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Resumen

En esta tesis se han explorado posibles extensiones del Modelo Estandar de la Cosmologia. Hemos
obtenido las predicciones tedricas de los modelos considerados y sus principales caracteristicas.
Los resultados presentados estan basados en tres proyectos principales en los que he participado
conjuntamente con mi supervisora, Mariam Boudmadi Lépez, y otros colaboradores. Estos proyectos
enfocan tres areas diferentes de investigacion en la Cosmologia actual: teorias métricas de gravedad
modificada tipo f(R) y modelos de energia oscura (EO) dindmica descrita por campos de 3-forma.
Asimismo, en esta tesis hemos considerado la Cosmologia Cuantica en el contexto del Universo
primordial. Ademds, tal como sugiere el titulo, en esta tesis el foco principal se ha centrado en un
tratamiento puramente tedrico de los diferentes modelos considerados.

En la Parte | de esta tesis, se presentan primero, en el Capitulo 1, algunos de los principales conceptos
de la Cosmologia actual, como las ecuaciones de campo de la Relatividad General, la solucién de
Friedmann—Lemaitre—Robertson—-Walker para un universo homogéneo e isotrépico y el Modelo Estandar
de la Cosmologia, que incluye ideas tan distintas como la cosmologia del Hot Big Bang, el modelo
ACDM vy el paradigma de la inflacién primordial para describir los dltimos 14 mil millones de afios de la
evolucién de nuestro Universo. Adicionalmente, se presenta y discute la motivacién para la bisqueda
de nueva fisica mas alld del modelo estandar. En particular, nos centramos en los modelos de EO
dindmica, en la posibilidad de extender la accién de Einstein—Hilbert (EH) para la Relatividad General
(RG) y en la bisqueda de una teoria cuantica de la gravedad. En el Capitulo 2, presentamos los
principales métodos y los observables cosmoldgicos usados en esta tesis para caracterizar los diferentes
modelos cosmolégicos considerados y comparar las previsiones tedricas con los datos observacionales.

La Parte Il se centra en la evolucién del Universo tardio y esta dividida en dos capitulos, donde cada
uno corresponde a un proyecto diferente. En el Capitulo 3, se discuten los posibles efectos que una
teoria de la gravedad modificada, en particular la teoria métrica de gravedad tipo f(R), puede tener
sobre la evolucién del Universo y sobre las predicciones de los observables cosmolégicos. Después de
una breve introduccién a este tipo de teorias y de su aplicacién en la Cosmologia, se presentan dos
secciones donde se discute y se amplian los resultados publicados en

e Can f(R) gravity contribute to (dark) radiation?
J. Morais, M. Bouhmadi-Lépez, S. Capozziello, JCAP09 (2015) 041; e-print: arXiv:1507.02623

[gr-qc].

En la Seccién 3.2 de este capitulo, se presenta un nuevo método de reconstruccién que permite
obtener la accién f(R) compatible con una expansién del fondo cosmolégico previamente fijada. Este
tipo de métodos es también conocido en la literatura como designer f(R). Mas especificamente,
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nuestro método estd basado en asociar las modificaciones de la gravedad a un fluido efectivo que,
en conjunto con la materia normal, impulsa la expansién del Universo. Al imponer una ecuacién
de estado barotrépica al contenido total de la materia, incluyendo la materia normal y efectiva, es
posible reescribir la ecuacién de Friedmann modificada como una ecuacién diferencial linear de segundo
orden para la funcién f(R). Utilizando este método, ha sido posible obtener por primera vez una
correspondencia entre las teorias de gravedad f(R) y el gas de Chaplygin generalizado y modificado
(mGCG). Este fluido corresponde a una extensién del gas de Chaplygin que involucra dos nuevos
pardmetros del modelo. Este tipo de modelo ha sido utilizado en diferentes contextos en Cosmologia,
desde el Universo primordial hasta la evolucién tardia del Universo.

En la Seccién 3.3, se explora la posibilidad de que la radiacién oscura (RO), un misterioso componente
introducido para modelar un posible exceso de la materia ultra-relativista detectado en observaciones
del fondo césmico de microondas (FCM), sea una manifestacién de las modificaciones de la accién
de EH en las teorias métricas de gravedad tipo f(R). Ademds de la RO, se considera que las
modificaciones de la gravedad sean también responsables por la aceleracién tardia del Universo. Con
este fin, se asignan las modificaciones de la gravedad a un fluido efectivo descrito por un modelo
mGCG que mimetiza radiacién en el pasado lejano y una constante cosmolégica en el presente. Es
mas, se obtiene la accién f(R) compatible con nuestro modelo a través de una integracién numérica
de la ecuacién de Friedman modificada y se analiza su relevancia fisica utilizando una perspectiva
cosmografica e imponiendo las condiciones de viabilidad fisica para acciones f(R). Finalmente, se
calculan la evolucién de las perturbaciones cosmolégicas lineales en el modelo desde la época inicial
de radiacién hasta el tiempo presente. Los efectos caracteristicos de las modificaciones de la gravedad
son identificados en la tasa de crecimiento de las perturbaciones de la materia y en el espectro de
potencias de la materia.

En la segunda mitad de la Parte |l de esta tesis, en el Capitulo 4, se explora un tipo diferente
de extension del Modelo Estandar de la Cosmologia para la evolucion del Universo tardio. En lugar
de explicar los componentes oscuros a través de modificaciones de RG, se considera que la EO se
describe por un campo dindmico que evoluciona con el tiempo. En particular, para describir la EO
se utiliza un campo de 3-forma minimamente acoplado a la gravedad y con un potencial positivo.
Después de una primera introduccién a los campos de 3-forma y sus aplicaciones cosmoldgicas, se
presenta en la Seccién 4.2 un anélisis de sistemas dindmicos en modelos con materia oscura (MO)
y EO descrita por un campo de 3-forma. En particular, la estabilidad global del sistema se analiza
en profundidad por primera vez en este tipo de modelos. Con el fin de superar algunas dificultades
encontradas en el sistema dindmico usual al estudiar puntos fijos en el infinito, introducimos una
nueva representacion que permite obtener sin ambigiiedades la estabilidad de estos puntos. Esta
representaciéon fue publicada en nuestro articulo

e Cosmic infinity: A dynamical system approach
M. Bouhmadi-Lépez, J. Marto, J. Morais, C. M. Silva, JCAP03 (2017) 042; e-print: arXiv:
1611.03100 [gr-qc].

donde las dificultades para definir la estabilidad de los puntos fijos en el infinito las resolvimos por la
primera vez.

En la Seccién 4.3, se discute como el Little Sibling of the Big Rip (LSBR) aparece de forma natural
en modelos en los que la EO se describe por un campo de 3-forma. El LSBR es un evento césmico
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en el futuro que induce a la divergencia del pardmetro de Hubble y a la disociacién de todas las
estructuras en el Universo, aunque de forma mas suave que en la singularidad de tipo Big Rip. Después
de demostrar que el LSBR aparece de forma natural en modelos cosmolégicos con 3-formas para
una amplia clase de potenciales independientemente de la presencia de otros tipos de materia que
verifiquen la condicién de energia nula, se explora la posibilidad de que una interaccién entre la MO
y la EO pueda prevenir este final catastréfico para el Universo. A través de un exhaustivo anélisis
de sistemas dindmicos se comprueba que es posible eliminar el LSBR del futuro del Universo si la
interaccién entre las dos componentes oscuras impide que la densidad de energia de la MO decaiga en
su totalidad. Una vez identificadas las interacciones que (dentro de una clase general) son capaces
de verificar esta condicién, se utiliza |la statedinder hierarchy y el método composite null diagnosis
para caracterizar la evolucién cosmoldgica background y de las perturbaciones escalares lineales en el
modelo sin interaccién y para dos casos con distintas interacciones que consiguen eliminar el LSBR. Se
comparan los resultados obtenidos con las observaciones cosmoldgicas para fog, donde f es la tasa
de crecimiento de las perturbaciones de la materia y og es el valor cuadratico medio de la varianza
de las fluctuaciones de la materia en esferas de radio 8 h™'Mpc. Los resultados presentados en esta
seccién fueron publicados en el trabajo

e Interacting 3-form dark energy models: distinguishing interactions and avoiding the
Little Sibling of the Big Rip
J. Morais, M. Bouhmadi-Lépez, K. Sravan Kumar, J. Marto, Y. Tavakoli, Phys. Dark Univ. 15
(2017) 7-30; e-print: arXiv:1608.01679 [gr-qc].

En el Capitulo 5, el tinico capitulo de la Parte Ill, se estudian los efectos caracteristicos que una
época de pre-inflaciéon imprime en el espectro de potencias primordial y en el espectro de potencias
angular del FCM. Mas especificamente, se estudian dos modelos inspirados en el formalismo de la
Tercera Cuantizacién de la funcién de onda del Universo. En estos modelos, la época pre-inflacionaria
se obtiene a través de efectos cudnticos, incluyendo interacciones cuéanticas entre diferentes universos
en el multiverso de la Tercera Cuantizacion. Este formalismo se propuso en la década de 1980 como
una nueva interpretacién de la Teoria Canédnica de la Gravedad Cuantica que se basa en explorar los
paralelismos entre la ecuaciéon de Wheeler—deWitt y la ecuaciéon de Klein—Gordon para un campo
escalar cuantico. Algunos de los principales resultados de la Tercera Cuantizacién se resumen en la
primera seccién de este capitulo.

En la Seccién 5.2, se discute la existencia de soluciones del tipo instantén Euclideo que conectan
pequefios universos bebé y universos inflacionarios en el multiverso de la Tercera Cuantizacién. Usando
la propuesta de Vilenkin para la probabilidad de la funcién de onda del Universo de atravesar la region
Euclidea mediante efectos cuénticos, calculamos la probabilidad de que un universo bebé, al alcanzar
su tamafio méximo, dé origen a un universo inflacionario en lugar de recolapsar sobre si mismo. Los
resultados presentados en esta seccién fueron publicados en

e What if? Exploring the multiverse through Euclidean wormholes
M. Bouhmadi-Lépez, M. Kréamer, J. Morais, S. Robles-Pérez, Eur. Phys. J. C (2017) 77: 718;
e-print: arXiv:1708.00025 [gr-qc].

En la Seccién 5.3, se estudia la evolucién de las perturbaciones cosmolégicas escalares lineales en
modelos inspirados por la Tercera Cuantizaciéon donde se obtiene una época pre-inflacionaria gracias a
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considerar diferentes interacciones entre los elementos del multiverso. Nuestro analisis se centra en
tres casos diferentes de comportamiento del Universo en esta época inicial: (i) el Universo evoluciona
como si inicialmente estuviera dominado por materia rigida,; (ii) el Universo se comporta como
si inicialmente estuviera dominado por un fluido de radiacién; (iii) el Universo se comporta como
si inicialmente estuviera dominado por polvo. Los efectos del modelo en el espectro de potencias
primordial y el espectro de potencias angular del FCM se obtienen al asociar nuestro modelo al caso
de un campo escalar minimamente acoplado a la gravedad y utilizando la metodologia habitual en
modelos inflacionarios. Los pardmetros del modelo son acotados mediante una comparacién de las
predicciones del modelo con los datos observacionales. Asimismo, se analizan las implicaciones para la
interaccion entre universos. Parte de los resultados presentados en esta seccién fueron publicados en

e Pre-inflation from the multiverse: Can it solve the quadrupole problem in the cosmic
microwave background?
M. Bouhmadi-Lépez, M. Kréamer, J. Morais, S. Robles-Pérez, Eur. Phys. J. C (2018) 78: 240;
e-print: arXiv:1711.05138 [gr-qc].

Los demas resultados seran publicados en

e The interacting multiverse and its effect on the cosmic microwave background
M. Bouhmadi-Lépez, M. Kramer, J. Morais, S. Robles-Pérez, ; e-print: arXiv:18xx.xxxxx[gr-qc].

En la Seccién 5.4, se discute la posibilidad de que el espectro de potencias primordial y el espectro de
potencias angular del FCM contengan informacién no solo sobre la época pre-inflacionaria sino también
sobre el periodo de transicién hacia la inflacién primordial. Se introduce una extensién de un pardmetro,
A, al modelo discutido en la Seccién 5.3 que permite controlar el nimero de e-folds necesarios para que
la transicién hacia la inflacién se complete. Al tener en cuenta periodos de transicién mas largos es
posible suavizar las caracteristicas del potencial z””/z que controla la evolucién de las perturbaciones
escalares y asi mejorar el ajuste del modelo con las observaciones cosmolédgicas. Se comprueba que
las caracteristicas del espectro de potencias primordial pueden ser predichas analizando la forma de
2" [z en torno de la transicién hacia la inflacién. El espectro de potencias primordial y el espectro de
potencias angular del FCM se calculan en los casos en que la época pre-inflacionaria mimetiza un
Universo dominado por materia rigida o por radiaciéon y se comparan los resultados con los datos
observacionales para acotar los pardmetros del modelo. Los resultados presentados en esta seccién
seran publicados en un futuro trabajo

e Transition in the pre-inflationary Universe and their effects on the cosmic microwave
background (working title)
M. Bouhmadi-Lépez, J. Morais, .

En la Seccién 5.5, se estudia el caso particular de transiciones instantaneas en el Universo primordial y
las condiciones de contorno para las perturbaciones escalares en el momento de la transicién, deducidas
por primera vez por Deruelle y Mukhanov [136]. En el limite de valores muy altos del pardmetro A, el
modelo estudiado en la Seccién 5.4 presenta un salto descontinuo en el pardmetro de la ecuacién de
estado y en el parametro de slow-roll € en el momento de la transicidén hacia la inflacién. Ademas,
algunos términos divergentes aparecen en el potencial 2’ /z que inducen una discontinuidad en la
derivada de la perturbacién de curvatura comoving y en la variable de Mukhanov—Sasaki y su derivada,
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en conformidad con las condiciones de contorno de Deruelle y Mukhanov. Las mismas condiciones de
contorno se obtienen utilizando la aproximacién de longitud de onda grande, k< Z'/z, que, dado el
valor tan alto de 2" /z en el momento de la transicién hacia la inflacién, se hace valida a todas las
escalas y permite obtener resultados exactos para la evolucién de las perturbaciones. Se deduce la
expresion analitica para el espectro de potencias primordial al fin de la inflacién y se comparada con los
resultados del escenario estandar de inflacién con condiciones iniciales del tipo Bunch—Davies. Ademas,
se estudia con detalle el comportamiento de la expresidon encontrada en los regimenes de grandes y
pequefias escalas. Comparando el comportamiento asintético con las ligaduras observacionales para
el espectro de potencias primordial alrededor de la escala pivote de la misién Planck, se deducen
ligaduras fuertes para la variacién de € en la transicién hacia inflaciéon que excluyen un comportamiento
desacelerado en la época inicial en una situacié de transicién instantanea hacia la inflacién. Finalmente,
las predicciones analiticas del modelo son comparadas con los resultados numéricos obtenidos para
valores cada vez mas altos del pardmetro . Los resultados presentados en esta seccién seran publicados
en un futuro trabajo citado anteriormente: Transition in the pre-inflationary Universe and their effects
on the cosmic microwave background (working title).

En la Parte IV se presentan las conclusiones generales y los comentarios finales de esta tesis y en
la Parte V se presenta el Apéndice A, que contiene una revisiéon de la teoria de las perturbaciones
cosmoldgicas lineales, y los Apéndices B, C y D, donde se incluyen célculos y resultados auxiliares a
los Capitulos 3, 4 y 5.

Otros trabajos originales publicados a lo largo de esta tesis incluyen

e Scalar perturbations in the late Universe: viability of the Chaplygin gas models
M. Bouhmadi-Lépez, M. Brilenkov, R. Brilenkov, J. Morais, A. Zhuk, JCAP12 (2015) 037;
e-print: arXiv:1509.06963 [gr-qc].

e The late Universe with non-linear interaction in the dark sector: the coincidence prob-
lem
M. Bouhmadi-Lépez, J. Morais, A. Zhuk, Phys. Dark Univ. 14 (2016) 11-20; e-print:
arXiv:1603.06983 [gr-qc].

e K-essence model from the mechanical approach point of view: coupled scalar field and
the late cosmic acceleration
M. Bouhmadi-Lépez, K. Sravan Kumar, J. Marto, J. Morais, A. Zhuk, JCAPO7 (2016) 050;
e-print: arXiv:1605.03212 [gr-qc].

e Coupled scalar fields in the late Universe: The mechanical approach and the late cos-
mic acceleration
A. Burgazli, A. Zhuk, J. Morais, M. Bouhmadi-Lépez, K. Sravan Kumar, JCAP09 (2016) 045;
e-print: arXiv:1512.03819 [gr-qc].
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e Cosmological perturbations in an effective and genuinely phantom dark energy Uni-
verse

[. Albarran, M. Bouhmadi-Lépez, J. Morais, Phys.Dark Univ. 16 (2017) 94-108; e-print:
arXiv:1611.00392 [astro-ph.CO].

e What if gravity becomes really repulsive in the future?
[. Albarran, M. Bouhmadi-Lépez, J. Morais, Eur. Phys. J. C (2018) 78: 260; e-print:
arXiv:1706.01484 [gr-qc].
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Prologue

Since ancient times, philosophers and scientist alike have discussed the idea of unifying all the processes
of Nature under a single unified description. This idea of a Theory of Everything gained further
attention in modern physics after the successes of Electromagnetism, in the nineteenth century, and of
the Electroweak theory, in the second half of the twentieth century, in unifying two seemingly different
fields of physics and remains one of the most sought after goals of theoretical physics. However, despite
the great advances of the XX century that ultimately led to the Standard Model of particles and despite
the hints to the existence of a Grand Unified Theory at very high energies, gravity has continuously
avoided any attempt to be described at the same level of the other three forces. In fact, its very
geometrical nature, as understood since the advent of General Relativity (GR) one hundred years ago,
means that a separation of the gravitational interaction from the space-time is not possible in general
situations. This is a critical difference between gravity and the other fundamental interactions, where
a full quantum theory was first obtained by considering a quantum system of particles and interactions
on a classical background. This situation is also aggravated by the non-renormalisability of GR, which
prevents us from applying the full machinery of quantum field theory in a self-consistent way. A
full theory of quantum gravity is still missing to this day, despite the huge theoretical advancements
achieved in the last century.

On the other hand, the theory of gravitation proposed by Albert Einstein in 1915 [145], has so
far passed all the experimental tests with bright colours [360]. This includes the recent discovery of
gravitational waves [2] and the results 26-year long Gravity collaboration that analysed the orbit of
the star S2 around the massive black hole in the centre of the Milky Way [8]. Paradoxically, this
extraordinary agreement with the data makes the known limitations of GR even more enigmatic. Apart
from the lack of renormalisability of the theory and the lack of a quantum description, GR, which is at
the centre of modern cosmology, offers no answer to the mysteries surrounding dark matter (DM) and
dark energy (DE), the two unknown fluids that comprise 95% of the content of the known Universe
[287, 296]. In addition, there is no a priori requirement for the action that describes the gravitational
interaction to be dependent only on the scalar curvature, as considered in the Einstein-Hilbert action.
Over the decades, this has motivated the appearance of several proposals of extended or modified
theories of gravity with equally diverse guiding principles. However, no theory has so far been able to
equal the successes of GR, which continues to be the best theory of gravitation that we possess to
describe the known Universe.

From an observational point of view, the low value of Newton's gravitational constant, when
compared with the coupling parameters of other forces, implies that we cannot rely on laboratory-sized
experiments to test the limits of the gravitational interaction. Instead, we must resort to looking to the
cosmos, searching for new clues on the effects of gravity in the very large (Astronomy and Cosmology),
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or the very dense (Black Hole and Neutron Star physics). It is in this context that Cosmology, which
is currently undergoing a golden age in terms of precision, has moved to the forefront of theoretical
physics as a favourite arena to look for imprints of modifications and extensions of GR, both in the
infrared (corrections at cosmological scales) and in the ultraviolet (possible quantum effects during
the primordial inflation). Furthermore, the existence of DM and DE, two of the biggest mysteries of
modern day physics, was discovered and confirmed through cosmological observations and there is no
reason not to believe that future observations will be essential in determining the nature of the dark
sector of the Universe. In fact, several features of the Standard Model of Cosmology are sensitive to
the properties of these two fluids and to even small changes in the laws of gravitation—as such, future,
more precise and accurate missions might be able to detect imprints of new physics.

The work presented in this thesis explores different possible extensions to the Standard Model of
Cosmology and tries to derive theoretical predictions for their characteristic imprints. The results
presented are based on three main projects led by my supervisor, Mariam Bouhmadi Lépez, and in
collaboration with other authors. These projects explore three different main lines of research in
modern Cosmology: effects of modified gravity, namely metric f(R)-gravity, in the late-time Universe;
imprints of a dynamical model of DE; quantum cosmology in the context of the primordial Universe.
Furthermore, as the title indicates, in this work we focus on a purely theoretical treatment of the
various models presented.

In Part | of this thesis, we begin by reviewing, in Chapter 1, some of the main concepts of modern
cosmology, such as the field equations of General Relativity, the Friedmann—Lemaitre—Robertson—
Walker solution for a homogeneous and isotropic universe and the Standard Model of Cosmology,
which combines such different ideas as the Hot Big Bang cosmology, the ACDM model and the
paradigm of primordial inflation to successfully describe the last 14 billion years of evolution of our
Universe. In addition, we discuss the motivations for the search for new physics behind the standard
model, in particular dynamical models of DE, the possibility of extending the Einstein—Hilbert (EH)
action of GR and the search for a quantum theory of gravitation. In Chapter 2, we present the methods
that were used to characterise the different cosmological models studied in this thesis. While some of
these methods have a more mathematical focus, for example, a dynamical system analysis, others are
based on calculating the theoretical predictions of observational quantities, such as the matter power
spectrum or the angular power spectrum of the cosmic microwave background (CMB) radiation, and,
therefore, allow for a direct comparison with the observational data.

On the first half of Part I, in Chapter 3, we discuss the possible effects that a modified theory
of gravity, specifically metric f(R)-gravity, has on the evolution of the Universe and its imprints on
cosmological observables. After a brief introduction to the theory of metric f(R)-gravity and its
applications to cosmology, we present two sections where we discuss and expand on the original results
first published in the work

e Can f(R) gravity contribute to (dark) radiation?
J. Morais, M. Bouhmadi-Lépez, S. Capozziello, JCAP09 (2015) 041; e-print: arXiv:1507.02623
[gr-qc].

In Sect. 3.2, we present a new reconstruction method which allows us to find the f(R) action that
is compatible with a given evolution of the FLRW cosmological background. This type of approach
is commonly referred to in the literature as designer f(R). More specifically, our method is based
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on mapping the modifications of gravity onto an effective fluid that, together with normal matter,
drives the expansion of the Universe. Then, by imposing a barotropic equation of state (EoS) for
the total matter content, which includes normal mater and the effective f(R) fluid, we are able to
re-write the modified Friedmann equation as a linear second order differential equation for f(R). We
then show how, using this equation, we are able to successfully obtain for the first time the complete
f(R) mapping of the modified generalised Chaplygin gas, a 2-parameter extension of the Chaplygin
gas (mGCG) model, which has several applications in cosmology, both in the late and in the early
Universe.

In Sect. 3.3, we explore the possibility that dark radiation, a mysterious component that accounts for
an excess of ultra-relativistic matter that was detected in observations of the CMB, is a consequence of
modifications of the EH action within the context of metric f(R)-gravity. In addition to dark radiation,
we consider that such modifications also lead to the current accelerated expansion of the Universe.
In order to obtain this change between an early radiation-like behaviour and a later cosmological
constant-like evolution, we map the modifications of gravity onto a mGCG with appropriate parameters
and then integrate the modified Friedmann equation to obtain a numerical solution for the function
f(R). At the level of the FLRW background, we constraint our model using a cosmographic approach
and the viability conditions for physically relevant f(R) solutions. In addition, we study the evolution
of the linear perturbations in our model, from the early radiation-dominated epoch till the present time.
In particular, we compute the effects of the modifications of gravity on the matter power spectrum
and the growth rate of the matter perturbations.

On the second half of Part I, in Chapter 4, we probe a different type of extension to the Standard
Model of Cosmology. Instead of considering modifications to the theory of gravitation, we explore the
possibility that DE is not a cosmological constant, but rather a dynamical field. More specifically, we
describe DE by a 3-form field minimally coupled to gravity and with a positive valued potential. After
an initial section where we review the 3-form field and its applications to homogeneous and isotropic
cosmologies, we discuss in Sect. 4.2 the use of a dynamical system approach in models with DM and
3-form DE. In particular, we discuss for the first time how to use a compact description of the model
in order to obtain a global picture of the stability of the system. Furthermore, we present a novel
dynamical system representation that allows us to unequivocally study the dynamics of the system
when the amplitude of the 3-form field assumes very large values. The results discussed in this section
are the focus of the original work

e Cosmic infinity: A dynamical system approach
M. Bouhmadi-Lépez, J. Marto, J. Morais, C. M. Silva, JCAP03 (2017) 042; e-print: arXiv:
1611.03100 [gr-qc].

and were motivated by some anomalies in the study of the stability of fixed points at very large
amplitudes of the 3-form that were detected in

e Interacting 3-form dark energy models: distinguishing interactions and avoiding the
Little Sibling of the Big Rip
J. Morais, M. Bouhmadi-Lépez, K. Sravan Kumar, J. Marto, Y. Tavakoli, Phys. Dark Univ. 15
(2017) 7-30; e-print: arXiv:1608.01679 [gr-qc].
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In Sect. 4.3, we discuss how the Little Sibling of the Big Rip (LSBR) can appear naturally in models
where a 3-form field plays the role of DE. The LSBR is a cosmic abrupt event in the future that,
despite being softer than the Big Rip singularity, leads to a divergence of the Hubble rate and to the
dissociation of all structure in the Universe. After showing that in 3-form models within a certain
class of potentials the LSBR is a general feature and that this situation is not altered by the presence
of DM or other types of matter that satisfy the null energy condition, we explore the possibility
that an adequate interaction between DM and DE can prevent this catastrophic end state of the
Universe. We employ an extensive dynamical system analysis of the model in order to identify the
types of interactions that are able to remove the LSBR and replace it by a final de Sitter-like scaling
solution, where an energy transfer from DE to DM prevents the energy density of the latter from
vanishing completely. For two types of interaction that fall into this category, we use the statefinder
hierarchy and the composite null diagnosis to characterise the evolution of the model at the level
of the homogeneous and isotropic background and at first order in cosmological perturbations. In
addition, we analyse the effects of the interaction in the growth rate of the linear matter perturbations.
The results presented in this section are the main focus of the aforementioned work Interacting 3-form
dark energy models: distinguishing interactions and avoiding the Little Sibling of the Big Rip.

In Chapter 5, the only chapter of Part Ill, we explore the possibility of detecting imprints of a pre-
inflationary epoch on the primordial power spectrum and on the angular spectrum of the CMB. More
specifically, we consider different toy models, inspired by the formalism of the Third Quantisation of the
wave-function of the Universe, where a pre-inflationary epoch arises due to quantum effects, including
quantum interactions between different universes within the multiverse. The Third Quantisation
formalism was proposed in the 1980's as a new interpretation of the Canonical Theory of Quantum
Gravity, which explored the connections of the Wheeler—deWitt equation with the Klein—Gordon
equation that describes the dynamics of a quantum scalar field. In the first section of Chapter 5, we
present a brief introduction of the Canonical Theory of Quantum Gravity and of the Third Quantisation,
where we also review some of the main results of this formalism.

In Sect. 5.2, we discuss the existence of Euclidean instanton solutions that connect small baby
universes and large inflating universes in a model of the third-quantised multiverse. In addition, using
the proposal of Vilenkin for the probability of the wave-function of the Universe to tunnel through
the Euclidean region via quantum effects, we calculate the probability for an inflating universe to
emerge, once a baby universe reaches its maximum classically allowed size. The results presented in
this section were first published in the original work

e What if? Exploring the multiverse through Euclidean wormholes
M. Bouhmadi-Lépez, M. Kramer, J. Morais, S. Robles-Pérez, Eur. Phys. J. C (2017) 77: 718;
e-print: arXiv:1708.00025 [gr-qc].

In Sect. 5.3, we study the evolution of the linear cosmological perturbations in the scalar sector in
a Third Quantisation-inspired model, where a decelerated epoch precedes a subsequent power law
inflationary period. In this model, distinct pre-inflationary behaviours are obtained by changing the
interaction term between different universes in the third-quantised multiverse. We focus our analysis
in the cases where the Universe initially behaves as if (i) dominated by stiff matter; (ii) dominated
by a radiation fluid; and (iii) dominated by pressureless dust. After mapping our model to that of
a massive scalar field minimally coupled to gravity, we compute the imprints of the pre-inflationary
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epoch in the primordial power spectrum at the end of inflation and in the angular power spectrum of
the CMB. By comparing the results with the observational constraints from the Planck mission, we
derive upper bounds on the parameters on the model and discuss its implications for the interaction
strength between different universes. The results presented in this section were partially published in

e Pre-inflation from the multiverse: Can it solve the quadrupole problem in the cosmic
microwave background?
M. Bouhmadi-Lépez, M. Kramer, J. Morais, S. Robles-Pérez, Eur. Phys. J. C (2018) 78: 240;
e-print: arXiv:1711.05138 [gr-qc].

The remainder of unpublished results will be submitted for publication as

e The interacting multiverse and its effect on the cosmic microwave background
M. Bouhmadi-Lépez, M. Kramer, J. Morais, S. Robles-Pérez, ; e-print: arXiv:18xx.xxxxx[gr-qc].

In Sect. 5.4, we consider the possibility that the imprints on the primordial power spectrum and on
the angular power spectrum of the CMB from a pre-inflationary epoch can also contain information
regarding the transition from the initial epoch to the subsequent inflation. We consider a 1-parameter
extension of the Third Quantisation-inspired model introduced in Sect. 5.3, in which the new parameter
A allows us to control how many e-folds are necessary for the Universe to reach its asymptotic state
during the inflationary period, and to impose whether the Universe accelerates or decelerates in the
transition. When the transition takes longer to complete, i.e., for lower values of \, the characteristic
bumps of the potential z”/z around the onset of inflation are softened. This potential controls the
evolution of the scalar cosmological perturbations and a softening of its features leads to a lowering
of the amplitude of the peaks on the primordial power spectrum and amplifies the suppression at
large scales. For the cases where the initial pre-inflationary epoch mimics a stiff matter dominated
universe or a radiation dominated universe, we compute the primordial power spectrum and the angular
power spectrum of the CMB and show that, for the same pre-inflationary behaviour, a shorter or
longer period of transition can leave strong imprints on the theoretical predictions of the model. The
characteristic scales of the model where these imprints are stronger can be predicted by the shape of
the comoving Hubble wave-number and of the potential z”//z around the moment of the transition
to inflation. Finally, we use the observational constraints to derive lower and upper bounds on the
parameters of the model. The results presented in this section will be published in a future work

e Transition in the pre-inflationary Universe and their effects on the cosmic microwave
background (working title)
M. Bouhmadi-Lépez, J. Morais, .

In Sect. 5.5, we study the case of instantaneous transitions in the early Universe and review how
to impose proper matching conditions, first derived by Deruelle and Mukhanov [136], for the linear
scalar perturbations at the moment of the transition. We show that in the limit of very large values
of the parameter A, the model introduced in Sect. 5.4 has a jump in the EoS parameter and in the
slow-roll parameter € at the onset of inflation. We calculate the limit for large A of the potential 2" /2
and show that the appearance of divergent terms in z”/z at the moment of the transition leads to
a jump in the derivative of the comoving curvature perturbation R}, and in the Mukhanov—Sasaki
variable v, and its derivative. We show that the same boundary conditions can be obtained from
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the long wavelength approximation k? < 2’/z which, due to the very large values of 2”/z at the
moment of the transition, now becomes valid at all scales. We compute the full analytic expression
for the primordial power spectrum at the end of inflation in terms of general initial conditions imposed
in the pre-inflationary phase and make a comparison with the standard prediction of an inflationary
model with Bunch—Davies initial conditions. Using the asymptotic behaviour of the spectrum at small
scales we use the observational constraints for the primordial power spectrum to impose bounds on
the EoS parameter and on ¢ during the pre-inflationary epoch. In particular, we show that e can
only vary by up to 3% with regards to its value during the inflationary epoch, which excludes the
possibility of having an initial decelerated expansion with an instantaneous transition to inflation.
Finally, we corroborate our results by comparing the prediction for the primordial power spectrum
from the analytical expressions with the numerical results obtained for increasingly large values of
the parameter \. The results presented in this section will be published in the aforementioned work
Transition in the pre-inflationary Universe and their effects on the cosmic microwave background
(working title).

In Chapter 6 of Part IV we present the general conclusion of this thesis and in Part V we present a
series of appendices. In the Appendix A, we review the theory of Cosmological Linear Perturbations
and in the Appendices B, C and D, we present results auxiliary to the Chapters 3, 4 and 5.
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The Standard Model of Cosmology

In this chapter we review briefly some of the key concepts of modern cosmology. We start by
presenting the action and field equations of Einstein’s General Relativity (GR) and go on to discuss
the Cosmological Principle and the Friedmann—Lemaitre-Robertson-Walker (FLRW) solution, which
describes a homogeneous and isotropic universe. We discuss the Standard Model of Cosmology, which
describes the last 14 billion years of the history of our Universe, from an initial primordial inflationary
epoch that sets-up the initial conditions for Hot Big Bang cosmology, till the late-time evolution at
low redshift, where the ACDM model is favoured by observations. To conclude the chapter, we discuss
some of the limitations of the Standard Model, as well as its possible extensions found in literature,
some of which we will explore in subsequent chapters.

1.1. Einstein field equations

The Einstein—Hilbert (EH) action of GR, first published in 1915 by David Hilbert [184], reads
1
EH _ 4
ST = 5,2 /d x/—gR, (1.1)

where k? = 871G with G being Newton's gravitational constant, g is the determinant of the metric
guv and the scalar curvature R := g""R,,, is the trace of the Ricci tensor, defined in terms of the
connection I'?,,,, as [347]

Ry =0,1", —o,1",  +17, 1", -17,.%°.,, (1.2)

where 9,,(-) := 0(-)/0z! indicates a partial derivative with regards to the coordinate z*. In this
thesis, we adopt a metric approach and consider that the metric g, is the only fundamental object
of the gravitational sector. As such, the connection I'* , in Eq. (1.2) is the Levi-Civita connection
constructed from the metric g,,,, [347]:

v

0 1 00
I v 59’ (aﬂgou + OvGuo — aag,w) . (1.3)

If, in addition to the EH action (1.1), we consider the existence of a cosmological constant A and
of matter fields minimally coupled to gravity and with internal degrees of freedom ¥ then the total
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action reads!
Sl ¥V = SFH[g, ] + SMgp] + ST [g,,, BO]
1 ma i
= ﬁ/dﬂ‘x\/fg(R—QA) +/d4a:\/jg£( t)[gqu,()L (1.4)

with £(ma%) the Lagrangian density of the matter fields. The minimisation of Eq. (1.4) with regards
to variations of the metric g, leads to the Einstein field equations? [145]

G,uu + Ag,uu = 52[T(m)];wv (15)

where the Einstein tensor, G ,,,, and the stress-energy-momentum tensor, [7™)],,,,, are defined as

—gL(m)
G = Ry — %ng, [TM™],, = — \/2_76\/;;”5 : (1.6)
The Einstein field equations (1.5), which have recently celebrated their first centenary, dictate how
space-time bends and curves in the presence, or absence, of matter. In essence, they encode all the
necessary information regarding the laws of gravitation in GR. On the other hand, in order to describe
how matter moves in the curved space-time, we require the equations of motion for the matter degrees
of freedom W, which are obtained by minimising the action (1.4) with regards to variations of W¥():

6£(mat)
From the trace of Eq. (1.5), we obtain an additional relation between the scalar curvature, the
cosmological constant and the trace of the stress-energy-momentum tensor, 7™ := [T(™)]# -
R—4A = —g2T™) (1.8)

1.2. The matter sector

In GR, where the matter fluids are minimally coupled to gravity, the matter content can be characterised
by the stress-energy-momentum tensor [T(™)],,,,, defined in Eq. (1.6), which appears on the r.h.s.
of Eq. (1.5). Using the Bianchi identities [347], it is possible to show that the Einstein tensor is
divergenceless, i.e., V,G*, = 0, which, using Eq. (1.5), immediately leads to

VT, =0, (L9)

showing that GR is compatible with the local conservation of energy and momentum. In the case where
the matter Lagrangian density can be decomposed into several components £U), each representing a

INotice that while in GR the metric and Palatini approaches lead to equivalent equations of motion, the same might
not be true for modified theories of gravity [105, 321].

2Throughout this thesis, we opt to employ square brackets, when adequate, to separate labels of tensor quantities
from the space-time (or spatial) indices.
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separate fluid, we can define for each L) a stress-energy-momentum tensor via Eq. (1.6):

2 6y/=gLy)

Tyl = —
[ (.1)]H V=g bg

’ Z[T(j)]ltV = [T(m)],w/ . (110)

j

However, the total conservation equation (1.9) does not guarantee the conservation of each [1(;)],. .
Instead, we can write the individual conservation equations with an interaction vector [Q(j)]y as

ViulTpl', = Qv >Ryl = 0. (1.11)
j
The specific form of the [Q(j)]y, which defines the energy and momentum transfer for the fluid j, can
be obtained by using the equations of motion (1.7).
Given a time-like unit 4-vector u*, we can decompose a stress-energy-momentum tensor 1}, as
[144, 196, 215]
T#V = (P + P) Uy Uy + Pg,uu + QU(HQV) + T, (112)

where p is the energy density, P is the pressure, g, is the energy flux orthogonal to u# (u*gq, = 0) and
T i the anisotropic stress which is traceless (7/; = 0) and orthogonal to u# (u*m,, = 0). These
fluid variables can be defined formally as [144, 196, 215]

p = u'u,T", (1.13)
1
P .= ghﬁT’ﬁ,, (1.14)
q" = —uhiTh,, (1.15)
1
Ty 1= (huphg - ShZhW) T°_, (1.16)

where h,, = g,, + u,u, is the 3-metric projected on the 3-dimensional space orthogonal to u*.
In the case of a perfect fluid, both the energy-flux and the anisotropic stress vanish and so the
stress-energy-momentum tensor (1.12) reduces to [144]

Ty = (p+ P)uyuy, + Py - (1.17)

1.3. The Friedmann-Lemaitre-Robertson-Walker solution

The cosmological principle states that any observer is not in a privileged position, but rather in a
fairly representative region of the Universe. In other words, when viewed at large enough scales, the
Universe should be roughly the same in every patch of space and in every direction we look. As such,
the laws of physics that we can test in our immediate neighbourhood should remain valid throughout
the Universe and be applicable in regions which are currently inaccessible to us. This is supported by
modern observations, which indicate that deviations from isotropy in the cosmic microwave background
radiation are of the order of 107° and that most cosmic structures have characteristic sizes of less
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than a few hundred® megaparsec (Mpc).

The solution to Einstein field equations (1.5) that describes such a homogeneous and isotropic
universe was first presented by Alexander Friedmann in the early 1920's [159, 160]. Shortly after
Friedmann's death in 1925, the same solution was re-derived by Georges Lemaitre [225], who
immediately realised the physical implications of the model*. After Edward A. Milne was able to
re-derive the evolution equations in Friedamnn and Lemaitre's model through kinematic considerations
in Newton's theory of gravity [261] (see also Refs. [207, 254]), Howard P. Robertson [297-299] and
Arthur G. Walker [348, 349] analysed in detail the metric compatible with both models, showing that
it represents the most general solution for a homogeneous and isotropic universe independently of the
theory of gravity assumed.

The general FLRW line element can be written in coordinates {t, 7, 0, ¢} as®

2

2 _ 2 2 2

+ r?d#? 4 r? sin? (9)d<p2> , (1.18)

where N is the lapse function®, a is the scale factor which we consider to have units of length and
K =—1, 0, +1. From the line element (1.18) we can write the FLRW metric and its inverse as

—N? 0 —~N—2 0
v = s H = I 1.19
gUf O CLQ’W]‘ g O a_2"}/” ( )

where the 3-metric ;; = ;;(Z) is given in reduced-circumference polar coordinates {r, 6, ©} as

1 — K2
0 0 1-Kr= 0 0
1—Kr? i 0 1 0
Yij = 0 72 0 : = 2 X . (1.20)
2 (in2 0 0o —-—
0 0 r?sin®(0) 2 sin?(0)

The line element (1.18) corresponds to a foliation of space-time into space-like hypersurfaces

3For more than a decade, the largest structure known to humankind was the CfA2 Great Wall (~ 200Mpc) [165],
supplanted in the mid 2000’s by the Sloan Great Wall (~ 500 Mpc) [171]. In recent years, however, some structures
were discovered that pass the 1000 Mpc mark, such as the Huge Large Quasar Group (< 1400 Mpc) [119] and the
Hercules-Corona Borealis Great Wall (~ 2000-3000 Mpc) [188]. These structures are well above the theoretical limit for
the size of structure in the ACDM model; the value 260 h~'Mpc was obtained in Ref. [362] using multi-fractal analysis.
However, the statistical nature of such analysis means that the discovery of a few structures above the theoretical limit
do not necessarily represent an incompatibility with the cosmological principle [272].

4Two years before Edwin Hubble published his famous relation between the distance and the receding velocity of
nearby galaxies [193], Lemaitre understood that an expanding universe leads to a redshift effect of the light coming
from extra-galactic sources and shortly after theorised that an extrapolation of the model implied that the Universe
should have begun in an extremely hot and small primeval atom (the original Big Bang) at some finite time in the past
[226]. These ideas eventually led to the theory of Big Bang Nucleosynthesis (BNN), initially spearheaded by Ralph A.
Alpher and George Gamow [31, 161], and to the prediction [30] and discovery [286] of the cosmic microwave background
(CMB) radiation.

5Here and throughout this work, we set the speed of light ¢ = 1 unless explicitly stated otherwise.

6Most works on theoretical cosmology use either the cosmic time (N = 1) or the conformal time (N = a). Here,
we leave the lapse function unspecified, despite the obvious extra burden in the notation, as it provides us with a fast
way of obtaining the evolution equations for any choice of the time variable. This will be advantageous when numerical
integrations are required, in which case we prefer to use log(a/a«), where a is an arbitrary scale, as the time variable.
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orthogonal to the unit 4-vector

1 -
n,= (-N,0), nt = ( 0) , (1.21)
N
which are endowed with a spatial 3-metric” hy,,, := g, + 1,0, and have uniform spatial curvature

(1.22)

As such, in a FLRW universe, we find that the spatial sections can be closed (K = —1), flat (K = 0)
and open (K = +1). The local expansion scalar 8 which corresponds to the expansion rate of a spatial
volume a? is given by [246, 347]
3a
0:=V,nt=——, 1.23
ult Na (1.23)
where a dot indicates a derivative with respect to t. On the other hand, the shear tensor ¢, the
vorticity tensor w,,, and the acceleration 4-vector a, are all identically zero in FLRW cosmology
[246, 347]:

o 1
O = hfﬂhl,)vpng — §9hW =0, (1.24)
Wy 1= h[pﬂh‘;]vpng =0, (1.25)
a, =n"Vyn, =0, (1.26)

reflecting the symmetries of the geometry and the fact that an initially comoving particle remains at
rest with the Hubble flow.

In a Universe described by the line element (1.18), the homogeneity and isotropy conditions imply
that all 3-vectors and spatial gradients must vanish. As such, all the non-diagonal components of the
Einstein field equations must vanish. Inserting Eq. (1.19) in the field equations (1.5), we find that the
(0 — 0) component reads

a\> N2
3(=) +3=K— N?A=r2N2pm™) . (1.27)
a a?

This equation relates the rate of expansion of the Universe with the total energy density, including the
contributions from the matter fields, the cosmological constant and the spatial curvature. On the
other hand, the (i — i) component reads
i (a\®> Na NZ
2— + () —2—— 4 K- N?A= —g2N2pm), (1.28)
a a Na a?

From the expressions (1.27) and (1.28), we can obtain the acceleration of the expansion, @, in terms

"By comparing Egs. (1.19), (1.21) and the definition of the induced 3-metric h,, constructed from the 4-vector
ny, it can be recognised that h;; = a2'y¢j.
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of the energy density and pressure:

.. N . N2 2N2
a_Na N7, _“6 (p<m>+3p<m>). (1.29)

In the matter sector, the isotropy and homogeneity conditions lead to the vanishing of the energy-flux
4-vector [¢™)],, and the anisotropic stress tensor [7(™)],,,,, and any stress-energy-momentum tensor
reduces to the form of a perfect fluid, as given in Eq. (1.17). Furthermore, the conservation of the
stress-energy-momentum tensor, cf. Eq. (1.9), leads to the continuity equation

p) 432 (o) 4 PO ) =0, (1.30)
a

Such an equation is equivalent to the conservation of energy in an adiabatic system as stipulated by
the first law of thermodynamics. For extremely non-relativistic matter, P, = 0, this equation leads to
the solution p,, oc a=3 which guarantees that mass is conserved as the Universe expands. On the
other hand, for purely relativistic matter, P, = 1/3p,, we obtain the solution p, a—*, which points
to the loss of energy of ultra-relativistic particles (E = h/\) due to the redshift of the wave-length A
in an expanding universe [225]

(1.31)

In the case of interacting fluids, the interaction 4-vector in Eq. (1.11), [Q(j)], can be decomposed
as

Q) = (=N Qg), 0) (1.32)
leading to a modified version of the continuity equation (1.30), which reads
. a
pa) +3- (p) + Py) = N Qg - (1.33)

Notice that the continuity equation for the total energy density requires that Zj Qg =0.

The Hubble rate H is defined as the expansion rate of the scale factor a(t) in cosmic time (N = 1):

la 6
= =_, 1.34
Na 3 ( )
and allows us to re-write the Friedmann equation (1.27) in a simplified form as
3K
3H% = k%p™ — =+ AL (1.35)

a

If we interpret the contributions of the curvature term and the cosmological constant term as
energy densities, then from Eq. (1.35) we can introduce the critical energy density of the Universe
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perit = 3H?/k? and the fractional energy densities

(m) A
Qm .— P , Qi = — %, Qp = — . (1.36)
pcrit rea pcrit K pcrit
In terms of these quantities, the Friedmann equation (1.35) reduces to the constraint
1=00 4 O +Qy. (1.37)

Thus, we can consider the Universe as effectively flat as long as Q™) + Q, ~ 1, even if K # 0.

In this section, we have discussed the highly symmetrical FLRW geometry which seems to best
describe our Universe at large scales. In order to obtain a richer description of the cosmos, however,
we need to also study the evolution of small inhomogeneities and anisotropies around the FLRW
background. In the Appendix. A, we present a quick review of the theory of cosmological perturbations,
which provides the theoretical framework to undertake such an endeavour.

1.4. The Standard Model of Cosmology

Twenty years ago, the observations of Type la supernovae (SNe la) by the Supernova Cosmology
Project [287] and the High-z Supernova Search Team [296] showed that the current expansion of
the Universe is incompatible with the behaviour of a dust dominated universe and instead favours a
picture where the Universe started to accelerate in our recent past. These results confirmed a series
of suspicions, raised in the preceding decade, that a significant contribution from a fluid similar to
a cosmological constant, the so called dark energy (DE), was necessary to explain contemporary
observations regarding the late time evolution of the Universe [284]. This catapulted the ACDM
model, which describes a Universe filled by a cosmological constant A and cold dark matter (CDM),
to the centre stage of modern cosmology.

The current Standard Model of Cosmology, or simply Concordance Model, describes a universe
that at the present time is dominated by two dark components: CDM and DE, the latter in the form
of a cosmological constant; but also considers the contribution of photons, in the form of the CMB
radiation, of cosmic neutrinos and of non-relativistic baryons. As such, we can write the Friedmann
equation as

H? = H? [Qr,o (@)4 + Qo (@f’ + Qo (@)Q T QM} : (1.38)
a a a

where a 0-subscript indicates evaluation at the present time. In Eq. (1.38), Q; ¢ = Q0+ Q,0 is the
current fractional energy density of ultra-relativistic matter and includes a contribution from photons,
2 0, and light neutrinos, €, o. The current fractional energy density of pressureless matter is given
by Qm,0 = Q0+ Qb0 and includes a contribution from CDM, € ¢, and from non-relativistic baryons,
0, while the contribution of DE is given by {24 9. A contribution from spatial curvature is included
in QIC,O-

The recently released final results from the Planck mission [19], in conjunction with data from
baryonic acoustic oscillations (BAO), indicate that the best fit value of the expansion rate at the
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Parameter Best-fit Value Description
H, 67.70 Hubble rate in km s~ *Mpc—!
Age 13.78 Age of the Universe in billions of years (Gyr)
Qao 0.6894 Contribution of non-relativistic matter
Qim0 0.3106 Contribution of non-relativistic matter
Qa0 0.2601 Contribution of DM
Qp0 0.04898 Contribution of non-relativistic baryons
Qx0 0.0007 Contribution of spatial curvature
Tyo 2.7255 Temperature of the photons of the CMB in K
Q0 5.395 x 1075 Contribution of the photons of the CMB
Q0 3.732 x 107° Contribution of relativistic neutrinos

Table 1.1.: Some cosmological parameters of the Concordance Model and their values obtained from the
best fit values for the baseline 6-parameter ACDM model using the final 2018 results of the
Planck mission [19] with BAO data.

present time is Hy = 67.70 km s~ 'Mpc~!, and confirm that the two biggest contributions to the
total energy density are from DE, Q5 ¢ ~ 0.69, and pressureless matter, {2y, o ~ 0.31, with baryonic
matter accounting for roughly 16% of the latter. The contribution of the curvature term is small,
|Qx| < 0.003, indicating that at the present time the Universe is extremely flat. Assuming a (widely
tested) black-body distribution for the CMB, the total energy density of photons is given as [352]

2

T4

e (1.39)

™
Pv,0 = 1578
where T’  is the present temperature of the photons of the CMB. Using the value T, o = 2.7255 K
(0.23 meV) obtained in Ref. [158], we find that cosmic photons account for less than 1 part in 10* of
the current energy density of the Universe. The neutrino energy density is usually written in terms of
p~,0 and the effective number of degrees of freedom, Neg, through the parametrisation [135, 249]

7 4 4/3
Pv,o = g (11) Negipy,0 - (1-40)

In the Standard Model of Particles, with three families of leptons, the prediction for the effective
number of relativistic degrees of freedom is N.g = 3.046, where the small deviation from 3 arises from
considering a non-instantaneous decoupling between neutrinos and the photon-baryon plasma before
the electron-positron annihilation [249]. Historically, a small excess of ANeg := Neg — 3.046 has
been inferred from CMB observations, leaving open the possibility for the existence of an additional
relativistic fluid that does not interact with light, the so called dark radiation [37, 181, 259]. This
scenario is somewhat disfavoured by the final results of the Planck mission, which in combination
with BAO data, leads to N.g = 2.99f8:§§ [19]. Nevertheless, higher values of the effective number

10
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Event Time after BB Redshift (z)  Temperature (T')

Electroweak phase transition 20 ps 10%° 100 GeV
QCD phase transition 20 p 1012 150 MeV
Neutrino decoupling ls 6 x 10° 1 MeV
Big Bang Nucleosynthesis 3 min 4% 108 0.1 MeV

Radiation-matter equality 60 kyr 3365 0.8 eV

Recombination 260 kyr 1300 0.3 eV
Decoupling 380 kyr 1090 0.26 eV
Re-ionisation 100 kyr 9 2.4 meV
Matter-DE equality 9 Gyr 0.3 0.3 meV
Present 13.8 Gyr 0 0.23 meV

Table 1.2.: Some key events in the history of the Universe based on the Concordance Model and the best-fit
values from the 2018 results of Planck mission [19].

of degrees of freedom are still compatible with the data as long as Hj is allowed to take on larger
values. Restricting the analysis to the physically motivated range A Neg > 0 leads to the constraint
AN.g < 0.30 at 95% confidence level [19].

Behind the apparently simple formula (1.38), the Concordance Model hides several key ideas of
modern cosmology developed throughout the last century. Using only GR and the well known physics
behind the Standard Model of Particles, it successfully describes an expanding universe that from an
initial state with a temperature well above the GeV mark (the Hot Big Bang), undergoes a series
of phase transitions which are triggered by the cooling down of the primordial plasma. Once the
temperature reaches 0.1 MeV, at redshift z ~ 108, the process of the BBN kicks in, leading to the
primordial abundances of light elements, and at 0.8 €V, z ~ 3400, the energy density of non-relativistic
particles overcomes that of radiation; thus starts the matter-dominated epoch which promotes the
growth of inhomogeneities that lead to the large scale structure (LSS) observed today. Around T ~ 0.3
eV, z ~ 1300, the first atoms start to form amid the plasma of free electrons and nuclei; shortly after,
the decoupling of photons and free electrons is completed and the Universe becomes transparent to
photons. This creates the last scattering surface, the remains of which form the CMB radiation. At
this point, the Universe enters the so called dark ages, a period during which very little light was
produced and only ends with the formation of the first stars and galaxies. Around redshift 10, T' ~ 2.4
meV, these newly formed structures illuminate the Universe and re-ionise the neutral hydrogen in the
intergalactic medium, thus creating the Lyman-« forest. Finally, at z ~ 0.3, when the temperature of
the Universe is very close to the one observed today, the matter-dominated epoch ends once DE takes
over and starts to re-accelerate the Universe.
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1.5 Primordial Inflation

1.5. Primordial Inflation

The Cosmological Principle, which is one of the main pillars of modern cosmology, is also intimately
related to one of the biggest conceptual headaches of the Concordance Model. At the time of the
last scattering surface, the celestial sphere corresponded to over 10* regions that had been causally
disconnected for 380 thousand years. As such, the high degree of isotropy found in the CMB radiation
can only be explained by fine-tuning the Universe to be extremely homogeneous at the time of the
Hot Big Bang. However, no mechanism capable of setting up this degree of homogeneity is available
in the Concordance model.

A solution to this so called Horizon Problem was offered by Demosthenes Kazanas [206] and Alan
H. Guth [179] in the form of an initial epoch of extremely rapid growth of the scale factor. This fast
primordial expansion, dubbed inflation by Guth, would stretch very small and homogeneous regions
of space-time by several orders of magnitude in such a short period of time that inhomogeneities
and anisotropies would not have time to grow, thus providing a mechanism for the fine-tuned initial
conditions of the Hot Big Bang model®. Coincidentally, a similar inflationary period was being
considered at the same time by Alexey A. Starobinsky in the context of quantum modifications of
gravity [324, 325] although no mention is made to a resolution of the Horizon Problem. Shortly
after, a new mechanism of inflation based on the slow-roll of a scalar field along its potential was
introduced by Andrei D. Linde [235] and Andreas Albrecht and Paul J. Steinhardt [25]. Although this
new inflation sought to address some problem in Guth's model related to the reheating phase, it was
quickly realised that some fine-tuning of the potential and initial conditions was required in order for
inflation to occur. This issue was tackled by Linde in his models of chaotic inflation [236] in which an
epoch of accelerated expansion can occur for very generic initial conditions. The following years it was
shown that quantum perturbations generated during inflation can also act as the seeds for the LSS
observed today, with current observations preferring a near-scale-invariant primordial power-spectrum
which is compatible with a wide range of single field inflation models.

The inflationary paradigm has since become widely accepted as the most probable mechanism to
solve several shortcomings of the Hot Big Bang cosmology, and is usually considered as an integral
part of the Concordance Model. Nevertheless, the idea of primordial inflation is not without its
critics and several alternative paradigms to explain the Horizon Problem continue to be explored, e.g.,
the ekpyrotic [208] or matter bounce [156] scenarios. After the 2013 results of Planck mission [13]
imposed severe constraints on the tensor-to-scalar ratio, which have been confirmed by the full mission
data [18], several models that were traditionally favoured, like power-law inflation or chaotic inflation
from monomial potentials, have been ruled out. Instead, models of single field inflation similar to
Starobinsky's R? inflation [325], with concave (d2V/dp? < 0) nearly flat potentials during inflation
are preferred by the data. This has led to a renewed interest in extended theories of gravity as a
mechanism to fuel primordial inflation.

8In addition, to the Horizon Problem, the inflationary paradigm also solves the Flatness Problem under which the
apparent flatness of the Universe could only be explained by fine-tuning Qi in the distant past. A period of primordial
inflation solves this problem by setting Q very close to zero at the beginning of the radiation-dominated epoch. In the
context of Grant Unified Theories, a period of primordial inflation also solves the Monopole Problem, since any initial
distribution of magnetic monopoles and other relics would be extremely diluted by the end of inflation [232].

12
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1.6. Beyond the Standard Model

In the current era of precision cosmology, the Concordance Model with an initial epoch of primordial
inflation allows us to describe and understand most of the last 14 billion years of our Universe using
only a diminutive set of parameters. Its success stands as one of the biggest achievements of modern
physics. However, several questions are still left unanswered (for a review on the future of cosmology
beyond the concordance model, please see Ref. [93]), with the most immediate ones being related
to the nature of the two unknown dark fluids that together comprise about 95% of the Universe. In
fact, since the ACDM model is purely phenomenological in nature, it presents no clue on the possible
origin of these fluids.

While the presence of a DM-like component is essential to obtaining correct predictions from BBN
calculations [310], the growth of the LSS and gravitational lensing [186] or to explaining the rotation
velocity curves of galaxies [307] and the gravitational potentials in the Bullet cluster [250], little is still
known about DM beyond its gravitational effects. For a review on the current status of the search
regarding the nature of DM, including a list of current DM candidates such as Weakly Interacting
Massive Particles, axions and axion-like particles, primordial black holes or modified gravity, please see
Refs. [40, 304].

The picture is not better when we turn our attention to DE. The historical interpretation of DE as
vacuum energy fails to predict the observed value by 120 orders of magnitude, leading to the so called
Cosmological Constant Problem [358]. Even if we accept the point of view that DE is nothing more
than a true cosmological constant and therefore a fundamental constant of Nature, we are still left
with the issue of why it became dominant only at the late time evolution, precisely only after allowing
the growth of cosmological structures (Coincidence Problem). In broad terms, the various proposals
of alternatives to a cosmological constant can be classified in two main categories: (i) dynamical dark
energy models, where the laws of gravitation of GR are maintained and the current acceleration of the
Universe is caused by a dynamical fluid, or field, that evolves in time; (ii) modified theories of gravity,
where DE is in fact a manifestation of a deviation from GR in the laws of gravitation at large scales
and as such no extra matter fluid is required.

Even the inflationary paradigm, despite being widely accepted as a simple and elegant solution
to several shortcomings of the Hot Big Bang cosmology, does not come free of problems. While it
manages to adequately set-up the initial conditions for a classical homogeneous and isotropic universe,
it does not provide a clear answer as to how primordial inflation came to be or what, if anything, came
before it, attracting criticism that it pushes the problem of initial conditions back in time instead of
actually solving it. Furthermore, since an inflationary regime can be obtained through a multitude of
models and can be embedded in several extensions of GR or quantum gravity proposals, we may lack
a way of understanding which physical mechanism is responsible for the primordial acceleration of the
Universe. This situation is aggravated by the lack of evidence of a cosmic background of gravitational
waves, a general prediction of inflation, in the B-mode polarisation of the CMB [14, 15]. It is hoped
that gravitational waves of cosmological origin will be detected in future observational missions, either
through polarisation of the B-modes [173], or through direct detection [48].

From an observational point of view, there are also reasons to explore scenarios beyond ACDM.
For example, a tension persists in the best-fit values of cosmological parameters obtained from the
CMB versus those obtained from low redshift measurements, with the latter finding systematically
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lower values of Qy, o and a larger Hubble rate [6, 245]. The existence of other inconsistencies between
observations and theoretical predictions at small scales [93] are viewed by some as an indication that
the dark sector of the Concordance Model needs to be modified. In addition, several anomalies in the
CMB are yet to be resolved, such as the low quadrupole (¢ = 2) anomaly, the dip the in the angular
power spectrum at 20 < ¢ < 30, or the cold spot on the southern hemisphere, first detected by the
WMAP mission [56] and confirmed by Planck as true features of the CMB [19].

Dynamical Dark Energy

Since the ACDM model provides no explanation for the nature of DE, several alternatives have been
proposed in the literature to explain the late time acceleration. In this regard, one of the main
approaches is to consider that instead of a cosmological constant or vacuum energy with w = —1,
DE is some unknown dynamical field or matter fluid capable of fuelling an accelerated expansion.
Such an approach seeks to preserve GR as the theory of gravitation, as well as the assumption of
homogeneity and isotropy in the late Universe, at the expense of introducing exotic matter in our
Universe that can violate the Null Energy Condition. Perhaps the most widespread class of dynamical
DE are the so called Quintessence models [101, 293], where the late time acceleration is obtained
through a scalar field slow-rolling down a potential, much like in single field inflation. Alternatives to
this scenario include models based on the Chaplygin gas [57, 60, 205] and 3-form fields [216, 217].
In some cases, a dynamical DE is incorporated in a unified description of the dark sector including
DM. These are the so called unified dark matter-energy models (UDM), of which the Chaplygin Gas
is one of the first examples. From a phenomenological point of view, several parametrisations of
the EoS parameter w have been considered in the literature, such as the wCDM model or the CPL
parametrisation [116, 237] (for additional strategies employed in the parametrisation of DE please
see Ref. [194]). However, despite these efforts in trying to explain the current acceleration of the
Universe, no significant deviations from a cosmological constant have been observed so far—the 1-year
results of the Dark Energy Survey point to w = —1 [6] even when the wCDM parametrisation is
considered—foiling hopes that characteristic imprints from a dynamical DE would be detected [367].

Dark Interactions

The idea that the unknown components of the Universe, namely DM and DE, have some kind of
interaction either between them or with other forms of mater can be seen as natural: If we know
so little about their nature and given that they overwhelmingly dominate the energy content of the
Universe then why should interactions not be considered? and as potentially necessary: Given that
neither DM or DE seems to interact with light, some other way of detecting them is necessary in order
for us to understand what comprises them.

From a more fundamental point of view, the idea of interactions involving DM also finds motivation
in the idea that DM is in fact a very massive particle yet to be discovered. If so, future observational
missions may be ale to detect imprints from DM decaying into lighter particles, or being scattered in
galaxy or cluster collisions. Several attempts have been made to derive constrains on the interacting
properties of DM using cluster collisions [250], interactions with solar neutrinos [230], gamma-ray
emissions in DM-rich dwarf galaxies [10, 273, 317], X-ray emissions from galaxy clusters [92, 201], or
measuring couplings to the electromagnetic fields [172]. A review of current and future searches for
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evidence of interactions in different DM models can be found in Refs. [128, 304].

Due to the lack of an obvious candidate for DE based on fundamental physics, interactions involving
DE tend to be more phenomenological in nature and usually take into account only pressureless
matter as the other interacting component, so that Qpg = —@Q, = . A usual interaction term
considered in the case of Quintessence models with a scalar field ¢ is @ « 3¥pm, [32], which can
be readily interpreted as coming from a ¢-dependence of the mass of the matter particles. Other
interaction terms considered in the literature include @ o« 3T'py, and @ x 3(a/a)pm which can be
interpreted for example as a decay or production of massive particles with a production/annihilation
rate proportional to T or a/a [64, 98, 99, 345]. Variations found in the literature include replacing pp,
by a linear combination of p,, and ppg [68, 98, 99, 117] or by the quadratic term py,ppE/(Pm + PDE)
[38, 68, 78, 99], or even considering a dependence on the derivatives p,, and ppg [68]. It has been
shown that UDM models can also be stated in the context of interacting DE by choosing an appropriate
interaction term [351]. More recently, several works have explored the possibility of using the action
functionals developed by® J. David Brown [89] to find Lagrangian based formulations of interactions
between DE and DM [58, 66, 67, 153, 220, 291], in an attempt to eliminate ambiguities in the
definition of the interaction 4-vector Q.

Current analysis based on data from CMB, low redshift space distortions and cosmic chronometers
on the interaction between DM and DE suggest that in wCDM models an energy transfer occurs from
DM to DE when —1 < wpg and from DE to DM when a (mild) phantom behaviour (wpg < —1) is
considered [125, 154, 155, 277, 345]. An interaction between matter and a running vacuum energy
has also been found to alleviate some of the discrepancies between CMB and LSS measurements
[309, 318] and it has been argued that it could explain the Coincidence Problem [125, 155, 318].
Despite showing a preference for an interacting model, these results do not exclude the ACDM model
and the derived constraints on the coupling constants indicates that the interaction must be mild until
the present time.

Modified Gravity

The road to modified (or extended) theories of gravity is a long and rich one. Since the birth of
Einstein's theory of gravitation in 1915 [145], many different proposals of theories of gravity have been
put forward, from Brans-Dicke models [85] and Hordenski's generalisation of scalar-tensor theories
[187] to the studies on renormalisability of quadratic gravity by Stelle [328, 329] and Starobinsky's
famous R? model [325]. For a review on this topic please see for example Ref. [104, 152].

So far, GR has passed with bright colours all the tests designed to check its limits [360] and it is
in perfect agreement with the recent detection of gravitational waves [2] and with the results of the
26-year long Gravity collaboration that analysed the orbit of the star S2 around the massive black hole
in the centre of the Milky Way [8]. In fact, the multi-messenger detection of gravitational waves from
the black hole-neutron star binary [3] has led to severe constraints on potential modifications of GR,
in practice excluding from cosmological applications at late-time all theories that predict a deviation
between the speed of light and the speed of the gravitational waves. Nevertheless, there are many

9Earlier efforts on the topic of hydrodynamical fluids in curved space-times include works by Abraham H. Taub
[331], Bernard F. Schutz [314, 315] and by Schutz and Rafael Sorkin [316]. A review on this topic that includes physical
applications can be found in Ref. [33].

