as
the fields in Egs. (2.66) and (2.67). Let us consider a field with the following transformation

Vi = etV (3.14)

which is invariant under local Lorentz transformations. As we already know the action of the

flat covariant derivative on this field, we can define the covariant derivative in curved space as

V.V =eiD,(eV?)
= en(Dyue)VP +enes D, VP
— 0,V +T% VP, (3.15)

where I} | is the affine connection, also known as the Christoffel symbol (when torsion is equal
to 0). This new derivative does not account for the indices of the vielbeins, thus

Vet = Dyelt =T e =0, (3.16)

prp

We previously mentioned that when describing a theory of gravitation through gauge components,
the gauge field is called the spin connection. But how does it relate to gravity? In Yang-Mills
theories, we take [D,,, D,| = igF,,, where F,, is the field strength. As in the previous chapter
we performed the non-Abelianization using the Euclidean formalism, the field strength tensor
F,,, did not play a significant role. However, this quantity is fundamental both for the Abelian
Maxwell theory and for Yang-Mills theories. From the relation commutator of covariant

derivatives, we can define this quantity as
F,, =0,A, — 0,A, +ig[A,, A, (3.17)

the equation above is for the non-Abelian field strength. Let us do the same here, considering

the different types of derivatives and analyzing their contributions
[0a, 0] = [€0,1, €y 0]
= (ehOuey — €,0ue;)0,
= (Oqe; — Opel)0, = T2, 0, (3.18)

where 77, is the torsion. This is the field strength in the tangent plane. In the Einstein-Hilbert

theory, this quantity is zero due to the field equations. At this point, let us consider it as a
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non-zero parameter. Torsion is a quantity that arises naturally when fermions are introduced

into our theory. The torsion and the affine connection are related as

e, —T6 =T7 . =elTe (3.19)

) = Catp

Let us examine other quantities obtained when computing the commutator of gauge covariant

derivatives, which are

(D, D] = [¢lD,. ¢ D,] = (¢ Dyiel, — e D,e)D,, + e[ Dy, D,

1
o m v W v\ . .c = p,v ped
= (el Duey — ey Dyety)e; Do + sehep R Yo

1
= ~T5,Dc + 5 RiiSea, (3:20)

here R% is the Ricci curvature tensor. From Eq. (3.20), it is possible to obtain the two

Maurer-Cartan equations. The first one is

a a a
T/w =D,e;, — Dyeu
a a a b a b
= ey, — Ouey, + wie, — Wy, (3.21)

The second Maurer-Cartan equation is obtained through the Ricci curvature tensor

ab ab ab a cb a ,.cb
R}, = 0wy’ — dywyy + wy wy, — wyw (3.22)

Here we define that the Ricci scalar is
R = RZ@Z‘. (3.23)

With all the ingredients present in the new formalism, naturally, the next step is to use this

mathematical formalism of tetrads to write the action of fields.

3.2.1 Light, Mechanics and Action

The action is a fundamental quantity to describe classical or Quantum Mechanics. Using
the previous notation introduced in the last section, we can exemplify some important actions
in physics. First, we can write the Einstein-Hilbert action in metric formalism, this action is
very important, as it is the fundamental action of General Relativity, and therefore the starting
point for obtaining Einstein’s equations by varying it in relation to the metric. This formulation
highlights the geometrization of gravity: all the dynamic properties of the gravitational field are

contained in the curvature of space-time and are of the form

1
SEH == %/déll'\/ —gR, (324)

where y/—g is the invariant volume element, with the minus sign for the signature of metric.

The parameter R = ¢"”R,,,, is the Ricci scalar as already know, G is the Newton’s gravitational
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constant and there could also be a term A related to the cosmological constant, where in our
case we take A = 0. How can we write this action in the tetrad formalism? First, we can

2

see that g,, = eZnabelb, — g = —e”, and we can relate the determinant as e = dete,. Using

Eq. (3.23), we can rewrite R = elej R Thus, the action in Eq. (3.24) can be rewritten as

1
Sle] = %/d‘lx (eegeZRZl;) , (3.25)

where Kk = 1/ VG is the coupling constant with the dimension of energy, since G is the
Newtonian gravitational constant. We can apply the variational method to this action to obtain

the equations of motion. If we do this for the vielbein field de};, we obtain

0 = (de)eley Ry + e(bek)ey Ry, + eet(6ey ) Ry

= —ee(0e2) R + e(bek)ey Ry, + eel(dey ) ROy

= (det)e[2¢} RYY, — et R]

:.RMV——;ejR. (3.26)

This is the famous Einstein equation in vacuum. Just as we applied the principle of least action
to one of the gauge fields, we can apply it to the other, that is, to the spin connection, in the

following way
eeﬁeZ(éRZﬁ) =0, (3.27)
after some algebraic, we manipulations
v A 1 w o\ v d

—€ |€a€pea) T 5CuCtied T = 0. (3.28)
The Eq. (3.28) allows, in the Einstein-Hilbert formalism, the torsion to be set to zero, since all
the terms in the equation are non-zero. One question that the reader may have asked some
looking at Eq. (3.26) is where the energy-momentum tensor is on the right-hand side of the
equality. This quantity arises when coupling matter to gravity, such as a scalar field

1 1
Stur = Sen + /d4xe <28M<p8“4p - 2m2<p2> ) (3.29)

Let us now write the action for electromagnetism. The reader may think that the first thing to
do, as in a non-Abelian formulation, is to promote the usual derivatives to covariant derivatives
of the field strength F),,. However, this strategy is invalid here, and the reason for this is the

following

F. =0,A,—0,A,
= V.4, -V, A, +T),,A,—T) Ay
= (0,A, — 0,A,) + T, A, (3.30)

v



Chapter 3. Fundamentals of General Relativity 23

this last term breaks gauge invariance, which shows that covariantizing the derivative is not
a good approach. In fact, we will leave F},, in its usual form and couple the electromagnetic

sector to gravity through
Stun = Spn + /d%eg“”g”)‘FﬂyF,{,\ = Sgg + /d%e(eﬁe““eZebAFw,Fm\), (3.31)

and we can obtain the equation of motion for the vielbein de};, which gives

1 1
Ry — e, R = K> (FMFVA - 477WF2> : (3.32)

Finally, we already have shown that the vielbein formalism can help describing the fermionic
matter. What happens, when we want to describe the Dirac action? Let us start from the usual

Lagrangian, where the spinorial indices of the fermionic fields will not be written explicitly

Sp = / d'z (9, — m). (3.33)

For simplicity, let us consider m = 0 and add the determinant term e, as well as covariantize

the derivative, in the following way
Sp = /d4:c zﬁz’*y“@#w
= /d4x eeg&i’yaDuw
= [t cetiin® (8, = Gunealr 110, (339
from here, it is possible to couple with the Einstein-Hilbert action, obtaining

A 1 c
Sfull - SEH + /d4(L’ 6€5¢W <au1/} - gw,ucdh/ 77d]¢) ) (335)

and obtain the equations of motion for both gauge fields. Note that, as mentioned earlier,
torsion is a quantity that arises naturally in the presence of fermions, and this becomes evident
when we extremize this action with respect to the spin connection, yielding

1 w
—e egeﬁ,ei} + 56’[;62165 Td, + eetpin® [y, v = 0. (3.36)

The first term is the standard one obtained earlier in Eq. (3.28), so the torsion in this case is no
longer zero as seen before. This occurs due to this new term that appears, which is a fermionic
bilinear. The fermionic matter induces torsion in the system. We could go on to describe the

action and consequently the dynamics of other fields, as can be seen in [1] and [44].

3.3 Hamiltonian and ADM Variables

Throughout this dissertation, we have mentioned one of Dirac’s contributions to physics
with the publication of his 1928 paper. As we know, he ventured into other areas of study,

one of which was the problem of incompatibility between General Relativity and Quantum
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Mechanics. Up until that time, no one had formally worked on this topic, making Dirac the
pioneer in attempting to find a Hamiltonian for General Relativity and thereby quantize the
theory [45]. This was a very challenging task due to two main factors. First, because the theory
has constraints, it was necessary to develop Hamiltonians for constrained systems. Second, as
Carlo Rovelli and Francesca Vidotto notes in [1], “the horrendous complexity of the algebra in

the canonical analysis of the theory, when using the metric variable."

Dirac managed to overcome both problems, although the second was particularly difficult.
However, in an effort to improve and simplify Dirac’s contributions, Richard Arnowitt, Stanley
Deser, and Charles W. Misner published the ADM formulation in 1959. They proposed variables
that greatly simplified the canonical algebra and provided a clearer interpretation of the geometry,
because the foliation of space-time. This section will be based on the references [1,46-54] and

the metric g, is (+,—, —, —).

3.3.1 Differential Geometry and the foliation of Space-time

The ADM formalism has the clear goal of describing General Relativity using Hamil-
tonians. The approach taken was to propose something rather bold in a covariant theory™,
namely, to separate the spacetime manifold (M)" described by the metric g into space and
time through hypersurfaces (Zt)i, where the temporal coordinate becomes a label in the form
M = o x R where ¢ is a fixed 3-dimensional manifold with arbitrary topology. The label ¢ will
represent the constant spatial slices 0. This was conceived because, in a canonical approach, it
is not possible to define velocities and conjugate momenta without breaking diffeomorphism
invariance. The foliation into hypersurfaces generates new terms, as can be seen in figure 4.
These are vectors that we denote as n*, the normal vector to the hypersurface >;, where the
coefficient N, known as the Lapse function, is related to the motion between spatial slices, or in
a sense, determines the rate at which physical time progresses in the chosen coordinates. Finally,
we also have the Shift vector N,, which measures the displacement of the spatial coordinates
from one constant surface to the next. With the proposal of foliating spacetime and the addition

of these new vectors, the metric of curved spaces g, is directly related to them, in the following

way
Gab = Gab, (337)
N, = a0, (338)
1
900:—N2+NGN“—>N2detq:det g. (3-40)

*This is a theory independent of the coordinate system. More fundamentally, it is centered on Einstein’s
Equivalence Principle.

"This is a topological space that can be locally mapped to R™. Locally, near each point, it resembles
Euclidean space. However, globally, it may have a different topology. It can consist of several dimensions and
have various shapes and sizes.

¥These are (n — 1)-dimensional manifolds embedded in an n-dimensional space.
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Figure 4 — The foliation of spacetime into hypersurfaces and into Lapse and Shift functions [48].

Here a,b = 1,2, 3. Notice that in the last equation N is defined by the time-time component of
g, With upper indices. As already said, the NV and N, are called Lapse and Shift functions and

gap is called the three-metric, where it will now be used to raise and lower the indices.

What is the consequence of writing the system in terms of these new functions? Simplicity
is the key point. Later, the reader will see this in practice, but using the notation as in Egs. (3.37),
(3.38), (3.39), and (3.40) allows the Einstein-Hilbert Lagrangian to be written in terms of these
quantities, and since the time parameter ¢ has become a label for our system, the terms N and
N, vanish. Consequently, the Lagrangian no longer has temporal dependence, which leads to

tremendous simplifications.

Note that if —N? + 9w NFN” < 0, the Lapse function would vanish. The line element in

this new formalism, using the previous equations, is

ds® = g, dxtdx”
= goodz’dz’ + goadz’dz® + geodz®dz’ + gupda®da®
— [~ N? + N°Ndt* + 2N,dtdz® + qupdaz’dz’. (3.41)

This quantity can be interpreted as the Lorentzian version of the Pythagorean theorem. Let us

find the components of the metric tensor in terms of the new Lapse and Shift functions

A | B [ 1| N
G = | — 1 |> g'wj:ﬁ ]\/'a—

B,

qab
We need to determine what A, B;, and C%. The determination of these components is done

through the identity g,,9”" = 0},

1
gaagUO = ﬁ(_Ba + QabNb) =0 — Ba = QQchy (342)
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1
90r9™ = 175 (-A+ @ueNN) =1 = A= o NN = N, (3.43)
1
gaogab — ﬁQac(NCNb + ch) — 52 — Cab — N2qab o NaNb. (344)

Using the notation N, = ¢, N b the metric tensor in terms of its covariant and contravariant

components are

N% 4+ N,N* N = v
N7 NaNT N w_ | T N2 N?
v = 5 = a a 345
In ( N, qab) g N NN (3:45)
N? N?

