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Abstract: In this review article, we revisit the topic of baryogenesis, which is the physical process that
generated the observed baryon asymmetry during the first stages of the primordial Universe. A viable
theoretical explanation to understand and investigate the mechanisms underlying baryogenesis must
always ensure that the Sakharov criteria are fulfilled. These essentially state the following: (i) baryon
number violation; (ii) the violation of both C (charge conjugation symmetry) and CP (the composition
of parity and C); (iii) and the departure from equilibrium. Throughout the years, various mechanisms
have been proposed to address this issue, and here we review two of the most important, namely,
electroweak baryogenesis (EWB) and Grand Unification Theories (GUTs) baryogenesis. Furthermore,
we briefly explore how a change in the theory of gravity affects the EWB and GUT baryogenesis
by considering Scalar-Tensor Theories (STT), where the inclusion of a scalar field mediates the
gravitational interaction, in addition to the metric tensor field. We consider specific STT toy models
and show that a modification of the underlying gravitational theory implies a change in the time—
temperature relation of the evolving cosmological model, thus altering the conditions that govern
the interplay between the rates of the interactions generating baryon asymmetry, and the expansion
rate of the Universe. Therefore, the equilibrium of the former does not exactly occur as in the general
relativistic standard model, and there are consequences for the baryogenesis mechanisms that have
been devised. This is representative of the type of modifications of the baryogenesis processes that
are to be found when considering extended theories of gravity.

Keywords: baryon asymmetry; symmetry breaking; primordial Universe; scalar-tensor theory

1. Introduction

One of the greatest successes of the standard cosmological model is that it accommo-
dates the standard model of particle physics (SM) in its framework, even though we still
lack an established quantum theory of gravity [1]. In its primaeval stages, the thermal his-
tory of the Universe recreates the high-energy conditions that are required by high-energy
physics [2]. Indeed, it provides a natural laboratory for the extreme range of energies
under which we envisage the unification of the fundamental interactions [3]. Witness-
ing this remarkable state of affairs, we may distinguish the accurate predictions for the
cosmic microwave background (CMB), for the electron—positron annihilation occurring
after neutrino decoupling, and for the big bang nucleosynthesis (BBN) [4] that predicts
abundances for the light elements synthesized at the end of the first three minutes (that are
in overall agreement with the primordial abundances inferred from observational data) [5].
Despite the success of the SM, there are still open problems, such as the late-time cosmic
acceleration of the Universe [6], the lithium problem [4,7], and most important to this
papet, the asymmetry between matter and antimatter [8]. The SM predicts that all particles
burst into existence following the same laws of physics, leading us to conjecture that a
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production of an equal amount of matter and anti-matter should have occurred, which
would eventually annihilate each other, resulting in a Universe with an overall vanishing
baryon number [9].

However, cosmological observations point to a Universe that is strongly dominated by
matter over antimatter [10,11]. Without accepting some unbalanced initial conditions, there
is not a simple and immediate way to solve this intriguing problem. The most logical path
to take is to assume that this asymmetry was dynamically developed in the early Universe.
With this in mind, in the modern cosmological context, baryogenesis refers to the theoretical
process that occurred in the early stage of the Universe, leading to a production of an excess
of matter over anti-matter. Over the years, various mechanisms have been proposed to
address this issue. Within this landscape of baryogenesis mechanisms, categorization based
on shared characteristics is feasible. This classification includes supersymmetric baryogen-
esis [12-15] (such as the well-known Affleck-Dine baryogenesis [16,17]), baryogenesis via
leptogenesis [18-21], spontaneous baryogenesis [8,22,23], gravitational baryogenesis [24],
the emerging baryogenesis through primordial black holes [25-29], and even Baryogenesis
from a primordial bounce induced by a repulsive potential inspired by the de Broglie-Bohm
quantum interpretation [30,31]. The most important ones that will be explored and summa-
rized in this article are electroweak baryogenesis [32,33] and GUT baryogenesis [34,35].

In 1967, A.D. Sakharov [36] suggested for the first time that the present baryon density
might not be a result from unnatural initial conditions but that it can be understood in terms
of microphysical laws, which explain and dictate how an initial symmetric Universe could
have evolved in a way that reached the observed asymmetry. The necessary conditions
formulated by Sakharov for the generation of the asymmetry were essentially the following:
(i) baryon number violation; (ii) violation of both C (charge conjugation symmetry), and CP
(the composition of parity and C); (iii) and the departure from equilibrium. The Sakharov
criteria are the basic pillars to understand and investigate the mechanisms underlying
baryogenesis. The first two criteria are of a quantum nature and are responsible for the
ruling of the microscopic paradigm. The third one is gravitational and makes the connection
between microscopic and macroscopic scales.

Besides these requirements, if one is assuming that the mechanisms that led to the
asymmetry occurred in the early Universe, it is necessary to understand and have in mind
the standard model of cosmology, which is based in Einstein’s theory of General Relativity
(GR). The latter plays a crucial role in the thermal history of the Universe, which, in turn,
influences the mechanisms mentioned above, in particular, electroweak baryogenesis. In
this review article, we will briefly explore how a change in the theory of gravity affects the
EWB and GUT baryogenesis by considering Scalar-Tensor Theories (STT) [37-42]. Here,
the inclusion of a scalar field mediates the gravitational interaction in addition to the metric
tensor field. We show that specific toy model modification of the underlying gravitational
theory implies a change in the time-temperature relation of the evolving cosmological
model, which consequently alters the conditions that govern the interplay between the rates
of the interactions generating baryon asymmetry, and the expansion rate of the Universe.
Therefore, this is representative of the type of modifications of the baryogenesis processes
that are to be found when considering extended theories of gravity, or modified theories of
gravity [43].

This paper is organized in the following manner: In Section 2, we start with an
overview of the fundamentals of the standard model of cosmology. In Section 3, the
thermodynamics of the primordial Universe are explored in detail. Next, in Sections 46,
we explore in more detail the Sakharov criteria, electroweak baryogenesis and finally
GUT baryogenesis, respectively, all from the gravitational perspective. In Section 7, the
formalism of Scalar-Tensor Theories is introduced, which is used in Section 8 to explore
how deviations from GR affect the previously studied mechanisms. Finally, in Section 9, we
conclude by providing a comprehensive summary of the above-mentioned mechanisms.
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2. Standard Cosmology

The standard model of cosmology is built using Einstein’s GR [44], and adopts a fun-
damental principle denoted the Cosmological Principle, according to which the Universe
is spatially homogeneous and isotropic. The latter reflects the apparent local isotropy of
the large-scale observations and the absence of any reason for our position to be special.
While the adoption of GR dictates the field equations that relate the spacetime geome-
try to the non-gravitational fields, the Cosmological Principle endorses one to select the
Friedmann-Lemaitre-Robertson-Walker (FLRW) metric as the most adequate to character-
ize the gravitational field scales above 150 Mpc (megaparsecs). The Einstein field equations
can be derived from the least action principle [45,46], where the fundamental action is the
Einstein-Hilbert action given by

S:/d4x\/—7g{16}tG(R—A)+Lm , (1)

where g is the determinant of the metric, G is Newton’s gravitational constant, A is the
cosmological constant, and /—gL, is the Lagrangian density for the matter fields. By
varying this action with respect to the metric degrees of freedom g*’, one obtains the

following field equations

1
Ry — 5 Rgyuw = 87G Ty , 2)

where T, is the energy-momentum tensor of the matter fields defined as

_ 2 4(y/—8Lm)
TI‘V*_\/Tg bgh : 3)

The FLRW metric is written as

dr?
1—kr?

4 = —di® + (1) + P2 (d6? +sin® (9)%9) @)

where a(t) is the dimensionless scale factor of the Universe, 7, 6 and ¢ are spatial comoving
coordinates representing, respectively, a radial coordinate and the two usual spherical
angular coordinates. With an appropriate rescaling of the coordinates, k can be chosen to be
—1, 0, +1 if one is considering Universes with a negative, zero (flat) or positive curvature,
respectively. Note that we use the metric signature convention (—, +, +, +) throughout
this work.

In addition, we consider an energy—-momentum tensor that is consistent with the
symmetries of the FLRW metric, which takes the form [46]

Ty = (0 + p)uptiv + pguv , (5)

where p is the energy density of the matter content of the Universe and p is the pressure.
Such an energy—-momentum tensor corresponds to that of a perfect fluid. By plugging this
energy—-momentum tensor into the Einstein field Equation (2), and taking into account the
FLRW metric, one obtains the following dynamical equations:

k 8nG A
2 e — —_
H(t)+az(t) 3Pt 3 (6)

. 4nG A
H(t) + HA(t) = =—=(p+3p) + 3, @)
respectively, where H = 4(t)/a(t) is the expansion rate of the Universe, where the overdot
denotes a derivative with respect to cosmic time ¢. Equation (6) is denoted as the Fried-
mann equation and is obtained from the 00 component of the Einstein’s field equations.

Equation (7) is the Raychaudhuri equation, which is an equation for the acceleration and is
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found by subtracting the Friedmann equation from the i — i components of the Einstein
field equations.

