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Abstract

Role of gravitational interactions during reheating and dark matter production

Anna SOCHA

This work focuses on the minimal model of dark matter, assuming it consists of particles in-
teracting solely through gravity. The considered scenario involves massive vector particles as
candidates for dark matter. Such a hypothesis is quite restrictive and, in this sense, extreme,
but on the other hand, it captivates with its simplicity and universality. What makes this
scenario so compelling is its inevitability and complementarity with cosmological models of
the early Universe. Its attractiveness is also evidenced by the rich phenomenology considered
in this work. The origin of purely gravitational dark matter is related to gravitational effects
occurring in the very early Universe. Hence, its genesis and dynamics are attributable to how
the primordial Universe transformed from an inflationary to a radiation-dominated phase.

This thesis aims to shed some light on the unknown physics of the early Universe. We
explore the possibility of a non-standard cosmological history by postulating the existence of
a non-instantaneous reheating phase. In particular, we focus on the perturbative reheating
model induced by direct inflaton coupling to the visible sector or as a result of indirect inter-
actions of gravitational origin. The production of the Standard Model radiation is discussed
by considering a time-varying inflaton decay rate, which exhibits a power-law dependence on
the scale factor. Such behavior could reflect the non-standard form of the inflaton potential
during reheating and/or might be generated by the kinematic effects. The time-dependent
inflaton decay width, in general, meaningfully affects the production of the visible sector and
thus alters the thermal bath’s evolution. In addition, it might also change the duration of
the reheating phase. We also study the implications of the non-standard reheating scenario
for primordial gravitational waves, showing that the presence of a stiff epoch before the Big
Bang nucleosynthesis era might enhance their spectrum. Finally, we use this effect to explore
the possibility of probing inflaton-matter couplings in future gravitational wave detectors.

Three different mechanisms of dark matter creation are considered in this work. Namely,
we investigate purely gravitational particle production in the expanding Universe, gravita-
tional scattering through graviton exchange in the inflaton background, and the gravitational
freeze-in from the thermal bath. Limitations and necessary conditions for their occurrence
are discussed. We also determine the parameter space in which each of these mechanisms,
individually, as well as all of them combined, saturate the observed amount of dark mat-
ter. The presented analysis justifies gravitational production as a viable mechanism for the
vector dark matter in a wide range of dark matter mass. Moreover, our results apply to
various possible models of the early Universe with non-standard cosmology, demonstrating
that reheating dynamics play a crucial role in the gravitational production of dark vectors
and cannot be neglected in calculations of their present abundance.
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Streszczenie

Role of gravitational interactions during reheating and dark matter production

Anna SocHA

W niniejszej rozprawie oméwiono minimalny scenariusz ciemnej materii, zaktadajac, ze sktada
sie ona z czastek posiadajacych wytacznie grawitacyjne oddzialywania. Rozwazany scenariusz
dotyczy masywnych czastek wektorowych bedacych kandydatem na ciemng materie. Taka
hipoteza jest dos¢ restrykcyjna i w tym sensie ekstremalna, ale z drugiej strony urzeka swoja
prostota i uniwersalnoscia. To, co czyni ten scenariusz tak interesujacym, to jego nieuchron-
noé¢ i komplementarno$é¢ z kosmologicznymi modelami wczesnego Wszechéwiata. O jego
atrakcyjnoéci $wiadczy réwniez bogata fenomenologia rozwazana w tej pracy. Pochodzenie
czysto grawitacyjnej ciemnej materii zwigzane jest z efektami grawitacyjnymi wystepujacymi
we wezesnym Wszechswiecie. Stad tez jej geneza i ewolucja sa odzwierciedleniem dynamiki
pierwotnego Wszechswiata, a w szczegdlnosci tego, w jaki sposéb przeksztalcit sie on z fazy
inflacyjnej do epoki dominacji promieniowania.

W rozprawie analizowano niestandardowy scenariusz kosmologiczny, zaktadajac, ze okres
dominacji promieniowania zostal poprzedzony epoka "podgrzania" (ang. reheating). Szczegblna
uwage poswiecono modelowi epoki podgrzania, w ktérym proces ten zachodzi w wyniku per-
turbacyjnych bezpoérednich oddziatywan pola inflatonu z materiag widzialng, jak réwniez
jako wynik oddziatywan grawitacyjnych. Oméwiono produkcje czastek Modelu Standard-
owego, zakladajac, ze oddzialywania miedzy tymi ostatnimi a klasycznym polem inflatonu
parametryzowane sg zalezna od czasu szerokoscig rozpadu. Takie zachowanie moze wynikaé z
niestandardowej postaci potencjalu inflatonu podczas fazy podgrzania i/lub byé¢ generowane
przez efekty kinematyczne, zwiazane z niezerowa masa czastek w stanie koncowym. Zademon-
strowano, ze zaleznos¢ szerokosci rozpadu od czasu istotnie wplywa na produkcje sektora
widzialnego i tym samym przyczynia sie do modyfikacji jego ewolucji w okresie podgrzania.
Ponadto pokazano, ze efekt ten moze réwniez zmieni¢ czas trwania epoki podgrzania. Do-
datkowo oméwione zostaly rowniez konsekwencje niestandardowego scenariusza podgrzania w
kontekécie pierwotnych fal grawitacyjnych. W szczegdlnosci pokazano, ze obecnosé wczesnej
epoki podgrzania w pewnych przypadkach moze wzmocni¢ widmo fal grawitacyjnych o pier-
wotnej genezie. Te obserwacje wykorzystano do zbadania mozliwosci analizowania sprzezen
inflatonu z materia w przysztych detektorach fal grawitacyjnych.

W tej pracy rozwazano trzy rézne mechanizmy produkcji ciemnej materii. Zbadano czysto
grawitacyjng produkcje czastek w rozszerzajacym sie Wszech§wiecie, rozpraszanie grawita-
cyjne w tle klasycznego pola inflatonu oraz grawitacyjna anihilacje czastek Modelu Standar-
dowego. Omdwiono ograniczenia i warunki konieczne do wystapienia powyzszych procesow.
Okreslono réwniez przestrzen parametréw, w ktérej kazdy z tych mechanizméw, zaréwno
indywidualnie, jak i w potaczeniu, odtwarza obserwowana ilo$¢ ciemnej materii. Uzyskane
wyniki maja zastosowanie w réznych modelach kosmologicznych i jednoznacznie wskazuja, ze
dynamika okresu podgrzania odgrywa kluczowa role w grawitacyjnej produkcji wektorowej
ciemnej materii.
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Chapter 1

Whispers from the Darkness

Dark Matter (DM) : No one can see what dark matter is. (pol. Ciemna materia jaka jest,
nikt nie widzi). This paraphrase of a memorable "definition" of a horse (Horse: FEveryone
can see what a horse is.) from the first Polish-language encyclopedia abbreviated as "New
Athens" perfectly describes our (lack of) knowledge of the dominant matter component in
the Universe. The unprecedented ignorance and simplemindedness of the above description
counterpose the deep truth hidden within. Namely, dark matter cannot be seen. It is not
low-luminous; dark matter is rather invisible and hidden. The unseen matter is electrically
neutral and thus does not interact with the electromagnetic field. Furthermore, it does not
interact via strong nuclear interactions, which makes it hard to detect. Hence, to some extent,
the name "dark matter" reflects doubts about the nature of the unseen matter and refers to
its elusiveness.

To understand the current status of dark matter, it is instructive to summarize our knowl-
edge. The first four sections are purely of a review nature. We begin in Sec.(1.1) with an
introduction to this topic, tracing back the historical arguments leading to the concept of
dark matter. Then, in Sec.(1.2), we briefly review the observational evidence for a dark
sector. Next, in Sec.(1.3), we present some possible candidates, which nowadays are viewed
as alternatives to best-established particle dark matter, on which we elaborate in Sec.(1.4).
Here, we briefly describe the most popular scenarios. Our review is equipped with a dis-
cussion of properties and characteristic features that dark matter should possess. In section
(1.5) we introduce the minimal DM model - purely gravitational dark matter. Finally, we
close this chapter in Sec.(1.6) by presenting the motivation for this work.

1.1 A brief history of the dark Universe

The following four sections are based mainly on the references [14-19]. Additional in-text
references are directly cited.

One of the earliest traces of invisible matter is dated to the 1600s. Soon after the publica-
tion of Newton’s opus magnum Philosophie Naturalis Principia Mathematica, some natural
philosophers began to speculate about the possibility of faint, dark objects, whose existence
can only be inferred from their gravitational attraction of bright stars or planets. In the
1700s, John Michell and Pierre Laplace argued that some objects, called corps obscur, might
be so massive that even light cannot escape their gravitational pull and thus is trapped by
mysterious dark bodies. Nowadays, this proposal is considered the origin of the black hole
concept - yet another invisible object whose existence has already been confirmed experi-
mentally. Next, in 1846, Urbain Le Verrier and John Couch Adams explained gravitational
anomalies in the motion of Uranus by proposing the presence of a new faint planet - Neptune.
At that time, it became clear that the Universe is rich in eerie, undiscovered objects that do
not emit light.
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More modern treatment of dark matter can be traced to the beginning of the twentieth
century. In 1904 Lord Kelvin proposed to treat stars as a gas of particles interacting via
gravity. This approach enabled him to estimate the number of stars in our galaxy (~ 10%)
and find an upper limit on the density of matter from the observed velocity dispersion of stars.
In one of his Baltimore Lectures on Molecular Dynamics and the Wave Theory of Light, we
can read, "[..] Many of our stars, perhaps a great majority of them, may be dark bodies." [20].
The very first mention of the term "dark matter" emanates from Henri Poincaré’s work "The
Milky Way and Theory of Gases" [21]. In his response to Lord Kelvin’s idea, he explicitly
used the name "matiére obscure” referring to dark bodies. Henri Poincaré’s disagreed with
Lord Kelvin, claiming that "[..] Then there is no dark matter or at least not so much as
there is of shining matter". His conclusion was based on the fact that the velocity dispersion
predicted by Kelvin was comparable to the observed value. Next, in 1932 Jan Oort derived
an estimate for the local density of matter near the Sun and the amount of dark matter to be
about half of the total density [22]. At that time, there was a belief that the unseen matter
is composed of faint stars, "mebulous or meteoric matter”.

The first observation directly indicated the existence of "Dunkle Materie" was made in 1933.
This German term was coined by Swiss astronomer Fritz Zwicky widely recognized as a man
who first unmasked the dark side of the Universe. Zwicky studied the redshifts of various
galaxy clusters. Such objects are the largest gravitationally bound systems in the Universe,
containing thousands of galaxies and a hot gas emitting X-ray radiation. Zwicky found that
the velocity dispersion exhibited by the Coma Cluster is significantly larger than in other
galaxy clusters [23]. He determined the total mass of the Coma Cluster by multiplying the
observed number of galaxies (800) by their averaged mass (10°Mg). Zwicky then applied
the virial theorem to estimate the velocity dispersion, which was more than an order of mag-
nitude smaller than the observed value. This unexpected discrepancy indicated that Coma
must be much heavier; otherwise, there would not be enough visible matter to hold galax-
ies together. Thus, to explain the cohesion of the Coma Cluster and ensure its stability,
one needs to assume the existence of a dark sector that saturates the total mass together
with the luminous matter. Although Zwicky’s discovery was puzzling, at that time, there
existed many observational limitations minimizing this revelation. The most serious doubts
concerned inferring the distance to the Coma Cluster and adopting the mass-to-light ratio of
the Sun to all stars. Hence, the missing mass problem seemed like a house of cards waiting
to be blown down.

A true revolution happened more than four decades later due to the unprecedented progress
in radio astronomy and the discovery of the 21 cm line. In the 1970s, Kent Ford, Vera Rubin,
and other astronomers began a detailed study of the rotation curves in spiral galaxies, i.e.,
flattened gravitationally bound systems rotating in a nearly circular fashion around a central
concentration of stars called the bulge. Leveraging an image tube spectrograph, Rubin per-
formed spectroscopic observations to determine the rotation curves of stars in the Andromeda
Galaxy. Her discovery amazed astronomers and became the most striking evidence of a dark
halo around galaxies. The rotation curve illustrates the relation between an object’s orbital
velocity v and its radial distance r from the central bulge. Such a relation is used to deter-
mine the mass distribution in a given stellar system. For example, in spiral galaxies, orbits
of rotating objects like stars or clouds of hydrogen gas are approximately circular. Thus, ac-
cording to Newton’s law of gravitation, one can estimate the total mass M (r) inside a radius
r once the relation between v and r is known. More precisely, by setting the gravitational
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force to the centripetal force, we find the following formula for the orbital velocity:

v(r) =/ Gﬂf(r), (1.1)

[ o 8 12 16 20 KPC 24
T T T

with G being the gravitational constant.
T The mass of the whole galaxy is con-
centrated in its bulge; thus, outside of
it, M(r) ~ const. Hence, formula (1.1)
tells us that v(r) should scale as r—1/2
for objects whose distance from the cen-
ter is larger than the size of the galaxy.
Instead, Rubin’s discovery was in con-
siderable contradiction with this pre-
diction, cf. Fig.(1.1). She found that
the rotation curve of Andromeda re-
mains approximately flat and does not
FIGURE 1.1: Rotation Curve of the Andromeda Galaxy decrease with r in the galaxy’s outer
as done by Vera Rubin [7] region [7]. This peculiar behavior has
also been observed in many other spi-
ral galaxies. A natural explanation of this puzzling phenomenon was that there must be
some additional contribution to the total mass outside the border of observed galaxies.
The density profile p(r) of the dark halo should decrease as r~2, such that the total mass
M(r) = 4x [ r2p(r)dr becomes constant. Another explanation for the flattening of the ro-
tation curves was that Newton’s laws could not be applied to such objects. This, in turn,
suggested that Newtonian gravity must be modified at the galaxy scales.

200,

ROTATIONAL YVELOCITY  (KM/SEC)

At that moment, it became clear that the problem of missing mass cannot be ignored by
the astronomical community. Soon after, the dark matter puzzle became an object of theo-
retical physicists’ interest. This resulted from several observations, which we briefly review
in the following section.

1.2 Recent evidence for dark matter

Now let us briefly review some observations supporting the existence of a dark sector.

1.2.1 Cosmic microwave background

One of the most compelling pieces of evidence supporting the existence of the dark sector
originates from the observation of anisotropies in the cosmic microwave background (CMB).
This probe is particularly interesting since it allows us to determine the total abundance of
dark matter precisely.

CMB radiation was predicted by Ralph A. Alpher and Robert C. Herman in 1948 based
on George Gamow’s work [24]. However, Arno Penzias and Robert Woodrow Wilson at Bell
Labs observed it for the first time sixteen years later while detecting a persistent and isotropic
background ’'noise’ in the radio-wave spectrum [25]. CMB is a leftover remnant of the early
Universe that was created 380,000 years after the Big Bang when the Universe had cooled
enough (T < 16V) to form neutral hydrogen via the following process: e~ + p* — H + 7.
After recombination, photons were no longer scattered off the free electrons since the number
density of the latter had decreased rapidly. Instead, at that moment, photons were finally
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released and started to propagate freely across the Universe, forming the surface of the last
scattering. Hence, the CMB map can be viewed as a snapshot of the primeval Universe, i.e.,
the earliest direct probe of how the Universe looked at its beginning.

The power spectrum of the CMB radiation is almost homogeneous. It is considered the
best perfect blackbody spectrum that has ever been seen. Its current temperature has been
determined with high precision to be Tomp = 2.72547 £ 0.00057 K [26]. The first full-sky
CMB map from NASA’s Cosmic Background Explorer (COBE) mission revealed that the
CMB temperature is not entirely uniform but exhibits tiny fluctuations across the sky. This
observation has been further confirmed by the COBE’s successor - the WMAP satellite, and
the WMAP’s successor - the Planck satellite. One can distinguish two types of anisotropies:
primary and secondary. The former have primordial origins and stemmed from the surface
of the last scattering and before. Secondary anisotropies are generated later due to effects
emerging between the surface of the last scattering and the observer, e.g., interactions of
the CMB radiation with intervening hot gas. The most considerable anisotropies are of the
order of §T /T ~ 1073, It is the Doppler shift in the temperature caused by our motion with
respect to the CMB rest frame. After removing dipole anisotropies and other contamination,
it has been revealed that the typical amplitude of the primary CMB fluctuations is of the
order AT/T = 1075. These tiny anisotropies allow us to directly probe the physics of the
very early Universe since they carry a memory about the matter distribution at the time of
recombination.

It turns out that the existence of dark matter leaves a noticeable imprint on the amplitude of
the CMB temperature anisotropies. More precisely, the presence of the density perturbations
de induce fluctuations of the gravitational potential, V2(§®) = 47G - §e, which are related
to the temperature fluctuations through the following formula 67°/T = §®/3 [27]. The den-
sity fluctuations were initially tiny but grew with time, eventually providing the seeds for
structure formation. It has been shown that in the Universe without non-baryonic matter,
the temperature fluctuations should have been of the order AT/T ~ 107* to explain the
formation of the observed structures. The smaller measured amplitude of anisotropies can
only be explained by the existence of the non-baryonic sector.

From the angular size and height of the CMB peaks, one can constrain the value of the
cosmological parameters. For instance, the position of the first acoustic peak enables us to
determine the geometry of the Universe, see Sec.(2.4). In addition, the character of oscilla-
tions in the CMB power spectrum depends on the ratio between matter and radiation. In
particular, the high of the acoustic peaks is sensitive to baryonic and dark matter density.
The ratio of second to first peak amplitude allows us to find the baryon density parameter
[13]:

Qp0h? = 0.0224 £ 0.0001. (1.2)

Finally, the height of the third peak is sensitive to the energy density of dark matter, which
is estimated to be equal [13]

QOD?\S/LOhZ = 0.120 £ 0.001, (68%, Planck TT, TE, EE + lowE + lensing) (1.3)

At this point, let us emphasize that these results leave no room for baryonic dark matter. In
particular, data from WMAP and Planck surveys favour the so-called ACDM model, which
emerged as a concordance model of cosmology. The name is an abbreviation of the two major
constituents of the Universe, i.e., a cosmological constant A associated with dark energy and
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cold non-baryonic dark matter (CDM), see Sec.(2.4).

1.2.2 Big Bang Nucleosynthesis

The exotic, i.e., non-baryonic, nature of the dark sector has been further confirmed by
the successful predictions of Big Bang Nucleosynthesis (BBN). Primordial nucleosynthe-
sis refers to the light nuclei production in the first few minutes after the very beginning.

baryon derllzig parameter Qph? As the temperature of the Universe

0.27 ' ] decreased, nucleons that formed the
§ 0.26F ] primordial plasma combined into deu-
50.255_ i / terium nuclei. The latter underwent
éo.ui ] further nuclear reactions and formed
Co ] ‘He and a tiny fraction of the 3H
B3 ] and “Li nuclei, see Sec.(2.4). Since
. 107°F ' the amount of these elements depends
a ] on the temperature at the moment of
10-4 their production, one can probe the
ten-minute-old Universe by measuring

% their present abundances. In partic-
F10 ular, the deuterium-to-helium ratio is
109 susceptible to the baryon-to-photon ra-
tio n, which, in turn, is related to

= baryon abundance through Qh? =
g 0.00477/10719 [19]. Thus, by measur-
ing the relative abundances of these el-

107100 ements, one can determine the overall

10T ) A . . ——
baryon-to-photon ratio = ny/n,

density of baryons. Figure (1.2) depicts
the computed abundances of *He/H,
D/H (*He/H), *He/H, and "Li/H as a
FIGURE 1.2: Primordial abundances of *He, D, *He, function of . BBN estimates are in
and “Li (compared with the hydrogen abundance) as a agreement with the WMAP and Planck

function of the baryon-to-photon ratio [8]. CMB predic-  jata for Quh? ~ 0.02. This result is

tions [9, 10] are shown as narrow vertical bands. an important crosscheck of the CMB

data.

1.2.3 Gravitational lensing

Other compelling evidence for dark matter has been inferred from gravitational lensing. The
gravitational deflection of light caused by the presence of massive bodies is considered one
of the most important predictions of general relativity (GR). According to this theory, the
deflection angle § of a light ray bent by a spherically symmetric object of mass M is [19]

4G M
52G

2 (1.4)

with b being the impact parameter of the incident photon. The flat metric result, i.e., § — 0,
is obtained if i) the mass M of the source is small and ii) the impact parameter is large.
Typically, one distinguishes three categories of lensing, i.e., strong lensing, weak lensing, and
microlensing.
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Strong Lensing

Strong lensing corresponds to large deflection angles and creates highly distorted and mag-
nified images of a physical source; for a review, see Ref.[28]. In a rare case, when the source,
lens, and observer are located exactly on the same axis, a unique form of gravitational lensing,
i.e., an Einstein ring, is generated. Properties of the images, e.g., their number, positions,
intensities, etc., are used to map the distribution of dark matter [18]. Data inferred from
strong lensing events greatly agrees with other cosmological probes.

Weak Lensing

In the weak lensing regime, deflection angles are small, and the principal signal is a tiny
distortion in the shape of distant galaxies; for a review, see Ref.[29]. In the idealized case,
the image of the background source is stretched tangentially around a circle centered in the
lens. Although the signals of the weak lensing events are typically too weak to be inferred
from a signal source, nevertheless, one can use statistical analysis to infer the distribution
of a foreground structure [30, 31]. Initially, weak lensing has been used to constrain the
amount of dark matter in a given volume. This method has also been adopted to map the
distribution of dark matter around galaxy clusters [32]. In addition, a similar technique can
also be applied to individual galaxies.

56
56

57
57

-55'58'
-55'58'

g"s58M42° 36° 30° 24° 18° 128 g"s58m42° 36° 308 24% 18° 128

FIGURE 1.3: "A direct empirical proof of the existence of dark matter" [11]. Left panel: Optical

images from the Magellan telescope of the merging cluster 1E0657-558. Right panel: The same image

from the Chandra X-ray telescope. Green contours in both panels represent the spatial distribution of

mass reconstructed from gravitational lensing. One can see that matter and plasma are concentrated
in distinct areas.

One of the best-established evidence for dark matter has been inferred from the weak
lensing mass-contour mapping of the cluster system (1E0657-558), better known as the Bul-
let Cluster. This object consists of two galaxy clusters that underwent a collision around a
hundred million years ago. As a result of the merger, a smaller component of the Cluster
has passed unhindered through the main cluster, whereas the hot intergalactic gas has been
trapped and emitted the X-ray radiation. Hence, collisionless galaxies have spatially decou-
pled from the plasma, making it possible to determine the mass profile of the Bullet Cluster
[11]. In addition, a gravitational lensing map of this Cluster has been created, indicating that
the gravitational potential does not trace the distribution of the plasma. They found that
the total mass of the Bullet Cluster is herded around the galaxies. The zero overlap between
the concentration of the visible matter, inferred from measurements of the X-rays, and the
total mass, mapped by the weak lensing, led to the conclusion that the Bullet Cluster cannot
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be entirely comprised of the baryonic matter; instead, it must contain a large amount of an
invisible non-interacting matter.

Microlensing

Microlensing occurs when the source is temporarily brightened, but the angular separation
of images is too small to be resolved. This phenomenon relies on events that, at first sight,
appear to be quite rare, in which the source and the lens are perfectly aligned from our view-
point. However, since there can be relative motion between these two objects, the probability
of such an effect is nonzero. When the faint object passes in front of the farther body, which
is typically brighter, the gravitational potential of the former causes the light emitted by the
source to bend, which in turn results in an enhancement of the lens’s brightness. The unique
microlensing signature is a temporal brightening of the combined signal from the source and
the lens. Gravitational microlensing is broadly employed to study faint or dark objects, e.g.,
brown stars, planets, white dwarfs, neutron stars, or black holes, that emit little or no light.
It is also considered a potentially powerful technique for probing instance, primordial black
holes. The typical time scale of such an event ranges from seconds up to years, allowing for
the detection of objects with mass in the range M € [1077, 10%] M.

The term microlensing was coined by the Polish astronomer Bohdan Paczynski, who was
the first to propose microlensing to probe massive compact halo objects (MACHOs) in the
Milky Way [33]. His idea has been employed by several surveys, including MACHO [34, 35],
EROS [36, 37] and OGLE collaborations [38, 39]. In 2007, the EROS-2 survey found that
dark matter in our Galaxy cannot be in the form of dark compact objects in the mass range
107"M < M < 15Mg, [36]. More recent analyses seem to relax these constraints, allowing
MACHOs with the mass M ~ Mg, to be still in the game. However, in light of other evidence,
it is hardly possible that dark matter is all made up of these objects.

1.2.4 Large-scale structures

Yet another direct evidence for dark matter comes from mapping large-scale structures. Ac-
cording to our understanding, the primeval density fluctuations serve as a seed for all of
the large-scale structures we observe now. Two opposing forces are involved in this process:
gravitational attraction and the repulsion force caused by the radiation pressure. The origin
of the structure formation is the interplay between these two effects. During the radiation-
dominated (RD) epoch, the non-zero pressure resists the gravitational collapse of the baryonic
matter. Thus, matter fluctuations are homogenized during this era. After recombination,
the radiation pressure is no longer present, and the density fluctuations finally collapse.

The Dark Energy Survey measurements indicate that the locations of the largest structures
in the Universe cannot be explained only by the gravitational interactions of baryonic mat-
ter [40, 41]. Namely, without dark matter, the structure formation should have been highly
suppressed compared to what we observe today. Dark matter serves as a seed of structure for-
mation and allows the distribution of galaxies and their clusters to be what we observe today.

Although large-scale structure observations alone are typically less powerful and accurate in
probing cosmological parameters, combining multiple datasets can provide more precise con-
straints. For example, the Dark Energy Survey combined cosmic shear, galaxy clustering, and
galaxy-galaxy lensing to determine the present matter abundance to be §,,, = 0.339=9-033 [41].
When this result is further combined with other cosmological datasets, such as Planck, Baryon
Acoustic Oscillations (BAO), and BBN, the measurement narrows down to Q,, = 0.30670 00
[41], providing a tighter constraint.
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1.3 Alternative dark matter candidates

Over the last decades, many hypotheses have been put forward on dark matter nature. The
diversity of the proposed possible explanations is, in fact, somewhat overwhelming. Below,
we list the most popular DM scenarios.

1.3.1 Massive Compact Halo Objects

For a long time, Massive Compact Halo Objects (MACHOs) have been considered a plausible
explanation for the missing mass problem [42]. According to this hypothesis, galaxies are sur-
rounded by a halo composed of massive, compact astronomical bodies, including black holes
(BH), neutron stars (NS), brown dwarfs, faint stars, and unassociated planets. Nowadays,
the concept of MACHOs dark matter is somewhat outdated. Namely, it is hardly possible
that the existence of massive dim objects can exclusively explain the dark matter puzzle.
The main feature that makes this theory untrustworthy is that MACHOs consist of baryonic
matter, which alone cannot account for the structure formation.

1.3.2 Primordial Black Holes

Primordial Black Holes (PBHs) are among the most intriguing astronomical objects belonging
to the class of MACHOs. Such black holes could have been created in the early radiation-
dominated Universe as a result of the gravitational collapse of primordial overdensities. Since
the energy density of the Universe scales as p ~ 1/(Gt?), one can estimate the initial mass
of PBHs to be [17]

3
c’t t

where the density of a Schwarzschild black hole, ie., p = M/V ~ 1/(G3M?), has been
adopted [43]. Using the above relation, we can see that masses of PBHs span over a wide
range of scales, i.e., from M ~ 107° g if they originated at the Planck time (107%3 s) up to
M ~ 105 My, if they formed at t ~ 1 s [17].

The very first mention of PBHs dates back to 1974 from the work of Zeldovich and Novikov
[44]. Based on a Bondi accretion, they concluded that the existence of such objects is highly
improbable since the mass of PBHs with an initial size comparable to the horizon should be
of the order of 10'7 M, by the end of RD epoch. Their analysis neglected cosmic expansion,
which could significantly suppress the accretion process. More detailed studies were done
several years after this work. It is Stephen Hawking who is credited with pioneering research
on PBHs. In the paper from 1971 [45], he proposed the existence of electrically charged PBH
to explain the low flux of solar neutrinos. Then, in 1974 Stephen Hawking and Bernard Carr
argued that the result of Zeldovich and Novikov cannot be applied in GR, showing that the
cosmic expansion inhibits the growth of PBHs’ mass [46]. In the same year [47] Hawking
discovered something generally recognized as one of the most important revelations in theo-
retical physics. By combining insights from GR, quantum mechanics, and thermodynamics,
he figured out that black holes should have a non-zero temperature

1

Ty = ——————
BH = G MEg’

(1.6)
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with kp being the Boltzmann constant, as a result of thermal radiation, they should evaporate
on a timescale

1

~ (1.7)

.
One can show that PBHs with initial mass smaller than ~ 10 g have been evaporated
entirely by now. On the other hand, according to these formulas, PBHs with a mass of the
order of ~ 10?* g have a temperature lower than the temperature of the CMB radiation, and
thus the typical evaporation timescale for such objects is larger than the age of the Universe
[17]. Although light PBHs, i.e., with mass Mgy < 10 g, are the main focus of interest
due to the potential of detecting their evaporation, heavier PBHs have recently attracted
more attention. This is because the latter objects are unaffected by Hawking radiation and
thus could serve as a dark matter candidate. This idea was first discussed in 1975 inde-
pendently by George Chapline [48] and Péter Mészaros [49]. The notable feature of PBHs,
distinguishing them from other MACHOs, is that they are not only dark and non-baryonic.
Thus, unlike MACHOs, PBHs are not in tension with, e.g., large-scale structure formation
or the anisotropies observed in the CMB spectrum. However, as we have already discussed,
microlensing observations provide important constraints on the mass of dim objects. Hence,
PBHs with mass in the range ~ (1077,10)M; are excluded. Other constraints are being
extensively investigated. Such studies see, e.g., [50] show that there are only a few narrow
‘mass windows’ where the fraction of dark matter in PBHs can be significant. Namely, PBHs
with mass in the range (10'7,1023) g and (1034, 10%) g can saturate the observed dark matter
abundance. It is worth noting that although the above bounds are based on monochromatic
PBH mass distribution, such conclusions remain robust. Moreover, the detection of a gravita-
tional waves’ signal from the binary BH merger the LIGO/Virgo provided a fresh perspective
on intermediate-mass PBHs. The estimated mass of black holes is in the range 10 — 50 M),
which could suggest its primordial origin. Even though PBHs could provide only a (small)
fraction of the dark matter, it would still lead to interesting phenomenology [17].

1.3.3 Modifications of gravity

One of the most immediate elucidations of the missing mass problem is that Newton’s Law
does not apply at the scales of galaxies. This hypothesis should be considered an alternative
to the DM paradigm, which does not invoke the existence of a dark sector. One distinguishes
several different models based on modifications of gravity theories.

Mordehai Milgrom was the first who brings this idea to life. In 1983, inspired by the revela-
tion of the flatness of galaxies’ rotation curves, he suggested modifying Newton’s theory of
gravity for objects with extremely low acceleration [51]. The primary premise of his Modified
Newtonian Dynamics (MOND) hypothesis was that Newton’s laws have never been tested
in the low-acceleration regime. Accordingly, Milgrom proposed the following modification of
Newton’s second law of motion [51]:

7 al\ -

FMOND =m-u () a, (1.8)

ao

where m is the gravitational mass of an object, a denotes its acceleration, ag is a new fun-
damental constant connecting the Newtonian and MOND regimes, while u is the so-called
interpolating function, such that pu(a/ag) — 1 for a > ag, and p(a/ag) — a/ap for a < aop.
Note that the first condition is required to reproduce the Newtonian result at the limit of high
acceleration. Milgrom did not specify the exact form of the interpolating function; however,
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two common choices are: the so-called simple interpolating function

\6) 1
- 1.9
/"L (ao 1 a ( )

and the standard interpolating function

B (“"') - HE)Q (1.10)
ao
By equating the gravitational force in the "deep-MOND regime" to the centripetal force of an
object with mass m rotating at a distance r around a point mass M, Milgrom obtained the
Tully-Fisher relation for an asymptotic form of the rotational velocity: vi = (GMag)'/* that
is independent on r. Next, by applying his law to the rotation curve of a sample of galaxies,
Milgrom estimated the value of the universal constant ag to be ag ~ 1.2 x 10~ m s=2. How-
ever, recently it has been shown that this prediction is not universal. Namely, the measured
mass-to-light ratio for the NGC 1052-DF2 galaxy suggests that this object is devoid of dark
matter [52]. This fact poses a challenge to MOND since this theory does not predict the
existence of galaxies with no dark-matter halo. Even though this isolated object does not
entirely rule out the MOND paradigm, it contradicts several other observations, including
the Bullet Cluster. According to the MOND predictions, the gravitational lensing map of
the Bullet Cluster should agree with the distribution of the X-ray gas. However, as we have
already emphasized, the luminous mass distribution is separated from the total mass mapped
by weak lensing. Moreover, MOND is also strongly disfavoured by the Sloan Digital Sky Sur-

vey data, indicating that the observed motions of galaxies within clusters do not match the
MOND’s predictions [53].

A more mature generalization of the MOND paradigm is referred to as the Tensor-Vector-
Scalar (TeVeS) gravity and was developed by Jacob Bekenstein in 2004 as a relativistic gen-
eralization of Milgrom’s theory [54]. One of the main features of TeVeS is that it contains two
additional gravitational degrees of freedom: a spin-0 field ¢ and a spin-1 field A,. Moreover,
it involves two frames: the Bekenstein frame for the gravitational fields and a physical frame
for the matter fields. The action for the metric field is the standard Einstein-Hibert action,
as in GR see Sec.(2.3), whereas the action for the matter contains a physical metric g,,, given
by the following expression:

Guv = €29, — 24, A, sinh (2¢) (1.11)

The existence of two extra degrees of freedom leads to the modification of Newtonian dynam-
ics in the low gravitational potential regime. Even though TeVeS, in contrast with MOND,
can accommodate gravitational lensing, it appears inconsistent with recent measurements of
gravitational waves made by LIGO [55].

Another alternative for dark matter is entropic or emergent gravity. It was originally pro-
posed by Erik Verlinde in 2010 [56] and then developed in 2016 [57]. Entropic gravity emerges
from string theory, black hole thermodynamics, and quantum information theory. According
to this theory, gravity is not a fundamental interaction but rather an emergent phenomenon
resulting from the quantum entanglement of spacetime information bits. Although testing
Verlinde’s proposal seems not feasible, it is challenged on various grounds. For instance, it
has been shown that entropic gravity is inconsistent with the observed data on the rotation
velocities of dwarf galaxies [58].
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1.4 Particle dark matter

Undoubtedly, the best-established and compelling candidate for dark matter is (are) some
elementary particle(s). Depending on the specific model, the dark sector might consist of one
or more degrees of freedom. It is widely believed that dark matter must be made of new yet
undiscovered species (s). The reason why we should go beyond the Standard Model of particle
physics is the fact that this theory does not contain any plausible candidate that could play
the role of dark matter. The majority of the SM degrees of freedom are highly unstable, with
lifetimes far shorter than the age of the Universe. The remaining stable particles, i.e., the
electron and the up and down quarks, are either baryonic or charged under the Uy (1) gauge
group. The only SM species with the required properties to explain the missing mass problem
are three neutrinos, which are stable, non-baryonic, electrically neutral, and highly elusive.
Moreover, the discovery of neutrino oscillations implies that neutrinos have a non-zero mass
[59-61]. At first glance, massive neutrinos that are non-relativistic today could be considered
an excellent dark matter candidate. Their current density can be estimated as [62]

_ Zz My,

2
Qb= 93.14eV’

(1.12)
where the summation of all non-relativistic neutrino states is adopted. According to the
experimental data, the sum of neutrino masses is constrained as [63]

0.06eV <Y my, <0156V, (1.13)
%

The above approximate bounds imply that
0.0006 < Q,h* < 0.0016, (1.14)

which means that cosmic neutrinos are probably a few percent of the total dark matter in the
Universe. Since the rest masses of neutrinos are smaller than the eV scale, they could only
contribute to the hot dark matter. The reason for this is the assumption that neutrinos would
have been in thermal equilibrium with the thermal plasma in the early hot Universe. Even
though neutrinos are non-relativistic at present because their masses are small, they would
have decoupled while being relativistic, see Sec.(2.4.1). Therefore, SM neutrinos could only
contribute to hot dark matter at the time of structure formation and hence cannot account
for all dark matter.

Since there is no viable DM candidate within the Standard Model, dark species are ex-
pected to be some new elementary particle(s) accommodated in some SM extension. Any
such extension must agree with a broad range of cosmological and astrophysical observa-
tions described above. The consistency with the ACDM model implies several constraints on
properties of dark particles [16]:

¢ Almost dark with respect to the SM interactions
Since dark species do not interact with the electromagnetic force, viable dark matter
candidates must have zero quantum number with respect to the SM Uy (1) gauge group.
Moreover, other possible interactions of DM with the SM sector should be feeble not
to spoil the growth of density perturbations.

e Influenced by gravity
The existence of dark matter has been inferred from its gravitational effects. Therefore,
dark matter particles must have a non-zero rest mass and interact with the SM species,
at least through gravity.
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o Massive

Possible masses of DM particles span an enormous range. According to the Tremaine-
Gunn bound [64], the mass of fermionic DM species must be larger than 0.27793) keV at
95% CL [65]. Such bound comes essentially from the fact that using the Pauli Exclusion
Principle, one constraint to which extent fermionic DM could comprise a galactic halo.
It is worth noting that this limit does not apply to bosonic dark matter. In this case, one
gets a weaker lower bound mpy 2 10722 €V originating from the requirement that the
de Broglie wavelength of the DM particle, A\gqg = 27/(mppyv), should be large enough
in order not to spoil the structure formation [66, 67]. Regardless of the spin of DM
species, the upper bound on their mass is 10! GeV [68]. The limit comes from the
requirement that DM is not comprised of black holes.

e Non-relativistic at the time of structure formation
The nature of DM species strongly affects the evolution of the density perturbations.
Cold and hot DM are the two limiting cases corresponding to small and large velocity
dispersion. To account for the observed structure, DM must be non-relativistic by the
redshift z ~ 107.

e Collisionless
Dark matter species should be nearly collisionless, meaning that they hardly interact
with themselves on a large scale except for the gravitational forces. In other words,
DM particles do not lose energy through radiation or collisions.

o (Almost) stable
Dark particles must be stable, or at least, their lifetime must be larger than the age of
the Universe. This is because only cosmic relics could contribute to the energy density
of the Universe, which is 13.8 billion years.

e Primordial origin
The abundance of light elements formed during BBN puts a strong constraint on the
dark matter energy density at that time. Hence, dark matter species must have origi-
nated well before the BBN epoch.

Among these constraints, probably the most important one is just a single number - the
observed abundance of dark matter (1.3) measured by the Planck Collaboration [13]. Tt is
the only DM parameter that has been measured.

Apart from the constraints mentioned above on DM species, our knowledge about the dark
sector is relatively poor and highly unsatisfactory. Very little is known about dark particles’
basic properties, so the viable theory space is vast. Moreover, depending on the specific
model, the dark sector might consist of one or several different kinds of elementary particles
or even be in the form of composite objects. To characterize the dark sector, one could
address the following issues: What are the spin and the mass of DM species? How do they
interact with the SM degrees of freedom? In addition, we also would like to know what is
the origin and nature of DM species. What mechanism is responsible for their production in
the early Universe? Given that possible masses span an enormous range of scales and that
the viable parameter space for DM interaction strength is poorly constrained, a plethora
of Beyond the Standard Model (BSM) models are considered a viable possible explanation
of the dark matter puzzle. DM candidates can be classified according to several categories
described below.

1.4.1 Spin

Dark matter particles could have both bosonic as well as fermionic nature. However, as
mentioned above, fermions with mass below the ~ keV scale are not plausible DM candidates.
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Among bosons, dark matter scalars and vectors are the most established candidates, whereas
spin-1/2 particles are the most popular fermionic DM pretenders. However, it should be
stressed that particles with higher spins, e.g., s = 3/2 [69-71], s = 2 [72-74], or even higher,
i.e., s > 2 [75-77] could also act as viable DM candidates. The origin of DM scalars, spin-1/2
fermions, and vectors can be very different; however, the Higuchi bound on the mass of higher
bosonic spin states [78], m? > s(s — 1)H?, with H being the Hubble rate, implies that such
species might have a gravitational origin.

1.4.2 Mass

Depending on mass, one distinguishes several types of dark matter candidates. To saturate
the observed DM abundances, particles with different masses typically have very different
production mechanisms, which generally are operational in a given mass range.
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FIGURE 1.4: The mass range of particle DM candidates.

Ultra-light dark matter

Particles with mass below the ~ keV scale are usually ranked as ultra-light dark matter,
for a comprehensive review, see [79]. These models have gained much attention recently due
to their wave properties of forming a Bose—Einstein condensate or a superfluid on galactic
scales. Ultra-light species collectively behave as a coherent field with a typical the de Broglie
wavelength of the order of \qg ~ 0.4kpc (10722eV /mpy) [16]. Their occupation number,
N = ”D—M)\gB, is quite large, i.e., N > 1, which indicates that ultra-light DM can be

mpwm
effectively described as a classical field.

The evolution of scalar ultra-light DM fields is governed by the Schrédinger—Poisson equa-
tion. It turns out that ultra-light scalar particles behave as condensate on galactic scales,
which could address some of the small-scale shortcomings of the CDM, e.g., the cusp-core
problem. However, on larger cosmological scales, ultra-light DM behaves as a standard
CDM. Models with ultra-light DM are classified into three main classes.

e Fuzzy dark matter refers to a gravitationally bounded ultra-light dark scalar with
mpym ~ 10722 eV, see, e.g., [80, 81]. This model predicts that condensation of the spin-0
field is achieved in galaxies where the quantum pressure counterpoises the gravitational
attraction.

¢ Self-interacting fuzzy dark matter, or repulsive DM, scalar field DM, fluid
DM is a model with a dark scalar field, in the presence of gravity, with a (usually)
2-body self-interaction [79]. The inclusion of this interaction leads to the emergence of
superfluid behavior when the scalar field undergoes condensation.

e In DM superfluidity models, dark matter is treated as a condensate of axion-like
particles that behaves as a special liquid, which lacks viscosity on the galaxy scales
[82]. Collective excitations of this superfluid lead to a new long-range interaction, in
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addition to gravitational force, which explains the flattening of galaxy rotation curves.
On the other hand, dark matter is in a normal phase at the scale of galaxy clusters and
behaves as a set of incoherent particles.

Axions

The mass range between ~ 1076 and ~ 107* eV is known as the "classic" window for the
QCD axions. The QCD axions a were originally postulated by Peccei and Quinn in 1977 to
resolve the strong CP problem in quantum chromodynamics [83, 84]. They proposed a new
U(1)pq symmetry, known now as Peccei-Quinn (PQ) symmetry, that is spontaneously broken
at a high energy scale f,. Steven Weinberg and Frank Wilczek independently realized the
existence of a new pseudo-Nambu-Goldstone (pNG) boson emerging from the spontaneous
breaking of the global symmetry [85, 86]. The name axions was coined by Wilczek after
a brand of laundry detergent because axions were supposed to "clean up" the strong CP
problem. The density Lagrangian of a proposed model is given by

£ baep 3> G Gl + %%Ggyag‘”, (1.15)
where the first time violates the CP symmetry, whereas the second term is a low energy
effective Lagrangian for the pNG of the PQ symmetry. Above, Oqcp is a QCD parameter
which can be understood as an angle determining the vacuum of the theory, a,g is the fine-
structure constant, Gy, and G denote the gluon field strength tensor, and its dual. The
second term in Eq.(1.15) effectively replaces the CP-violating term since the axion field can
be redefined absorbing fgcp. The crucial part of the PQ mechanism arises from the fact that
the potential of the a field has a minimum at the CP-conserving value 6gcp = 0. Hence,
the non-trivial topological configurations of the QCD vacuum generated by the CP-violating
term are canceled dynamically, effectively solving the strong CP problem.

Axions acquire a non-zero mass through the mixing with neutral pion and other mesons

[87]

(1.16)

1 12
Mg = 57006V < 0 GeV).

Jfa

The mass of the axion field should be considered as a QCD effect. Therefore, it vanishes in the
early Universe, above the QCD scale. The theory does not fix the scale of the PQ symmetry
breaking f,, and to evade current experimental constraints, it should be higher than 107GeV.
The moment the phase transition occurs defines the subsequent evolution of axions. One
typically distinguishes two types of models, i.e., pre-inflation and post-inflation scenarios, in
which the PQ symmetry is broken before and after the inflationary phase, respectively. De-
pending on the specific model, axions can be produced due to the thermal interactions with
the SM bath, via the vacuum realignment mechanism (VR), also known as the misalignment
mechanism, and as a result of the decay of topological defects (TD). Axions cannot comprise
all DM if they are thermal relics since they contribute to the hot dark matter. Moreover,
if axions were topological defects produced prior to inflation, they should have been wiped
out by the exponential expansion of the Universe. Vacuum realignment in the pre-inflation
scenario would require fine-tuning the initial misalignment angle 6;. For instance, if we fix
0; ~ 1, the matching with the observed relic abundance can be achieved for m, ~ few ueV,
but by varying the value of 6;, such that 6; € (0.3,3) one widens the allowed mass range
ma € (1079 — 107%) eV [87]. Finally, to saturate the observed DM relic density, the mass of
axions produced through VR and TD mechanisms after inflation could only lie in a narrow
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window around ~ 1072 eV.

The existing constraints for the QCD axions as CDM can be easily relaxed is one gener-
alize the Peccei-Quinn idea to a more generic model in which the mass of the pNG boson is
independent of its coupling. The string theory predicts the existence of other light bosons
A, dubbed as axion-like particles (ALPs), as a result of the spontaneous breaking of
global symmetries at high energies [88]. ALPs could also be produced via the realignment
mechanism. Moreover, ALPs, similar to QCD axions, couple to photons via the operator

Ly = —%AFWFW, (1.17)
with F,, being the electromagnetic tensor and FW its dual. The axion-photon coupling g,
is inversely proportional to f,, and hence, in the light of Eq.(1.16), it is proportional to
axion mass. On the other hand, the ALP-photon coupling g4, is generally unrelated to the
ALPs mass, which untightens the existing bounds for QCD DM axions. Depending on the
value of ga., ALPs could serve as a viable DM candidate while evading current experimental
constraints in a wide range of masses ma < 10%eV [87].

Light dark matter

DM particles with mass in the range keV — 10 GeV traditionally fall into the category of light
dark matter. The above mass range encompasses sterile neutrinos and several thermal
DM candidates called Sub-GeV. The former has been introduced to resurrect neutrinos
as viable candidates for dark matter. This can be done by postulating the existence of an
extra heavy "sterile' neutrino with feeble interactions with the SM bath. It is worth noting
that this proposal could also provide a simple explanation for the observed oscillations of
DM neutrinos via the seesaw mechanism, see, e.g., [89]. Sterile neutrinos could act as viable
DM candidates if their mass is of the order of the keV scale [90-92]. Sterile neutrinos do not
carry any SM gauge charges; however, they should interact with other species to be efficiently
produced in the early Universe. Typically, three different scenarios are taken into account.
Namely, sterile neutrinos could have been produced by the weak interaction through mixing
0 with the SU(2); charged SM neutrinos, see, e.g., [93, 94]. Another possibility is that
sterile neutrinos might have had new gauge interactions at high energies and thus could have
been produced thermally by these interactions [95, 96]. Finally, sterile neutrinos could also
have been created non-thermally by the decay of some heavier state in the early Universe.
Depending on the model, sterile neutrinos could be produced either in decays of the SM fields,
e.g., pions [97, 98], the Higgs boson [99], and the W boson [100], or in the decay of some new
BSM degree of freedom [101, 102]. It should be stressed that the standard keV mass scale
is only favored for sterile neutrinos produced via the active-sterile mixing, whereas for the
remaining two production channels mass of sterile neutrino can be well above the electroweak
scale [89].

Dark or hidden sectors

Another class of DM candidates below the GeV-scale is referred to as dark or hidden
sectors, containing both the DM species and other light states [103-106]. Apart from a DM
candidate, such models involve new light mediator states with sufficiently small couplings
to the SM particles. The mediator and DM are part of a secluded sector linked to the SM
sector with a portal. SM symmetries allow only a few possibilities [16], e.g., the axions portal,
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where a psudoscalar a couples to SM fermions % fA"~°f, or to SM gauge bosons JiiaGWéW,
J?—GFWFW, the Higgs portal, where the coupling of the scalar mediator ¢ to the SM Higgs h

generates Yukawa interactions with SM fermions y ;¢ ff after the EW electroweak symmetry
breaking, neutrino portal, where the sterile neutrinos serve as a mediator that couples to
the SM lepton doublet L via the operator Lhyg, and the kinetic mixing portal referring to
the kinetic mixing of dark photons with the SM photons V), F*¥, with x being the kinetic
mixing parameter, and V), denoting the field strength tensor of a dark U(1) symmetry. The
sub-GeV DM has a rich phenomenology, which is still under active investigation.

WIMPs

Presumably, the most frequently explored mass range spans over the O(10) GeV scale up
to 10 TeV. This is the standard mass window for weakly interacting massive particles
(WIMP) - one of the leading DM candidates. A comprehensive review can be found in
Ref.[107, 108]. Although there is no precise definition of WIMP, this term generally refers to
a non-baryonic and non-relativistic massive particle interacting with the SM sector via weak
or sub-weak interactions. The WIMP mass typically lies in the range from about 2 GeV (the
so-called Lee-Weinberg bound) up to ~ 100 TeV (the unitarity bound) [109]. This relatively
old idea emerged from at the turn of the 1970s and 1980s [110, 111], and over the last four
decades, it has remained the most common paradigm to explain the DM puzzle.

There are several reasons why the WIMP paradigm is still in vogue. First of all, WIMP
species come up in various well-motivated BSM modes. A favorite WIMP candidate arises
in the supersymmetric extensions of the SM, e.g., in the Minimal Supersymmetric Standard
Model (MSSM), in which each SM species has a supersymmetric partner whose quantum
numbers are the same, but a spin is different by a factor of 1/2 from its SM counterpart.
Due to the R-parity, the lightest supersymmetric partner is stable and can serve as a WIMP
candidate for DM. Moreover, what makes the WIMP scenario particularly attractive is the
so-called "WIMP miracle’. This catchy term refers to the profound connection, or maybe
just a coincidence, between the WIMP annihilation cross section and the observed relic abun-
dance of dark matter. Dark matter in the form of WIMP is supposed to be a thermal relic
from the early Universe. When the temperature of the Universe was sufficiently high, WIMPs
were in thermal equilibrium with the SM bath, meaning that they interacted with each other
efficiently. At that time, WIMPs would have been produced from the annihilations of other
particles in the thermal bath. The rate of such interactions was fast enough to maintain
WIMPs in thermal and chemical equilibrium with other species. However, as the Universe
cooled down, the time scale of such interactions could have decreased faster than the scale of
expansion, and the relevant interaction rate became too small to maintain particles in equi-
librium. WIMPs then decoupled or froze out from the thermal bath, and their abundance
reached an asymptotic value. In other words, after freeze-out, the number of WIMPs per
comoving volume remained constant. WIMPs with stronger interactions would have stayed
longer in thermal equilibrium and, hence, less abundant. The freeze-out abundance can be
related to the DM relic density observed today. Now the "miracle" happens. It turns out
that the relic abundance of WIMPs with mass of the order of the electroweak scale, i.e.,
mwimp ~ 100 GeV, can be estimates as [14]

3x 107 2"ecm3 s !
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Hence, for a cross-section characteristic for electroweak interactions ~ 10726 cm3s~! one ob-
tains the right relic density for dark matter, i.e., Qwmph? ~ Q%bl\ilh2. Hence, if the dark

QWIMPhQ ~ (118)

3.1
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sector is made of WIMPs whose mass and coupling scales are close to the SM ones, the ob-
served abundance of DM is achieved intrinsically. At this point, it should be emphasized that
the assumption of WIMPs being thermal relics imposes quite strong constrain on their mass.
In particular, WIMPs more massive than ~ 100 TeV would be dramatically overabundant,
leading to an over-closure problem. The "WIMP miracle' happens only for WIMPs with
masses of the order of the TeV scale.

Over the years, the WIMP scenario has been considered a seductive hypothesis due to its
(prospective) testability. For a long time, it was expected that WIMPs with masses around
the TeV scale should be not only within sight of high-energy colliders [112-114] but also of
direct [115-117] and indirect [118, 119] DM searches. The fact that this scenario has many
potential implications for various experiments has driven much effort in the search for WIMPs
in the last decades. Although this possibility has been extensively studied for many years,
no signals have been found yet.

WIMPZILLASs

The assumption of relatively low-mass DM seems quite natural, and therefore, most of the
theoretical efforts have been put into such candidates, whereas over the years, the heavier
mass region has not been extensively explored in the literature. Thus paradigm was finally
questioned by Edward W. Kolb, Daniel Chung, and Antonio Riotto, who claimed that DM
might be made of superheavy particles with masses larger than the weak scale by several
orders of magnitude [120, 121].

Dark matter particles above the O(10) TeV scale were christened by the name WIMPzillas
[68]. The scenario considered by Kolb, Chung, and Riotto was developed in opposition to
the WIMP paradigm. They claimed that "Dark matter may be much more massive than usu-
ally assumed, much more massive than wimpy WIMPS, perhaps in the WIMPZILLA class'
[68]. In this alternative proposal, the dark sector is composed of superheavy particles with
masses ranging from 102 up to 10'® GeV. The main distinguishing feature of WIMPzilla
from "wimpy WIMP" is that the former is not a thermal relic. Otherwise, if WIMPzillas were
in equilibrium at the freeze-out time, their relic abundance would be much larger than the
observed value. Because WIMPzillas particles are not thermal relics, their present abundance
is not determined by their cross-section. To reproduce the observed dark matter relic density,
the fraction of total DM energy density in the form of WIMPzilla at the time they were pro-
duced must be tiny. Therefore, one expects WIMPzillas to have feeble interactions with other
species. In the extreme case, one could even consider an extreme scenario where WIMPzillas
are coupled directly neither to the SM sector nor to any other hidden sectors. Surprisingly,
even if WIMPzillas have only gravitational interactions, numerous non-thermal mechanisms
might populate the dark sector. Pure gravitational production is considered one of the most
elegant mechanisms for DM production. Kolb, Chung, and Riotto considered the scenario
where superheavy DM is produced during the transition between the inflationary phase and a
matter-dominated (or radiation-dominated) epoch as a result of the "non-adiabatic expansion
of the background spacetime acting on the vacuum quantum fluctuations" [120]. Conceptu-
ally, this mechanism has much in common with the inflationary formation of gravitational
perturbations and will be discussed in more detail later. The notable feature of this process
is the capability of creating particles with a mass of the order of the Hubble scale during
inflation, regardless of their other interactions. In addition, they also demonstrated that
WIMP<zillas particles with mass up to 10® H,, with H, being the scale of Hubble rate at the
end of inflation, can be produced via a broad parametric resonance during the preliminary
stage of reheating called "preheating" [122-127].



Chapter 1. Whispers from the Darkness 18

Composite dark matter

Dark matter heavier than the Planck mass scale might be made of macroscopic composite
objects, i.e., bound states of lighter species. For instance, it is known that the gravitational
collapse of a scalar field condensate could lead to the formation of a boson star [128]. Such
phenomenon is observed for a collection of axions that condense into an axion star [129].
There is a chance that a significant fraction of dark matter is in the form of such non-luminous
stars. A somewhat related possibility is that of supersymmetric Q-balls - coherent state
of a complex scalar field, or more precisely, stable non-topological solitons carrying baryon or
lepton number [130]. Finally, ultra-heavy DM can also be in the form of nuggets of quark
matter - an exotic phase of "quark matter" that could have been created at high baryon-
number density and low-temperature [131]. The authors of Ref.[132] demonstrated that dark
quark nuggets are unavoidable in confining gauge theories that generically admit a first-order
phase transition and a dark baryon asymmetry. Depending on the confinement scales, their
mass can be as large as 10?3 g with the corresponding radius 10% cm.

1.4.3 Thermalization

Dark matter models can be also distinguished depending on whether DM species were or were
not in thermal equilibrium with the SM bath, see Appendices (B) and (C). The production
mechanism and thus the dynamics of DM species are determined by their strength of their
interactions with the visible sector. Namely, the evolution of the dark sector can be described
in a model-independent way by its thermally-averaged interaction rate (o|v|) with the thermal
bath, see (6.177). One singles out three main scenarios.

Hidden sect
IR-dominated Pandemic DM Symmetric |fre¢::;imor

thermal relics
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IR-dominated Freeze-out

DM production Forbidden DM
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FIGURE 1.5: Various DM production mechanisms.
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Thermal freeze-out

For large enough (o|v|), such that the interaction rate I' = n!(o|v|), with n¢ being the equi-
librium number density (for a negligible chemical potential, n! will be defined in Eq.(2.113)),
exceeds the Hubble rate H, DM species were in thermal equilibrium with the SM bath at
early times. In such models, DM starts its evolution with a large number density. At high
temperatures, DM-SM interactions proceed rapidly, relative to the Universe’s expansion. As
the temperature of the Universe drops, dark species lose their initial abundance, following
the equilibrium distribution. When the temperature is of the order of the DM mass, dark
species are so dilute that their interaction rate eventually drops below the Hubble rate. The
transition between these two regimes, i.e., efficient and inefficient interactions with SM bath,
is called freeze-out. Around this moment DM interaction rate equalized with the Hubble
rate, i.e., ' & H, and as a result, the comoving number density of dark species becomes fixed
and stays constant up to now. The strongest coupling is, the longer DM particles remain in
thermal equilibrium with the SM bath, leading to a lower freeze-out abundance, cf. Fig.(1.6).

Note that the present amount of thermal relics have no memory of the initial conditions
and does not depend on the details of the production mechanism. This is because ther-
malization washes out any dependence on initial conditions. The role of the SM sector in
this scenario boils down to the suppression of initial (most presumable large) DM abundance.

The best-established realization of thermal freeze-out is the standard WIMP scenario dis-
cussed above. However, this is only one of the simplest examples of a much broader class
of models. The whole landscape is diverse and rich, as it spans various scenarios, including
symmetric thermal relics [111], hidden sector freeze-out [103, 133, 134], forbidden dark matter
[135, 136], strongly interacting massive particles (SIMPs) [137, 138], asymmetric dark matter
[139, 140], co-annihilations [135], co-scattering [141], and many more.

Freeze-in

If DM interactions with the SM bath are weak, thermal equilibrium cannot be achieved.
DM particles starting their evolution with a large abundance would have been overproduced,
which, in turn, would have led to the over-closure of the Universe. On the other hand, if the
initial abundance of dark particles was tiny, or even zero, feeble interactions with the SM
quanta gradually increase the number of dark species whose abundance accumulates with
time. The production of DM particles stops when the temperature of the Universe drops
below DM mass since thermal plasma no longer has enough energy to create dark particles.
The main aim here is to reproduce the exact present abundance.

The above described thermal freeze-in' scenario [142] can be viewed as the opposite mech-
anism to thermal freeze-out. Feebly Interacting Massive Particles (FIMPs) never attained
thermal equilibrium with the SM sector. The latter’s role is now to create DM species, not
to decrease its initial abundance, as in the freeze-out mechanism. This process might not be
efficient enough for too small couplings to saturate the relic density. On the other hand, if
DM-SM couplings are too high, one would end up with too much dark matter. Hence, unlike
freeze-out, the abundance of DM produced via freeze-in increases with (o|vl), cf. Fig.(1.6).

'The term ’thermal’ refers here to SM particles comprising thermal bath, from which DM species originated.
It does not refer to dark matter, which is not in thermal equilibrium.
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FIGURE 1.6: Schematic comparison of the freeze-out (solid curves) and freeze-in (dashed curves)
mechanisms. Red curves correspond to a lower value of (c|v|). Y = n/s denotes the DM yield, with
s, denotes entropy density (2.136). Gray dashed curve presents the evolution of Yoy = neq/s.