As shown in Eq. (3.40), the determinants of both metrics are related, and this allows us to

obtain the relation for the 4-dimensional volume element as

V=g d'zr = N\/q &*zdt, (3.46)
and the inverse of the metric is
detq ¢ 1
00
= == =—— 3.47
det g g N2 ( )

We can also relate the normal vector n to the ADM formalism. Commonly in the literature, the

normal vector is defined as

60
n, = — \/#Wa
p___ 9"
nt = — arik (3.48)
Then, using Eq. (3.39), we have
n, = (—N,0,0,0),
1 N@
P={—= ——]. 3.49
" (N’ N ) (3.49)
Consequently, we have that n*n, = —1, that is, a constant. From these equations, we can relate
the 3 + 1 metric to the metric of curved spaces and the normal vector as
Qv = Guv + 1 = ¢ = g +n'n", (3.50)
or in matrix form
0b
g
q, = ol +nt'n, = 9% |. (3.51)
0| a

We use Greek indices due to the fact that ¢4, is an object that is embedded in spacetime and can
be easily converted to Latin indices when considering a 3-dimensional structure. The foundation
of the ADM formalism is composed of two pillars: the metric separated into 3 + 1 components

with time becoming a label, and the other pillar is a fundamental quantity called the extrinsic
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curvature. Before we properly examining this quantity, let’s briefly discuss some well-known
and fundamental quantities in 3 + 1 General Relativity. The 3-Christoffel symbol is

1
DT, = 50" (Oatuo + Oution — Ontw). (3.52)

As already mentioned earlier in this dissertation (3.20), the commutator of the covariant
derivatives gives the 3-curvature (Ricci tensor), which is intrinsic and refers to each hypersurface
Y, as

[D,,D,)V*=®R, V" (3.53)

Here, we use the test vector V' present on the hypersurface to show the relationship. The
curvature has the same properties as in the usual Einstein gravitational theory, with the Ricci

scalar given by
GR = O R, 5q%. (3.54)

Unlike in General Relativity, the intrinsic curvature is not sufficient to provide all the geometric
information of the space in question, as only one hypersurface will be selected. Therefore, we

will define the extrinsic curvature, which will contain the information of all ¥;, and is given by
Ky = —qa)Vang. (3.55)

This term is symmetric in x4 and v, and due to its expression, it measures how the normal
vector changes point by point. Moreover, K, is a purely spatial quantity because n"K,, = 0.
This allows us to measure the rate at which the hypersurface deforms as it is carried along
the normal. The change of this normal vector leads to the appearance of a type of foliation
acceleration (or proper acceleration), a quantity that measures how quickly the curvature of

one hypersurface changes to the next. This quantity is defined as a, with the expression

a, =n"V,n,, (3.56)
alternatively, let f be a scalar, we can write n, = —NV, f, assuming we are considering a
system without torsion. Thus, when [V, V,]f = 0, to recover Eq. (3.49), we have V,, f = —%,

SO

a, = n"Vyn,
= —nV,(NV,t)
= —n?(V,N)(V,t) —n’NV,V ,t

1
= Nn”n#(VUN) +n’NV, (7\7)
—1

=n,n’VyIn N —n,V,n’ +n°Nn, (2) V.N
=n,n’Vy,In N —n,n’V,In N

= (n"n, +9,)Vsln N =¢q V,In N =D, In N. (3.57)
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Substituting into Eq. (3.55), we obtain

Ky = —qa)Vang
= —(6;f + n“no‘)(éf + nl,nﬁ)vang
= —(0; + n“no‘)(éf)vang
= -V, n, —n,a,. (3.58)

Where we used that n*V,n, = 1/2V,(n"n,) = 0. It is still possible to express the extrinsic
curvature in another form convenient for future discussions. Let £, be the Lie derivative along

the flow of the normal vector n of the spatial metric g,,, we have

Enq;w - £n(gp,1/ + n,unl/)
= navoq,ul/ + qMavVna + QUVV,unU

1
= 2K = Ky =~ Ladu- (3.59)

As with the intrinsic curvature, the extrinsic curvature can be contracted and it gives rise to a

scalar denoted as

K =¢"K,,. (3.60)

The time vector is a constant of the form #* = (1,0,0,0) and can be written in terms of the

Lapse and Shift functions as

th = Nn# + NH, (3.61)

an important contribution comes to light when we consider an adapted coordinate system, that
is, what happens to the Lie derivative when we use the time vector t instead of the normal

vector

‘thlw = taaaqlw + Quaauta + QUuéutU
= 0w = G- (3.62)

We can do the same exercise for the Shift vector, as follows:

»CNQ;W = Ngaan/ + qMUaUNJ + qOua,uNU
— D,N, + D,N,. (3.63)

Note that if we multiply by the metric g, and take the Lie derivative of the entire Eq. (3.61),
and use Eqgs. (3.59), (3.63), and (3.62), we obtain

Laplt* = Nn# + N¥]
ﬁtun = Nﬁnq;uz + ‘CNq;u/

quw = —2NK,, + D,N, + D,N,

1 .
Ky = IN (DMNV + DyN, — Q/W) ) (3.64)
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and these four equations above lead to the evolution of the system. There are six relations
regarding the Shift and Lapse vectors, and they directly depend on the choice of gauge. Before
we reach the final expressions, we will present the reader with the Gauss relation and Codazzi
Mainardi identity. These are fundamental for the deduction of the Ricci tensor in the ADM
formalism and for the Hamiltonian constraints, which will be shown in the future. More details

can be found in Appendix A. The Gauss relation is

dhapaid; R, = O Ry + KiKss — K§Kas (3.65)

ouY

and the Codazzi-Mainardi identity is

¢’ qlqsR. ,, = DK — D K. (3.66)

ouy

Finally, we can express the intrinsic curvature in terms of the extrinsic curvature and the Lapse

and Shift vectors. Similarly to Eq. (3.53), in 4-dimensions, we have
V0, V.,V =R, V° (3.67)

Thus, it is possible to derive three fundamental equations

1
Gpads D RE, 01 = —Kan K} + ¢ g5V o K + NDQDBN, (3.68)
1
0360 Ras = O Ry + KKy — 430",V Kag = D, DN (3.69)
and ,
WR=CR+ K+ K"K, — 2V, K — D" DaN . (3.70)

These Egs. (3.68), (3.69), and (3.70) relate the Ricci tensor or its scalar with the new quantities
from the ADM formalism, extrinsic curvature, Lapse and Shift vectors in 3 + 1 components of
spacetime. Details of these expressions can be found in the Appendix B. From here, we have all
the ingredients necessary to write the action of a field or Hamiltonians in terms of this new
formalism. Recall that in the Einstein-Hilbert action (3.24), the term R appears, which can

now be written as (3.70).

3.3.2 ADM Action

After deducing all the important quantities in the ADM formalism, it is possible to write
the Einstein-Hilbert action in this same formalism. The action can be written as in Eq. (3.24),
where R is in the form @R, which is given by Eq. (3.70), and the term /—g comes from
Eq. (3.46). Thus, we have

1t 2
Sp=— [ dt | drNq {@”)R + K4 KKy, — 2V, K — D DaN| (3.71)

21% t1 P
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Note that the last two terms are divergences in terms of covariant derivatives. Let us work with

these terms separately:

VqDoD*N = D, (,/q0"N) .
= 0, (v/q0"N)
= N/qV.K
= N/qn“V,K
= 0a(/GNKn*) + /GNK?, (3.72)

substituting Eq. (3.72) into Eq. (3.71), we obtain

1t
Sy=— | dt | dxNyG(PR—- K+ K"Ky) . (3.73)

K t1 Zt
3.3.3 Hamiltonian Formalism in ADM

From Eq. (3.73), we know that the Lagrangian density is given by
Ly =Nyg(PR- K+ K"Ky) (3.74)

in turn, Ly will depend on all these new quantities we have defined in the ADM formalism
together with their derivatives, i.e., {q, ¢i;, N, N, O;N, 8,]\7} An important and fundamental
observation about these quantities is that both the Lapse function and the Shift function have
their time derivatives equal to zero. Later on, we will see that this condition greatly simplifies
the equations of motion in the Hamiltonian formalism. Thus, N and N become Lagrange
multipliers in the theory.

The equation for the conjugate momentum corresponding to the metric qgy, is

oL
rob = =1 (3.75)
8Qab
where 7% is symmetric in the indices. As mentioned earlier, the conjugate momentum of the
Lapse and Shift vectors is:
oLy
™=y
oL (3.76)
TN = — =
M ON

Just as in classical mechanics, ¢ and ¢ are independent variables. Let us now look at how each
term in (3.74) behaves when derived with respect to these terms:
« Since ®R depends only on ¢;;, we have

OB R
0q;;

— 0. (3.77)
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 For the extrinsic curvature, we use Eq. (3.64), so

0Ky 0 1
= D Ny + DyN, — q,
94y, aqw <2N (DalNs + DoNo = b)>
= ——51 (5] 3.78
= (378)
e The scalar of the extrinsic curvature is
2
K
OR" _ g9
a%’j aqij
a abKa
_ 9K (q . b)
aqz'j
— 2anb8 ([.(ab)
3%
= 2K q® (-5159) 3.79
q 5 0 (3.79)

Now, we can combine the equations obtained to find the total expression for the conjugate

momentum. Using Eqs. (3.77), (3.78) and (3.79) in (3.75), we obtain

’ oLy ) b
ﬂ_zj — — N R o K + Ka Ka
aqij aqz] |: \/_< b):|
— Ny |2k (~ N5;5J> 2K (= N(SZ(S])] (3.80)

= V4 (Kq7 - KY) .
This is still not the final expression for the conjugate momentum. This is because we want to
express this quantity in terms of {®R, ¢, N, N}.To do so, we will use Eq. (3.80) and take the
trace of 7%
T = g7’ = 2/qK, (3.81)
where we used ¢* K;; = K, as well as qv ¢ij = 3 and qv m;; = 7. Therefore, it is possible to write
the extrinsic curvature in terms of the conjugate momentum:

1y

1 . .
ij _ 9

NG (wq" — 277 . (3.82)

We can now find the equation of motion for the metric in terms of the conjugate momentum.

Again, we will use Eq. (3.64), where we can now substitute K;; with Eq. (3.82) and thus obtain

N
J J J \/a( J J) ( )

Finally, we can express Eq. (3.74) in terms of the Ricci scalar, the conjugate momentum, and
the Lapse and Shift functions. For this, we simply substitute Eqgs. (3.82) and (3.81):

Ly=Nyg(WR-K*+ Kini-)
~ VAR N = f( 2v4 ) (mq” = 2n) (mgyy —2ms)  (3.80)

N . 1
= N\/a(?))R + ﬁ <7T2]7Tij - 271'2) .
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With the Lagrangian density calculated in Eq. (3.84), it is possible to obtain the Hamiltonian
density via the Legendre transform. Recall that, as mentioned earlier, N and N are Lagrange

multipliers of the theory, so we have the expression
HH = 7TNN + WNiNi + Wijqij — EH
g N N g 1
— | DN N R, S ®3) 2 T2
=7 |D;N; + D,N; NG (7qi; 27@])1 [N\/a R+ NG <7r mij = T >] (3.85)
s

- N . 2
= 27TUDZ'N]' - N\/a(g)R—i‘ ﬁ <7T2'j7l'z] - 2) .