The Friedmann equation can be recast in a particularly suitable form through the
definition of two dimensionless parameters: the critical density, a parameter that can be
found by setting A = k = 0 in the aforementioned equation, and it is therefore defined as

()
Pe = "8nG 7

®)

and the dimensionless density parameter, which is given by the ratio of the energy density
p to the critical density (o.) at a given time

Q) = ;i((tt)) . )

With these definitions, one can rewrite the Friedmann (6) in the following form:

k
——— =Q(t) - 1. 1
This establishes a correspondence between the sign of k and the sign of ) —1, i.e,,
considering k = 0 (flat model) leads to () = 1, for k = 1 (closed model) leads to (3 > 1 and
if k = —1 (open model) leads to () < 1. Besides this, the Einstein field equations entails the
following conservation equation:

p=-3H(t)(p+p), (11)

which reflects the conservation of energy and is intrinsically contained in the structure of the
gravitational field equations. This conservation comes from the fact that the Einstein tensor
Gy satisfies the contracted Bianchi identities, which in turn leads to the conservation of
the energy—momentum tensor, i.e., V,,T#" = 0. The component v = 0 of this conservation
results explicitly in Equation (11). To close the system of equations governing the evolution
of the scale factor, it is necessary to introduce an adequate barotropic equation of state, i.e.,
p = wp. For all the components, the most simple equation of state is provided by

Yopi=Y(vi—Dei, (12)

i

where 1; is a constant parameter, and 7; — 1 is essentially the speed of sound v? in the fluid
i that characterizes the i-th component of the matter content of the Universe. This equation
of state allows to integrate the equation for the conservation of energy, Equation (11),
leading to

—37i
p(t) = ZPi,O (ﬁ?) = Zpi,o(l +2)7M, (13)

where p(t) = Y_; pi(t) represents the total energy density of the Universe at a given time
t, and p;o = pi(to) and ap = a(tp) are constants of integration which, without loss of
generality, can be respectively established by the values of each component i of the matter
content of the Universe and the value of the scale factor at the present day ¢t = ¢y. Therefore,
using Equation (13) and taking into account that the present day value of the critical density
parameter is given by p.o = 3H3/(87G), one can write the density parameter in terms of
the redshift z as follows:
Hj

Oz) = HZ(Z) ZQi,O(1+Z)37+QA ’ (14)
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where Qp = A/ (3H§) and ;9 = p; 0/ 0.0 are, respectively, the contributions from the cos-
mological constant and from the i-th fluid component for the present day density parameter.

To inspect the dynamical behavior of the scale factor during the evolution of the
Universe, the general approach consists in dividing the history of the Universe into several
time domains or cosmological epochs, during which one single fluid characterized by a
constant parameter ; dominates. The usual cases of interest include the radiation fluid
(i = r), where p = p/3 (v = 4/3); incoherent matter (i = m), where p = 0 (v, = 1);
and the vacuum energy (i = A), characterized by p = —p (yao = 0), which is therefore
physically equivalent to a cosmological constant. Therefore, from the equation for the
conservation of energy, Equation (13), the density profile for each of these epochs becomes
simply characterized by p(t) =~ p;(t) o« a(t) 37 and from the substitution of this profile in
the Friedmann equation, Equation (6), it becomes clear that for v; > 2/3, the curvature
term k?/a® only dominates the expansion at a rather late time and only if a cosmological
constant does not dominate sooner. Thus, regarding the alluded cases of interest, it is
a good option, at least in what concerns the first moments of the Universe, to consider
only the flat model case, which then allows the Friedmann Equation (6) to be integrated,
yielding cosmological solutions characterized by

21
37 t’

a(t)oce\/gt; H(t) = \/§; ifvi=0. (16)

3. Thermodynamics in the Primordial Universe

alt) o £97; H(t) = if 7 0, (15)

The previous treatment of the Universe allowed us to derive the basic equations that
govern the expansion of the Universe. However, to fill in the details of the history of the
Universe and to attain a better comprehension of the mechanisms behind the breaking of
the matter and anti-matter symmetry, it is necessary to follow the thermal evolution of its
leading constituents, using thermodynamics, both in and out of equilibrium, thus having a
notion of how they behave and interact. Most of the early history of the Universe can, in
good approximation, be well described in terms of equilibrium thermodynamics [47]. With
this in mind, in this section, all the fundamentals to make this type of description will be
explored below.

3.1. Thermal History of the Universe

The thermal history of the Universe is fundamental to understand when and how the
baryogenesis mechanisms occur. The timeline of thermodynamic events in the Universe
not only allows us to frame these mechanisms for breaking baryonic symmetry but also to
understand more complex dynamics related to gravitation itself. With this being said, the
thermal history of the Universe presents the following scenario:

1. Quantum Gravity? (T > Tp; ~ 10! GeV)—GR is rendered invalid at this scale so that
quantum corrections are necessary. In inflationary scenarios, this is usually called
pre-inflationary cosmology.

2. Inflation—This is an epoch of the accelerated expansion of the Universe, probably
exponential. In such a case, the Universe can be described by the de Sitter solu-
tion, which is characterized by Equation (16). Adiabaticity fails, and equilibrium
thermodynamics is not valid in such a period of the history of the Universe.

3. End of inflation and particle production—In this period, dark expanding “emptiness”
filled by a scalar (or some other) field, possible inflaton, creates radiation and other
elementary particles. This is the period of reheating.

4. Start of the radiation-dominated Universe—The Universe becomes well described by
equilibrium thermodynamics, being adiabatically cooled down. If current ideas are
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10.

11.

12.

13.

14.

15.

correct, during this epoch the Universe underwent several phase transitions. During
the stages at which phase transitions occur, adiabaticity could be broken.

Grand unification phase transition (T ~ 101> GeV-10'7 GeV)—The main goal of the
Grand Unification Theories (GUTs) is to attempt to unify the electromagnetic, elec-
troweak and strong interaction into a simple gauge group that should be a valid
symmetry at the highest energies. As energy is lowered, the theory undergoes a hier-
archy of spontaneous symmetry breakings (SSBs) into successive subgroups. From
the cosmological point of view, these SSBs should have been reflected into phase tran-
sitions occurring during the evolution of the Universe, with the possible formation of
topological defects.

EW phase transition (T ~ 100 GeV)—Some of the gauge bosons and other particles
acquire mass via the Higgs mechanism.

QCD phase transition (T ~ 150 MeV)—Quarks lose their so-called asymptotic freedom,
which they have at high energies, and there are no more free quarks and gluons,
rather the quark-gluon plasma becomes a hadron gas. Combinations of three quarks
(baryons) and quark—antiquark pairs (mesons) are formed.

Neutrino decoupling (T ~ 1 MeV)—Previous to this point in the history of the Universe,
neutrinos were kept in thermal equilibrium via the weak interactions of the type
v <> ete™, where v and ¥ represent, respectively, generic neutrinos and antineutrinos,
and et and e~ represent positrons and electrons, respectively.

Electron—positron annihilation (T ~ 0.5 MeV)—Shortly after the neutrino decoupling,
the temperature drops below the mass of the electron/positron, which thereby become
non-relativistic.

Big Bang Nucleosynthesis (T ~ 10-0.1 MeV)—At about 1 MeV, the ratio between the
neutron number and the proton number (usually termed neutron-to-proton) ratio
freezes out. Shortly thereafter (T ~ 0.1 MeV), the synthesis of light elements begins.

Matter—radiation equality—After nucleosynthesis, the Universe reaches a point after
which matter begins to dominate over the radiation, relativistic particles that, within
FLRW models, have an energy density proportional to a—* or to T* since T e a~! (as
the scale factor grows, the temperature decreases). According to the stages of the
Universe previously defined, such a point marks the entrance of the Universe in its
adolescence, and it is usually called the matter—radiation equality.

Photon decoupling and recombination (T ~ 0.2 MeV-0.3 MeV)—The interactions between
photons and electrons are rapid relative to the expansion rate of the Universe, so
radiation (photons) and matter (electrons, protons and nuclei) are kept in good thermal
contact, thus remaining in equilibrium. However, eventually, the Universe reaches a
point were the thermal contact between these two components is no longer maintained
and radiation decouples from matter.

The Dark Age—Here, stars are not yet formed, and with the expansion of redshift
cosmic microwave background photons towards the infrared, they become invisible
heat radiation.

Formation of the first stars and reionization—In the dark, the seeds of structure formation
were already settled, and as masses were gathering together, one by one the first stars
lit up.

Present time t.

3.2. Kinetic Equilibrium: Distribution Functions for Bosons and for Fermions

In thermodynamics, after a sufficiently long time, an isolated system usually attains a

state of thermal equilibrium with all its macroscopic properties, such as particle distribution,
assuming their most probable values. In these cases, not only the density number n but
also all the other relevant thermodynamic quantities, such as the energy density p, pressure
p, and entropy density s, are given as integrals over the distribution function f(x?, p”).
Using the FLRW metric, the phase space density must be isotropic and homogeneous
in agreement with the background metric so that f(x?, p*) = f(|p|,t) = f(E,t), where
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E = \/p* +m?is the energy. Therefore, leaving its time dependence implicit, which will
be manifest via its temperature dependence, the phase space distribution function for a
given particle species i in kinetic equilibrium in the ideal gas approximation reduces to the
Fermi-Dirac (FD) or Bose-Einstein (BE) distributions

- -1

Fi() = [expBOLZ 0y 4| a7
where E; is the energy of the particle species i, m; is its corresponding rest mass, y; is
the particle species chemical potential, and the (+) sign corresponds to fermions, that is,
particles which obey FD statistics and the (—) sign corresponds to bosons, that is, particles
that satisfy the BE statistics. If one drops the term +1, then one recovers the classical and
distinguishable particles approximation of Maxwell-Boltzmann (MB) statistics. Although
this does not result in an exact distribution function, it is often of interest because in the
absence of a degenerate Fermi species, that is, y; 2 T; or a Bose condensate, the use of MB
statistics introduces only a small quantitative change relative to the exact statistics [48],
corresponding to an error that is often less than 10% [49]. One of the advantages of this
approximation resides in the cases where considering non-relativistic species of particles,
ie., m; > T;, with m; > T + p; leads to the MB statistics becoming exact.