15



1.6 Beyond the Standard Model

extensions of GR that satisfy the constraints imposed by gravitational wave astronomy and many
indications still subsist that a modified theory of gravity may need to be considered, from the known
problems to explain the nature of DE, the capability of MOND to tackle several shortcomings of the
ACDM model at small scales [93], to the preference of the R? model to explain the low tensor-to-scalar
ratio implied by the results of Planck [18]. In addition, many models of modified gravity can be
obtained as the low energy limit of more fundamental theories, such as string theory, that try to unify
gravity with the other fundamental forces.

Effects of Quantum of Gravity

Finding a theory of Quantum Gravity has been one of the more elusive pursuits of modern physics in
the XX and XXI centuries. After the introduction of GR in 1915, it was soon realised [88] that the
geometrical nature of gravity and its intricate connection to the space-time created serious difficulties
in repeating the successes of obtaining a quantum description for the other fundamental forces. In
1967, Bryce DeWitt published his Canonical Theory of Quantum Gravity [137] which built on the
efforts from Paul Dirac [138, 139] and from Richard Arnowitt, Stanley Deser and Charles Misner [39],
among others, to provided the first full theory that attempted to quantise gravity. In that seminal
work, DeWitt also presented for the first time the Wheeler-DeWitt (WDW) equation, which serves as
an analogous to the Schrédinger equation for GR. However, the fact that the inner-product associated
to this equation is not positive definite has created ambiguities in interpretation of the solutions of
the theory [202, 221], even in the simplest of models, which to date have not yet been completely
resolved. Nevertheless, the WDW equation has served as one of the pillars of subsequent attempts to
quantise gravity, such as loop quantum gravity and string theory. For reviews of the history and of the
current status of the different approaches to Quantum Gravity, please see [211, 260, 305].

Due to the weak coupling of gravity to matter, it is expected that the effects of quantum gravity
will only become important at very high energy densities or in regions of the space-time where the
curvature is close to the Planck scale. Within the context of cosmology, it is generally expected that
quantum effects of gravity play a crucial role in the earlier stages of the Universe. In addition to the
fact that quantum fluctuations during the primordial inflation can act as the seeds for the LSS and
the anisotropies of the CMB, there have been various attempts to use Quantum Gravity to explain
the very beginning of our Universe and to provide a mechanism that sets the proper conditions for
inflation to occur. In addition, it has been shown that quantum effects can be crucial in avoiding
certain future cosmological singularities [23, 29].

If any imprints of these early times are left on the primordial power spectrum at the end of inflation,
then they should lead to the appearance of special features in the CMB. Coincidentally, the existence
of several anomalies in the angular power spectrum of the CMB at the largest scales [18, 19], precisely
the ones that are expected to be more sensitive to pre-inflationary effects, provide a window to search
for new physics and hints of Quantum Gravity. Furthermore, the recent detection of gravitational
waves and the possibility of measuring the cosmological background of gravitational waves in the next
decades, either directly or through the B-mode polarisation of the CMB, might provide us with a new
important way of probing Quantum Cosmology in the early Universe.
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As the list of proposed extensions and modifications to the Concordance Model grows, so does
the need for more advanced methods and techniques that can successfully select viable candidates
to describe our Universe. In order to be considered as viable, a given cosmological model should
not only be able to accommodate the current observational data, but also verify a certain degree
of naturalness, i.e., it should be compatible with the cosmological observations without the need
for fine-tuning the parameters of the model. The fact that extensions to the Standard Model of
Cosmology usually introduce new degrees of freedom and parameters to the theory can also be seen
as a double-edged sword. While the increased flexibility in the dynamics can in principle reduce the
deviation between theoretical predictions and observations, the higher number of parameters has
the undesired consequence of lowering the goodness of the fit. In fact, one of the main strengths
of the ACDM model is that it is able to adjust the current observations to an astounding level of
precision with a minimal set of parameters. In addition, the great level of freedom in how to extend
the Standard Model of Cosmology® can lead to the existence of several viable cosmological models
with very different underlying physical motivations but which are difficult to distinguish, at least at
the level of the FLRW background geometry. It is, therefore, desirable to have a toolbox of methods
that is capable to characterise a given cosmological model, identify its characteristic imprints and to
provide a measure of the generality of the dynamics and the capacity to reproduce the observational
data without a need for fine-tuning.

In this chapter, we present the main techniques that will be used in this thesis to characterise
the models presented in the ensuing chapters. The methods presented here give emphasis to a
phenomenological and theoretical approach to cosmology and therefore do not employ a detailed
analysis of the observational data. Instead, we focus on providing a characterisation of the dynamics
of a given model and on computing the theoretical predictions for cosmological observables, at the
level of the FLRW background and of the linear scalar cosmological perturbations.

2.1. Dynamical system analysis

An explicit solution of the continuity equation (1.30) is usually only available for the simplest models,
as in the case of a fluid with constant EoS parameter w. In contrast, for models with additional

IThis can be viewed as a consequence of the lack of a unequivocal guiding principle, either from fundamental
physics or from cosmological observations, on how to extend the theory.
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degrees of freedom, a numerical integration of the equations of motion may be required to determine
the evolution of the model. While these solutions are of interest on their own, in particular if special
regimes of the model can be identified, the fact that they depend on the initial conditions specified for
the integration means that they do not necessarily capture all of the interesting features of the model.
In this sense, a dynamical system approach has long proven to be a useful tool in cosmology, allowing
us to obtain a qualitative description of the system, to identify possible initial and final states, or even,
in some cases, to estimate the probability of the occurrence of certain kinds of behaviour. Within the
context of late-time cosmology and primordial inflation, dynamical system analysis has recurrently
been used in models with different types of matter fields, such as scalar fields, K-essence and 3-forms,
and in models of modified theories of gravity or quantum cosmology in a semi-classical regime. A
compendium on the application of dynamical systems in cosmology can be found in Refs. [121, 346],
while a recent review can be found in [44].

Perhaps the most common application of a dynamical system analysis found in literature is the case
of a universe filled by a scalar field ¢ with a potential V(). For completeness, here we also consider
the presence of a pressureless fluid (e.g., DM).Following the strategy defined in Ref. [1247 ]

K w2 VV _ R /Pm

6 H’ “V3 H TN TH (21)

2 correspond,

which have the advantage of possessing a clear physical interpretation: %2 and z
respectively, to the fractional kinetic and potential energy densities of the scalar field, while s2
corresponds to the fractional energy density of the pressureless matter. As such, they respect the

Friedmann constraint (1.37) which can now be written as

1=y?+22 +5%. (2.2)

In order to obtain a closed system of evolution equations, we can define an additional variable based
on the scalar field?, e.g, X := /3x2/2¢p. Then, using the constraint (2.2) to eliminate the variable s,
we obtain a 3-dimensional set of equations® that completely describes the evolution of the system:

X, =3y, (2.3)
Yo = — g {(1 —yP 427y — /\(?)X)ZQ] : (2.4)
zz:z{1+y2—22—)\(§)y}z. (2.5)

Here, an x subscript corresponds to a derivative with respect to x := log(a/a.), a. being an arbitrary
constant, and the factor A(y) is defined as

3dV

AMX) = “vax (2.6)

2Qther common choices for an additional dynamical variable that provide a closed set of evolution equations include
a compact function of ¢, which allows us to obtain a compact phase space, or the quotient (), defined in Eq. (2.6),
which can be used as long as (d2V/dy?)/(dV/dyp) is an invertible function of ¢.

3In the particular case of the exponential potentials, the variable ¢ decouples from the rest of the system, allowing
for a further reduction of the dimensions of the system [124].
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Notice that, due to the presence of a factor V! in the r.h.s. of Eq. (2.6), the strategy described
above is not applicable to the cases where the potential of the scalar field has zeroes at finite values of
©, e.g., monomial potentials V' o< ¢™. In such cases, a different, usually model dependent, approach
need to be employed, as in the case of Refs. [26, 27].

The main focus of a dynamical system analysis is to study the trajectories of a set of differential
equations in order to better understand the dynamics of the model and possibly to identify approximate
behaviours in certain regions of the phase space. One of the most important steps in order to achieve
this goal is to study the position and stability of the fixed points of the system, i.e., the static solutions
of the evolution equations. While the position of a given fixed point can provide us with information
regarding the value of physical quantities, determining its stability allows us to determine whether the
static solution corresponds to a possible initial (repulsive) or final (attractive) state of the system, or
even if it represents an approximate solution that some trajectories follow before being repelled away
from the fixed point.

In the case of the system defined above, the fixed points { X, ysp, 2} can be found simply by
solving the set of Egs. (2.3)—(2.5) for X, = y, = 2, = 0. On the other hand, determining the local
or global stability of the system around {X¢,, ygp, 2tp} usually reveals itself a more laborious task.
While various methods can be found in the literature to determine the stability of a fixed point, in this
work, we will focus mainly on three:

e Linear Stability Theory

If all the eigenvalues ~y; of the Jacobian of the system (2.3)—(2.5) at a fixed point { X¢,, ¥tp, 2ip }
have non-zero real part, then the fixed point is called hyperbolic and its stability can be determined
using linear stability theory. Eigenvalues with negative real part represent directions* along
which the trajectories evolve towards the fixed point, while eigenvalues with positive real part
correspond to directions along which the trajectories move away from {Xp,, yrp, 2ip}- As such,
we can classify a hyperbolic fixed point as attractive (stable) if all its eigenvalues have negative
real part, as repulsive (unstable) if all its eigenvalues have positive real part and as a saddle if
some eigenvalues have negative real part and others have positive real part.

e Centre Manifold Theory.

If for an isolated fixed point, the Jacobian of the system (2.3)—(2.5) has at least one eigenvalue
with vanishing real part, then the use of linear stability theory is no longer valid. Instead, we
can employ methods based on centre manifold theory [65, 111, 295]. In general, such methods
consist in separating the system into its stable, unstable and centre manifolds, each of which is
associated, respectively, to the eigenvalues with negative, positive and zero real part. Then, an
appropriate mapping of the stable and unstable manifolds onto the centre manifold allows us to
determine the stability of the fixed point.

4The directions along which the system is stable or unstable correspond to the ones given by the eigenvector ¥;
associated to the eigenvalue ~;.
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e Linear Stability for Non-Isolated Fixed Points

In the case that the system (2.3)—(2.5) admits as static solutions the elements of a continuous
set NV, characterised by a parameter o, any {Xtp, Ytp, 2ip} € N, is called a non-isolated
fixed point. Here, linear stability theory breaks down since at least one of the eigenvalues,
whose eigenvector corresponds to a direction tangent to NV, is zero. Nevertheless, if all other
eigenvalues have non-zero real part, then the fixed point is called normally hyperbolic [41, 121]
and the stability of the system along the directions orthogonal to \V,, can be decided by applying
Linear Stability Theory to the reduced set of non-zero eigenvalues.

2.2. Cosmography and Statefinder parameters

Once a given cosmological model is considered and the matter content fixed, Egs. (1.27), (1.28) and
(1.30) allow us to fully describe the evolution of a FLRW universe. However, the solutions obtained
in this way have the obvious drawback of being model dependent, not only with regards to the
matter fluids considered but also, in a more general setting, to the theory of gravity employed. As
an alternative, Steven Weinberg proposed the use of cosmography [357], which aims to provide a
kinematic-based characterisation of the Universe. Since the FLRW line-element (1.18) represents the
most general description for a homogeneous and isotropic universe, a cosmographic approach can in
principle be used to derive “model-independent” constraints on the matter content of the Universe, or
even on the laws of gravitation [43, 69, 73, 107, 108, 343, 344].

The starting point in cosmography is a Taylor expansion of the scale factor around the present time.
Considering the cosmic time (N = 1) as the independent variable, we obtain [343, 344]

= 14 Ho (1 to) — BB (6 — t0)? 4+ 203 (1~ 10)" + S0 HE ¢~ 10)"
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where a 0-subscript indicates evaluation at ¢ = t3. The cosmographic parameters ¢, j, s and [ are
called deceleration parameter, jerk, snap and lerk, respectively, and are defined as [343, 344]
1d%a . 1 d3a ) 1 d*a 1d%a
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Notice that knowing the cosmographic parameters is equivalent to knowing the expansion of the
Universe, since inverting the relations in (2.8) allows us to write down the time derivatives of the
Hubble rate in terms of the cosmographic parameters [107]:

H= —H>(qg+1), (2:9)
H=HG-1)+3(q+1)] (2.10)
H:H4{(5—1)—4(j71)—3(q+1)2*6(q4r1) ; (211)
H=H{(=1)=5(-1)+10( - )[10+(g+ D] +30(q+ 1)’ +10(q+ 1)} . (212)
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Higher order derivatives can be obtained in a similar fashion by extending the cosmographic expansion
(2.7) and, as a general rule, each new time derivative of the Hubble rate depends linearly on the
cosmographic parameter of corresponding order.

In an expanding universe, a photon emitted at a time ¢, with a wave-length A, is redshifted at the
present time according to the relation [225]

1+2z=

(2.13)

This redshift effect is essential to determine how long ago a given photon was emitted and how far
did it travel before being detected on Earth. However, the various cosmological distances used in the
literature, such as the physical distance® [108, 344]

to
D:c/ dt = ¢ (to — ts) , (2.14)
ta

or the luminosity distance [108, 344]

_ ko) o a(to)
Dy = a(t) /t* dt @)’ (2.15)

require the knowledge of the evolution of the Universe since the instant ¢, till the present time. This
limitation can be circumvented by using cosmography to derive approximate relations between the
various cosmological distances and the redshift z that depend solely on quantities evaluated at the
present time.

For example, in the case of the physical distance D, we can apply a cosmographic expansion to the
r.h.s. of Eq. (2.13) which, after using the definition (2.14) to eliminated ¢, — to in favour of D/c,
allows us to relate the redshift z with the cosmographic parameters through [344]

H, H? HE
—°D+A2 0D2+A 0D3+A 0D4+Ar 0D5+(’)(H0D/c) . (2.16)

Here, the coefficients A; are defined by

Ay = w (2.17)
Ay = Ll 1)3'+ 6(1+4a) (2.18)
4 1—(so—1)+8(j0—1);6((10+1)2+24(QO+1), (2.19)
gy o L= 1) —10(s0 = 1) + 20 jo = 1) (3+40) +90 (a0 + 1)* +80 (g0 + 1) (2.20)
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Notice that to first order in D, Eq. (2.16) reduces to the original Hubble's law v = HyD with v = ¢z
[193]. An inversion of the series in (2.16) allows us to obtain D(z) to arbitrary order in z, providing us

5In the definitions (2.14) and (2.15), we leave explicit the dependence on the speed of light ¢, which in the rest of
this thesis is set to 1.
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with non-linear corrections to the relation between the physical distance travelled by a photon emitted
by source at a given redshift and detected on Earth at the present. Such a relation depends only on
the present day values {qo, jo, S0, lo} and not on the precise history of the expansion of the universe
since the photon was emitted. In a similar fashion, other cosmological distances can be described in
terms of the cosmographic parameters, as presented in Refs. [108, 344].

If the theory of gravitation is specified, cosmography can also be employed to set constraints on the
EoS of the matter content of the Universe. In Ref. [343], this possibility is explored by considering a
Taylor expansion:

P P(2) 2 P(3) 2 3
(p)—wo+czo<p_1>+0p0<p_1) 4+ =0 p0<p_1>
"\ Po

Po 2 Po 3! Po
4
+0 (p - 1) , (2.21)
Po
where the coefficients in the expansion are defined as®
P P P 2p 3p
w::—’ Cz ::diz—" P(Q):d.i7 P(S):L (222)
P dp p dp? dp?

The first term in the expansion (2.21) corresponds to the EoS parameter w while the coefficient in
the second term is usually called the adiabatic squared speed of sound c2. Using the cosmographic
expressions (2.9)—(2.12) in conjunction with the Friedmann equation, the continuity equation and
the EoS expansion (2.21), we can obtain expressions for w, c2, P} and P®) which allow us to
characterise the matter content in terms of the cosmographic parameters and the spatial curvature
term K/(aH)? [343]. As in the case of Egs. (2.9)—(2.12), each additional order considered in the EoS
expansion (2.21) requires the knowledge of an additional cosmographic parameter.

Despite the interesting premise of cosmography of finding model independent constraints on the
evolution of the Universe, the great difficulties in obtaining precise measurements for the jerk and
the snap (and of course the lerk) mean that any practical application of the cosmographic approach
beyond the deceleration parameter is, at the moment, severely limited. An additional limitation comes
from the fact that the one-to-one mapping found for the simple case of P(p) is not maintained in
models with more degrees of freedom, e.g., if DE is modelled by a scalar field with an unknown
potential V(¢) or by metric f(R)-gravity [95]. This lack of correspondence, as well as the existence
of an apparent bias of the results on the variable used to perform the cosmographic expansion, led the
authors’ of Ref. [95] to strongly criticise the use of cosmography, stating that “this method seems
unable to provide reliable or useful results for cosmological applications™.

The Statefinder Hierarchy

An alternative point of view for the application of cosmography is to use the coefficients of the
cosmographic expansion as discriminators between different cosmological models. This is the strategy

6In the case of non-barotropic fluids, the total derivatives with respect to the energy density in (2.22) can be
expanded in terms of time derivatives.

"The lack of a one-to-one correspondence between the cosmographic parameters and the cosmological parameters
had been previously pointed out to us by Ruth Lazkoz and Vincenzo Salzano in a private conversation.
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Chapter 2. Tools to characterise cosmological models

employed in Refs. [21, 308] in which a pair of statefinder parameters {r5F, s5F} constructed from
the deceleration parameter and the jerk were introduced as a diagnostic for DE models®. These were
later generalised to higher orders in the cosmographic expansion by the introduction of the statefinder
hierarchies [34]

157 —1
S = j =57 S = 228 = — SF 2.23
3 j r ? 3 3 q _ 1/2 S ? ( )
(1) @ _ 1571
54 = 8+3(q+1) 5 S4 = aq_71/2, (224)
(1) @ 188 -1

where « is an arbitrary constant. It was argued by the authors of Ref. [34] that the second hierarchy
of statefinders, Si(z) helps to break the degeneracies with regards to the DE energy density and recent
studies based on BAO data support the statefinder hierarchy as a suitable tool to distinguish DE
models [355]. One of the main points in the definitions of SZ-(U and Si@) is that the statefinder
parameters are normalised with regards to the standard cosmological model; it can be checked that
for ACDM, we have {Si(l), Si(2)} = {1, 0} at all orders. As such, the statefinder hierarchy is said to
define a null diagnostic for the ACDM model.

2.3. Growth of Structure and the Composite Null Diagnosis

After the moment of radiation-matter equality, when the Universe starts to be dominated by non-
relativistic baryonic matter, the pressure of radiation is no longer capable of preventing the collapse of
matter. As a consequence, initially small perturbations in the energy density of the background FLRW
start to grow in amplitude once their characteristic size becomes smaller than the Hubble horizon,
eventually leading to the appearance of the LSS observed today. The growth of these structures is
usually described in terms of the perturbation density contrast of matter:

Sn(t, T) = Lol ) — Pmll) (2.26)
The evolution of §,, can be obtained in a self-consistent way by using the cosmological perturbation
theory [215, 270] up to arbitrary order. In particular, for small perturbations satisfying |0r,| < 1, we

can restrict the analysis to linear order®, which has the advantage of allowing a Fourier decomposition
of the cosmological perturbations into independent Fourier modes*®

a3k it
O k() = /Wém(t, p)e . (2.27)

8Here, we introduce the superscript SF when referring to the statefinder pair {rSF s5F} defined in [21, 308] so as
to avoid confusion with previous notation.

9Please see the Appendix A for a quick review of the Theory of Linear Cosmological Perturbations

0Dye to the high level of isotropy, it is usually assumed that the Fourier modes depend only on the amplitude of the
wavelength k := |k| and not on the direction of k. As such, from this point onwards we drop the vectorial notation in
the subscript of the Fourier modes.
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2.3 Growth of Structure and the Composite Null Diagnosis

For a ACDM universe, or in models where the perturbations of DE can be disregarded, the evolution
of O,k (t) in the Newtonian gauge!! is given by the closed equation [134]:

2 —

Gt 2H [+ AR 81% = =5 [1+ Bo(] 3,7 =0, (228)
where the mode-dependent factors A; are defined as
Ar(k) = — 9 S (%2)" - 30w (1 20 (eH)?
T o ()T - 210 ()’
9 aH 2 oH 4
Aolh) 6 (1 + 2%) (22)? — 90, (1 n HA) (a12)!
T e e ()]

~3 (1%52) <‘f)2+o (Cfﬂ . (2.30)

For modes well inside the Hubble horizon, i.e., for k2 > a?2H?2, we find that the factors A; vanish at
leading order in aH/k and Eq. (2.28) reduces to

m,k

2
. . K
B+ 2HOLY) — = pmbi) = 0. (2.31)

The same equation can be deduced from Newtonian perturbation theory and for the comoving density
contrast 51(110,1, showing that at small scales all these different quantities coincide. In the rest of this
section, and unless stated otherwise, we consider that the regime k% > a2H? holds and drop the

superscript (N).

During the matter dominated era, the general solution of Eq. (2.31) is
Smi = Cra™3/% + Cha. (2.32)

where C;7 and Cs are integration constants. This linear growth of matter perturbations in a matter
dominated universe is a well known prediction of GR and is expected to be affected in modified
theories of gravity where an effective gravitational coupling Geg is introduced, e.g., metric f(R)-gravity
[322]. Once DE starts to dominate and accelerates the background, the growth of the matter density
perturbations is slowed down and can be characterised through the linear growth function D(a)

(5m,k(a)

D(a) := S (00)

(2.33)

1 The issue of gauge dependence of the perturbation variables was a major source of confusion in the field of
cosmological perturbations until the seminal work of James M. Bardeen [46], where the theory was re-stated in terms
of gauge-invariant (Gl) quantities. In this thesis, a perturbation X with a superscript (IV) indicates a Gl invariant
quantity that reduces to §X in the Newtonian gauge, cf. Eq. (A.54), while a perturbation §X with a superscript (C)
indicates a Gl invariant quantity that reduces to § X in the comoving gauge, cf. Eq. (A.56). A further discussion on this
issue can be found in the Appendix A and references therein.
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Chapter 2. Tools to characterise cosmological models

In the CDM and ACDM models, D is independent of the scale considered, however, in more rich DE
models or in modified theories of gravity a mode dependence can appear. Thus, D(a) can provide a
powerful tool to discriminate between different late-time models.

An alternative way of characterising the growth of structure is to define the growth rate

fla) = Lo D(@) (2.34)

dloga
Notice that f(a) = 1 during the matter dominated era when the matter density perturbations grow
linearly with the scale factor. For DM—DE models that closely mimic ACDM, i.e., with a slowly varying
EoS parameter wpp ~ —1, it was found that the growth rate at late-time can be approximated
reasonably well by the mode-independent parametrisation [238, 239, 354]

fla) = QU (a). (2.35)

Here, v = v(a) is the growth index, which for ACDM reads ~ 0.55 to leading order in 1/a [239]. By
integrating Eq. (2.34) we can write D(a) in terms of the growth index as

D(a) = exp (/ Qj“da) . (2.36)

In Ref. [34], the statefinder hierarchy (2.23)—(2.25) was complemented with information about the
growth of structure by using the fractional growth rate

o S

= Troom(@ (2:37)

By construction, € = 1 in the case of ACDM, meaning that statefinder hierarchy together with the
fractional growth parameter €(a) forms a composite null diagnosis (CND) for ACDM.

2.4. The Matter Power Spectrum

The distribution of a given linear perturbation 6;(t) in the momentum space can be characterised by
the power spectrum P (k) := (|6z|?) through the relation [338]:

(0(t) 6, (1)) = (21)* 26 (k + k') Ps(t, k). (2.38)

Here, (-) denotes an average over realisations and (3 (k + k') is the 3-dimensional delta function in
momentum space. Under the assumption of homogeneity and isotropy, the power spectrum depends
only on the amplitude k& = |k| and we can write simply Ps(t, k).

Of particular interest in late-time cosmology is the power spectrum of the matter density contrast
Ps_(t, k), or simply matter power spectrum, which provides a measure of the collapse of matter into
structures of size A = 1/k. lts shape and amplitude are sensitive not only to the characteristics of DM,
but also to non-clustering components, such as DE and massive neutrinos, non-linear effects such
as BAO, and to the theory of gravitation considered. In Fig. 19 of Ref. [19], it can be seen that the
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2.4 The Matter Power Spectrum

linear matter power spectrum predicted by the Concordance Model, with initial conditions compatible
with single field inflation, provides an extremely good fit to the observations from different sources; in
particular, the shape of Ps(k) is heavily constrained in the range x1072 h Mpc™!< k <2 x 1071
h Mpc~t. Therefore, Ps, (t, k) can be used as a powerful tool to discriminate viable models for the
late-time evolution of the Universe.

Observationally, the matter power spectrum is related to the number density of galaxies, é4, which,
in the absence of non-Gaussianities, can be related to the density contrast of DM through the
k-independent bias parameter b [350]:

5, =bd.. (2.39)

In Refs. [90, 350], it was argued that, under the assumption that galaxies are comoving with the
surrounding DM halos, the bias parameter should be defined in the rest frame of DM. As such, the
theoretical predictions for Ps, should be computed using a Gl quantity!? that reduces to dy, in the
frame comoving with pressureless matter. Such a quantity can be constructed as'?

5L = G+ %%m (vt + B) = 68) = 3aHL ™), (2.40)

where vy, is the peculiar velocity potential of pressureless matter, B is the potential that defines the
perturbation of the shift vector for scalar cosmological linear perturbations and vr(nN,z is the Gl quantity
that reduces to vy, in the Newtonian gauge'®. After these considerations, we can write the theoretical
prediction of the matter power spectrum as

Ps, = {1612 = (|8) — 3aHu{) ). (2.41)

m,k m,k

While Pjs characterises the distribution of the perturbations in the momentum space, the distribution
in real-space coordinates is described by the two-point correlation function [338]

&, 7)) =(0(t, ©)o(t, £+ 7)), (2.42)

which corresponds to the Fourier transform of the power spectrum!® Ps(t, k):

a3k oo [ dE kP in(k
&(t, ) /ng(t, k) et = (zﬁ)S/Q/?ﬁp(;(t, k)%. (2.43)

Under the assumption of isotropy, the two-point correlation function depends only on the distance
r = |7] between two points and not on the direction 7. It gives a measure of the probability that, for
a random galaxy at a point Z, another galaxy is found at a distance 7.

From the two-point correlation function, we can calculate the variance of the distribution of the

2Following Bardeen [46], any physical observable should be represented by a Gl quantity.

B3In the last equality of Eq. (2.40), we have assumed the absence of interaction for pressureless matter so that the
continuity equation reads pp, = —3(a/a)pm.

For a more complete discussion and definition of these quantities, please see the Appendix A.

15The dimensionless quantity k3/(272)Ps(t, k) found in the integrand of the r.h.s. of Eq. (2.43), is commonly
preferred in the context of primordial inflation in detriment of Ps(t, k). As such, it is usually referred to as the primordial
power spectrum and will be denoted in this thesis by Ps(¢, k) [352].
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Chapter 2. Tools to characterise cosmological models

perturbations as [338]
o2 = (6(t, 2) 6(t, x)) = &(t, 0). (2.44)

Then, we can relate o with the power spectrum Ps by using Eq. (2.43). In practice, the variance is
computed using a window function Wx that selects galaxy counts inside a volume with a characteristic
radius R:

o2 — (2m)2 / Ak K b (). (2.45)

R k 2m2 O\ R
Typical choices for the window functions include the Gaussian and top-hat functions [338]. One
particularly important parameter in cosmology is the root mean square of the variance of mass
perturbations on a sphere of radius R = 8 h~'Mpc, computed with a top-hat window function. This
parameter, denominated og, is employed in the normalisation of the amplitude of the matter power
spectrum and can help to mitigate the effect of some degeneracies in the data through the use of
certain specific parameter combinations, such as fog in redshift space distortions measurements
[319] and Ss := 05(2m)%®, which was found to minimise the correlation with €, in cosmic shear
experiments [335].

2.5. The Primordial Power Spectrum

According to the paradigm of primordial inflation, small quantum fluctuations in the primordial
Universe are amplified during inflation and act as the seeds for the classical perturbations in the Hot
Big Bang cosmology, which eventually lead to the anisotropies of the CMB in the last scattering
surface and to the LSS observed today. One quantity that is of special interest in order to connect
the primordial quantum perturbations with the distribution of the classical perturbations during the
radiation dominated epoch is the Gl comoving curvature perturbation [49, 53]

R:=¢—

a a
a

oW B) =V - %%U\’) , (2.46)

a

where B and 1 are one of the four metric potentials that characterise the scalar sector of the
cosmological perturbations, cf. Eq. (A.9) for the complete perturbed FLRW line element, and ¥ is
the Bardeen potential that reduces to ¢ in the Newtonian gauge [46]. From the perturbed Einstein
field equations it is possible to derive the equation for the time derivative of R for a given Fourier
mode [53]:

Ry = , (2.47)

1 spnd) 1 k\? /K2
— — — I 4+ 22T
1+w 5 3000 \af g kT2

where §P(*»d) is the non-adiabatic component of the isotropic pressure (cf. Eq. (A.48)) and IT is
the anisotropic stress potential (cf. Eq. (A.42)). From this equation we find that, under adiabatic
conditions, the comoving curvature perturbation remains constant during super-horizon evolution
(k < aH). Thus, for most of the physically relevant modes, we can use the value of R at the end
of inflation to set-up the initial conditions for perturbations during the radiation dominated epoch,
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2.5 The Primordial Power Spectrum

without having to specify the mechanism of reheating.
The value of the comoving curvature perturbation R at the end of inflation is usually given in terms
of the primordial power spectrum [49]

k3 9
Pr(k) = 52 Ril”, (2.48)
where we recall that the lack of dependence on the direction of k reflects the isotropic evolution of

the Universe. This is commonly parameterised as

PR (k) = As <k)n1 : (2.49)

ks

where k, is a pivot scale, A is the normalisation of the primordial power spectrum at the pivot scale
and ng is the scalar spectral index. In the Planck mission, the pivot scale was chosen to be 0.05
Mpc~! and the final best-fit values for the parameters of the primordial power spectrum, when BAO
measurements are included, are A5 = 2.107 x 1072 and ny = 0.9682 [19], confirming a preference for
a near scale-invariant but red-tilted power spectrum that excludes a pure de Sitter inflation at more
than 8o [18]. A deviation from (2.49) is nevertheless possible as long as the corresponding scales are
sufficiently far away from'® k.. In fact, any imprints of a pre-inflationary evolution are expected to
appear at very large scales, k < k., while the reheating dynamics could affect scales much smaller
than the pivot scale, k > k,. Modifications of the primordial power spectrum at small scales have
also been proposed as a mechanism to create primordial black holes [163].

In the case of single field inflation, where we can write the peculiar velocity of the scalar field as
vy + B = (N/a)dp/¢, the evolution of the scalar perturbations during inflation is usually computed
in terms of the Mukhanov-Sasaki variable!” [215, 269, 270, 311]

vi=a <5<p + s01/1) =2zR, z = a.i , (2.50)
ala

as the second order variation of the action reduces, in the conformal time n (N = a), to that of a

simple harmonic oscillator with variable mass [53, 267]:

"

1 )
68 = 3 /dn 3z {(1}')2 —D;vD'v + %1}2 . (2.51)

In the previous equation, a prime indicates a derivative with respect to the conformal time 1 and D;
is the covariant derivative with respect to the 3-metric ;; defined in Eq. (1.20). Using a Legendre
transformation, we are able to write down the corresponding Hamiltonian and apply a canonical
quantisation procedure that promotes v to a quantum operator ¥ evolving on a classical FLRW
background. This operator can then be decomposed into mode functions v, which satisfy the

1 Through reconstruction methods, the pure power-law behaviour of the primordial power spectrum was confirmed
by the Planck mission in the range 0.005 Mpc—! < k < 0.2 Mpc—! [18].

7Here, we remind the reader that despite the use of the letter v for the Mukhanov-Sasaki variable, it does not
represent a velocity potential. We choose to follow the notation found in the literature hoping that it does not lead to
any confusion. In addition, the variable z defined in Eq. (2.50) has no connection with the cosmological redshift.
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Mukhanov-Sasaki equation [53, 268]

Z//
vy + (k2 - ) v, =0, (2.52)
z
and verify the normalisation condition [53, 268]
vy — v = ih. (2.53)

After computing the evolution of v; until the moment of horizon crossing, we can use the definition
(2.50) to write Pg (k) given in Eq. (2.48) in terms of vy:

k3 ‘Uk‘Q
2n2 22

Pr(k) =

(2.54)

2.6. The CMB angular power spectrum

The anisotropies in the CMB can be described in terms of the temperature fluctuations in the black
body distribution of the cosmic photons [140, 352]:

T,(t, T, p) = T(t) + 6T, (t, %, p) = T, (t) [L + O(t, 7, p)] . (2.55)

Here, I and p are the position and direction of propagation of the photon and T’y (t) is the temperature
of the background radiation fluid. In order to analyse the profile of temperature perturbations in the
celestial sphere, it is advantageous to decompose O(t, Z, p) in spherical harmonics Yy,,:

+oco +4

Ot ) =Y, > amm(t,®)Yem (), (2.56)

£=0 m=—/¢

where the coefficients ag,(t, ¥) encode the information regarding the temperature fluctuations at
a multipole ¢. In a background that is isotropic on average, the mean value of all the ag, (¢, Z)'s
vanishes while its variance can be expressed in terms of the angular power spectrum Cy := {|as,|?) as
[140, 352]

(@pmaem) = Ooer Omms C(t) (2.57)

Due to the homogeneity and isotropy assumptions, the angular power spectrum cannot depend either
on the position & or the multipole moments m. The coefficients ag, (¢, £) can also be related to the
Fourier mode ©(t,p) by multiplying (2.56) by Yy,,,/(p), integrating over the angular section of
and using the orthonormality of the spherical harmonics to write [140]

= * dd]; * ik-z
v = [A2,000 2 9Vid) = [ Grmd® Oclt V@ (259)

Assuming that the photons of the CMB are free streaming since the time of the last scattering, we can
write £ = — D, p, where D, = ng — 1, is the comoving distance to the surface of last scattering. This
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2.6 The CMB angular power spectrum

allows us to write down the angular power spectrum in terms of the dimensionless power spectrum of
the temperature fluctuations as [140, 352]

+Ood

<MM=M/ Po(ta, K) j2(RD.) (2.50)

0
where j(z) is the spherical Bessel function [7, 283]. Since the function j7(kD.) peaks at k = ¢/D,,
the previous equation is well approximated by [352]

™

Co(ty) = m

Po(¢/D.), (2.60)
leading to the definition of the normalised angular power spectrum Dy := £(£ + 1)/(2m)Cy. After
three generations of observational missions — CoBE, WMAP and Planck — the features of the CMB
over the whole sky have been mapped to an astounding precision and have provided us with one of
the pictures of the evolution of the Universe over 14 billion years, since the Hot Big Bang till the
present time, and over a wide range of scales. From the amplitude and position of the peaks on the
angular power spectrum, the near scale invariant shape at low multipoles or the exponential damping
at high £, we are able to probe such different aspects of the Concordance Model, such as the physics
of inflation, the spatial geometry of the Universe, the density of DM and of non-relativistic baryons,
the signature of DE through the integrated Sachs—Wolfe and the Rees—Sciama effects or the photon
diffusion that affects the smallest scales.

For each multipole ¢, the number of independent estimates of the angular power spectrum is reduced
to 2¢ 4+ 1 due to the fact that we have access to only one Universe. As such, the observed value of
C?bs averaged over multipole moments is given by

+¢
1
bs _ bsy*  ob
Cy> = Wil Z (afm ) agm (2.61)

m=—

and has a minimum theoretical uncertainty of

AC, Cy — Cobs\? 2
_ ey T Y S 2.62
Cy << Cy 20+ 1 ( 6)

This is the formula of the well known Cosmic Variance that limits our knowledge of the Universe for
low multipoles, i.e., at the largest scales observed today.
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Modified Gravity: f(R)-gravity

In this chapter we consider the effects of a modified theory of gravity, in particular of metric f(R)-
gravity [104, 130, 152, 322], which generalises the EH gravitational action to include a non-linear
dependence on the scalar curvature. This idea was first proposed by H. A. Buchdahl [91] and has
gained redoubled attention in the last decade as a possible candidate to explain the dark sector of the
Universe and the recent success of the R? model [325] in explaining the current observation from the
primordial Universe [18]. We begin this chapter by presenting a brief review of the main properties of
f(R)-gravity and its applications to Cosmology. We then move on to present a novel reconstruction
method in which an appropriate f(R) action is deduced by imposing a barotropic EoS P(p) for the
total matter content of the Universe. Finally, in the last section, we discuss the possibility that dark
radiation, an excess of relativistic content not accounted for by the CMB photons or the three families
of neutrinos in the Standard Model of particles, is a manifestation of modified gravity. The main
results in this chapter were published in Ref. [264].

3.1. Metric f(R)-gravity: A brief review

3.1.1. The f(R) action
If we take in mind the interpretation of modified gravity as an extension of GR, then we can write

the f(R) action as an EH term, cf. Eq. (1.1), plus a modification term which depends on a generic
function f(R) of the scalar curvature R [130, 152, 322]:

SU) = 2%2 / d*a/=g (R + f(R)] . (3.1)

It can be easily verified that the EH action with a cosmological constant can be accommodated by

setting f(R) = —2A. If in addition to the action (3.1) we consider the presence of matter fields, ¥,
minimally coupled to gravity, the total action is given by

S % / d*zy/=g [R+ f(R)] + 8™ g, V). (3.2)
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3.1 Metric f(R)-gravity: A brief review

After minimising the total action (3.2) with regards to variations of the metric g,,, and lowering one
index, we obtain the generalised Einstein equations of metric f(R)-gravity [130, 152, 322]:

(14 Jr)G*, + 3 (Rfn— )3 — (V#V, 840 fa = w2(TC)5, (33)

where O := V#V, is the d’Alembert operator and fr := (df/dR).

Since we are considering that matter is minimally coupled to gravity, the stress-energy-momentum
tensor [T™)]*  is divergenceless and the usual continuity relations for the matter content are recovered.
This can be checked by taking the divergence of Eq. (3.3) and using the Bianchi identities and the
definition of the Einstein tensor to obtain

RM N, fr — (OV, —V,0) fr = k2V,[T™]" . (3.4)

From the definition of the Riemann tensor and its symmetry properties we find that the terms on the
I.h.s. of the previous equation cancel each other, leading automatically to

,=0. (3.5)

3.1.2. An extra degree of freedom

The modified Einstein field equations (3.3) are, in general, of fourth order in derivatives of the metric.
This contrasts with GR, where the equations of motion are of second order, and points to the existence
of an extra degree of freedom in metric f(R)-gravity. This can be seen more easily by looking at the
trace of Eq. (3.3) [130, 152, 322]:

30fr+ (fr — 1) R—2f = k270, (3.6)

Contrary to GR, this equation is no longer an algebraic relation between the scalar curvature and the
trace of the stress-energy-momentum tensor. In fact, for a generic f(R) function, Eq. (3.6) describes
the propagation of a new massive scalar degree of freedom, fr, which is sometimes called scalaron.

Following similar results for quadratic gravity (see, e.g., [332] and other references in [322]), it was
quickly realised that the action (3.1) of metric f(R)-gravity is dynamically equivalent to®

S(BD)T}# d4x\/jg[¢R — V()] + S(m) (G \Il(i)] , (3.7)

with the identification

¢:=1+4fr, and  V(¢):=R(®)(1+ fr) - [R(d) + f(R(P))] - (3.8)

The action (3.7) falls in the category of models of massive gravity proposed by O'Hanlon [278] which
correspond to a subcategory of Brans-Dicke gravity [85] with Brans-Dicke parameter wy = 0. When
viewed as such, metric f(R)-gravity can be considered as a scalar-tensor theory, which in turn is a

LIt is common to find in the literature the statement that the equivalence between metric f(R)-gravity and its
Brans-Dicke representation depends on the inequality frr # 0. More precisely, one requires that the mapping 1+ fr = ¢
be invertible, of which frr # 0 is a sufficient, although not necessary, condition [282].
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Chapter 3. Modified Gravity: f(R)-gravity

particular case of the more general framework of Hordenski theories [187]. After the recent constraints
on the velocity of gravitational waves derived from the observation of the neutron stars merger event
GW170817 [3-5], f(R)-gravity is one of the few sub-categories of Hordenski theories that remain a
viable candidate for DE [126, 147, 223].

Minimising (3.7) with regards to the metric g,, and the scalar field ¢ leads to the equations of
motion [282, 322]

K2 1 1
G/LD = ET(m)}LV - §V(¢)gpu + a [V/LVV¢ - g/LVD¢] 9 (39)

30¢ + 2V (¢) — QS% S (3.10)

It can be checked that the substitution of (3.8) in the previous two equations leads immediately to
the modified Einstein equations (3.3) and the trace equation (3.6). This shows that the actions (3.2)
and (3.7) are dynamically equivalent.

The existence of this extra degree of freedom has led to several constraints being introduced to
ensure that f(R) is physically viable and free of dynamical instabilities [192, 327]:

1. Imposing that gravity is attractive since BBN implies that the effective gravitational coupling
Gy = G/(1+ fr) must be positive and consequently

14 fr>0, (3.11)

for all R since early times.

2. If the effective gravitational constant at the present time is to match Newton's gravitational
constant GG, then the extra degree of freedom fr must verify

fr(ao) =~ 0. (3.12)

3. The scalaron is not a tachyon [327]

frr>0. (3.13)
This condition is intrinsically related to the Dolgov-Kawasaki instability which was first discovered
for the model f(R) = —u?/R [141] and later generalised for any f(R) function [151].

4. The existence of stable de Sitter solutions [149, 150] imposes that:

> (L4 fr)* = 2R+ f)frr
mig = (5 Tn)frn > 0. (3.14)

This condition is much weaker than the previous ones since: (i) the early “de Sitter-like”
inflationary phase of the universe must be unstable in order for the transition to a radiation-
dominated epoch to occur; and (ii) while current observations suggest that our universe is
evolving towards a de Sitter-like phase, we cannot guarantee that it will remain so forever.
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3.1.3. FLRW cosmology in f(R)-gravity

Let us now consider a homogeneous and isotropic universe described by the FLRW line element (1.18).
After a substitution in the modified Einstein equations (3.3), the (0 — 0) and (i — i) components can
be written, respectively, as [130, 152, 322]

a\*> N? Rfn—f  a,; . KN? .
a+m><a>+4 eI gy - T e, (315)
i (a\> _Na N? Rfn—f 3

(1+ fr) 2a+<a> —2y ot K| NP (2) (/) + (Fr)

= —KIN2pE) (3.16)

Here, we recall that a dot indicates a derivative with respect to the time variable ¢. These equations,
which reduce to Egs. (1.27) and (1.28) when we set f(R) = 0, show that in metric f(R)-gravity the
gravitational constant G = k2 /(8) is replaced by an effective gravitational coupling G := G/(1+ fr)
that depends implicitly on the curvature of space-time through the derivative fr. Such an effective
coupling is characteristic of scalar-tensor theories [148, 152]. In addition to Egs. (3.15) and (3.16), we
can obtain from the trace equation (3.6) the evolution equation for the extra degree of freedom fg:

fut (32 X)W R-2n=ene (B0 pe0) @)

However, out of the three equations (3.15), (3.16) and (3.17) only two are linearly independent.

In the presence of matter, the Einstein field equations and the equation of motion of fr are
complemented by the continuity equation

pm 4 33 <p(m> + p(m)) —0. (3.18)

Since (3.18) assumes the same form as in GR, any solution p(a) found for a particular EoS remains
valid in metric f(R)-gravity. However, the dependence of such solution on the cosmic time will be
changed as the relation a(t) is dictated by the modified Friedmann equation (3.15).

3.1.4. f(R)-gravity as an anisotropic fluid

Contrary to GR, the two Egs. (3.15) and (3.16) represent a system of fourth order in derivatives of
the scale factor. This means that, given a function f(R), finding general solutions for the evolution
of the FLRW background is an extremely difficult task, even in the absence of matter. Therefore,
when approaching modified theories of gravity from a phenomenological point of view, it is often
advantageous to rewrite the modified Einstein equations in such a way that all the new terms coming
from the modifications of GR appear on the r.h.s., thus forming a new effective stress-energy-momentum
tensor. In the case of metric f(R)-gravity, a reorganisation of Eq. (3.3) leads to [51, 130]:

G = K2 (T,ggl) + T;/y) , (3.19)
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where [51, 130]

1 |Rfr —
? %gw/ + (Guu + guulj - vuvu) fR . (320)

Tlgl{) - _
Notice that in this representation we no longer consider an effective gravitational coupling for matter,
as all the effects of the modification of gravity are now incorporated in T,E,’j) The Bianchi identities

and the conservation of the stress-energy-momentum tensor of matter lead automatically to the
condition V,[T(N]# =

From the definitions (1.13)—(1.16) and the effective stress-energy-momentum tensor (3.20) we can
define the effective fluid quantities for metric f(R)-gravity:

1 —
) = g {Rfl:;f _ u“u”GWfR—hWVMVUfR] , (3.21)
1 [Rfr—f h* 2 ,
P(f) = - ? |:2 + YG/LyfR + <3hl‘« —utu ) V/LvaR:| y (322)
1 v
(¢, = —u W (Gup = ViV, fr, (3.23)
1 1
[FPly = = 5 (WAE = o™ ) o = ¥, ¥2) . (3:29)

We thus find that in general the modifications introduced by metric f(R)-gravity cannot be mapped
onto a perfect fluid [51] unless the symmetries of the space-time impose that Egs. (3.23) and (3.24)
vanish?. Following the interpretation of metric f(R)-gravity as a scalar-tensor theory, we can define a
4-velocity for the effective fluid as [289, 334]

[wD],, = V\;‘?’n X = —V"frV.fr. (3.25)

Inserting [u()],, in Eqs. (3.21)—(3.24) leads to
o = % [RfRz—f O G S g(f)\/)?} 7 (3.26)
P — % [Rff;—f N %[WWVGMRJF gg(f)\/)?_ [u(f)]uv#\/f] 7 (327)
P = - R+ B oG, (329
I e L (L T W T (329

where (), [0(1)] ,,, and [a{/)], are the expansion rate, shear tensor and acceleration vector of the
effective fluid with regards to the 4-velocity defined in Eq. (3.25) and which can be obtained by
replacing n,, by [u(/)], in Egs. (1.23) and (1.24).

2This is precisely the case in a FLRW universe, where Go; fr = VoV;ifr = 0 and (Gij — ViVj)fr  gij imply

() (f)

that both the energy flux g~ and the anisotropic stress m;’ vanish.
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In a FLRW universe, where the r.h.s. of Eq. (3.23) and (3.24) vanish, the energy density and
pressure of the effective fluid become [130]

o = 5| Bt 8 ( ()2 + N21c> fr— NEZ(f‘R)] 7 (3.30)
o B (1 (3t )
i (20 - ;2(&)] . (331)
With these definitions, we can write Egs. (3.15) and (3.16) in a GR-like formulation as
O ey o
2% + (Z>2 - 2%% + JZ—;/C = — K2N? (P<m> + P(f)> . (3.33)

3.1.5. Linear Perturbations in metric f(R)

Let us now consider the case of linear perturbations in metric f(R)-gravity. In Ref. [270] the evolution
of linear scalar perturbations in vacuum, both in the classical and semi-classical regime, was discussed
using a conformal transformation g,, — frg,. that brings f(R)-gravity in the Jordan frame to
a scalar field theory in the Einstein frame. Around the same period, a series of papers [196-198]
presented the full equations for the linear perturbations in the Jordan frame as a particular case
of f(¢, R) theories. More recently, the renewed interest in modified theories of gravity has led to
a further exploration of the dynamics of linear perturbations in f(R)-gravity, see for example the
extensive list of references in [130]. In fact, metric f(R)-gravity has become one of the few examples
of modified gravity fully implemented in mainstream cosmological codes [52, 191].

At first order in perturbations, the modified Einstein field equations (3.3) read [134]:
(1+ fR)OGH, + (R, + 640 = V'V, ) ofr + 60 (60— V#V,) fr = w2 [6T™]H,,  (3.34)
where the third term on the |.h.s. should be read as

0 (0= V"V,) fr= (V,Vufr) 89" = 04 (VoVofr) 09"

H

7 Vofr [266V 895 + VP (68 — 646g7) — VH3gl — V,6g°"] . (3.35)

Although the perturbation 0 fr can be related with the metric perturbations through

5fr = faroR = —frr (Rpo + Gpe0 — V, Vo) 6977, (3.36)

it is advantageous when treating linear perturbations in f(R) gravity to maintain the variable 6 F := § f.
In fact, this quantity represents a true extra degree of freedom in the scalar sector which is introduced
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R)- .
by the modifications to gravity in accordance with the discussion in Sect. 3.1.2. lts evolution equation
is obtained from the first order perturbation of the trace equation (3.6)

_ 2
O0F 4+ 6W0Ofz + = <R L+ /R

) SF =~ (5p — 36P)
RR 3
where we have used (3.36) to replace 0R by 0F/ frr and where

(3.37)
dMOfr = — (VoV,fg) 09" — 5?,) fr (2V*eg5 — V*547) (3.38)
When treating the modifications of gravity in terms of an effective fluid, we find that the first
order perturbation of the effective energy density, pressure, energy-flux and anisotropic stress, cf
Egs. (3.21)—(3.24), with respect to a generic 4-velocity u* read
sp) = 1Y 5G y + 2G 0 u”

L REOSTY, 9, 4 20607V, 7, 1B
R §F
+ {]2% "G, — W'V, V ] (3.39)
5P = — Ly
3
R 1- 2
_ iy Y 2d _
h+ hGW+Q

Kt 6G 4 20 G O + (20 — 3ua) 614, , — 2065V, V, ] -8
1

2 (3.40)
G ??)fﬁw a1t (6G,, — 6T,V Ir
vp— Vv Vp ? U ( vp v )?
i A - =\ OF
+ @', (Gup — Vi V,) — (3.41)
o 7 i > VAV, f
(67D, = _2< h(pﬂauu) gh,“,u 5“p) (Rpo = V,Vo) ;712%
pho 17 oo 5 STV IR
— huhu - gh/wh ( GPU FpavA) ?
T 1
— (hﬁh,j 3

(3.42)
In the last two equations we have used the results h* [q(/)]

[¢)],; and hz[ﬂ'(f)]/w = [7D] to
simplify the expressions obtained. If we take into account the 4-vector defined in Eq. (3.25) as the
4-velocity of the effective fluid, then the first order perturbations [u(/)]#and [u(/)],, are given by

[fuD)H = Z[a

[ (f)]u[ ( }V[a(f)]p(;gvp + [B(f)]/w (V,,\/;S?F _ [u(f)]pdgfj) ,
5 = — a5 + RO L

3.44

Ndk (3.44)

Inserting Egs. (3.25), (3.43) and (3.44) in Egs. (3.39)—(3.42) we are able to obtain the fluid quantities
with respect to the 4-vector [u(/)]* = V¥ fr /v X

(3.43)
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Cosmological perturbations

While the results so far presented are valid for linear perturbations around a generic background, in
this work we are interested in the specific case of perturbations in a FLRW universe. As such, from
this point onward we consider the perturbed FLRW line element in the Newtonian gauge:

ds® = =N? (1 +2®) dt? + a*(1 — 2¥)4;;dz"da? (3.45)

where we recall that ® and U are the Gl Bardeen potentials [46]. The new degree of freedom §F
transforms as a 4-scalar under gauge transformations and so we can define the Gl quantity

- O
SFIN) = 6F — fag (3.46)

where o is the comoving shear potential defined in Eq. (A.16). We recall that the superscript (V)
indicates that 6 F(N) reduces to the perturbation §F in the Newtonian gauge, where ¢ = 0. Using
Eq. (3.36) we can relate SF(Y) to the Bardeen potentials and their derivatives in Fourier space as

s fan |- a N\. a. i (a\® Na
= IRR G 0 (42 ) g 2o (2 (2) %) e
6 N2 k+<a N) k+a B a <a) Nal F
k‘2

This equation has no analogue in GR, where both § F(N) on the I.h.s. and fgg on the r.h.s. vanish
identically. The evolution equation for 6F,5N) can be obtained from Eq. (3.37) and reads [198]

S (V) a N\ oo N2/ 1+4fa\ o, N oo
S +(3a—N>6Fk S Gl SF + KR

2

. ) . . AN 2 N
— fr (30 + &) +2 [fR + (32 - N) fR] By == . (5,;,@ - 35P,§N)) . (3.48)

The equations of motion for the metric perturbations are obtained from the first order perturbation
of the modified Einstein field equations (3.34). In Fourier space, the individual (0 —0), (0 —1), (i — 1)
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and (i — j), with ¢ # j, components of the modified Einstein equations read [198]

. . 2 .
a . a N? 1. [. a
(1 + fR) E\Ilk + <a) D + @k | — ifé |:\I/k + 2a‘l>k]
1[a,- i N 1 N2 22
-3 {ZéF(N) - (Z - Z) 5F, N)] skt =~ ap, (3.49)
. a 1. N la k’Na ,_ -
(1+ fr) (\I/k + acm) — 5/ P~ 5F( 'y 55(SF,EN) =5 (+P) oM (3.50)

a N a i (a\® Na N2
1 g R o -] —==|9® 1 k(U —
1+ /) k+<3a N> k+a k+<a <a> Na) B+ +fR)3a2 (T k)
17. . . . N. L[ () a N . (N
+2{fR((I)k+2\I/k)+2(fRNfR>(I>k-:|2[5Fk +(2a+N>(5Fk
Lla @ ) N? (N) _ ()
| =Z42(= §F, ——k*F, 5P 51
3 a * <a> Na 3a? (3.51)
(1+ fr) (W — ®p) — 0F) = K2TLy.. (3.52)

The presence of the term 6F,5N) in Eq. (3.52) shows explicitly that the modification of gravity
contributes to the anisotropy of the perturbations, in accordance with the picture of f(R)-gravity as
an anisotropic fluid, as discussed in the previous section. In fact, we can use Egs. (3.39), (3.40) and
(3.42) to define the Gl energy density and pressure perturbations, §p/*) and 6 P(/*) and the Gl
anisotropic stress potential of the effective fluid as

6 a. a\’ N?
3 a .- (N) a Na (N) k? (N)
+ 53 LL(SF - (a N) 5F} S0 (3.53)
(FN) a N\ . a a a Na
(SPk = — 2N2fR \I/k+<3a—N> qjk+a¢k+<a_(a> _Na> @;;|
9 12 N 1 . : . N,
~33.3 [fR (g — @p) — 5F,§ ’} ~ N3 {fﬁg (P +2Py) +2 (ff?, - Nfﬁe) @k}
+ R CLNEA T e T VAl (350
2N2 N K2N? |a a Nal| “F 7
1
) = — [5F — fr (v - 3] (3.55)

By defining the 4-velocity of the effective fluid as in Eq. (3.25), we find that the perturbation [§u(")]#
and [6u(")]* take the form of Eqgs. (A.39) and (A.40) with the peculiar velocity potential in the
Newtonian gauge, v'/V), given by:

LN _ N (0F o _ NP (3.56)
N - .
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In addition, an energy-flux potential ¢/) needs to be taken into account:

. a_\ fr OF (fr) a N\ SFW)
2(“’*&’)%‘ pe ‘(w‘%‘zv) pe

@ (@) _Na) e oF®

a a Na (fR) K2
since the choice of the 4-velocity (3.25) does not set the energy-flux to zero®. In fact, the form of
the expression (3.23) suggest that in metric f(R)-gravity it is not possible to choose a [u(f)]* such
that [¢(/)],, is identically zero, independently of the geometry. These definitions differ slightly from

the ones in [198] due to the different way of defining the effective stress-energy-momentum tensor in
Eq. (3.20).

, (3.57)

In the absence of anisotropies coming from the matter sector, Eq. (3.52) can be used to eliminate
one of the Bardeen potentials in favour of 6F,£N). In addition, from a combination of Egs. (3.49) and
(3.50), we can obtain the equivalent to the Poisson equation (A.77) in metric f(R)-gravity [198]

a .- (N) a a\’> Na (N)
—0F, "—|-—|-] —=—-]0F,
a F <a (a) Na) K

2 Lo
+3 5k [(1+fR)\I/k—25Fk = —

1. . a 1
ot (B ey ) - 2
2fR< k+a k) >

I€2N2 5 (©)

In contrast with GR, Eq. (3.58) no longer represents an algebraic relation between the gravitational
potential ¥ and the comoving energy density 6p(©) = §p(") + 5(a/N)vN). This difference is a
reflection of the extra degree of freedom in the scalar sector. Nevertheless, using Egs. (3.50), (3.52)
and (3.58), we can eliminate the Bardeen potentials and their derivatives in favour of § F"V) and the
matter perturbation variables, which in vacuum leads to a closed differential equation for § F(N).

Evolution of matter perturbations

As discussed above, the matter sector is not modified in metric f(R)-gravity, therefore the first order
perturbation of the conservation equations remains unaltered [49, 246]:

5 432 (2 —w) o) — (1 +w)

L\ 2
a N2 a (N) o
9 (a) (Cf — Ci) + (ﬂkQ] N’Uk = 3 (1 + ’U)) \I’k 5 (359)

. (N) 2
.(N) a 2 (N) .NC%(F,C N k Hk N

-(1-3 — — = — — &y 3.60
Yk +a< ) +a 1+w 3aad®p+ P a " (3.60)

Nevertheless, the existence of the extra degree of freedom does affect the evolution of the matter
perturbations. For example, in the commonly employed quasi-static approximation, the evolution
of the matter density contrast in a universe filled only by pressureless matter is given by a modified

3We recall that in general, the first order perturbation of the stress-energy-momentum tensor has a contribution
from the perturbation of the energy-flux, cf. Eq. (A.44), with [§T(M)1]0 = (a/N)d; [([_)Jr PyoV) 4 q].
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version of Eq. (2.31) [336, 365]:
SN+ 2HOLY) — 4mGlypmdl) =0, (3.61)
where the effective gravitational coupling Geﬁ reads

2
_ a 1+4 frr k*
Gy Lina (3.62)

C 1+ fr143dnn

Notice that G deviates from the effective coupling Gy = G/(1 + fg) introduced in Sect. 3.1.3
and in the limit of k > a®(1 + fr)/(frr) we have Gy = (4/3)G. This means that the effects of
f(R)-gravity are felt at sufficiently small scales (large k), even when the background evolution follows
that of GR, i.e., when |fr| < 1. However, the quasi-static approximation that leads to Eq. (3.61) has
been criticised in the literature for imposing too strong conditions on the gravitational potentials ®
and U [55, 134]. In Ref. [134], a fourth order equation for 5 in metric f(R)-gravity was derived for
a universe filled only by dust. It was shown that, in the sub-horizon limit, a second order differential
equation is once more obtained [134]:

Jii 0\ r frR K2 q B £pm
(m +2ﬁ)H+16(1fﬁRp) (ﬁ+4ﬁ) TV 7 s _

H3 H

0N +2H6Y) — H?

m,k

0. (3.63)

1+ fr a?

Despite the fact that the zeroth order coefficient In Eq. (3.63) has a different k-dependence when
compared with Eq. (3.61), both equations possess the same large k limit. Therefore, even if the
assumption of constancy of the gravitational potentials is not respected, Eq. (3.61) predicts the correct
behaviour of the matter density contrast when k > a?(1 + fr)/(frr). In this regime, if matter
completely dominates the energy budget of the Universe (0, &~ 1) and the deviations from GR are
small (|fr| < 1), the general solution to Eqs. (3.61) and (3.63) is

S = Cra~ 5 4 Coa™ 5 (3.64)

By comparing Eq. (3.64) with the result in Eq. (2.32), it becomes apparent that metric f(R)-gravity
predicts a stronger collapse of matter, with regards to GR, during the matter dominated epoch at very
small scales (large k). This is reflected in the higher prediction for the growth rate (cf. Eq. (2.34))
during the matter era:

1
£ = \/@T ~1.19, (3.65)

when compared with the standard result f =1 in GR.
3.1.6. Cosmography in f(R)-gravity

Since the objective of cosmography is to derive model independent constraints on the evolution of the
late Universe, it is in principle an ideal tool to differentiate between theories of gravity. In the context
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of f(R)-gravity, the cosmographic approach has been applied to since the end of the last decade in
an attempt to obtain constraints on the function f(R) and its derivatives (see e.g. Refs. [43, 73, 107]
for works of cosmography in f(R)-gravity and Refs. [42] for works of cosmography applied in other
modified theories of gravity).

In order to extend the cosmographic approach to f(R)-gravity, we need to write the scalar curvature
and its time derivatives in terms of the cosmographic parameters [43, 73, 107]:

R =6H? [2 —(g+1)+ a;;p] , (3.66)
R=6H? [(j -1)—(¢g+1)— 26;22] : (3.67)
R:6H4{(5—1)+(q+1)2+6(q+1)+2a;CH2[2+(q+1)]}, (3.68)

R6H5{(ll)(sl)(jl)[6+2(q+1)]18(q+1)214(q+1)

-2

K )
Al G- D491} (369)
Here, we recall that within the context of cosmography we work with the cosmic time (N =1). By
replacing these derivatives in the Friedmann and Raychaudhuri equations, i.e., Eqs (3.15) and (3.16),
we are able to obtain the expressions for (fr) and (fr):

(f;)—lJrQ)cQ(m)JrWJFQfRa (3.70)
(IJ;’Z) = - [1+3QK — (44 3w) Q) 4 6% +2(q+1) (Q,C — Qi 4 GfHQ)]
+[1-20c+2(a+ 1)’ = 5(a+ 1)) fa- (3.71)

Higher order derivatives d*(fr)/dt! can also be written in terms of the cosmographic parameters,
the values of f and fr and the parameters that characterise the matter fluid. Notice that each new
derivative d*(fr)/dt® requires the knowledge of an extra cosmographic parameter and a new time
derivative of the pressure P("™). From Egs. (3.70) and (3.71), we find that even in the simple case
where the matter content of the universe behaves as dust, P("™) = 0, we require the values of f/H?
and fg, apart from Qx and Q™) in order to constrain the derivatives of the new degree of freedom.
As pointed out in* [95], this lack of one-to-one correspondence means that in order to set constraints
on the derivatives d*(fr)/dt’ we need either to define sensible priors on f and fg, or fix their values
through complementary tests or physical considerations.

In [43, 73, 107] this limitation was overcome by arguing that if around the present time the f(R)
function is to be sufficiently close to the EH action with a cosmological constant then the higher order

4A similar argument had previously been presented to us by Ruth Lazkoz and Vincenzo Salzano in a private
conversation.
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terms in the Taylor expansion of f(R) around Ry

F(R) = fo+ fro (R— Ro) + f@f’“ (R— Ro)? + ngf’O (R—Ro)>+O[R-Ry*, (3.72)

should have a residual contribution. Thus, truncating the series at a sufficiently higher order should
not incur in a large error in the calculations. If we disregard terms of order O[R — Ro]* in Eq. (3.72),
we can then write the t-derivatives of fr as

(fr) = [frro + (R — Ro) frrRo) R (3.73)
(fr) = [frro + (R — Ro) frrr0] B+ R*frRR0, (3.74)
(fR) = [frro + (R — Ro) frrrol R +3RRfrRR0 - (3.75)

If, in addition, we consider that around the present time fr = 0, so that the effective gravitational
coupling Gy coincides with the gravitational constant G, a substitution of Egs. (3.73)—(3.75) in
Egs. (3.70), (3.71) and the first time derivative of (3.71) leads to [43, 73, 107]

Ro + fo AoS™ + B,
6 0 5 : (3.76)
1+ fro=1, (3.77)
m)
fRR,O AZQ( + Bz
TR = - OD : (3.78)
frRRRO _ As Q8™ + Bs (3.79)
(6H3) ™ (o — o —2—20x) D’ '

where the explicit formulas of the coefficients A;, B; and D are presented in the Appendix. B.1. In
the case of a spatially flat Universe filled by dust, the coefficients A; reduce to the ones found in
Refs. [73, 107, 264]. Finally, if J matter fluids are considered, each with fractional energy density €;),
j=1,...,J, the terms A;Q(™) in Egs. (3.76)—(3.78) can be expanded as

J
Ai Q(In) = Z Az,(J)Q(J),O 5 (380)

=1

where A; ;) is given by the same formula as A; with all the fluid quantities replaced by the respective
values for the fluid j. This is the case of Ref. [264], where the quantities .4; and C; correspond to
A;m and A, ,, respectively, with Qx = 0.

3.2. The modified generalised Chaplygin Gas as f(R) gravity

Since the modified Einstein equations in metric f(R)-gravity (3.3) are of fourth order in derivatives
of the metric, the task of finding exact solutions for a given function f can become extremely
difficult, even in the case of a highly symmetrical FLRW universe. As discussed in Sect. 3.1.4,
an alternative approach is to define an effective stress-energy-momentum tensor and treat the
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modifications to the Einstein equations as an effective fluid. Once the FLRW background is fixed
we can look for the functions f(R) that are compatible with such an evolution. This approach,
also dubbed designer-f(R), has been successful in finding various solutions of cosmological interest
[76, 103, 106, 109, 133, 143, 182, 275, 276] including mapping the ACDM model in f(R)-gravity
[133, 143, 182].

In this section, we consider an extension of these methods to the case where the total energy density
and pressure of the universe, including the contribution from matter and the effective f(R)-fluid (cf.
Egs. (3.30) and (3.31)):

pi=p™ 4 p) P:= pm™ 4 pf) (3.81)

follow a barotropic EoS, i.e., P = P(p) = w(p) p. Choosing N = 1 so that ¢ is the cosmic time
and disregarding the spatial curvature (K = 0), we can re-write the Friedmann and Raychaudhuri
equations (3.32) and (3.33) as

H2:7p7 H:

; 5 (L+w)p. (3.82)

In turn, the scalar curvature becomes
R=~k*(p—3P), (3.83)

which allows us to write the derivatives R, fr and fgrp as

R= —3k"H (1-3c2) (1+w)p, (3.84)
C(1-32) 7 ay
JrR= T2 ) (3.85)

IR = (3.86)

(1-32)7% a2f  3P® df
K2 dp2  (1-3c2)dp )’
2 is the total adiabatic squared speed of sound and P® .= d?P/dp?. Replacing these

derivatives in the modified Friedmann equation (3.15) allows us to write

where ¢

d2

1+ 3w
dp?