Thus, the Hamiltonian in the ADM formalism, Hapy = / d®zHy, can be rewritten in a
2
compact form as t

Hapy = H[N] + D[N/] = NH + N’D;, (3.86)

where H[N] is the Hamiltonian constraint:

1 [m? .
HN|= | &®zN|—/q®R—- —|——7"n; .
[N] L 4 [\/aR NA® i), (3.87)
and D[N'] are the 3 diffeomorphism constraints:
DIN'| = [ d*xN'[-2D'm] . (3.88)

¢

These constraints only need to be satisfied on the hypersurfaces, not between them. We will not
go into the motivations for these constraints here. Finally, it is possible to obtain the equations

of motion in the Hamiltonian formalism. The conjugate momenta are of the form

) . )
¢ij = 5H, 7= e : (3.89)

Ul N 0qi

In the ADM formalism, the action is

SADM = ” dt d3x (ﬂ'ijq'ij — H)

ty 3t
T

t2 3 y g . N N 2 (3.90)
= dt ., d’x [W”%’j - <27T”DiNj - N\/a( 'R+ ﬁ <7Tz'j7r” — 2))] .

t1
The necessary boundary conditions for the variables {V, N , ¢;; } on the hypersurface ¥, are zero:
5N|agt = (5Ni|32t = 6Qij|82t =0. (391)

We will not calculate the equations of motion explicitly in this dissertation, as they are not the
main focus of this work. The calculations can be found in the references cited at the beginning

of the ADM formalism section. For the variable ¢;;, we have

 oH

Omtd

dij = DiN; + D;N; — 2N K, (3.92)
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and for conjugate momentum 7% the motion equation is

OH N N ™\ .. 2N/ . . 1 .
o ——_N | o . cd " z]_(zcy_ zg)
500 \/ﬁ(R 51 R) —i—2\/a <7T aT 2>q i mme = T +

V@ (D'D'N = q7D.D°N) + D, (mN°) = 7 DN — w/° D N*. (3.93)

il =

In this chapter, we have developed the necessary mathematical and physical foundations
of General Relativity to support the framework used throughout the rest of this dissertation.
These tools prepare for the next step of this work. In the upcoming chapter, we will apply
the formal machinery developed here to investigate the LQG and the effects of Loop Quantum
Gravity in the electromagnetic sector. The techniques introduced in this chapter will serve as

the foundational elements for such developments.
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| Chapter 4

Loop Quantum Gravity

When we try formulate the General Relativity alongside Quantum Mechanics, we see
these two frameworks are incompatible in extreme conditions, so it is necessary develop the
theory of Quantum Gravity. In the literature, there are several theories that can be classified
as approaches to Quantum Gravity, such as String Theory, Loop Quantum Gravity, D-Branes,
Asymptotic Safety, and others. In this chapter, we will motivate why a theory of Quantum

Gravity is necessary and explore the formalism of one of Loop Quantum Gravity approach.

4.1 Why Quantum Gravity?

As previously mentioned, Quantum Gravity theory is a pathway to explaining intriguing
physical phenomena that remain unresolved because the Standard Model of particle physics is

unable to account for them, such as:

1. Black Holes. These objects are regions in spacetime where the gravitational field is
extremely strong, and light cannot escape. They have been the subject of intense study
and there was good evidence of their discovery in 2017. Quantum Gravity is a theory that
can describe the microscopic constitution of black holes and, consequently, their entropy.
The formulation of a Quantum Gravity theory can also help in understanding other black

hole-related problems, such as supermassive black holes in the Universe [56,57].

2. Singularity Resolution. General Relativity (GR) is a theory where singularities naturally
arise. These singularities appear in different contexts, such as in black holes and at the
Big Bang. A common approach to solving singularities in other fields of physics is through
renormalization; however, gravity is not a renormalizable interaction. Therefore, another
possible way to address this problem is through Quantum Gravity. In particular, the
strong gravitational fields near singularities suggest that quantum effects may become

significant, potentially modifying the classical trajectories.
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3. Finite Hilbert Space. In Quantum Field Theory, it is possible to give infinite energy to
the fields in the form of quanta. Consequently, the dimension of the Hilbert space is
dim(#H) = oo. However, in regions with gravity, if we add a large number of quanta, or an
infinite amount of quanta, a collapse occurs, resulting in the formation of a black hole. Thus,
the Hilbert space dimension is not infinite and is proportional to dim(H) = e&# M £ 0,

where App is the black hole’s event horizon area, and A, = 107m? is the Planck area.

1 8rG
4. Matter Quantization. The Einstein field equations, R,, — §ng, + Agu = 7T—TW, can
c

be interpreted as the geometry of spacetime being determined by the energy—rflomentum
tensor. However, one of the pillars of Quantum Field Theory is the quantization of matter,
which allows the energy-momentum tensor to be quantized and promoted to the operator
f;w in the Hilbert space. So, can we now combine the fields g,, and YA’W in the Einstein
equations? There are several ways to approach this problem. In this dissertation, we
present two of the most well-known approaches. The first is to quantize all terms in the
Einstein equation and use a path integral approach, which is adopted in string theory and
therefore we're not interested. The second approach is through the formalism of Quantum
Field Theory in curved spacetime, using the expectation value (’f uv), which can lead to

fruitful applications.

4.2 Formalism of Quantum Gravity

We will revisit the idea presented in section 3.3.1, but now, with Hamiltonians. Using the
same procedure as in Quantum Mechanics, it is possible to propose the canonical quantization

of the system and transform the GR quantities into operators.

4.2.1 Wheeler-DeWitt Equation

The ADM formalism presented in 3.3.1 is based on classical canonical formulation. The
transition to a quantum description occurs by promoting the main quantities of the theory
to operators. This idea was proposed by Wheeler [58] and DeWitt [59], who, inspired by
the Hamilton-Jacobi approach [60] and consequently ADM formalism, obtained the following
equation

Hy = 0. (4.1)

It is possible to obtain the wave function of the Universe, which enables discussions about the
properties of spacetime. Note that this is a Schrodinger equation without the time derivative
term; this arises because the ADM formalism’s foliation of spacetime lacks a temporal term.

The absence of this term also leads to the so-called “problem of time”, as discussed in [48].

The Wheeler-DeWitt operator, H , is a constrained, quantized Hamiltonian in General
Relativity like we show in 3.3.3. The solutions to this equation are expressed by an orthogonal

basis of spin network states on the 3D hypersurface, which can be represented by Figure 6. We
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will explore the concept of spin networks in more detail later. The Hamiltonian will act only on
the nodes of this spin network, so that the loop states in Loop Quantum Gravity (LQG) will
be the solution to equation (4.1). Note also that, in transitioning from the ADM formalism to
Wheeler-DeWitt, constraints are applied, which introduce restrictions. Hamiltonians of this

type are linear combinations of spatial diffeomorphism constraints.

R

nw“

Figure 5 — A representation of a simple spin network. The nodes of this graph are the grains of
space-time [61].

4.3 Loop Quantum Gravity

Loop Quantum Gravity or commonly know as LQG, offers a consistent theoretical frame-
work which extends its exploration to include phenomena that contribute to the understanding
of what gravity is at a fundamental quantum scale. Possible events that could detect traces of
LQG are [62-64], the most notable ones are: noise present in gravitational wave detectors [65,66],
neutral kaon systems [67,68], and the time-dependent energy of arrival of photons and neutrinos

from distant sources [69, 70].

Loop Quantum Gravity is a theory of Quantum Gravity that aims at unifying General
Relativity and Quantum Mechanics. The idea of proposing modifications to known physical
theories in light of new insights dates back to the early 20th century. In the conclusion of
his 1916 paper predicting the existence of gravitational waves, Einstein says: “it appears that
quantum theory would have to modify not only Maxwellian electrodynamics, but also the new
theory of gravitation". LQG does not propose a grand unification of physics, unlike other
Quantum Gravity theories, like String Theory. Instead, it simply quantizes gravity, assuming

that the gravitational interaction exhibits quantum effects at the Planck scale. This leads to

*This is a translation of the article originally published in German, which can be found in [71].
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the notion that spacetime is discrete, displaying a granular structure. In addition to quantizing
gravity, LQG is a non-perturbative theory and is background-independent. This stems from
General Relativity, which is founded on two major principles: diffeomorphism invariance and
background independence, both of which are fundamental to LQG [1,83,85,86].

In contrast to its major competitor String Theory, Loop Quantum Gravity operates in
4 dimensions and does not require supersymmetry (although it does not discard it, as seen
in [72], [73] and [74]). To introduce the topic in a didactic manner, we will briefly contextualize
the main points that form the foundation of LQG. The concept of background independence
is a direct consequence of the theory being non-perturbative. Since gravity, or spacetime
itself, is quantized, there are no background fields, and thus perturbation is not possible. For
example, in quantum field theory, we have an electromagnetic field embedded in the geometry
of spacetime, interacting with charges. Due to the complexity of describing this phenomenon, a
Taylor series expansion is performed, i.e., a perturbation. This expansion generates Feynman
diagrams in the form of loops. LQG, however, is a theory that does not depend on an external
spacetime geometry. The background independence proposed by LQG means it cannot use
the conventional methods of quantum field theory, which rely on background-dependent fields.
Background independence manifests as diffeomorphism invariance of the action, meaning the
action is invariant under coordinate transformations and there is no dynamical background field.
Therefore, a different approach is used by employing the Hilbert space of states, operators, and

amplitude transformations.

The use of the Hilbert space in this alternative approach leads to a modification of
the algebra of fields into an algebra of parallel transport matrices along closed curves, what
we call holonomies or Wilson loops. The concept of these loops is essentially that of phase
factors in both Abelian and non-Abelian gauge theories. These loops can be observed in the
Aharonov-Bohm effect [75] and are central to the formulation of gauge theories such as quantum
chromodynamics. They are also extremely useful in solving matrix models. More detailed

information will be provided later in the text, but an excellent reference on the subject is [76].

Loops are essential to the theory (as emphasized by its name), because when quantized,
they become operators that create loop states. More precisely, loops serve as the quantized
coordinates of the theory, and when these states undergo infinitesimal transformations, they
become an equivalent representation of the same state. However, finite transformations alter
the state, and this is due to one of LQG’s most important considerations: the position of a loop
relative to other loops matters. Since it is a theory based on Quantum Mechanics, Hamiltonians

play a crucial role in constructing the type of problem addressed by LQG.

Let us define the quantum operator in the spin network basis, where the volume V of a
physical region is given by
V= / dz|det e(z), (4.2)

where e(z) is the gravitational field in the tetrad formalism 3.2. The spectrum of V' is discrete.
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5 &

Figure 6 — Illustration of a quanta volume, which represents an abstract spinfoam. Note that the
pieces are adjacent and connected by nodes [44].

The quanta of spacetime are granular, and it is necessary to understand which grains are adjacent
to one another. Adjacency forms the basis of spatial relations: if two regions of spacetime
are adjacent, then they touch each other and are separated by the surface S. Let A be the
area of this surface. In this way, the grains of spacetime are separated by quanta of area. The

eigenvalues of the area operator are given by
A =8myhG > \/ji(ji + 1), (4.3)

where j; are labels on the spin network, determined by the local gauge group SU(2), and 7 is

the Barbero-Immirzi parameter, that can arise from calculating the entropy of the black hole.

There are other equivalent ways to describe Quantum Mechanics. Naturally, one might
think of describing LQG using these new equivalent ideas, for example, employing path integrals
instead of Hamiltonians. This idea is relevant and does exist, being described by spin foams. A
spin foam is the characterization of the surface of some quantity, such as the Universe, described
by spin networks, which in turn evolve over time, forming a discrete geometry. Within LQG,
there are strong research groups focused on this topic, with the main result being the recovery of
the graviton propagator, i.e., Newton’s law in the classical limit is rediscovered. More detailed

information can be found in [77,78].

The canonical formulation is described by considering spacetime as a manifold M whose
topology is 3 X R, where X is a three-dimensional Riemannian manifold. The so-called Ashtekar
variables are the formalism used for a non-compact gauge group, SL(2,C). Due to its importance
and the connection that can be made with the tetrad formalism in 3.2 and ADM in 3.3.1, we

will describe this idea in more detail below.