Moreover, the number density of FIMPs initially increases with time and frozen-in when
T ~ mpy, contrary to WIMPs whose abundance exponentially decreases with time up to the
point when it freeze-out to a constant value. Moreover, let us notice that the relic density
of FIMPs depends on the initial conditions and has a memory of the Universe’s expansion
history.

Several important questions arise, for instance, when, or in other words, at what tempera-
tures WIMPs are produced. Typically this is determined by the ratio I'/ H, or more precisely,
the moment at which it is maximized. One distinguishes two possible scenarios. Namely, the
UV freeze-in [143], in which I'/H reaches its maximal value at high temperatures, and
the IR dominated freeze-in for which I'/H is maximized at low temperatures, typically
around the DM mass threshold [142]. Now let us briefly examine what type of interactions
could lead to UV and IR freeze-in. To that end, we assume that DM interactions can be
described within the effective field theory (EFT) framework. In this case, the temperature
dependence of the thermally averaged DM cross section can be parametrized as,

T2(d—4)-2

W7 (1-19)

(o|v]) ~
where A denotes the EFT cutoff, and d is the mass dimension of an operator O which mediates
DM-SM interactions. Using the fact that npy ~ T3, and adopting the following scaling of
the Hubble rate H ~ T?/Mpy, one finds

r Mp1o(a—1)-1

From the above estimations, one can see that if the operator O has a mass dimension d < 4,

then the % ratio decreases as T increases. Hence, the IR-dominated freeze-in typically
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emerges from renormalizable interactions. On the other hand, Eq.(1.20) implies that for
d > 5, the % ratio decreases with T', and therefore, it is maximized at the highest tempera-

ture scales. Thus, higher-dimensional interactions lead to the UV type of freeze-in mechanism.

From the above discussion, one infers that DM abundance depends on the history of the
early Universe in the UV freeze-in scenario. Hence, it might be very different in various
cosmological models, depending on how the Universe evolved at the very early times. The
UV sensitivity, in particular, means that DM abundance can access information about the
Universe at very high temperatures.

Another key question is what type of interactions could create DM via the freeze-in mech-
anism. Similar to thermal freeze-out, freeze-in zoology is tremendous. Here we list only a
few of them, including portal models, where DM species interactions with the SM bath arise
through the so-called Higgs portal [144—146], or as a result of mixing between the hidden U(1)
gauge boson and the SM hypercharge [147-149], or via the spin-2 portal [150-153], etc. An-
other example is the pandemic DM [154, 155]. and superWIMPs [156]. For a comprehensive
review, see [157].

Non-thermal production

Finally, let us consider the extreme scenario where DM interactions with the thermal bath
are so weak that SM particles cannot produce the observed amount of dark matter. One
would naively expect that such a scenario is unrealistic since we observe some signatures of
dark matter from which we have inferred its existence. However, we should be aware that the
DM’s origin is not necessarily related to the SM sector. In fact, there is no profound reason
to assume that the genesis of DM is associated with its interactions with the SM particles.
If it is, then we are, in some sense, lucky since then we might have some chance to see its
imprints in collider or direct searches. If not, then ... a plethora of possible models would
still be overwhelming.

This idea is not new, and many models exist in the literature. Among the best-established
scenarios are the misalignment mechanism for axion-like-particles [86], non-perturbative grav-
itational production from the rapidly changing metric [120, 121, 158-173], production from
the inflaton field [174-178], DM production via non-minimal couplings to gravity [179-181],
the evaporation of PBHs [182-185], etc.

1.5 Gravitational dark matter

Despite unprecedented efforts made to experimentally confirm the existence of dark matter
particles, so far, neither on Earth nor in the sky, any single DM imprint has been detected.
Even though it is still too early to completely discard the WIMP paradigm, the complete
lack of any signal motivates the consideration of alternative, slightly more pessimistic DM
scenarios.

The purely gravitational dark matter is one of the most elegant and minimal mod-
els for a dark sector. Particles interacting with other species only through gravity seems to
be an appealing explanation for the dark matter puzzle. Although such a scenario appears
very well-motivated and natural, it has not been extensively explored in the literature for
many years. The reason for this may be associated with the perceived difficulty of testing
it. Even if the observational prospects are not very promising, certain signatures of purely
gravitational dark matter are expected [186, 187], and the scenario itself can be ruled out if



Chapter 1. Whispers from the Darkness 22

the inflationary scale is found to be low.

A key question one might raise is what makes gravitational DM production compelling.
First and foremost, it is its inevitability. The gravitational coupling is universal and thus
irreducible. Hence, the issue to be addressed is not whether dark matter is produced gravi-
tationally but rather when and how many dark particles are created that way. Thus, purely
gravitational dark matter production might provide the ultimate lower limit for the DM
abundance that should be taken into account in any non-thermal scenario.

Moreover, it is also a complementarity between the dark sector and the primordial Universe.
This results from the fact that the produced amount of dark matter is strongly attached to
inflationary observables, which we hope to measure in the near future.

Lastly, it is also the minimalism and simplicity that make this scenario so appealing. To
fully determine the gravitational production of dark matter species, one should only specify
two basic DM characteristics, i.e., its spin and mass, and adopt some inflationary and post-
inflationary scenarios. That is all we need to determine the whole dynamics of dark matter.
The model-dependent part of this scenario is associated with a choice of the early-Universe
model, which determines the background dynamics during and after cosmic inflation. It
should be highlighted that no other direct coupling to matter fields or curvature are not
required.

We also want to emphasize that this scenario has incredibly rich and involved phenomenology.
Many different gravitational processes might contribute to the population of a dark sector.

One of them is related to particle production by the external gravitational field from vacuum

(GP). This idea dates back to 1939 when Erwin Schrédinger noticed that '[...] proper vibra-
tions cannot be rigorously separated in the expanding universe [...| With particles it would
mean production or annihilation of matter, merely by expansion, |[...] Alarmed by these

prospects, I have examined the matter in more detail.” [188]. Schrodinger called this effect
"alarming phenomenon” as a bug. It took many years for this phenomenon to be recognized
as a reliable mechanism for particle creation. Leonard Parker was one of the first to notice
the tremendous cosmological significance of this process. In one of his works, we can read
"...] for the early stages of a Friedmann expansion particle creation may well be of great
cosmological significance, especially since it seems inescapable if one accepts quantum field
theory and general relativity. " [158]. Gravitational particle production gained much attention
in the 1980s through the work of Mukhanov and Chibisov, who used it to explain the origin
of matter perturbations leading to galaxy formation [189]. It has been used in a broader
context, including inflationary fluctuations [190-195] as well as the Hawking radiation [47].
But what exactly is GP, and how is it related to dark matter?

Cosmological gravitational particle production can be considered as an analog of a quantum
harmonic oscillator when the spring constant changes suddenly [196]. The GP mechanism
refers to the particle creation by the violent cosmological expansion. It is viewed as a generic
consequence of the behavior of quantum fields in the expanding Universe. Namely, fields
that are not invariant under conformal transformation® develop a time-dependent dispersion
relation due to the coupling with gravity [159]. When the dispersion relation evolves non-
adiabatically for some Fourier modes, the field gets excited out of its vacuum state, which,
in turn, is interpreted as a particle creation [197, 198]. This implies that the expanding Uni-
verse inevitably creates all fields, including dark matter. In the absence of other couplings,
which could be responsible for the production of DM, the GP mechanism might provide an

2Conformal invariance of a given field operationally boils down to a vanishing trace of its stress-energy
tensor.
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irreducible source of dark matter particles.

Only recently, it has been realized that DM species might also be created gravitationally
from the thermal bath via graviton exchange [152, 153, 199, 200]. Such a scenario can be
classified as a UV-dominated freeze-in, which exhibits sensitivity to the initial conditions and
is most operative at the highest possible energy scales. It emerges from the universal graviton
coupling to the energy-momentum tensors of the DM and SM species.

Even more recently, it has been established that a similar mechanism might also induce
DM creation directly from the inflaton field [2, 3, 201-204].

1.6 Introduction

This work emerged from the need to establish and systematize knowledge about purely grav-
itational vector dark matter. When I began my doctoral studies in 2018, this topic was
relatively unexplored in the literature. Of course, the purely gravitational dark matter sce-
nario existed long before I started investigating this topic. However, at that time, the main
emphasis was put on scalar dark matter, whose purely gravitational production was discussed
in many works, including [120, 162-164, 172]. The very first study of purely gravitational
spin-1 field was performed by Graham, Mardon, and Rajendran in 2015 [169]. This analysis
assumes a very specific cosmological scenario: the immediate transition from the inflationary
into the radiation-dominated Universe. Such a premise is reasonable for light spin-1 particles,
but is it also true for heavy vectors? It was precisely this question that became the main
motivation for undertaking this work.

As mentioned several times above, the efficiency of non-thermal mechanisms of DM pro-
duction is the highest at very early times. Hence, such processes exhibit strong dependence
on the dynamics of the primordial Universe. According to the well-established cosmic infla-
tionary paradigm, the Universe underwent a phase of accelerated expansion in its early stages
[205-210]. Although the inflationary paradigm is incredibly successful, it cannot explain all
the puzzles alone. For instance, how the Universe transitioned from the super-cooled stage
at the end of inflation into a hot and thermal phase. An additional mechanism is needed to
account for the energy injection into the SM sector. It is believed that such processes oc-
curred during the epoch of reheating [122-127, 207, 211-213]. Very little is known about the
physics of this phase. Its dynamics is expected to be highly involved and model-dependent.
However, it is likely that reheating was not instantaneous, which implies the existence of a
new cosmological epoch just after the end of inflation but prior to the onset of the RD era.
Its presence might have a significant effect on dark matter production.

Thus, we see that the origin of purely gravitational dark matter is intricately linked to the
evolution of the early Universe. Hence, any attempts to disregard or trivialize this fact are
a priori incomplete and might lead to oversimplified results. The dynamics of the Universe
in this scenario cannot be treated only as a background in which particle creation occurs.
Instead, it should be viewed as a real source of dark species. This, in turn, means that the
evolution of the dark sector is inextricably associated with the dynamics of the Universe itself.
Therefore, the key issue to address is to answer the question of how the primordial Universe
evolved.

The details of the reheating phase are hardly known. In particular, we have no idea how it
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occurred or how long this process lasted. However, we do know that the finite duration of
reheating might significantly influence dark matter production, leaving an imprint on its relic
abundance. To investigate this effect, we study several perturbative but non-instantaneous
reheating scenarios which could give rise to a non-standard cosmology [214-219]. This term
refers to an early period (before the Big Bang Nucleosynthesis) that deviates from the stan-
dard radiation domination. The existence of non-standard cosmologies might have a sig-
nificant effect on dark matter production. Moreover, such a scenario has incredibly rich
phenomenology, which potentially might be probed in the spectrum of primordial gravita-
tional waves.

Finally, it turns out that purely gravitational particle creation does not exhaust all dark
matter production mechanisms. Namely, dark particles can also be produced directly from
the inflaton field and the SM quanta due to Planck-suppressed gravitational interactions. The
existing literature [152, 153, 199-204] focuses on scalar and fermionic dark matter, and does
not fully include subtleties associated to the semi-classical nature of the oscillating inflaton
field. However, what is even more important is the fact that in previous works, these three
mechanisms were discussed separately without considering their cumulative effect. Such an
approach is not well justified since all these processes might generally operate together and
are indicative of the same phenomenon - gravity. Hence, a complete picture of purely gravi-
tational dark matter involves not only the incorporation of the early Universe’s dynamics but
also the discussion of all these effects that inevitably lead to the population of the dark sector.

This thesis is structured as follows. Chapter (2) provides a pedagogical introduction to
particle cosmology. The inflationary paradigm is briefly discussed in Chapter (3). Some
original results presented in this part are based on [1, 2]. The remaining part of this thesis
presents only our original work. Chapter (4) is devoted to non-standard reheating scenarios.
Some part of the discussion has already been published [2, 3], while the other part is the sub-
ject of ongoing work. In chapter (5), we elaborate on the impact of non-standard cosmologies
on the primordial gravitational wave spectrum, relying on Ref.[1]. Finally, in chapter (6), we
discuss the production of purely gravitational dark matter vectors in detail. The first part
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of this chapter, regarding non-perturbative gravitational production, is based on [4], whereas
perturbative processes have been partially discussed in Refs. [2, 3]. We conclude in chapter

(7).
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Chapter 2

Standard Cosmology

In this chapter, we briefly review the fundamentals of the standard cosmology, based on
several excellent cosmology references, including both classical textbooks [220-225], as well
as more recent reviews [19, 226], and lectures notes [227-230]. We commence by provid-
ing a concise overview of Einstein’s theory of gravity in Sec.(2.1). We accomplish this by
introducing fundamental concepts and outlining the mathematical structures that underpin
general relativity. Then, in Sec.(2.2), we discuss the isotropic and homogeneous universe
whose metric is in the Friedmann-Lemaitre-Robertson-Walker (FLRW) form. Section (2.3)
is devoted to Einstein’s field equations. Here, we derive two fundamental equations for cos-
mology, i.e., the Friedmann and the Raychaudhuri equations, and study their approximate
analytical solutions for a single-component universe. Afterward, in Sec.(2.4), we character-
ize our Universe by providing the current estimates for some key cosmological parameters
describing the ACDM model. The quoted values are mostly inferred from the recent Planck
2018 measurements of the CMB anisotropies [13]. In the remaining part of this section, we
present some crucial events of the standard cosmology and discuss the hot Big Bang (BB)
thermodynamics. Finally, in the last section, (2.5), we list some puzzles of the BB paradigm
and review the motivation for cosmic inflation.

Disclaimer: The chapter has a pedagogical character and should be viewed as an elemen-
tary introduction to more involved topics discussed in this thesis. Readers already familiar
with the basic concepts of standard cosmology might skip it.

2.1 Elements of General Relativity

The general theory of relativity (GR) is based on two assumptions:

1. the principle of equivalence, which can be formulated in the following manner: "at
every spacetime point in an arbitrary gravitational field it is possible to choose a "locally
inertial coordinate system" such that, within a sufficiently small region of the point in
question, the laws of nature take the same form as in unaccelerated Cartesian coordinate
systems in the absence of gravitation" [220].

2. the principle of general covariance, which states that the form of physical laws is
invariant under arbitrary differentiable coordinate transformations.

According to the first postulate, gravitational and inertial masses are equivalent. Moreover,
the principle of equivalence states that the effects of gravitation are indistinguishable from the
free fall because it is possible to choose a locally inertial frame at each point of space. Finally,
it asserts the existence of a locally inertial frame with the structure of the flat Minkowski
space.

In addition, the principle of general covariance implies that physical equations hold in a gen-
eral gravitational field if i) they agree with the laws of special relativity in the absence of
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gravity, ii) they preserve their form under a general coordinate transformation, i.e., z — z’.
Hence, writing an equation invariant under such transformations essentially boils down to
recognizing tensor equations, which are consistent with special relativity in the Minkowski
spacetime, substituting the flat metric 7,,,, with the curved one g,,, and replacing ordinary
derivatives 0,, with covariant ones D,,.

One of the most relevant concepts in GR is the unification of three spatial dimensions with
one dimension of time into a single four-dimensions spacetime. In GR, spacetime is a differen-
tiable manifold locally homeomorphic to RY. This, in particular, implies that one can assign
a set of coordinates z# = {20, 2!, 22, 23} to each patch of spacetime. Furthermore, from the
principle of equivalence, it follows that at each point of spacetime, one can also choose a set
of locally inertial coordinates ™ = {£9 &1 €2 ¢3}. Then, a line element in the vicinity of a

given point is
ds® = Ny d€™dE", (2.1)

with 9, = diag(1, —1, —1, —1) being the flat Minkowski metric, while d¢" denotes an inertial
infinitesimal displacement.
These two sets of coordinates are related to each other through

_ogn

which, in turn, implies
OE™ E™

ds® = Gudatdx” I = ”’””Waxv' (2.3)

Above, we have introduced the symmetric metric tensor g,,, whose inverse is defined by the
following relation:

99" = 0y, (2.4)

The Minkowski metric is static. In contrast, g, is a function of both time and spatial coor-
dinates, i.e., g = guv(t, ). More precisely, the spacetime dependence of the metric tensor
involves the effects of gravity, which, in turn, depends on the matter distribution through the
Einstein equation, see Sec.(2.3).

Let us now briefly discuss the dynamics of a freely moving particle. According to the first
postulate of GR, its equation of motion, or the so-called geodesic equation, reads [220]
d?a? e dz# dzv
dX2 Y d\ d

=0 (2.5)

with A being an affine parameter of the particle’s trajectory, e.g., its proper time, whose
interval is defined as A7 = [ v ds?. The Christoffel symbols, or the so-called affine connection,
are defined as

™ = %€ iA

W Dk Oz

(2.6)
Using the definition of the metric tensor, one obtains

A T opA mp P _ ©
Law 29 (856” + oxt  Qxr )’ (2.7)
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Note that the affine connection vanishes in flat spacetime, described by the Minkowski metric
tensor 7)qyp.

Next, let us consider an arbitrary coordinate transformation of the form z# — z/#. A mixed
tensor with upper indices puv ... and lower indices p,o ... changes as

ox'M 9z Ox® 2P
. Iuv- (1 — AK...
T;;(g:) — Tp’;’.’”(x )= 9% Dar " Da'? Dl B i (2.8)
The metric tensor g,, transforms as a covariant tensor
dx® 0z
guu(l‘) - g;,w(x,) = Ox'H 8x,y9a5(x)v (2'9)

whereas its inverse, g"¥ behaves as a contravariant tensor. However, not all quantities, e.g.,
the Christoffel symbols, transform as tensors. Hence, it is instructive to define a covariant
derivative D,,, which on contravariant vector V" acts as

_ov
T Oxm

D,V +TE VO, (2.10)

Covariant derivatives allow us to assert the effects of gravitation on a physical system. To
that end, one should determine a physical equation consistent with special relativity, substi-
tute ng, with g,,, and replace 9, with D,,.

Next, let us introduce the Riemann curvature tensor

A A
Rb,, =T%,, —T%,  +T T, —T{ T2, (2.11)

where the comma notation has been adopted, i.e., (...)\ = 9(...)/02*. The Riemann
tensor can be viewed as a measure of curvature as it vanishes in a flat metric. From the
above expression, one can easily check that it is anti-symmetric under the interchange of
1< v, and p < o, at the same time being symmetric under the interchange of uv < po.
Finally, R? , satisfies the following identity:

op
Ryvpo + Ruovp + Ryupor = 0. (2.12)

Differentiating the above expression with respect to 2 in a locally inertial frame, one finds
Ruvpor + Ruvrpo + Ruvor,p = 0. (2.13)

Since in a locally inertial frame, all Christoffel symbols are zero, in the above expression,
one can replace ordinary derivatives with the covariant derivatives, obtaining the so-called
Bianchi identities

Ruupa;)\ + R/u/)\p;o' + R,ul/a)\;p = 07 (214)

where semi-colon denotes the covariant derivative, defined in Eq. (2.10). Finally, contracting
the first and third indices of the Riemann tensor, one obtains the symmetric Ricci tensor

R =R, (2.15)

and the Ricci scalar through the following contraction:

R=¢"R,,. (2.16)
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2.2 Friedmann—Lemaitre—Robertson-Walker (FLRW) Universe

As opposed to the anthropocentrism view in which the Earth appears to be a unique place,
in the Heliocentric model, it was the Sun that is positioned at the center of the universe.
Throughout the years, this local universe has turned out not to be the whole Universe, so
the Sun or even the Solar System has lost their favored position. According to the Coper-
nican principle, human beings are not privileged observers of the Universe, located at its
very center. In fact, there is nothing special in our local reference frame. This compelling
paradigm provides a guide for studying processes occurring in different regions of the Uni-
verse. In particular, the Copernican principle applied to cosmological scales leads us toward
the assumption that there are neither favorable directions nor unique places in the Universe.
Although the isotropy and homogeneity of the Universe had to be taken as a postulate for a
long time, current empirical data strongly support this presupposition on cosmological scales.
Despite pretty significant inhomogeneities at small distances, the further one looks into the
Universe, the simpler it appears. In particular, the distribution of galaxies and other cosmo-
logical structures on large scales (~ 100 Mps) is nearly isotropic. From this fact, combined
with the Copernican principle, one infers large-scale homogeneity. These two constitute the
cosmological principle - the foundation of the standard model of cosmology. This principle
implies that observations from the Earth are representative of observations from any other
vantage point in the Universe and hence legitimate their application to cosmological models.
It is worth noting that the homogeneity and isotropy of the Universe are not exact but rather
statistical and should be understood as a first approximation. Nevertheless, the cosmological
principle is widely used in theoretical models nowadays.

2.2.1 The FLRW metric

The cosmological principle strongly narrows down the possible form of the spacetime metric
compatible with the assumption of isotropy and homogeneity. In particular, isotropic and
homogeneous space must have uniform curvature. One demonstrates that there exist only
three types of such three-dimensional manifolds: (i) flat space, (ii) sphere with a constant
positive curvature, and (iii) hyperbolic space of constant negative curvature. In the spherical
coordinates, the most general isotropic and homogeneous metric is given by [226]

2
di? = dr 5 +r2dQ?, d0? = db* + sin® 0 dep?, (2.17)

1—kr?/RE
where the azimuthal 6 and polar ¢ angles vary in the range 6 € [0, 7], ¢ € [0, 27), respectively.
The parameter k is related to the curvature of space and takes only three discrete values, i.e.,
k € {—1,0,1}, corresponding to a three-dimensional space with negative curvature - a hy-
perboloid Hs embedded in four-dimensional Lorentzian space R'3, the flat Euclidean space
FE3, and three-dimensional hypersphere S35 embedded in four-dimensional Euclidean space,
respectively.

Statistical homogeneity and isotropy imply that spacetime can be represented by a sequence
of spatial slices ordered in time. The metric is in the form Eq. (2.17) at each three-dimensional
piece. Moreover, these two symmetries reduced ten independent components of the metric
tensor to a single function of time, such that the line element of four-dimensional spacetime
can be written as

ds* = dt* — a*(t)dI?, (2.18)
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where the function a(t) is called the scale factor. Its form can be determined by Einstein’s
field equations, which will be discussed in Section (2.3).

Inserting Eq.(2.17) into the above expression leads to the most general metric consistent with
the cosmological principle in four dimensions:

dr? 2 12

1 kr2/R2 + r=dQ2 >
This is the so-called Friedmann—Lemaitre-Robertson—Walker (FLRW) metric developed inde-
pendently by the named authors between 1923 and 1935 [231-234]. It should be emphasized
that the FLRW metric does not have the same symmetry as the spacetime itself since it is not
homogeneous. Nevertheless, all physical quantities computed from the above metric display
all spacetime symmetries.

In what follows, we use the convention in which the scale factor a(t) and the curvature pa-
rameter k are dimensionless, whereas the radial coordinate r and the curvature scale Ry have
length dimensions. Such a choice allows us to set a(tp) = 1 at present times. Moreover, the
scale Ry corresponds to the present physical curvature. Let us also stress that for k # 0, one
typically distinguishes two length scales associated with the FLRW metric. Namely, the cur-
vature radius Reury = alk|Ro, and the so-called Hubble length, defined as Iy = cH =g
with

ds® = dt* — a® ( (2.19)

H=-, (2.20)

Il
SHE-E

being the Hubble parameter or the Hubble rate. On the other hand, for k = 0, the FLRW
metric is characterized fully by the scale of expansion H.

It is convenient to rescale the radial coordinate r according to the following formula [226]:

d
I " (2.21)
\/1— kr2/R2
such that Eq.(2.19) can be recast as
ds® = dt* — a> (dx2 + S,%(X)cm?) : (2.22)

where the form of the function Sg(x) is determined by the curvature parameter k. In partic-
ular, for k = 0, one gets So(x) = X, so that the spatial part of metric is in the form of the
Euclidean flat metric, i.e.,

ds?| = dt? — a2 (dX2 + deQQ) . (2.23)

k=0

However, the spacetime is curved since the scale factor is a function of time. In particular,
its variation accounts for the universe’s expansion (or contraction).

On the other hand, for the positive curvature parameter, i.e., k = 1, one obtains Si(x) =
Rysin (x/Rp). In this case, the spatial part of (2.19) has the form of a 3D hypersphere metric

ds?| = di* — a® (dx® + R} sin® (x/Ro) d2?) . (2.24)
k=1
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Note that the coordinate system described by the metric (2.19) with £ = 1 is singular for
r = Rp. Such singularity is removed in the new coordinates Eq. (2.24), implying that such be-
havior was related to the choice of coordinates, and has no physical meaning. However, since
the coordinate singularity divides the hypersphere into two halves, the coordinates {t,r, 6, ¢}
cover only one half. Moreover, let us stress that the positive curvature parameter corresponds
to a closed spacetime, see Sec.(2.3.4).

Finally, for & = —1, one finds S_1 = Rysinh (x/Rp). In this case, the metric tensor corre-
sponds to infinite and open spacetime, and the line element is

ds? = dt? — a® (dx® + RE sinh? (x/Ro) d2?) . (2.25)

The coordinates {¢,r,0, ¢} of the FLRW metric are called the co-moving coordinates. This
name reflects that the physical distance between two objects remaining at rest at fixed spatial
coordinates changes with time according to the evolution of the scale factor. In particular,
the homogeneity of space implies the existence of a unique reference frame, i.e., the cosmic
rest frame in which the coordinate distance between two such objects remains the same, but
the physical distance changes with time. The time coordinate of such a system is called
cosmic time.

2.2.2 The Hubble-Lemaitre law

The physical distance ¢, between two points in the FLRW metric (2.19) measured on a
hypersurface with constant ¢ is related to the comoving distance ¢ though the following
formula:

0, = a(t)L. (2.26)

In the expanding universe, the physical distance between two objects increases with time
since the scale factor is a monotonically growing function of cosmic time t. In contrast, the
comoving distance £ remains constant in time.

By differentiating the above relation with respect to ¢, one obtains the Hubble-Lemaitre law
[12]

dtr
dt

v

= a(t)l = Hlp. (2.27)

Edwin Hubble was the first to observe that
galaxies move away from the Earth at speeds
proportional to their distance. In one of
the best recognized scientific articles [12],
e he published the velocity—distance relation
Oe s among extragalactic nebulae, which reveals
that the velocities of galaxies are directly
proportional to their distance, see Fig.(2.1).
In other words, the farther they are, the
faster they recede away from us. The linear
relation between recession velocity and dis-
° oFpazskcs 2ri0® PhRsecs tance indicates a constant expansion of the
Universe. Using (2.27), Hubble estimated

FIGURE 2.1: Velocity—distance relation among ex- the present value of the Hubble rate, i.e., the
tragalactic nebulae, measured by E. Hubble [12].  Hubble constant, Hp, to be of the order of
500 km/sec/Mpc [12]. This measurement of

Velocity-Distance Relation among Extra-Galactic Nebulae.
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this quantity is of great relevance for modern cosmology since it provides valuable informa-
tion about the rate of cosmic expansion and thus tells us about the matter content of the
Universe. As we will discuss in Sec.(2.4), Hubble’s estimation contains systematic errors,
about seven times that of the present measurements provided, e.g., by the Planck survey.
However, it is important to emphasize that there is no consensus on the precise value of the
Hubble constant, which remains a topic of ongoing discussion, leading to what is commonly
referred to as the Hubble tension debate.

2.2.3 Conformal coordinates and redshift

Let us define the conformal time 7 through the following transformation of the time coordi-
nate:

dr == —. (2.28)

In conformal coordinates, {7, 7,6, ¢}, one can factorize the static and dynamical part of the
FLRW metric so that the line element becomes

ds® = a®(1)[dr* — (dx* + S7(¢)dQ?))]. (2.29)

The above form is particularly convenient for considering the propagation of light traveling
on null geodesics, i.e., along the worldlines with ds?> = 0. Isotropy of the background metric
allows us to choose coordinates in which the light propagates along the radial direction such
that 6, ¢ = const. Hence, its path is determined by dr = +dy, indicating that in the conformal
coordinates, photons move along 45° lines, i.e.,

X(T) = £7 + const., (2.30)

where the plus (minus) sign corresponds to outgoing (incoming) photons.

Now let us consider the light emitted at a conformal time 7ot at a fixed comoving distance
d. Suppose that the signal reaches us at some later moment 7ops = Temit + d. In conformal
coordinates, the duration of the signal 7 is the same at the moment of emission and detection.
However, in the comoving coordinates, these two are different. Namely [226],

Otemit = (Temit)OT, Otobs = a(Tobs)OT, (2.31)
which implies,

Aobs _ a(Tobs)
Aemit a('remit) ’

(2.32)

where Aops (Aemit) denotes the wavelength of the observed (emitted) light.
Suppose the signal is detected as the present moment, i.e., a(7,ps) = ap = 1. In this case, the
observed wavelength is stretched by the expansion as

)\emit

Q(Temit) .

Aobs = (2.33)

This effect is called the cosmological redshift. The fractional shift of these two wavelengths
defines the redshift

- )\obs - >\emit7 (2.34)
)\obs
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which can also be expressed in terms of the scale factor as

1
1+z2=——. (2.35)
a(Temit)
Redshift z in cosmology is frequently used to label events from the past. From the above
definition, it follows that at present, zyg = 0, whereas z = 1 corresponds to the Universe half
the current size.

2.2.4 Cosmological horizons

Now let us discuss the causal structure of the FLRW metric. In the previous section, we dis-
cussed the dynamics of photons propagating along the null geodesics. Particles with non-zero
mass travel along timelike worldlines, or timelike geodesics, with real proper time, so that
ds®> > 0. On the other hand, ds® < 0 defines the spacelike geodesics. Wordlines are called
casual if they are either lightlike or timelike. According to the causality principle, only causal
worldlines can represent the motion of a physical object.

The size of causally connected regions of the Universe at some moment ¢ is determined
by the maximum comoving distance that light can travel between some initial time ¢pp,
corresponding to the Big Bang singularity and some later time ¢ [226]. It is given by

SOT—
i ' Bp BB a(t)’

where 7 and Tgg denotes the conformal time at ¢t and tgg, respectively. The above expression
defines the so-called (comoving) particle horizon. The physical size of the particle horizon is

dp(t) = a(t)xp(t). (2.37)

Next, let us define the event horizon as a surface of the region from which a light ray signal
emitted at some moment tepi; can be received by an observer in the future [226]. In conformal
coordinates, it is given by

(2.36)

Tf
Xevent = / dr = Tf—T. (238)

Hence, Yevent can be viewed as a boundary beyond which events cannot affect an observer.
Analogously to (2.37), the physical size of the event horizon reads

devent(t) = a(t)Xevent (t) (239)

2.3 Einstein’s field equations in the FLRW metric

So far, the scale factor a(t) evolution has remained unspecified. The key parameter of the
FLRW metric can be determined by the solution to Einstein’s field equations - the main
subject of this section, which relates the curvature of spacetime to the matter distribution
within it.
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2.3.1 The Friedmann and Raychaudhuri equations

Let us start with the Einstein—Hilbert action [235-237], which in the presence of a cosmolog-
ical constant A is given as !

M2
Sgn = —%/d‘lx\/—g(R + 2A), (2.40)

where Mp) = \/ch/(87G) = (87G)~1/2 ~ 2.435 x 10'® GeV is the so-called reduced Planck
mass, g denotes the determinant of the metric tensor g,,,, and R is the Ricci curvature scalar,
introduced in Eq. (2.16).

The full action of the theory is a sum of the Einstein-Hilbert term (2.40) and the matter
action

Shatter = /d437\/ _gﬁmattera (241)

accounting for the dynamics of any matter fields appearing in theory.
The dynamical equations can be found through the principle of least action by demanding
the variation of the full action, i.e., SEg + Smatter, With respect to g"* to be zero, i.e.,

5(SEH + Smatter)

. =0, (2.42)
yielding
M [ 4 SR R+2A6y—g 2 1 6(/—9gLmatter)
s 5 /=g |- - Sgh =0. (2.4
2 / A I TRNE B T AN BT o e

The vanishing of the above variation implies

OR R+2A0y/—g 1
+ = T, 2.44
dghv v—g dg" Mgl " ( )

where we have adopted the Belinfante—Rosenfeld definition of the stress-energy tensor

2 5(\/ _gﬁmatter) _ Qéﬁmatter
\/fg 5g,uz/ 59‘“’
Note that above, we have used the following identity, see, e.g., [19]:

RN
V=g ogm 2%

To calculate the left-hand side of (2.44), one must find the variation of the Ricci scalar w.r.t
g". This is a standard textbook calculation, which can be found, e.g., in Ref. [19, 224], and
gives

Ty =

- g,uu»cmatter- (245)

(2.46)

R

!Note that here we have adopted the Landau-Lifshitz "timelike convention" [238], in which the flat metric
tensor 7., has the mostly minuses signature, i.e., nu,, = diag(l,—1,—1,—1). According to classification
developed by Misner, Thorne, and Wheeler [221] other conventions can be categorized according to three
signs {s1, 2, 53} appearing in the metric tensor n,, = [s1] diag(—1,+1,+1,+1), the Riemann tensor RS ,, =
[s2] Ty, —T5,. + F’;HFC’}V —T%,T2,), and in the Einstein equation G, = [s3] Ty /M3,
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Combining all together leads to the well-known Einstein’s field equations

1
Guu - Ag/u/ = @Tuua (2'48)
where the Einstein tensor is defined as
1
Guu = R,ul/ - iRguu- (249)

Note that G, accounts for the curvature of spacetime, whereas the r.h.s. of Eq.(2.48)
represents the energy-momentum tensor of the matter content. Hence, one can interpret
Eq.(2.48) as a set of ten equations determining the impact of the stress tensor on the curvature
of spacetime. Let us also emphasize that out of ten independent components of the symmetric
4 x4 tensors, G, only six equations are independent. Such reduction follows from the Bianchi
identities (2.14).

Now let us work out the two tensors appearing in the Einstein equations, i.e., the Einstein
tensor G, and the stress-energy tensor T),,. The former is determined by the background
metric. In particular, in the FLRW metric (2.19), the only non-vanishing Christoffel symbols
(2.7) are

Oc .
g 1 a
Iy = T3 (9oij + Goji — Gijo| = —59iit = Gij (2.50)
0 = K[ + 900 — Goj,0] = a2 (t)§%aagy; = asi (2.51)
0j — 2 900,j 9o34,0 9oj,0] = g Jkj = a o .
s
]k 2 al, OR,) JR,0 1

where we have used the notation (¢,r,0,¢) = (0,1,2,3), and indices i and j are for space
coordinates. The form of g;; depends on the choice of the spatial coordinates, and in the
spherical polar coordinates, one has

1 e 2 ~ 2 .. 2
_ma 922 = —T7, g33 = —r°sin” 6. (2.53)

g =
From the above Christoffel symbols, one finds (for the detailed calculations see, e.g., [19,
224, 226], and also Sec.(5.1)) that the non-vanishing components of the Ricci tensor are the
diagonal ones given by

Roo = —3%, Ri; = a? g +2 (Z)Q + 2;]%%1 3. (2.54)
Therefore, the Ricci scalar is
R = %0 .. a a\? k
=g Roo+9”"Rij = —6 [a + <a) + aQRgl , (2.55)
so that the non-zero components of the Einstein tensor are
Goo = Roo — %Rgoo =3 [<Z>2 + ai{%] , (2.56)

1
Gij = Rij — SRgij =

a  (a\? k
2a+(a> +GTR(2) Gij- (257)
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Isotropy and homogeneity of spacetime imply that the stress-energy tensor 7}, should exhibit
a corresponding structure. Namely, the former symmetry requires the mixed components of
the energy-moment tensor to vanish, i.e., Ty; = 0, whereas spatial components should be of
the form T;; o< d;;. Furthermore, homogeneity entails the proportionality factor being only
a time function. It can be shown that the most generic form of the stress tensor consistent
with these symmetries is given by [226]

p 0 0 0O
0 -p 0 0O

A P (2.58)
0 0 0 —p

One recognizes in this expression the energy-momentum tensor of a perfect fluid in the ref-
erence frame of the comoving observer. Above, p and p are only functions of time. In the
covariant form, the energy-momentum tensor of the perfect fluid can be written as

T;w = (,0 + p) UpUy — PGuv, (2'59)

with u,, being the four-velocity of the fluid relative to the observer. For the comoving observer,
the only non-zero component of the four-velocity is ug = 1. One interprets p and p as the
time-dependent energy density and pressure measured in the rest frame of the fluid.

Using (2.56), one finds that G) = Goo, which, combined with the 00 component of the
energy-momentum tensor, gives the Friedmann equation:

p k A

H? = — -
3MZ 2R3

(2.60)

whereas comparing the spatial components of these two tensors, one gets the Raychaudhuri
equation [239]

a 1 k A 1
24 g2 — = 2.61
o 27 TR T2 T T (2.61)
which can also be recast as
a 1 A
e (p+3p)+ . 2.62
a 6MZ (p+3p)+ 3 (2:62)

Note that p and p should be understood as the total energy density and pressure of all matter
contributions.
By differentiating (2.60) with respect to time,

ala a? i k a
2— |- ——=| = 2—— 2.63
a [a a? 3M3, + R%a®’ (2.63)
and substituting (2.62), one gets
a 1 A @ p) k a
2= |———(p+3p)+= — —| = 29— = 2.64
a[ eagg, P AT g aQ] 3MZ TR A (2:64)

which combined with (2.60) leads to the continuity equation

p+3H(p+p) =0. (2.65)
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The above relations account for the energy conservation in the FLRW Universe. It mimics the
first law of thermodynamics, dU = —pdV/, in the expanding spacetime, i.e., for U = pV and
V = a3. The continuity equation (2.65) together with the Friedmann (2.60) and Raychaud-
huri (2.62) constitute a system of three equations, out of which only two are independent.
Note that the above formula can also be obtained from the conservation equation for the
stress tensor, i.e.,

VuTY = 0,Tk +Th T =T, T{ = 0. (2.66)

Namely, for the v = 0 component of the above expression, one finds the dynamical equation
for the energy density

OuTY + Th Tt =T T{ = 0, (2.67)
which combined with Christoffel symbols (2.52) gives (2.65).

Before closing this part, let us emphasize that equations (2.60) and (2.62) play a funda-
mental role in modern cosmology. In particular, the Friedmann equation (2.60) links the
evolution of the scale factor a(t) with the matter component of the Universe, its spatial cur-
vature, and a cosmological constant. The Raychaudhuri equation, (2.62), indicates that for
the ordinary matter component obeying the strong energy condition,

p+3p>0, (2.68)

the expansion of the Universe slows down, i.e., ¢ < 0. One finds that in the FLRW metric,
the negativity of the second time derivative of the scale factor inevitably implies an initial
singularity at ¢t = 0, since a — 0, and p o t~2 [226]. Stephen Hawking and Roger Penrose
have demonstrated that such singularity appears as a universal feature of all Big Bang mod-
els [240]. On the other hand, any form of matter violating the strong energy condition and
dominating the energy budget would cause an acceleration of the scale factor, i.e., @ > 0. As
we will see in the next chapter, such behavior can be observed, e.g., for a scalar field, for
which the kinetic energy is much smaller than its potential energy, such that p ~ —p. This
simple fact lies at the heart of the inflationary paradigm.

2.3.2 Matter components with constant equation of state

To determine the evolution of the scale factor, and thus the dynamics of the Universe, one
needs two specify the matter content since different matter components affect the expansion
rate differently. A perfect fluid can be characterized by the equation of state (e.o.s), i.e., the
relation between its pressure and energy density, most often in the form p/p. One distinguishes
a barotropic fluid whose pressure is a function of the energy density only, i.e., p(p). The
corresponding equation of state is called the barotropic equation of state, which for most
cosmological fluids can be written in the following form:

p = wp, (2.69)

with w being a constant coefficient, the so-called equation of state or barotropic parameter.
Inserting the above relation into (2.65), one can evaluate the continuity equation, obtaining

—3(14w)
o _ da a > . (2.70)

304w = plao) =



Chapter 2. Standard Cosmology 38

The above solution shows that as long as w > —1, the energy density of a matter dilutes as a
power law with the factor. Hence, the dynamics of the cosmological fluids is determined by
its equation of state parameter.

It is convenient to rearrange the Friedmann equation (2.60) as follows,

1
a2 Ptots Ptot = Pmatter T Pk + PA, (271)
MPI

H? =
with

3k
pr = — Mg~ pr = MpA, (2.72)

2 R% ’
where we have associated energy density with the curvature term and a cosmological constant.
Above, patter refers to the total energy density of all ordinary matter components of the
Universe. Since p, o« a2, from the solution (2.70), one can see that the curvature term
mimics a perfect fluid with wy = —1/3. On the other hand, the independence of py on the
scale factor indicates that cosmological constant can be viewed as a barotropic fluid with
wp = —1.

Note that along the same lines, one can recast the Raychaudhuri equation (2.62) as

a 1

E = *ngl(ptot + 3pt0t)a Dtot = Pmatter + Pk + DA, (273)
where the following identities have been used: A/3 = —(pa + 3pp)/(6MB)) with py = —pa,
and pg + 3pr = 0, with py = —pg/3.

In the cosmological context, various types of matter are of particular interest. Below we
briefly characterize three of them.

i) Non-relativistic, pressureless matter with w =0

The term non-relativistic (NR), pressureless matter, or dust, usually refers to a perfect
barotropic fluid whose pressure is negligible relative to its energy density, i.e., |pm|< pm,
so that one can assume that wy,, = 0. From (2.70), one finds that the energy density of NR
matter decreases as p, o< a~3. Such behavior results from the fact that the volume V of a
given region in space expands as a3, whereas the energy of particles E making up NR mat-
ter remains constant. One typically distinguishes two main types of cosmological dust, i.e.,
baryons constituting an ordinary visible content of the Universe, composed of non-relativistic
SM species, and dark matter whose nature remained unknown.

ii) Relativistic matter with w =1/3

The kinetic energy of relativistic particles is so large that, effectively, they can be treated
as massless. In particular, a gas of free ultra-relativistic species with w = 1/3 is referred to
as radiation. One can easily find that the energy density of radiation dilutes as p, oc a™%.
Note that in comparison to p;, the evolution of p, is suppressed by an extra factor of ™!,
accounting for the redshift of the radiation energy. There are four main constituents of cosmic
radiation: 1) massless SM photons, which now are mostly in the form of the cosmic microwave
background, 2) neutrinos, which behaved like relativistic matter in the early Universe, but
due to the non-zero mass at some point they decouple and act as matter, 3) gravitons, i.e., a
spin-2 massless field mediating gravitational interactions, 4) other (almost) massless species
belonging to the SM sector, or any other hidden sector, which mass initially was much smaller
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than the temperature of the Universe. Note that, initially, all SM particles behaved as radi-
ation, but as the temperature of the thermal bath dropped below their mass, they became
non-relativistic and started to act as dust.

iii) Dark energy w = —1

The term dark energy refers to a perfect fluid with e.o.s parameter wge = —1. Since the en-
ergy density of any matter component is positive, the pressure of such fluid must be negative,
which, in turn, generates repulsive gravity. From (2.70), one finds that dark energy density
is constant in time, i.e., pge o a'. Hence, one concludes that the energy increases propor-
tionally to the volume of space. As we have already seen, such a barotropic parameter is
characteristic of a cosmological constant. The latter was originally introduced by Einstein to
balance the gravitational attraction of matter-energy density and, hence, make the Universe
static. A cosmological constant can be viewed either as a geometrical term contributing to
the Lh.s. of the Einstein equation or as a new matter component appearing on the r.h.s. of
this equation. There are several other candidates for a fluid with constant energy density.
The simplest possibility is that of vacuum energy associated with the energy of empty space
itself. It can be estimated from the following formula [226]:

1 o dk
vacuum — & y 2.74
g 2/0 (2m)3 ¥ @7)

with wy = 1/ |lg |24-m? being the zero-point energy associated with fluctuations of the vacuum.
One notes that the above quantity exhibits an ultraviolet divergence that can be removed by
imposing a UV cut-off scale knax, typically assumed to be the Planck scale. After straight-
forward integration, one finds

k,4

max

o ~10™ GeV?. (2.75)

kmax=Mp]

Pvacuum ~

Even though conceptually, cosmological constant and vacuum energy are very different, they
are observationally indistinguishable. In yet another, more exotic, scenario, a cosmological
constant is replaced by a dynamical matter component whose barotropic parameter changes
with time.

In particular, there is no profound reason to restrict our attention to matter components
with a ’standard’ equation of state, i.e., w € {—1,0,1/3}. In particular, as we will see in
the next chapter, non-standard values of the e.o.s parameter arise naturally for a scalar field,
e.g., if it possesses a non-trivial (neither quadratic nor quartic) potential .

2.3.3 Exact solutions

Now let us discuss the dynamics of the Universe, whose energy budget is dominated by a
single barotropic fluid. Different scaling of the energy densities of various matter components
implies that the dynamic of the Universe has been determined mainly by a single fluid for
most of its history. For the expanding Universe, it has been a matter constituent with the
smallest e.o.s parameter at a given time. In this case, assuming that the energy density of a
single matter component evolves according to (2.70), from (2.71), one gets

2
3(1 _ 3(14w)
[1 + ( ;rw) \/P(;o) t]\/[li(l)} . w# —1,

exp{ Q)E\Zg(t_to)}v w= -1,

a(t) = ap % (2.76)
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matter component barotropic parameter w | p(a) a(t) a(T)
non-relativistic matter 0 x a3 o 23 o 72
ultra-relativistic radiation 1/3 o a? o t/2 T
spatial curvature -1/3 o a2 xt o exp [H;a;T]
cosmological constant -1 o a’ | oc exp [Ht] o7t

TABLE 2.1: Behaviour of different matter fluids characterized by a constant equation of state param-
eter w.

or as a function of the conformal time 7 (2.28),

2
1+3w
(1 § Ligwalm)  fo(m) _TO)> , w#—1/3,

(2.77)
exp |\ /£ a(m)(r — m)]. w=—1/3

a(r) = a(m)

Above, a(ty) (a(79)) and ty (79) are two integration constants.
Inserting the solution (2.70) into the Friedmann equation, one finds that the relation between
the Hubble rate H and the scale factor a takes the power-law formula

_ 3(1+w)
2

H(a) = gg\j‘z (ZO) . (2.78)

Hence, for matter fluids with w > —1, the Hubble parameter decreases with a, whereas for
the special case w = —1, it becomes constant in time.
The above results are summarized in Table(2.1).

2.3.4 Critical density

It is instructive to introduce the dimensionless density parameter for a given matter compo-
nent as

Q;(t) = pi(t) i€{m,rA,...}, (2.79)

where
Perit(t) = 3MB H?(t), (2.80)

denotes the so-called critical density, corresponding to the energy density of a spatially flat
universe (k = 0) in the absence of a cosmological constant. For convenience, one usually
defines also the curvature density parameter as [226]

k

Q(t) = TR

(2.81)
which can be positive as well as negative, depending on the curvature parameter k. As
explicitly specified above, both ;(¢) and Q(t) are functions of time. Apart from this, one
also defines present density parameters, which refer to a value of Q(t) at the present epoch.
To make a distinction between these two, we use the subscript '0’ when referring to quantities
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calculated today, i.e., at ty. Hence, the present density parameters are

it k
pilto) O(t) = (2.82)
Perit,0

Qi t) = ———,

where the critical energy density today is
perit (t) = 3MB HG, (2.83)

with Hy = H (tg) being the Hubble constant.
Isolating contributions from different forms of cosmological fluid, the Friedmann equation
(2.60) can be recast to the following compact form:

H? ag 3 ag 4 ap 2
— = Qo l — Qro | — Q — Qro. 2.84
H? ,o<a>+ ,0(a>+ k,o(a>+ A0 (2.84)
In the current epoch, one finds
1- Qmatter,O = Qk,O; Qmatter,O = Qm,O + Qr,O + QA,O' (285)

Hence, measuring the total matter density of the Universe and the Hubble parameter Hy
allows us to determine the present critical energy perit,0, and hence establish the present cur-
vature of the Universe. Namely, Qpatter,0 > 1 implies positive spatial curvature, Qmagter,0 = 1
corresponds to the spatially flat Universe, whereas Qmatter,0 < 1 indicates that the spatial
curvature is negative, i.e.,

Pmatter,0 > Pcrit,0 < Qma‘cter,O >1 k>0 (286)
Pmatter,0 = Perit,0 Qrnatter,O =1 =k=0, (287)
Pmatter,0 < Perit,0 = Qmatter,O <1l =k<0. (2~88)

Positive (negative) curvature parameter k corresponds to the closed (open) universe, whereas
k = 0 implies flat spacetime. Note that the former case corresponds to a decelerated ex-
pansion, whereas constant and accelerated expansion only can be admitted for flat and open
spacetimes [222]. Hence, an open universe would expand forever as it does not contain enough
matter content which could slow down the expansion. On the other hand, a closed universe
would possess enough mass to inhibit the expansion and eventually collapses. A flat universe
whose matter energy density matches the critical density can be viewed as a balance between
these alternatives.

Finally, let us point out that Eq. (2.84) can be rewritten in the following form:

a(tf) d
o) /0 ()2 + Qo (42) + Do + Do (42)

2.4 The Universe

So far, we have provided a general description of the homogeneous and isotropic universe. We
have distinguished several types of matter depending on their equation of state parameter
and discussed their dynamics and impact on the universe’s evolution. Now let us describe
our Universe.
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The ACDM model, based on the pillars of the Standard Model of particle physics and gen-
eral relativity, is widely regarded as the best established and successful model of cosmology,
providing a reasonably good fit to a wide range of empirical data. It is frequently referred
to as the standard model of cosmology in analogy to its particle physics counterpart. It is
dubbed after the two major constituents of the present Universe: dark energy associated with
a cosmological constant A and cold dark matter CDM. The ACDM model emerged at the
end of the 1990s as a concordance model of cosmology and a descendant of the CDM model,
which has not involved the cosmological constant. The former is nowadays widely accepted
by the research community primarily because its predictions are in astonishing agreement
with various cosmological observations, including the CMB radiation and its temperature
fluctuation [13, 241-246], the abundances of the elements [247], the baryon acoustic oscilla-
tion (BAO) [248-252], the abundance of galaxy clusters [253, 254], as well as the observed
magnitude-distance relation of type Ia supernovae [255-258], which was the original motiva-
tion to replace the CDM model by the concordance model.

In its simplest version, ACDM involves

six independent parameters ingredients [13]

(within the 68% confidence limit, and

Dark Matter 95% on upper limits): baryon abundance

Qph? = 0.0224 £ 0.0001, dark matter abun-

dance Qpyh? = 0.120 &+ 0.001; the an-

Bym"ﬁfm gular acoustic scale 1006yc = 1.0411 +

e 0.0003; scalar spectral index ns = 0.965 +

0.004; the amplitude of curvature pertur-

bations In10'°A, = 3.043 4+ 0.014; and

Dark Encray reionization optical depth 7 = 0.054 +
0.007.

The ACDM model depicts a flat, increasing
FIGURE 2.2: The present density parameters of the Universe whose dynamics is determined by
four dominant matter components of the Universe, the three major matter component: dark en-
i.e., spatial curvature {0, SM baryonic matter ergy A (wqg ~ —1) which comprises ~ 68%
f¥sm,0, dark matter Qpy o and dark energy Qx0- of the critical energy density, cold dark mat-

ter CDM (wpy; ~ 0) which makes up ~ 27%
of the total energy budget, and ordinary baryonic matter which constitutes only a ~ 5%
fraction of the total energy density. The Planck collaboration [13], using the CMB data com-
bined with CMB lensing reconstruction and BAO measurements from recent galaxy surveys
such as SDSS, determined the values of the present density parameters of each individual
component, i.e., cosmological constant A, non-relativistic matter m, spatial curvature k, and
ultra-relativistic radiation r, to be

Q0 = 0.6889 = 0.0056, Qo = 0.3111 + 0.0056, (2.90)
Qo = 0.001 =+ 0.002, Qo <1074 (2.91)

Note that the matter density parameter is a sum of two contributions, i.e., cold dark matter
Qpm,o ~ 0.27, and the SM baryons (mainly protons) €y, g ~ 0.05.

The relative abundances of the matter components have changed in former times. In particu-
lar; as we will have already discussed, in the standard Big Bang cosmology, one distinguishes
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FIGURE 2.3: Left panel: The evolution of energy densities of various components normalized to the

present critical energy density. The early radiation-dominated (RD) epoch is followed by the matter-

dominated (MD) epoch and the subsequent dark energy (DE) era. At a; m.e (@m.A.c) the energy density

of radiation (matter) equalizes with that of matter (dark energy). Right panel: The corresponding
evolution of the scale factor in different cosmological epochs.

the presence of three cosmological epochs in which the total energy budget has been dom-
inated by a single matter component i, such that p; < p;. The crossover between different
eras occurs around Qi(ai_j.e) ~ Qj(ai.j,e). Adopting the present values of density parameters
(2.90) and (2.91), we can easily convince ourselves that the energy of radiation becomes more
and more relevant as one goes back in time, cf. left panel of Fig.(2.3). From the scaling of
the radiation and matter energy density with a, one estimates the scale factor corresponding
to the radiation-matter equality (r.m.e) as [226]

Qr,O

Urme = ~ 2.9 x 1074, (2.92)
Qm,O
which corresponds to the redshift z; e &~ 3340, where we used the following relation
At = 20 . (2.93)

a(t)

From the fact that wy,, > wge, it follows that the dark energy era should have followed the
matter-dominated epoch. Hence, one can determine the scale factor at which dark energy
began to dominate over non-relativistic matter

1/3
O
m.Ae = ( 70) ~ 077,

2.94
Ono (2.94)

corresponding to z; e ~ 0.3.
From relation (2.89), by setting ¢t; — 0, a(t;) — 0 and a(tf) = arme Or a(tf) = a, e One
obtains tyme ~ 5 x 10% years and t, 5 o ~ 1.02 x 10'0 years, respectively. Let us also stress
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that one can use (2.89) to estimate the age of the Universe, i.e.,
to = 1.38 x 10'Y years. (2.95)

Next, let us make use of the above remarks to find the approximate analytical evolution of
the scale factor with time. To that end, we require that both the scale factor as well as the
Hubble rate are constant across the transition points, i.e.,

aA(tm.A.e) = am(tm.A.e)a HA(tm.A.e) = Hm(tm.A.e)v (296)
CLm(tr.m.e) = ar(tr.m.e)v Hm(tr.m.e) = Hr(tr.m.e)’ (297)
where ap () (Hpmr(t)) is the solution describing the scale factor (Hubble rate) evolution

in a single-component approximation during DE, MD and RD epochs, respectively. Utilizing
Eq. (2.76), one finds that a(t) can be parametrized by the following piecewise function:

exp {Ho(t — t0)}, t 2 tmAes
[1+%(t_tm.A.e)]2/3
a(t) = Qg I4+2zm.Ae /7 12 te (tr-m-e’ tm-A~e)7 (298)
3/2
1+2<11117m[\e) Ho(t—tr,m‘e)]
14+2rm.e ’ t g tr'm'e’
with
ln(1+ZmAe) 2 2 <1+Zrme)_3/2

fmre =to = ——F == frme = fmte ~ = , (2,99
me Ho me = tmde = S T 3Hy \TF 2mae (2:99)

and Hy is the Hubble constant (see below). Note that Eq.(2.98) is not very accurate at the
transition points when a single component approximation is not valid.

The right panel of figure (2.3) presents the comparison between the exact numerical solution
to the Eq.(2.89) and approximate piecewise evolution found in Eq.(2.98).

For convenience, the value of the Hubble constant is usually parametrized as
Hy =100 hkms ! Mpc™1, (2.100)

where the scaling factor h = 0.674 & 0.005 [259].
Hence, the present value of the critical density is [259]

Perit,0 = SHEME, ~ (1.053572 + 0.000024) x 10~° h* GeV em ™. (2.101)

It turns out that the current energy density of the Universe is very close to the critical value
so that the spatial curvature comprises less than one percent of the total energy budget.
Since the energy density py decreases as a2, the effects of curvature must have been even
more negligible in the remote past; for further discussion, see Sec.(2.5).

Finally, let us note that recent studies imply a statistically significant disagreement be-
tween late and early Universe measurements of the h parameter. Namely, the expansion
rate determined from measurements of distance and redshift seems to be inconsistent with
that predicted by the ACDM model. For instance, data from the Hubble Space Telescope
attains h = 0.72 4+ 0.2 [260], whereas the value anchored by the 2018 Planck survey is
h = 0.6737 + 0.0054 [13]. This discrepancy between the locally measured and cosmologi-
cally inferred data is known as the famous Hubble tension.
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Furthermore, the concordance model faces another two difficulties, referred to as the cosmo-
logical constant problem and the coincidence problem.

The former relates to the mindblower discrepancy between the measured value of the energy
density associated with a cosmological constant (~ 107%7 GeV*) and the value of vacuum
energy, predicted by the QFT (2.75). The severe incompatibility between these two, esti-
mated to be around 120 orders of magnitude, is considered one of the biggest problems but
also a challenge for modern cosmology. Several attempts have been considered to resolve this
puzzle, including the dynamical dark energy, modified gravity, the holographic principle, etc.,
e.g., [261, 262]. Unfortunately, none of them have provided a plausible explanation accepted
by a wider cosmological community.

The coincidence problem refers to the fact that dark energy dominated the energy budget
surprisingly not so long ago. Since Q,,/Q scales as a3, there is only a short period of time
at which these two are comparable. Hence, the coincidence problem is also connected to
the question: why values of {2 ¢ and Q, o are so close to each other at the present epoch,
but were and will be very different in the past and future? Given the estimated age of the
Universe (2.95), it might seem too much of a coincidence.

2.4.1 The Big Bang cosmology in a nutshell

Let us now give a quick snapshot of the thermal history of the Universe, briefly describing
the most important events [19, 222, 226].

Electroweak phase transition [T ~ 246 GeV, t ~ 107! 5]

Above 246 GeV, electromagnetism and weak interactions were unified into a single electroweak
force. At that time, all elementary SM species were massless. When the Universe cooled down
below the electroweak scale, the gauge SU(2) x U(1)y symmetry was spontaneously broken
into the U(1)em symmetry, see e.g., [263-265]. As a result, the physical degrees of freedom
mediating weak and electromagnetic interactions, i.e., the W=, Z° and the photon =, were
produced. After that, all four fundamental Standard Model interactions have reorganized
into their present, low-energy form. In addition, the breaking of electroweak symmetry trig-
gered the Higgs mechanism, causing the Higgs field to develop a vacuum expectation value.
As a result, all SM particles that interact with the Higgs boson acquired non-zero masses.

As long as the temperature exceeded the SM species’ mass, they remained in thermal equi-
librium with the rest of the bath. When the temperature dropped below the mass of the top
quark (~ 173 GeV), it started to annihilate with its own antiparticle, whereas the sponta-
neous creation of the ¢t pairs became inefficient. Being the heaviest SM states, the top quarks
disappeared first. Soon afterward, around T' ~ 10 GeV, the annihilation of the Higgs field and
three electroweak bosons W=, Z9 took place. The bottom quark disappeared next. This, in
turn, was followed by the annihilation of the charm quarks and the tau leptons. The strange
quark was next in line; however, its decoupling was interrupted by the QCD phase transition.

QCD phase transition [T ~ 150 MeV, t ~ 107° 5]

Around the QCD scale, a phase transition associated with the QCD chiral symmetry break-
ing occurred [266-269]. Free quarks that were too light to decouple prior to that moment
clumped together to form hadrons. The conversion of color-charged particles making up a
quark—gluon plasma into colorless states is called confinement. The newly created hadrons
were either mesons (a quark + anti-quark pairs) or baryons (comprising three quarks). Most
of them were heavy, so they became non-relativistic below the QCD temperature.

Close to the end of the hadron epoch, the Universe was mainly composed of pions, muons,
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electrons, neutrinos, and massless photons. The remaining degrees of freedom gradually de-
coupled from the thermal bath as their interaction rate fell below the Hubble scale. When
interactions became inefficient to maintain a thermal equilibrium state, particles decoupled
from the rest species, acquiring a relic abundance. The best-established decoupling event is
associated with SM neutrinos.