(1+w) (1 — 303) 0>

(R+1)+ [30+0) PO (1-33)| it (R

2)2 2
Sl = s . @)
Any homogeneous and isotropic relativistic model with total energy density p and total pressure
P(p) can be described by an f(R) model as long as f satisfies Eq. (3.87). The presence of a
non-homogeneous term dependent on the matter energy density on the r.h.s. of (3.87) means that a
general solution to this equation might not always be found. Nevertheless, we can look for solutions
of the homogeneous equation which correspond to vacuum solutions.

As an example of the applications of Eq. (3.87) we consider the case of constant w, which implies
¢z =w and P?) = 0. In this case we obtain the following differential equation after dividing all the
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terms in Eq. (3.87) by 1 — 3w:

d? 14+3w d _1—3w

(1+w)PQdTJ2(R+f)— 6 Pd*p (R+f)

2
(R+f)= — (1 - 3w) %p(m). (3.88)
The general solution to this equation in the absence of matter is [103, 143, 264]

R+ f=C.p +C_p°, (3.89)

where the exponents S are given by [103, 143, 264]

1 1+ 3w 2(1 — 3w) 143w ]?
be =3 1+6(1+w)i\/3(1+w)+{1+6(1+w)} ‘ (3.90)

Since the scalar curvature is proportional to the energy density p, the solution (3.89) can be rewritten
in terms of R as

R+ f=DyR* +D_R-. (3.91)

The argument on the square root in Eq. (3.90) vanishes when w = —(13 + 41/6)/3, being negative
inside the interval defined by those points and positive otherwise. Thus, for w > —1, the exponents
B+, and consequently the solution R + f in Eq. (3.91), are always real valued. We note that real
valued solutions for f(R) can also be obtained when the coefficients S+ acquire a complex phase,
as was recently shown in Ref. [29]. In the limit of w — —1 we find that only the solution Sy in
Eq. (3.90) as a finite limit and leads to the solution

R+ f=DiR?, (3.92)

which is precisely the function that in vacuum leads to a static solution of the trace equation, OR = 0,
for all values of the scalar curvature R.

3.2.1. Solution for the mGCG

Let us now consider the case of the modified generalised Chaplygin gas (mGCG) [57, 60, 205] (see
also [70, 83] and references therein) whose equation of state reads

A
P=pp—(1+p)

et (3.93)

Here, a and (3 are parameters of the mGCG subject to the conditions aw # —1 and —1 < 8 < 1. For
earlier attempts of describing the GCG in f(R) gravity see Ref. [106]. The conservation of the energy
momentum tensor implies that the energy density of the mGCG scales as

ag

pla) = po [As +(1—A,) (a)ﬂ o : (3.94)
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where the factor £ is defined as £ = (1 + §8)(1 + «), and Ay is a dimensionless constant such that
A, = A/p(1)+0‘. Here, we will restrict our analysis to the case 0 < A; < 1, which guarantees that the
mGCG does not induce any singular behaviour for finite values of a. By defining the characteristic
scale factor a.

L

1— A\ %
e = < N ) ap , (3.95)
we can re-write Eq. (3.94) as
3¢] THa
ay g
pla) = pas [1 + (;) } ; (3.96)

where pas = poAr/ T = A/(0+a) Eq. (3.96) allows us to identify two regimes with distinct
behaviour of the mGCG, one for a < a, and another for a > a,. Whether each of these regimes
corresponds to a dominance of the first or second term inside the squared brackets in (3.96) depends
on the sign of the parameter £. For £ > 0, we have that

ay\ 3(1+8) .
Pds (;) , ifa<ay,

pla) ~ (3.97)
£ds if a > A
while for £ < 0 we obtain the same behaviour but in an inverted chronological order
£ds 5 if a < a. ’
pla) ~ a\30+8) (3.98)
Pds (—) , ifa>a,.
For a complete review of the behaviour of the mGCG, inclusively in the case of 5 = —1 which can

lead, for example, to the appearance of a Little Sibling of the Big Rip type of singularity [77], see e.g.
Ref. [72].

Using Eq. (3.93), we find that the EoS parameter w, the adiabatic squared speed of sound ¢2 and
the second derivative P(®) for the mGCG model are

1+«
w(p) =B~ (1+8) (”;S) : (3.99)
1+«
ca(p) =B+a(l+p) (p;s) : (3.100)
14+«
@, — _ % (pas
P (p) p ( p) : (3.101)

Inserting this in the differential equation (3.87), we obtain

Aa(p) 95 (R4 )+ Aa(p) p (Ro+ )+ Aalp) (R+ 1) =0, (3.102)
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where the p-dependent coefficients are defined as

1- (”‘;S) o [4 —3(1+8) (1 +a (”ZS> Haﬂ : (3.103)

As(p) = (1+5)

1-982 1 t
Ai(p) = — 6ﬁ +2[136+a(1+3ﬂ)6a§](1+ﬂ)([%;s>
2(14a)
3
+Za(l+20) (1+5)° (”j) : (3.104)
1 p 1+« 2
Ao(p) = ~35 [4—3(1—#6) (1+a(?}s) )1 . (3.105)
In order to solve this differential equation, we now introduce the variable y, defined as® [264]
14+«
y = (’“‘:) . (3.106)

The variable y is finite and restricted to the interval (0, 1), approaching unity when the mGCG is near
the de Sitter regime, and vanishing asymptotically when the energy density of the mGCG scales as
a—31+6) By construction, y is also normalised so that its present day value is yo = A,. Using y as
the independent time variable, we can re-write the differential equation (3.102) as

2

dy?

66y 3y-1 y-u @(R+f)
__ @ Y- _
o -n EHH=0 (310D

(R+f)+<6§+95+71 1 1 1 >d

where y1 := (1 —38)/[3a(1 + B)]. Eq. (3.107) is a second order linear differential equation with four
regular singular points [185] at y =0, y = 1, ¥y = y1 and y = 4o0. lts general solution was obtained
in [264] and reads

(R+f)(y) =Cygs(y) +C_g_(y), (3.108)

where C are arbitrary constants and the two linearly independent solutions fi of Eq. (3.107) are

£Xg—(9+7)

g+(y) = y”f{(bif—l) [ (26F = + 1)y — (0 + 0F —205) [P [bF 0F 105 — 13y

+ [bff(b?f—bzi—bli—l) (2+3bf72b§t)} (y— 1)y F[1+bf,1+b5 ;b5 ;] }
(3.109)

Here, F[b, c;d;y] is the hypergeometric function [7, 283] and we have introduced the {3, £}-dependent

5In Ref. [264], the variable defined in Eq. (3.106) is denoted by x. Here, we adopt the new notation y since x is
reserved for the logarithm of the scale factor.
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constants
Ag = /952 + 788 + 73, (3.110)
and
36+5EA -(38+1)E A A
+ B + B + B
=" =14+ —" =2+ = 111
by 1o , b, + 19 , b3 o (3.111)

The differential equation (3.107) has four regular singularities in the expanded complex plane and
therefore falls outside the category of Riemann'’s differential equation [283]. Nevertheless, for some
choices of the parameters {«, 8}, or equivalently {8, £}, the singular point y; reduces to one of the
other singularities: y =0 (if 5 =1/3), y =1 (if { = 4/3) or y = 400 (if @ = 0). In such cases,
Eq. (3.107) not only possesses three regular singularities but falls in the category of the hypergeometric
differential equation® [7, 283].

3.2.2. Special Case: From radiation to de Sitter (5 = 1/3)

We now look at the case of 5 =1/3 (with a # 0) which leads to y; = 0. In such a case, the mGCG
mimics a radiation fluid when the first term in the EoS (3.93) dominates. Therefore, this particular
case of the mGCG has applications in the early Universe in models with pre-inflationary evolution
and in the transition from inflation to radiation during the reheating phase. In addition, it can be
employed in order to obtain a smooth transition between an initial (dark) radiation behaviour and a
later effective cosmological constant. A substitution in the differential equation (3.107) allows us to
obtain a hypergeometric differential equation [7, 283] for f(x):

2 _
y(1—p) (- -5 d

i (R+f)+ ——— (R+f)=0. (3.112)

4(1+a)dy 2(1+a)

As long as « does not satisfy any of the equalities 1+ « = 5/(4n) and 1+« = 1/(2n), where n is an
integer, this equation admits as solutions the two pairs of linearly independent functions

1 1 5
- P .2 _
91(v) [2(1+a)’ + 1+0¢74(1+a)’y} ’ (3.113)
) 2l I T R S R 114

and

1 1 1

gg(y)—F[z(Ha),—1+1+a;4(1+a);1—y}, (3.115)
1 3 1 1
9a(y) = (1 —y) 4(1+“>F[4(1+a),1+4(1+a);2—4(1+a);1—y} ; (3.116)

5Notice that special care has to be taken in the overlapping case of 3 = 1/3 and o = 0 which implies £ = 4/3, as
there is no appropriate limit for y; .
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such that R+ f = Cy g1(y) + C2 g2(y) = C3 g3(y) + C4 g4(y), where the C;'s are arbitrary constants.
We recall that the pairs {g1, g2} and {gs, g4} are related through a linear transformation [7, 283],
with {g1, g2} being more appropriate for the description of the behaviour around y = 0, i.e., when
the mGCG behaves as radiation, and {gs3, g4} more appropriate for the behaviour around y = 1 where
the mGCG mimics a cosmological constant. Alternatively, these solutions can be recovered from
Eq. (3.109) by using the contiguous relations of the hypergeometric functions (cf. the Appendix B.4).

In the particular case § = 1/3, the first term on the EoS (3.93) does not contribute to the scalar
curvature, which can be written in terms of y as

R= Rdsyﬁ , Rgs := 4pgs , (3.117)

where we have introduced the asymptotic value of the scalar curvature Rqs. Thus, for a/(1 + «) < 0,
i.e., for —1 < e < 0, the scalar curvature is defined in the range |Rqs, +oo[ while for a/(1 + «) > 0,
i.e., for a € R/[—1, 0], R is defined in the range |0, R4s[. Introducing (3.117) in the solutions
(3.113)—(3.116) we find that [264]

1 1 5 R\
S S (T S - 3.118
2(14+a)’ +1+a’4(1+a)’<Rds> ]’ ( )

R\ ! 3 ; R\
92(R) = (Rds> F[_4(14—04)’1_4(1—!—04);2_4(1—|—a);<Rds> 1 (3.119)

a(R)=F

gs(R) = F (3.120)

)

1 1 R \'te
PYZETEp i e rae i Sl Boe
2(1+4+a) 1+a’4(1+ ) Ras

1 ( R )1+; - sy
Ras

1+%
LA NI S 1<R) 1 (3.121)

ilta) "41+a) " 10+a  \Res

ga(z) =

x F

Notice that when written in terms of R, the functions f;, ¢ = 1,2,3,4 can in principle be extended
beyond the value R4s by analytical continuation. The extended function, if real, would allows us to
obtain an f(R) function that, while capable to mimic a mGCG behaviour, is not restricted in the
values of R imposed by that model.

In order to fix the linear coefficients C; for the solutions f;, we look at the stability conditions for
metric f(R)-gravity presented in Sect. 3.1.2. In particular we require that 1 + fr = g, > 0 and that
frr = grr > 0 during the history of evolution of the model and that at the present time fr ~ 0. In
order to decide which values of the parameter « can give the desired behaviour, we begin by looking
at how the solutions found evolve near the asymptotic values y = 0 and y = 1. In Tab. 3.1 we present
the asymptotic values of fi, fo and their R-derivatives for different values of the parameter o. Notice
that apart from @ = —1 and « = 0, the value a = 1/4 is excluded as it leads to a special case of the
hypergeometric differential equation (3.112), where solutions of the type in (3.113) and (3.114) are
no longer valid. In addition, the values @« = —1/4 and a =1 are listed as they represent values where
the behaviour of the second derivatives fi rr and fo rr change. From analysing this table we find
that:
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« -1 f% 0 i 1

o 1 1 1 1 1 1
giR —0 0~ 0~ 0~ 0~ 0~
91.RR +o0 ot 0t 0~ 0~ —2Ri -0

g2 0+ +00 +00 +00 0t 0t
92.R ot +00 +00 —00 +00 +00
92,RR +00 0" 2R 4oo +00 —00 —00

R 0F +00 +0o 0* 0t 0*

Table 3.1.: Limiting value of the functions fi1, f2 and its R-derivatives as x — 0 for different values of the
parameter . For comparison, we include the asymptotic value of the scalar curvature. Values
of « for which the solutions are not defined are indicated by a double vertical line.

a) If & < —1, there is a de Sitter epoch before the mGCG mimics a radiation fluid. In this case,
there is no solution where both the first and second derivative of g converge to a finite value as
the model evolves towards the radiation dominated epoch at R = 0. At best, we can choose
g(R) = C2g2(R), with Cy > 0, so that both g(R) and its first derivative are finite as the
scalar curvature vanishes. In this case, gr vanishes at R = 0 implying a divergence of the
effective coupling Gy that would exponentiate the strength of gravity beyond that of the other
interactions.

b) For —1 < a < 0, the mGCG mimics a radiation fluid with infinite scalar curvature in the past.
Although this asymptotic behaviour is different from the one of a pure radiation fluid in GR,
where R = 0, we point out that a divergent scalar curvature in a radiation-dominated epoch
is not in itself problematic. In fact, any small deviation from w = 1/3 in Eq. (3.83), even if
subdominant with respect to p, can drive R away form zero. In this case, we find that g gives
once again the desired behaviour as g2, g2,r and g2 rr remain positive during the radiation
epoch’. For —1 < a < 0, the behaviour at high curvature in the expression (3.119) is dominated
by the term Rl=. The change in qualitative behaviour of the second derivative changes at
« = —1/4 thus corresponds to the case where this leading term is R2.

c) In the case of 0 < «, initially the mGCG mimics a radiation fluid and, contrary to the previous
case, the scalar curvature vanishes in the past, much like a pure radiation fluid in GR. In this case,
we find that we can obtain finite values of g, gr and ggrg in the past if we set g(R) = C1g1(R)
and 0 < a < 1. In addition, imposing C; < 0 guarantees that gr and grpr approach zero from
positive values and therefore verify the stability conditions. The fact that gr approaches zero
implies that G'¢ would diverge in the past and that gravity would be much stronger than any
other interaction in the Universe. At low curvature, the leading term, beyond the constant term,
in Eq. (3.118) is Rt/ The change in the qualitative behaviour of the second derivative
g1,rR observed in Tab. 3.1 for a = 1, reflects that in that case the leading term becomes R2.

"Here, we point out that since R diverges for z = 0, there exists no problem in the divergence of ga, g2,r and
92,RR in Tab. 3.1.
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5 3
o -3 -1 -5 0
g3 1 1 1 1 1
93.R 2R3s 2R;s 2R3s 2R;s 2R;s
2R 2R 2R 2R 2R
93.RR " a(5+4a) " a(5+4a) " a(5+4a)  a(5+4a) " a(5+4a)
g4 ot ot 400 ot ot
J4,R 0~ 0~ —00 ~+00 —00
J4.RR +00 ot +00 —00 —00

Table 3.2.: Limiting value of the functions fs, f4 and its R-derivatives as © — 1 for different values of the
parameter «. Values of a for which the solutions are not defined are indicated by a double
vertical line.

In Tab. 3.2, we present the asymptotic value of g3, g4 and their R-derivatives as y approaches unity,
i.e., when the mGCG mimics a cosmological constant, and for different values of the parameter a.
Notice that apart from oo = —1 and o = 0, the values @« = —5/4 and o = —3/4 are excluded as they
lead to a special case of the hypergeometric differential equation where the solutions (3.115) and
(3.116) may no longer be valid. From this table we conclude that:

a) For a < —1, i.e., when the radiation epoch is preceded by a de Sitter-like stage, we can obtain
a solution with finite and positive values of g, gr and grr at R = Rgs by restricting « to the
interval | — 5/4, —1[ and setting g = C5gr + C4gq with C5 > 0. For smaller values of «. it is
possible to obtain solutions for which g and gg are finite and positive by setting C's > 0 but the
second derivative will either become negative (C4 = 0) or diverge with positive values (Cy > 0).

b) In the case of —1 < a < 0, we find that solutions with appropriate behaviour of ¢, gr and grr
at R = Rgs can be obtained by setting g = C'5g3 with C3 > 0. Using the relation between gs
and the solutions g; and g2, we find that C5 > 0 leads to a positive coefficient for go which
implies that such a solution is also well behaved for large scalar curvature, cf. Tab. 3.1, with g,
gr and grp growing with positive values as R tends to infinity.

c) Finally, in the range 0 < «, we find that it is not possible to obtain a solution for which both gr
and grp are finite and positive around R4s. However, we can always set g = C'5g3 + Cyg4, with
Cy < 0, so that gg and grpr remain positive as R converges to Rgg. The solution g = C1¢1,
with C7 < 0, which is well behaved for R = 0 falls into this category.

In Ref. [264], we focused on the case of 0 < a < 1 with R+ f(R) = g(R) = C1¢1(R) and C; < 0
which allowed us to obtain a well behaved solution with no divergences in the past evolution of the
system. As mentioned above, in this case the conditions 1 + fr > 0 and frr > 0 are satisfied as
R goes to zero, at y = 0. In order to fix the value of C; we imposed the additional condition that
fr =0 at the present time. Recalling that yo = A, we obtain

1
2A5T 1 1 5
1+

A =-= ;1 ;A
Crla, 4) 5 Ras 1+a’ 2(1+a)’ +4(1+a)’ °

(3.122)
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Figure 3.1.: Evolution of R+ f = Cig1 as a function of (left panel) the dimensionless variable y and
(right panel) the scalar curvature R, with the linear coefficient C defined by Eq. (3.122). The
plots are obtained using the values & = 0.1 and A; = 0.8.

The solution R + f = C4 g1 with C; defined by Eq. (3.122) is plotted in Fig. 3.1. We find that
the positiveness of 1 + fr and frp is extended to all R €]0, Rqg[, thus ensuring that the effective
gravitational coupling is positive and that the solution found avoids the Dolgov-Kawasaki instability®.
This, coupled with the fact that the function R + f itself is negative throughout the whole range
R €]0, Rgs| implies that the effective mass (3.14) is positive, in particular during the late asymptotic
de Sitter phase.

3.2.3. Discussion

In this Section, we have described a new method within the reconstruction approach known as designer
f(R) to obtain solutions in metric f(R)-gravity that are compatible with a given evolution of a FLRW
Universe. Specifically, we have worked out the differential equation that defines the function f(R)
when the total energy budget of the Universe, including the contribution from matter and the effective
fluid arising from the modifications of gravity, satisfies a barotropic EoS P(p). The homogeneous
solutions to such an equation represent vacuum solutions and can be used to search for solutions in
the general case when matter is included. This method could in principle be generalised to include
a non-barotropic EoS, such as P(p, p), or to include the effects of viscosity. However, due to the
difficulty of finding exact solutions even in the most simple cases, it is unclear whether such an
extension would be fruitful.

Using this reconstruction method, we have fully mapped the modified generalised Chaplygin gas
(mGCG), a 2-parameter extension of the Chaplygin gas which was originally proposed as an alternative
to DM and DE [57, 60, 205], onto f(R)-gravity in the absence of matter fluids. Unfortunately, the
analytical expressions of the solutions obtained are quite cumbersome. This reflects one of the main
disadvantages of employing the strategy of designer f(R)-while it can provide us with exact solutions
for f(R), often-times these are extremely complicated to handle analytically and as a consequence
the physical interpretation of the solution becomes quite a difficult task. Nevertheless, for specific
values of the parameters of the model the complexity of the solutions found is substantially reduced,

8As observed on the r.h.s. panel of Fig. 3.1, R+ f(R) in an increasing function of R with positive curvature.
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allowing for a more detailed study of the physical implications of the model.

One of such cases is obtained when we fix the parameter 5 = 1/3, in which case the mGCG
interpolates between radiation and an effective cosmological constant. Such a behaviour of the
mGCG can be considered both in the context of reheating [74, 76] or at late-time to obtain a unified
description for dark radiation and DE [264]. In this case, the differential equation for f(R) reduces
to that of a hypergeometric function, greatly simplifying the solution with respect to the general
case. Using the conditions for the physical viability of f(R) actions and the asymptotic behaviour of
the hypergeometric functions, we were then able to classify the solution found, defining intervals of
interest for the mGCG parameter «. In particular, when the mGCG mimics radiation in the past and
a cosmological constant in the future, we find that adequate solutions can be found for 0 < a < 1
which are well behaved at all points except in the extremely distant future.

3.3. Dark radiation as f(R)-gravity

The concept of a dark radiation (DR), an unknown relativistic component that much like DM and
DE only interacts gravitationally with normal matter, was introduced after an excess in the radiation
content of the Universe was detected in CMB observations [37] that could not be explained by the
photons from the last scattering surface or the three families of leptons in the Standard Model. The
radiation content is usually parameterised in terms of an effective number of relativistic degrees of
freedom N, cf. Eq. (1.40) and the Standard Model of particles with three families of leptons predicts
Neg = 3.046, where the deviation from 3 is due to thermodynamic considerations [249]. Some of
the first models proposed to explain this excess theorised the existence of additional sterile neutrinos
[1, 37], an idea that seemed supported by initial best-fit values of Nog close to 4. However, subsequent
missions lowered this number considerably, making it incompatible with a new species of (sterile)
neutrinos. Other proposals that have been explored include dark photons that interacts only with
DM particles [9], thermal axions from Quantum Chromodynamics [37], or an extra contribution from
the decay of dark matter particles into very light particles [181, 259]. The final results of Planck
mission, in conjunction with BAO measurements, fix the value Neg = 2.9975-32 [19], which supports
the Concordance Model with no DR component. However, higher values of the effective number of
degrees of freedom are still compatible with the data as long as Hj is allowed to take on larger values.
In fact, restricting the analysis to the physically motivated range AN.g > 0 leads to the constraint
ANz < 0.30 at 95% confidence level.

In this section we explore the possibility that DR is the manifestation of a modification of gravity,
namely within the context of metric f(R)-gravity. The main results presented in this section® were
published in Ref. [264]. We note that at the time of the publication, the partial results of Planck
mission indicated a higher value of the number of effective degrees of freedom, N.g = 3.15 [16],
which represented a 3.4% excess with regards to the theoretical prediction from the Standard Model.
This value is within the 95% confidence level interval presented in the final Planck data release [19].

9With regards to the results present in Ref. [264], in this section we add a further study of the dependence of the
cosmographic parameters on the mGCG that accounts for DR and DE, an analytical solution for f(R) in a universe
filled by radiation and pressureless dust and where the modifications to gravity account for a DR component and a
study of the growth rate of the matter perturbations.
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3.3.1. Background model

Let us consider a model of a universe filled by dust (DM and baryonic matter), radiation (photons
and neutrinos) and by a mGCG fluid which behaves as (dark) radiation in the past and as an effective
cosmological constant in the future. After solving the continuity equation for each individual fluid, the
Friedmann equation for such universe reads

a

3H? = pr o ( : (3.123)

ao 4(14«) H%
0 )"

)" (22)" s [ 1 0 (2

where the mGCG parameters verify 0 < A, <1and 0 <1+ . Fora < a. = [(1 — As)/Aq] eE)
the mGCG energy density behaves as

Qa 4 1
pcn(a) = Qdro ( O) ) Qar,o == (1 — A) ™ Qcnyo, (3.124)

a
thus contributing to the total amount of the relativistic content of the Universe in the past:
ap 4
Qet(@) = (o + aro) (;) . (3.125)
At late-time, for a > a,, the mGCG behaves instead as an effective cosmological constant with

1
pcn(a) = pas, pas = As" pcnyo - (3.126)

Phenomenologically, the total relativistic content of the Universe is parameterised as
7 /4 \Y3 7/ 4\ ) )
14— () Neg 1+ (11> (Ne(ff) + N ))

s\ 11 Q0= Q0. (3.127)
By comparing Eq. (3.124) with the parametrisation (3.127) we can write , ¢ and Qq, o as

Qrel,O =

74N o
Qr,O = ]. + g <11) ch‘f QV,O = (1 — _D) Qrel,07 (3128)
4/3
7 (4 .
er70 = g <11> Nég )Q’y,O = DQrel,O; (3129)

where D = D(Ne(gr)) € [0, 1] is the percentage of relativistic matter that corresponds to DR:

()" NG

S )

(3.130)

ol I

7
D(Ng") = 2
1+ 5 (57)

In addition, using the equalities (3.128) and (3.129) in conjunction with the Friedmann constraint

1 =80+ Qo+ Qenyo, (3.131)
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Free parameters {a, D} o
Qo 0.3065 0.3065
Zeq 3361 3361
D — 1.377 x 1072
Qrel0 9.117 x 10~° 9.117 x 10~°
Qo 9.117 x 1075(1 — D) 8.991 x 1075
Qaro 9.117 x 107°D 1.255 x 1076
Qcno 0.6934 +9.117 x 105D 0.6934
Ay 1- (m)lm 1— (1.792 x 10-6) "

Table 3.3.: Values of relevant physical quantities for the model (3.123) in terms of the choice of the
parameters {«, D} and {a}. For the value of Qp, 0 and zeq we use the TT+lowP+lensing+ext
best-fit values of Planck mission [16]. On the rightmost column we fix D using the formula
(3.130) and the best-fit value for Neg.

and the definition of the redshift at dust-radiation equality 1 + zeq := Qm,0/Cel,0, We are able to
write the mGCG parameter A, as

D 1+

14zeq Qm,O

1- (1 + 11_;23(1) Qm,O

As=1-

(3.132)

Thus, we can fully characterise the model in terms of the four parameters {0, o, %eq, &, D}. Notice
that, if we take D = 0, we recover the ACDM model with a radiation component, independently of
the value of «a.

In order to fix the parameters of the model, we use the best-fit values for {1, o and z.q from Planck
mission [16]. This allows us to write all the relevant quantities of the model in terms of the parameters
{a, D}, or, equivalently, {«, Négr)}. Alternatively, we can take the observational value Neog = 3.15
[16] to fix the parameter D at 1.377%. In this case only « remains as a free parameter. In Tab. 3.3,
we present the values of the relevant physical quantities of the model in terms of the free parameters
{a, D} and in terms of o when D is fixed using the formula (3.130) and the best-fit value of Neg
from Planck mission [16]. In Fig. 3.2, we show on the |.h.s. panel the evolution of the squared Hubble
rate and on the r.h.s. panel the evolution of the individual fractional energy densities of pressureless
matter Q,, (blue solid curve), of radiation, Q. (red dashed curve), and of the mGCG, Qcy, (green
dot-dashed curve), for the choice of the parameters D = 1.377% and « = 0.1. Initially, during
the radiation dominated epoch, the contribution of photons and neutrinos is dominant but there is
a small but constant contribution from the mGCG in the form of DR. After the radiation-matter
equality (leftmost thin vertical line), as pressureless matter starts to dominate the energy budget of
the Universe, the contribution of radiation and the contribution of the mGCG become residual. Close
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Figure 3.2.: (Left panel) Evolution of H?/HZ (solid blue curve) as a function of z = log(a/ao). For

comparison, the approximate behaviours during the radiation dominated and matter dominated
epochs are shown as dot-dashed and dashed black curves, respectively. (Right panel) The
fractional energy density of pressureless matter (blue solid curve), of radiation (red dashed
curve) and of the mGCG (green dot-dashed curve) as functions of z. The vertical lines
represent, from left to right, the moment of radiation-matter equality and the present time.
The plots shown were obtained using the values of Tab. 3.3 with D = 1.377% and o = 0.1.

to the present time, however, the mGCG starts to mimic a cosmological constant and overcomes
matter as the main component of the Universe.

3.3.2. Cosmography

In order to test the validity of our model, we now apply a cosmographic approach. We begin
by presenting the theoretical predictions of the model (3.123) for the cosmographic parameters
{qo; jo, S0, lo} in terms of the cosmological parameters {Qy, 0, Qy0, , As} [264]

58

3
qo = — 1+ §Qm70 + QQr,O +2 (1 - Aé) [1 - Qm,O - Qno] 5 (3133)
j() - ]- + 2Qr’() + 2 (1 — AS) (]. + 40[145) []. - me() —_ Qr’(]] 5 (3134)
9
S0 = 1— §Qm70 — [12 + 3Qm70 + 4Qr,0] Qr,O

—(1—A,) {4[3-8a"A, +8a(1 + @) AZ] + 3(1 + 4aA,) Qo + 8(1 + 204,) o }
X [1 = Qmo — Qo] —4(1— A)* (1 +4aA) [1 — Qo — Qol®, (3.135)

27
lo =1+ 3Qm,0 + ?QQ

0 T [28 + 7200, 0 4 769 0] 0

+4(1 - A) {7+ 40 (34 20 + 802) A, — 8 (5+ 220 + 240%) A2
+32a0 (2 + Ta + 60°) A+ 9 [2+ a(1 — 40) Ag + 4a(1 + 20) AT] Qi o
+2[19+ 20(5 — 120) A, + 240(1 + 20)A2] Qr,o} - Qo — Dol

+4(1— A9)? [19+ 4a(5 — 12a) Ay + 16a(3 + Ta) A2] [1 — Qo — Qo). (3.136)
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As expected, for A; = 1 (D = 0), the previous expressions reduce to the ones of ACDM with a
radiation component. Using the values and formulas of Tab. 3.3 we can write the cosmographic
parameters in terms of the free parameters a and D as

qgo = — 0.54007 + Aqo(a, D), (3.137)
jo = 1.0002 + Ajo(a, D), (3.138)
so = — 0.38042 + Aso(a, D), (3.139)
lo = 3.1922 + Alg(a, D), (3.140)

where the first term corresponds to the base value obtained in ACDM with a radiation component
(D = 0) and the second term corresponds to a correction derived from the contribution of the mGCG.
In Fig. 3.3 we present the contours on the {a, D} plane of |Aqo/qb®¢|, |Ajo/j>*¢|, |Aso/s525¢| and
|Alg/152¢|. The number of dots in each contour line indicates the (negative) order of magnitude of
the deviation, e.g., a dot-dot-dashed line in the panel of the cosmographic parameter X indicates
the contour where |[AX/X}2%¢| = 1072, Therefore, darker regions correspond to higher deviations
from the base value. As long as we choose « close to 0, we find that the deviations introduced by the
mGCG do not contribute significantly for the cosmographic parameters and we can use the values
obtained for ACDM with a radiation component. This is to be expected as & = 0 corresponds to
the case where the mGCG behaves exactly as a cosmological constant plus a radiation term, which
has a very small contribution to the cosmographic parameters at the present time. For the choice
of parameters {a, D} = {0.1, 1.377}, which will be used in the numerical results of the following
sections, we find that the deviation of the cosmographic parameters with regards to the base value is
less than 10~4, as indicated by the red point in Fig. 3.3.

3.3.3. f(R) solution for the background

Having defined the evolution of the FLRW background, we wish to find a compatible f(R) function
that can accommodate the mGCG contribution in Eq. (3.123). Unfortunately, the presence of dust-like
matter and radiation means that we can no longer use the solutions (3.113)—(3.116) found in the
previous section. Instead, we opt to integrate numerically the modified Friedmann equation (3.15),
which, working with = := log(a/ag) as the time variable!®, can be re-written as

R R,
R+, + 11— —— —
(B f)aa [ 6H2 R,

Pr + Pm
3HZ /K2’

}(R+f)a,+Rx(R+f)=Rw (3.141)

6H?2
Here, an x-subscript indicates a derivative with respect to x and p, and p,, are the radiation and
matter energy density, corresponding to the first two terms of Eq. (3.123). In order to impose boundary
conditions in this equation, we assume that the deviation from GR with a cosmological constant is
small at the present time and therefore we can write

(R+ f)o= Ro—6HF[1 — Qo — Qo , (R+ f)z(z =20) = Ryp(x = x0). (3.142)

10With this choice for the time variable, the lapse function becomes N =1/H.
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Figure 3.3.: Contour lines of the fractional deviations |Aqo /6| (Top-Left Panel), |Ajo/46°| (Top-Right
Panel), |Asg/s8*°| (Bottom-Left Panel) and |Aly /15**°| (Bottom-Right Panel) on the {a, D}
plane. The number of dots in each contour line indicates the (negative) order of magnitude of
the deviation, e.g., a dot-dot-dashed line indicates a deviation of 1072, Darker regions indicate
regions of higher deviation from the base value. The choice {a, D} = {0.1, 1.377} used for
the numerical results in the rest of the section is indicated by a red point.

Using the cosmographic formulas (3.76)—(3.79) for f(R)-gravity, we can calculate the values of the
function f and its derivatives that are compatible with the cosmographic parameters obtained for the
background model as

(R+ f)o
6H?

frRRRO
(6Hg)~2

= 0.57451, JRRO 4960 10719,

_ —4
(6H2) 1 =1.3017 x 107*. (3.143)

Of course, the values here obtained via the cosmographic approach are consistent with the assumption
that f(R) is close to GR with a cosmological constant at the present and with the boundary conditions
imposed above.

In Figs. 3.4 and 3.5, we present the numerical solutions and their R-derivatives (continuous blue
curve) obtained when D = 1.377%. For comparison, we also show the behaviour of the Einstein-Hilbert
action R — 2A (red dashed curve) and of the expansion obtained from the cosmographic approach
(green dot-dashed line). As expected, during the late-time evolution the solution R + f(R) obtained
mimics very closely the Einstein-Hilbert action and the expansion derived from the values of the
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Figure 3.4.: The numerical solution of the function f(R) as a function of x = log(a/ao) (left panel) and
of R (right panel) is shown as a continuous blue curve. The corresponding behaviour in the
case of GR is shown as a red dashed curve, while the Taylor expansion obtained from the
cosmographic approach, cf. Eq (3.143), is shown as a green dot-dashed curve. The asymptotic
behaviour at high energy density is shown as a thin black dot-dashed curve. The integration
of Eq. (3.141) was performed using the boundary conditions (3.142) and with the choice for
the free parameters: D = 1.377% and a = 0.1.
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Figure 3.5.: The numerical solution for 1 + fr (left Panel) and frr (right Panel) of the solution plotted in
Fig. 3.5 as functions of © = log(a/ao) is shown as a continuous blue curve. The corresponding
behaviour in the case of GR is shown as a red dashed curve. The asymptotic behaviour at high
energy density is shown as a thin black dot-dashed curve. The integration of Eq. (3.141) was
performed using the boundary conditions (3.142) and with the choice for the free parameters:
D =1.377% and oo = 0.1.

cosmographic parameters. In addition, we note that the numerical solution obtained satisfies the
stability criteria of Sect. 3.1.2, since 1 + fr and frpr remain positive and finite throughout the
evolution till the present time. However, in the future frr becomes negative, as can be seen by the
downward vertical evolution of the blue curve on the rhs panel of Fig. 3.5. As a consequence, the
effective mass mgff also becomes negative, which suggests that the de Sitter evolution of this f(R)
solution might suffer from a Dolgov-Kawasaki-like instability [141, 151]. We stress, however, that this
would happen only in the future and we have no guarantee that indeed a de Sitter-like stage would be
the asymptotic behaviour of our Universe.
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3.3 Dark radiation as f(R)-gravity

During the radiation dominated epoch, we find that R + f(R) oc R*/? with the fitted values
R+ f(R) ~ 1.28067 x 107°RY/3 (for D = 1.377%) . (3.144)

Such a behaviour is indicated by the thin black dot-dashed curve in Fig. 3.5. In order to make sense of
this behaviour for f(R), we write the matter energy density, the Hubble rate and the scalar curvature
at beyond leading order during the radiation dominated epoch as

pt™ 3/%3 I:Qr,O (%)4 + Qo (C:’)S] : (3.145)
H? ~ Hj {(Qr,o + Qar,0) (%)4 + 2o (?)1 ; (3.146)
R~ 3H2Om 0 (%)3 . (3.147)

By replacing these variable in the modified Friedmann equation (3.15), we obtain a differential equation
for R+ f in terms of the rescaled scalar curvature r := R/(Qm 0HE):

{1+ ! (T)l/S}TQ(RH)m,{H L (T>1/3]T(R+f)T(R+f)

1+ 2oq \3 6 1+ 2eq \3 6
Qo H2 1—D /r\1/3

= Im 1 (7) . (3.148

3 il ) | G148

Here, an r-subscript indicates a derivative with respect to . The general solution of this equation is

6D
1+ zeq

R+ f = QuoH?2 {1 + (C) 1/1 r4+C_g_(r)+Cigi(r). (3.149)

3

where the solutions g+ to the homogeneous equation are defined as

4 4 2’ 1+ 2eq

: — 1
7i1\2/ﬁF{9i\/ﬁ,7i\/ﬁ;li\/ﬁ 1 (;)3]

g(r)=r (3.150)

At large curvature, the two homogeneous solutions g4 behave as R*/3, much like the leading term of
the non-homogeneous solution in Eq. (3.149), justifying the asymptotic behaviour shown in Fig. 3.4.
In fact, the non-homogeneous term in Eq. (3.149) accounts for only about 50% of the R*/3-coefficient
in the fitted values (3.144), with the rest being determined by the homogeneous part of the solution.

3.3.4. Growth of Linear Perturbations

We next analyze the evolution of the scalar perturbations in our model, since the radiation epoch till
the present time, and compare it with the evolution of perturbations in the concordance ACDM model
with a radiation component. In particular, we will look for the effects of the f(R) modifications in the
matter power spectrum as measured today.

In a metric f(R) theory, in the absence of an anisotropic stress from the matter sector, the
off-diagonal (i — j) component of the perturbed Einstein equations (3.52) in Fourier space relates the
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Bardeen potentials ® and ¥ with the perturbation §F := § fr as [112, 134, 290, 320]
(1+ fr) (¥ — Px) fr=06F) . (3.151)

This equation shows how f(R)-gravity breaks the equality between the Bardeen potentials that
characterise GR in the absence of anisotropies from the matter sector, contributing to the total
anisotropy of the Universe. We now introduce the new set of variables ¥ and Z to replace the
Bardeen potentials

_*+V 5F

v , _
2 1+ fr

(1]

V-3, (3.152)

Here, and in the rest of this section, we drop the k subscript so as to simplify the notation. Notice
that ¥ corresponds to the variable & in Ref. [290], while = corresponds to the variable x of the
same reference divided by 1 4+ fr. We choose to work with the variable = instead of x, because this
choice directly reflects the difference between the two potentials and allow us a better control of the
numerical integrations, even when the theory deviates considerably from GR (|fg| > 0). In order to
obtain the evolution equations for these variables, we can combine the (0 —0) and (i — 0) components
of the Einstein equations as

_ 1 (fr), - Kk2(p+ P) (N)
= _ =, K(p+P) ), 1 (fr), 4 amy  olt frRHz_
T (1+fR)H2aHU 31+ fn (207 - 55) 2(fR)m, H™
214 fr [, K K2p (N) )
-3 27(aH)2w++7(1+fR)H2 (6 —3H(1+w)av )] , (3.154)

where we recall that 6™) and v(™) are Gl quantities that reduce to the total fractional energy
density perturbation ¢ and peculiar velocity v in the Newtonian gauge. Egs. (3.153) and (3.154) are
equivalent to the ones obtained in Ref. [290]. Here, however, we have used the evolution equation for
Ut (3.153) to eliminate the dependence of =, on W} in Eq. (3.154). Equations (3.153) and (3.154)
are complemented by the evolution equations, two for each fluid, for the perturbations of the matter
fluids. In the present case, where we consider the presence of dust and radiation fluids, the evolution
equations read

4 K -
(0" = 5 (aH)? o) = 4w + 28, (3.155)
1 1 —
) + g™ = —og VT -5 (3156)
3
SN, — =~ _qHoWN) = 3¢t 4 2= 3.157
( m )JC (aH)Qa’ Um x + 2 ’ ( )
1

(08)e + 0l = — s 2V -E). (3.158)

(N)

Here, the perturbations (51(N) and v;""’, with i = r,m, are the Gl quantities that reduce, respectively,
to the fractional energy density perturbation and to the peculiar velocity potential in the Newtonian

i
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gauge!l .

In order to set initial conditions for the matter perturbation variables well inside the radiation-
dominated epoch, we assume the usual adiabatic conditions that apply for modes well outside the
Hubble horizon (k* < (aH)?) [244]

5N = %5@ _ Z(s(N) , V) = () = () (3.159)

Having fixed the initial relations between the individual fluid variable and the total matter perturbations,

we can use Egs. (3.153) and (3.154) to obtain (") and v¥) in terms of the initial values of ¥+,

= and their derivatives. In GR, where 2 = =, = 0 and ¥+ = ¥ = ®, an explicit solution for the

evolution of the gravitational potential for modes outside the Hubble horizon can be obtained and, to

leading order in k?/(aH)?, we find that the (0 — 0) and (0 — i) components of the perturbed Einstein

equations allow us to relate the initial values of § and v with the gravitational potential ® as
N

1
Dy = — 2000 Bipi = — 20ain; Hini vy

. 1
50mi’ - (3.160)

These can then be related to the comoving curvature perturbation R through the relation, valid for
constant EoS parameter w and for modes outside the Hubble horizon [53]

_ 5+ 3w
343w

(3.161)

Using this relation'?, and the fact the comoving curvature perturbation remains constant for super-
horizon evolution in adiabatic conditions, we can relate the value of the gravitational potential during
the radiation dominated epoch with the value of R at the end of inflation, as given by the primordial
power spectrum

k3 ) k ns—1
Pr =5 5IRI* = As (> . (3.162)

The best-fit of the 2015 Planck mission'3 [16] for the primordial power spectrum Pg set n, = 0.9681
for the scalar index and Ag = 2.143 x 10~ for the amplitude of the scalar primordial power spectrum
at the pivot scale k, that corresponds to 0.05 Mpc™!.

In metric f(R)-gravity, however, the existence on an additional degree of freedom in the scalar
sector spoils this relationship between the gravitational potential and the matter variable in the
initial radiation-dominated epoch. In fact, it is no longer guaranteed that a static solution for U+ is
obtained for the modes outside the Hubble horizon. In order to set initial conditions for the numerical
integrations, we then have to take into account the possible contribution of the four variables

\Ij+ (xini) 3 \I/j (xini) 5 E(xini) 5 EJ ('rini) . (3163)

Here, we are helped by the linearity of the Egs. (3.153)—(3.158), which allows to write the general

1 For the definition of these Gl quantities, please see Eq. (A.54) of the Appendix A.

12\We stress that the relation (3.161), which is derived in GR, is not necessarily valid in metric f(R) theories, where
a new scalar degree of freedom, JF', needs to be taken into account.

13Here, we employ the best-fit values that we used in our published work of 2015 [264].

64



Chapter 3. Modified Gravity: f(R)-gravity

L.OF — 5h
0.8} s /

0.6

ini

0.2

67!1/577Li11i

5 0.4f

0.2 | 0.0 Hib g —

0.0 \ po—————————— ~0.2 /

-5 -10 -5 0 5 -0 s 0 5 -10 s 0
xT T xT
Figure 3.6.: Evolution of ¥t (Left panel), = (Middle Panel) and d,, (Right panel) for three different
wave-numbers: k = ko (red); k = 10%ko (green) and k = 10*ko (blue). The results in
our f(R) model are shown in solid curves while the evolution in GR for the ACDM model

with a radiation component is shown as a dashed curved for comparison. The effects of the
modification of gravity are felt more strongly at smaller scales.

solution for O(z) = {¥*(z), E(x), 6:(z), ve(x), om(x), vm(x)} as
O(x) = c101000(x) + c200100(z) + c3O0010(x) + c4O0001 () (3.164)

where the subscript on the four individual solutions on the r.h.s. indicates that those particular solutions
were obtained by integrating the set of equations (3.153)—(3.158) with all but one of parameters in
(3.163) set to zero, e.g., O1900(x) is the numerical solution for ©(x) obtained by setting U (z;) = 1
and U (Zii) = E(Zini) = Zx(xmi) = 0. In order to restrict the freedom in setting the initial
conditions, we assume that the power-law dependence with k in Eq. (3.162) is maintained, so that
the linear coefficients ¢; are independent of the wave-number. For example, in the case of ©1gqo,
which corresponds arguably to the situation with the least deviations from GR in the initial conditions,
the perturbed Einstein field equations (3.49) and (3.50) imply the initial conditions

C 3(+fREA[, Ur)e | K ],
o= [1 T1+fa 3a2H2} Yini
~ =21+ D)1+ fr— (fr)z] ¥ini » (3.165)
w1 3H*(A+fr) (, 1 (fR)a
Yini T T 90 H K2p (1 21+ fR) Vi
1 1
N =5 (1+D) {1 + fr— 2(&)4 Ui (3.166)

Even for a small percentage of DR, the corrections to the initial conditions (3.160) can become
significant if fr > 1 during the radiation dominated epoch.

In Fig. 3.6, we present the evolution of ¥t (Left panel), = (middle panel) and 5 (Right panel)
obtained in the case of ©190o with the initial value of ¥t given by the relations (3.161) and (3.162). In
all panels, we present the evolution of three different modes with wave-numbers: k = ko ~ 2.2 x 10~*
hMpc=? (red); k = 10%kg =~ 2.2 x 1072 hMpc~! (green) and k = 10%*ky ~ 2.2 hMpc~! (blue). For
each mode, we present as well the evolution in GR with the usual initial conditions (dashed curves).
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Figure 3.7.: Comparison of the evolution of log;, U" (left panel) and the growth rate f (right panel)
in the case of our f(R) model (solid curves) and in ACDM with a radiation component in
GR (dashed curves). Each colour corresponds to a different wave-number: k = ko (red);
k = 10%ko (green) and k = 10*ko (blue). The deviations from GR become obvious at small
scales and indicate a stronger collapse matter.

We find that for low & (red curves), the difference between the evolution in GR and in our f(R) model
is negligible, with the potential ¥ becoming constant during the matter era, with 9/10 of its initial
value. This behaviour, observed as well in GR, is predicted from Eq. (3.161) and the conservation of
the comoving curvature perturbation at large scales in the transition from the radiation dominated era
to the matter dominated era. For intermediate scales (green curves) we find that some deviations from
GR start to be observed, in particular ¥+ no longer remains constant during the matter dominated
era, in contrast with the assumptions of the quasi-static approximation [336, 365]. For low scales,
we find that the evolution of the modes start to deviate greatly from the behaviour in GR after the
modes re-enter the horizon. In particular, we observe that the matter density contrast has a slower
growth before the end of the radiation dominated epoch, which seems to be associated to a faster
decay of the gravitational potential and a higher deviation from isotropy due to the scalar =. Once
the matter dominated epoch begins, however, the growth of the matter perturbations is accelerated,
with 6I(HN) eventually surpassing the predictions of GR at late-time.

In order to better visualise the effects of f(R) gravity in the evolution of the perturbations during
the matter dominated epoch, we plot in Fig. 3.7 the logarithm of the potential U (left panel) and the
growth rate f (right panel) for z € (=5, 0). We find that the approximation of static ¥ becomes
increasingly worse for larger wave-numbers, i.e., for small scales, which are precisely the scales that are
more affected by the modification of gravity. These results is in accordance with the criticism of the
quasi-static approximation in Refs. [55, 134]. From the analysis of the growth rate we confirm that
the evolution in our f(R) model follows closely the case in GR for modes with small and intermediate
values of k. Notice that the latter are inside the comoving Hubble horizon during most of the matter
dominated epoch, however, their wave-number is not large enough for the effects of f(R)-gravity
to kick in. For the modes with the largest wave-numbers, however, we find that [ ~ (\/ﬁ —-1)/4
during most of the matter dominated epoch, which is the value predicted for the smallest scales in an

f(R) model where the evolution of the Universe is dominated by pressureless matter and |fr| ~ 0, cf.
Eq. (3.65).
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Figure 3.8.: Evolution of fos in the of our f(R) model (solid blue curve) and for ACDM (dashed red
curve). The various data points plotted, and respective error bars, are presented in Tab. 3.4.

Finally, we present in Fig. 3.8 the evolution of fog in our model (blue solid curve) and in ACDM
(red dashed curve), where og is the root mean square of mass fluctuations on spheres of radius 8
h~1Mpc. The temporal evolution of g was obtained through the formula [356]

os(z) = 05(0)

(3.167)

assuming the best-fit value of the 2015 Planck results for the present day value og(0) = 0.8154 [16]
and using the evolution of §,, for the mode with wavenumber kg = 0.125 hMpc~!. For comparison,
we also plot several available observational data points and their respective error bars, which we
enumerate in Tab. 3.4. From Fig. 3.8, it is evident that the modification of gravity in our model leads
to a higher value of fog, when compared with the results for ACDM. This result is in agreement with
the results obtained above for the growth rate f, cf. Fig. 3.7, which was found to be substantially
higher than in GR for modes with wavenumber above k.. In particular, we find that this increase spoils
slightly the agreement of the predictions of our model with some data points at redshift 0.2 ~ 0.9.

The matter power spectrum

In order to decide on the viability of the model at the perturbative level, we analyse how the f(R)
corrections affect the matter power spectrum Ps_ [233]. As discussed in Sect. 2.4, the theoretical
predictions for the matter power spectrum is obtained from the Gl comoving fractional energy density

perturbation* 5

Ps,. = (|092) = (|0 — 3aH vp)?). (3.168)

The numerical results can be seen in Fig. 3.9, where we show on the panel of the |.h.s. the matter
power spectrum obtained from ©1qqg (blue solid curve) with the initial value of ® given by Egs. (3.161)

For a complete definition of 6&10), please see Eq. (A.56) of the Appendix A.

67



3.3 Dark radiation as f(R)-gravity

z fos Survey Ref.
0.02 0.428t8:81§ 6dF Galaxy Survey + SNe la [195]
0.067  0.42370:0%2 6dF Galaxy Survey [59]
0.15 0.53%519 SDSS MGS [190]
0.18 0.361559 GAMA [62]
0.3 0.4970-08 SDSS LRG [280]
0.38 0.44715 08 GAMA [62]
0.38 0.49770 959 BOSS DR12 [20]
0.44 0.41370-0%0 WiggleZ [61]
0.51 0.45870 933 BOSS DR12 [20]
0.60 0.39075-05% WiggleZ [61]
0.60 0557015 VIPERS [288]
0.61 0.43670 051 BOSS DR12 [20]
0.73 0.43715-072 WiggleZ [61]
0.86 0.40%0 11 VIPERS [288]
1.4 0.48215-178 FastSound [281]
1.52 0.42670:970 BOSS DR14 quasars [364]

Table 3.4.: Available observational data points for fos at different at redshift in the interval (0, 1.52),
which are plotted in Fig. 3.8. For each data point we present, in order, the value of the effective
redshift, the value of fog and its respective error, the corresponding survey, and the reference
from which the values were taken.

and (3.162). For comparison, we also present the prediction of the ACDM model in GR (red dashed
curve). The changes on the shape of the spectrum appear on the high k regime of the spectrum
(k > keq =~ 0.01 Mpc™1), which is consist with the scale-dependent effects of f(R) which mostly
affect the growth of the matter perturbations at higher k [134, 290]. On the panel on the r.h.s. of
Fig. 3.9, we show the matter power spectrum obtained by fine-tuning the initial conditions in order to
minimise the deviations from the spectrum of the ACDM model. By comparing the two panels in
Fig. 3.9, we find that, although this procedure minimises the difference between the matter power
spectrum obtained in our model and the prediction of GR, it does not improve the results in the sense
that it cannot resolve the difference in tilt between the two power spectra for k > k., =~ 0.01 Mpc~1.
In addition, attempting to alter Ps,_ at small scales (large k) seems to spoil the agreement with the
predictions of GR at large scales (low k).

3.3.5. Discussion

About 95% of our Universe is composed by dark fluids of which we know very little about apart
from their gravitational effects in the cosmological expansion. This lack of knowledge has fuelled the
idea that these exotic types of matter are instead the manifestation of modifications to Einstein's
General Relativity felt only at cosmological scales. In this section, we have investigated the possibility
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Figure 3.9.: Matter power spectrum obtained from the f(R) model with D = 1.377% (blue solid curve)
compared with the GR prediction (red dashed curve). (Left panel) The matter power spectrum
obtained from ©1900 with the gravitational potential ¥" given by the relations (3.161) and
(3.162). (Right panel) The matter power spectrum obtained by fitting the coefficients ¢, c2,
cs3 and ¢4 in Eq. (3.164) in order to minimise the deviations from the predictions of ACDM in
GR.

that such a modification of gravity could account for dark radiation, a potential excess of relativistic
content in our Universe that cannot be accounted for by the CMB radiation or neutrinos, and for
dark energy. In particular, we have assumed that the effective energy density of f(R) follows that
of a modified generalised Chaplygin gas (mGCG) that mimics (dark) radiation in the past and a
cosmological constant in the recent late-time evolution. In addition to the mGCG, we have considered
the presence of radiation (photons and ultra-relativistic neutrinos) and pressureless matter (baryons
and DM). Using a designer f(R)-approach and the cosmographic parameters derived from the best-fit
values the 2015 Planck mission, we were able to find a numerical solution for f(R) that is compatible
with the specified background evolution and that satisfies the viability conditions [141, 151] till at least
the present time. Not surprisingly, we have found that during the matter and DE dominated eras, the
solution tracks the Einstein-Hilbert action with a cosmological constant. However, in the asymptotic
past, when the mGCG behaves as radiation, we found that the numerical solution for R + f behaves
instead as o« R4/3. In order to understand this behaviour, we then determined the general solution
for f(R) in a matter and radiation filled universe, where the modifications of gravity account for an
excess in the radiation content. We found that at high scalar curvature, the general solution behaves
precisely as R*/3, independently of the initial conditions, or the linear coefficients, chosen.

In order to decide on the viability of the model, we then computed the evolution of the linear
perturbations since the past radiation dominated epoch till the present time. Using linear perturbation
theory in f(R) gravity, we integrated numerically the evolution equations for the perturbations of
radiation, pressureless matter, the gravitational potentials and the new scalar degree of freedom of § fr
gravity since the radiation-dominated epoch, when the relevant modes were well outside the Hubble
horizon, and until the present time. For simplicity, we have disregarded the effects of anisotropies
coming from the relativistic components, i.e., photons and neutrinos, as well as the drag of baryons
by the radiation fluid that affect the smaller scales before the photon-baryon decoupling. The viability
of the model was asserted by contrasting the prediction for fog with the available data points and

69



3.3 Dark radiation as f(R)-gravity

by comparing the matter power spectrum obtained, at the present time, in our model and in ACDM
with a radiation component. We found that the imprints from the modifications to gravity appear
prominently on smaller scales, a characteristic feature of f(R)-gravity. In particular, we found that the
shape of the matter power spectrum in our f(R) model is able to perfectly mimic the prediction of GR
for modes with wave-number up to ~ 0.01 Mpc™!, i.e., for large and intermediate scales. However,
modes with higher wave-number, which are the modes that enter the comoving Hubble horizon during
the radiation dominated epoch when f(R) R*/3 we find that the predictions of our model deviate
significantly from the results of GR due to the higher growth rate of the matter perturbations predicted
by f(R) gravity, which is also reflected in a higher prediction for fog in comparison with ACDM.
Unfortunately, this is precisely the region where observational data strongly constraints the shape of
the matter power spectrum.

In the derivation of the numerical results for the linear perturbations, we have assumed that initial
conditions analogous to the ones of GR could be used. As such, we have assumed the initial adiabaticity
of radiation and matter and used the predictions of single-field inflation to set up the k-dependence
for the initial values of the gravitational potential and the new degree of freedom, as well as for
their derivatives. It remains to be checked that such initial conditions are compatible with the R*/3
behaviour of f(R) during the radiation epoch and it is quite possible that a change of the initial
conditions could strongly alter the predictions of the model at the present time.
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In this chapter we focus on the possibility of explaining DE without modifying the laws of gravity by
introducing a new dynamical field, a 3-form, to describe DE. The 3-form field, a totally anti-symmetric
tensor of rank (0,3), was initially employed as a mechanism to obtain an effective cosmological
constant [142] and has more recently been proposed, in the late 2000's, as an alternative to the scalar
field and K-essence models to describe primordial inflation and also DE [166, 216, 217, 219]. While in
some works 3-forms appear as the exterior derivative of 2-form like objects such as axions, e.g., in the
context of string cosmology [123, 243] and pre-big-bang scenarios [164], here, we treat the 3-form as
a true dynamical field with a kinetic term of its own. When viewed as such, the 3-form field minimally
coupled to gravity can be mapped onto a perfect fluid as it is a perfect candidate for applications
in FLRW cosmology. Within the context of primordial inflation, the issue of ghosts and Laplacian
instabilities was addressed in Ref. [131], while the predictions of model, including non-Gaussianities,
were studied in models with one [271] or multiple [222, 323] 3-form fields. The implications of this
kind of fields the reheating phase were also considered in Ref. [132] while a model of Brane-world
inflation driven by a confined 3-form field on a brane hypersurface was studied in [47]. More recently,
the Hamiltonian formulation of the 3-form was studied in Ref. [81].

We begin the chapter by presenting a brief review of the main characteristics of the 3-form field
and its applications to cosmology. In Sect. 4.2, we discuss the application of a dynamical system
approach to cosmological models with 3-form fields and the importance of determining the global
stability of the model, including the fixed points at infinite values of the amplitude of the field, and
how a new dynamical system representation allows us to unequivocally determine the stability at
infinity. In the final Sect. 4.3, we address the issue of the appearance of certain types of cosmic events
in 3-form cosmology and how they can be avoided by considering an appropriate interaction between
DM and the 3-form field playing the role of DE. The main results of this chapter were published in
Refs. [80, 265].
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4.1. The 3-form field: A brief review

4.1.1. The 3-form action

The action of a 3-form field A,,,, minimally coupled to gravity, with a canonical kinetic term and
with a potential V, is [166, 217]

1
S = /d4x\/—g£ = /d4x\/—g |:—48FMU’)UF/_LVPO' -V (AMPAL,) | - (4.1)
where F),, ., is the strength tensor of the 3-form, defined as [166]

FMVpO‘ = 48[#Aupa] = a;,LAVpO' - 8014/11/;) + apAO'y,V - auApUu . (42)

Here, the square brackets in the indices denote anti-symmetrisation [347]. By minimising the action
(4.1) with respect to variations of the 3-form field, we obtain the equations of motion of the 3-form
[219]
- dVv

VO—F pvp — 12WANVP - O, (43)
where we use the notation A% = AP A, introduced in Refs. [216, 217, 219]. Using the anti-
symmetrisation proprieties of the strength tensor, we can obtain an additional constraint on the 3-form
by taking the divergence of Eq. (4.3) which leads to [219]

dVv d2v

Iz HAZ
d(AQ)V Aup + d(A2)2A,wpv A2 =0. (4.4)

In general, any p-form field in d—dimensions has a Hodge dual (d — p) —form [166, 271, 361]. In
the case of the 3-form field A,,, and its field tensor F},, ., which is a 4-form, the respective Hodge
duals are a vector field B* := (A,,,)* and a scalar field ¢ := (F),,,»)* that verify the following

relations

1
E]

1
o= EEMVPUF;W;;U » F,uupor = - E,ul/pcr¢a F?= — 24¢)2 . (46)

B* EFP AL o0 Apvp = Eupo B, A? = —6B2, (4.5)

Here, F,,, o is the four dimensional Levi-Civita tensor. Using these definitions, the equation of motion
(4.3) and the constraint (4.21), the 3-form action (4.1) can then be recast either as a scalar field
theory for ¢ or, alternatively, as a vector field theory for B*. Notice, however, that in these alternative
representations, the kinetic terms for ¢ or B* are not the canonical ones. For a complete review of
these alternative descriptions, please see Ref. [271].
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4.1.2. The 3-form field as a perfect fluid

The stress-energy-momentum tensor of the 3-form obtained from the action (4.1) reads [166, 219]

1. ov. . 1
[TA]W — EF“ mFmB7 + GWA“ 5A,,a5 - LlEéF2 +V (AQ)} Gy - (4.7)

A preferential 4-velocity vector for the 3-form can be defined using the Hodge dual B* [361]:

_ Br BMA,,
V-B? V642

An immediate consequence of this definition is that the 4-velocity is orthogonal to the 3-form, i.e.:

[ualt : (4.8)

Al Ay = 0. (4.9)

Using the definition (4.8), we can recast the stress-energy-momentum tensor (4.7) as

dv
d(A2)

1
A?lua]p[ualy + @F2 —V(A?%) +2

dv

d(AQ)AQ . (4.10)

(Tal,, =2
With [T'4],., written in this form, it is an easy exercise to define the fluid quantities (1.13)—(1.16),
with the energy density and pressure of the 3-form field reading:

1
48N?

1
~ 48N?

dVv

2 2
F<+V(A%), Py a(4?)

F?2 V(A% +2 A? (4.11)

pa =

while the energy flux, [ga]*, and the anisotropic stress, [7],.,, vanish. Thus, much like the minimally
coupled scalar field, a 3-form field can be mapped onto a perfect fluid, making it a good candidate for
applications in FLRW cosmology.

4.1.3. FLRW cosmology with 3-form fields

Let us now consider a homogeneous and isotropic universe described by the FLRW line element
(1.18). In such a Universe, the condition (4.9) for the 4-velocity [u4]* implies that the 3-form field
is orthogonal to the unit normal that defines the spatial hypersurfaces, hence, the only non-zero
components of A,,,, are purely spatial and can be parameterised in terms of a scalar quantity x(t) as
[166, 216, 217, 219]

Aiji = X Eijk A? = 6x2. (4.12)

In addition, from the definition of the strength tensor, cf. Eq. (4.2), we find [166, 216, 217, 219]

; 2
. a .
Foiji = (X + 3ax) Eij F? = N (x + 3ax) : (4.13)
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In Egs. (4.12) and (4.13), E;ji is the 3-dimensional Levi-Civita tensor induced on the spatial
hypersurfaces!. The equation of motion of the field x(¢) is obtained from Eq. (4.3) and reads

[166, 216, 217, 219]:
i (@)’ _aN
a a a N

Substituting Eq. (4.12) in (4.11) we find that the energy density and pressure of the 3-form field
can be written in terms of the field y and its derivatives as [216, 217, 219]

av
27 p—
Y+ 2N Tk 0. (4.14)

X + 3d N X +3
X a N/X

1/ a )\’ )
pA2N2<X+3aX> +V(x7), (4.15)

1 a \? dv
- . el _ 2 o 2
PA= — 53 (X+3ax> Vix )+2d(x2)x . (4.16)

As such, the Friedmann equation (1.27) and the Raychaudhuri equation (1.28) in a universe filled by
a 3-form field and other matter fluids with energy density p(™ and P(™) become

2\ 2 2 2 A2 2 . 2 2 772
a N KN K a k*N
e o= pm) e 2 41
(a) +K 5P +6(X+3ax) + V), (4.17)
24 (4 2—2§9+N72’C—N2A——K)2N2P(m)+iz (+ 32 2+'{2N2V( %)
a a Na a? N 6 X ax 3 X
dv
2 A72 2

— K N °——x". 4.18
d(x?) (4.18)
Notice that whenever the derivative of the potential vanishes, the 3-form mimics a cosmological
constant behaviour with P4 = —p4. On the other hand, if Vi <0, ie, for potentials decreasing in

X2, the 3-form field acquires a phantom-like behaviour as w = Pa/pa < —1. Thus, contrary to the
case of a scalar field, a 3-form field minimally coupled to gravity and with a canonical kinetic term
can violate the null energy condition p + P > 0 even if the potential is positive valued.

4.1.4. The critical points Y.

We now focus on the case of a spatially flat Universe filled only by a 3-form. Inserting the Raychaudhuri
equation (4.18) in the evolution equation (4.14) and choosing to work with the cosmic time (N = 1),
we obtain a scalar-field-like equation of motion

X+ 3Hx + VD =0, (4.19)

IThe Levi-Civita tensor is defined as Eijk = \/Eaijk, where h is the determinant of the 3-metric induced on the
spatial hypersurfaces and ¢, is the Levi-Civita symbol that satisfies ;;, = +1 if ijk is an even permutation of 123,
€ijk = —1 if ijk is an odd permutation of 123 and ¢;;, = 0 otherwise. The Levi-Civita tensor and symbol satisfy

EijkEijk = Eijkeijk =6.
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Figure 4.1.: Possible evolution of the x field for (left panel) a quadratic potential V = Vu(x/xc)? and
(right panel) a Gaussian potential V' = Vj exp(—x?/x2). While the 3-form potential V is
plotted as a solid blue curve, the effective potential V¢ defined implicitly by (4.20) is shown
as a dashed red curve. The critical points . are stationary points of the effective potential
and indicate static solutions of x(¢).

with an effective potential V° defined by the equality [216, 217]
(4.20)

Here, we have introduced the notation V,, = d V/d x which we will use throughout the rest of this
chapter, along with V,,, = d?V/dx? and V,2 = dV/d (x?).

Equation (4.19) admits as static solutions any point x for which the derivative of the effective
potential vanishes. This includes not only stationary points of the 3-form potential V' (), but also the
two points x = £ with x. := 1/2/(3k2). These play a critical role in 3-form cosmology since, as
noted in Refs. [216, 217], for non-negative-valued potentials the Friedmann equation (4.17) imposes
the constraint

(X +3Hx)> <9H?\2. (4.21)
For expanding Universes, this inequality implies that for large values of the field x, more precisely for
Ix| > Xe. the field decays monotonically towards the interval [—x., x.], independently of the shape of
the potential, and once it is inside that interval it never escapes. Since this is a compact interval,
the critical points can act as local maxima or minima of the potential and therefore can correspond
to unstable or stable equilibrium points, respectively, as seen in Fig. 4.1. Notice that the constraint
(4.21) automatically implies that any static solution of Eq. (4.19) for |x| > xX. is not physically viable.

The stability of the two equilibrium points £x, can also be understood by analysing the sign of the
second derivative of the effective potential:

Vi (Exe)

eff _
Vi (Exe) = 2 E—y

= —4V,2 (¥x0) - (4.22)

If V.y2 (£xc) is positive, the points +x. represent two maxima of the effective potential which
represent unstable equilibrium states. On the other hand, if V2 (£x.) < 0 the same points represent
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two minima of the effective potential that represent stable static solutions (see Fig. 4.1).