3.3. Chemical Equilibrium

The chemical potential provides generically the infinitesimal change in energy by
adding a new particle of a particular type and, although usually unknown, the fundamental
relation of thermodynamics, which for the general case of a variable number of particles
assumes the form

dE = TdS — pdV + ) pdN;, (18)
1

where S is the entropy, V is the volume, and N; is the particle number of the species i. This
allows to establish that, for any interaction frequently taking place in an equilibrium gas,
one has ) ; 4;dN; = 0. That is so because otherwise, the number of particles of different
species would change to lower the free energy given by F = E — TS, where E is the internal
energy, which at constant T and V obeys the differential relation

dF =) pidN;, (19)
i

and thus it would not be in equilibrium; therefore, if complete equilibrium holds, i.e.,
kinetical plus chemical equilibrium, then not only are the particle distribution functions
of the equilibrium gas given by their usual thermal forms of Equation (17) but also the
chemical potential of one species is related to the chemical potentials of other particle
species with which it interacts. More precisely, whenever the chemical equilibrium is
maintained, y; is additively conserved in all reactions so that if, for example, equilibrium
with respect to the reaction a; +a; + ... <> by + by + ... is maintained, then the chemical
potentials of the particles participating in the reaction are related by

Y Mok =Y e, - (20)
k k

Yet, relative to radiation, photons can be emitted or absorbed in an arbitrary reaction
in any number, and for any charged particle, there is an inelastic scattering reaction i +
i — i+1i4 7, where i represents a particle species. The existence of these reactions
implies that whenever chemical equilibrium is maintained, y; + p; = p; + p; + p, and
so, in complete equilibrium, the photon has zero chemical potential. With this result in
mind, when considering the reactions of the annihilation of particles and antiparticles
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i+i+< 27,37,...in equilibrium, these reactions imply that the chemical potentials of
particles and antiparticles are related by

pi+u; =0, (21)

allowing to conclude that the chemical potentials of particles and antiparticles are of equal
magnitude, albeit of opposite signs. Also, in the particular cases where particle species
are self-conjugated (i = i) or there is a symmetry between particles and antiparticles
(n; = ny), chemical equilibrium concerning the annihilations implies that y; = p; = 0. Thus,
it becomes clear that under these situations, the distribution functions are determined by
one parameter only, namely, the temperature. In other words, the distribution function
goes from f(x?, p?) to f(T).

It is useful to introduce chemical potentials associated with conserved quantum
numbers Q(a) such that the chemical potential, for a given particle species i, is given by

mi=Y mQ, 22)
k

where Ql(k) represents the quantum numbers carried by particle i, which should be inde-
pendent of each other and form a complete set of conserved quantum numbers [50]. So, if
quantum numbers are conserved in all reactions, then the relation present in Equation (20)
holds automatically, and all chemical potentials can be expressed in terms of the chemical
potentials of these conserved quantities. Therefore, there are as many chemical potentials
as there are independent conserved quantum numbers, and if charge densities 1 are

known, then the chemical potentials to the charges Q(¥) can be found. Indeed, the number
density of each particle species n; can, in this case, be given as a function of y;, so the
system of equations

k
Y Qi = ng (23)
i
together with Equation (22) determines all y; in terms of ¢, [50].

3.4. Interactions in an Expanding Universe

Relatively to the coupling or decoupling of a particle species, a useful criterion is
provided by the comparison of the interaction rate I';;; for the processes in which the
particle species participate with the expansion rate of the Universe. The two relations of
interest between these two quantities are the following:

Ty > H, coupled (24)

Tyt < H, decoupled (25)

In an expanding Universe, thermal equilibrium can be hardly maintained because one
must take into account that the temperature and the chemical potential must change so
that energy and particle number conservation are satisfied. So, in principle, an expanding
Universe is not in equilibrium [47]. Despite this, the expansion of the Universe is, in general,
so slow that the particle soup usually has time to settle close to local equilibrium, and since
the Universe is homogeneous, local values of thermodynamic quantities are also global
values. Thus, if particle interaction rates occur rapidly compared to the expansion rate of
the Universe, then equilibrium particle distributions will be established on the expansion
time scale. So, in the case of a given particle species, we can qualitatively assume that this
species will pass through a succession of equilibrium-like states whenever the condition (24)
is satisfied. To compliment this, one can also consider the condition, po < mpj, where mp;
is the Plank mass [47]. This consists, in fact, of a pretentious rule of thumb, as the thermal
history of the Universe can be seen as a competition between the particle interaction rates



Symmetry 2024, 16, 13

9 of 29

and the expansion of the Universe. From Equation (15), it can be seen that for flat models
with v; # 0, the age of the Universe is proportional to H ~1 50 that the condition I';,; > H
is roughly equivalent to requiring that, on average, at least one interaction involving the
particle species under consideration has occurred over the lifetime of the Universe [48].

3.5. Entropy in the Expanding Universe and Baryon Number

In the expanding Universe, entropy plays a central role, as it provides an essential
criterion to follow the scale factor in terms of temperature. This state variable enters the
fundamental relations of thermodynamics which, in the general case of a variable number
of particles, takes the form present in Equation (18). Because the energy and the number
of particles are extensive quantities (proportional to the volume of the system) and the
temperature and pressure are intensive quantities and hence are independent of the volume,
entropy must be an extensive quantity. Therefore, it is possible to rewrite the fundamental
relation of thermodynamics in terms of the energy, number and entropy densities in a
cosmological volume V so that it may be rewritten as

(Ts —p—p+wun)dV + (Tds —dp + udn)V =0, (26)

where p = E/V is the energy density, n = N/V is the number volume, and s = S/V is
the entropy density. By the second law of thermodynamics, the entropy for any closed
system can only increase, and it stays constant for equilibrium or adiabatic evolution;
in other words, a slow evolution during which the systems always remains in thermal
equilibrium. Thus, considering an expanding Universe, applying this fundamental relation
of thermodynamics to a comoving volume defined as V = a°, one finds that in thermal
equilibrium, the variation of the entropy in a comoving volume S = sV is given by

ds d rad
T E[?(P‘FP—V”)}
a do dp 4T du dn
- ?[3H(p+p)+E+E—sE—nﬁ—y<a—3Hn)}. 27)

Recognizing that for vanishing chemical potentials p = sT, it follows from the con-
servation of energy Equation (11) that for vanishing chemical potentials, one arrives at

as
i

With this result, it becomes evident that the conservation of energy possesses a simple
interpretation when analyzed from the entropy perspective. This result is remarkably
general: on the one hand, it is also true for any particle species with distribution function
given by f = f®4(E/T) and arbitrary T(t) that satisfies the equation for the conservation
of energy [50,51]. Thus, it also applies separately to any decoupled stable particle species
if they are each separately in a thermal distribution with their temperature. On the other
hand, returning to the fundamental relation of thermodynamics and recalling that it is
convenient to introduce chemical potentials to conserved quantum numbers rather than
to individual particle species so that dN; should be understood as differentials of these
conserved quantum numbers, it is found that dN; = 0 whenever such quantum numbers
are indeed conserved, and thus in this situation, the previous results remain valid even for
non-vanishing chemical potentials [52].

As a consequence, it can be seen that the conservation of entropy per comoving volume
can also be used to introduce quantitative time-independent characteristics of asymmetries
of conserved quantum numbers [50,52]. Thus, for practical purposes, there is an asymmetry
between matter and antimatter and, if there are no processes that violate the baryon number,
this asymmetry must be conserved in a comoving volume so that

0. (28)

(ny —ng)a® = cte, (29)
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where 1, and nj are the number densities of baryons and anti-baryons, respectively, and it
is possible to define the following ratio:

B

np

where np = ny, — n;, is a time-independent characteristic of the baryon asymmetry provided
that the expansion remains isentropic. This is usually true with very good accuracy during
most of the Universe’s history. After the photon decoupling, the number of non-interacting
photons in a comoving volume also remains constant T, « a~(t), n, ~ a~3(t) and so,
after this point, as long as there is no more violation of the baryonic charge, the ratio
Ng/N, = np/n, does not change either. However, at higher temperatures, there is an
annihilation of the massive particles whenever the temperature drops below their masses,
and these annihilations heat the primordial plasma and increase the photon number density.
Because of that, it is more convenient to introduce the quantity B, which in a thermal
equilibrium state, remains effectively constant during the course of expansion. Yet, in the
standard model of particles (SMP), without new long-lived particles, there is no longer a
transfer of entropy to the photons after the e*e~ annihilation and so, ,4° also remains
constant. Thus, at lower temperatures, namely T < 1 MeV, one traditionally uses the
baryon-to-photon ratio

3‘:
=

Ui , (1)

¥

which for this temperature range also remains constant and roughly equal to 10B so that the
two quantities practically coincide with each other. At higher temperatures though, they
may differ by one to two orders of magnitude due to the contribution of heavier particles
to the entropy density so that the baryon-to-photon ratio is diluted by the same amount.
Other sources for the dilution of the baryon-to-photon ratio are possible phase transitions
in the early Universe of the first and even of the second order, or out-of-equilibrium decay
of unstable particles. These later possibilities could also considerably diminish the original
baryon asymmetry characterized by B.