Neutrino decoupling [T ~ 1 MeV, ¢t ~ 15]
When the temperature of the Universe reached ~ 1 MeV, the interaction rate of the two most
common processes involving neutrinos, i.e.,

Ve+Ue et +e, e+ > e 4+, (2.102)

drops below the Hubble scale. As a result, relativistic neutrinos decoupled from the SM
thermal bath, forming the cosmic neutrino background (CvB).

Electron-positron annihilation [T ~ 500keV, ¢ ~ 100s]

Shortly after the neutrino decoupling, the thermal bath temperature fell below the electron
mass. Electrons and positrons became non-relativistic and transferred their energy to photons
via the process

et +e = y+7, (2.103)

but not to SM neutrinos since the latter has already decoupled. In consequence, photons
were warmed up relative to cosmic neutrinos, whose temperature 7, became slightly lower
than the temperature of thermal bath T, see Appendix (D).

After the electron-positron annihilation, photons and neutrinos remained the only SM rela-
tivistic species.

Big Bang nucleosynthesis [T ~ 100keV, ¢ ~ 200s]

When the hot plasma cooled down below ten billion Kelvin, protons p and neutrons n to
started to combine and create certain species of light atomic nuclei, such as helium-4 (“*He),
deuterium (2H), helium-3 (3*He), and lithium-7 ("Li), see, e.g., [270-273]. Apart from these
four stable nuclei, two additional unstable or radioactive isotopes were also produced: tritium
(®*H) and beryllium-7 ("Be), which later decayed into (*He) and (7Li), respectively. Formation
of these elements commenced with a deuterium production

n+p < 2H+ 1. (2.104)

The binding energy of deuterium Elinding = myp + My — may ~ 2.2 MeV exceeds the thermal
bath temperature T < 1 MeV. Nevertheless, the above process is in equilibrium since it
is compensated by the small baryon-to-photon ratio n = np/n, ~ 1072 [226]. The Saha
equation determines the relative abundance of deuterium

3/2 3/2
neyg — %nn ( mey 1 ) eEbinding/T ~ §77 <1T> eEbinding/T’ (2‘105)

Ny mpmy 27T 4"\ m™my

where we have used the following expressions: m, ~ may/2, n, = n, = n-ny, and 7, ~ T3
[226].
One can show that the condition nrf—: ~ 1 is satisfied for 7" < 0.06 MeV, prior to the neutrinos
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decoupling. Later on, deuterium is sufficiently produced to initiate the helium formation
2 3 3 2
H+ p + "He + 7, He +“H + p. (2.106)
The fraction of helium can be estimated from the following formula [226]:

/2
e _ _™/2 o7 (2.107)

Ny Ny — Ny,
As the mass of a helium atom is four times larger than a hydrogen atom, the total baryonic
mass is mostly comprised of hydrogen (roughly 75%) and helium (~ 25%). Heavier elements
are produced in negligible quantities.

Measurements of the abundances of light elements provide a very precise tool that allows
us to test the ACDM model and the SM of particle physics [274-276]. This is because the
formation of light elements is susceptible to the initial baryon-to-photon ratio 7, the rate of
expansion, and numbers of relativistic degrees of freedom, and strongly depends on particle
properties, e.g., the strength of weak coupling and mass of protons.

The unprecedented agreement between predicted abundances and the observed data can be
viewed as the cornerstone of the standard Big Bang model. The only disagreement of the
BBN predictions with cosmological data is related to the abundance of “Li, which should be
three times larger than observed according to the BBN paradigm. This puzzle, known as the
lithium problem [277], remains unsolved.

When the temperature of the Universe reached ~ 0.7eV, the energy density of non-relativistic
matter began to dominate over the radiation energy density. The moment when these two
matched each other is referred to as radiation-matter-equality (r.m.e). After this, the Uni-
verse entered the matter-dominated epoch.

Recombination [T" ~ 0.3¢eV, t ~ 370000 years]

When the Universe was roughly 370 000 years old, its temperature was sufficiently low for
the electrons to combine with the atomic nuclei and form neutral hydrogen. Prior to this,
the Universe had been mostly composed of hot and dense plasma, which was effectively
opaque to the photons due to the Thomson scattering on free electrons. The corresponding
cross-section is quite large, so the mean free path of photons at that time was very short,
forbidding their free stream. Everything has changed after the recombination since the cross-
section accounting for the photon interactions with the neutral atom is much smaller than
the Thomson cross-section. At that moment, photons decoupled from the matter, and the
Universe became transparent. The electromagnetic radiation released from the plasma after
recombination has streamed freely until today and can be observed as the cosmic microwave
background (CMB) [25]. Tt is the farthest and oldest light that we can see. The CMB radi-
ation reaches us today with the same temperature distribution as when it was emitted. It
corresponds to a nearly perfect thermal black body spectrum with the present temperature,
TomB,o ~ 2.72548 £ 0.00057 K, redshifted by the factor z ~ 1100 since the moment of emis-
sion. Such tiny fluctuations, of the order of 1075, indicate that the Universe at the moment
of photon decoupling was homogeneous and isotropic to a large extent, cf. Fig.(2.4). Any de-
viations from homogeneity provide us with an extremely powerful probe of the early Universe.

Reionization [T ~ 5meV, ¢t ~ (200 Myr — 1 Gyr)]
About ten million years after the very beginning, the population III stars were created by
the gravitational collapse of molecular clouds [278-280]. Then, about one billion years after
the Big Bang, the first galaxies started to form. Energetic radiation emitted by such objects
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FIGURE 2.4: Map of the CMB temperature fluctuations measured by Planck.
Image credit: ESA and the Planck Collaboration

ionized the neutral hydrogen gas, reionizing the Universe. However, this time, it remained
transparent since the matter was much more diluted, as compared to the pre-recombination
era, so photon scattering off ionized plasma occurred less often.

Galaxies started coalescing into galaxy clusters (z = 2.1) and superclusters (z = 1.2), forming
the largest known structures in the Universe. This is an ongoing process that is still active
at the present epoch.

Matter-A equality [T ~ 0.33 meV,t ~ 9 Gyr]
Roughly nine billion years after the Big Bang, the energy density of matter fell below the
dark energy. It commenced the period of the accelerated expansion of the Universe.

2.4.2 Thermal Universe

The early Universe was filled with a hot and dense plasma of high-energy species. The sta-
tistical properties of this gas are described by the phase-space distribution function f (&, p,t),
see Appendix B. In general, the distribution function might depend on its position Z, mo-
mentum p, and time. However, the translation invariance of the FLRW metric implies that in
the homogeneous Universe, f cannot depend on the position Z, while the isotropy requires f
to be only a function of the momentum magnitude |p]= p. Moreover, to simplify the further
discussion, we leave the time dependence of the distribution function implicit.

Although the distribution function provides complete information about a given system,
it might seem abstract. The macroscopic description is typically performed in terms of ther-
modynamical variables. In particular, measurable quantities, such as the number density n,
the energy density p, and the pressure p of a particle, are related to its distribution function
through the following integrals [226]:

3
n=g (;ZTP;?,f(p), (2.108)
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3
p :=g/(;i7£3E(p)f(p), (2.109)

p _g/ 271' 33E (p)7 (2110)

where g describes the number of internal degrees of freedom.

In the early Universe, the rate of particle interactions was sufficiently high to maintain the
plasma in equilibrium. One distinguished two types of equilibrium, i.e., the kinetic equilib-
rium and the chemical equilibrium. The kinetic equilibrium is a consequence of the rapid
energy transfer, i.e., there is an efficient energy and momentum exchange among particles
involved in the scattering process. On the other hand, the chemical equilibrium follows from
the rapid number changing events, i.e., particles are efficiently created and destroyed during
interactions. A process is referred to as rapid if its timescale is much shorter than the scale
1/H associated with the expansion of the Universe. Finally, if a system is both in the ki-
netic and chemical equilibrium, then a state of thermal equilibrium is established. In kinetic
equilibrium, constituents of the bath follow the equilibrium distribution described by the
equilibrium phase-space function

1
[4p,T) = = (2.111)

where p denotes the chemical potential, the plus sign corresponds to the fermionic Fermi-
Dirac distribution function, whereas the minus sign corresponds to the bosonic Bose-Einstein
distribution function. In the low-temperature limit, 7" < (F—pu), the above function simplifies
to the Maxwell-Boltzmann distribution function, given by the following expression:

E(@)—n

[P T)~e T, T < (B — p). (2.112)

Moreover, at early times, the chemical potential of all particles is assumed to be negligible
compared to their temperature [226]. We adopt this presumption through this thesis.

Neglecting the chemical potential, and using Eqgs.(2.108) and (2.109) together with Eq.(2.111),
one obtains
net = LT3, (), Lw=["— & (2.113)
272 0 e\/£2+x2 41

oo ¢2 2 2
o= iy T = [T EVEFE, 9.114

where we have used the dimensionless variables x = m/T and £ = p/T. In general, the above
integrals must be done numerically. However, one can compute Iy (z) and J(z) analytically
in the two physically relevant regimes, i.e., in the relativistic (R) and non-relativistic (NR)
limits. In the former case, i.e., when x — 0, the I (z) integral simplifies as

A

o0 2
1.(0) = /0 ef?dg. (2.115)
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In the bosonic case (—), one can utilize the definition of the Riemann zeta function,

1 00 xn—l
= 2.11
() = = /O L (2.116)

which implies I_(0) =T'(3) ¢(3) = 2¢(3).
Whereas for fermions (+ sign), one uses the fact that

/000 ;:11 dr = (1 - 2n1—1> L(n)¢(n), (2.117)

obtaining I, (0) = (1 —1/4) I'(3) ¢(3) = 3¢(3)/2.

Finally, similar computations for the Ji(0) integral, leads to

4 4
s 1 7w
J_=T4)(4)=— Jr=1-=|T4)C(4) ==-— 2.118
(W) =T, = (1-5)rc = ¢ T (2115)
Hence, the number density of relativistic species takes the form
¢(3) 1 bosons,
ng = g?T‘g SR (2.119)
7 fermions,
whereas their energy density is
2 1 bosons
S U ’ 2.120
PR =93 { % fermions. ( )

In the non-relativistic limit, i.e., z > 1, both I (x) can be approximated by the same integral

o0
Ii(x);v/o m ~/ x+§2 5y 0 = [3/2 - (2.121)

where in the second approximation, we have expanded the exponential function in the Taylor
series using the fact that the main contribution to the integral comes from £ < x.

Inserting the above result into Eq.(2.113), one find the number density of non-relativistic
species (both fermions and bosons) is exponentially suppressed, according to the formula

3/2
7 = (mT) emIT, (2.122)

eq
nNR ot

Let us also notice that in the non-relativistic regime, the energy can be well approximated
by E = \/p? +m?2 = m + p?/(2m), which, in turn, implies the following expression from the
energy density:

3
PaR A mn + QnT. (2.123)

Hence, one observes that the particle contribution to the total energy budget becomes negli-
gible as the temperature 17" drops below its mass.

Dropping the pygr contribution to the total energy density, the latter can be expressed in
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terms of the number of relativistic degrees of freedom, gy,, as [226]

€q 7T2 4 Tb 4 7 Tf 4
P =50m(DT 9o~ 3 al7) +5 2 alz). (2129

b= bosons f=fermions

where we have separated the contributions from bosonic (b) and fermionic (f) degrees of
freedom and allowed different states to have different temperatures 7, ;.

At high temperatures, T > 100 GeV, all the SM degrees of freedom were in thermal equi-
librium and hence have a common temperature 1. Therefore, at early times, the number of
relativistic degrees of freedom within the SM sector is

7
Gup(T>100GeV) = > g, + 3 > g =106.75. (2.125)

b= bosons f=fermions

As the temperature of the Universe dropped, various particles decoupled from the thermal
bath as they became non-relativistic. This leads to the decrease of the g,.,(7") function as
described in Appendix (D).

Last but not least, let us investigate the evolution of the entropy whose differential is
TdS(V,T) = dip(T)V] + p(T)aV = d{(p + p)V] - Vdp, (2.126)

where we have dropped all terms containing chemical potential.
Using the integrability condition, one finds that

2SSV, T) 92°S(V,T) 1 0 [Vdp
= iy = |=2£ 2.127
gTov.  avar — ar [T (’“Lp)} oV [T dT} @1
which leads to
dp =P, (2.128)
T
Inserting the above relations into (2.126), one gets
1 T Vv
ds = fd[V(p +p)] — ﬁV(p +p)=d f(p + p) + const. | . (2.129)
Hence,
v
S(V.T) = % (o(T) + p(T)). (2.130)

up to an integration constant.
Now let us notice that the continuity equation (2.65) can be recast as

dp d
377 _ 2.3
@ = [a (p—f—p)} , (2.131)

which combining with Eq.(2.128) gives us

3 1dT

@ (ptp) = % [ag(erp)}, (2.132)
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which, in turn, implies
d |a®
7 lT(p +p)] = 0. (2.133)

Identifying volume V with a3, one concludes that the entropy density,

T T
s(T) = pT) & p(T) ), (2.134)
T
is conserved in equilibrium. Moreover, by rewriting (2.133) as
d
£(3a3) =0, (2.135)

one concludes that the entropy density decreases as s o< a™>.

The total entropy of a collection of relativistic particles with different temperatures is given
by
272

- = 3
S= ¢ GusT?, (2.136)

where the number of relativistic degrees of freedom in entropy is

\> 7 Tr\?
Gxs =2 § b () + = E gt <> . (2.137)
T 8 : T
b= bosons f=fermions
Note that if all species are in thermal equilibrium, they have the same temperature 7' and

Gxs = gxp. This happens till ~ 1 s after the Big Bang. However, after the e*e™ annihilation,
gxs becomes slightly larger than g,,, which results from the neutrino decoupling.

Moreover, an important consequence of entropy density conservation is that
3.3 _ -1/3 1
gusT°a’ = const. = T X gus' a . (2.138)

From the above expression, it follows that

« Aslong as g, remains constant, the temperature 7" would decrease as T' ~ a~!.

o Whenever a species becomes non-relativistic, g.s decreases which implies that (aT)?
increases correspondingly. Since the scale factor is a monotonically growing function,
the decline of g, presupposes that 7 must decrease slower than a~!. The entropy of
a species that transitions from a relativistic to a non-relativistic state is transferred to
the other relativistic particles still present in the thermal bath.

Note that from the second remark, one infers that the present temperature of neutrinos
slightly deviates from that of photons. It results from SM neutrinos decoupling from the
thermal bath around 1 MeV. After that moment, their temperature dropped as a~'. However,
after the eTe™ annihilation, the thermal bath temperature was heated as the energy density of
the electron-positron pairs was transferred to the photons. By counting the effective number
of relativistic degrees of freedom in entropy before, g,s r>1nmev = 2 + (7/8) - 4, and after,
Gxs, T<IMev = 2, the ete” annihilation, one finds that for the temperature below ~ 1MeV,
the neutrino temperature 7), is related to the photon temperature 7', as

4 1/3
T, = (11> T (2.139)
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2.5 Problems of the hot Big Bang

Despite unquestionable successes and undeniable predictivity, the classical Big Bang paradigm
is not the theory of everything. Standard cosmology faces many serious problems. Even if
some seem not to be impossibility problems, they require serious fine-tuning. Below we list
the main open questions and peculiarities of the hot Big Bang model.

2.5.1 The horizon problem

One of the biggest peculiarities of conventional cosmology concerns the observed isotropy
of the CMB radiation, which suggests that photons were in causal contact with each other
at earlier times. However, as we will demonstrate below, the surface of the last scattering
comprises a dozen causally disconnected pieces, which are irreconcilable with observations.

From the discussion in Sec.(2.2.4), we know that the causal structure of space is constrained
by the maximum distance from which light can be received. At a given moment ¢, it can
be described by the comoving particle horizon x,(t), which we have introduced in Eq.(2.36).
Adopting this formula, one can determine the comoving distance which photons had traveled
between the initial BB singularity, i.e., tgg — 0, and the time of last scattering tcmp

tcMB InacvB
xSMB :/ d / (aH) 'd Ina. (2.140)
t 1

P ss  alt) nagp

Above, agg — 0 denotes the initial
TODAY value of the scale factor. Moreover, in
Eq.(2.140) we have introduced the co-
moving Hubble radius, or Hubble hori-
zon (aH)™1. From (2.78), we see that it
scales as a(®wt1)/2 Therefore, one con-
cludes that for ordinary matter obeying
the condition (2.68), the Hubble radius
TCMB |— — is a monotonically growing function of
LT VAN /A comoving a, and thus, also of the cosmic time

BB SINGULARITY dlstance . .

t. In particular, this means that the
integral (2.140) should be dominated
by the upper limit, so thus the contri-
bution to XSMB from the early times
might be neglected. In addition, since
Xp ~ T, one infers that the conformal
time elapsed between the BB singular-
ity and the emission of the CMB radiation is much shorter than the present conformal age
of the Universe. This generates a severe problem for conventional cosmology. Namely, from
the conformal diagram Fig.(2.5), we see that past light cones of two photons 71, 72 located
at the CMB surface do not intersect. Therefore, such photons should never have been in
casual contact with each other. Consequently, one might expect that the CMB radiation is
composed of many causally-disconnected patches, which is manifestly in contradiction with
the observed isotropy of the map of relic photons. Such a peculiarity is known as the horizon
problem and was first realized by Wolfgang Rindler [281] and Charles W. Misner [282].

A

=

BB COSMOLOGY

71 V2

FI1GURE 2.5: Conformal diagram for standard Big Bang
cosmology. Past light cones of two separated photons
71, ¥2 on the surface of the last scattering do not overlap.

To make this conclusion more robust, let us estimate the angular distance of the cosmo-
logical horizon at the moment of the CMB emission, as seen from the Earth today. At the
time of recombination, the angular extension of the horizon can be determined from the
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following formula [283]:

d,(t o dt
_pltomn) 01(\)413) , Xp.omB = —, (2.141)
ACMB Xp CMB ' tcMB a(t)

AQcmBo =

where dp(tcmB) = acmB XI?MB defines the physical size of the event horizon at the last
scattering surface.
To compute the above integrals, we assume that a single matter component has dominated
the Universe at each moment of its evolution. Then, it is possible to solve the Friedmann
equation and find the evolution of the scale factor at each period, which we have already
done in Eq.(2.98). Utilizing the piecewise approximation Eq.(2.98), one can split the above
integrals into several contributions

XCMB _ /tCMB i _ /tr.m.e i N /tCMB i (2 142)
P tBB a(t) tBB a(t) trom.e a(t)’
and
to dt tmae ¢ to dt
0
X :/ 7:/ 7+/ o (2.143)
p/OMB toms a(t) toms a(t) tmne O(F)
where we have used the fact that tgp < trme < temB < tm.ae < to- Using the fact that
trodt L[z d
/ A ——/ : : (2.144)
i a(t) Hy J, \/Qi70(1+2)—3(1+wi)

after straightforward but tedious calculations, one finds

2(1 + ZCMB)_I/2 - (1 + Zr.m.e)_l/Q
(2 + 3Zm.A‘e)(1 + Zm.A‘e)ig/2 - 2(1 + ZCMB)il/2

AQemvpo = ~ 0.023 rad. (2.145)

More accurate calculations can be obtained numerically, considering more than one matter
component at a time. Employing numerical values of cosmological parameters collected in Ta-
ble (A.1) together with (2.84), one obtains an even smaller value, i.e., AQcmB,o =~ 0.0054 rad.
This corresponds to 472/(0.0054)% ~ 10° causally disconnected patches comprising the sur-
face of the last scattering. Since these pieces have never been in casual contact, how can we
explain that the CMB radiation is almost perfectly uniform?

2.5.2 The Flatness Problem

As we have already pointed out in Sec.(2.3.4), the value of 1 —Qatter,0 determines the present
curvature of the Universe, cf. Eq.(2.85). Since the curvature parameter k is a constant, the
sign of 1 — Qmatter,0 does not change throughout the cosmological evolution. Observational
data reveals that the present curvature density parameter )y o is unexpectedly close to zero;
see Eq. (2.91). Now let us explicitly demonstrate why it poses a problem.

As we have learned, the early Universe was dominated by radiation, whose energy density
redshifts as a=*. Utilizing Eq.(2.85), one finds that at the early times

1 Qo 1 \?
Qe=1-0Q o~ ~ : 2.146
k matter 1 i %lr( Qr,O (1 + z) ) ( )
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where we have used the following scaling: Q. = Q. (ap/a)* and Qx = Qxo(ag/a)?. Using
the present values of Q0 (2.90), and Qo (2.91), one obtains |Qx| < 7-107% at the time
of recombination (2 = 1200), |Qk| < 6 - 107! during the BBN epoch (2 ~ 4 -108), and
Q| < 1075 during at the GUT scale (~ 106 GeV, z ~ 10%®). Therefore, to explain the
abundance of matter components today, the Universe must have been extremely flat in the
remote past. Within the standard Big Bang model, this requires fine-tuning and is known as
the flatness problem [284].

2.5.3 The Monopole Problem

In addition to the horizon and flatness problems, standard cosmology suffers from the so-
called magnetic monopole problem. Grand Unified Theories (GUT) predict the existence of
magnetic monopoles- remnants of the strong and electroweak forces unification, see, e.g.,
[285, 286]. According to such theories, all three SM gauge interactions were unified as the
single electronuclear force at the energies above the GUT scale ~ 10'® GeV. Magnetic
monopoles are pointlike topological defects constructed as stable knots in the GUT Higgs
fields with a mass of the order of mym ~ 10'® GeV. Such superheavy particles with a net
magnetic charge are expected to be copiously produced during the GUT phase transition.
Their abundance is associated with the misalignment of the GUT Higgs field in different
regions of space. The size of the horizon at the GUT scale, i.e., dy(tgur), sets the upper
bound on the mean distance between two monopoles [287]. Since monopoles are stable, their
abundance changes only due to expansion. Hence, the mean separation between two neighbor
relics increases over time, and at the present moment is given by

d (tGUT) taut dt
d = = / —. 2.147
MO aguT tBB a ( )

The above integral can be evaluated assuming that tqut < t;.m.e. Then, using the fact that
during the RD epoch a ~ t'/2, one finds that at the GUT scale, there should have been
roughly one magnetic monopole per Hubble volume [287]. The corresponding abundance of
magnetic monopoles can be estimated as [283]

MMM

Onmo = ~ 10%9, (2.148)

pcrit,Odi/IMyo

which is obviously in contradiction with observational constraints [288, 289]. Hence, if the
GUT is correct, which is plausible but not necessarily true, the predicted overabundance of
magnetic monopoles is a serious issue for the hot Big Bang cosmology.

2.5.4 On how the standard cosmology has been cured

Although the above-mentioned puzzles have very different natures, they can all be unraveled
at once. Namely, the problems of the hot Big Bang can be solved by introducing an early
period, i.e., prior to the radiation-dominated epoch, of an accelerated expansion. The idea of
the cosmic inflation was first proposed by Alan Guth in 1980 [205] and developed by many
authors, including Alexei Starobinsky, Andrei Linde, Andreas Albrecht, Paul Steinhardt,
Demos Kazanas, etc. [206-210]. The inflationary paradigm should not be considered as a
replacement for the standard cosmology. Instead, it is a supplement to the hot Big Bang
model, occurring just after the very beginning, before the commencement of the radiation
era. Alan Guth realized that the early inflationary phase, during which the scale factor
accelerates, i.e., @ > 0, would account for a number of the observational features of the
Universe that are otherwise extremely hard to explain. Let us now demonstrate how the
early inflationary phase could cure the Big Bang cosmology.
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The horizon problem revisited

Let us first note that the condition for the accelerated expansion d > 0 is equivalent to the
condition

d
—(aH -1 < 0’ 2.149

(o) (2.149)
describing the shrinking of the Hubble sphere.

Suppose that during inflation, the dynamics of the Universe was governed by a single matter
component characterized by a generic e.o.s parameter w (2.69). From Eq. (2.78), one finds

3w+1

(aH) ' oxa™ 2, (2.150)

which implies that the integral defining the particle horizon x,(a) can be evaluated as

a da 2 H~ 143w %
= = — 2.151

where H > 0.
L Y. For the ordinary matter obeying the strong
Tof—— energy condition Eq. (2.68), the Hubble
. sphere grows with time so that the above
E expression is dominated by the upper limit
z of the integral, i.e.,
3 2H w
Xp ~ a%, for w > —1/3.
94! Y2 14+ 3w
TCMB |—— S
N VAN /\ 0 Now let us consider a matter component

violating the strong energy condition, i.e.,
whose e.o.s parameter is w < —1/3. For
such a fluid: i) the Hubble radius decreases
with time, ii) the particle horizon y, receives

Z.

g the main contribution from the early times,
= such that

2H 143w
2
Xp X ————apg , forw < —1/3.
14 3w
00 BB SINGULARITY, distance +

comoving  Note that this corresponds to a negative con-
formal time at (apg — 0)

FIGURE 2.6: Conformal diagram for standard BB

] 1+3w
cosmology supplemented by the cosmic inflation Xp ¥ —TBB = TBB ~ 2H agp
phase. Past light cones of two separated photons 1+ 3w
71,72 now can overlap. Conformal time 7 is nega- (2.152)

tive during inflation and 7 = 0 at its very end. .
The above results imply that for the early

inflationary period described by a barotropic
parameter w < —1/3, the Big Bang singularity does not occur at 7 = 0. Instead, 7. = 0
marked merely the end of the cosmic inflation, which does not coincide with the very begin-
ning. The BB singularity, described by tgg — 0 and agpg — 0, corresponds to 785 — —00.

So how does it solve the horizon problem? The figure (2.6) demonstrates that if the conformal
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time elapsed between the end and the beginning of inflation |7, > 7;| is larger than 79 — 7com,
then all CMB photons 1,2 originated from the same casually-connected purple region.

The flatness problem revisited

The shrinking of the Hubble sphere can also rescue the flatness problem. To that end, let us
calculate the curvature density parameter at the end of inflation, i.e., 2}, assuming that the
energy budget of the Universe at that time was dominated by a matter fluid with barotropic
parameter wiye. Using (2.146), we get

1 1

k = ar . = b T 3w’
1 —|— Zlinf inf (@) m
O L+ Qb \ap

[¢]

(2.153)

where ap,(ae) denotes the scale factor at the beginning (end) of the cosmic inflation, whereas
QP ((Q¢ ;) is the density parameter of a matter fluid responsible for inflation at its beginning
(end). Note that ap might or might not correspond to the initial singularity apg. In what
follows, we, however, assume that agg =~ ay.

200

150

50

-1 -0.9 —-0.8 -0.7 —0.6 —0.5

Winf

FIGURE 2.7: The minimal number of e-folds required to solve the horizon problem for a given
Winf, Ze.inf and QE/Q?nf ~ 0(10_1)

From the above expression, one can determine the duration of inflation

717311)1]1{ Qb 1
Ge "
— =—=-1], 2.154

<ab> Qibnf (Qﬁ > ( )
which, expressed in terms of inflationary e-folds, reads

~2 1 Qp Q
Nmlen<ae>: SIn( ) 4 n 2
ay 14+ 3wins | 2 Qinf

Q0

(1+ ze)

} , (2.155)
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where we have assumed that the phase of accelerated expansion was followed by RD epoch
and adopted (2.146). To elude fine-tuning of the initial curvature, one could premise that
the QP/QP . ratio is of the order O(1071). In this case, In [(QP/QP ) ~1/(1+3win0)] is negative
for winr < —1/3. Hence, the flatness problem can be solved, requiring

-2

Nig> —— —
inf < 1+ 3winf

In (0.3 - ze), (2.156)
where we have assumed that 1 + z. ~ 2z, and used (2.91). The above condition determines
the minimal value of the inflationary number of e-folds, N" which resolves the horizon
problem for a given wi,s and ze.

In figure (2.7), we present the relation between Ni?llfm and wiys for several values of z,. We see

that for wiyr = —1 the required number of inflationary e-folds is in the range N1 € (50, 70)
for 2, € (10%4,10%°).

The monopole problem revisited

Finally, let us elucidate how cosmic inflation might address the magnetic monopole problem.
The inflationary paradigm allows for the existence of monopoles as long as they were produced
before or during this period. In other words, the early epoch of inflation can help explain the
monopole problem, provided that it followed the GUT phase transition. The rapid expansion
could have diluted the monopole number density to an unobservably low level. However, such
a solution has another limitation. Namely, the maximal temperature reached by the Universe
after inflation cannot exceed the GUT scale [283]. Otherwise, unwanted relics might have
also been produced after inflation.
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Chapter 3

Cosmic inflation

In the previous chapter, we have demonstrated that the hot Big Bang is an incomplete model.
It has been shown that its extrapolation back to a BB singularity, i.e., tgg, seems inappro-
priate, as it leads to predictions inconsistent with the observed state of the Universe. In
Sec.(2.5.4), we have pointed out that three peculiarities of the hot Big Band, i.e., the hori-
zon, flatness, and the magnetic monopoles problems, might be resolved by appending an early
period of the accelerated expansion of space, i.e., cosmic inflation [205-210].

The inflationary phase is believed to have taken place at a very early time, at the energy scale
as high as ~ 1015 GeV [226, 228, 290]. Within an extremely tiny fraction of a second after the
BB singularity, the Universe might have expanded quasi-exponentially, increasing its initial
size roughly ~ €0 times. Such energy (and time) scales are poorly understood, as they are
far above the energy range of current experiments. Although observations dully constrain
this phase, the concept of cosmic inflation has become well-established and, nowadays, is it
considered rather as a paradigm than just a model.

In Sec.(2.5.4), the conditions for the cosmic inflation have been formulated. Namely, three
equivalent conditions for that phase are i) the shrinking of the Hubble radius (aH)™!, ii)
the accelerated expansion of the scale factor @ > 0, and iii) the violation of the strong en-
ergy condition, i.e., p + 3p < 0. However, we have not discussed the specific type of matter
that could drive the Universe toward the inflation phase. It turns out that a natural way to
archive the accelerated expansion is to introduce a real scalar with flat enough potential. If
the energy density of such a field dominates the energy budget at early times, the flatness of
its potential lead to a negative pressure, which might automatically guarantee a violation of
the strong energy condition. This is why many inflationary models postulate the existence
of a spin-0 massive field, the so-called inflaton, whose dynamics triggers the cosmic inflation.
Due to the fact that inflationary energy scales are far beyond our extent, neither the origin
nor the nature of the inflaton field is known.

It is worth emphasizing that introducing the scalar field responsible for the accelerated ex-
pansion of the Universe not only is a good cure for problems of standard cosmology but also
provides a mechanism to produce quantum fluctuations that seed the large-scale structures
[291-295]. It is considered one of the major successes of the inflationary paradigm as it ex-
plains the physical origin of density fluctuations. Quantum fluctuations of the inflaton field
also induced tensor perturbations of the metric tensor, which in turn might inevitably lead
to the generation of the stochastic background of primordial gravitational waves [192-195].
The detection of such waves might be considered a smoking gun for cosmic inflation.

This chapter is partially based on Ref.[2, 3] and is organized as follows. In Sec.(3.1), we
establish the single-field inflationary set-up. In particular, in Sec.(3.1.1), we introduce slow-
roll parameters, and then in Sec.(3.1.2), we discuss the slow-roll solutions. In Sec.(3.2), we
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elaborate on the oscillatory phase of the inflationary paradigm, deriving the approximate
oscillatory solutions to the inflaton equation of motion. Subsequently, in Sec.(3.3), we inves-
tigate the dynamics of quantum fluctuations induced by the inflaton field and briefly discuss
their connection with CMB observables. Next, in Sec.(3.4), we overview the inflationary
models. We close this chapter by introducing the a—attractor models, which we will adopt
in the forthcoming analysis.

3.1 Single-field inflation

The negative pressure condition, obtained from the Raychaudhuri equation Eq.(2.62) can be
met by a real spin-0 field ¢, called the inflaton field. This new degree of freedom is assumed
to dominate the energy budget of the primordial Universe. The dynamics of the ¢ field is
described by the following action:

S = Sk + Sy, (3.1)

where the Einstein-Hilbert action, Sgy, was introduced in Eq.(2.40), while the inflaton action
is

In Eq.(3.2), we have assumed that ¢ is minimally coupled to gravity and that its kinetic term
is canonically normalized. Above, V(¢) denotes the potential term for the inflaton, which is
left unspecified for the moment.

Next, using the definition for the Belifante-Rosenfeld stress-energy tensor introduced in
Eq.(2.45), one finds the energy-momentum tensor for the inflaton field

T, = 040000 — g | 597006 0,0~ V(6)] (3.3)

In what follows, we assume that the line element of the background metric is that of the flat
(k = 0) FLRW metric (2.19), and restrict our attention to the homogeneous inflaton field,
i.e., ¢(t,T) = ¢(t). Then, the 00 component of the energy-momentum tensor, i.e., the energy
density, takes the form

0 L,
po=Tp" = 58 +V(9), (3.4)
where the overdot denotes derivative with respect to cosmic time ¢. Moreover, the isotropy

of the background metric implies T;ﬁ = To; = 0, whereas the diagonal ii (spatial-spatial)
component, i.e., the pressure, is

1.
ps = 36" = V(9). (3.5)
Consequently, the condition for the accelerated expansion, p 4+ 3p < 0, can be fulfilled only if
P? < V(). (3.6)

The above condition for the inflationary phase, written in terms of the equation of state
parameter w = p/p, leads to the following inequality: w < —1/3, which for the inflaton
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equation of state,

132
39" —V(¢)
Wy = %.27, (3.7)
50* + V(o)
is automatically guaranteed by Eq.(3.6), since in this case wy — —1.
The Euler-Lagrange equation for the ¢ field reads
I(V—9Ls) 9(V—9Lsy) v
0 — =0, (vV—94¢"" 0, vV—9—— =0, 3.8
which can be further recast to the form
v v 1 g 17 av
9" 0,,0,¢ + 0,9 09" + igp (0n9po)g"" O + % =0. (3.9)

Thus, neglecting spatial derivatives, the classical equation of motion (EoM) for the inflaton
field in the FLRW background can be written in the following form:

¢+3Hp+Vy(p) =0, (3.10)

where we have used the shorthand notation V4 (¢) = 0V (¢)/0¢.
Assuming that the total energy budget is dominated by the inflaton energy density (3.4), the
evolution of the Hubble rate, H, is determined by the following Friedmann equation:

1

H?>=_——_
3M3,

1.
(2¢2 + V(¢)) : (3.11)
It is worth noting that Eq.(3.10)‘ resembles an EoM for a particle rolling down its potential,
subjected to friction via the 3H¢ term.

3.1.1 Slow-roll parameters

The inflaton EoM (3.10) together with the Friedmann equation (3.11) form a coupled system,
which can be solved numerically once the potential V (¢), and initial conditions {¢;, ¢;} are
specified. Nevertheless, it is instructive to obtain approximate analytical solutions. One
can typically distinguish two regimes: the slow-roll limit and the oscillatory solution, which
will be discussed in the next section. The former regime refers to the limit in which the
condition (3.6) is satisfied and the acceleration term ¢ is subdominant. Let us now discuss
these conditions quantitatively [296, 297]. To that end, we first note that

i H d/1 $?/2

—=H+H*=H?>(1—ep), ¢ ::():3-.. 3.12

a (1=en) B="m " @t \H $2/2+ V(¢) (3.12)
Hence, the condition for accelerated expansion can be formulated in terms of the Hubble
slow-roll parameter (HSR) ey as

>0 < 0<eyg <Ll (3.13)

To achieve the required number of e-folds during inflation (~ N+ = 60 [226]), the above
condition should hold for a sufficiently long period. This means that ey < 1 during the
cosmic inflation. Such a condition implies that the Hubble rate should change slowly with
time, which happens if V(¢) dominates over the inflaton kinetic energy.
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Moreover, accelerated expansion is sustained sufficiently long if the second time derivative of
¢ is small enough: |¢|< [3H¢|, |V 4|. The condition can be expressed in terms of the second
HSR parameter

é dlng ldlney 1 dey

Mg T Har T2 Hat T aeg dv

<1, (3.14)

where we have used dN = Hdt.

Note that inflation take place when ey < 1, regardless of the value of ny. However, the
above condition (3.14) ensures that the fractional change of ey per e-fold is small such that
the accelerated phase of expansion last long enough. Moreover, the above constraint allows
us to neglect the acceleration term in the inflaton EoM (3.10), which now simplifies to the
following form:

L V(e . Mp V(9)
H e = ¢ = 75 W@ (3.15)

The above relations indicate that the ¢ field asymptotically approaches an attractor solution
[297]. This means that the inflaton promptly converges towards the slow-roll solution for a
wide range of initial conditions.

In addition to the HSR parameters, it is instructive to define the potential slow-roll (PSR)
parameters through the following expressions:

M3, (V)2 1%
=" () = M5 (3.16)

where Vs = 02V/0¢2.

Note that the smallness of the PSR parameters should allow us to neglect the kinetic term in
the Friedmann equation (3.11) and the acceleration term in Eq.(3.10). However, the smallness
of €y, and 7y is a necessary but not sufficient condition to guarantee that these terms can be
dropped. The PSR parameters can restrict the form of the inflaton potential but are insensi-
tive to the value of ¢. Hence, the PSR formalism is usually supplemented by the additional
constrain qﬁ ~ —V4/(3H), which assures that ¢ approach to the asymptotic attractor solution.

One can also show that the PSR set can be related to the HSR parameters as [297]

3 — 2
€y = €H <3_Z§) , (3.17)

and

[oas2 . H 3—

na

where the first term in (3.18) is of higher-order. In the lowest-order in slow-roll, one gets
nv =~ ng, and ny =~ ng + €. Consequently, the slow-roll conditions e, ny < 1 implies
ev,ny <K 1. Therefore, for the sake of simplicity, we restrict our attention to the PSR
parameters in the remaining part of this chapter.
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3.1.2 Slow-roll solutions

Now let us note that by differentiating (3.4) with respect to time and implementing EoM for
the ¢ field (3.10), we get the continuity equation

ps =00+ Vip) = —3H* = piy+3H(py + py) = 0. (3.19)

Since during the slow-roll inflation, py ~ —pg, the conservation equation implies that pg is
approximately constant in time. This, in turn, indicates that the Hubble rate is also roughly
time-independent. Hence, using the slow-roll version of the Friedmann equation, we find the
evolution of the scale factor

dlna 1 Jv

where a; and t; denote the scale factor and cosmic time corresponding to the onset of the
slow-roll phase of inflation, respectively. The constant Hubble parameter leads to exponential
expansion, which is a characteristic feature of the de-Sitter (dS) universe. In general, infla-
tionary models slightly deviate from the exact de-Sitter phase (6(}_18 = 0), and its deviation
is described by the set of slow-roll parameters. In a more realistic scenario, the scale factor
grows quasi-exponentially with time, according to the formula

ar(t) = a; exp <—]\/}2 /(8¢ In V)_ldgb), (3.21)

Pl

whereas the evolution of the Hubble rate and the inflaton field feebly depends on time.

Finally, it is also instructive to calculate the inflationary number of e-folds,

Ninlen%
a;
te de [f  (3.15) be V 1 T |
_ Hdt:/ Lo~ [ g :—/ dé, 3.22
t; Y ¢ ?i V,¢ ¢ Mpy de vV 2€y ¢ ( )

where ae, te, and ¢. = ¢(t.) correspond to the scale factor, cosmic time, and field value at
the end of inflation, defined by the condition,

i=0 < eg=1. (3.23)

Note that at the end of inflation, one can use (3.17) and (3.18) to eliminate 7y, obtaining

nu(ae) ~1— QW' (3.24)

Using the above result, one can show that the condition (3.23) roughly corresponds to [298]

ev(ae) ~ (1+4/1—ny/2)% (3.25)

The required number of the inflationary e-folds is in the realm of several tens. The horizon
and the flatness problems can be resolved providing the total number of e-folds exceeds about
Nins = 60 [226].



Chapter 3. Cosmic inflation 64

3.2 Oscillatory phase

According to the single-field inflationary scenario delineated in the previous section, the ¢
field rolls down towards the minimum of its potential during the slow-roll phase of infla-
tion. As ¢ evolves towards the smaller values, the slow-roll conditions cease validity, and ¢
enters the oscillatory regime. Its commencement coincides with the termination of the accel-
erated expansion, defined by the condition (3.23). From Eq.(3.12), we see that the following
condition can alternatively define the end of inflation:

(2.52(te> - V(‘be)v (3'26)

which, in turn, implies

pe = py(te) = gV(@) = W, = —é. (3.27)

The inflationary phase ends as the potential steepens and ¢ starts to coherently oscillate
around the bottom of its potential with a decaying amplitude. The time scale of oscillations
is typically much shorter than the variation of the inflaton amplitude.

During the oscillatory phase, it is convenient to parametrize the inflaton evolution by a
product of the following functions [127, 203, 299, 300]:

¢(t) = p()P(1). (3.28)

The slowly-varying function ¢(t), which we refer to as the envelope of the oscillations, ac-
counts mainly for the expansion of the Universe, whereas P(t) describes the quasi-periodic
rapid oscillations. The envelope function is defined by the condition [127, 203, 299, 300]

V(g) = pe- (3.29)

The character of these oscillations strongly depends on the shape of V(¢) in the vicinity of
the minimum. In general, the inflaton potential during the oscillatory epoch can be well
approximated by the following monomial:

2n

V(9) = V(o)

o = po|PIP". (3.30)

In the remainder of this thesis, we limit ourselves to potentials steeper than the linear po-
tential during reheating. This implies n > 1/2.

Our goal now is to find approximate analytical solutions of (3.10) during the oscillatory phase
using the parametrization (3.28) together with the condition (3.29). For this purpose, let us
first define a time average of a quantity X over one period of oscillation T, i.e.,

1 t+T
(X) = 7/ di X (7). (3.31)
T Ji
Furthermore, according to the Leibniz integral rule

d ¥ d (1 /H—Tde(f)) _X(@+T) - X(1) _ ;/HTd,gX = (X). (3.32)

X =gl\7 T

In what follows, we assume that the envelope barely changes during one oscillation. Thanks
to (3.29), it means that p, is also almost constant in time, which, in turn, implies that the
time variation of H can also be neglected.
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Utilizing these remarks, we get

(3.10)

‘9 1 T 9 = . .
@) = [ iD= —(0d) = BHG0) + (V) = (V) (339

where we have integrated by parts in the first and the last steps. Next, using Eqgs.(3.4), (3.30)

and the above relation, one obtains

(o) = 3oV + (o) = 5o 20D 4 wio) = e+ pvo)

= (n+1)(ps| PI*"), (3.34)

which indicates that

(E—

= (3.35)

Hence, the inflaton averaged equation-of-state parameter approaches a constant value during
the oscillatory phase

{po)  (n=1)(V(¢) _n—1 (3.36)

(pg) — (L+n)(V(¢))) n+1

The time-averaged version of the continuity equation takes the form

w

(pg) + BH(L+ @) pg) = % (pg) + BH(1L+ 1) (pg) = (3.37)
or simply
po+3H(1+1w)py = 0, (3.38)

where we have used the fact that (py) = pg.

Lastly, utilizing Eq.(3.36), we see that for the quadratic inflaton potential, i.e., n = 1, ¢
behaves as a matter, i.e., w = 0, during the oscillatory phase, while for the quartic potential,
i.e., n = 2, inflaton has a radiation-like equation of state, w = 1/3.

3.2.1 The envelope evolution

From Eq.(3.38), one obtains the dynamical equation for the slowly-varying envelope

3
- Ho.
n+1 14

¢ = (3.39)

Converting time derivative to derivative with respect to the scale factor a, the above equation

can be recast as

do_ 3 de
¢ n+la’

(3.40)

Thus, during the oscillatory phase, the envelope experiences a power-law decrease with the
scale factor

p(a) = pe () o , (3.41)
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where ¢, denotes the initial value of the envelope at the onset of the oscillatory phase. By
setting P. = 1, we can relate ¢, to the inflaton field value at the end of inflation ¢, defined
by the condition (3.23).

3.2.2 Evolution of the quasi-periodic function

On the other hand, the evolution of the (an)harmonic function P is described by the following
equation:
. . . ? @
¢—¢P+P¢:>P—¢—¢P. (3.42)

Using Eq. (3.40), we can further simplify this equation as

. 2p4(1 — |P>")
PV 3 mp, (3.43)
% n+1

where the 4 sign corresponds to gb > 0 and qZ) < 0, respectively. Since the time scale associated
with the expansion is much longer than the typical time scale of oscillations, we can neglect
the second term in the above equation. Consequently, equation (3.43) takes the form of a
classical energy integral for a material point characterized by a coordinate z moving in the
potential V' (z)

j:2

5 + V@) =0, (3.44)

where z = P and V(z) = (|z[*"—1)ps/p?. The ps/e® ratio can be associated with the
effective mass of the inflaton field, defined as

m3 = PV _ on(2n — 1)%. (3.45)

2
¢ p=p

Note that the variation of mi is negligible in the time scale of oscillations.
The EoM for the P function can be rewritten as
2
dP my

== A= ———— . 4
dt Ta n@n—1) const (3.46)

Adopting the initial condition P(tg) = 1, where ¢y ~ t., and choosing the minus sign on the
r.h.s. of the above equation, we get

VALt — / 3.47
VA S (3.47
Switching to the new variable u = |P|?>", we find
1 P 1y 1
At —to) = %/ duu (1 — )31, (3.48)
1

This, in turn, can be rewritten as

|p|2n
—VAp(t—to) = o / duwsn~ 11— w) 31 / duuz~ 1—u) L (3.49)
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which reads to

—\/an(t—to)—lB(\P\Q"' : 1) ﬁﬂ (3.50)

2n "2n 2 _%p(%Jr%)’
where B(z;a,b) denotes the incomplete beta functions, defined as
B(x:a,b) = /0 At 1(1 — )b, (3.51)
with @ > 0,b > 0 and 0 < x < 1, implying
0 < |P(t)*"< 1. (3.52)

The period of the inflaton oscillations can be obtained from the following integral:

o da 1 a1 T(a)
R A (4 T TG a) (359

whereas the frequency w is

2n

(b +
W= mey 5 E‘Q{Ll;) (3.54)

In order to find an explicit formula for |P(¢)| let us use the beta function, defined as

1
B(a,b) = / dt o1 — 1)L, (3.55)
0
g - . 1 1) _ ()
Dividing Eq.(3.50) by the beta function, B ( 5,5 ) = \/EF(;+L), one finds
2 ' 2n
r(3+4%) [a 11
1 —Op——=2 ) N Yy = T on, 1 '

iy Ve (IPOP" 5:05) (3.56)

where the following definition of the regularized incomplete beta function has been used
I(z;a,b) = B(x;a,b)/B(a,b). (3.57)

Thus, the solution for the |P(¢)| function can be expressed in terms of the inverse of the
regularized incomplete beta function, i.e.,

on_ -1 1 1)
POP= 1 (505). (359)
where
T 1 + 1
zz1—2nM A y=1- Ly (3.59)
) Ve
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Finally, let us calculate the time average of |P|>" over one oscillation period:
1 T
(PP = 7 [ dt P
T Jo

4 (T/4 /101

— T/O dtIz(t) (27_1/,2> s forn€R+
2 (5 + 71 1 1.3 1 1.3

= ———5 |2/ (, - ;20) V2o — 2F1 (, - ;21) \/2’1} , (3.60)
JaT (%) [ 2" 2n7 2 2" 2n 2

with

11 11
=1-I7' = = =1-I"'(= ). 61
=0 0 <2n’2)’ A1 1 <2n’2) (3.61)

Relation (3.60) can be further simplified as follows,

PQn_F(%%—%)F(l%—ﬁ)_ | .

which agrees with the result (3.36).

3.2.3 Evolution of slowly-varying variables

Before we conclude this section, let us determine the exact time evolution of several slowly-
varying observables. The dynamics of the inflaton energy density is governed by Eq. (3.38),
whose solution is takes the power-law form

e 3(1+w) e Y
po=re (%) = (%) (3.63)

a a

Consequently, from the Friedmann equation, one obtains

3(1+w) 3n_
H=H, <a> - (“) " Ho= VP (3.64)
a a V3Mp

Integrating the above equation, one finds the evolution of the scale factor a with t,

n+1
3n Bn
—a 1+ 2 H (t—t, . :
0 =a [ S )] (3.65)

Then, by inserting solutions (3.41) and (3.63) into Eq. (3.45), one gets
3(n—1)

a n+1
me(a) = mg (;) , mg,

2n(2n — 1) \//Te’ (3.66)

Pe
which indicates that mg is a monotonically increasing function of the scale factor for n €
(1/2,1), whereas for n > 1 it decreases during the oscillatory phase. Hence, only for n = 1,
which corresponds to the quadratic inflaton potential, the effective mass is time-independent.
Moreover, the time dependency of m presupposes that the period of the inflaton oscillations
T and the frequency w also depend on time, provided that n # 1. In particular, from
Egs.(3.53) and (3.54), we see that for n € (1/2,1), T'(w) decreases (increases), while if n > 1
T'(w) increases (decreases) with the scale factor.
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3.3 Constraints on inflationary models

In this section, we revise several inflationary parameters and their corresponding values from
the CMB spectrum, following [227]. But before we introduce the principal CMB observables,
let us first present a very brief introduction to the topic of quantum fluctuations during
inflation.

3.3.1 Primordial perturbations

The inflationary paradigm is so appealing not only because it resolves the hot big bang
problems but also because it provides a very natural explanation for tiny inhomogeneities
observed in the CMB spectrum. Namely, the primary anisotropies could have originated from
the unavoidable zero-point quantum fluctuations of the inflaton ¢ and metric perturbations
R. One must go beyond the standard assumption of homogeneity and isotropy to account
for primordial fluctuations. To that end, let us define perturbations around the homogeneous
background solutions for ¢(t) and the metric g, , (%):

O(t, 7)) = () + 6o(t, T), Guv(t, &) = g + 09, (¢, ), (3.67)

where 6¢ < ¢ and 0g,, < g

To understand the behavior and evolution of primordial perturbations, it is instructive to
decompose them into scalar (S), vector (V), and tensor (T) components. This decomposi-
tion, known as the SVT decomposition, was introduced by Bardeen in 1980 [301]. At the
linear level, perturbations of each type evolve independently of each other. This means that
one can track the dynamics of each component separately without significant interference
from the others. For instance, scalar perturbations primarily drive the growth of large-scale
structures such as galaxies and clusters of galaxies. Vector perturbations, on the other hand,
are significantly suppressed during inflation [295]. Tensor perturbations correspond to pri-
mordial gravitational waves PGWs and their propagation through space. We focus on tensor
(PGWs) and scalar perturbations in the following part of this section, starting from the lat-
ter.

In the comoving gauge, the ¢ field is unperturbed, i.e., d¢ = 0, whereas other scalar degrees
of freedom are parameterized by the metric fluctuation R(¢, &), such that [227]

gij = —a*[(1 — 2R)di; + hij], (3.68)

where h;; is the transverse-traceless tensor, i.e, Jjhi; = 0 = hi All fluctuations are created
on all comoving length scales k~! deep inside the cosmic horizon. Modes with wavelength
k' much smaller than the comoving Hubble radius (aH)~! are referred to as subhorizon
modes. Since the comoving Hubble radius shrinks during inflation while the wavenumber k!
of modes remains constant, at some point during inflation, perturbations eventually exit the
horizon. We denote this moment as a, = k,(H,)~!. Contrarily, modes with wavelength much
longer than (aH)™!, ie., k < aH, are referred to as subhorizon modes. A notable feature of
fluctuations is that their amplitude remains constant outside the horizon.

Scalar perturbations

To derive EoM for scalar perturbations one expands the action (3.1) to the second order in
R, obtaining [227]

12
@) _ 303 ¢ [5 1 0 0o
552 — / dtdzad [R —(OR) ] (3.69)
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Performing the following field redefinition:
v= 2R, Z=ap, (3.70)

and using the conformal coordinates, one can recast Eq. (3.69) as
1

552 — %/drd?’x [(1/)2 + (Oiv)? + %1}2 ; (3.71)

where by the prime we have denoted derivative w.r.t. to the conformal time 7, i.e., / = 0.
Hence, the Euler-Lagrange equation for the v field is

2

v — V2 — %v = 0. (3.72)

Now let us promote the classical field v to quantum field operator o,
3 . o
o(r, &) = /((2171'];3 {vk(T)d,ge’k'x + UZ(T)CAL;%e_ka} , (3.73)

and impose the equal time canonical commutation relation (CCR)
[0(7, ), 7o (7, )] = 0 (7 — ), (3.74)

where 7, (7, %) = 7, (7, §) denotes the quantum operator describing the momentum conjugate
to 7.

The above relation can only be satisfied provided that the creation and annihilation operators
obey the following commutation relations:

oz, al] = (21)26@ (K — ), lag, ag) = 0 = [ak, all, (3.75)
whereas the mode functions are normalized such that the Wronskian is equal
W vk, vy,] = vpv) — viv), = —i. (3.76)

From Eq. (3.72), one finds that vy, satisfies the so-called Mukhanov-Sasaki equation

"

vy + {kQ - 2} v = 0. (3.77)

Deep inside the Hubble horizon, the Mukhanov-Sasaki equation simplifies to the harmonic os-
cillator equation in flat Minkowski spacetime, i.e., v}/ +k%v, = 0. Hence, the initial conditions
for the mode function can be taken as the Bunch-Davies vacuum, i.e.,
e—ik’?’ e—ikT
lim v, = , lim v}, = —ik——.
=00 V2k =00 V2k

Moreover, during the de-Sitter phase of inflation, H = const., which implies that Eq.(3.77)
simplifies as

(3.78)

2
vy + [kZ — ] v = 0. (3.79)

T
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The solution to the above equation is given by

on(r) = 6\;% (1 _ k;) . (3.80)

To statistically characterize the fluctuations, one introduces the power spectrum using the
two-point correlation function [227]

(RiRy) = (2m)36B) (k + @) Pr(k), A% = j;PR(k), (3.81)

where (...) denotes the ensemble average.
Utilizing Eq. (3.70), one can calculate the power spectrum at the horizon crossing, i.e., at
k. = axH,, obtaining

HZJvg(r)|?
piaz

Note that for superhorizon modes, i.e., £k < aH, the first term in the above parenthesis is
negligible since |k7|< 1. Hence,

(RiRq) = (2m)*6) (k + @)

2
:(27r)35(3>(12+q)i <1+ ! ) He (3.82)
2k, k272 ) $2a2

- 1 H}
(ReRy) ~ (2m)26C) (K + q) SRR (3.83)
* *

Consequently, the dimensionless power spectrum of scalar fluctuations at the horizon crossing
is
k3 1 H! 1 H? 1
AQk E*P’R/k :77,*:7 *7,
+(F) (k) (2m)2 ¢2  8m2 MP ey

o (3.84)

where we have used the definition of the first HSR parameter Eq. (3.12).

Lastly, let us stress that the scalar power spectrum depends only on k, as A2 is evaluated
at the horizon crossing k, = a,H,. Due to the fact that both H and ey might slowly vary
in time during inflation, one expects that A2 could be slightly different for different modes.
The deviation from the scale-invariance, i.e., k-independence, can be parametrized by the
following expression: [227]

A (k) = Aq (:)nl , (3.85)

where k, should be understood as some reference scale, As is the amplitude of the scalar
spectrum measured at k = k,, while ngs denotes the scalar spectral index, defined as

= dln A?
" dlnk

(3.86)

ng —
Note that ns = 1 would correspond to a perfect scale-invariance.

Tensor perturbations

Analogously, one can obtain the power spectrum for tensor perturbations. For this purpose,
one should expand the Einstein-Hilbert action Eq. (2.40) up to second order [227], obtaining

3Sm = Wl/dm%a?[yh' 12— |0hi ] (3.87)
EH — g ij gl d- :
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It is convenient to decompose h;; into the two polarization states
d3 k - T
_ / eA(R) e (3.88)
A=—+,X
where €; (E) are symmetric, traceless and transverse spin-2 polarization tensors,
e(k) = e)(k), ex(k) =0, ki (k) =0, (3.89)
normalized as
eg\j(k)[ep’ij(k)]* = eg\j(k)efj(—k) =267, (3.90)
and satisfying the completeness relation
Z 65\](];) €l>\m (E) zl ij + sz le - Pl'j le ) Pil = 67Ll - ]%’L ]%la (391)
A=+ ,X
where k denotes the unit vector along the direction of k.
Inserting decomposition (5.45) into Eq.(3.87), one finds
M3 d? k a”’
ss =" Z /dT [ YRR+ (3.92)
where we have used the orthonormal condition (3.90).
To get a canonically normalized kinetic term, one introduces a new variable
= Mpy
Mt k) = —ahy, 3.93
(t, k) 3 (3.93)
so that the action becomes
1 - . n__
85 = i/dm% [yh”P—k?\hAy%“th (3.94)
a

Next, we promote h* and its canonically conjugate momenta 7 = M to quantum operators

lfzj‘, - by imposing the equal time CCR, i.e.,

—

A (7, %), 77, (r, )] = 162763 (& — ),

with

Z / d? ]‘9 hA b>\ zkac_|_h>\( )bgTe—iE-ﬂ’

o=+,X

with the ladder operators satisfying the usual commutation relations
i\ 7ot Ao I\ 701 At 70T
[b by ] = (27)36 56 ( —q), [bk,bq] 0= [bE bz .

The mode functions Eé satisfy the

~ a” ~
hy + {k:Z — ] hy =0,

(3.95)

(3.96)

(3.97)

(3.98)
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which is just the Mukhanov-Sasaki equation (3.77), and its Wronskian is normalized to one,
ie., Wihy, hy*] = 1.

The action (3.94) is equivalent to the action of two real scalar fields (3.71) one can see
that the two polarizations of the tensor perturbations behave as a redefined scalar field,
hy = \/2vi,/(aMpy). Therefore, their two-point function can be calculated as

4oy ? 1 2H?

(hij(k)hij(a) = (2m)°8) (k + @) a2z = ~ (2m)*6@® (k (T)kg M2

(3.99)

where we have utilized the orthonormal relation (3.90), which is responsible for the addition
factor of two in the second step.
From the above expression, one infers that the power spectrum of a single polarization is

k3 1 H?
A= 2 Puky) = —5 5 3.100
Finally, the dimensionless power spectra for tensor fluctuations is given by
2 H?
2 _ 2 _ *
so that the tensor-to-scalar ratio is
A2
r= K% = 16ep (k). (3.102)

3.3.2 CMB constraints

Let us now connect the primordial fluctuations to the cosmological observables. To that end,
we will establish the link between the newly introduced variables, including the power spectra
and the tensor-to-scalar ratio, with the CMB data.

First, we should emphasize that the reference scale k, can be related to the pivot scale for
the CMB observations measured by Planck, i.e., K°MB = 0.05 Mpc~! [302]. The amplitude
of scalar perturbations measured at the pivot scale kSMB is

A2(ECMB) = 9.1 x 107, (3.103)
Utilizing Eq.(3.102), one finds the following upper bound on the tensor-to-scalar ratio:
r < 0.032, (3.104)

at 95% C.L. by the Planck [302] and BICEP /Keck [303] combined analysis [304]. Thus, from
Eq. (3.101), we obtain an upper bound on the Hubble scale

H, ~ H, < 4.4 x 103 GeV, (3.105)

where we have assumed that the time variation of the Hubble rate in the period between a,
and a, is negligible.