4.2. Dynamical system analysis with 3-forms

A dynamical system approach was first employed in the context of 3-form cosmology with a DM
component in Ref. [216]. Following a usual strategy employed in cosmology, three compact variables
related to the fractional energy density of pressureless matter, eg., CDM, and to the fractional kinetic
and potential energy densities of the 3-form were introduced?

K2pm X+ 3Hx K2V
= —_—_— = g 423
5 32 YT 3Hy 0 C T Ve (4.23)

with 0 <s<1, -1 <y <1, and 0 <z < 1. These variables satisfy the Friedmann constraint

1=3s%+y°+ 27, (4.24)

which allows the elimination of one variable from the system. An autonomous dynamical system can
be obtained by defining a fourth variable X:

X:—X

- X 4.25
- (4.25)

where the rescaling is chosen so that the critical values y = £x. correspond to X = £1. Using the
variables (4.23) and (4.25) we can write the evolution equations for a cosmological model with CDM
and a 3-form field as

X, =3(y—-X), (4.26)
Yo = % [3(1—12—22)y+(1— Xy) A(X)22] , (4.27)
= 3 B0 =) - (- X+ X2)A0)] (428)

s=+/1—-y2—22. (4.29)

Notice that, contrary to the case of quintessence, here we cannot separate the variable X from the
system by choosing an exponential potential. In Egs. (4.26)—(4.28) we use a subscript z to indicate a
derivative with respect to « = log(a/ag), a notation that will be employed throughout the rest of this
chapter, and the factor A(X) is defined as

Y N
AX) =~y 57 = =357 (4.30)

The set of Eqgs. (4.26)-(4.30) defines the evolution of the system in a 3-dimensional phase-space M
that corresponds to a half-cylinder of radius unity and infinite height: —1 <y <1,0<z < 4/1 —192,

2Here, we prefer the letter s for the variable related to the CDM energy density, in detriment of the letter w used in
[216].
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and —oo < X < 400. The borders of the half-cylinder

Moo= {(X,y,2) eR*: 2=0A 1<y <1},
M= {(X,y,2) €R’ : * +22 =1 A 2>0}, (4.31)

represent two invariant subsets of the system: the plane M, corresponds to a model with CDM and a
massless 3-form, which has been found to be equivalent to ACDM [216]; the surface M represents
a universe filled solely by a 3-form field [131]. In refs. [65, 265] the variable X was replaced by the
compact variable3

2
u:= —arctan (X) , (4.32)
™

with —1 < u < 1. This substitution allowed for the identification of the fixed points at infinite values
of the field x [265], i.e. for u = +1. Some of the new fixed points at infinite x were found to
correspond to the asymptotic past of the system. These points are characterised by their extremely
repulsive nature [265]. With this new variable, the model is described by the set of equations

Uy = gcos2 (%u) {y — tan (%u)] ) (4.33)
Yo = % {3 11—y =2 y+A(u)2® [1 — tan (gu> y}} , (4.34)
Zy = %z {3 [1—y>=2"] = A(v) [y — tan (gu) (1- 22)}} (4.35)

defined on the half-cylinder M of unity radius and height: —1 <y < 1,0 < 2 < /1 —142, and
—1 < u < +1. The fractional energy density of DM, €,,, = s?, is given by Eq. (4.29) and the total
EoS parameter can be written in terms of the dynamical variables as

P, 1
Whot = ﬁ = — (y2 + 22) - g)\(u) tan (gu) 22, (4.36)

In addition to the subsets M, and M; that map M, and M; in the new representation, we find
that the top and bottom borders of the cylinder also represent invariant subsets of the system:

My = {(u,y, 2) ER® : u=+£1} . (4.37)
Since trajectories in these subsets represent dynamics where the value of the field stays at infinity,
there is no general physical interpretation to M.
4.2.1. Fixed points: a new classification

The fixed points of the system (4.26)-(4.30) were classified in Ref. [216] into three different categories:
a saddle point A with (X, y, z) = (0,0, 0) that corresponds to an unstable matter era; two points B
with (X, y, z) = (£1,41,0) that for some choices of the potential represent late-time attractors with

3This compact variable was first proposed in Ref. [65] where it was identified by the letter x. To avoid a potential
confusion with the nomenclature, we adopt the letter u for the compact variable, as used in Ref. [265]
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kinetic dominance of the 3-form; a set of points C corresponding to local extrema of the potential
within the interval [—x¢, Xc] and which can be either attractors or saddle points. In Ref. [265], we

proposed an alternative classification that takes into account the possibility of having fixed points at
u = =*1, i.e., at x = Fo0:

78

e Type I: these fixed points verify z = 0 for finite values of the 3-form field x, i.e., ug, # £1.

This category therefore includes the points A and B of Ref. [216]. Solving Egs. (4.33) and
(4.34) for u and y we find that, for choices of potentials such that A(u) is well defined for all
values of w, any fixed point (ugp, Ysp, 2p) Of this category must verify

2
Ugp = arctan (yrp) ,
(ufp, Yeps 2tp) yp (1—92) =0, (4.38)
Zfp =0.

Since the factor A(u) is absent from (4.38) we conclude that the existence of fixed points of
Type | does not depend on the shape of the potential of the 3-form field. As will be seen below,
the same is not true for their stability.

From the condition (4.38) we can identity the fixed points (ugp, Ytp, 2p) Of Type | as

. . Pbo = (0, 07 0) )
Type | fixed points: N ) (4.39)
Py = (:|:§, +1, O) .

The respective sets of eigenvalues {\} for the fixed points of Type | are
3 3
My = -3, 3 5 (" {)\}pli = {-3,-3,0}. (4.40)

Thus, we find that py is a saddle point (unstable) while the stability of pT cannot be decided by
the linear stability theory due to the presence of an eigenvalue with zero real part. Instead, we
resort to the method described in [80] (see also Refs. [65, 295]) based on centre manifold theory
[111] and find that p (py) is an attractor if Ay, == A(ug,) > 0 (A, < 0) and a saddle-node if
Afp <0 (Agp > 0). For solutions with Ay, = 0, which are cases where the values x. represent
stationary points of the potential V() the stability will depend on the derivatives of the factor
A(u), i.e., on higher order derivatives of V.

Since for fixed points of Type | we have zg, = 0, we find from Eq. (4.36) that the total parameter
of EoS at the fixed points of Type | is given by wio; = —yfp. Therefore, py corresponds to a
DM-domination evolution while at pli, which correspond to asymptotic scenarios where the
field x evolves towards the static solution at the critical points +x., we have wiot = —1. It will
be shown later that despite the value of the total EoS suggesting a de Sitter behaviour, these
points actually correspond to a divergence of the Hubble rate with constant H, i.e., to a Little
Sibling of the Big Rip (LSBR) cosmic event [77].

e Type Il: in this category we consider all the fixed points that, for finite values of x, have
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non-zero values of the variable z. Solving the system of Egs. (4.33), (4.34), and (4.35) for
v =y =2 =0, we find that any solution (us,, Ysp, 2fp) in this category must verify

2
Usp = arctan (ygp) ,
)\f Zf2 = O7
(Ufp, Yips pr) : P Z ) 1 ) (4.41)
1- Yp — %p = gAfpyprfp )
Zfzp # 07

which imply that sf, = 0 and A¢, = 0, i.e., this category includes all the Type C fixed points in
Ref. [216]. Solving (4.41) we find that there exists one fixed point ps = (usp, Ysp, 2ip) per each
uy that is a solution of A(uy) = 0:

. . T o (T
Type Il fixed points: pa = | uy, tan (Eu,\) ,1/1—tan (§u>\> . (4.42)

From Eq. (4.36), we obtain that for fixed points of Type Il, the total EoS parameter is wio, = —1.
As such, and since V,, = 0 at po, i.e., H= 0, for well behaved potentials these points correspond
to de Sitter solutions.

The eigenvalues of the fixed point py are given by

(b = {8 -3 1 Pl —3 1= Pl (4.43)
where
Fluy) = 14 52 (Gm) dX (4.40)
A 3m1+cos (Suy) du A '

We thus find that po represents a saddle point (unstable) whenever d A\/du(uy) > 0, i.e.,
when uy represents a maximum of the potential with V), (ux) < 0) and an attractor when
dA/du(uy) < 0i.e., when uy represents a minimum of the potential with V,, (ux) > 0). For
solutions with d A/d u(uy) = 0, which is equivalent to the first and second derivative of the
potential vanishing at the fixed point, a zero eigenvalue appears and an analysis based on linear
stability theory breaks down. While methods based on centre manifold theory [111] could be
used to decide the stability of the fixed point, the results would be strongly dependent on the
shape of the potential considered and a case by case analysis might be necessary. As such, we
do not explore the issue any further for now.

e Type llI: here we include all the points lying on the planes uw = +1, which correspond to infinite
values of the 3-form field x. Since the inequality (4.21) forces the 3-form field to decay to the
interval [—xc, Xc], any Type Il fixed point present in the system will necessarily be unstable®.

4The existence of Type Ill fixed points, i.e. fixed points at infinite x, was discussed for the first time in [265], even
though the compact variable employed in Eq. (4.32) was first introduced in Ref. [65]
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Due to the appearance of divergent terms in the 3’ and 2’ equations (tan(mu/2) — £oo as
u — £1), extra care is needed when identifying the position of fixed points of Type IIl and a
general analysis for any type of potential is not possible. For example, in the case of power
law potentials we find that A(u) o 1/tan(mu/2) and all divergences in the equations are
automatically cancelled, while in the case of a Gaussian potential with positive £ the variable z
must vanish sufficiently fast as u — £1 in order to cancel the divergences of \(u) o tan(mwu/2)
and tan(mu/2) and even so divergences will appear when calculating the eigenvalues of the
Jacobian of the system at the fixed points[265].

In Ref. [265], the proper identification and characterisation of the fixed points at x-infinity encoun-
tered three main difficulties. First, the fact that a trigonometric, instead of a polynomial, relation
was employed in Eq. (4.32) made it more difficult to identify the divergence rate of the equations.
Secondly, the fact that z depends on u through the potential, means that one has to take special
care and understand what is the behaviour of z as u — +1. For potentials that vanish at infinite y
the variable z may tend to zero sufficiently fast and cancel the divergent terms in u, e.g. the case of
the Gaussian potential which was extensively discussed in Ref. [265]. Finally, even after the correct
fixed points with u = 1 were identified, their stability needed to be clarified. In order to try and
solve some of the issues regarding the dynamics at infinity, we proposed in Ref. [80] a new dynamical
system description of models with 3-forms which allowed us to properly analyse the stability of the
fixed points at infinite values of x. We present such a description in the next section.

4.2.2. Dynamics at infinity

When a compactification scheme is employed, like the one in (4.32), some terms may appear in the
new evolution equations that diverge as the old variables approach infinity. When this happens, the
dynamical system obtained after the compactification can be written as [146, 169, 170, 204, 366]

u 1 fl (u7 Y, Z)
" =—= u, Y, 2)| 4.45
z 3\u, Yy, 2

where g(u) vanishes as u — =1, the functions f; are all well defined at u = +1 and at least one of
fi's does not vanish at u = £1. The divergence carried by g(u) can then be washed away by defining
a new time variable 7, dr = g~ !(u) dz [146, 169, 170], such that the previous system can be written
as

P u fl (ua Y, Z)
E yl = f2 (u’ Y, Z) : (4'46)
z f3(u, y, 2)

The fixed points at x-infinity can now be identified as the points (%1, y, z) such that f; = fo = f3 =0
[146, 169, 170]. A correct identification of these fixed points depends on whether or not the function
g(u) carries the divergent leading order of the equations, so that all the divergent terms are cancelled
through a proper redefinition of the time variable. If this is not the case, we run the risk of “overshooting”
in the divergence cancellation and introduce artificial fixed points in the system.
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Chapter 4. Dark Energy: 3-form field

We now present an alternative dynamical system description which tries to avoid the issues mentioned
above. We begin by employing a new compactification scheme for y

X v

L= 4.47
Xe 1*1}27 ( )

with v € [—1, 1]. Note that the values v = %1 correspond to x — +00. By employing the relation
(4.47), we ensure that all the divergent terms appear as powers of (v + 1) with negative exponents,
facilitating the identification of the leading order of the divergence.

In a second step, we decompose the variable z and isolate its explicit dependence on v. To do this,
we first rescale the potential V' as

V(v) (v), (4.48)

3H?
= 720 V.
where Hj is the current value of the Hubble parameter and V., is a dimensionless function of v. Next,
we introduce the compact Hubble rate®

(H/Ho)”

= 0 (4.49)
1+ (H/Ho)

defined in the interval [0, 1], with h = 0 corresponding to a Minkowski space-time, H =0, and h =1
to the limit® H — +o00. Using Eqs. (4.48) and (4.49), we can write the variable z as
o _1—h

z TV*(U) . (4.50)

We are now in a position to write the set of evolution equations for the dynamical variables (v, y, h).
From the Friedmann equation and the evolution equations (4.26), (4.27), (4.47) and (4.50), we obtain

v’=31152 [y (1—v%) =], (4.51)
y = g{y(l —y2) — % [V;(v)y—&- 1;22 83‘3 (1 —? —vy)} }, (4.52)
h'= —3(1—h) [h(1_y2) +(1-h) GI—ZEU%_V*‘(@)” . (4.53)

For each type of potential, we can replace V,(v) in Egs. (4.52) and (4.53), identify the leading
divergent term in order to proceed with the appropriate time redefinition and divergence cancellation,
and finally calculate the fixed points at infinity and study their stability. In addition, from Eqs. (4.24)
and (4.50), we can write s as

1—-nh

s2=1—y% - TV*(U). (4.54)

5A similar compact variable related to the Hubble rate was introduced in [27].
6We are assuming expanding cosmologies, i.e. H > 0.
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4.2 Dynamical system analysis with 3-forms

Let us now look at the invariant sets M and My, cf. Eq. (4.31), in this new description. First,
we note that the set M is no longer present in the system for a general potential. Instead, the
behaviour of the system in M, is given by the set of equations (4.51), (4.52) and (4.53) with the
null potential Vi, = 0. In the case of My, i.e. in the absence of CDM, the combination of Eq. (4.50)
with the condition 22 4+ y2 = 1 allows us to express h as

Vi (v)
= — . 4.55
1—y2+Vi(v) (4.55)
As such, we can drop Eq. (4.53) and rewrite Eqgs. (4.51) and (4.52) as
1—? 9 3 o 1 =02 1 9V, B
U/: 31+v2 [y(l—’U)—’U}, y/: —i(l—y)mﬁm(l—v —’Uy) (456)

These equations are equivalent to the ones obtained in Ref. [131] in the context of 3-form inflation.

4.2.3. Example: the Gaussian potential

In the previous sections we have discussed the use of a dynamical system description to cosmological
models with a 3-form field. In particular, we introduced a new classification of the fixed points of the
system and a new compactification strategy that take into account the dynamics of the system at
infinite values of the field x and allow us to define a global picture of the stability of the model. As
an example of the applicability of the methods defined above, we now consider the case where the
3-form has a Gaussian potential

£ xZ
9

2

V=VWe 9x, (4.57)
and calculate the position of the fixed points as well as their respective stability. This case was first
analysed in Ref. [265] where infinite eigenvalues were found for the fixed points of Type Ill and in fact
served as the motivation for the new dynamical system description presented in the last Section and
published in [80].

We begin by working out the fixed points of Type I:

. . Do = (07 07 O) )
Type | fixed points: (4.58)
: . pi = (£, £1,0) .

(Gaussian potential) 2

As can be seen from Eq. (4.40), the fixed point pg corresponds to a saddle point (unstable) representing
an epoch of DM domination. Using an analysis based on centre manifold theory, we find that the
points pf represent attractors that lead the Universe into a LSBR event in the future if £ > 0 and
become unstable saddle points if £ < 0.

Since the Gaussian potential has only one stationary point at x =0, i.e., at u = 0, there is only
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one fixed point of Type Il:

Type 1l fixed points: pe= (0,0,1), (4.59)

(Gaussian potential)

This corresponds to a scenario where the content of the Universe is completely dominated by the
3-form potential. The eigenvalues of the Jacobian in this case are

{7t = {—3,—‘;’ <1+ \/ 1+ f) ,—g (1 —/1+ 45)} , (4.60)

which leads to the conclusion that p is a saddle point node for £ > 0 [216].

Finally, there exist three pairs of Type Il fixed points for the Gaussian potential:

T = (£1,0,0),
Type Il fixed points: i = (£1,1,0), (4.61)
(Gaussian potential) 7t = (+1, -1, 0),

whose eigenvalues are’

Ohe = {5540, Ol = omabs) s ds, = B34k, (462)

while the total parameter of EoS is wyio = —yfp. Therefore, 7r0jE correspond to a DM-dominated
epoch, while in 771[1 the energy budget is entirely dominated by the kinetic term of the 3-form.

The existence of infinite eigenvalues reflects the existence of divergences that arise from the
compactification strategy employed in the definition of the variable u. In the alternative dynamical
system representation introduced in Sect. 4.2.2, the fixed points 7r3E are mapped onto a new pair of
isolated fixed points Hoi in the space (v, y, h):

My = (+1,0, 1), (4.63)

with eigenvalues

Vi = {3 3, 2} : (4.64)

The repulsive nature of these fixed point tells us that these can correspond to the asymptotic initial
state of the system, i.e., to an initial epoch entirely dominated by DM.

In the new representation, the other four points 7Ti:1 and wfl are now mapped onto a continuous

"The infinite value of the eigenvalue was obtained by computing the characteristic polynomial of the Jacobian near
the fixed point and then taking an appropriate limit of the formulas obtained. In particular, we first took the limit of
z — 0 and only afterwards the limit u — 1. This is in accordance with the previous statement that the variable z
vanishes faster than tan(wu/2) divergence as u — +1.
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4.2 Dynamical system analysis with 3-forms

Figure 4.2.: The position of the fixed points in (left panel) the dynamical system {u, y, z} and in (right
panel) the new representation {v, y, h}. Matching fixed points in the two representations are
marked with the same colour. The invariant subsets M3 which correspond to the case of no
DM are highlighted in blue.

set of fixed points (cf. Fig. 4.2)
5, = (&1, +1, hyy) | 5, = (&1, -1, hyy) , (4.65)

where the value of the reduced Hubble rate hy, varies in the range € (0, 1]. The eigenvalues for each
solution in H$1 and TT%, are

{V}Hil = {37 -3, O}’ {V}Hfl = {3’ -3, O}v (466)

and the existence of a null eigenvalue simply reflects the fact that Hfl and Hﬂfl do not represent
isolated fixed points. In fact, the eigenvectors associated with v = 0 correspond to the direction €},
tangent to the set. Since the other two eigenvalues have non-zero real part, every point in the sets
Hfl and ijl is normally hyperbolic [41, 121] and the stability of the trajectories along the remaining
directions can be determined by applying the usual linear stability theory, leading to the conclusion
that 7Tj+E1 and wjfl are saddle points. Here we point out that using the sign of the infinite eigenvalues
in (4.62) to determine the stability of the solutions according to the rules of linear stability theory
leads to the same results, an assumption used in Ref. [265].

4.2.4. Discussion

A dynamical system approach is a common technique to study the dynamics of a given cosmological
model. By studying the local stability of the fixed points of the system using methods based on
using linear stability theory and centre manifold theory [65, 111, 295], as well as the notion of normal
stability for non-isolated fixed points [41, 121], we are able to qualitatively characterise the system and
understand its possible initial and end state solutions. Within the context of late-time cosmologies
with CDM and 3-form DE, the dynamical system employed usually corresponds to mapping the model
to a semi-cylinder of unit radius and whose height corresponds either to the field x [216] or a compact
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variable of y [65, 265]. Such a compactification is necessary if we are to find fixed points at infinity and
therefore provide a global picture of the dynamics of the model. We stress that it is imperative that
the compactification scheme be chosen with care, since it can lead to divergences in the equations.

In this section, we have reviewed the dynamical system description of a model with CDM and a
3-form and presented the new classification of fixed points we defined in [265], which for the first time
included fixed points at infinite values of the x field used to parameterise the 3-form. To overcome
some problems related to the stability analysis of these fixed points at infinity, a new dynamical system
description was introduced by us in [80], which was based on a different compactification scheme
[146, 169, 170, 204, 366]. In this new representation, the variable z related to the fractional potential
energy density of the 3-form is replaced by a reduced Hubble rate variable h. As a consequence, the
information regarding the individual energy density contribution of the 3-form and DM is no longer
readily available in this new representation and the graphical representation of the system becomes
less intuitive (cf. Fig. 4.2). However, these are minor setbacks as the new dynamical system allows for
a proper study of the stability of the fixed points at infinite values of the field y, as was shown for the
case where the 3-form has a Gaussian potential.

As a final comment, we point out that in general the usefulness and applicability of a specific
dynamical system representation depends on the model at hand. The two strategies discussed in this
section are no exception—the representation {u, y, z} is perfectly capable of describing the dynamics
of the model at late-time, i.e., for finite values of x, and provides a more intuitive interpretation of
the dynamical variables used. On the other hand, the representation {v, y, h} may be preferable to
describe the dynamics at infinity. Furthermore, both these representations fail in the case of potentials
with zeros at finite values of x, as this can lead to the appearance of divergent terms in the evolution
equations. Such limitations appear as well in quintessence models where DE is modelled by a scalar
field and specific strategies were developed to obtain a coherent description for monomial [27] and
Starobinsky-like [26] potentials. It remains to be checked if a similar strategy could prove fruitful in
the case of a 3-form field.

4.3. The Little Sibling of the Big Rip in 3-form Cosmology

The LSBR, as first analysed in Ref. [77], is a late-time cosmological event which happens at an infinite
cosmic time and where the Hubble parameter diverges but the first time derivative of the Hubble
parameter remains finite. In the same paper, it was shown that the presence of a LSBR event in the
future of the Universe leads in a finite interval of time from the present to a dissociation of the local
structure of the Universe, which starts by destroying the large scale structures and then gradually
affects structures of smaller size. This type of behaviour can be induced by a fluid with the simple
EoS [77]

P=—-p-—A, (4.67)

where A is a positive constant, although it can appear as well in models of modified generalised
Chaplygin gas [84]. The constant A in Eq. (4.67), however small, is the leading term contributing to
H and leads the Hubble rate to diverge linearly with the cosmic time and logarithmically with the
scale factor. Here, and in the rest of this section, a dot represents a derivative with respect to the
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cosmic time (N = 1). We now show how a LSBR event appears naturally in some 3-form cosmological
models with positive-valued potentials.

As discussed in Sect. 4.1.4, the equation of motion of the x field admits as static solutions the
critical points £x.. These two points have the particularity of saturating the Friedmann equation in a
spatially flat Universe, leading to the constraint (4.21). If V(£x.) > 0, the only way for the static
solutions to represent physically accessible states is for the Hubble rate to diverge as x — £x. and
x — 0. However, this divergence does not propagate to the first derivative of H, as we find from Egs.
(4.17) and (4.18) that in the absence of other matter fluids

2

. K 2
Hiay) = ¥?XCV,XHZXC) = _§V7X2 (£xe) - (4.68)

This means that F converges to a constant whose sign depends on the value of V2 (+x.). In the
case that V,2(£x.) < 0, near the critical points the Hubble rate grows linearly with time

H(t)~ H(t;) — %sz (xe) (t—t;) (4.69)

where t; is an arbitrary constant. It can as well be shown that the Hubble rate grows logarithmically
with the scale factor

4 a(t)
H?(t) = H2(t;) — = V2 (£xe) 1 . 4.70
(1)~ H2(1) = 3Ve () o ( s (4.70)
This behaviour is precisely the one observed in a fluid with EoS (4.67) which leads the Universe to hit
a LSBR event in the future®. Since in this case these points represent local minima of the potential,
recall that the field x cannot escape the interval [—x., Xx.], we find that the solution leading to LSBR
final state is a local attractor.

We have just seen that in spatially flat FLRW model with just a 3-form field, if V(£x.) > 0 and
Vi2(£xe) < 0 the universe can be led to a LSBR in the asymptotic future. We can now consider
whether the addition of other (non-interacting) matter fluids can change the end state of the Universe.
In this case, the equality (4.20) that defines the effective potential must be replaced by [216, 217]

3k2 3k2 2
eff) _ 1 m m 2 V. 71
DX( ) = —7( +’w( ))p( )—72 (X —3‘%2) X (4- )

where quantities with the superscript (m) refer to the matter content apart form the 3-form field. If
these matter fluids respect the null energy condition p(™ + P(™) > ( then the previous equation
indicates that in the asymptotic future, when p(™) has completely decayed due to the expansion of
the Universe, the static solutions x(t) = +x. are recovered. Even in the case where p(™) evolves
towards an effective cosmological constant, the presence of the factor 1+ w™) in Eq. (4.71) shows
that these solutions are not affected. We thus conclude that the LSBR remains a possible final state
of the Universe even in the presence of other matter fields that satisfy the null energy condition.

As discussed above, a LSBR cosmic event can occur in models where DE is modelled by a 3-form

8The conclusion that the Hubble parameter diverges as the system evolves towards the static solution depends
strongly on the assumption that the potential is positive valued at the critical points. In addition, whether the divergence
is of the type of a LSBR event requires the asymptotic value of H to be finite and positive.
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field (minimally coupled to gravity and with a canonical kinetic term) playing the role of DE, even
when the potential of the 3-form is always non-negative. In this scenario, the Universe would end up
in a final state of super-accelerated expansion, H > 0, that would eventually destroy all the structures
in it. Furthermore, such a catastrophic fate is not altered by the presence of other types of matter,
such as DM, that satisfy the null energy condition, at least as long as there is no interaction with
the 3-form. There is, however, the possibility that this scenario can be avoided by an appropriate
interaction between DM and DE. If this interaction is able to maintain the field x away from the
critical points . in the asymptotic future, then the LSBR might be removed as the end state of the
Universe. This possibility was considered in Ref. [265] and the main results of that work are presented
in the remainder of this section.

4.3.1. The model

Let us now consider a model of a spatially flat universe filled by a 3-form field A, , with a potential
V(A?) playing the role of DE and by pressure-less matter, e.g., CDM. The evolution of the 3-form is
encoded in the scalar variable x(t), cf. Eq. (4.12), and we consider the existence of an interaction @
between DM and DE such that

ppoM = —3Hpmy, — Q, px =—-3H (px + PX) +Q. (4'72)

Independently of the specific form of the interaction term @ in the previous equations, its sign indicates
the direction of the energy transfer between DM and the 3-form field: if @@ > 0 there is an energy
transfer from DM to the 3-form field and if ) < O there is an energy transfer from the 3-form field
to DM. We recall that despite this interaction between the individual fluids, the total energy density
Prtot = Pm + py is always conserved, in agreement with the Bianchi identities.

The Friedmann and Raychaudhuri equations (4.17) and (4.18) in this model can be written

2 2 2

H? = o pu + 7 (04 3HX) + V), (4.73)
. ;@2
0= =%+ V) (4.74)

Due to the interaction with DM, the evolution equation for x, cf. Eq. (4.14), compatible Eq. (4.72)
becomes

Q

V+3HY+3Hy+V, = —% .

(4.75)

From the conservation equations (4.72), we can define the effective parameters of EoS of CDM and
the 3-form as

VxX - Q/(3H>
f(X+3HY)2+V’

g __ @ " _
why = SHpom | wl = —1+

(4.76)
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while the total EoS parameter reads

Pm + VxX
pm+ L (X +3HY)? + V(x2)

Wiot = -1+ (477)

Choice of potential

Having defined the main components of our model, we are now left with the task of specifying the
potential of the 3-form and the functional form of the interaction term Q. We begin by fixing the
potential of the 3-form, whose shape is essential in guaranteeing that a LSBR event occurs in the
non-interacting model, i.e., when ) = 0. With this in mind, we consider the Gaussian potential

©ofm
Pl ‘X
VAN

V(x)=Voe 2, (4.78)

where V and £ are positive constants. This potential has the particularity of satisfying xV, < 0 for
Vx # 0, therefore leading to a phantom-like behaviour of the 3-form everywhere except at the origin.
Such a behaviour leads to a LSBR whenever the field x tends to the static solutions at the critical

points x(t) = % xe.

Another desirable characteristic of the Gaussian potential is that, despite the phantom-like behaviour,
we can have a positive squared speed of sound of the 3-form, ch, for an arbitrarily large interval

around the origin by controlling the parameter £. In fact, since for a 3-form cﬁx is given by [216]

V, 26 x2
= X o1 é% (4.79)
X c

we find that 0 < ¢ < 1 in the interval x € [—1/9/(2£)Xc, v/9/(2€)Xc], which includes the critical
points £x. if 0 < £ < 9/2. Thus, at late-time the model is free of instabilities caused by a superluminal
or imaginary speed of sound of the 3-form [131, 216]. For large values of x2, however, ch becomes
increasingly negative, as such the model may not be physically viable in that regime. Nevertheless,
the model remains valid and physically relevant at late-time when x € [—xc, Xc| and can be used as
a candidate for DE. In addition, for large values of x the 3-form field behaves asymptotically as a
cosmological constant, therefore, it is possible that any instabilities arising from a negative value of ¢?
are suppressed. For an extended discussion on different type of potentials, please see the Sect. 4.2 of
Ref. [265].

Choice of interaction

Finally, we look at the form of the interaction term (. In the context of cosmological models with
3-form fields, an interacting 3-form as been considered in Refs. [65, 218, 265, 274] in the context of
models in which the 3-form field plays the role of DE, while in Ref. [132] a coupling between a 3-form
and a scalar field is considered as a mean to describe the reheating period that ends the 3-form fuelled
inflation.
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Starting from a phenomenological approach, we consider the general class of interactions

Q:3H(pm+pX)ZAij( P )1( Px )j, (4.80)

i 7=0 Pm + Py Pm + Px

where i, j are non-negative integers and \;; are dimensionless couplings that determine the strength
of each interaction term. The expression (4.80) represents a natural higher order generalisation of the
frequently considered linear interaction @ = 3H (Ampm + Aprppr) [68] and includes as well the case
of @ =3H\ pmppr/(pm + ppE), inspired from two-body chemical reactions [38, 78]. While it is not
derived from fundamental physics, its simple mathematical structure does bring some advantages as
it facilitates a dynamical systems analysis of the model at hand and in some cases even allows for
an explicit solution to be obtained. If the sum in Eq. (4.80) is truncated up to an order n such that
i+ 7 < n, we can take advantage of the degeneracy in the \;;’s to re-write the interaction as

Q—3H<pm+px>2nja< P ) (4.81)

=0 Pm + Py

thus reducing the number of coupling coefficients from (n+2)(n+1)/2 to just n+ 1. In the following
analysis we will consider only interaction that are up to quadratic order in the expansion (4.81).
By truncating the expansion (4.81) to quadratic order, we are able to cover most of the cases of
interactions considered in the literature as well as verify if important features appear in the evolution
of the model due to the inclusion of a non-linear term.

4.3.2. Dynamical system analysis

In order to study the dynamics of our model, we now employ a dynamical system analysis. We choose
to employ the same set of variables discussed in Sect. 4.2:

2 X X +3Hx 3Hy K2 Pm
u= ;arctan (Xc> , Y= SHy. 32 5= ik (4.82)

which where first introduced in Ref. [65] and represent a compactification of the variables used in
Refs. [131, 216, 218, 222, 274]. We recall that {u, y, z, s} verify

-1<u<1, 0<s<1, 0<z2<1, -1<y<1, (4.83)
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and satisfy the Friedmann constraint y? + 22 4 52 = 1. With an interaction Q) between DM and the
3-form turned on, the dynamical system (4.33)—(4.35) that describes the model becomes

Uy = gcos2 (%) {y — tan (%)} , (4.84)
Yy = %{3 11—y =2y +A(u)2? [1—tan (gu) y}} +&Q, (4.85)
Zy = %z {3 11—y —2*] = A(v) [y — tan (gu> (1- 22)]} , (4.86)

s=1/1—y? — 22 (4.87)

We recall that we are using « = log(a/ag) as our time variable and a subscript « indicates a derivative
with respect to z. In addition, for the case of a Gaussian potential (4.78) we can write the factor
A(u), which is defined in Eq. (4.30), as

A(u) = %tan (gu) , (4.88)

and the quadratic interaction (4.81) can be written in terms of the dynamical variables as

9H? & i
Q= — o (y2 + z2) . (4.89)
i=0

The total EoS parameter (4.77) can now be written in terms of the dynamical system variables as

Wiot = — (y2 + 22) — % tan? (gu) 22, (4.90)

while the individual effective EoS parameters, cf. Eq. (4.76), read

2
1 i
Wi =T s > ai (P +27), (4.91)
i=0
2¢ s 22 1 > i
off 2 2., .2
= —1- 2 tan? (Zu) - M . 4.92
Wy 9 a 2u Y2 422 y2 4 22 g @i (y +z ) ( )

The set of Eqs. (4.84), (4.85), and (4.86), complemented with Eqgs. (4.88), constitutes a three-
dimensional autonomous system that defines the evolution of the dimensionless variables (u, y, z)
which encode the evolution of our model of interacting DM and 3-form. In the following sections, we
will identify the position of the fixed points of the model according to the classification defined in
Sect. (4.2) as well as study their stability. Notice, however, that the inclusion of an interaction term
leads to a modification of the conditions (4.38) and (4.41) that define the position of the fixed points
of Types | and II. Taking into account Egs. (4.88) and (4.89), those conditions are now replaced,
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Chapter 4. Dark Energy: 3-form field

respectively, by

2
Ufp == arctan (yrp) ,
1 2 )
(ufp7 Ytp, pr) © N Ytp (1 - yfzp) = 7@ Zi:O (6%} (y?p + Zpr)z y (493)
Zfp =0,

and

2
- arctan (ygp) ,

Ufp =
2 3 2 2 2\¢
(utp, Yip» 26p) 1 § SYipZip - 28yep 2im0 (yfp * pr) , (4.94)
2
1-— y?p - zf2p = §§yf2pzf2p .

Replacing the equalities (4.93) and (4.94) in Eq. (4.90), we find that the value of the total EoS
parameter at the fixed points of Type | and Il is not affected by the interaction and wiot = —y?p for
the fixed points of Type | and wy; = —1 for the fixed points of Type II.

From (4.93) we find that the quadratic interaction (4.81) removes completely the fixed points
associated to the LSBR if

oo + o + Qg 7é 0. (495)

If we impose this condition back on Eq. (4.88) we obtain the general form of the interactions belonging
to the class (4.81) that do remove LSBR event:

9H® 5 o 2 .2
Q;«E?[(y +2%) = 1] [ar +ag + a2 (v* + 27)] , (4.96)

which, can be recast in terms of the CDM related variable s as

9H3
12

Q# — 52 [al + a9 + a (y2 + z2)] ) (4.97)
This condition tells us that the LSBR event is completely removed as a possible final state of the
model as long as the interaction is not proportional to a power of the DM energy density p}; with
n > 1. This result can be understood by looking at the conservation equation for DM (4.72) which
for Q = 3Hpl g(y, z) becomes

pm +3H [1+g(y, 2)pin ] pm = 0. (4.98)

For well behaved ¢(y, z) this equation admits as solution p,,, = 0 and therefore does not exclude a
priori the possibility that the end state of the Universe is characterised by a vanishing contribution
of DM to the matter content and therefore at very late-time the 3-form field is not affected by the
presence of DM and drives the universe towards a LSBR event. Notice that this condition is completely
independent of the shape of the potential, therefore, it is not limited to the case of a 3-form with a
Gaussian potential, as long as the potential used leads to a LSBR in the future.
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4.3 The Little Sibling of the Big Rip in 3-form Cosmology

General Stability

By solving the set of equalities (4.93), we can calculate the position of fixed points of Type | in terms
of the interaction couplings {ag, a1, aa} as

A

2 N .
pa—L 2 (ugp, Yip, 2ip) = j:; arctan (§_), +49_, 0| ,
Type | fixed points: (4.99)

A

2 . N
(Quadratic interaction) Pyt (Ui, Yips 2p) = :':; arctan (9+), £+, 0 ,

where g4 is defined as

~2 1+

YT 00— ay) +an)

1+ \/1 + 4a0(11_0‘22| . (4.100)

As in the non-interacting case, we find that the existence of fixed points of Type | does not depend on
the shape of the potential and wyo, = —yfzp. By comparing Eq. (4.99) with the position of the fixed
points of Type | in the non-interacting case, cf. Eq. (4.58), we conclude that as we switch off the
interaction the pairs of fixed points ﬁoi and ﬁf obtained above converge, respectively, to the points
po and pf of the non-interacting case.

In the regime of weak interactions, i.e., for small coefficients |a;| < 1, expanding (4.100) at first
order in the «;'s leads to

2 N

72 ~ —ap, U7 ~ 14+ (o + o +az) . (4.101)

Thus, the fixed points p correspond to a scaling behaviour between CDM and DE, with a near
complete CDM dominance, if ag < 0 and to a matter dominated epoch if g = 0, in which case
y— =0and ﬁai = p(? In addition, we find that the existence of the fixed points ﬁéﬁ is dependent on the
condition cg < 0. On the other hand, the fixed points ﬁli only exist in the system if ag + a3 +as <0
and corresponds either to a scaling behaviour with 3-form dominance if ag + a1 + a3 < 0 or to
possible LSBR events if ag + a1 + as = 0. We recall that previously, cf. Eq. (4.95), we found that
the condition for the removal of fixed points associated to the LSBR was precisely ag + a3 + as # 0.

The eigenvalues of the Jacobian at ﬁoi and ﬁli can be written in terms of 4%, a1, and az as

Vot pr = {—3, 2(1 —93),-3[2(1 —ag) 92 — (1 + al)]} : (4.102)

where §_ (74 ) on the above formula corresponds to the case p= (pT). We find that the Jacobian has
two negative and one positive eigenvalues if §2 # 1 and two negative and one null eigenvalues when
91 = 1. This implies that f)ét always correspond to two saddle points, while the pair ﬁli represent two
saddles points if Qi # 1, i.e., when LSBR event is removed. In the case of gﬁ_ =1, we find through
methods based on centre manifold theory that the stability condition is analogous to the one found in
the case of no interaction: p; (p; ) is an attractor if £ > 0 and a saddle node if £ < 0. Therefore, we
find that quadratic interactions (4.88) that do not satisfy the inequality (4.95) not only fail to remove
the fixed points associated to the LSBR event, they also do not change their stability.
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Chapter 4. Dark Energy: 3-form field

In order to find the position of the fixed points of Type Il, we recast the condition (4.94) as

a8 + (o — 1) B+ (1+ap) = 0, (4.103)
(B v2)ut, — 2% (1-8)=0, (4.104)

with ug, = (2/7) arctan(yg,) and
B = yi, + 2, - (4.105)

The quantity 3 represents the fractional energy density of DE at the fixed point and satisfies 0 < 5 < 1.
An immediate conclusion from Eq. (4.103) is that, for the class of interactions considered, the value
of 3 is determined solely by the interaction coefficients a; and does not depend on the choice of the
potential. In addition, as discussed above the total parameter of EoS is wio,t = —1 independently of
the potential considered and the coupling coefficients.

The solutions to Eq. (4.103) are

1—o 14+ ag
B+ = 1+£,/1—dar——— 4.106
+ 2(12 2 (1 — a1)2 ( )
which, at first order in the coefficients a; can be written as
1-— (6731
By =~ - —1—(ag+a;+as), B ~1+ (ap+ag +as) . (4.107)
2

In the regime of small coefficients, |a;| < 1, the solution S is outside the interval (0, 1] and can be
disregarded, while the solution S_ lies within the interval (0, 1] and is close to unity (_ < 1) for
ag + a1 + ag < 0, indicating a 3-form dominance near the fixed points. The same condition was

~

found for the existence of the Type | fixed points ﬁf.

By setting 5 = _ in Eq. (4.104) and solving for yg,, we find that the dynamical system has at
most two pairs of fixed points of Type II:

2
t . - ~
Type Il fixed points: = i; arctan (§4), £+, \/B- — 73 | , (4.108)
(Quadratic interaction o iz arctan (7). <5 /B — 72 ) . .
+ Gaussian potential) T
where
_ B 181 —4_
§h = 5 (1£4), A(B,&) = |1— TR (4.109)

For £ > 0, we find that 0 < A < 1, which ensures the existence of Type Il fixed points, as long as

9 2 9
g(ﬁ_l><ﬁ<l’ 0<e<s. (4.110)
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4.3 The Little Sibling of the Big Rip in 3-form Cosmology

For general values of the parameters of the model (£, avg, @1, v2), the expressions for the eigenvalues
of the Jacobian for the Type Il fixed points are too cumbersome to be used to draw conclusions on
the stability of the system by analytical methods. An alternative strategy devised by us in Ref. [265] is
to employ the Hurwitz criterion (cf. Ref. [283] for the definition and Appendix C.1 for its application
to the cubic case) to determine whether all three eigenvalues have negative real part, in which case
the fixed point is stable, or if at least one of the eigenvalues has a positive real part, in which case the
fixed point is unstable. Let us write the characteristic polynomial of the Jacobian, J, of the dynamical
system at the fixed point as

det (J — vI3) = ag + a1y + asy? — 72, (4.111)

where I3 is the 3 x 3 identity matrix and a;, i = 0,1, 2, are constant coefficients and the roots «y of
det(J — ~I3) are the eigenvalues of the Jacobian. Then, using Hurwitz criterion we can state that all
three v's have negative real part if and only if

ap <0, signa; = signag , aras +ag > 0. (4.112)

As a corollary, when ag > 0 there is at least one positive eigenvalue and the fixed point is unstable.
Although we were not able to obtain a general result for the stability of fixed points of Type Il using
this method, from analogy with the non-interaction case it might be expected that late-time attractors
are provided by the pair ﬁli, while the pair 1535 gives unstable points. This was confirmed for specific
subclasses of interactions presented below.

If we consider the upper limit S_ = 1 in Eq. (4.110), we find from Eq. (4.109) that A = 1. In
this case, the pairs p‘f and p‘;t converge, respectively, to the points pf and po obtained when @ = 0.
In fact, solving Eq. (4.106) for 3_ = 1 leads to the equality’ ag + a3 + ay = 0, of which the
non-interacting case a; = 0 is a trivial solution. Since the points pli belong to the Type | category
(zip = 0), when S_ = 1 the only fixed point of Type Il is po = pa. The analysis of the system
around this point presents serious challenges as the interaction term in Eq. (4.85) is proportional to
1/y. This limitation of the dynamical system representation seems to arise from the choice of the
phenomenological interaction (4.89) which does not cancel this divergent factor. Nevertheless, as
stated above S_ = 1 occurs only for those interactions for which the LSBR event is not removed.
For those cases, we expect that all the trajectories of interest converge to one of the fixed points
corresponding to the LSBR and not to ps. As such, we will not look into the stability of this point
with further detail.

The opposite limiting case occurs when /5_ approaches the lower bound in Eq. (4.110), i.e., when
€ =18(1—pB_)/B2. In this case, the parameter A vanishes, §2 = 7 and the two pairs of fixed
points pf and ]52i merge into one single pair of fixed points of Type II:

T Il fixed points for A = 0: [5_ I3 [B_
ype ixed points for 0 ﬁi _ 2 arctan ﬁi + 57’ 57 C (4113)
(Quadratic interaction ™ 2 2 2

+ Gaussian potential)

9Notice that this implies that the interaction does not remove the LSBR event, cf. Eq. (4.95).
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Chapter 4. Dark Energy: 3-form field

Notice that since for small interaction couplings we have S_ < 1, this case implies potentials that
are extremely flat around x = 0. In addition, we find that one of the eigenvalues of the Jacobian is
always zero at ﬁi:

{W}ﬁf_{o’f(lﬂLvlﬂlG),f(l—m)}. (4.114)

Here, the factors F' = F(«1, as, f_) and G = G(ay, e, B_) are defined as

_ 2
F(ar, ag, B-) : 1+ (o 326‘ + 2005~ (4.115)

2+ (Oll —8)5—‘:- (20[2 —3041 +10)ﬂ2 — (60[2 — +3)B3+2a254

G(ag, ag, B-): 1+ (v _3)ﬂ+2a252]2

. (4.116)

and for convenience we have used Eq. (4.103) to eliminate « in favour of 5_.

Since one of the eigenvalues vanishes, the analysis of the linearised system is not valid to fully
characterise the stability of the system near the fixed points and centre manifold theory needs to be
employed. Nevertheless, if G < 0 one of the eigenvalues of the system has a positive real part and the
fixed point is necessarily unstable. When A = 0, the limit §_ = 1 implies £ = 0, which corresponds
to the special case of a 3-form with a constant potential'®. In this case, the 3-form behaves as a
cosmological constant with P, = —p, and the dynamical system employed in this section becomes
degenerate as the two variables iy and z can be replaced by the single variable /8 = /%2 + 22 and
the variable u decouples from the rest of the dynamical system (A(u) = 0). As such, we will not
explore this case any further.

In order to identify the fixed points Type Il in our model with a Gaussian potential with £ > 0,
we assume that, as u — %1, the variable zg, vanishes sufficiently fast so as to cancel the divergence
of tan(ru/2), i.e., we assume that z tan(mwu/2) = 0 in the limit of very large x. This assumption is

supported by the fact that we have
exp fé tan? (zu>
18 2

4.117
zZ X o ) ( )

which for & — £1 goes to zero faster than tan(mu/2) as long as the asymptotic value of H remains
positive. The fact that zs, = 0 suggests an analogy with the results found for the fixed points of
Type |. In fact, we find that as we turn on the interaction four pairs of fixed points appear

50t (utp, Yips 21p) = (£L, =5, 0)

Rt .

T (Usp, Ytp, 26p) = (X1, +9—, 0) ,
Type Il fixed points: Aio E v fp; Eil % 0; (4.118)
(Quadratic Interaction) T;l -\ Yt lp) = ’ _%—H ’

it (U Yip, 2p) = (F1, +94, 0)

where y is given by Eq. (4.100). Notice that #%, and frfo correspond to a decomposition of

ONotice that a different limit is obtained in Eq. (4.108) if we set S = 1 without imposing A = 0 first. In fact,
from Eq. (4.109) we find that unless £ = 18(1 — 8_)/32, the equality 3_— = 1 implies A = 1.
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u

1.0 1.0
Figure 4.3.: (Left panel) The position of the fixed points of the dynamical system (u,y, z) in the case of a

Gaussian potential when the interaction between DM and DE is switched off. (Right panel)
The position of the fixed points changes when, for the same potential, we turn on a quadratic
interaction of the kind described in Eq. (4.81) with small coefficients ;. It is possible to
observe how each fixed point in the non-interacting case, except for ﬁil, splits in two points
once the interaction is turned on. As the strength of the interaction coefficients changes, the
new fixed points move along the yellow curves. For sufficiently flat potentials, the pairs ﬁli
and ;53[ may coalesce and give rise to the fixed points ﬁi, cf. Eq. (4.113). To obtain this
figure we used the values £ =1, ap = a2 = —0.03, and a1 = 40.03.

and m, , obtained in the non-interaction scenario, into a new pair of fixed points each. In addition,
#%, and frfl correspond to the two pairs 7%, and ﬂfl found when ) = 0. The eigenvalues of the

Jacobian for these fixed points are
{}ex ={3,3(14+ 1) —6(1—as) Y3, +o0} . (4.119)

Under the previous assumption that an infinite but positive eigenvalue corresponds to a direction in
which the system is extremely repulsive, we find that wio, with yf2p =42 ~ 0 correspond to repulsive
points representing the asymptotic past, while the two pairs WII, with yf»p = yi ~ 1 correspond to
saddle points.

Examples

So far, in this section we have determined the position and stability of all the fixed points of the
system when considering a quadratic interaction (4.81) between DM and the 3-form DE with generic
values for the coupling coefficients {ag, a1, @2} and under the assumption of weak interactions, i.e.,
|a;| < 1. In Fig. 4.3, we compare the position of the fixed points when @ = 0 (left panel) and when
the quadratic interaction is turned on (right panel). In general, when one of the fixed points obtained
in the non-interacting case (left panel) is affected, it decomposes into two new fixed points whose
position moves along the yellow lines, depending on the value of the interaction couplings {ag, a1, aa}.
The only exception are the points in the corners of the subset Mg = {(u, y, z) : z = 0} which are
displaced along the y direction without giving rise to a new solution.
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Inter. F.P. Constraints (up, Ytp» 2tp) Stability Descr.
PO (0, 0, 0) Saddle DM
pr (£1/2, £1, 0) Attractive  LSBR

0 P2 (0,0,1) Saddle dsS
71'0i (£1, 0, 0) Repulsive DM
T (1, 1, 0) Saddle K
) (£1, —1, 0) Saddle K
ﬁ§ 1<an<0 (i% arctan \amﬁ, i|am\%, O) Saddle S-DM
P (+1/2, 1, 0) Attractive LSBR
P2 (0,0, 1) N/A ds
¥, —1<am<0 <i1, |2, 0) Repulsive  S-DM
| 7%, ~1<am<0 (il, ~Jom?, 0) Repulsive ~ S-DM
) (1, 1, 0) Saddle K
7% (1, -1, 0) Saddle K
pE tmm < 0 (i% arctan | 2mm |% , | R 7, 0) Saddle S-DM
P (+1/2, 1, 0) Focus Node  LSBR
P2 (0,0, 1) N/A ds
T Qmm < 0 (iL | pomm %,0) Repulsive  S-DM
ﬁj,:o Q@mm < 0 (117 - ‘ 1f:::m ’% ) 0) Repulsive S-DM
) (1, 1, 0) Saddle K
7% (1, -1, 0) Saddle K
Po (0, 0, 0) Saddle DM
P (£1/2, £1, 0) Focus Node  LSBR
mo P2 (0,0, 1) N/A ds
#E (+1, 0, 0) Repulsive DM
) (1, 1, 0) Saddle K
7% (£1, —1, 0) Saddle K

Table 4.1.: The fixed points found for a universe filled by DM and by DE modelled by a 3-form DE with a
Gaussian potential. We present the results in the case of no interaction between DM and DE
and for the interactions I, I, and Ill presented in Sect. 4.3.2. For each point, we present the
constraints associated for their existence, their coordinates in {u, y, z} space, their stability
and the type of evolution they represent: DM — DM dominance; LSBR — a LSBR event; dS — de
Sitter expansion; K — 3-form kinetic dominance; S-DM — scaling solution with DM dominance.
The stability of the points p2 in the cases of interactions I, Il and Ill, which is indicated as not
available (N/A), was not determined since in those cases the interaction term has divergent

factors at the fixed point.
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Inter. F.P. Constraints (utp, Ytp, 2tp) Stability Descr.
pPo (0,0,0) Saddle DM
pE (£1/2, £1, 0) Attractive LSBR

o P2 (0,0,1) Saddle ds
w(:)t (£1, 0, 0) Repulsive DM
) (+1, 1, 0) Saddle K
nE (+1, —1, 0) Saddle K
Do (0, 0, 0) Saddle DM
ﬁli —1<ay <0 (:I:%arctan|1+ax\% \1+ax|2 ) Saddle ds-K
i’li % _ \/m <ay <0 (i% arctan | %ﬁ_ |% + | 1+Aﬁ_| ’TAﬁ ‘%) Attractive  dS-K
i %—\/9;725<ax<0 (ﬂ:faufctam\1 = 7|§ + |52 7] | 28— |é) Unstable  dS-P

1 1

W ﬁi oy = % _ \/967Li2E <i72rarctan % 2 , = '877 ? , % 2) Saddle  dS-3F
7r0i (%1, 0, 0) Repulsive DM
o (il, +11+ oy % 0) Saddle K
) (il, — 14 ayl?, 0) Saddle K
bo (0, 0, 0) Saddle DM
Py axx <0 (i arctan |1 — ony |72, £[1 - axx|_% ) 0) Saddle  dS-K
ﬁli 7% <ayy <0 (i% arctan|ﬂ _|§7 i|%ﬁ_|%, ’% —‘%)Attractive dS-K
133: _%<O‘x><<0 :I:%actan‘ |% :I:’%ﬂflé, |%37|%) Unstable  dS-P

1 1 1

Y, ﬁi Oy = _1% (i arctan : , =+ % : , % 2) Saddle  dS-3F
7I'Oi (£1, 0, 0) Repulsive DM
Wfl (:I:l, +11- Oéxxr% ) 0) Saddle K
7rj—tl (il, -1- axx|_% ) 0) Saddle K

Table 4.2.: The fixed points found for a universe filled by DM and by DE modelled by a 3-form DE with a
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Gaussian potential in the case of no interaction and for the interactions IV and V in Sect 4.3.2.
For each point, we present the constraints associated for their existence, their coordinates in
{u, y, z} space, their stability and the type of evolution they represent: DM — DM dominance;
LSBR — a LSBR event; dS — de Sitter expansion; K — 3-form kinetic dominance; dS-P — de
Sitter scaling solution dominated by the potential energy of the 3-form; dS-K — de Sitter scaling
solution dominated by the kinetic energy of the 3-form; dS-3F — de Sitter scaling solution
dominated by the 3-form. The values of 5_ and A in the case of the interactions IV and V are
given by the formulas (4.106) and (4.109). We include once more the case of no interaction
so as to facilitate the comparison of the position of the fixed points when the interactions are
turned on.
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Next, we present the results for five specific sub-classes of the quadratic interaction (4.81) that
were studied in Ref. [265]:

1)

1)

Q = 3Hampm — In the context of 3-forms this interaction has been studied before in Refs. [65,
274]. Comparison with Eq. (4.88) immediately shows that this type of interaction corresponds
to setting ag = @y, a1 = —ayy,, and ag = 0. Since in this case @ is proportional to the energy
density of DM the fixed points corresponding to LSBR are not removed. In fact, this interaction
affects only the fixed points ﬁ(ﬂf, ﬁfo and frfo which now correspond to scaling solutions with
DM dominance.

Q = 3HammpZ,/(pm + py) — This interaction, which is quadratic in the dynamical variables y
and z can be obtained by setting ag = amm, a1 = —2amm, and as = aym,. As in the case
of the previous linear interaction, the only affected fixed points are ]535, frfo and frfo which
correspond to scaling solutions with DM dominance.

Q = 3Humy pmpy/(Pm + py) — In the context of wCDM, this type of mixed interaction has
been studied as a possible solution to the coincidence problem [38, 78]. We can map it to
the formulation in (4.88) by setting ap = 0, a1 = Qmy, and g = —my. As in the previous
two cases, the interaction coefficients do not satisfy the condition (4.95) and, therefore, the
fixed points corresponding to LSBR are not removed. In addition, in this case the fixed points
associated to matter dominance are not affected due to the presence of the interaction.

Q = 3Hayp, — This linear interaction proportional to the energy density of DE is also
commonly considered in the literature in the context of wCDm models [64, 99]. A comparison
with Eq. (4.88) immediately leads to the equalities ap = 0, a1 = v, and a2 = 0. Contrary
to the three previous interactions, in this case the inequality (4.95) is satisfied, meaning that
the fixed points pljE are shifted in the phase space and the final stage of the evolution of the
Universe is no longer a LSBR. On the other hand, the position the fixed points associated to
DM dominance are not affected.

Q = 3Hayp3/(pm + py) — This interaction, quadratic in the dynamical variables, can be
mapped to the formulation (4.88) by setting agp = 0, a1 = 0, and ay = a,. Similarly to the
case |V, the fixed points associated to DE dominance are shifted from their original position,
thus removing the LSBR, while the fixed points associated to DM are left unaffected.

In Tabs. 4.1 and 4.2 we present the general characteristics of the fixed points for each interaction
and compare them with the non-interacting case. For each fixed point we present the constraints
found for its existence, the position on the {u, y, z, } space, the result of the stability analysis using
the methods delineated above!! and an identifier to which kind of behaviour it represents. For the
interactions |, Il and Il we did not analyse the stability of the fixed point p, due to the presence of
divergent terms in the interaction term in Eq. (4.85). Of all the cases studied, only the interactions
IV and V are able to remove the LSBR event in the future, replacing it by attractive de Sitter points
ﬁf representing a scaling solution with almost complete DE dominance:

Qpr(r — +00) & 1 — |ag + a1 + as], O (x = 400) = |ag + a1 + az|. (4.120)

1A detailed calculation of the stability of each fixed point can be found in Ref. [265].
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4.3.3. Composite Null Diagnosis

In the previous section we have applied a dynamical systems analysis to determine which subclasses of
the general quadratic interaction could remove the LSBR event from the future history of the Universe
in a model of interacting DM and 3-form DE. Out of five specific examples commonly found in the
literature, we found that two of them, Qv = 3Ha,p, and Qv = 3Haxxpi/(pm + py), are able
to replace the LSBR by a de Sitter solution corresponding to a scaling solution with near total DE
dominance. We now explore the possibility of distinguishing these two cases between themselves and
from the non-interacting case using a cosmographic approach based on the statefinder hierarchy and
the fractional growth rate, which together form a composite null diagnosis for ACDM [34].

From the EoS (4.67) we can obtain the cosmographic parameters ¢, j, s and [, cf. Eq. (2.8), as
the Universe heads towards a LSBR event:

e v i LOQJ ’ (121
PR g O Lo§<a>]2 ’ (4122)
P~ 1 o O Lo;(a)r ’ (4.123)
z~1+?ﬂ;g()(®+o{m1@} . (4.124)

Replacing these expressions in the Statefinder hierarchy (2.23)-(2.25) we obtain'?

- -2 - 12
SRS L @, _ 2 L 412
53 + log(a) +0 | log(a) | ’ 53 9log(a) +0 | log(a) | ’ (4.125)

- 42 - 42
(1) 1 1 (2) 2 1
~1+ —— ~ — 4.12
54 + log(a) +0 |log(a)] ’ & 9log(a) +0 | log(a) | (4.126)
- 12 - 12
14 2 L @, __8 ! 4.12
S5 + log(a) +0 | log(a)] ’ 55 9log(a) +0 | log(a)| (4.127)

We thus find that although the limiting values of the Statefinders are the same as for'> ACDM, before
the Universe reaches its end state there is a deviation from the point {S\™ S{"} = {1, 0} that
characterises that model. Interestingly, this deviation does not depend on the parameter A in the EoS
(4.67).

In the rest of this section, we will apply the statefinder hierarchy to our model of interacting DM
and 3-form DE. In order to obtain the expressions for the statefinders S§"), n =3,4,5, in terms of

2In Ref. [34], the definition of the statefinders Sg4) and Sés) depends on an arbitrary constant a. Here we have
chosen o = 3.

131n this, the LSBR differs from other cosmic events like the Big Rip, whose end-point in the Statefinder diagrams
deviates slightly from ACDM [24].
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the dynamical system variables we write the deceleration parameter as

1 o
q(u, y, 2) = # =-1+ % (1—y*—2%) - gtanz (gu) 22, (4.128)

where wio; was obtained in Eq. (4.90). The higher order cosmographic parameters and the corre-
sponding statefinders 57(11), n = 3,4,5 can be obtained by using the relation

d (1a" 1 dn+l 1 dn
| = H*n — - H7n+1 o - H,n 1— 1 ) 412
do <adt” ) (adt"+1 > <adt” >[ n(1+9)] (4.129)

The first of the statefinder parameters reads [265]

S?(,l) =1+¢&22 {tan (gu> Y {2 — % tan? (guﬂ — tan? (gu> {1 — 2—5 tan? (;uﬂ }

+ g [ao + a1 (y2 + 22) + a2 (y2 + 22)2] ) (4.130)

while the expressions for Sil) and Sél) are too cumbersome to be presented here.

The non-interacting case

We begin our analysis by finding the solution for the non-interacting model with DM and 3-form DE
with a Gaussian potential that best mimics the behaviour of ACDM model until the present time. If
we take as reference values for the present day values of the relative energy density of DM, Qpw,o,
and of the parameter of EoS of the 3-form field, w, o, the following two best-fit values of the Planck
2015 mission [11, 16] for a DE model with constant parameter of EoS, w:

Qm = 0.3065, wq = — 1.006, (4.131)

then we can write the following present day conditions

Zg o (T
€7y tan (Fuo) =-1006.  (4.132)
0 0

2
Qmo=1-y3 — 25 = 0.3065, wyo=—1— 5

In addition, we can fix the current value of the deceleration parameter as
qo = —0.5340. (4.133)

Notice that this value deviates by only 1.2% from the value of go found for ACDM model. We stress
that the values in Eq. (4.131) were obtained by fitting the wCDM model to the observational data and
therefore do not correspond to the best-fit values of the model analysed here, there DE is modelled by
a 3-form. Nevertheless, we take them as a guiding line to analyse our model.

If we fix the value of the potential parameter’® ¢, Egs. (4.132) provide us with two out of three

4n the rest of this section we will present the results obtained for £ = 1. This value respects the condition
0 < & < 9/2 that ensures that the squared speed of sound of the 3-form is positive in the interval [—xc, Xc], cf.
Eq. (4.79), and at the same time it is large enough so as to not make the potential too flat around the origin. Recall
that for a constant potential the 3-form behaves exactly as a cosmological constant.
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4.3 The Little Sibling of the Big Rip in 3-form Cosmology

Figure 4.4.: (Left panel) Trajectories, in the 3-dimensional space (u, y, z), of the two solutions P% (red
thick line) and P! (green thick line) that were found to minimise the deviation from ACDM in
the case of no interaction. (Middle panel) Trajectory obtained when interaction IV is considered
with o, = —0.03. (Right panel) Trajectory obtained when interaction V is considered with
axx = —0.03. On both the middle and right panels, the initial conditions are set in the past,
at redshift 6, using the values of the dynamical variables for the trajectory P.. The thin lines
indicate the projection, on the plane yOz, of the trajectory of the same colour. The labelled
points indicate the fixed points, see Table 4.2 for the classification, near which the trajectories
pass.

necessary initial conditions for the dynamical variables {u, y, z}. In order to obtain a third condition,
in Ref. [265] we opted to minimise the quantity

5

1/2
dsh .= [Z (sgp - 1)2] , (4.134)

n=3

with respect to the fraction of the energy density of the 3-form that, at the present time, corresponds
to the potential energy:

2
20

-0 4.135
Y6 + 28 (#135)

2 .

By construction, dell) vanishes in the case of the ACDM model. As an indication of the sensitivity of
the statefinder parameters with respect to small perturbations of the initial conditions, we also expand
each parameter f around the solution (ug, yo, 20) as

Fluo+ 0, yo + 0y, 20+ 02) = fuo, v 20) + Y (OxF) (g, yo. 200 X

X=u,y,z
5logf> 8X
e . — . (4.136
f(uo, Yo, 20) X:;,yﬁi ((nogX (vo, Yo, 20) Xo ( )

The higher the absolute value of (¢log f/d10g X ) (u,, yo, =) the more susceptible the parameter is to
variations of the initial conditions. Thus, a trajectory with somewhat robust values of the statefinder
parameters should present small values of these coefficients.
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. p# . o dlogSV o) dlogs))  oay  dlogstY
N 3 dlog X : dlog X b dlog X
up = 0.5436 —7.554 x 1074 2.522 x 1072 1.182 x 101

I 0.02051 4 =0.8242 1.009 99751072 1.019 _1786x10-2 1.014 1972 x 10!
20 = 0.1193 1.926 x 1072 3.621 x 1072 3.095 x 1072

ug = 0.1052 —6.063 x 1073 6.291 x 102 —4.478 x 107!
09721 4 =0.1394 1.013 3,076 x 1072 1.032 _4.786 x 10=% 0.9991 4454 x 101
2o = 0.8158 2.477 x 1072 4.235 x 1072 1.737 x 101

Table 4.3.: For the two solutions P! and P!’ we present the current values of the dynamical variables and
the statefinder parameters using as reference the best-fit values of the Planck mission presented
in Eq. (4.131) [11, 16]. For each statefinder parameter, we present the deviation of the present
day values for small perturbations of the values of the dynamical variables. This values were
obtained for £ = 1.

In Tab. 4.3 we present the two sets of initial conditions which minimise dS,(ll) with respect to P,:

Pl ~0.02051, ds(M = 0.02526, (4.137)
PH ~ 0.9721, ds(M = 0.03455, (4.138)

the corresponding values of the statefinders parameters and the sensitivity coefficients 55’7(L1)/6X. On
the left panel of Fig. 4.4 we also present the trajectories in the 3-dimensional space {u, y, z} obtained
from these initial conditions. Notice that situation I corresponds to a kinetic dominance of the energy
density of the 3-form at the present time and therefore the trajectory in red starts near the fixed point
74 and evolves towards the final LSBR state p]” without approaching any other fixed point, while
IT corresponds to a dominance of the potential energy at the present time and so, even though the
trajectory starts at 7r6r, if first passes near p, before finally heading towards p; .

The values of §log Sﬁbl)/d log X presented in Tab. 4.3 indicate that the statefinder parameters
are only slightly sensitive to changes of the initial conditions, from which we deduce that nearby
trajectories are also compatible with the current observations, i.e., the trajectories chosen in this way
are not special solutions of the system. Notice that due to the symmetry of the system with regards
to {u, y, 2} = {—u, —y, z}, we only present the solutions with positive u. Despite obtaining small
values in both cases I and II, the results for dSy(ll) suggest that we should pick the trajectory I if we
want a behaviour that is as close as possible to ACDM at the present time. This is corroborated if we
look at the temporal evolution of the fractional energy densities and EoS parameters, represented in
Figs. 4.5 and 4.6. This preference for the kinetic dominated solution from the cosmological evolution

is in concordance with the fact that a massless 3-form behaves exactly like a cosmological constant
[216].
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The cases of interactions IV and V

Having defined the background evolution in the case of no interaction between DM and the 3-form,
we now look at what happens when we turn on the interaction. In particular, we will focus our analysis

in the two cases studied in the previous section that rem

ove the LSBR event: interactions IV and V.

