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It was a question, she remembered, how to connect this mass on the right hand with that on the left. She
might do it by bringing the line of the branch across so; or break the vacancy in the foreground by an
object. But the danger was that by doing that the unity of the whole might me broken.

Virginia Woolf



Para Natalia, que la va a leer pero no la va a entender

Para Enrique, que la hubiera entendido
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Abstract

In generic curved spacetimes, the absence of a natural vacuum state introduces an ambiguity
that can undermine the physical relevance of predictions from any field quantization. In the context
of inhomogeneous fields propagating in homogeneous, isotropic, but otherwise general cosmological
spacetimes, this problem obstructs the extraction of robust predictions. This obstruction is aggra-
vated in applications to cosmology of candidates to a quantum theory of gravity, where even the
cosmological background where the fields propagate is treated as a quantum entity, or at most as
an effective spacetime. One example is provided by the hybrid approach to quantum cosmology, in
which a quantum mechanical description of the cosmological degrees of freedom, usually within Loop
Quantum Cosmology (LQC), is combined with a more conventional Fock quantization of the infinite
number of degrees of freedom that account for the inhomogeneities. In this context, we investigate
in this thesis physical criteria to successfully remove the ambiguity of choice of vacuum state for
two different types of fields in hybrid LQC: fermionic fields treated as perturbations, and primordial
scalar and tensor perturbations leading to non-oscillating (NO) power spectra. For fermions, we first
restrict ourselves to a family of vacua which leads to a unitarily implementable quantum Heisenberg
evolution. Then, we manage to further restrict this choice by considering the asymptotic limit of
large Fourier wavenumbers in the mode decomposition of the Dirac field and demanding there a con-
vergent quantum backreaction. Further restrictions in this limit also guarantee that the fermionic
contribution to the Hamiltonian be a well defined quantum operator on the dense subset of the
fermionic Fock space which is spanned by the n-particle/antiparticle states. Finally, we use the en-
tire available asymptotic freedom in what respects the definition of a vacuum state to eliminate from
the fermionic Hamiltonian any term which creates or annihilates pairs of particles, at any given order
in the asymptotic limit. We compare the vacuum selected by these physical criteria with fermionic
adiabatic states, which had previously been proposed as potential vacua in cosmology. Actually, we
prove that all adiabatic states allow a unitarily implementable quantum evolution. Furthermore, all
of them but the zeroth order adiabatic state give rise to a finite backreaction. To finish our study of
the fermionic vacuum, we apply the suggested asymptotic diagonalization procedure in a de Sitter
Universe, showing that it picks out a unique vacuum state, which in fact coincides with the well-
known Bunch-davies vacuum. In addition to the problem of fermions in cosmology, we also discuss
the possible choice of a vacuum state for scalar and tensor cosmological perturbations in LQC by
demanding an NO power spectrum. This type of NO vacuum was originally introduced by numeric
means to avoid the rapid oscillations in the spectrum found in the literature for other states of the
perturbations, oscillations that could result in an amplification of power when averaged over bins of
Fourier wavenumbers. We provide some analytic insights into why these oscillations may in fact be
an artifact of the choice of vacuum state and how they can blur the actual quantum geometry effects
in observational predictions if they are not avoided. We also give some analytical conditions that are
necessary on a vacuum state if it is of NO type, and prove that in the ultraviolet asymptotic limit this
class of vacua satisfy the asymptotic diagonalization proposal. Finally, we compare these necessary
NO conditions with a construction for the vacuum put forward recently by Ashtekar and Gupt. This

construction should select the state which is maximally classic at the end of inflation from a ball of



states that is picked out by the so-called Quantum Homogeneity and Isotropy Hypothesis (QHIH).
However, we find a loose step in the proposed construction which allows that the Ashtekar-Gupt
vacuum to exist outside of the QHIH ball. In fact, we prove numerically that, in a kinetically domi-
nated short-lived inflationary scenario typically considered in LQC, the Ashtekar-Gupt vacuum lies
outside of the QHIH ball. Nonetheless, we show that the NO necessary conditions and the QHIH

are mutually non-exclusive in this scenario.



Resumen

En espaciostiempos curvos genéricos, la ausencia de un estado de vacio natural introduce una
ambigiiedad que puede minar la relevancia fisica de las predicciones de cualquier cuantizacién de
campos. En el contexto de campos inhomogéneos que se propagan en espaciostiempos cosmoldgi-
cos homogéneos e isétropos, pero por lo demés generales, este problema obstruye la extraccién de
predicciones robustas. Esta obstruccion se agrava en las aplicaciones a cosmologia de los candidatos
a una teorfa cudntica de la gravedad, donde incluso el fondo cosmolégico sobre el que se propagan
los campos se trata como una entidad cudntica, o como mucho como un espaciotiempo efectivo. Un
ejemplo de esto se da en el enfoque hibrido a la cosmologia cudntica, en el que se combina cier-
ta descripcién cuéntica de los grados de libertad cosmolégicos, normalmente aquella dada por la
Cosmologia Cuéntica de Lazos (CCL), con una cuantizacién de Fock més convencional del nimero
infinito de grados de libertad que describen las inhomogeneidades. En este contexto, en esta tesis
investigamos criterios fisicos para eliminar con éxito la ambigiiedad en la eleccién del estado del
vacio para dos tipos diferentes de campos en CCL hibrida: campos fermiénicos tratados como per-
turbaciones, y fluctuaciones primordiales de tipo escalar y tensorial que conducen a espectros de
potencia no oscilantes (NO). Para tratar los fermiones, primero nos restringimos a una familia de
vacios que conduce a una evolucién cudntica en imagen de Heisenberg que es unitariamente im-
plementable. A partir de ahi, restringimos atin mas esta eleccién considerando el limite asintético
de ntimeros de onda de Fourier infinitamente grandes en la descomposicién de modos del campo
de Dirac y exigiendo alli una backreaction cuantica convergente. Otras restricciones en este limite
también garantizan que la contribucién fermiénica al hamiltoniano sea un operador cuantico bien
definido en el subespacio denso del espacio de Fock fermiénico generado por los estados de n particu-
las/antiparticulas. Por dltimo, utilizamos toda la libertad asintética disponible en lo que respecta
a la definicién del estado de vacio para eliminar del hamiltoniano fermiénico cualquier término que
cree o aniquile pares de particulas, para cualquier orden dado en el limite asintético. Comparamos el
vacio seleccionado por estos criterios fisicos con los estados adiabaticos fermidnicos, que habian sido
propuestos previamente como posibles vacios en cosmologia. De hecho, demostramos que todos los
estados adiabdaticos permiten una evolucién cudntica unitariamente implementable. Ademas, todos
ellos, excepto el estado adiabédtico de orden cero, dan lugar a una backreaction finita. Para termi-
nar nuestro estudio del vacio fermidnico, aplicamos el procedimiento de diagonalizacién asintética
sugerido en un universo de tipo de Sitter, mostrando que permite seleccionar un dnico estado de
vacio que coincide con el bien conocido vacio de Bunch-Davies. Ademds del estudio de fermiones en
la cosmologia, también discutimos la posible eleccién de un estado de vacio para las perturbaciones
cosmoldgicas de tipo escalar y tensorial en CCL, exigiendo un espectro de potencia NO. Este tipo de
vacio NO fue introducido originalmente por medios numéricos para evitar las rapidas oscilaciones en
el espectro encontradas en la literatura para otros estados de las perturbaciones. Dichas oscilaciones
podrian resultar en una amplificacién de la potencia cuando se promedian sobre ciertos rangos de
numeros de onda de Fourier. En esta tesis proporcionamos algunas ideas analiticas sobre por qué
estas oscilaciones pueden estar causadas por la eleccién del estado de vacio y, de esta forma, pueden

difuminar los efectos genuinos de la geometria cuantica en las predicciones observacionales si no se



evitan. También damos algunas condiciones, formuladas de forma analitica, que son necesarias en
un estado de vacio para que sea del tipo NO, y demostramos que en el limite asintético ultravioleta
esta clase de vacios satisface la propuesta de diagonalizacién asintética. Finalmente, comparamos
estas condiciones necesarias de comportamiento NO con una construccién de vacio propuesta recien-
temente por Ashtekar y Gupt. Esta construccién deberia seleccionar el estado que es maximamente
clésico al final de la inflacién cosmoldgica, partiendo de una bola de estados que es elegida por la
llamada Hipétesis de Homogeneidad e Isotropia Cudnticas (HHIC). Sin embargo, encontramos un
paso en la construccién propuesta que no queda bien fijado y permite que el vacio de Ashtekar-Gupt
exista fuera de la bola seleccionada por la HHIC. De hecho, demostramos numéricamente que, en
un escenario inflacionario de corta duracion cinéticamente dominado, considerado habitualmente en
CCL, el vacio de Ashtekar-Gupt se encuentra fuera de la bola HHIC. No obstante, mostramos que

las condiciones necesarias de tipo NO y la HHIC son mutuamente no excluyentes en este escenario.



I. Introduccion

La pregunta sobre el origen del Universo ha permanecido elusiva e inescrutable a lo largo de la historia
humana. Hasta tiempos recientes, esta pregunta tenia hipdtesis y respuestas que no podian ser desmen-
tidas a través de las observaciones. La aparicién de la cosmologia fisica ha cambiado este panorama de
forma drastica y nos ha permitido estudiar ese tema de manera cientifica [1,2]. La cosmologia fisica
descansa sobre los cimientos de la Teoria de la Relatividad General de Einstein y ha servido como uno de
sus mayores triunfos [3,4]. Es posible describir el Universo en sus escalas més grandes teniendo en cuenta
la homogeneidad e isotropia (aproximadas) que se observan, particularizando las ecuaciones de Einstein
a esta situacion. Sin embargo, este procedimiento predice la existencia de un suceso, al que llamamos
Big Bang, en el que aparecen algunas singularidades en cantidades fisicas. De hecho, el estudio de la
fisica no es ajeno a las singularidades, que pueden entenderse como la forma en que la naturaleza pone
en evidencia que una teoria es incompleta de alguna forma. Por lo tanto, podemos tomar la motivacién
de otros ejemplos previos en la ciencia (por ejemplo, el modelo del 4&tomo de Bohr) y buscar la resolucién
de la singularidad del Big Bang a través de una descripcion cuantica de la Relatividad General.

Hay una serie de requisitos que una explicacién cudntica satisfactoria del Big Bang debe satisfacer.
En primer lugar, se debe resolver la singularidad. La geometrodinamica, por ejemplo, a pesar de su
éxito parcial en proporcionar una descripcién cudntica de la geometria, no consigue evitar el Big Bang
en su aplicacién a la cosmologia [5-7]. En segundo lugar, la contrapartida cudntica del Big Bang debe
recuperar la cosmologia relativista cuando la densidad de la materia en el Universo sea lo suficientemente
pequena. Esto se debe a que, para estos regimenes, la teoria de Einstein ha sido comprobada con un
grado considerable de precisién [8,9]. En tercer lugar, la teorfa debe ser matemdticamente consistente
y conducir a predicciones que finalmente pudieran ser contrastadas. Finalmente, la consideracién del
caso cosmolégico, altamente simétrico, podria servir para arrojar luz en la bisqueda de una teoria de
gravedad cuantica completa.

Un candidato de tal teorfa de gravedad cudntica es la Gravedad Cuéntica de Lazos (GCL). La GCL
es una cuantizacién canénica, independiente del fondo (background) y no perturbativa de la Relatividad
General [10,11]. Entre los resultados mds importantes de la GCL estd la demostracién de que los
operadores geométricos que miden longitud, drea y volumen tienen espectros discretos [12-15]. Esto
significa que la GCL predice que la propia geometria es discreta. Sin embargo, una formulacién completa
de la teoria que sea satisfactoria sigue siendo dificil de alcanzar.

Para comprobar si las técnicas de la GCL pueden predecir el Universo que observamos, podemos
introducir simetrias en la teoria general antes de su cuantizacién, truncando asi los grados de libertad
considerados. En estos escenarios simplificados, algunas de las dificultades de la teoria completa desa-
parecen, por ejemplo aquellas que afectan més severamente la representaciéon cuantica de la ligadura
hamiltoniana y la determinacién de su nicleo (kernel). El formalismo cuédntico resultante se conoce

generalmente como Cosmologia Cuantica de Lazos (CCL) [16-20]. Uno de los resultados mds impor-



tantes de la CCL es que proporciona un mecanismo robusto para evitar la singularidad del Big Bang,
que es reemplazada por un Big Bounce en estados cudnticos con un comportamiento adecuado [21-23].
De hecho, que la geometria espaciotemporal sea discreta es lo que en ultima instancia explica por qué
las cantidades fisicas, tales como la densidad del Universo, permanecen acotadas en toda la evolucién
cosmoldgica.

Para extraer predicciones de teorias cosmoldgicas como la CCL, es especialmente importante estu-
diar las fluctuaciones cudnticas primordiales en el Universo temprano. Se cree ampliamente que estas
fluctuaciones fueron las semillas de las inhomogeneidades observadas del Universo, y que han pasado por
un periodo de inflacién después de haberse originado en épocas de alta curvatura [1,24]. En condiciones
tan extremas, es razonable esperar que los efectos de la gravedad cudntica puedan haberlas afectado.
Ademds, las huellas dejadas por estos efectos pueden haber sobrevivido al periodo inflacionario si el
Universo observado era del tamano de Planck cuando los fenémenos de gravedad cuantica eran rele-
vantes. El estudio de las fluctuaciones primordiales puede servir entonces como banco de prueba de
nuestra teoria cuantica, ya que esta deberia ser capaz de explicar las anisotropias e inhomogeneidades
presentes y a la vez dar cabida a algunas discrepancias con respecto a los resultados de la Relatividad
General. Ha habido muchos intentos de lidiar con campos no homogéneos en la cosmologia cudntica
(ver, por ejemplo, [25-34]). Sin embargo, en esta tesis nos vamos a centrar principalmente en la llamada
propuesta de cuantizacién hibrida, disenada originariamente para CCL [35—41]. En el enfoque hibrido,
el espacio de representacion cinemético del sistema es un producto tensorial del espacio de Hilbert del
fondo simétrico (normalmente elegido como el estdndar de CCL) y un espacio de Fock para los campos
cudnticos (bosénicos o fermiénicos [42,43]) inhomogéneos [35,44-46].

Hay una importante ambigiiedad inherente a la seleccién de ese espacio de Fock, y con ella a la
eleccién de un estado de vacio. La existencia de esta ambigiiedad puede parecer extrana desde el punto
de vista de la teoria cuantica de campos en el espaciotiempo de Minkowski, donde las simetrias del fondo
seleccionan el estado de Poincaré como el vacio preferido [47,48]. Desafortunadamente, cuando se trabaja
en espaciotiempos curvos (incluso en los cosmoldgicos, considerablemente simétricos), los argumentos de
simetria no son generalmente suficientes para sefialar un vacio dnico [49-51]. Es precisamente en la
introduccién de criterios fisicos que guien esta eleccion de estado de vacio en lo que se centra esta tesis,
centrando la atencién en el caso de fluctuaciones primordiales en CCL hibrida.

Maés especificamente, la primera parte de esta tesis estd principalmente dedicada a la determinacién
de un estado de vacio fisicamente viable para las perturbaciones fermiénicas en CCL hibrida. Este estu-
dio se realiza después de truncar la accién del sistema a orden cuadratico en las perturbaciones. Si bien
la mayor parte de la literatura sobre cosmologia cudntica se centra en las perturbaciones cosmoldgicas
escalares y tensoriales, las particulas de espin semientero no se han discutido con el mismo nivel de
detalle [52]. Estas particulas fermidnicas pueden describir contenidos materiales realistas, y su estudio
gana relevancia si se consideran érdenes superiores en la teoria de perturbaciones, ya que entonces se

acoplan con las perturbaciones escalares y tensoriales. La eleccién del estado de vacio para un campo de
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Dirac en el enfoque de cuantizacién hibrida generalmente se realiza mediante la definicién de ciertas vari-
ables especificas de aniquilacién y creacién para cada uno de los modos en la descomposicién de Fourier
del campo [53]. En CCL hibrida, esta definicién se introduce de forma bastante sencilla tras realizar
unas transformaciones canénicas adecuadas que nos permiten mezclar los grados de libertad homogéneos
y inhomogéneos y que conducen a un hamiltoniano fermiénico con buenas propiedades fisicas. En la
literatura previa sobre los campos de Dirac en cosmologia de Friedmann-Lemaitre-Robertson-Walker
(FLRW) plana, se demostré que existe una familia dnica de vacios que son invariantes bajo las trans-
formaciones de simetria del fondo cosmolégico y que tienen una evolucién de Heisenberg unitariamente
implementable. Sin embargo, todavia hay mucha libertad disponible en la definicién del vacio [54]. Aqui
eliminamos esta libertad imponiendo requisitos fisicos adicionales.

La segunda parte de la tesis proporciona informacién analitica para definir el vacio de las perturba-
ciones escalares y tensoriales mds alld del paradigma inflacionario (p.ej. en CCL), de forma tal que sus
espectros de potencias no sean funciones con una oscilacién rapida en el nimero de onda (de Fourier).
Para comenzar esta discusién, hacemos notar primero que todos los modos de Fourier de las perturba-
ciones invariantes de gauge (por ejemplo, el llamado campo de Mukhanov-Sasaki) satisfacen ecuaciones
de tipo oscilador arménico con una masa dependiente del fondo cuando se trunca la accion del sistema a
orden perturbativo cuadrético [1,55-59]. De esta manera, una eleccién de condiciones iniciales para dichas
ecuaciones determina una solucién para las perturbaciones, y con ella una elecciéon de vacio que, a su vez,
fija el espacio de Fock para estas perturbaciones. Cuando las perturbaciones se introdujeron por primera
vez en CCL, los estados de vacio propuestos para ellas eran los llamados estados adiabéticos [32, 60].
Los estados adiabéaticos se construyen a partir de cierto estado adiabatico de orden cero a través de
un proceso iterativo y, a un orden lo suficientemente alto, conducen a un tensor de energia-momento
renormalizable [61-63]. En udltima instancia, a un orden adiabético infinito, uno alcanzaria lo que se
conoce como un estado de tipo Hadamard [62,64-67]. Pronto quedé claro que los espectros de potencias
de los estados adiabéticos de 6rdenes finitos eran altamente oscilatorios en CCL. No obstante, estas
oscilaciones no tienen por qué ser una consecuencia intrinseca de la CCL y pueden estar enmascarando
artificialmente efectos genuinos de la geometria cudntica. Para resolver estos problemas, Martin de Blas
y Olmedo presentaron una propuesta para seleccionar un estado de vacio con propiedades no oscilantes
(NO) [68]. Sin embargo, esta propuesta fue originalmente concebida para estudios numéricos. Antes de
nuestro trabajo, no habia disponible ninguna descripciéon analitica de vacios NO que pudiera permitir

un estudio més detallado de estos estados.
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1. Introduction

the origin of the Universe has remained elusive and inescrutable along the human history. Until recent
times, this question only had hypotheses and answers that could not be falsified through observations.
The advent of physical cosmology has drastically changed this panorama and allowed us to study this issue
in a scientific way [1,2]. Physical cosmology rests upon the foundation of Einstein’s Theory of General
Relativity and has served as one of its greatest triumphs [3,4]. One can describe the Universe at its largest
scales by taking into account its observed (approximated) homogeneity and isotropy, particularizing
Einstein’s equations to this situation. However, this procedure predicts the existence of an event, which
we call the Big Bang, in which some singularities appear in physical quantities. In fact, the study of
Physics is no stranger to singularities, which can be understood as a way of Nature telling us that a theory
is somehow incomplete. Thus, one may take motivation from other previous examples in Science (e.g.
Bohr model of the atom) and seek the resolution of the Big Bang singularity in a quantum mechanical
description of General Relativity.

There are a number of requirements that a successful quantum explanation of the Big Bang should
satisfy. First of all, the singularity should be resolved. Geometrodynamics, for example, in spite of
its partial success to provide a quantum description of the geometry, fails to avoid the Big Bang in its
application to cosmology [5-7]. Second, the quantum counterpart to the Big Bang must be such that
relativistic cosmology is recovered when the matter density in the Universe is sufficiently small. This is
because, for these regimes, Einstein theory has been tested to a considerable degree of accuracy [8,9].
Third, the theory should be mathematically consistent and lead to predictions that can be eventually
falsified. Finally, the consideration of the highly symmetric cosmological case would ideally enlighten
the search for a full quantum theory of gravity.

A candidate of such a theory of quantum gravity is Loop Quantum Gravity (LQG). LQG is a non-
perturbative and background-independent canonical quantization of General Relativity [10,11]. Among
the most important results in LQG is the proof that the geometric operators that measure length, area,
and volume have discrete spectra [12-15]. This means that LQG predicts geometry itself to be discrete.
However, a complete and fully satisfactory formulation of the theory remains elusive.

In order to check if LQG techniques can predict the Universe that we observe, we can introduce
symmetries in the general theory before its quantization, truncating in this way the considered degrees
of freedom. In these simplified scenarios, some of the difficulties of the full theory disappear, e.g. those
more severely affecting the quantum representation of the Hamiltonian constraint and the determination
of its kernel. The resulting quantum formalism is generally known as Loop Quantum Cosmology (LQC)
[16-20]. One of the most important results of LQC is that it provides a robust mechanism to avoid the
Big Bang singularity, which is replaced by a big bounce in quantum states of suitable behavior [21-23].
In fact, it is the discreteness of the spacetime geometry that ultimately explains why physical quantities,

such as e.g. the density of the Universe, remain bounded in the whole cosmological evolution.
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To extract predictions from cosmological theories such as LQC, it is especially important to study
primordial quantum fluctuations in the Early Universe. It is widely believed that these fluctuations
were the seeds of the observed inhomogeneities of the Universe, and that they have undergone a period
of inflation after being originated in epochs of high curvature [1,24]. In such extreme conditions, it is
reasonable to expect that quantum gravity effects may have affected them. Moreover, the imprint left
by these effects can survive the inflationary period if the observed Universe was of Planck size when
quantum gravity phenomena were relevant. The study of primordial fluctuations can then serve as a test
of our quantum theory, as it should be able to explain the present anisotropies and inhomogeneities while
ideally predicting some discrepancies with respect to the results of General Relativity. There have been
many attempts to deal with inhomogenous fields in quantum cosmology (see e.g. [25-34]). However, in
this thesis we are mostly going to focus on the so-called hybrid quantization proposal, originally designed
for LQC [35—41]. In the hybrid approach, the kinematical representation space of the system is a tensor
product of the Hilbert space of the symmetric background (usually chosen as the standard one of LQC)
and a Fock space for the quantum (bosonic or fermionic [42,43]) inhomogeneous fields [35,44-46].

A serious ambiguity is inherent to the selection of that Fock space, and within it the choice of a
vacuum state. The existence of this ambiguity may seem odd from the viewpoint of quantum field
theory in Minkowski spacetime, where the symmetries of the background pick out the Poincaré state
as the preferred vacuum [47,48]. Unfortunately, when one works in curved spacetimes (even in the
considerably symmetric cosmological ones), symmetry arguments are generically not enough to single
out a unique vacuum state [49-51]. The aim of this thesis is precisely to introduce physical criteria to
select the vacuum state, focusing on the important case of primordial fluctuations in hybrid LQC.

More specifically, the first part of this thesis is mostly focused on the determination of a preferred
physical vacuum state for fermionic perturbations in hybrid LQC. This study is developed after trun-
cating the action of the system at quadratic order in the perturbations. While most of the quantum
cosmology literature centers on scalar and tensor cosmological perturbations, half-spin particles have not
been discussed at the same level of detail [52]. These fermionic particles can describe realistic matter
contents, and their study gains relevance when one considers higher orders in perturbation theory, since
they then couple with the scalar and tensor perturbations. The choice of vacuum state for a Dirac
field is usually done through the definition of some concrete annihilation and creation variables for each
of the modes of the Fourier decomposition of the field [53]. In hybrid LQC, this definition is intro-
duced in a rather straightforward way after performing some suitable canonical transformations which
allow us to mix the homogeneous and inhomogenous degrees of freedom and which lead to a fermionic
Hamiltonian with good physical properties. In the previous literature regarding Dirac fields in flat Fried-
mann-Lemaitre-Robertson-Walker (FLRW) cosmology, it was proven that there exists a unique family
of vacua that are invariant under the symmetry transformations of the cosmological background and
have a unitarily implementable Heisenberg evolution. However, much freedom is still available in the

definition of the vacuum [54]. We eliminate this freedom by imposing additional physical requirements.
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The second part of the thesis provides analytic insights to define vacua for the scalar and tensor
perturbations beyond the inflationary paradigm (e.g. in LQC), such that their power spectra are not
rapidly oscillating functions of the (Fourier) wavenumber. To start this discussion, we first notice that
all Fourier modes of the gauge invariant perturbations (e.g. the so-called Mukhanov-Sasaki field) follow
harmonic oscillator equations with a background-dependent mass when one truncates the action of the
system at quadratic perturbative order [1,55-59]. In this manner, a choice of initial conditions for
these equations determines a solution for the perturbations, and with it a choice of vacuum which, in
turn, fixes the Fock space for these perturbations. When perturbations were first introduced in LQC,
the vacuum states proposed for them were the so-called adiabatic states [32,60]. Adiabatic states are
constructed from certain zeroth order state through an iterative process and, at high enough order,
they lead to a renormalizable energy-momentum tensor [61-63]. Ultimately, at infinite adiabatic order,
one would reach what is known as a Hadamard state [62,64-67]. It soon became clear that the power
spectra of adiabatic states of finite order were highly oscillatory in LQC. Nonetheless, these oscillations
need not be an intrinsic consequence of LQC itself, and they may be artificially blurring the genuine
effects of the quantum geometry. To solve these problems, a proposal to select a vacuum state with non-
oscillating (NO) properties was introduced by Martin de Blas and Olmedo [68]. However, this proposal
was originally conceived for numerical studies. Analytical descriptions of NO vacua, which allow for a

more detailed study of this type of states, were not available before our work.
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2. Objectives and results of the thesis

When fermions were first introduced in hybrid LQC, it was noticed that, for suitably motivated
physical states, one ended up with a Schrodinger-type equation for the fermionic degrees of freedom [53].
This equation includes a quantity that accounts for the difference between the evolution of the perturbed
geometry and the unperturbed one, and that can be consequently interpreted as a fermionic backreaction.
This quantity is possibly divergent, as it has been was-well known from the pioneering work of D’Eath
and Halliwell [52], who considered fermions in quantum geometrodynamics. In the first analyses carried
out in LQC, it was suggested that the these divergences could be cured through a “substraction of
infinities” regularization scheme [53]. Nevertheless, one usually expects that a true quantum theory
of gravity would be able to avoid these divergences without the need of employing such schemes. The
objective of the first article in this thesis is to investigate if one can eliminate the aforementioned
divergence by adopting a more suitable choice of Fock quantization of the fermionic field and its vacuum
state. Indeed, we prove that the backreaction term can be made finite by performing a convenient
canonical transformation to new annihilation and creation variables. The asymptotic ultraviolet behavior
of these variables is restricted in this way. In fact, this restriction also lowers the asymptotic order of
the interaction part of the fermionic Hamiltonian, which creates and annihilates pairs of particles and
antiparticles. Further restrictions on this asymptotic behavior then guarantee that the resulting fermionic
Hamiltonian is represented by a well-defined quantum operator in the Fock subspace spanned by the set
of n particle/antiparticle states. [69]!

As a continuation of this goal, the second objective of the thesis is to find a unique asymptotic
expansion for the definition of the annihilation and creation variables that removes all the nondiagonal
(or interactive) terms of the fermionic Hamiltonian in the ultraviolet regime. This leads to an optimal
quantum evolution for the fermionic operators, at least in the asymptotic limit, because they only change
in a phase. Such an asymptotic diagonalization is attained by means of a totally deterministic recursive
relation which fixes the definition of the annihilation and creation variables in the considered limit. This
procedure defines the most suitable vacuum, dynamically stationary in the asymptotic regime, because
the annihilation operators would have a completely diagonal evolution in this regime according to our
previous comments. In addition, we find that the backreaction for this state is not only finite, but of an
arbitrarily small asymptotic order. Finally, the associated fermionic Hamiltonian is clearly a well-defined
operator in the Fock subspace spanned by the set of n particle/antiparticle states.

Our next objective is to compare the vacuum state selected by these physical requirements with other
vacua proposed in the literature, the most common of which are the adiabatic states [70-72]. Adiabatic
states are obtained by an iterative process, the ultimate (infinite) step of which would ideally produce a
Hadammard state. A construction of this kind of states, leading to well-defined Fock spaces, exists for

fermionic fields [70]. However, it was formulated in a different representation of the Clifford algebra than

1This article was published previous to my enrollment in the PhD programme and, as such, it is referenced and not
attached. However it is included as part of the thesis so that the overall line of reasoning is complete.
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the one used so far in our previous works. We adapt this construction in our representation and show
that all adiabatic states allow for a unitarily implementable Heisenberg evolution. Besides, for higher
than/equal to the first adiabatic order, they lead to a generally convergent backreaction.

The final objective pursued in our study of fermions is to apply in full detail the asymptotic diago-
nalization scheme for the particular cosmological solution of a de Sitter Universe [73], and discuss the
result. For this model, a general diagonalization of the fermionic Hamiltonian leads to coefficients in
the desired canonical transformation that depend on some integration constants. However, the recursive
relation that defines the asymptotic diagonalization can now be solved exactly and, in fact, it can be
used to fix the aforementioned integration constants completely (except for an irrelevant phase). This
means that the asymptotic diagonalization procedure serves to fix the vacuum uniquely. We study the
corresponding positive-frequency decomposition of the fermionic field and conclude that it coincides with
the one corresponding to the fermionic Bunch-Davies vacuum [1,74-78].

Placing next the attention on the consideration of NO vacua for scalar and tensor primordial per-
turbations, our first objective is to derive some analytic conditions that characterize the definition of
these states. To achieve this goal, we reparametrize the equation that describes the evolution of the
Mukhanov-Sasaki field in a way inspired by the procedure of asymptotic diagonalization of the Hamil-
tonian, commented above for fermions and developed for scalar and tensor perturbations in Ref. [79].
Then, we show that the squared norm of any solution actually follows the well known Ermakov-Pinney
equation [80,81]. This equation allows to isolate the possibly oscillatory part of this norm, and to identify
some necessary conditions on the initial conditions in order to define NO vacua. Moreover, we argue that
NO vacua are in fact the most natural states to choose in LQC, because the mode oscillations present
in the primordial power spectrum for other vacua can erase the information on the physical effects of
the quantum geometry. Finally, we show that all these vacua must asymptotically behave as the one
selected by the aforementioned procedure of Hamiltonian diagonalization.

As a natural continuation of the above study, the final objective is to investigate other vacua proposed
in the LQC literature in the light of the derived conditions on NO vacua. In particular, we revisit a
construction put forward by Asthekar and Gupt [82,83]. Their proposal is meant to select the maximally
classical state at the end of inflation (where quantum effects should be negligible) within a ball of states
that is singled out by the Quantum Homogeneity and Isotropy Hyptohesis (QHIH). The QHIH is a
quantum generalization of Penrose’s hypothesis that the initial state of the Universe should have vanishing
Weyl curvature [84,85]. We find that the necessary conditions on NO vacua are not incompatible with
the restriction to this QHIH ball, for a kinetically dominated early universe with short-lived inflation
in hybrid LQC. Since the Ashtekar-Gupt vacuum is known to lead to a oscillatory power spectrum, its
existence may put into question the possible classicality of any NO vacuum. However, we find a loose
step in the Ashtekar-Gupt construction, which explains that the ball from which they select the vacuum
differs in general from the QHIH ball. In fact, we numerically show that the Ashtekar-Gupt vacuum is
out of this ball for the considered scenario in hybrid LQC.
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2.1. Notation and structure of the thesis

In this thesis we use natural units such that 7 = ¢ = G = 1, where h is Planck reduced constant, c is
the speed of light in a vacuum and G is Newton gravitational constant. We use the first letters of the
Greek alphabet for spatial-temporal indices, u, v... = 0,1, 2,3, the first letters of the Latin alphabet for
spatial indices, a, b, c,... = 1,2, 3, and the middle letters of the Latin alphabet for indices of the internal
gauge group, i, J, k, .... They go from one to three for triads, which have internal group SU(2), and from
one to four for tetrads, with internal group SO(3,1). Finally, hats over phase space functions denote
their operator counterpart in the corresponding quantum representation.

The structure of the thesis is as follows:
= Section 3 introduces preliminary concepts, convenient to understand the results of the thesis.

e Subsection 3.1 summarizes the reformulation of General Relativity as a canonical theory of

connections. This classical reformulation is the starting point for LQG.

e Subsection 3.2 is an introduction to LQC. Specifically, we review the construction of the
quantum Hilbert space that describes the background geometry in the hybrid approach. This

is done in the context of an inflationary flat FLRW cosmology.

e Subsection 3.3 explains the introduction of inhomogeneous perturbations to the homogeneous
sector of cosmological systems, so that they form a canonical set that describes the pertur-
bative gauge-invariant degrees of freedom. In this thesis, we truncate the action at quadratic

perturbative order.

e In subsection 3.4, a Dirac field is minimally coupled to the cosmological spacetime and treated

as a perturbation.

e Subsection 3.5 summarizes the key features of a hybrid quantization for the previously de-
scribed system. Namely, one chooses a Hilbert space for the homogeneous sector adopting

LQC techniques and suitable Fock spaces for the inhomogenous sectors.

e In the context of the hybrid approach, one needs physical criteria to choose the Fock spaces
for the inhomogeneous sector. Subsection 3.6 summarizes the known result that there is a
unique (unitarily equivalent) family of vacua for fermionic fields that leads to a unitarily

implementable quantum (Heisenberg) evolution.

e Subsection 3.7 reviews the framework in which an NO vacuum was originally formulated.
Namely, in hybrid LQC the evolution of the Fourier modes of the gauge-invariant scalar
and tensor perturbations can be seen as that of a harmonic oscillator with a background-
dependent mass. In this context, the choice of vacuum state is equivalent to the choice of a
set of positive-frequency solutions to this equation, or alternatively of their initial conditions

because their evolution is a well-posed Cauchy problem. One can then choose initial conditions
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that minimize time-dependent (generally also mode-dependent) oscillations in the norm of

their solutions that can blur the quantum gravity effects in the primordial power spectrum.

= Section 4 is a summary of the techniques and results used in the articles in order to obtain the

goals that we have detailed.

e Subsection 4.1 describes our investigations to define suitable vacuum states for fermionic
perturbations around a flat FLRW cosmology. First, in the context of hybrid LQC we require
that they avoid divergences in the backreaction terms without renormalization schemes based
on a “subtraction of infinities” [69]? . Second, we impose that they lead to an optimal quantum
fermionic dynamics in the asymptotic limit of large Fourier wavenumbers. The next step is
to compare the vacuum selected by these criteria with adiabatic states, which are commonly
used in the literature. Finally, we apply these techniques to the tractable case of a de Sitter
Universe, showing that our criteria indeed select a unique vacuum which, in fact, corresponds

to the Bunch-Davies one.

e Subsection 4.2 presents our analytic insights for the determination of NO vacua. On the one
hand, we derive some necessary conditions on these vacua, and explain why the oscillatory
nature of other vacua should not be directly assigned to quantum geometry effects. On the
other hand, these necessary conditions are compared with the restrictions that underlie the

Ashtekar-Gupt construction of a vacuum state.

It should be noted that while Section 3 on preliminary concepts is conceived to facilitate a somewhat
straight line of reasoning, there are many concepts that are not necessary if one is interested only in one
of the two main topics investigated in this thesis. A reader that is only interested in fermions may want
to skip Subsection 3.7, while one who is only interested in NO vacua for scalar and tensor perturbations

can skip Subsections 3.4 and 3.6.

2See footnote 1.
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3. Preliminary concepts

3.1. General Relativity in terms of Asthekar-Barbero Variables

The work contained in this thesis is related to applications of Loop Quantum Gravity, whose starting
point is a canonical reformulation of General Relativity [10,86]. So, we first quickly review the Hamil-
tonian formulation of General Relativity [3,87,88]. Let us consider a globally hyperbolic spacetime.
This spacetime admits a global function of time, and hence a 341 decomposition in terms of spatial
hypersurfaces. The spacetime metric can be expressed using the lapse function N, the shift vector N,
and the induced 3-metric on the spatial hypersurfaces hy,. The lapse function and the shift vector do
not describe true physical degrees of freedom, but they are rather Lagrange multipliers that encode
information about the particular foliation adopted. The dynamical behavior of the system can then be
captured in Hamiltonian equations for the metric hyp, and its canonically conjugated momentum, which is
determined by the extrinsic curvature Ko, = 1/2.£,, hap, where £,, is the Lie derivative along the normal
n to the spatial hypersurface. However, to correctly describe General Relativity, one needs to take into
account in addition its symmetries, given by time reparametrizations and spatial diffeomorphisms. This
is done by imposing, respectively, the Hamiltonian and diffeomorphisms constraints on the system.

Motivated in part by other theories that have been successfully quantized in a non-perturbative way
(e.g Yang-Mill theories [89]), we search for a reformulation of the Hamiltonian description of General
Relativity in terms of gauge connections [90,91]. We start by defining inertial reference frames (or triads)

e?, and their inverse, the co-triads e, which are related to the spatial metric by
hab = 5ijeZeZ, (31)

where 4,7 = 1,2,3 and ¢;; is the Kronecker delta. One can see that (3.1) introduces physically spurious
degrees of freedom, since one can locally redefine the triads by an SO(3) rotation and obtain the same
3-metric. To take this into account, one includes an additional set of gauge constraints on the theory,
called Gauss constraints, that generate the commented internal rotations. Actually, we can take as gauge
group the universal cover of SO(3), i.e. SU(2), which is a compact group. We denote its Lie algebra as
su(2). This procedure is necessary when one introduces fermions, which couple directly to the internal
group and distinguish between the two leaves in the universal cover.

In practice, one does not take as (part of the) canonical variables the triads themselves, but rather
adopts the densitized triads E¢ = v/he?, where h is the determinant of the 3-metric. One may choose as
canonically conjugated variables the components of the Ashtekar-Barbero connection A% = T' + yK!,
where K! = Kabeg’-zsij and T is an su(2) connection, called the spin connection, which defined in such
a way that the triads are annihilated by the covariant derivative (that acts on both spatial and internal
gauge indices). The parameter 7 is a non-zero real number known as the Immirzi parameter [92-94] (and

its value is usually fixed by arguments related to black hole entropy).
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In terms of these canonical variables, one constructs the basic variables of the system which, in order
to extract directly the gauge-invariant information, are instead given by the holonomy-flux algebra,

formed by holonomies along (piecewise analytic) edges e,

he(A) = Pexp/AflT,;dxa,

€

and smeared fluxes through surfaces,
E(S, f)= / fleape Bl datdz®,
s

where P denotes path ordering, €, is the totally antisymmetric symbol, 7; are —i/2 times the Pauli
matrices and f¢ are su(2)-valued smearing functions [11]. The elementary Poisson brackets are obtained

from
{B{(@), E)(@)} = {AL(@), AJ(#)} = 0,
{E(E), AJ(&)} = —8myo3678° (& — ), (3.2)

—

where 0%(Z — 7’) is the Dirac delta on the spatial hypersurfaces. Apart from the Gauss constraints that

have a trivial action on the holonomies and fluxes,
Gi = 0, B¢ + M e ATE! =0, (3.3)

the system is subject to the spatial diffeomorphisms and Hamiltonian constraints H, and H, that modulo

the Gauss contraints can be expressed in the form

8nyH, = FH,E? = 0, (3.4)
Eapgb y o

16mH = ——2— |51¢VFFL, — 2(1 +y*) KL KD | = 0. 3.5
oy (O Fy = 204 KK (3.5)

Here, F, is the curvature of the connection A%, i.e. Fi) = 26[(“42] + 6ileljkAgA’§, we have used squared
brackets as a notation for the standard antisymmetrization of indices and det E is the determinant of

the densitized triad (whose absolute value equals h).

3.2. LQC for Friedmann—Lemaitre-Robertson—Walker spacetimes

Let us consider the case of a FLRW spacetime with flat spatial hypersurfaces [95-98]. For convenience,
we take these hypersurfaces to be compact, isotropic to a three-torus with compactification period
denoted by £y. In addition, we use coordinates adapted to the spatial homogeneity. In such a cosmological

spacetime, our configuration variables Ef and A!, possess each only one independent component, and we
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can express them as [17,18,20]:

Al =ctyt O, E*=p gV Oh % (3.6)

a’

Here, ¢ is a fiducial flat diagonal triad with no physical content, and °h is its determinant. We have

that p is related to the usual scale factor by a = £5*\/|p|, whereas |¢| = v¢5|a/N| in the classical theory,
where a is the time derivative of a. The fundamental Poisson bracket, obtained from (3.2), is

8y

fe.ph = 5" (37)

In this thesis we are mainly concerned with inflationary universes [99]. To introduce inflation into
this system, we minimally couple a homogeneous scalar field ¢ with a potential, typically a quadratic
term m?¢? /2 with real mass m. Together with its canonical momentum 7, the field provides a new pair

of canonical variables:

{¢,m4} = 1. (3.8)

The spacetime symmetries and our conventions lead to spatial diffeomorphisms contstraints (and Gauss
constraints) that are trivially satisfied. Only the Hamiltonian constraint needs to be taken into account.

This constraint can be rewritten as

2

2y, 11/2 T 1 5.9 13/2 3.9
Plpl 7+ 5+ Ll 39)

Hio = 82

To define the quantum kinematics of the system, we must determine a set of elementary variables and
provide an operator representation of them. Following LQG techniques, we introduce the holonomy-flux
algebra given by holonomies h., defined by the connection A% along edges e, and fluxes of E¢ accross
two-dimensional surfaces S. Given the assumed homogeneity and isotropy, it actually suffices to consider
straight edges in the fiducial directions and square surfaces with edges parallel to those directions. It
is important to notice that it is at the step of quantizing this algebra where LQC departs from the
Wheeler-DeWitt formalism in cosmology, because the latter employs a continuous representation of
the elementary variables which are directly (i.e. linearly) related to ¢ and p [6,7], while LQC uses
a discrete representation of the holonomies of ¢. In our canonical formalism, we use Dirac’s proposal
for the quantization of constrained systems. Thus, physical states ultimately belong to a dynamical
Hilbert space constructed from the intersection of the kernels of the quantum operators that represent
the constraints on the kinematical Hilbert space that we use as starting point [100].

As we have commented, in our cosmological system we only have to consider holonomies along

straight edges oriented in the fiducial directions, with length pfy, where p is an arbitrary real number.
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The holonomy along an edge in the i-th direction is
hE(c) = et = cos (%) Iy + 2sin (%) Tis (3.10)

where I is the identity matrix in two dimensions. Since the matrix elements of these holonomies are
linear combinations of complex exponentials, we can take as our elementary configuration variables the
exponentials N, (c) = e¢/2, which for ;1 € R form the algebra of quasi-periodic functions of ¢ [101].
On the other hand, the fluxes are simply linear functions of p, with coefficients that depend only on the
smearing functions and the surface. In total, the phase space of LQC for our considered geometries can

then coordinatized by the variables NV, (c) and p. Their Poisson bracket is
Amy
{NH(C)vp} :Z? NH(C)~ (311)

The Hilbert space naturally chosen in LQC for these variables is H{o' = L?(Rpohr, diBohr), Where
Rponr is the Bohr compactification of the real line and dupen, is its Haar measure [101,102]. This
representation mimics that found in full LQG, which is non-continuous in the connection, so that there
is no operator corresponding (unambiguously) to ¢ [11,17,20]. This Hilbert space for LQC is isomorphic
to the space of square-summable functions in R with respect to the discrete measure, which is usually
called the polymeric Hilbert space. This space can be regarded, in turn, as the completion of the linear
span generated by the functions N, (which may be identified as kets |p)), span that sometimes is denoted

as Cilg, and which is dense in Rpgp, with the internal product

(') = dppr (3.12)

The delta appearing in this product is the Kronecker one, a fact that makes manifest the discreteness of

the corresponding measure. The action of /\A/# on these ket states is a translation on their label:
Nult) = |+ 1) (3.13)

Now, using (3.11) and Dirac’s rule for the correspondence between basic Poisson bracekts and commu-

tators, {-,-} <> —i[~,~ ], we define the action of p as

R Amyp
plu) = 3 |12)-

(3.14)

Since the measure is discrete in this representation, so is the spectrum of p.

One may wonder whether this polymeric representation is equivalent to that of geometrodynamics,
given the Stone-von Neumann uniqueness theorem [103,104]. However, a key hypothesis in this theorem
is that of continuity, which the LQC representation fails to satisfy. This means that the LQC quantiza-

tion may be (and indeed is) inequivalent to the conventional quanitzation used in the Wheeler-DeWitt
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formalism [6,7]. To complete our quantum description, we choose L*(R,d¢) as the Hilbert space H 2t
for the homogeneous scalar field, where d¢ is just the Lebesgue measure on R. This is the space of squared
integrable functions with ;5 acting by multiplication and 74 = —i0y. The total kinematic Hilbert space
is the tensor product of those for LQC and the scalar field.

To describe the quantum dynamics, we first notice that the part of H|y that depends on the space-
time geometry is just the particularization of the (spatial integration of the) general expression of the

Hamiltonian constraint (3.5) to this homogeneous system,

E?Egékleiijéb

/| det E|

where we have used that the second term in (3.5) coincides for flat cosmologies with the first one except

16720 Hyg = — (3.15)

for a numerical factor. As in the full LQG theory, we cannot express the Hamiltonian constraint as an
operator in a straightforward manner because it contains powers of the connection. To overpass these

complications, we can start with the holonomy along a square [;;, in the jk-plane,
iy, = PSR () (g~ (3.16)

Using it, the curvature can be written as follows:

i . h6jk_6jk il 0.7 0.k
= _QA%IEOU Tné el Ve, (3.17)

where tr denotes the trace and Ag = 32 is the fiducial area of the square. Whereas this expression is
well defined in the classical theory, the limit would diverge if we consider its operator version in LQC. It
is the discreteness of the spacetime geometry, as described in the full LQG theory, what permits us to
define a meaningful counterpart of this limit. For this, we use the fact that the quantum area operator
has a smallest non-zero eigenvalue A, in LQG [105], and then replace the limit with an evaluation in

the auxiliary square whose physical area is equal to Ay, so that

, hE =6 ,
= 2ty (%néﬂ> 0¢i Ok, (3.18)
0

where i = \/Ay/|p|.

We still have to define the specific operators Ny i that are necessary for the representation of (3.18).
Since ¢ cannot be expressed as a well-defined operator and [ is a function p, then ./\7},1 cannot be
unambiguously expressed in terms of our elementary operators J\A/H and p. To introduce a definition,
one appeals to geometric considerations. We can introduce a suitable parameter v so that Niﬁ would

produce constant translations in it. Taking into account the canonical algebra, v is the affine parameter
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associated with a vector field proportional to 9, = fi(p)d,. In this manner, we conclude that

o(p) = @D

2ny\ /Ay '

Its canonically conjugate variable is indeed b = fic, with {b,v} = 2. In these variables, the Hamiltonian

(3.19)

becomes

(73 = 3mv?b® + Am* P AgvPm?¢?) . (3.20)

1

Hpo = 4my\/Aglv]

The magnitude of v has a geometric meaning, because it is proportional to the physical volume of the

spatial sections® V = 27r'y\/E |v]. Since the variable v is well adapted to the implementation of Niﬂ,

we reindex the label of the states |u) so that this holonomy operator becomes indeed a unit translation,
Nialv) = v+ 1), and © acts by multiplication, o]v) = v|v).

Finally, we need a strategy to define the inverse of the scale factor (or rather, of the volume), present

in the Hamiltonian constraint. Since zero is in the discrete spectrum of ¥ (given the discrete measure

of LQC), we cannot use the spectral theorem to define the inverse of the volume (i.e., we cannot simply

divide by v). Once again, we adopt LQG techniques and make use of the classical identity [10,106]

! 1/3— L _Sgn(p) I fiy—1 1/2
<V> CplM?2 0 2myi o ;Tlhz {1~ Y2} ) (3.21)

Using this, 1//1\/ can be defined as the cube of 1/4/|p|, this operator being

T = T OV (Kl R Rl 75 (3.2

The final step for quantization is a procedure to replace the positive powers of p and 1//27 (or, equiv-
alently V and 1//1\/), and select the factor ordering of all operators. For this, we will use the prescription
given in Ref. [23], which avoids problems with the state |v = 0) and treats carefully the quantum coun-
terpart of the sign sgn(p). In particular, it involves a symmetric algebraic ordering of the powers of the
volume operator. This decouples the null volume state, so that it can be eliminated in practice from
the geometric part of the kinematical Hilbert space. Furthermore, one can prove that the action of the
resulting Hamiltonian constraint operator does not mix the subspaces Hgﬁ spanned by states |v) with
v supported on the semilattices £LF = {£(e + 4n)|n € N} with ¢ € (0,4] [21-23]. These subspaces HE
are frequently called superselection spaces. We notice that the variable v related to the volume has an
strictly positive minimum €, or an strictly negative maximum —e, on each superselection sector. Finally,
taking into account the symmetry of the system under parity, we can restrict the discussion of physical
states in LQC, for example, to HT, with strictly positive values for v, namely v € L.

We may further restrict the discussion to certain physical states with a pronounced semiclassical

3The physical volume is related to the scale factor, that we will employ in many classical formulas, by V = Zgag.
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behavior for large volumes and that stay highly peaked during the entire quantum evolution [107]. The
evolution of these states is governed by the Hamiltonian constraint. It has been shown that their peak
follows a trajectory that is dictated by Einstein’s equations when the matter density is small enough (less
than one percent of Planck density). However, when this density grows, the Universe stops following the
dynamics of General Relativity. If it was contracting, the density grows until it reaches a critical value
(around 41 percent of Planck density) and the scale factor a minimum, and then starts expanding. The
instant the Universe ceases to collapse is called the Big Bounce. This resolves the Big Bang singularity,

because all relevant physical quantities remain bounded in the commented process [21-23,108].

3.3. Scalar and tensor perturbations

While the FLRW cosmology we considered so far is an acceptable first order approximation, we
can clearly observe that the Universe is actually inhomogeneous. It is thought that these small inho-
mogeneities were seeded by quantum fluctuations of small inhomogeneities in the Early Universe. We
may introduce such perturbations both in the geometry (g, = 0g,“, + Ag,,) and in the inflaton field
(P = ¢+ A®), in a manner described e.g. in Refs. [39,41,53]. To exploit the spatial symmetry of the
background system, we can expand our fields in eigenmodes of the Laplace-Beltrami operator on the
homogeneous spatial slices. These modes provide a basis to decompose the perturbations. In particular,
in absence of matter vector fields, the physically relevant, gauge-invariant part of the perturbations can
be expressed in our cosmological system in terms of scalar and tensor harmonics. The Hamiltonian H

of the complete system truncated at quadratic order in the action adopts the form
~ E ~ E,e ~
H=No | Ho+> Hiy+) Hg |+ NeHyp+ 3 NeH o, (3.23)
E E,e E E

where Nj is the zero mode* of the lapse function, k is the wavevector label of the Fourier modes (taken
different from zero in order not to include zero modes), and ¢ = +, X represents the two admissible
polarizations of the tensor modes. The terms fl(’i 1) are quadrative in the perturbations and contain
only scalar or tensor contributions, depending on the label (s) or (t), respectively. Furthermore, N
and N i describe the (scalar) perturbations of the lapse and shift . Actually, their canonical momenta
are not present in the total Hamiltonian, indicating that they do not represent true degrees of freedom.