4.3.1 Ashtekar Variables

In 1986, Abhay Ashtekar proposed a new formulation of General Relativity in his
paper [79]. He expressed the theory in a set of variables that describes General Relativity
using canonical quantization, inspired by gauge theories as already said of non-compact gauge

group, SL(2,C). In this formulation, the indices a, b, ¢ stand for the space coordinates and i, j, k
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are their indices assigned to the generators of su(2). Due to the definition of the tetrads and
subsequently the ADM formalism, it is possible to define triads where time is a constant surface
of the form

Gan() = ()€} ()5, (4.4)
these new variables, the spatial metric e’ can be written in terms of the so-called D-Bein, the
dimension is linked to the dimension of the hypersurface. The introduction of these variables
adds a local SO(D) invariance where a fixed, constant time exists on the surface. We can define

the triadic version of the extrinsic curvature by
Kle, = Kq. (4.5)

Let us consider that the canonically conjugate pair of the form {K?, e]} ~ 6762 leads to an
important constraint

Ge = €cpKe? =0, (4.6)

the Eq. (4.6) allows us to interpret that the Poisson brackets lead precisely to the SO(3) rotation.
The connection AZ is related both to the spin connection Ffl = Fajkejki and to the extrinsic
curvature, given by:

AL =Tile] + BKL, (4.7)
where T" [e] represents the torsion-free spin connection of the triad (it is the only possible
solution for the Cartan equation in 3 dimensions) and /3 is an arbitrary parameter, which can
be either complex (i) or real. In the case of a real value, there is no restriction for it to be =,
the Barbero-Immirzi parameter. We can define the covariant derivative D, with respect to the

connection A% and also define the curvature F},, respectively, as:
Dovi = 0avi + €5 Al0F, (4.8)
Fly = 0,A4; — 0yAL + €, AL A (4.9)
And note that the constraint present in Eq. (4.6) is the same as in Yang-Mills theory
G' = D,E¢. (4.10)
The other variable that is part of the pair of Ashtekar variables is its electric field, given by
El(x) = ;eijke“bcegelj (4.11)

and it is known as the densitized triad, E* = VqE;'. This pair of variables satisfy the following

Poisson bracket algebra:
{A45(2), A(y)} =0, {B{(2), Ej(y)} =0, {A(2),E}(y)} = 8nGBI,0;6%(x —y).  (4.12)

In the last Poisson bracket, if 5 = i, we obtain what is called the complex Ashtekar connection
or more commonly known in the literature simply as the Ashtekar connection. This leads to

quite simple constraints for vectors and scalars of the form

C = el BB (4.13)
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C,= F!,E". (4.14)

We can define the volume interns of the Ashtekar’s Variables as

V= /d?’:c\/]det E(x)], (4.15)

a commutation between the volume and the connection for 5 =i is

c ijk
E?(x)Ek(x)Ejbc (416)

4,/|det E(z)|

so, the equation related to the Hamiltonian constraints is

{V. Ay(2)} = (8miG)

EaiEbij; ”
H(N) :/d%Nﬁab”’“.

The fundamental idea we want to convey here is that, in Loop Quantum Gravity (LQG), the

(4.17)

integral form of the Hamiltonian is given by H(N) = / d*x NH. Note that the constraints
mentioned here are implicitly constant over time. This Teads to an important property, well-
known in theories that employ Poisson brackets, which is that the Poisson bracket of the total
Hamiltonian of the system with any quantity is zero. The equation related to the Hamiltonian
constraint, described in (4.17), can still be rewritten in another form. This new form is clearer,
easier to use, and well-defined with respect to the Wheeler-DeWitt equation (4.1). Let us set
the constants in equation (4.16) to be equal to 1; substituting into equation (4.17), we obtain a

new, quantum-restricted Hamiltonian equation in the form

H(N) = / BrN{V, AR ()} Eh et (4.18)

4.3.2 Holonomies and Wilson Loops

Holonomies are important because we will consider one in the form W (7), which represents
parallel transport along the closed curve 7. Furthermore, the holonomy for any closed curve

implies that the connection at any point is a gauge transformation.

Consider two closed curves. They are said to be equivalent if one can be continuously
deformed into the other in such a way that the loops of one correspond to those of the other.
This notion of equivalence defines a class of curves, and the set of all such equivalence classes

forms a group, known as the loop group.

Holonomies can then be understood as a map from this loop group to a Lie group
G, encoding how the gauge connection transforms along the loops. Functions defined on the
elements of the loop group are called wave functions, and they constitute what is known as the

loop representation.

Consider closed curves [, m, ... such that they start and end at the same point, denoted

by o. Let L, denote the complete set of all such closed curves; this parameter L, forms a
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semigroup under the composition law (I,m) — [ o m. The identity element, that is, the null
curve, is defined as I(s) = o for any s and any parametrization. The reason for this being a
semigroup structure is that the inverse curve [~! is not a group inverse, since [ol~! # I. Parallel

transport along a closed curve [ € L, is given by:
Wa(l) = P exp (/Aa(y)dy“> : (4.19)
!

where A, is the connection and P(M, G) is the principal bundle’ of the group G over M, which
defines the holonomy map. Now, it is important to examine some properties of curves and
holonomies. Let us choose a point 6 over o. If we use the connection A along the curve [ that

belongs to M, we obtain the curve [ in P, such that the initial point is:

~

(0) = o, (4.20)

and the final point
1(1) = [(0)Wa(l). (4.21)

The holonomy W, is an element of the group G, such that its main property is:
Wa(lom) = Wa(l)Wa(m), (4.22)

and if we choose to change the point o to 6 in the bundle, we will have ¢’ = 6¢, leading to the

transformation:

Wa(l) = g~ ' Wa(l)g. (4.23)

Now, we want to transform L, into a group. To make this possible, we introduce an equivalence
relation that identifies all closed curves yielding the same holonomy for a smooth connection.
This is essential because curves with the same holonomy carry the same physical information,
which is important for building a theory. These equivalence classes are properly the loops.

Further definitions regarding these quantities can be found in [115].

Since we have constructed a group, the loops (which we will represent with Greek letters)
satisfy certain relations that have been previously shown. The inverse is defined as a loop in the
opposite direction, 771, such that 7 o 77! = I, where I is the set of null curves. Furthermore,
we still have that:

W(r o) =W(mn)W(r), (4.24)
W(r™) = (W)L (4.25)

TA bundle is a topological term where a space is locally similar to a certain product space but may have a
different topological structure globally.
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4.3.2.1 Wilson Loops

Gauge theories form the basis of a vast number of physical theories. In LQG, it is
no different, as mentioned earlier; this is also a gauge theory. This implies that observable
quantities must be gauge-invariant. Quantum mechanically, these quantities are wave functions,
which must also be gauge-invariant. Now, let us introduce objects that involve the connection
A, and can be written as gauge invariants. What are these objects? They are the so-called

Wilson Loops, which are constructed from the traces of holonomy

Wa(r) = Tr {Pexp <z 747 dy“Aaﬂ . (4.26)

These objects are observables in the canonical sense, and their Poisson brackets vanish when the
constraints of the theory are imposed. As stated in [115], Wilson loops have two fundamental

properties that should be noted, which are:

1. Mandelstam Identity;
The first to introduce this identity was Mandelstam for the group O(3) [116]. Subsequently,
Giles extended it to the groups GL(N) [117], and later, Gambini and Trias extended it to
special and unitary groups SU(D) [118].

The idea starts from considering gauge groups that have fundamental representations in
terms of N x N matrices, for groups such as GL(N), SL(N),U(N), SU(N). Mandelstam
identified two identities for the traces of N x N matrices. The first is due to the cyclic
property of traces, yielding an identity that holds for any gauge group in any dimension

of the form:

W(ror)=W(romn). (4.27)

Here, Wilson loops extend to the connection A in a general form, as these results do not
depend on a particular choice of connections. The second type of identity that Mandelstam

observed is that Wilson loops are the traces of N x N matrices.

An important development in this area is the recognition by Rovelli and Smolin that spin
networks can be used to characterize a complete set of independent products of Wilson
loops [120].

2. Reconstruction Properties.
As previously mentioned, the reconstruction property is one of the fundamental properties
of Wilson loops. But what is it exactly? Furthermore, is it possible to reconstruct
the holonomy from a given function (since, as we know, the information present in the

holonomy can be reconstructed as a Wilson loop)?

The proof that this can indeed be achieved, that is, that given a loop function satisfying
the Mandelstam constraints, one can reconstruct the gauge-invariant information encoded

within it, is the subject of the so-called "reconstruction theorems."
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Starting from a function W (1) that satisfies equation (4.27), it is possible to write a set
of N x N matrices whose trace is precisely W (7). Thus, this function can reconstruct the

holonomy.

Another important step is how the wave functions are defined. They can be defined in

terms of the loop bases as
v(r) = [ dA Wir)ula] (4.28)
The holonomy constructed from Wilson loops is a representation of the loop group, and

the traces of this representation satisfy the Mandelstam identities. Any gauge-invariant

function can be expressed as a combination of products of Wilson loops.

4.4 Applications of LQG

As said before, Loop Quantum Gravity is a theory that aims to quantizing gravity from
General Relativity and not proposed a grand unification. This theory has many applications;

here we mention three of them:

1. Cosmology;
2. Black holes;

3. Electrodynamics.

We revisit these applications with a didactic purpose. Furthermore, the effects of Loop Quantum
Gravity (LQG) in electrodynamics constitute a central topic of our study. For this reason, we

devote more attention to the introduction of this theme.

4.4.1 Cosmology - Loop Quantum Cosmology

One of the applications of Loop Quantum Gravity is Loop Quantum Cosmology (LQC).
The theory is obtained from symmetry-reduction of LQG, which enables one to obtain an
approach which describes cosmologicals models [83,97-99]. In this model the energy scales is
high; consequently the Einstein equations do not describe space-time well, because the Universe
has the quantum effects and the geometry of this space to undergo a kind of bounce. The
bounce has some interesting properties like: solve the singularity problem of the Big Bang,
when we analyze inflation and using an inflationary scalar field ¢, called inflaton, the kinetic

energies dominate the bounce.

The LQC split the evolution of the Universe in different phases, in each phase we have
an independent comportment of the scalar field in function of the choice for the inflationary

potential. We have many of these potentials and we can cite: Power-law monomial potentials

V= ;/701 <¢> n, (4.29)

mpi
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where n is some power, mp; = 1/\/5 = 1,22 x 10" GeV is the Planck mass, with G is the

Newton’s gravitational constant. The Higgs-like symmetry breaking potential

%
@ (430)

V =
where v denotes the vacuum expectation value (VEV) of the field. The modifications that LQC

Cosmic microwave background

Inflation

Quantum
Geometry

Pre-inflation t

— Bounce

Pre-bounce Phase
of the Universe

Figure 7 — This picture shows how the evolution of the Universe can be splited in differents phases. In
the figure we have the pre bounce phase, bounce phase with quantum effects, pre-inflation
and inflation phase for the scalar field.

introduces to the spacetime conjecture lead to changes in the cosmological equations through
General Relativity. It is convenient to define the spatial geometry by the variable v, which is
proportional to the volume of a fixed cubic cell [87], instead of the scale factor a(t). In this way,
we have: 5 o

y— Yoamp (4.31)

27y

the parameter V; is the comoving volume of fiducial cell. Moreover, v is known the Barbero-
Immirzi parameter, with constant value v & 0.2375 [95] motivated of the black hole entropy.
However, nowadays the validity of this constant value is commonly discussed in the literature.
This happens because the calculation was based on Bekenstein-Hawking entropy, and part of
the literature disagrees with how it was done. As a result, many papers treat the v parameter
as a free parameter of the theory. We dedicate the Appendix C to showing how this parameter
is obtained within LQG and some implications regarding such a deduction. The Friedmann

equation with LQC corrections is

1 /02 8
- (”) =H>=_—"p(1-L), (4.32)
9 \v 3mpl Per
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where p is energy density and the critical energy density is

_ V3mipy

327243

Per (4.33)

We can see the explicit modifications to the main equations of “traditional” cosmology, showing
the quantum geometric effects that come from LQC. The main phenomenon that emerges is the
replacement of the Big Bang singularity with a bounce. The bounce occurs when the densities
are equal, i.e, p = per. If p < per, the quantum geometric effects vanish, and we recover the GR
limit as expected. It is possible to work with multiple scalar fields, but in this work, we only
consider a single scalar field with potential V(¢). In the Friedmann-Lemaitre-Robertson-Walker

(FLRW) metric, the equation of motion for the scalar field is
b+3Hp+Vy=0, (4.34)

where Vs = dV(¢)/d¢. These equations showed before are the main equations of LQC, and it is
possible analyses the dynamics of inflationary field. The reviews can be see in the Ref. [78,88,89].