Next, it is instructive to quantify the scale-dependence of the power spectra. In analogy with
ns, introduced in Eq.(3.86), one defines the tensor spectral index as

dln A? _ dlnA?
dink M=k

(3.106)

ns— 1=
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From the Planck data [302], we know that the spectral tilt n, slightly deviates from unity
and for the pivot scale is

ns = 0.9649 4+ 0.0042. (3.107)
Note that
dinA?2  dInA2Z /dInk\ ™! dlney 1 de — 2nm
dink _ dN < AN > __<26H+ AN >(1_6H) Ty 0 B9
and
dlnAf:dlnA% <dlnk:>_1:_ 2eq 7 (3.109)
dlnk dN dN 1—ey
where we have used Eq. (3.14).
Hence, spectral indices in the leading order in HSR parameters take the form
ns — 1 =2npg (k) — e (ke) + Oy, mig, naen), (3.110)
ne = —2np (k) + O3, iy, nen). (3.111)

Now, adopting the slow-roll approximation ¢ < V(¢) and the fact that ny ~ ny, and
Nv = Ny + €x, one approximates the scalar and tensor power spectra as

1 V1 2V
s — AlGR ~ === 3.112
s,SR 2471'2 Mf’ll €V ko—a, H ’ t,SR 37T2 MIZDL] o I, ( )
Consequently,
rsr = 16€y (k) (3.113)
and
nS® —1 =2y (k,) — 6ey (ky), (3.114)
et = —ny (k). (3.115)

Now, using Eq. (3.103) and (3.112) we obtain the following constrain on the inflationary
scale:

1/4

Vit~ vt < 1.4 % 10" Gev. (3.116)

3.4 Inflationary models

Once we have discussed the general features of cosmic inflation, we can briefly overview some
specific models. Nowadays, there exists a broad diversity of theoretical models aiming to
carry out the inflationary process. In fact, inflationary zoology is quite head-spinning, as it
contains hundreds of different scenarios. With the passage of time, inflationary models have
become more and more sophisticated. The main reason for that is an endeavor to relate the
SM of particle physics, i.e., the low-energy effective field theory, with a parent UV theory,
which would become relevant at high energy scales. Hence, many models of cosmic inflation
originated in beyond the Standard Model theories, including supersymmetry, supergravity,
or string theories [305, 306]. An excellent complete review can be found, e.g., in [290, 305].
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Below, we restrict ourselves to a very basic outline of inflationary models.
Inflationary models can classify them into several categories, depending on:

¢ the number of dynamical fields

In addition to the single-field inflation described above, models equipped with more
than one slowly-rolling field are also commonly discussed in the literature. Such sce-
narios are motivated by many high-energy models involving a plethora of spin-0 fields.
In particular, one usually considers a model where a pair of scalar fields are responsi-
ble for cosmic inflation, see, e.g., [307, 308]; however, the generalization to multi-field
inflation is also widely discussed, for a review see, e.g., [309, 310]. The presence of
multiple dynamical fields can modify the inflationary dynamics and alter the predic-
tions of single-field models. In particular, multi-field inflationary scenarios predict the
generation of non-adiabatic field perturbations during inflation, which could lead, for
instance, to detectable non-Gaussianities. Hence, such alternative models are expected
to be observationally distinguished from single-field scenarios in the near future.

e the form of the inflaton potential

Different cosmic inflation models vary in a specific form of the inflaton potential V' (¢).
Following Ref.[227], one distinguishes two basic types of V(¢) depending on their be-
havior during inflation. This classification is based on the displacement of the inflaton
field, A¢ = ¢omB — @e, describing the difference between the inflaton field values at the
moment when the CMB fluctuations were created ¢cymp and the end of inflation ¢, cf.
Fig.(3.1).

The small-field models, also known as new inflation are typically described by poten-
tials emerging from spontaneous symmetry breaking [207, 208]. In such scenarios, the
inflaton, initially located in a false vacuum state, evolves away from an unstable max-
imum toward a displaced true minimum. Its evolution is sub-Planckian, as ¢ moves
over a small distance A¢ < Mp). Small-field potentials can be described by a generic
potential of the form [227]

P
Ver(d) = Vo [1 - (i) } . (3.117)
where Vj, pu characterized respectively the potential height and width, whereas the dots
correspond to higher-order terms. The exponent p is specified in a given model, e.g.,
for the Higgs-like potential p = 2. The Coleman-Weinberg potential [207, 208, 311]

4

Vow(®) = Vi { (i) [m (ﬁ) _ ﬂ + i} (3.118)
is another example of a small-field model arising from the radiatively-induced symmetry
breaking in electroweak and GUT theories. Small-field models are typically character-
ized by tiny potential slow-roll parameter €y;. The smallness of €y has observational
consequences, implying that the amplitude of the primordial gravitational waves pro-
duced during inflation is too small to be detected by future surveys.
A distinctive feature of the large-field models is the super-Planckian evolution of the ¢
field during inflation. Namely, in this type of model, the inflaton field initially has a
large field value and then rolls down to a minimum situated at the origin ¢ = 0. One
typically finds ny € (—ey,ey| in such scenarios. One of the simplest examples of a
large-field inflationary model is the so-called chaotic inflation [210], where the inflaton
potential has the monomial form

VLr(¢) = A¢P, (3.119)
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FIGURE 3.1: The schematic evolution of the inflaton field in the small-field (left panel) and the large-
field (right panel) inflationary models.

where the inflaton self-coupling A is typically very small and can be both dimensionless
and dimension-full depending on the exponent p. The tensor-to-scalar ratio r might
be sufficiently large for this type of inflaton potential to lead to a detectable spectrum
of primordial gravitational waves. Another well-established large-field model is the
dubbed as the natural inflation [311] with the following potential:

Wi(o) = Vo {cos (jﬁ) + 1] , (3.120)

/4

where the appropriate scales two parameters of the model is respectively VO1 R mQuT
and f ~ Mp; [312]. The above potential originates in the BSM theories where the
inflaton is associated with the axion field.

In addition to the two above-described scenarios, one sometimes distinguishes yet an-
other class of inflationary model. The third type, dubbed as hybrid models [313, 314],
where ¢ evolves toward a potential minimum with nonzero vacuum energy. In such a
scenario, the accelerated expansion continues forever unless an auxiliary field is added
to the theory. A common feature of this model is the following relation between po-
tential slow-roll parameters: ey € (0,7y). The generic type of the inflaton potential in
the hybrid models, i.e.,

V(g) = Vo [1 + (iﬂ , (3.121)

behaves as a large-field potential in the limit ¢/u > 1, whereas for smaller field values,
ie, ¢/u < 1, it is similar to the small-field potential Vgp. However, in this regime, ¢
evolves towards a dynamical fixed point rather than away from it.

e coupling to gravity
In a standard, minimally-coupled, scenario, there is no direct coupling between the
inflaton and the metric. However, one can consider more exotic scenarios where the
non-minimal couplings between ¢ and gravity are present. One of the best-established
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examples is the Higgs inflation [315], where the SM Higgs doublet h plays the role of
the inflaton field. The action of this model involves a direct coupling of the Higgs field
to the Ricci scalar R

M3 2

Sp1 = / d*v/—g l—;” (1 + Mih}ﬂ) R+ ¢g"(8,h)19,h — V(h)] : (3.122)
Pl

where £ denotes the dimensionless non-minimal coupling constant. It turns out that

such non-minimally coupled theories can be written as minimally-coupled theories by

adopting the appropriate field redefinition. For instance, one can recast the above

action as

Sup = / /=g l—]‘f’l}? + F(h)(9,h)0,h — f/(h)] : (3.123)

performing a conformal transformation g, = Q%(2)gu. From this expression, we see
that the price we must pay for this is the appearance of the non-canonical kinetic term
F(h)(0,h)T9,h for the Higgs field.

The original concept of Higgs inflation encounters a unitarity problem since, to rec-
oncile with the CMB data, a sizeable non-minimal coupling is needed [316, 317]. This
leads to the violation of unitarity, occurring at a scale comparable to the Hubble scale
during inflation. However, as demonstrated in Ref.[318, 319], this problem can be
resolved by adding a new degree of freedom coupled to the Higgs boson.

o modification of the Einstein-Hilbert action
In a similar manner, one can also consider the modification of the Einstein-Hilbert action
at high energies. Such an attempt was originally investigated by Alexei Starobinsky
[206, 206], who wrote down one of the earliest and, at the same time, more elegant
models of cosmic inflation, driven by the following purely gravitational action:
M2 R2
St = —J/d‘*:cﬁf(}z), Fr) =R+ (3.124)
2 6M2
The quadratic quantum correction to the Einstein-Hilbert action became relevant in
the very early universe when the curvature of spacetime was large. The above action
can be put into a standard form under the Weyl transformation G, = Q%(2)gu,. In
the Einstein frame, the inflaton field emerges as an effective incarnation of the higher
curvature correction. The induced inflaton potential is given by

2
3 2 ¢
=" M2A2M?|1 - — /2= . 12
Var 7 My l exp < 3MP1>1 (3.125)

The Starobinsky model is in excellent agreement with the Planck data. In particular,
the only free parameter of the Starobinsky model, M, is fixed by the observable CMB
amplitude as M ~ 107°Mp; [302].

e the form of the kinetic term
In inflationary models with canonically-normalized kinetic terms, cosmic inflation can
only occur for sufficiently flat potentials. This requirement can be, however, relaxed if
one considers a dynamical field whose kinetic term is not canonically normalized, see,
e.g., [225, 320, 321]. In such a case, the density Lagrangian of a theory takes the form

L =p(X, )~ V(e), X = " 0,00,0, (3.126)
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where p(X, ¢) is some arbitrary function of the scalar field ¢ and its first derivatives.
By varying the above action w.r.t. the metric, one finds that it corresponds to a perfect
fluid characterized by the pressure p and energy density p = 2Xp x — p [226].

Note that in this case, the first slow-roll parameter is [226]

H . 3Xp7X

—_— = 12
H? 2Xpx-—0p (3.127)

€ =
Hence, for suitable F(X), one can obtain sufficiently many e-folds of inflation with-

out a flat potential. An interesting feature of that model is the enhancement of the
gravitational waves’ contribution to the CMB fluctuations, as pointed out in Ref. [225].

3.5 Attractor models

A broad class of inflationary models, including the Starobinsky model [206], the chaotic in-
flation model with non-minimal coupling to gravity [315, 322|, share a common observational
prediction for the spectral tilt ns, and the tensor-to-scalar ratio r [323-329]

2 12

e (3.128)

with N, being the number of inflationary e-folds, counted from the horizon existing of the
Planck pivot scale kKMB to the end of inflation. The n,, 7 prediction (3.128) is an “attractor
point” for potentials of the form [330]

V(o) =V [1 — exp (\/?ﬁ) +.. ] : (3.129)

in the limit ¢ — oo, where ¢ is canonically normalized inflaton field.
These models can be generalized by introducing an additional parameter «, such that a new
generalised potential at large values of ¢ takes the form [330]

Vip) =W [1 — exp (\/qu) +.. ] , (3.130)

This class of inflationary models, known as the a-attractors, leads to the following prediction
of the inflationary observables:

2 12

N r o a@. (3.131)

ng~1-—

Such models can be embedded in supergravity theories [323, 324]. Without going into tech-
nical intricacies, to which we refer the reader to Ref.[323, 324, 330], the a—attractor models
are described by the following effective Lagrangian [330]:

2

V—9Ls =+/—¢ Mpi + a ~9" 9,90, — f? (@/(\@Mm))] . (3.132)

2 (1 - (®/(V3Mp1))?)

where the geometric field ® is related to the canonically normalized inflaton ¢ through [330]

:tanh( ¢ ) (3.133)

P
\/gMPl vV 6OZMP1
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FIGURE 3.2: The V7 (¢)/A* term as a function of ¢/Mp, for different values of n, and a=1/6. Solid
curves present the full form of Vr(¢), while dashed curves show the small-field expansion of V(¢) (the
lower line of Eq. (3.136)).

This, in turn, implies that the effective Lagrangian for the ¢ field takes the form

2
V=9Ls =g [M;IR +99,00,0 —  (tanh {\/ng})] . (3.134)

In the simplest case, i.e., f = const., the above Lagrangian describes the de-Sitter model,
where V' (¢) is independent of ¢ and a.. On the other hand, for the set of a monomial function
f(z) = A%2", with n > 0, one gets

V=2 (tanh {W%W}) = A*tanh?" (@) (3.135)

where the parameter A has a dimension of mass.

3.5.1 T model

Note that one can distinguish two different regimes of the a—attractor T-model

{A4, ’¢|>> \/GEMPD

Ll el A\ (3.136)
A (\/GEMPI) 9l Voalp,

Vi = A* tanh®” (‘qﬂ ) ~
g o A GOéMpl

such that for large field values, i.e., |¢| > v/6aMpi, the potential has a plateau Vr(¢) ~ A%,
whereas for smaller field values, i.e., |¢| < v/6aMp, it can be well approximated by the
power-law form (3.30). Hence, the first regime is suitable for the slow-roll phase of inflation
since the flatness of Vp(¢) guarantees that inflation lasts long enough. Whereas, when ¢ rolls
down to the smaller values, below the v/6aMp; scale, inflation ends, and ¢ starts to oscillate
around the minimum of its potential. In Fig.(3.2) we show V(¢)/A* as a function of the ¢
field for fixed a=1/6, and several benchmark values of the index n.

Now let us calculate the inflationary observables for the a—attractor T-model. The PSR
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parameters (3.16) are

2
I(p) = % csch? (\/370[]\2) : (3.137)

ng(qﬁ) = g—z [Qn — cosh (\/STa]\jpl)] csch? <\/37a]\jp1> . (3.138)

Hence, the spectral index, and the tensor-to-scalar ratio in the slow-roll approximation, are

given by
&n 2 ¢ 2 ¢x
T * 2

~]—-— + h — h — 3.139
s <¢*) 3 e ( 3 Mp])] 3¢ ( 3 Mp1> ’ ( )

64n? 2 ¢

T 2 *
D) =~ h — . 3.140
r ( *) 3 CscC < 3 P1> ( )

CMB
*

The inflaton field value ¢, at the moment when the Planck pivot scale k exits the horizon

can be found from Eq. (3.139), and it is given by

3o

by = ?Mp { log [304(1 - ng)} + log {471 + \/9a2(1 —nk)2+8n2(2 + 3a(l —nk))

] } . (3.141)

The inflaton field value at the end of inflation, ¢, is determined by the condition (3.23),
and can be expressed in terms of the inverse of the hypergeometric function 2Fi(a,b;c; z).
However, an approximate value of ¢., obtained from Eq. (3.25), is given by

+ \/Sn {n(ll +3a(l —nk)) + \/8n2(2 +3a(1l —nk)) +9a2(1 — n£)2)

1 An—+/12a(120+16n2—1) \/1204—1671(\/3a(120¢+16n2—1)—12om—n)—1 <1
n T 12a + T 12a ;o a< 15,
3a - .
Ge ?MPI i .
I | 40 /12a(12at1677—1) \/12a716n(\/3a(120¢+16n271)712an7n)71 .
n 1-12a - I—12a y a> 95,
(3.142)

while in the lowest order, i.e., by setting ey (ae) ~ 1, one finds

3a 2n
o) ~ 4/ 5 Mp) sinh < %30[) : (3.143)

The number of e-folds between the horizon crossing of the k, mode and the end of inflation
is

o 1
N, ~ M, d
e [ e

30& 2 ¢* 2 ¢e 30[ 2 (b*
= 2% lcosh [ /= —cosh [/ = ~ 2% cosh [ /= . 144
in lCOS < 30 Mp1> o8 ( 30 Mplﬂ an %° ( 30 Mp1> (3.144)
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n 2/3 1 1 [3/2] 2 [5/2] 3 [7/2] 4 [9/2] 5
w | —02] 0 |02 [ 1/3]0429] 05 |0556| 0.6 |0.636] 0.667
¢,/ Mpy | 3.206 | 3.409 | 3.612 | 3.755 | 3.867 | 3.958 | 4.035 | 4.102 | 4.161 | 4.214
¢e/Mpy | 0.413 | 0.607 | 0.805 | 0.948 | 1.058 | 1.149 | 1.226 | 1.293 | 1.351 | 1.404

TABLE 3.1: Numerical values of the inflaton field for different values of n and fixed o = 1/6.

Hence, in the large field limit, we can rewrite the two principal CMB observables as

4N, 2
nT(n,a,N,) ~1— Ba+4N,) coth? < 2 o

) ~1- 2 (3.145)

2N2 3a Mpy N,’
12« 2 ¢ 12«
T 2 x
N,) ~ th — ~ 3.146
r (n,a, *) NE CO < 30( MP]) NE ) ( )

which agree with the prediction (3.131).

a=1/6, A=3-10"" Mp)

o1 Now let us use the CMB data

INFLATION T to constrain the parameters of the

:— 2/3{ a—attractor T model. The current up-

L1 per bound on the tensor-to-scalar ratio

L 3/2] (3.104), combined with the measured
2

amplitude of the scalar perturbations
(3.131), allows us to express the infla-
tionary scale A as

REHEATING

A Mpy S—WQAET v )
tanh™/2[¢,/(v6aMp))] \ 2
(3.147)

Note that at a = ay, the ¢ field is in the
large field regime, i.e., ¢, > v/6aMpy,
and the inflaton potential is nearly flat
V(¢y) =~ A* Hence, from the above
condition, one can limit the value of the
inflationary scale from above, such that

A= Qe

T
oF--
—_

)

FIGURE 3.3: Numerical solutions for the inflaton EoM 9 1/4
(3.10) and (3.11) for various choices on n. The ver- ~ 37 o

: B o A~ Mp Agr
tical dashed line indicates the end of inflation,i.e., 2

ev(é(ae)) = 1. Dots present ¢(©)(a.) Eq.(3.143). < 5.6 x 103 Mpy. (3.148)

Hereinafter, without loss of generality,
we fix & = 1/6 and consider several values of n, such that n > 1/2. The numerical values of

w(n), and ¢y, ¢, <Z>£0) for different values of n are collected in Table (3.1).

Now let us adopt the a—attractor potential to determine the full dynamics of the infla-
ton field. Figure (3.3) presents the numerical solution for ¢ as a function of the scale factor
a, obtained after solving two coupled equations (3.10) and (3.11). The rapid oscillations of
the quasi-periodic function P are damped by the decreasing envelope ¢ due to the redshift of
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the Universe. The frequency of oscillations, as well as their amplitude, depend on the slope
of the inflaton potential n. The approximate analytical solutions for the ¢ and P functions
are given by Eq. (3.41) and Eq. (3.58), respectively.

Finally, one can also find the evolution of the equation of state w (3.7). Figure (3.4) presents
w and its time-averaged w as functions of a. During inflation, i.e., for a < a., the potential
energy V(¢) dominates over the kinetic one, <;52 /2, which implies a constant equation-of-state
parameter, i.e., w ~ 1. After the end of inflation, i.e., a > a., w starts to oscillate between
—1 and 1, while w quickly approaches a constant limit, consistent with the prediction (3.36).

n=2/3, a=1/6, A=3-10"% Mp n=1,a=1/6, A=3-10"° Mp,
1-5_“‘\“‘\“‘\“‘\“‘\‘ 1~5_'"|"'|"'|"'|"'|"'

15 | | | | | _15 Lo | | | | |
-2 -1 0 1 2 3 -2 -1 0 1 2 3 4
Logla/ac] Log|a/ac]
n=3/2, a =1/6, A=3-10"% Mp n=2, a=1/6, A=3-10"° Mp,
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ot

Logla/a.] Logla/ac]

FI1GURE 3.4: The equation-of-state parameter, w, and its time-averaged w as functions of the scale

factor a. Thin colored curves show the full numerical solutions, i.e., py/py (3.7), while thick lines

present the time-averaged barotropic parameter, i.e., W= (py)/(py) (3.36). The horizontal axes are
normalized to the scale factor at the end of inflation a.
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Chapter 4

Reheating

So far, we have developed a qualitative picture of the inflationary period driven by a single
scalar field ¢. [211-213]. The Universe was found to have undergone a phase of accelerated
expansion if, at some point, its total energy density was dominated by the slowly evolving
inflaton with a nearly constant potential V(¢). We have demonstrated that the Universe was
automatically driven toward flatness and homogeneity during the slow-roll phase of inflation,
solving all the puzzles of the standard hot Big Bang at a stroke. Furthermore, it was re-
vealed that the inflaton field could also have sourced primordial perturbations that seed the
Universe’s large-scale structures. All combine to make the inflationary paradigm extremely
attractive and popular. Without a doubt, one can admit that it is so well-established and
long-cherished that, over the past decades, it has become more of a scenario than a model.
Although observations have not yet confirmed cosmic inflation, several of its predictions have
been experimentally verified. Notwithstanding the appealing simplicity and predictability,
the inflationary paradigm has a few shortcomings. Namely, as we have already emphasized
in the previous chapter, the detailed mechanism responsible for cosmic inflation remains
unidentified. Throughout the years, a plethora of inflationary scenarios have been suggested.
A cornucopia of models may be considered a curse rather than a good omen. And most
importantly, the inflationary paradigm does not alone explain how the Universe became hot
and thermal.

In the previous chapter, we have shown that the accelerated phase of expansion terminates as
¢ reaches the end of a flat region of its potential. When the latter becomes steep, the inflaton
rolls down towards smaller values and begins to coherently oscillate around the minimum of
V(¢). Due to the large occupation number, it can be effectively treated as a homogeneous
scalar condensate with (almost) zero temperature. The Universe plunges into the super-cooled
state since the power-law relation between the temperature and scale factor T" ~ a™P leads
to an exponential decrease of T during inflation. Since rapid expansion inevitably dilutes all
matter fields, the Universe becomes not only extremely cold but also virtually empty. Thus,
a crucial piece of the story is still missed. The answer to the riddle is relatively straight-
forward - the energy density accumulated in the inflaton must be somehow transferred to
other particles, eventually (re)populating the whole Standard Model sector. The transition
from the super-cold state to a hot and thermal Universe is termed reheating. At first glance,
it might seem that the term heating appears to be a more natural choice since it precisely
reflects the fact that the primary purpose of this process is to leave the Universe filled with
a hot ’soup’ of particles. On the other hand, the former term was initially favored because
it accentuates that the Universe could have been hot and thermal also prior to inflation so
that the reheating process made it hot once again. Although this hypothesis is being debated
nowadays, the appellation 'reheating" has become widely used.

Connecting the inflationary phase with a hot radiation-dominated Universe requires the in-
flaton field to couple to other degrees of freedom. The SM species, created either directly
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or indirectly from the inflaton background, interact with each other and eventually obtain
a thermal distribution, providing the required initial conditions for a hot Big Bang sce-
nario. The (re)population of the Universe is highly model-dependent and, unfortunately,
barely constrained observationally. This is because the reheating energy scale is far beyond
collider experiments, whereas current cosmological experiments cannot directly probe this
phase since all the relevant processes had occurred on subhorizon scales and were washed out
by the non-linear evolution of cosmic structure later on. Nevertheless, the reheating dynam-
ics is expected to be incredibly rich and complex. It might involve both perturbative as well
as highly non-perturbative processes. Therefore, although much effort has been put into de-
veloping a consistent theory of reheating in recent years, it remains the least understandable
part of the inflationary paradigm.

The original idea of reheating was first proposed by Andrei Linde in 1981 [207]. Then,
it has been developed by many authors, e.g., [122-127, 211-213]. Typically, one distinguishes
several stages of the reheating period. Its initial phase is usually called preheating, during
which particles could have been created in violent and explosive non-thermal processes. Pre-
heating might involve various non—linear and non—perturbative effects, including narrow and
broad parametric resonances [122, 125, 126] as well as tachyonic production [331-336]. Such
phenomena emerge due to the coherent oscillations of the inflaton inducing a time-dependent
dispersion relation of daughter fields to which ¢ is coupled. This could lead to an expo-
nential growth of particle occupation in some frequency bands arising from a non-adiabatic
change of effective frequencies for selected Fourier modes and generate highly non-thermal
final states. The accurate description of resonant processes is quite involved and cannot
be incorporated into the standard perturbative expansion framework. Thus, one typically
performs lattice simulations. Even though preheating could lead to a rapid population of
matter, it is generally insufficient to account for the entire reheating process. Thus, one
should also include the perturbative decay of the oscillating inflaton field [211-213]. Gener-
ally, the perturbative stage of reheating is prolonged in time; see, e.g., [162, 299, 337-341].
Duration of the reheating phase depends on various factors, e.g., interaction strength or the
shape of the inflaton potential during reheating [299, 340, 341]. Finally, during the last re-
heating stage, matter particles produced from the inflaton reach thermal distribution. It is
widely assumed that the thermalization process occurs instantaneously [342]. However, the
scenario of non-instantaneous thermalization has also been studied in the literature [343-347].

We begin this chapter by developing a generic framework describing the energy transfer
from the coherently oscillating inflaton field into the visible sector in the perturbative re-
heating scenario. In Sec.(4.1), we specify ¢ — SM interactions, considering several direct
couplings as well as indirect gravitational interactions between these two sectors. The main
result of this section, i.e., the master formulas for the production rates, can be found in
Sec.(4.1.3). In Sec.(4.2), we elaborate on Boltzmann equations, accounting for the evolution
of the model universe during reheating. Notably, in Sec.(4.2.3), we derive generic solutions
to the Boltzmann equation describing the dynamics of the SM radiation in the presence of
a time-dependent inflaton decay with, whose evolution can be parametrized by a power-law
function. We demonstrate that the time-dependency of the inflaton decay rate gives rise to
a non-standard and non-instantaneous reheating. In Sec.(4.3), we distinguish two types of
reheating models, i.e., standard reheating driven solely by the direct inflaton-SM interac-
tions, and mixed scenario, in which gravitational processes initiate reheating, whereas its
completion is controlled by the direct ¢ — SM interactions. Here, we also formulate the con-
ditions for the occurrence of these two scenarios. Then, in Sec.(4.4), we present observational
constraints on reheating models. The last section is devoted to the Higgs boson-induced sce-
nario, induced by the trilinear inflaton interactions with the SM Higgs. Namely, in Sec.(4.5.1),
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we present the model, demonstrating that such interactions inevitably generate a non-trivial
mass term for the SM Higgs doublet. Next, in Sec.(4.5.2), we show that it might cause a
kinematic suppression of the radiation production. In Sec.(4.5.3), we find analytical solutions
to the Boltzmann equation in two regimes: i) neglecting the mass of the Higgs field, i.e., in
the massless scenario ii) including the kinematical effects, i.e., in the massive Higgs scenario.
We show that the non-zero Higgs mass significantly influences the reheating dynamics. Then,
in Sec.(4.5.4), we briefly discuss the possibility of the tachyonic Higgs production, and finally,
in Sec.(4.5.5), we present the numerical results.

4.1 Inflaton interactions

Let us consider a model universe composed of the inflaton field ¢ and daughter particle F
to which ¢ is coupled. The nature and origin of F' species remain unspecified in this subsec-
tion. In the presented approach, ¢ is treated as a classical, homogeneous background that
coherently oscillates in time. As demonstrated in the previous chapter, inflaton undergoes
damped quasi-periodic oscillations during reheating. Namely, its evolution is described by
the slowly-varying envelope ¢ and the quasi-periodic function P. Due to the redshift of the
Universe, the envelope decreases as a power-law with the scale factor, cf. Eq.(3.41), whereas
P evolves according to Eq.(3.58). Moreover, it has been shown that both functions, i.e., p(t)
and P(t), are determined by the form of the inflaton potential in the oscillatory phase.

Before we develop a consistent approach that allows us to compute the production rate
for a given ¢ — F' interactions, let us first explicitly discuss the underlying assumptions.
First of all, we assume that the inflation occupation number is so high during reheating that
the classical treatment of the condensate is justified. Hence, the ¢ field will be regarded as a
classical background field, coherently oscillating around the bottom of the a—attractor T'—
potential Eq.(3.136). It is instructive to relate the evolution of the envelope with the inflaton
energy density according to the following formula:

p(t) = Mp <p¢(t)>2ln : (4.1)

A4

In what follows, we presume that in the time-scale relevant for the ¢ — F' interactions, the
variation of ¢ in time can be neglected.
The fast-oscillating function P is decomposed into the Fourier modes

P(t) = i Pre” (4.2)

k=—o00

where the Fourier coefficients Py are defined by the following integral:

to+ ooy ,
Py — “ll0) / T g p () - ettt (4.3)
2 Ji

with w being the frequency of the inflaton interactions. Note that according to Eq.(3.54),
unless n = 1, the inflaton frequency becomes a function of time. However, since ¢ and
thus w vary in a time-scale much longer than the time-scale of interactions, we assume that
w =~ const. in one act of F' creation.

The particle production in the oscillating inflaton background can be considered as a quan-
tum process describing a transition from an initial vacuum state |o) = |0) to final state |3)
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in the presence of the time-varying ¢ field. To put it another way, the energy density, ini-
tially stored in the coherent oscillations of the ¢ field, is transferred to the F' quanta during
reheating due to interactions between these two sectors. For the purpose of this analysis, we
restrict our attention to the two-particle final state, i.e., |3) = |F'F). Without going into the
details of the UV completion, we consider several direct ¢ — F' couplings that are linear in
the ¢ field

Ly = Loss + Loww + Lyvv + Loaa, (4.4)
with
Lyss D gse ®SS, (4.5)
Loywvw D gug ¢ YV, (4.6)
Lovw D gve ¢V, VH, (4.7)
Loaa D hay ¢ (9,A)(0"A), (4.8)

where S(A),V , ¥ denote the scalar (pseudoscalar, e.g., axion-like) field, vector boson, and
Dirac fermion, whereas coupling constants gse, gy have dimensions of mass, gy is dimen-
sionless, while h 4, has inverse mass dimension.

In addition, our analysis also includes irreducible gravitational interactions

1%

Egrav _

S v 14
= T8, + T, + Tty + T | (4.9)

arising from the graviton h,, couplings to stress-energy tensor (SET) of ¢

T3, = 0,00, = s | 567020050~ V(9)|. (110)
and energy-momentum tensors of the real scalar S,
@i:@ﬁ@S—%$pwaﬁ%5—n@§y (4.11)
Dirac fermion W,
T = [03,0,0 + B0, — (D, 000 — (0,07, 7]
— G B (PIT — (9, 0)7° ) - m\p\iul/} : (4.12)
and spin-1 Abelian massive field V,

1 1
T/Yl; - _gaBVMaVVﬁ + m%/V,uVy - guu |:_4gpo-gaBVpaVoB + 2m%/gp0“/"ovo_:| ) (413)
respectively.
In the above expressions, we have used the Feynman slash notation @ = v*0,. The mass of
the F € {S, ¥, V, A} states is denoted as mp. Furthermore, the field strength of the V field
is defined as

Vi = 0,V — 0,V (4.14)

Gravitational particle production in the inflaton background (IG) describes indirect inflaton
interactions with quantum fields F', mediated by the spin-2 massless graviton. Diagrams
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accounting for such processes arise at a dim-6 level and are suppressed by the second power
of Mp;. At first glance, IG might seem so feeble that it can be safely neglected. However,
there are two important reasons why one should not do this. Firstly, as mentioned above,
IG is universal and thus unavoidable. Thus, it provides an irreducible contribution to the
particle number density and hence puts lower constraints on various cosmological observables.
Furthermore, it turns out that the energy density accumulated in the inflaton field at the
onset of reheating is so high that it can counterpoise the Planck suppression.

4.1.1 Free field operators

Particles produced from the inflaton should be interpreted as a quantum excitation of fields.
We adopt a standard procedure of canonical quantization by promoting classical fields to
quantum operators

S = / dit, {a(p)e=* + af (p)e} (4.15)

2
b= [, {B@uwEe e+ S @ e} (4.16)
s=1

R 2
v = Z / dll, {BST(ﬁ)ﬂs(p)e"}"” +& (ﬁ)ﬁs(p)e”'p'x} : (4.17)

v, = /dH TP e+ e (77 (7)) (4.18)
o=L,t

o= Y [ d {Qu@AEe " + Q@AM e (4.19)
A=+, ——

where the following shorthand notation has been used:

d3p

dll —_—
P (2m)3y2p0”

v = [P +mi. (4.20)

The creation and annihilation operators for the bosonic fields, i.e., S , Vu and Buw obey the
standard commutation relations

a@).at (@] = @)@ FE -, [ @), d @] = @)@ FE- st (4.21)
and
[AN@), AM ()] = (2m)%6@) (5 — o™, (4.22)

with all other commutators vanishing.
On the other hand, the only non-zero anti-commutators for the fermionic fields are

(@)@} = @r)*sD - 9o, (@@, @@} = @)% (- @ (4.23)

Moreover, the completeness relations for Dirac spinors read

Zu = p+my, Zv = p—my, (4.24)
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whereas the polarization vectors for the spin-1 massive field ‘A/M satisfy the following relation:

o* b pzl
Y D (D) = —nw + (4.25)
o=L,%+ V

while for the spin-2 massless field iL“y, we have

1
Z Gf\w(ﬁjﬁé\%(ﬁ) = 5[77,1104771/,8 + NupMva — nuunaﬁ] = P,uyaﬂ- (4‘26)
A=—++,——

4.1.2 S-matrix elements

Once we have specified ¢ interactions with other fields, we can derive the corresponding
S-matrix elements, defined by

S = (B[T [exp( =i [ d*o L) |a)
= (8|7 [exp(~ i [ dto (£h + £5)] o), (1.27)

where 7T denotes the time-ordered product.

In the remainder of this subsection, we distinguish two types of the inflaton couplings: direct
(D) interactions described by the density Lagrangian (4.4), and indirect interactions (grav)
mediated by gravity (4.9).

Direct inflaton interactions

In the case of direct coupling of the inflaton field to F' quanta, it is sufficient to expand the
S matrix in the lowest non-trivial order, i.e.,

0 =i [t (BT [chia]|o)
= —igF¢/d z ¢(t) - <0’&F(ﬁl)&F(ﬁz)Fﬁ\0>+
—ihp¢/d4x o(t) - (0
T

where ap(p1), &} (p2) are the ladder operators of the particles in the final state, and F' repre-

ar(P1)ar (52) (9, ) (0" F)0) (4.28)

sents their quantum field operator. The form of 3 depends on the spin of F' particles as in
Eqs.(4.15)-(4.18).

Utilizing (4.1) and (4.2), and assuming that ¢(t) ~ const. in the time-scale of interactions,
one can rewrite the above expression as

1
sl — —igF¢MP1< )2 ZP / dt e~ / d*F

hF¢MP1( ) Zpk/dte_zmt/dg 0\ar(p1)ar(p2)(Opu F)(G“F)|0>

ar (i) FP0)

= —iMp <A4> ZP x (14 6p)F(F)(2m)*6(kw — p — p))d® (51 + p2),  (4.29)
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where dp = 1 for identical particles in the final state, and dp = 0 otherwise. The function
F(F') depends on the form of the inflaton interactions, and it is given by

39S,

.51 52
F(F) = que - U (p1)v (pj);

gve - 9" e (p1)e] " (p2),
hag - (p1 - p2),

(4.30)

SR
[
< e W

Indirect inflaton interactions

Now let us calculate the S-matrix element that describes the IG process. To that end, we
should expand the S matrix up to the second order, i.e.,

/ de / dYy (B TILES (@) L5 ()] o)

= i [ et T @) (T T ) + T Ty
(4.31)

with iﬂ, being the energy-momentum tensor for the F' field.

Gravitational scalar production
Let us first consider the gravitational production of real scalars whose stress-energy tensor is
given by (4.10). The h“”(x)ho‘ﬁ(y)T/fy(x)Tgﬁ(y) term takes the form

2!
= 2' Tz Z/d4$/d4y/dﬂp/dﬂq/dﬂkl/deZTﬁy(x)<O‘(EHV,A(El)AA(El)e—iklx +he)

PL N
X (27X () Ay (Ra)e ™29 4 he.)0)(0]a(p)a(m) | (pad! B)e™ + hec.) (igsa (@) + hec.)
— W%ﬂ (z’p’)&T(ﬁ)e”py + h.c.) (z'qp&T(q_')eiqy + h.c.)

—3)? N N ~ ~
5@ >Ml%1 [t [ e (ofaa e )i ()T, (0TS 0] )

T (e ) (1 ) o) 43

Contraction of the graviton operators, e.g., AA(El) with A;,(Eg), leads to the following prop-
agator:

dq i . .
prvaB(, :/ —i(z—y)q ppraf 4.33
w-v)= [ e , (4.33

where P8 was introduced in (4.26).

Using this expression, one finds
vaf __ qa 1 qf af
75, P = 0%¢0P ¢ — PV (¢). (4.34)

After some tedious but straightforward computations, we get

_ 4 4 U —i(e—y)d
SSD M2/d /d/ q—i—zee
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X (076 p10)(07 ¢ p2g) + V(9)prap§ +2m3V (6) - %3“¢8a¢(p1 p2+m3)|.  (4.35)

To further simplify the above result, we take advantage of the homogeneity of the background
inflaton field, which implies

s 2 0
pP1-pP2= 7 —Mpg, b1

5 = \/g (4.36)

where s = (p; + p2)? is the Mandelstam variable. Substitution into (4.35) leads to

4 4 ' 2) e—ila—y) T tilpr+r2)y (4
2MF2>1 /d /d y/ o (qb)(s—i—ZmS)e e . (4.37)

Note that the power-law inflaton potential can be Fourier expanded as

554 2

V() = pe i Pire ke, (4.38)

k=—o0

where we have used the definition of the envelope Eq. (3.29) together with (4.2)-(4.3).
Inserting the above decomposition into Eq. (4.37) gives us

; m2
) Z]Wl%l Sop(1+ S)(zﬂ)‘*a(kw — % — D)5 (B + Fa). (4.39)

Hence, the final result, including both contributions to the S-matrix element, is given by

554 ZP (1+ )<2w>45<kw P — P (1 + ). (4.40)

Gravitational fermion production
Next, we can move on to the fermionic case. The h“”(x)ho‘ﬁ(y)T/‘fV@)Tgﬂ(y) term can be
recast as

s2 Df /d4 /d4
M1:2>1

u®™ (p1) {4 [Ya(p2 — p1),3 + 75(172 —P1)al — naﬂ (]7& "M+ qu;) } v%2(po).  (4.41)

7
~2—|—ie

D607 — 7V (9))

Thanks to the Dirac equations for spinors
(g/l - mq})us(pl) = Oa (9& + m\I/)vs(p2) = Oa (442)

we can get rid off the term u® (p;) (g@ -+ 2m\p) v52(p3).
After some simple algebra, one obtains

T / A / | ia—y)d il ey
2 2 Mgl/ Y 2+ze ¢

x @ (p1) {96(0°9) (b1 — pa)s — < )i — 1) } v (p2)- (4.43)

52 5

The homogeneity of the ¢ field implies that the (?gb((?ﬁ ¢)(p1 — p2)p term vanishes. Thus,
the full S-matrix element describing the gravitational production of Dirac fermions takes the
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form

4,,, .
2 _ 4 4 d*q L o (@=y)d,i(prtp2) =5 _ s
5y == g [t [y [ e e ()50 (1) s — o )

= Ll s P oo mv82<p2><2w>46<kw—p9 )5 — ). (4.44)
Pl & S

Gravitational vector producAtion R
Finally, the term h*(z)h? (y)T;f’y(x)TXB(y) accounting for the gravitational production of

massive spin-1 gauge fields, can be written as
(2) 4 4 7 (o—1)d (o1t
SVV 2' M}%l /d /d q — Zee —i(z y)qez(Pl p2)y {g{ . 65(8a¢p1a)(8ﬁ¢p25)+

— €5 - p1(0“ € o) (0° dpag) — € -m(aaqﬁeza)(a%pm) + (0%era) (07 pesg) [p1 - p2 + mi |+

+1ap¢ap¢[<e; PP =01 ] VO i

_ da / pe / | ile—y) il +pa)y
! Mgl/ Y 4 g2 Pt c

12
x [—*2%2((@ PED + (6 - 2)(E)° — VAEDUS)) + (e p(el o) + VO)mied -,

A(4.45)
(4.45)

where in the last equality, we have utilized Eq. (4.36), and the fact that the spatial derivatives
of ¢ vanish.

In order to simplify the above result, we use the explicit form of the polarization vectors
for the V field. In particular, we choose a frame in which the spin-1 field moves along the
z-direction so that

(x/§

V10,0,p2), o= (L

Ho_— y- _
pl - 2 50707 pz)a (446)

which, in turn, implies the following form of the polarization vectors:

L u_ Vs
(61,(2))“ = ( — ,0,0, 2mv>’

Thus, for the two transverse modes, the expression in the square bracket in Eq. (4.45) reduces
to,

1

(i) = E(o, 1,4i,0). (4.47)

AE(4.45) = =V (p)m?,, (4.48)
while for the single longitudinally-polarized mode, we have

AL(4.45) = —V(¢)(§ —m}). (4.49)

Thus, the total S-matrix element describing the gravitational production of massive spin-1
particles is given by

S, = PIZP,%”A )(2m) 46 (kw — p — p3)3® (51 + ), (4.50)
k
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with

Ab(k)y=1- ¥, At (k) = =V, (4.51)

4.1.3 Production rates

Let us now calculate the probability P for the pair production of two particles with four-
momenta p; and po in the presence of the oscillating inflaton background

|S|?
(0]0) {p1lp1) (p2lp2)’

with (0[0) = 1, and (p;|p;) = (27)32p63) (0) for i = 1, 2.

The squared norm of the S-matrix depends on the form of ¢ interactions, i.e.,

P(p1,po) = (4.52)

(1) for the direct ¢ — F' interactions, one gets

1

S el = 2431 (£5)" X [P x (Lt S0 F (P 2m) ko — 18— p9)50) 51 + )]

final &
(4.53)
(2) for indirect gravitational production, one finds
- 2
5@ eel? = L2 3 [ZP x (14 3p) A(F)(2m) "6 (kew — ] — p3)0 (51 + 7o)
Pl final
(4.54)

where we have summed over spin/polarization states of F' particles.
The above expressions can be further simplified as

2
156 el —MPI( ) Z|7’| (1+ 602 MG (0) [ (27) 3w — p§ — p)0 (51 + )]

(4.55)
and
2
182, epl? = 1 Z|7»2n| (1 + 0p)* M, e (1) [ 27) 8 (o — b — p$)6®) (51 + 7))
Pl k
(4.56)

The square of the dimensionless amplitude M summed over spin/polarization states of F
particle, accounting for the direct inflaton interactions, is

(gS¢/MP1)2, F = S:
29\211¢[ — 4mg]/ M), F=1,
7(1) gv¢ 2 (S 2mv) F _ V d 0
|M¢—)FF : Z|]: Mp, + ﬁi ) - ana my 7é ) (457)
Pl final
4(%) : F =V and my =0,
(has/Mp)?- (3 —m?)*, F = A4,
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while for gravitational interactions, one finds

2 4
14+ 08 4258 F=35,

2m\2p 4m?
o ) oy (12 ) oy,
M ee ()= Y IAF)P=4 =\ s ) (4.58)
final 1— TZV + 8"2"”\/7 F =V and my # 0,
0, F =V and my =0.

Let us emphasize that in the limit mpr — 0, only massless scalars S can be gravitationally
created in the inflaton background.

To compute the absolute square of the S-matrix element, one has to square two delta func-
tions, appearing in Eqgs.(4.55)-(4.56). For that purpose, we assume that the particle creation
takes place in a box of volume V in a time duration 7. At the end of the computations, the
regulators V and T are removed by taking the limit V, T' — oco. Under these assumptions,
the square bracket in Eqgs.(4.55)-(4.56) can be written as

2
[(2m)*6 (ke — p§ — p§)6® (71 +52) | = (2m) 3k — p) — )0 (51 + pa) x (2m)"510)(0),

(4.59)
with
(2715 (0) = / dize= 0% — VT, (27363 (0) = / Bre 07 — v, (4.60)
Now, Eq. (4.52) simplifies as
1 i) 2
" Mg ()|
p) _ (%) 2 (145 2| MoSrr
5 rF (P1,P2) PL{ A1 zk:“)k\ (1+r) 29V 2p9V
x (2m)*6(kw — p) = p3)6) (1 + ) VT, (4.61)
for the direct F' production from the inflaton condensate, and
2 72 2
(2) Pé 22 2 ’M¢—>FF(/€)’
P = — (14+0p) —
x (2m) 6 (kw — p) — p9)6) (1 + VT, (4.62)

for indirect gravitational production, respectively.

The total probability can be found by summing the above expressions over each outgoing
momenta pi,p2. In the continuum limit, this reduces to multiplying PQEZFF(pl, p1)/T by a
factor Vd3p1/(2m)2 Vd3po/(27)3.

Thus, the rate of particle production in volume V and time dt can be calculated as

Vd3p; Vd3py P d()gFF (p1,p1)

(i) _
dRypr = (2m)3 (2m)3 T

dt, i€ {1,2}, (4.63)
whereas, the energy gain of created particles in volume V' and time dt is

Vd3p, Vd3ps P(;(SZFF (p1,p1)
(2m)3 (2m)3 T

dEfy = (0} + 1) dt, ie L2k (4.64)
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Consequently, the total rate Rg% and the energy gain 5&% per volume and time for the

considered processes are given by

1

n ——(1
RE: = 3 (5% ) SIPLP - 1+ 65 (WAL, e ()
k

x/ ” / ! (2m) 45 (kw — p? — p3)d® (51 + pa) (4.65)
(2m)32p9 J (27)32pY Lo ’

o5 n
R = T PR (1L bp)? M, o (0)?

Pl k
d’py d®ps . 0 o
2 — — (3) g g 4
< | Gyogg | gm0t R =IO G ). (466)

and

iy i (22)° SR 1+ 6097 Vg

x/ e / L0209 1 ) 2m) (ko — 1 — 1O + ) (4.67)
@2} ) @mpzpy L |

n —(2
£ = Zm‘f 2 (14 6p)? M, pp (k)
Pl k

d3p1 d3p2 0 0 4 0 0
25 (ke — 12 — p2)6®) (51 + ). 168
[ i | Gy @R S i~ ). (469)

After straightforward computations, we find

1 M 27TLF
2 ]- p > n 2mp 2
R = ¢ STIPE P (1 + 68)% M ¢_>FF < ™ ) (4.70)
Plk: 1
and

M.
= (1 it m -
c@_ 1 Z on 2 2mp 2
Epp = 81 Mfl’lkz:lk w|PE? - (1+6r)° |M¢HFF < o > (4.72)

4.2 Boltzmann equations

Now our goal is to trace the evolution of the whole system, taking into account interactions
between the inflaton and the SM sector. In this part, we assume that F is part of the visible
sector. During the reheating phase, the dynamics of the model universe can be determined
by the following set of time-averaged Boltzmann equations (BEgs) for the inflaton and SM
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radiation energy densities:

6n

Hpy = —& 4.73
T nttrs SM SM, (4.73)
psm + 4H psv = Esmsu, (4.74)

Py +

supplemented by the Friedmann equation, which now depends on the evolution of both sectors

1

H? = —
3M3,

(ps + psna) - (4.75)

Above, £y ,smsm(—Ep—smsm) denotes the energy gain (lose) of the SM sector (the inflaton)
averaged over ¢ oscillations. Note that in general, Eqyigy can be written a sum, i.e.,

SSM SM — Z géM SM s (476)
l

if F' has several possible production channels or there are several SM species F; to which ¢ is
coupled. For instance, suppose that the inflaton couples directly only to the SM scalar, i.e.,
the Higgs doublet h, which in the linear parametrization can be written as

1 ho + ihsg
h=— ) 4.77
\/5 (ho + Zh1> ’ ( )

where h; (i=0,1,2,3) are the four real components. In this case, ¢ also inevitably interacts
with all the particle content of the SM, i.e., fermions ¥ including six quarks (up, down,
charm, strange, top, bottom) as well as six leptons (electron, electron neutrino, muon, muon
neutrino, tau, tau neutrino), and massive gauge bosons V = {W¥* 7%}, though indirect
processes mediated by the graviton exchange.

4.2.1 Inflaton decay rates

Notice that Eq.(4.73) is just the continuity equation for the inflaton field Eq.(3.19), where
we have included the fact that ¢ loses its energy not only due to the expansion but also as a
result of interactions with the SM sector. Moreover, in Eq.(4.73), we have used the relation
between w and n derived in Eq.(3.36). The above form of the BEqgs indicates that if there
are no hidden sectors, the total energy acquired by the SM bath must be counterbalanced by
the energy dissipated from the inflaton field. Typically, one parametrizes the r.h.s of BEqs
as

Esmsm = (1 + ) pg - (Lg—smsm), (4.78)

where (I's_,spsm) denotes a time-averaged inflaton decay rate. Strictly speaking, (I'g—,smsm)
cannot be considered as a standard decay width (or a cross-section) accounting for the ¢ —SM
interactions. This is because, in the framework described in the previous section, ¢ is not
regarded as a quantum field decaying (annihilating) into other quanta. Instead, it repre-
sents a coherently oscillating condensate of zero-momenta particles. Nonetheless, the above
parametrization is useful as it allows us to mimic the standard form of Boltzmann equations.

Utilizing Eq.(4.71) together with Eq.(4.57), we find that for the considered direct ¢ — SM
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interactions, the time-averaged inflaton decay rate takes the following form:

1 3 o
1 14+n 1 wMp n
. () >SS HP 1 G ). (179
=0 k=1
1 0o 3/2
(1) g 1+nlw Mg, " 2 4mg,

1
€] o 1+m 1 WMP1< >” 2
r —= 1456

xZZk|Pk|2( )l1—4<g>2+12<g>41 1_(L§$§Q>, (4.81)

V k=1

where we have included all decay channels by summing over all the SM scalars, fermions,
and vectors to which ¢ is directly coupled. Note that above, we have rescaled the coupling
constant, i.e.,

9se — Ghe - Mpi, gve — gvg - Mpy, (4.82)

such that gng, gwe and gy are now dimensionless. Moreover, we have used op, = 1,0y = 0.
In the case of the ¢ — hh interactions, the factor (1 + &y,)? = 4 cancels out with the factor
of (1/2)? coming from the normalization of the Higgs doublet.

In addition, one could also consider the derivative coupling with the following decay width:

1 00 2
n _/l+n4 (hA¢>QWM1§1 (%)” 2 va(q 2mh Amy
<F¢—>AA>_< on 81 \ Mp P A4 XA:;MPH (kw)™ | 1 (kw)? 1- (kw)?
(4.83)

where we have assumed that 4 = 1.
Finally, inflaton decay rates describing its indirect gravitational interactions are given by

2 4 2
(2 L pg 2n 2( dmy - 4Amy, > Am,. >
r kw|P + 1— 4.84
(T-hn) <87r M}, ZOI;] i (kw)? * (kw) (kw) 459
/2
(2) L pg 2|2 ’m\p ( 4m?1, )3 >

e kw|P : 4.85
Towa) <27r M, %:;;) P o\ ™ (w2 (4.85)

1 4m? 12mi 4m?

r® _ [ 2 P 2n 2( % v) 11—\ 4.

{ ¢—>vv> <87r Mf%l gkz;)kw‘Pk | (kw)? + (kw)? (kw)? (4.86)

4.2.2 Decay widths in the massless limit

Since reheating occurred at the highest available energy scales just after the end of inflation, it
is instructive to consider the limit in which masses of SM species are negligible, i.e., mgy — 0.
In this regime, the above formulas simplify as

4 1-n oo
(1) _ _ 4 2 l4+nw (Mp Py \ " 9
Lo W =ty o (1) (R 2 kP
mh%o thU
2 1— 1-n
(1) (1) 9 14+nw (wMp P 315 (2
Ty e L e =H#v Jup m 47r< A2 A Zk Prl”
Mq;—)o mq;—)o
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(05 ) =Ty =#v -2 (1+6v)* Tynnlgns > 9ve)
my—0 my—0
9 2
(1) _ () _ 1+nw [wMpihag P¢ 5
<F¢'4>AA> - 11<15%AA = A o 81 ( A2 Z k2| Prl,
ma—0 ma——0

(4.87)

with #g,#y,#4 denote the number of SM fermions, vectors, and axion-like particles to
which ¢ couples directly. Moreover, it is important to stress that averaging over inflaton
oscillations in the massless limit is trivial since the time scale of py and w is much longer
than the time scale of interactions.

In the case of gravitational interactions, the only open channel in the massless limit, i.e.,
msm — 0, is

dl ”‘f’ ka%"y? (4.88)
mp—0 Plk; 0

2
= Fc(zblhh

mp—0

2
(2 )

Since (I‘;) o) is proportional to the square mass of SM fermions, in the limit my — 0
the corresponding decay width vanishes. The same happens to inflaton decay rate describing
gravitational creation of SM massless vectors, as the corresponding amplitude squared is zero
(4.58). Thus, the inflaton field cannot transfer its energy to massless vectors and fermions

through gravitational interactions.

The above formulas indicate that in the massless scenario, i.e., mp — 0, inflaton decay
rates have, in general, two sources of time-dependency, namely, ps and w. Thus, to deter-
mine the evolution of I'y, one needs to find the solution for ps during the reheating phase.
To that end, we assume that during the early stage of reheating, the role of the interaction
term on the r.h.s of (4.73) is subdominant so that the energy density of ¢ decreases approxi-
mately according to Eq.(3.63). Furthermore, the evolution of w is governed by the following
power-law solution:

—1 n—1 3(n—1) F LH 2
W= W, <p¢> ~ W, (Pe) ’ <ae> o , We= 2n2ﬂ'MA—. (4.89)

A4 A4 a

Consequently, the time-dependence of the inflaton decay rates can be parametrized as

Br
Lyorr = F<;S—>FF ( " > , (4.90)
where
1—n
L+nwe (Mp\* [ pe\ 7
TS hn =4 ghs—— o 8; (A ) (AZ) > kPR, (4.91)
k=1
~e 9 14+ nwe [(weMp) 2 Pe nT_nloo 3 9
k=1
~ 1 ~
oovy =#v oo (14 0v)* - T5 nn(gne <> gv¢>)7 (4.93)

2
~e 14+n We ngplhA Pe
Ban = #a - 8W( o ¢ ( ) Z’f5l7’k\2 (4.94)
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n 1 [ 3/2 2 5/2 3 772 4 9/2 5
S k[Pe? | 1/4 | 0.2381 | 0.2294 | 0.2228 | 0.2177 | 0.2135 | 0.2101 | 0.2072 | 0.2047
S k3| Py|? [ 1/4 ] 0.2420 | 0.2406 | 0.2418 | 0.2442 | 0.2472 | 0.2504 | 0.2537 | 0.2571
S kO[PRl? | 1/4]0.2782 | 0.3433 [ 0.4270 | 0.5254 | 0.6372 | 0.7620 | 0.8994 | 1.049
S kP22 [1/87[0.1816 | 0.1410 | 0.1659 | 0.1458 | 0.1598 | 0.1476 | 0.1566 | 0.1485

TABLE 4.1: Numerical values of the summation factors appearing in Eqs.(4.91)-(4.94) and Eq.(4.96),
for different values of n.

and
3(1—n) 3(n—1) 9(n—1)
ﬁh 1+7’L ) ﬁ\I’ ]_+Tl, ) 5\2 /Bha BA ].+TL ) ( 95)
whereas for indirect gravitational channels, one finds
~ L4nwe [ AN/ pe\ 5 &
rsrave _ 4. e e L 2n |2 4.
¢—hh M 8 <MP1) <A4> kgl ‘Pk ‘ ) ( 96)
with
rav o(Bn—1
grav _ 3(3n — 1) (4.97)

h ™ 140

To obtain time-independent inflaton decay widths f‘g _pp» one needs to determine the
summation factors appearing in the Egs. (4.91)-(4.94) and Eq.(4.96). For a given monomial
potential |¢|??, Fourier coefficients, Py, are defined by the integral Eq.(4.3). For the quadratic
inflaton potential, i.e., n =1, the only non-zero Fourier coefficient is P; = 1/2. In general,
if n € {1/2,3/2,...} or n is a positive integer greater than 1, all even Py coefficient with
k € {2,4,...} vanish. Moreover, we observe that values of the Py, coefficients quickly decrease
with k such that the sum Y, k|Pg|? converges around k ~ 10 for n < 10, and around k ~ 30
for larger values of n. For the ", k3|Px|? and 3", k°|Py|? terms we have summed over several
dozen of Py, coefficients. In each case, the sum is dominated by the contribution from the first
non-zero harmonics. In the case of gravitational interactions, if the exponent " is odd, i.e., n
is a positive half-odd-integers, all even P?" coefficients with k € {2,4,...} are zero. On the
other hand, if n is a positive integer greater than 1, odd P?" coefficients with k € {1,3,...}
vanish. Moreover, for n=1 the only non-zero Fourier coefficient is P57 = 1/4. The numerical
values of the 3", k| Px|?, 3ok k3| Pe|?, Xk k2| Pr|?, and 3, k|P2"|? terms for different values of
n are collected in Table 4.1.

Now we should stress that the above formulas presuppose that in the massless limit inflaton
decay rates describing direct ¢ interactions with the SM bath are time-independent only if
¢ has a quadratic potential, i.e., n = 1. For other types of inflaton potential, I'y_,pr could
both decrease and increase with time during reheating, depending on the value of n. Since
we have restricted our attention to the class of potentials steeper than the linear potential,
ie,n > %, for the scalar and vector interactions, f, and By are positive for n € (1/2,1),
and negative if n > 1. Hence, for n € (1/2,1) (n > 1) I'y,nn and I'y_,py are decreasing
(increasing) functions of the scale factor. Contrarily, in case of the direct inflaton coupling
to SM fermions ¥, or derivative coupling to axion-like particles A, the corresponding decay
widths T'y ¢ and Iy_,aa decrease (increase) during reheating for n > 1(n € (1/2,1)),
respectively. Decreasing the inflaton decay rate means that the energy transfer from the ¢
field to the SM particles becomes less and less efficient during reheating. On the other hand,
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if I'y_,pr grows with a, the rate of energy injection into the visible sector increases with time,
which implies that SM quanta are more effectively produced at the late stages of reheating
than at its beginning. Thus, we conclude that for n > 1, reheating triggered by the ¢ — ¥W¥
or ¢ — AA interactions is delayed as compared to the models in which reheating is induced
by the inflaton-scalars or inflaton-vectors coupling. At this point, it should be stressed that
the above statement is valid if all time-independent decay width f‘g _,pp are of the same order
of magnitude. In general, this last condition might not necessarily be met since the consid-
ered interactions arise from operations of different dimensions. Finally, ngvhh responsible for
gravitational interactions among the inflaton and SM Higgs fields always decreases with the
scale factor in the range of n considered in this analysis. It is worth noting that the decline
of Fir_a:ilh is always faster than the rate of decrease of inflaton decay widths accounting for
direct ¢ — SM interactions.

ne(1/2,1) n=1|n>1
Iy nn(a) N\ — /!
F¢—>\IJ 5 (a) S — N
P¢—>VV(“) N\ — v
Ly aa(a) / - N\
I hn(a) e NN

TABLE 4.2: Evolution of the inflaton decay rates with the scale factor. N\, () denotes monotonically
decreasing (increasing) function, whereas — indicates a constant function.

4.2.3 Generic solutions to the second Boltzmann equation

Now let us find an approximate analytical solution to the second Boltzmann equation, as-
suming that the inflaton interactions are described by the time-dependent decay rate (4.90).
With this end in view, we recast Eq. (4.74) to the form

2n  a
d(a’psm) = WP¢<F¢—>SM sm) da. (4.98)

T 1+nH
At the beginning of reheating, the energy density of the SM sector is negligible, i.e., pgn(ae) ~
0. To find the solution to the above equation, one has to specify the evolution of the Hubble
rate. We assume that at the beginning of reheating, the total energy density of the Universe
is dominantly in the form of the inflaton energy density, i.e., piot(ae) =~ pe. Hence, from the
Friedmann equation, one obtains

3n_
Hpu(a) ~ g"j\;‘g) =0, <C;> e for a € [ac, am) - (4.99)
Pl

The above solution is valid in the period between the end of inflation and the end of reheating,
which we define by the inflaton-radiation equality, i.e.,

polan) = pE5i(aw) = pun (4.100)

Inserting the generic form of the inflaton decay width (4.90), and using (4.99), enable us to
find the following solution to the radiation energy density:

6n
Psu(a) =~ T+n
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11 Br+3 4 +4
e | ()T = ()T, B #

(%) ' (2), Br =14,

During the early stages of reheating total energy budget of the Universe is dominated by the
energy density of oscillating inflaton condensate. Hence, the background dynamics is mainly
sensitive to the form of the inflaton potential, which, in turn, is determined by the value of n.
On the other hand, the behavior of the radiation bath depends on both n and Sr parameters.
Note that if

for a € [ae,a.).  (4.101)

Br < (n+4)/(n+1), (4.102)

the first term in the square bracket in Eq. (4.101) quickly dominates over the second. On the
other hand, if 8¢ > (n +4)/(1 +n) the energy density of the SM radiation decreases as a4,
and becomes insensitive to the value of n.