~and H

I which are

They must be handled as Lagrange multipliers, associated to the terms H S
linear in the perturbations. We call them the linear (Hamiltonian and diffeomorphisms) perturbative
constraints. They reflect the freedom to perform perturbative time reparametrizations and perturbative
spatial diffeomorphisms, respectively.

One must take into account that geometries that are related by any of these perturbative transfor-

mations correspond in fact to the same physical perturbed spacetime. So, we want to consider only that

4In this expansion, the zero mode of the lapse function and the contribution H)p to the Hamiltonian constraint are
formally the same as those of the unperturbed system.

25



part of the phase space of the perturbations that contains gauge-invariant information [1], which is not
affected by the aforementioned transformations. A perturbative variable is gauge-invariant if and only
if its Poisson bracket with the linear perturbative constraints is null, taking the background variables
as fixed [109]. This is automatically the case for the tensor perturbations, since the linear perturbative
constraints do not depend on them. But it is not the situation found generically for the scalar per-
turbations. Nonetheless, we can perform a suitable background-dependent canonical transformation of
the variables that describe the scalar perturbations and arrive to a new canonical set that contains a
complete set of gauge invariants. For instance, the new gauge-invariant variables can be chosen as the
so-called Mukhanov-Sasaki variables (together with their canonical, gauge-invariant momenta). In this
way, we can construct a phase space for the perturbations that is coordinatized by the MS variables, the
tensor perturbations and the linear perturbative constraints, together with their respective momenta.
In order to do this, an obstruction is found in the fact that the linear perturbative constraints do not
commute. This problem is solved by replacing H ‘El with an Abelianized version of it that is still linear in
the scalar perturbations. This replacement can be compensated in the total Hamiltonian with a change
in the Lagrange multiplier that corresponds to the zero mode of the lapse function, change that consists
in the addition of a term that is quadratic in perturbations [39)].

Since the employed canonical transformation is background-dependent, the new perturbative variables
no longer commute with the homogenous variables when the background is not regarded as fixed anymore.
So, to obtain a set that is canonical in both the homogeneous and inhomogeneous sectors, we must modify
the zero modes of the geometry and of the scalar field. The simplest way to obtain new variables for
the homogeneous sector forming a canonical set for the whole system, at the order of our perturbative
truncation in the action, is to rewrite the Legendre part of this action (that contains the information
about the symplectic structure) in a canonical way, i.e., as a sum of products of the time derivative of
configuration variables multiplied by their momenta, modulo surface contributions at the initial and final
times. This is done in detail in Ref. [39] using that the relation between the old and new perturbative
variables is linear and does not mix modes®. After a series of integrations by parts, and truncating the
result at quadratic order in the perturbations, the general form of the Hamiltonian constraint is formally
the same as in (3.23), but the perturbative terms appearing in it have now a different dependence on the

new canonical variables and the geometric interpretation of the Lagrange multipliers is changed slightly.

3.4. Fermionic perturbations

We now introduce fermionic content in our cosmological system. This serves as a test of our formalism
and extends our treatment to realistic matter fields. Let us summarize how to couple a Dirac field ¥

with mass M to the system [53]. We treat this Dirac field as a perturbation, including its possible zero

5Unless specified otherwise, in the following we will not make an explicit distinction in our notation between old and
new zero modes.
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modes. The field dynamics is determined by the fermionic part of the Einstein-Dirac action,
1 .
Sp=—i [ d*z /- [2(\1/%0 Oty VoW — Hoc.) — MUTAOW| | (3.24)

where ¢! is the frame field, or tetrad, of the homogeneous metric (defined in a similar way as the triads
but with respect to the 4-metric instead), and ®g = det g, is the determinant of this metric. In
addition, we have in this case i = 0,1, 2,3 as an internal gauge index, 7% are the constant Dirac matrices
in the Weyl representation of the Clifford algebra, and the dagger denotes the Hermitian conjugate,
whereas H.c. corresponds to the Hermitian conjugate of the previous term displayed. Finally, we define
Ve = 8, + jei(e¥7).7i7;, where the semicolon denotes the covariant derivative corresponding to the
homogeneous metric. Note that (3.24) is quadratic in the fermionic contributions. This means that
we can couple the Dirac field directly to the homogeneous metric either before or after correcting the
homogeneous variables to maintain the canonical structure in the total system. Any difference from this
change of variables will be a contribution of a higher perturbative order than those kept by our truncation.
A useful consequence of this fact is that the fermionic degrees of freedom are actually gauge-invariant
perturbations at this order of truncation.

We adopt the so-called temporal gauge so that eg = 0, for convenience in the treatment of the
Hamiltonian [52]. This choice of gauge plays an irrelevant role for the non-fermionic part of the system.
Its effect on the spin structure of the homogeneous manifold is a restriction that can be reinterpreted
as an assigment of a spin structure on each of the spatial sections. In this manner we can describe the
Dirac field with two bi-component spinors on T3, 4 and x4/, of defined chirality and parametrized
by the time ¢. In our notation, A, B,... = 1,2 are left-handed components, and A’,B’,... = 1,2 are

right-handed. In addition, we denote complex conjugation by an overhead bar. Explicitly, we have then

Xar
The components of these spinors are treated as Grassmann variables, to incorporate the anticommuting
behavior of fermions. Spinorial indices are raised and lowered with the antisymmetric matrices ¢, defined

Y > AT
12 BA _A'B' _ __B'A

)

so that €!2 = e1'? = g9 = €19 = 1, and 4P = —¢ , etc. After eliminating the
second-class constraints that relate the Dirac field with its momentum (owing to the fact that the action

is of first order in the derivative of the field), we obtain, at fixed time, the anticommutative Dirac brackets
{a®?01(Z), a2V (Z)}p = —i0° (& — 24, (3.25)

where I is the 4-dimensional identity matrix.
Each of the chiral components of the Dirac field can be expanded in an eigenspinor basis of the

Dirac operator on T°. The spectrum of this operator is discrete and characterized by eigenvalues +wy =
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:I:27r|lg + 7|/, with k € 73, and 27 = >, 719" characterizes the spin structure, where I = 1,2,3, ¢/
can be any of the constant vectors that form the orthonormal basis of Z3, and 77 € {0,1}, giving a total
of eight possible spin structures on 73 [110]. In an effort to avoid technicalities, we will not discuss in
this summary the potential zero-modes in the expansion of the Dirac field, only present for the trivial
spin structure on T (the reader can find their contribution in Ref. [53]). On the other hand, since wy,
grows like |E| when the latter tends to infinity, we notice that the density of states with eigenvalues in
an interval (wg,wyr + Awg] grows asymptotically as wiAwk. Extracting a global factor ¢*/2 from our

expansions for convencience and taking into account (3.25), we obtain

1
— + I —
AT 132302 Z (meE,A +rpwg A) (3.26)
k

=/

1
XA = 1372437 Z (515“7 a TRy ) (3.27)
k

The time-dependent coefficients my, sz, 7 and {j;, are Grassmann variables. In fact, the pairs formed
by each of these variables and their complex conjugate are canonical. For the specific form of the Dirac
+

eigenspinors w and u’;EiA, (with eigenvalue +wy, according to the sign +) we refer the reader to Ref. [53].

The zero mode of the total Hamiltonian constraint on the complete cosmological system is then
Hio+ 3 Hey + D HG + ) H, (3.28)
i ke E

where (for all non-zero modes)

- —(m,;m,; + tEtE —TrpTp — SEEE). (3.29)

We call Hp = ZE H; to shorten the notation. With the change of variables introduced in the previous
subsection, the system is symplectic at the considered truncation order. Finally, the only constraints

remaining on it are the zero mode of the Hamiltonian constraint and the linear perturbative constraints.

3.5. Hybrid quantization in Loop Quantum Cosmology

In the hybrid approach, one adopts a conveniently chosen quantum representation for each of the
sectors of the cosmological system, each of them with its own Hilbert or Fock space. The constraints of the
system are given by operators that are well defined in the tensor product of these representation spaces.
These constraints are imposed following the Dirac approach, which means that we expect physical states
to be annihilated by them [100]. This is non-trivial, since the zero mode of the Hamiltonian constraint
mixes the homogeneous sector, for which we choose an LQC quantization, with the inhomogeneous

sectors that are quantized with Fock techniques.
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Starting from the homogeneous geometry, we define Hp,." as its representation space in LQC, along

the lines explained in Section 3.2. For the zero mode of the scalar field, we call its kinematical space
HI | given again by the Hilbert space L?(RR, d¢) of squared integrable functions over the real numbers,
with ¢E acting by multiplication and 74 = —i0y. For the perturbations, we adopt symmetric Fock spaces
for the scalar and tensor perturbations, that we call F; and F; respectively, and an antisymmetric
Fock space for the fermionic perturbations, called Fp. Bases of these Fock spaces are given by the
n-particle(/antiparticle) states |[Ns), |NV;) and |[Np), where N denotes occupation numbers in each of the
considered Fock representations.

Let us consider the linear perturbative constraints. In fact, it makes sense to treat these linear
constraints as the generalized momenta of their canonical pairs. In this manner, one can use a rep-
resentation where these perturbations act as generalized derivatives. As such, their imposition simply
implies that physical states only depend on gauge-invariant perturbative degrees of freedom and on the
homogeneous sector. The only constraint that remains to be imposed on the system is the zero mode
of the Hamiltonian constraint. Using the representation space H = H22" @ HE ® Fs @ Fr @ Fp,
the construction of the operator for this constraint is then carried out according to the prescriptions
explained in Refs. [23,39,41,53].

Finally, one would have to determine the kernel of the (adjoint) of the zero mode of Hamiltonian
constraint. A convenient strategy is based on the fact that, for physically interesting states, we rarely
expect quantum transitions of the background to be mediated by the perturbations (as well as on the fact
that the modes of different types of perturbations are mutually decoupled at this order of truncation).
This motivates ansatz of separation of variables, in which only the homogeneous scalar field ¢ is contained
in all the factors and, in certain regimes, it may act as an internal time [23,39,41,53]. Explicitly, we

search for states with wave functions = such that:

E(‘/a (baNS)NTaND) = F(M ¢)’(/}S(NS7 ¢)’(/}T(N‘T7 Qb)'(/)D(ND, ¢) (330)

Additionally, we restrict our considerations to normalized states I in H{i"" with unitary evolution in ¢.
With this ansatz, the imposition of the Hamiltonian constraint® leads to a collection of Scrédinger-like
equations with respect to ¢ for the perturbations, in which all the terms related to the unperturbed
geometry are given by expectation values of the operators that describe it. In particular, we obtain the

fermionic Schrodinger equation

(VHp)r - Cp’(9)

1051 p(Np, ¢) =
(Ho)r

Yp(Np, ¢). (3.31)

Here, H, is the self-adjoint and positive operator that generates the unitary evolution in ¢ of the quantum

6Some other well motivated approximations are needed but we refer the reader to the Refs. [23, 39, 41, 53] for the
detailed calculations.
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state I' of the homogeneous geometry. The term Cg), on the other hand, appears in the equation

A(g) . 2 2 2
HY + [0, Ho) — (H
) 4e® 4o+ G . ol = (Ho) e =0, (3.32)
2<Ho>r

where Ct(r) and CS(F) are similar terms arising from the scalar and tensor perturbations, and ’H((f) is

the operator whose square root would generate the evolution on the unperturbed quantum geometry.
Consequently, C’g) measures in average (i.e. after taking expectation values) how much the partial
FLRW state I' can differ from being an exact solution of the unperturbed system as a result of the

fermionic perturbations. In this sense, it can be understood as a quantum backreaction term of the

fermionic sector on the homogeneous background.

3.6. Unitarily implementable evolution for fermionic perturbations

The last step in the quantization would be to find the physical states of the system and endow them
with a Hilbert structure. To do so, we must first specify the kinematical Fock space for the fermionic
part of these states. A usual way to characterize this Fock space is by defining a set of annihilation and
creation variables that are straightforwardly promoted to operators. These variables can be introduced
by means of canonical transformations which, in general, mix the homogeneous and inhomogeneous

sectors of the system:

E,A _‘7)‘ U
at = fiMNa,d)rp+ N0, 0)i g e

B o= 0@ d)zp 957 (4, 8)F_g o (3.33)

together with their complex conjugate expressions, where (zj, yz) is any of the ordered pairs (mg, s;) or
(tz,7y), that have well-defined and opposite helicity A = £1. It is understood that the coefficients hf’)‘,
with h = f,g and [ = 1,2, may depend also on the momenta of the homogeneous variables. In order to

satisfy the standard anticommutation canonical relations, it is necessary that [53]

gllc,A — R ka,,\’ gl;,A — it ff”\, (3.34)
- g PNE
. R (3.35)

where J]%‘, FQI2 * € R are two (possibly) background-dependent phases.

We see that Egs. (3.33) allow for an infinite number of choices of vacua. This ambiguity may be
alleviated by considering only vacua that are invariant under the spatial symmetries of the background
and/or the symmetries of the dynamical equations. In particular, we restrict our considerations to
coefficients that only depend on the eigenvalue wy, as opposed to a dependence on k. On the other hand,

since the spacetime is non-stationary, requiring that the vacuum be invariant under the evolution is not a
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suitable strategy, at least in principle. Instead, we can ask for vacua that lead to a Heisenberg dynamics
for the annihilation and creation variables that can be implemented as unitary transformations in the
Fock space (when the Dirac field is treated as a test field propagating on a fixed FLRW cosmology). It
was proven in Ref. [54] that this condition univocally fixes the asymptotic behavior of the annihilation

and creation variables in the limit of infinitely large wy, so that they must satisfy [54]

Ma gk 2

kA F koA . kA

Y 2 +60""  with } 0% < o0, (3.36)
kez3

where the ~ symbol denotes the same asymptotic order in the limit wp — co. Note that, even after
imposing this restriction coming from unitarity, there is still much freedom left (even in the asymptotic
limit) in our choice of annihilation and creation variables. Nevertheless, it has been proven that all Fock
representations corresponding to these possible choices of vacua are at least unitarily equivalent, so that

they allow for the same physics [54].

3.7. Effective LQC and non-oscillating vacua

As explained in section 3.2, one can evolve certain families of semiclassical states with the LQC
Hamiltonian constraint until one reaches in the past an epoch in which the matter density of the Universe
was large, of the Plack order. These states avoid the Big Bang singularity while remaining highly peaked.

Moreover, the trajectory of the peak follows an effective dynamics generated by an effective Hamiltonian

Heff

constraint [107]. This effective constraint 0

can be obtained by replacing the classical variable b in

the expression (3.20) of H|y by sinb, namely

eff _

1
H - -
1o Ay /Ag|v|

This replacement comes from the fact that the connection variable b is not well defined as a local operator

(7?3, — 3mv?sin® b + 4n? 2 AgvPm?¢?) . (3.37)

in LQC, and is then represented in terms of holonomies which contain imaginary exponentials of b. If
we now consider cosmological perturbations with a background state I' that follows this effective LQC
dynamics with negligible backreaction, the expectation values on the homogeneous geometry that appear
in the dynamical equations of the perturbations can be approximated by their evaluation on the effective
trajectory of the peak of I'. From this perspective, to specify the effect of I' on these equations we only
need to provide initial conditions on the four canonical variables of the homogeneous sector, since these
will fix the effective LQC solution that describes the peak of the state. These homogeneous variables are,
however, not independent, because they must satisfy the effective Hamiltonian constraint H, ‘eof F. This
can be employed to find the initial value of e.g. the inflaton momentum in terms of the initial conditions
for the other three homogeneous variables. On the other hand, a convenient choice is to set the initial
time at the bounce. There, the time derivative of the scale factor (and consequently of the volume)

vanishes, a fact that serves to specify part of the initial data on the geometry. Additionaly, since we
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have the freedom to set a reference scale of distances, we can simply set the initial scale factor equal
to one at this initial time. This means that a rescaling will be necessary if we are ever to compare our
results with (observational) cosmological data, for which the scale factor is commonly set to one at the
present time. In conclusion, we see that we only have to give the initial value of the inflaton at the
bounce to fix the effective trajectory of the homogeneous sector. If we are considering a mass term as
the inflaton potential, we can also add the value of this mass as a piece of data that must be determined.
Usually, the initial value of the inflaton and its mass are chosen so that one obtains power spectra for the
perturbations that can reproduce the observed CMB spectrum, while still allowing for the pressence of
quantum effects in it. In this thesis, we study the scenario that is phenomenologically more interesting,
namely, a kinetically dominated regime followed by a short-lived inflation. This situation is found for
initial values of the inflaton at the bounce, ¢p, slightly smaller than one, and for a mass of the order of
1075, both of them in Planck units. For concreteness, we are going to run all of our numerical simulations
for the values m = 1.2x 1076 and ¢ = 0.97, as done in Refs. [111,112]. In addition, we take the Immirzi
parameter equal to 0.2375, a standard choice based on the Bekenstein-Hawking formula [113-115].

In hybrid LQC, one obtains effective equations of the Mukhanov-Sasaki and tensor perturbations
that describe the dynamics of harmonic oscillators with a time-dependent mass that is a function of the
homogeneous cosmology [39]. Calling v;; any of the perturbative mode variables (and k its labels for
simplicity), we get

v+ (k% + s)op = 0, (3.38)

where the prime denotes the derivative with respect to the conformal time and, within the considered

effective regime, the time dependent mass s for the scalar (s) and tensor (t) perturbations is given by

RONSSNON ;S (3.39)
2/3 /<in2 b
s = (27r'y\/Agv) (51211A - 47rm2¢2) , (3.40)
T Ry
2/3 47y sin(2b)m? 32272 A mA ot
Une = (2777/550) (mz R vb”“ﬁ) L (341

For calculations of the power spectrum of the perturbations, in practice, one takes the eigenvalue k of the
Fourier modes as a continuous quantity. This continuum limit can be defined rigorously in the system,
as proven in Ref. [116].

The same type of mode equations is also found in other approaches to quantum cosmology, including
LQC, such as the so-called dressed metric approach introduced by Ashtekar, Agullo and Nelson [30,
32,33,117]. The key difference between this approach and hybrid LQC is the expression of the time-
dependent mass that appears in these equations. Nonetheless, this difference between the masses is only
non-negligible in epochs with large matter density [118], because both approaches reproduce the results
of General Relativity at low densities.

On the other hand, let us consider a set {p } of complex solutions to (3.38), for all k¥ € R, that becomes
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a basis together with their complex conjugates. It is well known [49] that any such set univocally defines

a quantum Fock representation of the considered field if it is normalized as
[k — Mk = i- (3.42)

It is important to note that, because of this normalization, and the reality and linearity of (3.38), any
two choices of basis elements in which the modes are not mixed, jix and pg, must be related to each

other by a linear Bogoliubov transformation of the form

i = ok (e, pore) pke + Bre (fiks o) - (3.43)

The normalization condition (3.42) holds provided that the constant Bogoliubov coefficients satisfy

|k (ks ) 12 = 1Bk (e, i) |* = 1. (3.44)

We may refer to the vacuum state selected by a specific set {u} as |0,). The power spectrum corre-
sponding to this vacuum can be obtained from the quantity

k3

ﬁ“ﬁk(n”z» (3.45)

PV(k777) =

evaluated at the value for the conformal time 7 corresponding to the end of inflation, 7.y4.

Some widely studied vacua in LQC have been the adiabatic states which, much like in the case of
the fermionic perturbations, are built by and iterative procedure that should eventually determine a
Hadammard state. From a certain adiabatic order on, these vacua lead to a renormalizable energy-
momentum tensor. However, they have been seen to provide oscillatoy power spectra, a behavior that,
after its averaging, usually amplifies the power and may blur the genuine quantum gravity effects that
ocurred in the pre-inflationary epoch. To find a possible solution to this problem, a criterion for the
choice of a vacuum has been proposed [68] in which one requires numerically a non-oscillating behavior
by minimizing the quantity

/ " im0, ()| (3.46)

ni
where the integration limits n; and 7y are usually chosen to be the bounce and the time for which ¢’
vanishes for the first time. This minimization takes into account the fact that the oscillations in the
wavenumbers are often related to the time oscillations that the norm of the solutions pj may have

experienced in the period before inflation.
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4. Article summary

4.1. Fermionic perturbations
4.1.1. Backreaction of fermionic perturbations in the Hamiltonian of Hybrid LQC

When one considers quantum matter fields coupled to curved spacetimes, treated as classical entities,
divergences frequently appear [64,119-125]. In fact, it is not straightforward to get rid of these divergences
by simple renormalization techniques and it is commonly believed that these pathologies are due to the
classical treatment adopted for the geometry. We have already motivated the search for a quantum theory
of gravity as a way to remove or at least alleviate the singularities that exist in General Relativity. From
this perspective, we find in the divergences of quantum field theory in curved spacetimes a good arena
to put into test the possible consequences of a quantum theory of gravity, specially if this line of attack
can remove the divergences without using any “substraction of infinities” scheme. A possibly divergent
quantity is present in (3.31), describing a quantum backreaction from the fermionic perturbations on the
geometry. To study it further, we start with any set of annihilation and creation variables that satisfies

(3.36), written in the convenient form (inspired by Refs. [52,53])

_ Ma [
[ e ] i Y0 <, (11)
E

where we have defined”
&k = \/wi + M?a?, (4.2)

and we keep generic phases for the moment. We consider that FQk A and 62 do not depend on the inflaton

or its momentum and restrict ourselves to transformations such that
aht =0, o kN = Ok, (4.3)

for h = f,gand [ = 1,2, integers n at least up to three, and where the considered derivatives act order by
order in the asymptotic expansions for large wy, (at least for the relevant orders in our discussion). Here,
a contribution is O(.) when it is of the asymptotic order of the corresponding argument (or smaller).
Our restriction excludes, in particular, the possibility of absorbing in the phases of h]f’A and hg’A any of
the dominant oscillations in conformal time that the Dirac field displays in the limit of large wg, when
it is treated as a test field obeying the Dirac equation in a classical FLRW cosmology.

Since the coefficient (4.1) is allowed to depend on homogeneous variables, the annihilation and creation
variables cannot form a full canonical set together with the homogeneous cosmological ones. Then, by a

procedure similar to that explained in Subsection 3.3, we must change our set of homogeneous variables.

"In the original publication we actually let the coefficients depend on the Fourier label IZ, while in subsequent articles
we restricted the study to a dependence on the eigenvalue wg, owing to symmetry considerations. In this summary, we
adopt this last viewpoint to avoid lengthier calculations that would obscure the results.
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At our order of truncation, and denoting with the new variables with a tilde, the change is
a—a=Aa = -— [(6%3;,5)@,3 =+ ((r“)w .’L‘E):E]z =+ (&ray,;)gj,; + (aﬂaﬂg)yg], (4.4)

Tg — Tgq = A77—(1 = -3 [(aaxfg')f]; + (aaffc’)xfc‘ + (aay]g)y]; + (aayfc')y];] (45)

We will ignore the tilde in the new variables after these redefinitions, in order to simplify the notation.
This change of variables naturally gives rise then to a modification of the terms corresponding to pertur-
bative contributions in the zero mode of the Hamiltonian constraint. At our truncation order, the final

result is the new fermionic Hamiltonian
1 _ _ _ _
5| (5o + 15" (aha - g + 3o — ) + 5 (2 -
+ iR —F2 ) g1 (20%9,); + hl;)‘) a%b% — iR ) g1 (waﬁ‘ + hl}')‘) a%b%} , (4.6)

where h’BA and h§’>‘ are real functions that depend on the coefficients appearing in (3.33). In the

asymptotic regime of large wy, h];)‘ is given by

]’Lk’)\ . 2w M

;= ZBﬁ%wk Tae'? + OMax(07, w; %], (4.7

where Max(.,.) denotes the maximum of its two arguments. Notice that 67 must be (at least) asymp-
totically negligible compared to WI;S/ % in order to satisfy (4.1)%. Then h’;’)‘, in the interactive part of
the Hamiltonian, has asymptotic order O[Max(w6y,w; ')], a fact that implies that its square is not
absolutely convergent. This means that, as long as 7 does not depend on the cosmological variables,
the operator version of the Hamiltonian constraint is not well-defined in the dense subset spanned by
n-particle/antiparticle states of the Fock space.

Let us then proceed to quantize the system in the manner described in the previous sections. We
introduce a state dependent conformal time nr given by

72/
= 0200 (4.8)

(Ho)r

which is well-defined thanks to the the positivity of o and the lower positive bound on the volume

in each superselection sector of LQC. Then, for asymptotically infinitely large wg, (3.31) defines the

8Recall that we are summing over all wavenumbers k and that, for asymptotically large wy, the density of states

grows proportional to wz. Therefore, sequences of asymptotic order O(w;?’/ 2) or bigger are not generally square
summable.
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following Heisenberg equations on our annihilation and creation variables, evaluated at nr = n:

dopa(n,m0) = —iF X (n,m0) + G0 (1, m0),
; r 7D\ 7 ~(T) o
dnrb,;f(ﬂaﬁo) = 1 (F,i ) 4 J,i )) bgf(n,no) - G,g )a%(n,no)7 (4.9)
where
o0 2iwn( T IRIVRGN e 4 il V) (4.10)
k <V2/3>F

The expressions of F’ IEF) and jlgr) will not be needed here.
Equations (4.9) can be integrated to obtain the Bogoliubov transformation corresponding to the

dynamical evolution:

aX(mmo) = on(n,m0)aX(no) + Be(n,m0)b> (o),

F
N i [ d F(I) _ R i [ d F(I) _ ~
2 nmo) = —e' T By, mo)a(mo) + € o T Gy (i, 10) B (o) (4.11)

This Bogoliubov transformation can be used to find solutions to the Schrédinger equation (3.31) as long
as it is implementable as a unitary operator on the Fock space Fp. This is indeed the case for all
coefficients of the form (4.1)°. In particular, we can define rigorously the evolution of the vacuum state.

The fact that the evolved vacuum must be a solution to the (3.31) implies that, in the asymptotic

limit of inifinitely large wavenumbers, the fermionic backreaction term behaves as [53]

o) 10 (172/3 ‘G;F)P_d A
b (@)~ (V2 Y | 55 —duecy| - (4.12)

where c% € R is an undetermined phase. Clearly, one can easily make this backreaction finite by a

“subtraction of infinities”, adjusting the phase c% so that the contribution of each mode vanishes. This is
possible even for a divergent sum in the first term of Cg). We will not consider this possibility here, but
rather investigate whether the hybrid approach can avoid these problems by a suitable choice of vacuum
for the fermions, as we motivated previously and in the spirit of Dirac’s ideas about what one should
expect when gravity is quantized. Actually, this goal can be accomplished by noting that the quantity
Gg)wk_l/ % can be made square summable by further restricting the asymptotic freedom in (4.1) so that

0 = —i

M JFE .
mwae F 49, with %:wk|192|2 < 0. (4.13)

Hence, 19% is subdominant with respect to w,:2. In fact, one can prove that this restriction on the choice

of annihilation and creation variables makes the interactive part of the fermionic Hamiltonian decay

9This is so because the beta coefficients are square summable [54,126].
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asymptotically as wkﬁg, which can be chosen as a square summable sequence by further restricting
the dominant order of ;. The new choice of vacuum would then succeed in both achieving a finite
backreaction term and ensuring that the fermionic part of the Hamiltonian constraint is well defined as

an operator in the dense subset spanned by n-particle/antiparticle states. '°

4.1.2. Asymptotic diagonalization of the fermionic Hamiltonian in Hybrid LQC

In the previous subsection, we showed that imposing good mathematical and physical conditions
on the quantum theory actually restricts the freedom in the choice of vacuum state. We achieved
this by restricting the choice of annihilation and creation variables in the limit of asymptotically large
wavenumbers. One can go a step further and ask whether, among the still available choices of vacua,
there is one preferred by the quantum dynamics. Our previous procedure actually lowered the asymptotic
order of the interactive part of the fermionic contribution to the Hamiltonian. It is thus natural to look
now for a procedure that removes this term completely, at least asymptotically. For a general definition of
annihilation and creation variables, the fermionic contribution H p to the zero-mode of the Hamiltonian

constraint has the form

Hp = lh'y (@2} - adar + B2 - 25

B

7 (0t =ity B (o) -0 (a3) ] a1

In the calculation of H D, one has to take into account the redefinition of the homogeneous cosmological
variables that is needed to keep the system canonical. The non-diagonal part of the Hamiltonian, which

is the part that we are interested in, is given by

a

) ) ) 2 2 2
PN = e R MU Hod — AN Hiod + SR fA N M (1) = M () } (4.15)

where {-, -} are the Poisson brackets of our (truncated) system.
In order to explore this system in the asymptotic limit of large wavenumbers, we write ff A as the

following asymptotic series expansion in inverse powers of wy:

A 2 (gt
SRS (=" . (4.16)

wh
n=1 k

with ~,, € R. The normalization condition in (3.35) implies then that the asymptotic form of f2k A must

be

00 .
éf»k — ez’Ff’A Z (_Z)n'}/n

4.1
0 (417)

)

n=0

108ee footnote 1.
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with 74,, € R again, and where the coefficients 7,, are defined as 79 = 1, 42,1 = 0, and

n

. n 1 (2m —3)!
o = (1)1 | 1Tt Z T > ngn oi Do |, Wn>1 (4.18)
m=2 im—1=1 i1=1
with
2n
Ip=0, Tg,= Z(_1)"+Wiygn_i, Yn > 1. (4.19)
=1

Note that 4, is completely determined via (4.18) by v, with m < n.

The interactive part of the Hamiltonian vanishes when

M Hoh SN Hod + 22 A () v () =00 )

If we plug our asymptotic expansions into this expression, we get the recursive relation
Ma _ a4 =T. - 2 -~
Yol = =50+ 5 > [’Ynfl{H\o,’Yl} = Ho: Fu-t} = _Amr1—t = M-t + %%4)}, (4.21)
1=1

for all n > 0. Since 49 = 1 from the normalization condition, we can get the first term of the series (4.16)
from this equation, namely v, = —%M a. We can then univocally obtain the rest of unknown coefficients
with our formulas, because the terms in the right hand side of (4.21) only involve contributions of 4,
with m < n. A simple calculation shows that v, = —%wa. In this manner, we recover the results of
unitarily implementable evolution and finite backreaction!.

With this choice of annihilation and creation variables, we get (in the asymptotic sector) the Heisen-

berg equations

. 2 . r =D\ 3
d %(77 770) _ZF( )a%(na"m)v dnrbgT(nﬂm) =1 (Flg ) + JE‘C‘ )> bg\(na 770)7 (422)
where we have called

) Z AV2Pahie gy _ 2V ah )

= = , = = 4.23
= = (423)
These Heisenberg equations can be easily integrated as the following Bogoliubov transformation:
R g JalS (Y]
@ m0) = ki (me) 5 (o) = ¢ (TR X (), (4.24)
where we have defined
n . 7 .
FY) = / dnr BV, I = / dnp J. (4.25)
u To

HFor the sake of simplicity, the recursive equation has not been written exactly as it appears in the article.
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Some features of this quantization in the asymptotic region are:

= This Bogoliubov transformation is clearly unitary [126], since the antilinear part of the transfor-

mation vanishes asymptotically.
= The vacuum is stationary under the evolution dictated by the evolution operator.
= The backreaction is not only finite, but can be made to have an arbitrarily low asymptotic order.

= The fermionic Hamiltonian is properly defined in the dense subset of Fp spanned by the n-

particle/antiparticle states.

4.1.3. Fock quantization of the Dirac field in hybrid quantum cosmology: Relation with

adiabatic states

In the previous subsections we discussed how one can impose good physical properties to restrict the
choice of vacuum of fermionic perturbations in the context of hybrid LQC. It is a good idea, then, to
see how these criteria relate to other vacua in the literature. In quantum field theory in cosmological
spacetimes, on the other hand, a well-studied family of vacua are the adiabatic states. The consideration
of such states is very common in the case of scalar and tensor fields, but there are less works on this topic
in the case of Dirac fields. One construction of fermionic adiabatic states in cosmology is provided in
Ref. [70]*2. However, it was carried out in the Dirac representation of the Clifford algebra, instead of the
Weyl representation that we are employing. So, we first contruct these states in the Weyl representation
following the same line of reasoning of Ref. [70].

At a given initial time 79, any set of annihilation and creation variables selects a decomposition of

the Dirac field of the form

U @) = 3 3 [up a0 DAz, + v\ (0.9) By (4.26)
Fezs A==%1

where A is the helicity, we have introduced the (annihilation and creation-like) constant coeflicients

Apy=az(m),  Bpy="0:0m), (4.27)

)

and, for trivial spin structure on 7% and setting for simplicity J ,i‘ =0,

-

ei27r)xl$f/£0 hé,\(ﬁ)f/\(

) :
up \(0.3) = i S ) = P, (0.2, (428)
o Viga® \ (e (k) o o

where 72 is the second Dirac matrix. The bispinor @(E) is normalized so that f;r\f,\ = 1. In addition,

the functions (hi A h,lcl)\) provide a basis of mode solutions of the Dirac equation, normalized such that

12 A different construction of adiabatic states for fermions in FLRW cosmology has been proposed in Ref. [71].
Nonetheless, we proved that one cannot build a Fock representation based on the states determined by this construction.
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|h£7 WP+ |h£{>\\2 = 1. They are related to the coefficients of our annihilation and creation variables by

Wl B hoA o) — 5N ()3 ’
h(y) = I;IA _[;! . )\(1 ] [ A(77)0%,A(77 7o) ik(ﬂ)ém(n ) (4.29)
R 2" (e (m,m0) + 1177 () Bra (1, m0)

In order for the Dirac field to be a solution of the Dirac equation, the variables (hy, ,hi’y) need to

satisfy the Schrodinger-like equation [54]

) —wr Ma
i0yh = H(n)h, H=)\ . (4.30)

Ma  wg
The adiabatic construction begins by diagonalizing the time-dependent Schrodinger Hamiltonian H (),
performing an explicitly time-dependent change of variables by means of a unitary matrix. These new
variables satisfy a similar equation, but with a lower dominant asymptotic order in the non-diagonal

part. This process is applied repeatedly. At the n-th step, the solution can be approximated as

By () = (11 Ui(n)> (. m0) (1) . U, = diag (eXp (—i /n n Qn> exp (z /n " Qn>) (4.31)

The matrices U; are defined as the unitary matrices necessary to diagonalize the Hamiltonian at the i-th
adiabatic step, and €2,, are the diagonal elements of the Hamiltonian at the nth step. The approximation
h|,,(n) is different from the solution only by terms of asymptotic order O(w; ™). It is worth noting that
the frequency (2, is manifestly positive in the asymptotic regime of infinitely large wy. This adiabatic
approximation was motivated in Ref. [70] in order to select positive frequencies. It can be checked that,
as expected, this construction is indeed equivalent to that carried out in the Dirac representation.

Let us now analyze the properties of the resulting adiabatic quantization and its associated anni-
hilation and creation operators. With respect to the asymptotic expansion in the limit wy — oo, the
adiabatic construction is such that fﬁri\ mantains, for each adiabatic order n > 1, the same dominant
terms that appear in fﬁ’;\fl up to order O(w;”fl). Computing just the two first adiabatic orders in

classical cosmology, one gets

_ Ma(n)

f’\’ox(n) = o +O0(w %), (4.32)
kA Ma(n) | iMa'(n) _gy _ Ma(n)  wMma(n) -3
fl\l (77) - QUJk + 4w]% + O(wk ) - 2Wk g 3l:8w]% + O(wk ) (4'33)

The choice of initial time 7y does not affect the construction of the adiabatic states, except for a phase
that is irrelevant in the choice of Fock space. Comparing these asymptotic terms and those that are
characteristic of the family of Fock quantizations admissible in hybrid quantum cosmology according to
our physical criteria, we can prove that all adiabatic vacua belong indeed to this family. Furthermore, for

adiabatic orders other than zero, those adiabatic vacua can be associated with annihilation and creation
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operators that lead to a well defined quantum fermionic Hamiltonian and backreaction term in the only

non-trivial constraint of the system.

4.1.4. TUnique fermionic vacuum in de Sitter spacetime from hybrid quantum cosmology

At this point, we have physical criteria to select a preferred vacuum in the case of fermionic cosmo-
logical perturbations for a generic FLRW cosmology. Insight about the properties of this vacuum can
be gained by studying a particularly interesting cosmological solution and applying to it our procedures,
namely, a de Sitter spacetime. This is a perfect arena to check whether the asymptotic diagonalization
procedure is consistent and whether it can indeed fix a unique vacuum. A de Sitter spacetime can
actually provide a good approximation to the inflationary epoch of the Universe.

The differential equation (4.20) can be written as an equation on the function ¢y ) = B A for

any f;c)‘ #0:
a{prr, Ho} + 2iwppr s + iaM g, —iaM = 0. (4.34)

In fact, if one introduces the asymptotic expansion

1 oo Z. n
~ —— | Z,, 4.35
P 2wy, ; ( ka> ( )

the recursive relations previously shown in Subsection 4.1.2 become
n—1
Zo=Ma, Zny=a{Hjg,Zn}+Ma ZnZy (mi1),  ¥n>0. (4.36)

m=0

We may particularize this asymptotic expansion to the expanding chart of de Sitter spacetime, de-

scribed by a constant potential for the inflaton ¢ and a scale factor that behaves as
a=—(nHp)"?, —00 <1 <0, (4.37)

where Hp is the Hubble constant and n the conformal time. In this de Sitter background, the general
condition (4.34) that cancels the interaction terms in the fermionic Hamiltonian becomes the following

Riccati equation:
Prx + 2w — iM(nHA) " op  +iM(nHy) "' =0, (4.38)

where the prime denotes the derivative with respect to 7. To solve this equation, we use the change of

variable

oA = inM T Hy [In(e™ wy 3], (4.39)
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where t is the cosmic time, and then define the mode-dependent complex time T = —2iwgn. In this
manner, we find that the general solution is given by the following linear combination of convergent

hypergeometric functions:

. —1
wi = AL Fy (—iMHY Y1 = 2iMHY ST + BT M0 By (iMHY S 1+ 2iMHY STy, (4.40)
where A and B are arbitrary complex integration constants.
Let us now prove that the asymptotic diagonalization process picks out a unique vacuum by deter-
mining the constants A and B, at least up to a global multiplicative factor that is irrelevant for our
definition of creation and annihilation variables. We begin by expanding wy, » as an asymptotic series

wip ~ TN (1) M, with wy = (MHY) w. (4.41)

n=0
The imaginary power of T} that appears in the above expression is needed to eliminate the term of
order 1 in ¢y x, so that the function Tj ¢ » behaves like i M HXl at dominant order in the asymptotic
limit. Introducing this expansion for wy, » in the confluent hypergeometric equation that it must fulfill,
we obtain a recursion relation for the constant coefficients w,,,
(n+iMH") (n—iMH")

Wpi1 = ] Wy, (4.42)

The solution is

wo /. -1 . —1
wn == (iMHLY) (—iMH{') (4.43)
where wy is an arbitrary constant and we have employed the notation
1 ifn=0,
(b)n = (4.44)

bb+1)..(b+n—-1) ifn>0,
for any number b. Using some identities satisfied by special functions [127,128], our formulas allow us

to fix the integration constants:

A=l (2iMHLY) B—wl (—2iMH,") (4.45)
I (iMHY)’ I'(—iMH') '

where ' is the usual gamma function.

The solution (4.40) with integration constants (4.45) can be shown to lead in (4.28) to the positive
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frequency solution

oAz e e %
(i2mARE /Lo 1= /\(I—H"YO)} \/meieerMHAlﬂ [H,, 1 (wkn) +iH,, (wkn)]ﬁ,\(’i) 7
8 k)
4

UE,A(UVT) = /T%ag 9

where p = iM H;l +1/2 and O is a constant global phase, irrelevant for the definition of the vacuum.
On the other hand, the solutions that describe antiparticles are given by the charge conjugate of these
ones, namely via the second equation in (4.28).

We end this subsection by noting that the constant phase © includes all the dependence of the basis
of solutions on the choice of initial time 79, and hence the definition of the annihilation and creation
constant coefficients that results from our procedure, and thus the associated vacuum, are independent
of that choice. Let us finally point out that the leading time dependence of our basis of solutions follows
the behavior U\ ™~ a=3/2 exp (—iwgn), Uiy ™ a=3/2 exp (iwgn), something that is often demanded on
physical grounds as a necessary feature of the corresponding Fock representation of fields in conformally
flat spacetimes [65,67]. In particular, the Bunch-Davies Hadamard vacuum for scalar fields in de Sitter
spacetime has this dominant plane wave behavior [1,75-78]. In fact, we can show that the asymptotic

diagonalization procedure singles out the usual Bunch-Davies vacuum in de Sitter.

4.2. Properties of NO vacua
4.2.1. NO power spectra in LQC

As we discussed in the Introduction, there are many different ways to fix a vacuum for the scalar and
tensor perturbations of a homogenous inflationary cosmology with a relevant pre-inflationary period.
One of the most studied proposals is the choice of adiabatic states, that leads to vacua with certain
desirable physical properties, such as a renormalizable energy-momentum tensor, but that in typical
scenarios arising in LQC have some phenomenologically undesirable attributes, like a highly oscillatory
power spectrum. Another recent proposal is the NO vacuum. This proposal directly adresses the problem
of the superimposed oscillations in the power spectrum, which often produce power amplification in the
average and may blur or hide the quantum gravity effects [68]. This choice of vacuum was originally
characterized by means of a numerical procedure, a fact that makes difficult the comparison with other
vacua and even the discussion of its physical properties. Our goal now is to overcome these complications
and gain analytic insights into the qualitative behavior of the NO vacuum states. Let us start with the

following generic expression of a positive-frequency mode solution pu:

1 i [ dnIm(hy)
- . , 4.47
= oTm(hy) (4.47)

43



where Im(hy) must be strictly negative and, for (3.38) to be satisfied, hy must be a complex solution to

the Ricatti equation
W=k + s+ hi (4.48)
k k. .
This last equation is in fact equivalent to the set of coupled equations

Re(hy)’ = k* + s + Re(hy)? — Im(hy)?, (4.49)

Im(h;)' = 2Re(hy)Im(hy). (4.50)

Let us call py, = |ug|? the part of the solution on which the power spectra truly depends. From (4.50),

we have

(4.51)

One can see that, in the case of a (background-dependent) mass s (like e.g. in hybrid LQC) and given
(4.49) and (4.50), px, can only have one minimum (if any), and therefore cannot oscillate, at time intervals
and wavenumbers where k2 + s < 0.

We can write this quantity as px = p2 /2, where py, is a real non-zero function that, in virtue of (4.48),

must satisfy the equation

P+ (k% + 5)pr, = (4.52)

??w‘ =

This is the so-called Ermakov-Pinney equation [80,81] which has been widely employed in the context
of FLRW cosmology and its perturbations (see e.g. [129-132]). Thus, the advantage of our procedure
is that we can obtain all possible solutions to (3.38) in terms of one particular real solution 1y, of the
Ermakov-Pinney equation. In fact, the resulting formula manifestly displays the possible oscillatory
behavior of p,. This is because the general real solution of any Ermakov-Pinney equation of the form

(4.52) can be expressed as [81]
pr = Ui [Acos®(¢x) + Bsin®(¢y) + Csin(2¢y)], C? = AB -1, (4.53)
where A, B, and C are constants that must be real and such that pz be positive, and

O = Uy 2. (4.54)
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The function pg is then given by
1
pr = sz [A+ B+ (A — B)cos(2¢y) + 2C sin(2¢y)] - (4.55)

It is clear from (4.54) that ¢ grows monotonically in time, so that the sine and cosine functions appearing
in this formula oscillate in time, generally in a k-dependent way'3. It then follows that we can characterize
the NO spectra by restricting our considerations to real solutions of the Ermakov-Pinney equation such
that |1, is small when k? + s > 0 and the constants A and B take values in a small neighbourhood
of 1. The condition that ¢} x| be small ensures that the relative variation of the global factor 7 is
slower than the frequency of the sinusoidal part of the solution.

In terms of hj this last condition requires in particular that, at any initial time where s > 0,

[Re(hr) (110)] = €x[Tm(hx) (o), (4.56)

where ¢, is a positive real number smaller than one (or much smaller than one, if preferred). To satisfy
this condition in a small neighbourhood of 79, it is necessary that the derivative of Re(hg)Im(hy)~" is

also small initially. Using Eqs. (4.49) and (4.50), we obtain the requirement

k? + 5(no)

o)) (14 e2)Im(hg)(m0)| < 1. (4.57)

In general, €; provides a subdominant contribution to the second summand. Thus, at times 7y for which

the time dependent mass is such that k? + s(ng) > 1, (4.57) requires that

m(hk)(no) = —v'k* + s(mo) + Ok, By (4.58)
k2 + s(no)

This situation always happens e.g. in hybrid LQC near the bounce for phenomenologically interesting
situations, where s is roughly of Planck order.

The power spectra of the perturbations at the end of the kinetically dominated period should ide-
ally include information about features originated at the epoch after the bounce where effective LQC
corrections are important. A highly oscillatory behavior (even more when averaged over wavenumber
bins) can easily blur most of this information. Furthermore, these (averaged) oscillations can result in
an enhancement of power that is not due to any quantum cosmology effect nor it is intrinsic to the
classical behavior of spacetime shortly after the loop quantum bounce. Rather, it may correspond to
details of the specific set of normalized solutions chosen for the perturbations. So, it makes sense that
power spectra with few to no oscillations provide the most natural candidates to capture genuine LQC
corrections on the evolution of the perturbations, without introducing artificial modifications in the part

of the pre-inflationary era that is essentially Einsteinian.

13We recall that this may only happen for intervals of time and wavenumbers k such that k2 4+ s > 0.
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To investigate the ultraviolet properties of NO power spectra, we can use the proposal of an asymptotic
diagonalization of the Hamiltonian of the perturbations. We thus focus on the asymptotic regime of

unboundedly large wavenumbers &, and adopt an expansion of the form [79]

—1 .
khit ~i l1 ~ 5 > <2k> hn] : (4.59)
n=0

The coefficients h,, are real, only depend on time, and, taking into account the Riccati equation that
the complex function hy must satisfy, turn out to be given by the following iterative relation, that is

deterministic together with the data hg = s:

n—3 n—1
hni1=—hp +4s |hn_1+ Y hmhn_(erg)] = Mha (). (4.60)
m=0 m=0

We define h_,, = 0 for all n > 0. This leads to a unique asymptotic expansion of, at least, one solution
hy to (4.48), with imaginary part that is strictly negative [79]. Therefore, it provides in turn a precise
asymptotic expansion of, at least, one normalized solution to (3.38), via (4.47). We call (any) such
solution jix. Its associated square norm pj, = |fix|? is of the form

_ 1
Pk =5 (1-T%), (4.61)

where I'y, has the following asymptotic behavior:

1 L& N ] &\ 1 &
Tk~ 55 ll ~ 5 > <2k> hgn] > (%) lh% ~ o > (1) hmhon—m | - (4.62)
n=0 n=0 m=0
Each summand of the series depends on the wavenumber k only through an even inverse power. Since we
know that p, = 1;,% /2 where @k is a real solution to the Ermakov-Pinney equation (4.52), our ultraviolet
diagonalization fixes as well (up to sign) a specific asymptotic expansion of, at least, one solution 1/~Jk to
that equation, for unboundedly large k. We can identify it (or one of them, if there are more than one)
as the particular solution appearing in the general formula (4.55) for any other power spectrum. Then,

for any function py that is given by the square norm of a normalized solution to (3.38), we have

1
P = (1-=T%)[A+ B+ (A — B)cos(2kn + 20;) + 2C sin(2kn + 20,)] . (4.63)

The function 'y admits the asymptotic expansion (4.62) and 6y, is a phase that has a dominant contri-
bution in the ultraviolet of order £~!. In this asymptotic regime, since I'j is of order k=2, p, has the
dominant term

1

P [A+ B+ (A — B) cos(2kn + 20) + 2C sin(2kn + 26y)] . (4.64)
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This is a highly oscillatory function for large k& unless we strictly impose that the constants A and B are
equal to one, in which case py reduces to p, (recall that C? = AB — 1). In fact, this choice of constants
is the only one that eliminates, order by order in the expansion of py in inverse powers of k, all the
scale dependent oscillations in the studied asymptotic regime. We then conclude that all NO vacua must

possess the asymptotic behavior of fiy for sufficiently large k.

4.2.2. NO vacuum states and the quantum homogeneity and isotropy hypothesis in LQC

Given the analytic conditions we now have to study the NO vacua, it is natural to compare them
to other vacua proposed in the LQC literature. One such vacuum has been put forward by Ashtekar
and Gupt [82,83]. Its construction is motivated by Penrose’s hypothesis that the initial conditions on
the Universe should guarantee that its Weyl curvature vanish [84,85]. The hypothesis is extended by
Ashtekar and Gupt to the quantum realm. This quantum counterpart is called the quantum homogeneity
and isotropy hypothesis (QHIH). However, in a quantum gravity approach, the quantum operators
corresponding to that Weyl curvature of a perturbed homogeneous cosmology cannot vanish all at once.
This happens because its components are canonically conjugated variables and so their commutator
cannot be zero in the quantum theory. As such, Penrose’s hypothesis must be modified to ask for a Weyl
curvature (and an associated quantum uncertainty) that is as small as possible. The Weyl curvature
is constructed using the tensor perturbations. The above requirements are satisfied on it at an instant
no if the quantum state of these perturbations is the zeroth order adiabatic state |0,n) defined by
positive-frequency solutions £}° with initial conditions

1 |k
#ZO (o) = E’ MZO/(UO) = —1 5 (4.65)

Since the cosmological background is not stationary, the evolution of the considered adiabatic states
is not trivial. As a consequence, there may be many more quantum states that are in the same footing
as |0yno) as far as the QHIH is concerned. Therefore, the family of states allowed in the analysis carried

out by Ashtekar and Gupt is larger than simply |0,70). This family is given by

B—{%>

where [ is a compact interval outside which quantum gravity effects are expected to be negligible, and

1Bi (s ) < sup |B(ul, ) Vk€R+,Vn€I}7 (4.66)

no,m €1

Bk (.,.) is the beta coefficient of the Bogoliubov transformation between the states defined by its two
arguments. For concreteness, we take the interval I as the period in which the matter density of the
Universe is smaller than 10~# in Planck units.