4.4.2 Black Hole

Continuing with the applications of LQG, we dedicate this section to the exposition of
black holes in the context of LQG. We will not present the subject in a detailed or complete
manner, nor aim to provide an overview; the purpose is to briefly show how the study of black
holes is modified by the introduction of effects generated by LQG.

The physics of black holes is currently a broad testing ground for Quantum Gravity
theories, as scientists have made advances in observing gravitational waves from binary black

holes and the shadow of supermassive black holes [90,91].

An important contribution that LQG offers to the study of black hole physics is that it
allows the resolution of the singularity problem for spherically symmetric black holes. It was
found that, by considering black holes in LQG, there is no singularity at the center of the black
hole. Furthermore, the black hole’s event horizon is preserved. This solution is valid both for
the full case of Loop Quantum Gravity theory, with the analytical form of the black hole metric
under spherical symmetry conditions being obtained [92], and for the semi-classical case [93,94],
the metric has the general form

ds* = —f(r)dt* + g(lr)dTQ + h(r)(d6? + sin*0d¢?), (4.35)

where the metric functions f(r), g(r) and h(r) are

(r—r )(r—r)(r+r)?
rt + a?

f(r)= , (4.36)

(r —re)(r =)

(r+r)?(rt +ag)

g(r) = (4.37)
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h(r) =12+ % (4.38)

(d6> + sin0d¢?) = d9, (4.39)

Here, the two horizon parameters are; r, = 2M/(1 + P)* and r_ = 2M P?/(1 + P)?. Another
variable is r, = /77— = 2M P/(1 + P)?, where M = (6.5 4 0.7) x 10° My, is the ADM mass

and we can define the polymeric function*

P_\/l—i—eQ—l
Vit e+

where € = v < 1, i.e the product of Barbero-Immirzi parameter and polymeric parameter.

(4.40)

Finally, the ag = A /87 is the minimum area gap of LQG and we reduces to Schwarzschild
black hole solution when ay = P = 0. Now, from the LQG-corrected Schwarzschild metric
we can work with many possibilities about Loop Quantum Black Hole. We won’t go into this

analysis here, but we can point to the following works:

« Overview about this Subject [132,133]
e Charged Loop Quantum Black Hole [134]

« Rotation Loop Quantum Black Hole [135, 136]

In the next section, we turn our attention to a central topic in this work: the implications of LQG
in the electromagnetic sector. We will present the motivations for this application and develop
the complete mathematical framework necessary to describe the resulting quantum-corrected

electrodynamics.

In the next section, our focus will be on the effects of Loop Quantum Gravity in the
electromagnetic sector—an application that is more thoroughly developed in this work. We will
derive the electrodynamics equations within the framework of the theory, as well as carry out

the process of non-Abelianization.

#The polymeric function in effective loop-quantum black-hole models is a bounded “replacement” for classical
phase-space variables, and parameterizing holonomy corrections to regularize singularities [129-131].
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| Chapter D I

Loop Quantum Gravity Effects in the

Electromagnetic Sector

Loop quantum gravity provides electromagnetic effects, valuable insights into the nature
of gravity at the fundamental quantum scale, particularly through the study of time-dependent
energy variations in the arrival of photons and neutrinos from distant sources [69,70]. At the
Planck scale, it is expected that (local) Lorentz invariance—a foundational principle of General
Relativity could be violated. However, achieving the required energy scales to test both Lorentz
invariance violation (LIV) and Planck-scale effects in terrestrial experiments is currently a big
challenge [62,70,100-102]. An alternative approach is to examine the energy of Gamma-Ray
Bursts (GRBs) and their immense energy emissions, which may allow investigation of the
energy-dependent time of arrival of photons or neutrinos from distant sources. In this work,
we focus on the photon sector. The speed of light in vacuum, as characterized by a granular

spacetime, may take the form

v(E) :c(l— ,YE >, (5.1)

Epy
where E};, =~ 3.6 x 10'" GeV represents the characteristic energy scale related to possible
LIV effects in the photon sector and is independent of the photon’s helicity. The high-energy
scale of the E],-parameter supports the notion that GRBs are the most suitable candidates
for investigating this parameter, more information can be seen at [103-110, 112-114]. The
Hamiltonian formulation of Loop Quantum Gravity (LQG) effects on electromagnetic theory

was explored in the work of Ref. [69].
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1 2 -
“(B"+ E) + 051%(B°V2B, + E°VE,) (5.2)

1 I 2427
HLQG :Q2/d3${ 1+6‘7 (z) 9

27
0212 B 0,0, E" + 031p[B - (V x B) + E - (V x E)| + 0,L%1% <£> (B)?+ }

Iy

where Q* is the coupling constant of electromagnetism, [, ~ 1.6 x 10™*°m is the Planck length.
The characteristic length, £, satisfies the condition [p < £ < A. The parameter X is the de
Broglie wavelength, and the characteristic length, £, has a maximum value at momentum &
whenever £ = k~'. This condition allows us to interpret such a Hamiltonian and theory as
effective, due to its wide energy range. Another parameter appearing in the equation is T,
which represents the order of the contribution of the gravitational connection to the expected
value and may be determined through the phenomenological analysis of a specific event. This
parameter may depend on the helicity of the particle under consideration [111,121,122]. The
0;’s are non-dimensional parameters of order one or are extremely close to zero [69, 123]; finally,
a, b are spatial tensor indices. Hereafter, we replace the spatial indices using vector notation and
omit the underline referring to canonical pairs in the electromagnetic sector for all quantities.

From Eq. (5.2), we derive the field equations as follows:

V.-E—0 (5.3)
OE 2 2 2 2 (LN, 2
A(V % B) = T 20,VA(V x B) = 265lpVB + 46,L (z> 2V x (B2-B) =0, (5.4)
P
V.B=0, (5.5)
8B 2 2 2
AV X B) 4+ 52 4 20305VA(V % E) — 26lpV*E =0, (5.6)
with
g 2427
A, =1+06; <£p> . (5.7)

The equation (5.2) is an infinite expression. In the literature, it is common to truncate it
at the lz order. When the field equations are computed, this non-linear term contributes to
equation (5.4). The key quantities of electromagnetic theory have already been calculated and
analyzed previously, as seen in [69,112]. In this work, such quantities are not the primary
focus; instead, the modified Maxwell equations in the context of Loop Quantum Gravity (LQG),
along with the corresponding Hamiltonian, are the central equations for the development of this

contribution.

5.1 Main quantities of LQG effects in the Electromagnetic Sector

In this dissertation, we keep the non linear term from the Eq.(5.4) to understand

how a non linear term for magnetic field change the main quantities for a classical theory
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like electromagnetism. We assume the rotation angles contribute with a single mode in the

equations, i.e

_ {0, if i £ 55)

(L T
For simplicity, we consider
_ _ _ £\ 2Ty
O = 20205, 05 = 2,05, 0, = 40, (lp> 2, (5.9)
The first quantity calculated is the Poynting vector. Let’s multiply Eq. (5.4) by E and Eq. (5.6)
by B, and then subtract one from the other until

AW[E-(VXB)—B-(VXE)]—E~aa]f—B~aa]?+93E-[V2(V><B)]—93B-[V2(V><E)]—
Os[E - (V?B)] 4+ 63[B - (V’E)] + ,E - [V x (B*-B)] =0

o (E* B?\ - ) ) _ ,
:>A7V-(E><B)+at<2+2>:93[E-V(VXB)—B~V(VXE)]—(‘)B[E-(VB)—
B (V’E)] +0,E- [V x (B*-B)] (5.10)

From Eq. (5.10), we can already identify the classical terms of the Poynting vector expression

and the electromagnetic energy density, respectively. They are

V- SMa:cwell = AVV . (E X B), (511)
and 0 o (E* B2

- = [ ==+ = . 12

atuMaxwell ot ( 2 + 2 ) (5 )

However, there are new terms on the right-hand side of Eq. (5.10). Just like in the two equations
above, we need to generate either divergences if we are talking about spatial contributions, or
total time derivatives for temporal contributions. Let’s look at each term separately
0:E - [V*(V x B)] — 0B - [VX(V x E)] = 05[E;0,0;(V x B); — B;0;0;(V x E)j]
= 03{0;[Ei0;(V x B)i] = [0;E4] - [9;(V x B){]
— 0;[B;9;(V x E);] + [0;Bi] - [9;(V x E);]}
= 030,{[E;0;(V x B);] + [(0x0, F;) - €1 BI]
— [Bi0;(V x E)i] = [(0x0; By) - e ka]},  (5.13)
or we can rewrite it as
V81 =V - {03]E:0;(V x B))] + [(0x0;, E:) - e B1) — [Bi0;(V x E);] — [(0x0;B;) - e ]}
(5.14)
As for the other term
—65[E - (V°B) — B (V°E)] = —0s[Ei(9;0;B:) — Bi(0;0;Ey)]
= —05(0;(Ei0;B;) — (9;:)(0; Bi) — 9;(Bi0; ;) + (0;Bi) (0 E3)]
~ Os0,[(E:0;B;) — (Bid, )], (5.15)
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and we can rewrite it as

V.S, =V - [0s(E;0;B; — BiO; Ey)). (5.16)
Finally, we have
0,E - [V x (B?-B)] = 0,E:0;¢:;4 BBy,
= 0,{0;[Eiei;1 B*By] — (0,E;)eiju B> By}

—_ 04{6j[EieijkBQBk] — (aBk> BQBk}

ot
~ o (B*
= 94{6 [E GZ]kB Bk] ( ) }, (517)
ot
where in the second equality, we applied Eq. (5.6). It is possible to rewrite this last term as
0 ~ 8 B4
-S3 + —uy = 0, 0;(Fie;jxn B*B : 1
Condensing all these expressions into just one, we obtain the famous continuity equation of
electromagnetism
8

This equation have news terms that come from the LQG, more precisely, each rotation angle
contributes with one term in the spatial form, as we can verify in terms S;,S, and S;. An
important term is obtained by the non linear magnetic field, who is the only term who modified
the electromagnetic energy density. From the Poynting vector, is possible calculate the Stress

tensor, we have
B? E? -
(S —S1—Ss+8S3) =— 8k{Ai [&-k (2 + 2) — (B;By + E;Ey)| + 03[0i1[(0005Bim) B,
(0000 Er) Er, — (EjOm(0mE;)) + (En0n(0mEy)) — (BjOm(0mB;))+
(BimOn(0mBr)) + 65 [0000(EmOn(0mEr)) — 0500(EjO0p (0m E;))+
2(0605( 00 Bi) Bi) — 0500(Bj0m (01 B;)) + 0606( B0y (0 By) )+
2(0,05(0mO0m 1) E)))] + (0,00B:) - By + (0,0,E;) - Ex] + 06,

[(030,00B; — €jmnOmBn) - Bj — (030,00E; — €jmnOmEn) - Ej]+

Oa[6:.[B* + %(BzBm)z] — 2(B?BiBy) + 04((B*B;)(B*By))~

3(EkE,»)BQ]}, (5.20)
or we can rewrite in compact form, like this:

O0(S —S1 — Sy +S3) + 0k T3 = 0. (5.21)

The next step is to understand how the non-linear term in the magnetic field influences the

theory, for this, we expand the magnetic field as

B=¢(+b,, (5.22)
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where ¢ is a constant vector of magnetic field and b, is the propagating magnetic field vector.