3.6. Equilibrium in an Expanding Universe

At high temperatures, usually associated with the early Universe, the chemical poten-
tials are expected to be very small so that as a first approximation, they can be neglected.
Under this assumption, the computations become greatly simplified since the thermal
distribution functions and all thermodynamic quantities become dependent only on the
temperature. Therefore, whenever equilibrium is maintained between the main compo-
nents of the matter content of the Universe, it is a convenient and a good approximation
to include only relativistic particles in the total thermodynamic quantities so that the
expansion rate of the Universe can be given by

TZ
H=1.66¢.2(T)— , (32)
mpj

where g, (T) counts the effectively massless degrees of freedom and is given by

g(T)= 3. gi<¥>4+; )3 gi(?)4- (33)

i=bosons i=fermions

It is also important to note that g.(T) always depends on the temperature since as
it varies, particle species may become relativistic or non-relativistic, adding or dropping
the sum, respectively. The value of g.(T) at any given temperature depends also on the
particle physics model, and /g varies between 2 and 20. For instance, in the standard
SU(3) x SU(2) x U(1) model, it is possible to specify ¢.(T) up to temperatures of O(100)
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GeV, while at higher temperatures, g.(T) will be model dependent. In the minimal SU(5)
for T > 10%° GeV, g.(T) = 160.75.

One can also consider that if the equilibrium situation is indeed maintained, it is
expected that the Universe is at its earliest times a very high-temperature system mostly
filled with relativistic particle species (T > m;) and consequently, all interactions should be
mediated by massless gauge bosons with corresponding cross sections given by oj ~ a" T2,
where «, usually within the range 0.01 < a < 0.1, is the generic value of the coupling
constant relevant for the process under consideration and n = 1, 2 stands for decays and
two-body reactions, respectively. Thus, in this regime, the scattering cross sections for the
different types of processes are all approximately given by the same expression. This also
holds for the interaction rates per particle, which are given by

I =nyolol, (34)

where v is the relative velocity of the particles and nt is the number density of the target
particles.

4. Sakharov Criteria

In what concerns baryogenesis, it was first suggested by A.D. Sakharov, in a seminal
paper from 1967, that the baryon density might not represent an unnatural initial condition
but might be understandable in terms of microphysical laws, which explain and dictate how
an initial symmetric Universe could have dynamically evolved the observed asymmetry.
As mentioned in the Introduction, Sakharov formalized the following conditions necessary
to generate asymmetry:

1.  Baryon number violation;
2. Violation of C (charge conjugation symmetry) and CP (the composition of parity
and C);

3.  Departure from the equilibrium.

4.1. Baryon Number Violation

The first condition is clear since starting from a symmetric Universe, baryon number
violation must take place for the Universe to evolve into a state in which # is non-zero. As
a process that ends up generating AB > 0, an example of this process can be expressed as
X =Y +b,leading to AB = 1.

4.2. Violation of C and CP

The second Sakharov criterion is necessary because if C and CP were satisfied, in
the absence of a preference for matter or antimatter, baryon number-violating interactions
would produce baryon and antibaryon excess at the same rate, thereby maintaining a zero
net baryon number. This is the same as saying that the thermal average operator B, which
is an odd operator under both C and CP transformations, is zero unless these symmetries
are violated. For the last condition, one can calculate the equilibrium average of B as the
following [9]:

(B)y = Trle PHB] = Tr[(CPT)(CPT) e PHB]
= Trle PH(CPT)(CPT)"!] = —Tr[e PHB], (35)

50, in equilibrium, (B) r = 0, and there is no generation of a net Baryon number.

4.3. Departure from Equilibrium

From all the conditions, what is important for the main goals of this review is the
departure from equilibrium. This departure can be directly or indirectly provided by the
expansion of the Universe, linking the macroscopic physics, from which the dynamics of
the Universe are derived, with the microphysics that explains the unnatural asymmetry
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between matter and anti-matter and consequently for the observed baryon number as
a consequence of an interplay between the laws of the macrophysics and microphysics.
In thermal equilibrium, we also have that the process X — Y + b is compensated by its
counterpart Y 4+ b — X, leading to a total baryon number variation of zero.

5. Eletroweak Baryogenesis

Electroweak baryogenesis (EWB) is one of the most well-known and promising ways
to account for the observed baryon asymmetry of the Universe. As its name suggests, this
theory refers to the mechanism that produces an asymmetry in the number of baryons
during the electroweak phase transition of the primordial Universe. In the SM of particles,
it was thought that the first two Sakharov criteria were not satisfied. So, a baryon number
violation could not be accomplished within this theory. This reasoning comes because, at the
classical level, baryon number is indeed conserved in the SM, that is, d,j5 = d,j; = 0, where
Jg = 47"q,ji = 7"l are respectively the baryonic and leptonic vector currents, which means
that the baryonic and leptonic charges given respectively by B = [ d®xj%, L = [ d3xj?,
where ]%, L = PB,L, can be easily seen to be time independent using current conservation,
and thus baryon number violation cannot be easily checked out. However, this previous
conservation does not hold when quantum corrections are considered. As long as quantum
fluctuations around the local value Wy are small, then AB = 0, but there are large fields
that can violate the baryon number. In 1976, 't Hooft [53] showed that these special field
configurations, known as instantons, can tunnel through the barrier from a state |, B) to
a state |@, B + 3) with probability per unit volume (¢, B +3|@, B) « e~ 4™/%w ~ 107164,
where ay = g%, /47 is the weak coupling constant. This result is valid at zero temperature
and explains why baryon number violation has never been observed in experiments. At
finite temperatures, this picture changes, and field configurations exist that could “jump”
over the barrier from one vacuum to another. These configurations are saddle point
solutions of the classical field equations which sit on the top of the barrier and are known
as sphalerons, from the Greek “ready to fall”. The rate for such a process is given by the
calculation of the fluctuations of the sphaleron around the saddle point. The rate per unit
volume and unit time was calculated by Arnold and MacLerran [54] and is given by

3 _Esph
1—‘sph/V = a(Esph) mW(T) exp T (36)

where my (T) = gwv/2 is the mass of the W-boson, a is a constant, and Espn, given by
Esph = (ZmW(T)/zxw)B(mH/mw(T)) ’ (37)

is the energy of the sphaleron, where mp is the mass of the Higgs boson, «;, is the weak
coupling constant, and the function B takes values between 1.56 and 2.72. So, one has
that E;,, ~ 10 TeV, and therefore, Iy, is usually small at finite T just below the EW
phase transition at T ~ 100 GeV. Above the EWPT, the Higgs boson is still in its symmetric
vacuum, no symmetry breaking has occurred yet and the mass of the W-boson is zero. From
the dimensional analysis, it can be argued that I'y;, /V ~ Ktx‘%,v T* and lattice calculations
show that it is T, = (25.4 £ 2.0)1x§’,vT4. Taking the thermal volume (V = T~3), it can be
found that T's ~ 107° T. Thus, a comparison of this rate with the expansion rate of the
Universe leads to T, ~ 10°¢; Y2(T)mp; ~ 1012 GeV, and so the sphaleron processes enter
in equilibrium when the temperature drops below this value. Any net baryon number
and lepton number are washed out by sphaleron processes if no net B — L exists when the
sphaleron processes finally enter in equilibrium.

5.1. The EWB Mechanism

For EWB to happen, the initial conditions considered are a hot, radiation-dominated
early Universe containing zero net baryon charge in which the full SU(2); x U(1)y elec-
troweak symmetry is manifest [33,55-58]. When the temperature in the Universe drops
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below the electroweak scale, the electroweak symmetry spontaneously breaks due to the
Higgs field settling into a vacuum state. It is during this phase transition that the baryogene-
sis process in this theory occurs. Theoretically, this transition proceeds when bubbles of the
broken phase nucleate within the surrounding plasma in the symmetric phase, and these
bubbles expand, collide and coalesce until only the broken phase remains [32,33]. The ways
in which baryons may be produced as a bubble wall that sweeps through space is separated
into two categories [9]: (i) Nonlocal baryogenesis—Particles engage with the boundary of
the bubble in a manner inconsistent with CP symmetry, introducing an asymmetry in
a quantum number distinct from the baryon number in regions of the unaltered phase
that are distant from the boundary. Processes that violate baryon number transform the
pre-existing asymmetry into a baryon number asymmetry, resulting in the generation of
baryons (see [59,60] for more details). (ii) Local baryogenesis—Baryons are produced when
the baryon number and CP violating processes occur together in proximity of the walls.
In general, both of them will occur, and so the baryon asymmetry will be the sum
of that generated by the two processes. However, there are conditions that may establish
which one dominates. In fact, if the speed of the wall is greater than the sound speed in the
plasma, then local baryogenesis dominates. Otherwise, nonlocal baryogenesis is usually
more efficient [9]. So, summarizing, there are two different limiting regimes for the nonlocal
baryogenesis depending on which particular fermionic species are under consideration:

1. The thin wall regime or nonadiabatic regime: L, /1 < 1;
2. The thick wall regime or adiabatic regime: L, /1 > 1;

where [ is the mean free path of the fermions being considered, and L, is the thickness of
the wall. Both of them make use of a master equation of the type

Tepn(T

d% = —nfisp}}( ar, (38)
where AF is the free energy difference between two neighboring minima and is usually
expressed in terms of chemical potentials. However, to be more precise, the thick wall
regime AF is not related to a true chemical potential because the plasma within the bubble
wall is not in equilibrium, rather it can be considered as being in quasistatic thermal
equilibrium with a classical time-dependent field. Nevertheless, the deviation from the
chemical equilibrium may be treated by introducing chemical potentials to the slowly
varying quantities.