To extract predictions from this proposal, a single vacuum state must be chosen within this Weyl
uncertainty ball. The choice made by Ashtekar and Gupt is the maximally classical state at the end

of inflation, which minimizes the quantity |ux(nenq)|? within this ball. This minimization problem is
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complicated, even numerically. So, Ashtekar and Gupt proceeded to look instead at states in the union

over I of instantaneous Weyl uncertainty balls B,,, defined as follows:

Bﬁo = {|O/1>

The maximally classical states in By, for all ny € I form a 1-parameter family of states |0,70) defined by

B (i, )| < Slé};lﬁk(uZ,MZ“)IQ vk € R+} : (4.67)
n

the Bogoliubov transformation [82,83]
2 no _—if10 _n
v () = \J 1+ ()" () + e gl (), (4.68)

where

ri = suplBe(a il O = — 2arg [ (ena)] (4.69)
n

and arg denotes the argument of the complex quantity. The unique state corresponding to the global
minimum is the Ashtekar-Gupt vacuum. Let us comment that, owing to the similarities between the
dynamics of the tensor and scalar perturbations, the QHIH has also been proposed to select a preferred
quantum state for the Mukhanov-Sasaki field.

A problem arises with the definition of the Ashtekar-Gupt vacuum, because one was originally looking
for it in the total Weyl uncertainty ball of states B, rather than in the union of instantaneous balls
Uno c1 Bny, and we have shown that these two sets do not coincide. We prove this by means of a
counterexample. Assuming smooth beta coefficients, and given a compact interval I, there must exist
times 1* and nff_ in I such that

2
= sup |8 (u, ). (4.70)

no,m €1

k k

Fixing any positive k, let us now consider the state |0,,5) defined by the Bogoliubov transformation
A

i k k k k
15, () = au (uZiuZ) " (n) + B (uZiuZ) g (n). (4.71)

It is clear that [0,s) is in the instantaneous ball B, i, and therefore it is an element of U B
T

no€l —No-*
S n,;

This inequality implies that |0,s) does not belong to B, and hence we conclude that B # U, < By,-

However, one can check that

2 2
>4 sup | (ug‘ﬂugl) : (4.72)

no,m €l

Given this difference, we restrict our attention to the ball B motivated by the QHIH and investigate

whether there may exist NO vacua in it. By considering the Bogoliubov transformation between a
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possible NO-vacuum and a zeroth order adiabatic state |0,n), we obtain

1
O] = o () + B (1),

K
2 ] = % b 2, - 5 12,0 a

Let us call hy, any function that defines an NO-vacuum via (4.47). The above identities then imply that a
state satisfying the first necessary NO-vacuum condition (4.56) can belong to the total Weyl uncertainty

ball B only if, for all times 7 (at least) at the end of I,

1+ & ()T ()] € [k SN SR T S Sy [ 6%(77)]] L

where z, =1+ QSupnOm1€I|ﬁk(uzo,uzl)|2. On the other hand, the second necessary condition (4.57) for

an NO-vacuum at those times is satisfied if and only if

1+ & ()] [Em(hy) ()| € (W L+ 42 4 s+ )] — 5051+ AR+ sl + )] + ;)
(4.75)

Since €, is expected to be much smaller than the unity for an NO vacuum, at leading order we can ignore
the contribution of this parameter in our expressions. With this approximation, the two necessary

conditions for the NO vacuum can be compatible with the QHIH (formulated in terms of the ball B)

only if, (at least) for all instants of time 1 near the end of I,

[m b2 1 k4 k22— 1] N (;m T + ;) £,
(4.76)
Finally, we can discuss the consequences of our results in the case of background cosmologies derived
from effective LQC. As it was explained in Section 3.7, we consider situations in which the Universe
experiences a short-lived inflation with a kinematicaly dominated pre-inflationary period. One can
numerically integrate the cosmological background solution and, with it, determine the time-dependent
mass of the perturbations and the corresponding bound z;. Remarkably, for hybrid LQC, Fig. 1 shows
that none of the states |0,n0 ) belongs to the physically motivated ball B. This implies that the Ashtekar-
Gupt vacuum is outside of the QHIH ball. In addition, Fig. 2 shows that the intersection (4.76) is
actually non-empty for all relevant values of k. This means that the NO conditions and the QHIH are

non-exclusive in the case of hybrid LQC.
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Figure 1: The quantity Cj (o) = (1) ' max,er (1 + 2|8}, ui)[*) compared with 1 for k = 1075 and
k = 107%5 with I = [-4.2,4.2] in conformal time (7 = 0 corresponds to the bounce). There exists
no value of 79 such that the two curves remain below or equal to 1, a fact that implies that no state

|0,m0 ) belongs to B.
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Figure 2: The bounds imposed by the Weyl uncertainty ball, &k (zk — \/2%7—1) and k (zk + \/z,%7—1>7
in red dashed and solid lines respectively, compared with the bounds imposed by the NO-condition,
L/1+4[k%+s(n)] — L and /1 +4[k% + 5()] + %, in blue dashed and solid lines respectively, for dif-
ferent modes k. These are evaluated for the mass s(7) obtained in the hybrid approach to LQC, where
I = [-4.2,4.2) and n = 4.2, time near which the mass varies slowly. The intersection given by these

bounds is not empty for any k.
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5. Conclusions

We have investigated and successfully restricted the freedom inherent to the choice of a vacuum state
for cosmological perturbations, paying a special attention to cosmological models found in hybrid Loop
Quantum Cosmology (LQC) or, more generally, in hybrid approaches to quantum cosmology in which the
perturbations are described using Fock representations. The determination of a vacuum state for the cos-
mological perturbations is essential to be able to extract robust physical predictions from any formalism
in cosmology in which one expects relevant phenomena in epochs without a quasi-de Sitter dynamics. Our
proposals for the choice of vacuum states are based on requiring certain physically desirable conditions.
We have considered in detail two interesting scenarios with perturbations around Friedmann-Lemaitre-
Robertson-Walker (FLRW) spacetimes, either classical or motivated by LQC: fermionic perturbations,
on the one hand, and scalar and tensor perturbations with a non-oscillating (NO) primordial power

spectrum, on the other hand.

5.1. Specific results

» For fermionic fields treated as perturbations about inflationary cosmologies, we have managed to
restrict the choice of a vacuum state so that the associated quantum backreaction that appears on

the geometry in the Hamiltonian constraint be finite.

= This choice can be refined so that the Hamiltonian constraint can be represented by a well-defined

operator on the dense subset of the fermionic Fock space spanned by n-particle/antiparticle states.

= We have put forward a choice of vacuum with all the above properties that in addition diagonalizes
asymptotically the fermionic contribution to the Hamiltonian constraint, so that, in the limit of
large Fourier wavenumbers, the Hamiltonian terms that create and annihilate pairs of particles

have an arbitrarily low asymptotic order.

= We have analyzed the hybrid quantization of a FLRW cosmology with a perturbative Dirac field
when the fermionic Fock space is determined by this asymptotic diagonalization, obtaining all the
desired good physical properties: a diagonal evolution of the fermionic part, a backreaction of
arbitrarily low asymptotic order, and a fermionic contribution to the Hamiltonian constraint that

is rigorously well-defined as a quantum operator.

= We have described the construction of adiabatic fermionic states in FLRW cosmology, using the

Weyl representation of the Clifford algebra.

= We have compared these adiabatic states with the vacuum selected by the physical criteria ex-
plained above. All adiabatic states evolve unitarily, and from the first adiabatic order on, their
backreaction contribution to the Hamiltonian constraint is finite and allows for a well-defined

fermionic Hamiltonian on the basis of n-particle/antiparticle states.
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We have demonstrated that the asymptotic diagonalization procedure fixes a unique vacuum in

the case of a classical de Sitter cosmology.

This unique vacuum has a plane wave behavior in the asymptotic limit of large wavenumbers and
we can identify it with the usual Bunch-davies state, which is generally considered a preferred

vacuum for de Sitter.

For scalar and tensor perturbations about inflationary cosmologies, we have related their choice
of vacuum with the solutions of the Ermakov-Pinney equation, and used the properties of those
solutions to single out states with NO power spectra (if they exist). Oscillations in the spectra
arising from other choices of vacuum state can blur the effects that genuinely come from quantum

gravity phenomena.

Taking into account that the choice of a vacuum state is equivalent to a choice of initial conditions
for the perturbations, we have derived a necessary condition on these initial data to avoid highly

oscillatory spectra.

We have studied the stability of this necessary condition, and derived from that a second condition
that is always applicable in situations in which the time-dependent mass of the gauge-invariant

perturbations is of Planck order or higher, as it happens in interesting scenarios of hybrid LQC.

We have revisited the Ashtekar-Gupt construction, proposed to determine a specific vacuum state
in the framework of LQC, and noticed that, in general, this construction is not consistent with the
so-called quantum homogeneity and isotropy hypothesis (QHIH) originally introduced to motivate
physically this choice.

We have found some analytic conditions that are necessary so that NO vacua belong to the family

of states satisfying the QHIH.

We have proved that these conditions are met for effective backgrounds with a short-lived inflation
in hybrid LQC. therefore, the QHIH and the restriction to NO vacua are mutually non-exclusive

in principle.

Finally, we have shown that the vacuum selected with the Ashtekar-Gupt construction in these
effective backgrounds of hybrid LQC is a state that does not belong to the family picked out by
the QHIH.

In summary, we have investigated the search for a vacuum state in relevant scenarios in cosmology by

focusing on physical criteria. On the one hand, we have carried out a rigorous study of fermionic fields

in quantum cosmology that clarifies a field that has not been explored in depth and sometimes even

in discordant ways. On the other hand, we have carried out a study of NO vacua that sheds light on

which initial conditions are physically suitable for the equations that govern the evolution of primordial
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cosmological perturbations. These two studies allow advances in LQC and its hybrid approach that

facilitate the extraction of falsifiable predictions.

53



V. Conclusiones

Hemos estudiado y restringido con éxito la libertad inherente a la elecciéon de un estado de vacio
para las perturbaciones cosmolégicas, prestando especial atencién a modelos cosmoldgicos descritos me-
diante Cosmologia Cudntica de Lazos (CCL) hibrida o, mas generalmente, mediante enfoques hibridos de
cosmologia cuantica en los que las perturbaciones se describen utilizando representaciones de Fock. La
determinacién de un estado de vacio para las perturbaciones cosmolégicas es esencial para poder extraer
predicciones fisicas robustas a partir de cualquier formalismo en cosmologia en el que se espera que existan
fenémenos relevantes en épocas sin una dindmica cuasi-de Sitter. Nuestras propuestas para la eleccién
de estados de vacio se basan en requerir ciertas condiciones fisicamente deseables. Hemos considerado
en detalle dos escenarios interesantes con perturbaciones sobre espaciotiempos de Friedmann-Lemaitre-
Robertson-Walker (FLRW), ya sean cldsicos o motivados por CCL: perturbaciones fermiénicas, por un
lado, y perturbaciones escalares y tensoriales con un espectro de potencias primordial no oscilante (NO),

por otro lado.

V.1. Resultados concretos

= Para campos fermiénicos tratados como perturbaciones sobre cosmologias inflacionarias, hemos
logrado restringir la eleccién del estado de vacio para que la backreaction cuéntica asociada que

aparece sobre la geometria en la ligadura hamiltoniana sea finita.

= Esta eleccién puede refinarse de tal forma que la ligadura hamiltoniana puede representarse medi-
ante un operador bien definido en el subconjunto denso del espacio de Fock generado por estados

de n-particulas/antiparticulas.

= Hemos propuesto una eleccién de vacio con todas las propiedades anteriores que ademas diagonaliza
asintéticamente la contribucién fermidnica a la ligadura hamiltoniana, de modo que, en el limite
de nimeros de onda de Fourier grandes, los términos hamiltonianos que crean y aniquilan pares de

particulas tienen un orden asintdtico arbitrariamente bajo.

= Hemos analizado la cuantizacién hibrida de una cosmologia FLRW con un campo de Dirac pertur-
bativo cuando el espacio de Fock fermiénico estd determinado por esta diagonalizacién asintdtica,
obteniendo todas las buenas propiedades fisicas deseadas: una evolucién diagonal de la parte
fermidnica, una backreaction de la parte fermidnica de orden asintético arbitrariamente bajo y
una contribucién fermiodnica a la ligadura hamiltoniana que estd rigurosamente bien definida como

operador cudntico.

= Hemos descrito la construccion de estados fermionicos adiabaticos en cosmologias de FLRW, usando

la representacién de Weyl del algebra de Clifford.
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Hemos comparado estos estados adiabaticos con el vacio seleccionado por los criterios fisicos expli-
cados anteriormente. Todos los estados adiabaticos evolucionan unitariamente y, a partir del primer
orden adiabatico, su contribucién de backreaction a la ligadura hamiltoniana es finita y permiten

un hamiltoniano fermiénico bien definido sobre la base de estados de n-particulas/antiparticulas.

Hemos demostrado que el procedimiento de diagonalizacién asintética fija un vacio tnico en el caso

de una cosmologia clésica de de Sitter.

Este vacio tunico tiene un comportamiento de onda plana en el limite asintético de nimeros de
onda grandes y podemos identificarlo con el estado habitual de Bunch-Davies, que generalmente

se considera un vacio preferente para de Sitter.

Para perturbaciones escalares y tensoriales sobre cosmologias inflacionarias, hemos relacionado
la eleccion de vacio con las soluciones de la ecuacién de Ermakov-Pinney, y hemos usado las
propiedades de esas soluciones para seleccionar estados con espectros NO (si existen). Las oscila-
ciones en los espectros que surgen de otras elecciones de estado de vacio pueden enmascarar los

efectos que realmente provienen de fenémenos de gravedad cuéntica.

Teniendo en cuenta que la elecciéon de un estado de vacio es equivalente a la eleccién de condiciones
iniciales para las perturbaciones, hemos deducido una condicién necesaria sobre estos datos iniciales

para evitar espectros altamente oscilatorios.

Hemos estudiado la estabilidad dinamica de esta condicién necesaria, y de ahi hemos deducido
una segunda condicién que siempre es aplicable en situaciones en las que la masa dependiente del
tiempo de las perturbaciones invariantes de gauge es de orden uno en unidades de Planck, como

sucede en escenarios interesantes de CCL hibrida.

Hemos revisado la construccién de Ashtekar-Gupt, propuesta para determinar un estado de vacio
especifico en el marco de la CCL, y asi hemos hecho notar que, en general, esta construccién no
es consistente con la llamada hipétesis de homogeneidad e isotropia cudntica (HHIC), introducida

originariamente para motivar fisicamente esta eleccién.

Hemos encontrado ciertas condiciones que son necesarias para que el vacio NO pueda pertenecer a

la familia de estados que satisfacen la HHIC.

Hemos demostrado que estas condiciones se cumplen para fondos (backgrounds) efectivos con in-
flacién de corta vida en CCL hibrida. Por lo tanto, la HHIC y la restriccién a vacios NO, en

principio, no se excluyen mutuamente.

Finalmente, hemos demostrado que el vacio seleccionado con la construccién de Ashtekar-Gupt en
estos fondos efectivos para CCL hibrida es un estado que no pertenece a la familia seleccionada

por la HHIC.
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En resumen, hemos investigado la biisqueda de un estado de vacio para escenarios relevantes en
cosmologia centrandonos en criterios fisicos. Por una parte, hemos llevado a cabo un estudio riguroso
de campos fermiénicos en cosmologia cuantica que esclarece un campo poco explorado y de maneras
a veces discordantes. Por otro lado, hemos realizado un estudio de vacios NO que arroja luz sobre
qué condiciones iniciales son fisicamente adecuadas para las ecuaciones que gobiernan la evolucién de
perturbaciones cosmolégicas primordiales. Estos dos estudios permiten el avance de la CCL y su enfoque

hibrido hacia la obtencién de predicciones falsificables.
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We use the freedom available in hybrid loop quantum cosmology to split the degrees of freedom between
the geometry and the matter fields so as to build a quantum field theory for the matter content with good
quantum properties. We investigate this issue in an inflationary, flat cosmology with inhomogeneous
perturbations, and focus the discussion on a Dirac field, minimally coupled to the cosmological background
and treated as a perturbation. After truncating the action at the lowest nontrivial order in perturbations, one
must define canonical variables for the matter content, for which one generally employs canonical
transformations that mix the homogeneous background and the perturbations. Each of these possible
definitions comes associated with a different matter contribution to the Hamiltonian of the complete
system, that may, in general, contain terms that are quadratic in creationlike variables, and in
annihilationlike variables, with the subsequent production and destruction of pairs of fermionic particles
and antiparticles. We determine a choice of the fermionic canonical variables for which the interaction part
of the Hamiltonian can be made as negligible as desired in the asymptotic regime of large particle/
antiparticle wave numbers. Finally, we study the quantum dynamics for this choice, imposing the total
Hamiltonian constraint on the quantum states and assuming that their gravitational part is not affected
significantly by the presence of fermions. In this way, we obtain a Schrodinger equation for the fermionic
degrees of freedom in terms of quantum expectation values of the geometry that leads to asymptotically
diagonal Heisenberg relations and Bogoliubov evolution transformations, with no divergences in the

associated normal-ordered Hamiltonian.

DOI: 10.1103/PhysRevD.99.063535

I. INTRODUCTION

Choosing a Fock representation for the quantization of
matter fields in curved spacetimes, and with it a vacuum
state, is a nontrivial task even in the case of linear fields. In
quantum mechanics, when one is considering systems with
finite degrees of freedom, one can make use of results like
the Stone-von Neumann theorem that guarantees that there
exists only one representation of the Weyl relations, up to
unitary equivalence, with the desired properties, namely a
strongly continuous, irreducible, and unitary representation
[1,2]. Nevertheless, when one has to deal with fields that
are systems with infinite degrees of freedom, there is no
such theorem at our disposal and, in the best of cases, one
has to appeal to symmetries or other kinds of physical
arguments in order to select a vacuum. In Minkowski
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spacetime, for instance, the most natural thing to ask for is
Poincaré invariance, which in fact picks out a unique
representation, up to unitary transformations [3,4]. For
stationary spacetimes, the so-called energy criterion can be
used to select a preferred complex structure (which
essentially fixes the Fock representation) out of the infinite
many that are possible [5,6]. In spite of all this, no general
uniqueness result has been found for systems with fieldlike
degrees of freedom in nonstationary spacetimes, such as
cosmologies [7,8]. Actually, in nonstationary spacetimes,
and after imposing invariance under the spatial isometries
that the system possesses, one could expect that the
ambiguity that affects the choice of representation could
be solved, not by demanding invariance under time
evolution, since the dynamics is not a symmetry anymore,
but by requiring that, at least, the quantum evolution of the
creation and annihilation operators can be implemented in a
unitary way. For a variety of cosmological systems, it has
been recently proven that this criterion of unitarity (together
with the invariance under spatial symmetries) indeed

© 2019 American Physical Society
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determines a preferred family of vacua, which are all
unitarily related [9-19].

The system that we study in this work is a flat
Friedmann-Lemaitre-Robertson-Walker (FLRW) cosmol-
ogy with a Dirac field that will be regarded as a perturba-
tion, including its zero mode if it is not identically
vanishing. Since we are not concerned here about infrared
divergences, in order to simplify the discussion and keep all
definitions rigorous we restrict our considerations to
compact FLRW spatial sections. More specifically, we
analyze the case of sections with the topology of a three-
torus. In this system, it has been proven that there is a
unique family of Fock representations of the Dirac field, all
related among them by unitary transformations, for which
the vacuum is invariant under the isometries of the spatial
sections and the Heisenberg dynamics of the creation and
annihilation operators is unitarily implementable (once one
adopts a standard convention for particles and antipar-
ticles), provided that one treats the FLRW spacetime as a
classical or effective background [20].

Furthermore, the system was further studied within the
hybrid approach for the quantization of gravitational
models, in which the (matter) fields are quantized with
suitable Fock representations and the homogeneous geom-
etry is quantized with techniques inspired by nonperturba-
tive quantum gravity, typically with methods of the
canonical formalism known as loop quantum gravity
(LQG) [21]. This hybrid approach has been successfully
used in cosmological scenarios with perturbations [22-24].
In our particular system, we treat the degrees of freedom of
the homogeneous cosmology exactly and truncate the
action at quadratic order in the perturbations, that is the
lowest order with a nonvanishing contribution. With this
truncation, the zero mode of the Hamiltonian constraint is
formally equal to the constraint of the homogeneous
cosmology plus a contribution that is quadratic in the
perturbations. Nevertheless, it is worth pointing out that
there is an inherent freedom in the way in which one
decides to separate the degrees of freedom of the homo-
geneous cosmology from the inhomogeneous perturba-
tions, since they can always be remixed using
transformations that preserve the canonical symplectic
structure at the level of the perturbative truncation of the
system. Actually, instead of considering this freedom a
nuisance, the idea that was put forward in Ref. [25] was to
exploit the freedom to define canonical variables for which
the Hamiltonian of the perturbative Dirac variables had
certain nice properties. In fact, when fermions were first
studied within the hybrid approach in Ref. [26], the choice
of fermionic variables was based only on the requirements
of invariance of the resulting Fock vacuum under the spatial
symmetries, a unitarily implementable Heisenberg evolu-
tion in the regime of quantum field theory in curved
spacetimes, and a standard convention for particles and
antiparticles. But it was already shown there that ultraviolet

divergences appeared in the resulting Schrodinger equation
for the fermionic degrees of freedom (after a convenient
sort of Born-Oppenheimer approximation in the imposition
of the full quantum constraint). These divergences could
only be solved by either a regularization scheme with
substraction of infinities or by introducing a further
restriction on the choice of perturbative variables that
define the vacuum [25]. In practice, this new restriction
lowered the asymptotic order of the interaction part of the
fermionic Hamiltonian at large wave numbers (identified as
the eigenvalues of the Dirac operator on the spatial
sections), diminishing the production of pairs of particles
and antiparticles in this asymptotic regime.

In the present work, we go one step beyond in the same
direction and, by further taking advantage of the freedom to
split the degrees of freedom between the geometry and the
perturbations, prove that one can absorb the interaction
terms of the fermionic Hamiltonian so as to make them as
negligible as desired in the asymptotic regime of large
eigenvalues (in absolute value) of the modes of the Dirac
field. Moreover, in this way we not only improve the
quantum behavior of the fermionic contribution to the
Hamiltonian of our gravitational model, but we also reduce
the ambiguity in our choice of Fock representation and the
vacuum for the Dirac field, leaving only some remaining
asymptotic freedom in certain phases. In addition, we also
notice that, since the resulting fermionic Hamiltonian
contribution is diagonal, at least asymptotically, the dynam-
ics that it generates is very simple for the vacuum of the
representation, essentially a rotating phase. In this sense,
one can think of this vacuum and our splitting of degrees of
freedom in the hybrid quantization as those that are best
adapted to the dynamics of the entire cosmological system.

The rest of the paper is organized as follows, in Sec. II,
and following the procedure detailed in Ref. [26], we
introduce the Dirac field as a perturbation around the flat
FLRW cosmology, truncating the action at quadratic
perturbative order. In Sec. III we consider a generic choice
of creation and annihilationlike variables for the Dirac field,
allowing definitions that depend on the homogeneous
geometry. This dependence is captured in the coefficients
of the linear transformations that relate our fermionic
variables with the coefficients of the fermionic mode
expansions. We also calculate the form of the fermionic
contribution to the total Hamiltonian constraint for each of
the possible choices of variables, paying special attention to
the nondiagonal part of this contribution that provides the
fermionic interaction terms. Then, in Sec. IV we adopt an
ansatz for the creation and annihilationlike variables
inspired in the analysis of Refs. [25,26], and we investigate
the specific expression that these variables must take so that
they asymptotically diagonalize the fermionic Hamiltonian.
We also give the form of the remaining, diagonal part of the
Hamiltonian. Finally, in Sec. V we briefly revisit the hybrid
quantization of Ref. [26] to adapt it to our new variables.
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In particular, we give the new Schrodinger equation,
Heisenberg relations, Bogoliubov evolution transforma-
tion, and evolution operator for the new choice of vacuum.
We conclude in Sec. VI, summarizing our results, and
commenting on some lines for further research.

II. CLASSICAL MODEL

Let us start by briefly presenting the model that we study.
The homogeneous sector consists of a flat FLRW space-
time with compact spatial sections that are isomorphic to
the three-torus, 77, and of a massive scalar field, ¢, subject
to a potential V(¢). This field plays the role of the inflaton.
We use spacetime coordinates that exploit the symmetry of
this cosmological background. The inhomogeneous sector
is given by a Dirac field with mass M, which is treated as a
perturbation. For all practical purposes, we include in this
sector also the zero mode of the Dirac field if it does not
vanish, regarding it as a perturbative degree of freedom. We
then truncate the action at quadratic order in the perturba-
tions [27,28], and use the canonical structure and the
Hamiltonian of this truncated action to construct our
description of the entire system.

In principle, we can also add perturbative inhomogeneities
to the metric and the inflaton, as in Refs. [29,30], perturba-
tions that we consider again as part of the inhomogeneous
sector. These additional perturbations originate new quad-
ratic contributions to the purely homogeneous part of the
Hamiltonian constraint, and they furthermore introduce a
whole family of linear perturbative constraints. The only
perturbative quantities that are physically meaningful are
those that commute with this family of constraints, and they
are generally called gauge-invariant perturbations [31,32].
Invariant perturbations of this kind, for the case with flat
spatial topology that we are discussing, are the tensor
perturbations of the metric and the Mukhanov-Sasaki scalar
[33-35], which mixes scalar perturbations of the metric and
the inflaton. A phase space for the perturbations can then be
constructed with these gauge invariants and with an
Abelianized version of the perturbative linear constraints,
together with suitable canonical momenta of all of them.
Nonetheless, since the definitions of these variables make use
of the homogeneous FLRW ones, they do not form a
canonical set with the variables of the homogeneous sector,
and these latter variables have to be modified with quadratic
terms in the perturbations in order to render the whole set
canonical again. On the other hand, since the Einstein-Dirac
action is quadratic in the Dirac field, the fermionic perturba-
tions, at our order of truncation, couple directly to the
homogeneous tetrad and hence turn out to be gauge invar-
iants (namely, they commute under Poisson brackets with the
linear perturbative constraints arising from the perturbation
of the tetrad).

Itis convenient to rescale the Dirac field by a factor ¢3%2 in
order to get canonical Dirac brackets that are constant in the
evolution, after imposing an internal time gauge on the

homogeneous tetrad [36]. Here, @ is the logarithm of the scale
factor of the FLRW geometry up to an additive constant
In[47/(31y)%]/2, where [, is the compactification length of
the tori, and, in general, the tilde over a homogeneous
variable indicates that it has been corrected with quadratic
perturbative terms, as we have mentioned above. In the
adopted internal time gauge, we can expand the two chiral
components of the rescaled field in modes of the Dirac
operator on the spatial sections. This expansion is especially
suitable because the Dirac operator is invariant under the
spatial isometries of the FLRW cosmology, a property that at
the end of the day guarantees that the dynamical equations do
not mix its eigenmodes. Since we are dealing with compact
spatial sections, the spectrum of this operator is discrete. The
eigenvalues for T3 are +w, = +27|k + 7|/ly, k € 73, and
where 7 = ) 6;7,;/2 characterizes the spin structure on the
spatial sections (8; = 0 or 1 depending on the spin structure,
and 7, is the standard 73 basis). Then, the rescaled Dirac field
can be described in terms of a set of time-dependent
Grassmann variables {m;.?/;, 57 t,;}, where the bar denotes
complex conjugation. The ordered pairs (my, 7;) and (s3, ;)
are simply the coefficients of the Dirac eigenspinors of the
left-handed and (the complex conjugate of the) right-handed
components of the rescaled Dirac field, respectively, up to a
multiplicative constant [47/(31,)]~3/*. The first variable of
each of these pairs is associated with the eigenspinors
that have positive eigenvalues, while the second variable
corresponds to negative eigenvalues. Each of these mode
coefficients is canonically conjugate to its complex con-
jugate, inasmuch as their Dirac bracket equals —i, whereas
the rest of the Dirac brackets between our fermionic variables
vanish [36].

III. FERMIONIC CONTRIBUTION
TO THE HAMILTONIAN

Let us introduce the following family of annihilationlike
variables of particles and creationlike variables of anti-
particles for the Dirac field, respectively, defined by these
linear combinations of the Grassman variables that deter-
mine the field,

8 k.(xy K(xy) =
y) _ 7 (M)xlz +fh (xy)y_;_z?

)

S

k,(x,y .(xy) =
=g (”)x,;—i-gz(xy)y (31)

S
i mID

k27"

Here, (x;,3;) is any of the ordered pairs (m;.5;) and
(t;,77), and the superindex (x,y) means that the coeffi-
cients may be different for each of the pairs. Notice that, in
the linear combinations that provide our creation and
annihilationlike variables, we have imposed that they do

not mix contributions from different modes of the spatial

Dirac operator, labeled by the value of 12, so that our
definitions respect the spatial symmetries of the fermionic
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dynamics (and hence the resulting complex structure is
invariant under those symmetries) [20]. Since the variables
given in Eq. (3.1) have to satisfy standard anticommutation
relations, the coefficients of the linear combinations that
define them must fulfil the relations [18]

- e e
fIZC(xx) ol é ) 1 — f k.(x.y) ,

o) = U ),
3 ) T ey
glzcv(xvy> — _elj% fllcv(xuy)’ (3'2)

where F5™) and Jléx’y ) are real phases.
In general, we allow linear combinations that depend on

the variables of the homogeneous sector, namely £+ =

PN drg) and G = g 6 )
where L = 1, 2 and 7; is the canonical momentum of the
variable 7 = &, 43 As aresult, the new fermionic variables do
not constitute a canonical set with (@, 7, b, 71'{];), a fact that
calls for a suitable redefinition of the homogeneous variables,
which must be corrected with quadratic perturbative terms
along the lines that we have already explained in order to
arrive at a new canonical set (a, 7, ¢, 7). At our order of
truncation, the desired corrections are [26]

1—I=Az= 3 Z [(Or.x7)X; + (On.X7)x;

k.(x.y)
+ (02.57)37 + (02.57)vils (3.3)
n,— = = —%]:Z [( ;)"c];)x,;
+ (0zyp)3; + (0:9p)vils (3.4)

where z = a, ¢ and the subindex (x, y) indicates that we are
summing over both existing pairs. This change of variables
gives rise then to alterations in the homogeneous part of the
Hamiltonian constraint, producing new perturbative contri-
butions from it. Truncating those contributions at the relevant
perturbative order, one can see that the final result is a new
fermionic contribution H, to the zero mode of the
Hamiltonian constraint, given by the expression [26]

FID = HD - aaH‘oAa — 8”(IH|0A7Z'(I

- 6¢H‘OA¢ - 6H¢H|0A7T¢, (35)
where H)p is the old fermionic contribution and H)q is the
Hamiltonian of the unperturbed model, with their depend-
ence on the old homogeneous variables identified with the
new ones.

Following calculations similar to those of Ref. [25],1 we
then obtain the fermionic contribution

P
—1_5, . . ,'(" _(xy) T
A (Xy)(al(zwa%“)) — it (xy)(al(;m)bl(;y))]’ (3.6)
where
I;. X, (27 E, X, 2 12, X, 2 ~ 1;, X, ‘l_c: X,
hD( ) :2_e“(|f2( y>| _|f1( y)| )+M§R(f1( V)fz( 'V))
i -k X,y _). X,y _ﬁ, X,y _: X,
hﬁ(x)’) — 8.]()”), (38)
E, X,y —1 (ﬁ):y) . /;, X,y lzx . 1?, X,y Z.x.
h[( ) —¢ ka [fz( ))8fl( y)_lfl( ))6f2( )
2 2
wkf[ xvf (x.y) +M(f1 xy)
_ )2
— W(75]. (39)

Here, we have introduced the rescaled mass M =

7/(313), we have used R to denote the real part of

a complex number, and we have defined O as the linear
differential operator 0= {H|,-}, where {-,-} are the
Poisson brackets of our truncated system.

IV. DIAGONALIZATION OF THE
FERMIONIC CONTRIBUTION

We know from Refs. [25,26] that, on the sector of large

;. one can lower the asymptotic order of 4™ with a

suitable definition of creation and annihilationlike varia-
bles, restricting also in this way the freedom available in
their choice. If one were to continue with this procedure,
lowering more and more the asymptotic order, one would
restrict more and more the choice of fermionic variables,
with the hope that one would arrive at a unique choice,
perhaps up to certain phases, in the limit of a complete
asymptotic diagonalization of H,. Inspired by the analysis

of Refs. [25.26], we adopt for ™) the following
asymptotic series expansion in inverse powers of wy:

'As in that reference, we now ignore the possible zero mode of
the Dirac field, assuming that we can find a suitable representa-
tion for it. This is not important in our discussion, because we
focus it on the ultraviolet sector of the field.
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k k °° H\n+1
fEE) = gt S

n ’

(4.1)
Wy

n=1

with y, € R. From the first relation in Eq. (3.2), it then
follows that, asymptotically,

flzc,(x,y) _ eiFﬁ"“—") Z (—i) Yn’

4.2
n=0 (DZ ( )

with 7, € R again, and where the coefficients 7, are

defined as
770 = 1’ )72}1—1 = Ov
| ®_(2m - 3)!!
s (_1\n+l |2
Von = ( 1) |:2F2n + mzz:z (2m)m|

n i
x> ...Zrzn_z,-ml...rz,-]], Vn>1, (43)

iy =1 i=1
with
2n

To=0, Tp=> (=1)"yiyay V21,
i=1

(4.4)

and we set yy = 0.
Substituting these series in the formula for the interaction

coefficient hlf’(x‘y) of Hp, one finds that

o Zi(JE) )y S =i\ 7
) i 2r, )Z<_’> Anor  (45)

n=0 @y
where
n
Apm = Y [TamiOr1 = V107t = 267 V1Y ns12i
I=m
= My iyt + 7ifn-)) nzm, (4.6)
A,m =0, n<m. (4.7)

It follows that an asymptotic diagonalization of the fer-
mionic contribution to the zero mode of the Hamiltonian
constraint is achieved if and only if A, = O for all n > 0.
On the other hand, notice that, if we keep n > 0 in the
formula that gives the coefficients A, ,,, namely Eq. (4.6),
Y..1 only appears in the case with m =0, when one
evaluates the contribution corresponding to vanishing label
[. In addition, the sum that determines A, , in Eq. (4.6) can
be rewritten as the mentioned contribution with label / = 0
plus A,, ;. With these indications, one can easily deduce that
A, o = 0 implies the recursive relation

Me* e
Vn + ?An,l'

Ynt1 = — 2 (48)

Since 7, = 1, the above relation gives us, in particular,
the first term of the series (4.1), y; = — %M e%, from which
we can univocally obtain the rest of the unknown
terms. This is possible because 7, is completely determined
via Eq. (4.3) by y,, with m < n, and the nonvanishing
coefficients A, ; only involve contributions of 7,, with
m < n. For instance, a straightforward calculation shows
that y, = —1e=*Mam,. Thus

% (xy R Me® R
fk.,(X,}) iF —jett>

= e 2
1 2
2w, 4wy

an equation that of course is consistent with the previous
results of Refs. [20,25]. .

The asymptotic form of flf'(x'y ) severely restricts our
choice of creation and annihilationlike variables, leaving all

the asymptotic freedom just in the phases F ];’(x’y ) and J ]%x’y ),
With this choice, or rather with this iterative family of

choices, we can make the interaction terms £, (xy) vanish in

the fermionic Hamiltonian at any desired asymptotic order
in inverse powers of @.

Let us consider now the rest of fermionic contributions to
the zero mode of the Hamiltonian constraint, namely the
diagonal fermionic terms. It is convenient to define

jzlla(x.,y) _ e—iF;‘(’“y) f]f’(x"v),
];lzc.(x,y) _ e—iF];(X"V) f’zﬂ("n")7 (4.10)

so that

S ey (s R

I (% k(. =k 1 Flxy
(4.11)

Here, we have used that the functions 75" are always

real.” In what follows, we restrict the complex phase F ];'(x'y )

so that these functions (which provide diagonal fermionic
contributions to the Hamiltonian constraint) do not depend
on the momentum r, of the homogeneous inflaton. Notice
that the only part in this constraint that contains the
coefficients y, and 7, is given by

The only term for which this is not obvious is —i(f""x

Pl F () o (x . E(xy) 2 ) 2
OFy ) 11y 0Fy ). But since |14 £5 ) =1, the
term in parenthesis is indeed imaginary.
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o7 k ] k
hg(x'y) _ hllc).(x.y) _ EaFéy(XJ)7 (4.12)

which, with our asymptotic expansions, takes the specific
form

(4.13)

- [s] ~
yk(xy) 2 : Vn
hD — E-

n=—1"k

Finally, a direct calculation shows that the coefficients 7,
turn out to be

e
V1 =—, 4.14
V-1 2 ( )
s e [ (ED a
In = 5}‘(1 ) ) (2M717n—1 = 2e7 171
=0
+ 1107 -1 + 1715}7”—1)}7 Vn 0. (4.15)

V. HYBRID QUANTIZATION

The results of the previous sections restrict in a
physically appealing way the choice of canonical variables
for the homogeneous and fermionic parts of the phase
space of our truncated cosmology. These canonical
variables are the homogeneous pairs (o, 7,) and (¢, 7,),
and the fermionic annihilation and creationlike variables
for particles, {(a](;'y ) ,Ezif’y N

{(b](;,y) 71‘?](;)’))}]%&0’

(3.1)—(3.4). In particular, the homogeneous variables have
been defined so that they commute under Poisson brackets
with the fermionic variables at our order of perturbative
truncation. We have seen that, with asymptotic expansions of
the form (4.1) and (4.2), the interaction terms in the fermionic
contribution to the zero mode of the Hamiltonian constraint
can be rendered as negligible as desired in the ultraviolet
sector of large wave numbers. Then, if one decides to restrict
all considerations to the context of a fermionic field in
linearized cosmology, namely if one ignores the quadratic
fermionic backreaction on the classical dynamics of the
homogeneous variables, the evolution of the introduced
annihilation and creationlike variables becomes asymptoti-
cally diagonal. In this respect, the important result is that this
diagonalization serves as a valid criterion to select canonical
variables for the fermionic degrees of freedom, characteriz-
ing them on the entire phase space of our cosmological
system. Remarkably, nonetheless, the benefits of using this
type of fermionic annihilation and creationlike variables lie
beyond the linearized context that we have just commented
on. Indeed, their definition is compatible with that of the
homogeneous variables in our search for a canonical set, and
the resulting expression for the Hamiltonian constraint (at the
considered truncation order) asymptotically displays only

}is» and for antiparticles

all of them determined by relations

quadratic combinations of these fermionic variables in a way
that is proportional to the number operator, once one adopts a
Fock representation with normal ordering. This fact sim-
plifies enormously the task of finding a quantum represen-
tation of the constraint operator not just for the fermions, but
for the combined system that includes the homogenous
variables within the framework of hybrid quantum cosmol-
ogy. Moreover, as it was argued in Refs. [25,26] and we
discuss in this section, there exist quantum states of the entire
cosmology such that the resolution of the quantum constraint
in a sort of Born-Oppenheimer approximation amounts to the
condition that the fermionic part of their wave functions
solves a Schrodinger equation. This is similar to the situation
found in linearized cosmology, with the very important
difference that in our treatment the homogeneous back-
ground does not need to correspond to a classical solution or
even to an effective trajectory. Rather, the dependence of the
linear fermionic equations on this background is given by
expectation values of geometric operators in the part of the
wave function that describes the homogeneous geometry
and, as we have pointed out, in principle it is not necessary
that these expectation values evolve as in general relativity or
according to any effective dynamics.

In order to proceed to the hybrid quantization of the
system, with its phase space already split into different
sectors in the way that we have explained, we choose
suitable representations for each of those sectors and
represent the total system on the tensor product of the
partial representation spaces. For the FLRW geometry,
corrected with quadratic perturbative contributions accord-
ing to our comments, we pick out a representation inspired
in LQG and specified in Ref. [37] (see also Refs. [38,39]).
Therefore, instead of using the canonical variables {a, 7, }
we employ the alternative variable v, proportional to the
physical volume of the spatial sections of our cosmological
model, together with its canonical momentum b /2, which
is proportional to the Hubble parameter [40]. More spe-
cifically, we have that [v| = [167/(2713y*A,)]*/?€>*, where
y is called the Immirzi parameter [41] and A is the area gap
(the minimum allowed nonzero eigenvalue of the area
operator in LQG [39]). The sign of v depends on the triad
orientation. In addition, the physical spatial volume is

V= ZnyA;/ *|v|. The new variables v and b contain all the
relevant information about the triad and the holonomies of
the Asthekar-Barbero connection of the flat FLRW cos-
mology, within the improved dynamics scheme put forward
in Ref. [39]. While fluxes of the triad are functions of the
volume v, the interesting holonomies have elements that
are complex exponentials of +£b/2. The corresponding
Hilbert space H{..' where the FLRW geometry is repre-
sented admits a basis of eigenstates of the volume, provided
with the discrete inner product. For each of the states of
this basis, the basic holonomy elements simply shift by one
the eigenvalue of ». On the other hand, for the homo-
geneous scalar field we choose the much simpler space of
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square-integrable functions over the real line, EZ(IR, de), as
the Hilbert space for a standard Schrodinger representation,
with canonical variables {¢, 7,}.

For the quantum representation of the gauge-invariant
scalar and tensor perturbations, including their contri-
bution to the zero mode of the Hamiltonian constraint,
we adopt suitable Fock representations (for more details,
see Refs. [29,30,42]). As for the quantum implementation
of the linear perturbative constraints, essentially what
they imply is that the physical states do not depend on
perturbative gauge degrees of freedom. Finally, for the
fermionic degrees of freedom, we choose a Fock repre-
sentation F, associated with creation and annihilationlike
variables that have an asymptotic behavior in the sector of
large w; determined by our previous considerations, and
hence given by Egs. (3.2), (4.1), (4.2), and (4.8). These
annihilationlike variables are promoted to the annihilation

operators dl(:x’y ) and 1912” ) for particle and antiparticle
excitations, respectively, while the creationlike variables
are represented by the adjoints of these operators. In the
following, we denote this adjoint operation with a dagger.

The complete system formed by all the sectors is subject
to the zero mode of the Hamiltonian constraint, which we
represent quantum mechanically with some extra prescrip-
tions, additional to the ones fixed by the representation of
the elementary variables. In particular, we adopt normal
ordering for the products of creation and annihilation
operators. The rest of the prescriptions refer to the
representations of the functions of the FLRW geometry
that appear as coefficients of the quadratic perturbative
contributions to the constraint. Since we do not need them
explicitly in the rest of our discussion, we refer the reader to
Refs. [26,42] for details about these prescriptions.

We impose the zero mode of the Hamiltonian constraint
a la Dirac [43], with physical states annihilated by its
(adjoint) action. Following the strategy of Refs. [26,29,42],
we choose an ansatz with separation of variables: The wave
functions of the physical states of interest factorize into
partial wave functions that depend each on a different
sector of the system, namely the FLRW geometry, the
gauge-invariant scalar and tensor perturbations, and the
fermionic perturbations. We allow that all these partial
wave functions depend on the inflaton, which in this way
will play the role of a relational time. Additionally, we ask
that the part of the wave function that contains the geo-
metric degrees of freedom, which we call T'(V,¢), is
normalized (in the discrete inner product for the volume)
and has a unitary evolution in ¢ generated by a positive

operator 7:{0, so that
—i0,T(V. ) = HoL(V, ). (5.1)

Finally, we restrict our attention to generators for which the

action of 83,, + 7f{(2) on I' differs from the corresponding

action of the constraint of the unperturbed FLRW cosmol-
ogy at most in a quadratic contribution of the perturbations.
In this way, we contemplate the possibility that there exists
some kind of quantum backreaction between the perturba-
tions and the homogeneous background.

Furthermore, if we can ignore the transition between
states of the FLRW geometry that are mediated by the
action of our Hamiltonian constraint, all relevant informa-
tion about this constraint can be captured by replacing its
operator dependence on the homogeneous geometry with
expectation values (-);- on the considered state I" in H;.
computed with the discrete inner product. With this
approximatiaon and a kind of Born-Oppenheimer one,
the imposition of the entire Hamiltonian constraint leads in
fact to a set of Schrodinger equations, one for each of the
different perturbative sectors of the system [26,29]. For the
partial wave function that depends on the fermionic degrees
of freedom, which we call w (N D,(;S),3 we arrive at the
equation

lo(V¥P e 1) — 1)
0< 2 D>r L V/D(NDv¢)
(Ho)r

=H (B)wpNp, h).

—i0ywpNp, §) =

(5.2)

Here, the hat above a function of the FLRW geometry
stands for its representation as a quantum operator. Besides,

we have defined Hg) (¢), which can be regarded as a time-
dependent (i.e., ¢-dependent) effective fermionic
Hamiltonian operator that acts on Fp and generates the
Schrédinger evolution. On the other hand, the term Cg),
plus some similar terms in the Schrodinger equations of the
gauge-invariant scalar and tensor perturbations, equals the
expectation value in I" of the difference between the action

22 . I .
of Oé + H, and the action of the Hamiltonian constraint of

the unperturbed model. It is in this sense that we can
call Cg) the fermionic backreaction, as it measures, in
average, how much the homogeneous part I' of
the solutions of the perturbed model departs from an
unperturbed solution [25,26].

Let us now introduce a change to the time,
(5.3)

which is well defined because 7, is positive and V has a
strictly positive lower bound (at least in the adopted
representation: see Ref. [37]). It should be noted that, if
we further restrict I'(V, ¢) to be highly peaked on classical

*We use N}, as an abstract notation for the occupation
numbers of the fermionic particles and antiparticles in the chosen
Fock representation.
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or effective trajectories, this time coincides (up to correc-
tions that are quadratic in perturbations) with the standard
conformal time in cosmology as far as we circumscribe it
within an interval where the inflaton is monotonic.
Nonetheless, our definition of #p is perfectly consistent
in the quantum theory beyond such a classical or effective
regime, provided that the involved expectation values
remain strictly positive and finite. In this sense, 7 may
be regarded as a relational time for the different parts of the
wave function, and one should only attempt to find a
correspondence with a standard conformal time within
regimes and intervals of the type that we have commented.

Using then Eq. (5.2) and the definition of our creation
and annihilationlike variables, we obtain the following
Heisenberg relations (in the considered asymptotic regime
of large w;), evaluated at nr = 7,

Dal™ (n.no),

d. a2 (.m9) = ~iFa
t(x,y

~ . I )\ 7 (x,
dy b2 (1, m0) = i(FE) + TVB (,m), (5.4)
where we have called
k()
Fgr) _ 2<V2/3f hD(x V)>F
k (V2P)r
k.(x.y)
JO = w (5.5)
k (V¥

We can integrate these Heisenberg equations to obtain,
asymptotically, the following Bogoliubov transformation,

()

aAI(AC’x‘y) (7’], ’70) = e_iFrl'Z aA(x’y)9
. i F(FJ+J<FJ) e
b,z(x‘))(’%’?o — ( nk k) pay) (5.6)

where we have defined @ (n9) = a i

ISZf”) and

@ _ 7D ) _ 7,1

o

This Bogoliubov transformation is clearly unitary [44],
because it does not mix creation and annihilation operators
in the considered asymptotic region, so that the antilinear
part of the transformation vanishes asymptotically (or, more
precisely, can be made of an asymptotic order as negligible
as desired).

Finally, we can construct an operator 7' defined as

k.(x.y)
Ay) _ (D) AT (y) A(xy) Txy) pxy)
TE _an,k( par +b b/? )
(D) pi(xy) p(xy)
+ zJW;( 2 by ), (5.8)
such that in the regime of large wy,
efd%x'we‘f = dl(;x‘y) (1, 10), (5.9)
TISZ(X NeT — bA/_:.(x 2 (n,10), (5.10)

as can be checked using Hadamard’s lemma [45]. Hence,

e~ T can be taken as the unitary operator that implements the
dynamical Bogoliubov transformation (5.6).

This confirms that, asymptotically, the vacuum (namely
the normalized state in the kernel of all the annihilation
operators) is stationary under the evolution dictated by this
operator. In turn, this implies that the vacuum is annihilated
by the left-hand side of Eq. (5.2), up to possibly the
contribution of a complex phase. And, since we adopted
normal ordering for the representation of the zero mode of the
Hamiltonian constraint, the first term of the right-hand side of
Eq. (5.2) annihilates the vacuum as well. Hence, with our
choice of Fock representation, the fermionic backreaction

C g) for the vacuum (which was only convergent in Ref. [26]
after a subtraction of infinities scheme) is not only finite now,
but indeed can straightforwardly be set to vanish, at least
asymptotically. In this way, the vacuum remains invariant in
the evolution. Then, it is clear that its image under the action
of the fermionic Hamiltonian is a normalizable state in F .
As a consequence, we conclude that the fermionic
Hamiltonian is properly defined in the dense subset of F
spanned by the n-particle/antiparticle states with a finite
number of fermionic excitations.

VI. CONCLUSIONS

We have investigated the choice of a vacuum for the
Dirac field in an inflationary flat FLRW spacetime by
suplementing with extra physical requirements the criterion
of invariance under spatial symmetries and unitary
Heisenberg evolution that has been explored in the liter-
ature recently. More specifically, the additional requirement
that we have considered is the diagonalization of the
fermionic contribution to the Hamiltonian constraint of
the gravitational system when the fermions are treated as
perturbative fields on an average (possibly quantum
mechanically dressed) background, in the asymptotic
regime of large wave numbers, that we identify with the
eigenvalues of the Dirac operator on the spatial sections of
the cosmology. While the original criterion of spatial
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symmetry invariance and dynamical unitarity leads to a
family of Fock representations that are unitarily equivalent
among them, but still leaving an infinite freedom in the
choice of a vacuum, the inclusion of the diagonalization
requirement has been shown to restrict the available free-
dom to the choice of two complex phases and terms that are
negligible at any desired order in an expansion in inverse
powers of the wave number.

In our analysis, we have truncated the Einstein-Dirac
action, also in the presence of a scalar field that plays the
role of an inflaton, at quadratic order in perturbations,
treating as such the nonzero Fourier modes of the metric
and the scalar field and all the contributions of the Dirac
field. The zero modes of the inflaton and the metric have
been treated exactly. Because of this, the action does not get
contributions that are linear in our perturbations, including
those of the lapse and the shift (actually, this statement
holds beyond our quadratic truncation, in higher-order
perturbative schemes). Apart from linear perturbative con-
straints, the system is subject to the zero mode of the
Hamiltonian constraint, which contains a term that is
formally identical to the global Hamiltonian constraint of
the unperturbed model, but in addition includes other
contributions that are quadratic in the perturbations, in
particular a fermionic term. These perturbations can be
described by (an Abelianized version of) the linear pertur-
bative constraints, gauge variables that are momenta of
those constraints, and gauge invariants that commute with
all the former quantities. For the metric and the inflaton,
one can choose as gauge invariants the Mukhanov-Sasaki
field and the tensor perturbations, together with their
canonical momenta. The fermionic perturbations, on the
other hand, are immediately gauge invariants, because the
Einstein-Dirac action is quadratic in the Dirac field, so that
the latter couples directly to the unperturbed tetrad when
we truncate the action in our scheme. The above set of
perturbative variables can be completed into a canonical set
for the whole system, at the considered truncation order, by
including zero modes that are suitably corrected with
quadratic perturbative terms [29].