Let us now discuss the late-time behavior, i.e., for a > a., of the solution (4.101) for a
few massless reheating scenarios. At first, suppose that reheating is induced by the ¢ — hh
or ¢ — VYV interactions. In this case, the first term in (4.101) always dominates, since the
condition (4.102) is satisfied for n > 1/2 if fp = 3(1 +n)/(1 + n). If reheating occurs as a
result of ¢ coupling to (almost) massless SM fermions, then fp < (n +4)/(n + 1) as long
as n € (1/2,7/2). On the other hand, if reheating is triggered by the derivative ¢ — AA
interactions, then pg o a~* provided that n > 13/8. Finally, in the purely gravitational sce-
nario, where the energy density of the inflaton field is transferred to the SM sector only via
gravitational interactions, the second term in Eq. (4.101) dominates if n > 7/8. Therefore,
depending on the value of n and the form of the inflaton interactions, one gets a very different
evolution of the SM sector. The non-trivial power-law dependence of the radiation energy
density on the scale factor during this phase is referred to as non-standard reheating.

There are several comments here in order. Firstly, let us specify conditions that must be
satisfied to (re)populate the Universe. In order to achieve successful reheating, the energy
density of the inflaton field must at some point equalize with the radiation energy density,
according to the formula (4.100). Otherwise, SM degrees of freedom never capture the to-
tal energy budget of the Universe, and the standard cosmology is spoilt. To quantify this
condition, we assume that pgy experiences a power-law evolution with the scale factor, i.e.,
psu x a®. Using the solution for the inflaton energy density found in Eq.(3.63), the necessary
but not sufficient condition for successful reheating can be formulated as follows:

6n
1+n

< s. (4.103)

Limiting our attention to n > 1/2, and using Eq.(4.101) together with (4.95), one finds that
the requirement (4.103) is satisfied:

e for ¢ — hh and ¢ — VV interactions if n > %,
o for ¢ — ®W interaction if n € (%, %), and for n > %,

o for ¢ — AA interaction if n € (%, %), and for n > 2,

o for gravitational interactions ¢ — h,,, — hh if n > 2.

For other values of n, which do not fulfill the above criterion, the energy density of the SM

sector dilutes faster than the inflaton energy density, and since just after the end of inflation
H

pe > psy the inflaton-radiation equality (4.100) is never achieved. It should be highlighted



Chapter 4. Reheating 101

that the above condition alone does not assure successful reheating, e.g., even if the energy
density of radiation decreases slower than the inflaton energy density, its initial amount can
be too low to overtake ps. Hence, other constraints on the reheating scenario must also be
taken into account.

Secondly, we should emphasize that the whole SM sector is assumed here to emerge from
the F' field, which, in turn, is directly produced through the inflaton decays. In other words,
once the F' particles are created, they decay/scatter to the rest of the SM species and, that
way, transfer their energy to other relativistic degrees of freedom.

Thirdly, we assume that the radiation bath thermalizes instantaneously. This assumption
seems quite justified since the scattering of F' particles should be efficient enough to guarantee
instantaneous thermalization.

Finally, let us define the thermal bath temperature T" through the following relation:

1/4
T(a) = (30@) [P (@) 4, (4.104)

T2 Gxp

with g,,(T") counting an effective number of relativistic degrees of freedom at the temperature
T.

In the light of (4.101), the non-standard evolution of the radiation energy density implies a
non-trivial relation between T and a during reheating. More precisely, inserting the solution
(4.101) into (4.104), we find

1/4

180 - n TS, ppHe M3,
RH(a) ~ (n + 1)7T29*p(T)

1/4 ﬁl+73”
{ﬂiﬂ} (%) I | Bp < n+4

d4+n—Br(1+n) n+17
x { e ln (a/a)V4, Bp = %, for a € [ae, a..]. (4.105)
1/4
1 e 4
) Br >

Note that above, we have dropped either the first or the second term in the bracket in
Eq.(4.101) depending on the relation between Sp and (n+4)/(n+1). Hence, (4.105) reflects
the late-time behavior of the thermal bath temperature and is not applicable at the onset of
reheating when both terms of Eq.(4.101) are comparable.

Moreover, from the condition (4.100), we get the scale factor at the end of reheating

n+1
cf’"jj“”*”, Bp <
_ 7:7’7_ n+1
= 0§ GUIWHD (), P =2, (4.106)
n+1
(=C1)2=2, Br > 4,
with
n+4—Frpn+1 ~ n—2 ~

G = o ( )He/FsHFFa G2 = - He /TG pp. (4.107)

Above, W (z) denotes the Lambert W function defined as the function satisfying z = W (z)e"V'(?)
[348].
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FIGURE 4.1: The reheating temperature as a function of the index n (the averaged equation-of-state

parameter w) in different reheating models, i.e., driven by ¢ — A (solid green), ¢ — h (loosely dashed

purple), ¢ — ® (dashed blue) and gravitational (solid red) interactions. In the left (right) panel, the

adopted initial value of the inflaton decay width is f¢_>FF =10""H, (f¢_>pF =10"1°H,). Note that

pale red and gray regions are excluded due to gravitational bound on 7, and the BBN constraint
(4.140), respectively.

Consequently, the reheating temperature, i.e., the temperature at the end of reheating, is

oomzmz \ 'V smreinoe Bp < ntd
WQQ*p(Trh) 1 ’ F n+1’
1/4 3n n+1
~ 90(n—2)H2 M3 = ntl pra L
Tip ~ <(nJ(rl)7r2)g*p(Til)> 524(2 W= (C2) [In C22( IW D (Cz)]1/47 Br = %a
1/4
90 HZ M2 T 4
(Bs) " (o, 5 > 2.
(4.108)
Analogously, the Hubble rate at the end of reheating is given by
3n
G Br < 2
’ n+1°?
37’"’ 3n
H, ~H, <22(2—n)I/3V72(2_n) (CQ) , BF — 271_4117 (4109)
(_<1)2(2—n)7 IBF > Ziﬁ

It is important to stress that Ty, is not a maximal temperature that the SM sector could
reach during the reheating phase. The thermal bath temperature could rise to several orders
of magnitude above Txy [337]. Namely, the temperature of the SM sector has a peak at

[% (BF 4 %)]WL . Br# (4.110)

1/4 _ nt4
6/, BF—TH’

Gmax = Qe
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such that its maximal value can be estimated from the following formula:

~ 1/4
180 - nrg%FFHEM;)

() ( (0 + D)m2g.p (Trae)

3n+Bp(1+n)

1/4 A[A+n—FBp(1+n)]
+1 +4
{4+n %F(ml)} { (5F + n+1>} » Br <3
e, ) Bp ="t (4111)
1/4 Itn—Bp(ntl)
+1 1 +4
|:6F(nil) 4— n:| |:4 (6+ 1+n):| ’ ﬁF > Z—Q—l'

4.3 Reheating scenarios

All the above results concerning the dynamics of the SM sector during reheating are rather
generic. They can be employed in any perturbative reheating model in which the inflaton
field oscillates around the minimum of monomial potential ~ |¢|?", daughter particles are
approximately massless, and the evolution of the inflaton decay rate can be parametrized
by a power-law formula (4.90). As we already have pointed out, ¢ might also transfer its
energy to the SM radiation through several direct or indirect channels. In the considered
scenario, direct ¢ — SM interactions are always accompanied by irreducible gravitational
interactions. Depending on the relative relation between I'y_,pr and T’ (ﬁ;’FF, reheating is
achieved either as a result of the inflaton decay into the pairs of the SM bath or via purely
gravitational interactions among ¢ and SM species. In the general case, both decay rates are
time-dependent, implying that the relation between these two might change during reheating.
Namely, it is conditioned upon the strength of the ¢ — I’ coupling as well as the form of the
inflaton-SM interactions and the shape of the inflaton potential through n. Depending on
these factors, one distinguishes two possible scenarios for perturbative reheating:

1. standard reheating - energy stored in the oscillations of ¢ condensate is injected
into radiation as a result of direct interactions between ¢ and SM species; indirect
gravitational interactions are negligible throughout the whole period of reheating,

2. mixed scenario - both direct and indirect inflaton interactions partially govern the
reheating dynamics.

To determine which case occurs for a given coupling constant g4, n, and the inflationary
scale A, which sets H, and hence p., we, one needs to examine the condition,

Lyorr(a) > T55,(a). (4.112)

4.3.1 Standard reheating

Suppose the above condition holds during the entire reheating phase, i.e., for a € (ae, a.y).
Then, the standard reheating scenario is realized, and the inflaton energy is injected to
the visible sector solely through direct ¢ — SM interactions. Above, we have restricted our
attention to massless reheating scenario, in which the inflaton energy density is transferred

gravitationally only to the SM scalars, and therefore, Firj:%F ~ Firivhh. It is worth underlin-

ing that for all considered values of n, gravitational decay rate Fgﬁvhh(a) decreases faster than
I'y—rr(a). Hence, one infers that reheating is controlled only by direct ¢ — SM interactions,

provided that

AN Fiivhi (4.113)
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FIGURE 4.2: The relation between the dimensionless coupling constants and n (w) for which the
standard reheating (white region) and the mixed scenario (colored region) are realized for the scalar
(left panel) and fermionic (right panel) cases. The adopted values of the inflationary scale A are
specified in each region. The maximal scale corresponds to Apax = 5.6 x 1073 Mp), see Eq.(3.148).

Using Eqs.(4.91)-(4.94) together with Eq.(4.96), one finds that it happens if the coupling
constants {gne, gue, Gve, hag} satisfy

oo 2 (MPJ () R (14

9o 2 #u <MP1) (‘i\e> ﬁz ;: IZLTE:E (4.115)
on |2

9o X #v(l+ 5v (MP1> (A4> %7 (4.116)

oz gt (i) () Eiee (117

Note that the above bounds feebly depend on the exponent n, cf. Fig.(4.2). This is because
the ratios of the summation factors and p./A* are of order one. Hence, all constraints are
mainly sensitive to the inflationary scale A (or equivalently, the Hubble rate H.). Thus, the
most stringent limits are obtained for Apy.x Eq.(3.148). For instance, in the Higgs boson-
induced reheating model (left panel of Fig.(4.2)), triggered by direct ¢ — h coupling, grav-
itational interactions can be neglected as long as gy 2 3 - 10~ 10 for Apax, whereas for the
lower value of A = 1.6 - 1072 Mpy, used in this analysis, one finds ghe 2 6.6 - 10~ 12 For
the fermionic case (right panel of Fig.(4.2)), for a given inflationary scale A, the standard
reheating scenario occurs for stronger ¢ — ¥ coupling.
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4.3.2 Mixed scenario

On the other hand, if Eq.(4.112) is violated at the onset of reheating, but I'y_,pp starts to
dominate over Fiivhh at some point during reheating, then the mixed scenario is accom-

plished. In this case, there exists ac € (ae, a.,), such that

Ty rr(ac) = F¢ivhh(ac) ac € (e, a). (4.118)
Note that above a,, should be understood as a,, = min (af,a%™), where af, denotes the
scale factor at the end of reheating induced by direct ¢ — SM interactions, whereas a% "
given by

is

n+1
sn—7 H, \™?
arg}l;aV = Qe < on Fgra\i,l;) , n > 2. (4119)
_)

For the considered direct inflaton-SM interaction, one finds,

4(14n) 1in _Lin
& a < A )3(2n—1) g_?’(%jl) (Pe) 6+n Zk k:|77,3”|2 6(2n—1) (4.120)
@ =\ v A1) SRR |
—ndl n+l nt+1 ntl PE =~
¢ ¢ 2 We Mp At Zk k3| P |? 7 .
4(1+n) 14+n
A 3en=1) [ #y “Bn-1 [ p Z k"P2n‘2 6(2n )
\ % 2 2 e k
=ae | 77— - =t . (4.122
e =1 <MP1) ( g (1) gh¢> <A4> [Zkk\ka (4122)
Ifn 3(1+n) 1+n
T\ #awihZy Mp) At > k2| Pr?

In the mixed scenario, reheating is governed initially, i.e., between a € (ae, ac), by indirect
gravitational interaction. In the vicinity of a., both decay channels are relevant, whereas in
the period between a. and a.,, the inflaton energy is injected into the SM sector mainly via
direct interactions. Hence, in this scenario, the completion of reheating is exclusively sparked
by the direct ¢ —SM coupling. Note that the reverse situation, i.e., reheating induced direct ¢
interactions and completed by indirect, gravitational interactions, is not possible since Fiﬁvhh

redshifts faster than I'y_,pn, for all considered values of n.

It is worth stressing that in the mixed scenario, the maximal temperature of the SM
sector is controlled by gravitational interactions. Hence, such processes might provide an
ultimate lower bound on the maximum temperature of the thermal bath. Using g =
3(3n—1)/(1+n) and (4.111), one finds

1/4 3n—1
45 A (pe\ s
qeav [ 0 H, M k 2n|2 - <e>
max <7T3g*,p(Tmax)w PIZ |7) | > Mp; \ A*
3(1—4n) 4(14n) 1/4
n+1 15 sn—7 15 8n—7
y { (455) [(3 ) (3 amtm) ] } C nEE e
1 —1/4 _ 7
ﬁe Y ) n=s3-

The numerical factors depending on the value of n are of the order O(1071), and for the
quadratic (quartic) inflaton potential, i.e., n = 1 (n = 2), the above expression gives T8 ~

6.1-10'2GeV (T8 ~ 5.5-10'2GeV) for H, = 3 -10'3 GeV, cf. Fig.(4.3). These results
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agree with estimates found in Ref. [349]. It is important to stress that the above formulas
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FIGURE 4.3: The maximal temperature obtained by the SM bath as a function of the index n (the
averaged equation-of-state parameter w) in different reheating models, i.e., driven by ¢ — A (solid
green), ¢ — h (loosely dashed purple), ¢ — ¥ (dashed blue) and gravitational (solid red) interactions.
In the left (right) panel, the adopted initial value of the inflaton decay width is f¢_>FF = 10""H,

(Ty—rr = 10719H,). Note that the pale red region is excluded due to gravitational bound on Tipax,
see Eq. (4.125).

provide an absolute lower bound on the maximal thermal bath temperature for a given n and
inflationary scale A, which sets H., we, and p.. Namely, the following condition:

TE® < Thax, (4.125)

max

must hold in any perturbative reheating model. This, in principle, means that the Universe
must have reached this temperature regardless of the details of the reheating process. Suppose
in any considered scenario, the predicted value of Ti,ax is lower than the value obtained from
Eq.(4.124). In that case, gravitational interactions should have been taken into account
since this process dominates at the onset of reheating and thus determines the maximum
temperature of the SM sector.

4.3.3 Purely gravitational reheating

In particular, one could image the third scenario, in which the condition (4.112) is violated
throughout the whole reheating, such that

Toorr(an™) < Tg pn(an™). (4.126)

The above condition defines the purely gravitational reheating - extreme scenario, in
which direct inflaton interactions with the SM species are so feeble, or even do not exist
at all, that reheating can only be achieved the Planck suppressed gravitational interactions.
It can be considered as the minimal yet natural mechanism to drive the transition from
the inflationary phase to the radiation-dominated epoch. According to the discussion below
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(4.103), such a scenario might only be realized for a stiff inflaton potential, i.e., n > 2. In
this case all reheating observables, i.e., {Tiax, @rh, Tyh, Hin }, would be determined solely by
the inflationary scale A, and the form of the inflaton potential during reheating. However, as
pointed out in Ref.[350], the possibility of the purely gravitational reheating is excluded
by constraints on dark radiation for excessive gravitational waves produced from inflation.
At this point, we should stress that in the general case, one could also investigate the non-
minimal gravitational reheating scenario in which the ¢ and the Higgs fields have non-minimal
couplings to the gravity of the form

R

¢

19]*R, and e Ih|®R, (4.127)
Pl

where R is the Ricci scalar in the Jordan frame, |€4]< M2,/(#)? [349], |€n|< 105 [351, 352],
and &, ~ O(1072) [353-355]. Such a scenario has been considered, for instance, by the
authors of Ref.[349, 350, 356] who claimed that minimal gravitational interactions dominate
over non-minimal ones when [349]

1
1265 &n +36n + 264 < 3 (4.128)
In this work, we, however, focus on the minimal scenario, ignoring the non-minimal contri-
bution, setting £y — 0 and &, < 1/6.

In the remaining part of this chapter, we will elaborate on the Higgs-induced reheat-
ing, governed by the cubic gns¢|h|? coupling. In particular, we will distinguish massless and
massive reheating scenarios and discuss the role of the inflaton-induced mass of the Higgs bo-
son on reheating dynamics. But before we move on to this part, let us first discuss constraints
on reheating models.

4.4 Constraints on reheating models

Since existing cosmological experiments cannot directly probe the reheating phase, it might be
crucial to look for some indirect imprints of the reheating dynamics, some unique predictions
allowing us to disentangle the plethora of post-inflationary models and rule out unreliable
scenarios. In this section, we outline the procedure for obtaining constraints on the number
of e-folds from the end of inflation to the end of the reheating phase, i.e.,

Ny =1In ( a’“‘), (4.129)
Qe

using the current bounds on the inflationary observables. This will allow us to establish

a connection between the physics of reheating determined by the form and strength of the

inflaton coupling and the CMB observables.

First, let us note that the CMB pivot scale kX°MB = k_ links the primordial Universe with the
late one. More precisely, it relates the inflationary quantities, measured when the k, mode
crosses the Hubble radius, to the late-time observables corresponding to the moment when
the pivot scale re-enters the horizon. In particular, using the fact that the horizon crossing
occurs when k, = a,H,, we can evolve the scale factor through different epochs, as

ke axae am

ke _ , 4.130
He  aetm Grme " ( )



Chapter 4. Reheating 108

where a, 1, . denotes the scale factor at the radiation-matter equality. By taking the logarithm
of the above expression, one gets

k

1n(*> = —N, — Nyh — Nea + In(armee), (4.131)
H,

where N, =1n(ac/a,) denotes the number of e-folds between the horizon exit of the pivot

scale k, and the beginning of reheating, which in the slow-roll approximation is determined

by the following integral:

1 R |
N, ~ — d 4.132
o= / gt (4.132)

whereas Ngp =In(ay.m.e/a.n) is the number of e-folds during the radiation-dominated epoch.
Using the results obtained in the previous section, one can relate the reheating number of
e-folds V,, to the energy density of ¢ at the onset of reheating, i.e., p. = 3V (¢.)/2. Namely,
from Eq. (4.100), one has

6n

a, T+n
Prh = Pe ( e) . (4.133)
arh
On the other hand, p,; can also be expressed in terms of the reheating temperature as
7"'Qg*p,rh 4
prh = 30 Trh7 (4'134)

with g,y rh = gxp(Tin) being the total number of relativistic d.o.f. at the reheating temperature
Tin. Assuming no extra relativistic d.o.f. beyond the SM, we set gyrhom >~ 106.75.
Hence, the number of e-folds during reheating phase is given by

B 1+nln< 45 V(¢e)>.

th -
6n T2Guprh T4

(4.135)

In what follows, we assume that there is no additional entropy injection after the end of
reheating. Thus, employing the entropy conservation g.s(T)a3T® = const., where g,s(T)
counts the number of relativistic d.o.f. contributing to entropy density at temperature T,
one obtains the following relation between Ti;,, and the temperature at matter-radiation

equality:
T, — Gxs,r.m.e 1/3 Ar.m.e T
rh — r.m.e; (4136)
Jxs,rh Qyp

where Jxs,r.m.e = g*s(Tr.m.e) and Gxs,rh = Jxs (Tr )
Inserting the above relation into Eq. (4.135), one finds

Ny, = 1+n1n< 45 V(¢e)( Gxs,rh )4/3( A )4>’

6n 7729*,rh Tém,e Gxs,r.m.e

~4. 16+nn E 1“%221}1) + ln(Tr.m.e) + gln(gf:fj_e) N, } (4.137)

Ar.m.e

where in the last step we have used V(¢.) ~ A*. In general, we could also use a more
accurate approximation utilizing Eq.(3.147); however, for the purpose of this analysis, the
adopted approximation is sufficient.

Now, one can use Eq. (4.131) to eliminate Nyq from the above expression. After simple
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algebra, we obtain

2 D1 45 1 r A k
o= () () o) (i) ()
(4.138)

The above relation is only valid if n # 2. This results from the fact that for the quartic inflaton
potential, i.e., n = 2, the rate of the Universe’s expansion is the same during reheating and
radiation-dominated epoch.

Adopting gerh = Gusrh = 106.75, Gusrme = 3.94, arme ~ 1/3400, Time ~ 0.8eV and
k., = 0.05 Mpc~!, we get

th ~

61.6 — ln(HA> - N*], (4.139)

*

Hence, for n # 2, the above relation limits the duration of the reheating phase from the
inflationary observables A, Ny. Furthermore, another constraint can be imposed by utilizing
the BBN lower-bound on the reheating temperature [272, 357-362]

TI‘h Z TBBN ~ 4 MGV. (4.140)

Using (4.135) and assuming that V(¢.) ~ A*, one finds the following upper bound on the
reheating number of e-folds:

2<n3;§1)[6_7_|_1n(1 Cj}xe\/')} (4.141)

Hence for A < 1.4 x 1016 GeV Eq.(3.148), one obtains

th S,

n+1
Ny <59 4.142
rh & Qn ) ( )

and for n = 2, one finds Ny, < 44.
in Table 4.3, we summarize the constraints on Ny, for several values of n used in the forth-
coming analysis.

o n | Nmw[ns:1o] | Ninlns:20]
1/6 [2/3] 138 26.1
1/6 | 1 22.0 41.7
1/6 [3/2] 480 7.8

1 12/3 15.2 27.5

1 1 23.4 43.1

1 13/2 47.8 47.7

TABLE 4.3: Constraints on N,y for different values of o and n. For n = 2, the constraint is only from
the lower limit on reheating temperature from BBN, which is Ny, < 44.

4.5 Higgs boson-induced reheating

Now let us consider the Higgs boson reheating triggered by the cubic interaction of the inflaton
with the SM Higgs doublet. So far, we have neglected the mass of final states. However, any
daughter particles F' inevitably acquire a non-zero mass due to their direct coupling to the
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inflaton fields. The non-zero mass mp of the F' field has a negligible impact on the reheating
dynamics provided that mp < mg. However, if mpr becomes larger or comparable with
mg, it generates a kinematic suppression of the SM quanta production, which could have
non-trivial implications on the evolution of the SM radiation. In what follows, we illustrate
this phenomenon on the example of massive Higgs reheating scenario, for which the non-zero
mass of the h field cannot be neglected during reheating.

4.5.1 The model

In our model, the effective density Lagrangian of the Higgs boson during the reheating phase
has the form

2
VI D ¢ (0u)] 04) — oM OBV ), V() = 3 (AP-U2E) (0103

where Ay, is the Higgs-boson quartic coupling. At the scale of electroweak interaction vgw ~
246 GeV, the value of Higgs quartic coupling is A, ~ 0.13, corresponding to the Higgs mass
mggiv = 125 GeV. Since the energy scale of inflation and reheating is typically much higher
than the electroweak scale, we can neglect the bare mass in V' (h) and approximate the Higgs
potential by

V(h) ~ Ap|h|%, for a < a,,. (4.144)
Consequently, during the reheating phase, the Higgs mass parameter is given by

1h = ghoMp19p(t). (4.145)

The above term is responsible for the generation of a non-trivial mass for all four components,
h;, of the Higgs doublet, i.e.,

Pl, P>0,i=0,1,2,3,
mh, = gneMp1 o { |P|, P <0,i=0, (4.146)
0, P<0,i=123.

This expression shows that m,%z is subjected to the short-scale oscillations of the ¢ field
through the quasi-periodic function P. During one half of the period, when P is positive, the
electroweak symmetry remains unbroken, and each component of the Higgs doublet receives
a non-zero mass mp, =+/gnMpip|P|. In the second half of the period, when P becomes neg-
ative, the mass of the physical Higgs component, i.e., i = 0, is mp, =+/2gn Mp1p|P|, whereas
the remaining three Goldstone bosons i = 1, 2,3 become the longitudinal components of the
SM gauge bosons and decouple from the ¢ field. In the unitary gauge, that corresponds to
an infinite mass of h; for ¢ = 1,2, 3 since these components are non-dynamical modes in the
broken phase.

As a result of a periodic change of a ,u% sign, the Higgs field undergoes rapid phase transi-
tions between phases of broken and unbroken electroweak gauge symmetry and acquires a
¢(t)-dependent vev, i.e.,

0,

¢(t) >0,
=19 [1u2()] for a € [ae, a,). (4.147)
I;\T ’ ¢(t) <Oa
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Note that since vy is a function of the ¢ field, this non-trivial Higgs vev vanishes rapidly
around a ~ a,,, since after the inflaton-radiation equality ¢ is diluted to a negligible amount.
Therefore, after reheating, the Higgs field remains in the symmetric (unbroken) phase until
the electroweak phase transition at the temperature scale O(100) GeV. Furthermore, we
should stress that all massive SM particles receive a non-zero mass during reheating as a
result of their coupling to the Higgs field, i.e.,

EW

msnM = Tisu Up, for a € [ae, a,), (4.148)
VEW

where m]é:hv/}/ denotes the electroweak mass of the SM species.

Constraints on the inflaton-Higgs coupling

As all the effects discussed above highly depend on the strength of the inflaton-Higgs coupling
Jhe, let us now discuss the constraints one should impose on it.

Firstly, the presence of the inflaton-Higgs coupling should not substantially modify the in-
flationary dynamics not to spoil the prediction of the single-field inflation described in the
previous chapter. In particular, we have ignored interaction terms in the EoM for the ¢ field,
treating the SM fields as small perturbations. Moreover, we have also neglected possible
back-reactions on the inflaton field. To justify this treatment, one must impose a pertur-
bativity limit upon the strength of the g4 coupling. For instance, we can require that the
amplitude for h scattering in a background of the classical ¢ field with its double insertion is
smaller than the corresponding amplitude with a single insertion. This leads to the following
upper bound on the inflaton-Higgs coupling:

A2
< 4.14
Ghe S <¢MP1>’ (4.149)

where ¢ denotes the strength of the external inflaton field determined by its EoM Eq.(3.10).
Secondly, the inflaton-Higgs coupling g, must also be limited from below to ensure the
stability of the Higgs potential. Namely, due to quantum corrections, within the SM sector,
the quartic Higgs coupling A; runs down towards negative values at the energy scales ~
10'° GeV making the Higgs potential unstable [363]. However, in the presence of new physics
interactions, such as the inflaton-Higgs coupling considered in this thesis, the stability of
the Higgs potential can be achieved for larger Higgs field values [363]. In particular, since
|p|~ O(few)Mp; during inflation, the inflaton-dependent mass for the Higgs doublet (4.146)
could be quite large, which leads to the stability /positivity of the Higgs potential. The
maximal Higgs field strength up to which the potential is stable could be estimated by
comparing the cubic term gpsMpi¢|h|? with the quartic term A, h[*. This leads to

|hmax‘2'\’ g)\LjMPl <Z>7 (4150)

Now let us recall that the cosmological constant term A* well approximates V(¢) during
inflation. Therefore, in order not to jeopardize predictions of the single-field inflation, we
exact both A\, |h|* and InoMp1 ¢ |h|? terms to be negligible relative to A* in the whole region

of stability, i.e., up to the largest allowed Higgs-field value h = hyax. This requirement leads
to the following condition:

Ihe S m< A ) : (4.151)

¢ Mpy
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The above result provides a stronger bound on the inflaton-Higgs coupling than Eq. (4.149)
for A\p, < 1. Therefore, we will adopt the (4.151) constraint in the following analysis.

Furthermore, as demonstrated in Ref.[363], if the Higgs mass exceeds the Hubble rate, or
more precisely mp, >3H,./2, the fluctuations of the hg fields are strongly suppressed during
inflation, which ensures the stability of the Higgs potential. This remark set the lower limit

for gne, such that
2
3 A? é
> —/6 ( ) . 4.152
Ino g Vo <¢MP1> V6aMp) ( )

For the benchmark values of the inflationary scale A=3 x 1073Mp; and a=1/6, adopted in
this analysis, we find the following consistency region for the inflation-Higgs coupling:

6-1071 S gpy S7-1076, (4.153)

where we have used ¢~ +/6aMp;.
Finally, let us notice that the above limits depend on \p; increasing A; implies larger values
of the gpe coupling.

4.5.2 The kinematic suppression

Now let us discuss in detail the consequences of the non-zero mass of the Higgs field for the
physics of reheating. To that end, we rewrite the time-averaged inflaton decay rate accounting
for the cubic inflaton-Higgs interactions (4.79) as follows,

1 "‘”%Mgl
2n 321 my

(Ff;lhh> (Tg—nn) = Vh s (4.154)

with

n+/mn(2n n+tl ) m
= - §<1) s )23: Z k|73k|2<Re[ 1- ;j‘;D. (4.155)
2n i=

Note that Eq. (4.154) mimics a standard formula for the decay width describing the decay
of a quantum spin-0 massive field into two other massive scalars. The kinematic parameter
7, introduced above incorporates effects induced by the classical nature of the inflaton. It is
important to emphasize that (I'y_hn) has two sources of time dependence. Namely,

(i) the effective mass of the inflaton field mg Eq.(3.45)

(ii) the inflaton-induced mass of the SM Higgs my,, (4.146), or more preciesly, the ratio
2myp, /(kw) which appears in the square root in Eq. (4.155).

It turns out that (I'y—nn) is time-independent only in the massless reheating scenario, i.e.,
when my,, =0, with the quadratic inflaton potential n=1. In this special case, v, =4 since the
inflaton field can transfer its energy density to four massless components of the Higgs field,
or in other words, ¢ has four equivalent decay channels. However, if the inflaton-induced
mass of the Higgs field cannot be neglected, then (I'y_n1n) develops time-dependence even if
¢ oscillates in the quadratic potential.

One can distinguish two time-scales relevant to the reheating dynamics—mnamely, the scale
of the inflaton oscillations and the scale associated with the expansion of the Universe. As
we have already stressed in the previous chapter, the time-scale of my evolution is typically
longer than that of the inflaton oscillations. On the other hand, the Higgs mass parameter
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rapidly changes in time due to the violent oscillations of the P function. The amplitude of
these oscillations is damped since the envelope ¢ decreases with time, according to Eq.(3.41).
It is important to stress that to track the evolution of the SM sector, one should consider the
Boltzmann equation (4.74) averaged over rapid oscillations of the inflaton. Notice that the
inflaton-induced Higgs mass is the only source of the short-scale variation of the inflaton decay
width. Hence, it is convenient to factorize these two time-scales relevant for the variation of
(I'y—nn) and average only the square root in (4.154). More precisely, averaging the inflaton
mass is trivial since we have assumed that my does not change in one period of ¢ oscillations.
Nevertheless, the summation and averaging performed in (4.154) deserve an explanation. In
particular, let us point out that the adopted procedure takes into account the fact that in
the unbroken phase, i.e., when P > 0, the inflaton field 'decays’ into four real components
of the Higgs doublet, while in the second half of the period, when P becomes negative, the
energy can only be injected to hg, since the remaining components h1 23 decouple from the
inflaton. Furthermore, we should stress that the kinematic suppression is only relevant if the
energy kw of the inflaton mode k is negligible compared to the factor 2my,. In addition, for
all values of n, the sum over inflaton modes k is dominated by the contribution from the
first Fourier mode, i.e., k =1, as the Fourier coefficients P, drops quickly for larger mode
numbers.

Time-averaging over the inflaton oscillations

Now we aim to find an approximate analytical formula for the <\/ 1 — (2mp, /kw)?) term
appearing in (4.155). It is the crucial factor in calculating the inflaton width, capturing the
kinematic phase-space suppression generated by the non-zero Higgs mass. As a first step
towards this goal, let us note that the time average of the inflaton-induced Higgs mass is
given by

L(2) D(3EL) (eve

4 2 ==, =0,

<mh¢>:\/9h¢MP180(2:J)rg(TL1){l 2 193 (4.156)
F( in )F(%) 29 t=1,2,9.

Note that (my,) is approximately constant during one period of oscillation; however, it

varies in a longer time-scale according to the ¢ evolution. It is also instructive to write
the (my)/(kw) ratio for the dominant £ = 1 mode

<’mh>N\/gh¢MP1<p\/2n—1 F(%)  Gre M3 F(%) e \E2 ) 0\ SsY .
wo o my mn I‘(%) ~V2rn A? F(%) (MPI) ae  (4157)

where for brevity we have neglected the Higgs field h; component-dependent contribution
(14++/2)/2 for i = 0 and 1/2 for i = 1,2,3. Moreover, in the second line of Eq. (4.157), we
have employed the solution for the envelope Eq.(3.41). The time-dependence of the (my)/w
factor disappears for n=3/2, whereas for n<3/2 (n>3/2) it decreases (increases) with the
scale factor during the reheating phase. Therefore, we can conclude that the phase-space
suppression amplifies with time for n > 3/2 and stays constant for n = 3/2. However, if
n < 3/2, the role of the non-zero mass of the Higgs field generated by its coupling to the
inflaton becomes less and less important.

Next, we find that the average of the phase-space factor can be written as

3
(i)~ [ B ] [l ]
kPu? 16T (5;) Iho Moo 16(2n—1)r(ﬁ)3gh¢MPl€0 ’ '
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FIGURE 4.4: Evolution of the phase-space factor <\/ 1 —4mj} /(k?w?)) as a function of the scale factor

a for k=1 and two values of the inflaton-Higgs coupling gns =1075 and 107'° in the left and right
panel, respectively. Solid (dashed) lines are for the =0 (1,2,3) components of the Higgs doublet.

with for the physical component of the Higgs field kg =1, whereas k123 =1/2 due to the
fact that the i=1, 2,3 components become Goldstone modes in the broken phase. Above, we
have introduced the ‘ceiling’ function [-- -], defined as

1, z>1
2] = {  Te (4.159)
z, x <l

Consequently, [---] = 1 implies no kinematic suppression, whereas [---] # 1 indicates that
the inflaton-induced Higgs mass becomes of the order of the energy kw of the oscillating
mode. Note that the time-dependence of the phase-space factor enters through the envelope
Eq.(3.41), and the inflaton mass Eq.(3.66). Hence, we can also rewrite Eq. (4.158) as an
explicit function of the scale factor, i.e.,

- 4m}2”
k20?2

g a 3(2n—3)
>% {k() D) w (4.160)

Gho NG

with

3

9/mrik*n3A4T (”2—21)
9= . 3
8 ML T ()

Above, we have assumed that ¢, ~ Mp;. From Eq. (4.160), we see that the phase-space
factor increases (decreases) with time for n <3/2 (n > 3/2), whereas for n=3/2 it is time-
independent, as we have already deduced above.

Next, we can estimate the value of the scale factor a; at which the ‘ceiling’ function approaches
unity. We find

(4.161)

(n+1)

aj, = ae<gk> Y 3/, (4.162)
9he
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Note that the condition [---] = 1 indicates that the kinetic effects become irrelevant (rele-
vant) for n <3/2 (n>3/2). On the other hand, if n =3/2 the phase-space factor (4.160)
is a time-independent when g4 > g, for k = 1. Moreover, we should also stress that for
n < 3/2, the effects of the non-zero Higgs mass could become irrelevant before the end of
reheating if ag < a,,. In this case, in the period between ar < a <a,,, the reheating dynamics
becomes insensitive to the inflaton-induced Higgs mass. Contrarily, for n > 3/2, the role
of the kinematic suppression increases with time. This is because even if the Higgs mass is
negligible at the onset of the reheating phase, it would soon become of the order of the infla-
ton energy kw, and hence the kinematic effects might be important until the end of reheating.

Lastly, let us stress that utilizing the above definition of aj, one can rewrite the phase-phase
factor (4.160) as

N
2 R) —‘, n#3/2,

n=3/2.

(4.163)

Numerical results

2

4
The evolution of < 1-— kgn£§> as a function of the scale factor a for two values of the inflaton-

Higgs coupling gpe = 1075 (left panel) and 1071% and k = 1 obtained numerically, is shown
in Fig. 4.4. This figure indicates that if the inflaton-induced mass of the Higgs field is small

compared to the inflaton energy kw, the factor <\/ 1 — (2mp, /kw)?) =1 and kinetic effects are

no longer relevant. In particular, we observe that for n<3/2 and g4 = 10~°, the phase-space
factor initially grows with time until 2my,; drops below kw, which coincide with a ~ a;. More
precisely, from the left panel of Fig. 4.4, we see that the number of the reheating e-folds
during which kinematic suppression is present can be estimated as Ny~4 and 9 for n=2/3
and n = 1, respectively. We should highlight that the Higgs production is not completely
terminated even if 2my, exceeds the inflaton energy kw. This happens because, during each
oscillation, ¢ goes through zero, which implicates the vanishing of the Higgs mass. In these
short time intervals when mj, — 0, the "inflaton decays" are kinematically allowed, so that

<\/ 1 — (2mp, /kw)?) =1 is non-zero. Furthermore, we see that the phase-space factor is time-

independent for n=3/2 and can be approximated by (\/1 — (2mp, [kw)?) ~ [k A1/ (4dgne M)
In this case, kinetic suppression is present during the entire reheating phase unless gy is tiny
and the ceiling function approaches one. Finally, for n > 3/2, the ratio 2my, /kw)? grows
during reheating, which means that the role of non-zero Higgs mass becomes more and more

relevant so that (\/ 1 — (2my, /kw)?) decreases as the scale factor increases. This, in particular,
means that even if the Higgs mass is negligible at the commencement of the reheating phase,
kinetic suppression grows with time. Last of all, let us emphasize that numerical results
for the phase-space factor evolution presented in Fig. 4.4 agree to a large extent with our
approximate analytic estimations (4.160). In Fig. 4.5, we have plotted the evolution of the
mass of the 0-component of the Higgs doublet, my, (4.146), its average (mp,) (4.156), as
well as the inflaton frequency w Eq.(4.89) as functions of the scale factor for two values of n,
namely n=2/3 (left panel) and 3/2 (right panel), and two values of gns=10"° (red curve) and
10719 (blue curve). These two figures confirm our analytical predictions that the kinematic
suppression is relevant in the region where (mp,) 2 my. In particular, by comparying left
panels of Fig. 4.4 with Fig. 4.5, we see that for n = 2/3, (mp,(a)) matches with w around
a >~ ag.
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FIGURE 4.5: The evolution of the Higgs mass my,(a) for two values of the inflaton-Higgs coupling

gne = 1077 (blue) and gny = 1077 (red) for n=2/3 and 3/2 in the left and right panel, respectively.

Thin dashed curves show the evolution of the averaged Higgs mass, i.e., (mp,(a)), whereas thick solid

curves present the evolution of the thermal bath temperature. The loosely dashed green lines illustrate
the evolution of the inflaton mass mg.

4.5.3 Analytical solutions to the Boltzmann equations

In the previous subsection, we have established the impact of the inflaton-induced Higgs

4 2
mass on the evolution of the phase-space factor <\/ 1— Emr:%> In particular, it has been shown

that non-zero mass of the Higgs field could engender a kinematic suppression that affects the
energy transfer from the inflaton to SM sector and might generate a non-trivial scaling of
the phase-space factor with a (4.163). Such behavior is observed if the mass 2my, is at least
comparable with the energy kw, which, in turn, depends on the strength of the inflaton-Higgs
coupling. One may distinguish two regimes:

(i) massless scenario where the inflaton-induced mass of the SM Higgs is negligible
compared to the energy kw so that one can employ the limit my, — 0,

(ii) massive scenario in which the non-trivial kinematic effects influence the reheating
dynamics.

Now let us consider both cases in detail. As we will explicitly demonstrate below, there are
significant differences between these two scenarios.

Massless case

The massless reheating scenario has been discussed in Sec.(4.2), where we have ne-
glected the contribution to the Higgs boson mass originating from the cubic interaction term
gh¢Mp1¢]hl2. This is, of course, merely a reference point introduced to illustrate the effects
of kinetic suppression in the realistic case, i.e., with my, # 0. In the limit mj, — 0, the only
source of time-dependence of the inflaton decay rate (4.154) is through the effective inflaton
mass mg Eq.(3.66). In particular, for n < 1, I'y,pn decreases during reheating, whereas
for n > 1 it increases with time. Therefore, one expects that for fixed values of the model
parameters, i.e., {gnhs, o, A}, reheating in the massless scenario is the most efficient for n>1,
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while for n <1 its duration is prolonged. Moreover, let us stress that for quadratic inflaton
potential, i.e., n=1, we reproduce the well-known expression for the time-independent decay

width, i.e., I‘¢%hhn;l (ghoMp1)?/(8mmy), with m¢:\/§A2/M and P =011/2.

From Eq.(4.101), one obtains the following solution for the SM radiation energy density
in the Higgs massless reheating scenario:

PRILO) () 67”M1%1He T hn {(C:)nil - (%)4]

Tdn+1 .
6n ~ Ao\ =27
~ mMnge Fg’ﬁhh(f) -, for a€[ae,am). (4.164)

Consequently, the temperature of the thermal bath evolves as

180n MR H, nghhTM <a7> -

T (a) ~ { o T 1 gl (4.165)

a

For the quadratic inflaton potential, i.e., n = 1, we reproduce the well-known result i.e.,
T < a3/8. The scaling of the SM energy density p(s(& with a for several values of n is col-

lected in Table 4.4.

Another quantity of physical importance is the maximum temperature

© _ 180M1§1Hef3_>hh 1/4, 5 -
( ) 4( ) ) (4.166)

X (4n 4+ 1) w2 Gxp(Tmax n+1

and the reheating temperature

70) _ <90H3M§1 )1/4 a1 He |\ (4.167)
th Wzg*p(Trh) 2n Fgﬁﬁhh

We should highlight that in the considered range of g4 variation, i.e., gng € (1019,1079), the
entire reheating dynamics in the massless scenario is dominated by the direct inflaton-Higgs
coupling, such that irreducible gravitational interactions are subdominant, cf. Fig.(4.2).

Massive case

Next, we consider the effects of the inflaton-induced Higgs mass on the reheating dynamics,
considering the massive reheating scenario. The crucial difference of this scenario as
compared to the reheating with the massless Higgs, discussed above, is the presence of the
kinetic suppression in (I'4,nn) (4.154) through 73, (4.155). In particular, the main difference

emerges due to non-trivial averaging of the phase-space factor <\/ 1 — (2mp, /kw)?) over infla-
ton oscillations, which generates a suppression due to the non-zero Higgs mass Eq. (4.160).
Furthermore, as it has been pointed out above, the v, factor is time-independent only if
n=3/2, whereas for n<3/2 (n>3/2), it increases (decreases) during the reheating period. In
particular, for n<3/2, the (2my, /kw) ratio decreases with time, and the kinetic suppression
gradually disappears around a ~ ag. Note that, in principle, the kinematic suppression can
be present throughout the whole reheating if ax > a,.,, or it may at some point become irrele-
vant if ap <a.n. In the latter case, the inflaton-induced mass of the Higgs field suppresses the
radiation production in the period between a, < a <ay, while for a; < a < a,;, the reheating
dynamics follows the same evolution as in the massless scenario. Contrarily, for n>3/2 the
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non-trivial Higgs mass could have a negligible impact on the reheating dynamics for suffi-
ciently small inflaton-Higgs coupling gne. However, in this case, (2my,/kw) increases with
time so that the kinetic suppression becomes relevant at some point, affecting the reheating
dynamics until the end of reheating.

The time-averaged inflaton decay width Eq. (4.154), including the non-zero mass term of
the Higgs field, can be written in the following form:

ap 2223
[ AN

a 3(71777,) [ele]

(Tghn) ~ Pgﬁhh(f) TS kPP ga (4.168)

k=1 [’ﬂ n=3/2,

Gho
with
TS hn
e _ —
= ¢—nn 4.169

In what follows, we find the SM energy density and thermal bath temperature evolution
in three cases, i.e., n < 3/2, and n = 3/2. Note that if n < 3/2 and a 2 a;, the inflaton
decay width, accounting for the inflaton-Higgs interactions, has no phase-space suppression
and coincides with that of the massless Higgs boson case. Hence, in this case, the evolution
of the SM energy density follows Eq. (4.164). On the other hand, for n < 3/2 and a < a,
the phase-space kinematic suppression affects the reheating dynamics, and, therefore, the
evolution of the SM energy density is modified relative to the massless case Eq. (4.164). In
addition, for n = 3/2, we observe a constant suppression proportional to [gx/gne| throughout
the reheating period. Therefore, if n = 3/2, the relation between pgy and T' with the scale
factor in the massive scenario is the same as in the massless case; however, due to constant
suppression, the maximal temperature of the SM sector is reduced. The solution of the second
Boltzmann equation (4.74) in the massive reheating scenario takes the form

RH Gn

P (@) = mMngef;Hhh
n+1 [rae\38 rae\i] R =
s |(Z) T = () | R () T asar ns3)2,
2(5—n)[(a) (a):|k§1 e
n+1 [/ae\mr ae4°°kp2 . s
% 4n+1[(a,) _<a)]k2::1 Pl azag, ns3/2, (4.170)
n+1 [/ae\mTt e \4T ST Gk B
dn +1 Ka,) B (;) ];kwﬂ [%L n=3/2.

Thus, during the kinematical suppression phase, i.e., a < a; for n< 3/2, the energy density
of the SM sector and its temperature scale as

6(1-n) 3(1—n)

pRIl o g nFT | TRy x 20+, asag, nsS3/2. (4.171)

Whereas, in the region where the kinematic suppression is absent, we get the scaling as that
of the massless Higgs case, i.e.,

-3 -3
pRI pRILO) o gt Tru~T o a¥D, aZay, nS3/2. (4.172)
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n <nghh ps O T | Commn) | ABE | Tra
2/3| a3/ 095 | q—9/20 1275 4675 | 43/10
1 40 032 | 438 4372 40 40
3/2 35 a—6/5 | —3/10 o375 0—6/5 | ¢—3/10
9 al a1 a-1/% a0 a2 | o172

TABLE 4.4: Approximate scaling of the averaged inflaton decay width, (I'y—nn), energy density of
the SM sector, psm, and thermal bath temperature, T, with the scale factor, a, in the massless (with
superscript (0)) and massive Higgs boson-induced reheating.

It is important to emphasize that the behavior of the SM energy density with the scale factor
is very unusual. It turns out that in the massive scenario for n = 2/3, both pgy and T
increase with time, whereas for the quadratic inflaton potential, i.e., n =1, they are nearly
constant. Moreover, as we have discussed earlier on, for n = 3/2, the inflaton decay rate
depends on time only though mg and thus, in both massless and massive cases, we obtain
the same dependence on the scale factor a. Finally, for n > 3/2, the scaling of pgy with a
is steeper in the massive reheating scenario in comparison to the massless Higgs case. The
approximate scalings of the time-averaged inflaton decay width, the SM energy density, psnm,
and the temperature, T, with a, are collected in Table 4.4 for both considered scenarios.

4.5.4 Tachyonic resonant production of Higgs bosons

Before we present the complete numerical analysis of the reheating dynamics in the Higgs
boson-induced scenario, it is convenient to comment on the non-perturbative tachyonic Higgs
production during the early stages of reheating. Such a possibility emerges from the fact
that the inflaton-induced Higgs mass parameter p7 (4.145) could exceed the inflaton effective
mass mi Eq.(3.45) for values of gpg satisfying (4.151) and (4.152) limits, i.e.,

2

A 3( A2 \°/ &
> g, > 2 2
VA <¢MP1> ~Ime R <¢MP1> (MP1> ’

at the commencement of reheating phase, when ¢ = ¢, ~ Mp;. In this case, tachyonic resonant
production of the Higgs boson can constitute an efficient source of (p)reheating [333, 334].

(4.173)

To discuss this phenomenon in more detail, let us find the equation of motion for the Higgs
field. From Eq. (4.143), one gets the following EoM in the unitary gauge:

V2 d
( — g t3H o+ gh¢MP1¢> ho = —Anhg, (4.174)

dt? d
where the non-linear term on the r.h.s. of the above equation is present due to Higgs self-
interactions. In the expanding background, a general solution of (4.174) is difficult to handle
and typically requires lattice simulations. However, to develop some intuition and make
analytical predictions, we employ the so-called Hartree approximation, which allows us to
replace the non-linear term with a linear counterpart, according to

Anhd = 3\ (h2)ho, (4.175)

with (h2) being the variance of the Higgs field. The latter can be found using the linear
solution (or iteratively in orders of the quartic coupling Aj) for the Higgs mode function hg
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with mode momentum k as

1 (o¢]
2 _ 2 2
(1) = 53 [~ dk R hon(t). (4.176)
where
— 4k = ik-@
h(](t,x) :/W’h()’k(t,k)ek s (4177)

with ho(t, k) = b (£, k) = ho.
Inserting decomposition (4.177) into Eq. (4.174), we obtain the following mode equation:

. . k2
ho + 3Hho i + (CLQ + ghoMp1p + 3\ <h3>> hos = 0, (4.178)

where we have adopted the Hartree approximation (4.175). Applying the field redefinition
hox = a®?ho g, (4.179)
we can recast the above equation to the harmonic oscillator form
hox + whox = 0, (4.180)

with the time-dependent dispersion relation

k2 3a 3 /a\?

2 _ 2

wL = — + M, )\ h _— = — — | — . 4.181
k 5 T Ghe P1¢+3h<0> 24 1() (4.181)

The two last terms can be combined into

3a 3/a\* 9
222 Z) = Zg? 4.182
2a 4 <a> i (4.182)
where we have used the fact that
a 1 1
—=———-(1+3 . 4.183
Thus,
K2 9
WE = 5+ L H W+ g Mpig + 3, (h3). (4.184)

Note that the first and the fourth term are always positive, whereas the equation-of-state
parameter w = p/p during reheating varies in the range w € [—1,1]. Since the second and
the third terms oscillate for half of the period, they provide a negative contribution to w,%. If
the positivity of the remaining components of w% does not compensate for the negative input,
the solution of the (4.180) has no longer an oscillatory form. Instead, if w,% becomes negative,
the mode function grows exponentially, and the Higgs field experience tachyonic growth.
Hence, we conclude that the cubic inflaton interactions might source the non-perturbative
production of Higgs modes, i.e., preheating dynamics. At this point, we should stress that
the second term, proportional to H?w, is subdominant compared to the third one if Jhe is in
the range (4.173), and the amplitude of the inflaton oscillation is of the of ~ Mpj. Therefore,
tachyonic production of the Higgs field is mainly driven by the large negative mass term.
However, the positive contribution from the self-interaction term Ap <hg> could shut off the
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resonant production provided that
3 (h3) 2 |1f. (4.185)

Note that if the above condition is satisfied, then it guarantees that the tachyonic en-
hancement of the Higgs production does not occur for any momentum mode k; hence, the
non-perturbative effects are irrelevant for the reheating dynamics. To put it another way,
Eq.(4.185) defines a lower bound on the Higgs quartic coupling for which the tachyonic pro-
duction is irrelevant for u? < 0.

To find the lower limit on A, one needs to determine the variance of the Higgs field (4.176) for
u% < 0 since resonant production can only occur for negative values of the ¢ field. This can
be done by employing the leading linear solution for the mode function hg (%), i.e., neglecting
the Aj, term in the mode equation (4.178), see also [333], as

A2 4‘,U,h’Mp1
By ~ i ( > 4.186
V) ~ Tex2 i, A (4150)
Inserting the above expression into (4.185), we find
3/2 3/2
- 167° 9h¢’¢‘MP1/ 4y /gnol 6l M|
e 3 e expl———— 45— | (4.187)

For the values of Higgs quartic coupling employed throughout this thesis, i.e., Ay ~ 0.1, the
lower bound on g4 to block the resonant production reads

4A%
9he 2 73T (4.188)
P~ Mgl

Note that the above lower limit for gpe is slightly stronger than the one in (4.173). Hence,

for A A
3 A A
2 < < 4 (4.189)
~ gh ~Y b
4@@@) ’ @@w)

and Ap ~ 0.1 tachyonic resonant production of Higgs modes is possible. A detailed analysis
of this phenomenon is an interesting possibility; however, it is beyond the scope of this thesis.

To summarize, our analysis presented above (with an order of magnitude approximations) in-
dicates that in the parameter space considered in this work (with gpe respecting lower bound
(4.188)), the tachyonic resonant production of the SM Higgs field is inefficient due to Higgs
self-interactions, and does not affect the reheating dynamics. Therefore, in the following
numerical analysis, we only focus on the perturbative production of Higgs bosons according
to the discussion that has been held in the previous section.

4.5.5 Numerical analysis

Finally, let us present a numerical analysis of the reheating dynamics induced by the cubic
inflaton-Higgs interactions in the massless and massive scenarios. In this subsection, we pro-
vide complete numerical solutions of the Boltzmann equations for the inflaton pg(a) and SM
radiation pgy;(a) energy densities during and after reheating. In the considered model, the
reheating dynamics depends only on the form of the inflaton potential and the strength of
its interactions with the Higgs field. In the numerical study, we use the following benchmark
values of the a-attractor T-model parameters: o = 1/6, A = 3 x 1073 Mpy, and consider four
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different values of n, namely n € {2/3,1,3/2,2} which correspond to the equation of state
during the reheating phase w = {—1/5,0,1/5,1/3}, respectively. Furthermore, we consider
two values for the inflaton-Higgs coupling gig = 10~ and 1071°, which are close to its upper
and lower bounds, see Eq. (4.153).

In the upper panels of Fig.(4.6) and (4.7), we have plotted numerical solutions for the infla-
ton (orange) and radiation (purple) energy densities for fixed gny = 1075 and gpe = 10710 in
Fig. 4.6 and Fig. 4.7, respectively. The lower panel of each figure presents the evolution of
the thermal bath temperature (blue), the Hubble rate (green), and the time-averaged inflaton
decay width (red) as functions of the scale factor a. The solid and dashed curves correspond
to the massive and massless reheating scenario. White (black) dots indicate the end of the
reheating phase, i.e., the moment at which the inflaton energy density matches with the SM
energy density in the massless (massive) scenario. Note that the inflaton-radiation equality
roughly coincides with (I'y_,nn) >~ H in both considered scenarios.

There are several comments here in order. First, let us stress that in both considered reheat-
ing scenarios, the inflaton energy density scales as a5/ (1) during the reheating phase.
After the inflaton-radiation equality, ps sharply drops for n > 1. On the other hand, if
n € (1/2,1), the decline of the inflaton energy density is far more gentle. This behavior
springs from the fact that the averaged inflaton decay width decreases with the scale factor
for n € (1/2,1). Hence, in this case, the ¢ field does not entirely transfer its energy into
the SM sector around a,y; instead, it slowly redshifts below the radiation energy density.
Nevertheless, the total energy density of the Universe after the end of reheating is dominated
by the energy of the relativistic SM species, and the contribution from the inflaton field
soon becomes subdominant. Secondly, the SM energy density evolution during the reheating
phase is dramatically different in the massive reheating scenario compared to the case where
the inflaton-induced Higgs mass has been neglected. Not only does the non-zero Higgs mass
change the evolution of the radiation energy density, but it also affects the duration of the
reheating phase. Next, let us stress that in the massive scenario, the energy density of the
SM species is reduced compared to the massless case, which, in turn, leads to the elongation
of reheating in the former scenario. As seen from Fig. 4.6 and Fig. 4.7, such effects are more
significant for relatively large inflaton—-Higgs coupling. Furthermore, let us highlight that the
presented numerical results are in good agreement with our analytic estimations Eq. (4.164)
for massless and Eq. (4.170) for massive reheating cases. Finally, it should be emphasized
that after the end of reheating, i.e., a > a,,, we reproduce the prediction of the standard
cosmology, namely the energy density of the Universe redshifts as radiation, i.e., p oc a=* in
both considered scenarios.
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FIGURE 4.6: The upper panels present the evolution of the inflaton p, (orange line) and radiation pgm

(purple line) energy densities as functions of a in the massless (dashed) and massive reheating scenario

(solid curves). The position of white and black dots indicate the inflaton-radiation equality in the

massless and massive scenarios, respectively. The lower panels show the evolution of the thermal bath

temperature 7' (blue), the Hubble parameter H (green), and averaged inflaton decay width (I'¢_snn)

(red). White and black stars signalize the maximal temperature obtained by the SM sector during
reheating for massless and massive final states, respectively.
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FIGURE 4.7: Same as in Fig. 4.6 except for gps = 10710,
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Moreover, as it is shown in the lower panel of the figures (4.6) and (4.7), the Hubble rate
H decreases as a3/ (1) during reheating, and as a~2 afterward, independent on the con-
sidered reheating scenario. The most significant effect of the non-trivial Higgs mass during
reheating is on the inflaton decay width. The evolution of (I'y_,nn) With a is very sensitive to
the strength of the inflaton-Higgs coupling constant as the latter determines the role of kine-
matic effects. Namely, in all considered cases, we observe that (I'y_,nn) is suppressed relative

to its massless counterpart <F<(¢Ol>hh>' Since the role of kinematic suppression decreases with
time for n < 3/2, the inflaton decay width in the massive scenario initially grows with the
scale factor up to the moment when the Higgs mass becomes negligible and (I'y_nn) roughly
approaches <Ffz>ol>hh>' The convergence of these two quantities is not perfect as in the massless
scenario the inflaton “decays” to four massless Higgs components. Contrarily, in the massive
reheating (even if the kinematic effects are tiny), during one half of the oscillation period, i.e.,
whenP <0 and the electroweak symmetry is broken, inflaton can only transfer its energy to
one final state - hg, while during the other half (P >0) the final state is made of four massive
Higgs components h; degenerate in mass. Therefore, eventually, the averaged inflaton decay
rate (I'y_nn) for the massive case, in the limit, when mass effects are negligible, is a factor
5/8 smaller than that of the massless case, see Fig. 4.6 and Fig. 4.7. On the other hand, for
n = 3/2, we observe a constant kinematic suppression of (I'y_,hn), which results in a shift
of the inflaton decay width towards smaller values. Whereas, for n > 3/2, the impact of the
non-zero Higgs mass on (I'y_,hn) is the largest and leads to completely different evolution
with the scale factor than in the massless case. Our numerical results illustrating the averaged
inflaton decay rate in the presence of the kinematic suppression agree well with analytic result
(4.168). At this point, we should stress that our analytical estimations are only valid during
the reheating period, i.e., for a € [a, a,,], when the inflaton energy density is analytically
calculated. Since after the end of reheating a > a,; the inflaton energy sharply vanishes for
n > 1, the corresponding decay width, which is proportional to p(l_”)/ " becomes divergent
for n > 1, which is indeed seen in Fig. 4.6 and Fig. 4.7 for n = {3/2,2}. Finally, we see that
the Higgs mass effects are relevant for the large inflaton-Higgs coupling, e.g., gnhy = 107°.
However, as we have emphasized above, even for relatively weak coupling, e.g., gny = 10710,
the kinematic suppression might still be significant for n > 3/2.