5.2. Necessary Conditions for a Successful EWB: The Sphaleron Bound

There are two requirements that any model of EWB proceeding by the bubble wall
scenario must satisfy in order to be successful. On the one hand, if sphaleron processes need
to be effective at the symmetric phase so that sphaleron transitions may be in equilibrium
and baryon number violation may be completely efficient outside the bubble, on the other
hand, it is necessary to ensure that after the time at which the phase transition is complete,
the sphaleron processes are indeed ineffective so that the previously generated asymmetry
does not become diluted.

The satisfaction of the first condition can be inspected through comparison of the
rate for baryon non-conserving processes at the symmetric phase with the expansion rate.
Using the thermal rate per unit volume of sphaleron events given by [9]

Ton (T) = x(awT)*, (39)
the former can be written as
vy = %rzgﬁ‘ = Mxay T, (40)

where M = 13/2nf
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The prefactor x was calculated in [61], where it was shown that it has an extra de-
pendence on ayy so that ¥ ~ 25ay;. Using this result, it is possible to find that the equi-
librium condition for sphaleron transitions at the symmetric phase (V"™ (T) > H(T)) is

satisfied whenever
mpj

T < 7.53Ma3, N (41)
and it is therefore useful to define
Tepn = 753 M, :ZL , (42)

where Ty, is the temperature marking the threshold point at which equilibrium for
sphaleron transitions is established. For the standard model, where g = gs); = 106.75 and
gsm are the standard model degrees of freedom, we have T(S;lcl)ah ~ 7.5 x 1012 GeV. Thus, it is
possible to infer that the temperature at which sphaleron processes reach equilibrium is
very high and does not represent a source of concern. Relative to the second requirement,
things are somewhat different, and it can be regarded as a further criterion that must be
satisfied for the bubble wall scenario to be successful. Thus, to establish the bound at which
this criterion is satisfied, it is useful to begin by writing the master equation, given by
Equation (38), as

dNpg 2 1-'sph oF 2 1—‘sph
dt fT 9(Ng+ Np) T

(up+HL), (43)

where yp and i are the chemical potentials for the baryon number B and lepton number
L, respectively. Assuming now that B — L = 0, up + 1, can be easily computed (see [54]
for details), and is given by

13 Np T2

R (44)

M+ HL =
and therefore, after substitution of this result into the master equation given above, i.e.,
Equation (43), one can formally integrate it to obtain

Ng 13 tr Tepn(T(t))
f _ SPp- !
N, = exp[ 5 ng /tcr 77"(1")3 dat'|, (45)

where tc, should be in this case interpreted as the time at which the bubble nucleation
begins, and ¢ as the time at which the processes stop being effective so that N : / Np. can
be understood as an expression for the dilution of the baryon asymmetry, and thus, B
represents the final asymmetry that should be preserved until today. On the other hand, the
thermal rate per unit time and unit volume for fluctuations between neighboring minima

given by [9]
3
TER(T) = g ( " ) Miy exp < ESP}}(T)> : (46)

DCV\/T

can be written in terms of the sphaleron energy as

7
— 4 4 EW 4 Esph(T) _Esph(T)
Tsph = 270°uT <4n) ( gr ) <P T

7
~28x 105KT4(“—W)4 (ESPh(T)> exp l— ESph(T)] , (47)

47 TB T

where the approximation taken in the last step can be found in reference [62]. The prefactor
was calculated in [63] and found to be within the range 10~* < x < 0.1. For simplicity, it
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is useful to write the following results after defining the rate for baryon non-conserving
processes as
Fsph
— P
V(T) =M 5
After the substitution of this definition in the integral Equation (45) and taking some
assumptions, one obtains a simple expression. More specifically, as the dominant contri-
bution for the integral Equation (45) comes from temperatures very close to T¢,, for lower
temperatures the transitions are highly suppressed by the exponential factor, and one can
approximate the integral to the value of the integrand at T = T¢,:

(48)

N,
1“<NZ> = ~Vi(To)(t — tc) - (49)

Defining now the dilution as S = NBf/NBC = (an/sO)/(nBC /sc), where s is the
entropy at the present day, sc = s(tc) is the entropy at the time of the phase transition and
np, = np (tf) is the baryon-to-entropy density ratio observed at the present epoch, one has
that the maximum dilution that can occur and yet preserve the observed baryon density
is given by Spax ~ 7 % 10~ Usc/n Bc- In other words, the value of the baryon asymmetry,
which can be produced at the electroweak phase transition np /s, is still an open question.
However, it is generically difficult to produce a large asymmetry and, independently of
the model, it is very unlikely to be greater than 10°. That way, one can reasonably write
the bound Np. < 10°. This means that to avoid the washout of the baryon asymmetry, one
must fulfill the requirement S > 10°.

In standard cosmology, the time—temperature relation for a radiation Universe is given
by t = 0.301g; 'mp; T~2; thus,

tr—ter = 0300mp|.(Te) ' Tg2 = g (Tr) 1T,
~ 0.301mp T2/ g+(Tey), (50)

where Ty ~ 0 can be understood as taking the integration until t; = co. So, using the
relation between ¢(Tc,) and Egp (Tc,) [62]

(P(TCr): g Esph(TCr) (51)
TCr 47tB TCr !

assuming fc, — ty = 0.301mp, Tgrz/ g«cr, Where ¢.c, = 9«(T¢,), and imposing the dilution
condition S > 1077, it is possible to write the sphaleron bound as

47T Ppcy 471 Ppcy 2.8 x 10k M /oy \4 Tey
— =B -71 —I=B|Zz2In|———+ [ — 1 2
\/ aw Te, “(\/ aw T, ]~ | 5In10 x B7 (47[) il gg, ) 02
where ¢c;, = ¢(T¢,), He, = H(T¢,) is the standard cosmology expansion rate for a

radiation Universe at the time of the phase transition, and B is a function of the Higgs mass
mp. For the standard model, B is approximately given by [62]

2
B<ZH> ~ 1.58+0.32(mH> —0.05(””1) ) (53)

W myy myy

an approximation valid for values of the Higgs mass in the range 25 GeV < mpy < 250 GeV.
This parameter ranges exactly from B(0) = 1.52 to B(co) = 2.70 [64-67]. If one uses now
Te, = 10% GeV, n F= 3, aw = 0.0336, x = 0.1 and naively B = 1.9, the sphaleron-bound
Equation (52) can be solved numerically
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$er >1.22. (54)
TCr

5.3. Departure from Equilibrium

At electroweak temperatures, the equilibrium description of the phenomena is very
accurate since the expansion rate of the Universe is small compared to the rate of baryon
number-violating processes. Thus, for baryogenesis to happen, it needs the aid of phase
transitions. Thus, the central point is to understand if the electroweak phase transition
(EWPT) is a first- or second-order phase transition. The solution to this problem is given
by the relation of the phase transitions and the expansion rate of the Universe. As the
Universe cools, at the electroweak scale, the EWPT dictates the possible effects of interest
to the mechanisms for baryogenesis. If the EWPT is of the first order, then the nucleation
of bubbles characterized by a non-zero Higgs field vacuum expectation value (vev) oc-
curs within the symmetric vacuum. During their expansion, particles within the plasma
interact with the dynamic phase interface, called the bubble wall, in a way that violates
CP symmetry. This violation leads to the generation of a CP-asymmetric particle flux
into the symmetric phase. The resulting CP asymmetry is then transmuted into a baryon
asymmetry through sphaleron processes that violate the baryon number, taking place close
to the advancing wall.

As the phase interface advances, baryons transition into the broken phase, where
the inefficiency of baryon violation leads to the freezing out of the baryon asymmetry
(see [68] for more details). As exposed in [69], this mechanism can be seen as “broken” and
“unbroken” phases separated by a potential barrier, which decreases as the Universe cools.
When the energy barrier is low enough, the transition advances through the formation
and expansion of true vacuum bubbles. This shift from equilibrium happens rapidly
compared to the overall expansion timescales. Many proposed ways of creating baryon
asymmetry at the electroweak scale rely on this sudden departure from equilibrium, using
the interaction between the plasma and advancing walls to generate the baryon asymmetry.
In second-order transitions, this effect is absent. The evolution proceeds smoothly, and the
departure from equilibrium is directly influenced by the expansion rate. Thus, this leads to
the conclusion that anything other than a first-order phase transition is not conducive to
baryogenesis at the electroweak scale. This conclusion reinforces how the expansion rate of
the Universe has a fundamental role in the construction of feasible theories of baryogenesis
due to the connection with the departure from equilibrium.