Focusing our discussion on the fermionic sector of the
inhomogeneities, one still has considerable liberty in the
way in which one can separate the fermionic degrees of
freedom from those of the homogeneous background
through canonical transformations, with a splitting that
maintains the gauge-invariant character of the fermionic
variables. Different splittings of the fermionic and the zero-
mode sectors of phase space result in different quantum
behaviors for the combined system and different quantum
dynamics for the fermionic variables, since the separation
amounts to a background-dependent (and hence dynami-
cal) redefinition of the basic, creation, and annihilationlike
fermionic variables. Instead of regarding this ambiguity as
a complication, we have taken advantage of it and looked
for a choice of those creation and annihilationlike variables

such that the part of the Hamiltonian constraint that rules
their evolution has good physical properties. In order to do
this, we have considered all possible linear combinations of
the fermionic mode coefficients that define creation and
annihilationlike variables, allowing these combinations to
depend on zero modes. Among all the viable combinations
that do not mix fermionic modes, and therefore respect the
spatial symmetries of the model, we have then sought
for choices that lead to a especially simple fermionic
Hamiltonian, without interaction terms that would create
and destroy pairs of particles and antiparticles (at least in
the ultraviolet sector of large wave numbers). The absence
of these interactions amounts to the (asymptotic) diago-
nalization of the fermionic contribution to the zero mode of
the Hamiltonian constraint. We have shown that it is
possible to attain this diagonalization at any asymptotic
order in inverse powers of the wave number, and that the
resulting characterization of fermionic variables is unique
up to certain phases at that order and up to terms that are
negligible in the asymptotic series of the coefficients that
define the creation and annihilationlike variables.

Combining then this Fock representation for the Dirac
field, suitable Fock representations for the rest of gauge
invariants, and an LQG-inspired quantization for the
homogeneous sector, we have considered the hybrid
quantization of the system. Given our choice of fermionic
creation and annihilation variables, the Fock representation
determined by them has a considerably simple quantum
dynamics. We have shown this in detail by adopting an
ansatz with separation of variables for the physical wave
functions and introducing a kind of Born-Oppenheimer
approximation in which we neglected changes in the
FLRW geometry mediated by the zero mode of the
Hamiltonian constraint. The relevant information about
this constraint is then captured in its expectation value on
the partial wave function that describes the background
FLRW cosmology. In this manner, one obtains a
Schrodinger equation for the fermionic degrees of freedom
that, with our (asymptotic) choice of vacuum, leads to
Heisenberg equations that do not mix the creation and
annihilation operators of the particles and antiparticles.
Thus, the dynamical Bogoliubov transformation of these
operators can be implemented trivially as a quantum
unitary transformation in the discussed asymptotic regime,
because its antilinear part can be made equal to 0 at any
desired asymptotic order. We also have constructed an
evolution operator that implements this Bogoliubov trans-
formation, and checked that it leaves the vacuum stationary.
This property and the fact that the fermionic contribution to
the zero mode of the Hamiltonian constraint annihilates the
vacuum guarantee that the backreaction term in the
Schrédinger equation not only does not diverge, but can
be made negligible at any asymptotic order in inverse
powers of the wave number, without the need of any
regularization scheme.
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Let us emphasize that our choice of annihilation and
creationlike variables, which leads to an asymptotically
diagonal fermionic Hamiltonian, is carried out within a
canonical framework that is valid for the entire, truncated,
cosmology, with a phase space that describes not only the
fermionic perturbations, but also the background variables.
In particular, the choice provides a specific splitting between
the two sectors of the cosmological system: the homo-
geneous one and the perturbations. Besides, since the zero
mode of the Hamiltonian constraint for this entire cosmology
contains a term quadratic in all of the perturbations, the
classical dynamics of the selected fermionic variables is only
linear if one ignores their backreaction on the homogeneous
sector. Nevertheless, the resulting Hamiltonian constraint
applies to the entire cosmology even beyond this linearized
context, keeping its nice properties for quantization even in
that extended scenario. Furthermore, we have seen that it is
possible to reach a regime in the quantum dynamics of
the entire cosmology where the fermionic wave function
effectively obeys a Schrodinger equation. The effective
Hamiltonian operator that drives this evolution actually
corresponds to the Fock representation of the fermionic
contribution to the constraint, but with its background
dependence replaced with expectation values in the partial

wave function that describes the homogeneous geometry. In
this sense, the hybrid quantum theory allows for a general-
ized linearized regime of a fermionic field that propagates
over a mean quantum background, which need not follow
any classical or effective trajectory and might even allow for
some backreaction effects.

Our conclusions support some aspects of a similar study
under development for the case of cosmological scalar
perturbations in flat FLRW cosmologies, where the require-
ment of Hamiltonian diagonalization appears to supplement
satisfactorily the criterion of spatial symmetry invariance and
unitarity of the Heisenberg evolution [46]. It would be
interesting to discuss other aspects explored in that work
about the properties of the selected vacuum and its relation
with adiabatic states, taking into account the results that are
known about such states for fermionic fields [47] and
extending them with further investigations.
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We study the relation between the Fock representations for a Dirac field given by the adiabatic scheme
and the unique family of vacua with a unitarily implementable quantum evolution that is employed in
hybrid quantum cosmology. This is done in the context of a perturbed flat cosmology that, in addition, is
minimally coupled to fermionic perturbations. In our description, we use a canonical formulation for the
entire system, formed by the underlying cosmological spacetime and all its perturbations. After introducing
an adiabatic scheme that was originally developed in the context of quantum field theory in fixed
cosmological backgrounds, we find that all adiabatic states belong to the family of Fock representations
that allow a unitarily implementable quantum evolution (although the converse is not generally true).
In particular, this unitarity of the dynamics ensures that the vacua defined with adiabatic initial conditions at
different times are unitarily equivalent. We also find that, for all adiabatic orders other than 0, these initial
conditions allow the definition of annihilation and creation operators for the Dirac field that lead to some
finite backreaction in the quantum Hamiltonian constraint and to a fermionic Hamiltonian operator that is
properly defined in the span of the n-particle/antiparticle states, in the context of hybrid quantum

cosmology.

DOI: 10.1103/PhysRevD.100.125003

I. INTRODUCTION

There exists an inherent difficulty to selecting a vacuum
state with acceptable physical properties for fields that
propagate in generic curved spacetimes, even when one
uses well-known Fock representations in their quantiza-
tion [1]. This ambiguity is closely related to the fact that
the notion of particle, as one defines it in quantum field
theory (QFT), is nebulous even in the presence of a large
number of symmetries. This problem is often overlooked
in standard QFT in Minkowski spacetime because the
Poincaré vacuum plays then a privileged role, directly tied
up in the observation that flat spacetime is maximally
symmetric [2]. In this sense, a central question in any
scheme pursuing the Fock quantization of matter fields in
a generic spacetime background is the specification of the
physical properties that the corresponding vacuum must
possess. This issue has been studied at great length for free
scalar linear fields [1,3], but much less for fermionic
fields, such as the Dirac field [4].
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2470-0010/2019/100(12)/125003(10)

125003-1

For cosmological spacetimes, a traditional line of attack to
the problem of the choice of vacuum is the adiabatic
proposal [5-7], which in recent times has found formal
support in the algebraic approach to QFT [8]. In this
approach, one chooses a series of observables and specifies
the relations among them, something that includes the
dynamics and the standard commutation (or anticommuta-
tion for fermionic fields) relations, in such a way that
one constructs an *-algebra. A state is then a normalized
positive linear functional from this *-algebra to the complex
numbers, which can be interpreted as the result of taking the
expectation value of the observables on a physical state. In
many cases, a specific Fock representation can be recovered
from each algebraic state by means of the so-called Gelfand-
Naimark-Segal (GNS) construction [9,10]. A set of states
that is traditionally favored in this approach is formed by the
Hadamard states, which are characterized by a very specific
singularity structure of their two-point function [11,12]. In
particular, their associated energy-momentum tensor has
good renormalizability properties. The adiabatic scheme
aims to provide a strategy to approximate Hadamard states in
cosmology by solving the differential equations of motion of
the field in an iterative way, with the hope that, if the iteration
converges, one would obtain in the end a true Hadamard

© 2019 American Physical Society
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state. Actually, for scalar fields propagating in standard
Friedmann-Lemaitre-Robertson-Walker (FLRW) cosmolo-
gies it turns out that all adiabatic states are locally quasie-
quivalent to a Hadamard state [13,14]. The complications
that arise in this scheme are well known in the case of scalar
fields in cosmological backgrounds, as the iterative relations
may not converge for general cosmological evolutions. For
Dirac fields in cosmological spacetimes, a similar level of
consensus on the definition of adiabatic states and their
properties has not been reached [15-18].

Over the last decade, an alternative strategy has been put
forward in order to reduce the ambiguities in the choice of a
vacuum for fields in cosmological spacetimes [19,20]. In
addition to symmetry considerations, this strategy rests
primarily on the criterion that the annihilation and creation
operators of the Fock quantization display an evolution that
is unitarily implementable. This criterion has been shown to
select a unique family of vacua, related to each other by
unitary transformations, on a multitude of cosmological
scenarios [21-24], including the case of Dirac fields in a flat
FLRW cosmology [25]. Actually, this criterion is, in turn,
motivated in the context of quantum cosmology by the so-
called hybrid approach to the quantization of inhomo-
geneous systems [26,27], which is based on a splitting of
the phase space into a homogeneous sector and an inho-
mogeneous sector, in a way that is specially suitable to
obtain a well-behaved dynamics for the complete cosmol-
ogy. Then, one quantizes the inhomogeneous degrees of
freedom (d.o.f.) employing a Fock representation with nice
ultraviolet properties, and the homogeneous geometry with
techniques inspired by a certain canonical approach to
quantum cosmology (for instance, the formalism known
as loop quantum cosmology [28], inspired by loop quantum
gravity [29]). In this context, one can actually restrict the
choice of the Fock vacuum even more, exploiting the
freedom allowed by the hybrid approach in a way to split
the d.o.f. into the homogeneous and inhomogenous sectors
that are to be quantized. Indeed, this was first done for
fermionic perturbations in inflationary cosmologies [30] in
an attempt to find a representation such that some kind of
quantum backreaction on the homogeneous cosmological
sector remains finite without the need of a regularization
scheme, and that one gets a Hamiltonian constraint that is
properly defined on the dense set of the Fock space spanned
by the n-particle/antiparticle states [31]. Additionally, it is
possible to further refine the description of the inflationary
cosmology and arrive at a recurrence relation by which the
dynamics of the annihilation and creation operators that
describe the fermionic, scalar, and tensor perturbations
become diagonal in the asymptotic limit of infinitely large
particle/antiparticle wave numbers [32,33].

This paper aims to bridge the gap between the two
schemes commented above for the choice of a Fock
vacuum in the case of a Dirac field minimally coupled
to a flat FLRW cosmology with compact hypersurfaces.

For that, we adapt the adiabatic scheme for the fermionic
field presented in the Dirac representation in Ref. [17],
inspired in turn by Ref. [18], to the Weyl representation
employed so far in hybrid quantum cosmology. We
compare these adiabatic vacua with those of the family
of unitarily equivalent Fock representations that arise from
the annihilation and creation operators defined in hybrid
quantum cosmology, restricted to the context of QFT in
curved spacetimes. The fundamental result that we obtain is
that all adiabatic states belong in fact to this equivalence
family, and that, for adiabatic orders greater than 0, they
allow the definition of annihilation and creation operators
in hybrid quantum cosmology that produce finite back-
reaction terms in the Hamiltonian constraint and give rise to
a properly defined Hamiltonian operator. Furthermore, in
the context of QFT, the unitary implementability of the
dynamics in such Fock quantizations guarantees that the
states constructed with adiabatic initial conditions at differ-
ent times of the cosmological evolution are all unitarily
related. Finally, in the appendix, we briefly analyze the
adiabatic approach proposed by Hollands in Ref. [16] from
an algebraic perspective, and argue that there generally
exist obstructions for its implementation to define Fock
vacua.

The structure of this paper is organized as follows.
In Sec. II we introduce the physical model, which consists
of a Dirac field treated as a perturbation around a flat,
inflationary FLRW cosmology, and then we summarize the
main properties of the choices of annihilation and creation
operators for the quantization of this fermionic field in
the hybrid approach. In Sec. III we apply the adiabatic
scheme to fermions in the Weyl representation. Section IV
is devoted to the comparison of these adiabatic states with
those associated with the choices of annihilation and
creation operators selected in hybrid quantum cosmology.
We show that all the adiabatic states determine Fock
representations that are unitarily equivalent to those of
the hybrid quantization. We summarize our conclusions
in Sec. V. The obstructions found in the adiabatic scheme of
Ref. [16] are discussed in the appendix. Throughout the
paper, we employ units such that A =c =G = 1.

II. PHYSICAL SYSTEM AND PROPERTIES
OF THE QUANTIZATION

Let us start by describing the spatially homogeneous part
of our system. We consider a flat FLRW spacetime
geometry specified by a scale factor a. The spatial sections
that foliate this cosmology are compact and isomorphic to
the three-dimensional torus 73. As the matter content that
fuels the dynamics of this cosmological geometry, we
minimally couple a homogeneous scalar field (inflaton) ¢
subject to a potential V(¢b).

In this cosmological model, we include a Dirac field with
mass M that is treated entirely as a perturbation (including
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its homogeneous component, if there is one). In order to
obtain a satisfactory Hamiltonian formulation of the entire
system, and contemplate the possibility of making canoni-
cal transformations that mix the homogeneous and fer-
mionic sectors, we truncate the action at quadratic order in
these perturbations [30,34]. One may also include pertur-
bations (of the same magnitude) of the spacetime metric
and the inflaton field, describing small anisotropies and
inhomogeneities. Nonetheless, we obviate them in our
analysis because, at the considered order of truncation,
they do not couple to the fermionic contribution that we
want to study. The truncated perturbative action supplies
the canonical structure and the constraints needed to
construct a Hamiltonian description of the whole system.

To work with the Dirac field, we use the Weyl repre-
sentation of the constant generators yb, b=0,...,3, of the
Clifford algebra associated with the four-dimensional
Minkowski metric, namely,

0 1 0 &
0—; L 7= L1
! ’(1 0) ! l<—3 0) @1)

where I is the two-dimensional identity matrix, y =
(v',7%.7), and & = (6,,0,,03) is the tuple formed by
the three Pauli matrices. After imposing the time gauge on
the tetrad of the homogeneous cosmology (so that the
corresponding triad has no internal time components [30]),
we rescale the Dirac field by @2 in order to get constant
Dirac brackets between this field and its complex con-
jugate. In addition, we exploit the symmetries of the
homogeneous spatial sections of the cosmological space-
time by expanding each of the two chiral components of
the fermionic field in a complete set of eigenespinors of the

Dirac operator —ic V on T°. These eigenspinors can be
divided into two subsets according to their helicity, with
label 4 = £1. Since the torus is compact, the spectrum of
the Dirac operator is discrete, with eigenvalues Awy, where
W = 2ﬂ|l_€ +7)/1y, k € 73, 27 can be any of the vertices
of the unit cube and characterizes the spin structure, and /;
is the compactification length of the torus. The eigenspinor
associated with Aw; has the form (adopting a diagonal
fiducial coordinate system)

&,(k) exp [i2n(k + 7)%/1).

where X are the spatial coordinates on the torus. The bispinor

& (1?) is normalized so that 5; &, = 1. The rescaled Dirac field
can then be described by its left-handed and right-handed
time-dependent coefficients with helicity A in an eigenspinor
expansion. These coefficients can be handled as ordered pairs
of Grasmann variables, respectively describing the left-
handed and right-handed components of the field and, up
X7 50 ym). Each of
these mode coefficients displays a nonvanishing Dirac

to a constant factor /; 3/ 2, we call them (

bracket only with its complex conjugate, in that case being
equal to —i.

We can then introduce annihilationlike variables a; ; for
particles and creationlike variables 1_7,;. , for antiparticles by

means of a canonical transformation of the form [25]

)= L)) ()

_ = _—— — 0] .

b, @t g’ 2 Yia
(2.2)

We do not mix different modes of the Dirac operator and
only allow mode dependence of the coefficients of the
transformation through @y, in order to respect the spatial
symmetries of the dynamics [25,32]. Besides, we ask that

kA ik kA2
£t = 1=
gIIC.X — ei‘/k./lj_‘vlzc"l,

gy* = e it (2.3)
where J, ;, F '2”1 € R, so that each annihilation and creation-
like variable only displays a nonvanishing Dirac bracket
equal to —i with its complex conjugate variable, giving rise
in this way to standard canonical anticommutation relations
for annihilation and creation operators. In our notation,
the overbar indicates complex conjugation. In general, we
allow for linear combinations (2.2) that depend on the
homogeneous sector, so that ff"l = ],"’l(d, 75 P, 71'43), with
[ =1, 2 and the symbol z (labeled with a subindex)
denoting canonical momenta. Following Ref. [30] (see
also Ref. [35]), we can complete the above transformation
of fermionic variables into a canonical transformation for
the whole system, including the FLRW cosmology. For
this, we must correct the homogeneous variables in order to
arrive at a set (a,7,,¢,n;) that is canonical with the
annihilation and creationlike variables defined in Eq. (2.2).
Each of these definitions of fermionic variables can then be
understood as the selection of a particular dynamical
splitting of the homogeneous and fermionic d.o.f. in phase
space. In fact, each splitting results in a different identi-
fication of the fermionic contribution to the zero mode of
the Hamiltonian constraint [31], the only nontrivial con-
straint to which the system is subject. This contribution is,
in general, not diagonal, by which we mean that it contains
interacting terms of the sort of aj ,b; . This is especially
relevant upon quantization, because a multitude of impor-
tant features depend on the behavior of the nondiagonal
part of the fermionic contribution to the Hamiltonian
constraint in the asymptotic limit of infinitely large wy.
Indeed, choices of canonical annihilation and creationlike
variables that result in a decrease of asymptotic order for
the coefficients of these interacting terms turn out to display
much better physical properties.
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The conclusions about of the consequences of the
selection of variables for the fermionic perturbations proven
in previous works [25,31,32] can be summarized as follows:

(i) After one chooses a standard convention for particles
and antiparticles, the annihilation and creationlike
variables undergo an evolution that is unitarily im-
plementable in the context of QFT in a fixed FLRW
cosmology if and only if, in the asymptotic limit of
large w; [25],

1 Ma elFY 4 gk

= e D 0P < o0, (24)

kez?

This condition ensures that the interacting fermionic
part of the Hamiltonian has asymptotic order O(w;!)
[30]. Furthermore, all possible families of annihilation
and creation operators defined by means of coeffi-
cients of the form (2.4) define unitarily equivalent
Fock representations [25].

(i) With a hybrid quantization of the entire system, it is
possible to identify a quantity, interpretable as a
backreaction, which appears in the quantum dynami-
cal equation of the fermionic states and that measures
the average difference between the quantum evolution
of the perturbed and unperturbed cosmology. Un-
fortunately, this quantity generally fails to be finite. In
this case, rather than regularize by performing a
“substraction of infinities,” one can further restrict
the choice of fermionic variables (and therefore the
way to split the d.o.f. in phase space) so that,
asymptotically [31],

. ﬂ'Mﬂa eiFJ;AA‘

ek,i — _
3007

+ 94, Zwk|19“|2 < o0.

kez?

(2.5)

(iii) One can go one step beyond and demand that the
interacting fermionic part of the Hamiltonian be
square summable. This happens to be the necessary
and sufficient condition for the Hamiltonian con-
straint to be properly defined in the dense set
spanned by the n-particle/antiparticle states within
Fock space, and amounts to requiring that the
following sequence be summable as well [31]:

{079 P}z (2.6)
(iv) The last step in this improvement of the properties of
the fermionic Hamiltonian upon quantization is a
recursive procedure to diminish, as much as desired,
the asymptotic order of its interacting part [32]. This
method of “asymptotic diagonalization” restricts
almost completely the choice of fermionic canonical
variables in the ultraviolet regime, leaving all the

possible remaining freedom in the determination of
the phases J;, and F’;*’l. More specifically, let us
start with the ansatz

o (_n\n+l
]l('i_ iFl;AZ( l) nl—‘,
n=1 @y
fkﬁ iF& }oo: (_l)nrn
- o ’
n=0 k

(2.7)

where fo = 1 and the coefficients fn = f‘n Ty, ...,
I',_;) are fixed by the first condition in Eq. (2.3).
Then, for any n > 0, the nondiagonal part of the
Hamiltonian is of order O(w;"™!) if [32]

Ma ~ a<d .
FI’I+1 = _TFn +§lz=]: |:Fl{rn—l’H0}

- 2 .
=TT, Hj} - ;Flrn+l—l

-MTr,,+ flfn—l)] . (2.8)

In all of these results, {-, -} are the Poisson brackets of our
truncated systemand H  is the Hamiltonian constraint of the
unpertubed FLRW cosmology. Recall also that M is the bare
mass of the Dirac field.

III. ADIABATIC FERMIONIC STATES IN THE
WEYL REPRESENTATION

In order to introduce the adiabatic scheme, we first limit
our attention to situations in which the background vari-
ables are treated as classical functions of time that follow
the Hamilton trajectories dictated by H|y (namely, by the
Einstein equations in the linearized theory). In this way, we
can express all of our fermionic variables in terms of a
conformal time #, and work in the framework of QFT in a
fixed FLRW cosmology. In addition, we restrict all con-
siderations from now on to the trivial spin structure 7 = 0,
as this is the choice that can be naturally extended to the
case of noncompact spatial sections, which is precisely the
scenario contemplated in Ref. [17] for the construction of
adiabatic states in the Dirac representation that we parallel
here, although now adopting the Weyl representation. Then,
given a choice of initial time 7, any set of annihilation and
creationlike variables defined by Eqgs. (2.2) and (2.3) selects a
decomposition of the Dirac field of the form

w(n,X) = Z Z [u7.4(n X) Az, + 7, (1. %) By,

[y —

(3.1)

where we have defined the annihilation and creationlike
constant coefficients
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Agy = a4 (o), By, =b_z,(mo). (32)
and
ug ,(n, %) = i ( £l (:) )
| i \ )
v, (1. %) = =7ty i (n, 5). (3.3)

The functions (h{{ I hi’ ,) are a basis of mode solutions of the
Dirac equation, and they are normalized so that |h ,|* +
|hil,|> = 1 (this normalization is just a consequence of the
canonical anticommutation relations). Their explicit form in
terms of the time-dependent coefficients that define the
annihilation and creationlike variables in Egs. (2.2) and
(2.3) is not needed yet, and hence we postpone specifying it
until the next section. We note that the spinors vy ,, that

contain the information about antiparticles in the decom-
position of the Dirac field are the charge conjugate of those

that describe the particles, u; ,, only if we fix J; (170 so that

Vi = —y u,;, It Although this is not necessary in principle,
we choose to do so in order to maintain this charge
conjugation symmetry in the selected Fock representation.

The identification of adiabatic states proposed in
Ref. [17] for cosmological spacetimes was implemented
in the Dirac representation of the Clifford algebra. Here we
instead obtain these states in the Weyl representation
following the same line of reasoning that we summarize
below. Since the field y is a solution to the Dirac equation,
the variables (/] ;. hy’;) in the decomposition (3.1)~(3.3)

satisfy the Schrodinger-like equation [25]
(M
T\ pl )
k.
—w, Ma
H=) .
Ma w;
The construction of adiabatic states starts by diagonalizing
the time-dependent Schrodinger Hamiltonian H(z). For
this, one performs an explicitly time-dependent change of
variables by means of a unitary matrix Uy, such that the
new variables by = U éh satisfy a similar equation, but with
a lower dominant asymptotic order in (inverse) powers of
@y in the nondiagonal part. A valid choice is the unitary

matrix that brings H into its diagonal form D. In this way,
one obtains

i0,h = H(n)h,

(3.4)

i0shg = Hohy,  Hy =Dy —iUy0,U,.  (3.5)

This process can be repeated iteratively. At each step one
gets the following new variables and Hamiltonian:

hj=Ul h,  Hj, =D, —iU, 0,U.. (36)

The diagonal matrix D;; and the unitary matrix U, are
found diagonalizing H;, and then i0,h;,, = H; h;,.
The important point for the adiabatic scheme is that the
dominant asymptotic order in the nondiagonal part of
H; decreases at each iterative step, in the limit w; — oo.

Therefore, the approximation of %, by a solution h, to the
diagonal dynamics dictated by D, gets more and more
accurate for large w; as we increase the order n of our
adiabatic iteration. A straightforward integration of the
diagonal evolution gives

hn ('7) = Un(”]’ 770)[)(’?0)»

U, = diag <exp <—i/ﬁ: Qn),exp (i/ﬁ: Qn>>
b(ii) = <(1)>

where U, is a diagonal matrix and £, are the diagonal
elements of D,,. This frequency €2, is manifestly positive in
the asymptotic regime of infinitely large w,. Besides, the
initial condition }(77,) was motivated in Ref. [17] in order to
select positive frequencies. With this choice, an adiabatic
Fock representation of order n is characterized as follows
by a specific basis of solutions &, (17) of Eq. (3.4), which
we define in a similar way as for scalar fields [13]. They are
determined precisely by the initial conditions at time 7,
obtained from the approximate solution at order n after
undoing all the changes of variables involved in the iterative
process,

(3.7)

ki, (o) (HU 710) (0, 770)B(f0). ~ (3.8)

Given the specific form of §(7), different choices of initial
time for the integration of the diagonal dynamics only yield
different constant global phases in the expansion of the Dirac
field w in terms of annihilation and creation operators.
Actually, these phases carry no relevant information about
the quantum properties of the field, and so we can choose
them freely and set 5, = 7j, for simplicity.

In the above discussion, we have applied the adiabatic
procedure directly to the decomposition (3.1)—(3.3) of the
fermionic field in the Weyl representation of the Clifford
algebra. Let us now show that the result coincides indeed
with that obtained in Ref. [17] employing the same type of
decomposition in the Dirac representation (and, therefore,
starting with a different Schrodinger Hamiltonian). The
change to the unitarily related Weyl representation can be
carried out as follows:

1 I -1
TyDTT—yW, T——< )
V2\I 1
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In the rest of this section, the sub/superscripts D and W
indicate spinors in the Dirac or the Weyl representation,
respectively. Thus, for the fermionic field, we have yVW =
TP or, in terms of the basis of mode solutions associated

with a certain vacuum,
- 1 1 -2
T=— , 3.10
V2 (A 1 > (3.10)

where T is clearly unitary, because 4> = 1. The Schrédinger
Hamiltonians in both representations are then unitarily
related by HY = THPT", and therefore they have the same
diagonal form D,. It follows that the zeroth-order step in the
adiabatic iterative procedure is the same when applied to both
representations, except for the unitary matrix that diagonal-
izes the Hamiltonian, which changes as U} = TUY. Since
this transformation is unitary and constant, the Schrodinger
Hamiltonian H, needed for the next adiabatic step is
already the same at zeroth order, regardless of whether
one applies the procedure in the Dirac or the Weyl
representation. Hence, the same quantities must appear
as well in both representations for all the higher-order
steps up to the desired order n, including the conditions
(3.7) on H(7jy). It is then straightforward to conclude
what we wanted to check, namely, that, for an adiabatic
state of order n, one obtains the same set of solutions
independently of whether one first performs the adiabatic
construction in the Dirac representation and then trans-
forms to the Weyl representation, or alternatively one
applies the construction directly in the latter of these
representations, with the change between them given by
the transformation h“fl’ = Thﬁ .

hY = Th?,

IV. UNITARY EQUIVALENCE AND CHOICE
OF INITIAL TIME

The family of Fock representations for the Dirac field
presented in Sec. II is completely characterized by certain
background-dependent (or time-dependent, in the context
of QFT in the linearized theory) functions fi*, f5%,
and J, ;, subject to the conditions (2.3). In terms of them,
the basis of mode solutions for the field decomposition
(3.1)—(3.3) adopts the expression

= [1-15 0=

x < i (m)aw(n.m0) = 57 (n)e™ e By, (n.mg) )

75 (e a(n.no) + £17 () e )B4 (o)

(4.1)

where we have taken into account that, for QFT in curved
spacetimes, the evolution of the variables defined in
Egs. (2.2) and (2.3) comes from the dynamics dictated

by the Dirac equation, and is given by a Bogoliubov
transformation of the form [24,25]

am(’?) = ak,/l(”l’ '70)01‘5,4(’10) + i, ’70)[;;,,1(’70)7

by ,(n) = V=l ; (n,no)bz ,(no)

— V=Tl , (y, no)ag (o). (4.2)

with | 4|? + |Bs)* = 1. From these relations, it is then
clear that any adiabatic state defined by the initial con-
ditions (3.8) for hy,(n) at time 7y (equal to 7, for

simplicity) is associated to a choice of functions f’flfl and
f’z‘li such that

n

- [r- 2w io| (TTviw) st

i=0

f’f\ﬁ(ﬂo)
J_c%(ﬂo)
(4.3)

Here, we have used that a; (9, 79) = 1 and Sy ;(19,79) =0.
The quantities f]f\i (o) and f’z‘lfl (o) depend, in general, on
the scale factor of the homogeneous cosmological back-
ground and its derivatives, evaluated at time 7. Extending
the dependence of these homogeneous variables on the
initial time 7, to the whole time domain indeed defines a
set of annihilation and creationlike variables in the same
way as in Egs. (2.2) and (2.3), up to the choice of the
time-dependent phases J; ; and F 12“1 . Actually, it is worth
noting that the initial value of these phases at time 7, is
already fixed, respectively, by imposing charge conjugation
symmetry and by relation (4.3).

Let us now analyze the properties of the resulting
adiabatic quantization and its associated annihilation and
creation operators. With respect to the asymptotic expan-
sion in the limit w, — oo, the adiabatic construction is such
that f’ﬁi maintains, for each n > 1, the same dominant

terms that appear in f’l"‘i_l up to order O(wp"").

Computing just the two first adiabatic orders, one observes
that

= o), (44
i) = Wﬁén) +0w;?)
- AZ)(Z) - -”Zg;%”) +O0(07?).  (45)

In the last line we have denoted with a prime the total
derivative with respect to the conformal time, and used
Hamilton equations for the homogeneous cosmology in the
linearized theory in order to express the result in terms of
canonical variables. The dominant terms in these expressions
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(that are written explicitly) remain in higher-order adiabatic
states, according to our comments. Recalling then the results
listed in Sec. II, and, in particular, condition (2.4), we can see
just from the zeroth-order shown in Eq. (4.4) that all the
adiabatic states live in the family of unitarily equivalent vacua
that are determined by the annihilation and creationlike
variables (2.2) and (2.3), for which the quantum Heisenberg
evolution is unitarily implementable. Furthermore, for adia-
baticity order greater than 0, the Fock quantization of these
annihilation and creationlike variables leads to a finite mean
backreaction in hybrid quantum cosmology (in the sense
explained in Sec. II) and their contribution to the total
Hamiltonian constraint of the system is well defined on
the dense set of Fock space spanned by the states with a
definite number of particles/antiparticles.

Finally, let us comment on the relevance of the choice
of initial time #, in the discussed construction of
fermionic adiabatic states. Indeed, each of these adiabatic
representations of the Dirac field depends on the time at
which one sets initial conditions of the form (3.8) for
the basis of mode solutions. Let us specifically call h'f:l’ the

basis of adiabatic solutions obtained with initial conditions
at time 7. Imagine that, rather than at 75, we imposed
adiabatic initial conditions at another time 7, getting in that
way a new basis of mode solutions h'(,: According to our

discussion above [and, in particular, to formula (4.1)], the
two sets of solutions, evaluated at the same time 7, are
related by

1-41 . .
hr,i (no) = I—T(l— ic,) [ak,ﬁ(ﬂo,ﬂl)h’(n (1)

— iAoy B (Mo m )’_'?,2 (n0)],

where we have fixed Jy (1) = (3 + A)z/2 by requiring
charge conjugation symmetry. This relation between the
two sets of data at 7, is a Bogoliubov transformation, and
its unitary implementability in the quantum theory depends
exclusively on the square summability of the beta coef-

(4.6)

ficients, over all 12 € Z3. But we note that, in norm, these
coefficients are precisely the same that characterize the
dynamical transformations of the annihilation and creation-
like variables, whose evolution that we have seen is indeed
unitarily implementable. Hence, we conclude that any
two adiabatic representations that differ on the value of
the initial time at which one imposes the conditions (3.8)
are unitarily equivalent. Furthermore, this equivalence is
directly related to the fact that the representations allow the
definition of families of annihilation and creation operators
that can evolve unitarily.

V. CONCLUSIONS

In this work, we have investigated the relation between
the adiabatic construction and the criterion employed in
hybrid quantum cosmology to select Fock states that can

play the role of vacua for the Dirac field, treated as a
fermionic perturbation of an inflationary flat FLRW uni-
verse. Specifically, we have found that all adiabatic states
belong to the family of unitarily equivalent Fock vacua
employed in hybrid quantum cosmology, characterized by
the invariance under the isometries of the spatial sections
and by a unitarily implementable Heisenberg evolution of
the corresponding annihilation and creation operators when
the FLRW cosmology is regarded as a curved background.
Moreover, for adiabatic orders other than 0, they allow
quantizations with other desirable ultraviolet properties,
such as a finite backreaction term in the only nontrivial
constraint of the system and a properly defined fermionic
Hamiltonian operator.

Given a mode decomposition of a solution to the Dirac
equation, its coefficients determine a set of annihilation and
creation constant operators. The adiabatic scheme that we
have discussed makes use of this fact, selecting a particular
set of mode solutions. More specifically, any decomposition
is characterized by functions that satisfy a Schrodinger-like
equation with a time-dependent Hamiltonian matrix. One can
introduce a series of time-dependent transformations on
these functions that decrease the asymptotic order of the
nondiagonal part of their Hamiltonian in the ultraviolet
regime of large wave numbers. If one neglects this non-
diagonal part once a certain asymptotic order is reached, it is
straightforward to construct a set of approximate solutions
and, in this way, specify a mode decomposition. In this work,
we have adapted this procedure to the Weyl representation
of the Clifford algebra. The implementation in the Dirac
representation had been studied in Ref. [17]. We have
provided the transformation between these two representa-
tions and shown that the conclusions obtained in both cases
are consistent.

We have computed explicitly the approximate mode
solutions at the two lowest adiabatic orders and, with them,
we have identified the dominant and first subdominant
asymptotic terms for large wy, in the functions that define
the corresponding dynamical sets of annihilation and
creationlike variables. Comparing these asymptotic terms
with those that are characteristic of the family of Fock
quantizations admissible in hybrid quantum cosmology, we
have proven that all adiabatic vacua belong indeed to this
family and, furthermore, that for adiabatic orders other than
0, those vacua can be associated with annihilation and
creation operators that lead to well-defined mean back-
reaction contribution and fermionic quantum Hamiltonian
in the only nontrivial constraint of the system. These results
also ensure that the alternative adiabatic vacua constructed
with different choices of initial time for the integration of
the approximate mode solutions are all unitarily related.

In spite of the proven unitary equivalence between the
two considered quantization schemes, it is worth comment-
ing that the approach followed in hybrid quantum cosmol-
ogy possesses a useful feature that, in principle, is missing
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in the adiabatic proposal. Indeed, in the former approach
one starts by characterizing the set of admissible annihi-
lation and creationlike variables, including their dynamical
behavior, and therefore the genuine quantum fermionic
excitations that have desirable physical properties. On the
other hand, the adiabatic approach only defines a Fock
representation of the Dirac field in terms of constant
annihilation and creation operators. Without further infor-
mation, there is no unambiguous way of isolating, from the
evolution of the field, a Heisenberg dynamics with nice
quantum behavior that dictates exclusively the dynamical
transformations of those fermionic operators, separating
them from the background dependence. Clearly, after one
has introduced a dynamical family of annihilation and
creationlike variables in the hybrid approach, one can also
make the corresponding identification of adiabatic states.
This advantage of the hybrid strategy in specifying quan-
tum excitations of the field that are dynamically well
behaved can be a potential help to understand the origin
of the plausibly good ultraviolet properties of adiabatic
states. In fact, we have already seen here that the unitarity
of the Heisenberg dynamics of the fermionic operators in
the hybrid approach is capable of explaining the equiv-
alence (up to unitary transformations) of all the adiabatic
states, irrespectively of the time selected to set their initial
conditions. Finally, the splitting of the phase space into
a homogeneous and an inhomogeneous sector, which is
induced by the choice of variables in hybrid quantum
cosmology, is crucial for the later quantization of the
entire truncated cosmological system. In fact, this choice
may potentially be useful at higher orders of perturbative
truncation in the action, where the selected fermionic
variables could constitute a starting point in the search for
a new refined splitting of this kind that takes into account
the nonlinearities present in the higher-order system.
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APPENDIX: SOME COMMENTS ABOUT THE
ADIABATIC SCHEME PROPOSED BY
HOLLANDS

An alternative construction of adiabatic states has been
proposed by Hollands in Ref. [16]. The first step in this
procedure is to find a pseudodifferential operator (see e.g.,
Refs. [36,37]) T that factorizes the spinorial Klein-Gordon
operator, namely,

- (in*V, +iK + H)(in*V, - H)
—(in*V, +iK +T)(in"V, = T), (A1)

modulo an operator with smooth kernel. In this relation, H
is the one-particle Dirac Hamiltonian, K = V¥n, is the

extrinsic curvature of the spatial sections, and the operator
=/ h;j(X)E'E, where
h;; is the metric of the spatial sections. Although finding T
is a hard problem in general, one can construct approximate
solutions by means of an iterative method. We call 7', the
resulting operator after n steps. One then defines L, , =

T, £+ H and looks for a positive Hermitic operator Q,
such that

T has principal symbol o, (T)(%, &)

n+Qn ++L* Qn n—:1' (Az)
With this, one can define the following operators:
Bn - Ln,+QnL:;,+v Bn,— - L;;,—QnLn,—’ (A3)

which must be symmetric and positive. These operators
determine the algebraic state desired for the quantization of
the Dirac field [16]. In fact, such a state corresponds to a
Fock representation if and only if B,, is a projector [38]. In
practice, to find these operators, it is convenient to
introduce their mode decomposition. This was done in
Ref. [16] by using the Dirac representation of the Clifford
algebra and a basis of spinors for which the one-particle
Hamiltonian is instantaneously diagonal,

S :&<@(k>>ei2ﬂ(1§+?ﬁﬂo’

l8a3 0

) eizn(lE+?)5c'/zo, (A4)

P Uy, ( 0
kA /Ba3 &, (k)
where, defining Ay(a) = (/@i + M?a?, we have called

U 1 VAa)+Ma —A\/A(a)—Ma
T ad(a )\A/Br(@)—Ma  /A(a)+Ma |

(AS)

With this basis one may define the mode decomposition of
any differential operator B on the spatial sections by the
formulas

/d%xlefz prqflu 2k/1

kqu

7 =a [ s )y, (A6)

for any two spinors f; and f,, with p, g = £. In essence,
this decomposition maps operators (and pseudodifferential
operators) into 2 x 2 complex matrices while respecting
products and the adjoint operation.
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In the following, to simplify our notation, we drop from
it the dependence on k and A unless explicitly stated. In
addition, we use lowercase letters to refer to the mode
decomposition of the operators, with the correspondence
Tl’l - T}’l’ H - h’ Qn - qn’ Ln - fﬂ’ and Bl’l - b}’l'
Besides, we recall that the prime symbol denotes the total
derivative with respect to the conformal time. The decom-
position (Al), as given by Eq. (A6), can then be reex-
pressed as

3ia' 3

.
i’ + a 7+ [t,d) +at* = il +%h + [h, d] + ah?,
(A7)
where
Ao Ma'
d =i OU) =~ 20 o). (A8)

The procedure to determine 7z, goes as follows. Starting
from the ansatz 7, =) _(9;, with §; = O(w;™), and
setting 7, = diag[\/a‘za)i + M2, \/a‘zw% + M?], one sol-

ves (A7) iteratively, obtaining

1
1 = —F——==[F(h) - F(z,)]. (A9)
2 /w% + M3g>

where we have defined F(o)=io’'+3i(Ina) o/2+o,d] +
ao”. The mode versions of Egs. (A2) and (A3) are then
used to construct b,. In order for the algebraic state
resulting from the operator B, to correspond to a Fock
representation, that operator must be a nontrivial projector,
something that requires that b,, be singular. Unfortunately
this turns out not to be the case in the system that we are
considering, as can be checked by noticing that, for all
n>1,

2wy id .
¢, . = diag [a’_Za] + O(w; ),
 [a* a? _
g, = diag [m"‘—wlzj + O(w?). (A10)

This result implies that, except for the trivial case of a
constant scale factor, det(b,,) is always of asymptotic order
w;?, and thus dominant over O(w;") for all n > 3.
Therefore, at each order n > 3, the operator B, fails to
be singular (even if one truncates it at asymptotic order
@;™"), and so it cannot be a projector. The corresponding
algebraic states are thus not suitable to be employed in
hybrid quantum cosmology, inasmuch as they do not define
Fock representations, and hence they cannot be compared
with our family of unitarily equivalent Fock vacua.
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In this work we show how the criterion of asymptotic Hamiltonian diagonalization originated in hybrid
quantum cosmology serves to pick out a unique vacuum for the Dirac field in de Sitter, in the context of
quantum field theory in curved spacetimes. This criterion is based on the dynamical definition of
annihilation and creationlike variables for the fermionic field, which obey the linearized dynamics of a
Hamiltonian that has been diagonalized in a way that is adapted to its local spatial structure. This leads to
fermionic variables that possess a precise asymptotic expansion in the ultraviolet limit of large wave
numbers. We explicitly show that, when the cosmological background is fixed as a de Sitter solution, this
expansion uniquely selects the choice of fermionic annihilation and creationlike variables for all spatial
scales, and thus picks out a unique privileged Fock representation and vacuum state for the Dirac field in de
Sitter. The explicit form of the basis of solutions to the Dirac equation associated with this vacuum is then

computed.

DOI: 10.1103/PhysRevD.101.123530

I. INTRODUCTION

One of the solutions of general relativity (GR) that
deserves special attention in modern cosmology is de Sitter
spacetime. This is because, in the context of primordial
cosmology, this solution approximates quite well the
expected behaviour of an inflationary period in the evolu-
tion of the Universe. The practical benefits of this approxi-
mation are numerous, among which it is remarkable the
application to the quantum field theory (QFT) description
of cosmological perturbations. Indeed, for cosmological
inflationary models driven by a spin-0 matter field (the
inflaton), the standard theoretical guideline for the choice
of an initial quantum state of the inhomogeneous pertur-
bations in the metric and the inflaton at the onset of
inflation is to select an analogue of the Bunch-Davies (BD)
vacuum [1,2]. This is, in turn, the preferred Fock vacuum of
a quantum scalar field propagating in de Sitter, that is
picked out as the unique Hadamard state among those that
are invariant under the isometry group of de Sitter space-
time, that is maximally symmetric [3-5]. Interestingly, the
power spectra of cosmological perturbations that is pre-
dicted in GR with such a choice of BD vacuum agrees, to a
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high degree of accuracy, with the current experimental
observations of the cosmic microwave background [6-9].

The physical and mathematical properties of the BD
vacuum (and its associated Fock representation) for scalar
fields have been thoroughly studied in the literature (see,
e.g., Refs. [10—-17]). For higher spin fields, and in particular
for the case of the spin-1/2 Dirac field, generalizations of the
notion and features of the BD vacuum have also been widely
discussed in the literature [18-21], even though the unique-
ness of the resulting state might not be as broadly established
as for scalar fields. The aim of this paper is to justify a
physically natural choice of Fock vacuum state in de Sitter
spacetime, for a minimally coupled Dirac field, that displays
BD-like properties and that finds its motivation in the
context of quantum cosmology. More specifically, we will
explicitly derive the unique Fock representation that turns
out to be selected by the criterion of asymptotic Hamiltonian
diagonalization, recently introduced for the so-called hybrid
approach to canonical quantum cosmology [22].

Hybrid quantum cosmology [23,24] is an strategy for the
canonical quantization of spacetimes that contain inhomo-
geneities, but also possess some notion of symmetry. Such
is the case, for instance, of the system formed by matter and
metric perturbations over an otherwise homogeneous and
isotropic inflationary cosmology of the Friedmann-
Lemaitre-Robertson-Walker (FLRW) type [25-30]. In par-
ticular, the quantization strategy is based on the use of

© 2020 American Physical Society
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different representation techniques for the canonical alge-
bra that describes the homogeneous degrees of freedom, on
the one hand, and for the algebra that contains the
inhomogeneous fields, on the other hand. The homo-
geneous algebra is represented with techniques imported
from a theory of quantum gravity or quantum cosmology,
e.g., loop quantum gravity [31], while the inhomogeneous
fields are given a more conventional Fock representation.
From a theoretical point of view, the first important
condition that one should require from this approach is
that the combination of the two different quantum repre-
sentations consistently leads to nicely defined operator
versions of the constraints of the gravitational system. To
that end, it becomes necessary to carry out a sensible choice
of canonical splitting between the homogeneous and
inhomogeneous sectors of phase space, in view of their
posterior quantization, taking into account the qualitatively
different quantum descriptions that are going to be adopted
for them.

Declaring which part of the phase space should corre-
spond to the inhomogeneous fields in hybrid quantum
cosmology has been the central point of several inves-
tigations. Actually, this ambiguity can be codified alto-
gether with the freedom in the choice of a Fock
representation for them, by means of families of variables
that are the classical counterpart of the annihilation and
creation operators, obtained through canonical transforma-
tions in the entire phase space that respect the basic
symmetries of the homogeneous sector. The first physical
criterion for any admissible Fock representation in hybrid
quantum cosmology should then be that, in the context of
QFT in curved spacetimes (and hence regarding the
homogeneous sector as classical), the annihilation and
creation operators undergo an evolution that can be im-
plemented by a quantum unitary transformation [32-40].
This criterion of choice has been further restricted in the
context of fermionic perturbations in hybrid quantum
cosmology, in such a way that certain effective back-
reaction to the Hamiltonian constraint does not develop
divergences, without the need of introducing any regulari-
zation procedure [41]. Finally, and motivated by these
previous conditions, the most recent works on the theo-
retical formulation of the hybrid quantization of both
fermionic and scalar cosmological perturbations have
proposed an approach that aims to remove all the ambi-
guities (up to irrelevant phases) in the choice of the
canonical algebra associated with the perturbations, that
is going to be quantized a la Fock [22,42]. The approach
tries and constructs a quantum description of the inhomo-
geneities such that the local structure of the Hamiltonian
contains no self-interaction contributions in terms of the
annihilation and creation operators, and thus it is asymp-
totically diagonalized in the ultraviolet regime of short
scales. Such a criterion turns out to completely fix, in an
asymptotic expansion, the dynamical definition of those

operators, expansion from which one may hope to uniquely
determine them globally. In the restricted context of QFT in
a de Sitter background cosmology, this hope was actually
realized for the scalar perturbations, resulting in the
specification of the well-known BD vacuum [42]. In this
paper, we show in detail how the criterion of asymptotic
diagonalization also serves to uniquely fix the choice of
vacuum in de Sitter for fermionic perturbations of the Dirac
type. The result provides a privileged Fock representation
of the Dirac field in de Sitter spacetime for which the
selection criterion is univocally characterized and well
understood.

The structure of this paper is as follows. In Sec. II we
introduce the fermionic perturbations for a general FLRW
cosmological background, and the fermionic variables that
are going to be promoted to annihilation and creation
operators that display a dynamical evolution that is dictated
by a diagonal Hamiltonian. We summarize the procedure to
construct these variables, that is based on an asymptotic
diagonalization. In Sec. III we explicitly solve the problem
of finding the most general family of annihilation and
creation operators that evolve without self-interaction in a
fixed de Sitter background. We then show how the method
of asymptotic diagonalization of the Hamiltonian, adapted
to its local structure, serves to fix a unique set of
annihilation and creation operators, and give the specific
form of the corresponding privileged Fock representation.
Finally, in Sec. IV we summarize our results.

Throughout the text, we employ natural units, so
that G=c=n=1.

II. FERMIONIC VACUUM IN HYBRID
QUANTUM COSMOLOGY

In this paper we focus our attention on a system that has
been extensively studied in hybrid quantum cosmology: a
spatially flat homogeneous FLRW spacetime which is
minimally coupled to a homogeneous scalar field with a
certain potential, as well as to an inhomogeneous Dirac
field. The spatial hypersurfaces of this cosmology are taken
to be compact, isomorphic to the three torus 7°. The FLRW
metric can be described in terms of a scale factor a. On the
other hand, we treat the Dirac field entirely as a perturba-
tion of the system. Moreover, whenever we consider
canonical transformations that mix the fermionic degrees
of freedom with the homogeneous background, we adopt a
truncation scheme in which we only preserve contributions
to the Einstein-Dirac action that are at most quadratic in
the perturbations. The transformations are viewed as
canonical within the framework of this perturbative trun-
cation, including the symplectic structure of the system.
Potentially, one may also introduce perturbations of the
metric and the scalar field, and work consistently within our
truncation scheme and a canonical framework for the entire
cosmological system [28-30].
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For the description of the Dirac field y, we use the Weyl
representation of the constant Clifford algebra associated
with the four-dimensional flat metric,

0 1 0 &
0— L =i G
g l<1 0) g l<—a o) @1

where I denotes the identity matrix (here, in two dimen-
sions), ¥ = (y',y%,7?), and G = (0,,0,,03) is the triple
formed by the three Pauli matrices. In addition, we fix the
gauge time direction of the tetrads so that it coincides with
the (future-directed) normal vector to the homogeneous
spatial hypersurfaces, in order to simplify the Dirac
brackets of the field [43] and so that, with respect to its
local Lorentz transformation properties, we can regard it as
two representation spaces of SU(2), rather than SL(2,C)
[39]. Then, we exploit the high symmetry and compactness
of the flat homogeneous spatial hypersurfaces in order to
decompose the Dirac field in terms of a complete set of

modes [30,39,40],
5 P <x,;,ﬁ<r>@<l€>)

W(L 55) = Z -
kez3 A=E1 4/ 1(3)513 y]}'q,l(t)é:/l(k)
—i5 V[&, (k)5 ] = Jar &, (K)el2k ¥ /b, (2.2)

Here, [, is the compactification length of the torus, Aw; are

the eigenvalues of the Dirac operator —ig V on 77, where
A = =£1 represents the helicity, the two-component objects
fl(l_c') exp(iZHZE/lo) are its eigenspinors, and w; =
2x|k|/l, with k € Z3. In addition, we are imposing
spatially periodic boundary conditions to the Dirac field,
restricting ourselves in this way to the trivial choice of spin
structure in T3 [44]. The time-dependent coefficients
(x4 ¥ ,) are Grassmann variables that only display non-
vanishing Dirac brackets with their complex conjugates,
each of these nontrivial brackets being equal to —i.