So, we can rewrite the product
§2'B:(C+bp>2'(C+bp>%<2'bp+2(C'bp>‘C- (5.23)

This method is called linearization of the magnetic field. With the result of this expansion, it is

possible to rewrite Eq. (5.4) as follows

Ay (Vx (C+bp))—§+9gv2(w (C+by)) =05V (C+by) +05V x (¢ by+2(C - by) - €) = 0
= A,(V xb,) — 38];3 +60;V3(V x b,) — 05V?b, + 0,V x [(%-b, +2(¢-b,) -¢] = 0. (5.24)

where the derivatives terms of ( are V x ( = V - ( = 0, one of the important equations that can
be obtained is the wave equation for both the electric field and the propagating magnetic field.
The procedure is identical for both equations, starting with the electric field equation. Let’s
take the time derivative of Eq. (5.24)

0 OE - ~ ~
ot Av(v X bp) T ot + 93V2(V x bp) - 98v2bp + 0,V x [Cz ) bp + Q(C ’ bp) ’ C] =0
0 PE - 0 ~ 0 ~ 0
= A, (Vxby) — =5 + egv%(v x b,) — egavsz + 015,V % [¢*-b,+2(¢-by) -] =0.
(5.25)
We take the curl of Eq. (5.6)
by | 7 0.2
V X A’Y(VXE>+W+63V (VXE)—@SV E=0
= = 0
= — A,V x (V x E) + 0;V*(V’E) + V*(V x E) = —(V x b,), (5.26)

ot

where we used Eq. (5.3). Substituting the term ;(V X b,) from Eq. (5.26) into each of the

common terms from Eq. (5.25), we get
2

_ _ E _
A=AV x (V x E) + 03V*(V’E) + 6V*(V x E)) — 5&2 + 0;V*(—A,V x (V x E)+

03VA(VE) + 0sV3(V x E)) + 05V x (—A,V x (V x E) + 3V*(V’E) + 0 V*(V x E))+
0,2 (—AV x (V x E) + 3 VA(V?E) + 0sV(V x E)) — 2¢ - (—A,V x (V x E)+
§3V2(V2E) + §8V2(V X E)) . (V X C)] =0,

(5.27)
Simplifying using the system from Eq. (5.8), it is possible to obtain
22(v2E) - LB _ 05,V (V2E) - 9,V x (V?E) — BVA(VA(V?E)) + (VA (V2E
H(V°E) = =5 = =20V (VE) = 205V x (V'E) — 63V (VA(V'E)) + 6V (V'E) +

0:{C*(V’E) = 2[¢ - (V< E)] - (V x ()} (5.28)
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And for the magnetic field, the procedures are similar; however, the equations to be used change.
It is necessary to take the time derivative of Eq. (5.6) and the curl of Eq. (5.24). After that, we

0
&(V x E) and find

will substitute the term

A2(V°b,) — a;tb;’ = —20;V*(V?b,) — 205V x (V?b,) — 02V*(V*(V?b,)) + 02V*(V?b, )+
0,{C*(V?b,) = 2[¢ - (V x by)] - (V x )} (5.29)

From the waves equations we can choose one of this equations and calculate the dispersion
relation from the theory. Firstly the solution for both equations are plane wave, more precisely

an exponential form of functions like
E = eoe!®* %t b = boelkx=w | — k|, (5.30)
We get
e k=0, by-k=0, (5.31)
from Eq. (5.6)
(k x e9) (A, — O:k?) — ifgk® - ey — why = 0
= by = ; [(k x eq)(A, — 65k%) — ifsk” - e, (5.32)
and last, from Eq. (5.4)
(k x bo) (A, — O3k?) —ifgk? - by + w - eg + 04[¢*(k x bg) +20,(k x ¢) - ({ -bp)] = 0. (5.33)
So we can replace the Eq. (5.32) in Eq. (5.33) and obtain
{[18(147—9‘318)2—(z’§81<2)2+w2—9‘4(4-1<)2(A7 — 03k?)]6;;+ 10405 (¢ -k)* —2i05k? (A, —0:k?)]-
eijikr — 204(k x ¢); - (k x €);(A, — 05k%) — 2i0405(k x ), - boij}eoj =0, (5.34)
making use of the previous equations, we obtain
Mijeq; =0, (5.35)
where M;; is a matrix which from the Eq. (5.34) has the same form of the matrix equation:
M;; = adij + Pu; - uj + ceijrvg + YU, - S5, (5.36)
whose determinant is given by

detM = o +F(u-v)- (ys-v+Bu-v)) +a?pu +aclev? +9s- (k x (k xs))).  (5.37)
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Now, we can impose the condition detM = 0 what allows us to find the modified dispersion

relation for the form
wiZWMW—%&W{MV%MMﬂ+&@}%%-WV—¢i(%%W<Mm—%&ﬁ—

2\ 2 2 1/2
@g)+@%—%&ﬂ—§)@@«kx&x@ﬂ%&¢ﬁ . (539)
The term 1 = —04[A, — 05(k)?] - [k|* - |¢|* sin® ¢ is a scalar that corresponds to the anisotropy
of the theory. So, photons have propagation speeds that are no longer constant on the Planck
scale, and this is precisely due to the dependence that the i) parameter has on sin ¢, where this
is the angle between the vectors k - . The + sign in the dispersion relation is an indication
of the possible phenomenon of birefringence in vacuum. The group velocity is necessarily the

photon velocity, which in turn can be obtained as

dw 1

TR T ws k'Mv—%&ﬂ{Mw—%&m+ﬁ&%_%¢%%—ﬂﬂMﬂ+%%P_

0,k - |¢|?sin? ¢ & jl (41@4{1&([%17 — 05(k)?] — @fi) +<[A7 — 05(k)?] — C;) 0y [C - (kx

(k x C))]}éé + W) (12k5<[A~y — 03(k)*] — éf;) 02 4 2k (9‘4[147 — B5(k)?)|¢|? sin? 90) -

8@,1{7([/17 — 05(k)?] — 5422)29‘5)] : (5.39)

The speed of the photon is no longer constant, this quantity can be greater than the usual speed

of light or less. The index refraction can be obtained as
ny = k|- (/8[147 — é?,(k)Q]{[AV — 05(k)’] + 54@}—(9‘8 k) —y (4/&{%2 ([AV—

2\ 2 2 172
@mﬂ—aé)+(M¢—@&ﬂ—g>amwkxmxc»@%+w)) . G40)

from this equation, we can interpret that the system is in a dispersive medium, since the
refractive index depends on |k|. Furthermore, the refractive index includes square root terms,
making it possible for the final value of this function to become negative. As a result, the
refractive index may acquire both real and imaginary components. This suggests the possibility
of dichroism in the theory, where both the birefringence discussed in the dispersion relation and
the dichroism arising from the refractive index are optical phenomena of the vacuum. However,
we cannot claim that these phenomena necessarily occur in this context, as a more detailed
analysis using circularly polarized waves is required to confirm the existence of such optical

effects.
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5.2 Yang-Mills theories in LQG

Yang-Mills theories are widely used due to their effectiveness in describing fundamental
interactions. In Loop Quantum Gravity, this approach is also explored, as evidenced by
various works that present this formulation as an extension of the complete theory, for example,
in [48,85,115]. In this section, our goal is not to develop a complete non-Abelian theory within
the framework of Loop Quantum Gravity (LQG), but rather to investigate how the effects

introduced by LQG in the electromagnetic sector influence a non-Abelian theory.

We will non-Abelianize the effects of LQG in the electromagnetic sector presented at
the beginning of Chapter 5. The strategy used to perform such a procedure is the same as
that presented in the classical electromagnetic sector shown in Chapter 2. Having done using
the Maxwell limit has led to significant contributions to the development of LQG. This occurs
because it is necessary to obtain the non-Abelian Maxwell equations in the limit where quantum
effects become significant in LQG. Another important contribution of having first done it in
Chapter 2 was the experience gained in developing the same procedure, now using much more

involved expressions.

In this way, we will start from Egs. (5.3), (5.4), (5.5), and (5.6), which form the set
of modified Maxwell equations in our theory, and apply the Noether procedure as we have
done before. This will lead to self-interactions among spin-1 fields, with our goal being to
arrive at the non-Abelian extension of the Maxwell equations modified by LQG, resulting in
the Yang-Mills field equations corrected by LQG. Once this is achieved, we aim to explore
how quantum gravitational effects, as predicted by LQG, can be integrated into Yang-Mills
theory. This allows us to study the physics of self-interacting massless vector bosons in the
presence of small Quantum Gravity effects with an LQG signature. Quantum Gravity effects
on photons and neutrinos have already been studied, as seen in [70]. Inspired by that work,
our approach, by combining LQG and Yang-Mills, provides a framework for investigating how
the electroweak and QCD sectors receive quantum gravitational corrections, contributing to

interesting phenomenological analyses and raising the possibility of new hidden physics.

To carry out this approach, we will define the same quantities as we defined earlier in
Chapter 2. We begin with an N-plet of vector fields (which will become our Yang-Mills gauge
bosons at the end of the procedure) in an arbitrary representation of the symmetry group, as

described below:

Ap,m=12 ., N On,m=1,2, ... N (5.41)
this fields are represented in N-dimensions of the symmetry group, remember, LQG works in
4-dimension. We can define the electric- and magnetic-like fields in terms of these terms
9A,,

En ==V ¢n——2", (5.42)
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and
Bm =V x A,. (5.43)

From the Lie group, that fields transforms like the rule

@, = Ryn®n, (5.44)

and
A;n = R...A,. (5.45)

And in the same form showed at Eq. (2.12), the function of the Lie group in infinitesimal form is
R = (€™7C%) 1y ~ Sinm + 1w (G mn + O(w?), (5.46)

So, similarly, the fields can also be expressed in a form
A, = iwp(G)mnAn, (5.47)

and

The same structure repeats, the (Gp,)m, are the generators in the adjoint representation and
they can be write in terms of the structure constants like Eq. (2.15). The parameters wy, stands
for the parameters of the SU(N) transformations, whereas the 3-index symbol fj,;; represents
the structure constants of SU(N). The Noether procedure is initiate with the free Lagrangian
of the theory. To get this Lagrangian, we perform a Legendre transformation by taking Eq. (5.2)

and writing

1 3 E2 52 2 2 2 2
Lige = Q2/d 1A, | 5 = | + GlH(BY’B + EV’E) + 0,3E - [V - (VE) |+

Ly

Osip[B - (V x B) +E - (V x E)] + 0,L%% <£>H (32)2}. (5.49)

It is necessary to highlight an important point regarding the Hamiltonian and the types of terms
that constitute it. Note that Eq. (5.2) only presents linear orders in the parameters 6;, and to
preserve the linearity of the quantum effects, we will also consider this. This idea implies that
when we perform the Legendre transforms to obtain Eq. (5.49), only the classical term, that is,
Maxwell’s term ;(E2 + B?), undergoes a change. Fundamentally, what happens is that when
we perform the Legendre transforms, we obtain new quadratic terms in 6;, which go beyond
the scope of the theory and can thus be neglected, retaining only the common terms that are

unaffected by the transformation. Continuing the process, we will use the variational principle,
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we have
0S=0= /d3$ 6LLQG
1 3 A’Y 2 2 2
- / 23 5 (2Ey - 0B, — 2By - 6By) + 05108 - (V*Bun) + By - (VA(0B,))+

SEn(V?E,,) + E, - (V2(OE))] + 0515[0E,, - (V- (VE,)) + E, - (V- (VOE))]+
O3lp[0By, - (V X Bp,) + By, - (V x 0B,,) + 0E,,, - (V X E;,)) + Ep, - (V X 6E,,) |+
40,L°1%, (f)Q (B3 . 5Bm)}

p

= Ciz/al:’»gg{A7 <Em <V5gbm n 65£m> - B, (V x 6Am)> + 631% [(V X 6A,,)-

(V*B,,) + B, - (VA(V x §A,,)) + (Véqu + a%?’”) (V’E,) + E,, - (VQ <V5¢m+

95 A, ) 95 A,
o ))] +925P[<v5¢m+ o >-(V-(VEm))+Em- (v- <v<v5¢m+

00A,,
ot

27

)))] +0slp[(V x A,,) - (V x B,,) + By - (V X (V X §A,,)) + <V5gz5m+

(5.50)

from Eq. (5.50) we can obtain

OE;
ot

Eq. (5.4)