6. GUT Baryogenesis

The goal of Grand Unification Theories (GUTs) is to unify the strong, weak and
electromagnetic interactions and quarks and leptons within the framework of a gauge
field theory based upon a non-Abelian symmetry group [70-73]. A general feature of
GUTs is that leptons and baryons are placed in the same multiplets and thus mixed under
gauge transformations so that baryon and lepton numbers are not individually conserved.
This allows baryon non-conserving interactions, such as e~ +d <+ @ + 1, or decays of
superheavy gauge (or Higgs) bosons, such as X — ¢~ 4 d + i1 4 nu. To illustrate more
carefully how baryon violation proceeds, one can consider that X, X, ¢, 4, [, I denote
respectively an arbitrary superheavy gauge, an arbitrary superheavy gauge antiboson, an
arbitrary quark, an arbitrary antiquark, an arbitrary lepton and an abitrary antilepton. As
will be seen, since the superheavy bosons decays are the most important processes for
baryogenesis, the focus of the next discussion will be on this topic.

The X bosons have decay modes of the type X — gl and X — 74, and the antibosons X
have decay modes of type X — gl and X — gq (for instance, see [74]). One verifies that the
decay of a superheavy gauge boson clearly violates baryon number, and thus satisfying the
Sakharov’s first criterion. More precisely, if one denotes the branching ratios of each mode
of the X decay described above as ¥, 1 —r, 7 and 1 — 7 respectively, then the mean net baryon
number produced by the decay of a boson X is Bx = r/3 — 2(1 —r) /3, and the mean net
baryon number produced by the decay of an antiboson X is By = —7/3 +2(1 —7)/3.
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Therefore, the mean net baryon number produced by the decay of an X, X pair is just
¢ = By + By = r — 7. However, if one considers, for instance, the channels of decay
X — lI(1) and denotes the parity (P) of the state (1) by (1) or ({), one can write the
following transformation properties:

UnderCPT: I'(X—=11)=T(1]— X),
UnderCP: T(X—11)=I[(X—11), (55)
Under C : [(X—=11)=T(X—-11)
where I is to be understood as the X decay width to a state q/. Therefore, one concludes
that:

e=r—7=TX=>1MN)+I(X—>1))-T(X—>11)-I1)). (56)

This result holds independently of the choice for state (1). On the other hand, it can be
seen that if C or CP are good symmetries, then € = 0. So, as expected, two more requisites
must be fulfilled: C and CP violation, and, of course, the departure from equilibrium. These
theories can involve a substantial discussion of CP violation, which lies outside the scope
of this review paper. The focus will be directed toward the departure from equilibrium and
the so-called Non-Inflationary GUT-Baryogenesis Mechanism.

6.1. Departure from Equilibrium

The third Sakharov criterion is satisfied if the expansion of the Universe is faster than
the particle interaction rates. In other words, the crucial issue is how this expansion rate
compares with the rate of the relevant microphysical processes. One considers that at
some early times when the bosons that mediate baryon non-conserving processes are still
relativistic, they are present in their equilibrium numbers, thatis nx = ny = (gx/gy )1y =
(¢(3)/7?)gx T3, where the first equality accounts for symmetric initial conditions. In
other words, it stands for an equal number of bosons X and bosons X. However, as the
temperature drops, the numbers of bosons X, X will only remain within their equilibrium
values if the interactions that create and annihilate the bosons (decay, annihilation and their
inverse processes) occur rapidly on the expansion times scale I' 2 H, or reversely. If these
processes occur slowly relative to the expansion time scale (I' < H), they decouple from
the surrounding medium and so their number freezes and it is always comparable to the
number of photons.

If the bosons are indeed massive enough, the reactions that decrease the number of X
and X, that is, annihilation and decay processes, are ineffective even for T < myx so that
their actual number will strongly depart from their equilibrium values. The aforementioned
processes are then unable to reduce the bosons X and X in order for them to follow their
exponential depletion of the equilibrium values, and they will become overabundant, that s,
nx ~ ng o~ ny > ny = n}q = (mxT)3 2 exp(—m/T). This overabundance corresponds
to the departure from thermal equilibrium needed to generate a nonvanishing baryon
asymmetry when the heavy states X undergo B- and CP-violating decays. Considering
that the heavy particles decay through renormalizable operators, the out-of-equilibrium
condition requires very heavy states: my > 101 — 10'® GeV and my > 10'° — 1016 GeV for
gauge and scalar bosons, respectively [9,48,75]. The annihilation process is self quenching
since I';nn o nx and the decay process is important for maintaining the equilibrium
numbers of X, X bosons. For simplicity then, we will ignore the annihilation process.

6.2. Non-Inflationary GUT-Baryogenesis Mechanism

Whenever inflation is not incorporated, it is generally assumed that the Universe is
filled with a hot soup containing all fundamental particles in thermal equilibrium, including
the supermassive bosons that mediate baryon-nonconserving processes. This is a sensitive
point of the model since as shown in Section 3.6, at temperatures slightly higher than the
GUT scale (T ~ 10'® GeV) around which the baryogenesis should occur, none of the known
interactions, nor those arising for the GUTs, are capable of establishing or maintaining
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thermal equilibrium. In general, there are several processes involving the superheavy
bosons that may influence the final value of the baryon asymmetry. Up to the need to
consider the second order on g, these comprise decays and inverse decays of superheavy
bosons (of order ag), baryon-nonconserving fermion collisions (BNC-scattering processes)
and Compton-type and annihilation-like reactions (both of order a%). Most of the time,
second-order processes are not important and, so, it is expected that higher-order processes
are negligible [76]. In any case, within the processes of order a2, the BNC-scattering
processes are the only ones which, in most situations, may have some relevance. Processes
other than the decay will only have the effect of damping any generation of asymmetry
that might be produced by the decays themselves.

The success of these two damping processes in opposing the decays depends on their
relative rates to the expansion rate of the Universe. Thus, if only the decay, inverse decay
and BNC-scattering processes are taken into account, then the departure from equilibrium
can be quantified in terms of the rates for each of these processes. Formal calculations of
those rates can be found in reference [76]. They are given by

m? axm% /T ifT>m
Ip~ay—%X  ~ XX Lo~ X 57
b X /T2+m§< {axmx lfTSmX ( )
1 if T 2> my
~ eq ~ <
Tip ~TpX _ZFD{ V1t /8(mx/T)¥?exp(—mx/T) if T Smyx ’ 8
T° mxT  ifT>m
~ A2 — A2 X < mx
I's =~ Aay (T2+m§()2 _A‘XX{ T5/m§ ifT <myx ’ (59)

where X1 is the equilibrium number of bosons X, p is assigned to the inverse decay
processes rate, g is assigned to the BNC-scattering processes rate, and A is a numerical
factor of order few x 103, which accounts for the number of scattering channels, etc. For
purposes of baryogenesis, the most important rate is the decay rate since the decays are the
mechanism that regulates the number of X, X bosons (notice that indeed the decays are the
dominant means of reducing the number of superheavy bosons since the annihilation is of
order a?) since these are indeed the key particles that mediate baryon nonconservation. It
is then useful to define a quantity

FD ) 18 XX GeV
K=+ =368 x 10" ——=—, 60
(2H T:mX \/STS mx ( )

which is proportional to the effectiveness of the decays and inverse decays (I'p/H, I'1p,
respectively) and to a~! times the effectiveness of the BNC-scattering processes (I's / Ha) at
the crucial time at which the bosons X become nonrelativistic (mx = T) and, therefore, are
forced to be rapidly reduced in number if they are to stay in equilibrium.

7. Scalar-Tensor Theories
7.1. Action and Field Equations

When extending Einstein’s GR, albeit preserving its metric framework [77], the Scalar-
Tensor Theories (STT) occupy a central place [37]. They are characterized by the inclusion
of a scalar field mediating the gravitational interaction, in addition to the metric tensor
field. The archetypal STT theory is Brans-Dicke theory put forward in 1961 [39], and
soon after generalized to theories with arbitrary coupling parameters by Bergmann [40],
Wagoner [41] and Nordtvedt [42]. The fundamental action for these theories can be cast in
the following form:

1
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where w(¢) is a dimensionless function of ¢ which calibrates the coupling between the
scalar field and gravity (in future references, w(¢) will be termed as the coupling parameter)
and A(¢) is another function of the scalar field which can be interpreted both as a potential
for ¢, and as a cosmological parameter. Therefore, the scalar field ¢ plays the role that is
associated with the gravitational constant Gy in Einstein’s GR. And, due to the presence of
a non-vanishing kinetic term (¢""¢,,¢ ) in the action, it is no longer a constant but instead
a dynamical variable with dimensions of squared mass. The STT may be perceived as
arising from the low-energy limit of superstrings theory since the Brans—-Dicke field may
be related to the dilaton [78,79].

Thus, unlike what happens in GR, the scalar-tensor action describes a gravitational
theory in which two fields mediate the gravitational interaction, the metric tensor g, and
a field ¢. Furthermore, by applying the variational principle to this action, one obtains two
equations. One modified field equation from the variation concerning the metric g;,, and
an equation of motion for the scalar field, from the variation concerning the scalar J¢.

The equations mentioned are given by

1 1
Ryuw = 58uwR = Ap)guv + % (8V¢8V¢ B nga”‘qbaw)

+;(vﬂav¢ — gul¢) + 87'(GNT$ , (62)

(2w(¢) +3)0¢p = 8nGNT — ' (¢)0apd P — 20>\ (¢) + 4PA () , (63)

respectively, where Equation (63) can be seen as a modified classical Klein-Gordon equation,
being obtained from the substitution of the trace of Equation (62), which yields R =

—¢ [BRGNT — ¢ w(¢)0upd*p — 300p] — 4A(¢0).