In the truncation scheme that we have adopted, these
fermionic variables contribute to the total Hamiltonian of
the system only through the zero-mode of the Hamiltonian
constraint. Explicitly, this fermionic contribution to the
Hamiltonian is given by [30]

Hp = NoY M5z xz, + X;,5%,)
kA

— @ Ap(Xg )57, = Fpvi)) (2.3)
where M is the bare mass of the Dirac field, N is the lapse
function of the homogeneous FLRW background, and an
overbar indicates complex conjugation. We exclude from
all of our considerations and sums the terms with k = 0,
namely the fermionic zero-modes, since they contribute to
the Hamiltonian in a slightly different manner and can be

isolated and quantized separately. For instance, one could
directly adopt a standard holomorphic representation for
the (finitely many) anticommuting variables that describe
these zero-modes (for details on this type of quantization,
see, e.g., Ref. [45]). On the other hand, let us notice that
modes corresponding to different values of k and A
completely decouple in H), and that the coefficients of
the fermionic variables only depend on Awy, but not on the
degeneracy of these eigenvalues of the Dirac operator (i.e.,

they only depend on the helicity and on the norm of l:). This
is mostly a manifestation of the spatial symmetries of the
spatial sections, together with the conservation of the
helicity of the field in FLRW cosmologies [40].

The freedom that exists in hybrid quantum cosmology in
the way to split the phase space into a homogeneous sector
and an inhomogeneous sector can be captured in the choice
of a background-dependent family of variables of annihi-
lation and creation type for the description of the dynamical
Dirac field, respecting the symmetries of the Hamiltonian
that we have commented in the above paragraph. These
families of variables are of the general form

()= (10 ) -5 200] ()
(2.4)

As we have indicated, the coefficients f}* and g}, with
[ =1, 2, are in principle allowed to depend on the
canonical variables that determine the homogeneous cos-
mological background: the scale factor @, the homogeneous
scalar field, and their canonical momenta. These coeffi-
cients are subject to the following relations:

k,A i kA kA2 k,A
2':elF2 \/1_|f1|’ 9 =

kA iJ, , 7k
92 :_el‘llm.fl ,

eijk_zj‘é,ﬁ’

(2.5)

that ensure that the transformation of the pair (x ;. y; ) to
(a,;,l,B_,;.l) is canonical with respect to the symplectic
structure restricted to the fermionic sector of phase space.
Here, F 1;./1 and J; , are unspecified phases. The standard
convention is then to regard ag, as the prequantum version
of annihilation operators of particles, and 13,;, , as the
variables that are going to be promoted to creation
operators of antiparticles. Every single specification of
such variables for all wave vectors k defines a different
Fock quantization of the fermionic field.

We notice that, since the coefficients f}* and g/ that
define them depend generally on the homogeneous cos-
mological background or, from a classical perspective, on
time, the Hamiltonian that dictates the linearized classical
dynamics of these annihilation and creationlike variables is
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different from H,, in Eq. (2.3). In the linearized classical
scenario, where the homogeneous background is fixed as a
cosmological FLRW solution in GR, the difference
between both Hamiltonian functions is just the time
derivative of the generating function of the canonical
transformation given by Eqgs. (2.4) and (2.5). This change
in the Hamiltonian can be realized within the canonical
framework of the entire system, that is employed in hybrid
quantum cosmology, by completing our change of fer-
mionic variables into a canonical transformation for the full
cosmology, that also includes the homogeneous back-
ground. This is achieved, at the considered order of
perturbative truncation, by correcting the variables of the
homogeneous sector with the addition of very specific
terms that are quadratic in the fermionic perturbations. In
particular, we denote by a the resulting new scale
factor. We refer the reader to Refs. [22,28,30,41] for the
specific details of this procedure. Expressing the total
Hamiltonian in terms of the new canonical set of variables
for the complete system gives rise to the following
contribution [22]:

Hp = NOZ[Zhgl(aZ,AaZ.z + BE,AbIé,A) + {Jk»/l’HIO}Z’E,AbE,A
A

b

i (2.6)

TkA L R
+hrag,b g, e
where we have imposed normal ordering of the Grassmann

variables, and

W A7k,
hyt =5 (7577 = 1A71) + MRe(f17737)

5 PP Hy + B HoY). (27)
hyt = eIl Ht = if (Y Hiod
2o FAPE MUY = M) (28)

In all of these expressions, {.,H‘O} denotes the Poisson
bracket with the Hamiltonian constraint H|, of the homo-
geneous FLRW inflationary cosmology, evaluated at the
new background variables. For concreteness, let us note
that this is the cosmological model that can be obtained
from ours by ignoring or eliminating the perturbations. Its
Hamiltonian is given by NoH|,. Hence, the considered
Poisson bracket is just the derivative with respect to the
proper time in the context of linearized classical cosmol-
ogy. In addition, all the functions of the background in
Eq. (2.6) are functionally evaluated on the new canonical
variables for the description of this homogeneous sector.
The symbol Re(+) stands for the real part. Finally, in what
follows we will restrict J ; to be constant, in order not to
introduce any artificial asymmetry in the dynamics of the
annihilation and creationlike variables for particles and
antiparticles [see Eq. (2.60)].

A. Asymptotic diagonalization

A look at the Hamiltonian (2.6) immediately shows that,
dynamically, the creation and annihilation of pairs of
particles and antiparticles is ruled by the function h’;”1 of
the homogeneous background. Importantly, it is this self-
interactive part of the fermionic Hamiltonian what can
produce the most severe QFT-type of divergences in the
quantum theory [30,41]. The issue is directly related to the
asymptotic behavior of this function, in the ultraviolet limit
of large wave numbers ;. Remarkably, this ultraviolet
behavior is greatly tamed by the criteria put forward in
hybrid quantum cosmology of (i) requiring that the
fermionic annihilation and creation operators can evolve
unitarily in the context of QFT in curved spacetimes
[30,40]; and (ii) asking that the Fock representation of
the fermionic contribution to the Hamiltonian constraint
(2.6) is well defined on the vacuum, something that actually
guarantees that certain backreaction effects in the hybrid
quantum theory are nondivergent without the need of any
regularization [41]. Technically, these criteria succeed in
eliminating the first few dominant asymptotic contributions
of h’,"’1 (in powers of the scale w;). Furthermore, by
imposing these criteria one derives the additional benefit
of restricting the asymptotic form of the annihilation and
creationlike variables (2.4), and thus the choice of their
Fock representation.

Motivated by these results, a more restrictive criterion,
intended for the complete determination of the Fock
quantization of the fermionic perturbations, has been
recently proposed [22]. It aims to diminish as much as
possible the interaction terms in their Hamiltonian, in the
ultraviolet regime of large w,. For that, one starts with
annihilation and creationlike variables that admit a unitarily
implementable dynamics in QFT, within the unique family
of unitarily equivalent representations that possess such
property, adhering to a standard convention for particles
and antiparticles [40]. Then, an iterative procedure (that we
call asymptotic diagonalization), applied order by order in
inverse powers of the Fourier scale @;, univocally leads to a
complete asymptotic elimination of the interaction terms

h;"ﬁ, requiring that [22]

j — i \"
kA k.2
= fy , ~— - , 2.9
1 2 P Pic.z Zwk;( 20)k> Yn (2.9)
where

n—1
Yo = Ma, Y+l = a{H|05 Yn} + MaZYm}/n—(m+l):

m=0

V n>0. (2.10)

We note that, up to the phases F’ ’;* and J; ,, relations (2.5),
(2.9), and (2.10) uniquely provide asymptotic expansions
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of the coefficients that define the annihilation and creation-
like variables for the fermionic perturbations. Specifically,
relations (2.5) directly imply that

1
5 =
: 1+ gl

(2.11)
S0, as an asymptotic expansion, flz“’1 #0 in our
characterization.

The actual hope in hybrid quantum cosmology is that,
even if in the form of as an asymptotic expansion, the
diagonalization explained above can be used to select (up to
the mentioned phases) a complete set of fermionic anni-

hilation and creation operators for all wave vectors /? #+0,
and hence a specific Fock quantization of the fermionic
excitations. In fact, assuming that f’z"’1 # 0, as it is required
by the standard convention of particles and antiparticles
[40], the elimination of interaction terms h],"l in the
fermionic Hamiltonian for all w; # 0 is attained if and
only if

a{ppy. Ho} + 2ionp, + iaMe} , — iaM = 0. (2.12)
This is a semilinear partial differential equation for ¢ ;, and
the current concern regarding the asymptotic diagonaliza-
tion criterion in hybrid quantum cosmology is whether the
asymptotic expansion (2.9) uniquely characterizes a sol-
ution. In the upcoming section, we argue that this is indeed
the case when the homogeneous background describes a de
Sitter spacetime, and the fermionic perturbations are
considered within the linearized context of QFT in curved
spacetimes.

III. UNIQUE VACUUM IN DE SITTER

We now restrict all our attention to the scenario of
cosmological models with negligible backreaction of the
perturbations on the homogeneous background, situation in
which this background follows the classical dynamics of an
FLRW spacetime fuelled with a homogeneous scalar field.
In practice, this means that the old and new variables that
describe the homogeneous cosmology can be identified (in
particular, we have a = @), and that the Poisson bracket
a{..H |0} is the derivative with respect to conformal time, 7.
The metric that describes the de Sitter spacetime is a
particular solution of the considered, classical flat FLRW
cosmologies, expressed in coordinates that correspond to
its flat slicing [2]. Specifically, this solution can be reached
with a constant potential for the scalar field. In conformal
time, the scale factor then behaves as

a=—(nHy)™", —c0 <5 <0,

(3.1)

where H, is the Hubble constant. In this de Sitter back-
ground, the general condition (2.12) that cancels the

interaction terms in the fermionic Hamiltonian becomes
the following Riccati equation

P, + 2oy — iM(nH )" @7, + iM(nH )™ =0,
(3.2)
where the prime denotes the derivative with respect to 7. In

order to eventually find the general solution to this
equation, we introduce the standard change of variable

Pia = inM ™ Hp(loguy ;) (33)
which leads to the second-order linear equation
ul; + iwg + " up, + (M~ Hpan) 2w, = 0. (3.4)

We can bring this equation to a well-known ordinary
differential equation if we redefine u; ; = ¢™'v, ;, where
t is the comoving cosmological time, in terms of which the
scale factor is a = exp (H ). In this way, and introducing
the mode-dependent complex time T, = —2iwin, we
finally arrive at

& d
Ui (1 = 2iMH = T}) S22 4 iMH vy, = 0.

T
“ar? dT,

(3.5)

This is a confluent hypergeometric equation in the complex
variable 7, [46]. Its general solution is given by the
following linear combination of convergent hypergeomet-
ric functions:

Vrjy = AIFI(—IMH/_\I, 1- 21MH1_\1, Tk)

iMH=!
+ BTN F L (iMHRY 1 4 2iMHFYT)).

(3.6)
where A and B are arbitrary complex integration constants
that may in general depend on w; and 4, even if we have not
indicated explicitly this possibility. For concreteness, we
recall the definition of the hypergeometric function of type
(p,q), as a formal power series,

qu(b],... b 5Cy enn

o n=0 (Cl)n (Cq)n n!
o 1 if n=0, -
()”_{b(b+1)...(b+n—1) if n >0, 3.7)

for b equal to any of the complex numbers
bl,...,bp,cl,...,cq. Let us point out that this series
converges absolutely for all z if p < ¢, while it has a
vanishing radius of convergence if p > g + 1 [46].
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A. Uniqueness from asymptotic diagonalization

In the de Sitter background, formula (3.6) can be used to
obtain the form of the general solution ¢ ; = f**(f54)~!
to Eq. (3.2) and, by means of relation (2.11), the coef-
ficients for the definition of fermionic annihilation and
creationlike variables that display no dynamical self-inter-
action. In what follows, we show that the criterion of
asymptotic diagonalization, that leads to the asymptotic
expansion given in Egs. (2.9) and (2.10), uniquely deter-
mines a pair of integration constants A and B in Eq. (3.6)
(up to a global multiplicative factor), and hence a unique
solution ¢y ;.

Let us start by studying the iterative relation (2.10) for
the coefficients y,, that appear in the asymptotic diagonal-
ization expansion, for the classical de Sitter cosmological
background. In the considered linearized context, it reads

Yo =—M(Hxn)™",
n—1
Vuit = —Vn = MHN D Vutuimiry, V¥ n>0.
m=0
(3.8)

It is not hard to check that its solution leads to an
asymptotic expansion for ¢, ; of the form

pia~iT;! Z(_Tk)_"cm
n=0

CO - MH/_\],
n—1

Cust = (n+1)C, + MHF' > " C,iCoiysr), ¥ n20.
m=0

(3.9)

We do not need to solve the complicated iterative equation
for these coefficients, as all the relevant information is
contained in the associated expansion of v, ,, that we
explicitly determine below. In fact, the deduced expression
greatly constrains the asymptotic behavior of the corre-
sponding, particular solution v, ; of the confluent hyper-
geometric equation (3.5). Indeed, since

d
§0k./1 = 1 + iM_lHATk—(IOg Uk,/l)7 (310)
dT,
|
I'(c)
F .. ~
1 1(b,C,Z) F(C—b)

Z_heiﬂh2F()(b, 1 _|_ b —c;—; —Z_1> —I——Zb_cezzFo(C - b, 1 — b;_;z_l)v

the asymptotic expansion in inverse powers of 7, that we
have obtained for ¢, ; implies that, necessarily,

iIMHY .
Vi~ TkMHA Z(—Tk)‘”vn, with v, = (MH}'")?v,.
n=0

(3.11)

The imaginary power of 7', that appears in the above
expression in fact is needed to eliminate the term of order 1
in ¢y ;, so that the function T';¢; ; dominantly behaves like
iMH,! when w; — oo, as it is required by Eq. (3.9). If we
introduce this asymptotic expansion for v, ; in the con-
fluent hypergeometric equation that it must satisfy, we find
a recursion relation for its constant coefficients v,,

(n+iMH3")(n — iMH")
n+1

Vpyy = v, (3.12)

The solution is clearly

Yo .. - . _
Un:;(lMH/\l)n(_lMH/\l)n (313)

for an arbitrary constant v, and where we have used the
notation introduced in Eq. (3.7). So, the asymptotic
expansion selected for v;; by our Hamiltonian diagonal-
ization corresponds to the hypergeometric function

v ~ v FO(iMHRY —iMHRY = ~T7Y),  (3.14)
that has a vanishing radius of convergence. Here, the
hyphen between semicolons in the argument of the hyper-
geometric function just indicates the case g =0 of its
definition, case for which the denominator in Eq. (3.7)
becomes the factorial of n. Even though it is formally
divergent, this is precisely the asymptotic expansion (up to
the global factor v,) of a very particular recessive solution
of the confluent equation, known as the Tricomi solution
[46,47]. We now explicitly prove that this solution is
actually the only one that admits such an asymptotic
behavior. To do so, we first need the asymptotic expansion
of the general solution (3.6) for arbitrary constants A and B.
Actually, for —z/2 < arg(z) < 3z/2, it holds that [47]

L(c) (3.15)

r(b)

so the general solution (3.6) of our confluent equation has the following asymptotic expansion with respect to T:
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iMH?, (1 —2iMH! - (1 +2iMH7! -
Vg~ TkMHAleo(iMH/_\l, —iMH/_\l; - _Tzl) A ( .l _Al ) ZMH?! B ( + .l _/\1 ) e—;'L'MHAl
’ I'(l —iMH) r'(1+iMH,")
—1+iMH?! N S _ (1 —2iMHL") (1 +2iMHL")
+ elsT, N Fo(1 —iMHY', 1+ iMH 1;—;Tk1){A I 'MH—IA SOV AL (3.16)
—IMH}) (iMH)

The two terms on the right-hand side of this expression
clearly represent (even if only formally) two linearly
independent functions of T, whereas just one of them
appears in the expansion (3.14) that is selected by the
asymptotic diagonalization criterion. Therefore, a neces-
sary condition imposed by this criterion is that

B T(iMH)T(1 - 2iMHY) A
(1 4+ 2iMH T (=iMHR")

(3.17)

Introducing this value of B in the general formula (3.16),
and using the general property of the Gamma function
I'(1+z) = zI'(z), with z € C [47], we obtain

V-
vy ~ ATV 4 cosh(zMHTY)
T(-2iMH7Y) _1
XF(_TI-I/_\I)zFO(lMHA ,—lMHA ;_;_Tk )
(3.18)

Comparing once again with the asymptotic expansion
(3.14) of our desired solution, we can determine the value
of A. In this way, we are univocally led to conclude that

T'(2iMHY")
C(iMHY') ’

I(-2iMH7")

A= Sk WA
v T(—iMH;")

= 1y (3.19)

where we have employed the general identity [47]

1 ['(2iy)['(=2iy)

Foosh(my) . Tly(<y) R

We have henceforth proven that, in a de Sitter back-
ground, our asymptotic characterization inspired by hybrid
quantum cosmology uniquely picks out a particular sol-
ution of the confluent hypergeometric equation (3.5) (up to
the irrelevant factor v,), and therefore a particular function
@, lcf. Eq. (3.10)] that eliminates the self-interaction in
the fermionic Hamiltonian for all k # 0. The specification
of ¢, in turn, corresponds to a precise choice of the
fermionic annihilation and creationlike variables (2.4), up
to the two phases F ]2"’1 and J; ;, and thus to a unique Fock
representation (with its associated vacuum state) of the
Dirac field. In particular, the selected solution v, is given
by Eq. (3.6) after substituting the constant coefficients A
and B by the values given in Eq. (3.19). Up to the constant

|

factor v, the result is then the recessive solution of the
confluent hypergeometric equation commonly known as
the Tricomi function, usually expressed as U (—iMH/‘\l, 1-
2IMH}', T)) [46,47].

B. Field decomposition

In this final subsection we explicitly compute the basis of
solutions of the Dirac equation in de Sitter cosmology that
is associated with the choice of Fock representation
selected by the asymptotic diagonalization criterion. It is
in terms of this basis that the quantum representation of the
Dirac field, viewed as an operator valued distribution, can
be decomposed, and the coefficients in such decomposition
are the annihilation and creation operators for particles and
antiparticles. The fermionic vacuum state in the resulting
Fock space is then uniquely specified (up to a phase) as the
state that vanishes upon the action of all of the annihilation
operators.

In order to obtain this field decomposition, let us first
notice that, combining Egs. (2.2), (2.4), and (2.5), one can
express the Dirac field in terms of any canonical set of
annihilation and creationlike variables. In the context of
QFT in classical cosmological spacetimes, these variables
obey the dynamics dictated by the Hamiltonian (2.6)—(2.8)
(where the Poisson brackets must be replaced with the
corresponding time derivatives). Then, for variables that
display no dynamical self-interaction, namely for coeffi-
cients f** and f5* such that Eq. (2.12) holds, we can write
the Dirac field as

wn %) = [ug,(n. DAz, +wp,(0.%)Bz . (3.20)

kA

where Az, = az (o) and By, = by, () are the constant
annihilation coefficients for particles and antiparticles (to
be promoted to the corresponding operators in the
Schrodinger picture) and 7, is an arbitrary choice of initial
time employed for their definition. In addition, the basis
elements are

27k % /1, 1=2
e {I B

“M(”? )_5) =
,/lga3

(I+ ,'7,0)} fésie—iﬂk(n,%)

(3.21)
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W, 0.F) = —e 2 (. 5), (3.22)
where the integrated time-dependent “frequency” of the
diagonal evolution of the annihilationlike variables is

Qo) =2 / "da@ ). (323)

o
After using the partial differential equation (2.12) and the
relation (2.11), the canonical expression for this frequency
is found to be given by

2h5' = a”'op + MRe(gy ;) — {F5" Hp}.  (3.24)

It is worth noticing that this formula would hold as well in
the full context of hybrid quantum cosmology, employing
the perturbatively corrected variables for the homogeneous
cosmological sector, once a solution of equation (2.12) had
been constructed (ideally by following the criterion of
asymptotic diagonalization).

In the de Sitter cosmology under analysis, we recall that
the function ¢y ; is obtained from the solution v, ; of the
confluent equation by means of Eq. (3.10), that involves the
logarithmic derivative of this solution with respect to the
imaginary time 7, = —2iw;n. We have proven that
the condition of asymptotic diagonalization, inspired by
hybrid quantum cosmology, serves to select a unique vy ,,
given by the Tricomi function U(—iMH}',1-2iMH}',T})
multiplied by a constant factor v,. The derivatives of this
function have been studied in detail [47], and in our case we
have

dvy

= g MH U1 =iMH! 2= 2iMH} T,). (3.25)
k

This is a Tricomi function of the form U(z + 1/2,2a + 1,
—2iz), with y=iMHy'+1/2 and z = an. Tricomi
functions of this special type satisfy the identity [47]

1 .
U<1/ +5 2U+1, —2iz> = \/Tj_riel(ﬂv—Z)(zz)—uHﬁl)(Z%

(3.26)

that relates them to the Hankel function of the first kind
Hf,l). Applying this property to our solution, we get
dvi, . /=

ar, —WOTMH/_\leMHX] e‘iwk”(Za)kn)”_lel_)ﬂ(wkn).

(3.27)

On the other hand, the Tricomi function that appears as the
denominator of the logarithmic derivative of v; ; can also
be expressed in terms of Hankel functions by using the
recursive relation [47]

U(—iMH3', 1 = 2iMH7", T}
1 . .
= 5 U(=iMH}!, <2iMH}'.T})

T
+ 7" U(l —iMH?',2 = 2iMH;" . T;).  (3.28)

The two functions on the right-hand side are of the special
form (3.26), and hence we can write

OhaU) T 1 om0 ) + i, ().
Yo

(3.29)
Introducing expressions (3.27) and (3.29) in the relation
(3.10) between vy, and ¢y ;, we find the explicit form of

this function selected by the asymptotic diagonalization
criterion in de Sitter,

H) () - iH(1]_)ﬂ (o41)
H—u) () + iH\" (i)

(3.30)

Its complex conjugate, that directly appears in the basis
decomposition (3.20)—(3.22), is then simply

~ HI(;_)1 () + iH,(,2> ()
Pra(n) = ) (3.31)
’ 2) - 77(2)
H,”\ (o) = iHy” (o)

where H ,EZ) is the Hankel function of the second kind and

we have used that H\" (z) = H?(z) [47]. This function
@1.» In turn, contains all the information about the norm of
’2“’1 as displayed in relation (2.11), that encodes the
canonical anticommutation algebra of the annihilation

and creationlike variables. Explicitly, we obtain the result

|fl£,i|2 _ nwin eerH/‘\I |H(2) 2)

. 2
: (@) = iH ().

(3.32)

after some algebraic manipulations and using the following
identity for the Wronskian of Hankel functions [47]:

4i .
HY(H? (2) + HO@H (2) = - — e,

V74

The only quantity that remains to be determined in order
to reach the final form of the decomposition (3.20)—(3.22)
of the Dirac field selected by our criterion is the time
dependent frequency (n,7). If we particularize the
formula for the coefficients 2/} of the diagonal fermionic
Hamiltonian, given in Eq. (3.24), to the considered case of a
homogeneous de Sitter background with no backreaction,
and the function ¢, , is identified as the specific one singled
out by our criterion, we get that, up to an additive constant,
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0.(n) = arg [HY) (o) + iH\Y (@),

kaek—Flzc’/l, —u

(3.33)
where arg[.] denotes the phase of its complex argument.
Combining all our results [cf. Egs. (3.31), (3.32), and
(3.33)], the basis of solutions that describes the particles
associated with the Fock representation of the Dirac field in
de Sitter, uniquely picked out by the asymptotic diagonal-
ization criterion, reads

27k %/, 1—4
¢ [1——(1+iy0)]

Uga (. f) =
\/Bad 2
”aék” olO+TMH! /2

8 <[H;(42—)1 (wkﬂ)+l’H/<42)(wk’l)]5/1<q)) (334)
H ()~ i ())&, (K) )

where O is a constant global phase, that is irrelevant for the
definition of the vacuum. On the other hand, the solutions
that describe antiparticles are given by the charge conjugate
of these ones, namely via Eq. (3.22). It is worth noticing
that the constant phase ® includes all possible dependence
of the basis of solutions on the choice of initial time 7 for
the definition of the annihilation and creationlike constant
coefficients, and thus the vacuum that results from our
approach is independent of that choice. We also note that,
in the asymptotic regime of large k, the leading time
dependence of our basis of solutions determined by uy
follows the behavior exp (—iw;#), up to multiplication by
a=3/% and a constant, something that is often required as a
necessary physical feature of the corresponding Fock
representation of fields in conformally flat spacetimes
[19,48,49]. In particular, the BD Hadamard vacuum for
scalar fields in de Sitter displays such a dominant plane
wave behavior [2].

In order to establish more precisely the connection
between our result and the statements available in the
literature about the choice of vacuum state for Dirac fields
in de Sitter, we end this subsection by discussing the
relation between the mode decomposition of our solutions
and the one assigned in Ref. [19] as corresponding to the
BD state. First of all, for such a comparison we need to
change from the Weyl representation of the constant
Clifford algebra (employed here) to the Dirac representa-
tion (used in Ref. [19]). They are related by a unitary
change of the spinorial basis for the Dirac field, namely

1 /I -1
W_Tyl, T=_—_ . (335
W W ﬁ<1 1) (3.35)

where the superscripts W and D indicate objects in the
Weyl and Dirac representations, respectively. For our mode

decomposition, this change leads to a basis in the Dirac
representation given (up to a global constant phase) by

P ST <i,1H§f’_>1 (wkn)cfi(/?))
La? B HY ()&, (k)
(3.36)

ug (n.%) =

together with Eq. (3.22) for the charge conjugate counter-
part. The resulting basis of solutions is exactly the same as
that corresponding to the BD state in Ref. [19], after one
interchanges the two (bidimensional) components of the
spinor on the right-hand side. Actually, this difference can
be attributed just to a change in the global sign of the tetrads
that are employed in the two compared works, as we now
briefly explain. With our (— + ++) convention for the
Minkowski metric, the Dirac equation is

eVy’ Dy — My =0, (3.37)
where y? are the generators of the constant Clifford algebra
in any representation, and D, is the spin covariant deriva-
tive [50]. Here, v denotes a spacetime tensor index, whereas
b =0, ...3 is an internal Lorentz index. The spin covariant
derivative contains a connection one-form which depends
on the tetrads e} and their derivatives only through
quadratic and quartic products. It then follows that inter-
changing two choices of tetrad that differ only in a global
multiplicative sign has exclusively the net effect of an
apparent flip of sign in the mass term of the Dirac equation,
in what concerns the choice of gauge for the Dirac field as a
solution to this equation. According to our comments in
Sec. II, in the expanding flat chart of de Sitter (in conformal
time) we have selected the tetrad as ¢/ = a~'8Y, where the
scale factor a is given in Eq. (3.1). The choice employed in
Ref. [19] is precisely the opposite in sign, i.e., it is given by
minus this tetrad. For both choices, if one then works, e.g.,
in the Dirac representation of the Clifford algebra, the Dirac
equation can be recast as a second order Bessel differential
equation in x = wn for the time-dependent factor of the
first (bidimensional) component of ;7‘2141?/1. The second
component is completely fixed in terms of the first one by
means of the Dirac equation. The difference between the
two considered conventions in the choice of tetrad (ours
and that of Ref. [19]) is reflected in the order of the Bessel
equation, that becomes, respectively, u —1 and u. The
solutions that have an asymptotic behavior with a dominant
time-dependence proportional to x~'/?exp (—ix) are
uniquely given, respectively, by H @) (x) and H ,(42) (x)

pu—1
[47]. The second component of 72 MED/I then results propor-
2)

tional to H, ' (x) and Hf_) 1 (x), respectively. The remaining
factors of the spinor (3.36) are determined by the normali-
zation of the solutions [19]. We recall that the above Hankel
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functions are precisely the two parts that must be inter-
changed in Eq. (3.36) in order to identify the bases of
solutions constructed in the two considered works, up to a
global phase. Therefore, we conclude that the vacuum state
for the Dirac field resulting from our analysis corresponds
indeed to the BD state defined in Ref. [19], once the same
choice of local Lorentz gauge is made.

IV. CONCLUSIONS

In this paper we have shown how the criterion of
asymptotic diagonalization, originated in the framework
of hybrid quantum cosmology, can serve to single out a
privileged Fock representation of the Dirac field in de Sitter
spacetime, within the context of QFT in curved spacetimes.
The explicit basis of solutions to the Dirac equation
associated with that choice of representation has also
been computed, in terms of Hankel functions of the
first and second kind, and in coordinates associated with
the conformal flat slicing of de Sitter. Furthermore, the
canonical expression for the resulting diagonal
Hamiltonian that dictates the linearized dynamics of the
annihilation and creationlike variables selected by our
criterion has been found, exclusively in terms of them
and functions of the homogeneous variables that describe
the cosmological background. In particular, the derived
formula (3.24) could be of potential use in hybrid quantum
cosmology, if the asymptotic diagonalization problem is
solved for more general cosmological backgrounds than de
Sitter.

The hybrid approach to quantum FLRW cosmology with
perturbations contemplates the natural freedom of making a
dynamical splitting between the spatially homogeneous,
global, degrees of freedom of the system and the inhomo-
geneous perturbations. When these perturbations consist of
a Dirac field, such freedom can be encoded in choices of
annihilation and creationlike variables, given by linear
transformations of the field mode coefficients that depend
explicitly on the homogeneous background. These trans-
formations can be completed so that they become canonical
for the entire cosmological system, truncated at quadratic
perturbative order in the action, a procedure that leads to a
fermionic contribution to the total Hamiltonian that dictates
the linearized dynamics of the annihilation and creationlike
variables. The criterion of asymptotic diagonalization
consists in restricting almost all the freedom in the selection
of these variables, and with it the aforementioned dynami-
cal splitting, together with the Fock quantization of the
fermionic degrees of freedom, so that the fermionic
Hamiltonian gets diagonalized in a way that is adapted
to its local structure. This strategy provides a very precise
asymptotic expansion of the functions of the background
that define the annihilation and creationlike variables. In

turn, this determines the expansion of at least one solution
of the partial differential equation (2.12), that arises from
the general demand that the Hamiltonian become diagonal.

If one disregards all backreaction effects of the pertur-
bations on the homogeneous background, and considers
that this cosmological background is just a solution of the
classical FLRW spacetime, the possible definitions of
annihilation and creationlike variables compatible with
the requirements of hybrid quantum cosmology can
directly be understood as different choices of Fock repre-
sentations of the Dirac field in the context of QFT in curved
spacetimes. We have restricted our attention to this sit-
uation and, furthermore, we have particularized the FLRW
background, identifying it with a de Sitter solution. Then,
we have shown that the asymptotic expansion selected by
the criterion of asymptotic diagonalization indeed picks out
a unique function among those that define annihilation and
creationlike variables that follow a diagonal evolution for
all spatial scales. The basis of solutions to the Dirac
equation associated with the resulting Fock representation
of the field can be specified completely and in an
analytical way.

Our result is potentially relevant within QFT, as well as
in the context of quantum cosmology. On the one hand, we
have explicitly provided a unique fermionic vacuum in de
Sitter spacetime selected by a very well characterized
criterion, that has its original motivation in hybrid quantum
cosmology. This sheds further light on the question of
which is the natural analog of the BD vacuum for a Dirac
field. In this context, our analysis precisely leads to the
basis of solutions for the field that has been assigned to
correspond to such a fermionic BD state in the literature
[19]. In particular, it displays the ultraviolet behavior
expected to guarantee Hadamard-like properties. This
result supports the potential robustness of our criterion
to select a privileged fermionic vacuum state in FLRW
cosmologies, specially considering that the very same
criterion of asymptotic diagonalization has succeeded in
predicting the BD vacuum for the well-known cases of
scalar and tensor perturbations [42]. On the other hand, our
work shows that, at least in certain cases, the criterion
employed in hybrid quantum cosmology to (i) determine a
dynamical splitting between the homogeneous and inho-
mogeneous sectors in phase space, and (ii) select a Fock
representation for the inhomogeneities, can indeed result
into a complete removal of both types of ambiguities, even
when this criterion was initially based solely on ultraviolet
considerations.
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Abstract

We characterize in an analytical way the general conditions that a choice of
vacuum state for the cosmological perturbations must satisfy to lead to a power
spectrum with no scale-dependent oscillations over time. In particular, we pay
special attention to the case of cosmological backgrounds governed by effec-
tive loop quantum cosmology and in which the Einsteinian branch after the
bounce suffers a pre-inflationary period of decelerated expansion. This is the
case more often studied in the literature because of the physical interest of the
resulting predictions. In this context, we argue that non-oscillating power spec-
tra are optimal to gain observational access to those regimes near the bounce
where loop quantum cosmology effects are non-negligible. In addition, we show
that non-oscillatory spectra can indeed be consistently obtained when the evo-
lution of the perturbations is ruled by the hyperbolic equations derived in the
hybrid loop quantization approach. Moreover, in the ultraviolet regime of short
wavelength scales we prove that there exists a unique asymptotic expansion
of the power spectrum that displays no scale-dependent oscillations over time.
This expansion would pick out the natural Poincaré and Bunch—Davies vacua
in Minkowski and de Sitter spacetimes, respectively, and provides an appeal-
ing candidate for the choice of a vacuum for the perturbations in loop quantum
cosmology based on physical motivations.

Keywords: loop quantum cosmology, cosmological perturbations, vacuum state,
power spectrum
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1. Introduction

The observational field of high precision cosmology is currently at a full peak of activity,
and it is expected to continue growing with feedback from the recent breakthrough of multi-
messenger astronomy. The success in this field is especially evident when one takes into
account the measurements that have been, and are being performed, of the cosmic microwave
background (CMB) [1, 2]. These observations, when supplemented with a theoretical model,
could shed light on quantum gravity effects of the cosmological geometry that may have had
an impact on the evolution of primordial fluctuations of the spacetime content. In fact, these
fluctuations are believed to constitute the origin of the spatially inhomogeneous degrees of
freedom of the early Universe, and they would have undergone a period of inflation after being
originated in epochs of increasingly high energy density and spacetime curvature. In addition,
they are believed to be responsible for the measured distribution of temperature anisotropies
in the CMB [3, 4]. Under such extreme pre-inflationary conditions, it is reasonable to consider
that the quantum nature of the cosmological spacetime may have had an important influence
on the physical phenomena that took place before inflation.

Over the last decades, there have been several theoretical attempts to incorporate quantum
gravity effects in the study of a primordial cosmology with inhomogeneous perturbations (see,
e.g. [5-29] and references therein). Furthermore, many of them have succeeded in deriving
first approximations to the type of modifications that one can expect to be relevant in the evo-
lution of the perturbations, coming from the quantum behavior of the cosmological spacetime
background. In particular, it is worth pointing out interesting investigations on this topic that,
within the context of loop quantum cosmology (LQC) [30—33], lead to modifications that are
compatible with the observations of the CMB and, at the same time, are potentially capable of
capturing information about the quantum nature of the cosmological background [21, 29, 34].

LQC is known to provide a mathematically robust quantization of homogeneous and
isotropic cosmologies of the Friedmann—Lemaitre—Robertson—Walker (FLRW) type, with the
remarkable result of generally replacing the cosmological big bang singularity with a bounce
of quantum origin [35, 36]. The theoretical question of how one should include perturbations
in the LQC description of FLRW spacetimes has been widely studied over the last years, start-
ing from a variety of different fundamental hypotheses, and with different strategies motivated
by first principles and/or phenomenological issues. Among the proposed approaches, let us
mention the effective deformed constraint algebra [10—13], the separate Universe framework
[14, 15], quantum reduced loop gravity [16, 17], the dressed metric formalism [18-21], and
hybrid LQC [22-29]. All these approaches are limited by the use of a series of assumptions
that are specific of each strategy. In this work, we will focus our attention on the two last
mentioned strategies. They are two continued lines of research that have led to preliminary
predictions that appear to be compatible with cosmological observations at a reasonable level.
In hybrid LQC, one considers the cosmological system described in general relativity by an
FLRW metric (typically with compact spatial sections) and an inflaton field with inhomoge-
neous perturbations, truncates the corresponding Einstein—Hilbert action at lowest non-trivial
perturbative order, and identifies a complete set of canonical variables for the description of
the FLRW cosmology and the perturbative gauge invariants [26]. The total Hamiltonian of this
perturbatively truncated system is then a linear combination of constraints, inherited from those
of the Arnowitt—Desser—Misner (ADM) canonical formulation of full general relativity. The
hybrid strategy to quantize these constraints consists in adopting a polymeric representation
for the canonical variables that describe the FLRW background, inspired by the LQC quantiza-
tion of homogeneous cosmologies, while a more standard Fock representation is employed for
the perturbative degrees of freedom. This hybrid approach is affected by the breaking of local
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Lorentz symmetry inherent to all of the descriptions in loop quantum gravity that are formu-
lated in terms of SU(2) connections, a fact that is related with the appearance of the Immirzi
ambiguity [37], as well as by issues about the quantum preservation of full diffeomorphism
covariance that are typical of quantizations that rest on an ADM canonical formalism. Obvi-
ously, it also assumes the validity of a perturbative hierarchy and that the genuine loop quantum
geometry effects can be neglected except for those arising directly from the canonical degrees
of freedom associated with the cosmological scale factor. The combination of representations
used in the hybrid strategy should ultimately lead to a consistent and well-defined set of con-
straint operators. In this process, one frequently studies a rescaled version of the spatial average
of the Hamiltonian constraint, in which a power of the scale factor is absorbed by a mathemat-
ically well-defined procedure [26, 36]. On the other hand, the dressed metric approach to the
LQC treatment of cosmological perturbations does not rely on a canonical framework for the
entire system. As a consequence, the resulting formulation is not that of a constrained system,
with the subsequent problems for diffeomorphism covariance. Instead, it starts from the LQC
solutions of the FLRW background cosmology, and then lifts the main quantum effects on their
dynamics to a physical Hamiltonian for the perturbations [19]. The dressed metric approach
assumes as well the validity of a perturbative hierarchy (the self-consistency of which may be
checked when studying a particular quantum state) and that the genuine loop quantum geom-
etry effects are directly relevant only on the FLRW background. Moreover, it presumes that
these quantum effects can be lifted to the dynamics of the perturbations by capturing them in a
reduced number of quantities, generally given by some expectation values of the background
geometry.

Both of these theoretical frameworks have been able to provide (effective or mean-field)
equations for the gauge invariant perturbations that, while possessing the same local and causal
structure as the classical ones, display contributions from the background that contain LQC
modifications. In particular, these corrections are able to account for the presence of the bounce
of quantum origin that replaces the classical singularity. Furthermore, although in principle it
is not necessary for the applicability of the two approaches, the state for the homogeneous
geometry is often picked out in such a way that those corrections are limited to the vicinity
of the bounce, so the evolution of the background cosmology becomes classical very rapidly,
and such that the effects of the corrections may be observable today in the CMB [21, 29].
More specifically, as a particularization to cases of particular interest, one usually focuses the
attention on certain class of states of the homogeneous geometry for which the cosmological
perturbations propagate in practice over a background that is governed by an effective descrip-
tion of LQC. These effective background geometries are characterized by trajectories for the
FLRW variables that undergo a bounce when the energy density of the Universe reaches the
maximum universal value of (approximately) 41 percent of the Planck density (for the most
commonly accepted value of the Immirzi parameter). Away from the vicinity of this bounce,
namely when the quotient between the energy density and this maximum can be neglected
when compared with the unit, these trajectories behave as if they were solutions to the Fried-
mann equations. The existence of this type of effective behavior in the loop quantization of
massless FLRW cosmologies has been studied in the literature [31-33, 35]. In particular, it
is known their relation with certain family of Gaussian states of the FLRW model in LQC,
that are globally peaked on values of the homogeneous volume and the homogeneous infla-
ton that follow these effective trajectories [38]. In this regime of LQC and in the associated
quantum description of the cosmological perturbations, the differences between the hybrid
and dressed metric approaches can be narrowed precisely to a small region around the bounce,
and they affect the effective field equations for the perturbations in that region only through
the time-dependent mass that appears in them [39]. In fact, these differences are only due to
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the respective strategies adopted for the introduction of inhomogeneous perturbations on the
quantization of FLRW cosmologies, and they persist even if one considers the same effective
LQC trajectories for the background in both approaches.

In general, complete sets of (complex) solutions to the field equations of the gauge invari-
ant perturbations, both for the classical equations and for the quantum corrected ones (whether
derived either from hybrid LQC or from the dressed metric approach) give rise to different
power spectra that can be eventually confronted with observations. In order to select one of
these sets, it suffices to establish initial conditions for the fields at some time of the evolution
of the perturbations, thanks to the causal structure of their dynamical equations. Such a choice
of initial conditions is usually interpreted as a specification of vacuum state for the perturba-
tions, quantized a la Fock. In particular, in the standard cosmological paradigm this initial time
is typically set at the onset of inflation, and the data there are fixed to correspond with the
Bunch—Davies state [4, 40]. This choice is physically reasonable because the standard slow-
roll inflationary period is well modelled by de Sitter spacetime, and the Bunch—Davies state is
the most natural candidate in this context (i.e. it is the unique Hadamard state that is invariant
under the de Sitter isometry group). Remarkably, it provides power spectra for the perturbations
that lead to predictions which quite accurately match the observations of the CMB, at least for a
large sector of angles in the sky [2]. However, when the physics that took place before inflation
and all the way back to the cosmological singularity (or its quantum analog) is considered to
be relevant, the choice of a natural vacuum state for the perturbations fails to be a settled issue.
Indeed, the background spacetime in those pre-inflationary epochs, even in the case it remains
semiclassical at least for some stages of the evolution, does no longer resemble de Sitter and
its symmetries alone are not enough to fix a unique state. One can restrict this freedom by
imposing, on top of invariance of the state under the spatial symmetries, the requirement that
the field dynamics is unitarily implementable in the quantum theory (at least in the semiclas-
sical regimes). This criterion actually succeeds in selecting a unique Fock space of states for
the perturbations [41, 42]; however additional input is needed to single out a preferred vacuum
state there.

The choice of a natural state, or equivalently of initial conditions, for the gauge invari-
ant perturbations is a fundamental question to establish the predictive power of any approach
to quantum cosmology that provides equations for the perturbations encoding quantum grav-
ity features of the background geometry. In particular, this question needs to be answered if
one wants to have any hope of disentangling the possible modifications on the power spectra
resulting from genuine quantum cosmology effects from other features of the spectra caused
by alternate choices of vacua, that could also arise in a purely classical pre-inflationary cosmol-
ogy. Concerning this issue, several proposals have been put forward in the context of hybrid
and dressed metric LQC. In these frameworks, a natural choice of initial time to set the data
for the perturbations, and thus their vacuum state, is the moment at which the cosmological
bounce happened. Certain low order adiabatic states were first considered owing to their nice
properties regarding the renormalizability of the energy—momentum tensor [21, 43, 44]. More
recently, a somewhat different criterion for the choice of vacuum state has been proposed by
Ashtekar and Gupt, based on minimizing the quantum uncertainties of the fields around the
bounce and, at the same time, recovering a classical behavior at the onset of inflation [45, 46].
This choice has actually been quite successful in terms of its compatibility with observations
in the dressed metric scenario, displaying a slight power suppression for the largest wavelength
scales. Nonetheless, all of these vacua lead to power spectra that are highly oscillatory with
respect to the scales of observational interest, even in regimes where the pre-inflationary evo-
lution of the background is completely classical, and these oscillations have to be averaged
prior to the extraction of predictions. Actually, in the case of adiabatic states, these oscillations
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are present both in hybrid and dressed metric LQC and they are responsible for an important
amplification of the power at medium scales that seems to be in certain tension with the obser-
vational data [29, 47]. Even if this possible amplification effect may not be significant in some
cases, as it seems to happen with the proposal of Ashtekar and Gupt, one may wonder whether
such highly oscillatory behavior of the power spectrum can wash out, or at least obscure, the
information about the traces of quantum geometry that the non-Einsteinian evolution of the
background cosmology close to the bounce could have imprinted in the dynamics of the per-
turbations. Motivated by these concerns, Martin de Blas and Olmedo have proposed a different
choice of state, based on a selection criterion that is directly tailored to minimize, by numer-
ical methods, the oscillations in the resulting power spectrum [48]. This state has been called
the non-oscillating (NO) vacuum state. The resulting power spectrum in hybrid LQC seems to
be in very good agreement with observations and, again, predicts power suppression at large
scales.

A theoretical drawback of the two mentioned proposals for the choice of a vacuum for the
cosmological perturbations in LQC is that their characterization strongly relies on numeri-
cal and/or minimization techniques, that are often interrelated. In this context, the purpose of
this work is precisely to provide analytical insights supporting a specific characterization of
vacuum state, gained by studying some of the general properties of power spectra for gauge
invariant perturbations in effective descriptions of LQC that include a period of classical (i.e.
Einsteinian) pre-inflationary cosmology. In particular, after a study of the solutions to the field
equations for the perturbations using explicitly time-dependent transformations, we provide
theoretical arguments that put the focus on power spectra that display NO behavior. Then,
starting with the Ermakov—Pinney equation [49, 50], we make use of a general formula for
the computation of any power spectrum in order to characterize specific conditions that the
associated solutions to the field equations must fulfill to minimize the oscillations. After suc-
cessfully checking that both the Bunch—Davies state in de Sitter spacetime and the Poincaré
state in Minkowski spacetime satisfy these conditions, we discuss their application to effective
regimes of LQC. Finally, we show that, in the ultraviolet regime of short wavelength scales,
there is a unique asymptotic expansion of the power spectrum that displays no oscillations at
any asymptotic order. This expansion may potentially serve to fix a unique physically privi-
leged vacuum state for the perturbations, and thus a preferred power spectrum, provided that
the NO conditions remain satisfied at all scales.

The paper is structured as follows. In section 2 we formulate the field equation for the
perturbations and, analyzing the Hamiltonian that generates this field evolution, we consider
time-dependent canonical transformations that render this Hamiltonian diagonal. We use this
procedure to construct and conveniently characterize all the normalized solutions. We then
provide a qualitative analysis of their power spectra in the context of effective regimes in LQC
and argue in favour of the physical importance of finding NO features in it. Section 3 is devoted
to the specific characterization of conditions on general power spectra such that they display
no scale-dependent oscillations over time, making an auxiliary use of the Ermakov—Pinney
equation that is naturally associated with our field equations. We then analyze the feasibility
of these conditions in hybrid LQC. In section 4 we focus on the ultraviolet sector of short
wavelength scales, and perform a study of the oscillatory behavior of the power spectra there.
In particular, we show that there is a unique asymptotic expansion for which one can say that
no oscillations appear at any order. We end the section remarking on the physical relevance of
such expansion in order to fix a natural vacuum state for the perturbations in effective LQC.
Finally, in section 5 we summarize our results. Throughout the paper we work in Planck units,
settingh=c=G = 1.
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2. Solutions from Hamiltonian diagonalization

Consider a real scalar field V(1), X), where 7 is a time coordinate and X'is a triple of spatial coor-
dinates in R?, with a Fourier expansion in spatial plane waves in which the mode coefficients
vi(n) satisfy the equation

v//:/+(k2+s)v,;=0, k=kl, keR—{0}. 2.1

Here, the primes denote derivatives with respect to 7, and s is a time-dependent real function
that we call mass, owing to the formal similarities between this equation and that of a harmonic
oscillator with mass. We notice that, for the field V(7, X) to be real, these mode coefficients must
satisfy the reality condition v; = v_;. Here and in the following, the bar indicates complex con-
jugation. Fields with this type of Fourier expansion and dynamics are precisely the ones that
describe the gauge invariant perturbations in effective formalisms and mean-field approxima-
tions of LQC, when 7 is identified with the conformal time. Specifically, these perturbations
are the Mukhanov—Sasaki field for scalar degrees of freedom, and the inhomogeneous contri-
butions of tensor nature to the FLRW metric [51-53]. The power spectra associated with these
fields are defined in cosmology as [54]

k3
Py(k,m) = ﬁ\uk(n)\z, (2.2)

where 1, for all k = 0 is a set of complex solutions to equation (2.1) that is required to be
normalized according to

M — pfix = 1. (2.3)

This last requirement on the set of solutions guarantees that the resulting spectra can be directly
obtained from the two-point function at equal time of a Fock representation of the field V(7, X)
that is invariant under the Euclidean symmetries of the cosmological background.

Power spectra are typically evaluated at the end of the (slow-roll) inflationary period in
cosmology. Thus, any effect of the dynamical evolution of the perturbations prior to that period
that may be observable in the CMB must be found imprinted in the spectra at that moment.
If the spectra have oscillated over time during the previous evolution, and these oscillations
depend on the Fourier scale, we expect that they will be captured as oscillations in the scale k
at the evaluation time. All our following discussions about oscillatory power spectra will keep
in mind this relation between the two possible types of dependence of the oscillations. In fact,
this very relation is at the heart of the proposal of vacuum state made by Martin de Blas and
Olmedo in reference [48].

For a general time-dependent mass s any dynamical equation of the form (2.1) can be
obtained from the Hamiltonian

1
Hp = [(k2 +5) Jogl? + | 2] 2.4)

where .. is to be understood as the canonical momentum of v; and satisfies analogous reality
conditions. Note that this Hamiltonian generates both the evolution of v;; and v_g. In order to
study some general properties of the solutions to equation (2.1), starting from this Hamiltonian
framework it is convenient to perform explicitly time-dependent canonical transformations of
Vs T and their complex conjugates such that the resulting variables obey Hamilton equations
that are purely diagonal. With this purpose, we introduce the transformation

ap = fivp + &Tu,  dp = filp + &, (2.5)
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where f; and g, are unspecified complex functions that depend explicitly on time, and are
subject to the constraint

fr8k — gifx = —i, (2.6)

that in particular imposes that none of these functions can be zero at any instant of time. Con-
dition (2.6) is simply the requirement that the introduced transformation is canonical, up to a
constant factor —i. The Hamiltonian for the new variables ag, a_, and their complex conju-
gates can be obtained by adding to the former one, given in equation (2.4), the explicit time
derivative of the generating function of the canonical transformation (2.5). The result is

Hy=[(K +s) gl + |l + frg — &fi] (agag + a-a )
— [(K* +5) gt + [ — sufi + figy] aga_z + cc., 2.7

where c.c. indicates the complex conjugate of the preceeding term. This new Hamiltonian
generates diagonal equations for a;, a_, and their complex conjugates if and only if

hy =k +s+hi, with &= fig ' (2.8)

This is an ordinary differential equation of the Riccati type for the function 7, which is
equivalent to the set of coupled equations

Re(y) = k* + s 4+ Re(hy)? — Im (hy)?, (2.9)
Im (k) = 2Re(hy) Im(hy), (2.10)

for its real and imaginary parts. Furthermore, one can check that the canonical condition (2.6)
is equivalent to

1
2
=— . 2.11
|gx| 2 Im(y) (2.11)
So, consistency requires that any allowed solution 7 of equation (2.8) must have a strictly
negative imaginary part. It follows that, given any such complex /Ay, the resulting diagonal
Hamiltonian acquires the form

Im(hy)
i

I:IE = - (El,;a,; + El:ka:k) ., Y= F]/( + (k2 +5) (2.12)
where F}. is the phase of f;. The equations of motion for a;, a_, and their complex conjugates
are straightforward to solve in terms of initial data at an arbitrary time 7. These, in turn, give
rise to solutions of our original equation (2.1), obtained by simply taking the inverse of the
canonical transformation (2.5). Specifically, these solutions are
i i () T A Q) -
vp = igee 0 T M Pargg) — igiehn D). (2.13)
Let us notice that, since gy = fih; I each of the two summands in the above solution depends
on F only through multiplication by the complex exponential of its constant value at 7). Fur-
thermore, equation (2.1) is linear with real coefficients, so each of the summands in question
(multiplied by any constant) provides a complex solution on its own. It follows that we can
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freely choose Fy as the phase of /, so that g, becomes real, and then obtain the following
solutions to equation (2.1):

1
M= =2 Tmhg)

as well as their complex conjugates. It is straightforward to check that these solutions are nor-
malized according to equation (2.3), which in particular implies that 1, and its complex conju-
gate are linearly independent. Actually, one can see that any complex solution to equation (2.1)
normalized in this way is of the form (2.14), with the role of Im(/;) played by some strictly
negative function which satisfies the same second order differential equation as the imaginary
part of & [equation that can be derived from equations (2.9) and (2.10)] [44]. This function is
completely fixed once one supplies its value and its first derivative at the initial time 7,. But
we can in fact reproduce any such values by varying the initial data for the real and imaginary
parts of Ay, in virtue of equation (2.10). It follows that we can write any normalized solution
1y, of our original equation (2.1) like in formula (2.14), where / is any solution of the Riccati
equation (2.8) with a strictly negative imaginary part. Finally, linear combinations of 1, and
I provide the general solution to equation (2.1).