According to Table 4.2, both interactions IV and V introduce two late-time attractors, ﬁli, into the
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Inter. X Sél) Sil) Sél) Om Wy, wett will,

ug = 0.5155
v yo =0.8223  0.9183 0.9752  0.6560 0.3065 —1.006 —0.9761 —0.06788

zZ0 = 0.1319

up = 0.5362
\) yo = 0.8238 0.9452  0.9297 0.8061 0.3065 —1.006 —0.9858 —0.04325

2o = 0.1218

Table 4.4.: Present day values of the dynamical variables, the statefinder parameters, and the cosmological
parameters Qu,, Wy, wfff, and will;, obtained for the interactions IV and V. In each case, the
present time is defined as the moment when the energy density of DM reaches the value 0.3065
[11, 16]. These results were obtained for o, = a,, = —0.03 and setting the initial conditions
at redshift 6 using the values of the trajectory P..

system as long as the interaction parameters of each interaction satisfy the inequalities

1—4/142¢/9

fg/<ax<0, —%<axx<0. (4.139)
For the reference value £ = 1 that we have considered for the non-interacting model, these inequalities
imply —5.277 x 1072 < a, < 0 and —5.556 x 1072 < a, < 0, values which respect our initial
assumption of weak interactions, i.e., |a;| < 1. In addition, these late-time attractors correspond to
scaling solutions with DE dominance where the Universe enters a de Sitter epoch at late-time. The

fraction of the total energy density that corresponds to DE, 3_, is given for each case by

1 1—./1 -4«
B_ = ~ 1+ oy, Bo=—Y X xlta,. (4.140)

T 1-— Qy 2005y

Since we wish to study the imprints of the interactions on the evolution of the system, we opt to
select trajectories that follow the evolution of the non-interacting case in the past, where the 3-form
is subdominant with regards to DM and therefore the effects of the selected interactions are weak.
We impose initial conditions for {u, y, 2z} using the values of the trajectory P! taken at redshift 6

(zini = —log 7 ~ —1.946), which was found to be the one with smallest deviation from ACDM at
the present time. In order to facilitate the comparison of the results for the two interactions, we
choose the same value for both couplings: a, = a,, = —0.03. This value is sufficiently large, in

modulus, for the interactions to leave noticeable imprints on the cosmological evolution while at the
same time not saturating the constraints (4.139). We also note that this value is compatible with the
observational results obtained in Refs. [125, 154]. From Eq. (4.140) we find that this leads to the
3-form representing ~ 97% of the energy content of the Universe in the final de Sitter state:

(Inter. IV) S_ = 0.9709, (Inter. V) p_ =0.9717. (4.141)

The trajectories obtained are represented in the 3-dimensional space {u, y, z} on the middle (interaction
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Figure 4.7.: The evolution of the relative energy densities of DM (blue solid curve) and DE (thin solid
curve), and of the individual components that contribute to the energy density of DE: kinetic
energy (red dashed curve) and potential energy (green dot-dashed curve), in terms of the
redshift. (Left panel) Evolution of the system in the case of the interaction IV for a,, = —0.03
and £ = 1. (Right panel) Evolution for the case of the interaction V with o, = —0.03 and
& = 1. For each case the moment of redshift 0 is defined as the moment when Q,, = 0.3065
[11, 16]. The circles and crosses indicate, respectively, the values of 2, and Qu, for the ACDM
model.

0.0f-

- - -

-0.2

-0.4

wj

-0.6

-0.8

PR e e o oo e e e e m e mmmmm = R e e S e T ————— ]

-1 0 1 2 3 | 5 6 2 3 4 5 6
redshift redshift
) — el —_—— Uy —_— mﬁ(‘"' — = Wot

Figure 4.8.: The evolution of the parameter of EoS of DM (solid blue thick curve), of DE (dashed red
thick curve), and of the total fluid in terms of the redshift (dot-dashed green thick curve).
The effective EoS parameter of DM and DE are represented as a solid blue thin curve and
a dashed red thin curve, respectively. (Left panel) Evolution in the case of the interaction
IV for o, = —0.03 and £ = 1. (Right panel) Evolution in the case of the interaction V with
axx = —0.03 and £ = 1. In each case, the moment of redshift 0 is defined as the moment
when Q,,, = 0.3065 [11, 16].
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IV) and right (interaction V) panels of Fig. 4.4. Notice that each case follows closely the non-interacting
curve of the trajectory P! (left panel) till reaching the vicinity of the fixed point ﬁi" which, due
to the interaction between DM and DE, has been shifted away from the position {1/2, 1, 0} that
characterises the LSBR.

In Tab. 4.4, we present the values of the dynamical system variables, the statefinder parameters
and several cosmological quantities evaluated at the present time, x = 0, defined in each case as the
moment when Q,,, = 0.3065 [11, 16]. > Using the values of the statefinder parameters in Tab. 4.4
we can calculate the measure of deviation from ACDM, dST(,,l), at the present time:

(Inter. IV) dS(V = 0.3544, (Inter. V) dS(V =0.2134. (4.142)

The smaller value for the interaction V can be explained by the fact that, for equal values of o,
and ay, the quadratic interaction takes a longer time to have strong effects on the evolution of the
Universe. This can also be observed in Figs. 4.7 and 4.8, where we find that the quadratic interaction
(right panels) follows ACDM more closely than the linear one.

The statefinder diagnosis

Up to this point, we have discussed how to select the trajectories in the 3-dimensional space {u, ¥y, z},
see Fig. 4.4, in the non-interacting model and when interactions of type IV and V are considered. We
now show how all these cases, despite their similar evolution, can be differentiated using the statefinder
hierarchy diagnosis [34], even though the end point in the planes {Sél), Sil)} and {Sél), Sél)} are
the same!® for a LSBR event (no interaction) and for a de Sitter phase (interactions IV and V).

In Figs. 4.9, 4.10 and 4.11 we present the evolution, from redshift 6 and till the distant future, of the
statefinder parameters Séi), Sf) and S(i), with ¢ = 1,2, for the three cases in study: no interaction
(solid blue curve); interaction IV (dashed red curve); interaction V (dot-dashed green curve). We find
that differences in the three cases start to become more noticeable in the recent past, for redshift < 1,
in particular for the statefinders Sél), Sil) and Sél) (left panels). This is precisely the epoch when the
interactions, whose strength depends on the relative energy density of DE, start to become important.

In general, we find that the case where the interaction IV is turned on presents the larger deviations
from ACDM and from the non interacting case. This can be understood by the fact that, during the
transition from the matter dominated epoch to the latter accelerated expansion fuelled by DE, the
interaction term Qv is suppressed by a factor €2, < 1 with regards to Qrv.

One particular difference between the interacting and non-interacting models is that the statefinder
parameters seem to approach the asymptotic value from opposite directions. For example, in the case
of the statefinder S?(,l), the three models have the same asymptotic value S:(,,l) = 1. However, as can
observed in Fig. 4.9, after some small oscillations around redshift 1 the solid blue curve (no interaction)

5Notice that since the transfer of energy from DE to DM (the coupling coefficients are negative) delays the decay
of the energy density of DM, by fixing x = 0 in this way we are affecting the value of the redshift corresponding to
the moment in the past where the initial conditions for the integration are set. In other words, in the cases where the
interactions IV and V are turned on zini < — log(7).

16]n a LSBR cosmic event, where the Hubble rate diverges while its time derivatives remain constant, any contribution
to the cosmographic parameters from terms H ~("*+1) (d™ H /dt™) vanishes asymptotically. As such, all the cosmographic
parameters, and consequently all the statefinder parameters, converge to their respective values in the ACDM model,
where d"* H/dt"™ is asymptotically zero in the future.
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Figure 4.9.: The evolution of the statefinder parameters Sél) and Séz), in terms of the redshift for the
cases of no interaction (solid blue curve), of the interaction IV (dashed red curve) and of the
interaction V (green dot-dashed curve).
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Figure 4.10.: The evolution of the statefinder parameters Sil) and Sf), in terms of the redshift for the
cases of no interaction (solid blue curve), of the interaction IV (dashed red curve) and of the
interaction V (green dot-dashed curve).

-1 0 1 2 3 4 5 6 -1 0 1 2 3 4
Redshift Redshift

3]
o

No Int. — = [nt. IV == Int. V

Figure 4.11.: The evolution of the statefinder parameters Sél) and Séz), in terms of the redshift for the
cases of no interaction (solid blue curve), of the interaction IV (dashed red curve) and of the
interaction V (green dot-dashed curve).
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Figure 4.12.: The statefinder diagnosis {Sél), Séz)} (top panels), {Sél), S (middle panels) and
{Sél)7 Sél)} (bottom panels) for the non-interacting 3-form DE model (solid blue curve),
and when the interactions IV (dashed red curve) and V (dot-dashed green green) are turned
on. The black points indicate the predictions for ACDM. Present day values are indicated by
a circle and direction of temporal evolution is indicated by black arrows.

seems to stabilise at S:gl) ~ 1.02 without ever crossing the asymptotic value 1. In the two interacting
models, a similar oscillatory behaviour can be found around redshift 1. Afterwards the value of S?(,l)
starts to decay monotonically till it reaches a minimum value Sél) ~ 0.9. At this point, and before
the Universe approaches the final de Sitter phase, the energy budget is almost entirely dominated by
DE, ©, <1, which means that Qv ~ Qv. After this point, the two curves corresponding to the
interacting models (red dashed and green dot-dashed) become indistinguishable. A similar pattern of
behaviour is observed for all the statefinder parameters plotted in Figs. 4.9, 4.10 and 4.11.

Before the end of the DM dominated epoch, i.e., for redshift 2 2, the statefinders S§2), Sf) and
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SéQ) (right panels) single out the case of the linear interaction IV. This can be explained by the fact
that, contrary to the interaction V which is quadratic in p,, the interaction IV has a non-negligible
contribution to the effective EoS parameter of DE when the Universe is dominated by DM. Thus,
in this case the 3-form does not mimic exactly a cosmological constant with w;ff ~ —1 in the past.
This sensitivity of the statefinders 57(12) to a change in the EoS parameter of DE had already been
pointed out in Ref. [34] as one of the main advantages of introducing a second family of statefinder
parameters which can break some of the degeneracies in the statefinders Sf,,l).

The effects mentioned above can be observed in Fig. 4.12, where we present the statefinder
diagnosis {S?El), S§2)} (top panels), {Sél), Sil)} (middle panels) and {S:gl), S’él)} (bottom panels) of
the non-interacting model (solid blue curves) and of the two models with the interaction IV (dashed
red curves) and interaction V (dot-dashed green curves) turned on. In each map, a black point
indicates the final asymptotic state, a circle indicates present day values and the arrows indicate the
direction of temporal evolution. The imprints of the interaction IV during the DM dominated era are
particularly visible on the planes {S?El), S§2)} and {S?(,l), Sf)}, where the initial behaviour of the red
dashed curve diverges from that of the other two curves.

The similar future asymptotic behaviour of the curves of the two interacting models is also captured
in the statefinder diagnosis. On all panels, the red dashed and green dot-dashed curves overlap after
the minimum value Sél) ~ 0.9 is reached. Furthermore, the difference in behaviour between the
non-interacting models and the two models where the interaction between DM and DE is turned on
is clearly visible in the maps {Sél), Sil)} and {S?(,l), Sél)}. In the non-interacting case, the curves
approaches the final points {1, 1} from the first quadrant, while in the two interacting cases the curves
approach {1, 1} from the third quadrant. This seems to reflect the fact that in the non-interacting
case we have a late-time phantom like behaviour, while in the two cases where the interaction is
turned on, the total EoS parameter never crosses the threshold wior = —1 (see for example Fig. 1 of
Ref. [24] for a comparison of the statefinder diagnosis in the cases of quintessence and phantom-like
behaviours).

Finally, we note that while the statefinder diagnosis can positively distinguish the three models
at hand, the pairs {S?(,l), Sil)} and {Sél)7 Sél)} seem to be particularly good identifiers of each
individual model. As noted in Ref. [34], the fact that Sil) and Sél) include higher order derivatives
of the Hubble rate makes these parameters more sensitive to small differences in the cosmological
expansion. However, the increased difficulty in calculating with precision higher order derivatives of
H from the current observational data presents a serious drawback in the use of these statefinder
parameters, in particular Sél) [34].

The growth of perturbations

In order to complement the statefinder hierarchy with information from the growth of structure in our
model and complete the composite null diagnosis (CND) [127], we need to compute the evolution
of linear perturbations in the late Universe. Since we do not have a covariant formulation of the
interactions between DM and the 3-form, we compute the evolution of DM perturbations assuming
that perturbations of the 3-form remain small and can be ignored. This is somewhat justified by the
fact that at late-time the 3-form with a Gaussian potential has an EoS parameter very close to -1 and
positive ¢2, which prevents the collapse of the DE perturbations.
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Figure 4.13.: (Left panel) Evolution of the fractional growth rate € in the case of no interaction (solid blue
curve) and when the interactions IV (dashed red curve) and V (dot-dashed green curve) are

considered. (Right panel) The CND map {Sél), €} for the same models. The point {1, 1}
indicates the prediction for the ACDM model and a circle indicates present day values.

During the late-time evolution of the Universe, under the assumption that we can disregard the DE
perturbations, the evolution of the modes well inside the Hubble horizon (k? > a? H?) and within the
linear regime is given by [127, 240] (cf. Eq. (2.31))

. . 2
Son + 2Hb — %pm(sm =0. (4.143)

This equation can be written in terms of the dynamical system variables {u, y, z} as

(Om)aa + % 1+3 (y2 + 22) + %5 2% tan? (;ruﬂ (Om)e — g [1 — (y2 + 22)] om =0, (4.144)
where we have also changed the time variable from the cosmic time ¢ to « = log(a/ag). For each of
the trajectories defined in this section, we obtained the temporal evolution of the linear perturbation
Om by integrating Eq. (4.144) numerically since the matter-dominated era till the present time. The
initial conditions were set at redshift 6, when all relevant modes are inside the Hubble horizon. Using
the prediction of GR that é,, & a in a matter dominated universe, we fixed (0m )z (Zini) = Om(zini) = 1,
where zi; = —log(7) ~ —1.946. Notice that since the CND requires a comparison with the growth
of structure in the ACDM model, we repeated the integration of Eq. (4.143) for that case as well.

Once the evolution of d,, was obtained, we computed the growth rate (cf. Eq. (2.34))

_ 0log(dm)

f(z) = “or (4.145)

and subsequently the fractional growth rate [34]

e(x) := f(@)

= (4.146)
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The results obtained for the cosmological evolution of the fractional growth rate € in the three models
studied in this section are presented on the |.h.s. panel of Fig. (4.13). While the deviations of the
growth rate from ACDM are less than 1% in the non-interacting case, when the interactions IV and V
are turned on the growth rate becomes increasingly larger as the Universe evolves. This difference
reflects the increasing strength of the interactions IV and V as DE becomes the dominant component
in the Universe. Notice that the Interaction IV, being the one that is more intense for a given value of
Py Presents a more distinct profile.

The CND mapping {S:gl), €} is presented on the r.h.s. panel of Fig. 4.13, where we recall that
the ACDM model corresponds to the black point {1, 1} and the present day values of each curve
are indicated by a circle. The distinct curves obtained for each model show that the CND is a good
tool to complement the statefinder hierarchy to differentiate between DE models. We note that,
as found in Fig. 4.12, the curve corresponding to the model with the interaction IV has a distinct
initial behaviour, reflecting the fact that in that case the 3-form does not behave like a cosmological
constant in the past.

In order check if the results obtained are in accordance with current cosmological observations, we
also compare the predicted values of the growth rate with the measurements of SDSS IIl BOSS DR12
[312]:

f(zer = 0.38) = 0.638 + 0.080, (4.147)
F(zegr = 0.51) = 0.715 £ 0.090 , (4.148)
F(zegr = 0.61) = 0.753 £ 0.088. (4.149)

As can be seen from Fig. 4.13, for all the values of redshift considered, the deviation of € from unity is
below 5% for all the cases considered, which falls well inside the 1o interval for all the observational
points. This agreement suggests that our choice for the value of the interaction parameters a,
and o, which was motivated from constraints derived for the wCDM model, is viable from an
observational point of view. In addition, we present in Fig. 4.14 the evolution of fog for the three
models considered, where og is the root mean square of mass fluctuations on spheres of radius 8
h~1Mpc. The temporal evolution of g was obtained through the formula [356]

Ug(l‘) = 0'8(0)

(4.150)

assuming the best-fit value of the Planck mission for the present day value og(0) = 0.8110 [19]. For
comparison, we also plot several available observational data points and their respective error bars,
which we enumerate in Tab. 4.5. From Fig. 4.14 we find that all models are compatible with the
data, even if the model with the linear interaction IV (red dashed curve) presents higher values at
redshift z < 0.5, which seems to spoils the agreement with the measurements at z < 0.1. We point
out that the results obtained for the ACDM model are indistinguishable from the blue curve of the
non-interacting model in Fig. 4.14.
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Figure 4.14.: Evolution of fos in the case of no interaction (solid blue curve) and when the interactions
IV (dashed red curve) and V (dot-dashed green curve) are considered. The curve obtained
for the ACDM is indistinguishable from the blue curve obtained for the non-interacting case.

Table 4.5.:

The various data points plotted, and respective error bars, are presented in Tab. 4.5.

z fos Survey Ref.
0.02 0.42819-01% 6dF Galaxy Survey + SNe la [195]
0.067 0.42310-0%2 6dF Galaxy Survey [59]
0.15 0.53019 SDSS MGS [190]
0.18 0.3610:09 GAMA [62]
0.3 0.491058 SDSS LRG [280]
0.38 0.4470-9¢ GAMA [62]
0.38 0.497100%9 BOSS DR12 [20]
0.44 0.41319-080 WiggleZ [61]
0.51 0.458109%5 BOSS DR12 [20]
0.60 0.39010-563 WiggleZ [61]
0.60 0557013 VIPERS [288]
0.61 0.43670 057 BOSS DR12 [20]
0.73 0.43770 572 WiggleZ [61]
0.86 0.4070 71 VIPERS [288]
1.4 0.482%0118 FastSound [281]
1.52 0.42670 070 BOSS DR14 quasars [364]

Available observational data points for fog at different at redshift in the interval (0, 1.52),
which are plotted in Fig. 4.14. For each data point we present, in order, the value of the
effective redshift, the value of fos and its respective error, the corresponding survey, and the
reference from which the values were taken.
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4.3.4. Discussion

In this Section, we have shown how a Little Sibling of the Big Rip (LSBR) cosmic event can appear in
3-form cosmology. While in this type of event the Universe can mimic a ACDM behaviour until the
present time, which means that it is not ruled out by current cosmological observations, its future
behaviour is radically different from the exponential expansion fuelled by a cosmological constant and
can lead to the destruction of all structure we observe in the Universe [77]. While in models with
scalar fields a LSBR event appears only when a kinetic term with reversed sign is considered [22], in
3-form cosmology such an event can appear in models where both the kinetic and potential energy
are positive. Furthermore, the presence of other types of matter, e.g., dark matter, that respect the
null energy condition does not change the end state of the Universe. As a practical case, we have
selected the Gaussian potential for the 3-form field, which was found to be capable of driving the
Universe towards a LSBR without leading to superluminal propagation or collapse of DE perturbations
during the late-time evolution.

Once the desired potential of the 3-form field, compatible with a LSBR event, was fixed, we
addressed the possibility that an interaction between DM and DE could remove this divergence of the
Hubble rate from the future evolution of the Universe. Following a phenomenological approach, we
considered a type of quadratic interaction, cf. Eq. (4.81), that generalises some of the cases found
in the literature. Through an extensive dynamical analysis we were able to find which subclasses
of interactions can remove the LSBR. We conclude that as long as the interaction term @ is not
proportional to py, or p2,, an energy transfer from DE to DM can lead to an alternative final stage of
the Universe represented by a de Sitter expansion. However, instead of a ACDM type of behaviour, a
scaling behaviour between the two dark components of the Universe is obtained, where the energy
density of the Universe is almost totally dominated by DE but where DM maintains a constant residual
contribution.

After selecting two interactions of interest that remove the LSBR, one linear and one quadratic in the
3-form energy density p,, we employed the Statefinder hierarchy and the Composite Null Diagnostic
(CND) to find distinguishable imprints of the model. In order to best compare the evolution in the
non-interacting and interacting cases, we first selected the trajectory of the non-interacting mode
that, at the present time, minimises the deviations from ACDM. Using this trajectory to set initial
conditions in the past, we then obtained the trajectories for the other two models where the interaction
is turned on. Then, by mapping the trajectories of the three models in the space of statefinders
{S:gl), Séz)}, {S:gl), Sil)}, {S:gl), Sél)} and {S?(,l),e} we showed that both the Statefinder hierarchy
and the CND can pinpoint relevant differences between the cases under scope. More importantly, we
found sufficient evidences to discriminate, at present, between the linear and quadratic DE interaction.
For all the models considered, the results for the growth rate of the matter perturbations are within
the observational constraints of the SDSS Il data [312] for the growth rate f and are compatible
with available observational points for fog, as shown in Fig. 4.14.

A limitation in the analysis is related to the fact that the evolution of matter fluctuations was
computed assuming that perturbations of DE could be disregarded, i.e., the DM perturbations are only
affected by the 3-form through background terms. While this assumption is somewhat justifiable by
the shape of the 3-form potential and the fact that DE behaves almost as a cosmological constant until
the present time, a full analysis would require taking into account the evolution of DE perturbations as
well. However, in order to apply the full theory of linear perturbations, a covariant description of the
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interaction would also be necessary, preferably deduced from a total action describing the 3-form and
DM. Such an approach was undertaken in [218] for a specific type of coupling and could be generalised
by using a Lagrangian description of perfect fluids [89] and considering the presence of coupling terms
like, for example, E#VP7 A, ,us. This type of approach has been explored recently in the literature in
the context of quintessence [58, 66, 67, 153, 291] and has the advantage of eliminating any ambiguity
in defining the interaction 4-vector ), both at the background level and at first order in perturbations.
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Pre-inflation in the Third Quantisation:
possible observational imprints

5.1. Third Quantisation - A Brief Review

5.1.1. Quantum Cosmology

The field of Quantum Cosmology began in 1967 with DeWitt's seminal paper [137] introducing his
Canonical Theory of Quantum Gravity. In it, DeWitt took the quantisation procedure for constrained
Hamiltonian systems developed by Dirac in the previous decade [138, 139] and applied it to the ADM
action of General Relativity [39], obtaining in this way a master wave equation for gravitational systems
— the Wheeler-DeWitt (WDW) equation [137, 359]. After discussing some of the general properties of
this equation, including its similarities with the Klein-Gordon (KG) equation for a scalar field, DeWitt
applied his newly introduced theory to the case of a closed FLRW universe. The Canonical Theory of
Quantum Gravity, and in particular WDW equation, served as a pivotal point of several approaches to
Quantum Gravity and Quantum Cosmology developed over the ensuing decades. In this section, we
follow [211] and briefly review the derivation of the WDW equation for a FLRW universe filled by a
minimally coupled scalar field ¢ with a potential V().

Let us consider the classical line element for a FLRW universe (cf. Eq. (1.18)):

dr?
1—Kr?

ds? = —N2(t)dt? + a?(t) ( + 1"de2> . (5.1)
We recall that N is the lapse function, the scale factor a(t) has dimensions of length and K is +1 for
a closed universe, 0 for a spatially flat universe and —1 for an open hyperbolic universe. Since the
shift vector vanishes in a FLRW geometry, the second fundamental form and its trace reduce to [211]

1a

3a
Kij = Nahij7 K== (52)
while the spatial extrinsic curvature reads ®) R = 6K /a?. Here and throughout this chapter, a dot
indicates a derivative with respect to the time variable . The total action of the model can be written
as
S = SADIVI +S

@

(5.3)
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where SAPM is the ADM action for GR with a cosmological constant A [39, 137]:
SADM _ 2—22 / dt &*=NvVh (Kl-jKij ~ K24+ ®R_ 2A) : (5.4)
and S, is the action of a minimally coupled scalar field ¢ with a potential V' (¢):
S¥ = — /dtdeN\/E (;g“”@uw&,@—i— V) . (5.5)

Substitution of Egs. (5.1) and (5.2) in Egs. (5.4) and (5.5) then leads to [211]
S—/dtd3 NVR -3 (L4 2+£—A+1 L 2—V() (5.6)
B v k2 \Na k%2a? k%2 2 \N 2 '

In order to obtain the Hamiltonian formulation of this model, we introduce the canonical variables
of the minisuperspace {¢*, ¢*} = {a, ¢}, so that the action (5.6) can be written as

S:Vol/dtN e qufv(A) (5.7)
5 TAB T q . .

Here, we have introduced the minisuperspace metric G4p:

—Sa 0
Gap = r , 5.8
AB ( 0 a3> (5.8)

the generalised potential V:

3a3 [A K2V (p) K
AN - _ =
v (q ) T K2 |:3 + 3 a2:| ) (59)
and the volume factor Vol:
Vh r?
l:= [drdQ— =4 dr— 1
Vo / rdQ—3 ™A e—s (5.10)

In the case of a closed spatial geometry (K = +1), Vol corresponds to the volume of a 3-sphere of
unit radius: 272, where a factor 2 needs to be included so as to account for the two halves of the
3-sphere. In the cases of a flat or open spatial geometries (X = 0 and K = —1, respectively), where
the spatial hypersurfaces have infinite volume, the integral (5.10) has to be considered over a finite
region of space.

Writing the action (5.7) as S = [ dtL, where L is the total Lagrangian, we can define the canonical
momenta 7, and 7, as [211]

0L  6Volaa oL 3P
Mai= 5o = "3 N Ty = = = Vola” . (5.11)
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Likewise, we can define the canonical momentum of the lapse function, m, as

=_——=0. 5.12
o (5.12)

TN -

The independence of the action on the derivative of N is reflected on last equality of Eq. (5.12),
which is known as one of the primary constraints!. From the definitions (5.11) and (5.12) we can
construct the canonical Hamiltonian as [211]

H:TFNN+7TAQA7L

11
N (2VOIGAB7TA7TB + Vol V (q, <p))
— NH. (5.13)

From the preservation of the primary constraint, we obtain the secondary (Hamiltonian) constraint
which can be written in terms of the Poisson bracket of mx and H as

{ry, H} = -H=0. (5.14)

At the classical level, this equation leads to the Friedmann equation (with N = 1)

3 (a)z _ 2 (;ng _ kA +V(g0)> . (5.15)

k20?2 K

The quantisation procedure that leads to the Wheeler-DeWitt equation follows from introducing a
wave function ¥[a, ¢] that describes the state of the universe and from imposing that the Hamiltonian
constraint (5.14) becomes a condition on W, i.e., H¥ = 0 [137, 211]. The variables a and ¢ are
promoted to quantum field operators G and ¢ that act on ¥ and their canonical momenta 7, and 7,
now become

0 0

Mg — g = — ih% , Ty = Ty 1= —ih—. (5.16)

If we choose the Laplace-Beltrami operator [211]

1 K21 1
2 AB — 2
Vin = 20 (x/—GG aB) = =50 (a0) + 5 9,)° (5.17)
to fix the factor ordering in the Hamiltonian via the substitution GAPm mp — —h2Vig, we arrive
to the Hamiltonian operator
2

H=- 2Vol

Vig + VolV (a, ¢) . (5.18)

Finally, by applying this operator to the wave-function and taking into account the Hamiltonian

1A second primary constraint is obtained in the general theory from to the independence of the Lagrangian with
regards to the shift vector N*. In FLRW cosmology, where the shift vector vanishes, such a constraint does not contain
any additional information about the system.
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constraint H¥ = 0, we obtain the WDW equation [211]

m2k? 1 h2 1
Oa(00a) = 5513

Toval oz (9,)% +VolV (¢*)| ¥ =0. (5.19)

This equation has the form of a KG equation, where the scale factor plays the role of the time variable
and ¢ that of a spatial coordinate. This led DeWitt to identify a natural KG-like inner product
between two states Wy and Wy [137], which in the case of the minisuperspace {a, ¢} reduces to
[213, 214, 255]

(T1(a, @), Va(a, ¢)) = i/d(pa(\llfﬁa‘llg —U59,77) . (5.20)

Unfortunately, just as in the case of the KG equation, the inner product (5.20) is plagued by the fact
that it is not positive-definite. This leads to the existence of solutions with zero or negative probability
(¥, ¥) [137] and therefore (5.20) cannot be used in general as a probability amplitude [221].

5.1.2. Third Quantisation

For the ordinary scalar field, the problem of negative probability states was settled by reinterpreting
the KG equation within quantum field theory, which lead to the identification of the scalar field as the
quantum field of a spin 0 particle. In the Third Quantisation formalism [45, 255, 300, 306, 330], the
same approach is applied to the wave-function of the WDW equation, with a second quantisation
being applied to the WDW wave-function (thus the name Third Quantisation). In a cosmological
context, it seems only natural to identify the quanta of the second quantised WDW wave-function
field with individual universes? within multi-universe states. This natural appearance of the concept
of the multiverse within the Third Quantisation picture has remained as the main force driving the
development of the formalism since the first tentative studies regarding a possible solution to the
cosmological constant problem [45, 168, 189, 255, 256, 306, 330] three decades ago, with very few
works published outside the field of cosmology, e.g., [257, 279]. For a review of key aspects of the
Third Quantisation formalism, we refer the reader to [202, 221].

The process of third quantising the wave-function of the WDW equation begins with introducing
the minisuperspace action [189, 300, 306]

SY = /qu V-GU*HY , (5.21)

for the wave-function field W. Notice that here we introduce a new re-scaled minisuperspace metric
Gap = (1/h)G p so that (5.21) has the proper units of an action functional. The minimisation of
Eq. (5.21) with regards to 0¥* leads immediately to the WDW equation (5.19), showing that the
action S¥ is dynamically equivalent the canonical quantum theory obtained from the action (5.6). If
we now employ a field redefinition ¥ — /#%/(2Vol)¥ and integrate the r.h.s. of (5.21) by parts we

2For a further illustration of the analogy between the Third Quantisation of the WDW equation and the second
quantisation of the KG equation, cf. the table in Fig 1 of [300] which first appeared in [330].
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can, after disregarding total derivative terms, rewrite S¥ as

2
SY = /qu Ve, (C:ABaA\IJ*aB\IJ + 2\/;;1 V(qA)\II*\I/> , (5.22)

which is the KG action (with a reversed sign) for a complex scalar field [268, 333] with a coordinate
dependent mass. As in the case of the complex scalar field, the action (5.22) has a U(1) symmetry
associated to the gauge transformation ¥ — e~?W. Based on this symmetry we can define a
conserved current density [255]

§*t =iV -G (T — o ) | (5.23)

and its respective conserved charge [255]

Q= /dgoj(’ =— (0, 7). (5.24)
This completes the correspondence of the wave-function ¥ of a canonically quantised FLRW universe

with a complex scalar field living in (1+1) minisuperspace.

The quantisation of the wave-function field follows along the lines of the second quantisation of the
complex scalar field. We first identify ¥ and its complex conjugate as canonical variables and define
their canonical momentum densities as

oLy | K2 . oLY | K2
Ty = 9(9,9) = - g“aa‘l’ ) T = W = - Eaaa‘l’a (5.25)

where £¥ is the Lagrangian density deduced from (5.22). The corresponding Hamiltonian HY is

HY = /dw (T4 0,V + Ty-0, " — LY)
6 1 . 2Vol’d® .

Then, we promote ¥, ¥*, my and my-, together with the Hamiltonian HY, to quantum operators
that act on a new multiverse wave-function ®[g”, ¥] which contains all the information regarding the
multi-universe state and whose evolution is given by the Schrédinger-like equation

LD oy
ih-|0) = H"|2). (5.27)

In order to complete the quantisation of the wave-function field, we need to define a Hilbert
space of the solutions of (5.19) re-normalisable with regards to (5.20). Here, some difficulties are
encountered since the p-dependence of the generalised potential )V makes a mode expansion of ¥ a
non-trivial endeavour. Different approaches to tackle this issue can be found in the literature, e.g. the
Born-Oppenheimer approximation [209, 210], the superadiabatic expansion [212, 214] or an analogy
with quantum optics [300]. This situation is nevertheless simplified in the case of a constant potential
where the squared mass term depends exclusively on the time-like variable a which we explore next.
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5.1.3. Example: Constant potential

As an example of the Third Quantisation of the wave-function of a FLRW universe, we now consider
a model with a minimally coupled scalar field with a constant potential V() = 3H3q/k? and a
vanishing cosmological constant?® [79, 189, 203, 213, 266, 300]. In such a case, a mode expansion of
WU is readily available and, using the same methods of quantum field theory, we can define annihilation
and creation operators that act on a vacuum state — the void — thus leading to an explicit description
of the system in terms of multi-universe states.

Before continuing with the quantisation procedure, we note that the Third Quantisation action S¥
can be simplified by changing the minisuperspace coordinates from the scale factor a to « := log(a/¢p)
and making the scalar field dimensionless through the redefinition ¢ — (k2/6)*/2p. This leads to
(5.22) being rewritten as

A\ * * Q2(Oé) *
S§Y = [ dady |=0,Y"0,V 4 0,9*0,V + 2 U, (5.28)
where*
12Vol’a® K 6Vol
20,3 . _ 246 6o |2 —

Q (Oé) = TV(Q) =0 fPe |:HdS — é%eQO‘:| s g = }QQ . (529)

Minimising (5.29) with regards to variations of U* leads to the equation of motion
(202 — B*0% + QP (o, )] ¥ =0, (5.30)

which is equivalent to the WDW equation (5.19).

As in the case of cosmological perturbations around a FLRW background, we can use the fact
that Q2 in (5.29) is independent of the scalar field to expand W in terms of K-modes via the Fourier
expansion [213, 300]

_ dK o
B V2T K

Each of the mode functions V¥ g satisfies the mode evolution equation

U (e, ) (o) e, (5.31)

[R?02 + Q% ()| U =0, Q3 () == R*K? + Q*(a), (5.32)

which is obtained from replacing (5.31) into (5.30). Given the inner product (5.20) we can choose

3Formally, this is equivalent to a model with a massless scalar field ¢ and a cosmological constant A = 3H§s.
While this model is interesting on its own, it is well known that a flat potential is not compatible with the cosmological
observational constraints for the primordial power spectrum [15]. Nevertheless, R? Starobinsky-like models, with a near
flat plateau on which an observationally viable inflation occurs, were given a centre-stage position since the results of
Planck mission came out [16]. Therefore, and given the lack of a complete mode expansion when the full potential is
considered, we use the constant potential model as a first approximation of these models. We expect this approximation
to be valid as long as the scalar field is far away from the minimum of the potential at ¢ = 0.

4Notice that in the case of a FLRW universe with a closed spatial section, Vol corresponds to the volume of a
3-sphere with unit radius, 272, and so o reduces to the definition found in [79, 162, 266].
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the following normalisation condition for the mode functions [268, 333]
F 00U — Uy = —ih. (5.33)

In the case of a flat spatial geometry with K = 0, the general solution of Eq. (5.32) that satisfies the
normalisation (5.33) can be obtained explicitly [189]:

. hm 30 i
Vg = W(CLK Joix [Be }-I-CQ_KJi% [Be D . (5.34)

Here, the dimensionless constant B is defined as

O’Hdsg?l’)
B= 5.35
St (5.35)
and the linear coefficients Cy ¢ and Ca k satisfy the relation |Cy g |> — |Co g |> = 1.
By applying the same mode expansion (5.31) to the canonical conjugate momenta®, my := —0,¥*
and my+ := —0,¥ = 7}, we can write the Hamiltonian of the wave-function field as [203]
HY = /dcp (7r 0a ¥ + T 0, U™ — E‘IJ)
QQ
= — [dyp <7r*7r + 0,V 0, ¥ + h(;l) \Il*\I/>
. Q% (a) oo
= — /dK <7rK7TK + f;LZ \IJK\I/K> . (5.36)

Thus, in K-space the Hamiltonian HY takes the form of an infinite sum of decoupled harmonic
oscillators with a time variable frequency Qg (a)/h [228, 229]. We are therefore in a position to apply
the full machinery of canonical quantisation for the harmonic oscillator and promote ¥, ¥*, 7 and 7*
to quantum field operators satisfying the usual equal-time commutation relations [268, 333]

[F(a, ), 7o, )| = [(a, ), #(a, )| = ihd (e — ) . (5.37)

[F(a, o), 7@ )] = [#(a, @), 7o, )] = 0. (5.38)
These can be expanded in terms of K-modes as [268]

O
Vo) = [

dK
(o, ) = \/ﬁ

(\IIK(a) Kb + Wi (a) e*iK%}() , (5.39)
(\I/K(a) W KPe + T (a) e*iK@B}() , (5.40)

# (WK(a) AR eiK%K) : (5.41)

5In order to minimise indices and simplify the notation, in the following treatment we drop the subscript ¥ when
writing the momenta of the wave-function field.

125



5.1 Third Quantisation - A Brief Review

(o, ) = j;iﬂ_ (ﬂK(a) _IK‘PAT + 7y () iK‘”lA)K) , (5.42)

where the pairs {bx, ZA)}(} and {éx, é}(} act as time-independent annihilation and creation operators
of two types of universes® characterised by the mode K. From the canonical commutation relations
(5.37) and (5.38) we find that the two types of annihilation and creation operators satisfy the usual
relations [268]

(b, Bl | = [, o] = o = K, (5.43)

(b, b | = e, x| = [bc, | = 0. (5.44)

The rest of the commutation relations can be derived by Hermitian conjugation of Eqgs. (5.43) and
(5.44). Using the annihilation and creation operators {bx, b}(} and {éx, é}(} we can define a void
state, interpreted as the absence (nothingness) of universes, by the eigenvalue equations

bi|0k, @) =0, ex|0k, ) =0, (5.45)

with the absolute WDW void given by |0, o) = [[ |0k, a). A Fock space of states with occupation

(c)

numbers n(;()), for universes of type b, and n)’, for universes of type ¢, can be constructed by successive

application of the creation operators IA)}( and ¢}, [268]

)" ()"

(c)
n ,n , Q) 1= Ok, ). 5.46
ni), s o) T 0k, @) (5.46)
These number states satisfy the relations
bK|nK ) n&?, a) = n® \n -1, n a>, (5.47

b}(|nK,nK, =/ntY —|—1|nK)+1 n a) (5.48
cK|nK , n&?), a) =1/n |nK , n%) 1, a), (5.49

K|nK,n§?),oz): \/n +1|nK,ng?—|—l, Q). (5.50

leading to the definition of the number operators for universes of types b and c as ﬁg?) = ZAJTKIA)K and

A(C) = CKCK Via substitution in (5.24), we find that the operator corresponding to the conserved
WDW charge

)
)
)
)

0= /dK (a0 = 20) . (5.51)

counts the difference of numbers between the two different types of universes for each mode.

6In particle physics, the existence of two types of particles leads to the notion of the pair particle and anti-particle.
In this work, we will refrain from using this terminology for the quanta of the wave-function field so as to avoid the idea
of anti-universe.
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Substituting (5.39), (5.40), (5.41) and (5.42) in (5.36) and making use of the relations (5.43) and
(5.44) we can express the Hamiltonian of the third quantised wave-function field as [333]

. b_wér + bre bl el +blel
v = /dK< KCK; KOK (o) 4 =KK - KK e (a)

+ [E}EK +éler + 5(1{)} EK(a)> , (5.52)

where
o 2 2 12 . 2 2 2
Fr(a):= (0aVk)" + Q% V%, Ex(a) = [0.Vk|"+ Q% |V k]|*. (5.53)

Since the Hamiltonian HY is a sum of decoupled individual Hamiltonians for each mode, we can write
the wave-function @ as the product of every K-mode wave-function ®x:

@) = []1®x), (5.54)
K
all of which satisfy an independent Schrédinger-like equation
in-L (@) = YD) (5.55)
da ’ '

obtained from inserting (5.54) in Eq. (5.27).

In the limit of very small values of the scale factor (o« — —oc0) the squared frequency Q%, defined
in Eq. (5.29), is dominated by the K2 term. This allows to define a BD-like void state [189] with the
lowest expectation value for the Hamiltonian (5.52):

h .

Uy = ﬁelKo‘. (5.56)
Notice that this corresponds to the asymptotic behaviour of (5.34) with C5 x = 0. Due to the
explicit time dependence of Q?(«), this initial state will no longer correspond to the void as o — 400
(@ = 400). In the picture of b- and c-universes this means that new universes are created as the
system evolves and the in-out formalism can be used to compute the distribution of universes created
Refs. [189, 203, 306]. Using semi-classical considerations, the authors of Refs. [189, 203, 306] argue
that each of these individual universes follow the evolution of the semi-classical solution to the WDW
equation which satisfies the effective Friedmann equation:
(1da>2 RK? K

2
adt - 0‘20,6 - a72+HdS' (557)

5.1.4. Introducing interactions

One of the attractive features of the Third Quantisation formalism in treating the multiverse is the
possibility of introducing interactions between universes in a simple and straightforward way. In
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[45, 168, 189, 306, 330] this idea was explored by considering 3-point interactions between a parent
(large) universe in a sea of baby universes. This saw the introduction of cubic terms in the Third
Quantisation action, which in turn led to the appearance of non-linear modifications of the WDW
equation.

An alternative approach to the possibility of interactions in the multiverse, which finds motivation in
quantum entanglement, is considered in [28, 301-303]. There, N different universes are identified by
labelled wave-function fields ¥ 7, J = 1,2, ..., Nyni, and mixed (quadratic) terms are introduced in the
total action, in analogy with a system of quantum entangled particles [301]. A simple phenomenological
model based on a system of coupled oscillators with time-dependent frequency was explored in [28, 302],
where the following total Hamiltonian was considered:

Nuni
F(tot) — Z HY» 4+ gnt) (5.58)

n=1

where each HY" is of the form of the non-interacting Hamiltonian (5.36) and the interaction term
H(%) was taken to be of the form

Nuni

Fn0) / dp " C(0) W, — W * (5.59)
n=1

The coupling C(a), which is phenomenological in nature, was assumed to be the same for all pairs
U, ¥, 1 and cyclic conditions were assumed, i.e., ¥, .1+1 = ¥y in Eq. (5.59).

The total Hamiltonian (5.58) with an interaction of the form in Eq. (5.59) can be simplified by
means of a discrete Fourier transformation [302]

Nuni

1 4 —2miln i * 1 miln iy *
= Nuni nz::l T Vi = Nuni 7 . (>0
1 Nuni 1 Nuni
o= e~ 2miin/Nuni = i in/Nuni x| (5.61)
Nuni Nuni
n=1 n=1
which, when inserted in (5.58) leads to
Nuni Q (Ol S0)
o} * * l 9 *
H(t t) /d(pz |:7TK7TK+8¢\I/K8¢\IJK+BQ \IIK \IJK:| . (562)
1=1
Here, the new squared frequency ;(«, ) reads
A K2V (p) K 4% C(a) ml
. 296 6« .92
O, @) = o“lpe {3 + 7 " @ oo + pETI sin (Nuni)] . (5.63)

The shape of Eq. (5.62) shows that in passing from the n-representation to the new I-representation
we obtain a system of N uncoupled Hamiltonians, each representing a series of harmonic oscillators
whose frequency, in the approximation of 9,¥ = 0, is given by €);. Notice that the effect of the
interaction in the old representation is now translated in the presence of an additional term in Q7.
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The expression for the frequency €2; can be simplified by following [302] and writing C'(«) as

02 Nl?ni 0-2 Ngni «
C(Oé) = m? 2A2(CL) = E?K% 82 AQ(O{), (564)

where the new coupling A(«) has dimensions of length. Replacing this expression in (5.63) leads to

“2‘/(80) K Ngni ) 7l )‘2(@)
3 — Z o + " sin (Nuni> a e4“] . (5.65)

In Ref. [302], it was argued that, through a mechanism of vacuum decay, the most probable
configuration in the [-representation is that of small [. If we assume this to be the case and consider
the limit of a very high number of universes, [ < N,y;, then we can replace the sin function in (5.65)
by its limiting expression for small arguments, obtaining

(o 0) 1= o2t | 2

A 2 232
o) ~ oo | 3 4 VLR T

_ 5.66
3 3 03 2 03 et ( )

We can now make use of the phenomenological nature of the universe-universe coupling to consider the
situation when \ is a power of the scale factor — A = \.(a/ax)®, where A, and a. are arbitrary constants
with units of length and s is a real number. Of particular interest are the cases of [75, 82, 83, 302]:
s = 2 which introduces an effective cosmological constant; s = 1 which introduces an effective
curvature term; s = 1/2 which introduces an effective dust term; s = 0 which introduces an effective
radiation term: s = —1 which introduces an effective stiff-matter term.

As in the case of a constant potential treated in the previous section, the authors of [302] use
semi-classical considerations, as well as the approximation 0,V ~ 0 which amounts to disregard the
momentum of the scalar field, to argue that each individual universe in the [-representation follows
the evolution dictated by the effective Friedmann equation

1da\®> A K2V K 12X%(a

-— =*+J—f2+#. (5.67)

a dt 3 3 a a
If we consider that the potential of the scalar field is almost constant during the evolution of the
system, V() = 3H3y /K%, while absorbing the cosmological constant in V(¢), and consider the case
of a power-law dependence of A(a), the previous equation reduces to

1da\® K 12X fa,\4-2s
<adt> =His— e t (%) (5.68)

a \a

As a last note, we point out that while the Third Quantisation formalism was invoked to justify the
multi-universe system, no actual quantisation of the N wave-function fields was performed up to this
point. As discussed above, this would require specifying the shape of the potential of the scalar field
in order to find a mode decomposition of the fields, so as to write the quantum analogues of ¥ and 7
in terms of creation and annihilation operators. In the case of a constant potential, this would add a
new ~ a~% term to the effective Friedmann equation coming from the momentum of the scalar field.
However, except for the case of A ~ a~1, this new term is subdominant with regards to the 2 term
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U

A
Umax

I II II1

— K=+l - k=0  —. K=-1
Figure 5.1.: The potential U in the cases of a closed, flat and open spatial geometry. For IC = +1 there is

a classically forbidden region between a— and a.

that arises from the universe-universe coupling and, therefore, we choose to disregard it.

5.2. Tunnelling in a closed universe

We now return to the case of a non-interacting universe filled by a massless scalar field with a constant
potential, which was introduced previously in Sect. 5.1.3. In such a case, the wave-function mode
function U satisfies the WDW mode equation (5.32)

o\ e
Oa?

2
+ [K2 + Qf;f‘)} Ur =0, (5.69)
where the mode-dependent Q2 is defined in Eq. (5.32). The evolution of this mode in the min-
isuperspace can be compared to that of a particle travelling along the semi-axis 0 < a (recall that
a = log(a/lp)) in a potential U = —03 (a)/h?, where the term K? plays the role of the total energy
of the particle (cf. Fig. 5.1). For flat or open spatial geometries, the potential U is always non-positive
and decreasing with a, therefore W represents an unbounded state which classically corresponds to a
universe that expands from a = 0 to infinite radius.

In the case of a closed FLRW universe, however, the situation becomes more interesting — due
to the opposite signs of the curvature and cosmological constant terms, the potential U becomes
positive for small values of the scale factor” with a maximum value Upayx at a = (2/3)1/2Hd_sl. This
entraps the modes with lowest mode-numbers (K? < Uy, ) in a finite region I : a € (0, a_) from
which, classically, they cannot escape. Thus, the classical interpretation of solutions in this region is
that of a baby universe that expands to a maximum size and then collapse. This picture is similar to

"More precisely, we find that 0 < U for 0 < a < Hd_Sl'
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the situation presented® in [306] and [71]. Another classically allowed region is I1I : a € (a4, +o0),
where semi-classical solutions would correspond to universes that can contract from infinite radius
until reaching a = a4, at which point they bounce and start to expand in an accelerated fashion ad
infinitum. Separating these two regions, is the potential barrier which defines a classically forbidden
region Il : a € (a—, ay).

The border points a_ and a4 that delimit the regions I, II, and III can be obtained by calculating

the positive solutions of the following cubic equation in a2°.

27
K? = T K2, [(Hasa)* — (Hasa)®] | (5.70)

where

Koo 20 w1
max -« 3\/§hH§S — \/gp)/ .

Here, the dimensionless parameter v := h?H3q/M% indicates how close the energy density during
inflation is to the Planck scale. The equation (5.70) can be rewritten as a cubic equation in the
dimensionless variable x := (Hgga)? and for K < K. possesses three real roots: z,, x_ and —x,
defined for each mode K as [79, 162]

(5.71)

B 1+ 2cos (%()

z4(K) 3 : (0<wy) (5.72)
v (K) = = QCOZ(W) : O0<z_ <z.) (5.73)
zo(K) = 1t QCC;S (GK%) (rg <0), (5.74)

where the mode dependent phase 0 is given by [79, 162]

K \2
O = arccos |1 —2 <) = 2arcsin (

max

) o, . (5.75)

max

In Fig. 5.2 we show how the value of x4, _ and xy depends on the ratio K/ K .x. For 0 < K < Kyax,
we find two positive roots, x4 and x_, with x_ < z, which we can associate with the two physical
scales a_ := Hid (z_)"/? and ay := Hg (z4)"/2. These two roots merge for K = Kyax, with
T4 (Kmax) = — (Kmax) = 2/3, and become complex for larger values. This is in accordance with
the fact that for K larger than the K.« barrier the modes Ui can evolve freely in the semi-axis
0 < a. The third root —x(, which as can be seen in Fig. 5.2 can be continued for K.« < K, is
always negative and therefore has no correspondence with a physical scale.

Using a semi-classical WKB approximation in the classically allowed regions | and Ill, we obtain the

8\We stress that in those works the role of the total energy is played by the constants & [306] or K2 [71], which
come from considering a massless conformal scalar field whose kinetic term, classically, goes as a~*. Note how this
difference is reflected in the powers of the terms of the potential barrier.

9In the present case of a closed FLRW universe, the o factor that appears in the definition of Kmax, cf. (5.70), and
which is defined in (5.29) assumes the value o = 1272 /x? = 37/(2G), thus agreeing with the notation in [79, 162, 266].
In this case we can write Kmax = (ﬂMI%)/(\/gfz?Hgs), where we recall that Mp is the Planck mass.
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! S — l — > KQ/K?IIHX

" — —

-0.5F

Ty == T —- =X

Figure 5.2.: Dependence of the solutions (5.72), (5.73) and (5.74) on the mode number K. The solutions
x4+ and z_ are real valued for 0 < K? < K2, merging for K = Kumax With 24 (Kmax) =
T (Kmax) = 2/3. For Kmax < K the negative root zo can be continued even though the
phase 0 assumes complex values, cf. Eq. (5.75).

pair of solutions [211, 253]

i gl i Qlll
oE _ E et 750(K) Pl _ \/E eT#50 (K) (5.76)
V2t V2o |

where S§ := h [® _da’\/K2-U(a’) and ST := hflig(w/zp) do/\/K? — U(a’). The pre-factor
V/h/2 is included so that W% is normalised with regards to (5.33). The classical momentum is then
given by [211]

K
To = — ihagao =+h/K?2-U. (5.77)

Equating 7, in the previous equation with the canonical momentum derived from (5.6), fixing N = 1
so as to select the classical cosmic time and changing variables from « to the scale factor a leads to
the following Friedmann equation, valid both in the regions I and III depicted in Fig. 5.1:

1da\®> R2 R2K? 1 )
(adt) = gz B —U) = o5 =z + Has. (5.78)

Notice that for the limiting points a = a— and a = a4 the r.h.s. of this equation vanishes, i.e.,
they correspond to bouncing points where the Hubble rate vanishes. Therefore, classical solutions of
expanding universes in region I bounce back once they reach a_ and start to contract, while solutions
of asymptotically de Sitter universes in region III, which initially are contracting, will reach a minimum
size at a4 before entering a final inflating epoch. This is in accordance with the interpretation
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presented above for the wave-function with mode K as describing a particle moving in a potential U.

5.2.1. Background solutions

In order to obtain explicit solutions of Eq. (5.78), we introduce the conformal time d7 := a~'dt and
change variables from the scale factor to 2 = (Hgsa)?. The Friedmann equation (5.78) can then be
rewritten as

dx
V@ —a1)@ o )@+ a0)

where z, x_ and —z are the real roots of Eq. (5.70). In the particular case of K = 0, which
corresponds to the model of creation from nothing analysed in [340, 341], the integral of Eq. (5.79)
in the region'® 2, < z can be expressed in terms of elementary functions. For a general value of the
mode K in the interval 0 < K < K ,.x, however, an explicit integration of Eq. (5.79) requires specific
variable substitutions for each separate region. The strategy followed in [79], where the solutions were
derived in terms of elliptic integrals and Jacobi elliptic functions goes as follows.

dn =+ 7 (5.79)

In region I: 2 € (0, z_), we employ the change of variable [79]

r — & = arccos <\/CE+ I ) . (5.80)

Ty —x Tr_ +xo

Applying the substitution (5.80) in Eq. (5.79) and integrating from ¢! to ¢}(x_) = 0, we obtain for
the expanding branch

Has (n-—n)=F (§I|k2) ) (5.81)

where n_ :=n(x_), F (z|m) is the elliptical integral of the first kind [7, 283] and we have introduced
as well the constants

Has == \/To + 21 , j2 o= T= T (5.82)

Ty + xo

The solution a(n) can then be obtained by using the relation of the elliptic integrals with the Jacobi
elliptic function sn(u|m) [7, 283] to invert the solution (5.81). After some algebra we arrive to the
solution [79]

(1 — k?)sn? [Has (n- — n)|k?] .

20\ _ 2 2., 2
@) = a= = (o +a2) 1 —k?sn? [Has (n- — n)[k?] (5:83)
A similar change of variable [79]
I . _ . T— Ty 11 ™
=& = arcsm( x—x_) , & e [0, 2} , (5.84)

valid for x € (z_, x1), can be applied to (5.79) in the region III, after which an integration from

10Notice that in this case we have z_ = 0 and so the region I disappears.
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EM(z,) =0 to €M leads to
Has (n—n4) = F (1K) (5.85)

Inverting (5.85), we then obtain the scale factor as a function of the conformal time in the asymptotically
de Sitter region [79]

sn? [Has (n — n+)’k2]
en? [Has (n — n4) k%]

(5.86)

Applying a semi-classical WKB approximation to the classically forbidden region II, where the
potential barrier U is higher than K2, leads to the pair of tunnelling solutions

h et iSI(K)
Pl \/76’014 (5.87)
2 (U — K?) /

where S3! = hflzg(a,/zp) da/\/U(a’) — K2. As noted by Coleman [120], these solutions correspond
to Euclidean instanton solutions and so, in order to obtain an evolution equation we need to perform a

Wick rotation and define a Euclidean time ¢ := —it. We can now define the Euclidean momentum as
N OSIN(K
fo = ih% , (5.88)

which leads to the Euclidean equivalent of the Friedmann equation (5.78)
1da\> K% 1
bl I T £ 5.89
(a dt) 02ab + a? ds ( )

For K = 0 the solution of this equation in the region 0 < z < z gives the S* instanton discussed in
[340, 341]. In order to find a solution for a general K within the interval 0 < K < Ky, we can
rewrite Eq. (5.89) in terms of the conformal Euclidean time d7j := a~1df as

dx
Vi —2)(@ =z )@+ o)

After introducing the change of variable [79]

o._ [P r= 1 s
T — & = arccos( o —x) , & e [O, 2} , (5.91)

we can integrate Eq. (5.90) from ¢! to £M(x,) = 0 and obtain

dij = + (5.90)

Has (4 — 1) = F (E"]K?) . (5.92)

Inverting this equation we finally obtain the solution for the scale factor as a function of the conformal
Euclidean time [79]

@ (i) = a2 — (a2 — a® ) su® [Has (7 — 7)) (5.93)
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Figure 5.3.: Representation of the solutions (5.83), (5.86) and (5.93) for the squared scale factor
x := a®>H3g as a function of the conformal Lorentzian time 7 and the conformal Euclidean
time 7. The thick red line represents the evolution of the squared scale factor for a baby
universe (I) that once it reaches its maximum size traverses the Euclidean wormhole (II) and
emerges as an expanding universe (III) that starts to inflate. The classical continuation of the
evolution in the baby and inflating universes, i.e., the bouncing solutions, is shown as a thin
grey line.

A combined representation of the solutions (5.83), (5.86) and (5.93) is plotted in Fig. 5.3 as a thick
red line, showing how the two expanding branches in regions I and III, with the normalisation n_ = 0,
can be connected by the instanton solution in the region II. Thus a baby universe with a < a_ can
quantum tunnel through the instanton solution and emerge as an asymptotically de Sitter universe
with a; < a, thus escaping the classical collapse. The continuation of the classical solutions in the
regions I and 11, i.e., the bouncing classical solutions, are plotted in a thin grey line.

5.2.2. Quantum tunnelling

In the previous section, we have discussed how a classically forbidden region appears in a model
of a closed FLRW universe filled with a scalar field with a (near) constant potential V(). At the
semi-classical level this region corresponds to a Euclidean instanton similar to the ones found in
[340, 341] and [167]. This instanton connects the two classically allowed regions I and III (cf. Fig. 5.1)
corresponding to a baby universe and an asymptotically inflating one, thus allowing for the former
to avoid its classical collapse by tunnelling quantum mechanically through the Euclidean region II.
Following Vilenkin's proposal for tunnelling transition [341, 342], we now calculate the probability that
this process can occur.

As discussed in [341, 342], the tunnelling probability of an outgoing wave solution traversing the
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potential barrier U can be approximated by!!:

2 (" da g

. e 3T
77% o) o exp [— 7 /L o 00 (K)] = exp {— QVI(K/KIMX)} ) (5.94)

where I(g/k,...) represents the following integral'?

+ dx
T RES IV o s ) (5.95)

The subscript (K/Kmax) is introduced here to indicate that the integral in (5.95) is a function of the
ratio K/ Kuax, exclusively, as x4, z_ and xg depend on K only through the phase 0k defined in
(5.75).

The integral on the r.h.s. of (5.95) can be solved directly in the extremal cases of K = 0 and
K = Kpax. For K =0, we have z; =1 and z_ = z¢p = 0 and the integral in Eq. (5.95) becomes
trivial, leading to I(g) = 2/3. On the other hand, for K = K.y the limits of integration are equal
and the integral vanishes: I(;) = 0. For a general value of K satisfying 0 < K < Kpax, an explicit
solution for (k. ..) was obtained by us in [79] by means of the variable substitution

[ —a_ T
x— &= arccos( M) ) e [07 5} . (5.96)

This leads to I(x/k,,..) being written as a linear combination of complete elliptic integrals of the first,
K (m), second, E(m), and third, TI(n|m), kinds [7, 283]:

2
z K=0
3’ ’
2 - - .

T/ Kn) = 5 [CxK (B) + CpE () + Cnll(¢* | F*)] 0 < K < Kinax, (5.97)
0 ) K= Kmax .

The auxiliary parameters k and ¢ are defined as!3
P ek and q:= i il ’ (5.98)
Ty + xg Ty

while the linear coefficients C, Cr and Cp can be written in terms of k, q and Hgs, where the

HThe quantity STH(K) corresponds to the p(a) defined in [341, 342]. This correspondence is the origin of the factor
2 in the expression for the tunnelling probability (5.94) which does not appear in the expression P ~ exp(—|Sg|) found
in [341].

12Please notice that the factor 1/2 in the definition (3.2) of [79] is absorbed by the pre-factor in Eq. (5.94).

13Notice that the parameter ¢ is unrelated to the deceleration parameter defined in Sect. 2.2.
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latter was defined in Eq. (5.82), as

. 4
Ck = Hig (1 — k% - 3(74 (1- q2)> , (5.99)
- k2
Cp:= —Hig (1 +k* — 3q2> , (5.100)
, k2N (o k2
Cr == 3H3q (1 - q2) <k2 - q2) : (5.101)

A detailed derivation of Eq. (5.97) can be found in the Appendix A of Ref. [79].

Inserting the solution (5.97) in the expression (5.94), we can write the tunnelling probability as [79]

exp {—ﬂl , K=0,
Y

Pac = Yewp |- T [Coc i (12) + Co B () + Cu L (2 [ R)]| . 0< K < K, (9102
1’ K:Kmax~

In this expression, the linear coefficients C'x, C'r and Ct; and the auxiliary parameters Hgs, k and q
are functions only of the ratio K/Ky,ax (through the angle ax). Therefore, the tunnelling probability
Pk is a bivariate function of the parameter v, which controls how close the energy scale during
inflation is to the Planck scale, and of the ratio K /K ,.x, which relates the momentum of the scalar
field with the maximum of the potential barrier U. In the top panel of Fig. 5.4, we plot the tunnelling
probability as a function of v and K/ K yax, while in the bottom panels we present the projection of Py
for different fixed values of K/Kp.x (bottom-left) and for different fixed values of v (bottom-right).

Due to the factor —(1/) in the argument of the exponential in Eq. (5.102), we find that the
probability that a baby universe tunnels through the potential barrier is extremely suppressed for
universes with low energy scales of inflation, as can be seen in Fig. 5.4. Then, if we consider an initial
collection of baby universes with a flat distribution of values of v and could count the universes that are
able to surpass the potential barrier and start to inflate, we should find a final distribution of inflating
universes highly peaked around the maximum allowed values of energy scale during inflation. This is
analogous to the situation discussed in [341], where an identical suppression led to the interpretation
that universes with the highest values of the vacuum energy were the ones more probable to nucleate
and therefore “(...) an observer who can do a statistical survey of all nucleating universes (... ) will
find that the most of the universes nucleate with ¢ = dmax" [341].

This suppression of the tunnelling probability can nevertheless be avoided if K is high enough, as we
find from Fig. 5.4 that Pk grows monotonically with K, reaching unity when K = K,,.x. This should
be expected since the Euclidean region ceases to be present in that limit, which means that even for
very small values of ~ there is a small range of values of K around K., for which the baby universe
is likely to tunnel through the Euclidean region and start to inflate. For universes with sub-Planckian
inflationary energy scales, like ours, this provides a mechanism to counter the exponential suppression
due to v < 1 in the expression (5.102). Notice that current observational data set an upper limit
of 8.8 x 103 GeV for the energy scale during inflation [48], which corresponds to 7 of the order of
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Figure 5.4.: The tunnelling probability Px as a function of the ratio K/Kmax and of the inflationary scale
parameter v := h?Hag/M%. In the two bottom panels we plot the tunnelling probability when
(left panel, from bottom/darker to top/lighter) fixing K/Kmax = 0,1/4,1/2,3/4,95/100;
and when (right panel, from bottom/darker to top/lighter) fixing v = 1/8,3/8,5/8,7/8. The
tunnelling probability for the case of the creation of an expanding universe from nothing
(K = 0) is indicated by a dashed blue line.

10~ ~ 1072 [79]. For such a small value of ~y the tunnelling probability distribution is extremely
peaked around K = K., meaning that unless K ~ K, our universe would be extremely unlikely
to occur. Notice that the conclusion could be different if the no boundary condition of Hartle and
Hawking were to be assumed [180].

5.2.3. Discussion

In this section, we have addressed the semi-classical solution of a spatially closed universe where, in
addition to the kinetic and potential energy density of the scalar field, we account for a contribution
from the spatial curvature. In the context of the Third Quantisation of the multiverse filled by a
minimally coupled scalar field, such a scenario corresponds to the semi-classical evolution of each
individual universe created as the multiverse evolves. By considering the contribution of the (negative)
curvature term, we observed how, when the kinetic energy of the scalar field is low enough, the
effective Friedmann equation describes three separate regions of space-time: (I) a baby universe that
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grows to a maximum size and then collapses on itself and (III) a large asymptotically de Sitter universe
that shrinks to a minimum size and then starts to inflate eternally, separated by (II) a Euclidean
region which we identified as a wormhole solution. The existence of this wormhole suggests that,
while regions I and III are classically disconnected, they are linked by quantum effects. Therefore, we
can consider the scenario where a baby universe reaches its maximum size but, instead of starting
to collapse, quantum tunnels through the Euclidean region and emerges as a de Sitter-like inflating
universe. Using appropriate variable substitutions, we have obtained analytical expressions for the
background solutions for the evolution of the scale factor in each of the three regions. Such solutions
can be seen as a generalisation of the ones found for Giddings—Strominger’s instanton [167] and for
Vilenkin's proposal of creation from nothing [341].

In addition to the background solutions, we have computed the probability for a baby universe to
tunnel through the Euclidean region using the transition amplitude proposed in [341, 342]. These
results, represented in Fig. 5.4 show that the probability for transition increases with higher values of
the kinetic energy of the scalar field, parameterised by K, and higher values of the energy density
during the inflationary regime at large a, which is parameterised by v := h?H3q/Mg2. This effect
can be understood by the fact that the potential barrier created by the curvature term (cf. Fig. 5.1)
decreases in width and amplitude when one of these parameters increases. Since current bounds set
the scale of inflation at 8.8 x 1013 GeV [48] we find that v < 5.2 x 107!, For such a small value,
the probability of quantum tunnelling for a baby universe is extremely suppressed* unless K ~ K.
Assuming that this was how our Universe came to existence, this extremely low value suggests that
either ours is a case with high values of K, or that the rate of production of low-K universes is high
enough that the probability of at least one baby universe to overcome the quantum barrier is close to
one.

5.3. Cosmological Perturbations in a toy model |

In the previous sections, we have reviewed several models, cf. Egs. (5.57) and (5.68), for a semi-classical
universe where the Friedmann equation has the functional form

N\ 2 2
TN g o K Q . 103
(a> ¢ Has l (aHgs)® i (aHgs)” (5-108)

Here, we remind that a prime indicates a derivative with respect to the conformal time 7. The first
term inside the brackets on the r.h.s. of Eq. (5.103) leads to an asymptotic de Sitter phase with
energy density pgs = 3H3g/k? at large values of the scale factor. The second term comes from the
curvature of the spatial hypersurfaces and in the third term @ is a dimensionless positive parameter
that determines the strength of a pre-inflationary epoch during which the effective EoS parameter
is given by w = —14 3/3. For 3 =6, 8 =4 and 3 = 3, the pre-inflationary epoch in Eq. (5.103)
mimics the behaviour of a stiff-matter, radiation and dust dominated universe, respectively.