To summarize this section, we have demonstrated that the consequences of the inflaton-
induced mass of the SM Higgs field can be dramatic for the reheating dynamics. Not only
does it change the evolution of the radiation energy density and hence, the thermal bath tem-
perature, but it also affects the duration of the reheating period, cf. the left panel of Fig. 4.8,
where we have compared the relation between Ny, and gy, in both considered scenarios. We
see that in the massive scenario, reheating is not only delayed but also strongly suppressed.
Moreover, in this case, the production of the SM species is less efficient than in the massless
case. Therefore, the thermal bath temperature, measured by the energy density of the SM ra-
diation, in the massive scenario is reduced compared to the massless case, which is explicitly
shown in the right panel of Fig. 4.8. This figure shows that the most considerable discrepancy
between the massless and massive scenarios is observed for the n=2 curve. It is also worth
noting that in the standard scenario with massless Higgs, the maximal temperature, Tiax,
is typically attained shortly after the end of inflation. However, in the massive scenario and
for n € (1/2,1) it is reached after a few e-folds of reheating when kinematic suppression
becomes irrelevant and (I'y_nn) approaches <Fé?lhh>. As the strength of the inflaton-Higgs
interactions decreases, the role of the non-zero mass of the Higgs boson becomes less and less
relevant for the dynamics of reheating. As shown in the left panel of Fig. 4.8, all solid curves
slowly approach the corresponding dashed lines. For the small value of the inflaton-Higgs
coupling, e.g., gng = 10710, the discrepancy between solid and corresponding dashed lines is
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(massless) reheating scenario, whereas solid (dashed) curves show corresponding linear interpolations
to the data. In the upper panel, colored regions show constraints on N, for different values of n, see
Table (4.3).

tiny. However, the n =2 curve is an exception to this rule, and even for gy = 10719, we
observe a non-negligible deviation from the massless case. This is caused by the fact that for
the n=2 case, the slope of pg\r as a function of a is steeper in the massive scenario, and thus
it takes more e-folds of reheating to drop p, below pgr.
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Chapter 5

Primordial gravitational waves

The primordial gravitational waves (PGWs) are considered one of the key predictions of
the inflationary paradigm, as they originated from quantum fluctuations of the inflation field
[192-195]. Such fluctuations caused the perturbations of the metric tensor through Einstein’s
field equations. Tiny quantum fluctuations, with wavelength much shorter than the inflation-
ary Hubble radius, were stretched to the super-horizon scales as a result of the accelerated
expansion of the Universe. After horizon-crossing, the quantum nature of PGWs disappeared
as primordial fluctuations became classical. Later on, in the subsequent post-inflationary
epochs, these perturbations eventually became sub-horizon as they crossed the Hubble ra-
dius. When tensor modes re-enter the horizon, they transition into a coherent background of
gravitational waves (GWs). This background exhibits stochastic behavior while maintaining
its classical nature and constitutes an irreducible source of GWs.

In a conventional post-inflationary scenario, tensor modes re-entered the horizon during
the radiation-dominated epoch, giving rise to an almost scale-invariant spectrum of PGWs.
However, the presence of non-standard cosmologies might alter this prediction and breaks a
scale-invariance of a PGWs spectrum. For instance, it is well known that the existence of an
early stiff era before the RD epoch could lead to a blue-tilted spectrum for modes crossing
the horizon during this phase [364-378]. In addition, in such a scenario, the amplitude of
the tensor power spectrum becomes significantly enhanced compared to the standard case.
The non-standard cosmologies arise if the onset of the RD epoch is delayed, e.g., due to a
non-instantaneous reheating. As demonstrated in the previous chapter, this might happen,
e.g., when the inflaton oscillates in a non-trivial potential during reheating, which inevitably
results in a time-dependent interaction rate.

Motivated by the above arguments, we investigate the impact of the non-standard reheating
dynamics on the PGWs spectrum. We focus on two massless reheating scenarios induced
by the direct inflaton coupling to the SM scalars and fermions' This chapter is based on
Ref.[1] and it is organized as follows. In Sec.(5.1), we derive the equation of motion for
GWs in the presence of anisotropic tensor. Then we discuss the evolution of GWs in the
super- and sub-horizon regimes and provide the generic solution to their EoM. We end this
section by obtaining the master formula for the spectral energy density of the primordial
gravitational waves. In Sec.(5.2), we find the present energy density of PGWs re-entering
the horizon during the RD epoch as well as during the non-standard reheating phase. The
existing observational constraints are discussed in Sec.(5.3). Finally, we present our results
in Sec.(5.4).

"More extended analysis can be found in Ref.[1], where we have also discussed the reheating scenario
induced by derivative interactions as well as elaborated on the impact of the time-dependent inflaton decay
width on the UV freeze-in DM production and its connection with GWs dynamics.
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5.1 Gravitational waves

The perturbed FLRW metric in the conformal Newtonian gauge reads [379]
1 L
ds* = a*(7) {(1 +20)d7? — | (1 +29)d;; + 3 (Die; + Oj€;) + hij} dmldxﬂ} , (5.1)

where W, ® denote the gauge-invariant Bardeen variables responsible for the perturbations
in the scalar sector, whereas %(&fj + 0j€;) and h;j are vector and tensor perturbations,
respectively.

Note that in the presence of perturbations, the energy density p, the pressure p, and the fluid
four-velocity u, become functions of the position, i.e.,

—

p(7,Z) = p(7) + 0p(7, T), p(7, %) = p(7) +0p(7, %),  uu(7,Z) = wu(7) + dup(r, %), (5.2)

where quantities with a bar denote homogeneous background values. Including a contribution
from the anisotropic stress (AS) tensor Y, the perturbed energy-momentum tensor can be
decomposed as [379]

0T, = (6p + op)utu, + (p + p)(duluy + u"duy) — 6pd), — ). (5.3)
The spatial part of the AS tensor contains scalar, vector, and tensor components
_ TT
where H;I;T is chosen to be transverse T and traceless T, i.e.,
TT ij7TT
Restricting our attention to tensor perturbations, we consider the following line element:
ds? = a®(7)[dr* — (8; + hij)dx'da’], (5.6)
where the h;; tensor is symmetric, traceless, and transverse, i.e.,
hij = hji, §"hij = 0, & hij =0, (5.7)

and hence contains two independent modes.
To study the evolution of tensor perturbations, one should find the perturbed Einstein equa-
tion

§GY = My 8Ty (5.8)

To find the Lh.s. of Eq.(5.8), let us first compute the affine connection of the perturbed metric
(5.6). From the definition (2.7), one finds that up to the linear order, the non-vanishing
Christoffel symbols are

0 900 a/
F0() = 7[900,7 + 9o0,7 — 900,0] = E = H? (59)
Oc —2 / !
g a a a
T3 = %5 (9015 + 9oji = Gijo] = —5-0r(a” (3 + his)) = —0ig + —ha + D
= H [dij + hig] + hij, (5.10)
o giv a=2(5ik _ pik
30 = 5 9oir + 9005 — gj0.0] = ( 5 )37(@2(%' + hiej))
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= HEj + 5hy + O(h?), (5.11)
i —2( 51l il
i g a”*(0" —h
jk = T[QU]',]C + Gok,j — Giko| = (2)612 [hujr + hugj — Rkl
<h1 o+ by = 6" hjer) + O(h2). (5.12)

Hence, the non-zero components of the Ricci tensor (2.15) are
Roo = O\I'gy — 0Ty + Fﬁprgo - FS/\F()]\/)
1 . 1 . 1. S
:—m{—sz%HGm+?m)—(H@+2@)(Hﬁ+2wj
= —3H/ +0(h?), (5.13)

the background value

and
Rij = O\l — 9,1\ + T3, 1%, — T,
1
= H'6i5 + H'hij + Hhi; + §h;’j - fv%j + A1 hij + 2Hhj; + 4H?6i; — 2H0;5
— 2MH?hij — HOkhY — 2Hhjehl’ — Hhj; — Wby
1
t+ 5 (o + Py — 5klh]m D (A + byt — 6™ hiry)

= (H +2H?*)si; +5 (h” V2hij + 2Hh; +2H’hij+4H2hij) +0O(R?).  (5.14)

the background value

1st order perturbation

Note that at the linear order, the Ricci scalar R (2.16) does not receive any contribution from
tensor perturbations. This results from the fact that all terms are either of the second order,
e.g., hijh¥, or vanish because h;; is transverse, and traceless (5.7). Thus, the Ricci scalar
takes its homogeneous value,

R=a2[-31 — 67 (H +2H2) 6] = —6a2 [H'+H?]. (5.15)

Now we can calculate the non-zero components of the Einstein tensor

Goo = Roo — ~g R:—3H’+“—2E[H/+H2}:3%2 (5.16)
00 00 = 5900 9 o2 ; .
1

Gz; - Rzg gzyR

— (H +2H>)6i; + = (h” V2hij + 2HAG; + 2H hij + 4H2hy; )

a®(dij + 2hij) 6 1,/ o
. [H + 2]
(27‘[/ + 7‘[ )52J + = (h” Vzhij + QHh;-j - 4thz’j - 2H2hij> . (5.17)
Hence,
. -2
0G] = ——-o* ( 1 — N2 hyy, + 2HR, — AH b — 2’H2hik) . (5.18)
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To compute the r.h.s of (5.8), we use the fact that the background value of the spatial part
of SET is T = —pd]. Moreover, perturbations of the energy-momentum tensor in the tensor
sector take the form

it j,TT
6T = —11" . (5.19)
In the conformal coordinates, the background Einstein equation reads

(00) : 3H? = Mpj a®p, (5.20)
(ij) : 2H' +H? = — My a®p, (5.21)

whereas the equation for perturbation is
hi; — V2hij + 2HR}; — AH hij — 2HPhij = 2MpPa® (P hag + I15T). (5.22)

Utilizing the background equation (5.21), one obtains

hY; + 2Hh; — V2hi = 2Mp2a? LT (5.23)

It is instructive to decompose H;I;T into Fourier modes

3 -
M rd) = Y [ i) () e (5.24)
A=+ ,X
where the two polarisation tensors 61)‘3(];;) are symmetric, traceless and transverse Eq.(3.91),
and have the orthonormal Eq.(3.90), and completeness relations (3.90).
Then, by utilizing Eq.(5.45), one finds that in the momentum space the EoM for the mode
function hﬁ becomes

By 4 2HhY + k2hy = 2Mp2a®T;. (5.25)

To track the propagation of the tensor perturbations, one can neglect the r.h.s. of the above
equation. In other words, the mode equation

hy' + 2Hhy + k2hy ~ 0, (5.26)

describes the evolution of the PGWs in the FLRW background after the source, responsible
for their generation, has been switched off.
Note that by redefining the hy field, according to

~ V2 h)
hpy= -k 5.27
k MPI a ) ( )
one obtains the Mukhanov-Sasaki equation for the tensor perturbations, which we have in-
troduced in (3.98).

Now let us consider the solution to the mode equation (3.98) in two regimes, i.e., when
modes enter the horizon and become super-Hubble ((aH)~! < k~1), and in the sub-horizon
limit ((aH)™! > k') when modes eventually re-enter the horizon after the cosmic inflation.
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5.1.1 The super-horizon regime

In the far past, all modes were inside the horizon. All curvature fluctuations were stretched
as the comoving horizon (aH)~! shrank during inflation. At some point the comoving wave-
length k! crossed the Hubble radius, i.e., k! = (a,H,)~!, and modes became super-Hubble.
In the super-horizon regime, (aH)~! < k!, the EoM for tensor perturbations (5.26) simpli-
fies as

/ /
WY+ 25 ~ 0, = a2 (a*hV) ~0. (5.28)
a
The above equation has a solution
- dr’

ha(r,B) = Cy +C / T 5.29
AT k) =C1+C ()2 (5.29)
where Cy2 are constants of integration. The second term in the above expression quickly
decays and, thus, becomes negligible. Hence, one can ignore it, obtaining a constant solu-

tion. Therefore, the amplitude of tensor perturbations remains constant in the super-horizon
scale [380, 381].

5.1.2 The sub-horizon regime

Tensor modes that exit the horizon during inflation eventually re-enter it in the following
cosmological epochs. To analyze the behavior of GWs in the sub-horizon regime, (aH)™! >
k1, let us note that the %/ ratio scales as ~ (aH)?, and therefore, in the sub-horizon limit it
is subdominant. In this regime, the solution to the mode equation (3.98) is well-approximated
by the following expression:

hp (1) =~ Cyexp (ikT) + Cy exp (—ikT).
Hence, tensor perturbations undergo damped oscillations

Ay V2Cs exp (ikT)  /2Cyexp (—ikT)
hy (1) ~ Vo ” + Vo - . (5.30)

5.1.3 The generic solution

Once we have discussed the asymptotic behavior of the tensor perturbations in the super-
and sub-horizon regimes, let us elaborate on the generic solution to the equation (5.26). To
that end, let us note that

2
a’ 2 et 2 1
H=—= = —. 5.31
a 1+ 3w TH% 14+ 3wT ( )
Hence, the mode equation (5.26) can be rewritten as
. 1.
hip + ———=hjp + hj ~ 0 5.32

where () = 9/0z, and x = k7. Adopting the field redefinition

ep = 2%/%hy, (5.33)
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one finds
i —12w 15 6
e + T 3w +1 | zép + | 22 +Zil—|—3w ep =0, (5.34)
—— —_—
E2p 552
which is a transformed version of the Bessel equation
2. . 2 2r 2\, —
g+ 2p+ Dy + (a2 + %)y = (5.35)
The solution to the above equation takes the following form:
y=a|Cutye (Sa7) + Cavyy (207)]. g=/r— P (5.36)
Hence, the tensor perturbations evolve as
() = 2732} = (kr) 2T T85w [ChJ, (k) + CaYy (k7)) (5.37)
with
6 w? 15
= 1 - —. 5.38
1 \/1+3w[+1+3w} 1 (5:38)
Utilizing solution (5.37) during, e.g., matter-dominated phase wyp = 0, one finds
mMP(r) = (k)2 [Crs o (k) + CoYapa(kr)]
where
2 (sin(z)
J N _ 5.39
s2(e) =y = (T cos(a)) (539)
2 (cos(x)
Y- =—/— i . 5.40
2(e) ==y (0 s @) (5.40)
The asymptotic behavior of the Bessel function,
z—0 1 2 3/2 z—0 2 _3/2
J3p2(x) "= 3\/;1‘ 2, Y3/0(7) "= —\/;x /2, (5.41)
Jaa(z) X _\f cos(z) z~ 12, Yajp(x) "7~/ Zsin(z)z 12, (5.42)
T 77

indicates that Cy = 0.

5.1.4 The energy spectrum of PGWs

To obtain the energy-momentum tensor of GWs, one needs to expand the Ricci tensor to the

second order in tensor perturbations. The results reads [372, 380-383]

M3 o
16 = 21 5,1, 001,

(5.43)

where (...) denotes an average over a length-scale [ and/or time-scale #, where A < [ < Lp,
with A (Lg) being the length-scale of GWs (the background), whereas 1/fow < t < 1/fp



Chapter 5. Primordial gravitational waves 133

with few and fp denoting the frequency of GWs and the characteristic frequency of the
background variation, respectively [372].
Hence, the energy density carried by the GWs is given by

paw =Ty = ]\{fl@ij h'7), (5.44)
Inserting
b )= Y [ ) 5 (5.5
N LN ’
one finds

M3, d®k PG N N Ty AREIN N o G
pGW:4%:;/(27r)3/(27r)3<hk(7) cij(k) e Chy(r) €9(q) %)

I 41%1 d3k 1|2
2 z)\:/ (271')3| kS (5.46)

where we have utilized Eq.(3.90) and the fact that the spatial average (...) is equivalent to
the ensemble average in the momentum space [380], i.e.,

(hphg) = (2m)3627 6@ (k + @)} . (5.47)

In the following steps, we assume that the primordial GWs are unpolarized, which means
that |k |= [h]].

It is convenient to parametrize the dynamics of PGWs after their first horizon-crossing by
introducing the transfer function, 7 (7, k), as follows [381, 384],

() = T (7, k), (5.48)

with hz’* being the value of the mode function evaluated at the moment when the k mode exits
the horizon, i.e., hg (7%), where 7, is defined by the condition k, = a(7%)H« (7). As we have
explicitly demonstrated in Sec.(5.1.1), the amplitude of PGWSs remains constant on super-
horizon scales, which implies that 7 (7, k) — 1, for (aH)~! < k=!. Hence, the non-trivial
part of T (7, k) accounts for the post-inflationary sub-horizon evolution of gravitational waves.
This means that the transfer function connects the primordial with the late-time behavior of
the mode function.

Inserting Eq.(5.48) into Eq.(5.46), we find

M2 [ Bk M2
pow = 508 [ P PTG R = T8 [amkafiTmpl, (549)
with
k3 2 H?
A2 = 7* h 7* 2: - * 5.50
t 7r2‘ il w2 M3’ (5:50)

where we have used Eq.(3.101).
Now let us introduce the spectral density, defined by the ratio of the GWs energy density per
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logarithmic wavenumber, normalized to the critical density perit = 3 H 2M1%1, ie.,

1 dpgw
Q k)= — . .51
Using Eq.(5.49), one gets
LAY
QGW(T, k) = ﬁ (12H2 [T (T, k)] . (552)

Thus to find the spectral density of PGWs, one needs to determine 7'(, k). To that end,
we take advantage of the fact that the GWS amplitude stays constant on super-horizon
scales and decreases as a~! once tensor perturbations re-enter the Hubble horizon. Using the
sub-horizon solution (5.30), one infers that

CLhC

T' ~ —(k — Ha)e™, (5.53)
a
where a"® denotes the scale factor at the second (after inflation) horizon-crossing. In the sub-

horizon regime, one can neglect the second term in the parenthesis, obtaining [219, 375, 385]

k.2 ahc 2
! 2_
T (. k)=~ <a ) , (5.54)

where the factor 1/2 is responsible for the average of the tensor mode functions oscilla-
tions [381, 386, 387]. The above equation indicates that 7 (7, k) characterizes the expansion
history between the moment of the second horizon-crossing 7 of a given mode k, and some
later moment 7 > 7

Inserting Eq.(5.54) into (5.52), we finally obtain

1 k \? ahe 2
ch(ﬂk)ZM(GH) A7 <a> : (5.55)

5.2 Present energy density of PGWs

The energy density parameter of PGWs at the present epoch can be calculated from the
following formula:

2
0) 12,7\ _ i k )2 2 Lhc 2
AW (k) = o (ao o) A e (5.56)

Our goal now is to determine the a"®/ag ratio. For this purpose, we assume that modes
re-enter the Hubble horizon when the averaged equation-of-state parameter of the Universe
is equal w. From (2.150) we already known that

h -2
a’® =k 53w, (5.57)

Hence, one anticipates that Qg)\),vh2 has a power-law dependence on k.
Utilizing (5.57) together with (5.56), one finds

2(3w—1)

OO (k) o< ke (5.58)
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FI1GURE 5.1: The evolution of cosmological comoving length scales with the scale factor at different
cosmological epochs. Here "RD" stands for radiation domination, "MD" implies matter domination,
and "DE" corresponds to dark energy domination. The (aH)~! curve shows the evolution of the
Hubble horizon, which shrinks during inflation and grows in the subsequent cosmological eras. Modes
with wavenumber kgp) (kgj;) exit the horizon at a4, and re-enter it during RD (reheating) phase.

In the remaining part of this section, we aim to find the proportionality coefficient in the
above expression. One expects that this coefficient should somehow depend on the expansion
history at the moment of the second horizon-crossing after the end of inflation. Therefore,
it might be different for modes reentering the horizon at different cosmological epochs, e.g.,
during reheating or later on during the RD epoch.

5.2.1 The horizon-crossing during the RD era

At first, let us find the spectrum of GWs reentering the horizon during the RD epoch after
the end of reheating, i.e., als, € (an, arme), cf. the kf_{é mode in Fig.(5.1). In this case, the
present fractional energy density of PGWs is given by

2 4
0).RD A2 Hhc ahc
Q(G\)N W2 (k) = 27; ( El;»()D) < CIZ)D B2 (5.59)

The Hubble rate at the horizon-crossing Hﬁ% can be related to its present value through the
following formula [381]:

2 2 2 4 —4/3 4
h 7= ~he hc \4 e " he h he he
Hgh\ ™ _ 509r0(TRD)" _ 5750 9k0 (TR ) _ Q. o xoRD [ xs.RD ao

- - - s ’
Hy Perit,0 Perit,0 2 T 0 2 abks,

(5.60)

Gxs fin
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where in the last step, we have used the entropy conservation, i.e., g,sa>T3 = const. Note that
Q5,0 = Pry,0/ Perit,o = 2.47 x 10~ 5h=2 and Jxs,tin 18 evaluated after the neutrino decoupling.
Substltutlng Eq.(5.60) into (5.59), one finds the standard scale-invariant result for the spec-
tral GW energy density

. —4/3
OO.RD2 1 A Q*p D [ 9eSRD T 5 61

The above expression implies that the spectrum of GWs which re-enter the horizon during
the RD phase is approximately flat.

5.2.2 The horizon-crossing during reheating

Now let us investigate the spectrum of GWs reentering the horizon just after the end of in-
flation, during the reheating phase, i.e., a}ﬁfH € (e, an). In Fig.(5.1), such case is represented
by the mode with wavenumber kﬁﬁ
For the monomial inflaton potential, the averaged equation-of-state parameter w during re-
heating can be related to the index n, parametrizing the inflaton potential Eq.(3.30), though
(3.36). Utilizing Eq.(5.56), one finds

(0),RH AQ Hhc 2 ahc 4 ()R g b % ghC RD % ahc %
Qaw h(k) = 2i< I?OH> <§OH> = Qaw Ph? (k) (Qh?r ) 987 N (aR}H> ;
*p7RD *S,T rh
(5.62)

where we have used the following relations:

4 2 4/3
arh Hrh _ g*p,rh g}clg,RD
he he ~  _hc ; (563)
OrH Hgf, 9xp,RD \ J*srh
he 4 he 2 he 47?—?1”
ARH Hyn\ _ (%&u (5.64)
(07%% Hrh Arn ’ .

assuming entropy conservation after the end of reheating, and relating the Hubble rate at
the horizon crossing Hy§ he. to its value at the end of reheating using Eq.(4.99).

The frequency f of PGWs crossing the horizon during reheating is [381]

3n_
f= k1 Hpfagy 1 [ pmoafy [aw |77 (5.65)
2ray 27 ap 27 3ME, ao \ alg ) ’

Let us stress that the frequencies of PGWs cannot be arbitrarily large. Oppositely, there
exists an upper bound,

1/3
s :&%_i g.b0To ac (5.66)
max 27_(_ a,O gigih Trh arh? .

determined by the frequency of modes that re-enter the horizon just after the end of inflation.
Note that modes with frequencies f > fiax are never produced.

The ratio a./a,, can be estimated from Eq.(4.106), as a function of the index n, Sr(n),
1:; _ > and the Hubble scale at the end inflation H,. Alternatively, one can relate fyax to
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the inflationary scale A as follows
ey
n+1)—3n +4
1 A2 glh Ty I A Pr <
. *S 3 -
fmax - 2\/»7_r MP] 91/3 p1/4 <7r29*p7rh> X 52(2 )Wz(z n) (§2) /BF — Zi—tll’ (567)
(_§1)2(2—n) ) /BF > Ziﬁv
where &1, & are now expressed as a function of A, i.e.,
n+4— n+1 A? n—2 A?
£ ~ fF( ) —, £y ~ —. (5.68)
n V2Mpi TS o noN2Mpi TS, o
Note that above, we have used the following approximation:
1 A?
neglecting the tanh®"(¢. /(v6aMpy)) factor.
From Eq. (5.65), one finds
he ) 1/3 50 Y4 i3
IRH _ 1735 |94/  Jreh Pl . (5.70)
(5N Gxs,0 7T2g*p,rh TOpr_hl/4
Substituting the above formula into Eq. (5.62), one obtains
_i 2;2!{
~ 1 T 30 2-n 94,4
QLRI _ olOLRD 2 7 0 12 e 5.71
GW GW (g*) 27T\/§ Mpy T2 Gxprh Prh f ( )
with
hc % §i§”
]N:(g*) — g};p,rh 9xsRD Gxs,rh . (5‘72)
9xpRD \ Ixs,;rh Gxs,0

Let us stress that Eq.(5.71) reveals the blue-tilted behavior of the GWs spectrum for w > 1/3,

which indicates a stiff inflaton potential, i.e., n > 2.
Using, Eqgs.(4.101) and (4.106), one finds that

1 6n -~
o~ —— 1 AN
Prb V21+n $FF Pl
Br(n+1)4+3n

+1 ﬁ (n4+1)—3n +4
n+4+%F(n+1) " ;1 Br < Z—&—l’
X 52 n W2 — (52)1]0 |:£22(n 2)W2(n 2) (52) Br = Zfllv
+1 2n7+n2 +4
Bty (60T br >

(5.73)

Hence, one can substitute the above expression into (5.71), and explicitly express Q(O) i

a function of {fZHFF, A, Bp,n}, obtaining

_17 55T
RH RD 1 To 30 4 2n—4
Q(G\)IV h2(f) QE}\)N h2 .7-"(9*) [271_\/5 M (71-2 ™ rh) ] f2n—1
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— 2—n
677/ ~e 9 4n—2
X | — A Mp1
2+ 1) ¢—FF ]
r Bp(n+1)+3n7 Tas
nt1 ntd-fr(ntl) A2 primm B < ot
n+4—Br(n+1) 2n \/EMPIF;—»FF v PE S 4T
- 2—n
XN [0 [p-1]]72 fr =24,
r 20427 7,3
nt1 Br(n+1)—(n+4) A2 o Bp > ntd
_BF(n+1)7(n+4) 2n V2 Mp FI:;—>FF ) F Py )
(5.74)
with
=
-2 A2 Az _n4l -2 A?
o=[" _ waew [ _ . (5.75)
nV2Mp AN n /2Mp IS pr

The above expressions explicitly show how the proportionality coefficient of Eq. (5.58) de-
pends on the model of reheating, determined by the form of 1'% pp and Br. The form of

Qg)\),{,RHhQ reflects the non-standard evolution of the scale factor a with n during reheating and

encapsulates the dynamics of this phase encoded in p,;,. In the non-instantaneous reheating
model, the behavior of the scale factor a depends solely on the form of the inflaton potential.
On the other hand, the Qg\),{,RHhQ dependency on p, can be viewed as a measure of the
inflaton-SM interactions, which triggers the completion of reheating. The above result relies
on two assumptions: i) that H evolves according to Eq.(4.99), and ii) that time evolution
of the inflaton decay rate, responsible for the successful accomplishment of reheating is de-
scribed by the generic power-law formula (4.90). Note that even if the indirect gravitational
processes initiate reheating, its ending is governed always® by the direct inflaton interactions
with the SM bath. Hence, we should highlight that Eq.(5.74) is valid in both the standard
reheating as well as in the mixed scenario, discussed in Sec.(4.3).
F < (0),RH; 2 : #
rom Eq.(5.71), we see that the only frequency dependence of Q¢ h*(f) is through f2n=1,
which, in turn, implies that the present spectrum of GWs can be approximated by the fol-
lowing piecewise function:

17 f < frh>
0 0),RD 2n-4
QG () ~ QP 5 fon < f < s (5.76)
07 f > fmaXa

where f,;, denotes the frequency of the mode which re-enters the horizon at the very end of
reheating, i.e.,

1/3 —1/4
PO S Uy R T R (I N A
' 2m ago 27 3Mf2>1 Gxs,rh p3}<4 7T2g*p,rh
1 (e (0 [ RO T“
27T\/§ Jxs,rh 7729*p,rh Mp \/§ 1+n sk ol

2As pointed out in Ref. [350], purely gravitational reheating is ruled out, since it is inconsistent with BBN
constraints.
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r Bp(nt1)+3n 7 1/4
n+1 Br(n+1)—3n n+4
A B () 1 ] : Br < 35
X - 2n+2 2n+42 ";’%1 nt1 1/4 (577)
5227n W 2-n (52) In |:€22( 2) W 2(n—2) (62):|:| , /BF = 7211117
- ont271/4
n+1 2—n n+4
et (6T fr > 5

Note that the total energy density parameter for gravitational waves Qg\),th( f) is a sum
of the energy carried by modes reentering the horizon during the reheating phase, and the
constant contribution coming from modes with f < fi,, which become sub-horizon during
the RD epoch, i.e.,

OOL ()R ~ QOFHR2 (1) + QO FPR2(f). (5.78)

5.3 Constraints on the model parameters

So far, we have elaborated on the connection between the present spectral energy density of
PGWs and the reheating dynamics. The latter was determined by the index n, characteriz-
ing inflaton potential during reheating, Sr, parametrizing inflaton interactions with the SM
bath responsible for the completion of reheating, and I'y_, pp. Now let us review existing
experimental constraints on the model parameter space.

5.3.1 Constraints on the effective number of relativistic degree of freedom

The energy density of gravitational waves redshifts as pqw o a~?, i.e., the same way as

the energy density of ultrarelativistic matter. Therefore, the stochastic background of the
primordial gravitational waves acts as an additional source of radiation, which contributes to
the evolution of the Hubble rate as [372]

4 2
H? ~ B2 l(gggv + Qo) (Cg)) + Qo (‘?) + QmO] . (5.79)

The above formula indicates that in order not to spoil predictions of the standard cosmology,
the extra radiation component should not significantly modify the expansion history of the
Universe. In particular, two cosmological events providing highly accurate measurements
of the expansion rate are Big Bang Nucleosynthesis and the process of photon decoupling.
Below, we demonstrate how the amount of radiation can constrain the present spectral energy
density of GWs at the time of BBN and CMB decoupling. To that end, let us notice that
the present density parameter of GWs can be related to the photon energy density, p,(T") =
72T*/15, though the formula

1/3 4
T) [ 90Tl w0 )3 T
0® _ paw(T) ( 9sxs,0 10 ) _ %0< Gxs,0 ) paw (T) (5.80)

Gw Perit,0 giég(T)T g*S(T) IO’Y(T) .

Hence, to ensure that the radiation abundance during BBN and CMB decoupling remains
within permissible limits, the spectral energy density of GWs needs to be constrained. Typ-
ically, any additional source of radiation can be expressed in terms of the effective number
of relativistic degrees of freedom Neg. Namely, separating the contributions from bosonic (b)
and fermionic (f) degrees of freedom, the total energy density of relativistic species can be
expressed as in Eq.(2.124). For T' < me, after the electron-positron annihilation, the effective
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number of relativistic degrees of freedom is

7 4\Y3
Gp(TSme) =24 - 2. Ng () , (5.81)
8 11
where we have used the fact that after ete™ annihilation, the neutrino temperature is related
to the photon temperature as T, = T, (4/11)1/3, see Appendix (D).
In the presence of the primordial GWs, the total radiation energy density at 7' < m, can be
written as a sum of three contributions:
2 4/3 4/3
s 7 4 7 4
pr(TrSme):pW"i'pu‘*‘PGW:* 2+4Neff<> ]T;l:p’y 1+8Neff<11> ]7

30 11
(5.82)
which, in turn, implies
pv , PGwW _ T [ysm <4>4/3
— =—-|N AN, — 5.83
P 8{&“r o 1) (5.83)
where the excess of radiation constituents, AN.g, can be expressed as
8 (11\*? paw(T)
AN = Neg — N5 = = <> AR 5.84

Instantaneous decoupling of the SM neutrinos would have led to Nesé\/[ = 3. However more
precise value, taking into account non-instantaneous decoupling and the fact that the spec-
trum of SM neutrinos after decoupling deviates slightly from the Fermi-Dirac distribution, is
NSM = 3.044 [388-396].

Then, one can utilize the above expression to impose the upper bound on the energy density
of GWs today [372]

4/3 7

Q) 12 < 0 p2 {9*0] L AN ~ 5.6 x 1075 AN, .
GW — Sy g*s(T) ] f 5.6 x 10 ff 5 (5 85)
where
fmax df
0 0
afnt = [ TG, (5.86)
BBN

and we have used Q) h2 = 2.47 x 107, g,o(T = MeV) ~ 10.75, g,s,0 ~ 3.91.

Note that the upper limit of the integral (5.86), fimax (5.66), corresponds to the frequency of
modes that match the size of the horizon at the very end of inflation, whereas the lower limit,
fBBN, denotes the frequency of modes that re-enter the horizon at the time of BBN. The
integration (5.86) can be performed analytically using Eq. (5.74). For all fgpy < f < fmax
and n > 2 it gives us [368, 372, 374, 397]

—2
O P2 (f) S 2 x 562 x 1076 (2n

— 1) ANz < 5.62 x 107% ANg. (5.87)

Utilizing Eq. (5.71), one finds that for n > 2, Qg)’RHh2 is inversely proportional to p.y.

Hence, an increase of p,1, leads to the less stringent bound on Qg)\);\, coming from ANeg. In

the remaining part of this chapter, we explicitly demonstrate that if reheating efficiency is
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high GWs energy density is diluted, and in such the case, one easily evades the ANeg con-
straints. Let us also stress that the bound in Eq.(5.85) applies only to GWs produced before
the BBN or CMB decoupling.

Finally, we review the current experimental constraints and prospects for AN.g measure-
ments. Within the framework of ACDM, the Planck data gives Neg planck = 2.99 = 0.34 at
95% CL [13]. Once the baryon acoustic oscillation (BAO) data are included, the estima-
tion becomes more stringent, i.e., Nef Planck+BAO = 2.99 £ 0.17. The combined BBN+CMB
analysis reveals Neg Ben+oMB = 2.880 & 0.144 [398]. The forthcoming CMB surveys such as
CMB-54 [399] and CMB-HD [400] are expected to achieve a level of precision ANeg =~ 0.06
and ANeg ~ 0.027, respectively. In the next era of satellite missions, including COrE [401]
and Euclid [402], these limits might be further improved up to AN.g < 0.013.

5.3.2 BBN bounds on the reheating temperature

Yet another constraint on the model parameter space originates from the BBN bounds on
the thermal bath temperature at the end of reheating, which now can be expressed in terms
of the inflationary scale A, | RO Br and n, as follows

- 1/4
30 6n =~
Ty, ~ re A% Mp
' _\/EWZQ*p,rh I+n e
Bp(nt1)+3n71/4
11 Bp(ntD)—3n +4
[n+4—nBF(n+1) 1 ] 5 Br <571

(5.88)

X 2n+2 2n+2 7;+_1 _ntl 1/4
[ wR om [P wane) ), =2t

[ il 2n+2:|1/4

Fr DD (—61) 2 nt4

) ﬁF> ntl-

Let us stress that once the reheating scenario is specified, Sr is set by the index n, according
to (4.95). However, it is worth noting that 7y}, in the middle case, i.e., for fp = (n+4)/(n+1),
is independent of Sr. For example, in the case of Yukawa interaction (4.6), this corresponds
to n = 7/2, while the uppermost and lowermost cases are realized for n < 7/2 and n > 7/2,
respectively.

As we have already stressed in Sec.(4.4), to maintain the agreement with the BBN predictions,
one should impose the lower bound on reheating temperature so that Ty, = 4 MeV [272, 357—
362]. From the above expression, we see that the BBN bound puts a constraint on the inflaton
couplings (through fz _, ) and inflaton potential parameters, i.e., A and n.

5.3.3 Bounds on the inflationary scale

Finally, according to our discussion in Sec.(3.3), from the CMB measurement of the infla-
tionary observables, i.e., the tensor-to-scalar ratio r» and the spectral index ng, one could
infer the upper limit on the Hubble rate at the end of inflation (3.105), which for the
a—attractor T-model is equivalent to the constrain on the inflationary scale A (3.148), i.e.,
A < 1.4 x 10 GeV.

5.4 Results and Discussion

In this section, we present the results for the spectrum of primordial gravitational waves in
the presence of a non-standard reheating phase. As it has already been noted in the previous
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section, the enhancement of Q(C?\),vh2 is expected for a stiff inflaton potential, i.e., n > 2. Below,

we restrict our attention to two possible scenarios, focusing on reheating models induced by
the direct inflaton interactions with SM scalars and fermions, parametrized by gse® (4.5) and
dimensionless goy (4.6) coupling constants, respectively. We assume that direct inflaton-SM
interactions are weak so that the inflaton-induced mass of the final states can be neglected
and the kinematic effects, discussed in Sec.(4.5.2), do not affect the reheating dynamics. In
other words, SM quanta are here treated as massless states. Moreover, we assume that they
thermalize instantaneously after being produced. Let us also stress that for the considered
values of the coupling constant gravitational interactions can be relevant at the beginning of
reheating. However, its completion is triggered solely by the direct inflaton-SM interactions,
parametrized by fg _ pp- Oince Qg\),th does not depend on observables that are sensitive to
conditions on the onset of reheating, e.g., Tiax, in the remaining part of this chapter, we
neglect the gravitational contribution to the reheating process.

5.4.1 Bosonic scenario

Let us begin with the cubic inflaton-scalar interaction (4.5), for which 8g = 3(1 —n)/(1+n).
The strength of the inflaton-Higgs coupling, and hence the duration of the reheating phase, is
determined by the coupling constant gss having a mass dimension. Note that the same cou-
pling also controls the spectral energy density of PGWs through Eq. (5.74). Hence, detecting
a signal from the stochastic GWs background would give us a unique opportunity to test
models of reheating. Thus, the main purpose of the presented analysis is to find the range
of the model parameters for which there exist detection prospects for the GWs spectrum
satisfying the inflationary, BBN, and AN.g constraints.

To that end, we first fixed the inflationary scale A = 10'® GeV, and choose four bench-
mark values of the ggy coupling, i.e., gsg € {10719,10712,10714,10716} GeV for which we
plot Ty, as a function of n (top left panel of Fig. 5.2). From this figure, we see that for
9se 2 10~'2 GeV, the reheating temperature exceeds the BBN bound for all considered val-
ues of n and evades the ANcg constraints. On the other hand, for weaker inflaton-Higgs
coupling and large values of n, one observes that a significant amount of dark radiation is
created in the form of PGWs which is inconsistent with the A Neg bound. This region corre-
sponds to the red part of the curves.

Moreover, according to Eq. (5.74), the spectral energy density of PGWs scales as Qg&v x

2n
(AS n=7/ gggz) (-2m% Hence, for fixed inflaton-Higgs coupling and n > 7/8, the energy den-
sity carried by GWs could exceed the present bounds on dark radiation if the inflationary
scale A is high enough. This is demonstrated in the top right panel of Figure 5.2, from
which we see that large values of A can potentially be in conflict with the ANqg constraint.
The ANeg red region represents the collective present and future bounds on the Neg ex-
cess. Namely, the solid red line corresponds to the Planck data, i.e., Neg = 2.99 £ 0.34
at 95% CL [13]. The dashed red line represents a combined BBN4+CMB analysis, providing
Negg = 2.880£0.144 [398]. The dot-dashed and dotted red lines are for the upcoming CMB ex-
periments, i.e., CMB-S4 [399] and CMB-HD [400] for which ANeg =~ 0.06 and ANg ~ 0.027,
respectively. Finally, the loosely dashed red line corresponds to the predictions of the next
generation of satellite missions, such as COrE [401] and Euclid [402], giving ANeg < 0.013.
Note that as seen from the left bottom panel, for fixed n and A, the aforementioned bounds
set stronger constraints for the prolonged reheating models, with a weak inflaton-Higgs cou-

pling.

3Note that to keep the consistency with Ref.[1] in this chapter, we use a mass dimensional parameter gsg
instead of dimensionless gpg.
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FIGURE 5.2: ¢ — SS scenario. Top Left: The reheating temperature Ty, as a function of the index
n for four benchmark values of gss. The thick red part of the curves is excluded by the present
bound on ANgg [13]. The BBN bound on Ty, disregards the grey-shaded region. Top Right: The
relation between Qg\),vh2 and the frequency f for a fixed n = 5 and gss = 107'Y GeV. Different
curves correspond to different choices of the inflationary scale A. In the pale red regions GWs are
overproduced, i.e., this part is ruled out by the ANeg bounds. Bottom Left: Same as the top right,
but for fixed A and n, with different choices of gg4. Colored curves correspond to different sensitivities
of future GWs experiments. Bottom Right: Same as the bottom left but for a fixed A and gsg, and
three different choice of n.

The bottom right panel illustrates the behaviour of Qg)\),th( f) for different inflaton po-
tentials, i.e., n € {3,4,5}. From this figure, we see that for such a choice of n, the
spectral energy density of GWs lies within reach of the proposed GWs detectors while re-
maining beyond the probe of the future AN.g experiments. In particular, we show the
existing and expected sensitivity of several GWs experiments,* including LIGO [404-409],

“Here we use sensitivity curves derived in Ref. [403].
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LISA [410, 411), CE [412, 413], ET [414, 415], BBO [416, 417], DECIGO [418-422], u-
ARES [423], THEIA [424], AEDGE [425, 426] and AION [426-429].

5.4.2 Fermionic scenario
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FIGURE 5.3: Same as Fig.(5.2) but for the ¢ — UV scenario.

Next, we consider the fermionic reheating triggered by the direct ¢ — ¥ interaction (4.6).
In such the case, fy = 3(n —1)/(n + 1), so that 8, = (n+4)/(n + 1) for n 2 7/2, and
By = (n+4)/(n+1) if n =7/2. This implies a different relation between 7}, and n in these
two regions. This effect is shown in the top left panel of figure 5.3, from which we see that the
reheating temperature exhibits a different behavior around the transition point n = 7/2. In
particular, the reheating temperature decreases with n for n < 7/2, whereas for n > 7/2, it
starts to grow with n. Similar to the ¢ — .S scenario discussed above, for a fixed n = 5, small
couplings are disregarded by the present AN.g constraints on the GWs spectrum. Lastly,
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the lower right panel shows a range in the parameter space for which the fermionic reheating
scenario might be probed in future GWs detectors.

5.4.3 Combined limits

In Fig. 5.4, we show the model’s parameter space that remains allowed after imposing several
observational bounds discussed before. Pink regions are forbidden by the BBN bound on re-
heating temperature. Different shadings correspond to different choices of coupling constants.
For instance, the darkest pink region in the left panel, corresponding to ggs = 1071 GeV,
is disallowed by the BBN bounds. In the region below the reheating temperature for a fixed
gs¢ = 10~ GeV, and a given value of A,n exceeds TgpN, hence for the adopted inflaton-
Higgs coupling this part of the parameter space is allowed. On the other hand, this region is
forbidden by for weak gg4 = 10~'® GeV. The gray meshed region parallel to the horizontal
axes shows the CMB bound on the inflationary scale A, which feebly depends on the index n.
The blue areas are disallowed by the ANyg bound from PLANCK on GWs overproduction.
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FIGURE 5.4: ¢ — SS (left panel) and ¢ — UV (right panel) reheating scenarios. In both cases, pink
regions corresponding to a given coupling constant, i.e., either gs4 or gwy, are disallowed by the BBN
bound on reheating temperature Ty, < 4 MeV. Blue regions are forbidden by the PLANCK observed
AN.g constraint on Q(GO\),\,h2 at f = fmax- Note that different shadings correspond to different values
of gry; the darkest tone is for the gss = 10715 GeV (left panel) and gy, = 107° (right panel). The
gray meshed part is ruled out by the CMB bound on the scale of inflation A > 1.4 x 106 GeV.
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Chapter 6

Purely gravitational dark matter

After a long and arduous journey, we have finally gotten through the very last chapter of this
thesis, devoted to the main protagonist of this work - dark matter.

Here we explore a model where a stable spin-1 massive field serves as a candidate for dark
matter. In particular, as we have mentioned in Sec.(1.6), we focus on minimal, and in some
sense extreme, dark matter model, assuming that dark species interact with other particles
only via gravity. Such scenarios have a well-motivated theoretical background since, so far,
all evidence supporting the existence of a dark sector has been inferred from purely gravita-
tional effects. However, even though such a scenario appears very natural, it has only recently
gained attention. The reasons for this might be twofold. The first one is related to another
well-established DM scenario, which was considered a paradigm rather than a model for a
long time. Dark matter in the form of WIMPs (see Sec.(1.4.2)) seems to be attractive not
only due to the beautiful and simple physics leading to the so-called "WIMP miracle” but
also because it bears some resemblance to the SM particles, building up the visible part of the
Universe. WIMP DM could be easily accommodated by virtue of the latter in some extension
of the SM of particle physics. In addition, the potential possibility of probing WIMP DM
in colliders, underground detectors, and telescopes was considered an appealing feature of
this scenario. The second reason concerns the challenges the purely gravitational DM model
must face. Namely, the weakness of gravitational interactions significantly reduces the exper-
imental prospects for verifying such a model. Hence, it is a real nightmare for experimental
physicists. In addition, naively, one could expect that gravitational phenomena might not be
efficient enough to saturate the observed abundance. Fortunately, this last concern turns out
to be completely misconceived.

As we will demonstrate below, the minimal DM scenario cannot be looked down on as
oversimplistic. Contrarily, its phenomenology is incredibly rich and involved. What makes
this model particularly attractive is its sophisticated simplicity. Namely, the fact that grav-
itational phenomena might be so powerful at early times that alone could create the whole
dark Universe. In this model, the origin of dark matter is inevitably related to the cosmic
inflation paradigm, providing an ideal environment for gravitational processes, which under
‘normal circumstances’ cannot lead to such a conspicuous particle production. It is also worth
appreciating the complementarity of this model with inflationary observables, including the
scale of inflation, the tensor-to-scalar ratio, etc.

Gravitational phenomena, which we elaborate on in this chapter, can be considered a conse-
quence of general relativity and the behavior of matter fields in curved spacetime. It turns
out that even in such an extreme scenario, one distinguishes several mechanisms that might
be responsible for DM production in the early Universe. We will focus our attention on three
different processes of gravitational origin leading to dark matter production. Namely, we will
investigate DM production induced by the non-adiabatic evolution of matter in the rapidly
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expanding Universe, non-thermal gravitational production from the inflaton field, and finally,
gravitational freeze-in from the SM bath.

The former mechanism, i.e., the so-called purely gravitational particle production
(GP), is an example of non-perturbative processes occurring at the transition from the infla-
tionary to the post-inflationary Universe. It can be viewed as semi-classical since describing
such phenomena involves the behavior of quantum fields in the classical gravitational back-
ground. It is well-known that matter fields that are not invariant under a Weyl conformal
transformation are copiously produced purely by expansion. This is because fields that are
not conformally coupled to gravity develop a time-dependent dispersion relation. This rela-
tion could evolve non-adiabatically in the expanding Universe due to the tachyonic instability,
mixing the positive and negative frequency modes. As a result, the vacuum state is not stable,
but it varies over time. This very effect is interpreted as particle production by the inflating
Universe. Let us notice that the description of the GP mechanism cannot be incorporated in
a standard Boltzmann framework and requires careful analysis of equations of motion sup-
plemented by the Friedmann equation determining the background evolution.

In addition, DM species can also be created perturbatively in processes mediated by a
massless spin-2 graviton h,,. Such interactions arise as a result of h,, coupling to the
energy-momentum tensors of the inflaton T [f,,, SM particles T,f’i\/l, and DM sector T/PVM.
In the lowest order, this coupling gives rise to a tree-level s-channel scattering leading to
the pair production of dark particles in the inflaton background (IG), and DM
gravitational freeze-in production from the SM species (SMG) via the process
SMSM — h,, — DMDM. Typically, for these two mechanisms, DM evolution is investi-
gated by solving the Boltzmann equations, which seem to be an appropriate tool for studying

particle production in a post-inflationary Universe.

It is worth remarking that these mechanisms occur in slightly different moments and have
different natures. The GP mechanism is mostly relevant during inflation and transitioning
from the inflationary phase into a reheating era. DM particles are created here from the
vacuum due to the quasi-exponentially expansion of the Universe. On the other hand, the
perturbative treatment is justified when the Universe undergoes a power expansion, and the
Minkowski metric can approximate a background metric. More precisely, in this case, one
assumes that in the time-scale of interactions, the variation of the background geometry is
negligible so that all processes occur in the flat spacetime. The perturbative treatment of
the gravitational interaction can be used if the scale factor, a, is a power-law function of
time. Hence, it cannot be justified during inflation, when a grows exponentially with time.
Moreover, perturbative DM production from the inflaton field requires high energy. Thus it
can only exist during reheating when p, contributes dominantly to the total energy density
of the Universe. After the inflaton-radiation equality, the inflaton is depleted, and its energy
density decreases quasi-exponentially. The gravitational production from the SM bath being
in thermal equilibrium also involves high energy (temperature), but in contrast with the IG
process, it can, in principle, exist after reheating.

This chapter is structured as follows. In Sec.(6.1), the evolution of the background is specified
based on our results from Chapter (5). In Sec.(6.2), we elaborate on the origin of the mass
term for a vector DM field. Section (6.3) is devoted to the description of a massive vector field
in the expanding FLRW Universe. In Sec.(6.4), the dynamics of longitudinal modes during
cosmic inflation is discussed, whereas Sec.(6.5) focuses on their post-inflationary evolution.
Then, in Sec.(6.6), we present our final results regarding the GP dark matter production
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and comment on isocurvature perturbations. Perturbative DM production mechanisms are
discussed in Sec. (6.7). Finally, in the last section (6.8), we show are final results where all
discussed processes are included.

6.1 Background evolution

In this chapter, we aim to investigate the implications of non-standard reheating on the
gravitational production of DM species. To maintain compliance with the notation used
in Ref.[4], we parametrize the post-inflationary dynamics by the following four parameters:
the averaged equation-of-state parameter of the inflaton w, the Hubble scale at the end of
inflation H., the coefficient Sr accounting for the time-dependency of the inflaton decay
width Eq.(4.90), and the reheating efficiency -y, defined as

2 fm (6.1)

H.

Note that v € (0, 1], such that v = 1 corresponds to instantaneous reheating, whereas any
deviation from this value indicates a finite duration of the reheating phase.
We investigate the production of dark matter in the early Universe, where two crossovers
took place, i.e., the transition from the inflationary to the reheating phase and the subsequent
transition to the RD epoch. We require the scale factor and the Hubble rate to be continuous
functions across these two crossovers,

ar(7e) = awm(Te), He(7e) = Hy(7e), (6.2)
arh(Trh) = aRD(Trh)y Hrh(Trh) = Hgp (Trh)a (6'3)

where the subscripts {I, RH, RD} correspond to the solutions during inflation, reheating, and
RD era, respectively. The continuity of a and H imply !

-1
—, 7 < Te,
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1 9 2 _304w) 1-3@ 1 -
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He, T < Te,
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H{r) = | Hore ™0 75558 e <7< T (6.5)
H 1+ 3w 2 3(1+@) —143w
e( - T ow — > T T3 Tth?’w , Trh < T.
4 \7— 57n(1 — 3w)

As we will explicitly demonstrate below, both GP and IG are not influenced by the pa-
rameter Sp. This is because these two mechanisms are primarily determined by the inflaton
field, whose dynamics barely depend on Sr. More precisely, the independence on g follows
from the fact that both processes are (almost) insensitive to the evolution of the SM sector

Tn order to satisfy the continuity conditions, we utilize the freedom to shift the conformal time by a
constant and adjust the normalization of the scale factor independently in each region under consideration.
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at the onset of reheating. On the other hand, the proper description of thermal freeze-in
requires knowledge of thermal bath temperature evolution, which generally is a function of

Br-

In what follows, we assume that the energy budget piot during inflation and early stages
of reheating is mainly in the form of the inflaton energy, whereas after the end of reheating,
the Universe becomes dominated by radiation. Hence,

po(a), a < am,
prot(a) =~ (6.6)
° {3M1%1H374 (M)AL’ ac [arha ar.m.e],

a
where the evolution of p, during inflation and following reheating is described by Eq.(3.4)
Eq.(3.63), respectively.
From the above expression, it follows that the Hubble rate behaves as

He, a < Qe,
H(CL) = (% 1+1I})/2 9 a e [a’67 (lrh], (67)
2H ( ) ac [arh7 ar.m.e}v

Note that the scale factor at the end of reheating can be expressed as

Grh = ae’y?’(huj)v (68)
whereas the reheating temperature is given by
1/4
90M 3, H?
Tin=" <2P16> : (6.9)
T Gxp,rh

During reheating, the temperature dependence on the scale factor can be approximated by
the following formula:

(a2) TR g < 51— 3w) /2,

Br > 5(1 — 3@)/2 a € [ac, am], (6.10)
F - )

Tru(a) = T {

where we have assumed that g.,(7") do not change during reheating, i.e., gyprn/gup(T) =~ 1.
It is worth emphasizing that v can be related to | RO which we have used to parame-
terize the perturbative inflaton-SM interactions Eq. (4.90), through the following expression:

_ 48
=e b-3u-2fr ATIT | Bp < (5 - 30)/2,
p—FF = Si2gp_s  ABE=D - (6.11)
SRS ystie) L Bp > (5 - 3w) /2.

Lastly, we would like to mention that from the BBN bound on the reheating temperature, i.e.,
TepN ~ 4 MeV [272, 357-362], and the CMB limit on the Hubble scale at the end of inflation,
ie., Ho < 4.4-10" GeV (3.105), one infers the lower bound on the reheating efficiency:

v =107, (6.12)
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6.2 Mass term for a spin-1 field

Let us first describe how a dark spin-1 field X, () becomes massive. To that end, we consider
the de Broglie-Proca action for a vector field in a generic background metric [430, 431]

1 1
S = /d4m —g Lx, Lx = —Zg’w‘g”ﬂXm,Xag + §m§(g“”XMXZ,, (6.13)
with
X, = 0,X, — 0,X,, (6.14)

being the (dark) field strength.

Although the above Lagrangian density, Lx, is Lorentz-invariant, it does not describe a gauge
theory since the mass term explicitly spoils the gauge invariance, i.e., it is not invariant under
a local Ux (1)-transformations of the form

Xu(x) = X,(x) + Opa(z). (6.15)

However, the Proca action can be viewed as the effective theory, i.e., the low-energy limit of
the gauge-invariant Stueckelberg action equipped with a real scalar field ®py; restoring the
symmetry. The Stueckelberg Lagrangian density is given by [432, 433]

1 1
Lg= —Z!JWQVBXWXQB + igwj(auCI’DM —mxX,)(0,Ppm — mxX,). (6.16)
The above Lagrangian density is invariant under the following transformations:
Xu(x) = Xpu(x) — 0ux(x), Opr(x) = Ppm(x) + mxx(z). (6.17)

Note that the ®py field can be eliminated by choosing the gauge y = —®/mx, so that the
Stueckelberg Lagrangian (6.16) becomes equivalent to the Proca Lagrangian (6.13).

We can also view the Stuckelberg mechanism as a limit of the Abelian-Higgs model. In
the Higgs mechanism one introduces a complex scalar field ®py with a non-zero vacuum
expectation value (®py) = vpw, such that [434]

Ly = —ig“o‘gyﬁquXa,@ + 9" (Du®om) (D, ®oan)| — A ((I)DM(I)JIBM - V2DM>2> (6.18)
where the covariant derivative is
D, ®pm = (0, —igx X)) Ppum, (6.19)
and
X, (x) = Xpu(z) — 9ux(x), ®pi(z) — Bpyp(x)eldxX@), (6.20)
After Ux (1) symmetry breaking, initially massless field X, acquires a non-zero mass
mx = gxVDM- (6.21)

However, in contrast to the Stuckelberg mechanism, ®py; cannot be entirely eliminated by
the gauge transformation [434]. On the other term, the Stuckelberg model can be considered
as the limit of the Higgs mechanism, corresponding to the case

VDM — 00, gx — 0, (6.22)
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such that the product gxvpwm is preserved, and the vector mass is finite. Note that dark
Higgs is effectively integrated out in this limit since its mass becomes divergent.

6.3 Massive vector field in the FLRW metric

Then, let us consider the dark abelian massive gauge field X,,, described by the Proca action
Eq. (6.13), in the spatially-flat Friedmann-Lemaitre-Robertson—Walker metric, with the line
element introduced in Eq.(2.19) with k£ = 0. To analyze particle production in the expanding
Universe, switching to conformal coordinates in which the line element takes the form (2.29)
is convenient. Hence, in these coordinates, the determinant of the metric is g = —a®. We
should also remind that —co < 7 < +00, while 7 = 0 is a typical choice for the end of inflation.

Before describing the vector field dynamics, it is beneficial to comment on the possible non-
minimal interactions of the X, field. The Proca action accounts for the dynamics of the
spin-1 massive field, minimally coupled to gravity. However, the minimal setup might be ex-
tended in several ways. In particular, one could consider the following dimension-4 operators
involving the Ricci scalar R and Ricci tensor Ry, [435]:

G Rg" X Xy, &29" R g™ X, X5, (6.23)

describing non-minimal interactions of the vector field X,, with gravity. Analogously to the
mass term, the non-minimal couplings (6.23) are not gauge invariant. However, both terms
might arise from the Stuckelberg mechanism. One should also notice that introducing non-
minimal couplings induces a ghost-like action for the longitudinal component of the vector
field [435, 436]. Hence, to avoid ghost instability, we set £ = 0 = &» in the rest of this thesis.
In addition, one could also consider the non-canonical kinetic couplings of the form [437-441]

F(0) X X1, F(O) X X", (6.24)

where f(¢) denotes some function of a scalar field ¢, which might or might not play a
role of the inflaton, and X = etro X po/2 with P being the completely anti-symmetric
tensor. Such couplings emerge in various well-motivated theoretical frameworks, such as axion
inflation [442]. As we will explicitly demonstrate below, transversely-polarized modes of a
minimally coupled vector field generate scale-invariant density fluctuations during inflation
and hence cannot constitute all the observed dark matter, see also [168, 169, 443, 444]. On
the other hand, it has been shown that the presence of the non-minimal coupling to the scalar
field ¢ (6.24) leads to a tachyonic production of one of the transverse components of the vector
field [437-441]. Thus, the existence of direct interactions among the ¢ and X, fields would
inevitably give rise to another production channel of spin-1 particles. Finally, in the non-
minimal framework, one might postulate the existence of a small mixing between the dark
and visible vectors via the dark Ux (1) kinetic mixing with the SM hypercharge Uy (1), i.e.,
€/2 B* X, with € being the mixing parameter, and B*” denoting the field strength tensor
for the SM Uy (1), gauge boson B,. In all of the above-mentioned non-minimal scenarios,
there would be at least two sources of dark vectors, which, in turn, would imply non-trivial
phenomenology of the dark sector. However, for the purpose of this thesis, we restrict our
attention to the simplest albeit viable model, assuming that the dark matter candidate X,
couples minimally to gravity and has no other interactions with the visible or hidden sectors.
Interestingly, even in such an extreme scenario, the phenomenology of the dark sectors turns
out to be rich and involved.
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6.3.1 EoM for the dark vector field

From the Proca action (6.13) one gets the following EoM for the 5— component of the vector
field:

1 1%
ﬁaa(v _ggaugﬂ XW) + mgfgleu = 0. (6-25)

The above expression comprises four equations for the time 5 = 0 and spatial g = ¢ compo-
nents of the X, field. In particular, for the 3 = 0 component, one finds

X X; — 02 Xo +m%a’Xo =0, (6.26)
or in the conformal time,
X! — 02X +m%ka*(1)Xo =0, (6.27)
whereas for the spatial components 5 = i, one gets
X+ HX; — a 200, X; — 0, X)) + m3 X; = 0i(Xo + HX), (6.28)
or equivalently, in conformal coordinates
X! — 00 X; — 0;X)) + mka®(T)X; = ;X (6.29)

In the above equations, overdots denote derivatives with respect to the cosmic time ¢, primes
stand for derivatives w.r.t the conformal time 7, whereas 9; = 0/0x; corresponds to the
spatial derivatives. Note that Xy does not have a kinetic term and can be considered a non-
dynamical, auxiliary field. As we will shortly demonstrate, it does not mix longitudinal and
transverse modes and, thus, can be isolated from the remaining three physical components
of the X, field. To get rid of the spurious degree of freedom, we differentiate (6.25) with
respect to Jg, obtaining

1
95 | ——=0a (V=99 "¢ X 1.,) + mig"P X ] =0, 6.30
B NET ( Iz ) X B ( )

from which it follows that

Xo = ?alXi —2HXy + m <81Xi —0; XO) ) (6.31)

or equivalently, in conformal coordinates,
X}, =0"X; — 2HX,. (6.32)
In the Fourier space, the X, field can be written as

. a3k L I Prk oo ik
Xo(t,x)z/wxo(t,k)e : X(t,a:):/ X (¢, F)e® T, (6.33)

Inserting the above decomposition into Eq.(6.26), we find

. ik X(tF .
Xo(t, k) = —ngragm%z, or Xo(r,k) =

ik - X'(, k)

———— 6.34
2+ a(rym% (6.34)
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in the second expression, we have used analogous Fourier decomposition in conformal co-
ordinates. Furthermore, utilizing expansion (6.33), we can recast Egs. (6.31) and (6.32)
as
° g 71 pad e = g H g — - 2 -
Xo(t, k) = —k- X(t,k) —2H Xo(t, k) + ﬁ[zk - X (t, k) + k° Xo(t, k)], (6.35)
a a‘mx

and

-,

X(r k) =ik - X (7, k) — 2HXo(r, k), (6.36)

respectively.