Eq. (5.4) Eq. (5.3)

A, |+

93z§3{v- [6A,, % (V’B,,)] — V-[(V*5A,,) xB,] — V- (8¢ (V*E,,)) — gt[éAm-(VQEm)]—
%)

V(B (V200)] - 5

[E - (V2A)]+2[0A,,-V3(V xB,,)] }+egz§3{2v- [6A,, x (VxB,,)]—

Eq. (5.4)

V0w (VXE,,)]+V-[E,;, x (aéAm>] -2 0 [(VXE,)-6A,,] —2[0A,,-(V°B,,)] }—

ot ot
Eq. (2.4)
27T 27T
40,L31%, (f) [V- (B}, x0A,,)]+40.L%1} (f) [V x(B*By,,)]-6A,,. (5.51)
P P

Eq. (5.4)

Where we set Q? = 1 to simplify the notation. All the terms with underbrace are equal to zero
by the Eqs. (5.3) and (5.4) which are the modified Maxwell equations. The remaining terms are
total spatial and temporal derivatives, which only need to be replaced by Eqs. (5.47) when they
are of the type 0A,, and by Eq. (5.48) when they are of the type d¢,,. These total derivatives
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will enable to extract the (on-shell) conserved currents. As expected, just as in the construction
of the classical formalism, the currents obtained from the variational principle will carry an
index (h) of the adjoint representation of the symmetry group, which is, in turn, different from
the index that the fields carry in an arbitrary representation (m). This allows us to proceed
in the same way as was done previously. The invariant self-interaction can only occur if these
indices coincide, i.e., m = h. To allow for self-interaction between fields and currents, it is
necessary that the fields, which were previously in an arbitrary representation, be placed in the
adjoint representation describe for Eq. (2.22), as the currents are. So, we have for the spatial

current

in = = FuiA A L(Es - 65) — (Bi x Ay)] — 0513[(By x VZAj) — (V’B; x A;j) — (V°E; - ¢;)—

27T
(EzVQQSJ)]—QSZP[Q(VQAZXA])—(EZ X AJ)—(VXEZ)¢J]+4Q4EZZIQD (f) (B2BZXAJ)}7

(5.52)

and the temporal current as
3 = — frig{A,(Bi - A)) + 0513[(V2E; - A)) + (B - V2A)] — 2650p(V X E)) - A}, (5.53)

Notice that the first terms of each current, which are coupled by the constant A,, are the same
current terms found in Eqgs. (2.19) and (2.20). This happens because these terms carry classical
electromagnetism, and, for example, if the quantum effects of LQG are negligible, these are the
only terms that contribute to the currents. By coupling the Noether currents to the fields, we go
over from the free regime to one that exhibits self-interaction among the massless vector fields.
We then introduce the coupling between the currents and the fields to get a new Lagrangian, no

more free. This yields:
Lioe = Lrge — 1onjs — 1A4js, (5.54)

The parameter [ is a coupling constant similar to the previous case, and we will adopt [ = le g.
At this point, the reader should notice that the procedures are identical to those in Chapter 2,
and therefore, we will once again consider an infinitesimal transformation of the fields. This is
because we aim to remove any dependence of the partial Lagrangian on space-time derivatives
of the vector fields

0Ay, = iwg(Gr) Al = wi fen A, (5.55)

and

0n = twi(Gr)mdr = Wy frmdr- (5.56)

And once again, we will apply the variational principle. The difference is that this time we will

apply it to the expression in Eq. (5.54)

5S = / d'z 6L o, = 0. (5.57)
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For simplicity, we will not present Eq. (5.57), as it represents the coupling of the Lagrangian
(5.49) with the conserved currents Eqgs. (5.52) and (5.53), making it a rather extensive equation.
The next step, before finding the new conserved currents from Eq. (5.54), is to derive the
equations of motion for this Lagrangian. This is an essential point. From the Lagrangian, we
can derive new Gauss’ law of electricity and Ampere-Maxwell equations. This allows us to
determine the currents to be coupled to the fields and then reinsert them into the Lagrangian.
Each current is coupled to a field and depends on a coupling parameter [’, where it is already

1
known that I’ satisfies I’ = 5 g, which represents the coupling constant for this new term

L3 oo = Lige — U'owip” — I ALY, (5.58)

The Eq. (5.58) is the last Lagrangian expression obtained, and it is no longer necessary to
re-calculate other currents. The reason being that the expression of the new Lagrangian no
longer depends on derivatives of the fields. Should the same steps be repeated, we would
obtain the same expressions for the currents as before. From Eq. (5.58), we can obtain the
field equations, namely, Gauss’ electricity and Ampere-Maxwell. From these two equations of
motion, it is possible to define the equations for the electric and magnetic field equations in

terms of the potentials in the Yang-Mills formalism with LQG contributions:
Ey = A=V - 6 — A+ gfndiA] — 32993l33fhz’j [Ai(V2¢;) + (VA)G5] + 90313 frij (VAL)-
(V)] + S0l s (As x Ay), (5.59)
and
By = A, [(VXAy) + gfhij(Ai < Aj)| + 21p0;V°By, — %935%&@‘ [VA(A; x Aj) = [Ayx (VPA)]]

g . L 21y -
+ 200l fuigl(As) - 6] + 26,7 (z) 212(52By) + 39 fus (As x A,) - B2, (5.60)

P

Again, note that the terms coupled with the constant A, are the same as those appearing in
Egs. (2.37) and (2.38). However, observe the number of new terms arising from the contribution
of LQG effects in the electromagnetic sector. These new contributions are independently
generated by each 60; term, being linear and not presenting cross terms, i.e., 8; - 6;. As can be
seen, in Chapter 2, the Noether procedure would be complete, and it would be possible to derive
the four new non-Abelian Maxwell equations. It would only require taking the curl of Eq. (5.59)
and the divergence of Eq. (5.60) would be sufficient. In electrodynamics with LQG effects, this
is not possible, because the Faraday-Lenz equation is modified and, by doing this and taking
the Abelian limit, we do not obtain again the Egs. (5.5), (5.6) that should be obtained. As it
can be consulted in the literature [124, 125], the non-Maxwellian extensions of electrodynamics
does not modify the Faraday-Lenz equation, since together with Gauss’law for magnetism,
these equations are obtained from the Bianchi Identity. The electrodynamics presented in this
paper modifies Eq. (5.6), which allows us to conclude that the Bianchi Identities are modified.

It is therefore necessary to follow another path to attain these two equations; one possible
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way consists in getting them from the Hamilton-Jacobi equations. By performing a Legendre
transformation on the Lagrangian Eq. (5.58) to find its corresponding Hamiltonian, we can

derive the equations for the electric field, F/, and the vector potential, A:

O0Hioe — OA

3E, TR (5.61)

and OH? OH? OE
LQaG QG h

_ OEn 62

OA, OV x Ay ot (5.62)

This yields four Maxwell-type equations in the non-Abelian version with LQG contributions :

A, [V “Ep + g fniBi - Aj] +%93ﬁ>fhz‘j [2(V2Ei) A +E; - (VPA;) — 2V[(VA) - (Vg))+

1
A, [V XBn+9frij0:E;+ frij (Aq x Bj)]‘#@ﬁa{?v?(v x Bp) —g.fuij[(V?E:)bj+ §V2(¢ZEJ‘)+

(V2B x Ajl— 300V (Aj) + 5B (V26)) — 5 (Ao)(V26;) — S V(Bix Ay)—  [Bix (VA
LA e 272 04 Ag) - (18 % A -2(A X A)) - V1T (A1 A

E 27 .
+(VXE:)d;] }99452 (z> 12V [2(32Bh)+3gfw(Ai X A;) -321
P

_ OB,

5 (5.64)

A7 |}V . Bh) + gfhijAZ- . Bj‘| —%93l%fhijv . [(AZ X (VQA]) — ?)VQ(BZ X AJ)] —f‘ggglpfhijV'

) L 27
P

A, l(v X Ep) — 9fnij@iB; + gfnij(A; x E])‘| +0515V*(V x Ep,) — %93@,}%‘]‘ le‘ (V2¢;)—

(V?E; x Aj)] —0slp [VQE;I + 9fnijV - (E; - Aj) — gfhijv X (A; x (AJ))] = —a;h. (5.66)
Having the four non-Abelian Maxwell-type equations for massless spin-1 vector bosons

in the context of LQG effects, an important point is that when we take the Abelian limit, that
is, the generators of the theory become trivial (G;, = 0). Which consequently leads the structure
constants to become trivial fj,;; = 0, we re-obtain the LQG-corrected Maxwell equations, (5.3),
(5.4), (5.5), and (5.6). Note also that each term in 6, contributes independently to the structure

constants, and the term 6,4, coupled with the nonlinear magnetic field, modifies the new magnetic
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field equations. Previously, Eq. (5.65), known as Gauss’s law for magnetism, did not include
magnetic monopoles. However, this is no longer true in the non-Abelian formulation, as the
terms 03, 0g, and 6, independently contribute to this equation. It is conceivable, based on this
interpretation, that magnetic monopoles might exist at the Planck scale, possibly associated

with these parameters.

When the LQG terms become irrelevant, 6; = 0, we once again obtain Eqs. (2.43),
(2.44), (2.45), and (2.46). Another important observation is that, unlike what occurs in classical
electromagnetism, here there is no natural emergence of the covariant derivative in the theory.
Recall that in classical electromagnetism this quantity appeared naturally in the theory, but

here this does not occur due to the complexity of the theory.

Finally, as done in Chapter 2, we did not calculate the momentum and energy for the
Y-M equations. The reason is purely practical, due to the complexity of the equations. However,
we performed this calculation for the Abelian case, as shown in Section 5.1. Currently, our
ambition to work with this model has not ended, as we aim to investigate how LQG effects in
the electromagnetic sector influence the electroweak sector. Within this framework, we will
seek to understand the influence of LQG on the anomalous vertices coupling the neutral gauge

bosons, namely the photon and the Z°-boson.
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| Chapter O |1

Concluding comments

This Dissertation has been developed with the objective of exploiting the connection
between nonlinear electromagnetism, Yang-Mills theories, and the effects of Loop Quantum
Gravity (LQG), consolidating a bridge between classical and quantum concepts in modern
physics. The work is organized in stages that progressively introduce the necessary theoretical
foundations and develop new results. Below, we present a detailed summary of the contributions

of each chapter.

Chapter 2 delved into classical electromagnetism, revisiting Maxwell’s equations from a
new perspective. By following the Noether’s method, known for associating symmetries with
conservation laws, a non-Abelian formulation for massless spin-1 particles was developed. This
chapter detailed the construction of self-interacting currents, as well as modifications to the
classical laws of electromagnetism, introducing new terms associated with SU(N) symmetries.
This work revealed the possibility of magnetic monopoles arising in self-interacting fields, even
in the absence of fermionic matter, a result that significantly distinguishes the Abelian and

non-Abelian cases.

In Chapter 3, the foundations of General Relativity were presented, treating it as a gauge
theory and emphasizing the use of the tetrad formalism. This chapter emphasized how Einstein’s
geometric description can be reformulated using local structures that facilitate connections with
quantum field theories. Fundamental concepts, such as the ADM decomposition, which fragments
spacetime into spatial and temporal hypersurfaces, enabling the Hamiltonian formulation of
gravity, were also introduced. This approach lays the groundwork for introducing quantum
formalisms like LQG.