We are now interested in considering the evolution of the cosmological perturbations in these

models. As a first approach, we will treat the problem in the framework of quantum linear cosmological
perturbations around a (semi) classical background and, for simplicity, we will disregard the curvature

Notice that in Eq. (5.102) a factor —y~! appears on the exponent of the tunnelling probability.
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term. To treat the evolution of the quantum perturbations, we employ the quantum operator'®
constructed from the Mukhanov-Sasaki variable v := a[d0p + (¢’ /H)], which in single field inflation
models encodes all the information of the scalar sector (up to first order in the perturbations). Following
the usual procedure of quantum field theory, the operator © can be expanded in k-modes as

A - &’k ik A — * —ik-F A
o(n, T) = /(27r)3/2 [v,;(n)ek a: +vz(n)e ag , (5.104)

where a,g and a'kf are time-independent annihilation and creation operators for quanta of ¥ and the
mode functions v satisfy the evolution equation [53, 267]

9 ZN
1
and the normalisation condition [53, 267]
vy — oot = ih. (5.106)

Since the mode equation (5.105) and the normalisation condition (5.106) depend only on the magnitude
of k and not on its direction, in the rest of the chapter we will use the subscript k instead of k.

In inflationary models with no pre-inflationary effects, it is customary to fix the initial conditions
for the mode functions by imposing that in the asymptotic past the Bunch-Davies vacuum solution
[94, 115, 313]

83 e~ ik(n—=mo) (5.107)

Ve = ok s

is recovered. However, if one introduces a pre-inflationary epoch, imposing these initial conditions may
be no longer valid and, in addition, the amplitude of the modes at the moment of horizon crossing
during inflation could differ widely from the initial prediction. Such variations can have consequences
for the late-time evolution of the Universe, since these quantum fluctuations are the seeds that lead
to the Large Scale Structure observed today. In the following sections, we present the results obtained
regarding the study of the effects of a pre-inflationary epoch in the models described by Eq. (5.103)
on the primordial power spectrum [49]

e Kk
T ox2 T oor2 20

Pr(k)

(5.108)

and on the normalised angular power spectrum of the temperature-temperature polarisation of the
CMB [15, 352]

+oo
DT = [ FAL PR, (5100)

Here, £ is the multipole number and the transfer function A7 ;. contains all the information regarding
the evolution of the classical perturbations after the end of inflation and till the moment of the last

15In the Appendix D.3, we review the canonical quantisation procedure of the Mukhanov-Sasaki variable.
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scattering surface. The results we present next were first published in Refs. [82, 266].

5.3.1. The Model

Cosmological observations of the CMB show that at the end of inflation the primordial power spectrum,
Pr, had a near scale-invariant shape with a red tilt, ns < 1, inferred at more than 50 confidence level
[15]. Such a value excludes a pure de Sitter inflationary scenario which lead us to relax the asymptotic
de Sitter behaviour in Eq. (5.103) and replace the constant term H3y by a power of the scale factor
H3s(a./a)®, where a, is a reference scale. For positive but small values of «, this power-law inflation
behaviour leads to a slightly red-tilted Pr compatible with observations®. With these considerations
in mind and after dropping the curvature term, we rewrite Eq. (5.103) as

s\ @ Q?
H? = H2, [(a) + (CLI‘IdS)ﬂ‘| : (5.110)

where H := a/a is the Hubble rate. The second term on the r.h.s. of the new Friedmann equation
(5.110) leads to a decelerated initial epoch if 5 > 2. In such a case, the comoving wavenumber of the
Hubble horizon, kp := aH, reaches the minimum value [82]

p-2-3% 1
— B—a (2—a)P= Q? e
Fmin := a.Has l“‘ (52) ] [Ws] ; (5.111)

when the scale factor reaches the value [82]

ﬂ*2 QQ B—a
2—a(a,Hgs)”

; (5.112)

Qtrans = Qx

during the transition from the initial decelerated epoch to inflation. Here, we recall that we are
considering values 0 < o < 1 and 3 > 2, therefore the parameters kp,in and agpans are always real
valued and positive.

For small values of the scale factor, a < agrans, the first term on the r.h.s. of (5.110) is negligible
and we obtain the scaling behaviour H2 o a=#. In this case, the potential z”’/z tracks the squared
comoving Hubble wavenumber k% as

N N B )
e (2 - 2) k2 . (5.113)

As discussed in the Appendix D.3, the general solution for the mode functions vy in this case can be

16Despite having attractive features like a simple shape for Pz and the availability of analytical solutions for the
perturbations in single-field models, power-law inflation [241, 242] is ruled out by observations due to the high values of
tensor-to-scalar ratio that they predict [15]. Nevertheless, while we wait for the detection of cosmological gravitational
waves, power-law inflation models continue to be a good toy models to analyse pre-inflationary effects in the scalar
sector.
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written in terms of Hankel functions [7, 283] as

v = Y0 (B B [k - )] + By B [kt —n))) . (5114)

Here, the minimum conformal time 7). and the order of the Hankel functions are defined as

2 1 16—-0
c =T = ) Ai= o —r, 5.115
T T B T a () H ) 28-2 ( )
where 71 is an arbitrary integration constant and the linear coefficients satisfy the relation
|Biil* = |Bo|* = -1, (5.116)

which is derived from the normalisation condition (5.106). The Bunch-Davies vacuum solution
(5.107), minus an arbitrary phase with no physical implication, is recovered in the asymptotic future,
1 < k(n —nec), for the choice of coefficients | By x| = 1 and By ; = 0. In the numerical calculations
that we present in the following sections, this will be the choice of the linear coefficients used for
setting the initial conditions of the perturbations during the pre-inflationary epoch.

In the opposite asymptotic regime, a. < a, the first term on the r.h.s. of (5.110) becomes dominant
and we recover a period of power-law inflation H? oc a~®. As in the previous case, the potential 2’/
tracks the comoving Hubble horizon

"

L~ (2 - %) K2, (5.117)

and the general solution for the mode functions is

mwh(n. —
vk = # {Cm HY [k(ne —m)] + Co H [k(ne — )| . (5.118)
with
2 1 16—«
Tle m+2—aa(n1)H(m)7 A 22—« (5.119)

Notice that in this case the conformal time is defined only for n < 7. and 7. corresponds to the
asymptotic future. The linear coefficients C; 1, with ¢ = 1,2, satisfy the constraint

CLil? = [Col? = 1. (5.120)
The Bunch-Davies solution can be recovered in the asymptotic past, when 1 < k(7. — 7)), if we choose
|Ol,k| =1 and Cz,k =0.
5.3.2. Parameters of the model

As stated above, we fix the initial conditions for the modes v during the pre-inflationary era by
requiring that the BD vacuum is recovered in the limit of 1 < kn (cf. Eq. (5.107) and the asymptotic
behaviour of (5.114)). For modes with wavenumber below kpi,, this regime is never achieved and

142



Chapter 5. Pre-inflation in the Third Quantisation: possible observational imprints

we expect to find strong modifications in the primordial power spectrum. However, for modes with
kmin << k there should be enough time between the first Horizon crossing during the pre-inflationary
era and the onset of inflation for the mode to reach the BD solution before exiting the Hubble horizon.
In this regime, we expect to recover the theoretical predictions for the primordial power spectrum Pg.
We can then use this result to fix some of the parameters of our model {Has, a., o, Q} presented in
Eq. (5.110). As we will show below, under certain considerations this strategy allows us to use the
cosmological observations to fix all but one of the initial parameters.

As long as Q < (a.Hgs)?, the second term on the r.h.s. of (5.110) becomes negligible for a > a.
and the wavenumber of the mode that crosses the horizon at a. verifies k ~ a,Hgs > kmin. As such,
and as long as 2"’ /z < (a,Hgs)? during the transition from decelerated expansion to inflation, we
can assume that power-law inflation predictions for the primordial power spectrum are recovered for
k2 a.Hgs, i.e.:

k T2-a
k> a.H, ~ Px , 5.121
Pr(k 2 a.Hgs) =~ Pg (a*Hds> ( )
where
2
16—«

e _ 2-a)za (T (im) W2 H3 (5.122)

R Ira I (%) M2 '

If we compare (5.121) with the observational fit of the Planck mission [16] and use the freedom in
choosing the value of a, to fix k., = a.Hqas, we can write the parameters { Hgs, a., a} in terms of
the cosmological parameters {n,, A, k.} as

1—ng,
=2 12
a T (5.123)
a/A—n) A, (3—n "7 Mp
Hds_ir(z_ns/m ( 4 ) h (5.124)
2%, T(2—ns/2) <3—ns>"f1 h
Ay = — 5.125
T /(1 —ng) As 4 Mp ( )

Notice that these relations are independent of the value of 3 and are valid as long as the condition
Q < (a.Hgs)? holds. Using the 2015 constraints from the Planck mission in combination with lensing
effects and external data (BAO+JLA+HO) [16], we then find

a~0.03275,  Has~ 1.055 x 107° (Mp/h),  a, ~ 2.099 x 107 (A/Mp).  (5.126)

As reference, we note that the present day values for the Hubble rate and scale factor are Hy ~
1.184 x 10~%' (Mp /1) and ag = H; ' =~ 8.449 x 10% (i/Mp). With these values, the corresponding
wavenumbers are kg = 1 and k, ~ 221.3. Notice that k¢ and k, are dimensionless due to the fact
that the scale factor has dimensions of length and we are considering ¢ = 1.

At this point we have fixed three of the four initial parameters of the model, leaving only @ as a
free parameter. This parameter must satisfy the initial assumption Q < (a.Hgs)? in order to validate
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5.3 Cosmological Perturbations in a toy model |

the analysis presented in this subsection. Nevertheless, by looking at the shape of the potential 2" /z
during the transition between the two asymptotic epochs, we can derive more strict bounds on @,
such that imprints of the pre-inflationary epoch appearing in the primordial power spectrum satisfy
the observational constraints. We now show how this can be achieved for the three particular cases of
interest: 5 =6; 6 =4 and = 3.

Case 1: 3 = 6 (stiff matter)

The first case we analyse is that of 8 = 6, in which the Q-term in Eq. (5.110) leads to a pre-
inflationary epoch that mimics a stiff-matter-dominated universe. The appearance of this extra term
in the Friedmann equation was obtained in [266] via the momentum of the scalar field!”. Classically,
this new term corresponds to the kinetic energy density of the scalar field, which means that the
initial epoch would be one of kinetic domination. An alternative way of obtaining a similar initial
epoch is by considering a model of interacting universes with a specific type of interaction coupling
[82, 302]. In that case, we can obtain a pre-inflationary era where H? x a8, while maintaining an
extreme slow-roll regime for the scalar field in which the potential energy density remains approximately
constant during the interval of evolution even if V() is not asymptotically flat.

In order to set lower and upper bounds on ) we analyse the shape of the comoving wavenumber
of the Hubble horizon, k%, and the potential 2”/z. In Fig. 5.5, we plot k% and 2" /z (left upper
panel) as well as their ratio (left lower panel) around the transition from decelerated expansion to
inflation. In the asymptotic regions, the potential z”//z tracks k% according to Egs. (5.113) and
(5.117). However, near the transition we observe the presence of two prominent bumps; a first smaller
bump appears close to the moment of no acceleration and a second larger one is visible when inflation
is already under way. As the value of the free parameter (Q increases, the minimum of k% and the
bumps in the potential z”//z are shifted upwards up, affecting higher wavenumbers, as can be seen on
the r.h.s. panel of Fig. 5.5.

We expect that the shape of the potential 2’ /z can be related to potential imprints on the primordial
power spectrum. In order to check this assumption, we define three extra wavenumbers, apart from
Kmin, that characterise the model (cf. left lower panel of Fig. 5.5):

a) We define k, as the mode that crosses the potential 2’ /2 when the ratio (2" /2)/k? reaches
the local minimum before the transition to inflation. Through numerical investigation we find
ko =~ 2.149k ., independently of the value of Q.

b) We define ki, as the mode that crosses the potential z”//z when the ratio (2" /z)/k% reaches
the local maximum after the beginning of inflation. Through numerical investigation we find
kp =~ 3.548k i, also independently of the parameter Q).

c) Additionally, we consider k. := 10k, since when this mode crosses the potential z”/z, the
ratio (2 /z)/k% has already reached (approximately) its asymptotic value during inflation.

When computing the primordial power spectrum at the end of inflation, we will look for imprints
around kmin, ka, kb and k.. In particular, since the potential z”/z has already reached its asymptotic
shape when the mode k. crosses the horizon, we expect that any deviation from the prediction of
power-law inflation for the primordial power spectrum should appear only in the range k < k.. Thus,

"Notice that Q = K in the notation of [266].
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Figure 5.5.: Evolution of the squared comoving Hubble horizon, k%, the potential 2"/~ and of the ratio
(2"/2)/k% for the model (5.110) with 8 = 6 around the period of transition from the
decelerated pre-inflationary epoch to the later power-law inflation. (Left panel) The four
wavenumbers that characterise the model: kmin, ka, kb and k.; are defined based on the
shape of k%, 2”"/z and (2" /z)/k%. (Right panel) As the value of the free parameter Q
increases, the characteristic shape of k% and z”/z during the transition to inflation starts to
affect increasingly higher wavenumbers. In order for imprints of the model to appear on the
observable range of wavenumbers while at the same time satisfying observational constraints,
ke should be above ko but well below k..

if we are to leave P unaffected for k 2 k., k. should be well below the pivot scale. On the other
hand, in order for any imprints to appear on the observable range of wavenumbers, k. should be
above the wavenumber corresponding to the Hubble horizon at the present time, ky. By imposing
that kg < ke < ki, we arrive at the following lower and upper bounds for the free parameter Q:

2.730 x 107 11k3 < Q <« 3.541 x 1074k2 (5.127)
or, equivalently,
2.958 x 10~ *k§ < Q < 3.837 x 10°k] . (5.128)

If we insert these values in Eq. (5.112) we are able to calculate the number of e-folds of inflation
before a = a, as:

2.544 < log ( & ) < 8.034. (5.129)

Atrans
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Figure 5.6.: Evolution of the squared comoving Hubble horizon, k%, the potential z”’/z and of the ratio
(2" /2)/k% for the model (5.110) with 3 = 4 around the period of transition from the
decelerated pre-inflationary epoch to the later power-law inflation. (Left panel) The four
wavenumbers that characterise the model: kmin, ka, kb and kc; are defined based on the
shape of k%, 2" /z and (2"/z)/k%. (Right Panel) As the value of the free parameter Q
increases, the characteristic shape of k% and z’'/z during the transition to inflation starts to
affect increasingly higher wavenumbers. In order for imprints of the model to appear on the
observable range of wavenumbers while at the same time respecting the constraints for Pr,
the characteristic scale k. should be above ko but well below k...

Case 2: =4 (radiation)

The second case we consider is that of 3 = 4, where the Q-term'® in the Friedmann equation (5.110)
leads to a pre-inflationary epoch that mimics a radiation-dominated universe. In Ref. [82], this kind of
behaviour is obtained by introducing an interaction between universes where the universe-universe
couplings (cf. Eq. (5.68)) have specific dependence on the scale factor.

As in the previous case, we look at the shape of the potential z”/z around the transition to the
inflationary era for clues on which range of wavenumbers the primordial power spectrum may have
imprints of the pre-inflationary era. We find a first bump in 2” /2 near the point of no acceleration,
followed by a second bump after inflation begins (cf. the left upper of Fig. 5.6) which now appears
much less pronounced and can be better identified by analysing the ratio (2”/z)/k? (left lower panel
of Fig. 5.6). As in the previous case, the minimum of the comoving Hubble horizon and the bumps of
the potential are shifted to higher wavenumbers when the free parameter @ is increased.

As before, we introduce three extra wavenumbers, apart from ki, that characterise the model:

a) We define k, as the wavenumber of the mode that crosses the potential z”/z when the ratio

18] Ref. [82], we employed the notation Q for the parameter Q.
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(2" /) /k3% reaches the local minimum before the transition to inflation. Using a numerical
analysis, we find k, ~ 1.381k,;, independently of the value of Q.

b) We define ki, as the wavenumber of the mode that crosses the potential z”/z when the ratio
(2" /) /k% reaches the local maximum after the beginning of inflation. Using a numerical
analysis, we find ki, ~ 4.626k,;, independently of the value of the parameter @.

c) We consider k. := 10k, since when the respective mode crosses the potential z”/z, the ratio
(2" /2)/k% has already reached (approximately) its asymptotic value during inflation.

If we consider values of the characteristic wavenumber within the range kg < k. < k., so that imprints
on the power spectrum appear in the observable range without violating observational constraints, we
obtain the following lower and upper bounds for the free parameter Q:

8.931 x 10782 < Q < 4.784 x 1073k2, (5.130)
or
4373 x 107%k5 S Q < 2.343 x 10%k5 . (5.131)

Inserting the constraint (5.131) in Eq. (5.112) allows us to limit the number of e-folds of inflation
before a = a, as:

2.689 < log ( @ ) < 8.178. (5.132)

Gtrans

Case 3: 5 =3 (dust)

The third and last case we analyse is 8 = 3, in which a pre-inflationary epoch mimics a dust-dominated
universe. This type of behaviour was studied in [82], where the @-term in (5.110) appears due to
the introduction of a phenomenological two-universe interaction with a specific a-dependence of the
coupling (cf. Eq. (5.68)). When analysing the shape of z”/z to try to impose bounds on @, we now
find that while the potential still has a bump near the moment of no acceleration, no second bump in
2"z and (2" /z)/k% appears after the beginning of inflation, as can be seen in Fig. 5.7. As expected,
higher values of the free-parameter @ shift the features of the k% and z”"/z upwards, thus the effects
of the pre-inflationary epoch should be seen at higher wavenumbers.

As in the previous cases, we define extra characteristic wavenumbers based on the shape of the
potential z”/z around the transition (cf. left lower panel of Fig. 5.7):

a) We define k, as the wavenumber of the mode that crosses the potential 2’/ /z when the ratio
(2" /2)/k?% reaches the local minimum before the transition to inflation. Through a numerical
study, we find k, ~ 1.001k;, independently of the value of (). Notice that since k. coincides
with knin it does not introduce a new characteristic scale of the model.

b) In this case no local maximum appears in (2”//z)/k? after the transition to inflation. As such,
we do not define &, for 5 = 3.

c) We consider k¢ := 10kmin since when the respective mode crosses the potential z”/z, the ratio
(2" /2)/k% has already reached (approximately) its asymptotic value during inflation.
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Figure 5.7.: Evolution of the squared comoving Hubble horizon, k%, the potential z”’/z and of the ratio
(2"/2)/k% for the model (5.110) with 3 = 3 around the period of transition from the
decelerated pre-inflationary epoch to the later power-law inflation. (Left panel) Based on the
shape of k%, z”'/z and (2"/z)/k%, two characteristic wavenumbers can be defined: Emin
and ke (ka & kmin). Contrary to the previous cases, no bump in the shape of 2"’ /z appears
after the onset of inflation. (Right panel) As the value of the free parameter Q increases,
the characteristic shape of k% and z”/z during the transition to inflation starts to affect
increasingly higher wavenumbers. In order for imprints of the model to appear on the observable
range of wavenumbers while at the same time fulfilling the constraints for Pr, the characteristic
scale k. should be above kg but well below k..

Using k. as a reference value for the maximum wavenumber with imprints of the model, we are able
to define the following lower and upper bounds for the free parameter () so that effects from the
pre-inflationary epoch appear on the primordial power spectrum in the range of observable modes,
while at the same time respecting the constraints around the pivot scale:

5.564 x 1075k%/2 < Q < 1.916 x 107 2%2/% (5.133)
or
1.832 x 102k5/% < Q < 6.307 x 10'k)/% . (5.134)

Finally, through substitution in Eq. (5.112) we obtain the number of e-folds of inflation before a = a:

2.804 < log< & > < 8.383. (5.135)

Gtrans
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Figure 5.8.: The initial conditions for the numerical integration are set for each mode depending on whether
the wavenumber k is above or below the threshold 5k;. For modes with wavenumber k; < 5k,
the initial conditions are set at Niui,1 well during the pre-inflationary epoch. For modes with
higher wavenumber 5k. < k2, the initial conditions are set at some Niyi 2 e-folds before the
mode exits the Hubble horizon during inflation. After the mode exits the horizon, at Nfn,
the numerical integration is stopped. For the modes with lowest wavenumbers k < knin the
stopping point is the same as for kmin.

5.3.3. Numerical Results

The mode equation (5.105) is a second order linear differential equation for a one-dimensional complex
variable. In order to solve this equation numerically, we follow the same decomposition strategy
employed in Refs. [74-76, 83, 183, 258, 263] and therefore we introduce the variables

1 L

Xk = m’l}k, Yk = E k- (5136)

This allows us to re-write the mode equation as a set of two first order linear differential equations:

"
X, = —ikY,, Y= - (k2 - 2) Xy (5.137)

In addition, the normalisation condition (5.106) becomes
* * 1

If we further decompose X, and Y}, into their real and imaginary components: X};°, Xi™, Y}© and
Y™ and change the time variable from the conformal time 7 to the number of e-folds N := log(a/a.),
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i Q; (B=6) Qi (B=4) Qi (B=3)
1 1.78 x 10~ 4k3 3.16 x 1073k3 1.33 x 1072k3/?
2 1.00 x 10~3k3 1.00 x 10~2k2 3.16 x 10-2k3/2
3 5.62 x 1073k3 3.16 x 1072k2 7.50 x 10-2k3/2
4 3.16 x 10 2k3 1.00 x 10~ 1k2 1.78 x 10-1k3/?
5 1.78 x 10~ 1k3 3.16 x 10~ 12 4.22 x 107 1%3/2
6 1.00 x 1003 1.00 x 1002 1.00 x 10%k5/?
7 5.63 x 10k3 3.16 x 10°k2 2.37 x 10°k5/?
8 3.16 x 101k3 1.00 x 101 k2 5.62 x 100372
Qumin 2.96 x 10~*k3 4.37 x 1073k3 1.83 x 10-2k3/°
Qmax 3.84 x 103k3 2.34 x 102k2 6.31 x 10'k3/2

Table 5.1.: The values of the free parameter, Q;, for each of the eight numerical runs, as defined in
Eq. (5.141). For completeness, the values Qmin and Qmax, which correspond to the upper and
lower bounds in (5.128), (5.131) and (5.134) are also shown.

we obtain the following four-dimensional system of first-order linear differential equations

X]l;e 0 0 0 1 X]ge

a [ Xtk 0 0 Lo e
ﬁ == kf 1 2" : 9 (5139)

yyre H 0 (1 — kﬁ7) 0 0 Ypre

v - (1 - %7) 0 0 0 yim

subjected to the constraint

2k (X[°Y2 + Xj"yi™) = 1. (5.140)
To set the initial conditions for the numerical integrations, we use the characteristic wavenumber
k., whose value for each 8 was introduced in the previous section, to define two ranges of modes:

I) For k < 5k., we set the initial conditions for the perturbations deep inside the pre-inflationary
era, at N = Ny, 1 (cf. the mode k; in Fig. 5.8). The initial values of the integration variables
are fixed using the solutions (5.114) for 8 = 6,4, 3 and setting By ; = 0 and By, = 1. This
choice for the linear coefficients ensures that the BD vacuum solution is recovered for modes
well inside the Hubble horizon.

II) For 5k, < k, we assume that the modes have time to reach a BD vacuum state before the onset
of inflation. Therefore, we use the solutions (5.118) for 8 = 6,4, 3, with C1 y =1 and Cy, =0
to specify the initial values of the integration variables some Njp; 2 e-folds before the moment
of horizon crossing (cf. the mode ko in Fig. 5.8).

The convergence of the numerical solutions is ensured by stopping the numerical integration not at
horizon crossing but some Ng, e-folds after the mode has exited the comoving Hubble horizon, as
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shown in Fig. 5.8. For modes that verify k < kyin, which never cross the comoving Hubble horizon,
we stop the integration at the same moment as for kp;y.

Using the method aforementioned, we have performed eight numerical runs for each 5 = 6,4, 3 and
fixing the value of the free parameter @ as

i 2
Qi =107 3)kg | (5.141)

with ¢ = 1,2,...,8. In Tab. 5.1 we present the numerical value of each Q; for each run. We note
that all values are well below the upper limits defined for each respective 3. From the results of the
numerical integrations, we have computed the primordial power spectrum Px at the end of inflation
and, using the CLASS code [63, 227], we obtained the normalised angular power spectrum DT
[15] for each numerical run. The baseline 6-parameter ACDM model was assumed for the late-time
cosmology and the values of its parameters are the ones found from the best-fit to the 2015 data
release of the Planck mission in combination with lensing effects and external data (BAO+JLA+HO0)
[16].

Case 1: 5 =6 (stiff matter)

In Fig. 5.9, we present the theoretical predictions for the primordial power spectra obtained from the
different numerical runs for 8 = 6 and compare them with the observational fit. On the |l.h.s. panel,
where we present the spectrum obtained for a single run, QJg, we can see how the shape of P can be
related to the characteristic scales kyin, ka, kb and k. defined in the previous section:

e For k < kpin, the primordial power spectrum is highly suppressed. The suppression ends around
krnin Where P’R(kmin) ~ P;{it) (kmin);

e For k ~ k,, we observe a peak with a very large amplitude Pr (k,) =~ 3.6”P7(2ﬁt)(ka);

e For k ~ ky, there is a visible knee in the spectrum after the main peak, with amplitude
Pr (k) ~ 2.1P5Y (k)

e For k < k., the primordial power spectrum still presents some imprints of the pre-inflationary
epoch but the deviation from the observational fit starts to become small;

e For k. < k, no distinction exists between the predictions of the model and the observational fit.

We note that no special features appear around the threshold k = 5k, between the two regions with
different rules for defining the initial conditions for the numerical integrations. This confirms that the
strategy employed does not affect the final results. On the r.h.s. panel, we present the results for all
eight runs, with lighter coloured curves corresponding to smaller value of (). All the spectra obtained
follow the observational fit well before the pivot scale is reached.

In Fig. 5.10, we present the normalised angular power spectra DI T obtained from the numerical
results for Pr (blue) and compare it with the theoretical prediction from the best-fit (red dashed) and
with the observational (binned) data points from the Planck mission and their respective error bars.
In both panels, lighter blue curves correspond to smaller values of the free parameter ). The imprints
of the model on DT follow the same tendency observed for the primordial power spectrum: on the
lowest multipoles the blue curves observe a suppression, followed by a strong peak on intermediate
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Figure 5.9.: (Left panel) The characteristic shape of the primordial power spectrum obtained for the model
considered in Eq. (5.110) with 8 = 6 (blue) compared with the observational fit (red dashed).
The imprints of the model on Pr can be related to the characteristic scales kmin, ka, kb
and k.. (Right panel) As the value of the free parameter Q; increases (cf. Eq. (5.141)), the
imprints on the primordial power spectrum are blue-shifted to higher wavenumbers. Lighter
blue curves correspond to smaller values of Q. For all numerical runs, the theoretical prediction
is indistinguishable from the observational fit well before the pivot scale is reached.
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Figure 5.10.: (Left panel) The characteristic shape of the angular power spectra D7 obtained for the
model considered in Eq. (5.110) with 8 = 6 (blue) compared with the observational fit (red
dashed) and observational data points. The high peak on the primordial power spectrum
leads to an extra peak in DT for intermediate ¢, while in the very low multipole range DI'T
becomes suppressed. As the value of the free parameter () becomes higher, the imprints of
the model start to affect higher multipoles. (Right panel) Zoom of the angular power spectra
in the range ¢ < 50. The shaded region, delimited by thin dashed lines, indicates the regions
where deviations from the observational fit can be explained by the cosmic variance, as given
by Eq. (2.62).
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values of ¢, while on the large multipole range all curves have a very good agreement with the
observational data. As the value of the free parameter increases, the imprints on D[TT are shifted to
the right, with the two runs with higher values of the free parameter, Q7 and Qsg, affecting the good
agreement to the data points above the £ = 30 mark. If we impose that the Planck fit is recovered for
£ > 30, then we arrive at the upper bound for Q:

QS ks (5.142)

Unfortunately, the high amplitude of the extra peak in the intermediate multipole region—as can be
seen on the r.h.s. of Fig. 5.10, the peaks are well above the curve of the observational fit and are even
above the interval defined by the cosmic variance—-means that there is a very poor agreement with the
data unless @ is so small that all imprints are red-shifted away. We will show in the remainder of this
section that a much better fitting to the data is obtained in the cases of 3 =4 and g = 3.

Case 2: =4 (radiation)

In Fig. 5.11, we present the theoretical predictions for the primordial power spectra obtained from the
different numerical runs for 8 = 4 and compare them with the observational fit. On the l.h.s. panel,
where we present the spectrum obtained for a single run, QQ¢, we can see how the shape of P can be
related to the characteristic scales kyin, ka, kb and k. defined in the previous section from analysing
k% and 2" /z:

e For k < kpyin, the primordial power spectrum is highly suppressed. The suppression seems to be
stronger than in the previous case, as we find that the predicted Pr at k = ki, is still well
below the observational fit: P (kmin) ~ 0.2P9") (kpmin);

e For k = k,, we observe the presence of a faint knee in the primordial power spectrum. However,

in this region Pg is still suppressed when compared with the Planck fit: Pg(k,) = 0.7777(51;)(11'&);

e For k = ky,, we observe a small peak with amplitude Pg (kp) ~ 1.2737({“)(1613);

e For k < k., the primordial power spectrum predicted by the model starts to converge to the
observational fit;

e For k. < k, no distinction exists between the predictions of the model and the observational fit.

Once more, no special features appear around the threshold k = 5k, validating the strategy employed
to define the initial conditions for the numerical integrations. On the r.h.s. panel we present the
results for all eight runs, with lighter coloured curves corresponding to smaller value of Q. All the
spectra obtained follow the observational fit well before the pivot scale is reached.

In Fig. 5.12, we present the normalised angular power spectra DT obtained from the numerical
results for Pg (blue) and compare it with the theoretical prediction from the best-fit (red dashed)
and with the observational (binned) data points from the Planck mission and their respective error
bars. In both panels, lighter blue curves correspond to smaller values of the free parameter Q; (cf.
Eq. (5.141)). As in the previous case, the imprints of the model on DETT reflect the shape of the
primordial power spectrum: on the lowest multipoles we find a strong suppression of the angular power
spectra, followed by a faint peak on intermediate values of /. On the large multipole range all curves
are in very good agreement with the observational data. As the value of the free parameter increases,
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(Left panel) The characteristic shape of the power spectrum obtained for the model considered
in Eq. (5.110) with 8 = 4 (blue) compared with the observational fit (red dashed). The
imprints of the model on P can be related to the characteristic scales kmin, ka, kb and ke.
(Right panel) As the value of the free parameter Q; increases (cf. Eq. (5.141)), the imprints
on the primordial power spectrum are blue-shifted to higher wavenumbers. Lighter blue
curves correspond to smaller values of Q. For all numerical runs, the theoretical prediction is
indistinguishable from the observational fit well before the pivot scale is reached.
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Figure 5.12.: (Left panel) The characteristic shape of the angular power spectra D7 obtained for the
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model considered in Eq. (5.110) with 8 = 4 (blue) compared with the observational fit
(red dashed) and observational data points. The peak on the primordial power spectrum
leads to an extra small peak in DI T for intermediate £, while in the very low multipole
range Df'T becomes strongly suppressed. As the value of the free parameter Q becomes
higher, the imprints of the model start to affect higher multipoles. (Right panel) Zoom of
the angular power spectra in the range ¢ < 50. The shaded region, delimited by thin dashed
lines, indicates the regions where deviations from the observational fit can be explained by
the cosmic variance, as given by Eq. (2.62).
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the imprints on DI are shifted to the right, with the last two runs, Q- and Qs, affecting the good
agreement with the data points above the ¢ = 30 mark. If we impose that the Planck fit is recovered
for £ > 30, then we arrive at the upper bound for Q:

Q< ki (5.143)

Contrary to the previous case, the small amplitude of the extra peak that appears for £ < 30 make
this model compatible with the data. This leads to the possibility of suppressing the angular power
spectrum for the very low multipoles £ < 5. For example, for the run Q5 the peak that appears
for ¢ =~ 11 is well within the error bars of the data points in that range and a suppression of DZTT
is observed for ¢ < 7. Notice, however, that only the runs ()7 and Qg are capable of achieving a
suppression at large scales that goes beyond the interval defined by the cosmic variance, as given by
Eq. (2.62).

Case 3: § =3 (dust)

In Fig. 5.13, we present the theoretical predictions for the primordial power spectra obtained from the
different numerical runs for 8 = 3 and compare them with the observational fit. On the l.h.s. panel,
where we present the spectrum obtained for a single run, QQ¢, we can see how the shape of P can be
related to the characteristic scales &,y and k. defined in the previous section:

o For k < Kmin, the primordial power spectrum shows the highest suppression of the three cases
considered. At k = ki, we find Pr = 0.06737%%);

e The suppression of Pr ends near the scale k¢;
e For k =~ k., we observe an almost indistinguishable peak in Pg;
e For k. < k, no distinction exists between the predictions of the model and the observational fit.

Once more, no special features appear around the threshold k = 5k, validating the strategy employed
to define the initial conditions for the numerical integrations. On the r.h.s. panel, we present the
results for all eight runs, with lighter coloured curves corresponding to smaller value of Q. All the
spectra obtained follow the observational fit well before the pivot scale is reached.

In Fig. 5.14, we present the normalised angular power spectra DZTT obtained from the numerical
results for Pr (blue) and compare it with the theoretical prediction from the best-fit (red dashed) and
with their observational (binned) data points from the Planck mission and respective error bars. In
both panels, lighter blue curves correspond to smaller values of the free parameter Q; (cf. Eq. (5.141)).
In contrast with the previous cases of 3 = 6 and 5 = 4, the lack of discernible peaks in the primordial
power spectrum means that no extra bumps appear on the theoretical predictions for DZTT; we just
observe a strong suppression of the angular power spectrum on the low multipole end of the spectrum
after which all curves track the line for the best-fit of Planck, recovering a very good agreement with
the observational data. As before, the imprints on DZTT are shifted to the right as the value of the free
parameter increases, with the last two runs, Q7 and Qg, affecting multipoles above the ¢ = 30 mark.
If we impose that the Planck fit is recovered for £ > 30, then we arrive at the upper bound for @Q:

Q< k? (5.144)
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Figure 5.13.: (Left panel) The characteristic shape of the power spectrum obtained for the model considered
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in Eq. (5.110) with 8 = 3 (blue) compared with the observational fit (red dashed). The
imprints of the model on P can be related to the characteristic scales kmin, ka, kb and ke.
(Right panel) As the value of the free parameter Q; increases (cf. Eq. (5.141)), the imprints
on the primordial power spectrum are blue-shifted to higher wavenumbers. Lighter blue
curves correspond to smaller values of Q. For all numerical runs, the theoretical prediction is
indistinguishable from the observational fit well before the pivot scale is reached.
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Figure 5.14.: (Left panel) The characteristic shape of the angular power spectra D7 obtained for the
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model considered in Eq. (5.110) with 8 = 6 (blue) compared with the observational fit (red
dashed) and observational data points. The angular power spectrum becomes suppressed in
the low multipole range. Contrary to the previous cases, no extra peak appears at intermediate
multipoles, reflecting the absence of peaks in the primordial power spectrum. As the value
of the free parameter () becomes higher, the imprints of the model start to affect higher
multipoles. (Right panel) Zoom of the angular power spectra in the range ¢ < 50. The
shaded region, delimited by thin dashed lines, indicates the regions where deviations from the
observational fit can be explained by the cosmic variance, as given by Eq. (2.62).



Chapter 5. Pre-inflation in the Third Quantisation: possible observational imprints

Since no intermediate bumps appear in this case, it is possible to achieve a stronger suppression for
multipoles closer to the £ = 30 threshold. We note, for example that, the results for the runs @5 and
Qs, where the line for DI is lowered with regards to the Planck fit for £ < 20 without affecting the
agreement with the data for larger multipoles. However, despite the fact that the suppression at large
scales is larger than in the previous two cases, we find that only the runs Qg, @7 and Qg are capable
of achieving a suppression at large scales that goes beyond the error induced by the cosmic variance.

Implications for the multiverse

In this section, we have obtained upper limits for the free parameter () computing the normalised
angular power spectrum D} of the CMB and imposing that no imprints appear for multipoles above
the ¢ = 30 threshold. By comparing Egs. (5.68) and (5.103), we can relate @) with the interaction
coupling A, and the I-number!? that identifies the wave-function field U; of the universe as:

51\,
Q=rk2 22, (5.145)
A
which then leads to the constraint
B
A ko\ 2
a—l < k. T . (5.146)

The previous expression shows that the strength of the coupling must decrease with higher [-number
in order for the observational constraints to be respected. In Ref. [302] it was argued that through a
mechanism of vacuum decay, the most probable multiverse configurations correspond to those with
small I. If we now take [ = 1, then Eq. (5.146) becomes a constraint on A, which in combination
with Eq. (5.64) reads

B
C(a*) (1e) k‘o 2

Thus, in order for larger values of the universe-universe coupling C(a) at a, to be admissible, the total
number of universe needs to grow quadratically with C'(a.). On the other hand, if we increase the
number of universes while maintaining the universe-universe coupling constant, its effect become too
weak for any observational imprints to be observed. Assuming a very large number of universes, this
suggests a very high quantum interaction between neighbouring universes or that the interaction model
needs to be altered in order to accommodate a higher number of interactions per universe. Finally,
we note that the constraint (5.147) has a dependence on the type of coupling chosen, i.e., on the
behaviour of the universe before inflation sets in, which can change the upper limits on C(a.)/N2
by a few orders of magnitude.

ni

19Not to be confused with the multipole number £.
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5.3.4. Discussion

In this section, we have studied the effects on the primordial power spectrum Px and the normalised
angular power spectrum DT originated from considering the existence of a pre-inflationary epoch
described by the model (5.110), where the behaviour of the universe before inflation is determined by
the parameter 3. We have considered three cases in particular: 5 = 6 which leads to a stiff-matter-like
behaviour; 5 = 4 that leads to a radiation-like behaviour; and 8 = 3 in which the initial epoch mimics
a dust-filled universe. Based on the requirement that the shape of the observational fit for Pr from
the Planck mission is recovered near the pivot scale, we were able to fix three of the four parameters
of the model and set upper bounds on the free parameter. A more strict bound was obtained by
requiring that the agreement of D] with the data for £ > 30 is not affected. Using these constraints
we were able to impose some bounds on the parameter space of the interacting model proposed in
[28, 302].

We have shown that the range of wavenumbers where the imprints on the primordial power spectrum
appear can be predicted by looking for characteristic features on the squared comoving Hubble horizon,
k%, the potential 2”/z, and their ratio. While for all the three cases studied the primordial power
spectrum is strongly suppressed on the large scale limit, for 5 = 6 and 8 = 4 we find an enhancement
of Pr on intermediate scales. This effect is stronger in the case of 3 = 6, milder in 3 =4 and, in
practice, absent for 3 = 3. In accordance, by looking at the value of Pr at k = ky,,, we can be
tempted to suggest that the suppression at the lower scales is stronger for § = 3 than for § = 4 and
for 8 = 4 when compared to 5 = 6. This comparison, however, needs to be taken with some care as
the value of the free parameter @ is not necessarily directly comparable between the three cases. This
tendency for less prominent features to appear on the primordial power spectrum for lower values of 3
was also obtained in [83] for cases where 5 < 2 and in [118], where instantaneous transitions were
considered.

The new features observed on the primordial power spectra carry themselves to the angular power
spectra DETT calculated using the CLASS code. In particular, for the cases of 5 =6 and § = 4, we
find that the peaks on Pr lead to the presence of an extra peak in D} for intermediate multipole
values. Nevertheless, in all the cases studied we observe a suppression of the angular power spectrum
for the lowest multipoles. This effect, which is more noticeable for lower values of the parameter 3, is
in line with previous studies [83, 96, 114, 118, 122, 129, 292, 353] where a pre-inflationary epoch is
considered in order to explain the quadropole anomaly of the CMB.

The study presented here works as a first approach to find imprints on the CMB from a multiverse
picture based on the Third Quantisation interpretation of Canonical Quantum Gravity. Several levels
of approximations were taken between the more fundamental description at the level of Quantum
Cosmology and the phenomenological model used to compute the evolution of the scalar perturbation,
namely: (I) assuming that the potential of the scalar field is (approximately) constant when solving
the WDW equation that appears as the equation of motion for the wave-function field of the Third
Quantisation; (1) applying a semi-classical approximation on the wave-function field which in the
Third Quantisation can represent a multi-universe state; (lll) treating the cosmological perturbations
as quantum perturbations in a (semi) classical background, just as usually done in inflationary models,
without considering possible quantum modifications to the Mukhanov-Sasaki equation; (V) replacing
the constant term in the Friedmann equation obtained from the Third Quantisation model by a
power-law term that can give an appropriate shape of the primordial power spectrum around the pivot
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scale.

The step that seems more simple to tackle in the immediate future and probably the one with a more
direct impact on the predictions for the CMB is (lll). In the treatment applied in this work, any effects
coming from an interaction between different universes enter directly only at the background level. As
such, the Mukhanov-Sasaki equation used to compute the evolution of the quantum perturbations is
not modified with regards to the usual case. Finding the corrections to this equation coming from the
universe-universe interaction in the Third Quantisation would go in the same direction of the results
obtained for Canonical Quantum Cosmology [86, 87] and LQC [17, 97, 113].

Steps (1) and (IV) are intimately related, in the sense that considering more general scalar field
potentials in the setting of quantum cosmology without imposing an extreme slow-roll approximation,
would in principle lead to the appearance of non-constant terms in the effective Friedmann equation
capable of driving primordial inflation. In such cases, step (IV) would no longer be necessary as
inflation would no longer be purely de Sitter. However, when we consider non-constant potentials of
the scalar field (or when we discard the extreme slow-roll approximation), the Fourier decomposition
in Eqgs. (5.39)—(5.42) which allows for a full description of the Hilbert space of the quantised wave-
functions is no longer valid. In such cases, a more complex mode expansion procedure would have
to be used, namely a Born-Oppenheimer approximation [209, 210] or a superadiabatic expansion
[212, 214]. Following this route would rewards us with a richer description of the multiverse in the
Third Quantisation upon which we could, in principle, derive a more fundamental description of
quantum effects on the evolution of each universe.

Finally, a comment regarding step (). The application of the semi-classical approximation to a third
quantised state has been employed since the Third Quantisation started to be explored [306]. However,
the validity of combining what are in essence two different interpretations of the WDW equation
[221] has not been explored in detail in the literature. This possible conflict in interpretation seems
particularly puzzling if we take into account that the third quantised wave-function can represent a
multi-universe state where the number of quanta can vary during the evolution of the system, while in
the semi-classical approximation we consider that we are dealing with one semi-classical universe. The
difficulties in the physical interpretation of the Third Quantisation have been pointed out since the
early 1990’s by Christopher J. Isham [202] and Karel V. Kucha¥ [221]. In Ref. [221], it is stated that
“In third-quantized gravity, the many-particle states are replaced by many-geometry states. However,
the analogy is not perfect. A three-geometry is not analogous to the position of a particle, because it
contains also information about intrinsic time.”. In the present case, this question presents itself for
example in the fact that the scale factor a is a coordinate of the minisuperspace and is also related to
the intrinsic time of the individual universes in the semi-classical approximation. Unfortunately, at
this point no conclusions on this topic can be offered, as it is connected with the very fundamental
interpretation of the Third Quantisation picture, which is not the main focus of this work.

5.4. Cosmological Perturbations in a toy model Il

In the previous section, we have studied the imprints on the primordial power spectrum, P, and on
the normalised angular power spectrum, D7, coming from a pre-inflationary epoch. Such an epoch
resulted from the presence of the ()-dependent term in the effective Friedmann equation (5.110),
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which dominates in the limit of small values of the scale factor, a < a,. This term appeared due to
considerations in a Third Quantisation picture of the multiverse and was obtained either by considering
the contribution of the momentum of the scalar field ¢, in the case of an initial stiff-matter-like
epoch, or by introducing a universe-universe interaction with an appropriate coupling between different
universes.

The fact that we considered a decelerated pre-inflationary epoch, led to the existence of a range of
modes (with k& < kmin) that never enter the comoving Hubble horizon before inflation. For modes in
this range, it was found that the primordial power spectrum is strongly suppressed, which then led to
a suppression on the low multipole end of DT Such a suppression could in principle alleviate the
issue of the quadropole anomaly of the CMB. However, on intermediate scales, we found a strong
enhancement of Pr which seemed to be associated to bumps on the potential 2" /z during the
transition from the initial decelerated epoch to inflation. This results suggests that the shape of Px at
the end of inflation is strongly affected not only by the dynamics in the pre-inflationary epoch but also
during this transition. In order to test how this transition affects the final results, in the next sections
we calculate P and DI7 in an extension of the previous model (5.110), where a new parameter is
introduced that controls how fast the transition from the initial to the final epoch occurs.

5.4.1. The Model

As a one-parameter extension of the previous model (5.110), we consider the effective Friedmann
equation

H? = B [((Z)M + ((a;}?;)ﬁY] ’ , (5.148)

where we recall that Hgg defines the energy scale of inflation which occurs when the first term inside
the squared brackets dominates. Together with a and a., the value of Hgyg will later be fixed using
arguments from the observational data. Alternately, when the second term inside the squared brackets
dominates, the Universe can undergo a different expansion epoch. The strength of this term is
modulated by the parameter (), while the behaviour of the Universe in this epoch is determined by
the parameter?® 3. The new parameter A has a double function. As will be made apparent below, its
magnitude dictates whether the transition is sharper?® (|A| > 1) or takes longer to occur (|| < 1).
On the other hand, the sign of A\ defines whether at the transition the rate of acceleration of the
universe increases (A > 0) or decreases (A < 0). In this work we are mainly concerned with a transition
from a pre-inflationary epoch with a decelerated behaviour to a later period of power-law inflation
and, as such, we will only consider values 5 > 2 and A > 0.

The model in (5.148) can be seen as an extension of the modified Generalised Chaplygin Gas and
was first considered in [83]. It can be shown that it leads to a transition in the total EoS parameter,

20We point out that, when the second term inside the squared brackets in Eq. (5.148) dominates, the effective total
EoS parameter w can be written as w ~ —1+ 3/3. This situation corresponds to the limit tanh[(N — Nyiq)/Ax] = —1
in Eq. (5.149).

21| the limit of very large A we obtain an instantaneous transition [36, 96, 110, 114, 122, 136, 176]. That case will
be discussed in detail in Sect. 5.5.
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w := P/p, modulated by a tanh function of the number of e-folds N :=log(a/a.):

_ zi_ Oé+/8 Olfﬂ N — Nniq
w(N)__1_3H2_< : 1)+ - tanh(AA ) (5.149)

Here, we introduce the reference value

. Q?
Nunia 1= 57— log [( )ﬁ] , (5.150)

axHgs

which marks the moment when w reaches the mid point value between its asymptotic initial and final
values, as well as the interval

2

Ay : Boa)r’ (5.151)
that characterises the number of e-folds required for the transition in w to occur. Since Ay o< A™1, we
find that for smaller values of A the transition takes longer to complete, while for large values of X it
happens more abruptly, becoming instantaneous in the limit of A — oco. Given the exponential decay
of the tanh, for small values of o the EoS parameter w in defined Eq. (5.149) reaches ~ 99.99%
of its asymptotic value when |N — 1\7| = 5A,. This can be seen on the top row of Fig. 5.15 where
the interval Npyiq & 5A) is indicated by the shaded region and we choose the values 8 = 6 and
a = 0.03275 as a reference.

The comoving wavenumber of the Hubble horizon, k7, can be expressed as well as a function of N:

1
N—Nmid 22
cosh ( As )

b
Nirans —Nmid
cosh ( = )

atp

it (N) = g o1~ ) V=)

(5.152)

where Ni,ans is given by

1 1 B
Nirans := —— | = log|=——| +1
trans B—OZ<)\ 0og 2_a‘+0g

(QQ)BD , (5.153)

a*HdS

and defines the moment of transition between the initial epoch and the final power-law inflationary
era. The characteristic wavenumber during the transition, kirans := kg (Ntrans), can be written as

2—a

% 7% Q2 3
) La*Hds)B} | (5.154)

For 8 > 2 (and a < 2) the comoving Hubble wavenumber reaches a minimum at Nyans which
corresponds to the moment when the Universe transits from a decelerated to an accelerated expansion,
i.e., G(Nirans) = 0. We thus see that Eqgs. (5.153) and (5.154) are, respectively, the generalisation of
the definitions (5.112) and (5.111). For this reason, in the remainder of this section, we will use the

2—«

B2

|8—21+]2—qf
2 —al

ktrans = a*HdS (

notation of the previous section, kunin, when referring to kirans. As we will discuss later, for physically
reasonable values of o and 8 and as long as A is not too small, the condition Q < (CL*HdS)ﬂ/2
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Figure 5.15.: (Top panels) As the value of the parameter )\ increases, the EoS parameter, defined in
Eq. (5.149), takes less number of e-folds to go from its initial to its final value. The shaded
region indicates the interval where w is between 99.99% of its initial value and 99.99%
of its final value. (Bottom panels) As the value of the parameter X increases, the curve
related to the comoving wavenumber of the Hubble horizon, k%, becomes sharper around
the position of its minimum at Nirans, while the potential 2" /2 starts to present increasingly
more prominent bumps. Notice that while N, defined in Eq. (5.150), and Nirans, see
Eq. (5.153), have similar values, they only coincide in the limit A — 4o0.

ensures that both a¢rans <€ as and kipans < a.Hgg, so that when the mode k = a, Hgg crosses, the
horizon the universe is already well inside the inflationary epoch. Later on, we will use this to fix a,
through the equality a,Hgs = k«, where k, is the pivot scale from the Planck mission.

In the model at hand, the potential 2/ /z can be written as

" C N D N
oK (N) |2 — e(N) + CEENICONN (‘”’5’2)( N (5.155)
z A)\ A)\
where the slow-roll parameter € reads
1(H*)y a+p a-§ N — Nuid
N)y= —— = tanh | ———— | . 5.156
N ==3"p ;g Ax (5.156)
and the functions C(, g,3) (V) and D, 5,2 (V) are defined as
2 ( N—Nnida
. N — N sech (7)
oy (V) = 2= X secn? ( d> 3 = : (5.157)
o 8 Ax 2 tanh <7N*N‘“‘d) — coth (%)
A A

A
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and

: Ny : 2N —2Npia—Ny
N sinh (A—) + 2sinh (Ai)
> { . . (5.158)

D(a,B,/\)(N) = sinh <1 -
A [ cosh (%) + cosh (2N—21X71—N)}
A A

For convenience, in Egs. (5.157) and (5.158) we have introduced as well N7 := Ay log(/8/c).

The first two terms inside the brackets on the r.h.s. of Eq. (5.155), which correspond to the
potential a”/a that drives the evolution of the gravitational waves, define the shape of 2z /z away
from Npiq. On the other hand, the terms in C, ) and D(4 g,x), Which vanish asymptotically for
N — %00, encode the information regarding the evolution of the background around the value Niyans
that marks the transition from the initial to the final epoch. On the bottom row of Fig. 5.15, it can
be seen that as the transition from the initial to final epoch becomes more sudden (increasing values
of \), the potential z”’/z starts to show the presence of peaks around Ni;ans, which corresponds to
the position of the minimum of k%. Notice that while Nyy;q, defined in Eq. (5.150), and Niyans, see
Eq. (5.153), have similar values, they only coincide in the limit A — +o00, i.e., when the transition
becomes instantaneous. In the last section, these peaks led to an undesired enhancement of the
primordial power spectrum at the corresponding scales which, despite the desired suppression at the
larger scales, could spoil the agreement with the CMB data at intermediate multipoles £. Next, we
consider the possibility of countering this enhancement by having a longer transitional period, i.e.,
lowering the value of the parameter /3. In particular, we compute Pr and DKTT for A < 1 in the cases
B =6and 5 =4.

5.4.2. Parameters of the model

In Sect. 5.3.2, we discussed how, for the toy model defined in Eq. (5.110), the assumption that
Q < (a.Hgg)?/? is a sufficient condition to assure that the system is well within the late power-law
inflationary epoch for a 2 a.. This condition, together with the assumption that the modes that
exit the Hubble horizon at a 2 a. spend enough e-folds inside the horizon so as to reach a BD
vacuum state, guaranteed that the shape of the Pz predicted by power-law inflation was recovered
for k 2 a.Hgags. In turn, this allowed us to fix the value of three of the four parameters of the model
in terms of the best-fit values of the cosmological observations, cf. Egs. (5.123)—(5.126). We now
extend that analysis to the case of the model (5.148) and see how we can go from a five dimensional
parameter space { Hgg, ax, @, @, A} to a two dimensional one {Q, A\} by comparing the predictions
of the model with the best-fit values of observational data.

If we assume that the first term on the r.h.s. of Eq. (5.148) dominates, then we can expand H? as

A
2 ~ H (%)Q 1+ % (ﬁ&) (%)WM) v (5.159)

We thus find that in order for power-law behaviour to be recovered around a., we must replace the
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condition Q < (a.Hgs)?/? by?

Q2

Y. 5.160
(a*HdS)IB ( )

If this condition holds, we can once again use the argumentation of Sect. 5.3.2 to consider that
the prediction for the primordial power spectrum (5.121) is recovered for k 2 a.Hgs. Then, by a
direct comparison with the fit to Pz around the pivot scale and using the ansatz k, = a,Hgs to fix
a, we recover Eqs. (5.123)—(5.125). Then, using the best-fit values of the 2015 Planck mission in
combination with lensing effects and external data (BAO+JLA+HO) [16], we can once again fix the
values of {a, Hgg, a} as

o ~ 0.03275, Hgs ~ 1.055 x 107° (Mp /h) , ay ~ 2.099 x 107 (h/Mp), (5.161)

where the present day values for the Hubble rate and scale factor are Hy ~ 1.184 x 10~%! (Mp /h)
and ag = Hy ' ~ 8.449 x 100 (h/Mp). As before, the corresponding wavenumbers are ko = 1 and
ks = 221.3.

Of the original five parameters, we are now left only with @), which controls the amplitude of the
second term on the r.h.s. of Eq. (5.110) and therefore the behaviour during the pre-inflationary
phase, and with A, which controls how many e-folds are necessary for the Universe to transit from the
initial pre-inflationary epoch to the later power-law inflation. Next, we will impose lower and upper
bounds on these parameters for the cases of 5 = 6 and 8 = 4. We remind that in these cases the
pre-inflationary era mimics, respectively, a stiff-matter and a radiation dominated universe. The case
of 8 = 3, which gives a pre-inflationary era that mimics a dust dominated universe, is excluded from
the analysis since in the previous section we found no peaks in the primordial power spectrum when
A=1.

Case 1: 3 = 6 (stiff matter)

In order to see if a smoother transition can improve the results of Sec. 5.3.3 for the case of 5 = 6, we
first analyse how the shape of the potential z”/z around the transition from the initial decelerated
epoch to the subsequent inflation varies as we decrease the value of A. In Fig. 5.16, we plot the
squared comoving Hubble horizon, k%, the potential z””/z and their ratio for A = 1 (lighter curve),
A =0.75 and A = 0.5 (darker curve). As can be observed on the I.h.s. panel, when we decrease the
value of A while maintaining constant the parameter @, the pre-inflationary behaviour is not affected
but the minimum wavenumber ki, = kirans increases and modes with higher wavenumbers start to
be affected. On the other hand, if we decrease A while maintaining ki, constant (right panel) then
the value of @) decreases. As a consequence, the term of the pre-inflationary epoch becomes weaker
and inflation starts to dominate earlier.

Following the procedure presented in Sect. 5.3.2, we define three extra characteristic wavenumbers,
k., kv and k., based on the shape of 2" /z around the transition:

a) We define k, as the wavenumber of the mode that crosses the potential 2"’ /z at the moment
when (2" /z)/k% reaches its minimum before inflation. Through a numerical investigation we

22For 0 < X < 1, the r.h.s. of (5.160) defines a bijective monotonically increasing function of \.
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Figure 5.16.: Evolution of the squared comoving Hubble horizon, k%, the potential z”/z and of the ratio
(2" /2)/k% around the period of transition from the decelerated pre-inflationary epoch to
the later power-law inflation for the model (5.148) with 8 = 6. (Left panel) Varying A
with @) constant does not affect the pre-inflationary behaviour but alters the minimum scale
Emin. (Right panel) Varying A with kmin constant preserves the range (Kmin, kc) where the
characteristic imprints of the model are expected on Pr but affects the strength of the
pre-inflationary epoch. (Bottom panels) As the value of A becomes lower, the minimum
and maximum on (z”/z)/k% become less prominent. On all panels: A = 1 (lighter curve);
A =0.75; A = 0.5 (darker curve).

find
2.149k i, for A=1,

ko~ { 1.710kmm, for A= 0.75, (5.162)

1.439k i, for A=0.5.

b) We define ki, as the wavenumber of the mode that crosses the potential 2’/ /z at the moment
when (2" /2)/k% reaches its maximum after the beginning of inflation. For A = 0.5 the local
maximum in (z”/z)/k?% after the onset of inflation disappears; therefore no ki, is defined in this
case. Through numerical investigation, we find

3.548kmin, for A =1,
ke =~ (5.163)
3.851kmin, for A =0.75.

c) When the mode with wavenumber k. := 10k, crosses the potential 2" /z, the ratio (2" /z)/k%
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has already reached its asymptotic value. As such, we take k. as a reference value of the
maximum wavenumber for which we expect imprints of the model on the primordial power
spectrum.

As a general effect, we find that as )\ decreases, the extrema in (z”/z)/k% (and the associated
bumps in 2z /z) become less pronounced. In addition, they are shifted away from the moment of the
transition from deceleration to inflation. This loss in amplitude suggests that the strong enhancement
of Pr at k =~ k, and k = ky, in Fig. 5.9 may be softened by lowering A. On the left panel in Fig. 5.17,
we show the value of IV at the maximum (top line) and at the minimum (bottom line) of (z”/z)/k%
as a function of the parameter A\. For A = 0.5, the maximum is effectively removed as it is shifted to
very large values of N. For smaller values, we find that (2 /z)/k% no longer reaches its asymptotic
value when k. = 10k, crosses the potential z”//z and, therefore, we cannot guarantee that the
shape of P for power-law inflation is recovered at k 2 k.. In order to better control the results of
the numerical integrations, we restrict our analysis to A > 0.5.

In Sect. 5.3.3, we obtained the upper bound @ < k3 by imposing that the angular power spectrum
of the CMB is not affected for £ > 30. When this bound is saturated, i.e., @ = QT := k2, Eq. (5.111)
defines a maximum wavenumber k+ = 10k, (Q™) given by:

2—«a 4 i
k 35— _ 92 —a |’
k= 10k, (0) [6 a < O‘) 1 ~ 1.457 x 10'kg . (5.164)

k. 2—« 4

A minimum k; = ko can also be defined by imposing the requirement that the effects of the transition
should appear on the observable range of the spectrum. By inverting Eq. (5.154), we obtain

B—a
kmin 2o |ﬂ—2|—|—|2—0&|
kmin A :kf/Q —

™

L

—a

2;2 2X 2—a
1 . (5.165)

2—«

B—2

Consequently, we can define the following upper and lower bounds of @:

kt A—1
QTN :=Q (10 /\> S e (5.166)
Q- (\):=Q (E )\) A 2.958 x 1074 09615757 ;8 (5.167)

These bounds are shown on the r.h.s. panel of Fig. 5.17.

Case 2: 3 = 4 (radiation)

We next check if a smoother transition can improve the results of Sec. 5.3.3 for the case of g = 4.
In Fig. 5.16, we plot the squared comoving Hubble horizon, k2, the potential 2" [z and their ratio
for A =1 (lighter curve), A = 0.75 and A = 0.5 (darker curve). As we decrease the value of A while
maintaining constant the parameter @ (left panel) the pre-inflationary behaviour is not affected but
the minimum wavenumber ki, = Ktrans increases and modes with higher wavenumbers can become
affected. On the other hand, if we decrease A while maintaining kmi, constant (right panel) the value
of () becomes lower and inflation starts to dominate earlier on.
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Figure 5.17.: (Left panel) Parametric plot in the {\, N — Npnia} plane which shows the location of the
local extrema of the ratio (2" /z)/k% for B = 6 (blue solid curve) and 3 = 4 (red dashed
curve). The top curves indicate the location of the maximum and the bottom curves indicate
the location of the minimum. For 8 = 6, the local maximum after the onset of inflation
disappears for A < 0.5. For 8 = 4, the local maximum after the onset of inflation disappears
for A < 0.75. For both cases, the local minimum before Ny,iq disappears for A < 0.4. As A\
increases to very large values, the positions of the minimum and the maximum converge to
N = Nmia. (Right panel) Upper and lower bounds of Q/kg/Q, as a function of the parameter
X as defined by Egs. (5.166) and (5.167) for 3 = 6 and by Egs. (5.171) and (5.172) for
B = 4. In the intervals X € [0.5, 1], for 8 =6, and X\ € [0.75, 1], for 8 = 4, the peaks in the
power spectrum are softened and the value of maximum k affected by the pre-inflationary
epoch can be predicted from the shape of 2/ /z near the moment of the transition to inflation.
Shaded regions indicate the subsets of the parameter space delimited by these intervals and
by the bounds imposed on Q/kg/z.

As in the previous case, we define three extra characteristic wavenumbers, k,, ky and k., as:
a) We define k, as the wavenumber of the mode that crosses the potential z”/z at the moment
when (2" /2)/k?% reaches its minimum before inflation. Through numerical investigation we find
1.381kmin, for A=1,
ka ~ < 1.990k i, for A =0.875, (5.168)

1.001kmin, for A= 0.75.

b) We define ki, as the wavenumber of the mode that crosses the potential z’//z at the moment
when (2" /z)/k% reaches its maximum after the beginning of inflation. For 3 = 0.55 the local
maximum in (z”/z)/k? after the onset of inflation disappears; therefore no kj, is defined in this
case. Through numerical investigation we find

4.626kpi,, for g=1,

ko (5.169)
6.364kmin, for B = 0.875.
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Figure 5.18.: Evolution of the squared comoving Hubble horizon, k%, the potential z”’/z and of the ratio
(2"/2)/k3 around the period of transition from the decelerated pre-inflationary epoch to
the later power-law inflation for the model (5.148) with 8 = 4. (Left panel) Varying A
with @) constant does not affect the pre-inflationary behaviour but alters the minimum scale
kmin. (Right panel) Varying A with knin constant preserves the range (kmin, kc) where
characteristic imprints of the model are expected on Pr but affects the strength of the
pre-inflationary epoch. (Bottom panels) As the value of A becomes lower, the minimum
and maximum on (z”/z)/k? become less prominent. On all panels: A = 1 (lighter curve);
A = 0.875; A = 0.75 (darker curve).

c) When the mode with wavenumber k. := 10k, crosses the potential 2”/z, the ratio (2" /2)/k%
has already reached its asymptotic value. We take this value as a reference value of the maximum
wavenumber for which we expect imprints of the model on the primordial power spectrum.

As in the case of 3 = 6, we find that as \ decreases, the extrema in (2”/2)/k? (and the associated
bumps in z”/z) become less pronounced and are shifted away from the moment of transition to
inflation, as seen on the left panel of Fig. 5.17. For A = 0.75, the maximum is effectively removed
as it is shifted to very large values of N. For smaller values of A, we find that (2" /2)/k? no longer
reaches its asymptotic value when k. = 10k.,;, crosses the potential z”/z and, therefore, we cannot
guarantee that the power-law inflation predictions for Px are recovered for k 2 k.. As such, we
restrict our analysis to A > 0.75.

In Sect. 5.3.3, we obtained the upper bound Q < k2 by imposing that the angular power spectrum
of the CMB is not affected for £ > 30. When this bound is saturated, i.e., Q@ = Q* := kZ, Eq. (5.111)
defines a maximum wavenumber k" = 10k, (Q7):

2—«a 2 i
ko \2i=a {4 — 9 _ Ta | 2
k= 10k, <0) [ a < O‘) ] ~ 1.479 x 10'kq . (5.170)

k. 2—« 2
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i Ai (B =6) Q; (B=6) Ai (B =4) Qi (B=4)
1 0.5 3.823 x 1071k} 0.75 7.922 x 1071 k2
2 0.6 5.268 x 10~ 1k3 0.80 8.397 x 10~ 1k2
3 0.7 6.623 x 1071k} 0.85 8.840 x 10~ k2
4 0.8 7.863 x 10k} 0.90 9.253 x 10~ k2
5 0.9 8.987 x 10~ 1k} 0.95 9.639 x 10~ k2
6 1.0 1.000 x 100 k3 1.00 1.000 x 100 k2
Kkt 1.457 x 101k 1.479 x 101 ko

Table 5.2.: The values of the free parameters {Q;, A;} for each of the six numerical runs, as defined in
Eq. (5.173), with Q; = Q" (\;). For completeness, we present for each case the value of k&
used in defining QT ().

A minimum k_ = ko can also be defined by imposing the requirement that the effects of the transition
should appear on the observable range of the spectrum. Inserting k. and kT in Eq. (5.165) leads to
the upper and lower bounds:

ki -

QTN :=Q (10 /\> ~ OO R2 (5.171)
k7 —1

Q- (\)=Q (10 A) ~ 437 x 1073 705 g2 (5.172)

The bounds Q* and @~ are shown on the r.h.s. panel of Fig. 5.17.

5.4.3. Numerical Results

By applying once again the method discussed in Sect. 5.3.3, we have integrated numerically the
system of evolution equations (5.139). The evolution of the scalar perturbations vy was computed till
just after the Hubble horizon crossing during inflation. For each value of the parameter 5 discussed
above, i.e., for 5 = 6,4, we have performed six numerical runs where the values of the free parameters
{Q, \} were fixed by setting @ to the maximum value QT ()\) and changing the value of \ according
to the rule

(5.173)

with ¢ =1,2,...,6. In Tab. 5.2, we present the numerical values of {Q;, A\;} used for each run.