The advantages of characterizing the normalized solutions to equation (2.1) by means of
formulas (2.8) and (2.14) are many. On the one hand, some general features of these solutions,
and of their associated power spectra, can be easily deduced from a direct inspection of the
resulting equations for the real and imaginary parts of /. On the other hand, we will see in
section 4 that it is possible to characterize a very specific solution to equation (2.8) in the
asymptotic limit of large k that has an associated spectrum with the most satisfactory properties
in this asymptotic regime.

el J dnimiho, (2.14)

2.1. NO spectra in effective LQC

The analysis performed so far is valid for any real function of time s, playing the role of a mass
in equation (2.1). Let us focus now on the case of cosmological perturbations in the hybrid and
dressed metric approaches to inflationary LQC, where the mass s becomes a specific function
of the quantum FLRW geometry on the state that describes the background [20, 26, 28, 39].
Inflation is accounted for by the presence of a homogeneous scalar field (with inhomogeneous
perturbations), that we call the inflaton, subject to a potential that, for concreteness, we choose
to be quadratic in the field. In certain regimes of these LQC models, the power spectrum con-
structed from a solution to equation (2.1) can be understood as the two-point function at equal
time of the quantum Heisenberg field operators that describe the Mukhanov—Sasaki pertur-
bations or, as the case may be, the tensor perturbations. Namely, it represents the expectation
value on the vacuum state of the product of two field operators, evaluated at different spatial
points. This interpretation can be formally justified as follows in the case of hybrid LQC, begin-
ning from the perturbatively truncated system (for specific details and formulas, we refer the
reader to references [26, 27, 55, 56]). One starts with a specific ansatz for the quantum states
in which the wave function factorizes its dependence on the background FLRW geometry and
the gauge invariant perturbations, while both parts are allowed to depend on the inflaton field.
Searching for states of physical interest, one usually imposes that the partial wave function
that describes the FLRW part is close to a solution of homogeneous and isotropic LQC with
an inflaton field. Introducing an approximation that is based on the hypothesis of negligible
state transitions on the FLRW geometry, the total Hamiltonian can then be reduced to a con-
straint operator acting only on the partial wave function that corresponds to the gauge invariant
perturbations. This hypothesis mathematically amounts to additional conditions on the partial
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wave function of the FLRW geometry, namely, that it is peaked with respect to some oper-
ators of the homogeneous geometry, that are finite in number (see reference [26] for futher
details). Remarkably, the resulting constraint on the perturbations depends on the homoge-
neous geometry only via expectation values of geometric LQC operators on the partial FLRW
wave function of the state. Then, if the Fock representation of the gauge invariant perturbations
has been chosen adequately, the Heisenberg evolution of the annihilation and creation oper-
ators for the perturbations generated by the aforementioned constraint can be implemented
unitarily on Fock space. The construction of the associated unitary operator involves a careful
definition of the conformal time to absorb the expectation value of certain geometric opera-
tors on the partial state of the FLRW geometry [26, 55]. In fact, this evolution operator can
potentially be used to construct solutions to this constraint, namely (approximate) physical
states for the perturbations. Furthermore, the Heisenberg equations deduced in this manner
turn out to be precisely of the form of equation (2.1). Our quantum states of interest can then
be understood within a context of quantum field theory on a quantum FLRW background, in
which the computation of the two-point functions for the gauge invariant fields is equivalent
to solving equation (2.1) and evaluating the corresponding power spectra. Different solutions
to equation (2.1) just correspond to different choices of states for the gauge invariant pertur-
bations. It is worth pointing out that this equivalence is completely independent of the specific
details of the wave function that describes the cosmological background, provided that it is
close to a solution of homogeneous LQC with negligible geometry transitions, according to
our above discussion. Nonetheless, the details of this FLRW state are transcribed into features
of 5. In what respects the pure computation of the two-point function, in particular, the consid-
ered partial FLRW wave function need not obey a semiclassical behavior as long as it fulfills
the aforementioned requirements. Moreover, even if the state of the background cosmology
does display a prominent semiclassical behavior, the Fock state of the perturbations may still
possess genuine quantum features.

Starting from equations of the form (2.1) for the gauge invariant perturbations, where we
recall that s contains the most relevant quantum effects of the cosmological background, in
this work we will focus only on modifications that are important in what is known as effective
LQC. This is a regime obtained by considering a very specific type of state for the background
cosmology, motivated as a solution of homogeneous and isotropic LQC, that is peaked on a
certain bouncing trajectory. More concretely, this trajectory can be analytically modelled by
equations that are of the FLRW type until, torwards the past, the energy density p reaches a few
percentages of Planck density (for the standard value of the Immirzi parameter within homo-
geneous LQC). For larger densities, the considered equations dictate a departure from general
relativity such that the scale factor a reaches a minimum, corresponding to the moment at
which the bounce occurs [32]. As it was commented in the Introduction, this bounce happens
at a universal value of the energy density that is roughly given by 0.41 times the Planck den-
sity (again for the most frequently accepted value of the Immirzi parameter). Furthermore, in
order to extract meaningful predictions about the evolution of cosmological perturbations, one
typically focuses only on those background trajectories such that the quantum behavior of the
Hubble parameter H may only affect the sector of large wavelength scales of the perturbations
that are observable nowadays at large angular scales in the CMB. In this way, it is assured
that the quantum corrections do not alter the behavior of the shorter scales in the observed
spectrum, which is very well explained by general relativity, while some quantum cosmology
modifications may survive in the rest of scales.

The commented solutions for the cosmological background in effective LQC, that are of
phenomenological interest for the study of perturbations, are characterized by the following
type of initial conditions at the bounce. In what concerns the geometry, on the one hand the
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Hubble parameter is zero at the bounce, since the scale factor is at a minimum there. On
the other hand, with an appropriate use of conformal time, one can make the effective LQC
equations (as well as the FLRW ones) only dependent on the relative variation of the scale
factor with respect to its value at, e.g. the bounce [57]. We take a as this relative variation;
so we have a = 1 at the bounce. Concerning the homogeneous matter content, our solutions
are characterized by an energy density which is dominated by its kinetic contribution at the
bounce, namely the contribution from the time derivative of the inflaton, while the potential
there is negligible. In the case of a quadratic inflaton potential, it has been proven that these
types of initial data are the only ones that lead to LQC effects that may be observable nowa-
days in the sector of large angular scales of the CMB, while leaving unaffected the rest of
scales which are well described by standard FLRW inflationary cosmology [21, 29, 34, 63].
Explicitly, this feature on the allowed effective LQC solutions requires the contribution of the
potential to the energy density of the Universe at the bounce to be approximately of the order
1072, For further details about the phenomenological viability of the different regions in the
parameter space that specifies the initial data of effective LQC (namely, the value of the inflaton
at the bounce and its mass), we refer the reader to reference [21]. Let us summarize now the
typical evolution of such initial conditions, that is well understood after many studies about
effective LQC in the literature (see, e.g. the review [47]). First of all, the second conformal
time derivative of the scale factor, a”, is positive at the bounce and, roughly speaking, of a
few Planck units in magnitude. This causes that, right after the bounce, a very short superin-
flationary period occurs. During this period, the rescaled Hubble parameter aH = d'/a grows
from zero to a maximum of order one in Planck units, and this happens so fast that the scale
factor remains almost constant [18, 47]. Shortly after the end of the superinflationary period
when H reaches its maximum, the quantum corrections to the FLRW equations become com-
pletely negligible and the primordial Universe starts a classical phase of decelerated expansion,
according to the dynamics of general relativity, that is dominated by the kinetic energy of the
inflaton. More specifically, the quantum modifications in the evolution become ignorable after
the scale factor has increased approximately only 1 or 2 e-folds. This small variation is indeed
enough to produce a large decrease in the inflaton energy density, to values as small as 1076 in
Planck units, since its dominant kinetic contribution in this regime is proportional to a~°, while
the potential contribution varies very little, with values ranging in the interval [107'2,10!1]
(see e.g. [39,47]). The classical kinetically dominated phase then goes on until the kinetic and
potential contributions to the energy density become comparable, moment at which aH reaches
a minimum. After a short transition from the kinetically dominated phase to the domination of
the potential, a period of short-lived inflation starts, leading finally to a slow-roll inflationary
phase. In fact, the variation of the scale factor from the bounce to the subdominance of the
kinetic contribution in the inflaton energy density is typically no more than 4 or 5 e-folds. For
further details on the semiclassical and classical properties of these background solutions, we
refer the reader to references [47, 58—61].

In the evolution equation (2.1) of the Mukhanov—Sasaki and tensor perturbations, the con-
sidered effective LQC solutions for the cosmological background are translated into the fol-
lowing features of the mass s in the pre-inflationary period. Since the inflaton potential remains
completely negligible from the bounce until almost the end of the kinetically driven classical
expansion, in this period we can safely ignore its contribution to s for both types of perturba-
tions. The mass then coincides for the Mukhanov—Sasaki and tensor equations, and is given
by [39]

8 "
= ?ﬂ-cﬂp, and = —%, (2.15)
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for hybrid and dressed metric LQC, respectively, where we recall that the energy density varies
in time as p o< a~® in the considered period. The difference between the value of the mass s in
the two LQC approaches is due to the fact that, in hybrid LQC, the second time derivative of a
is expressed canonically before quantization and then evaluated on effective LQC trajectories,
while in the dressed metric approach the scale factor is evaluated at effective trajectories prior
to taking its explicit derivatives. These discrepancies can, in turn, be traced back to the strate-
gies followed for the quantization of the perturbations. For more details, we refer the reader to
reference [39]. In what concerns this work, the fundamental difference between the two consid-
ered masses is their positivity and negativity at the bounce, for hybrid and dressed metric LQC
respectively, and the subsequent discrepancies in the superinflationary period. Nonetheless,
shortly after the end of superinflation any quantum cosmology correction becomes negligi-
ble and both masses coincide there on, in particular during the kinetically dominated classical
epoch.

In figure 1 we show the relative variation s'/s of the hybrid LQC mass from the bounce
to the first epochs of standard slow-roll inflation. Actually, the curve has been computed for
the exact expression of the Mukhanov—Sasaki mass, taking into account all contributions from
the inflaton potential. However, according to our comments above, this mass must essentially
coincide with the one for tensor perturbations approximately until it becomes negative, that
is when the potential starts to dominate over the kinetic energy of the inflaton. Indeed, notice
that the right-hand side of the first equality in equation (2.15), that only takes into account
the kinetic contribution, is strictly positive. Furthermore, we recall that the period with rele-
vant LQC effects stops soon after the very rapid super-inflationary stage following the bounce,
so the relative variation of the corresponding Mukhanov—Sasaki mass from the dressed met-
ric approach is also given by figure 1 from a few e-folds on. In particular, even though this
mass starts being negative at the bounce in the dressed metric approach, since a” > 0 there,
it becomes positive during the decelerated kinetically dominated classical phase, where a” is
negative, until the approximate 4.5 e-folds mark in the figure [39].

With this information at hand, let us turn our attention to normalized solutions to
equation (2.1), that we have shown that take the form (2.14), where / is a solution of the Ric-
cati equation (2.8) with negative imaginary part, particularized to the case where s is provided
by the hybrid or the dressed metric approaches to LQC. The relevant time-dependent quantity
for the computation of power spectra from these solutions is p, = |z4|*. From equation (2.10)
we have

. Re(h) _

Pe= m(ny) ~

—2gi|*Re(hy). (2.16)

It follows that maxima or minima of p, happen at times when the real part of /; becomes zero
and, taking into account equation (2.9), when

B+s—Im()? >0, or kK*+s—Im(h)® <0, (2.17)

respectively. In particular, let us notice that, within intervals of time and scales k such that
K +5<0, only one minimum may occur for p, (if any). Therefore, within such inter-
vals, the power spectra cannot oscillate, regardless of the choice of normalized solutions to
equation (2.1). For all other scales and intervals of time where kK 45> 0, the power spectrum
obtained from normalized solutions may oscillate in time in a way that depends on the scale k.

Phenomenologically, using Planck units and setting the reference value of the scale fac-
tor at the bounce, the wavenumbers k of the perturbations that had physical (wavelength)
scales a/k of the order of the Hubble radius H~' around the bounce in LQC and that are
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Figure 1. Relative variation of the Mukhanov—Sasaki mass from hybrid LQC in terms of
the number of e-folds from the bounce. The plot dispays the Mukhanov—Sasaki mass for
the effective FRLW background considered in reference [29], determined by an initial
value of the inflaton at the bounce equal to 0.97, and subject to a quadratic potential
corresponding to an inflaton mass equal to 1.2 x 10~°. All quantities are given in Plack
units. The (only) apparent discontinuity in the plot shows the moment when this mass
becomes negative, close to 4.5 e-folds.

observable today would be in the approximate window k € [10~!, 1] (for typical cosmolog-
ical histories and reheating scenarios). This window can be enlarged with some margin to
[107°, 1] in order to include the possible observational effects of non-Gaussian correlations
with super-Hubble modes [21, 62]. These are the scales that should have experienced the
most significant LQC effects of the homogeneous geometry. On the other hand, if we include
scales that certainly were not affected by quantum effects, the total window of wavelengths that
we can observe nowadays (directly or by non-Gaussian correlations) would approximately be
[107%, 10?]. Focusing our attention on wavenumbers k € [10~, 1] that might have been influ-
enced by LQC phenomena, we see from figure 1, and our discussion about it, that they are
such that k* + s > 0 in the kinetically dominated classical period after superinflation, both
for hybrid and dressed metric LQC. Furthermore, the mass s remains almost constant in this
period, with values very close to zero (or numbers much smaller than one). If a power spec-
trum determined by p, oscillates in this classical period of the evolution of the background
then, for modes k < 1, the maxima of the oscillations display Im (h)? < 1, in virtue of the
first inequality in equation (2.17). Actually, from equations (2.14) and (2.17), these maxima of
2p, are always greater than (k*> 4 s)~'/2 evaluated at those critical points, and therefore much
larger than one for k < 1. It follows that at each instant of time the possible maxima of 2p,,
viewed as a function of k, are bounded from below by the curve (k> + 5)~'/2, which grows
as k decreases, and this curve remains approximately the same throughout the whole interval
of time that we are considering, where s varies very little. Similarly, this curve sets an upper
bound for the minima of an oscillating p,. In this respect, recall that the bound determined by
(k* + 5)~'/2 reaches orders of magnitude much bigger than one for k < 1. On the other hand,
there is no upper bound of this type for the maxima of p,. These features altogether involve that
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oscillating power spectra during the kinetically dominated phase, when evaluated later at the
onset of inflation, often display a net amplification of the power as k decreases, for those k for
which p, had been oscillating [29, 47, 63]. This statement is also true for power spectra evalu-
ated at the end of inflation in the case of the fields that are often used in cosmology to extract
cosmological observations. Indeed, these are not exactly given by the type of field V(1, X) that
we have been considering, but rather by its rescaling with certain functions of the background,
that lead to the comoving curvature perturbative field for scalar perturbations, or to its equiv-
alent for tensor ones. The power spectra for these rescaled fields freeze during the period of
slow-roll inflation when the wavelength scale a/k gets much larger than H~!, so that the ana-
lyzed mode crossed the Hubble horizon sufficiently long ago [4, 54]. For the type of solutions
that we are studying for the cosmological background, let us recall that the rescaled Hubble
parameter aH reaches a minimum at the end of the kinetically dominated phase, with a typical
value in the range [10~*, 1073] [47]. Therefore, we conclude that the modes corresponding to
the sector of largest scales under consideration, let us say approximately k € [107%, 1], must
have either crossed the horizon well before the onset of inflation or are the first ones to cross
after it begins. We then expect that, for such modes, the evaluation of the power spectra of
the comoving curvature fields at the end of inflation provides a good picture of the behavior
of these fields around the end of the kinetically dominated period and the beginning of the
potentially dominated stage, before slow-roll inflation took place.

The presence of oscillations of p,, and their general net effect of amplification of power
for small wavenumbers, can be regarded as a somewhat artificial phenomenon if one takes
into account that equation (2.1) in principle admits normalized solutions such that p, remains
approximately constant during the Einsteinian kinetically dominated phase. Indeed, for this to
happen, one would naturally require that

/
Pl — o|Re(hy)| < 1, (2.18)
k

where we have used equation (2.10). We can impose this condition at some time 7); in the
beginning of the kinetically dominated phase, and check if it is stable over the whole considered
period. For that, it is necessary that we also impose

Im () (i) = K> + s() + s ] < 1 (2.19)

so that |[Re(7;)'| < 1 as well in the beginning of the kinetically dominated period. By choosing
these initial quantities sufficiently small, the desired condition (2.18) for an approximately
constant spectrum can be made consistent throughout the whole period in question, because
equations (2.9) and (2.10) imply

Re(hy)" = 5" + 2(k* + s)Re(hy) + 2Re(hy)® — 6Re(hy) Im (hy)?, (2.20)

and 5" (as well as s) remains much smaller than the unit in the kinetically dominated phase.
The existence of very slowly varying power spectra during this phase also means that, for the
window k € [107°, 1] of modes, the features of the two-point function of the perturbations at
the end of the kinetically dominated period can resemble very well those present at the end of
the superinflationary period. It is worth recalling that this is the only regime after the bounce
where effective LQC corrections are important. One can thus raise doubts as to whether it is
physically reasonable to focus the attention on vacuum states for the perturbations that lead
to highly oscillating spectra during the times of kinetic domination. Indeed, such oscillatory
character can easily erase most of the information coming from the previous epochs near the
bounce. Furthermore, these oscillations can result in an enhancement of power that is not due
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to any quantum cosmology effect nor it is intrinsic to the classical behavior of spacetime after
superinflation. Rather, it may correspond to particular features of the specific set of normalized
solutions chosen for the perturbations.

In conclusion, we have argued from an analytical perspective that reasonably natural candi-
dates for power spectra which ought to be able to capture most of the genuine LQC corrections
on the evolution of the perturbations, without introducing artificial modifications in the part
of the pre-inflationary regime that is essentially Einsteinian, are those that present little or no
oscillations during such a regime. An argument of continuity of this behavior to the past encour-
ages one to try and characterize NO spectra throughout the entire evolution of the background
cosmology, from the bounce to the onset of inflation.

3. General form of the power spectra: NO conditions

‘We have discussed the physical interest of considering vacua, or equivalently initial conditions,
for cosmological perturbations in the framework of effective LQC that lead to power spectra for
which the time and k-dependent oscillations are minimal. In order to analytically characterize
them, we will now study a general formula for the power spectrum associated with any possible
vacuum state, conveniently written in terms of a particular solution to the Ermakov—Pinney
equation.

Starting from equation (2.1) and any set of normalized solutions j, let us call again
P = |pe)?. This is the function that codifies the freedom of choice of vacuum state in the
power spectrum (2.2). Using the normalization condition (2.3), we have that any such non-zero
function p, satisfies the following second order differential equation

1
Yo _ V2 41]. 1
P + 20" + $)pr i (P> + 1] (3.1)

Since p, is by construction a positive function, we can write it as p; = p7 /2, where p, is a real
non-zero function that, in virtue of equation (3.1), must satisfy

P+ (4 ) = 5. (3.2)

=~

This is the well-known Ermakov—Pinney equation [49, 50]. It has been widely employed in
the context of FLRW cosmology and its perturbations (see e.g. [64—67]). Conversely, given
any real and non-zero solution p, of this equation, the function p, = p? /2 necessarily satisfies
equation (3.1). Therefore, we can completely specify the general solution of this equation if
we obtain all possible real solutions p, of the Ermakov—Pinney equation. Actually, this can be
done in terms of just one particular solution to equation (3.2), in such a way that the resulting
formula manifestly displays the possible oscillatory behavior of p,. Let us sketch the procedure
to do so. For further details, we refer the reader to references [65, 68].

The general solution of any Ermakov—Pinney equation of the form (3.2) can be expressed in
terms of two linearly independent solutions to our original equation (2.1), and their Wronskian
[50]. These two solutions can, in turn, be chosen as two linearly independent functions, given
by one particular real solution 1), to equation (3.2), multiplied by a sinusoidal function (a sine
or a cosine, respectively, for the two considered solutions) of an arc ¢, such that ¢}, = wk’z.
Using them, the general real solution of the Ermakov—Pinney equation can be written as

pr = Vi [Acos(¢y) + Bsin®(¢) + Csingy)|, C* =AB —1, (3.3)
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where A, B, and C are constants that must be real and such that p% be positive. Therefore,
the function p, that determines the form of any power spectrum associated with any set of
normalized solutions to equation (2.1) can be obtained as

pi = JURIA+ B+ (4 — B)cos(200 + 2Csin@a0)], (G.4)

where we recall that ¢, is a real solution to equation (3.2) and ¢} = 1/),:2. This last equality
guarantees that ¢, grows monotonically in time, so that the sine and cosine functions appear-
ing in this formula oscillate in time, generally in a k-dependent way. The overall oscillatory
character of their contribution to p, depends on how fast they oscillate when compared to the
relative variation of the global factor ¢7. If they do vary faster, then they generally give rise
to an oscillatory p, unless we have A = B = 1 (or at least that these constants take values in a
small neighbourhood of 1), case in which the two coefficients of the sinusoidal terms are zero
(or negligible). We recall that this can only happen for intervals of time and wavenumbers k
such that k%> + s > 0, since we have seen that for k> + s < 0 the function P cannot oscillate
owing to the dynamical equations (2.9) and (2.10). It follows that we can characterize the NO
spectra if we can restrict our considerations to real solutions of the Ermakov—Pinney equation
such that, for k> + s > 0,

[ hrn] < 1 3.5)

(or much smaller than 1, if preferred), and to constants A and B in equation (3.4) that take values
in a small neighbourhood of 1. We have taken into account that the frequency of the sinusoidal
functions in equation (3.4), and therefore the rate at which they oscillate, is determined by
26f = 29>

In order to analyze condition (3.5), let us recall that equation (3.1) [equivalent to
equation (3.2) for real solutions p,], is satisfied by every p, = ||, where y; is any normalized
solution to equation (2.1). Conversely, any real |1,| such that its square satisfies equation (3.1)
univocally leads to a normalized solution to equation (2.1) [in virtue of equation (2.3)]. It then
follows that, up to a sign, we can specify any particular real solution 1), of the Ermakov—Pinney
equation (3.2) as /2|, where || is completely determined by equation (2.14) and ; is a
solution to equation (2.8) with strictly negative imaginary part. Therefore, we can rewrite the
NO condition (3.5) in terms of /; as

‘Re(h") 1, (3.6)

Im(7y)

where we have used equation (2.10).

For illustrative purposes, let us see whether the NO condition (3.6) derived above is sat-
isfied for fields with modes that obey equation (2.1) in two situations where a natural choice
of initial conditions is available. The first of these is when the mass s is exactly a constant,
namely s’ = 0, case in which equation (2.1) represents the dynamical equation of a massive
Klein—Gordon field in Minkowski spacetime. Natural initial conditions are then given by those
corresponding to the Poincaré vacuum state for the field, with associated normalized solutions
(2.14) characterized by

Im(hy) = =V k2 + s, (3.7)

that is a constant. We see that the real part of / is identically zero, and the NO condition indeed
is satisfied for all k. In fact, from the general formula (3.4), it follows that the Poincaré vacuum
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is the unique vacuum state for which the power spectrum is a constant, and therefore has the
minimal oscillatory character. The second situation that we want to analyze is when the field
V(n, X) describes the Mukhanov—Sasaki or the tensor perturbations of a cosmological back-
ground which is the de Sitter solution of general relativity, in flat slicing. In this case, the mass s
coincides for both types of perturbations. It is given by —27~2, where the conformal time only
takes negative values. Standard initial conditions for the normalized solutions to equation (2.1)
are in this case those specifying the Bunch—Davies vacuum state. These conditions give rise
to solutions with [4]

k3172
Im(hy) = ———-. 3.8
) = = (3.8)
Using equation (2.10), it follows that the real part of 7 is given by
Re(hy) = 3.9

n+ ke

The NO condition is therefore satisfied when k > |~ !|. It is worth noting that this inequality
can always be satisfied for any k by considering sufficiently large negative times, something
that is certainly met in the limit 7 — —oo. Moreover, from equation (3.9) for the real part of /,
we see that the Bunch—Davies spectrum is completely monotonic in time for any k, so it does
not display any oscillations. On the other hand, we know that the possible oscillatory behavior
of any other power spectrum in de Sitter, that can be obtained by means of formula (3.4) setting
1), as the solution selected by the Bunch—Davies conditions, must stop when k* + s < 0. Since
s = —2n2, this means that there are no oscillatory p, in de Sitter for k < \/5\77‘1| (again,
when the conformal time tends to minus infinity, the restriction on k disappears). Hence, we
conclude that an NO spectrum for the Mukhanov—Sasaki or the tensor perturbations in a de
Sitter background is obtained with the choice of a Bunch—Davies vacuum state, and any other
NO spectrum must be in a small neighbourhood of it for k > v/2|~!|, in the sense of setting
the constants A and B close to 1 in formula (3.4).

3.1. NO condition in effective hybrid LQC

We have seen that the NO condition (3.6) on the power spectrum is satisfied by the natural
Poincaré and Bunch—Davies vacua on their respective Minkowski and de Sitter backgrounds.
The main purpose of this section is to analyze if the condition can also be fulfilled in scenarios
where the mass s is given by effective hybrid LQC, at least in regimes where k* + s > 0 for
wavenumbers in the phenomenological window k € [10~°, 10?] that covers, with some mar-
gin, the range corresponding to scales that we can consider observable nowadays, as we have
commented [21, 29]. Actually, those regimes include the bounce, which can be understood as
a privileged moment to set initial data. In particular, we are going to impose the NO condi-
tion at the time 7, when the bounce occurs, and then study its stability throughout the period
elapsed until the onset of inflation. In the case of dressed metric LQC, for a considerable part
of the phenomenological window of wavenumbers k that we are investigating, we have that
k* + s < 0 at the bounce owing to the negativity of the mass, that besides takes an absolute
value of approximate order 10 in Planck units [39]. Therefore, it seems unclear whether it is
useful to impose NO conditions at the bouncing time in order to restrict the physically viable
data in this case, at least as we have posed them; rather, one would have to appeal now to some
additional criteria to pick out the vacuum state, that then should satisfy the non-trivial require-
ment of leading to a suppression of the oscillations in the later Einsteinian period of kinetically
dominated evolution of the background.
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Let us first impose the NO condition (3.6) at the time 7, of the bounce, chosen as the moment
to specify the Cauchy data of the normalized solutions to equation (2.1). This restricts the real
part of Ay, at that time to be small compared to the imaginary part, so that

[Re(h)(no)| = ex| Im(7) (o), (3.10)

where ¢, is a positive real number smaller than one?. For this restriction to hold in a small
neighbourhood of 7),, it is necessary that the derivative of Re(/;) Im (/)" is also small initially,
namely using equations (2.9) and (2.10),

k* + s(no)

2
oA (1 + ) Im(h)(no)| < 1. @3.11)

We note that, in general, e% provides a subdominant contribution to the second summand in
this inequality. Besides, we recall that the mass s in the kinetically dominated period (that
includes the bounce) is given by the first equality in equation (2.15) for hybrid LQC. Taking
into account that the energy density at the bounce is a universal quantity, with a fixed value that
is approximately a 41 percent of the Planck density, we have that k> -+ s(1),) is always larger
than one in Planck units. It then follows that a necessary condition for equation (3.6) to hold is

Im(i)0m) =~/ Fst) + & (3.12)
VK + s(no)

(again, see footnote 3) and we have used that the imaginary part of /; must be negative in order
to provide normalized solutions to equation (2.1). Clearly, one can then choose the parame-
ters €; and & in such a way that the condition (3.11) on the derivative of Re(h;) Im ()" is
satisfied. Hence, in hybrid LQC, the NO condition can be guaranteed to hold in a small neigh-
bourhood around the bounce if the initial data for the normalized solutions is constrained by
equations (3.10) and (3.12), with sufficiently small parameters ¢; and dy.

Let us now proceed to analyze the stability of the NO condition in the kinetically domi-
nated regime that goes from the bounce to the onset of inflation. We recall that the dynamics
experienced by the real and imaginary parts of /; are governed by a coupled set of real first
order differential equations, or equivalently by a decoupled second order equation. Therefore,
if the derived conditions (3.10) and (3.12) on those functions are imposed initially, their sta-
bility under evolution over the interval of time where one wishes to eliminate oscillations is
controlled by the second derivative of Re(/;) Im ()", that hence must be small in absolute
value. Using equations (2.9) and (2.10) again, we must have, let us say,

|s" — 4(k* 4+ s)Re(hy)| < | Tm(hy)|. (3.13)

We recall now that the energy density depends on time as p o< a~° in the kinetically dominated
region that includes the bounce. Since then s’ o< o, the time derivative of the mass is zero at
the bounce and the above stability condition reduces there to

@ < ’ (3.14)

1
4[k* + s(no)] ‘ '

which is perfectly compatible with our previous restrictions to guarantee NO power spectra in
a small neighbourhood of the bounce in hybrid LQC.

3 Or much smaller than one, if preferred.
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In order to check the consistency of our conditions deeper into the kinetically domi-
nated regime, we need more details about the behavior of s there. From the first equality in
equation (2.15) and the behavior p o< a~° of the energy density, we straightforwardly see that s’
must be negative throughout this whole period (see also figure 1). Furthermore, we recall that
in this region aH = d’ /a reaches only one maximum of order one, in Planck units, after the
superinflationary regime that follows the bounce. Since the scale factor remains almost constant
during superinflation, we have that |s'| reaches only one maximum during the kinetically dom-
inated period, that turns out to be approximately four times bigger than s(7),). Afterwards, |s’|
rapidly decreases to negligible values after roughly 1 or 2 e-folds (as it is confirmed in figure 1).
Therefore, if we want a behavior of the form (3.10) and (3.11) for the real and imaginary parts
of hy that guarantees the NO condition at times after the bounce in the kinetically dominated
regime, the only possible tension with stability, governed by equation (3.13), may arise in the
region around the end of superinflation. Indeed, elsewhere we have that s’ contributes negligi-
bly to this inequality, which is then compatible with the NO condition in a similar way as it
was at the bounce. Actually, given that 4(k* + s) is of the order of |s'| or larger around the end
of superinflation, we think it is likely that this tension disappears if one chooses properly the
initial parameters ¢, and Jy.

We conclude that, in effective hybrid LQC, conditions for NO power spectra on the gauge
invariant perturbations can be consistently set at the bounce via equations (3.10) and (3.12)
with appropriately small parameters ¢; and dy, that in principle can be chosen without obstruc-
tions. With such a suitable choice, the associated spectra should display a stable NO behavior
throughout the kinetically dominated period after the bounce. Moreover, among the normalized
solutions to equation (2.1) of the form (2.14) restricted by these NO considerations, we notice
that there consistently exist some that satisfy conditions (2.18) and (2.19) at the beginning
of the classical, Einsteinian kinetically dominated regime. These would lead to power spectra
that remain approximately constant throughout this classical period so that, even when evalu-
ated around the onset of inflation, they can still provide useful information about the two-point
function of the perturbations at those primeval stages right when the effective LQC corrections
became negligible.

4. Uniqueness of the NO spectrum in the ultraviolet regime

The procedure of Hamiltonian diagonalization carried out in section 2, using explicitly time-
dependent transformations, parallels a similar construction performed in reference [69] for
the fully canonical formulation of the classical system formed by a homogeneous FLRW
background with perturbations, truncated at lowest non-trivial order in the action. That work
addresses the possibility of diagonalizing the resulting (quadratic) perturbative contribution of
gauge invariants to the zero mode of the Hamiltonian constraint of the full system, employ-
ing transformations of the form (2.5) and (2.6) with coefficients that depend on the canonical
variables which describe the homogeneous background cosmology. If one completes these
transformations to be canonical in the entire system, the perturbative contributions to the zero
mode of the Hamiltonian constraint turn out to be precisely of the form (2.12) (up to a global
factor a~! for a standard lapse), where the time derivatives are replaced by conformal Poisson
brackets with the Hamiltonian of the unperturbed FLRW cosmology [69]. These perturbative
contributions are then diagonal in this context if A satisfies equation (2.8), after replacing the
time derivative by the mentioned Poisson brackets.

Focusing on the asymptotic regime of unboundedly large wavenumbers k, or ultraviolet
regime, it was shown in reference [69] that it is possible to eliminate each contribution to
the non-diagonal terms in the perturbative part of the Hamiltonian constraint, order by order
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in powers of k. The result is an ultraviolet diagonalization characterized by a very specific
asymptotic expansion of at least one solution /; to the analog of our equation (2.8) in that
work. Following a completely similar procedure, we can perform the same type of asymptotic
diagonalization of our Hamiltonian (2.12), in the regime of large k, yielding the expansion [69]

1o (—1)"
1 .
n=0

where the coefficients ,, are real, only depend on time, and are given by the following iterative
relation, that is deterministic:

n—3 n—1
Yo =S, Vn+1 = _'7,,1 + 4s Yn—1+ Z ’7m7n(m+3)] - Z Ym Vn—(m+1)- (42)
m=0 m=0

We define v_,, = 0 for all n > 0. This leads to a unique asymptotic expansion of, at least, one
solution 7 to equation (2.8), with imaginary part that is strictly negative [69]. Therefore, it
provides in turn a very precise asymptotic expansion of, at least, one normalized solution to
equation (2.1), via equation (2.14). We call any such solution fi. Its associated square norm
Pr = |fix]? is then of the form

1
Dk = % (I-=T%), (4.3)

where I'; has the following asymptotic expansion:

1 S IR 1 &
Te~ 55 [l - 272; <2k> m} 2_:0 <2k> [m - ﬁ;(—l)mmm . (44
This is a series where each summand depends on the wavenumber k only through an even
inverse power of it. Since we know that any such p; must be of the form z/;% /2, where 1[1,( isareal
solution to the Ermakov—Pinney equation (3.2), this procedure of ultraviolet diagonalization
fixes as well (up to sign) a very specific asymptotic expansion of, at least, one solution ;. to
that equation, in the regime of unboundedly large k. Let us precisely take it (or one of them,
if there were more than one) as the particular solution to insert in the general formula (3.4)
for any other power spectrum. Then, any function p, equal to the square norm of a normalized
solution to equation (2.1) is given by

D = %{ (1 —=TY[A+ B+ (A — B)cos(2kn + 20;) + 2C sin(2kn + 26)], 4.5)

where I'; has the asymptotic expansion (4.4) and 0 is a function with dominant contribution
in the ultraviolet regime of order k. In this asymptotic regime, the dominant term in p, is

%{ [A+ B + (A — B) cos(2kn + 26;) + 2C sin(2kn + 26,)], (4.6)

because I'y is of order k2. This is a highly oscillatory function for unboundedly large k unless
we strictly impose A = B = 1, in which case p, reduces to py. Actually, this choice of constants
is the only one that succeeds to eliminate, order by order in the expansion of I'y in inverse
powers of k, all the scale-dependent oscillations in the considered ultraviolet regime.

In this way, we conclude that, in the asymptotic regime of unboundedly large wavenumbers
(or short wavelength scales) there exists only one expansion for the power spectrum of the
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field V(n, X) for which absolutely no k-dependent oscillations occur over time. Let us notice
that this result holds for any mass s that is a smooth function of time. Moreover, any choice
of normalized solutions to equation (2.1) that presents a completely NO spectrum for all &, if
such a choice exists, must have the asymptotic expansion characterized by equations (4.1) and
(4.2). It is reasonable to expect that there exists at least one set of normalized solutions that
are, e.g. continuous functions of k and possess such asymptotic expansion. If such continuity
in k ensures that the NO condition in the previous section is satisfied for all scales, then we
would have a set of preferred choices of power spectrum for the field V(n, X). There is actual
evidence that this should be the case in the context of effective LQC, just by looking at the
properties of the asymptotic expansion. Indeed, it has been shown that when s corresponds
to a constant or to the mass for cosmological perturbations on a de Sitter background, the
series given by equations (4.1) and (4.2) converges for sufficiently large k [69]. The resulting
functions are analytically well defined at all other scales, and they correspond to the choices of
normalized solutions set by the Poincaré and Bunch—Davies vacuum states, respectively [69].
As we explicitly saw in the previous section, these two states lead to power spectra that display
no oscillations at all. Furthermore, the Einsteinian regime reached as part of the effective LQC
evolution of the primordial Universe presents two regions where s is very close to either a
constant or to the mass for a de Sitter background: these are the classical kinetically dominated
period and the slow-roll inflationary phase, respectively. It therefore seems reasonable to expect
that there should exist at least one choice of normalized solutions to equation (2.1) that is
continuous in k and has an asymptotic expansion fixed by equations (4.1) and (4.2) at all finite
times such that it gives rise to power spectra that are of NO type in the regime where effective
LQC reproduces the classical FLRW evolution. Any such choice would, in turn, correspond to
a promising candidate for the vacuum state at the bounce, with a power spectrum capable of
capturing the traces left by LQC effects in the dynamics of the primordial perturbations before
these effects became ignorable in the background evolution.

5. Conclusions

We have investigated from a theoretical point of view the possibility of obtaining NO power
spectra for primordial perturbations in cosmology, putting a special emphasis on cosmological
backgrounds that correspond to certain solutions of effective LQC with inflation, such that they
display a pre-inflationary regime that is dominated by the kinetic energy density of the inflaton.
This type of background is phenomenologically favoured when confronting the expected loop
quantum geometry effects on the evolution of the perturbations with CMB observations. Fur-
thermore, we have characterized the general conditions that any power spectrum must satisfy
in order to eliminate or minimize its scale-dependent oscillations over time, making use of a
well-known equivalence between our hyperbolic field equations with a time-dependent mass
and the Ermakov—Pinney equation. Finally, we have discussed the uniqueness of the NO power
spectrum in the ultraviolet regime of short wavelength scales, concluding that there is only one
asymptotic expansion that displays no scale-dependent oscillations at all. This expansion actu-
ally corresponds to the choice of a standard Poincaré or a Bunch—Davies vacuum, respectively,
for a Minkowski or a de Sitter background, and constitutes a promising line of attack to com-
pletely fix the initial conditions for the primordial perturbations in effective LQC by means of
a physically well-motivated criterion.

In more detail, we have first considered the general equation of a harmonic oscillator with
a time-dependent mass, and have conveniently characterized its normalized solutions by diag-
onalizing the associated Hamiltonian employing explicitly time-dependent transformations.
This is the type of equation that each mode of the gauge invariant perturbations satisfies,
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not only in classical perturbation theory around FLRW cosmology, but also in the context
of the hybrid and dressed metric approaches to LQC when the unperturbed cosmology can be
described effectively. Then, using general features of the effective LQC backgrounds of inter-
est and of the solutions to the considered harmonic oscillator equation, we have discussed the
qualitative impact that oscillatory power spectra may have on observations. We have argued
that, in order to get rid of any net amplification of power artificially pumped by oscillations in
classical regimes where the classical cosmological evolution is recovered, as well as to obtain
a neat information about the quantum state of the perturbations in stages where the LQC mod-
ifications may not yet be completely negligible in the background evolution, we need to focus
our attention on initial conditions that lead to NO spectra.

We have then studied the general conditions that the normalized solutions to our field
equation must satisfy in order to avoid the presence of scale-dependent oscillations over time
in their associated spectra. For that, we have written any possible power spectrum in terms of
one particular solution to the Ermakov—Pinney equation that corresponds to our hyperbolic
equations with time-dependent mass, in a way that makes manifest the possible oscillations.
Imposing that these oscillations have a minimal contribution in the admissible power spectra
results into a very specific condition on the particular solution to the Ermakov—Pinney equation
and on the two integration constants that fix each power spectrum in terms of it. We have ana-
lyzed if this NO condition can be consistently imposed at the bounce that replaces the classical
cosmological singularity, for perturbations in hybrid LQC. The result is in the affirmative. We
have also checked that there are no serious obstructions to extend this requirement from the
bounce all the way to the onset of inflation. On the other hand, in the case of the dressed metric
approach to LQC, we have argued that there is no clear motivation from our analytical con-
siderations to substantiate the imposition of the NO condition at the bounce for the scales of
observational interest, owing to the fact that the associated negativity of the time-dependent
mass around the bounce implies that, in this case, the oscillations at the considered scales can
start only in a later phase of the evolution, which is actually when the main LQC effects are
negligible. This fact leads to the need of additional criteria or extra input in order to pick out
the initial conditions at the bounce in the dressed metric formalism. Nonetheless, these criteria
or input should be non-trivially constrained by requiring the NO condition in the part of the
evolution where the background reaches the classical, Einsteinian regime.

To conclude our analysis, we have investigated the asymptotic behavior of the power spec-
trum in the sector of unboundedly large wavenumbers k. Taking insight from previous results
about asymptotic Hamiltonian diagonalization for cosmological perturbations [69], we have
determined one specific asymptotic behavior for certain solutions to the Ermakov—Pinney
equation, given as a series in inverse powers of k. We have then inserted this asymptotic series
in the general formula for power spectra previously derived. The resulting expression mani-
festly displays rapid oscillations at every order in inverse powers of k, except for a single choice
of the otherwise free integration constants. This allows us to conclude that there is only one
possible asymptotic NO behavior for the power spectrum, that we have completely character-
ized. We have finally argued how this asymptotic expansion can reasonably lead, by imposing
continuity in the scale k, to a unique (set of) choice(s) of normalized solutions to our field
equations with a power spectrum that satisfies the NO condition for all &, in the entire clas-
sical pre-inflationary and inflationary phases of effective LQC. The choice suggested by this
procedure constitutes a promising candidate as a physically distinguished vacuum state for the
cosmological perturbations in effective LQC.

Our work provides an important step towards the analytical characterization of a reasonable
set of initial conditions for the cosmological fluctuations in a pre-inflationary Universe with
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LQC effects. Completing the specification of these data would not only confer more robust-
ness to the predictions that can be drawn from approaches to LQC such as the hybrid or the
dressed metric approaches (as well as to allow one to clearly isolate those predictions from
other classical effects, like e.g. the ones arising from a short-lived inflation). Actually, it would
be a key ingredient to understand the consequences of these various theoretical models in an
analytical way, and discriminate between them. Moreover, it would allow one to falsify them
against the CMB observations without the shadow that quantum field theory ambiguities cast
on such possible tests nowadays.

Finally, it is worth noticing that the conditions found here for NO power spectra have been
obtained for general and unspecified time-dependent (differentiable) mass functions of the per-
turbations. The same is true for our characterization of a unique asymptotic expansion for such
spectra. In this respect, our analysis potentially serves as a first contribution to the study of
preferred choices of a vacuum for primordial perturbations in other theoretical approaches to
cosmology apart from LQC (e.g. in the context of bouncing cosmologies [70]), that produce
modifications to the time-dependent mass of the perturbations with respect to its behavior in
the standard inflationary paradigm.
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Abstract: In generic curved spacetimes, the unavailability of a natural choice of vacuum state introduces
a serious ambiguity in the Fock quantization of fields. In this review, we study the case of fermions
described by a Dirac field in non-stationary spacetimes, and present recent results obtained by us
and our collaborators about well-motivated criteria capable to ensure the uniqueness in the selection
of a vacuum up to unitary transformations, at least in certain situations of interest in cosmology.
These criteria are based on two reasonable requirements. First, the invariance of the vacuum under the
symmetries of the Dirac equations in the considered spacetime. These symmetries include the spatial
isometries. Second, the unitary implementability of the Heisenberg dynamics of the annihilation and
creation operators when the curved spacetime is treated as a fixed background. This last requirement
not only permits the uniqueness of the Fock quantization but, remarkably, it also allows us to determine
an essentially unique splitting between the phase space variables assigned to the background and the
fermionic annihilation and creation variables. We first consider Dirac fields in 2 + 1 dimensions and
then discuss the more relevant case of 3 + 1 dimensions, particularizing the analysis to cosmological
spacetimes with spatial sections of spherical or toroidal topology. We use this analysis to investigate the
combined, hybrid quantization of the Dirac field and a flat homogeneous and isotropic background
cosmology when the latter is treated as a quantum entity, and the former as a perturbation. Specifically,
we focus our study on a background quantization along the lines of loop quantum cosmology.
Among the Fock quantizations for the fermionic perturbations admissible according to our criteria,
we discuss the possibility of further restricting the choice of a vacuum by the requisite of a finite
fermionic backreaction and, moreover, by the diagonalization of the fermionic contribution to the total
Hamiltonian in the asymptotic limit of large wave numbers of the Dirac modes. Finally, we argue
in support of the uniqueness of the vacuum state selected by the extension of this diagonalization
condition beyond the commented asymptotic region, in particular proving that it picks out the standard
Poincaré and Bunch-Davies vacua for fixed flat and de Sitter background spacetimes, respectively.

Keywords: quantum field theory in curved backgrounds; dirac field; loop quantum gravity; cosmology
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1. Introduction

Quantum Field Theory (QFT), namely the description of fields according to quantum rules, is one
of the pillars of Modern Physics (see e.g., Refs. [1,2]). In this description, it is common to use a
Fock formalism in which the physical processes are formulated in terms of creation and annihilation
of field excitations around a vacuum state. Typically, these excitations are interpreted as particles
(or antiparticles) of the field. This kind of description has been adopted successfully for all fundamental
physical interactions, except for gravity: a fully satisfactory quantum field formulation of General
Relativity, or more generally of the gravitational interaction, remains as a defiant challenge.

In standard QFT, the particle excitations develop in flat spacetime. The symmetries of this
background spacetime (regarded as classical) are employed in the selection of a natural state for the
Fock representation of the field: Poincaré invariance fixes a unique vacuum in Minkowski spacetime [3].
However, it is well known that the generalization of the Fock quantization techniques to field theories
in curved spacetimes is by no means straightforward, and in fact involves ambiguities. The most
important of these ambiguities concerns the choice of a (quantum) representation of the algebra,
obtained under Poisson brackets, of (the complex exponentiation of) the basic variables that describe
the field, which are usually chosen to be canonical pairs. In traditional Non-Relativistic Quantum
Mechanics, this algebra is known by the name of Weyl algebra (see e.g., Ref. [4]). Fortunately, in such
case where the system has a finite number of degrees of freedom, the representation of the algebra in a
Hilbert space is unique up to unitary equivalence, provided that certain mild conditions are imposed
(including continuity). This uniqueness result is known as the Stone-von Neumann theorem [5].
This means that two different representations of the same Weyl algebra in the same Hilbert space
are necessarily related by a unitary operator. This property ensures the robustness of the theoretical
predictions of Quantum Mechanics, and in particular of those derived from the evolution of quantum
states, something essential for the viability of the probabilistic interpretation of the quantum theory.

In QFT this uniqueness result for the quantum representation of the variables that describe the
fields is generally no longer valid. It does not even apply to Fock representations of free field theories,
which are typically governed by linear dynamical equations. In fact, it is well known (see e.g., [6]) that
for each given vacuum, there is an infinite number of linear canonical transformations, each of which
provides a Fock representation of the field that have no unitary correspondence in the Fock space.
In short, this means that what in principle ought to be the corresponding unitary transformations
just map the vacuum of the given representation to some vector which does not belong to its Hilbert
space. Therefore, inequivalent quantum representations do exist in QFT, even in the simplest cases.
This issue has been widely studied to be exclusive of systems, such as fields, with an infinite number
of degrees of freedom, since a known mathematical criterion for the unitary implementability of
a given linear canonical transformation involves a summability condition [7,8], which is trivially
satisfied if the number of degrees of freedom is finite. This fundamental obstacle translates into
the existence of an infinity of quantum descriptions of the same physical system that in general,
are not equivalent. However, one may introduce physically motivated requirements to reduce this
ambiguity of the quantum description, and even to eliminate it completely, in certain situations.
A remarkable example is given by fields that propagate in stationary spacetimes. This contains the
case of fields in flat, Minkowski spacetime that we mentioned above. In these types of scenarios,
the possible representations of the analog of the Weyl algebra [commonly known as the field canonical
commutation relations (CCRs) for bosons, or canonical anticommutation relations (CARs) for fermionic
fields] are restricted to only a single representation if one imposes that the quantum theory incorporate
the symmetry displayed by the background under time-like translations and that the evolution be
generated by a positive Hamiltonian that plays the role of an energy [6,9]. At the quantum level,
this implies that the vacuum state of the field is stationary. There is therefore a natural unitary
implementation of the dynamics.

The situation is notably more complicated when one considers fields that propagate in
non-stationary spacetimes. Such systems describe scenarios of great physical interest, such as processes
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of star collapse or the cosmological evolution of the Universe (essentially since its very beginning).
In these cases there is no time-like symmetry of the field equations that one can try and impose to
restrict the admissible quantizations. The situation gets even worse if one takes into account that the
quantum representations of the CCRs or CARs at different times are not necessarily unitarily equivalent.
As a consequence, predictions based on the quantum evolution of the states lose robustness. For this
reason, it is especially relevant to determine some physical criterion that allows us to remove the
ambiguity in the choice of a Fock quantization in non-stationary spacetimes (or at least in a convenient
subset of them) and, at the same time, regain a notion of unitary quantum dynamics for the fields.

Actually, this question has been investigated in recent years and the results indicate that the
resolutions of the two problems are closely related. Indeed, for scalar fields in a multitude of
non-stationary spacetimes of cosmological nature, it has been shown that a requirement of unitarity on
the dynamics of the basic field operators in the Heisenberg picture (henceforth referred to as Heisenberg
dynamics or evolution) can be used to guarantee the uniqueness of the Fock representation of the CCRs
(up to unitary equivalence) if, in addition, one imposes invariance under the symmetries of the field
equations [10-29]. These symmetries include the spatial isometries. In many cases, these isometries
suffice to reach the desired uniqueness when combined with the demand of a unitary Heisenberg
evolution. Recent discussions on the topic of unitary dynamics in QFT in curved spacetimes from
the canonical perspective can be found in Ref. [10] (see also Ref. [30] for related investigations on this
issue). On the other hand, the nature of the vacuum state for fields in curved spacetimes and the Fock
quantization of such fields from a covariant perspective have been widely investigated over recent
decades, see e.g., Refs. [31-34].