7.2. Scalar—Tensor Cosmology: 3-Epoch Model

In order to obtain the cosmological solutions for STT [80], we use the field
Equations (62) and (63), assuming as before a Universe described by the FLRW metric
and assuming a perfect fluid matter content described by the barotropic equation of state
(12). Thus, disregarding the term A(¢), one obtains

i\ ad  k w(g)? _8mp

() Tag @ T e 2T g ()
i ag 1 @) §_ SmpBr-2w(@)+3 w(¢)e )
a a¢p 22w(Pp)+3¢ 3¢ 2w(p)+3 3 ¢’

w(¢) } _ 8mp
20(@) +3|% "20(p) +3

b+ [32 + (4—37). (66)

We consider a 3-epoch model explored in [81,82], and we refer the reader to latter
references for further details of the model. As a first step, the model is built on the
assumptions that the Universe is well described by an FLRW metric and by an energy—
momentum of the form of Equation (5), that is, it assumes a perfect fluid as the matter
content of the Universe; the barotropic equation of state is given by Equation (12), the
curvature can be disregarded, that is, k = 0 is assumed, and A(¢) is vanishing. The model
has three distinct epochs characterized by the domination of different types of fluid and
different values of the coupling parameter w, which are incorporated as the main stages of
the evolutionary Universe.

In order to obtain the results according to which the effects at a given instant of a
general scalar-tensor theory can be reduced to those of the Jordan—-Brans-Dicke (JBD)
theory, it is useful to develop the STT field Equations (64) and (65), that is, the scalar—tensor
equations where the coupling parameter w is allowed to depend on the scalar field ¢ but
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where the potential A is vanishing. To this effect, it is useful to introduce the conformal
time 7 given by the differential relation

dt = adt, (67)
the variables [83]

X = ®a?, (68)
YE/ 2w+3dP

(69)

and the relation between p(t) and a(t)
a\ "
o =p(2) 70)
0

which comes directly from the integration of the equation for the conservation of energy
Equation (11) using the barotropic equation of state, given by Equation (12). The field
Equations (64)—(66) can be rewritten as

(X')? + 4k X% — (Y'X) (i) (71)
X" +4kX =3M(2—17) (i) , (72)
(Y'X) = M(4 —37) 2w3+ 3 ( > o , (73)

where the prime denotes now differentiation with respect to 1, and M = 87p(/3 with pg as
an arbitrary initial condition for the energy density.

There are two fundamental features of the STT cosmological solutions that are relevant
to the analysis of the interplay between quantum interactions and the expansion rate of the
Universe during the phases that are relevant for baryogenesis. On the one hand, the latter
processes under consideration take place during the radiation epoch, whose early stages
of expansion are dominated by the scalar field energy density [80,83]. On the other hand,
Equation (69), which is valid during the radiation epoch, enables one to define an average
value of the coupling < w > during any time partition of the radiation epoch, even though
w may be strictly increasing. Indeed, between any time interval [ti, t]-], we define

\/m AR 7
3 ftj by ’

)

W

20

and hence we can treat a general STT as a Brans-Dicke theory with a constant coupling
<w >jj, averaged in the time interval.

We choose to divide the radiation epoch in two intervals corresponding to a first
stage of JBD scalar field domination, followed by a second stage during which radiation
and ultra-relativistic matter dominate over the scalar field. Finally, the radiation epoch is
followed by a matter-dominated phase p ~ 0. This is encapsulated in the following 3-epoch
solution of the general JBD solution for a flat FLRW Universe:

0<t<t : a(t)=At, (75)

te <t <teg: a(t) =Ay(t—typ)?, (76)
2w+2

teg < to <te 1 a(t) =Az(t — t) 3+t (77)
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where g is given by [84]
w

3(w+17/242)

(78)

q

and Aj, Ay, As, tyg and t3 are constants which have to satisfy junction conditions guaran-
teeing the smoothness of the solution. Imposing the scale factor and its first derivative to
be continuous at t = f. and t = t,; as smoothness conditions leads to

~1/2
Ar =\/29 A1 1172, (79)
1
t20 7(1 - E> te, (80)
and
_1/2 (4w + 4N 365 1 2w+2
As :\/ﬂAl tz / (3w+4) 3w+d (tgq*tZO)z 3wt (81)
w
___w ) 2
t30 304 teq + t20 (82)

Now, in this solution, the BD scalar field evolves as:

0<t<t.: gb(t) =Pt 3, (83)
te <t < feq : ¢(t) =¢, (84)
teq <ty <t : ¢(t) =¢3 (t - 152’0)3“]zﬂ ’ (85)

where ¢1, ¢» and ¢3 are constants which satisfy continuity the requirements for ¢ at t, and
at to;. Note that for the first epoch, that is, for 0 < t < t, ¢/¢ is negative for g > 1/3 and
since the choice of the (—) sign (corresponding to a g— branch) in Equation (78) leads to
1/3 < g <1, itis possible to find that the choice of this sign always leads to a decreasing
¢, which consequently leads to a G approaching co with time. In the case of g > 1, which
corresponds always to the choice of the (+) sign (the g4 branch), this remains true but
leads to an accelerated expanding solution associated with the range —3/2 < w < —4/3.
On the other hand, for g < 1/3, which corresponds always to the choice of the (+) sign,
¢/ ¢ is positive and therefore ¢ increases with time, which means that G approaches zero in
the t — oo limit. It is, however, important to mention that for 4 < 0, thatis, —4/3 < w <0,
the scale factor contracts with time.

8. Scalar-Tensor Baryogenesis

In this section, we will briefly explore how a change in the theory of gravity affects
the EWB and the GUT baryogenesis. We focus on the main differences that arise in this
extended gravity theory with regard to the GR framework.

8.1. Scalar—Tensor EWB

A different thermal history of the Universe can have an influence on the EWB. This
reasoning is due to the sphalareon bound, which, if not satisfied by a particular model of
EWB, excludes it as a viable hypothesis for the explanation of the baryon asymmetry of the
Universe (BAU).

The sphaleron bound is derived assuming a specific expansion rate of the Universe,
and it can easily be relaxed if another thermal history of the Universe is assumed. In the
STT case, the bound has to be rewritten in terms of the expansion rate for the first or second
cosmological epochs. Nevertheless, the second epoch, due to its similarity to GR, is not
expected to have a great influence in relaxing the sphaleron bound. So, because the third
epoch happens much later than the time window that is envisaged, we start by writing
the STT expansion rate for the first two epochs in terms of both the temperature and the
expansion rate for a radiation Universe in standard cosmology (H)
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2-1
o(m="2(F) " ST (86)
T, (T) = 240 S T.>T>T,
where H(T) = 1.66,/g,T%/mp; and { is a parameter given by [81,82]
R, 1
_ [(Po \20+2
- (%)™, .

where p& and p}! are the present values of the radiation energy density and matter energy
density, respectively.

It becomes clear that the sphaleron bound, given by Equation (52), can be rewritten
for the STT as

\/gg;ZB—ﬂn( %%B)Z
{ In [258]11%(%)4} +1In (Z%Crr) + (?) In (TT(':) +In(¢) ; Ter > Te

In [28200 (1)) i (J5) 4 1n(Q) ; Ter < T

(88)

Thus, one can see that if one wishes to significantly weaken the sphaleron bound, the
phase transition should happen during the first epoch.

From Equation (86), it is possible to see that ¢ must be smaller 1/2; otherwise, the
expansion rate for the first epoch will have a negative influence over the sphaleron bound,
increasing its lower bound rather than decreasing it. The reason behind this is that for
g > 1/2, the expansion rate for the STT first cosmological epoch is lower than the standard
GR expansion rate for a radiation-dominated Universe, and so the sphaleron processes at
the broken phase will be more effective in damping the asymmetry.

Besides the condition leading to a strong first-order transition, there is another con-
straint that has to be imposed. To promote an efficient baryon number violation, one has to
ensure that sphalerons are at equilibrium in the symmetric phase. This can be achieved by
imposing that the rate for baryon non-conserving processes at the broken phase is greater
than the expansion rate of the Universe. So, using the thermal rate per unit volume of
sphaleron events, Equation (39), one can write the rate for baryon non-conserving processes
at the symmetric phase as

M

sym sym 4

Ve = ﬁrsph = Mxay, T . (89)
The prefactor x was calculated in Ref. [61], where it was shown that it has an extra

dependence on ayy, so that x ~ 25ayy;. Using this result, it is possible to explicitly write the

rate for baryon non-conserving processes in the broken phase as

V" = 25 May T . (90)

Thus, in the standard cosmological scenario, the condition for the sphaleron transitions

in equilibrium at the symmetric phase is given by
V™(T) > H(T) & T < 7.53Ma5, 2. (91)
B ° w \/* 4

I

and it is therefore useful to define

TP = 7,53 Moy \”;ﬂ , 92)

*
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where TépRh is the temperature at which the sphaleron transitions start to be in equilibrium.
For the standard model, where g, = gspr = 106.75 and gg are the standard model degrees
of freedom, we have Tér;? ~ 7.5 x 10'? GeV. Similarly, for the first STT cosmological epoch,

the condition for the sphaleron transitions in equilibrium at the symmetric phase can easily
be written as

sph q
1—

VM) >T(T) & T<T( ck )i|q|, (93)

where the sign (—) stands for g < 0V g > 1 and the sign (+) stands for 0 < g < 1.
Analogously, one can define

T [
T = T.(~SR¢) I , (94)

c

where T;’;hT is the temperature assigned to the crossover between V" (T) and T, (T).