Using the results of the numerical integrations, we have computed the primordial power spectrum
Pr at the end of inflation and the normalised angular power spectrum D7 of the CMB for each
numerical run. As in the previous section, the angular power spectrum was obtained by using the
CLASS code [63, 227] and assuming the baseline 6-parameters ACDM model with the best-fit values
for the late-time cosmology as given in [16].
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Case 1: 3 = 6 (stiff matter)

In Fig. 5.19, we present the primordial power spectra obtained from the six numerical runs with 5 =6
(cf. Tab. 5.2). From top-left to bottom-right, the first five panels present the characteristic shape of
Pr for Ai—1,... 5 with the position of the characteristic scales kyin, ka, kb and k¢, while in the last
panel we show a superposition of all the six spectra obtained?3.

As in the previous section, the power spectrum is highly suppressed for large scales, & < kpin, and
follows the Planck best-fit for small scales, k. < k, while the characteristic imprints of the transition
appear in the intermediate range kyi, < k < k.. Here, we find that the strong peaks that appeared
around k =~ k, and k ~ k;, in Sect. 5.3.3 start to become less pronounced as lower values of the
parameter (3 are considered. In particular, for 8 < 0.8 ~ 0.9 the peak at k ~ k, becomes sub-dominant
with regards to the peak at k = ky,. This effect seems to be related to the fact that, as A decreases,
the mode k, if affected by the decrease of the two bumps of 2" /z while k, is affected only by the
decrease of the second bump — we recall that the growth of the scalar perturbations occurs when % is
below 2" /z in Fig. 5.16. For the critical value A\; = 0.5, which corresponds to the case where the
local maximum in (z”/z)/k% is no longer present, both peaks have disappeared and the primordial
power spectrum shows a transition between the small/large scale behaviours with no distinct imprints
apart from small oscillations in the intermediate range. This resembles the case in Sect. 5.3.3 where
the pre-inflationary epoch mimics a dust-dominated universe (8 = 3) and where no local maximum
(2" ]2) k3 existed.

The angular power spectra DI obtained for each numerical run are presented in Fig. 5.20, where
darker blue curves correspond to lower values of the parameter 3. The theoretical predictions of
the model are compared with the spectrum obtained from the Planck best-fit (red dashed) and the
observational data points with their respective error bars. As the value of the parameter 3 is lowered,
we find that the amplitude of the extra peak in DT for intermediate multipoles decreases and the
suppression for the low ¢ becomes stronger and affects an increasingly high range of multipoles. This
effect mimics the one observed in the primordial power spectrum, cf. Fig. 5.19. In addition, we find
that the two runs with lower value of A are able to achieve a suppression at large scales that cannot
be accommodated by the cosmic variance interval, as can be seen on the r.h.s. panel of Fig. 5.20. We
single out the case of Ao = 0.6 for which D7 does not deviate significantly from the Planck best-fit
for £ 2 20 but becomes suppressed below that threshold, thus showing a good agreement with most
data points in the low multipole range. On the other hand, the case of A; = 0.5 fits very well the
data in the 20 < ¢ < 30 range but the suppression becomes too strong in order for the theoretical
curve to be within the error bars of most points in the £ < 15 range.

Case 2: =4

In Fig. 5.21 we present the primordial power spectra obtained from the six numerical runs with 3 =4
(cf. Tab. 5.2). From top-left to bottom-right, the first five panels present the characteristic shape of
Pr for Xi=1,...5, with the position of the characteristic scales kmin, ka, ki, and k¢, while in the last
panel we show a superposition of all the six spectra obtained?*.

23For the case of A6 = 1, a discussion of the shape of P at the end of inflation can be found in Sect. 5.3.3.
24For the case of A\g = 1, a discussion of the shape of Py at the end of inflation can be found in Sect. 5.3.3.
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: The characteristic shape of the power spectrum obtained for the model considered in
Eq. (5.110) with 8 = 6 (blue) compared with the observational fit (red dashed). Different
values of the free parameter )\ are considered (cf. Eq. (5.173)) while knin is maintained
constant: A1 = 0.5 (top-left); A2 = 0.6 (top-right); A3 = 0.7 (centre-left); Ay = 0.8
(centre-right); As = 0.9 (bottom-left). On the bottom-right panel, we present a superposition
of all Pr for A\i—1,...,6, where lighter blue curves correspond to higher values of the parameter
A. For all values of 3, we find that Pg is highly suppressed at large scales, k < kmin, and
indistinguishable from the observational fit at small scales, k. < k. On intermediate scales,
the primordial power spectrum presents imprints from the transition to inflation which can
be related to the characteristic scales kmin, ka, kb and kc. As the value of A\ decreases, the
peaks observed in Pr between kmin and k. become less pronounced, essentially vanishing in
the case of A1 (top-left). For all the cases presented, the primordial power spectrum obtained
reproduces the Planck best-fit for k 2 k..
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Figure 5.20.: (Left panel) The characteristic shape of the angular power spectra D77 obtained for the
model considered in Eq. (5.148) with 3 = 6 (blue) compared with the observational fit
(red dashed) and observational data points. The high peak on the intermediate multipoles
observed for A¢ = 1 becomes softer as the value of the free parameter A is lowered. At the
same time, the suppression of the spectrum for low ¢ becomes stronger and affects a wider
range of multipoles. (Right panel) Zoom of the angular power spectra in the range £ < 50.
The shaded region, delimited by thin dashed lines, indicates the regions where deviations
from the observational fit can be explained by the cosmic variance, as given by Eq. (2.62).

Once more, the power spectrum is highly suppressed for large scales, k < knin, and follows Planck
best-fit for small scales, k. < k, while the characteristic imprints of the transition appear in the
intermediate range knin < k < k¢. In this case, we find that the main peak at k = ki, becomes less
pronounced as lower values of the parameter 3 are considered. For the critical value A; = 0.75, when
the local maximum in (2" /2)/k% is no longer present, this peak has effectively disappeared. As a
consequence, no noticeable characteristic imprints are found on the primordial power spectrum at
intermediate scales, much like in the case of a dust pre-inflationary epoch discussed in Sect. 5.3.3.
Notice that contrary to the previous case, no oscillations are found in the intermediate range.

The angular power spectra DKTT obtained for each numerical run are presented in Fig. 5.22, where
lighter blue curves correspond to lower values of the parameter 5. The theoretical predictions of
the model are compared with the spectrum obtained from the Planck best-fit (red dashed) and the
observational data points and respective error bars. As the value of the parameter /3 is lowered we find
that the small extra peak in DZT for intermediate multipoles starts to disappear and the suppression
for the low ¢ becomes stronger and affects an increasingly high range of multipoles, an effect which
mimic the one observed in the primordial power spectrum, cf. Fig. 5.21. While curves with higher
B seem to fit better the data points in the range 6 < ¢ < 15, curves with lower values are almost
superimposed with the data points in the 20 < ¢ < 30 range which present a lower amplitude. As
can be seen on the r.h.s. panel of Fig. 5.22, all runs with A < 1 are able to achieve a suppression
at large or intermediate scales that cannot be explained by the cosmic variance. This effect clearly
differentiates the model from the usual case of single inflation with BD initial conditions.
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Figure 5.21.: The characteristic shape of the power spectrum obtained for the model considered in

Eq. (5.110) with 8 = 4 (blue) compared with the observational fit (red dashed). Different
values of the free parameter A\ are considered (cf. Eq. (5.173)) while kmin is maintained
constant: Ay = 0.75 (top-left); A2 = 0.80 (top-right); As = 0.85 (centre-left); As = 0.90
(centre-right); As = 0.95 (bottom-left). On the bottom-right panel, we present a superposition
of all Pr for Ai=1,....6, where lighter blue curves correspond to higher values of the parameter
B. For all values of A\, we find that Pgr is highly suppressed at large scales, k£ < Ekmin,
and indistinguishable from the observational fit at small scales, k. < k. On intermediate
scales, the primordial power spectrum presents imprints from the transition to inflation which
can be related to the characteristic scales kmin, ka, kb and k.. A label k; , indicates near
superimposing lines corresponding, in order from left to right, to k; and k,. As the value
of A decreases, the peak observed in Pr for k = ki, becomes less pronounced, essentially
vanishing in the case of A1 (top-left).
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Figure 5.22.: (Left panel) The characteristic shape of the angular power spectra DI obtained for the
model considered in Eq. (5.148) with 8 = 4 (blue) compared with the observational fit
(red dashed) and observational data points. The small peak on the intermediate multipoles
observed for A\¢ = 1 starts to disappear as the free parameter (3 is lowered. At the same
time, the suppression of the spectrum for low ¢ becomes stronger and affects a wider range
of multipoles as the value of 3 is lowered. (Right panel) Zoom of the angular power spectra
in the range ¢ < 50. The shaded region, delimited by thin dashed lines, indicates the regions
where deviations from the observational fit can be explained by the cosmic variance, as given
by Eq. (2.62).

5.4.4. Discussion

In this section, we have considered the effects of the existence of a pre-inflationary decelerated epoch
on the primordial power spectrum, Pgr, and on the TT-component of the angular power spectrum of
the CMB, DET. This initial epoch, and its transition to a subsequent power-law inflationary era, were
implemented using Eq. (5.148), which can be seen as a one-parameter extension of the model (5.110)
considered in Sect. 5.3. The newly introduced parameter X allowed us not only to control the number
of e-folds necessary for the transition to occur—higher |\| leads to a quicker transition—but also to
define whether the universe accelerates (A > 0) or decelerates (A < 0) in the transition. Such a model
was also considered in Ref. [74, 75, 83] as a one-parameter extension of the modified Generalised
Chaplygin Gas.

We have computed the explicit form of the potential z”/z that drives the evolution of the scalar
perturbations and have shown how changing the value of the parameter A can modify considerably
the shape of z”//z around the moment of the transition to inflation. For the particular cases where
the pre-inflationary epoch mimics a stiff-matter-dominated (8 = 6) or a radiation-dominated epoch
(8 =4), we found that the smaller is the value of A, the lower are the bumps in the potential 2’/ /z.
This in turn led to the softening of the peaks on the Pg for intermediate wavenumbers and of the
extra peak on D} for intermediate multipoles. At the same time, the suppression of P and D} 7 at
large scales became stronger. However, if the value of the parameter ) is set too low, i.e., if the time
for the transition to happen is too long, the suppression at large-scales starts to affect intermediate
scales, compromising the agreement with the observational data. By imposing that the imprints of
the model are visible for modes currently inside the Hubble horizon without violating the constraints
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on Py around the pivot scale, or compromising the agreement of DI T with the data for £ > 30, we
were able to define upper and lower bounds on the two parameters {Q, A} (cf. Fig. 5.17) not directly
fixed by the Planck best-fit to the cosmological parameters. Notice that the predictions for Px and
DT were obtained using the maximum bounds Q, defined in Egs. (5.166) and (5.171), so as to
better visualise the full effects of the pre-inflationary phase and the transition to inflation. A complete
scan of this reduced parameter space for the best fit to the observational data remains to be done.

One of the hypothesis of this section was that the shapes of the comoving Hubble wavelength
k% := (aH)? and of the potential z”//z around the moment of the transition from the initial
decelerated epoch to the subsequent inflationary era are imprinted on the primordial power spectrum.
As a consequence, any deviation on P and DZTT from the predictions of the best-fit of Planck mission
could in principle provide us with information regarding not only a potential pre-inflationary epoch
but also about the transition itself. In order to test this hypothesis, for the two cases § = 6 and
3 = 4, we have defined four characteristic wavenumbers based on the shape of k% and z”/z around
the transition: kmin, ka, kb and k¢; and compared them with the regions of Pz where imprints from
the model appear. As a general rule, we found that Py is suppressed until k < ki, and tracks the
prediction of the best-fit of Planck mission for k. < k. In addition, k, and ki, are associated to the
bumps observed in the intermediate range knin < k < k¢, whose amplitude can be directly related to
the amplitude of the features in z”//z that led to the definition of k, and k. We can thus conclude
that the imprints of the model on k% := (aH)? and 2/z can serve as indicators for the features in
the primordial power spectrum.

5.5. Reuvisiting Instantaneous Transitions

In the previous Sects. 5.3 and 5.4, we have seen how the existence of a pre-inflationary epoch of
decelerated expansion can leave strong imprints on the predicted primordial power spectrum at the end
of inflation and on the angular power spectrum of the CMB. The nature of these imprints, i.e., whether
‘Pr is enhanced or suppress with regards to the scenario with no pre-inflationary epoch, and the scales
at which they appear depend not only on the type of evolution during the pre-inflationary epoch but
also on how the transition to inflation occurs. In Sect. 5.4, we considered the phenomenological model
(5.148) where the parameter A controls the number of e-folds necessary for the universe to go from
the initial decelerated epoch to the final power-law inflationary stage. By considering low values of this
parameter, i.e., for A < 1, we were able to soften the high amplitude peaks that appeared in the cases
of a pre-inflationary epoch that mimics a stiff-matter-dominated universe or a radiation-dominated
universe, as seen in Figs 5.19 and 5.21.

Alternatively, one could consider the opposite situation of very fast transitions and study the effects
of taking very large values of A on the scalar perturbations. Of particular interest is the limit of
A — 400, which corresponds to an instantaneous transition, a situation that is often considered in the
literature [12, 35, 36, 50, 96, 110, 114, 118, 122, 136, 157, 176, 200, 224, 252, 326]. In that limit,
the asymptotic solutions (5.114) and (5.118) for the pre-inflationary epoch and the later inflationary
epoch are valid until the moment of the transition. An explicit relation between the linear coefficients
in the two epochs can then be deduced by fixing the boundary conditions for the linear perturbations
at that moment. Unfortunately, there seems to be some confusion over the appropriate matching
conditions, as different authors have used different strategies with significant implications on the final
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primordial power spectra obtained. Among the various choices present in the literature we find:
i) Continuous v; and vj, at the moment of the transition — [96, 118, 122];
i) Continuous vy but discontinuous v}, at the moment of the transition — [176];
iii) Continuous Ry, and R/, at the moment of the transition — [114];
iv) Continuous Ry and ®; at the moment of the transition — [35, 36, 50, 110, 157].
v) Continuous vy, and ®;, at the moment of the transition in perfect fluids — [200].

Of course, not all of these strategies are equivalent and the discussion on the proper derivation
of the matching conditions led to a series of contentious papers being published in the mid 90's
[100, 136, 175-178, 252]. As pointed out in Ref. [252], this divergence in the results seems to
arise form a difficulty in defining the proper physical hypersurface associated to the transition, with
[175-178] using the conformal time 7 and [100, 136, 252] using an intrinsic variable of the matter fluid,
such as the energy density or the value of the scalar field. More recently, another choice of matching
conditions has been considered, derived from imposing the continuity of v and v}, [96, 118, 122] or
Ry and R}, [114]. While the former comes from considering (incorrectly, as will be shown below) that
the approximation z”/z ~ a’ /a holds at the moment of the transition, the latter seems to be derived
from the convenience of imposing continuity of the perturbed variables rather than from physical
considerations.

In Refs. [136, 252], the general matching conditions for scalar perturbations are deduced by imposing
that on the hypersurface that defines the transition, the induced spatial metric h;; and the extrinsic
curvature ¥;; are continuous®®. By considering that the perturbed hypersurface is defined by the
condition ¢ = qg + dq = 0, where ¢ is a 4-scalar, the following gauge-invariant matching conditions
are obtained for the scalar perturbations [136, 252]

[wJFH&/q] _ (5.174)
do | 4+
[El, =0, (5.175)
{1//+HA+(H’—H2) 5‘1] =0, (5.176)
do | 4+
w0 (5177
do | 4+

In scalar field models where a jump in the EoS parameter is caused by a step-like feature of the potential
V(p) at pnyp [224, 326], it is natural to define the hypersurface by the condition ¢ = ¢o+d¢ = Pnyp.

25At the background level, these same conditions imply the continuity of the scale factor a and the Hubble rate H.
26The quantities A, B and ¢ in Eqgs. (5.174)—(5.177) are the scalar potentials that parameterise the perturbed
FLRW line element, cf. Eq. (A.9).
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The identifications dg = dp and ¢, = ¢, follow and the previous matching conditions become

R], -0, (5178)
(Bl =0, (5.179)
k2a?
[\If/ +HD - @654 =0, (5.180)
2 +
R—-U
[ - L_o, (5.181)

where we recall that ® and ¥ are the gauge-invariant Bardeen potentials [46] and R is the comoving
curvature perturbation [49]. The second condition (5.179) does not carry relevant physical information
as it can always be satisfied by means of a gauge transformation [136] and in models with a minimally
coupled scalar field, the third condition (5.180) is automatically verified due to the (i — 0) component
of the perturbed Einstein equations. Then, using the equality of the two Bardeen potentials in scalar
field models, we arrive at the matching conditions used in [35, 36, 50, 110, 157]:

Rly =0, (@], =0. (5.182)

5.5.1. A divergence in 2"/z

The main focus of this section is to consider the limit A — 400 in the toy model presented in
Sect. 5.4. In this limit the interval Ay, Eq. (5.151), that determines how many e-folds are necessary
for the transition to occur vanishes, thus, the transition occurs instantaneously at N = Ny,;4°7. This
instantaneous change in behaviour can be seen in the Friedmann equation (5.148) which now reads

o~ [B+(@=8) O a.5.5) (N=Nmia)|N , (5.183)

1-O(a,8,x) (N—=Nmnia)
B
HdS) 1

]2

O(a,,0) (N = Nmia) = @(sign B — )] (N — Nmid))

_ {@ (N — Npid) , for sign [A\(8 — a)] >0, | (5.184)
1—=0O (N — Npia) , forsign[A(f—a)] <0,

and ©(x) is the Heaviside step function. We note that the first line on the last equality of Eq. (5.184)

corresponds to cases where the rate of acceleration of the Universe increases at the transition, e.g.,

by going from a decelerated pre-inflationary epoch to inflation, while the second line corresponds to

cases where the rate of acceleration decreases.

At the level of the EoS parameter w, given by Eq. (5.149), and of the slow-roll parameter e, given

2"Notice that Nirans, defined in Eq. (5.153), which marks the moment at which the point of no acceleration in the
transition between the initial decelerated and the later power-law inflation is reached, converges to Np,ijq as A — +oo.
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by Eq. (5.156), we observe a step-like discontinuity at N = Nyq4:

O(a,5,0) (N = Nmia) ; (5.185)
€(N) = 5+ 76(&,5))(1\] - Nmid) . (5186)

In the rest of this section we will use Eq. (5.186) to re-parameterise the model in terms of the value of
the slow roll parameter before and after the transition € := ¢(Nyiq < N) and € := €(IN < Npiq).
This allows us to generalise our results for arbitrary et € (0, 1) U (1, 3] while at the same time
simplifying the notation, meaning that we can easily accommodate any pair of initial /final epochs
with decelerated or accelerated expansion with the exclusion of epochs with pure de Sitter expansion
or with zero acceleration.

The continuity of the scale factor and of the Hubble parameter in (5.183) leads to the continuity of
the comoving Hubble horizon, Eq. (5.152), which now reads

ki (N) A—rtoo ke all=€¢ —(e" =€ )O(N = Nunia)| (N~ Nunia)

e e(:lfe_)(Nmeid) N < Nmid»

trans
= (5.187)
kS (1= ) (N Nunsa) Npia < N,
where the value at the moment of the transition is given by
1—et
S, = lim  Kyans = a,H. o (5.188)
trans * A—1>Ijl:100 trans — Ax11dS (G*Hds)e_ . .

In contrast, in the potential 2/ /z, which depends on the slow-roll parameter € and its derivatives,
we find that discontinuous and divergent terms appear as A is taken to infinity. We note that some
care needs to be taken when deriving the asymptotic shape of 2”//z as a direct substitution of the
tanh and sech functions in the expressions (5.157) and (5.158) leads to non-linear combinations of
the © function and the Dirac delta function that are not well defined from a mathematical point of
view. Instead, a proper computation of the limit of Eq. (5.157) and (5.158) for very large A leads to?®

1

==k {2 (V) + {Ef -2 log <;)] 5(N — Niia)

~log (;) Sn (N — Nmid)} . (5.189)

While for N # Npiq the potential 2”/z reduces to a”/a = k% (2 — €), which is the potential that
drives the production of tensorial perturbations, at N = N,,;q we must take into account the presence
of terms with a Dirac delta function and its derivative. As we will show below, these divergent terms
lead to a discontinuity at the level of v;, and v, at the moment of transition and are crucial in the
validity of the long-wavelength approximation (k? < 2"/z) for scales way above the value of a”/a
around the transition [224, 326].

28The derivation of Eq. (5.189) is presented in the Appendix (D.5). We are grateful to José M. M. Senovilla and
Mikel A. Urkiola for useful suggestions and comments regarding this issue.
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5.5.2. Matching conditions for R, and v,

In order to calculate the jump in v; and its derivative at N = N4, it is easier to change to the
comoving curvature perturbation Ry, = vy /z, whose evolution equation obtained from (5.105) reads

2Ry, ARy, k2
W+(3— +)dN+< ) Ri=0. (5.190)
In the limit of A — 400, we find that the previous equation can be written as

d®Ry
dN?

- d k2
+[3—€ — (" — € )O(N — Npig) — log (;_) (N — Nmid)] & + —5Rr=0.

AN K
(5.191)

As deduced in the Appendix D.6, the presence of a § function in the friction term leads to a jump in
the derivative dRy/dN at N = Npq:

dRs ~dRy

T (Vi) = S T (Nima), (5.192)

while at the same time R}, remains continuous®®. The same boundary conditions were deduced in
Ref. [36] based on the results of [110, 136]. From Eq. (5.192) and the continuity of Ry, we find that
the correct boundary conditions lead to a discontinuous jump of vy and its N-derivative during the

transition:
et
Uk (Nia) =\ =0k (Niia) (5.193)

dvk et e~ dvg, . _
an ¢ Naia) (\/7 \ €+> Uk (Nimia) ) o gy i) - (5.194)

Equation (5.193) can be translated to the following matching condition for v},:

/6+ [€ [e” _
U;c (led trans < €+> ’Uk rmd + k(Nmid) . (5195)

Interestingly, the same boundary conditions (5.193) and (5.194) can be obtained by considering
the long-wavelength approximation (k? < 2/z) [224, 326] even for the modes that are inside the
comoving Hubble horizon and verify a”/a < k? at the moment of transition®®. This apparently
contradictory result3! can be understood by the fact that, while for N # N,iq the evolution of the
scalar perturbations is dictated by a”’ /a whose value can be below or above k2 for a given mode, at
the moment of the transition the potential 2" /2 has an infinite value due to the presence of terms
with a Dirac delta function and its derivative. Therefore, the condition k < 2 /z becomes valid for

29Duye to the continuity of the comoving Hubble horizon, the derivative ’R;ﬂ satisfies the same boundary condition
(5.192) as ARy /dN.

30A derivation of this result can be found in the Appendix D.7.

31The good agreement of the long wavelength approximation with the numerical results for all scales in a scalar field
model with a jump in the potential is mentioned as a source of surprise by the authors of [224]. Here, we see that the
long wavelength approximation leads precisely to the exact correct matching conditions for all k.
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all k£ in an infinitesimal neighbourhood of N = Nyq.

In the limit of instantaneous transitions (A — +00) discussed in this section, the asymptotic
solutions (5.114) and (5.118) (cf. Appendix D.3 for a derivation of these solutions) can be extended
up to the moment of the transition at N = Nyq. By integrating (5.187), we obtain the conformal
time 7 as a function of N:

1 ele)=1(N=Nua) _ 1

17— 1N(Nmia) =

kg%ns G(JV) -1
1 (e7=1)(N—Nmia) _ 1
© N <:]Vhﬂd>
kg%ns e —1
= N (5.196)
1 el =DN—Nmia) _q N N
k?fans et —1 mid < '

Furthermore, by setting 7(Nmiqa) = 0, we can write vg during the whole evolution of the system as

k(N < Npia) = \/7[,/ lexp[ Lov - led)]

X {Cu« aY <€_q_ e [(e7 =DV - Nmidﬂ)

+Cyy HY < d e (e 1)(NNmid)]>} : (5.197)

Uk (Nmia < N) = \/7\[‘/|+1exp[ (N - led)]

x {c;k HY <€+q_ T [(eF =1V - Nmid)]>

+Cfy HLY <6+q_ T [(e" =) (N - Nmid)]>:| : (5.198)

To simplify the notation, here we have introduce the re-scaled wavenumber ¢ := k/kS, .. We recall
that the order of the Hankel functions can be written in terms of the value of the slow-roll parameter

trans-

¢ before and after the transition, ¢T, as
1]3— €t
+
== |—- 1
v A (5.199)
In addition, the linear coefficients Clik and CQik satisfy the constraint
+ |2 + |2
ci| = |cs| = sign(1 - ). (5.200)

Using the matching conditions (5.193) and (5.195) we are able to relate the two pairs of coefficients
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{Cl s C51} and {Cf,, CF,} through the linear transformation

on P cy
( y) :sign(1—6+)< y Q’j) ( 1_”@) , (5.201)
Cz,k Qk Py C2,k:

_ _— +
(Clvk) =sign(l —€") < Pk* Qk) . (Cik> . (5.202)
Cz,k —W Pk Cz,k

It follows from the normalisation condition (5.200) that Pj and Q) must satisfy the constraint
|Pr|? — |Qk|? = sign(1 — €*) sign(1 — €7). The full expressions of Py and Qy, for e € (0, 1)U(1, 3]
can be found in the Appendix D.8. It can be checked that in the limit of no transition, i.e., if € = ¢,
the transformations (5.201) and (5.202) reduce to the identity transformation.

and its inverse

The transformation (5.201) allows us to fully describe the evolution of the mode functions during
the late power-law inflation in terms of the evolution during the initial pre-inflationary epoch, which
is encoded in the linear coefficients C'; ; and C, ;. Next, we will show how this allows us to derive,
analytically, the theoretical prediction for the primordial power spectrum for a model with arbitrary
initial conditions for the scalar perturbations where an epoch of power-law inflation is preceded by a
pre-inflationary epoch with an abrupt transition.

5.5.3. The imprints on Py

Let us go back to considering the case of power-law inflation. If we impose arbitrary initial conditions
for the mode functions v, encoded in the linear coefficients C’f“k and C;“k, the prediction for the
primordial power spectrum at the end of inflation reads

hk? Mend — 7c| 2
Pr(k) = T R HEY (k[nena — 7Ic\)‘
end
x 207
X (|Cffk|2+\0;k|2+2Re [Cik (C) e 9]) . (5.203)

Here, 7. is an integration constant and 02‘ is the phase of the Hl(/i) function at nenq. For comparison,
we note that in a scenario of power-law inflation with BD-like initial conditions, the prediction for the
primordial power spectrum at the end of inflation is

hk2 Tlend — 7] 2
PO (k) = 87% H (klnena = mel)| - (5.204)
end

We thus find that the ratio between Px (k) with arbitrary initial conditions and PEP is encoded almost
entirely in the coefficients C’fr,c and C’;k:

Pr(k)
PRP (k)

= |G 2 + 1052 + 2Re |, (O ) €20 (5.205)
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In particular, for modes that are well outside the Hubble horizon at the end of inflation, the phase
92‘ ~ —m /2 due to the asymptotic behaviour of the Hankel functions for very small argument [7, 283]
and the ratio (5.205) reduces to

Pr(k)
PRP (k)

= |CF, - CTl?. (5.206)

The linear transformation (5.201) relates the solution for vj, during power-law inflation with the
solution for v, during a pre-inflationary epoch that ends abruptly at some N,iq e-folds before the
pivot scale crosses the horizon. Therefore, inserting Eq. (5.201) in Eq. (5.206) allows us to compute
the imprints on the primordial power spectrum due to the presence of a pre-inflationary epoch whose
initial conditions are encoded in the linear coefficients C’ik and C’2_7k:

P! (k)
PRP (F)

= [P = Qif? (0742 + 105, 2) — 2Re [CTu(CR) (P = Q0] - (5.207)

As discussed in Sect. 5.3.1, during epochs of decelerated (accelerated) expansion with constant 1 < e~

(e~ < 1), the BD vacuum solution (5.107) is recovered for modes well inside the Hubble horizon, i.e.,

when kg < k, if the linear coefficients satisfy Cq , = 0 and [C2 x| =1 (|C1,x| = 1 and Ca, = 0).

By imposing any of these two conditions in Eq. (5.207), we obtain the following simplified expression:
P%I(k) 7T2 Ao + Alq + A2q2

R P - Q== 2
’P%D(k) | k Qk:| 4 |1_€+H1_€_| ) (5 08)

where the factors A;, with i =0, 1,2, are defined as

+ +

Ao [() (3-ehO( - ) - () (- o - >] ()2, (5.209)

€

2[(2) -erea-er(£) Ta-cien o

1
N gien(l — cH)e gt HT P2
X — | sign(1—€")J o J o |H) |
€

All

€

e\ 2
- () sign(1 — e7)(J, )*Re[H?_ (HerV)*]] , (5.210)

1\ 2z +\ "3
Ay = ‘(€> sign(1 —e")JY, HL — (6> sign(1 —e7)J, HY, ,_ (5.211)
€ €

For shortness, here and throughout the rest of this section, we adopt the following notation:

H = HY (1 g, =nHY (1
v v |1 _ €—| ) 14+v 1+v |1 _ €—| ’

— q — q
J3+ = Jl,+ (|1 — 6+|> ) J{I+U+ = J1+V+ (ll—eﬂ) . (5212)
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Figure 5.23.: The ratio PL'/PRP, given in Eq. (5.208), as a function of the normalised wavenumber
q := k/ktuns for an inflationary final epoch with €t = /2 ~ 0.01638 and different values of
€. (Top panel) blue solid curve — pre-inflationary epoch mimicking stiff-matter; red dashed
curve — pre-inflationary epoch mimicking radiation; green dot-dashed curve — pre-inflationary
epoch mimicking dust. (Bottom panel) blue solid curve — accelerated pre-inflationary epoch
with ¢~ = ¢t 4 0.01; red dashed curve — no transition (¢~ = ¢T); green dot-dashed curve —
accelerated pre-inflationary epoch with e~ = ¢ — 0.01.

In Fig. 5.23, we plot the ratio PL!/PEP as a function of the normalised wavenumber g for e = 0.01638
and for different values of ¢e~. Notice that in the limit of et = ¢, i.e., when there is no transition, the
r.h.s. of Eq. (5.208) reduces to unity (cf. r.h.s. panel of Fig. 5.23) as Ay and A; vanish identically
and, making use of the Wronskian identities for the Bessel and the Hankel functions (cf. Eq. (10.5.4)
of Ref. [283]), it is possible to write Ay = (4/72)|1 — €T ||1 — €~ |¢g2.

At this point, we note that in deriving the expression (5.208), we have only assumed that 0 < e* < 3
and ¢* # 1. Therefore, this expression remains valid for any combination of accelerated /decelerated
initial and final epochs, as long as the considered modes are well outside the Hubble horizon at 7eng.
In fact, while the initial motivation for this section is to find the imprints on the primordial power
spectrum after the end of a power-law inflation, Egs. (5.203)—(5.205) are valid as well for epochs
where 1 < €T, as are Eqs. (5.206)—(5.208) as long as k < kg at Nend- .
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Figure 5.24.: Comparison of the asymptotic formulas (5.216) for short wavelengths, and (5.213) and
(5.214) for long wavelengths (dashed curves) with the full expression (5.208) (red solid curve)
for PR'/PEP. We recall that the re-scaled wavenumber is defined as ¢ = k/k{,s, Where
kooans is given by Eq. (5.188). (Top panel) Results for an initial epoch that mimics a stiff-
matter-dominated universe (¢~ = 3) and a final power-law inflation epoch (et = 0.01638).
(Bottom panel) Results for initial and final inflating epochs where the rate of acceleration
decreases at the transition (e~ = ¢t +0.01 and ¢ = 0.01638).

Long wavelength limit

We now analyse the long wavelength behaviour, ¢ < |e" — 1]and ¢ < |¢~ — 1|, of Eq. (5.208). Using
the asymptotic behaviour of the Bessel and Hankel functions for small argument [7, 283], we find that
if neither the initial or final epochs mimic a universe dominated by stiff-matter, e* # 3, to leading
order in g, the r.h.s. of Eq. (5.208) reduces to

PRk L[y SAR—
PED(k)(q«'l_eiD_zll(e_—) @-creu-en-(Z) “@-oe -
T2(\— 1— ¢ |22 -1 20T =27)
N
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On the other hand, if the initial epoch has e~ = 3 this expression should be replaced by*?

P! (k)

%(q <[1-€ef)) =

[(e+)% (3—¢)O(1 — ™) log (g) o (6+)_%r

1 1 q 22T
CTRI A [T = er AT (5) - (5.214)

| =

From Egs. (5.213) and (5.214), we find that for long wavelengths the ratio Pk!/PEP evolves as a
power of the re-scaled wavenumber ¢, whose exponent depends on the orders A* and A\~. More
precisely, we find that PEI/PEP converges to 0 if A= < A, and diverges for A* < A~. This behaviour
is evident in both panels of Fig. 5.23 for ¢ <« 1.

In Fig. 5.24 we compare the asymptotic formula (5.213) (dashed curve) with the full expression
(5.208) (red solid curve) for the cases of e~ = 3 (top panel) and e~ = e + 0.01 (bottom panel).
We note that for a decelerated pre-inflationary epoch followed by a power-law inflationary period, a
suppression at large scales is obtained for most of the cases of interest, including the ones studied
in previous sections where we considered initial stiff-matter-, radiation- and dust-like behaviours.
However, if e~ becomes too close to 1 the primordial power spectrum might become enhanced instead.

Alternatively, if we consider two successive epochs of power-law inflation, the behaviour at very
long wavelengths depends critically on whether the rate of acceleration increases or decreases at the
transition. If it increases (¢* < €7), the exponent of ¢ is negative and the ratio (5.213) diverges as
we consider larger and larger scales. Notice, however, that for ¢ ~ 1 there might exist an intermediate
region where P! is actually suppressed with regards to PRP, as can be seen on the top panels of
Figs. 5.23 and 5.24. On the other hand, if the rate of acceleration decreases at the time of the
transition (e~ < €T), the ratio (5.213) vanishes as ¢ — 0, meaning that we recover a suppression
of the primordial power spectrum at large scales. Nevertheless, if the values of €~ and et are very
close, the exponent 2(AT — A7) might become so small that any suppression/enhancement would
only be significant at scales larger than the Hubble horizon today, i.e., for modes that are outside the
observable range at the present time.

Finally, we point out that when the final epoch represents a period of power-law inflation with
et < 1, which is the case of interest in this work, and we take into account that PEP ~ k"=~1, then
at very large scales P! behaves as

33—
k™ =<1 fore” #3,
PEI(q < [1— €]) ~ 7 (5.215)

k3log®(k), for e =3.

This is precisely the shape of Pxr during the pre-inflationary epoch for modes outside the Hubble
horizon. For 0 < e~ < 3/2, the exponent on the first line of the r.h.s. of the previous equation is
negative, meaning that PL! diverges for small k, while for 3/2 < e~ < 3 it vanishes as k — 0. In the
limiting case of e~ = 3/2, which corresponds to a pre-inflationary epoch that mimics a dust-dominated
universe, the primordial power spectrum converges to a non-vanishing constant at very large scales.

32 derivation Egs. (5.213) and (5.214) can be found in the Appendix D.9.
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Short wavelength limit

We now look at the short wavelength limit, |[e™ — 1| < ¢ and |e~ — 1| < g, of Eq. (5.208). Using the
asymptotic behaviour of the Bessel and Hankel functions for large argument [7, 283] we find that, to
leading order in ¢~ !, the ratio (5.208) is given by33

PO (1 o oo ()] st o () i (122 - v7) . g0

This shows that in a scenario where a pre-inflationary epoch transitions instantaneously to an
ensuing power-law inflation, the primordial power spectrum at the end of inflation will present an
oscillatory behaviour at small scales, with an amplified mean value (PE!/PEP) and standard deviation

Opr1/pED 1= \/<(’P71;I/737]%D)2> — (PE!/PED)2 given by:
et
€

Such an oscillatory behaviour is evident in both panels of Fig. 5.23 for 1 < ¢. In Fig. 5.24, we compare
the asymptotic formula (5.216) (dashed curve) with the full expression (5.208) (solid red curve) for
the cases of €~ = 3 (top panel) and e~ = ¢t 4 0.01 (bottom panel). Notice that the agreement
between the two formulas becomes increasingly better for 1 < gq.

" 1
<P7EI/P7%D> = cosh |:10g (6 )} ) Opr1/pBD = ﬁsinh {

€

If we assume that (5.216) is valid for k 2 k., and impose that the mean value of P%I(k*) is within
the 1-o interval of A, as measured by the Planck mission [16]: A; = (2.142 4 0.049) x 10~7; then
we can derive the constraint 0.81 < €~ /e™ < 1.24. Taking into account the observation-motivated
value o = 2¢t = 0.03275, cf. Eq. (5.126), this constraint translates into

0.013 < €~ <0.020, & 0.027 < 8 < 0.041, (5.218)

where we recall 3 is the original parameter that defines the behaviour during the pre-inflationary epoch,
cf. Eq. (5.183). Alternatively, a more strict constraint can be obtained by imposing that the mean
value plus the standard deviation are within the aforementioned 1-o interval of A,. In this case, we
obtain 0.97 < € /e™ < 1.03, which after fixing a = 2et = 0.03275 leads to

0.016 < e~ <0.017, < 0.032 < 5 < 0.034. (5.219)

Note that these results clearly exclude the possibility of a decelerated pre-inflationary epoch with an
instantaneous transition. We note that the constraints (5.218) and (5.219) are in agreement with the
constraints presented in Tables IV and V of Ref. [36] for ¢ > 30.

5.5.4. Comparison with numerical Results

Finally, we compare the analytical expression (5.208) for the case of an instantaneous transition to
inflation, A — 400, with the numerical results obtained from numerically integrating the system
(5.139) for the model (5.148) with increasingly higher A, i.e., in cases where the characteristic interval

33A derivation of this result is presented in the Appendix D.10.
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Figure 5.25.: Comparison of the primordial power spectrum (red dashed curve) obtained from the analytical
formula (5.208) with the numerical results obtained for the model (5.148) with increasingly
faster transitions: A = 1 (darker blue curve); A = 2; A = 10; and A = 100 (lighter blue
curve). As the value of X increases, the numerical results tend towards the shape of the
analytical prediction for increasingly higher wavenumbers. For large wavelengths (low k), the
analytical prediction for instantaneous transitions captures the correct tilt of Pz but not the
correct amplitude. (Top panel) Results for a pre-inflationary epoch mimicking stiff-matter
(B = 6). (Middle panel) Results for a pre-inflationary epoch mimicking radiation (5 = 4).
(Bottom panel) Results for a pre-inflationary epoch mimicking dust (8 = 3).

for the transition, Ay, is gradually shortened, cf. Eq. (5.151).

In Fig. 5.25, we present the results obtained for the cases where the pre-inflationary epoch mimics
(top panel) a stiff-matter-dominated universe with- ¢~ = 3, (middle panel) a radiation-dominated
universe with e~ = 2, and (bottom panel) a dust-dominated universe with e~ = 3/2. For all the cases,
we compute numerically the primordial power spectrum for four different values of A: 1, 2, 10 and
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5.5 Revisiting Instantaneous Transitions

100; and fix €' to the observationally motivated value /2 ~ 0.01638, cf. Eq. (5.126). Independently
of the pre-inflationary behaviour, we find that, as the value of X increases and the period of transition
becomes smaller, the ratio P%I/”P%D tends to converge to the shape defined by Eq. (5.208).

At large scales, i.e., for k < kpin, we find that the asymptotic expressions (5.213) and (5.214)
correctly predict the power-law, or power-law and log, dependence of the spectrum but not the
amplitude. For lower values of A, the numerical results show that a correction factor needs to be
applied to these formulas in order to recover the correct behaviour.

On the other hand, for ki, < k we find that, as A increases, the peaks observed in the previous
sections start to transform into the oscillatory behaviour predicted by the short wavelength approxima-
tion (5.216). In addition, the value of the highest wavenumber affected by the oscillation grows with A.
This was to be expected, as the bumps in the potential z”//z around the transition increase and start
to affect modes with higher wavenumbers as the interval of transition becomes shorter. Nevertheless,
for each value X there is a wavenumber above which the usual prediction of power-law inflation is
recovered. This corresponds to the modes whose wavenumber is much larger than the bumps of 2" /z
around the transition. A similar picture is obtained in Figs. 4 and 5 of Ref. [36]. Notice, however, that
in [36] only the range 1 < ¢ is plotted, meaning that the behaviour observed for the largest scales is
not captured.

5.5.5. Discussion

In this section, we have revisited the topic of instantaneous transitions in the pre-inflationary universe
and its implications in the primordial power spectrum at the end of inflation. Over the past three
decades, various works can be found in the literature with often contradictory results regarding the
matching conditions for the perturbation variables at the moment of the transition between different
epochs®*. Following the seminal work of Deruelle and Mukhanov [136], we reviewed the correct
matching conditions in a scenario of an instantaneous transition resulting from a discontinuity in the
potential of a minimally coupled scalar field, which imply the continuity of the Bardeen potentials ¢
and ¥ and of the comoving curvature perturbation R at all scales.

After identifying the model introduced in Sect. 5.4 as a phenomenological mapping of a scalar field
model, we considered the limit of A — £oo which leads the characteristic interval of the transition to
shrink to zero, i.e., corresponds to an instantaneous transition. We showed how, in this limit, the EoS
parameter w = P/p and the slow-roll parameter € present a step-like discontinuity at the moment
of the transition, while the potential z”/z, which controls the evolution of the scalar perturbations,
diverges at the moment of the transition due to the presence of terms with a Dirac delta function and
its derivative. This contrasts with the behaviour of the potential a” /a which remains finite, despite
having a discontinuity at the transition. As such, we have shown explicitly that the approximation
2" /z = a” /a, often encountered in the literature [96, 118, 122], is not valid at the moment of the
transition. We hope that these results can help to the discussion on the proper matching conditions
for scalar perturbations in the case of instantaneous changes of EoS in the pre-inflationary universe.

Using the continuity of the comoving curvature perturbation Ry, we showed that the divergence
in the potential 2"/ /z at the moment of the transition leads to a discontinuity in R}, as derived in

34See, for example, Ref. [252] for a discussion regarding this issue.
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Ref. [36], and then calculated the boundary conditions for the Mukhanov-Sasaki variable v, and
its derivative. By combining this result with the known general solutions for vy in terms of Hankel
functions, we were able to explicitly define a transformation that relates the linear coefficients of
those solutions before and after the transition, thus allowing us to predict the shape of the primordial
power spectrum at the end of inflation based on the initial conditions set in the pre—inflationary
epoch. Notice that similar transformations were defined in Refs. [118] and [96], albeit in those works
the continuity of v and v;, or of R, and R}, was considered. A further interesting result found in
our analysis is that the same matching conditions for v, and v}, can be obtained by using the long
wavelength approximation (k? < z”/z) at the moment of the transition, even for the modes that are
well inside the comoving Hubble horizon (k% < k?) and that satisfy the condition a”’/a < k?. That
such an approximation works at all scales can be justified by the fact that 2" /z diverges, i.e., has
infinite values, at the particular moment of the transition.

Given that he main focus of this chapter was to study the effects of pre-inflationary epochs on
the primordial power spectrum (and on the CMB), we then explicitly calculated the ratio PL!/PED
between the primordial power spectrum at the end of inflation in a scenario with a pre-inflationary
epoch with arbitrary initial conditions, PL!, and the primordial power spectrum predicted by a standard
inflationary scenario with Bunch-Davies (BD) initial conditions, PgD. In particular, we considered the
case where a BD vacuum state is recovered during the initial epoch when the condition 2" /z < k? is
met and analysed the shape of PE!/PEP for physically relevant modes which are well outside the
Hubble horizon at the end of inflation. The asymptotic expressions for the behaviour at large and
small scales were then obtained. We found that for & < kuin, where ki, is the value of the Hubble
horizon at the moment of the transition to inflation, the shape of P during the pre-inflationary epoch
is preserved at later times. On the other hand, for knin < k the primordial power spectrum becomes
amplified and develops an oscillatory behaviour.

By assuming that the pivot scale k, = 0.05 Mpc~! falls within this oscillatory regime, we were able
to impose lower and upper bounds on the initial value of the slow-roll parameter ¢ = —H/HQ, so
that the prediction for the primordial power spectrum is compatible with the observational constraints.
These bounds, which allow for a minimal change of up to 3% in the value of ¢ at the moment of the
transition, are compatible with the results of previous studies [36] and clearly exclude the possibility of a
decelerated pre-inflationary epoch (with an instantaneous transition to inflation). Notice, however, that
these constraints were obtained assuming that the instantaneous change in the EoS parameter and in
the slow-roll parameter are introduced by a discontinuity of the potential of the scalar field at the value
@hyp- Such a condition uniquely defines the hypersurface of the transition at the perturbative level and,
consequently, imposes the appropriate boundary conditions for the perturbation variables. However,
if the condition that defines the discontinuity of the EoS parameter and the slow-roll parameter is
changed, see for example Ref. [136] where a transition of the EoS parameter is imposed at a fixed
Phyp, the boundary conditions for the perturbation variables may differ from the ones obtained here,
possibly leading to different imprints on the primordial power spectrum.

Finally, we have compared the analytical predictions for the case of the instantaneous transition with
the numerical results obtained for the toy model Il introduced in Eq. (5.148). As shown in Fig. 5.25,
the analytical and the numerical results for the primordial power spectrum coincide up to a maximum
wavenumber when the parameter \ is fixed at large values, i.e, for very fast transitions. This result
corroborates the analysis presented above, showing that the analytical expressions obtained capture
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the correct limiting behaviour of the model for very fast transitions between the initial and the final
epochs. Furthermore, the disagreement, at very low scales ki, < k, between the numerical results
and the analytical expressions can be explained by the fact that, for finite A, the bumps in 2" /z near
the transition to inflation are very large but have a finite maximum value. Therefore, modes with k2
above this maximum will be in a BD-like vacuum at the onset of inflation and the usual prediction of
power-law inflation is recovered.
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General Conclusions

In this thesis, we have presented the results obtained during the last four years of research regarding
three different scenarios that explore possible extensions of the Standard Model of Cosmology: modified
theories of gravity in the late-time Universe (cf. Chapter 3), dynamical dark energy (DE) described
by a 3-form field (cf. Chapter 4) and effects of quantum cosmology in the primordial Universe (cf.
Chapter 5). For each case, we have explored different methodologies that allow us to better understand
the dynamics of the model at hand. Likewise, we have computed the theoretical predictions for
different cosmological observables and compared them with the available data from the observations,
in order to decide on the physical viability of the model and define constraints on its parameters.

In Chapter 3, we have studied the effects that a modified theory of gravity, namely metric f(R)-
gravity, can have on the evolution of the Universe and on the cosmological observables, in particular
at late-time. Following the line of reconstruction efforts in f(R) gravity, also known as designer
f(R) approach [103, 106, 133, 143], we have presented in Sect. 3.2 a novel method to f(R) actions
compatible with the evolution of a universe that is characterised by a given barotropic equation of
state. This new strategy is based on mapping the modifications of gravity to an effective fluid and
can be used to find appropriate solutions for f(R). Using our reconstruction method, we have been
able to obtain, for the first time, a complete analytical mapping of the modified generalised Chaplygin
gas (mGCG) in f(R)-gravity in the absence of other types of matter. We recall that this type of
fluid generalises the original Chaplygin gas model [57, 60, 205] and has found applications in several
areas of Cosmology, from describing a pre-inflationary evolution, to providing a unified description of
the dark sector of the Universe. Given the complexity of the solutions found—a common drawback
in reconstruction methods—and the number of free parameters of the model, we then focused our
attention in the case where the mGCG interpolates between the behaviour of a radiation fluid and of a
cosmological constant. This case was found to be particularly interesting since it can also be applied
to model the transition from inflation to the Hot Big Bang cosmology (see for example [74]) and to
unify DE with another (hypothetical) dark component—dark radiation (DR). Furthermore, it was found
that the complexity of the analytical solutions is greatly reduced in this specific case, which allowed us
to have a better control of the solutions obtained and to perform a more detailed analysis of their
physical viability. In particular, we were able to define the intervals in the 1-dimensional parameter
space where solutions can be obtained that satisfy the conditions of f(R)-gravity for physical viability
and stability.

In the subsequent Sect. 3.3, we have considered the possibility of explaining DE and DR in terms
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of modifications of gravity introduced by an f(R) theory. In particular, we have used the mGCG
model to describe an effective f(R) fluid that mimics radiation in the distant past and a cosmological
constant around the present time. Even though the vacuum solutions obtained with the aforementioned
reconstruction method could not be employed in this case—we were also considering the presence of
radiation, CMB photons and relativistic neutrinos, and of pressureless matter, DM and non-relativistic
baryons—we obtained a numerical solution compatible with the model that satisfied all the requirements
for being physically acceptable. In addition, we were able to derive a full analytical solution in the
asymptotic past, when the mGCG behaves like radiation and the modifications to gravity become
stronger. Using this asymptotic behaviour, we were able to show that the R*/? dependence of the
numerical solution at large R was a generic feature of the model and not an artifice of the initial
conditions. By employing a cosmographic approach we were able to constrain the model at the level
of the FLRW background, guaranteeing that it mimics almost exactly the evolution of ACDM with a
radiation component and that we recover GR with a cosmological constant since the matter era till
the present time.

In order to break this degeneracy at the background level, we then proceeded to study the evolution
of the linear cosmological perturbations, since well inside the early radiation dominated epoch till the
present time. We found that, as long as the initial conditions imposed were analogous to the ones
derived from single field inflation in GR, no significant imprints from the modifications of gravity are
obtained at the level of the linear perturbations for large and intermediate scales, i.e., for wave-numbers
k < keq = 0.01 Mpc™! where k. is the wave-number of the mode corresponding to the moment
of radiation-matter equality. However, for koq < k, we found that the evolution of the matter
perturbations started to deviate from the predictions of the ACDM model; in particular, for these scales
we observed a higher growth rate of matter and a change in the amplitude and in the slope of the
matter power spectrum. These results were found to be in perfect agreement with the predictions of
metric f(R)-gravity [134]. Furthermore, we have shown that, for keq < k, the gravitational potentials
do not remain constant and instead grow with time. This result corroborates other works found in the
literature that criticise the use of the quasi-static approximation in f(R) gravity [55, 134]. In order to
make the model compatible with the observational constraints of the matter power spectrum at small
scales, i.e., for large k, one possibility is to reduce the amount of DR considered. This would reduce
the strength of the effects of modifications to gravity during the whole evolution of the model which
could, in principle, blue-shift the imprints of the model to larger k& (smaller scales) and therefore avoid
the tight constraints on the matter power spectrum in the range 2 x 1072h Mpc™! <k <2 x 1071
h Mpc~! [19]. We note the final results of the Planck mission [19] have brought further down the
value of the number of effective degrees of freedom, reducing the deviation from the prediction of the
Standard Model of particles, Neg = 3.046 [249], and favouring a very small contribution from DR.
However, given that in this work the fraction of relativistic content corresponding to DR was < 1.4%,
as derived from the best-fit values of Planck 2015 [16] and used in our published work [264], it is not
clear whether the agreement with the observations at the level of the matter power spectrum can
be achieved, while at the same time maintaining a sufficiently significant contribution of DR to Ng
that cannot be explained by a statistical fluctuation of the data. An alternative approach that could
alter the predictions of the model at the perturbative level is related to the initial conditions for the
linear perturbations that are imposed during the radiation dominated epoch. Since the deviations from
GR were dominant in this initial epoch, we lacked a mechanism to unequivocally define the initial
conditions for the numerical perturbations. In order to overcome this difficulty, we took advantage of
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the linearity of the evolution equations for the perturbations to obtain four solutions with different
initial conditions and then look for the combination that better fitted the results from GR. In addition,
we assumed that the initial conditions satisfied a power-law dependence on the wave-number k&, as
predicted by single field inflation; the validity of this assumption requires a more detailed investigation.
In the future it might be of interest to explore whether general and consistent initial conditions can be
obtained for the perturbations when the dominant term in the f(R) action is R*/® or, more generally,
R™.

In Chapter 4, we have explored the possibility of explaining the late-time acceleration of the Universe,
not through a modification of the laws of gravitation, but by considering a new dynamical field, in
particular a massive 3-form field, that can play the role of DE. In the last decade, p-forms have drawn
attention in the literature as alternatives to the minimally coupled scalar field [166, 216, 217, 219].
The 3-form was found to be well suited for applications in FLRW cosmology, as it can be naturally
mapped to perfect fluid without the need for imposing any additional constraints or special multi-field
configurations. In fact, a 3-form field was originally introduced to describe an effective cosmological
constant [142], a behaviour which is recovered for constant potentials. In order to better understand the
dynamics of models with this kind of field, in Sect. 4.2, we investigated the use of a dynamical system
analysis in models with 3-forms and DM, a method which can be extremely useful in understanding
cosmological models with extra dynamical degrees of freedom [44]. Due to the particular constraints
in the evolution of the 3-form, we found that the asymptotic past of the system should correspond
to states with infinite amplitude of the 3-form field, independently of the shape of the potential. As
such, we stressed the importance of obtaining a global picture of the dynamics of the model which
includes the behaviour at infinity. To this end, a novel dynamical system description was presented,
in which an intuitive interpretation of the dynamical variables is forfeited in exchange for a better
control of the behaviour at infinity. As an example, we applied this new representation to the case of
the Gaussian potential V' e*axz, where « is a constant that controls the flatness of the potential
around the origin, and showed that the new representation allows us to lift some ambiguities that
were previously found in the study of the stability of the fixed points at infinity. We note that while
this new description is not suitable to all kinds of potentials, e.g., it presents problems for potentials
with zeroes at finite values of the 3-form field, it can serve as a guideline for future applications.

In Sect. 4.3, we analysed the occurrence of a Little Sibling of the Big Rip (LSBR) event in models
with 3-form fields [77]. This type of cosmic event, which is not ruled out by the current observations,
occurs due to a phantom-like behaviour of DE that leads, in resemblance to the Big Rip singularity
and the Little Rip cosmic events, to a divergence of the Hubble H rate in the distant future and
to the eventual destruction of the structure observed in the Universe. The LSBR is characterised
by the fact that the first derivative of the Hubble rate remains finite and positive during the whole
future evolution, meaning that the blow-up of H and the dissociation of structure take a longer time
to occur than in the Little Rip or the Big Rip [77]. Within the context of 3-form cosmology, the
LSBR can appear even in the cases where the field has a canonical kinetic term and a positive-valued
potential, in contrast with scalar field models where a phantom kinetic term or a negative valued
potential are necessary for such a cosmic event to occur. In particular, we found that a LSBR can
occur whenever the 3-form potential V() satisfies the conditions V' > 0 and dV/dx? < 0 at the
critical points x = +x. = £+/2/(3x?) and that the existence of other types of non-interacting matter
that verify the null energy condition does not prevent this catastrophic fate of the Universe. However,
the LSBR can in principle be avoided if an appropriate interaction is considered between DM and DE,
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that prevents the energy density of DM from decaying completely and, consequently, shifts the field y
away from the critical points that correspond to a LSBR.

In order to test this hypothesis, we have studied a model with interacting DM and DE, in which DE
is described by a 3-form field with a Gaussian potential. Taking a phenomenological approach, we have
considered a class of quadratic interactions that can accommodate several of the phenomenological
interactions considered in the literature. Through a comprehensive study of the system based on a
dynamical system approach, we have been able to show that the LSBR can indeed be avoided if and
only if the interaction term is not proportional to the energy density of DM or to its square. We point
out that, while these results have been obtained for a 3-form field with a Gaussian potential, they
can be generalised for any potential that leads to a LSBR in the absence of interactions. We used
the statefinder hierarchy, a diagnostic tool based on a cosmographic approach, and the composite
null diagnosis, which complements the statefinders with information regarding the growth of matter
perturbations, to characterise the non-interaction model and two interacting cases where the LSBR
is removed as the end state of the Universe: Qrv o< ayHpy and Qv & ayxyHp3/(pm + py). In
order to facilitate the comparison of the results obtained, we imposed the same value for the coupling
constants a,, = o, = —0.03. This value ensured that the energy transfer was from DE to DM, as
required to prevent the complete decay of DM, and satisfied the observational constraints derived
for the wCDM model [125], which were used as guidelines in our work. For each case, we selected
the trajectories whose evolution closely mimics the ACDM model till the present time and confirmed
that the statefinder hierarchy and the composite null diagnosis are able to positively distinguish
between the three cases at hand and between the ACDM model. In particular, we have found that
the mapping {Sél), Sil)} is preferable to identify the characteristic imprints of the model close to
the present time, while {S?(,l), S§2)} is particularly efficient in detecting deviations of DE from the
behaviour of a cosmological constant during the past matter dominated era. In order to check the
compatibility of the results with the observational data, we compared the predicted values for the
growth rate f with the measurements of SDSS Il BOSS DR12 [312]: f(zeg = 0.38) = 0.638 4 0.080,
f(zer = 0.51) = 0.715 £ 0.090, and f(zerr = 0.61) = 0.753 & 0.088. In addition, we have computed
the evolution of fog in all the three models and compared the results with the predictions of ACDM
and with the available data points and respective error bars. Despite an increase in the growth rate
of matter fluctuations, which becomes more noticeable near the present time when the interactions
becomes stronger, we have found that all the models are compatible with the observations.

Finally, in Chapter 5, we have analysed the possibility of finding imprints from a pre-inflationary
era in models inspired by the Third Quantisation [45, 255, 306, 330]. This formalism is based on an
alternative interpretation of the Wheeler-DeWitt equation of Canonical Quantum Gravity that draws
parallels with the Klein—-Gordon equation and with the quantum field description of a minimally coupled
scalar field. Within the context of cosmology, the Third Quantisation leads, in a natural way, to the
concept of the multiverse—the quanta of the theory are individual universes—and provides a formalism to
study possible universe-universe interactions. In a first instance, we have considered in Sect. 5.2 a toy
model of a multiverse filled by a massive scalar field minimally coupled to gravity. When a closed spatial
section of the FLRW is considered (KX = —1), a finite potential barrier emerges in the minisuperspace
which, for low values of the kinetic term of the scalar field, divides the space-time in two classical
regions where the semi-classical, I and I1I, separated by a classically forbidden region II (cf. Fig. 5.1).
Using a semi-classical approximation, we have computed the analytical solutions for the scale factor
in the two classical regions—in the region I the solutions obtained represent small recollapsing baby
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universes and in the region III the semi-classical solutions represent initially contracting universes
that start to inflate after reaching a minimum size—and inside the region II, where the solutions
represent Euclidean wormholes that connect the two classical regions. Using Vilenkin's proposal for
the probability to tunnel through a potential barrier [341, 342], we have computed the probability
for a small baby universe to traverse the Euclidean wormhole and emerge as an inflating universe.
We have found that the probability of tunnelling is exponentially suppressed for physically acceptable
values of the scale of inflation, in conformity with the case of creation from nothing [341]. However,
for the cases where the kinetic energy density of the scalar field is sufficiently close to the maximum
of the potential barrier, the probability that the baby universe traverses the wormhole approaches
unity. This provides a mechanism to make more likely the appearance of an initially inflating universe
like our own.

In Sect. 5.3, we have considered a similar model (model 1) of a multiverse filled by a massive
scalar field and where universe-universe interactions where introduced, inspired by effects of quantum
entanglement [28, 302]. By using a discrete Fourier transform, it is possible to obtain a new non-
interacting representation of the model where the effects of the quantum entanglement appear instead
as a new term in the effective Friedmann equation of each individual universe. This term leads to the
existence of a pre-inflationary era, in which different types of behaviour can be obtained by considering
different couplings between universes. Using, as a first approach, the techniques employed in the
study of quantum cosmological perturbations during inflation, we have calculated the imprints of
the model in the primordial power spectrum, Pr, and in the angular spectrum of the CMB, CZTT.
We have found that the existence of a pre-inflationary epoch can lead to a suppression of Px and
CI'T at large scales (low k and ¢), in accordance with previous studies where similar models where
considered [83, 122, 292]. This effect can in principle alleviate some of the anomalies of the CMB first
detected by WMAP and confirmed by Planck [19], like the low quadropole anomaly (the lack of power
measured for £ = 2) and the dip in the angular power spectrum in the range 20 < ¢ < 30. However, it
was found that the pre-inflationary era also leads to the appearance of high amplitude peaks in Pr
and C7T at intermediate scales, and effect which partially spoils the agreement with the data. This
effect was found to be more intense in the case of a pre-inflationary epoch that mimics a universe
dominated by stiff-matter than in the cases where the initial epoch mimics a radiation dominated or a
dust dominated universe. By comparing the results obtained with the observational constraints from
the CMB observations [18], we were able to impose constraints on the parameters of the model and
discuss its implications for the interaction couplings between the different universes in the original
representation. In particular, we have imposed upper bounds on the ratio C(a.)/N2,;, where C(a.)
defines the strength of the interaction at the reference scale a, and Nyy; is the number of universes
in the model. While in the present work we were not able to impose individual constraints on C'(a.)
or Nuni, a future more detailed exploration of the implications of the Third Quantisation on the
primordial Universe might provide us with a mechanism to improve the bounds on these parameters.

We have found that the general features of the imprints of the model in P can be predicted
from the shape of z”//z, the potential that drives the evolution of the scalar perturbations, around
the onset of inflation. In particular, the amplitude and position of the new peaks in the primordial
power spectrum can be related to the two bumps that appear in z”/z around the moment when
inflation begins, suggesting that the period of the transition to inflation also leaves imprints in Pg.
This relation was confirmed in Sect. 5.4, where we considered a 1-parameter extension (model Il)
of the model I, with the extra parameter A\ controlling how abrupt is the transition to inflation, i.e.,

197



how many e-folds does it take for the Universe to go from the initial pre-inflationary epoch to the
final asymptotic power-law inflation. We found that by increasing the period of the transition, i.e.,
by lowering the value of )\, the amplitude of the two bumps in 2’/ was decreased, thus softening
the peaks in the primordial power spectrum and, consequently, in the angular power spectrum of the
CMB. In this way, we were able to improve the agreement of the model with the observational data.
In order to derive constraints for the parameters of the model, we imposed that no imprints of the
pre-inflationary era should appear near the pivot scale of Planck mission k. = 0.05 Mpc~! [18] or
on multipoles above £ = 30. We point out that the extension introduced in the model Il was purely
phenomenological and was inspired from the previous model. It is possible that a further exploration
of the Third Quantisation might be able to embed such a behaviour within that formalism.

In Sect. 5.5, we have analysed the effects of an instantaneous transition from a pre-inflationary
epoch to inflation. Using the model Il in the limit of very large values of the parameter A, we have
derived the matching conditions for the Mukhanov—Sasaki variable at the moment of the transition
and showed that they correspond to the matching conditions obtained by following the reasoning of
Deruelle and Mukhanov [136] in a scalar field model where the transition is provoked by a discontinuity
in the potential (see also Refs. [36, 110]). In this case, the Mukhanov—Sasaki variable and its
derivative become discontinuous at the moment of the transition. In addition, we found that due
to the appearance of divergent terms in the potential z’//z at the moment of the transition, the
long wavelength approximation of the Mukhanov—Sasaki equation, k? < 2'/z, predicts the correct
behaviour of the linear perturbations during the transition for all scales, even for modes inside the
comoving Hubble horizon, (aH)? < k2. We studied the imprints left by the transition in the primordial
power spectrum at the end of inflation and showed that an oscillatory regime is obtained for the
modes that verify (aH)? < k? at the moment of the transition to inflation. By comparing the
predictions of the model with the constraints on Px around the pivot scale k, = 0.05 Mpc™!, we
have excluded sudden transitions in the primordial Universe, except for the cases there the slow-roll
parameter ¢ = —H/H2 varies by less than 3% during the transition, in agreement with previous
studies [36]. In order to corroborate our results, we performed a comparison with the numerical
integrations obtained from considering increasingly large values of the parameter A. For A > 1, we
found that the numerical results for Pr are well approximated by the analytical formulas in the case
of an instantaneous transition. We stress that the results obtained are specific to scalar field models
where the instantaneous transition is obtained from a discontinuity in the scalar field potential at
¢hyp- As such, the matching conditions for the Mukhanov—Sasaki variables and the imprints in the
cosmological observables may change in a model where a sudden transition is defined by a different
condition.

As a final comment, we point out that the three main themes explored in this thesis (f(R)-gravity,
3-form DE, pre-inflation in the Third Quantisation) are only a small number of possibilities within
the plethora of models and theories that have been proposed over the last few decades in order to
explain several phenomena of our Universe. The existence of such an amount of concurrent proposals
in Theoretical Cosmology can sometimes give the impression that we are lacking a guiding light,
possibly from a lack of sufficient observational data, that is capable of discerning which model or
theory is best suited to understand the laws of physics at high energies or at large scales. At the same
time, it is worth reminding that we are currently living in a golden age of precision cosmology, where
cosmological parameters are calculated with percent precision, and it is expected that we will soon
enter the next stage of accuracy Cosmology [285, 339], which will focus on bringing equally under
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control the systematic errors of observational missions. During this period, several state of the art
observational missions have allowed us to map the cosmos with an unprecedented resolution, both at
low redshift and at the time of the last scattering surface. In addition, we are watching the first steps
of the field of gravitational wave astronomy [2, 3], which has opened to us a completely new way of
probing the cosmos and has already allowed us to impose severe constraints on possible modifications
to GR [126, 147]. Together with the numerous efforts to search for DM, advances in lensing astronomy
and the maturing of the numerical codes that will allow us to understand better complex processes of
non-linear collapse and galaxy formation, the next few decades have the potential to become exquisite
times for Cosmology and Astronomy where answers might start to appear for fundamental questions
such as What is the nature of dark matter (DM) and dark energy (DE), which combined account
for roughly 95% of all the content of the Universe? Is General Relativity (GR) the correct theory of
gravitation at the classical level or does it need to be modified in order to explain phenomena at
astronomical and cosmological scales? What is the road to a full quantum description of gravity?
If so, we might soon witness a revolution of Physics akin to the advent of General Relativity and
Quantum Mechanics in the beginning of the twentieth century. Hopefully, as the poet says, the times
they are a-changin’.
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Appendix






Linear perturbations around a FLRW
background

In this appendix we review some key aspect of the Theory of Linear Cosmological Perturbations. Linear
perturbations around a FLRW background were first considered by Lifshitz [234] and were extensively
studied in subsequent decades, including seminal works by Hideo Kodama and Misao Sasaki [215]
and Viatcheslav F. Mukhanov, H. A. Feldman and Robert H. Brandenberger [270], a thorough study
of cosmological perturbations in extended theories of gravity by Jai-chan Hwang [196, 197] and J.-c.
Hwang and Hye-rim Noh [198, 199], as well as more recent contributions by David Wands and Karim
A. Malik [246—248] among others.