In the above equations, we have employed the shorthand notation |/Z |= k for the magnitude
of the comoving momentum. Moreover, we should also stress that the reality of the DM
gauge field implies X (r, k) = X,u(T, —k).

Now, it is instructive to decompose X into a basis of helicity states, i.e.,

X(r k)= Y &(k)Xi(r.k), (6.37)
A=+,L
where
k-X(r, k) = kXL (7, k). (6.38)

The polarization vectors €) satisfy the following relations:

— —

k-er(k) =0, k-en(k) =k, (6.39)
k x (k) = TFikew (k), kxéL(k) =0, (6.40)
& (k) = &(—k), ex(k) - & (k) = 0, 5 (6.41)

Note that by virtue of the isotropy of the background FLRW metric, mode functions X (r, E)
can only depend on the magnitude of the comoving momentum k, i.e., X)\(7, k).
Substituting (6.38) into (6.34), we conclude that Xy does not contain a contribution from
the transverse modes, i.e.,

kXL (t, k)
k2 4+ a?m5

ik X} (1, k)

Xo(t, k) = _——
o(t, k) k2+a2(7)m§(

, or Xo(r, k) = (6.42)
Moreover, using Eq.(6.35) and its conformal counterpart Eq.(6.36) we can express the time

derivative of the X field as

3H

. 1
Xo(t k) = ik [ =X _on
olt, k) = ik <a2 Lt k) + k2 + a?m?

XL(t¢ k)) ) (643)
or equivalently,

Xo(r, k) = ik <XL(7'a k) + 2%%) . (6.44)
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Inserting (6.43) into Eq.(6.28), we get the following equation of motion for the longitudinal
and two transverse components of the vector field:

- 3k2 + a?m? - k2
X (tk)+ —=————XHX, (t, k Xt k 6.45
L(’)+k2+a2m§( Lt k) + a+mx L(t k) = (6.45)
. . k2
Xi(t,k) + HX(t, k) + (2 + m§<> X.(t,k)=0, (6.46)
a

whereas, in conformal coordinates, one finds

k‘2

X! (k) +2H-——"——
o k) 2 e e,

X (r, k) + (K + m%ka?(r)) Xo(7,k) =0, (6.47)

XL(r,k) + (E* + a*(1)m%) X+ (1, k) = 0. (6.48)

6.3.2 Harmonic oscillator with a time-dependent dispersion relation

In the previous section, we found a set of decoupled second-order differential equations (6.47)
and (6.48), one for each Fourier mode X (7, k). It is worth noting that Eq. (6.48) governing
the transversely-polarized modes X takes the form of a harmonic oscillator (HO) equation
with a time-dependent frequency wl = k% + a?(7)m%. On the other hand, Eq.(6.47) can be
recast into the harmonic oscillator form by employing the following field redefinition:

k2 + a2(17)m?2
Xp(r, k) = CIT)”EX) X Ap(r k), (6.49)

which, in turn, allows us to rewrite (6.47) as

A7 (k) + wiAL(T k) =0, (6.50)
with
wi = k? + a®(1)m3 +a2(7)k—2 E+%H2 (6.51)
L= X k%24 a?(m)m% \ 6 k2 + a?(1)m? ’ '

where we have used the fact that the Ricci scalar in the flat FLRW metric is given by (5.15).

The HO equations such as Eqgs.(6.48) and (6.50) have a two-dimensional space of solutions,
spanned by a linearly-independent solution Xj(_gl), Xf ) and Ag), AS:Q), respectively. The
general solution can be written as a superposition of two (yet undetermined) solutions

-,

Xi(r, k) = az (k) Xe (1, k) + aL(—K) XL (T, k), (6.52)
A (k) = ap (F)XL(T, k) + af (k) X} (T, k), (6.53)

where
Xi(r k) = XP(r, k) +ix2 (7, k), Xp(r, k) = AV (7. k) +iAP (7, k), (6.54)

whereas a;(E) NG k) are complex, time-independent coefficients.
The reality of the X, (7, k) field implies

af (k) = (ay)" (k). (6.55)
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Combining (6.52) and (6.53) with Eq. (6.33), one obtains

3 - 7o - N
Z / Th B (a5 (B (7, k) + af (—R) 5 (7, 1) (6.56)

where Xy (7, k) and XL (7, k) satisfy Eqs.(6.48) and (6.50), respectively.

Note that the Wronskian, W{x1,x9] = xjxe — xhaxy, of two solutions z1,x2 of a generic HO
equation is time-independent, W’[x1,29] = 0. Moreover, W|x1, z2| vanishes if solutions x;
and xo are not linearly independent, which follows from the fact that, in this case, one of the
solutions is proportional to the second one. On the other hand, for two linearly independent
solutions, the Wronskian is a non-zero constant.

6.3.3 Quantization

The theory can be quantized in a standard way, i.e., by promoting constants of integration
ay (k) and a} (—k) appearing in Eqs.(6.52) and (6.53), to quantum operators a (k), d;(—k),
respectively. Next, we introduce a canonical vector field variable

X(ri)= Y / Wa(é)e"_f’f[ AB)X(r, ) +al (R (r k)] . (657)
A==£,L

Analogously to the quantization procedure in flat Minkowski spacetime, we define the con-

jugate momentum operator Iy = 6Lx /6 X’
H(r,#) = Y / Wa(%’)e"“ 7 an(B)X (7, k) + al (k) X5 (. k)| (6.58)

Then, one imposes the equal-time canonical commutation relations (CCR) on components of
the canonical quantum variables

A A A

[X)\(7—7 f), ﬂN (T7 g)} = 25(3) (f - g)(sk,)ﬁ [XA(Tv f)v X)\(T7 g)] =0, [H)\(T, f)v HA(T’ :lj)] =0.

The annihilation and creation operators satisfy the following commutation relation:
(ax(B),al (0] = @m0, 0@ (F—F),  [ax(B)as(B)] =0, [al(B)al(F) =0. (6.60)

The ladder operators (k). &T\(l_{) are used to construct a particle spectrum of the underlying
theory. The vacuum |0) is defined as the eigenstate of the annihilation operator @y (k) with
zero eigenvalue, i.e.,

vz ax(k) [0) = 0]0), (6.61)

whereas the set of excited states is created by the repeated action of the creation operator
on the vacuum state

1

M - ) = = (@ RO)) @ (F)" - [0), (6.62)
where my, and nyg, ... denote the occupation numbers in the modes X\ (7, k1), X\(7,k2) .. .,

respectively.
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Substituting (6.57) and (6.58) into (6.59) and using (6.60), one finds

. N d3k Bk 7
(X (7, 2), T (7. )] = / L / iE7 kg

@3 ) @n)?°
x {AA(E)XA(T, k) + al (k) X5 (7, k), a5 (k) X, (7, k) + ak (—k) X7 (7, k)
=0, 5 / @’k R @D [, 28 — X7 XY (6.63)
M (2m)3
Since,
5O (& — ) = /dgkeiﬁ(f—ﬁ) (6.64)
(2m)? ’

the mode functions Ay and X}, are supposed to be normalized such that their Wronskian is
W[Xy, X5] = XAy — XXX = —i. (6.65)

It is important to emphasize that the quantum Hamiltonian

N 1 N A A
(r) =5 / dx [113 + (VR)? + mg (0 X3, (6.66)
with
2 2 2 2 _ .2 2 2 k? R 3mk 2
Mot = @ (M), Megp = 02 (M) + 0T s | 6 Y i a2 (om )
X X

receives a time-dependence through the effective mass mgﬁ NGE
Note that the Hamiltonian of a system can be written as

- 3 3 N = N =
i) = 5 [ e @02 [ [ {an@ias@r +a Pl (-hr

+Han(Byal (=) +al (~Faz (P12

with
F = F\(1,k) = [X(1, k)2 + wiXE (1, k), E = Ex\(1,k) = |X5(7, k) 2403 |X(r, k) |2 (6.69)
Let us now determine how Hy(7) acts on the vacuum state, defined in Eq.(6.61)

&k
(2m)?

The state |0) is the eigenstate of H), with the lowest possible eigenvalue if and only if the first
term in the above parenthesis vanishes. However, even if this condition is initially satisfied, it
may be violated later due to the time dependence of w?\. Consequently, no time-independent
eigenstates exist that could serve as a vacuum. The eigenstate of the quantum Hamiltonian
with the lowest possible energy evolves with time which can be interpreted as a particle

1

Hy(r)[0) = 3 / {Fral(-R)al (k) + 8P (k - B)(2r)°E}[0). (6.70)
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production in the curved spacetime. The amount of produced species is determined by their
dispersion relation. In the considered case, the dispersion relation w3 for two transversely-
polarized modes is positive for all Fourier modes. Conversely, there is some region in the
parameter space where the frequency w% is negative. More precisely, the third term in (6.51)
proportional to R(7) is negative when

R
M3, 3

It should be noted that while w < 1/3 is a necessary condition, it is not sufficient to guarantee
that w? < 0. The square of the frequency w? becomes negative if and only if the following
condition is satisfied:

2 2 2\ 2 2 2 _
w? <0 & <k+a(T>mX> L2 30 (Dmy L= 3w, (6.72)

k2 k2 4+ a2(1)m% 2

As we will demonstrate later in this chapter, the negativity of w% gives rise to the tachyonic
resonant production of longitudinal modes.

6.3.4 The energy density of the DM spin-1 field

Using the Belifante—Rosenfeld definition of the stress-energy tensor Eq.(2.45), one finds
1 1
T = —9"" X0 Xop + mX X, X0 — g (—49”“905)(,)0)(&6 + 2m§<g””XpXU) . (6.73)

The energy density of a spin-1 dark field, p = ¢®Tyg = Ty is given by

1 /. 2 1 1 m? 1
PX =753 (Xi - aiXO) + m(az‘Xj - 9;X;)? + 575()92 + §m§(Xg7 (6.74)

or in conformal coordinates

1
-~ 2ai(7)

1 1 1
(X! = 0:X0)" + [ (00X = 0;X0)° o 5 mX XF + g —mA X

PxX 4a’(T) 2a2(T) 2a2(T)

Using decomposition (6.33), one finds
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Now, we can substitute Eq.(6.34) into (6.76), obtaining

R I O L T (O S N P G GY)
pPX = 2a4(7)/(277)3/(2ﬂ.)36(k+k) {X,(T,]f)'X/(T, k)_k'X/(T,k:)—2

X (7 k) e k- X(r, k)
k2 4+ a2(T)m%

T
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B (V- k- X'(r,k ;X’T,Z S o o 2
+ [k - X(1,B)][k - X (7, k)] + a*(1)m% 2 aQEr)n22 Epn a2(7)n’)L§( + X (1,k) - X(T, k)] }
° 5k iiibae = - 4 e (k- ek
e S i | e i [ s - E OB,
AA

At this point, it is convenient to introduce the power spectrum Px and Pxs through the
following relation:

(X (7, ) X (7, k) = @m0 + ) 5 Px(m, ),
(X(7,%) - X'(r, B)) = (2m)%5®) (F + 1?)2;;273)(/ (7, k). (6.78)

In the position space, the classical two-point correlation functions are given by

. 3 37 o= L 31 92
<X%nm>:/ég;/é;;a%%ﬂwwnm.xhk»:/ég;igpﬂnm

_ /dlnkPX(T, k), (6.79)

. 3 3. - o= o 5 3 2
(R 0P = [ [ e PR by R = [ Pa(rib)

= /dln kPxi(1,k). (6.80)
Thus, the ensemble average of px is
Bk 272 k- ax(B)][k - ex(—Fk)]
ox(7 2a4 Z/ (2m)3 k3 { l k2 + a?(T)m%

+Px, [B2+ aX(r)mk — [k & (=RI[E- &)} (6.81)

Using Eq.(6.41), one can then separate the above expression into two independent contribu-
tions for the transverse

1
(0 (7) = gargry [ AmE{Pa + Pk + @2} (6:82)
and the longitudinal modes
a*(1T)m%
<,0XL(7')> 2@4 /dl k WPX/ +a ( )mX,]DXL y (683)

respectively.
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Afterward, one can also introduce the two-point correlation function for the quantum op-
erator X, (7, k) (6.57) as

2, . d3k, dSk. iﬁ :,f_, e S5 7
(X2(r,@)) = (0| X2(7,2)[0) = Z / / G017 &\(F) - & (F)

1

x (0] [an (B) X + al(~ k) A5] (a5 () X5 + 4l (~k) 5] [0)

A3k 9
_/(2 E {|XL| A [ A } (6.84)
Note that in the above expression, X7, denotes the mode function of the redefined longitudinal
field Ay, i.e., which is related to the physical longitudinal component of the dark vector field
through (6.49) and (6.53).

The vacuum expectation value of the total energy density can be written as a sum of two
terms, accounting for the energy density of two transversely-polarized modes

() = 01 ) = s | (j (PR omE] ) 685)

and the energy density of the single longitudinal mode

3
A e A {|XL|2+|XL|2

k?4
2 2 2
k +a ( )mX—i-H (k2—|—a2(7')m2 )2‘|

—(XLXT + XL/XL)H—kQ () } (6.86)

The energy density of the dark vector field at a given moment is determined by solutions
of the HO equations (6.48) and (6.50), and the background dynamics through a(7) and its
(conformal) time derivatives. It is instructive to recall that the gravitational production
of longitudinal modes receives the tachyonic enhancement if dark vector mass myx satisfies
condition (6.72). In this case, the production of X7 modes is expected to be parametrically
larger than that of the transverse modes, see also [169, 173, 445]. Therefore, in the following,
we focus solely on the gravitational production of the longitudinal modes in the expanding
Universe, assuming that

(Pxs) < {px,) = (Px) = (Pxy)- (6.87)

6.4 The inflationary evolution of longitudinal modes

This section aims to determine the evolution of longitudinal modes during cosmic inflation.
Specifically, our goal is to obtain solutions to the mode equation for the longitudinal compo-
nent of the dark field, allowing us to find its energy density through (6.86). As demonstrated
in Chapter (3), the Hubble parameter is a slowly-varying function of time during the slow-roll
phase of inflation. Hence, we assume that during inflation, H ~ H.. Consequently, during
the de Sitter stage of inflation, the frequency w? (6.51) can be written as

2k* — k2a} (r)m%
(k? + af (r)m%)

wi(1 < 7e) = wi(r) = k* + af (1)m% — at(r)HZ, (6.88)
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where we have used the following relations:

(ll

(&) =atmm, L =2adrnt

By examining the above equation, one observes that for heavy DM species with a mass much
greater than the Hubble parameter during inflation, mx > H., the dispersion relation w%
remains positive. On the other hand, if myx < H. there is some region in the parameter
space, where w% < 0, which leads to tachyonic enhancement of X7 modes. Yet another rea-
son to focus on relatively light DM species, i.e., mx < H. < A, is not to spoil the single-field
inflation. Namely, we assume that the inflaton energy density 3MP2,1H 2 ~ A* dominates the
energy budget of the Universe during inflation. In the remaining part, we restrict ourselves
to DM vectors with masses mx < He.

In the far past, all vector modes were deep inside the Hubble horizon, so that a;(7)mx <
ar(T)H. < k. In the subhorizon limit, w? is nearly constant, and the EoM for longitudinal
modes simplifies as

X[ (1) + KX (1) = 0. (6.89)

The unique solution that minimizes the energy is the Bunch-Davies state (3.78)

lim_Xp(r) = ABP (1) = \/127:@—@“. (6.90)
In what follows, we use the above solution as the initial condition.
We can distinguish two scales relevant to this analysis. Namely, the comoving Compton
wavelength (amx)~! and the Hubble horizon (aH)~!. The relation between these three
scales determines the evolution of the longitudinal mode with wavenumber 1/k. During the
de-Sitter stage of inflation, apart from the Bunch-Davies solution, one distinguishes two other
regimes:

(a) Intermediate-wavelength inflationary regime (ay(T)mx < k< ar(r)H,), such that
w? ~ k* — 2d3(1)H?. (6.91)

(b) Long-wavelength inflationary regime (k<< ai(T)mx < ai(7)H,), such that

————-af (1) HZ. (6.92)

Figure Fig. 6.1 shows the evolution of length-scales (amy)~!, (aH)™!, and 1/k for heavy
H,, <mx < He (left panel) and light m x < Hyy, (right panel) DM vectors. This section focuses
on the first part of these two diagrams accounting for the inflationary dynamics. During this
phase, heavy and light DM vectors behave the same way. Based on the discussion above,
one identifies three different inflationary solutions to the longitudinal mode equation. In the
remote past, all modes evolved in the red sub-horizon region, the so-called Bunch-Davies
vacuum, where the solution to the mode equation has the oscillatory form (6.90). Modes
with wavenumber 1/k > 1/k., where k. = a.H,, cross the Hubble horizon (ajH.)™! at
some point during inflation, and enter the purple region ‘(a)’. In the intermediate-wavelength
inflationary regime (purple region (a)), their dispersion relation is approximated by (6.91).
Finally, long-wavelength modes with 1/k > 1/k,,, where ky,, = acH., cross the Compton
wavelength curve (amx)~!, and enter the blue long-wavelength inflationary regime before
the end of inflation, where w? is in the form (6.92). Thus, three distinct types of inflationary
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FIGURE 6.1: Evolution of various cosmological distances during and after inflation for heavy vector
DM ie. Hy, <mx < H, (left diagram), and light vector DM myx < H,y, (right diagram). In the
red subhorizon regions amx,aH <k, in ther purple part amx <k <aH, blue region corresponds to
k<amyx <aH, whereas in the green region aH, k< amx. Here a. = k/H denotes the second (after
inflation0 horizon crossing, kpy, = acmx, ks = axmx, ke = aeH,, and kyy, = arn Hyn-

evolution for longitudinal modes can be distinguished. Short-wavelength modes remain in
the red sub-horizon region throughout the whole period of inflation. Intermediate-wavelength
modes end their inflationary evolution in the purple region. Finally, long-wavelength modes
pass through all these regions and end up in the blue region ‘(b). The intermediate- and
long-wavelength modes are represented in the left panel of Fig. 6.1 by k5 ! (dashed purple
horizontal line) such that k;* € (k7' k1), and k7' (dashed blue horizontal line), such that
kT s kL, respectively.

6.4.1 Intermediate-wavelength regime

In the (a) intermediate-wavelength regime, the EoM for longitudinal modes takes the form

d? 2 3

dT]QXL + <k‘2 — 772> X, =0, where n=71— 5(1 + W), (6.93)
where 7. denotes the conformal time at the end of inflation. The solution to the above
equation is given by

a 2 () [sin(kn) 2 () [cos(kn) .
X£ )(17) = %Cf ) [ o cos(k:n)} - \/ﬁCé ) { " + sin(kn) |, (6.94)

where the integration constants Cfa) and Céa) are fixed by the Bunch-Davies initial condi-

tion (6.90), as
Cfa) _ _\/27?€ik(g(1+1f1)7'e)’ Céa) _ _iC{a) ) (695)
Hence, Eq. (6.94) can be recast to the form

@y L ({_ ‘
= @(1 k(T—§(1+w)Te))

k<arHe —1

1
V2k k(T — %(1 + w)7e)

efikﬂ'

—ikT __ i oar (T)He

= 72\/% k

e e T (6.96)
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The above solution indicates that in the intermediate-wavelength inflationary regime, longi-
tudinal modes grow linearly with the scale factor aj(7). The behavior of the dark matter
vectors in this region exhibits similarities to that of a massless scalar, as discussed in [169].

6.4.2 Long-wavelength regime

In the (b) long-wavelength regime, the mode equation is given by

d? m3 k*H?
X X e\ x, = )
a2t <H3772 Tz ) L= (6:97)
with the following solution:
H, H,
X ) = v {CF’) Jn ( kn) + 0y, ( kn)] , (6.98)
mx mx

where J,,(z) and Y, (x) denote the Bessel functions of the first and second kind, respectively,

n 1 ~ . .

)

Adopting the above approximation, we can simplify X éb as

(b) _ ®) [2mx k ) ®) | 2mx ( k >
X = _ — . .1
(T) oh TR sin (CL[(T)mX Cs TR cos o e (6.100)

To set Cfb) and Céb) coefficients, we match the solutions in the intermediate- and long-
wavelength regions, such that the mode function X7, as well as its time derivative X} are
continuous. Hence, at the crossover, we require

b b

Xy () = 217 (m), x (r) = 2 (), (6.101)
where 75 denotes the conformal time at which mode with wavenumber 1/k crosses the Com-
poton wavelength (aj(m2)mx) ™!, i.e.,

) — X (6.102)

2T T T e, '

In the above formula, b is an auxiliary parameter introduced to improve the agreement
between numerical and analytical solutions. In the following calculations, we set b = 1.2.
Then, from Eq. (6.101), one obtains

Cfb) _ © (iH? + bH.omx — ib®>m3) cos (b) — b(iH? + bH.mx ) sin (b) 7 (6.103)
HemX QmeX

CS,) _ 7w (iH? + bH.omyx — ib®>m%) si~n (b) 4+ b(iH? 4+ bH.mx) cos (b) e (6.104)
H.mx 202mx

Next, expanding the above result in the long-wavelength limit, i.e., k < a;(7)mx < ay(7)He,
one finds that Eq. (6.100) can be well approximated by a constant solution, i.e.,

® _ 1 H (sin (b) —1: bcos (5)) e*ik(%(1+u_})‘re*f~)

X i) (6.105)
L V2kmx b2 ' '
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Note that for the adopted value of b = 1.2, the factor (sin (b) + bcos (b))/b? ~ 0.95 for
b = 1.2 can be safely neglected. Let us also emphasize that the above solution implies
that the tachyonic growth of longitudinal modes is terminated in the long-wavelength region.
Furthermore, from Eq. (6.105) one notices that the amplitude |X }Jb)]2 scales as k™1 in the
long-wavelength region, whereas the amplitude of massive scalars is proportional to k~3/2
[169].

6.4.3 Numerical results

In Fig. 6.2 we have plotted the inflationary evolution of intermediate- (e.g. k5 ! mode in
Fig. (6.1)) and long-wavelength modes (e.g. k;' mode in Fig. (6.1)). These two figures
present the comparison between approximate analytical solutions Eq. (6.90) (dashed red
curve), Eq. (6.96) (dashed purple), and (Eq. (6.105)) (dashed navy) with exact numerical
results (solid cyan). The agreement between the two is excellent, as evident from this com-
parison. The vertical dashed gray lines indicate the moment at which longitudinal modes exit
the horizon, marked by the condition a = k/H,, and when their wavenumber 1/k matches
with the Compton wavelength, i.e., a=k/mx.

Long — wavelength case during inflation Intermediate — wavelength case during inflation
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FIGURE 6.2: Evolution of the mode functions X7, normalized to the initial value X} with the scale

factor a during inflation for k < a.myx < ac.H,. (left-panels) and a.mx < k < a.H, (right-panels).

Solid cyan curves correspond to numerical solutions, while dashed red, purple, and blue curves show

analytical solutions (6.90), (6.96), and (6.105), respectively. Here mx = 108 GeV, H, = 1013 GeV,
w=0 and k=10"8 GeV (k=10"* GeV) for the left (right) panel.

6.4.4 The expectation value of energy density

Finally, let us use the inflationary solutions obtained above to determine the expectation
value of the energy density for longitudinal modes. Note that (1) is calculated with respect
to the Bunch-Davies vacuum. Utilizing Eq. (6.86) together with (6.90), one finds that the
fraction energy density per log momentum for sub-horizon modes is

d{pr(a)) _ K <<amx
dink  4n2q4 k

K2 (H2 +m3)  HPmd
8722 472

3a’H2m% L0
8m2k2

)2, (“5)4) (6.106)
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It is worth noting that for large values of k, the first three terms in the above expression
diverge. To eliminate divergent contributions from sub-horizon modes, we adopt the follow-
ing cut-off scale A=k, = a.H., which truncates the energy density integral to super-horizon
modes that exit the Hubble horizon during inflation.

Next, for intermediate-wavelength modes, one finds

R ON CON R (G A)  ECT

where we have used (6.96).

Finally, for long-wavelength modes, one gets

i =3 () () (oG ) G

= _(Z -° 1 . . 1
dlnk 2 \a 27 o <amX) ’(amX> (mx> (6.108)
Hence, at the very end of inflation, the fractional energy density of longitudinal modes scales
as

k‘4
dlpr(a) | %l
dink )1 /k\2/H,\>2

<) ( ) , super-horizon modes k<< a.H..

2 \ae o

sub-horizon modes k> a.H.,
(6.109)

The above expression indicates that the main contribution to d(pr(a.))/dInk comes from
modes with a wavenumber of the order of 1/k..

6.5 The post-inflationary evolution of longitudinal modes

Once we have found solutions to EoM for longitudinal modes during the de-Sitter stage
of inflation, we can analyze their post-inflationary evolution. To that end, one needs to
specify the background dynamics. In this subsection, we aim to investigate the impact of
non-instantaneous reheating on gravitational DM production. Namely, we assume that the
crossover between inflation and the RD epoch is not immediate. Instead, we explore a more
generic scenario, which we elaborated on in Chapter (4). In this case, the background dynam-
ics can be solely determined by the averaged equation-of-state parameter w and the reheating
efficiency ~. Let us recall that for the power-law inflaton potential ¢", w is related to the
index n through Eq.(3.36). For a given reheating model, the reheating efficiency ~y is spec-
ified by the inflaton equation-of-state parameter, the form, and the strength of the ¢ — SM
interactions. In this chapter, we do not consider any specific reheating model; instead, we
develop a generic description adopting a non-standard post-inflationary scenario. Moreover,
we assume that the Universe enters the RD epoch after reheating.

After inflation, i.e., for a > a., the dispersion relation for the longitudinal modes can be
recast as

k2 1—-3w 3a2m?
2 1.2 2,2 X 2 172
wi(T) ~ k4 a*m% — 2 2,7 ( 5 ~ 2 2,2 )a H~. (6.110)

It is worth noting that the term in Eq. (6.5) involving a” ~ a?H?(1 —3w)/2 is discontinu-
ous across the transition points 7. and 7,,. Consequently, the frequency w% also has a jump at
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these two points. This discontinuity is not physical, as its presence results from the fact that
in the adopted approximations, w is not continuous across these two crossovers, e.g., during
inflation w =~ —1, whereas immediately after its end w # —1. Hence, the discontinuity can be
removed if one considers the full dynamics of the inflaton field. As shown in Sec.(3.5), in such
a case, the equation-of-state parameter is a continuous function of a. At this point, we should
emphasize that the energy density of longitudinal modes depends on the field value X7, and
its derivative X}, and contains only terms proportional to a and a’. Since the scale factor
and the Hubble rate are continuous across the transition points, to ensure the continuity of
pL, wWe require the mode functions to match at 7, and 7y:

X (o) = X (11m), X (1) = X5 (1), (6.111)

with X}J_/H being the left/right limits of the solutions to the mode equation, i.e.,
X ) = lim ().

T—=T, 1h

To analyze the post-inflationary behavior of the longitudinal modes, it is instructive to ex-
amine the following four regimes (see Fig. 6.1):

k2, a(T)mx,a(T)H(T) < k, (6.112a)
—3w a®(T)m?
- —(1 23 -2 (kg) X)cﬂ(T)Hz(T), a(r)mx <k<a(r)H(r),  (6.112b)
ETY K2 5430\ 4 o
a2(7)m§(< 2 )a (T)H (), k<a(r)mx <a(r)H(T), (6.112c)
a?(T)m%, a(T)H (1), k < a(T)mx. (6.112d)

In the remaining part, we focus on longitudinal modes that exit the Hubble horizon during
inflation. As demonstrated in the previous section, only these modes receive tachyonic en-
hancement. Additionally, it is important to emphasize that the post-inflation evolution of
DM vectors depends on the wavenumber 1/k, as well as the relationship between their mass
myx and the Hubble scale at the end of reheating H,;,. Below, we will explicitly show that
the dynamics of light DM species (with mass myx < H,y) differ from those with a mass of
mx > Hy,.

6.5.1 Dynamics of heavy DM vectors

For heavy DM vectors, i.e., Hy, <mx < H., one distinguishes three types of post-inflationary
evolution.

Long-wavelength modes

Longitudinal modes with wavenumber 1/k > 1/k,, =a.mx (e.g., the k" mode in the left
panel of Fig. 6.1) start their post-inflationary evolution in the blue region, and then enter the
green area at some point after inflation, where they eventually re-enter the Hubble horizon.
At the early times, their dispersion relation is w? — 0, so that the solution to the mode
equation takes the form

143w

XDy =c® +cPa™2". (6.113)

Longitudinal modes with wavenumber 1/k > 1/k,, (e.g., k' curve in Fig. 6.1) start their
post-inflationary evolution in the blue region, and at some point, they enter the green area,
where they eventually re-enter the Hubble horizon. At the early times, their dispersion
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relation is w% — 0, so that the solution to the mode equation takes the form

o _ i H, %k(%( _;;nzﬁ)

= e ,
! V2kmx

Therefore, the growing solution proportional to a2 s suppressed, and one obtains a con-
stant solution for the mode function

sl =o.

M _ & He _ik(3ro(14+@)-bpX)
PUUNS i) 6.114
L ok mxe ( )

which indicates that the amplitude | XM |? scales as k=

- 143w
Next, at 7, = (bmx/H,) 30+%  indicating the moment at which the Compton wavelength
(a(r)mx)~! crosses with Hubble horizon a(7i)H(7,), longitudinal modes enter the green
region, in which w? ~ a?m%. The change of w? is slow (i.e., adiabatic) if

2m|wy | <wi, (6.115)
implying
2rH < mx . (6.116)

The above condition is satisfied in the green region, except for a short period after 7 = 7.
Hence, the solution to the mode equation in the green area II can be written as

C(H)
2a(T)mx

C{II)

2 (7) = T

exp(i/Tde’ CL(T/)TTL)() + exp(— i/Tde' a(T')mX). (6.117)

Coefficients Cfﬂ), Céﬂ) are determined by the following conditions:

XM () =20 (), XV(7) =2 (1), (6.118)
setting
o _ me “ST ae 3 bmx
Chy ==° e) iz} exp[ zk( Te(1+w) — V. )} (6.119)

We see that longitudinal modes in green region II oscillate in time with decreasing amplitude.
The comparison between analytical and numerical solutions (left panel of Fig. 6.3) indicates
good agreement between these two results.

Intermediate-wavelength modes:

Intermediate-wavelength modes, i.e., ky, < k < k., (e.g., the ky ! mode in the left panel of
Fig. 6.1) pass through three regions, i.e., purple III, blue IV, and green V during reheating.
Since in the purple region a?m% /k* < 1, the second term in the parenthesis in Eq. (6.112b)
is small and thus can be neglected in analytical estimations. Hence, the solution to the mode
equation in this region is given by

XIEIII)(G) _ C{III) 4 CéIII) @ ~ Cfm)a.
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Note that the first term proportional to a grows with time, whereas the second one is decaying
since w > —1/3 after the end of inflation. Moreover, as long as w <1, it is small compared to
the growing solution, and hence, it can be neglected in analytical estimations. We fix C%IH)

by requiring
XéIII) (Te> _ Xé@) (Te)’ X[(/III)/(Te) _ Xl(/a)/(Te)7 (6120)

which leads to the following solution:

oy He o g
Xi(a) = NGTEE e a. (6.121)
The above solution indicates that longitudinal modes grow linearly with the scale factor a in
the purple region, whereas their amplitude |X ,{H 2 is proportional to k3.

Next, at 7o = Te(l;aemx/k‘)_(ng)/2 such that k = ba(7)myx with b ~ O(1) longitudinal
modes enter the blue region IV, where the solution of the mode equation is in the form
(6.113). Coefficients, parametrizing this solution, can be obtained by merging (6.113) with
(6.121) at 7». Contrary to the constant solution for long-wavelength modes, X (7.) grows
with time. Therefore, one could naively expect that the growing term in (6.113), proportional
to a(1+39)/2 might dominate the solution in the blue region, following (6.121). However, the
exact numerical solution presented in the upper-middle panel of Fig. 6.3 indicates that even
in this case, the growing part of the solution (6.113) is subdominant, such that the amplitude
of intermediate-wavelength modes in the blue region IV remains constant
iHe e—ik're

(V) _ AV) _
) = oY) = NGTEVE R (6.122)

Let us also note that the amplitude in this region scales as |X SV)POC kL

Finally, intermediate-wavelength modes at 7, enter the green region V, where the approxi-
mate solution takes the form (6.117). The constants of solutions C’{V), éV) are determined by

matching Eq. (6.117) with Eq. (6.122) at 7. We find that the solution to the mode equation

in the green region V is in the form given by (6.117) with Cfn), én) replaced by

/(1 .
Ci\g) = % mxa(Ty) {1 i

~ w41
e H. (b @
@ ( mX>3( “)]. (6.123)

a(ty) 2mx \ He

Short-wavelength modes:

After inflation, both intermediate- and short-wavelength, i.e., k, < k < ko, modes are in the
purple region, where their amplitude grows in time according to Eq. (6.121). At 71, the latter
crosses the Hubble horizon and re-enters the red sub-horizon region, where k is the dominant
energy scale. It is convenient to consider the purple and red areas collectively to analyze the
dynamics of short-wavelength modes. In this case, one can neglect the mass term a2m§< in

the dispersion relation, obtaining
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The solution to the above equation is in the form

W 2 VD) 2k (VI) 2k
) _\/(H?MMHM){CI (i saana) T Y(<1+3w>aH<>ﬂ
(6.125)

—3(1—w)
2(1+3w) °

Merging the above solution with the inflationary solution X éa)(Te) at the end of inflation, one
finds

with v=

1T exp #ke 2k . 2k

=3 1(+(13+§ /)f/k); [Y (Trsam) “Y”(mm)]’ (0:120)
—iT exp #we 2% ] 2k

=3 15(57:31@)/2) {J” 1( +3w)k)+zj”(m?ﬂv)/~ﬂe)]' (0120

Then, at 73 short-wavelength modes enter the green region, where their solution is given by
Eq. (6.117). After some straightforward but tedious calculation, we find that both constant
coefficients parametrizing (6.117) are non-zero, so that the solution oscillates in time, as
shown in the right-panel of Fig. 6.3.

Finally, let us notice that for sub-horizon modes, the solution (6.125) can be approximated
by the following function:

3i0(—v)(1 — @)(1 + 30) T35 (ﬁ _sgm) m( o ) _ (2k+mH(a)>
4k ke aH(1+ 3w)
(6.128)

XV (k> aH)~ e

6.5.2 Light vector dark matter

The solutions to the mode equation obtained in the previous section can also be applied
for light DM vectors with mass myx < Hy,. In particular, light DM species also experience
a tachyonic growth in the purple region, where their mode function evolves according to
Eq. (6.121). As we have demonstrated above, this growth is eventually terminated at the
moment when modes go outside of the region. Modes with wavenumber 1/k < 1/ky, =
(a,thrh)*1 re-enter the Hubble horizon during reheating. Such modes follow the evolution of
heavy DM vectors with short wavelengths. On the other hand, light modes with wavenumber
1/km < 1/k < 1/k, (see right panel of Fig. 6.1) grow in amplitude throughout the whole
period of reheating and enter the red subhorizon region only during the RD epoch. Finally,
light modes, characterized by wavenumber 1/k > 1/k'™ = (a;y;mx) ™!, follow the evolution
of heavy DM vectors with long-wavelength.

6.5.3 Numerical results

Figure (6.3) presents the post-inflationary evolution of the long- (e.g. k1), intermediate- (e.g.
k2) and short-wavelength (e.g. ks3) modes. Numerical results (solid cyan curves) are in accord
with analytical approximations. The dashed navy constant solution in the left panel was
found in Eq.(6.114), whereas Eq.(6.117) gives the oscillating dashed green function. In the
middle panel, dashed purple, navy, and green solutions are described respectively by the
functions Egs.(6.121), (6.122) and (6.117) with Cf'y, — CY, given by (6.123). Finally, the
analytical formula for the dashed purple and red curves was found in Eqgs.(6.125).
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. . . . . Short — wavelength case after inflation
Long — wavelength case after inflation Intermediate — wavelength case after inflation
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FIGURE 6.3: The post-inflationary evolution of the longitudinal modes normalized to the initial value

as a function of the scale factor for long- k < ky, (left-panel), intermediate k,, < k < k, (middle

panel), and short-wavelength modes k. < k < k. (right-panel). The solid cyan curves correspond to

the exact numerical solution, while dashed colored curves show analytical predictions. The following

benchmark values are adopted in these figures: mx = 10% GeV, H, = 10'® GeV, w =0 with k =
1078 GeV,107% GeV, 107! GeV for the left, center, and right panel, respectively.

6.5.4 Energy density scaling

Before ending this section, let us utilize the results obtained above to determine the scaling of
the energy density with k and a in each considered region. With this end in view, we employ
approximate solutions for the mode function X7, to identify the dominant contribution to (py,).

In the red (R) subhorizon region, where k is the dominant energy scale, one can insert
the solution (6.128) into Eq. (6.86), obtaining

_ 3(1+w)
dp™)  OT2(—v)(1— @)2(1+3@) e kY (kTR 0sm _
dlIle‘ ~ 3273 at (k ke (6.129)

In the purple (P) region, where amx < k < aH, the solution to the mode equation can be
approximated by Eq. (6.121), which, in turn, implies the following scaling:

d(pi"y kS _
dhik ~47T2 2101 2 oc k202 (6.130)

Note that one obtains the same scaling using (6.125) in the limit k< aH.
Next, in the blue (B) region, using Eq. (6.113) with iV ~0, one finds

~(B
ey K
dlnk 4r2at

4
< f Ca?H? K a2m§(> 10012 o k2072, (6.131)
a*my

It is important to stress that the above relation, which reveals that (jz) scales as a2 in
the region where k < amx < aH, can be considered a distinct characteristic of vector dark
matter, see also [169, 435]. In particular, this fact distinguishes DM vectors from massive
scalars whose energy density is nearly constant (w.r.t. to a) in the blue region. The scaling
(pr) o< a®, observed for massive spin-0 field, leads to an amplification of isocurvature pertur-
bations at large scales, which is currently strongly constrained by the CMB data [302]. Hence,
damping the DM vector energy density o< a2 is a desirable feature, suppressing unwanted
isocurvature perturbations at large scales.

Finally, in the green region, where amx is the dominant energy scale, we find that the
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FIGURE 6.4: The scaling of the fractional energy density with a in various regions for heavy vector DM,
i.e., mx > H,, (left diagram) and light vector DM myx < Hyy, (right diagram). The main contribution
to the total energy density comes from the k, =a,mx mode. Here k. = a.H,. and ky, = a;, Hyn.

energy density of DM vectors scales as matter, i.e.,

d(p?) _ amx K
dink = 4n2q*

11 11 _
(1171 + 1c5717) o ka2,

where the oscillatory terms proportional to exp [+i [ dTa(7)mx] have been neglected.
The above results can be summarized as

(1—3w)
apy JE A a(r)mx, a(r)H(r) < k.
PL B
dink <) Fa? a(r)mx, k < a(T)H(7), (6.132)
ka, a(T)H (1), k < a(t)mx .

Let us recall that at the very end of inflation, the main contribution to the total energy
density comes from modes with the shortest wavelength (1/k ~ 1/k.). However, as evident
from the expression mentioned above, such modes receive the strongest suppression propor-
tional to a~* in the subhorizon region. On the other hand, longitudinal modes with longer
wavelengths initially have a smaller contribution to the total energy density, but their energy
is also redshifted to a lesser extent.

6.6 Purely gravitational production - results

This section aims to evaluate the present number or energy density of DM vectors produced
via the GP mechanism. Following the approach developed in the previous part of this chap-
ter, we restrict our attention to super-horizon modes, i.e., with wavenumber 1/k > 1/k.,
which exit the Hubble horizon during inflation.

The expectation value of the fractional number density of DM vectors can be expressed
as

d{ng) 1 d{pL)

dink  E; dink’ (6.133)

with Ef, = /m% + (k/a)? being the energy of a single DM particle.
The present energy or number density of DM species can be related to their energy or number
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density at a, when the 1/k, modes re-enter the Hubble horizon, and the Hubble rate equalizes
with the DM mass, i.e., H(a,) = mx. Using the above formula, one finds

digle)) 1 d(py(a)
dlnk /m§(+k2/a2 dlnk

In Fig. 6.4, we present the scaling of d(pr,(a,))/dInk with momentum k for heavy (left panel)
and light (right panel) DM vectors. In both mass regimes, the dominant contribution to the
total energy density comes from modes with wavenumber 1/k, (dashed, red curve). After
exiting the Hubble horizon during inflation, such modes become subhorizon and experience a
tachyonic growth in the purple region, where their energy density decreases as a=2. Then, at
a = ay, the k, modes re-enter the horizon, and their energy density starts to redshift as a mat-
ter, i.e., (o) oc a=3. Modes with longer wavelengths, 1/k >> 1/k,, contribute less to the total
energy (or number) density, since in the blue and purple regions d{pr(ay))/dInk o k2, see
Eq. (6.132). As we will demonstrate later, such behavior of long-wavelength modes prevents
a generation of ’dangerous’ isocurvature perturbations at the CMB scales. Finally, short-
wavelength modes of heavy vectors re-enter the horizon before the k, modes and receive a
strong suppression in the red region. Namely, in the subhorizon regime, the energy density
of dark vectors decreases as radiation, i.e., (1) o a~*. For heavy DM species, modes with

wavenumber 1/k < 1/k, re-enter the horizon during reheating when the Hubble rate scales as
_ _3(1-w)
a—30+0)/2 which, as we will see, implies that their number density is proportional to k~ Gu+D .

Consequently, if w < 1, the fractional number density per In k at a, for heavy DM species has
a peak structure centered around the characteristic momentum scale k,. This unique feature
of massive spin-1 field produced gravitationally has been first established in [169] for in-
stantaneous reheating, i.e., an immediate transition from inflationary to radiation-dominated
Universe. Here, we extend this observation for non-instantaneous and non-standard reheat-
ing, parametrized by a generic equation of state w < 1. On the other hand, in the case of
light DM vectors, modes with wavenumber 1/k,, < 1/k < 1/k, re-enter the Hubble horizon
during reheating so that their fractional number density at a,, i.e., d{fi(ay))/dInk, scales
as k~1. However, light modes with wavenumber 1/k. < 1/k < 1/ky, re-enter the horizon

(6.134)

after reheating during the RD epoch, and as we will show below d(fif(a))/dInk /f%.
Hence, provided that w < 1, the number density per logarithmic momentum for both heavy
and light DM vectors also has a peak structure. In what follows, we will present a detailed
numerical analysis of this qualitative discussion.

6.6.1 Number density of the heavy DM vectors

For heavy vectors, i.e., with mass in the range H,;, < mx < H,, there are two important
regimes:

(a) ke<k<ke,
(b) k<ky.

The expectation value of the fractional number density for short-wavelength heavy modes
at a, can be estimated as

d{fe(ar) ~ G dprfan) _ ax dprice)) <%>2<ahc>4,

Tk - 1
dink | <p<r, Kk dlnk k' dlnk Uhe a (6.135)

where we have used the fact that at a,, m% < (k/ax)?, such that Ej, ~ k/a,. Moreover, ap.
denotes the scale factor corresponding to the second (after inflation) horizon crossing, i.e.,



Chapter 6. Purely gravitational dark matter 172

ape = h/H (ap.). Since short-wavelength modes re-enter the Hubble horizon during reheating,
using Eq.(6.7) (middle case), one finds

2
H. ap ) 30+9)
ahC|k*<k<k€ = ae k; ’

which, in turn, implies

30+0) /[y 71-»-23@
_ 1+3w e
Ahely, <per, = e <> : (6.136)

Inserting, the above formula into (6.135), we obtain

d(n(ay)) o He (mX)”“’ (’“)1“’“’ (6.137)

dlnk ky<k<ke - 871'2 He

For long-wavelength modes, one finds

d{fir(a)) 1 dlpr(a) 1 dpral)) fac\* | HE (mx\3own (k2
dink |cp, mx dnk  mx dlnk (a*) ~ 82 (H) (k:)
(6.138)
where we have used the fact that the crossing of the Hubble horizon with the Compton

wavelength (H (a.) =myx) for heavy vectors occurs during the reheating phase, such that

2
H, @
a = a, ( )3(” " (6.139)

mx

6.6.2 Number density of the light DM vectors

For light DM vectors, mx < H,1, one should consider the following three cases:
(a) ke < k < ke,
(b) ki <k <k,
(c) k < ky.

The expectation value of DM vector number density in the case (a) is given by

o) o rle)) e Prlac) () o 0! (6.140)

dink |y, <k<k. k dlnk  k dlnk \an./ \am Ay

Short-wavelength light modes re-enter the horizon during reheating so that ay. is given by
Eq.(6.136), which, in turn, implies

3(1—w)

3 3/2 | 45 e
~ He (mX> VT (k@) - (6.141)

d(ig,(a.)) H?
kv <k<ke 8?2 H, k

dlnk

Evolving the number density of intermediate-wavelength light modes, one finds

e d(pr(an) _ aud(pr(ac)) ( ac )2<arh>2(ac>4, (6.142)

oo <k<kyn k dlnk k dlnk arh Ahe) \Qyx

d(nr (ax))
dlnk
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Such modes re-enter the horizon during the RD epoch. Hence, utilizing Eq.(6.7) (the third
line), one obtains

2
H, \ 30+w Hrhahc>1/2
= —_— 6.143
ahc|k*<k<krh Qe (Hrh) ( A > ( )
which can also be expressed in terms of the reheating efficiency v as
9 _20-3w) f,
helg, <haky, = @7 2T = (6.144)
Hence,
- 3 3/2  _iise
d{nr(ax)) . H; <mX) 73(111:}) @ (6.145)
dink ke <k<kpn 871'2 He k

Finally, for the longitudinal modes (c) with k < k., we have

dinie)) L (o) 1 Gnlod) (5c Y (s 6116
dink |y, mx dlnk mx dlnk \amy ay )’ '
H3 20-3@) /L \2
:7'3,}/3<1+71;) () ,
872 ke

where we have used the fact that long-wavelength modes re-enter the horizon at

g o\ 1/2
0y = gy S <1> _ (6.147)

mx
Our findings regarding the expectation value of the fractional number density for longi-
tudinal modes in both mass regimes can be summarized as follows:

e For heavy vector DM mass H,,, <mx < Hi,

3(1—w)

2
mx \1+o (ke 13w

d{fr(a.))  H?

e

dlnk 872 et 2
mx \3a+o [k
i .. .14
<H> (k> , k< k (6.148b)
o For light vector DM mass myx < Hyp,
32 | . 31-5)
mx 1w ko \ 13w
ol ken <k <ke, .14
(7)) =) hers (0:449%)
d(ﬁL(a*» Hg’ 3/2 _iysw k
B <7ZX) ) Re. by < b < K, (6.149b)
2(1—3w) k 2
Ay BFw) <k> , k < k. (6.149C)

In Fig. 6.5, we present the expectation value of the fractional number density as a function
of k/k. at a, for heavy (left panel) and light (right panel) DM vectors. Numerical results
confirm the peak structure of the power spectrum, such that d{(fiy(ax))/dInk is dominated
by modes with a wavenumber of the order of 1/k,. Moreover, in Fig. 6.6, we compare the
exact numerical results (solid curves) with analytical approximations Eqs.(6.149a)-(6.149¢)
(dashed curves) for two values of the equation of state parameter w = {0,1/3}.



Chapter 6. Purely gravitational dark matter 174

mX<Hrh<He mx<Hrh
‘ ‘ — . 1 — I
100+ 10 @ ! 1
|
1071 1071 : :
1072 1072 ! :
1073} 1073 1
=l 10t 1074} ]
2€ 100 1077+ |
/’3 <£‘ .
% = 107 107}
3(w—1)
10771 1o k3wl . 107" 1
10781 L 1 1078} 1
~ |
1077 [ 107} 1
< |
10~10 . . . . M . 1 10-10 . . - ~ 1 .
107* 107* 1072 107' 10° 10" 102 10° 1074 1072 10° 102 10* 108

k/k, i)k,

FIGURE 6.5: The expectation value of the number density per In k normalized to its value for the k.,

mode as a function of k/k,. The left (right) panel presents the spectrum for heavy Hy, <myx < Hy

(light mx < Hy,) DM vectors. Dashed (Dotted) grey vertical lines indicate k = k. (kyn), while dashed

colored lines show k = k. for corresponding value of w. Both spectra are calculated at a = a,. Here
we take: H, = 10'2 GeV, v = 1073, mx = 10® GeV (left panel), mx = 10 GeV (right panel).
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FIGURE 6.6: Comparison between numerical results (solid curves) and analytical predictions (dashed
curves) for the fractional number density at a = a,. The same parameters as in Fig. 6.5 have been
adopted.

It is worth noting that similar behavior was observed in the previous study Ref. [169] fo-
cusing on the instantaneous reheating scenario, as well as in Ref. [435] for a non-instantaneous
matter-dominated reheating with w = 0.

Finally, let us determine the total number density of DM species at a,. For heavy vectors,
one finds

H3 [ /mx )\ 300 ke mx \ oo 30=9) rke 4
~hDM e X -2 X (A+3w) _
= — k kdk — e k1+3e dk
(L0 = g { ( H. ) ¢ /0 - (H ) ks ]
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_Hime | Lvon (m>@<1_<m)<)m>]
S 8722 H, 3(w-—1)\ H, H,

_mxH? [1 1+3w]

e |3 (6.150)

2 3(1—-w)
1—a

where in the last line, we have used the fact for w € (—1/3,1), the ratio (ﬁ—;) s .
Furthermore, it should also be stressed that above a cut-off limit k.« = k. has been adopted
so that only super-horizon modes that exit the horizon during inflation and re-enter it during
reheating contribute to the total number density. Note that subhorizon modes, i.e., k& >
ke, never exit the Hubble horizon; thus, they do not receive any tachyonic enhancement.
Therefore, the contribution from such modes is significantly suppressed.

The total number density of light DM species is, in turn, given by

H3 2(1—3w) ke 3/2 _ii3w kv
(ApPM(ax)) = =5 |72 k2 [ kdk + (mx> Nk, [k 2dk
87T 0 He k*

3/2 . 30-@) ok
mx 1-3w = e =4

+ ST k13w dk
H, o

I’Ie3 lmX mx 3/2 -1 He 1/2
=235 S e

8n2 (2 H, H, mx

1+3w [/mx 3/2 1-3w 2(w-1)
st () 0 ()]
e

mXHE{?) 1+ 3w mx}
~ 2 6.151

82 2+3(1—w) Hy | ( )

2(@—1)
where we have assumed that we (—1/3,1), which implies v T+@ >1.

6.6.3 Isocurvature density perturbations

Before we present the final result regarding the gravitationally-produced vector DM, let us
comment on the isocurvature density perturbations.

As we have explicitly demonstrated above, the number (and energy) density of both heavy
(Hi <mx < H.) and light (mx < Hy,) dark vectors is dominated by the contribution from
longitudinal modes with characteristic comoving momentum,

1—3w
Hh 6(1+w)
- ) ; Hyp<mx<H.,

k*:ar.m.e V mxHyme (mX

1, Hime<mx<Hy.

(6.152)

It also has been established that the fractional number density of long-wavelength modes,
1/k.<1/k, drops as k2., cf. Eqs.(6.148b) and (6.149¢). We should emphasize that this result
is independent of the details of reheating and remains robust in non-standard and instanta-
neous reheating models. Now, let us discuss the effect of the observed infrared behavior on
the isocurvature perturbations.

First of all, we should stress that due to the fact that our DM candidate couples to the
SM species only through gravity, the corresponding density fluctuations are of the isocurva-
ture type [169]. Hence, density perturbations induced by DM vectors with wavelengths of
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the order of the pivot CMB scale, i.e., k ~ kSMB x~0.05 Mpc~! may induce large isocurva-
ture perturbations. The latter is, in turn, highly constrained by the Planck data [13]. This
limit concerns only modes with a wavelength of cosmological size. As first demonstrated in
Ref. [169], the power spectrum of longitudinal vector DM density fluctuations drops as k>
for the long-wavelength modes with k < k.. Such a result was derived for the instantaneous
reheating model. However, this outcome is also valid in the considered case since the presence
of a prolonged non-standard reheating phase only affects the scaling behavior of the short-
wavelengths modes k > k, (in both mass regimes). Therefore, owing to the k® suppression,
DM vectors would not produce problematic isocurvature perturbations, provided that the k,

scale corresponds to cosmological scales much smaller than the CMB pivot scale k~ kSMB,
Utilizing (6.152), one finds
Hy,\ sG+)
rh 6(1+w
~ -1 mx < ) ) HrhSmX<Heu
L, Hipe<mx<Hpy.

If mx >1071* GeV, the characteristic wavenumber 1/k, for light DM vectors is tiny relative
to the CMB pivot scale. As a result, these species are unaffected by isocurvature constraints
and can be considered viable dark matter candidates.

Contrarily, the k, scale for heavy dark vectors non-trivially depends as a power-law on the
H,,/mx ratio, which can be recast as

[0,1/6)
- mx > 1, w=[1/3, 1),
Hy 5@+ )\ Hy, (6.154)
m (1/2,0) '
X Hrh _
<1, o=(-1/3,1/3).
mx

The above estimations imply that, for a stiff equation of state, i.e., w > 1/3, the characteristic
wavelength scale of heavy dark vectors corresponds to tiny cosmological scales. Hence, in this
case, gravitationally produced spin-1 particles evade isocurvature constraints. On the other
hand, for w=(—1/3,1/3), the k, scale of heavy dark vectors might be of the order of the CMB
pivot scale, and hence potentially might lead to dangerous isocurvature perturbations. To
safely avoid the isocurvature constraints, we establish the following criterion for the reheating
scale Hpy,:

2(1+3w)

)“3”), with @ =(-1/3,1/3).  (6.155)

1071 GeV

mx

mx > Hy, > 107 GeV (

The above result sets the most stringent bound on the reheating scale, i.e., Hy, > 107 GeV
for w~—1/3. Consequently, isocurvature perturbations produced by heavy dark vectors are
significantly suppressed at cosmological scales provided that my > H,, > 107 GeV.

Hence, we conclude that isocurvature perturbations do not pose a concern for gravitationally-
produced vector DM with masses exceeding 10714 GeV. It is worth emphasizing that our find-
ings are also valid within various reheating scenarios, including those involving non-standard
cosmological models.
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6.6.4 Present abundance of DM vectors

The present abundance of dark matter is usually expressed in terms of the critical energy
density perit,0 as follows

Qpagoh? = PoM{0) 2 mDMDM(G0) 2 (6.156)
Pecrit,0 Perit,0

where peri,0 = 1.88 h? x 107 gem™3.
Within a given model, the predicted amount of DM species Qxh? today should saturate the
observed value

Qb h? = 0.120 £ 0.001, (68%, Planck TT, TE, EE + lowE + lensing) (6.157)

measured by the Planck Collaboration [13]

The present number density nx(ag) of DM vectors produced gravitationally is related
to their number density at ay, i.e., ny = (fig(as)). More precisely, the comoving number
density n.x(a)a® becomes approximately constant after reentering the Hubble horizon of the
k., modes. Hence, the number density at the present epoch can be determined by rescaling
the number density of dark vectors at a,. Namely,

nx(ap) = Ny (a*>3 =n, 2 (a*>3, (6.158)

ap Srh \ Qrh

where syp = 2970 cm™3. Note that above, we have assumed that the entropy density s is

conserved after the end of reheating.

Since, the scale factor a, is defined by the H(a,) = mx equality, the ratio a,/a,, depends on
the relation between mx and H,,. The above condition is satisfied for heavy vectors during
the reheating phase, while it is met during the RD epoch for light species. Employing the
relation Eq.(6.7), one finds

2w
mx \1+o ,
o, | (FE) T M) Ha<ma <,
nx(ag) = >t ¢ \ Hum (6.159)
Srh M
o %<ﬁ?M(a*)>7 Hyme<mx <Hp,
rh

The entropy density at the end of reheating is given by

9 1/
S = 43 <7r99*0h> (Mp H,)3/?. (6.160)

In what follows, we adopt g, s n ~ 106.75, assuming no extra relativistic d.o.f. beyond the
SM.

Utilizing Eq.(6.159), one estimates the present-day abundance of gravitationally produced
DM vectors as

2w

747@7 myx \1+w ~hDM
QGPh2_7< 90 )1/4 soh? /NwH, |7 1”([{6) W) Hosme <He,
X - 2 2
T2 Gxp,rh 4Mp1pc mx _1\/W ~1DM
— (N ay)), mx < Hyp,
7 P @) :

(6.161)
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Employing the approximate results for the total number density (7iz(a.)) from Eqgs. (6.150)-
(6.151), one can simplify the above formula as

U 27“25 — 3% 5/2
(1+ 1—1—3%7 ) (mx)1+ »yll+3w < H, ) ’ Ho <mx < H..
OSPR2 ~ 10-20 % 2 3(1-w) H, 1 GeV
X - = 2
(3 " 14 3w mx ) mx ( H, ) <H
2 m "
2 31—w)\V2H,)V1Gev \1GeV) ’ X = Hh

(6.162)

Let us now highlight several important remarks concerning our final result. First of all, we
should emphasize that the abundance of light DM vectors barely depends on the details of re-
heating, since for mx < Hy, and w € (—1/3,1), one finds 3/2 > 1+ 3w/(3 — 3w)\/mx/Hyn.
In this case, the current relic density of dark vectors is sensitive only to the mass of DM species
and the inflationary scale H,. Intuitively one can understand this result as follows, the en-
ergy density of DM vectors is dominated by the k, modes, which cross the Hubble horizon
after reheating, during the RD era (see Fig. 6.4 right-panel). Hence, the dependence on the
non-standard cosmological evolution during reheating is less significant for such modes, and
one gets the same results as for instantaneous reheating. In particular, we should stress that
our findings for light DM are consistent with Ref. [169], where an instantaneous transition
from the inflationary to the radiation-dominated period was assumed. On the other hand,
from the above expressions, one infers that the abundance of heavy DM vectors strongly
depends on the physics of reheating through v and w. In particular, we observe that for the
matter-dominated reheating, i.e.,w = 0, the predicted value of Q%P h? does not depend on DM
mass, provided that mx € (y?H,, H,). In this case, our result agrees with Refs. [173, 435],
where a non-instantaneous phase of reheating with a matter dominated (w=0) Universe was
considered. Let us also stress that the power-law dependence of Qgéph2 on w implies that for
a stiff equation-of-state parameter and a given DM mass mx a lower value of H, is needed
to saturate the observed value of DM abundance.

In Fig. 6.7, we show the parameter space in the H, — mx plane, which is consistent with
the observed DM abundance (solid curves), i.e., Q¢Fh? = Q255 A2, and gives 10% of the relic
density (dashed curves), i.e., Q§F h% = 0.1 x Q23 h2, for four choices of the reheating efficiency
v =10"11072,107°, and 1071°, and various values of w € {—1/4,-1/6,0,1/3,2/3}. The
hatched gray region corresponding to H, > 4.4 x10'3 GeV is excluded by the Planck satellite
at 95% C.L. [13], see the discussion around Eq.(3.105). The correct abundance is produced
for light DM vectors for mx ~4x1071% (4.4x10'3 GeV/H,)* GeV. Our numerical results
confirm that the impact of non-standard reheating is negligible for DM species with mass be-
low H,,. However, non-instantaneous reheating characterized by a generic equation of state
w significantly affects the relic abundance of heavy vectors. Furthermore, for the efficient re-
heating, e.g., v = 10~!, the GP production of DM vectors provides the observed relic density
for spin-1 particles with mass mx ~[107!4,10%) GeV for H. ~[10'*,10%] GeV, respectively.
On the other hand, we see that for v = 107!, vectors with mass my ~[10714,10'?] GeV can
account for the total observed DM abundance provided that the inflationary scale is in the
range H, ~ [1014, 10%] GeV. Therefore, one concludes that there is a wide range of parameter
space within which gravitationally produced massive spin-1 species can serve as viable DM
candidates.
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FIGURE 6.7: The value of the Hubble rate at the end inflation H,. as a function of the dark vector

mass mx that reproduces the observed relic abundance Q55 h? (solid curves) and 10% of the observed

density (dashed curves) for different values of the equation of state parameter w. In the pale blue

region, the mass of DM species exceeds the Hubble scale H. Eq.(3.105), whereas the hatched gray
region is excluded by the Planck satellite at 95% C.L. [13].