In this review, instead, we focus our attention on fermionic fields. Many of the most abundant
elementary particles in standard matter are fermions, and in this respect one can say that fermionic
fields describe more realistic matter contents than scalar fields. In addition, although there exist
well-founded results about the selection of Fock representations of fermionic fields in cosmology,
the literature on this topic is not as prolific as in the case of scalar fields. In this sense, a review
of the recent results obtained by us and our collaborators about uniqueness criteria for the Fock
representation of fermionic fields, based on a unitary Heisenberg dynamics or other related properties,
appears especially useful. For the sake of concreteness, most of our discussion is devoted to the
particular case of a Dirac fermion field, to which we will henceforth refer simply as Dirac field.

The issue of determining Heisenberg dynamics that can be realized as a unitary quantum
transformation in fact involves a freedom in the splitting of the time dependence of the (fermionic)
field. This time dependence can be separated in two parts: one that can be assigned to the quantum
evolution of the creation and annihilation operators of the Fock representation and another that
is due to the evolution of the background in which the field propagates. This second part can be
treated as an explicit time dependence, via the background, when this is considered to be a classical
entity. Strictly speaking, this part of the evolution is not contained in the Heisenberg dynamics of
the fermionic degrees of freedom. A fundamental idea in the search for a criterion to select a Fock
quantization by imposing a notion of unitary dynamics is that the freedom in the splitting of the time
dependence of the field can be employed to restrict the quantization in such a way that one ends up
with a single family of equivalent representations while keeping nontrivial information about the
fermionic evolution.

The idea of using the aforementioned freedom to arrive at a preferred class of Fock representations
has proven to be very fruitful in frameworks that surpass the scheme of QFT in a curved classical
spacetime. This is the case of fields with a dynamics that can be viewed as a propagation in an auxiliary
background, or even quantum geometries that present regimes in which they can be treated effectively.
For instance, this idea has been applied in the framework of hybrid loop quantum cosmology (hLQC),
in which the spacetime is no longer a classical entity, but a quantum object [23-25,28]. For cosmological
systems of notable physical interest, hLQC combines a loop quantization of the zero modes that
(classically) describe the Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetime that would
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correspond to a cosmological universe, with a Fock quantization of the field degrees of freedom
that propagate in such a cosmological spacetime, typically viewed as perturbations [35,36]. The action
of the gravitational system and its matter content is truncated at second order in these perturbations
(generally assuming compact spatial sections). The combination of the loop and Fock techniques must
give rise to a consistent quantization of the total system, composed by the background cosmology
and the perturbations. This consistency involves the imposition a la Dirac of a global Hamiltonian
constraint that interrelates the two types of representations as well as the evolution of the homogeneous
universe and of its perturbations. For most of the relevant dynamical aspects of these perturbations,
the information about the quantum geometry can be encapsulated in an effective geometry that in
many respects can be considered to be emerging from a mean-field approximation of the geometric
degrees of freedom contained in the cosmological background. In this approximation, the fields that
correspond to the (gauge invariant part of the) perturbations admit a QFT description where the
background is the aforementioned effective geometry [35,36]. In this context, it is even clearer that
building a formalism capable to maintain the unitarity of the Heisenberg dynamics in non-stationary
spacetimes transcends the need to guarantee the robustness of the physical predictions of the theory.
In hLQC, in particular, the additional advantage to pick out a unique family of equivalent Fock
representations of the gauge invariant perturbations is that one can construct a Heisenberg evolution
(with respect to some parameter of the complete quantum system) that behaves as a unitary quantum
transformation in regimes where an effective background emerges.

Despite the attention that scalar (and tensor) perturbations deserve in cosmology, it is clear that
a realistic matter content must include other types of fields, such as those that describe fermions, as
we have already pointed out. Actually, in hLQC, recent works have introduced Dirac fermions and
treated them as part of the perturbations [37]. The interest of contemplating the presence of these fields
in the very early Universe goes beyond a formal question about the completeness of the description,
because it is necessary to confirm that these fermionic fields do not affect substantially the otherwise
well-established evolution of the primordial scalar perturbations, nor of the tensor ones. The results
obtained in Refs. [37,38] support the expectation that the possible effects are ignorable.

It is worth remarking that there exists an inherent freedom to choose the splitting between the
(fermionic) field variables and the degrees of freedom that describe the background, allowing one to
change between different families of annihilation and creation variables. This can be done by means
of transformations that mix all these degrees of freedom while preserving the canonical symplectic
structure of the combined system, including the field canonical (anti-)commutation relations. If the
fields are treated as perturbations, it suffices that the canonical symplectic structure is preserved at
the level of the perturbative truncation adopted in the system. Instead of considering this freedom
a nuisance, one can try and exploit it to define variables for which the Hamiltonian of the selected
fermionic degrees of freedom has certain nice quantum properties, desirable from the viewpoint of a
good physical and mathematical behavior [38].

In fact, when fermions were studied for the first time within the hybrid approach to loop
quantum cosmology in Ref. [37], considering them as perturbations around a homogeneous and
isotropic cosmological spacetime, the selection of fermionic variables for the corresponding Dirac
field was restricted only by the requirements of invariance of the resulting Fock vacuum under
the spatial isometries, a unitarily implementable Heisenberg evolution in the regime of QFT in a
curved background, and a standard convention for particles and antiparticles. Nonetheless, with a
rather reasonable choice made among the family restricted by these conditions, it was realized that
the resulting Schrodinger equation for the fermionic degrees of freedom (after a sort of mean-field
approximation) involved ultraviolet divergences. To solve these divergences, one either must appeal to
a regularization scheme with subtraction of infinities or, alternatively, employ the remaining freedom
in the choice of fermionic variables and restrict it even further by introducing additional requirements.
Specifically, in Ref. [38] it was required that the fermionic backreaction be finite. In practice, this new
restriction lowers the asymptotic order of the interaction part of the fermionic Hamiltonian at large
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wave numbers (defined for the Dirac field as the eigenvalues of the Dirac operator on the spatial
sections of the background, in absolute value). Consequently, the production of pairs of particles and
antiparticles decreases for large wave numbers, becoming negligible asymptotically.

Actually, it is possible to go one step beyond in the same direction and, by taking advantage again
of the freedom to split the degrees of freedom, demonstrate that one can absorb all the interaction terms
of the fermionic Hamiltonian to make them identically zero order by order in the asymptotic regime of
large wave numbers [39]. In this way, one clearly improves the quantum behavior of the (fermionic)
field contribution to the Hamiltonian of the gravitational system. Moreover, one also greatly reduces
the surviving ambiguity in the choice of Fock representation and vacuum for the field. Moreover,
since the resulting (fermionic) field Hamiltonian contribution is diagonal by construction on states
with a definite number of particle (and antiparticle) excitations, at least asymptotically, the dynamics
ruled by it is very simple. The vacuum of the naturally associated Fock representation changes only
by a rotating phase. In this sense, one can interpret that this vacuum and the corresponding splitting
of degrees of freedom in the hybrid quantization approach are those that get best adapted to the
cosmological evolution. Finally, it is remarkable that this criterion of asymptotic diagonalization
reproduces the standard choices of vacuum state in well-understood situations, within the scheme of
QFT in a curved classical background [39,40]. This happens e.g., in the case of a flat spacetime, as well
as for a de Sitter cosmology, scenario where the Bunch-Davies state is a natural vacuum [41].

The rest of this review is organized as follows. In Section 2 we provide the basics for the
construction of a Fock representation of the CARs for a Dirac field, within the framework of QFT in a
curved spacetime. We also summarize the results about the use of symmetries and of the unitarity of the
Heisenberg evolution as criteria to select a preferred family of equivalent Fock representations. We then
explicitly apply these criteria in Section 3 that deals with the case of a Dirac field in a non-stationary
spacetime in 2 + 1 dimensions. The more interesting case of Dirac fields in a cosmological spacetime
in 3 + 1 dimensions is reviewed in Section 4. After reviewing these aspects and results of QFT in
curved spacetimes, in Section 5 we consider the use of canonical transformations to introduce a
suitable splitting between the degrees of freedom of the cosmological background and of the Dirac
field, treated in principle as a perturbation. In that section, we show how to use this freedom in
the splitting to improve the quantum properties of the fermionic contribution to the Hamiltonian
of the system, and in particular to make finite the backreaction that appears in it. The possibility of
further employing this freedom to diagonalize the fermionic contribution to the Hamiltonian in the
asymptotic limit of large wave numbers is reviewed in Section 6. There, we also explain that this
diagonalization requirement can pick out a unique vacuum state under reasonable conditions, and that
this state coincides with the natural one in situations of interest in QFT, like for Minkowski and de
Sitter backgrounds. In addition, we also comment on the relation of adiabatic states with the vacuum
selected by our criterion. Finally, we present the conclusions and some additional remarks in Section 7.
We set the speed of light in vacuo, the Newton gravitational constant, and the reduced Planck constant
equal to the unit.

2. Fock Quantization of the Dirac field

This section contains some background material about the Fock quantization of a Dirac field
in a curved spacetime. Special emphasis is put on the inherent ambiguity in the representation of
the CARs associated with the infinitely many inequivalent complex structures available to construct
the quantum theory, as well as on the combined criteria of symmetry invariance and of unitary
implementability of the dynamics that have been successfully employed to remove this ambiguity
(and, even more, the ambiguity in the choice of basic field variables) in diverse, physically interesting
fermionic (and bosonic) systems.

For the sake of clarity, let us begin our discussion by introducing the classical setting.



Universe 2020, 6, 241 6 of 48

2.1. Background Spacetime and Dirac Equation

As backgrounds for the propagation of the field, we consider globally hyperbolic spacetimes,
or just globally hyperbolic regions, (M ~ I x %, g,y ), in either three or four dimensions. Here, I denotes
an interval of the real line, and X is a Riemannian, Cauchy (hyper-)surface of dimension d, with d = 2, 3.
For mathematical convenience, we restrict this surface to be topologically compact. In order to ensure
that the spacetime (or region) admits a spin structure [42], we additionally require that M admit a
global orthonormal frame [43]. Therefore, the spacetime metric can be globally written as

Sy = €el ap,s (1)

where 17, is the Minkowski metric in (d 4+ 1)-dimensions, with signature {—, +,...,+}, and e;’l is
a(n orthonormal) coframe field, with dual frame é. Throughout this work, Greek indices from
the middle of the alphabet denote spacetime indices (y,v,... = 0,...,d), whereas Latin indices
from the beginning of the alphabet account for the internal Lorentz gauge introduced by the frame
(a,b,...=0,...,d). Moreover, Greek indices from the beginning of the alphabet denote spatial indices
(@, B,...=1,...,4).

By employing an Arnowitt-Deser—-Misner (ADM) decomposition of the considered spacetime
(region) [44], we introduce a coordinate system in M, say {x"} = {x°,x*}, with x0 = t € [ being the
time parameter and {x*} coordinatizing . The line element in coordinates {x*} reads

ds? = gudxtdx’ = —(N? — NyN*)d#* + 2N, dx*dt + hypdx®dx?, 2)

where N and N* are, respectively, the lapse function and the shift vector, and /1,4 is the induced metric
on the Cauchy surface X.

Let then Y be a free, complex, and anticommuting Dirac spinor with mass m, propagating in
(M, guv). The dynamics of ¥ is governed by the first-order linear equation

iy V¥ —m¥ = 0. )

Here, the operator Vﬁ stands for the spin lifting of the Levi—Civita covariant derivative [42], and ¢* are
the constant Dirac matrices that generate the Clifford algebra of a flat spacetime in (d + 1) dimensions:

7+ =27, @

where [ is the identity matrix and #% is the (inverse of the) Minkowski metric.

On account of the global hyperbolicity of (M, g,v), the Dirac Equation (3) has a well-posed
Cauchy formulation [45]. Therefore, given any smooth initial value ¥ (X) of the spinor field on a certain
(compact) Cauchy surface X, say at t = to (where ty € [ is a fixed, but arbitrary, reference time),
there exists a unique smooth solution ¥ (¢, X¥) to Equation (3) which is defined on all of M and such
that ¥ (¢, ¥)|x, = Y(¥). The solution ¥ (¢, X), restricted to the domain of dependence of an arbitrary
closed subset S of Xy, depends only upon ¥ (X)|s. Henceforth, we fix X (i.e., the section at t = () as
the Cauchy reference surface. Let S be the complex linear space of (smooth) solutions to the Dirac
Equation (3) which arises from the complex vector space P = {¥(X)} of (smooth) initial conditions at
time t(. Please note that by construction, the map S > ¥ — I; (¥) = ¥|x, is an isomorphism between
the linear spaces S and P.

The space of Cauchy data P is naturally equipped with the product [45]

(¥1,¥2)p = /Z 4% Vh iy ntel 7, ¥, (5)
v &0

where v, = nab’yb , h is the determinant of hyp, the dagger denotes the Hermitian adjoint, and n* are
the spacetime components of the future-directed unit normal to the Cauchy surface Xy. The space of
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solutions & is endowed with an inner product of the form (5), though now at an arbitrary Cauchy
surface Xy; this is so because of the independence of the mapping (-, - )p : S x § — C upon the
spatial section on which it is evaluated.

The exact meaning of what we understand by classical dynamical evolution in the space P is
as follows. Given any solution ¥(t,¥) in S, the evaluation ¥(t,¥)|z, at a fixed time t' defines the
spinor ¥/(¥) = ¥ (', X) on ¥y. Namely we can take the induced spinor field on X as initial condition
on . Clearly, the mapping Iy : & — P defined by ¥(t,¥) — I (¥(t,X)) = ¥(¢,%) = ¥'(¥)
is an isomorphism. Then, by considering the entire interval I, we get a one-parameter family of
isomorphisms I; : § — P. The action of this family of mappings on a solution ¥ € S gives the
dynamical orbit of the Cauchy initial datum ¥ (¢, ¥) |5, = ¥ (¥) in P; that is, time evolution in the space
of Cauchy data P is given by the one-parameter family of linear transformations T; ;) = It o I;; L

2.2. Fock Quantization, Unitarity, and Uniqueness

Let us next discuss the Fock quantization of Dirac fields using an approach based on the space
of Cauchy data. It is worth remarking that an analogous approach constructed from the space of
solutions is readily available, given the isomorphism I;, between both spaces.

We start by equipping the space of Cauchy data P with a complex structure, namely a real linear
automorphism ] : P — P with the property ]2 = —1I, and such that it leaves the inner product (5)
invariant. The complex structure allows for a natural splitting of P into two mutually complementary
orthogonal subspaces (with respect to the considered inner product) Pji = (P FiJP)/2 that are
eigenspaces of | with eigenvalue +i. Let P be the complex conjugate of P, endowed with the complex
conjugate of Equation (5) as its inner product. The complex structure | is naturally defined by linearity
on P, and we similarly have that the corresponding +i—eigenspaces, 75]jE = (P ¥iJP)/2, provide a
decomposition of P into mutually orthogonal subspaces. Please note that 75]jE and P]i are related by
P =Pf.

By performing the Cauchy completion of Pfr and 75]+ in their inner products, we get the
one-particle Hilbert spaces ’H? and H?p of, respectively, particles and antiparticles. The Hilbert space of
the quantum theory is taken to be the antisymmetric Fock space

Fr =@ o(®@5H)), (6)

where H; = 7—[? @ ’H?p is the one-particle Hilbert space associated with the complex structure |,
and ®jH; denotes the n-fold antisymmetric tensor product of H;, with ®jH; = C [3,46].

Let {y}h(X)} and {¢," (X)} be complete orthonormal bases for, respectively, ’H? and fo;p . Then,
the quantum field is (formally) represented in F} by

¥(7) = Llanyn(7) + B9 ()], 7)
n

where 4, is the annihilation operator associated with the spinor $;, whereas b}, is the creation operator
associated with the spinor ¥,. The adjoint operators 4}, and b, correspond to the creation and
annihilation operators of, respectively, particles and antiparticles. For a detailed discussion about the
definition of fermionic annihilation and creation operators, see for instance Ref. [46]. For now, let us
stress that the annihilation and creation operators here displayed correspond to the mode expansion
projections of the (smeared) annihilation and creation operators specified in Ref. [46]. The basic
operators {a,,a%, b, b} } satisfy the anticommutation relations,

[anr ﬁL]Jr = 5nm; [fﬂn,%h = 5nmz (8)
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with the remaining anticommutators being null. The vacuum state of the theory corresponds to the
unique (up to a phase) normalized cyclic vector in F; which vanishes under the action of all the
annihilation operators, 4, and b,.

Let us emphasize that the choice of a complex structure for the Fock quantization determines the
annihilation and creation operators of the theory. Thus, in general, different complex structures define
different representations of the CARs. Furthermore, there exist infinitely many of these representations
that fail to be unitarily equivalent [3]. This is where the ambiguity in the Fock representation of the
Dirac field resides. Let us be more specific. Let F i and F I be two distinct Fock spaces, constructed
from the different complex structures | and J'. It can then be shown that on the Fock space Fj,
the annihilation and creation operators defined by |’ (and which are naturally associated with the
basis of F/) are given by expressions of the form

By = Y (Whls + Bhobl), A = Y@l + Blonbi), 9)
m m

I;;z = Z(ﬁ‘imi?m + B%mﬁ:q)i E]/:r = Z(Dc%mg; + ,B%mﬁm). (10)
m m

Here, txﬁm, ,Bim, g, and B5,, are (complex) coefficients satisfying the relationships

Y (i@l + BB = Sum, Z(“ilﬁiz + ﬁﬁ;ﬁﬁiz) =0, h=fg (11)
7 7

That is, the annihilation and creation operators defined by the two distinct complex structures |
and |’ are related by a Bogoliubov transformation.

By definition, unitary equivalence between the representations defined by | and ' means that
there exists a unitary operator U : F. 7 — Jj intertwining the two representations, i.e., such that
a, = U-1a,0 and 3;1 = U'h,U. The transformation defined in Equations (9) and (10) is unitarily
implementable then, in the sense that the transformation defined by the coefficients txﬁm, ﬁzm, ol
and %, is a bona fide canonical transformation between the classical annihilation and creation variables
corresponding to the considered operators.

A well-known result [8] states that unitary equivalence is achieved if and only if

Y (1B + 1B ) < co. (12)

n,m

In general, given any two arbitrary complex structures, this condition is not satisfied. In fact,
infinitely many inequivalent Fock representations of the CARs are possible, just as it happens with
bosonic fields and their corresponding CCRs. The usual strategy to remove these types of ambiguities
and to arrive at a (hopefully) unique Fock representation is to exploit the symmetries of the system.
One typically requires that the complex structure (or the vacuum, in more physical terms) be invariant
under some natural existing symmetries. As already mentioned in the Introduction, a crucial role
is played here by time-translation invariance, and therefore that strict strategy fails to produce
a unique representation in non-stationary scenarios, including very familiar and cosmologically
relevant spacetimes.

Notice that a complex structure that remains invariant under time evolution immediately gives
rise to a unitary implementation of (the canonical transformations generated by) the dynamics,
therefore allowing the standard probabilistic interpretation of the quantum theory. It is, therefore,
natural that in non-stationary settings, one should try to preserve the unitary implementation of
dynamical transformations, though giving up on (non-available) fully time-translation invariant
complex structures, taking into account that this invariance is a sufficient, but by no means necessary,
condition for such a unitary implementation. Let us make this more explicit. Suppose we are given
a complex structure | on P, and construct the corresponding Fock representation, with associated
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operators 4, and b, as above. Since the field equations are linear, the transformations that correspond to
time evolution from initial time ¢ to arbitrary time ¢ are linear, and we obtain, for each ¢, new operators
of the general form

an(t) = X (whn (8 0)n + Bl (1, 10)8}, ) (13)
b = X (it to)B, + Bim(t, o) ) (14)

with af (t) and b, (t) being supplied by the adjoint expressions of, respectively, Equations (13) and (14).
It should be clear that since the field evolution is a canonical transformation, the new operators satisfy
the CARs, and we therefore have a family of new Fock representations. In fact, the new operators are
simply those associated with the transformed complex structures T(t,to)IT(;}o) [10], where Ty ) is the
evolution map introduced at the end of Section 2.1. Then, a unitary implementation of the dynamical
transformations implies the unitary equivalence between all the new representations, for all ¢, and the
original one defined by J. Of course, for a complex structure | that remains invariant under time
evolution, the fulfillment of the unitary equivalence condition (12) is trivial, since all the nondiagonal
beta coefficients of the associated Bogoliubov transformations are null.

On the other hand, there seems to be no compelling reason to relax the requirement of invariance
under other natural remaining symmetries, such as isometries of the spatial manifold %, since invariant
complex structures under these types of symmetries typically exist. Therefore, the strategy that we
adopt to deal with the ambiguity of the Fock quantization in non-stationary settings is the following.
We require that the complex structure be invariant under the spatial isometries (and possibly other
remaining symmetries of the system) and that it allows a unitary implementability of the dynamics.
These combined criteria have been shown to be viable and effective in addressing the issue of the
uniqueness of the quantization for a large class of field systems. The criteria were introduced for
the first time in the context of midisuperspace models!, concretely to specify a unique preferred
quantization of the inhomogeneous fields in Gowdy cosmological models [12-16,49], and since then
they have been profusely and successfully employed to address the uniqueness of the quantization
of (test) scalar fields in various, physically relevant cosmological backgrounds [17-22,24,25,27,29,50]
(for a review, see Ref. [51]). Concerning fermionic fields and CARs, the same criteria have been
successfully applied to single out a unique preferred quantum description for (test) Dirac fields in
2 41 dimensions [52] and in FLRW spacetimes [53-56], as we discuss in the next two sections.

It is worth pointing out that as discussed in the Introduction, to achieve unitarily implementable
dynamics in the type of non-stationary scenarios here considered, it is inevitable to explore the
freedom in the splitting of the time dependence of the field between a genuine quantum Heisenberg
evolution and an explicit dependence on the spacetime background. Typically, superimposed on
the intrinsic dynamical evolution of the field variables, there is an explicitly time-dependent part
coming from the non-stationary background spacetime itself. This last contribution to the total time
dependence may be viewed as classical in nature, and effectively obstructs the possibility of a unitary
quantum evolution. The solution is to extract the latter part by means of a time-dependent canonical
transformation (performed at the classical level). This type of modification of the quantum notion of
the field evolution is unavoidable in all the cosmological systems analyzed so far, in order to recover a
unitary implementability of the dynamics. Crucial in this approach is to pinpoint exactly the correct
splitting between the intrinsic time dependence of the field and the time dependence coming from
external factors, such as a non-stationary background. It is of the utmost importance to stress that this

1 The term midisuperspace, originally introduced by K. Kuchat [47,48], refers to models that even though possessing some

symmetry, retain an infinite number of degrees of freedom, e.g., certain inhomogeneous models.
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splitting is far from being arbitrary. It is guided, and to a great extent determined, by the requirement
of a unitarily implementable dynamics.

3. Dirac Fields in 2 + 1 Dimensions

This section is devoted to discussing the applicability of the criteria of symmetry invariance and of
unitary implementability of the dynamics in the Fock quantization of a concrete class of field systems,
namely the case of a free Dirac field in 2 4 1-dimensional spacetimes which are conformally ultrastatic,
with a time-dependent conformal factor. We show that under rather non-stringent conditions on the
time dependence of the cosmological background, and once a convention on the notions of particle
and antiparticle has been established, a unique family of equivalent Fock representations is singled
out by imposing (i) invariance under the unitary transformations that implement the symmetries of
the equations of motion, and (ii) a nontrivial and unitarily implementable dynamics [52].

3.1. Dirac Spinor in Conformally Ultrastatic Spacetimes

Let us consider a fermionic field coupled to a globally hyperbolic, smooth manifold (or region)
M, with the topology of I x X, where (as before) I C R is an interval of the real line, and X is a
connected, compact, and orientable two-dimensional Riemannian manifold. Since, in particular, M is
an orientable three-dimensional manifold, it is stably parallelizable [57]. We consider here conformally
ultrastatic background geometries, so that the metric can be written as

ds? = a?(1) (—diyz + Oha/g(fc')dx"‘dxﬁ) . (15)

Up to the scale factor a(7), which contains the non-stationary information of the metric, %, p is
the metric induced on the spatial surfaces X, defined at each fixed value of the conformal time 7.

The Dirac field couples to the geometry by means of the global (co)frame (1) defined, up to
50(2,1) (orthochronous) gauge transformations, by the metric (15). Since in three dimensions any of
the two irreducible complex representations of the Clifford algebra (4) are generated by 2 x 2 Dirac
matrices, complex fermionic fields are locally represented by two-component spinors ¥. In turn,
we describe the components of these spinors by Grassmann variables, to encode the anticommuting
nature of the fermionic field. We represent the Dirac matrices by

-1 0 0 -1 0 1
0 _ » 1 _ - 2 _

The action for a fermionic field of mass m is given by
. o 1
Iy = —z/diy d*x,/—¢g {2(T+70657“Vft‘1’ —he)— m‘I”’yO‘I’} , (17)

where g is the determinant of the spacetime metric g;,, and h.c. stands for Hermitian conjugate.
Moreover, using the spin connection one-form

1
w;zlb _ E (euaaye]b/ + euae/\ba/\gﬂv _ e”baﬂeﬁ _ e”be)‘”a/\gyv) , (18)

the spin lifting of the Levi—Civita covariant derivative is locally defined on the spinors as [42]
s T b
V¥ =09,Y - e YopYa Y- (19)

It is convenient to partially fix the internal Lorentz gauge by choosing n#e? = 6%, where n# is
p y gauge by g U 0

the future-directed unit vector field normal to the spatial surfaces ¥;. This leads to a reduction of
the structure group of the bundle of oriented frames from SO(2,1) (orthochronous) to SO(2) [58],
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restricting the spin structure to the double cover of the reduced frame bundle. For each of the
considered spacetime manifolds and choice of spin structure on them, this restriction is well defined
and provides an identical spin structure on each of all the two-dimensional leaves that foliate the
spacetime manifold [42]. Thus, for each value of the time parameter, the field behaves as a spinor
geometrically defined on each of the two-dimensional spatial manifolds %, that foliate the background.
Equivalently, within the Cauchy data approach, the field can be described by one-parameter families
of spinors, parametrized by the conformal time 7, defined on an initial Cauchy reference surface X,
specified by # = 9. Let us denote by P the space of Cauchy data, namely the space of spinors at Z.
The aforementioned one-parameter families on P are nothing but the result of evolving the Cauchy
data in time (see Section 2). Thanks to the adopted gauge fixing, we can make a direct use of the
spectral analysis of the Dirac operator defined on the two-dimensional Cauchy surface X, instead of
the Dirac operator on the whole Lorentzian geometry. In fact, in this gauge, the covariant derivative
on spinors becomes simply

VEY = Aoy, VY =OVIY - Loy, 20)
1
o = 3 (eﬁ“eObaogaﬁ — eﬁbeouaogaﬁ) , (21)

where (2)V$ is the spin covariant derivative on the spatial leaf with metric Oh,xﬁ. It can then be
checked that

/

1, aoS 7° a i
ey V?"\P:7 80+E T_ED\P’ (22)

where the prime stands for the derivative with respect to the conformal time 7, and I denotes the
Dirac operator on Y.

Once the partial gauge fixing is performed, the inner product (5) on the space of Cauchy data P
simplifies to

(1, ¥2)p = af [ d*FVORY] ()Y (), (23)

where ag = a(79) and °h is the determinant of Ohalg.

The Dirac operator D is essentially self-adjoint with respect to the inner product (5) and, since X
is compact, it necessarily has a discrete spectrum, with eigenvalues +wy,, labeled by natural numbers
n, with wy, (> 0) growing with n [42]. Then, the space of Cauchy data P can be endowed with a
basis formed by a set of eigenspinors of the Dirac operator. Let a, 10" (%) be the eigenspinors with
positive eigenvalue w, and orthonormal with respect to the inner product (5), where the index p
accounts for the degeneracy. Since [p anticommutes with y!9? = 40, we can choose as eigenspinors
with negative eigenvalue —w, those defined as 7"'7 (¥) = —%p""? (¥). Like p"? (¥), these eigenspinors
form an orthonormal set when the product is rescaled by the factor a; 2. With this rescaling, the set
{p"F(X),"?(X)} provides a complete, orthonormal basis for P.

Let g, be the degeneracy of the eigenspace labeled by n, so that p =1, ..., g». The explicit form
of g, depends on the spectral details of the Dirac operator ) and, consequently, on the particular
2-manifold considered. Nevertheless, for our purposes, we do not need the actual value of g, but only
to know its behavior in the ultraviolet regime of large eigenvalues wj,. Therefore, let us introduce the
counting function xp(w) of the Dirac operator on a d-dimensional compact Riemannian manifold;
that is, x 3 (w) is the function that counts the number of positive eigenvalues of IJ that are not greater
than w (including degeneracy). From the Weyl asymptotic formula [59], it follows that x 3 (w) grows
at most as w? when w goes to infinity. Using this result with d = 2, we conclude that the degeneracy
behaves in the large 7 limit as g, = o(w?2), where the symbol 0(w?2) means negligible with respect

to w?.
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In terms of the basis {p"?(X), 0" (X)}, the dynamical families of spinors in P (each one of them
parametrized by the conformal time 7) are given by

©  &n
¥(0,3) = o), = L X b @ 4 e @) e

Here, we use overlined symbols to indicate complex conjugation. Apart from the global factor
a~1(n), the time dependence (equivalently, the 7-parameterization) is captured by the time-dependent
coefficients s,, and 7, of ¢, which take care of the Grassmannian nature of the fermionic field.
The auxiliary field ¢ shows symmetric canonical Dirac brackets with its corresponding adjoint field
that do not depend on the background [60,61]. We represent the algebra generated by these brackets
in a Fock space, with the brackets being replaced with anticommutators , thus obtaining a Fock
representation of the CARs and therefore a quantization of both the auxiliary and the original field,
pand Y.

By writing the field anticommutation relations in terms of the modes s;,p, 7,,p, and their complex
conjugates, one finds that the only nonvanishing Dirac brackets are {s,,p, 5np} = —iand {rup, Fnp} = —i,
which are symmetric due to the anticommutativity of our Grassmann variables. In the quantum theory,
they become anticommutators of the corresponding operators [60].

From Equations (17) and (24), the equations of motion for the fermionic modes are given by [52]

/
Sn

p = i(wn +ima)np, r;p = —i(wy + ima)syy, (25)
and their complex conjugates. These equations only couple the modes s, and 7y, (respectively 5,
and ry,p) with the same labels 7 and p, and do not depend on the degeneracy label p. They can be
combined into the second-order differential equation

ma

// _ 2 2.2 .
Znp = —(wy +ma )znp+1w ap—
n

(26)
where z;,;, denotes either s, or 7,,,. The general solution to this equation does not depend on the label p,
except through the initial conditions, and is a linear combination of two complex independent solutions
that we write in the form exp [(—1)""1i@), (7)] with | = 1,2. Let @}, (1) = ©), ; and (©},)'(170) = @/, ;
be the initial conditions at the initial reference time 7, and let us call qu g = exp [(—1)”11'@; ol
A simple inspection shows that the integration constants of the general solution relate the initial
conditions on @/, and their derivatives to the initial conditions snp and 9 p for the modes (and their
complex conjugates), via Equation (25). One can then deduce that time evolution in the complex linear
space of spinors 1 is dictated by the linear transformation [52]

K I VR R 27
(), - o), .

A261@n(1) 4 ALe=iO3(n)  710i04(7) _ 72,—i07 ()
D) (éez‘@%w) e 32004 4 AR @8

where the subindex # in column-vectors denotes evaluation at the given value of the conformal time,
and the constants A, and ¢, are

)
G)n,l
Qgrz,O (®;,1 + G)%z,l)

wy +ima
gl = 2 0 (29)

Al =
0,40}, +07 )

n

where [ is the complementary of [ in {1,2}, namely {/,I} = {1,2}.
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To analyze whether the quantum theory admits a unitarily implementable dynamics, we do not
really need to obtain the solution for V, (7, 1). It is sufficient to know its behavior in the ultraviolet
regime of large w;,. Under the mild condition that the scale factor be twice differentiable and with
a second derivative that is integrable over each compact subinterval of the time domain I, a careful
asymptotic analysis of the dynamics of the modes {z,,} = {sup, 7np} shows that two independent
solutions to Equation (26) can be specified as follows [52]:

o = wumr+ [Tarsim, ) = A - (0

for | = 1,2, where Ay = 1 — 179, and Al,(7) is a function with A/, (179) = 0 that in the ultraviolet regime,
is at most of order w;, '. With this choice, the constants (29) turn out to be

may,
4wy (wy +imag)’

I _ 1 ;mag
2 2wy

A== —(-1) (31)

3.2. Fock Quantization and Unitary Evolution

Let us now discuss the quantization of our fermionic system. Concretely, in this section we present
the unique, preferred Fock quantization singled out by the criteria of symmetry invariance and of
unitary implementability of the dynamics introduced in Section 2. The construction is performed in
three steps. (1) We first focus on determining the family of invariant complex structures; namely those
that commute with the action of the group of symmetries of the equations of motion for the modes.
By construction, these complex structures lead to Fock vacuum states that are invariant under the
unitary transformations generated by the symmetry group. We then consider time-dependent families
of annihilation and creation variables associated with the invariant complex structures. By interpreting
these families as dynamical trajectories, a specific redistribution of the implicit and explicit time
dependence of the field is made. The dynamics that we wish to implement quantum mechanically
is that of the implicitly time-dependent part, corresponding to the evolution of the annihilation and
creation variables. (2) Each of the families of annihilation and creation variables defines an invariant
Fock representation and a specific quantum evolution in the corresponding Fock space. We impose the
criterion of unitary implementability of the dynamics, together with the requirement that the evolution
be not trivialized. This leads us to set (or better said, characterize) all invariant Fock quantizations
with a nontrivial and unitarily implementable dynamics. (3) Finally, we show that all such Fock
quantizations turn out to be, in fact, unitarily equivalent, up to conventions in the notions of particles
and antiparticles.

On account of Equation (25), it is clear that the field equations are invariant under the set of
transformations that interchange eigenmodes of the Dirac operator with the same value of wj,. Since the
Dirac operator is built from the spatial metric %, p, these symmetries include the isometries (if any) of
the Cauchy surface X. It should be clear that linear transformations commuting with the action of the
symmetry group of the Dirac equation are composed of 2 x 2 blocks which at most, can mix the modes
snp and 7yp with the same value of p. In addition, using all the available symmetries one can reason
that the blocks are necessarily the same for all the modes corresponding to the same eigenvalue of the
Dirac operator (in norm) [52]. Therefore, in particular, invariant complex structures are completely
determined by a series of 2 x 2 matrices labeled by n € N.

Let us remark that given a complex structure, their associated annihilation and creation variables,
namely the classical counterparts of the corresponding operators in an expansion of the type (7),
diagonalize its action. Since invariant complex structures can mix only modes s, and 7, with the
same labels, the corresponding annihilation and creation variables must be linear combinations of
these modes. The annihilation variables of particles and antiparticles are denoted by ay,, and by,
respectively, while the creation variables are their complex conjugates ,, and by;,. These variables
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must satisfy the usual Dirac brackets for annihilation and creation sets, {a,p, dnp} = {bup, l_vnp} = —
and {aup, byp} = 0, which lead to the CARs (8) in the quantum theory.

Now, let us consider time-dependent families of annihilation and creation variables associated
with invariant complex structures. Specifically,

(wl ”w%wl =g @)
In order that we get the required Dirac brackets for a;p, byp, and their complex conjugates,
the time-dependent functions f]' and g7 (I = 1,2) must satisfy

AP+IP=1 [8iP+I857P =1,  figi+f8 =0. (33)
Combining these conditions, we can write

gi=fee,  g=-f, fg-sifi =, (34)
where G" is a certain phase. Thus, it suffices just one complex function and two (real) phases for each
n to characterize one family of annihilation and creation variables of the form (32).

If we interpret the variables in each of these families as conforming to dynamical trajectories,
their evolution differs (from each other, in general, and) from that of the modes s;, and 7, that
dictate the evolution of the auxiliary spinor field 1, because of the explicit dependence on 7 of the
matrices F,. By substituting the inverse of Equation (32) in Equation (24), we obtain the expression
of ¥ in terms of the introduced variables a,,(17) and byup,(77). The result makes it clear that the
dynamics of ¥ is determined by the evolution of the annihilation and creation variables, and by
the explicitly time-dependent contributions coming from F, and the scale factor. It is only the
implicitly time-dependent part, i.e., the part corresponding to the evolution of the annihilation and
creation variables, the one that we want to implement as a quantum Heisenberg evolution. In the
following, we restrict our attention to quantizations that are not only invariant, but also admit a unitary
implementability of these dynamics.

For any of the allowed families of variables given in Equation (32), the dynamical evolution is a
Bogoliubov transformation relating those variables at two different times, say the arbitrary time # and
the initial time 779. By using Equations (27) and (32), we get

(‘3"”) = Bu(11,10) <L—l””> , Buln,mo) = (“5(’7’"0) ﬁg("’%))f (35)
Ui o " "

bnp bnp

where B, (17,10) = Fu(171)Vu(17,10) Fn 1 (o). This Bogoliubov transformation introduces the family of
evolved complex structures J;, = By (17, 10) Jy, By 1(17,10) on the space of initial Cauchy data, where Iy
is the invariant complex structure associated with (i.e., has a diagonal action on) the annihilation and
creation variables at time 77. As we have seen in Section 2, the transformations (35) are implementable
as unitary operators on the Fock space defined by ]y, if and only if

Y gulBh(nm0)? <o and Y gulBS(n,m0)2 < oo, Vel (36)
n n

Let us recall that the number of eigenstates of the Dirac operator with positive eigenvalue
not greater than w grows as w? in the ultraviolet regime. Using this asymptotic behavior, it is
possible to show [52] that for large N; and arbitrary N, > Nj, and with Ny > w,, > N; —1 and

N22wn2>N2_1/
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np Nz
&n K
oy 2 (37)
n;nl w% szl\h N3

where K is some positive constant. This identity is important for the subsequent analysis because it
implies that the sequence {,/gnw; ?} N is square summable.

Employing Equations (30) and (31), as well as relations (33) and (34), one can check that in the
asymptotic regime of large wy,

1Bl = ;'(hél'o — ) [h’f (1 +i/2}1) g (1 +i/z§)] ey
+(hy° + 1) {h? (1 -if 2%) — i <1 ~i | z,g)] o il

2ma
i 0
w

: (h';foh'f + h§'0h§’> sin(wnAq)‘ +O(w?), (38)
where the integrals are over conformal time from 7 to 7, the symbol O stands for asymptotic order,
and & can be set equal to either f or g. To lighten the notation, we have omitted the dependence of
these functions on # and denoted the evaluation at 7y with the superscript 0, preceded by a comma.
It is worth noticing that Relations (33) and (34) guarantee that | ,B£| = |BS|. Therefore, for the purpose
of unitarity, it suffices to analyze just one of these types of coefficients.

It is convenient to employ again the notation {/,[} = {1,2}. Then, given that
Hy

mE R =1,
we get hif = e /1 |n}'|2, where Hy' denotes some phase that may depend on time.

It is worth remarking that in addition to conditions (36) which severely restrict the behavior of the
coefficients /j', both in their mode and time dependence, one should naturally demand that 4 be such
that the dynamics of the annihilation and creation variables is not trivialized when compared with
the original Dirac evolution. Otherwise, the criterion of a unitary implementation of the dynamics
would be useless, since it would pose no restriction on the Fock representation. Indeed, one may
always extract all the asymptotically dominant time dependence of the fermionic field by means of
explicitly time-dependent canonical transformations, and trivialize in this way the requirement of
a unitarily implementable evolution. More specifically, by examining Equation (38), it can be seen
that the dominant contribution of the Dirac dynamics dictated by V; (1, 10) is given by imaginary
exponentials of the phases +w;, A#. Thus, to avoid a trivial evolution, we rule out the possibility that
these dynamical contributions are counterbalanced with a specific choice of (time and mode-dependent)
phases in the linear combinations that determine the annihilation and creation variables.

Altogether, taking & as either f or g, the requirements of a nontrivial and unitarily implementable
dynamics impose, as a necessary condition that asymptotically [52]

iH]!

H n H n 1 ; n
h = 7 + 0, = e\ /1 — |02 = et [ﬁ — Re(e M o) | + (9(|192,,\2), (39)

for a subset of the natural numbers, n € Nli, and with ), being some mode-dependent and
time-dependent complex function that goes to zero in the limit of large w,. Here, the union of
the four subsets N li gives (up to a finite number of elements) the natural numbers, allowing for the
possibility that up to three of these subsets be empty, and with identified i’ with hj forn € N f[ and
with b forn € Néﬁ , with the + superscripts indicating the relative sign for 1 in the second and third
identities of Equation (39). By substituting this equation into Relation (38), as well as using that the
integral of (L] — ¥2) behaves as m (a — ag) /wy + O(w;; 2) in the ultraviolet regime [52], one gets that
the asymptotic behavior of the complex norm of the beta coefficients, for all n € N li, is
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1 g0 g0 ma ;

h n0_—iH iH n,0 . 1 0 +iw, A
[3 =—1|8e I +Re(e ) —i(—1 }e nB
| n| \/5’ |: hi ( h'l> ( ) \/E(Un

ma

ﬁwn

up to certain terms that are negligible compared with the largest order between w,, ! and 97 ,.
So far, no condition has been set on ¢}, other than it must go to zero in the ultraviolet limit.

- [agl,e—sz” +Re(e Hior ) —i(—1)! ] eFiwndn | (40)

However, by adding the requirement that the sequence {g,|p!|*}, ey be summable, one gets a
restriction on how fast 8 | must tend to zero. The line of reasoning is the following. One assumes that
the beta coefficients are square summable in the subsets N=*, including degeneracy, and then one looks
for the functions @y, (if any) that solve the resulting conditions. From Equation (40), one finds that
there are two different situations that lead to distinct conditions on ¢} |, namely either the sequence
{Vgnwy, o eNE is square summable, or not. In the first situation, it is not difficult to check that
{V&nt;) }HGNI:E must be square summable. For the alternative situation (that is when {,/gnw, 1}, e
is not a square summable sequence), by using the implications of Equation (37) and recalling that any
trivialization of the fermionic dynamics is excluded, one can see that the functions [52]

ma_ iy
ﬁwn

must form a sequence that is square summable, including degeneracy, in the subsets Nl:t where
-1 . . .1s
{V/8nwy "}, eN* fails to satisfy such square summability.

o =07, +efiRe(e A op ) —i(—1) (41)

In total, given an invariant family of complex structures |, characterized by the annihilation
and creation variables (32), the necessary and sufficient conditions for the corresponding Fock
representations of the CARs to be unitarily equivalent, and therefore to support a unitarily
implementable nontrivial dynamics, are the following. (1) The functions /' and hf must be
asymptotically of the form (39) for n € Nli. (2) The terms 19;;,1 must be such that either (2a) if
{/Znwy 1}, eN* is square summable, they form a sequence that is square summable (including over

the degeneracy), or otherwise, (2b) the sequence {/g, @Z,l} neNE is square summable, with 5,’;{1 given
in Equation (41).

Up to now, we have characterized all families of annihilation and creation variables that (i) share
the symmetries of the equations of motion, and (ii) evolve according to nontrivial dynamics that
are unitarily implementable at the quantum level. Each of these families determines an invariant
Fock representation (e.g., that associated with the choice of an invariant complex structure at the
initial time 79) with a nontrivial, unitary quantum evolution in the corresponding Hilbert space.
By referring to the combination of a Fock representation and a specific quantum dynamics as a Fock
quantization of the system, the question now is whether the invariant Fock quantizations with unitarily
implementable nontrivial dynamics are equivalent quantum theories or not. Before we address this
issue of uniqueness, let us make some remarks about the preceding results.

Please note that the criterion of unitary implementability, together with the requirement of
a nontrivial dynamics, fix (up to phases) the leading order behavior of the coefficients h} in the
asymptotic regime of large wy, as it is shown in Equation (39). In addition, for all those cases where
{/Znwyt}, eNE fails to be a square summable sequence, the imaginary part of e~/ 8, ) must have its
dominant asymptotic contribution of order w,; 1, and equal to the function ma/ (vV2w,) in absolute
value. This follows simply by realizing that the square summability of the sequence { /g @Z}l I eN*
implies that 5}’1’,1 = o(w;; ') in Equation (41). Hence, for a nonzero fermionic mass 1, the coefficients hi

asymptotically depend in a very specific way on the eigenvalue of the Dirac operator and on the mass
of the field. Most importantly, there is also a specific dependence on time, by means of a dependence on



Universe 2020, 6, 241 17 of 48

the background where the field propagates. Finally, let us emphasize that the analysis about unitarity
holds not only for a positive value of the mass m, but also when this mass is zero, i.e., the families of
annihilation and creation variables for the massless Dirac field, selected by the criteria of symmetry
invariance and of unitarity, are fully characterized by coefficients (7, h?) with an asymptotic form
given by Equation (39), and such that the sequences {/g, 0 }neNli are square summable. It is worth

noticing that within this family, the choice f] = f}' = g/ = —g# = 1//2 provides a representation
which corresponds to the Fock quantization constructed from the (celebrated) conformal vacuum,
i.e., the natural vacuum specified by imposing the conformal symmetry of the massless Dirac equation
in the quantum theory.

3.3. Uniqueness of the Quantization

Let us now address the issue of uniqueness. With this aim, we proceed as follows. First, as a
reference, we adopt a certain Fock quantization that is invariant and possesses a nontrivial and unitarily
implementable dynamics. Next, we consider any other invariant Fock quantization that admits a
nontrivial, unitarily implementable dynamics, and we examine whether it is unitarily related with the
reference Fock quantization or not. If the answer is in the affirmative, then the uniqueness is proven.

A simple choice of reference quantization is the Fock quantization characterized by annihilation
and creation variables with f' = 1/v2 —iam/(\/2wy), f§ = \/1—|fI'?, g} = f3, and g4 = —f1.
Please note that in the case of the massless field, this choice defines the natural quantization
with conformal vacuum. Let {Enp, lzanp,ﬁnp, Enp} be any other choice of annihilation and creation
variables that defines a Fock quantization with a nontrivial, unitarily implementable dynamics.
The coefficients f' and g that characterize these variables then satisfy all the conditions stipulated in
the previous subsection.

Given our reference Fock quantization and this other arbitrary one allowed by our criteria,
it follows from Equation (32) that the annihilation and creation variables associated with them are
related via the time-dependent Bogoliubov transformation K, (17) = F,,(17)F,;; 1 (17), so that

- Y
D) () (2, with K, = n Ag : (42)
bnp " bnp 7 /\71 KTl

It is not difficult to check that the norm of the off-diagonal coefficients is |A}| = |t} — hih?|.
Moreover, using Equation (34), one gets that \/\{:| = |A3]. Thus, the square summability conditions
on /\f; and Aj that must be satisfied for the Bogoliuvov transformation to be unitarily implementable,
turn out to be just one (and the same) condition. Then, the transformation determined by the sequence
of matrices K, is implementable on the reference Fock space as a unitary operator if and only if

Zgnlftﬁ(n)\z <o, Vel (43)

where /\f | = |f\/1—=|fI'> = f3f1|- In case this condition is satisfied, we can consider the two
analyzed quantizations as physically equivalent. Please note that the above condition ensures that the
Fock representations defined for every value of the conformal time # are unitarily equivalent.

Taking e.g., h = f in the formulas of the preceding subsection, we have that the coefficients fl"
and fi” are, respectively, of the asymptotic form (39). Then, one gets that for n € N} [52],

AL = \f 19;,+e’FzRe( ZFlﬁ]’}l) (44)
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up to terms O(|9|?) in the asymptotic limit of large wy, if the field is massless, or up to terms O(w, ')
if the mass does not vanish and {,/gxw; '}, eNt happens to be square summable. Alternatively, if this
sequence is not square summable and the field is massive, one must have

fi— Lys -2
Al = 51971+ Olwn™), (45)
for n € N;". Since the sequences formed by 19;}11 and 19]’;,2 in the two first cases above, and by 5;},1 and 5}’;/2

in the last case, are square summable by hypothesis in their respective subsets, including degeneracy,
it follows that the unitary equivalence condition (43) is immediately satisfied for all n € N;'.

On the other hand, it can be shown that Equation (43) fails to be satisfied if any of the considered
subsets of integers N, has infinite cardinality. The reason for this failure is rooted at the difference in
the relative sign of the coefficients in the pair (f{', f3) with respect to that in (f]', f3) [52]. Therefore,
if one then insists and interchanges the roles of fl” and g} in the definition of the annihilation and
creation variables for the subsets N;”, something that in practice amounts to an interchange between
the relative signs of the pair (f}', fi') and the signs for the pair (§7, %) [see Equation (34)], one gets
that both pairs would display the same relative signs as the coefficients of the reference quantization,
and then condition (43) would be satisfied for n € N;". According to Equation (32), the exchange of fl”
and §;' can be interpreted as a change in the convention of what are particles and what are antiparticles.
In this sense, the inequivalence between quantizations before one performs the explained interchange
can be understood as a spurious result coming from the fact that we are just considering two Fock
quantizations with the opposite convention for the concept of particle and antiparticle in an infinite
number of modes.

In summary, the criterion of invariance under the symmetries of the equations of motion and
the unitary implementability of a nontrivial quantum dynamics removes the ambiguities in the
representation of the CARs, both for the massive and for the massless Dirac fields in 2 + 1 dimensions,
selecting a unique family of unitarily equivalent Fock representations, together with a notion of
quantum evolution, up to conventions about the concept of particles and antiparticles.

4. Fock Quantization of Dirac Fields in FLRW Cosmologies

We now discuss the Fock quantization of Dirac fields in cosmological spacetimes of the FLRW
type. In particular, in this section we show that one can achieve results about the uniqueness of the
quantization very much like in the previous section. More precisely, we consider minimally coupled
massive Dirac fields, propagating in homogeneous and isotropic FLRW spacetimes, with 3-dimensional
spatial hypersurfaces that can be either spherical or toroidal. The spherical case was notably analyzed
in great depth by D’Eath and Halliwell [62], within the context of the Wheeler-DeWitt approach to
quantum cosmology. In that seminal treatment, a special time-dependent family of Fock representations
was chosen for the Dirac field, by means of an instantaneous diagonalization of the Dirac Hamiltonian.
In particular, such family is associated with vacua which are invariant under the symmetries of
the Dirac equation. Moreover, it was shown in Ref. [62] that particle production over time remains
finite for those vacua, a fact that is an exclusive characteristic of quantizations that admit a unitary
implementation of the dynamics. We now show that this family of Fock representations is in fact
uniquely selected, up to unitary equivalence, by the criteria of invariance under spatial symmetries
and unitary implementability of the dynamics. Also, we present a similar result concerning the Dirac
field in flat (compact) FLRW spacetime. In this case, moreover spatial translations, the symmetry
group includes helicity-generated spin rotations as well.