From a formal point of view, linear perturbations around a background metric can be introduced
by considering a one-parameter family of space-times (M., §.), € € R, of 4-dimensional manifolds
manifold M. and Lorentzian metrics g, in which we single out one element (M, go) that will
represent the background geometry [251, 294]. By requiring that all M, can be mapped onto M,
through a diffeomorphism f. [251, 294]

fe: Mo xR — M., (A.1)

we can relate tensors in M. with tensors in My via pullback, f*, and pushforward, df!, operations.
In this way, we can construct a one-parameter family of metrics g. on My, each of which is related
to the metric g. on M. through g. := fZ g., as well as a new tensor g, defined as the difference
between the two metrics g. and gy [251, 294]:

[595];”/ = [ge],uu - [gohuw (A2)

The tensor [0g,],. defined in (A.2) fully encodes the deformation of the geometry described by
[ge] v with regards to the geometry imposed by [go],.. In a cosmological setting we can identify
(Mo, Go) with the highly symmetrical cosmological background and (M., g.) with a more realistic
description of our Universe where (small) departures from homogeneity and isotropy are considered.
In general, however, working with the full perturbation tensor proves too difficult for any sensible
computation. Instead, we can point to the smallness of such inhomogeneities and anisotropies, as
suggested by the observations [16], and employ a perturbative approach.

If we assume that the mapping (A.1) is differentiable up to order N, we can approximate dg. using
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a Taylor expansion of the metric g. around the nominal value € = 0:

N n
€ n
[5ge]lw = [gehw - [g()];w ~ Z E[‘S( )gELLDv (A3)

n=1

where §(" g, := (d"g./de™)c—o. In a similar manner, we can expand the perturbation § X, for any
tensor X, as

N n
X=X~ X~ Y S 6MX, (A.4)
n

n=1 """

where (WX = (d"X./d€e™)c—o. Since in this thesis we are interested in studying the evolution of
small linear perturbations around a FLRW background, we disregard terms of order O(€?) in the
expansions (A.3) and (A.4). As long as these linear perturbations remain small, their evolution can be
fully obtained in a consistent way by perturbing the action up to second order in €, or by perturbing
the field equations up to first order in €. In order to simplify the notation, we identify unperturbed
tensors by an overbar, Xy = X, and the linear perturbations (V) X, will be referred to simply as 6X.
In addition, we drop the € subscript from perturbed tensors, i.e., X, = X = X +6X.

A.1. Gauge transformations

As we expand the geometry of the Universe beyond the FLRW background, we are confronted with
the issue of dealing with the appearance of gauge degrees of freedom. Although these are spurious in
nature, the general covariance of GR implies that selecting a particular gauge corresponds to specifying
a particular way of mapping the perturbed universe to the background geometry. Thus, a gauge
transformation generated by an infinitesimal vector £# is associated to an infinitesimal coordinate
change [46, 198, 270]

ah s TR (A5)

In the remainder of this section we adopt the notation £ = §t and & = D?¢. Since there is no a priori
physical argument to choose a particular gauge fixing, we are faced with ambiguities in how to relate
the perturbation variables with physical observable quantities. This gauge issue was tackled by James
M. Bardeen by pointing out that “only gauge-invariant quantities have any inherent physical meaning”
[46] and therefore re-writing the theory of cosmological perturbations in terms of gauge-invariant (GI)
variables was necessary.

In order to define such variables, we require a rule that dictates how a given tensorial quantity

Xgll_'_'.'gz” changes under a gauge transformation generated by an infinitesimal vector! —¢# [248]:
ay...Qp aL--Qp _ —L ay...Qp
Xg gl > Xpg, gl = e Xg g0, (A.6)

Ln another example of lack of uniformity of notation in the literature, here we reverse the sign of the transformation
generator with regards to [248] so that we have the same sign in the coordinate transformation rule as Refs. [46, 198, 270].
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where L is the Lie derivative with respect to the vector £ [347]

ap..op Q... A eefhe.. ¥ i
LeXy) 5l =810, X5 g7 — XG5 0uE™ + X5 5 05,87 (A7)
If we now consider a gauge transformation generated by an infinitesimal vector that vanishes in the
background, i.e., £* = 61 &# then the background value of any quantity X 1 a” is left unaffected
while its first order perturbation 5X§11_'.'.'/Baqp changes according to the rule

dWXG R = S X — LeX G eT (A8)

q

Eq. (A.8) allows us to calculate the gauge transformation of any cosmological perturbation and look
for appropriate Gl quantities that can represent physical quantities.

A.2. The perturbed metric

The FLRW line element up to linear perturbations in the scalar sector can be written as [49, 198, 246]
ds® = —=N?(1+24)dt* + 2NaD; Bdtdz’ + a® [(1 — 2¢)y;; + 2D;0;) E] da'dz? ,  (A.9)

where the four degrees of freedom in the scalar sector are encoded in the four potentials A = A(¢, &),
B = B(t, &), v = ¢(t, £) and E = E(t, Z). In Eq. (A.9), D; is the covariant derivative constructed
from the 3-metric ;; = ~;;(Z) and in this section we use -;; to raise and lower purely spatial indices.
From the perturbed line element (A.9) we can write the perturbation of the metric g, and of its
inverse® g" as

—2N?A4 NaD;B
09, = , (A.10)
NaDlB —20,2 (’lp’}/m - D1D7E)

2N~2A N~'a"'D/B
Slg~r = | ] (A-11)
N~'a"'D'B 2472 (7" — D'DIE)

To first order in perturbations, the unit 4-vector normal to the spatial hypersurfaces n* reads [246]

n,= —N(1+4,0), nt = <1_A,—aB>, (A.12)

which shows that the scalar potential A can be seen as the relative perturbation of the lapse function
ON/N. From Eq. (A.12), we can compute the perturbed expansion scalar ¢, the shear tensor ¢;; and

2Here, we use the notation 5[g_1}/“’ to refer to the linear perturbation of the inverse metric g"”, which at
first order in perturbations differs from the perturbation of the metric with raised indices by a difference of sign:
Slg~ M = —ghPgv78g,, = —og"".
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the acceleration vector a,, in a perturbed FLRW universe as [246]

3a 3 (. a 1
Q= —— — — —A —v? Al
Na N<w+a >+a2va’ (A-13)
045 = 0 + (DZD] - %Vz) g, (A14)
a; =0+ 0;A, (A.15)

where V2 := D'D; is the Laplacian operator for the metric 7vij. In Eq. (A.14) we have introduced as
well the scalar shear potential3

o=a (%E - B) . (A.16)

Since we are dealing only with scalar perturbations, there is no contribution to the vorticity tensor
Wy, which also vanishes in a FLRW background. From Eq. (A.13) we can identify the perturbation
of the Hubble rate as*

1 /. a 1
6H = —— —A) + V. A.17
N <¢ + " > + 3a2V o ( )
The perturbation of the intrinsic curvature is given by
SR = L (v 43K A.18

and, therefore, the potential v is often called the curvature perturbation.

The four scalar potentials that encode the perturbations of the metric g, in the scalar sector
change under a gauge transformation as

A—>A—E6t—5't, B—>B+ﬁ5t—3§', v+ 5t, EsE—¢.  (A19)
N a N a

Notice that both A and v are gauge independent with regards to purely spatial gauge transformations,
as is the scalar shear potential defined in (A.16)

oc—o0—Not. (A.20)

Using only geometrical quantities, there are only two Gl potentials that can be constructed:

o a o
@Z:Aff v =
= v+

- A2l
N (A21)
These potentials were first identified by Bardeen [46] and they coincide with the scalar potentials A
and v in the Newtonian gauge defined by B = E = 0 (which implies ¢ = 0).

3The quantity defined in (A.16) corresponds to & in Ref. [246] and to x in Ref. [198].
4The perturbation 6 H as given in (A.17), is defined as —«/3 in the notation of Ref. [198].
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A.3. Christoffel symbols

The Christoffel symbols that define the connection are given in term of the metric g, by [347]

1 ag
Fp;w = §gp (@Lgau + 3ug;m - 3agw) . (A.22)

Inserting (A.9) in Eq. (A.22), we find that the components with at least one temporal index read
[198, 248]:

N
M = ~ A, (A.23)
%, = 0+D; (A—|- JC\‘[B) , (A.24)
0 aa a® [, a A a a* (. a A
I = 2% — 32 ¢+25(¢+ )| 75 + DiDj “NBty |\ Et2 E), (A.25)
) N2 . a (- a
IMy=0+—D"A+—|B+-B A.26
00 + a2 |: + N ( + a >:| ’ ( )
i ac g in.E
while for the purely spatial components we find [198, 248]:
. 1 . 1
i 1 i i a i i i
D=3 (27" 0y — D) — kDB — (25(jDk) — kD ) (4
+ (D;DxD’ + D;D'D; — D'D;Dy) E . (A.29)

A.4. The Ricci and Einstein tensors

The Ricci tensor can be calculated in terms of the Christoffel symbols as [347]

Ry, = 0,17, -0,1°, ,+1°,1°,  —19, 7., . (A.30)

wp
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A.4 The Ricci and Einstein tensors

Using the previous results, we can obtain the individual elements of the perturbed Ricci tensor [198]
ROO:_3<a_a)+3{¢+<2—>w+ A]+V2<A—), (A.31)
a a N
LG i a\> Na _N?
Roi=0+20; (v+-A)+ |-+2(=-) —==-+2—5K
a a a Na a?

2 o L\ 2 N N2
Riyj=— |242(2) —2%40%
J a2

a N2 o
—D;B+2 (aQ’C) &-ﬁ , (A32)

ao
i V2 Z
N2 |a a Na Yig Vi (¢+aN>

o ¢+(6N)1/}+ A+2<a+2(z>2]]gz> (v + A)

TR0 R SA Ay E Y T Na N g (A.33)
i N aN "N2\a a Na a? '
while the perturbed Ricci scalar reads [198]
6 (@ (a\® Na N?
RN[+<> “Na T2l
6 a\> Na N2
Y TR YRR (R PR
2 _, & _ao
+ 5V [2¢—A+N+2GN}. (A.34)

Finally, the individual components of the perturbed Einstein tensor G, := R, — 1 R §/ read [198]

LN 2 2 -\ 2 2
a0, = _]\?;2[(3> _,_i;c 1/;-4-(@) A—ﬂlcw 2 (1/}-1-) » (A.35)

G =0- = {w+ A+<N21C> } (A.36)
1 N2 N )
a
N

6

: (A.37)

2 |- a N\, a, i (a\° _Na N? :
e W(i’)aN)“a“(%*(a) 2Na>Aa2’Cw 5
2w (p—ar 2400 L(pip, - Live) [y a4 00

3a2 7 N aN a? 73 N ' aN

(A.38)
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A.5. Fluid variables

While in the FLRW background the fluid elements are at rest with the comoving frame, i.e., the fluid
4-velocity u* coincides with the unit normal n* [246, 248], this is no longer necessarily true in the
perturbed universe where a fluid element can move with respect to the comoving frame with a peculiar
velocity 9'v = adu’, where v is the scalar velocity potential. Imposing the constraint u*u, = —1 at
first order in the perturbations we find that Ju’ = —A/N, which then allows us to write [198, 248]

1 Y
u’ = N (1-A4), ut = Eﬁzv. (A.40)
Notice that we can choose the comoving frame simply by setting v + B = 0 in which case we promptly
recover du, = dén, (cf. Eq. (A.12)).

The perturbed stress-energy-momentum tensor 7},,, cf. Eq. (1.12), reads

j_ju.V == (P + P) ﬂ/ﬂ_/fu + Pf],w + 2a(M(jy) + 7_I-/Lu
+ (0p + 0P) uyti, + 6Pgu, + 2 (p + P) g, du,y + Pég,,
+ 2 ((5U(#ql,) + E(H(SQV)) + (STI‘MV , (A.41)

where dp and & P are, respectively, the perturbations of the energy density and of the isotropic pressure.
While in a FLRW background level the energy flux G,, and the anisotropic stress 7, vanish, the same
does not apply necessarily to the perturbations dg, and dm,,. In fact, the orthogonality conditions
utq, = 0 and u#m,, = 0 imply only that the non-zero components of the dg,, and d7,, are purely
spatial. In addition, since we are only interested in perturbations within the scalar sector, we can
decompose the perturbations dg; and ém;; in terms of scalar potentials ¢ and II as

1 1
Using Egs. (A.39)—(A.42), we can write the individual components of the perturbed stress-energy
momentum tensor TH, as®
T% = —p—6p, (A.43)
T =0+ %Di [(p+P) (v+B)+4q] (A.44)
i Noir-=1 5
Ty =0- D[54 P+ (A45)
i _ i . i Lo
T = P} + P8, + — (D D;j — 36,V ) II. (A.46)

5As pointed out in [197], most works on cosmological perturbations found in the literature use the energy frame
defined by the condition g, = 0. As such, the off-diagonal elements JTOZ. and 6Ti0 usually are written in terms of
the peculiar velocity potential v and the metric potential B. In the general case, however, the perturbation ¢ also
contributes to the off-diagonal terms of the stress-energy-momentum tensor, as seen in Eqs. (A.44) and (A.45). A
frame invariant 4-velocity can then be defined by u* + g /(p + P).
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The energy density perturbation is often written in terms of the fractional energy density perturbation
0, also called density contrast,

d:= (A.47)

sle

In addition, the isotropic pressure perturbation §P can be decomposed into its adiabatic and non-
adiabatic part as [248, 337]

5P = spPed) 4 spad) — (25, 4 spmad) (A.48)

where ¢2 := P/ﬁ is dubbed the adiabatic squared speed of sound. Following the literature, we expand
§PMad) a5 [54, 337]

§PM) = (2 — ) [5p+ j— (v + B ) A.49
< —ci) |9+ hyy (v+ B) (A.49)

where ¢2 corresponds to the squared speed of sound in the rest frame of the fluid defined by v+ B = 0:

s 0P

= — A.
d= 5 (A50)

r.f.

Inserting (A.49) in Eq. (A.48) and making use of the background continuity equation we finally obtain®
[22, 54, 337]

6P =p |26 —3% (2= ) (1+w)%(v+B) . (A51)
a

The energy density and pressure perturbations transform as true scalars under a gauge transformation
5p = 8p— pot, 5P — 6P — Pt, (A.52)
while the velocity potential v transforms as
S Ut g (A.53)
v—= v+ —=£. )
N

Using the metric perturbations, we can construct Gl quantities that reduce to §p, 0P and v in the
Newtonian gauge as [46]

spN) = 5p—f)%, sPpW) .= (SP—IS%7 o) = ’U—I—B—F%E. (A.54)

Similarly to the comoving shear potential, the combination v + B is invariant with regards to purely
spatial gauge transformations

N
v+ B — v+ B+ —dt. (A.55)
a

5Please note that here we are assuming non-interacting fluids, in which case the continuity equation reads
p=—3(a/a)(p+ P). In the case of interacting fluids, the changes to the continuity equation will be reflected in
Eq. (A.51).
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We can therefore construct alternative Gl invariant quantities for the energy density and pressure
perturbations which reduce to dp and §P in the comoving gauge (v + B = 0) as

6pl9) = 6p + %f)(v + B) =6p"N) + %fm(m , (A.56)

§PC) .= 6P + NP(U+B) =oPW) ¢ NPMN) (A.57)

These quantities are of particular importance when discussing the matter power spectrum. Notice
that Gl quantities related to the density contrast 6 can be constructed by using Eq. (A.47), e.g.,
SN = 5pIN) /.

Another Gl quantity of interest is the Gl comoving curvature perturbation R, defined as [49]

Ri=t—<=(v+B) =¥ - <o, (A.58)
This variable gains special relevance in the context of inflation and reheating as it becomes constant
at large scales during a period of adiabatic evolution, for example in the case of single field inflation
driven by a minimally coupled scalar field. From Egs. (A.48) and (A.52), we find that P is G,
as are the energy flux potential ¢ and the anisotropic stress perturbation II due to the fact that their
background quantities vanish.

A.6. Multiple fluids

Let us now consider a setting of multiple, possibly interacting, fluids j, each with its own stress-energy-
momentum tensor [7(;)],, such that

T = 1T (A.59)
Q)

If for each fluid we define a 4-velocity vector [u(;)]*, given by (A.39) and (A.40), with a velocity
potential v(;), then we can decompose [T(j]. as in Eq. (A.41). This allows us to define the
energy density p(;) = p(j) + dp(j), the isotropic pressure Fj) = Py + 0P and the energy flux g
and anisotropic stress Il(j) potentials that contribute to [T(j)],. through spatial tensors defined by
Eq. (A.42). The individual components of the perturbed [T{;)],,, can then be written in terms of these
quantities by an adequate substitution in Egs. (A.43)-(A.46). In addition, from the condition (A.59)
we can also derive the relations between the individual and total quantities as

Sp="Y dpg). 6P = Z(sp(j)7 (A.60)
) '
R + P
5= P05, - me Dy (A.61)
o 7 0
¢= D a0 = T. (A.62)
0) G
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A.6 Multiple fluids

As in the case of the total pressure perturbation, each §F;) can be decomposed into its adiabatic
and non-adiabatic component

PGy = 6PV + 0P = &2 dpg) + SR (A.63)

where now c G) = P /p(J) is the adiabatic squared speed of sound of the fluid j. The individual
non- adlabatlc parts can be decomposed as in (A.49). However, if we take into account the possible
existence of interactions between the different fluids, then Eq. (A.51) must be replaced by [337]

a ,_ _
6P = 5000 — (A — ) [3a (P +Po) = N Qq | + (v + B) - (A.64)

Due to the additive property of the total pressure perturbation, we find that apart from the intrinsic

non-adiabatic term 5P((jr)lad), each fluid contributes to the total non-adiabaticity by a relative term

proportional to the difference ¢ ;) — c; [248]:
. (ad) (nad)
5P = 3 (6P +apG)
)
nad
= Do+ Y (<2 — i) dpgy + D oPG
0) 3 6)
= gped 4 gptel) 4 5plint), (A.65)
The relative non-adiabatic term can also be expressed as
1a

5Pt = 6pa 2o PWhe (CZm - CZ(k)) Sitcs (A.66)
(.

where Sy is the relative entropy perturbation’ between the fluids j and k [247, 248]

V (Spy 6
Sim = —32 (,‘"J) - _’)(k)> . (A.67)
PG P9

Thus, a condition for adiabaticity in a multi-fluid scenario with vanishing 67 I)lad) i

0pG )
e (A.68)

PG P
which for non-interacting fluids becomes

opg) ey _
PG+ Po  pao + P

(A.69)

Finally, we note that all the individual fluid quantities transform under a gauge transformation as
the respective total matter quantities, cf. Eqs. (A.52) and (A.53), and that analogous gauge invariant

A slightly different definition of the relative entropy perturbation, which coincides with (A.67) in the case of
non-interacting fluids, is given in Ref. [215].
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Chapter A. Linear perturbations around a FLRW background

quantities can be constructed using the rules (A.54), (A.56) and (A.57). Notice that by construction
S;1 is gauge invariant.

A.7. Einstein field equations

At a classical level, the evolution of the linear perturbations of the metric around a fixed background
is dictated by the first order perturbation of Einstein field equations

(A.70)

v

SGH, = K25[ Tk

For simplicity, from this point onward we choose to work in the Newtonian gauge (B = FE = 0) where
the perturbed line element (A.9) is reduced to the particular simple form® [49, 198, 246]

ds? = = N2 (1 +29) dt* + a*(1 — 2¥)y,;;da'da? . (A.71)

In addition, we will disregard the spatial curvature of the Universe (C = 0). With these considerations,
the (0 —0), (0 —4), (i —4) and (¢ — j), with ¢ # j, components of Eq. (A.70) read

. LN\ 2 2 272
a - a N k*N
V4 (=) - VU= — 56N .
. +(a> 3a2V 5 pot, (A.72)
. ] 2aN _
o, (\II+Z<I>> _ "; o, [(ﬁ+P) U(N)-‘rq} , (AT3)
N a N\. a. i (a\° _Na
U (3-—= )U+-d4|2-4(-) —2=—-|@
+(a N) +a + a+<a) Na]
1N2_, K2N?
- V(U -9) = P A.74
32V ( ) 50 ; (A.74)
D'D; (¥ — @) = k*D'D,II. (A.75)

In order to take full advantage of the linearity of the equations, we apply a Fourier decomposition of
the perturbations
S 43k ik d*k o ikE

which allows us to re-arrange Egs. (A.72)—-(A.75) as two constraints

K K2 S(0)

Uy — & = 7, (A.78)

8More precisely, we work with the Gl variables defined above, ®, ¥, 5p<N), SPN) and v(N) | that in the Newtonian
gauge coincide with the perturbations A, 1, dp, P and v.

213



A.8 Conservation Equations

and two evolution equations for the Bardeen potentials

b+ Sop = = S (54 P)ul™ 4 g (A79)
. - . .\ 2
- 90 N . a ; 9y [ @ Na
\IIE+ |:3(1+Ca)a - N:| qjk"‘!‘g@k"i_ 2*+(1+3Ca) (a> _2Na (b]z
k2 k2N? . K2N? k?
2 \72 _ (nad,N)

The first of the constraint equations, Eq. (A.77), is nothing more than the Poisson equation which
relates the gravitational potential with the matter distribution and which reduces to Newton's law of
gravitation in the Minkowskian limit. The second equation, Eq. (A.78), leads to the well known result
in GR of the equality of the Bardeen potentials in the absence of anisotropies and Eq. (A.79) relates
the Gl perturbation of the Hubble rate, cf. Eq. (A.17), with the total momentum as

FEQ(I

Ny
<‘5H]2 =-=

[(5+P) o™ +q] . (A81)

Finally, for an adiabatic evolution and in the absence of anisotropies, Eq. (A.80) provides a closed

equation for the gravitational potential W. In particular, for an EoS with constant w = ¢2 we obtain
d*U: 54 3wd¥; k2
B 2T W g =0, (A.82)
d z2 2 dz a?H? "k

In the long wavelength limit (k? < a?H?), the last term on the I.h.s. of this equation can be
disregarded which allows us to find the explicit general solution

543w

‘I’E(x) =C1+Che” 2 %, (A83)

In a matter-dominated universe where w = 0, this solution is valid even for modes well inside the
Hubble horizon which do not satisfy the long wavelength limit.

A.8. Conservation Equations

While the metric perturbations are governed by the perturbed Einstein equations, the evolution of the
matter variables for each fluid j is dictated by the first order perturbation of the conservation equation

VM(S[T(J')}#V + 6Fl;:p[T(J)]pV - 6FZV[T(J)]M;) = [5Q(J)]V ) (A84)

where [0Q)j)], is the first order perturbation of the energy-momentum transfer 4-vector. Following
[247, 337], we decompose [6Q )], as

Qo = — N (QyA +Qg)) [0Qq))i = 0i [f5) +aQq (v+B)] . (A.85)
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Chapter A. Linear perturbations around a FLRW background

Here, we point out that v is the total peculiar velocity potential. The two new scalar quantities 0C) ;)
and f(;) are Gl by construction and satisfy the constraints

> Qe =0, S fp=0. (A.86)
j j

In the Newtonian gauge and in Fourier space’, the temporal and spatial components, respectively,
of Eq. (A.84) read [247, 337]

- (N) a N _ _
dpg) " +3- (6p§j)v) + 5P(§§V>) -k [(ﬂm +Py) ol + %)}
=3 (p + Py) ¥ = N (2Qq) +0Qg)) (A.87)

o ar_ - N 2 k2
9o [(P(j) + Py vl + %)} +4- [(P(j) +Pg) v + %)] +— <5P((f>v) - SGQH(J'))

N —_ — —
T a [_ (PG) + Py) @ + fi5) + an)v(N)] : (A.88)

If we decompose the isotropic pressure perturbation into its adiabatic and non-adiabatic components,
according to Eq. (A.64), and then replace the energy density perturbation 5p8¥) by the density contrast

5E ) ), the previous equations can be re-written as [247, 337]

. . 2 2
() a (9 _ (N) _ a 2 N=2| @ vy _ Ni2d6)
oG +3- (Cs,(n *“’0)) o — (L+ ) l9 <a> (Cs,m m) + "f] NGO TR

PG)
Q) [ a( o (N)] 6Q )
—3(1 4w ¥ — NZW <I>737<c . ) N=W
( (J)) ) a \s0) a(J) N YG) pG)

. 2 9 .
(V) 2 \, ™ N[ %o w28 1 1 ( a
O+ — (1 —=3c; + — =0, + = =— | 45 +4-qg;
©) a ( ’(J)) Y() a <1+w(j) (6) 3a2 ()_HD(J) P + P ) i)
N ; aQ
-2 {—cb L Jo_ @ {U(N) - (1 + cj(j)) vg;])}} . (A.90)
a pay+ o - pe) + P
In the case of non-interacting fluids and in the energy-frame where ¢(;) = 0, these equations reduce to
S(N) |l (V) a\* N? a2 @ )
2 - - 2 2 2
o T3, (CS’U) B w(J'>) %~ (1+ ) [9 (a) (Cs,m - Ca,(j)) ok ] N0
=3(1+wg) ¥, (A.91)

2
: N [ ¢ 2k I N
U&V) +3(1 3cgm) g)v)+— ’7@58)“—7—2% =——9. (A.92)
a a \ 14w 3a% pg) + ) a

; (A.89)

9In the remainder of this section, we omit the subscript K in order to simplify the notation. Nevertheless, in the
equations that follow, all the perturbation variables should be interpreted as representing the Fourier mode obtained
from the expansion (A.76).
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f(R)-gravity

B.1. Cosmography in metric f(R)-gravity

The coefficients \A;, B; and D introduced in Egs. (3.76)—(3.79) are defined as

Ao = [jo—qo —2(1+Qx0)llo
— [3s0 + (7 + 9wo) jo + 63 + (41 — wo + 12 ) go + 2 (11 — 9wp) (1 + Q. 0)] S0
— {[3q0 + 16 + 6wy + 4Qxk,0 + 9 (1 + wo) €2 4] jo — (20 + Ywe) g5
+2 (32 + 30wy — 9 (1 +wo) €2 o + (8 + 9wo) .0 do
+6 (14 Qic,0) (2+ 5wo — 6 (1 +wo) ¢ o — 2%,0) } Jo
—3q3 — (25 — 9w + 120 0) g5
—3[4(8 = Tw) +3 (14 wo)cho+4(5—3w) Qo+ 4% o] 4§
— 6 (12 —29w) 4 6 (1 + wo) (1 4+ Qx,0) ¢2 o + (16 — 35wg) Q0 + (4 — 6wo) ko] g0
—4(1+ Qx0)? [6 — 21wo + 9 (1 +wo) 2 o + 2Q%c0] (B.1)
Bo = —[jo —qo0 — 2 (1 + Qx.,0)] qlo
+ [3%80 + (4g0 + 6 + 6%2c,0) Jo

68 + 4 (11 + 3Qc0) g2 + 22 (1 + Qo) g0 — 12 (1 + Q,C,O)ﬂ s0
+ {278 + 363 + (10 + 492%,0) g0 — 6 (1+ 2ic0)] o
F178 + 4 (13 + 20c0) g2 + 54 (1 + Qo) o + 36 (1 + Q,C,O)Q} jo
+3q0 +4 (74 3U0) g5 +2 (59 4 3300 + 695 o) ¢ + 12 (6 4+ Tco + ) 46

—4(1+ Qx.0)° (19 + 4Qx 0) go — 64 (1 + Qxc0)? (B.2)
Az = 9(1+wp) so+3(2+3c2 ) (14 wo) jo+9 (1 +wo) ¢

+3(14wp) (22— 3c2 g+ 6Qx,0) g0 + 6 (1 + Qo) (1 +wo) (7T—3c2 ) , (B.3)
By = —6(q0o+ 1+ Qs0) 80 —2[jo+q — (1+Q.0)]jo—6g5 —2(25+ 9%0) g5

—2(37 + 43Qx 0 + 697 o) %0 (B.4)
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B.2 The extra degree of freedom § F

Az = =3 (1+wo)lo —3(1+wo) (143c2 ) so+3(1+wo) (3g0 + 12 + 32 o + 4Qx0) Jo

+9(1+wo) (5—c2p)qp +3(1+wo) [26—27c2 ;+2 (53¢ ) Uc0) q0

+12(1 + Qx0) (1 +wo) (1 - 6c2p) , (B.5)
Bs= —6(qo+1+Qk0)s0—2[jo+ g — (1+Qx,0)] o — 6g5 —2(25 +9.0) 65

—2(37 + 43Qx,0 + 6923 o) %0 (B.6)
Dy = —[jo—qo—2—20%,0]lo

+ [3s0 — 240 + 645 + 2 (25 + 6Qc,0) qo + 40 + 40Qx] so
+ [(10 + 3qo + 4Q%,0) jo + 11g5 + 2 (2 — Qk,0) g0 — 6 (3 + 50 + 20k )] Jo
+ [3¢5 + 2 (17 + Qc0) a5 + 12 (15 + 8Qx,0 + Q% 0) 90 + 6 (41 + 61 o + 10925 ¢) ] 0

+8(14Qx.0)> (13 + Qx0) (B.7)
In the presence of J fluids with fractional energy density 25y, j = 1,...,J, we can make use of the
relations
J
Qm) — ZQ(J.) ; (B.8)
j=1
J
w Q(m) = Z w(j)Q(j) s (Bg)
j=1
J
CZ (1 + w) Q(m) = Z C(QL,(J-) (1 + w(j)) Q(j) , (B.].O)
j=1

to expand A4;Q(™ as

N
A =3 A0 (B.11)
n=1

where A; (5, i = 0,2,3 are defined by Egs. (B.1)—(B.5) in which wq and ¢, are replaced by the
present day values of the EoS parameter, wy;), and of the adiabatic squared speed of sound, cz G of
the fluid j.

B.2. The extra degree of freedom ) F

In metric f(R)-gravity, the variable 0F := §(1) f represents a new scalar degree of freedom at the
level of first order perturbations. Being a scalar quantity, 0 F" transforms under a gauge transformation
as

OF — 6F — frot. (B.12)
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Chapter B. f(R)-gravity

As such, we can construct two Gl quantities that reduce to 0 F" in the Newtonian and comoving gauges
as

SFM) .= §F — f'R%, SF©) .= 6F + fR% (v+B) . (B.13)

Using the relation 0 F = frrdR we can write the new scalar degree of freedom 0 F in terms of the
metric potentials as

6 . a N\ . a. 1a N2
OF = _ﬁfRR [w-i- <4a— N>?/J+aA+3o (Na) A—Qazlﬁﬁ}
&

2 2
+ ?fRRV {21/)A+ N

+QZ;] . (B.14)

This equation has no analogue in GR, as both §F on the l.h.s. and frgr on the r.h.s. vanish in the
limit of vanishing fgr.

B.3. The modified Einstein equations
The first order perturbation of the modified Einstein field equations is given by Eq. (3.34)
(1+ fr)0G*, + (R*, + 340 — VIV,) 6 fr — oW (VAV, —540) fr = &2 [6T™)",.  (B.15)

The first and third terms on the l.h.s. of the previous equation can be expanded in terms of the
perturbations of the metric as

_ 1. _ _ 1 o
(1+ fr)6G*, = (1+ fg) [5§R,W + 5553,,0 — 84V (, V) + 5 (§"*Guo + 016)) V, VA | 6977

1= 1 _ _
— (1+ fr) (R + 2[1) Sgh + (1 + fR)§ (640 —V"V,)dgh, (B.16)
sV (VAV, —¢0) fr = — (V,Vufr) 69" + 68 (VoV,fr) 697
1_ _ _ _ _
+ 5v,J fr (208N 698 + VP (698 — 61:697) — VH 890 — V,097"] .

(B.17)

This allows us to calculate the first order perturbation of (0 —0), (0 —4), (¢ —4) and (i — 7), with
i # j, components of the modified Einstein equations (3.34) in the so called gauge-ready form as:

. . 2 . .
a - a N2 N? 9 a o 1. | a
(1+ fr) Ei/J‘f' <a) A—a—lew—:}?V (w—i_aN)] _ifR [w‘f‘QaA]
1fa. i Na IN?2_, .o K2N?
‘g[a”"@‘wa) ”ﬂﬂmv (o8 —fng) = =500, (B19)
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B.4 f(R) mapping of the mGCG for 8 =1/3

D; {(1+fR) [w+ —A+ <N2/c> "} + 1gaF— 1fRA}

N| T2 2
_ KévaDz[(ﬁ-i-ﬁ)(v—i—B)—i—q], (B.19)
a a a\> Na N?
(1+fr) |¥ <3 - ) ; <a - (a) - N) - — Ky
N 0t ) v O oY (A 2) 2 (e ot
© 3a? f TNt ta|ln R R
a N 1 a\> Na N2
i (o NM o NSRS S Pt
v (65— fuZ) = 6P, (B.20)
<D D —51v2> {(1+fR) [¢—A+;+a]ﬂ - (5F—fR;)}
= K2 (DZ’Dj - ;5;’.v2) II. (B.21)

We now consider the particular case of spatially flat geometry in the Newtonian gauge and with ¢ = 0.
In Fourier space, we can write these equations in terms of gauge invariant quantities as

. . 2 .
a - a 1 N2 1. . a
A+ Fr) |-+ (a) St 3o — kU —5/n [\11];4_2&(1)4
1(a . (N a Na (N) IN* 5 (V) K-N* (3
: [aéF (a Na) OF o o3 KO o0y (B.22)
' 1a 1. N
(1+ fr) (\1/,3+ Z@E) + 595F,§N) — 5 fr®y = il . o+ Py, (B.23)
o N a i (a\®> Na
1 v — v (O - — = -
(1+ fr) k+(3 N) Pt k+<a <a> Na) k]
1 N? . N.
+*(1+fR)7k‘2(‘I/;; ) + fR( +2\I/) +2(fr—=fr)®
3 a N
. . . 2 .
(N) a NN - (N) 1|a a N a (N) 1N2 (V)
— ~ |oF; 22 + =) 6F; 12 4+2(2) - =2 |6F F!
[5 +( +N>ak}+2a+ () Dl gpen - 0
I€2N2 (N)
=—5 0, (B.24)
(1+ fr) (g — @) — 6FLY) = K211, (B.25)

B.4. f(R) mapping of the mGCG for 5§ =1/3

In this section, we show how the solutions (3.113)—(3.116), obtained for the f(R) mapping of the
mGCG with 8 = 1/3, can also be derived from the general solution (3.109). We begin by setting
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Chapter B. f(R)-gravity

B =1/3 in Egs. (3.110) and (3.111), which allows us to write the solution g4 (y) in Eq. (3.109) as

W) = (1412 L ooy ap b oo 2 1
9+\) = 21ta)lta VY Tta " 2170 " "21+a Y

301 5 1 5 1 11 5 1
St (142 V(-2 P 1142yl (B2
+21+oz< +41+a) (y 6> L+a’ Tolra +41—|—a’y} (B:26)

Then, by using the contiguous relation (15.5.19) of Ref. [283] with @ = b] — 1, b = b — 1 and
c= b} — 2, we can write Eq. (B.26) in a simplified form as

5 01 5 1 1 11 5 1
= (14= Fl-1 - .- ; B.27
9+(v) 41+a<+41+a> [ +1—|—a’21—|—a741+a’y}7 (B:27)

which is proportional to g1 (y) in Eq. (3.113).

At the same time, the solution g_(y) in Eq. (3.109) becomes

1 1 5_1 5 1 1 1 3 1 5 1
_(y) == “imed (1-2 Fl-me—1-2— 12—,
9-(y) 41+ay o {( 41+a>y { 414+a’ 41+a’ 41—|—a’y]
3 1 1 1 3 1 5 1
—(1-2— ) y-1nyFl1—>— 2= 22—yl V. (Bo2s
( 41+a>(y )y[ i1+a’ " dl+a’ 41+a’y]} (B:28)

In order to simplify this expression, we point out that the relations (15.5.13) and (15.5.15) of Ref. [283]
can be combined to give

(c—a—1)(c=b-1)
(c—=1)(c—a—-0b-1)
ab

T e e pop Ty Flatlbtley). (B.29)

Fla,b,c—1,y] = Fla,b,c,y

By setting @ = by, b = b5 and c = b3 in the previous equation, we obtain
1 1 3 1 5 1
_77’1_777 _777?/
41+« 41+« 41+«
1o 11 3 1 5 1
-9 1+a |: y:|

1-53 4l4a’ 4l4a’” 4l1+4a’

3 1

— ITta 1 1 3 1 5 1

4 14+«
- 1-y)Fl--——.2— - 2——— B.30
1—%—1+1a( y) [ 414+a’ 414+a’ 41—&—0[’4’ ( )

which, after substitution in Eq. (B.28) leads to the reduced expression

9-(y) (B.31)

Tfa | ———— - _ -
2Y 1+a 41+a’" 11+ta

_1 « 17%# |: 1 1 3 1 5 1 :|
2(1+a) Y

Notice that ¢g_(y) In Eq. (B.31) is proportional to the solution g2(y) in Eq. (3.114). Finally, by
applying the linear transformation (15.8.4) of Ref. [283] to the solutions (B.27) and (B.31), we can
obtain gs(y) and ga(y).
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3-form field

C.1. Hurwitz criterion for cubic Polynomials

Let P3(z) be a polynomial of degree 3 on z with real coefficients a; (i =0,1,...,3) and ag # 0:
P3(2) = ap + a1z + axz® + azz®. (C.1)

According to Hurwitz criterion [283], all roots of P3(z) have negative real parts if and only if for

a; as
a; as
D1 =ay, D2 = 3 D3 = |ap a9 0 y (C2)
ap a2
0 a1 as
we have ag # 0, Dy > 0 and sign D1 = sign D3 = sign ag.
Let us now consider an autonomous dynamical system
% =f(7), (C.3)

with at least a fixed point at ¥ = X,. Let J = V - f be the Jacobian of the system and evaluated at
the fixed point X,. The characteristic polynomial of J, p;(7y), is defined by

ps(y) = det (J — A1) = ag + a1y + azy® — >, (C.4)
where I3 is the 3 x 3 identity matrix. Following Hurwitz's criterion, we find that p; is stable if

apg # 0, signa; = signag, ajas +ag > 0. (C.5)
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Third Quantisation

D.1. Conserved Noether current of the wave-function field

The Lagrangian density of the wave-function field ¥ in the Third Quantisation scheme is (cf. Eq. (5.22))

=/ 2Vol?
LY =v-G (GABaA\I/*anI/ + ; V(qA)\IJ*\I/) : (D.1)
Under an infinitesimal transformation ¥ — W 4 §W this Lagrangian density transforms as

2Vol?

5LY = /-G {éAB (0400 DT + DT IpdT) + V(g™ (60T + q/*(s\y)}

=04 [V=G (39040 + 5w 04 0) |
+{ aA GABanf) 2vel V(qA)\I/} SU*
+{ 0a (V-GGAP oy \p)+&olv< ) ] 5. (D.2)

Notice that the last two lines of this equation vanish if the equations of motion of ¥ and ¥* hold.
Under an infinitesimal transformation of ¥ — e~ the variation 6V is given by —if¥ and we can
identify the Noether conserved current of ¥ (cf. Eq. (5.23)) ;4

=iV -G (T704T — T oA T) . (D.3)

D.2. Interacting Hamiltonian

In Sect. 5.1.4, a system of N interacting wave-function fields ¥,, with an interaction term (5.59)

N
H(int) = /dg@ Z C(OC) |\I/n - \I]n+1|2 ) (D4)

n=1
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D.3 Single field inflation

was considered. We now show how, by means of a discrete Fourier transformation (5.60) and (5.61),
such a Hamiltonian can be re-written as the sum of IV non-interacting Hamiltonians. Using the inverse
Fourier transformations

n N
1 ; 1 .
U, = E eQT”l”/N\I/[ , ‘I];«L — § e—27r1 l/n//N\Pz‘ , (D5)
VN = VN =
1 & 1 &
_ 27iln/N * —27iln/N _*
wn——g e T, Wn——g e 7, (D.6)
VN = VN = :

we can expand the interaction Hamiltonian as

N N
. 1 . . sl 2!
H(lnt) — /dQD E C(OZ) § e—27nln/N\I/z« (1 o e—27r1l/N) E e27r1l n/N‘I/l/ (1 _ eQTrll /N)

n=1 =1 I'=1

N
1 —27i (I-1")n * —27i wil’
N/d(p Z O(a) e~ 2w =Un/N gy, (1_ o2 l/N) (1_ o2 l/N)

=1

N
_ U, _ —2mil/N . 27@il'/N
/dg@lz C(a) O Ui (1 e ) (1 e )

L=1

ey ()]

- 4/d<p§:C'(oz) U7, cosh? (”Nl) : (D.7)
=1

Thus, in the new [-representation, H) contributes only to the self-interaction term of the wave-
function fields ¥;, leading to the appearance of the additional {-dependent term in Eq. (5.63). Since
the terms in 77, and W7 W, lead to the appearance of terms in 7w and VW, respectively, the
total Hamiltonian in the new representation does not have interaction terms.

D.3. Single field inflation

In the context of single field inflation, where the primordial acceleration is driven by a single canonical
scalar field minimally coupled to gravity — the inflaton, the scalar sector has one dynamical degree
of freedom which, at the linear level of cosmological perturbations, can be identified with the Gl
Mukhanov-Sasaki variable [215, 269, 270, 311]

ma(sss Za). 08

The evolution equation for v is obtained from the second order action [53, 267]

1 ) 1
028 = 5 /dn &> {(U’)2 —D'wDjv + zvﬂ : (D9)
z
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which is analogous to the action of a scalar field in a flat space-time and with an effective time-
dependent mass z”/z. The variable z introduced in the last term of the action (D.9), defined as
z:=a(@'/H), allows us to relate v with the comoving curvature perturbation R = v/z. Minimisation
of (D.9) with regards to variations dv then leads to the Mukhanov-Sasaki equation [53, 267]

"

v — <v2+z>vo. (D.10)

z

Writing the canonical momentum density as 7, = 9L/0v’ = v’, we arrive at the Hamiltonian

"

1 .
H = /dg:f(wvv' —L)= 5 /d%}* {7?12) + DDy — 2| . (D.11)
z

We can now proceed with the canonical quantisation procedure by elevating v and 7w, to quantum
operators ¥ and 7, which satisfy the usual equal-time commutation relations

[0(n, 1), #(n, T2)] = ih6>(F) — Z2) (D.12)

[6(7779?1)7 6(77752)] = [ﬁi)(nafl)a ﬁ-v(nanH =0. (D13)

These operators can then be decomposed in Fourier space via the expansion![53, 268]

N = &’k k-2 s — * —ik-Z A+
o, )= | ——5 {vg(n)e az +vp(n)e ™" GE} , (D.14)

(27T)3/2
N — dBE ik A— * —ik-Z o
(0, T) = /(27T)3/2 {v%(n)ek a + o (n) e aﬂ , (D.15)

where &]g and dg are, respectively, the annihilation and creation operators of quanta of the field ¥
and satisfy the standard commutation relations

i, 0] = k1~ Fa). (D.16)
i, ag, | = ak af | = 0. (D.17)

The mode functions v;:(n) in Eq. (D.14) satisfy the evolution equation [53, 268]
" 2 2" 2 Lo
UE+(1€ Z>UEO, k“:=k- k. (D.18)

In addition, by imposing the consistency between the commutation relations (D.12), (D.13), (D.16)

LFrom this point onward, we will follow the convention adopted in [53] for the mode expansion of the quantum field
0, while at the same time maintaining the use of the angular unitary Fourier transformation used in [267-270]. For this
reason, some normalisation factors and signs in the mode functions might differ from the ones found in [267-270] while
the powers of (27)!/2 in Fourier space will differ from the ones found in [53].
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D.3 Single field inflation

and (D.17), we obtain the normalisation condition for the mode functions [53, 268]

vpvy — vkt = ih. (D.19)

Using the mode decomposition (D.14) and (D.15), we can write the quantum operator for the
Hamiltonian as [268, 333]

v 1 Tla—a— Ad A * AoA—
HY(n) = 5/d3]<; [GE a_.Fr(n) + agafEFE (n) + (26‘%“;; + 53(0)) E];(n)} , (D.20)
where
12 s 2 2 /2 2 2"\ o

If we define an instantaneous vacuum state |0) in the usual way by the relation alg\0> =0, then the
vacuum expectation value of the Hamiltonian (D.20) at a time 7 is

o = " [ @B, (D.22)

In order to find the vacuum state with lowest energy expectation value, we must minimise each E (1)
separately. In the case of k% > 2"/ /z, the normalisation (D.19) lead us to the conclusion that the
lowest energy vacuum state corresponds to the Bunch-Davies vacuum [94, 115, 313]:

[h i
i =1/ 55 @ k(n=no) (D.23)

Mode functions for P/p = const.

While in general the mode equation (D.18) can only be solved numerically, for particular cases we are
able to find analytical solutions for Vg Here, we present a re-derivation of the general solution for the
mode functions when the EoS parameter w := P/p is constant?. In such a case, the proportionality
factor between the variable z and the scale factor a becomes constant:

¢’ H
== —2— =+/3(1+w), (D.24)

z
a H?

and, consequently, the mode equation (D.18) reduces to

vg+<k2—6lﬂ)v~=0 (D.25)
p o) v . .

To find the explicit form of @’/ /a as a function of the conformal time 7, we begin by writing the

2In the context of models with one minimally coupled scalar field, this behaviour appears as an attractor solution for
exponential potentials [124, 231, 363].
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Friedmann equation as

a’ 2 9.9 (01 143w
(a) = ay Hy <;) ’ (D.26)

where a7 is an arbitrary constant and H; is the value of the Hubble rate at a« = a;. By integrating
the previous equation and setting n(a1) = 71, we obtain

1+23u)
(a) —1], forw;«é—%,
ai

log <a> , forw=—1.
ai

For w > —1/3, the conformal time in (D.27) is defined in the interval (1., +00), where we introduce
the critical value 1. :=m — 2/(1 + 3w)(a; Hy) ™!, while for w < —1/3 we find that n € (—o0, 7.).
In the boundary case of w = —1/3, the conformal time is defined in the entire real axis.

(D.27)

By inverting (D.27) and differentiating twice with regards to the conformal time, we are able to
find the explicit expressions for the potential a’/a when the parameter of EoS is constant:

7 1-3 Hy)? 1-3
@ 5 w : 3(a1 1) ;= YaH?. (D.28)
a [1+ +2wa1[1’1(777771)]
This expression is valid for all values of w. In the special case of w = —1/3, the r.h.s. of Eq. (D.28)

reduces to the constant afH7. Substitution in the mode equation (D.25) then leads to the trivial

general solution [83]
h i h i
c= A —=e L A [ et D.29
vg o7 ¢ + AL o7 ¢ ( )

where k := \/k2 + a?H?. The solution (D.29) resembles the solutions for a Minkowski space-time
with a modified wave-number. In addition, the normalisation condition (D.19) imposes the relation
between the linear coefficients

AP — AL =1. (D-30)

In the general case w # —173, the solution (D.29) is no longer valid. Nevertheless, by means of the
substitutions n — 7 := | — 1| and vy — uy := v /\/7, we can express (D.25) as a Bessel differential
equation [7, 283]:

2 d2“1€
d (k)

du];
dkq

(K7) 5 + (k) (D.31)

3/1—w
ki) — N up = == :
+ [(k) Jug =0, v 2‘1—{—310‘

The solutions of this equation can be written as a linear combination of the Hankel function H,El) and
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HP [7, 283):

VThi N _
vp = 5 [ By HO (i) + By HY (k)| (D.32)

where B; and By are arbitrary constants. Due to the normalisation condition (D.19), the linear
coefficients By and Bs satisfy

|Bi|* = |Bs|* = F1. (D.33)
On the r.h.s. of the previous equation, the upper negative sign corresponds to w > —1/3, while the

lower positive sign corresponds to w < —1/3.

In the short-wave limit, k77 > 1, the Hankel functions behave as

2 . 1 2 . 1
HD(2) ~ ] = elle=dm=im), Y () ~ \F e i), (D34)
T T

Comparing Eq. (D.34) with the BD vacuum in Eq. (D.23), we find that the solution (D.32) reduces
to the Bunch-Davies vacuum for k7j >> 1 if we impose (i) By =0 and |Bg| =1 for w > —1/3 and (ii)
|Bi| =1 and By = 0 for w < —1/3. Notice that in the case of pure de Sitter inflation, the order
parameter is half-integer and therefore we can use the relations between the spherical Bessel functions
of the third kind with the Hankel functions to write (D.32) as

h i ; | h i .
= — B/ — (1 —ik(n=ne) _ BoA/ = [1— ik(n—me) D.35
o Voak ( R m)) ’ Ve Tk —na) (0-3%)

D.4. Background quantities in the Model II

In this section, we compute the explicit dependence of the background quantities of the toy model
presented in Sect. 5.4 with regards to the number of e-folds, N = log(a/a.), where a, is a reference
scale. We begin by re-writing (5.148) as

- 1 N - anl
H2(N) = 2% H3g exp [”BQO‘Nmid _ax ”BN} cosh™ [Ad] , (D.36)
A
where we recall that per Egs. (5.150) and (5.151) we have
N, ! log @ A 2 (D.37)
mid ‘= ) A= o .
B—a (a,Hgs)” (B—a)A
From the expression (D.36) for the Hubble rate, we can obtain the comoving Hubble horizon:
2x
B cosh (%)
kH(N) = a*HdSexp [TNIHM‘F <1 al’ﬂ) N:| 2A>\ . (D38)
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By differentiating this expression once with regards to N and equating it to zero, we find that kg has
an extremum whenever the condition

B 1 — tanh [7N_AN‘““}
2-3 __1+tanh{N]\Zmid} : (D.39)

2—«

A

holds for some N = Nians. Inverting this relation, we can define Niyans corresponding to the

p-2|_ 1 | B—2
2—a| f-a« o8 2—«
We note that the comoving Hubble horizon has a minimum if 5 > 2 and a < 2 and a maximum if
B8 < 2 and o > 2. Notice that since & = (1/a)(a’/a)’ = (1/a)k);, an extremum of the comoving

Hubble horizon corresponds to a moment of no acceleration, i.e., & = 0. By setting N to Niyans in
Eq. (D.38), we can calculate the value of kp at the extremum:

extremum of kg as

A
Ntrans = Nmid + 7>\ 1Og

a*HdS)IB

A( @ ) (D.40)

2—«

% ﬁ Q2 % B—o

We note that Ktyans defined in Eq. (D.41) is the generalisation of kmi, in Eq. (5.111), while Eq. (D.40)
corresponds to the generalisation of Eq. (5.112). By inserting Egs. (D.40) and (D.41) in Eq. (D.38)
we can re-write the comoving Hubble horizon in a simplified form as

2—«

8—2

16 —2[+12—q
12 —«a

ktrans = kH(Ntrans) = CL*HdS (

1
N—Nmid 22
cosh ( As )

Nirans—Nmid
cosh ( . )

A

it () = g o1~ )N

(D.42)

The EoS parameter w, defined in Eq. (5.149), and the first slow-roll parameter, €, of the model
can be obtained by differentiating Eq. (D.36) once with regards to N and dividing the result by 2H?2.
This leads to

w(N) = 7172(2? _ (O‘Jgﬂ 1) + QGﬂtanh<NA]jmid) , (D.43)
e(N) = f%(IﬁgN = al—ﬂ + a;ﬁtanh<N_Ajjmid> . (D.44)

Then, by using the definition of the variable z := a$/H = av/2¢ in conjunction with the chain rule
Op(-) = aH On(-), we obtain the expression for the potential 2 /z:

2" Cla.s ) (N) | Diapr (V)
A k? 92 _ N (a7ﬂ) ) @, D,
P H 6( ) + A)\ + Ai )

(D.45)
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where the functions C(, 5,2 (V) and D4 g x)(IN) are defined as

3—¢€
C(a,B,A)(N) = 26 EN
2 [ N—Np;
= 2= %ech? (Nled> 3 - ( =X d) (D.46)
Ax 2 tanh <7N7A]\i‘“‘d> — coth (%) ,
1 ENN 1 (GN)2
Deapn(N) = 5 ( . 3 @
. N, . 2N —2Npiq =Ny
N sinh [ ®* ) + 2sinh (| £&~—2mid=21
= sinh (1) (AA) ( = >2 ) (D.47)
A [cosh (g—i) + cosh <72N’21X';‘(1’N1 )}

N-
A—i = 10g< i) . (D.48)

Notice that while the first equality in each of the definitions (D.46) and (D.47) is valid for any model
of single field inflation, in writing the second equality we have imposed the model dependent expression
(D.44). As discussed in Sect. 5.4.1, the terms of the potential 2" /z that depend on C, g, ) and
D(q,,1) define the shape of the potential around the transition from the initial epoch to the later
power-law inflation. On the other hand, it can be checked that the the r.h.s. of Egs. (D.46) and
(D.47) vanishes asymptotically for very large (positive and negative) values of N, i.e., C(4 3 x) and
D(q,8,1) do not contribute to the shape of the potential 2”/z in the asymptotic initial and final epochs
where the EoS parameter is constant.

D.5. The limit of 2”/z for large A

In this section, we present the derivation of the shape of the potential 2/ /z in the case of instantaneous
transitions. This requires the calculation of the limiting expression, for very large A, of the terms
A;lC(a757)\) (N) and A;\ZD(O(,[;,)\)(N) that appear in the expansion (5.155). In order to better
understand how to take such limits, we work in Fourier space using the following convention for the
Fourier transform F and its inverse F~!:

+oo

Rl = [ S e N = fw), (D.49)
+oo w )

Pl [ ) = ). (050)
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Applying a Fourier transform to A;lC’(a”B)A) (N), we find

2 N_Nmi
Copn@) 1 Jf-ay [Sechz (N—deﬂ R sech? (N )
Ay Ay 8 Ay 2 tanh (%) ~ eoth (%)
sech? (V)
tanh(V) — coth (g—i)

; ) -« ~ 3
= ¢ WNmia f-a WA, [sechz(N)] + 5]:‘”A*

. , (D.51)

where N := A;l(N — Npia). We now note that taking the limit A — 400 in the previous expression
corresponds to selecting the 0-mode of the Fourier transform. As such, we can write

Cla,pnW) rxs400 1 [B—a 3 B
B ) | = D.52
A, e |1 2ela) | (D.52)
and by applying the inverse transform, we obtain
Cla,5,)(N) rxst00 [B—a 3 B

The Fourier transform of AT?D(,, 5,1 (N) can be decomposed as

D(a 5.3 (@) Aortoo sinh (%) sinh (g—) + 2sinh <72N_2]X‘:‘“‘_N1)
7A’2 = A2 Fu 2
A A [cosh (g—) + cosh (72]\”2]1‘““’]\“ )}

A

-1
— wsinh (&) e—iw(Nm;dJerl){ —1F,A, l(cosh (Z}\) + cosh(QN)) 1
sinh ( 4 —2
+ wi?A)}LAA [(Cosh <§/\> + Cosh(QN)) 1 } ,

(D.54)

where A/ := A;l(N — Nmiq — %Nl) and on the first term of the second equality, we have performed
an integration by parts. In order to eliminate the A;\l factor on the last line of Eq. (D.54), we rewrite
(wA))~! in terms of the Fourier transform of the sign function:

D (w) N- : N -1
(O"ﬁA,)\) — : 1 —1w(Nm,d+T)
7A§ iwsinh (A,\> e {fwm [(cosh <A)\> + cosh(ZN)) ]

+\/§ sinh @i) Fon, [sign(N)] Foa, [(cosh (Z) 4 cosh(2/\f)> _T } . (D.55)

Once more, taking the limit A — 400 corresponds to selecting the 0-mode of the Fourier transforms
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in the previous expression, resulting in

D, o 1
%)\)(w) Ao TS log (B> iw. (D.56)
b\

By applying an inverse Fourier transform to the previous equation, we obtain

Dio 53y (N) rsioc
Diawp nN) oo 10 (8 50 (N = M) (D.57)
AN o

Finally, by inserting Egs. (D.53) and (D.57) in Eq. (5.155), we obtain the expression in Eq. (5.189),
ie.,

% _ k%(N){Q (V) + [ﬁ mLp glog (iﬂ S(N = Noga)
~log (i) Sn(N — Nmid)} . (D.58)

D.6. A jump in dR;/dN for large )

The evolution equation for the comoving perturbation R is (cf. (5.190))

PR eny dR; k2
— _ B — P . D
4 (3 ) +(kH) R (D.59)

In the limit of very large A, we find that the slow-roll parameter € has a discontinuity given by a ©
function, as seen in Eq. (5.186) and, therefore, its derivative ey gives rise to a Dirac delta function.
In order to obtain the proper limit of the quotient ey /e in the second term of Eq. (D.59), we follow
the same method applied in Sect. D.5 and find

p

%N P og <a) §(N — Nyia) - (D.60)

By inserting this result, as well as Eq. (5.186), in Eq. (D.59), we obtain

dR; | k2
N i

dQRE 6—B_a—ﬂe

I 5 5 Rp;=0. (D.61)

(N — Nmid) — log (g) 5(N — Nmid):|
If we compare Eq. (D.61) with the Mukhanov-Sasaki equation with the potential given in eq. (D.58),
we find that the divergent terms that appear on the potential 2"/~ are replaced by a single divergent
term, a Dirac delta function, in the coefficient of dRj/dNN in Eq. (D.61). The presence of this terms
suggests that the derivative dR;/dN has a discontinuity at N = Nyq. However, since this means
that 6(IV) is multiplied by a discontinuous function, a direct integration of (D.61) to find the jump in
the derivative of the comoving curvature perturbation can be tricky [102, 174]. Instead, we choose
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the ansatz

dR; 8
E _ log(£)O(N—Nu; N
di = ¢ g(a) ( d)fE( )7 (D62)
where f(N) is by hypothesis a continuous function at N' = Nyiq. Then, inserting Eq. (D.62) in

Eq. (D.61), leads to

de 6 ﬁ @ ﬂ —log( 2 N k2
+ | —= - O(N — Ny SR 0g(5)O(N=Numia) "o _ D
dN 2 2 ( mia) | i+ e k% k 0 (D.63)

For Ry continuous at N = Nypq, this equation is compatible with the continuity of f;:, confirming
that the exponential in (D.62) carries the discontinuity of the derivative of the comoving curvature
perturbation. Therefore, we obtain following the boundary condition (5.192):

dRE +

B ﬁdRE
v Naia)

=~ an Wmia) - (D.64)

D.7. Matching conditions in the long-wavelength
approximation

In the long-wavelength regime k? < 2"/z, the general solution of the mode evolution equation (5.105)
reads:

7odr N dN
v = z(1) (Cu; +Cop /n 22(7)> = z(N) <Clg +Cop /N z?(N)er(N)> : (D.65)

where we recall that z = a4/2¢(N). Since both € and kg are finite at N = Ny,q, the integral on the
r.h.s. of the previous equation does not contribute to the jump of v; in the transition to inflation.
Thus, by evaluating Eq. (D.65) at N = N.'., and N = N_.,, we obtain

Vi(Npia)  Girans V26T \/GT (D.66)
0e (Vo) Vae Ve |

mic Qtrans

which is equivalent to the first matching condition (5.193).

On the other hand, after differentiating (D.65) with regards to the number of e-folds, we find that

do- N dN 02‘?
d]\]; = zn(N) <C1E+02E /Nmi Zz(N)kH(N)> Z(N)kka(N)
€ Coi
_ <1+éf) UE(NHWZ;(N)' (B.67)

The discontinuity, at the time of the transition, on the second term on the r.h.s. of the last equality in
Eq. (D.67) can be washed away by multiplying both sides by \/e. Then, by evaluating /e(dv;/dN)
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at N=NT g and N = N_.,, we obtain

\Fj?\’;(Nr;d) \Fj}’\’;( N = Verve (N — Vevp(Noy) - (D.68)

Finally, by using Eq. (D.66) to eliminate vz(N,’. ) in Eq. (D.68), we obtain the second matching
condition (5.194).

D.8. The coefficients P: and Q;
The coefficients Pr and QE introduced in Sect. 5.5.3, which constitute the matrix of the linear
transformation (5.201), are defined, for ¢* €]0, 3]\ {1}, as

T 1
4y/lem —1flet —1]

H(e) (3-enol - - (€>_§(3—6‘)®(1—e—)]Hg (H)"

PE:i

et . . et —%. . 0
(6_> sign(1 — €™ H -(HY 1) = (6_> sign(l — e~ )H1+7 (H1+) , (D.69)
and
m 1
R O e [ |

e\ 2 e\ "2
_QK sin(1 = (H) (L0 = () st - ><Hfﬂ><H3+>*H.
(D.70)

Here, v = (1/2)|3 — eT|/|1 — €F|, cf. Eq. (5.199), and q := k/k,

where k5, . is the value of the comoving Hubble horizon at the moment of the transition, as defined

in Eq. (5.188). In addition, we use the notation

is a renormalised wave-number,

q ._ 771 q — g q
HY, = H (|1—ei|> , ml, .=, <|1_6i|) . (D.71)

For et = €™, one can easily check that the terms inside the curly brackets on the r.h.s. of Eq. (D.70)
cancel each other, leading to Q; = 0. At the same time, we find that if we impose € =€ in
Eq. (D.69), the first term inside the curly brackets vanishes and, using the Wronskian equalities for
the Hankel functions [7, 283], we find that the second term inside the curly brackets leads to P,; =1.
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D.9. Long-wavelength limit of PL!/PEP

In this section, we compute the long-wavelength approximation, ¢ < |¢T — 1|and ¢ < |e™ — 1],
of Eq. (5.208). Using the asymptotic behaviour of the Bessel and the Hankel functions for small
argument and non-zero order [7, 283], i.e., for v # 0 which corresponds to ¢* # 3, we find that to
leading order in g, the terms Ay, Ajq and Ayqg? in Eq. (5.208) read

Bo~ [(+) (3 )0 - h) - (+) 3-cel G)r

s €

(D.72)

)

2(y=) - > (q)Q(W—W’)

[2(1+~1) |1 —et]|2r 2

NPIeE [(+) (3- O - et) (Ef)é (3- e e>]

€ €

et\ "2 o - [2(y~) |1—e |27 2(vF-v7)
X [() (3—€7)sign(l—e )] F2(1(1 ry)+) ||1 - 64_|2'y+ (g) ,  (D.73)

€

Ao~ [(ﬁ);(S—G_)sign(l—e_)‘r (7)) - P (2)2(“’””. (D.74)

72 [ \e T2(14+~+) |1 —ef]2r™ \2
Notice that on the second lines of Egs. (D.73) and (D.74), we have used the equality T'(1+z) = 2I'(z)
and the definition of ¥* to eliminate I'(1 + ™). Adding Egs. (D.72), (D.73) and (D.74), we obtain

Ao+ Arg+ Aog® = % l(i)é (3—€eNO( —€) + <ZJ_F>é (3—€)0(e — 1)] 2

€

[2(y7) [L—e ]2 /q\207 =) D75
[2(1+~%) |1 — et (5) ' (D-75)

Here, we note that in the case of a transition from an accelerated epoch with e~ < 1 to a decelerated
epoch with 1 < et the previous expression vanishes, indicating that beyond-leading-order terms need
to be considered in Egs. (D.72), (D.73) and (D.74). However, since we are interested mainly on
the case where the universe is inflating for Npyiq < N (i.e., et < 1), we will not explore such cases.
Finally, substitution in (5.208) leads to (5.213).

In the case that the initial epoch mimics a universe dominated by stiff matter (e~ = 3 and v~ = 0),
the asymptotic expressions (D.72), (D.73) and (D.74) are no longer valid since the Hankel functions
of zero order behave instead as a logarithm for small argument [7, 283]. In this case the asymptotic
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behaviour of Ay, A;1q and Agq? is given by

4 (et i 1112 1 1 q\* 2 (4
Bo~ o5 (3) (8- en)e( -] T2(1 4 4+) |1 — et |27 (5) log (5) » (D.76)
8 1 1 g\ 2" q
Algr~ —(3—ehO(1 — € = 1 = D.
197~ (3= )0l —e )F2(1+’}/+)|1*€+‘27+ (2) 08 (4)’ (D.77)
4 (er\ 7! 1 1 g\2"
2 0 = = 4
R2g” ™ — (3) 21+ 7)1 —et|27" (2) ' (D.78)
By adding Egs. (D.76), (D.77) and (D.78), we obtain
4 +\ 2 +\ "2 ?
2_ 2 [ _ ot ot 4 <
Do+ Aig+Dog® = [(3) (3—eN)O(1 —e )log(2>+2<3> ]
1 1 a2t
= . D.
A L (3) (D.79)

Finally, a substitution of the previous result in Eq. (5.208) leads to Eq. (5.214).

D.10. Short wavelength limit of PL!/PED

In this section, we compute the short wavelength approximation, |t — 1| < g and |¢™ — 1] < ¢,
of Eq. (5.208). We recall that this expression relates the primordial power spectrum at the end of
power-law inflation in a scenario with a pre-inflationary epoch with constant EoS parameter, PL!,
with the primordial power spectrum obtained in power-law inflation with BD-like initial conditions.
Using the asymptotic behaviour of the Bessel and the Hankel functions for large argument [7, 283],
we find that in Eq. (5.208) the leading term for large ¢ is given by Aq?. In the short wavelength
approximation this term reads, cf. Eq. (5.211),

o Al =€l —e|
~ —

x [cosh (log (j)) — sinh (log (j)) sin2 <|1 fqﬁﬂ - m*ﬂ . (D.80)

A substitution the previous result in Eq. (5.208) leads to the asymptotic formula (5.216).

Aogq
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