Once this is secured, it is then important to impose that the phase transition occurs
after the sphalerons processes reach their equilibrium with the symmetric phase, as well
as that the nucleosynthesis takes place during the second epoch after the phase transition.
Under these requirements, one faces the following possibility: the sphaleron processes enter
equilibrium in the symmetric phase before the phase transition, and the phase transition
occurs before the transition to the second epoch, which occurs before nucleosynthesis. This
hypothesis, which may have some relevance for the EWB, can be translated in terms of
temperature in the following way:

1 21 1 2-1

TS ITI T.7 > T > ' Ty .7, ifo<g<1, (95)
1 21 1 -1

TR < TIT." < 'T.<{ Ty T.7 , ifg<0vg>1. (96)

To proceed with the analysis, we consider g < 1/2 so that the condition (96) can be
recast as

-1 Iy 2T
2 TSP q
% >q>1InT, [hl(TC TCY)] A T. > <;Rg) Ter NTe >Tn . (97)

sph
¢ Ter CR

Note that the simultaneous satisfaction of the two latter conditions related with the
temperature is necessary because for

q>In(Ty/Te,)/ [T/ (TH)] ~ 02,

we obtain

q/(2q-1)
) Ter <Tn -

(Té’;qhg /Tcr

The intersection of conditions can be written as two conditions for two different ranges

of g. However, numerically, the expression presented in Equation (97) is easier to compute.

To conclude this brief analysis, it is important to understand that the condition (97)

is a necessary condition for a viable electroweak baryogenesis scenario to take place

during the first STT cosmological epoch. Even without further enquiries, it becomes

clear that a modification of the underlying gravitational theory implies a change in the

time-temperature relation of the evolving cosmological model, altering the conditions that

govern the interplay between the rates of the interactions generating baryon asymmetry,

and the expansion rate of the Universe. Therefore the equilibrium of the former does not

exactly occur as in the GR standard model, and there are consequences for the baryogenesis
mechanisms that have been devised, as we will further see in what follows.
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8.2. Scalar-Tensor GUT Baryogenesis

The previous analysis of GUT baryognesis implicitly relied on specific assumptions; in
particular, it was assumed that early inflation cannot occur after the period during which
the baryon asymmetry develops. As previously mentioned, such a period of accelerated
expansion would erase any asymmetry that might have been previously produced. Fur-
thermore, it is important to emphasize that the mechanism devised may be seen as a first
approximation to more realistic GUTs [48].

Bearing this in mind, the Boltzmann equations that rule the evolution of the baryon
asymmetry of the model presented are given by

X = —I'p (X — XEQ), (98)
B =¢l'p (X — Xpg) — (Tip +2I's) B, (99)

where
X = 8.aNxX = 88 g1aNx,, B = 8gueN5 , (100)

g+a represents the radiation degrees of freedom during the epoch of interest, € parametrizes
the degree of CP violation, Nx is the number of a generic self-conjugate supermassive
boson, and Nx,, is its corresponding equilibrium number. Moreover,

N = Ny — Ny , (101)
2
is the mean net baryon number, and l"j, with j = D, ID, S, is the decay rate of the super-
massive boson X, its inverse decay rate and the baryon-non-conserving (BNC) scattering
rate, respectively.

Now, in order to proceed, it is useful to introduce a new dimensionless, dynamical
variable defined by z = mx /T, where my is the mass of the generic supermassive boson
X. In terms of this variable, the rescaled equilibrium number of supermassive bosons X is
given by

Xpg = 2a(z), (102)
where
00 = Sha(e) = { | e et (103)
2 jﬁz3/2 exp(—z) ifz>1

and K;(z) is the modified Bessel function of the second kind. In turn, the thermal expansion
rate of the Universe for the first and second epochs can be written respectively as

- 2 s \1/q-2 . s
' (2) = { L, (T) = o.e(ﬁ/zg;pzom%@) 77, if0szsz (104)
e; - 2 ’
Toy(T) = g 2272, 2o =252y
: 0

where i = 1, 2 stand for the first and second radiation-dominated epochs, respectively, and
ze = Te/mx, zeg = Teq/mx are, respectively, the Z assigned to the time at which the transi-
tion for the second epoch occurs and the time of matter—radiation equality. Furthermore, it
is possible to establish the following relation

dz
dt = T E) (105)
Analogously to what was done for GR, it is also useful to define a quantity
r 291
Ksrr, = <D> ={ Ksrry =Kgr@z. ' if0<z<z | (106)
Lo )z Ksrr, = KGr ¢ ifz. <2<z
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which measures the effectiveness of the decays at the crucial epoch z = 1 (mx = T), when
the self-conjugated supermassive bosons X are forced to diminish in number if they are to
stay in equilibrium. It can be seen that the substitution of the definition of Equation (106)
in the differential relation of Equation (105) gives

Kstr, .\ 42
dt = mﬁ(z) dz, (107)
where
o 1le(E=1 ) f(2) — if0<z<z
fl(Z) = rei(z) B { fz(i) =z ifzc S Z S Zeq . (108)

The subsequent substitution of the differential relation (107) and of the rescaled equi-
librium number of bosons X (102) into the set of Boltzmann Equations (98) and (99), which
amounts to a change of variable, provides

X' = —Ksrr,fi [vp (X —2a) + v4 (X* — 4a%)], (109)
B" = Ksrr, fi [evp (X —2a) — (vip + 7s) B, (110)

1)

where the prime ’ stands for differentiation with respect to z and y; = T'j(2)/T'p(z
such that

V2 z ifz<1
D 77241 - 1 ifz Z 17 (1)
) a(2) 2z ifz<1 o
VD = Vi Tl+1 ﬁ23/2exp(—2) ifzz>1 "’ (112)
_ Aay Aaxz™! ifz <1
e { M ifzza )
2
Xzl oifz <1
’YA = E(gl _73 f = > ’ (114)
iz ifz>1

where A is a numerical factor, which is introduced in order to mimic the characteristics of
more realistic GUTs, such as the number of scattering channels. Regarding these definitions,
it is possible to see that the freezing relation I', (2 fji) ~T;(z fi ), where z £, is the value of Z
at which the j-process freezes during the epoch i, can be cast in the simple form

fi(Z5,) = Ksrry7j(Zf;) - (115)

It becomes apparent from Equation (106) that the parameter Ksr7, conveys the impact
of the modification on the expansion rate, and consequently on the time—temperature
relation, of the STT toy model under consideration. This is reflected in the system of
Boltzmann Equation (110). The differences with respect to GR that alter the generation of
baryon asymmetry in STT clearly arise during the first of the three epochs, when the JBD
dilatonic scalar field dominates. A comprehensive and more detailed exploration of this
subject will be expounded in a forthcoming work.

9. Conclusions

The generation of the observed baryon asymmetry must have been accomplished
during the first stages of the primordial Universe to be compatible with the large-scale
homogeneity and isotropy of the evolving Universe. Since shortly after the Planck epoch the
physics is well described by the standard model of cosmology and the standard model of
particles, one cannot reconstruct a reasonable mechanism for baryogenesis without taking
into account these descriptions of the Universe. A viable theoretical explanation for the
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origin of the baryon asymmetry must always ensure that the Sakharov criteria are fulfilled.
In this brief review of the subject, we revisited two well-known mechanisms that aim to
solve the matter—antimatter asymmetry problem, namely, the electroweak baryogenesis
(EWB) and baryogenesis achieved via GUT. Although both proposals are built around the
second Sakharov criteria, i.e., CP violation, from the gravitational viewpoint, one has to
focus on the third Sakharov criterion that concerns departure from equilibrium. To both
explore and illustrate these issues, we considered a different theory of gravity, namely,
scalar—tensor theory, and presented a model for the cosmological study of the baryon
generating mechanism within this extended framework.

The two mechanisms that were addressed display an intrinsic interplay between the
expansion rate of the Universe and some of the core quantities that govern how these
mechanisms lead to breaking in the matter-antimatter symmetry. Regarding the EWB, we
showed that there is a high relation between the expansion rate of the Universe and the
temperature. This connection was then explored in the STT description, where, through a
simple analysis, we concluded that the sphaleron bound could be weakened, thus allow-
ing a more effective EWB. In what concerns the GUT baryogenesis, the departure from
equilibrium was also shown to play a crucial role, in particular, within the STT framework,
in which we briefly explored a toy model that clearly renders that the early stage during
which the Brans-Dicke-like scalar field dominates the expansion plays a significant role
and introduces differences with regard to the corresponding GR mechanism. This is repre-
sentative of the types of modifications of the baryogenesis processes that are to be found
when considering extended theories of gravity.
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The following abbreviations are used in this manuscript:

EWB Electroweak Baryogenesis
GUT Grand Unification Theories

STT Scalar-Tensor Theories

FLRW  Friedmann-Lemaitre-Robertson-Walker
FD Fermi-Dirac

BE Bose-Einstein

JBD Jordan—Brans-Dicke
BAU Baryon asymmetry of the Universe
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