6.7 Perturbative DM production

Apart from purely gravitational production originating in cosmic inflation, two additional pri-
mordial sources of dark species could be considered irreducible. Namely, DM particles might
also be created perturbatively in the process of gravitational scattering, invoking the graviton
exchange. Such interactions emerge from the graviton h,, coupling to the energy-momentum
tensors of matter fields T"” associated with the visible, dark, or other hidden sectors. In
the simplest scenario considered in this thesis, dark vectors are created non-thermally in the
classical background of the inflaton field (such processes have been discussed in Sec.(4.3) as
a source of gravitational reheating) and thermally due to the gravitational freeze-in of SM
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quanta. Both mechanisms are universal and unavoidable, providing, together with the GP
mechanism, the ultimate lower bound on the abundance of dark species. Since the amplitude
of gravitational scattering is suppressed by the second power of the Planck mass, efficient
particle production might only occur at the highest available energy scales, which can partly
compensate for the weakness of gravitational interactions.

It is worth noting that the discussion of gravitational scattering is typically developed in
the so-called Boltzmann approach [446], based on the solution of the Boltzmann equation,
obtained in the framework of quantum field theory (QFT) in flat spacetime. This approach
is justified after the end of inflation when the timescale of interactions is typically much
shorter than the timescale of expansion, such that one can adopt a Minkowskian geometry.
In particular, the perturbative analysis of gravitational scattering is applicable when the scale
factor is a power-law function of time ¢. Hence, such treatment cannot be justified during
cosmic inflation, when a grows exponentially with time. This assumption, together with a
prerequisite for the existence of a universal and time-independent vacuum state, distinguish
this mechanism from the GP particle production discussed earlier. In particular, these two
processes have distinct natures and are active in slightly different moments. Moreover, to
some extent, they are independent of each other, and we will discuss them in this way.

6.7.1 Inflaton-induced gravitational DM production

We start with a description of the IG mechanism of particle production in the early, but
post-inflationary Universe.

Gravitational DM production from the inflaton field involves indirect interactions of ¢ with
dark fields, mediated by the single graviton exchange in the s-channel. Such processes emerge
from the following Lagrangian density:

nv

h
£¢X D)

v 18, + T3] (6.163)

containing the contraction of A*” with the stress tensor of the inflaton T, l‘fy Eq.(4.10), and
the energy-momentum tensor of the dark sector Tlff,, which for the spin-1 massive DM can-
didate takes the form Eq.(6.73). Hence, the diagram responsible for dark matter production
arises at a dimension-6 level and is proportional to MFTIQ. Although the Planck suppression
significantly reduces the strength of gravitational interactions, the energy density accumu-
lated in the inflaton field is so high, especially at the commencement of reheating, that it
can counterpoise the Planck damping. As we have already stressed, this mechanism strongly
resembles gravitational reheating, discussed in Sec.(4.2.3). The only fundamental difference
between these two is the nature of particles in the final states, i.e., the latter case ¢ transfers
its energy into the SM sector. Moreover, in the presented analysis, we always include the
mass of dark fields, which, as we will see, leads to non-trivial mass effects.

The production rate

To investigate DM gravitational production in the background of the inflaton field, we adopt
the Boltzmann approach [446], in which the following equation describes the dynamics of the
dark sector:

nx +3Hnx :R¢X. (6.164)
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The production rate of spin-1 dark particles takes the form

2 pi 912 < 4m3 mi ) 4m3
Ryx = — PR (1— +12 1- —X, (6.165)
oX 7 8 M, k; & (kw)? (kw)? (hw)?2

where we have used Eq.(4.70) with |/\/l((;lXX|2 given by Eq.(4.58).

Let us recall that the inflaton frequency w Eq.(4.89) is, in the general case, a function of
the scale factor, and only for a matter-like equation of state, i.e., w = 0 (n = 1), is time-
independent. Moreover, we should also stress that the 73,%" coefficients decrease with k.
Consequently, the sum Z,JP,%"P quickly converges. For the quadratic inflaton potential,
Eq. (6.165) simplifies as follows,

2
wz0 2P ¢( i (6.166)

Rox = Togr 0,

where we have used the fact that for w = 0, the only non-zero Fourier coefficient is P2 = 1/4,
so that from the summation factor in Eq.(6.165) one gets >_,|PZ"|>= 1/16. In this case,
the source term receives time dependence only through ps. On the other hand, if w # 0,
the production rate Ryx also has another source of time-dependency, namely, the frequency
w. For light DM vectors, the dependency of Ryy on w is quite mild; hence, the rate of
DM production is expected to be the highest at the onset of the reheating phase, when py
is the largest. Note that the time-independence of w for w = 0 implies the existence of a
standard constant mass threshold, i.e., mx <mg, during the whole period of reheating. This
means that DM vectors with masses exceeding the effective mass of the ¢ field cannot be
produced from the inflaton background. Contrarily, for w # 0, there are typically infinitely
many non-zero coefficients 77,3" contributing to the source term. Hence, in such a case, one
cannot define a threshold in an ordinary sense since higher harmonics might compensate
for the smallness of w. In particular, by increasing the value of the denominator in the
phase-space factor /1 — (my/kw)?, we circumvent the standard kinematical suppression.
However, one should also take into account the fact that Ry x receives quasi-exponential sup-
pression coming from the Fourier coefficients 77,%” accounting for higher harmonics. It turns
out that the main contribution to the Ryx term comes from the first non-zero harmonic kmpiy.

Since, for w > 0 (n>1), the frequency w drops with time, the mass threshold for a given har-
monics also decreases during reheating. Therefore, the production of DM vectors with mass
in the range my € [kmin We/2, kmin wrh/2] might be kinematically terminated at some point
during reheating. Contrarily, for w < 0 (n < 1), one observes a growth of the inflaton fre-
quency during reheating. This fact does not have a direct impact on the gravitational creation
of light DM vectors, i.e., with mass mx < kminwe, since in this case, the evolution of Rgx
is mainly driven by pgs. On the other hand, the increase of w has pronounced consequences
for heavy DM vectors. Namely, even if their production was kinematically disfavoured at the
onset of reheating, at some point during reheating, kpinw(a) could exceed 2mx, allowing DM
vectors to be gravitationally pair produced from the lowest harmonic of the inflaton field.
Such behavior is observed for heavy dark vectors, with mass mx € [kmin We/2, kmin wrh/2),
for which the source term is maximized at the scale factor ax when kppnw(ax) ~ 2mx. It
is instructive to find an analytic expression for ax. From the definition: kpinw(ax) = 2myx,
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one gets
2 — =
{ i J oW <0,
aX == ae we (6.167)
1, w >0
In the above formula, we have used the ‘floor’ function |- --|, defined as
1, =<1,
x| = - 6.168
L] {ZE, x> 1. ( )
10° o L, ] The relation (6.167) explicitly demonstrates
L0 | L that the maximum of R,x might not
| | W/ 26107 necessarily coincide with the maximum of
1074} j — we/mx ~6-107° | ps.
107%; !
108 | This effect is shown in Fig. (6.8), where
> we have plotted the evolution of the
~ —
oS 107" 1 Sy = a’Ryx/H? term as a function of
10-12L = a for light (orange curve), ie., myxy <
Lo S we/2, and heavy DM vectors (purple and
1 green curves), i.e., myxy € [we/2,wm/2].
10719} == w(@) =2mx The orange curve reaches a peak at the
jgrelsees 2wla)=2may onset of reheating, whereas the purple

1 5 10 15 20
’ ? and green curves are peaked at a =

Logla/a.] ax. One observes that for w < 0,

FIGURE 6.8: The evolution of the S, = the gradual growth of w might provide

a*Ryx/H? term normalized to its initial value Sél) the phase for the production of heavy
as a function of the scale factor for w = —0.2. DM vectors before the end of reheat-
ing.

Relic abundance of DM vectors produced via the IG mechanism

Now, let us come back to the Boltzmann equation Eq. (6.164), which determines the number
density of DM species produced gravitationally in the inflaton background, i.e.,

1o @l i
nx() = — /a i iy Rox (@), (6.169)
The comoving number density,
Nx = nx(a)d®, (6.170)

approaches a constant limit around the end of reheating, which results from the fact that
shortly after this moment, ¢ is significantly depleted, and hence, the contribution from py
to the total energy budget becomes negligible. Consequently, the number density of DM
particles at the present epoch can be approximated by the solution of (6.169) with the upper
limit of the integral taken as a = a,,. Inserting solutions for H(a) Eq.(6.7) and py(a) (3.63),
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one finds

3(143w) 3(1+3w):|

nx(ag) =~ 61+3 3 Z| 2n|< ) 2 (2)3{1—@;{1) 2

Note that we have neglected the phase space factor m3 /(kw)? in the above solution. More-
over, we have also assumed that the comoving number density of DM species is conserved
after the end of reheating, i.e., Nx(amn) ~ Nx(ao).

(6.171)

Let us stress that for w > —1/3 (n > 1/2), the second factor in the squared bracket in
Eq. (6.171) is subdominant, i.e., (ax/am)*3+3%)/2 < 1. Thus, utilizing Eq. (6.167), one can
recast the above solution as

(o) = HY = ;i PR (%) il

1, 0>0.

(6.172)

Using Eq. (6.156), one estimates the present amount of DM vectors produced gravitationally
from the inflaton field as

143w

1/ 3 We 2w -
QIGh2 3 1 290 H3 mx so I 11+w Z‘P%‘Q [me—‘ b
167'(' 1+3w \« Gxp,rh MP] Pec 1 w>0

(6.173)

Note that in the above expression, we have used the entropy conservation after the end of
reheating, i.e., s;n/s(ag) =~ a3 /a3, and utilized Eq. (6.160).

Let us take a closer look at the above formula. In particular, one finds that for w = —0.2
(n=2/3), the "floor’ function for heavy DM vectors simplifies as we/(2mx). This, in turn,
results in a very peculiar behavior of Qg?h? Namely, in this case, the predicted abundance of
vector DM particles with mass in the range w, <2mx Swyy does not depend on mx. More-
over, one notices that QIXG h? is insensitive to the evolution of thermal bath but depends on the
duration of the reheating period through ~. Since for non-instantaneous reheating v < 1, the
predicted DM relic density is suppressed by the reheating efficiency parameter for w < 1/3
(n < 2). On the other hand, for a stiff inflaton equation of state w > 1/3 (n > 2), one observes
the enhancement of Qg?hQ, since, in this case, the slope of the v dependence on w changes
its sign, and y% > 1. Finally, for a radiation-like equation of state w = 1/3 (n = 2), the
amount of DM vectors produced gravitationally from the inflaton field is independent of the
reheating dynamics while being only a function of the Hubble scale at the end of inflation.
In other words, the present abundance of DM species in this scenario is determined solely
by their mass and the initial energy density accumulated in the inflaton field at the onset of
reheating. Therefore, in this case, one expects that there exists a unique limit on DM mass,
above which the predicted abundance of dark species Q§h2 exceeds the observed relic density
Q9hs h2. Similar behavior has been established by the authors of Ref.[203] in the case of spin-0
DM species. In general, comparing the predicted value of Ql)g}h2 for a given myx and two
choices of the inflaton equation of state w; < wa, the reheating efficiency parameter v must
be smaller for a stiffer barotropic parameter to match with the observed DM relic abundance.

Figure (6.9) illustrates the region in the H, — mx parameter space for which the amount
of dark vectors produced via the IG mechanism saturates the observed abundance Q%bl\s/[hQ.
Solid color curves correspond to QFh? = Qa2 while in the region above (below), the
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FIGURE 6.9: The value of the Hubble rate at the end inflation H,. as a function of the dark vector

mass myx that saturates the observed relic abundance Q55 h? (solid curves) and 10% of the observed

density (dashed curves) assuming DM production only through the IG mechanism. In the pale blue

region, the mass of DM species exceeds the Hubble scale H. Eq.(3.105), whereas the hatched gray
region is excluded by the Planck satellite at 95% C.L. [13].

predicated abundance overproduced (underestimates) the DM relic density. Different panels
are for different reheating efficiency, as specified in the lower right corner of each figure.
Our numerical results warrant that decreasing 7 leads to a shrinkage (an enlargement) of
the allowed parameter space for w < 1/3 (w > 1/3). One also observes that the position of
the green curves remains unchanged with varying the value of v, demonstrating that for this
choice of w, the produced amount of DM vectors does not depend on the reheating efficiency.
For all considered values of w we see that for light vectors, i.e., my < we, a smaller H, is
needed to match QOD?@[hQ for heavier species. Moreover, the —1/4 and —1/6 curves change
their slope around mx ~ w. (dashed diagonal lines) as a result of the kinematic effects
discussed above.
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6.7.2 Gravitational freeze-in from thermal bath

Gravitational freeze-in is a universal phenomenon describing the annihilation of the SM de-
grees of freedom into the pairs of DM particles. Indirect interactions between the visible
and dark sectors arise through the coupling of the graviton h*" to the energy-momentum
tensor of the SM and DM fields. Massive dark vectors can be created gravitationally from
SM scalars, fermions, and vectors, and the amplitude of such processes depends on the spin
of SM particles. Let us emphasize that the SM quanta are assumed to be in thermal equilib-
rium. Hence, one anticipates that the abundance of DM vectors, in this scenario, should be
sensitive to the thermal history of the Universe.

Furthermore, it should be stressed that the description of the SMG processes, as opposed to
the IG production, can be performed in a standard QFT framework. Namely, gravitational
freeze-in can be considered a purely quantum process in which the initial state |i) comprises
quantum fields representing SM species. Therefore, the collision term Ssy pa, accounting for
DM production from the thermal bath, can be computed in a standard way. This subsection
presents the final results of the multi-stage analysis performed in Appendix (C).

Production rates

The following Boltzmann equation governs the dynamics of dark vectors produced via the
gravitational freeze-in:

dNX a2 CL2 ~
da ESSMDM = ﬁ“gf (1V]) x X by —SM SM (6.174)

where Nx is the comoving number density of DM species (6.170).
The source term is defined as

_ (=2 2
Ssmpwm = (nx — nX)<O'|U‘>XX—>hW—>SMSM7 (6.175)
where equilibrium number density of dark vector X, the zero chemical potential is given by

fix o %Qm%(TKQ (”Zf) : (6.176)

where Ko(x) is the modified Bessel function of the second kind.
Note that in Eq. (6.174) we have assumed that n% > n%. The adopted simplification follows
from the fact that DM vectors having only gravitational interactions with the SM sector
are not in equilibrium with the thermal bath. It results from the fact that gravitational
interactions suppressed by the Planck mass scale are so weak that the interaction efficiency
(o]v|)nx/H < 1, indicating a lack of equilibrium among the dark sector.

The thermally averaged cross-section (o|v|) xx—sn,,—ssmsm for the gravitational DM-SM
interactions can be calculated from the standard formula ? [447],

2, +1)2 T 0 s
(o|v))iisrr = (ZT_LZZ)327r4 ngnax ds \/s5(s — 4m?) oy rr(s) K1 (}[) , (6.177)
where 0;;_,pp is the cross-section averaged over possible spin states of the DM particles in
the initial state ¢ and summed over spins of the SM particles in the final state f, J; denotes

the spin of the initial states, whereas mmyax = max(m;, mp), with m; (mpg) being the mass

2Note that for convenience we compute here the thermally-averaged cross-section describing the annihilation
of DM particles into the SM species. However, the result remains the same if one considers the production
process, i.e., the pair-annihilation of SM quanta into dark particles.
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of particles in the initial (final) state.

The SMG production of spin-1 dark particles occurs though the following four channels:

L1 ysdm {2 (84mY + 68m% s +195?)
OXX—h v—hih; — & mh mx mxs S
2 9 480ms* MY, [T~ g

— Zm%is(Gm?X + 5)(2m% + 7s) 4 352 (6m% + 2m% s + 32)} , (6.178)

1 ,/s4m%,(1_4m?p>2

1
O-XX—)h,,,y—Ni’\If = 69607{'82MI§1

m3 (84m§( + 68m3s + 1952)

s — 4m5 §
+5(48m% + 56m% s + 1332)} : (6.179)
1 s — 4m%,
TX X shpy VY = §4807r33M =y [m (504m% + 408m% s + 1145?)

+ mi (408m’ s + 536mA s + 1185%) 4 114m’ 8% 4 118m% s® + 2957

(6.180)

1 48m% +56mk s + 13s?

1

s(s —4m%)

accounting for the annihilation of SM scalars, fermions, massive and massless vectors, respec-

tiveﬁ: the limit mgy — 0, the corresponding thermally-averaged cross-sections are given by
(vl x it = 3297r4 1207];]\4;%1 m%(TQ {3”(”} )+ 2K2( >) [1 + 4(75)( )2
+ 475)(1(1( = )KQ( = )} (6.182)
(olv]) x xShpsv0 = 329774 9O7r1M§1 m%f“z {lle(W; ) + Kz( T ) {9 + 26(73;()2:
+ 13—K1( )Kg( - )} (6.183)
(Tl XXy = 3297r4 1:357:;’1\4;1,1 ﬁ%fﬁ {HKl( T o)+ KQ( T Y) [9 N 26<mTXﬂ
+ 1311(1( = )K2< = )} (6.184)

Contrarily, if masses of SM species are not negligible, i.e., mgy # 0, the integral over s in
Eq. (6.177) must be performed numerically, see [2].

The source term Ssnpa, in general, can be written as a sum of four contributions:
SsmpM = Np;Spin; + NuSgg + NvSyv + NySyq, (6.185)

where we have separated contributions from SM scalars, fermions, and massive and massless
vectors. Above, Ngy denotes the number of SM species of a given spin, i.e., IV}, = 4 for four
real components of the Higgs doublet, Ny = 45 for six (anti)quarks with three colors (36),
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three charged (anti)lepton (6) and three left-handed neutrinos, Ny = 3 for three electroweak
massive gauge bosons, N, = 9 for eight gluons and one photon.

Note that in the non-relativistic (NR) limit, i.e., mx > T, and for mgy — 0, the source
terms behaves as

NR BSNI\}/}SM my \* 3 —2mx /T
SsMsm = SsmsM ~ ot \ ) maTTe T, (6.186)
S Pl
with
3
NR _ NR _ NR _
Bhihi == E, B‘i/\ll == ]., Bﬂm, = 2. (6187)

In the relativistic (R) limit myx < T', the Sgpsm term can be approximated as

A
SgiMSM = SsMsum = 32?@ SM SM > (6.188)
mx<T Pl
with
12 52 104
R _ R _ R _
Brin =% Byw =% By, =& (6.189)

The asymptotic behavior of the source term implies that efficient freeze-in DM production
occurs only when the temperature of the thermal bath exceeds the mass of DM vectors. In
particular, the production of DM vectors with mass mx > Thax is exponentially suppressed.

Based on the above discussion, it can be concluded that the SMG processes are an example
of the ultraviolet (UV) freeze-in mechanism, in which the abundance of DM species is highly
sensitive to the initial conditions. In particular, one observes a strong dependence of the
source term S?M gv on T', namely Sg‘M oM X T8. Such behavior indicates that the efficiency
of this process depends not only on the maximal temperature of the thermal bath but also on
its evolution in time. As a result, the amount of dark species produced via this mechanism
should be determined predominantly by the dynamics of the SM sector at the highest energy
scales. Hence, one expects that the present abundance of DM particles might be sensitive
to the course of reheating if the transition from the inflationary to the RD epoch was not
instantaneous. On the other hand, in the scenario with instantaneous reheating, it might
depend solely on the reheating temperature.

6.7.3 Present abundance of DM vectors produced from the thermal bath

The efficiency of the gravitational freeze-in production is determined by the relation between
the thermal bath temperature T and the mass of DM vectors mx. In particular, we consider
the following three regimes:

1. Heavy vectors, with mass T.x S mx
Such species have never become relativistic so that the source term Sgy v could be
approximated by Sé\ll\l/} gm- Hence, dropping post-reheating contribution to the freeze-in
DM production, the present value of the comoving number density can be found from
the following formula:

BNR mx 4mX _304®w)  rarn 743w _
Nx(ag) ~ 334;41\4 <Mm> 7o 2 /a daa 2 Tiy(a)e™2mx/Tru@ (6.190)
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where the evolution of Try(a) is described by (6.10).
After some straightforward but tedious computations, one obtains

4
T ~ ——, < (b —3w)/2,
Nx(ao) ~ T3 Birisu mx ! &6_2mX/Trha3 1 2PF +3w+3 B <A )/
‘ > Br > (5 —3w)/2.
(6.191)
with
_1_ (ﬁF B I ) 5
~ 27 3(4e) | < — 30 7
Toh = T {7 \ P < / (6.192)
v 30F9), Br > (5 — 3w)/2.

Using the fact that nx(ag) = Nx(ag)/ad together with (6.9) and (6.160), one finds the
following formula for the relic abundance of heavy DM vectors:

5/4

SMG 12 _ 90 / Bintsu ((mx \*mxMpHe 50 E= IR
Qxmh”™ = | = 1 h 1w h

’ T2 Gus,rh 12874 \ Mpy Pe (MpH.)3/

4 __4Bp
~ ————— 30w fBp < (5 —3w)/2,
w e~ 2mx /T | 28rp + 3w +3 ( )/ (6.193)
1 o__16
572 sitw), Br > (5 — 3w)/2.

. Vectors with intermediate mass mx € (Tin, Trax)

Dark vectors with mass in the range mx € (Ti, Tmax) becomes non-relativistic during
reheating when the temperature of the thermal bath drops below their mass. This
happens at ang, such that T'(axr) ~ mx. Using (6.10), one finds

8

28p+3(1+w) — 3w

aNR — arh X (Trh/mX) F ) /BF < 5(1 3w)/27 (6194)
Trh/mx, OF >5(1—3U7)/2.

Hence, the present comoving number density can be approximated by the sum of two
integrals:

3(1+@)

BR 1 ai 2 aANR 743w
Nx(a0) = Nx(am) & S5 #m [ da o™ 0 a)
Pl e Jac
| Bilisu (mX>4 my —H3e /arh da a7 Ty (a)e~2mx/Tan(@)
32774 MP] He c aNR RH .

(6.195)

Neglecting the exponentially suppressed contribution from the second term, one obtains

12(1-w)—168p

Z2043) /oy \ DEpEsEe) | A gk _
m vt (mr;) 28p+3(1+@) — 3+0) |, Bp < 5(1_3w)/2,

mx

X 3(3+w) s _a39
3@2_7 [(Trh) 2 7—21%@ _,Y?,(Hw)] , Br > 5(1 — 3w)/2.

(6.196)
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Therefore, the relic abundance of dark vectors with intermediate mass can be found
from the following formula:

9/4
SMGp,2 _ Bivigu (90 ~Tre 50 mx h?
X.(0) 12875 \ 72g, m (Mp1He)? pe

12(1—-@)— 168

2 Z2@43) p N SELEEATE) 4 SPE _
30=0)—48p v IF® (ﬁ) 2Bp+3(1+w) — 3+9) | AR < 5(1 _ 3w>/27
X 3(3+) i
T, 23+ S _
31172—7 [(m;) ’ v _73(1+w)‘| ) /BF > 5(1 —3w)/2

(6.197)

3. Light vectors mx < Ty,
In this case, the solution to the Boltzmann equation can be separated into the following
three relevant contributions:

_ 3(14w)

BE, 1 a. 2 arh 7430
N ~ PsMsm e / da o222 8
X(GO) 3975 Mf’ll H, a aa RH(a)
AR 2(1—3w) ~
1 3(1+w) aNR
+ —SMSM il / da a* TPs{D(a)
a

5 4 2
32m> H.Mp, a; "

2(1-3w)
BYEo, (mx \*myy SOH perme o
d T mx/TRD(a)' 6.198
" Taom (MP1> H. a2 /aNR ad Tip(a)e (6.198)

The first term, in the above expression, accounts for the gravitational freeze-in dur-
ing reheating, the second describes production in the relativistic regime during the
radiation-dominated epoch, whereas the last one is responsible for the gravitation pro-
ducation of non-relativistic dark vectors during the RD era. Note that axg corresponds
to the scale factor, at which Trp(angr) = mx, and can be calaculated from the following
expression:

~ S S, Th Jxs,rh 1/4
aNR = Q. 30+m) & ( = ) ) 6.199
NR = G mx \ gss(T(anr)) ( )

The main contribution to Nx (ap) comes from the first integral, and is given by

B& T8
Nx(ap) ~ 7334;51\4 Hejr\zél a?

9 —2(3+w) _4__8PF -
3(0-0)—4pr [7 e = 3“*“”] , Br <5(1—-3w)/2,
XY o [ _gsim 5 (6.200)
307 [7 T — 73“*’“} ; Br > 5(1 — 3w)/2.
Consequently, we arrive at the following expression for relic abundance
9/4 )
Qi_l\/{l();hQ _ BSRMSM 90 914;751%“ S0 mng’ h2
’ 12875 \ 72guprh (MpH, )32 p.
9 —2(3+@) _4_ _8BF B
30—a)—48r {7 o —v 3“*“”} , Br <5(1-3w)/2,
x (6.201)

34w 32
_2 7_21+g _73(1+w):|

T Br > 5(1 —3w)/2.
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Note that the above formula for Qil\/{l();}g resembles the expression for Q_%(N%i();h? The only
12(1—@)—168f

difference between these two is the appearance of the suppression factor (%) 2Pprstite)

Eq.(6.197).

in

In all discussed cases, Q%MGh2 exhibits a complicated dependence on the reheating effi-
ciency. To clarify the above results, let us consider two specific reheating scenarios, driven
by a massless scalars S and fermions ®. In this case, the coefficient Sr, parametrizing the
I'y—rr evolution Eq.(4.90), is given by s = —3w, and Sy = 3w, respectively. Hence, for the
bosonic reheating, i.e., triggered by ¢ — S interactions, one finds® that both Q‘%\/{S’m and
QSMGh2
X,(1)

provided that w < 1/5, whereas if w > 1/5 the predicted relic density is proportional to

o (15+30-88r)/(3+31) thyg, for a radiation-like equation-of-state one finds QiMGh2 x 2.

scale as o< 2. For the fermionic case, one finds the same scaling, i.e., Q%MGh2 x 73,

In Fig. (6.10), we present the relation between the inflationary Hubble scale H. and mass
of DM vectors mx for which gravitational freeze-in from the SM bath correctly predicts the
observed abundance of DM species. In the upper panel of these figures, we have adopted
the massless bosonic reheating scenario, controlled by ¢ — S5 interactions, whereas in the
lower panels, we have assumed that reheating is triggered by direct ¢ — ¥ interactions. One
can see that the gravitational freeze-in strongly depends on the parameter . For efficient
reheating, the range of viable DM masses is quite large. However, as v decreases, all curves
move toward larger values of H., and the allowed range in parameter space shrinks signifi-
cantly. It turns out that for v < 1073 SMG mechanism is almost not operative for any value
of w in the bosonic reheating scenario. The same conclusion was come by the authors of Ref.
[199] who considered only a matter-like reheating w = 0. However, we observe that in the
fermionic case for v < 1073, there is some mass window in which SMG can be considered
as a viable mechanism of DM production provided that ¢ has a stiff e.o.s parameter, i.e.,
w > 1/3, cf. right panel of Fig. (6.11). By comparing the position of different colored curves,
we see that in the bosonic reheating, for a given mass, the larger value of H. is needed for
a stiff inflaton e.o.s parameter (blue curve corresponding to n = 2/3). On the other hand,
a reversed ordering is observed for the fermionic case. Such behavior results from the fact
that B = —fy, hence only for w = 0, these two scenarios give the same result. For light
vectors, Q%/{SW is proportional to mx (6.201), hence, for heavier species smaller value of H,
is needed to saturate the observed abundance. On the other hand, for dark vectors with a
mass exceeding 7,1, the Hubble rate must be larger to counterbalance Boltzmann suppression.

Lastly, in Fig.(6.10), we compare our results for two choices of w, i.e., w = 0 (yellow curves),
and w = 1/3 (green curves), and two reheating scenarios, i.e., triggered by ¢ — SS (left
panel) and ¢ — A (right panel) interactions. These two figures show that the massless
bosonic and fermionic reheating scenario predictions are indistinguishable if ¢ has a matter-
like equation of state. On the other hand, these two models give very different results for
w = 1/3. In this case, one observed that the allowed parameter space is larger if reheating
is achieved by the inflaton coupling to fermions. Moreover, in this case, one observes weaker
dependence on the reheating efficiency parameter . Namely, in the bosonic case, one ob-
serves that Q§(Mh2 o 73 for both considered values of w. On the other hand, in the fermionic
scenario one gets the same scaling for a matter-like e.o.s, whereas for w = 1/3, Q§(Mh2 x 2.

3To obtain this result, one should use the first line of Eq. (6.197) and Eq. (6.201), i.e., the 7 < 5(1—3w)/2
case, and neglected the second factor in the square bracket.
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FIGURE 6.10: The value of the Hubble rate at the end inflation H, as a function of the dark vector

mass mx that saturates the observed relic abundance Q¢h5h? (solid curves) and 10% of the observed

density (dashed curves) assuming DM production only through the gravitational freeze-in from the

thermal bath. In the upper (lower) panels, the bosonic (fermionic) reheating scenario is adopted. The
hatched gray region is excluded by the Planck satellite at 95% C.L. [13].

6.8 Final results and discussion

So far, we have discussed each production mechanism separately. For each considered process,
we have derived approximate formulas which allow us to calculate the predicted abundance
of dark vectors as a function of three parameters v, H., and myx. Now let us combine our
findings, accounting for all gravitational production channels for the two most established
reheating scenarios, i.e., for a matter-like and radiation-like equation of states.

Dark vectors with mass smaller than the inflationary scale H. are dominantly produced
via the GP mechanism, cf. Fig.(6.12). Considering the CMB constraints on the Hubble scale
at the end of inflation, we see that vectors as light as ~ 10'3 GeV can be created gravita-
tionally due to non-adiabatic expansion of the Universe during inflation. To understand this
observation quantitatively, let us compare expressions for the final abundance of dark vectors.
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FIGURE 6.11: Comparison between bosonic (left panel) and fermionic (right panel) cases.

Utilizing Eq.(6.201) and (6.173) and neglecting numerical factors, one finds

leghz _o 146w
G v e, (6.202)
QXI\,/{D h?

in the bosonic reheating scenario for w > 0, and fermionic case for w € [0,1/5). Note that
the exponent —2%12% is negative for w > —1/6. Since v < 1, it implies the thermal freeze-in
DM production is inefficient in such cases. Similarly, for w > 1/5 in the fermionic scenario,

one obtains

le()h? _4+L1‘1
e~y TR (6.203)
Q X%) h?
The exponent —4 + % for Br < 3(1 — 3w) and w > 1/5 is always negative, which leads

to the similar conclusion as above.
In addition, from Eqgs.(6.161) and (6.173), and for w > 0, one finds

OGP h2 ( H. )hiﬁ
QP2 ’

(6.204)

mx

where we have neglected numerical factors of order one. Note that the above result is inde-
pendent of the reheating efficiency . For w € [0,1), the index (1 — w)/(1 4+ w) is always
positive, which implies that for mx < H. the GP process is the main source of particle
production. The GP and IP mechanisms might provide a comparable contribution to the
abundance of dark vectors only in a narrow window, i.e., when mx ~ H..

Since the inflaton mass, or more precisely the energy kmninwe of the oscillating modes, is
naturally of the order of H., DM vectors with a mass exceeding H. cannot be abundantly
produced in the inflaton background. However, dark vectors with a mass in the range H,, Tiax
can still be created gravitationally from the thermal bath. However, this process, in contrast
with non-thermal production mechanisms, is susceptible to the v parameter, which controls
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the temperature of the thermal bath, and, thus, the efficiency of SMG. From Fig.(6.12),
we see that thermal freeze-in significantly enlarges the allowed parameter space provided
that v > 10~!'. For prolonged reheating, the contribution from SMG to the total DM relic
abundance is less relevant, and for v ~ 1074, it can be neglected in both considered scenarios.

Another important conclusion is that stable spin-1 massive particles are, in general, copi-
ously created in the primordial Universe, even if they do not have any other interactions with
other species. Namely, there is a large region in the H, — mx parameter space (colored part
of Fig.(6.12)), where purely gravitational processes inevitably overestimate the observed DM
relic density. Similar conclusions also apply to stable scalars, as pointed out in Ref. [448, 449]

As a final remark, let us comment on the observational prospects of the purely gravita-
tional DM. In principle, one could consider two possibilities. The first one is much more
optimistic - dark species might have other interactions that do not participate in its creation.
In this case, one expects that DM species might variously manifest its presence, including
direct detection in ongoing and planned experiments. However, it is not the case considered
in this thesis. The second option is significantly more poignant and pessimistic. Namely, DM
particles might be stable due to the imposed discrete Zo symmetry and have only gravita-
tional interactions with themselves and the visible sector. In such a case, detecting purely
gravitational dark species in laboratory experiments is rather unlikely. However, it is not
necessary for dark matter to be absolutely stable as long as its lifetime is longer than the age
of the Universe. A small mixing between dark vectors and the SM photons can be allowed
through dark Ux(1) kinetic mixing with the SM hypercharge Uy (1), i.e., ¢/2B"X,,,, with
By, being the field strength for the SM Uy (1) gauge boson B,. If the mixing parameter e
is very small, dark vectors remain stable over the timescales of the Universe’s age, and there
is a possibility of direct detection [169]. In addition, a cosmological signature of DM might
involve a generation of non-Gaussianity in the curvature perturbations, provided that there
exists a small direct coupling between dark species and the inflaton [186, 187]. Finally, let us
stress that although the observed blue-tilted spectrum of vector DM suppresses isocurvature
perturbations, it can enhance the formation of primordial black holes, which could potentially
be tested in the future [450].
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FIGURE 6.12: The H, —mx parameter space for which gravitational processes lead to overproduction
(colored regions) and underestimates the present DM abundance (white part). Here we have included
all considered production mechanisms, i.e., purely gravitational production (GP), production from
the inflaton field (IG), and gravitational freeze-in (SMG). Solid colored curves present the relation
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saturates Q235 h2. In the blue region, DM vectors are solely produced by the IG and SMG mechanisms.
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Chapter 7

Concluding remarks

This thesis is not about dark matter in the early Universe. Instead, it is about dark matter
and the early Universe. These two play an equally important role in this work and are intri-
cately coupled with each other. In particular, understanding the evolution of the dark sector
requires a thorough understanding of the role of the early-Universe dynamics in dark matter
production.

In this work, we have applied Occam’s razor by considering the simplest possible scenario for
the dark sector. Namely, we have assumed that it is comprised of spin-1 massive particles
having only gravitational interactions with the visible or hidden sectors. Such a model is
well motivated by the observations and appears as a relatively natural explanation for the
DM puzzle. Interestingly, despite its undeniable simplicity and elegance, it also offers us an
incredibly rich phenomenology. Furthermore, this scenario can be regarded as truly universal,
unavoidable, and complementary to models of the primordial Universe.

The main goal of this thesis was to describe various phenomena of gravitational origin that
might contribute to the creation of DM species. In the purely gravitational DM scenario,
such processes might be most operative at the highest available energy scales, i.e., during
and after cosmic inflation. Hence, one should first specify the background dynamics to in-
vestigate DM production in the primordial Universe. We employ the a—attractor T model,
a viable cosmic inflation model consistent with the CMB constraints. In chapter (3), we
have provided a detailed description of the inflaton dynamics during the slow-roll and the
oscillatory phase, assuming that a monomial function can approximate the inflaton potential
after inflation. Furthermore, we have demonstrated that depending on its form quantities
characterizing the inflaton dynamics, such as its effective mass or the period of oscillations,
might become functions of time.

In chapter (4), we have included the effect of the inflaton interactions on its post-inflationary
dynamics. Namely, we have elaborated on several perturbative but non-instantaneous re-
heating scenarios induced by the direct inflaton coupling to the SM species and indirect
gravitational interactions mediated by massless graviton. In this part, we have developed a
framework that allows us to determine the energy transfer between the inflaton and the SM
sector, considering the semi-classical nature of the former. In particular, our analysis takes
into account that during reheating, the inflaton coherently oscillates around the minimum
of its potential. Then, it has been shown that the non-trivial, i.e., non-quadratic, inflaton
potential inevitably generates a time-dependence of the inflaton decay rate, which generally
takes a power-law form. We have presented a detailed analysis of this effect by obtaining ap-
proximate analytical solutions to the Boltzmann equations. Two different reheating scenarios
have been analyzed, i.e., the standard scenario in which the energy injection into the SM
sector is controlled by direct inflaton interactions with the visible sector, and the mixed sce-
nario where reheating is initiated by gravitational processes, while direct ¢ —SM interactions
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trigger its completion. Furthermore, we have described in detail the Higgs boson-induced
scenario, where reheating occurs due to cubic inflaton-Higgs coupling. Such interactions
generate the ¢- dependent mass term for the Higgs field, leading to a kinematical suppression
of the Higgs boson production. We have demonstrated that the inflaton-induced mass of
the daughter field can be another source of time-dependence of the inflaton decay width. A
comparison between the predictions of the massive scenario (taking into account the non-zero
Higgs mass) and the massless Higgs model (neglecting kinetic effects) was presented, indicat-
ing that considering the non-zero Higgs mass has an important impact on the dynamics of
the visible sector.

Then, in chapter (5), we have discussed the impact of the non-standard and non-instantaneous
reheating scenario on the propagation of primordial gravitational waves generated during cos-
mic inflation. Here, we have demonstrated that the presence of an early stiff era (before the
onset of the radiation-dominated phase) might significantly enhance the signal, leading to the
blue-tilted behavior of the PGWs spectrum. Furthermore, our results show that there might
be a possibility of probing inflaton couplings to the SM sector by measuring a signal from the
stochastic background gravitational waves of the inflationary origin. In particular, we have
shown that future gravitational wave detectors might be sensitive to the weak inflaton-SM
couplings, implying prolonged reheating.

Finally, in Chapter (6), we have utilized our findings to discuss the evolution of the dark
sector. Three different mechanisms of gravitational origin have been studied. Namely, purely
gravitational production in the expanding Universe as well as two perturbative processes in-
volving DM creation in the inflaton background and gravitational freeze-in from the SM bath.
We have demonstrated that a complete description of non-thermal DM production mecha-
nisms only requires specifying four parameters, i.e., its mass, the inflationary Hubble scale,
the equation of state of the Universe during reheating, and the reheating efficiency parameter.
On the other hand, to compute the amount of dark matter species created gravitationally
from the SM sector in addition one needs to know how time-evolution of the temperature,
which is determined by the form of the inflaton interactions and its potential. For each mech-
anism, we have found regions in the parameter space providing the observed relic abundance
of DM species assuming different reheating scenarios. In particular, it has been shown that
purely gravitational production of light vectors is insensitive to the details of reheating. How-
ever, determining the dynamics of the reheating phase is crucial for heavy dark vectors with
a mass exceeding the Hubble rate at the end of reheating. In this case, one gets very differ-
ent results depending on the adopted model. Similar conclusions also applied to gravitation
DM production from the inflaton field, which turns out to be independent of the details of
reheating only for the quartic inflaton potential. On the other hand, gravitational freeze-in
production strongly depends on the efficiency of reheating and becomes nonoperative in pro-
longed reheating models. Lastly, we have discussed the net effect of all these mechanisms,
showing that purely gravitational particle production dominantly produces DM vectors in a
vast mass range. In contrast, gravitational freeze-in might only be relevant for very heavy
dark vectors with a mass exceeding the Hubble rate at the end of inflation but below the
maximal temperature obtained by the thermal bath.

Now the time has come to encapsulate the title of this thesis. The role of gravitational
interactions during reheating and dark matter production cannot be overestimated. Namely,
gravity has manifested itself in at least three ways in this thesis. First and foremost, different
phenomena of gravitational origin have been demonstrated to serve as a viable mechanism
for dark matter production. It is worth emphasizing that this is not a single process that
leads to the population of the dark sectors. Instead, gravity is a source of various phenomena
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that might occur at slightly different moments of time and have different natures but act
coherently, such that the final abundance of dark species should be viewed as a net effect of
all of them. In addition, gravitational interactions might also be relevant in the reheating
process, initiating its onset. Hence, such interactions put the ultimate lower bound on re-
heating observables. Finally, gravity might also provide a tool to probe the early Universe,
as the spectrum of primordial gravitational waves might reflect the reheating dynamics.
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Parameter Symbol Value
Dark energy density Qa0 0.6889 +£ 0.0056
Matter density Qo 0.3111 4+ 0.0056
Baryon density Qo 0.0493 +£ 0.0006
Neutrino density Qo < 0.003
Spatial curvature 1% 0] <1074
Radiation density Qo (9.024+0.21) x 10°
Photon density Q0 (5.38 £0.15) x 10~°
Hubble constant Hy 67.74 £+ 0.46 kms~ Mpc—!
Critical density Perito | (8.62+0.12) x 10727 kgm 3
Entropy density S0 2970 cm >
Age of the Universe to 1.38 x 109 years
Matter-dark energy equality tmAe 1.02 x 109 years
Radiation-matter equality trm.e 5 x 104years
Scale factor at radiation-matter equality Arm.e ~29x10~*
Scale factor at matter-dark energy equality QrAe ~ 0.77
Redshift at radiation-matter equality Zrm.e ~ 3340
Redshift at matter-dark energy equality Zr Ae ~ 0.3

TABLE A.1l: Numerical values of the cosmological parameters [13].
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Appendix B

Phase-space distribution function

To statistically describe a gas of particles, let us introduce the phase-space distribution func-
tion f(Z,p,t), containing the information about the distribution of particles in the phase-
space {Z,p}. The distribution function can be related to the macroscopic properties of a gas
by summing over all particles” momentum states and weighting them by the corresponding
probabilities. To that end, let us treat a gas of particles as a quantum system. According
to Heisenberg’s uncertainty principle, the simultaneous measurement of the particle position
and momentum cannot be performed with arbitrary accuracy. Instead, in quantum mechan-
ics, particles can be localized within a volume V = h3 so that their density of states is 1/h3,
with h being the Planck constant. Furthermore, if a particle possesses g internal degrees of
freedom, e.g., the spin, then the density of states is g/h% (g/(27)? in natural units)[226].

The probability distribution to find a particle £ with position Z; and momentum p; at a
given moment of time ¢, i.e.,

9k
(2r)?

dp = dPry Ppi fr(Fr, Prrt),

where g; denotes the internal degrees of the species k.

Now let us restrict our attention to the homogeneous, i.e., position-independent, distribution
function. ! The macroscopic description of the species k can be described by the n—moment
of its phase-space distribution function, defined as

3
M"™(fy) == gk/é:)g(ﬁk)nfk(ﬁk)’ (B.1)

where we have left the time dependence of the distribution function implicit.
Specifically, the zeroth moment of f; defines the k particle number density [222]

3
ng = gk/é:)gfk(ﬁk)- (B.2)

The above expression can be then used to define the averaged value of a quantity Oy, i.e.,

d*pi > =
9k | 5235 Ok (D) 1. (P.) a3 o
- . )d%k > = & @ p)kg Ok (Pk) f1 (D) - (B.3)
i J s i (k) Nk @

(Ok)

Hence, the energy density of the species k can be related to the first moment of fj as [222]

—

pri= ) = o | 5P PRl (7). (B.4)

More generic treatment can be found, e.g., in Ref.[223].
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whereas the pressure is associated with second moment of f; through the following formula
[222]:

. ) P
Pei= i [ o g ot () ) (B.5)
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Appendix C

Boltzmann equation

The Boltzmann equation is a formal tool that allows us to investigate processes beyond the
thermal equilibrium, involving the creation or destruction of particles, decoupling, freeze-out,
freeze-in, etc. Hence, It is handy for tracking the evolution of particles whose distribution
starts to depart from equilibrium at some point.

The particle distribution might change for two reasons, i.e., due to the Universe’s expan-
sion and particle-number changing events. Interactions among different species would alter
the particle abundance only if the corresponding interaction rate I' is small compared to the
expansion rate H. Otherwise, if I' is high, i.e., I' > H, the equilibrium state is established
as interactions take place with equal probability in both directions, e.g., the A, B species
involved in the A <+ B process are produced with the same rate as a result of the B, A
destruction. In this case, the particle abundance dilutes only due to the expansion.

The Boltzmann equation formalizes the above remarks. It can be expressed as follows
[222, 451-453]

L{fx] = C[fx], (C.1)

where L[f;] is the Liouville operator, whereas C|[f] is the collision operator.
The covariant version of the Liouville operator is given by [222]

Ofk Ofk
L[fk] = p‘,ﬁ(f)fxz —FﬁpprZ 37]?’,; (C.2)
The symmetries of the FLRW metric constrain the form of the distribution function. Namely,

fr can only depend on the momentum magnitude |pi|= pk, and time ¢, i.e., fr = fx(pr, ).
Hence, in the spatially-flat FLRW metric, Eq.(C.2) can be recast as

Ofc G 50fk

L[fk] = Ekﬁ - apk@,

so that the Boltzmann equation (C.1) becomes

O f of  Clfi]
yr H(t)PkaTOk =5 (C.4)

C.1 Collisionless Boltzmann equation

Let us now focus on the collisionless Boltzmann equation,

Ofk e _

= —H®) Pigp = 0. (C.5)
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assuming that the collision operator C[fy] vanishes. In this case, the above equation describes
the evolution of fi in the expanding Universe when the species k does not interact with other
particles. By integrating Eq.(C.5) over all the possible momenta (in a quantum phase-space),
one finds

dpy O fr dpr  Ofk _
gk/ n) ot —ng(t)/ o) P ap, 0. (C.6)

The first integral can be written as a time derivative of the zeroth moment of f, see (B.2).
It is convenient to integrate the second term by parts, obtaining

dﬁk afk o dﬁk‘
/(277)3 pkaT% = —3/(27T)3fk7 (C.7)

where we have dropped the boundary term.
The collisionless Boltzmann equation becomes

ng + 3Hng = 0, —

= (C.8)

Note that the above formula reflects the fact that in the absence of interactions, the number
density of the species k remains conserved in a volume V o a®.

The evolution of the energy density of the interactionless species k is obtained in the same
manner. Namely, to that end one multiply Eq.(C.5) by the energy Ej and integrate over

momenta,

dpi_p. Ofk dpi O _
gk/ (2ﬂ)3Ek 9 ng(t)/ 3 PrEk o = 0. (C.9)

From the definition (B.4), one sees that the first term stands for the time derivative of the
energy density, while the second can be recast as

dp ] dp ;
/@i’;g,pkmaﬁ = —3/ D (Ek + %) fre = 3o + 1), (C.10)

(2m)?

where in the last equality we have used Eqs.(B.4) and (B.5).
Hence, in the absence of interactions, the evolution of the k species energy density follows
the following equation:

[ fx + 3H(1+ wy)pr, = 0,] (C.11)

with wy = pi/pr. The above version of the Boltzmann equation implies that the energy
density of matter, wy, = 0, redshifts as a~3, whereas the energy density of radiation,wy, = 1/3,
decreases as a4

C.2 Collision operator

The presence of the collision operator in Eq.(C.4) might non-trivially influence the evolution
of the distribution function. In particular, the number (or energy density) of a given species
k changes due to energy and momentum transfer via interactions with other species. All the
physics underlying these processes are encapsulated in the action of the C operator on the
phase-space distribution function fj.

The most general formula for the collision operator describing the evolution of the species k
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involved in the I — F interaction, where I(F) represents the initial (final) state composed of
one or more particles labeled by the index i(f), takes the following form [222, 451-453]:

clfl=t5s [ I [kl (WP f) = Mo Py £7)
x (2m)4s™ (Zp, pr), (C.12)
with
dil; = g (zj)fsz je{i,f). (C.13)

The overall plus sign corresponds to the k particle production, i.e., the species k belongs to
the final state, £ € F, whereas the minus sign holds for the k£ particle destruction, i.e., the
species k belongs to the initial state, k € .

Above S1(Sr) denotes the symmetrization factor, i.e.,

which accounts for identical particles in the initial (final) state. The mean of the amplitude
square, ‘MI(F)HF(I)‘% is averaged over the initial and final spin states, i.e.,

_ 11
|MI(F)—>F(I)|2E H **|MI )|2- (C.15)
iel,feF 9i 9f

The delta function enforces the energy-momentum conservation, and finally, the phase-space
factor is defined as

i) (fis fr) = £ficr) (L £ Friy) (C.16)

where the plus (minus) sign is for ®; (®¢), while f; and f; denote distribution functions for
the species in the initial and final states, respectively. Moreover, the + sign accounts for
the quantum effects, i.e., the Pauli blocking (plus sign) occurring for fermions and the Bose
enhancement (minus sign) concerning bosons.

In the remaining part, we assume the CP invariance in all considered reactions. In this

case, the matrix elements are the same for the I — F reaction and their inverses F — 1.
Hence, with the assumed CP invariance, Eq.(C.17) becomes

Clfe] =

SISF / ell—f[eF | A0y pidTy s f | Mo P (i fr)] (27) 16 (Zpl Zm)
(C.17)
with

Qip(fi, fr) = fi(L £ fr) — fr(1L £ f2). (C.18)
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Note that if all species in the initial and final states are in thermal equilibrium, their distri-
bution functions follow the equilibrium distribution

1
[ pr, T) = =T (C.19)
+1

where uj denotes the chemical potential of the species k, T' is the common temperature for
all particles in the equilibrium, whereas the + (—) sign is for fermions (bosons).

The vanishing of the C operator can serve as a tool to define different equilibrium states.
Namely,

o if C[f] = 0 for the number conserving processes, i.e., in which the number of all species
in the initial and final states are the same, the system is in kinetic equilibrium,;

o it C[fx] = 0 for the number changing interactions, i.e., in which the number of species
in the initial state is not the same as in the final state, the system is in chemical
equilibrium; in this case, in addition to the energy conservation, the chemical potential
conservation:

Z Hi = Z Hfs (C.20)

i€l fEF

also holds.

e thermal equilibrium prevails when both kinetic and chemical equilibrium are
present; it is characterized by the the detailed-balance equation:

T raxh= 11 059 (C.21)

i€l, feF i€l, feF

Finally, let us define the collision or source term

o dpr Clfx]
Rh—%/@ﬁ)m, (C.22)
and the energy gain
d3
& = gk/( pk) [fx], (C.23)

appearing on the r.h.s. of the number density (C.8) and energy density equations (C.11),
respectively.
C.3 Binary processes
In this thesis, we restrict our attention exclusively to the two body scattering:
1j < AB.

Let us consider the collision operator describing the production of the A particles, which for
the above interactions takes the following form:

CinAB Sz] SAB /dH dH dHB|Mz](—>AB| q)szB(27T) 45(4) (pi +Dpj —pPA — pB), (C.24)
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with
Qijas = [fifj(1 £ fa)(1 £ fB) — fafe(1 £ fi)(1 £ £;)]. (C.25)

We focus on the class of processes in which A species is produced from particles i, j comprising
thermal bath. In this case, their distribution functions f;, f; follows the equilibrium distribu-
tion (C.19), i.e., fi = f;* = f;*. Moreover, we assume that the chemical potential is negligible
and consider the low-energy limit of Eq.(C.19) so that i) the Fermi-Dirac and Bose-Einstein
distributions can be well approximated by the classical Maxwell-Boltzmann distribution,

eq _ B
e T (C.26)

and ii) and the quantum effects (Bose enhancement and Pauli blocking) are not relevant, i.e.,
1+ fi; = 1. Hence,

Dijap ~ f{Uf;4 = fafs = fi1 f5 — fafs, (C.27)

where in the second equality we have used Eq.(C.21).
Consequently, the collision operator (C.24) simplifies as

TEAR T g Sij SaAB
dIl; dfl; dil s
/ 9 9j . ’MUHAB| (f3 5 = fatfs)(@m)*6™ (pi +pj —pa —pB) . (C.28)
i j

The collision operator (C.22) of the A species can be written as

1
RA_SijSAB
dil; dil; dil, dil o
/g g gAA B|sz<—>AB\( — fafe)(@m) 6™ (pi + p; — pa —pB) . (C.29)
i 9j

Using the balance equation, one can recast the above expression as

Ra = (n4ng — nanp)(o|v]) AB—ij, (C.30)

where the thermally-averaged cross-section is defined as [454]

1
(o|v]) aB—ij = W
/ AL, dT,; X1 Tl Mg o 2 £ FS42m) 8 (pi + p; — pa — pB)
Szg SAB
(C.31)
where dII; = #L%Ej.
Hence,

nan
Ra = (1 — eqi) ning (|v]) aB—ij- (C.32)
nynNpg
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C.3.1 Thermally-averaged cross-section

Now let us compute the thermally-averaged cross-section defined in expression (C.31). Uti-
lizing Eq.(C.26), we get

1 1
nyng Sij Sap
/ dIl; dll; dlly dllp| Mapes|® (2m)'6" (pi +pj — pa — pp) e FATEIT
(C.33)

(o|v]) aB—ij =

The above integral can be expressed in terms of the spin-averaged annihilation cross-section

_ 11 Sij SAB / 2 4¢(4
o= —— 288 [T dI i22m)16W (i + p; — pa — C.34
O AB—ij 9A 9B 4F(pA,pB) i j‘MABH‘]‘ ( 7‘—) (pz +pj —pa pB) s ( )
where
F(pa,ps) = \/(pa - pp)? — Par%, (C.35)
as follows,
_gags [ d®pa d*pp F(pa,pB) —(EA+Ey)/T
(olo s = s / e B B Tt (Ba+E)/T (C.36)
It is instructive to use the following identity [454]:
dMydily =~ 2 [ ds [ ap, [ 4 C
114 dII 277/ 5/ E/ E_, 37
/ AT 2m)t Jmatma)? Vs "o ( )
where s = (pa +p3)2 is the Mandelstam, £y = F4 + Ep, whereas
E A 2.m%) |E?
ei:|mi—m23+i\/(s’mf4m]3)\/+—1, (C.38)
s s s
with
Nz, y,2) = 22 + % + 2% — 2zy — 202 — 2y2, (C.39)

being the Kallén function.

Note that if 04p;; depends only on the Mandelstam variable s, the other two integrals
over E4 can be performed analytically, leaving [454]

(o]0]) apsiy = T4IE
T
T 00 _ 2 _ _ 2
X 4/ ds s (ma gl = (ma = ) ]Kl Vs O AB—ij-
3274 J(matmp)? Vs T

(C.40)

Note that if A and B particles are identical, the above expression simplifies as follows,

2
T o0 s\ _
(o[v]) aBij = (%) / dsy/3(s — 4m2) Ky <f> G AB -
A

3274 4m?2, T

(C.41)
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C.4 Freeze-in DM production

Let us apply the above results to freeze-in (FI) DM production. Such a scenario presupposes
interactions between the visible and dark sectors are so weak that DM particles never reach
thermal equilibrium. Hence, in this case, the evolution of the DM species, the following
Boltzmann equation drives X:

fix + 3Hny = REY, (C.42)

where the collision term is given by

FI
REY =~ nnSHolo]) x x—ij

T [ NG
_ 2 2 —
= gX7327T4 Ami dS\/g(S — 4mX)K1 (T > OXX—>ij- (043)
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Appendix D

The number of relativistic degree of
freedom

The total energy density of the Universe can be expressed in terms of the number of relativistic
degree of fredom as

77‘2 4 J (CL‘,L)

= %gacp(T)T‘l7 g*p(T) = zi:gi (?) Jif(O) s (D.l)

p

with T being the common temperature of the thermal bath constituents, while

_ [~ eVEEE
Ji(z) = A mdfa (D.2)

and x; = m; /T, & = p;/T. \
Utilizing the fact that J_(0) = ¢ and separating the contribution from bosons and fermions,
one gets

15 T\ 4 7 T\ 4
g*p(T) = ; [ Z 9b (T) Ji(l‘b) + g Z gf (T{) Ji($f):| . (D.S)
b= bosons f =fermions

Analogously, the total entropy density of relativistic species can be expressed in terms of the
number of relativistic degree of freedom in entropy as

272
= " g,.(1 fZ3, D4
S 349 (T) ( )

with

3 3
=8 £ (B awsl £ w3 rw) 0o

b=Dbosons f =fermions

As the Universe cools down, different particles decouple from the thermal bath. The de-
coupling of species occurs when the interaction rate per particle,

I' = n*Yo|v|), (D.6)
drops below the expansion rate, i.e., when

I'<H. (D.7)
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Particles can decouple being relativistic or non-relativistic, comprising hot or cold relics, re-
spectively.

Within the SM of particle species, at high temperatures, i.e., T 2 100 GeV, all species
were relativistic and belonged to the thermal bath. Hence,

Gup(T 2100 GeV) = g,,(T 2 100 GeV)

:2+(3x3)+(8x2)+1+£[(6><12)+(3><4)+(3><2)]:107.75,
(D.8)

where we have included two polarization states of photons +, three polarization states of
massive gauge bosons W+, Z0, two internal degrees of freedom of eight massless gluons, the
Higgs field, and two spin-1 states of six flavors of quarks multiplied by the three colors and the
factor of two for the antiparticles, two spin states of 6 charged leptons and their antiparticles,
and two one internal degree of freedom for three neutrinos and their antiparticles.

Then, when the temperature drops to ~ 30 GeV, the top quark decouples first. Both numbers
reduce to

Gxp(T 2 30GeV) = g,,(T 2 30 GeV) = 107.75 — g x 12 = 96.25. (D.9)

The Higgs boson, together with three massive gauge bosons, decouple next. At the temper-
ature ~ 10 GeV, one finds

9sp(T = 10GeV) = g,,(T > 30 GeV) = 96.25 — (3 x 3) — 1 = 86.25. (D.10)

Shortly after that moment, the decoupling of the bottom and charm quarks occur, followed
by the annihilation of the tau lepton. Then, around ~ 150 MeV, the QCD phase transition
occurs. After that, the total number of relativistic degrees of freedom is a sum of the three
types of pions (spin-0 particles), electrons, muons, neutrinos, and photons

7

9up(T S Toep) = 94s(T' S Tqep) =2+ 3 + 3 [(4 x2)+ (3 x2)]=17.25. (D.11)
Subsequently, pions and muons decouple, leading to
7

Gup(T ~ 10MeV) = g,s(T ~ 10MeV)) = 2 + 3 [(2 x2)+ (3 x2)] =10.75. (D.12)

Finally, when the temperature of the Universe reaches ~ 1 MeV, SM neutrinos decoupled
as hot relics, which to the slightly different evolution of g,, and g,s. Namely, shortly after
neutrino decoupling, electrons, and positrons start to annihilate into the pairs of photons.
Their energy and entropy are injected into photons but not into neutrinos which are no longer
in the thermal bath. Thermal equilibrium is maintained in this process, and the entropy
density is conserved separately for particles comprising the thermal bath and decoupled
neutrinos. Using the fact that g,sa3T3 =const., before, i.e., Ty > m,, and after, i.e., Ty < m,
electron-positron decoupling, one finds for the thermal bath

11
?a:{’Til = 2a3T3,, (D.13)

and for the neutrino background

aiTyy = a3T),, (D.14)

1% 1%
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which, in turn, implies that at late times, i.e., T' < m., neutrino temperature, T}, is slightly
lower than the photon temperature, T’,, i.e.,

4 1/3
T, = (11) T, (D.15)

At temperatures below the electron mass threshold, the numbers of relativistic degrees of
freedom are different,

7 4 4/3
7 4

where the number of neutrino species Neg accounts for the non-instantaneous decoupling of
the SM neutrinos and is equal to Neg =~ 3.046.

|

106.75 —
100 = i oo

9+(T)
10

T T TTTTT]

10° 10t 10° 10 10 1 0.1
T [MeV]
FIGURE D.1: The evolution of the number of relativistic degree of freedom g,, (solid curve) and the

number of relativistic degree of freedom in entropy g.s (solid curve).
Image credit: Daniel Baumann, Cosmology
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