Chapter 4 focused on Loop Quantum Gravity, exploring its motivations and formalism.
Based on Ashtekar variables and the concept of Wilson loops, an introduction to the LQG
framework was provided, highlighting its capability to quantize spacetime in a non-perturbative

manner. Cosmological and black hole scenarios, as well as probabilistic effects associated with
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this approach, were discussed, illustrating how the granularity of spacetime naturally emerges.

Chapter 5 explored the effects of Loop Quantum Gravity on the electromagnetic sector.
This chapter constituted the core of the work, connecting LQG effects to modified Maxwell
equations and Yang-Mills theories. The main quantities obtained with the introduction of
nonlinearities and non-Abelian interactions were highlighted, establishing analogies with funda-
mental models, such as the electroweak theory and quantum chromodynamics. This chapter also

analyzed the application of Noether’s procedure to achieve a complete non-Abelian scenario.

The results developed herein reinforce the importance of investigating the nonlinear
and non-Abelian structure of fundamental interactions in the context of Quantum Gravity
theories. In addition to offering a conceptual and mathematical bridge between different fields
of theoretical physics, the work proposed new analytical tools to address complex problems at

the interface of electromagnetic fields and spacetime geometry.

As a possible follow-up of this work, we aim to investigate the effects of LQG in connection
with the electroweak sector of the Standard Model of Particle Physics. The goal is to study how
these LQG effects modify the anomalous vertices coupled to the neutral gauge bosons, namely
the photon and the Z°. In this way, anomalous 3-point and 4-point vertices will arise from
the coupling of the photon and the Z°, respectively. This is particularly interesting since both
types of vertices are being investigated in the ATLAS and CMS collaborations, which could

consequently establish a new bridge connecting LQG to accelerator physics.
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Appendix A

(rauss Equation and Codazzi-Mainardi

Identities

Let us suppose we are in a 3D space, and therefore Eq. (3.53) holds. However, we must

DoDgV% = Do (DgV?) = ¢"aq" 4",V . (D,V?)
= "aq"50" Vi (7003 Vo V) -
= 4 a5 (n"V iV VA + @V, maVo VA +¢7 5V .V, V)
—VAV,ny
= AV unun’ VoV — GV iV ona + ¢4 aiV VoV
= —Kaggin"V,V* = KIKs\V* + ¢hq BV V.

(A.1)
Note, if we change the o por § index, we obtain
[Day D)V = (Kap K3 — Koy K2) V" + q2g°Bad (V,VV = V,V, V), (A2)
(4)Rﬁpav“
so, we can rewrite the equation above
Lastal R,V = ORL VA 4 (KLKog — KiKo) V2, (A.3)
we find the Gauss relation
ahaaas VRG,, = P Riys + KiKss — KiKas (A4)

Contracted Gauss Relation

First, let’s contracted the 3—metric, gzq] = ¢7 = 07 + n"n,. So, the contracted Gauss

relation

ngg(zx)RW + qaunvqgna@)m = O Ry + KK,up — Ko Kf . (A.5)

vpo
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To obtain the Ricci scalar from Eq. (A.5), we multiply the entire equation by ¢®?. Therefore,

we have:
q*? (quE(A‘)RW + qaﬂn”qgn”(‘l)ﬁ’ﬁpa) = ¢’ ((3)Ra5 + KK.p — Kaqu) (A.6)
= WR+ ¢tn'n" R = R+ K — K;; K" (A7)

Using the metric decomposition gj, = o}, + n”n,, and the fact that (4)Rﬁpgn”nﬂn”n” =0, it is

possible to derive:

WR 4+ 2WR ,ntn” = ®R + K? — K;; K" . (A.8)
This expression is known as the Theorema Egregium, which was originally proposed for 2-D
surfaces embedded in Euclidean space R?, where the curvature is 0.

Codazzi-Mainardi Identities

Still using Eq. (3.67), we multiply the entire equation by the metric terms g)q5q!,

obtaining
4ha54) [V, Vo " = qhapay RT 0 (A.9)
Let us expand the equation above:
aha5q NV NV on" — qhazqt NV n" = nggqu(‘l)pran ) (A.10)

Next, we substitute the indices u, v by p, 7 and p by r:

N Vo’ — s VLV i’ = qhapat R " (A.11)

roT
Now, we replace V,n? using Eq. (3.58) in the first commutator term, and recall that a,, = n"V,n,,.

Thus, K,, = =V, n, —n,n"V n,. Therefore, we have:
4159,V Vo’ — ¢haz, V.,V ,nf = ghasqiV, (=KD — a’n,) — ¢hqsa,V, (—K{i - apnu)

= —qh454, [(V,J(,’f +V,a’n, +a’Vn,) — (V,,Kfj—i—

V.a’n, + apvynu)] , (A.12)

To simplify this expression, we use the covariant derivative relation D, T = qﬁqiqgvaT [j\, as well
as qgn, =0 (since n,, is a timelike vector, so there is no projection on a spacelike hypersurface
), qgaﬂ = a” (since a” is a spacelike vector, so the projection onto ¥, gives the same vector)

and the definition of the extrinsic curvature tensor in Eq. (3.55), to obtain:
46459,V Voun’ — qhazq, Vo,V un” = —Do K + a" Kop + Ds K, — a" Kg,, (A.13)

However, as mentioned earlier, the extrinsic curvature tensor is symmetric, i.e., K,, = K,,.
This allows us to simplify the equation above. Finally, since this term equals the right-hand
side of Eq. (A.9), we have:

an’qtqsVR:,, = DsK — D K} (A.14)

ouy

This is the Codazzi-Mainardi relation.
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Contracted Codazzi Relation
In the Codazzi-Mainardi relation (eq. A.14), we contract the indices « and ¢ to get:
¢in’qsR.,, = DsK — D, K . (A.15)
Let’s use the relation ¢ = 0}’ + n*n,, we have
(6 + n“n,,)n"qé“ﬁ%ﬁw — n"qg(4)RaV + qg(4)R§Wnpn"n“ = DK — D, K} (A.16)
=0
this term is zero because symmetric-antisymmetric indices {p, o} are contracted.
Thus we obtain contracted Codazzi relation
¢'n""R,, = DK — D,K" . (A.17)
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meassssssssssmmmmn Appendix B m——

Intrinsic Curvature Tensor

We start with the definition of the 4-Riemann tensor when applied to the normal vector
nt, namely:
DR 1% =[V,,V,|n". (B.1)

ouy

We multiply both sides by (g,aqsn"):

Gpadsn” ((4)Rp n”) = Qpasn” [V, Vo] 0" . (B.2)

ouy

Note that the right-hand side of Eq. (B.2) is given by:
qpaqgn” V., V,]nf = qpaqgn” (V,Vynf =V, V,n) . (B.3)

We now have the terms V,n” and V,n”, which can be replaced using Eqgs. (3.57) and (3.58).

Additionally, we use the normalization condition for the normal vector n'n, = —1, and, as

1
shown earlier, n*V,n, = §V,, (n*n,) = 0. Thus, we obtain:

qpaqgn” (V,V,n’ =V,V,nf) = nggvnKW —qpaqgn”VMKfj’
Term A
+qpaqsn” (Vyny) D In(N)
Term B
+Gpay (VD" In(N)) .

Term C

We simplify each term separately. Using Eq. (3.55), Term A can be rewritten as:
~Gpadsn" VK] = = ooV, (0K]) + a5 KYV ,in"
=0
= QpaQZKg%fvuny (B5)
= Qoo KEK
= — K., K.
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Similarly, Term B simplifies to:

qpaqgn” (Vyn,) DPIn(N) = —qpaqgn”ny (D, In(N)) (D In(N))

= <5 (DaN) (DsN) .

Finally, Term C can be rewritten using ¢;V,, (D”In(N)) = Dg (D" In(N)) and q,o D” = Dy
Gpod’ (VuD?In(N)) = DDy In(N) = Dy Dy In(N)

Ny .
_ 1 1

7 DaDsN = <55 (DaN) (DsN) .

Combining Egs. (B.4), (B.5), (B.6), and (B.7) into Eq. (B.2), we have:

1
Qpad5n” (<4>Rgﬂyno) = 6045 VoK = Koo K§ + 5 (DalN) (D)
1
—DoDgN — — (Do N) (DgN). B.8
+ 7 DaDsN = 55 (DaN) (D5N) (B8)

Rearranging indices and applying simplifications:

1
Gpadls VR, 0N = —Kaxn K} + ¢hq5V o K + ~DaDsN . (B.9)

opuy
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meaesssssssssmmmmn Appendix C o ——

Connection to Thermodynamics and Entropy

In this appendix, we dedicated to calculation the Barbero-Immirzi Parameter and the

Bekenstein-Hawking entropy.

Calculation of the Barbero-Immirzi Parameter

The Bekenstein-Hawking entropy is

Spy = ahGA' (C.1)

Note the subindex BH is not associate to black hole but for Bekenstein-Hawking. We consider
¢ = 1, a parameter is a constant of the order of unity kg, where kg is a Boltzmann constant, G
is the Newton gravitational constant and A is the area of surface Schwarzschild black hole. The
h constant is in Eq. (C.1) for two reasons, first for get dimensions right and the second is the

connection to quantum world. The area of this black hole can be related with our energy like

| A
E = 62 (C.2)

from the Eq. (C.1), the black hole temperature can be obtained thought the thermodynamics

relation

1 dS f

T dE ' T 321aksGE

Until this moment every steps was made from Bekenstein. But this Hawking moment was come,

(C.3)

first he postulate the black hole would emit thermal radiation at the temperature equation (C.3).
And using quantum field theory in curved spacetime (which we no show here) he obtains a

black hole thermal radiation, compute by the temperature

h

T=——7— 4
SWkBGE” (C )
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when we compare the Egs. (C.3) and (C.4) they are differents from
1
=-. C.5
0= (C.5)
In 1973 Bekenstein find the constant of proportionality 0.2375, this value can be coupled to the

a parameter, what we obtain

0.2375
~ : (C.6)
4y
to restore the original expression Eq. (C.5), we can fix the v value
v = 0.2375. (C.7)

The formulation of these equations have a several physics conceptituals problems. First, when
Bekenstein propose the entropy he formulates the thermodynamics law can be extended in
the presence of black holes and the ordinary entropy sum with black hole entropy is equal to
total entropy. The h term leads to the questions that, when we work with entropy is necessary
know the microscopical degrees of freedom responsible to that entropy, so here, which are the
degrees of freedom for Spy?, it is possible obtain the Eq. (C.1) for first principles? When
Hawking obtain the Eq. (C.4) is a safety place to Bekenstein, the equations are almost identical,
but Hawking, when deriving his equation, did not take into account Quantum Gravity effects,

leaving a very important point out of his deduction.

In the next section, we show how to obtain the value of « using the LQG approach.

Bekenstein-Hawking entropy

To construction the Bekenstein-Hawking entropy, let’s start from the Boltzmann’s entropy
S =kp In(W) (C.8)

where kg is the Boltzmann constant and W is the number of microstates compatible with the
macrostate of the system. The first question the reader may ask is, "How can we connect this
to Loop Quantum Gravity (LQG)?" In fact, the connection can be made using a parameter
N(A), known as the number of states that the geometry of a surface with area A can assume.
The area is described by Eq. (4.3). In that equation, as previously mentioned, the variable j;
corresponds to the spin network. As suggested by John Wheeler [126,127], black holes should
carry one bit of information per unit of area. The minimum possible value is j; = 1/2, which

corresponds to the area of a single link, of the form
Ao = AnyRGV3 (C.9)

Some geometric insights are neglected here, but can be seen in [44]. After the discovery of the
Eq. (C.9), Domagala and Lewandowski find the entropy can not be dominated by the spin 1/2

and more details in [128].
A A
=—=—= C.10
" Ay 4AryhGY3 ( )
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the Hilbert space dimension of the spin 1/2 is H;/» = 2, so the number of microstates are
N = 2" = 2A4/4mhGV3 (C.11)

replacing in the Eq. (C.8), we obtain the entropy

kg A In2

This equation needs to be equal to Eq. (C.1), which leads our free parameter, v, to become

()
Y= 3

#0.2375 (C.13)
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