4.1. Dirac Spinors in FLRW Cosmologies

As before, we consider spacetime manifolds with topology of the type I x ¥, where [l is a connected
interval of the real line and X is certain spatial Cauchy surface. In the case of a spherical universe,
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¥ is isomorphic to the 3-sphere, S3, whereas for universes with (compact) flat spatial sections X is
isomorphic to the 3-torus, T3. In the following, we often refer to the above two situations as the
spherical case and the flat case, for S® and T® respectively. The metrics associated with such universes
can be written as

ds? = a?(y)(—dn® + Oh,,tﬁclx“dxﬁ), (46)

where %1, p is either the 3-dimensional spherical metric or the flat metric, and a() is the scale factor.
It follows from previous comments in Section 2 that spin structures can always be defined in

the above types of cosmological spacetimes [42,43]. Dirac fields ¥, of mass m, correspond therefore

to sections of the associated spinor bundle. Explicitly, we adopt the Weyl representation of the

Dirac matrices
0 o
e , 47
Y 1< s 0) (47)

where ¢ = 70 is the identity 2 x 2 matrix and o= —¢t (with i = 1,2,3) are the Pauli matrices.
Such representation of the generators of the Clifford algebra allows us to describe Dirac fields by
means of a pair of two-component spinors ¢* and § 4/ possessing well-defined and opposite chirality.
We take ¢! to be the left-handed projection of ¥, while ¥ 4/ is the right-handed one. Moreover, we adopt
the same conventions as in Ref. [62] concerning the treatment of spinor indices.

In these cosmological spacetimes, the action for the Dirac field of mass m is

Iy = —i / dy 3% a*vOh B(‘f*yoe,’;ryﬂvgw —hc)—m¥T Y], (48)

where the spin covariant derivative Vi is given by relations (18) and (19), adapted to the models
in question.

Let us perform again a partial fixing of the internal Lorentz gauge, with the purpose of providing
a rigorous treatment of the spatial dependence of spinors, as well as to analyze their properties under
the symmetry groups associated with the considered FLRW cosmologies. To be specific, the gauge
group of the orthonormal and oriented frame bundle can be reduced from SO(3,1) to SO(3) [58].
In the considered spacetime models, this procedure gives rise to a well-defined restriction of the
spin structures to the double cover of the reduced bundles, with SU(2) as gauge group. Finally,
this restriction provides one (and the same) spin structure on each of the spatial hypersurfaces that
constitute the foliation of the considered cosmologies. In the case of S%, the spin structure turns
out to be unique [63,64]. In the flat case, on the other hand, there are eight possible spin structures
associated with distinct periodic conditions for the spinors in T2 [65,66]. In practice, this partial gauge
fixing is obtained again by imposing the conditions n'ej, = &j which, moreover, greatly simplify
the Hamiltonian analysis of the system [61]. In particular, one can check that the Dirac operator
(defined over left and right-handed spinors) on the reference spatial hypersurface 2 takes the form

iaV/2e44 G)p,, (49)
where e¥44’ s the spinor version of the triad and (3) D, is the spin lifting of the Levi-Civita covariant
derivative with respect to the metric Oh,xﬂ [62].

Once the gauge fixing has been performed, we introduce the following inner product on the space
of left-handed spinors defined on the spatial hypersurface X (as well as the corresponding definition
for right-handed spinors):

A% VOh g4 14 p 4, (50)
Yo
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where summation over repeated indices is assumed, I AA” denotes the components of the identity
matrix, and ¢4 and x 4 are arbitrary spinors. Since both the spherical and the toroidal hypersurfaces
are geodesically complete [67], it follows that the Dirac operator (49) is essentially self-adjoint with
respect to the inner product (50), with discrete spectrum in both cases.

The spectrum of the Dirac operator on S® consists of the following sequence of eigenvalues [62,64]:

iwn:i<n+§), neN, (51)

each of which has a corresponding degeneracy g, = (n+ 1)(n + 2). Using a notation similar to
that employed in the previous section, the left-handed eigenspinors with eigenvalues w;, and —wy
are denoted by pr and ("sz , respectively, where the label p = 1, ..., g, accounts for the degeneracy.
Once normalized, the set of all such elements forms an orthonormal basis—with respect to the inner
product (50)—for the space of left-handed spinors in S®. An analogous basis for right-handed spinors
is readily obtained by complex conjugation.

In the spherical case, the chiral projections of the Dirac field can then be written as

/

a(, %) a2 za”” [t (1)0'F (%) + Pup ()72 (2)], (52)
npp’

T (1, %) =a~32(y )Zﬁ””[ o (NP () + tap () (%)), (53)
”PP

with analogous expressions for the complex conjugate versions, and with

The anticommutative nature of the fermionic field ¥ is encoded in the Grassmann variables 1y,
Tnp, tnp, and sy (and their complex conjugate Versions) that moreover carry the time dependence of

the Dirac field. Finally, the constant coefficients & 4 4 and ﬁﬁp / are included for convenience, to avoid
the dynamical coupling of modes with different Values of the label p.

Concerning now the flat FLRW model, the spectrum of the corresponding Dirac operator — with
compactification period Iy — consists of the following sequence of eigenvalues [65,66]:

+w —iz—ﬂjh% ’?*liejz‘i' kez® (54)
k — lO s —2j:1 jr ’

where the three 17]"5 form the standard orthonormal basis for the lattice Z3, and the three numbers
€/ € {0,1} characterize each of the possible choices of spin structure?. Given any such spin structure,
we identify the label k in wy (or equivalently in —wy) with the norm of any of the wave vectors kez?
corresponding to wy. The degeneracy g associated with each eigenvalue wy (or —wy) does not possess
in this case a closed expression. However, well-known results in Riemannian geometry allow us to
conclude that g grows asymptotically as O(w?), for unboundedly large wy [24,68]. Let us then fix a
spin structure on T3 and choose a set of triads associated with the flat metric. The eigenspinors of the
Dirac operator then form a basis of the space of spinors in T2, basis that can be made orthonormal
with respect to the inner product (50). In particular, if one chooses a diagonal triad such that the spin

2 These spin structures determine the periodicity or antiperiodicity of the Dirac field in each of the orthogonal directions that

define T3. If, in harmony with spatial isotropy, one imposes the same global behavior for the field in all these directions,
the choice of spin structure is restricted to either ¢; = 0 or¢; = 1 for all j.
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connection 1-form becomes null, the Dirac operator turns out to be the standard one for flat Euclidean
space. Its (left-handed) eigenspinors corresponding to eigenvalues f-wy are

(&) oy _ () 27 2 oy o
w (%) = u;exp {z I (k+7T) x] , (55)
where uéi) are some ¥-independent two-component spinors, subject to the condition that the

(+)

eigenvalue equation must hold. They can be chosen so that the spinors w, are normalized in
the inner product (50) and such that

/ dPraletbul ) =0, / B eByl®) — eicéi)tsﬁ

k'A kB k'A kB (56)

' k-2t
+)
k

j). Just like in the case

for all E, K =+ —€l 77}«/ 2. Summation over repeated indices is assumed?. Finally, the constants C
¢
k
of S3, the chiral projections ¢4 and {4’ in the current flat case can be expanded in Dirac modes in an
analogous fashion as in Equations (52) and (53), with corresponding Grassmann variables my, r¢, tz,
and s;.

Returning to the spherical FLRW case, notice that upon introduction of the mode
Expansions (52) and (53) in the Dirac action, and once the second-class constraints of the fermionic
system are solved [69], one ends up with the following symmetric Dirac brackets for the mode
variables [60,61]:

are some phases that can be chosen conveniently by modifying those of u

{xnp/ J?np} = —i, {]/np;]?np} = —i, (57)

where the ordered pair (xnp,ynp) stands for (mnp,snp) or (tnp, rnp). Using Grassmann variational
derivatives and requiring stationarity of the action, one obtains Dirac equations for the modes:

as well as the complex conjugate versions. One can combine these dynamical equations to obtain
decoupled second-order equations that are actually the same for all modes {x;, ynp} with the same
label . Denoting the mode variables generically by {zy;}, the resulting equation for given w, and
(nonzero*) mass m is the following:

!/ !/
a a
"o / 2 2.2 ;
Znp = T Znp ~ (wn +m-a® +iwy p ) Znp- (59)

The general solution to this equation is a linear combination of two independent complex solutions,
which we write again in the form exp[i®)(17)] and exp[—i®2(#)]. The general expression of the
fermionic modes at arbitrary time 77 can then be written as a linear transformation of the corresponding
initial values that assigns a different weight to the two independent solutions of Equation (59):

up7) = [A260H0) 4 aLe@R00] 0, — [her@hn) _ 20k

Except for the index K on the right-hand side of the second relation in Equation (56).

4 The case m = 01is slightly different, although straightforward to handle.



Universe 2020, 6, 241 22 of 48

where Af1 and dl, I = 1,2, are constants that depend on the initial conditions of the independent
solutions exp[i®},(17)] and exp[—i@?2(17)], and of their derivatives, at the reference time 77y (see Ref. [53]
for explicit expressions and details).

Just as in the previous section, one can obtain the asymptotic behavior of the linear transformations
(60) in the ultraviolet regime of large w;, and subsequently study the unitary implementability of such
transformations at the quantum level. For that matter, let us impose the initial conditions @/, (179) = 0.
One obtains the following expressions for the (exponents of the) solutions to Equation (59) [53]:

0, (1) = @ty + 51+ (<1 () + [ (i), )
ag /1o

where ag = a(19), Ay = 17 — 1o, and the functions Al, are solutions of an equation of Riccati type which
become negligible in the limit of unboundedly large wy,. In particular, the functions A}, have a behavior
of the type O(w,, ). The asymptotic values obtained for the constants A}, and ¢}, are the following [53]:

AL =0, A2 =1, (62)
ma% _ mag

_omag -2
2wpag +ial 2wy +0(w,"). (63)

grlz :gﬁ ={n=

The analysis concerning the fermionic dynamics in the flat case is quite similar, leading to mode
solutions that are the analogs of Equation (60):

x:() = ei@iuﬂx% G {ez@%m _ e—l@%(v)} P

yk(;?) = ei®ll<(’7)y% + gk {eie)i(ﬂ) _ €*i®%(’7):| xO R (64)

—k-27°

The corresponding asymptotic expressions, in the limit of large wy, are

2
B maj _ mag 5
Gk = 2wiag +ialy 2wy +0(w”) (65)
and
! i ! a T
Okln) = wbp + 31+ (=1 20 ) & | i A(iD), (66)
0

where the functions Ag( are solutions of a Riccati equation with an asymptotic behavior of the
-1
type O(w; ).

4.2. Fock Quantization and Unitary Evolution

Considering both the spherical and the flat FLRW cosmologies, we proceed now to characterize all
Fock representations for the Dirac field which satisfy the following requirements. First, the associated
vacua must be invariant under the action of the natural symmetries of the system, among them
the spatial isometries (and helicity-generated spin rotations, in the flat case). Secondly, the Fock
quantizations are required to admit a (nontrivial) unitary implementation of the dynamics at the
quantum level.

Let us start by analyzing the behavior of Dirac spinors in the spherical case, when the isometry
transformations of S3 are applied. The transformation group is then SO(4), or equivalently the double
cover Spin(4) = SU(2) x SU(2), with action in S* defined by means of a Clifford multiplication.
Consequently, Spin(4) acts on the cross-sections of the spinor bundle on S [64]. Notice that this action,
when viewed on the four-component Dirac spinor, is reducible to two blocks: the action of Spin(4)
over spinors ¢, and the complex conjugate action over spinors ¥ ,/. Both such representations of
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Spin(4) are unitary with respect to the inner product (50), and it follows that each block is further
decomposable in a direct sum of irreducible representations.

Invariant vacua are associated with invariant complex structures, and we therefore seek complex
structures which commute with the action of Spin(4) over spinors. To begin with, given the
decompositions (52) and (53), any complex structure can be seen as an infinite-dimensional matrix in
the basis formed by the modes {mnp, Prpstnp, §np}. From this point on, we follow the analysis carried
out in Ref. [64], concerning the eigenspaces of the Dirac operator on S3. Consider the action of Spin(4)
on spinors of the type ¢*. Using Frobenius theorem [70], it is shown in Ref. [64] that each eigenspace
corresponds exactly to a representation space of one of the irreducible representations of Spin(4) on
spinors. Moreover, each such irreducible component shows up in the direct sum with multiplicity
equal to one. This means that the representation spaces generated for each n by the sets

{pijqp}p:l,...,gn and {&Zp}pzl,‘..,gn (67)

provide two irreducible representations which are necessarily inequivalent. Likewise, the representations
associated with the sets

{04} =15 and {04 Y p=1,...g (68)

simply reproduce those generated by the sets (67), and therefore each irreducible representation
associated, for each n, with one of the sets (68) is unitarily equivalent to a corresponding one
coming from the sets (67). All this information (combined with an inspection of the dynamical
mode equations [54]) allows us to apply Schur’s lemmas [71] to conclude that a complex structure that
commutes with the action of the group of isometries of S> over the space of Dirac spinors cannot mix
modes Myp, Fnp, tnp, and 3, with different values of n. Moreover, within the subspace associated with
a fixed value of n, such complex structures cannot mix the modes {1, 5, } with {t,p, 7}, since the
two sets provide inequivalent irreducible representations of Spin(4). Let us consider first, for each
given 1, the subspace generated by the modes {#1,,35,p}. The restriction of an invariant complex
structure to any such subspace can then be characterized by means of four linear maps, relating in all
possible pairings the two subspaces generated by {m,,} and by {5,,}. Each of these four maps must
be proportional to the identity, as ensured by Schur’s lemma. Finally, similar considerations can be
applied to the subspace generated by the modes {t, 7np } [54].

We now turn to the flat FLRW model, and consider the action of isometries of T® on the Dirac
field. Restricting our attention to continuous transformations, the isometry group is generated by
constant translations along each of the orthogonal directions of the 3-torus. A general translation
on the torus is thus ¥ — ¥ + 6, where for each component we have 276, /Iy € S'. For any given
choice of spin structure on T3, one can easily check that a general translation simply results into the
following transformation:

wéﬂ;) (%) — ei2nk-§/loei2nf<9/lowét‘) (%) (69)
in each of the elements (55) of the basis of (left-handed) eigenspinors. For each k € Z7 there are
therefore two copies of the same 1-dimensional complex irreducible representation, with different
K's giving rise to inequivalent representations [55]. Again, one can perform the same analysis for the
spinors of opposite chirality. Then, taking into account the mode decomposition of the Dirac field ¥,
and using again Schur’s lemma, one concludes the following. A complex structure that commutes with
the action of translations on T° can at most mix the modes (m%, S g owrt 7 ops 1'?) among themselves,
for each fixed k € Z3, and is trivial otherwise.

In the flat case there is an additional symmetry of the Dirac system, following from the
conservation of helicity in the evolution of the Dirac field in conformal time #. In fact, one can
consider the projection of the spin angular momentum in the direction of the linear momentum of the
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particle, a projection that (except for the subspace generated by the modes with wy = 0) defines the
helicity operator b [72]:

<

Here, V is the standard 3-dimensional Euclidean gradient and ¢ denotes a vector with components
given by the Pauli matrices. Eigenspinors of h with eigenvalues +1 or —1 are said to have positive
or negative helicity, respectively. With the choice of gauge such that the spin connection vanishes,
it turns out that the matrix blocks of § (apart from the factor [—V2]~1/2) correspond exactly to the
Dirac operator on T3. One can then check that the positive helicity part of the Dirac field ¥ is generated
by the coefficients m; and 5z, for all k € 72 different from 7. On the other hand, the negative helicity
contribution is generated by the modes t; and 7, for all k € 73 different from 7. A simple inspection
of the equations of motion (58) shows that helicity is indeed a conserved quantity. Therefore, one can
include, as an additional symmetry of the fermionic system, the 1-parameter group of spin rotations
generated by helicity, by means of the complex exponentiation of /2 multiplied by the angle of
rotation. Such group is immediately unitary with respect to the inner product (5), since the operator b
is essentially self-adjoint. It follows that the unitary implementation of this symmetry at the quantum
level is ensured whenever the complex structure that defines the quantization does not mix positive
helicity modes with negative helicity ones.

The complex structures characterized above define the sets of creation and annihilation
operators that provide invariant Fock representations of the CARs for the Dirac field in the
considered homogeneous and isotropic scenarios. In the spherical case, let us denote the classical

counterparts of the annihilation operators for particles and antiparticles by u,(f;’y) and bé’;{y), respectively.

The corresponding creation variables are the complex conjugate ones, ﬁ%’y ) and E,%’y ). In the case of
T8, we denote the annihilation variables by aléx,y) and b%x’y), respectively for particles and antiparticles.
We recall that the pairs (x,y) (with the appropriate labels) denote any of the ordered pairs of mode
coefficients (m,s) or (t,r). In the following, we consider all the possible (time-dependent) families of
fermionic creation and annihilation variables selected by invariant complex structures.

In the case of S°, the creation and annihilation variables in question can then be written as

<a,&’;;y>> _ (ff(n) f;(n)) <p> , -
o), \&tn &) \ow ),
Once more, the label # denotes dependence on conformal time. Notice that the time-dependent

functions f/' and g (with [ = 1,2) may differ for the pairs of modes (1p,5,p) and (tup, Fup),
although this is not explicit in the notation. The following relations must again be satisfied:

AP+IAP=1 P+ =1  Ag+ g =0 (72)

such that anticommutators of the type (8) are obtained at the quantum level.
Turning to the flat case, the relations (71) are replaced with

(xy) T i
o\ _ () f;(ﬂ))( X ) -
ng'” ) (g’{(n) &) \I-x-22), 7

where conditions analogous to Equation (72) again apply.
When evaluated at different times, the sets of variables (71) are related to each other by means
of dynamical Bogoliubov transformations. The general form of such linear transformations can be
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obtained taking into account Equation (60) for the evolution of the fermionic modes in the spherical
case. In general, terms, the Bogoliubov transformation relating the annihilation and creation variables
at the initial time 7y with those at any time # is given by a sequence of blocks B, such that

(x'y) (x,y) f f
a a o
(J&)) = Bu(11,10) (;ﬁw) ’ By = ( g 5?) : (74)
np n np 1o 1671 n
The absolute values of the coefficients ,B£ and ﬁ% have the following expression [53,54]:
B3 (1, m0)] —‘ [—W <h§'° + énhT'())eif Ay énhShZ'Oaieff Ai} ¢iondh
0

4 [hﬁ’ <h;l’0 . g_nh;'()) efiffx}, + gnhgth,oaaoeif/\%} o iwny , (75)

where the integrals are over conformal time from #g to 7, h denotes either f or g, and the superscript 0
stands for evaluation at the initial time.

Analogous considerations, of course, apply to the flat case, with dynamical Bogoliubov
transformations between variables of the type (73) that are characterized by matrices Bz,

with corresponding coefficients ,BJ; and ,B‘%, for which the explicit expressions can be found in Ref. [55].

Considering for instance the Fock representation defined by the annihilation and creation variables
at the initial time 79 (or equivalently by the associated complex structure), the dynamical Bogoliubov
transformations (74) can be implemented on the corresponding Fock space by means of unitary
quantum operators if and only if [7,8]

Y gulBi(n o) <o for  h=fzg (76)

Actually, it is sufficient to ensure the above condition for either & = f or h = g, since it follows
again from relations (72) that |B5(17,70)| = | ,Bﬁ(;y, #0)| [53]. Let us then fix & to be either f or g.
The unitary implementability of the dynamics therefore depends on the asymptotic behavior of
the beta coefficients in the limit of large w;, that in turn depends on the behavior of the sequences
hi'. A detailed analysis, carried out in Ref. [54], shows that apart from an uninteresting alternative
which would effectively trivialize the quantum dynamics in a similar way as it was discussed in the
previous section, the fulfillment of the unitarity condition (76) requires that the functions h}' behave
asymptotically as

1+1 M4

g i 2
M oy, = Oy, 77)

h = (=1)
where {I,I} is the set {1,2}. Moreover, the sequences #,, must be square summable,
including degeneracy.

Before continuing with our discussion, a comment is in order. Since we have not put any restriction
on the global asymptotic behavior of the sequences &} for fixed I, it is possible that neither h} nor h;
actually converges over N. In fact, the sum (76) can be made finite with K taking the role of 4 in
Equation (77) for n in a subset of N and 1% taking that role over a complementary subset (modulo finite
subsets of N). Hence, the above behavior of /] is required only for n € N; C N, with Ny UN; = N
modulo finite subsets (including the possibility of one of the subsets N; being empty).

The analysis concerning the flat case follows similar lines, apart from a careful handling of
the already mentioned issue of the accidental degeneracy of the Dirac eigenspaces (for full details,
see Ref. [55]). The conclusion is that the requirement of (nontrivial) unitary implementation of the
dynamics completely fixes the explicit dependence on time in the dominant part of the Dirac field,
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in a very similar way as in the spherical case [see Equation (77)], for an infinite number of modes
in the asymptotic sector of large wy. Hence, the time-dependent scaling that must be introduced in
the mode dynamics of the Dirac field, such that the remaining part of the evolution can be unitarily
implemented, is completely fixed (in absolute value) at dominant order. In particular, the scaling
factor for each mode is similarly determined in terms of ma/ (2wy), and includes the global term a=3/2,
introduced in the mode expansions (52) and (53) adapted to the case of 3.

4.3. Uniqueness of the Quantization

In the previous subsection we have characterized the Fock quantizations of the Dirac field which
allow a unitary implementation of the dynamics and which possess vacua that are invariant under
the natural symmetries of the considered cosmological models. We now show that for each of these
models, all such quantizations are unitarily equivalent. Direct consequences are the removal of
quantization ambiguities typically present in QFT and the selection of a very specific, well-defined
notion of quantum evolution.

Let us start with the case of spherical sections. One of the simplest choices of functions that satisfy
the conditions derived above for a unitarily implementable quantum dynamics is

f=g, B=1-WR =R #=-A 8)

for all n € N and for both pairs (1,p,5p) and (tup, 7np). We take this choice as defining our reference
family of complex structures. Let us then consider any other family of invariant complex structures
allowing a unitary implementation of the dynamics. Such family is defined by certain annihilation

and creation variables, ﬁ,(f;,'y ) and l?,(qy;y ), with coefficients fz? (for h identified with f or g and for ] = 1,2)
that have the asymptotic behavior described at the end of the preceding subsection. In particular,
the subdominant sequences 19Z, ; appearing in Equation (77) are square summable (degeneracy included)
over subsequences N;. The relation between this family and the reference one is given by a Bogoliubov
transformation determined by a sequence of matrices K, such that

5(0Y) (xy) Y
i a Ky A
(E?f,y)) = Konn) (E?f,y)> o K= ( \ K?) : (79)
np 1 np 17 n n
One can check that the absolute values of the nondiagonal elements of these matrices have the
following expression [53,54]:

ALl = [Iihg — B5h, (80)

where h stands again for both types of functions f and g. The two Fock quantizations, namely the
reference one associated with the family (78) and the one defined by the coefficients /!, are unitarily
equivalent if and only if the Bogoliubov transformation (79) is itself unitarily implementable, a demand
that is equivalent to the fulfillment of the conditions

Y gl M() <o and Y gulAS(n) < oo, (81)
n n

AS| = (A

for all # of interest. Once more, one of the above conditions is redundant, since the equality
is again ensured by relations (72).

Let us then focus on the first condition in Equation (81) and consider the situation such that the
asymptotic behavior (77) applies to the functions fl”. The alternative, with Equation (77) applying
to the functions g}/, can be treated in a completely analogous way. One can show from Equation (80)

that in the limit of unboundedly large w;, the coefficients )\5 have the following behavior on the
subsequence Ny:
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AL = 1921+ 0wy ). (82)

Since by hypothesis 19/’%, 1 is square summable (including the degeneracy g,) over Ny, it follows
immediately that the condition for unitary equivalence is satisfied if the set Nj is finite (or empty).
Suppose now that N is an infinite set. It is clear that A{; behaves asymptotically like O(1) for n € Ny,
and therefore the summability required in Equation (81) cannot be attained, leading to apparently
inequivalent quantizations. However, this inequivalence stems, as it happened in the previous section,
from the fact that the quantization associated with the coefficients /' defines a convention for the
concept of particles and antiparticles which is completely the opposite, for an infinite number of
modes, of the convention corresponding to the reference quantization. Once both conventions are
reconciled, the quantizations are seen to be physically equivalent. In fact, suppose that in our reference
quantization (78), we switch the convention concerning particles and antiparticles for all modes
corresponding to N,. This redefinition is effectively attained with the interchange f;' <+ ¢ (n € Ny),

as follows from the definition (71). Then, the behavior of the new coefficients A{; would no longer be
O(1) on Ny, but they would behave (in norm) as |l9j; o+ 0wy 2) instead. Since, also by the hypothesis
of a unitarily implementable evolution, 19;;,2 is sq,uare summable (degeneracy included) over Ny,
one concludes that conditions (81) are now satisfied, confirming therefore the unitary equivalence
between the two Fock quantizations, after the two conventions concerning particles and antiparticles
have been harmonized.

The analysis of the uniqueness of the Fock quantization of the Dirac field in the flat FLRW case
proceeds in a similar fashion. One can again choose a reference complex structure allowing a unitary
implementation of the dynamics, namely the one characterized by the following matrix elements in
Equation (73), for all wy # 0:

ﬁ:gg A=Vi-()?  d=r4  d=-1 (83)

Applying the same type of arguments as above, one can prove [55] that as it happened in the case
of S3, once a convention concerning particles and antiparticles is fixed, the condition that there exists a
nontrivial unitary implementation of the dynamics is sufficient to ensure the unitary equivalence of all
Fock quantizations associated with invariant vacua.

Let us conclude with a brief comment on a key difference between the current study and previous
analogous works on quantum scalar fields in FLRW cosmologies [17,19,20,24,25,50]. Like in the scalar
field case, our criteria uniquely fix not only the Fock representation once a suitable set of variables for
the field has been chosen, but actually they greatly reduce the ambiguity in this choice of variables
that arises from time-dependent linear redefinitions as well. Considering, for instance, a spherical
spatial topology, this affects the global scaling introduced in the decompositions (52) and (53), as it
does for the scalar field, but now it affects also the scaling in the particle and antiparticle contributions
that are induced by the time dependence of the functions f;* and g}’ subject to the unitarity conditions
(77). As such, the Dirac field presents specific and different time-dependent scaling in its particle and
antiparticle parts that are also different for each of the two chiralities, introducing an aspect which is
absent in the scalar field analysis. For the scalar field, the requirement of unitary dynamics imposes
a global scaling of the original field variable, such that the scaled field in practice behaves like a
conformally coupled field, and one might wrongly believe that the possibility of attaining a unitarily
implementable dynamics is somehow constrained by the availability of a conformal symmetry in the
scaled theory (at least in the ultraviolet regime). The work on Dirac fields definitely puts aside such
type of misconceptions.
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5. Hamiltonian Backreaction of Dirac Perturbations in hLQC

The previous uniqueness results about the Fock quantization of Dirac fields in FLRW cosmologies
are of special importance beyond the context of QFT. Actually, they can be used (and further developed)
to confer great robustness to the full quantization of a homogeneous and isotropic cosmological
spacetime perturbed with small matter inhomogeneities described by a Dirac field, in the context
of hybrid quantum cosmology. As mentioned in the Introduction, this framework for the quantum
description of cosmological systems employs techniques from a theory of quantum cosmology (here we
focus our attention on the case of loop quantum cosmology) for quantizing the spatially homogeneous
zero modes of the geometry, while the inhomogeneous fields are quantized using standard Fock
representations. In this setting, the features of the resulting quantum theory and its predictions
are strongly affected by the precise knowledge obtained not only about a unique preferred Fock
space for the fields, but also about which part of their degrees of freedom displays a genuine unitary
quantum evolution when one reaches regimes where the cosmological background behaves classically.
This knowledge serves in hLQC to separate in a specific way this homogeneous background from
the variables that describe the fermionic perturbations, and such splitting can be refined by further
imposing some physically sound properties on the full quantum system, such as a proper definition of
the fermionic part of the Hamiltonian operator. Along these lines, in this section we are going to revisit
the main results in the hybrid loop quantization of a flat homogeneous and isotropic cosmology with
fermionic perturbations, in particular in what concerns the study of the Hamiltonian operator and the
consequences on the quantum backreaction of the fermionic matter on the cosmological background.

5.1. Fermionic Perturbations in flat FLRW: Splitting of the Phase Space

Let us start by considering the Einstein-Hilbert action restricted to symmetry-reduced universes
with a metric given in Equation (46), taking %%, p as the Euclidean metric in coordinates adapted to the
spatial homogeneity, and letting the lapse function that we call Ny, be arbitrary. We particularize again
the discussion to a topology of the flat spatial sections equal to the compact T3-topology. In order to
include standard inflationary scenarios in our system, we minimally couple a homogeneous scalar
field ¢ with potential V(¢) that plays the role of an inflaton. In the canonical ADM framework,
the degrees of freedom of this cosmological model can be described with the scale factor 4, the inflaton
¢, and their canonical momenta, respectively denoted by 77, and 775. On classical FLRW solutions,
these variables are subject only to one constraint, arising from the zero mode of the Hamiltonian
constraint that generates global time reparameterizations:

1

_ 1 4r
0= 21343

3 a*ms +218a%V ()|, (84)

Ty —
where we recall that Iy is the compactification length of T°.

To include inhomogeneous fermionic content in this cosmological model, we minimally couple
a Dirac field ¥ of mass m and treat it entirely as a perturbation (including its purely homogeneous
part, if it had any). For physical completeness, one may also introduce purely inhomogeneous and
anisotropic perturbations of the metric and the inflaton field®. Within this perturbative hierarchy,
we conduct the analysis at the lowest nontrivial order and thus we truncate the whole action of the
system (and its associated symplectic structure) at quadratic order in all the perturbations. Since the
Dirac action is precisely quadratic in the fermionic field, at this order it only couples with the
homogeneous sector of the cosmology®. Therefore, in practice, we can treat its associated spinor

The zero modes of the metric and scalar field can be conveniently isolated and accounted for in the scale factor and
homogeneous inflaton, owing to the compactness of the spatial sections.

Henceforth, to simplify the terminology and shorten the notation we will refer to the variables that describe this
homogeneous and isotropic background as FLRW variables, even when they are not evaluated on classical solutions.
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bundle as if it were defined on a pure (spatially flat) FLRW universe. Furthermore, this coupling
implies that the Dirac field is a perturbative gauge invariant at our order of truncation, namely it is
independent of perturbatively linear coordinate redefinitions that respect the manifest homogeneity of
the background.

To take advantage of the previous results about the uniqueness of the Fock quantization of the
Dirac field, and to allow for a convenient spatial mode expansion of the fermionic fields, we partially
fix again the local Lorentz gauge imposing the condition n"ej, = §j on the tetrad of our background.
This allows us to generically perform a decomposition of the two chiral components of the fermionic
perturbations as that given in Equations (52) and (53) (after replacing the eigenspinors of the Dirac
operator on S by their analogs for T2). Recall that these behave under local gauge transformations
as SU(2) spinors defined in T3, with a spin structure that is given by the choice of the vector 7 [c.f.
Equation (54). Of equal importance is the fact that this partial gauge fixing eliminates all the nontrivial
canonical brackets between the homogeneous FLRW geometry and the (rescaled) Dirac field [61]. Then,
the only nonvanishing brackets between the fermionic mode coefficients my, T, ty, and Sy (and their
complex conjugates) are

{5t =—1i, Ay v} =4, (85)

where (x,y) again denotes any of the two possible ordered pairs of mode coefficients (m,s) or (t,r)
(omitting their associated wave vector labels). The introduction of this fermionic mode expansion in
the Dirac Hamiltonian coupled to our considered background gives rise to the following contribution
to the total Hamiltonian of the system:

NoHp = No |85Hg+ Y ¥ HIV |, (86)
k£z (vy)
Hﬁ =m (5676 + 1555 + 1116% + taﬁla), (87)
(xy) _ - Wk _
HY = m(y g + %0 _ge) — - (B3 — i) (88)

As we have explained above, Nj is the homogeneous lapse function of the FLRW background.
It follows that the Dirac perturbations, at our considered order of quadratic truncation in the action,
contribute only to the global zero mode of the Hamiltonian constraint of the entire system. Explicitly,
if one ignores the rest of perturbative fields in our model (which do not couple to the fermionic field at
quadratic order), the zero mode of the Hamiltonian constraint is given by the sum of H)y and Hp.

At this point in the discussion, it is worth remarking that there exists an inherent freedom in the
description of the cosmological model at hand. Treating the system formed by the FLRW universe
and its perturbations as a whole entity, one can always mix the different sectors of the phase space by
means of canonical transformations. Even if this mixing does not affect the physical behavior of the
system at the classical level at the end of the day, the freedom in identifying the sets of basic variables
that describe each sector can strongly affect the properties of the hybrid quantization, given that
the perturbative fields are quantized with a different type of representation (a la Fock) than the
homogeneous background (with loop techniques). Focusing the attention on the choice of splitting
between the FLRW sector and the fermionic one, one can understand this as the specific assignment of
how each of these two types of degrees of freedom contributes to the dynamics of the entire system.
To take into account this panorama, and with the aim put on characterizing the Fock representation for
the fermionic perturbations, we introduce general families of annihilation and creation variables of the

In fact, in this section they are rather generic canonical variables, subject to being represented as quantum operators in a
Hilbert space.
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form (73) where the coefficients ff, f;‘, gf, and gg are now taken as functions of the canonical variables
that describe the geometric sector of the cosmological background, understood hereafter as the sector
that corresponds to the scale factor and its momentum’. Furthermore, these functions are subject to
the conditions

v ck A 3 Gk & vk 7
§i=edCf,  S=-dCf  f=BV1-IRR (89)

where GF and FZE are phases given by generic real functions of the FLRW geometry. These conditions
are nothing but the equivalent of Equation (72) (adapted to the case of T%). Therefore, they guarantee
that the definition of the fermionic annihilation and creation variables is a canonical transformation in
the fermionic sector of the phase space (namely if one freezes the FLRW background variables and
ignores their Poisson brackets).

Each of these new families of fermionic variables can codify in different ways the possible splitting
in the dynamical behavior, between the homogeneous cosmological geometry and the fermionic
perturbations that preserve the linearity in the perturbative sector. However, when the cosmological
system is viewed as a whole dynamical entity, and unless the coefficients ff, f;‘, g?, and gg are
constant, the new fermionic variables do not form a canonical set with the scale factor and its canonical
momentum. These variables must be modified if one wishes to restore the canonical algebra fulfilled
by the original basic set for the description of the system. In other words, the canonical transformation
that started with the above definition of families of fermionic annihilation and creation variables
must be completed. This can be readily done, at our order of quadratic perturbative truncation,
by demanding that the symplectic potential of the FLRW and fermionic sectors remain unchanged
after the transformation, up to contributions that are of higher perturbative order than quadratic.
This procedure leads to the new corrected variables for the scale factor and its momentum:

. i i i _ _
a=a-+ 5 Z [(anﬂ.?CE)X}‘ + (an,IXE>X7C‘ + (ana}/%)yl? + (anﬂy,}‘)yk’]/ (90)
k(xy)
. i i i _ _
Tlq = g — 3 2 [(E)uxﬁ)xf{ + (auxE)X’-(* + (au]/]-(*)yz + (8ayz)y%] 91)
K (xy)

Here, the partial derivatives affect only the explicit dependence of the fermionic modes on the
cosmological background geometry, via the functions f{‘, fg, g?, and gg. Thus, the new FLRW variables
a, 7ta, ¢, and 71y form a canonical set with the fermionic annihilation and creation variables defined by
means of Equations (73) and (89).

In the following, for convenience, we restrict our attention to families of annihilation and creation
variables defined by coefficients f¥, f&, ¢¥, and g that depend on the wave vector k only through the
corresponding Dirac eigenvalue wy. Actually, this restriction comes from the symmetry of the fermionic
equations of motion that ultimately can be related to the isotropy of the background spacetime in the
limit where the spatial sections become noncompact. We refer the reader to Ref. [38] for an extended
version of the subsequent analysis, including the possibility of a general dependence of the functions

k K ok Kont
fir f2,81,and g; on k.
5.2. Fermionic Hamiltonian: Restrictions on the Quantization

Every new set of canonical variables for the FLRW background and the fermionic perturbations,
namely every new choice of phase space splitting, naturally contributes to the total Hamiltonian of

7 One can generalize the analysis to coefficients that are functions also of the inflaton and its momentum, thus allowing for a

dependence on all the degrees of freedom of the FLRW background. However, this generalization is not necessary for our
discussion, except at some point in Section 6, where we comment on it explicitly.
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the system in a different way. In particular, if one writes the original zero mode of the Hamiltonian
constraint (that we recall is the sum of H|y and Hp) in terms of an arbitrary new canonical set of
variables as defined above, and truncates it at quadratic order in the perturbations, one obtains [38,39]

Ho(, 7ta, ¢, 70p) + Hp (3, 7a, ), (92)

where the round brackets indicate functional evaluation of the corresponding, preceding function on
the new set of FLRW variables, namely the direct replacement of its dependence on the old untilded
set by the new one. The term Hp is the contribution of the new fermionic variables to the zero
mode of the Hamiltonian constraint. As our notation indicates, it can be made independent of the
canonical momentum of the inflaton. This is always possible by means of a suitable redefinition of the
homogeneous lapse function at our perturbative truncation order [37]. It is given by

xS k (=(xy) (xy) (xy) () | 7(xy), (xy) (xy) 7, (xy)
Hp = Z lhD (aE ar” = a7 +bE b — b b% )
k#T,(xy)
k (7)) (xy) o (xy)z(xy) wk (o) () ok (S(xy) 7 (xy)
+ i (B0 — VBN ) Bk (al B ) — (a5 )] (93)

where we have ignored the contribution from the fermionic zero modes, since they can be isolated and
quantized separately without obstructions, and

b = % (175 — 1A R) + mRe (71 75) + 5 (FECF Hod + FEUAE i) ). ©o4)
k= %{Gk, Hp}, (95)
b= e gt Hod = (A Mo + 245 At (At — w7 ©6)

modulo changes that can be absorbed by the aforementioned redefinition of the homogeneous lapse.
At the considered perturbative level, this redefinition amounts to eliminate 715, in the above equations
by identifying Hy with the zero function [37]. It is worth noticing that in the context of QFT in curved
spacetimes, the product of this lapse function and Hp is the Hamiltonian that generates the evolution
of the chosen family of fermionic annihilation and creation variables, evolution that generally differs
from the original Dirac dynamics generated by NoHp.

There are infinitely many possible families of fermionic annihilation and creation variables defined
by means of Equations (73) and (89), even when restricting to coefficients that depend on k only
through wy. This freedom not only reflects the infinitely many inequivalent Fock representations of the
fermionic degrees of freedom, but also the different possible splitting of the phase space between the
fermionic sector and the homogeneous FLRW geometry. Before proceeding to the hybrid quantization
of the entire system, it is, therefore, of the utmost importance to adhere to physical criteria and restrict
the allowed families of fermionic annihilation and creation variables. In view of the results presented
in the previous sections, a first reasonable condition to impose is that when a QFT regime in a classical
background spacetime is recovered, the quantum Heisenberg evolution of the fermionic annihilation
and creation operators can be implemented unitarily. As we have seen, once we set a convention for
particles and antiparticles, this criterion on the considered families of variables completely fixes the
(symmetry invariant) quantum representation of the field, up to unitary equivalence. In other words,
it allows us to determine the Fock space for the representation of the fermionic field. For concreteness,
let us set the particle/antiparticle convention to be such that it corresponds to the standard one in
Minkowski spacetime as the mass of the fermions goes to zero (situation in which the rescaled Dirac
field propagates as if it were in flat spacetime, in conformal time) [55]. Then, the families of annihilation
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and creation variables restricted by the criterion of a unitarily implementable dynamics are those such
that in the asymptotic limit of large wy:

fl=godB 4k with Y (8 < co. (97)
k -
k

The above condition greatly restricts the asymptotic behavior of the allowed families of
annihilation and creation variables. Furthermore, all such choices lead to unitarily equivalent
representations. However, there is still much freedom left, even in the asymptotic regime of large
w, as the function 9* is only constrained to be square summable (including degeneracy). Actually,
this freedom can be used to refine the phase space splitting in such a way that the part of the hybrid
quantization that concerns the fermionic degrees of freedom displays several desirable properties.
In particular, it appears physically sound to demand that the Fock quantization of the contribution
Hp to the Hamiltonian constraint result into a well-defined operator on the fermionic vacuum
state (and thus on the dense Fock subspace of its associated n-particle states). Such an operator
can be simply obtained by promoting the variables aéx’y ) and b;{x,y ), on the one hand, and ﬁéx,y )
and Eéx’y ), on the other hand, respectively to annihilation and creation operators in the fermionic
Hamiltonian given in Equation (93). As these variables commute with the (perturbatively corrected)
ones that describe the homogeneous FLRW background, the well-definiteness of Hp on the fermionic
vacuum is insensitive to whether these FLRW variables are fixed as classical or promoted to quantum
operators as well (within the hybrid loop scheme). In turn, if one imposes normal ordering on
the products of annihilation and creation operators, it is easy to see that this property on the Fock
quantization of Hp depends exclusively on the asymptotic dependence on wy, of the terms h* defined
in Equation (96). These provide the interactive part of the fermionic Hamiltonian that is responsible
for the annihilation and creation of pairs of particles and antiparticles, and the resulting operator is
well defined (with normal ordering) on the vacuum state if and only if they form a square summable
sequence, including the degeneracy of the Dirac eigenvalues. Specifically, if one introduces condition
(97), together with Relation (89), in /¥, the dominant contribution to this function in the asymptotic
regime of large wy is canceled out. From a Hamiltonian perspective, this cancelation is the ultimate
responsible for the unitarity of the Heisenberg evolution (in the context of QFT in curved spacetimes).
However, it does not guarantee that 1% forms a square summable sequence over all k. The necessary
and sufficient condition for this to happen, and thus for the Fock quantization of Hp to be well defined
on the vacuum, turns out to be that asymptotically [38]

Tm

oF = —i
318(4)]%

e 405, with Y w647 < co. (98)
i

It is worth noticing that this last condition on the allowed families of fermionic annihilation and
creation variables restricts even further the admissible phase space splitting between the fermionic
sector and the background. Namely it specifies even further how the assignment of the dynamical
content of each sector should be made.

Finally, hereafter we restrict the discussion exclusively to phases G* such that {GF, Ho} =0,
in order not to introduce any artificial asymmetry between the dynamical behavior of the fermionic
variables that describe particles and antiparticles (see Equation (93)).

5.3. Hybrid Quantization: Fermionic Backreaction

Let us next summarize the main steps that must be followed for the hybrid quantization of
our cosmological system, formed by an inflationary FLRW background coupled to a perturbative
Dirac field. As mentioned above, one can freely include metric and inflaton perturbations as well,
and discuss a similar phase space splitting and choice of Fock representation for them. We nonetheless
ignore them in this review, as they do not necessarily affect the fermionic sector at the considered order
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of truncation in the action. For details on the treatment of metric and inflaton perturbations in the
context of hLQC, we refer the reader to Refs. [35,36,73].

The first step towards the hybrid quantization of the full system is to specify a concrete splitting
of phase space with physically good properties, along the aforementioned lines. In other words,
one starts by identifying a specific set of fermionic annihilation and creation variables (by means
of Equations (73) and (89)) within the family restricted by the asymptotic conditions (97) and (98).
In addition to the phase space splitting, such choice fixes also the Fock representation for the fermionic
degrees of freedom. Indeed, for their quantization, one just needs to promote these fermionic variables
to the corresponding annihilation and creation operators that in turn completely specify the Fock space
Fp from their associated cyclic vacuum state. On the other hand, once a preferred phase space splitting
has been identified, the FLRW background spacetime is described by the set of variables 4, ¢, and their
canonical momenta (see Equations (90) and (91)), that as mentioned above, Poisson commute with
the chosen set of annihilation and creation variables, at the classical level. We then adopt a (discrete)
loop quantum cosmology representation for the canonical variables that describe the homogeneous
background geometry, with operators defined on a Hilbert space that we call Hl‘%ﬁv For specific details
on this representation, see Refs. [37,73]. In this review, we only recall its main features when they
are relevant for the quantum dynamics of the fermionic sector. In addition, a standard Schrodinger
representation is adopted for the homogeneous inflaton and its momentum, with Hilbert space given
by L?(R,d¢), such that the inflaton acts by multiplication and the momentum is represented as
—idg. The total representation space for the hybrid quantization of the full canonical set of basic
variables of our cosmological system is then the tensor product of all the introduced individual spaces,
namely HP"' @ L2(R, d¢) ® Fp.

This tensor product space is often called the kinematical space, and it is not the fully physical one.
Indeed, the whole system is subject to the zero mode of the Hamiltonian constraint that can be found in
Equation (92) and classically generates global time reparameterizations. We implement this symmetry
at the quantum level by demanding that physical states be annihilated by the representation of the
constraint as an operator on the kinematical Hilbert space®. Actually, for mathematical convenience,
one often rather imposes a rescaled version of this constraint, obtained through multiplication by
the volume V = &° 18 of the homogeneous FLRW sector. To find physical states in the system, it is,
therefore, necessary to specify the corresponding constraint operator and deal with the ambiguities that
its representation involves, as it is not a linear function of the canonical variables. In this construction,
in particular, we impose normal ordering in the fermionic contribution Hp to the constraint. For details
about the remaining ambiguities and how to reasonably fix them in the context of loop quantum
cosmology, we refer the reader to Ref. [37].

Let a specific quantum representation of the zero mode of the Hamiltonian constraint (with normal
ordering for the fermionic operators) be provided in this way. To search for states of physical interest,
such that the influence of the perturbations on the FLRW background can be made controllably small,
we look for solutions to the quantum constraint starting from the following ansatz for the allowed
wavefunctions E:

E=T(V,9)¥p(Nb, ). (99)

Here, V denotes dependence of the wavefunction on the geometric sector of the homogeneous
FLRW background, and N} is a generic label indicating the occupancy numbers in the fermionic
Fock space. Hence, in our states we can regard I as the partial wavefunction that describes the
behavior of the FLRW cosmology, whereas yp is the partial state for the fermionic perturbations.
We notice that both contributions are allowed to depend on the inflaton. It is also worth noting that

8 Alternatively, a sufficiently large number of physical states annihilated by the (dual) action of the constraint may live in the

dual space of a certain dense subset of the kinematical space.
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in case inhomogeneous perturbations of the metric and inflaton were included, this ansatz can be
correspondingly generalized, separating the dependence of the total wavefunction in each different
type of perturbation. In what concerns the partial FLRW state I', we further impose as part of our
ansatz that it evolves unitarily with respect to its variation in ¢ (so that we can normalize it in the
Hilbert space ’ng(iriv), with a generator that we call o such that

—idpT = FoT. (100)

We take this generator to be a positive self-adjoint operator and furthermore impose that it
gives rise to partial states that are close to exact quantum solutions (i.e., annihilated by the action)
of the (rescaled) constraint operator of the homogeneous FLRW background. Explicitly, let us write
the constraint operator that we would have for our FLRW model in the absence of perturbations in
the form

1 .
—5 03+ A1) (101)

where —7:[(()2) is the operator that represents the (rescaled) contribution of the inflaton potential and of
the homogeneous FLRW geometry [see Equation (84)]. Our restriction on 7—?0 translates into demanding
that the action of (7—?0)2 - 7—2(()2) — i[9y, ’flo] on I' be small, let us say at most comparable to terms of
quadratic order in the perturbative parameter of our system.

For the wave profiles selected by the above ansatz to potentially become physical states, we must
impose that they be annihilated by the (rescaled) constraint operator. Namely the action of the quantum
representation of the function (92), rescaled with the homogeneous volume V, on states of the form
(99) (and satisfying the aforementioned conditions) must be zero. The resulting constraint equation
can be greatly simplified, and viewed as an evolution equation on the partial fermionic wavefunction,
if the following approximations are applied [37,73]:

(i) The partial state I' is such that one can ignore transitions in the FLRW geometry mediated
by the zero mode of the Hamiltonian constraint. Then, one can apply a kind of mean-field
approximation and take the inner product of the constraint equation with I', with respect to the
Hilbert space ’Hl%lr:lv

(i) The contribution 8%,1/;13 can be neglected when compared with <7fz0>ra¢l/JD. In other words,
the contribution to the inflaton momentum of the fermionic partial state is negligible compared
with the contribution of the homogeneous FLRW state. The self-consistency of this approximation
can be explicitly checked using the constraint equation [73].

If these approximations hold within our perturbative treatment, then the constraint equation can
be recast as the following Schrodinger-like one:
(VAp)r . r)
=—— +Cp’(9)| ¥, (102)
{(Ho)r

<t

ia¢1/;D =

where the hat denotes the hybrid loop representation of the underlying function, and [37,38]

~ (2 . 2 2
ctr) _ (" 0, Pl = (Ho))r 03
2(Ho)r

This function Cg ) encodes, in mean value, how much the partial FLRW state I" differs from
being an exact solution of the unperturbed system. In this sense, it can be understood as a quantum
backreaction term between the fermionic sector and the homogeneous background. Moreover, it is
worth mentioning that the generator of the fermionic evolution dictated by this Schrodinger equation
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is a ¢-dependent operator that only acts on Fp, and depends on the homogeneous background
geometry by means of expectation values of FLRW operators on the partial state I'. Furthermore,
this operator is automatically well defined on the vacuum, given the preferred Fock quantization
adopted for the fermionic degrees of freedom. Therefore, the introduced approximations in the hybrid
quantum constraint equation allow one to recover a QFT regime in a quantum spacetime, with good
physical properties.

Solutions to the Schrodinger Equation (102) can be obtained by considering its associated
Heisenberg dynamics. For that purpose, it is convenient to introduce the following change of
evolution parameter:

52/3
dyp = Vg, (104)

(Ho)r

which is well defined owing to the positivity of 7—70 and the fact that the volume operator is bounded
from below by a strictly positive number in the loop quantization of the FLRW background [37].
With respect to this parameter, the Heisenberg equations associated with Equation (102), evaluated at
time 5 = 7, are given by

dyeal™ () = =iFal () + VB (),
Ay b () = iRV BEYT () — Gl (), (105)

where we have introduced the one-parameter family of #r-dependent annihilation and creation

operators in the Heisenberg picture, with initial data at some nr = 7y given by the fermionic

(xy) )t

annihilation and creation operators @ and Béx’y of our hybrid quantization. In addition, dy;

denotes the derivative with respect to the parameter 7. Moreover,

) 2(@hk)r T .<ﬁ€}71‘>r
STy & T ey (109

where the diagonal mode coefficients 1%, and the interaction mode coefficients 1% of the fermionic
Hamiltonian are respectively given in Equations (94) and (96) (up to the elimination of any dependence
on the inflaton momentum by identifying H|y with zero, as we have explained). It is worth noting
that strictly speaking, these Heisenberg equations for the fermionic modes can be derived without the
second approximation (ii) introduced above. In fact, given only the first approximation (i), it suffices
that there exists a regime for all the modes in which the annihilation and creation operators find a
straightforward counterpart in the Grassmann variables that they represent [36,73].

The resulting evolution from time # to time # of the annihilation and creation operators is a
Bogoliubov transformation that can be easily seen to take the form [37]

X

9 (g = e, 10)aC™ + By, 70)bL",
B () = —Bi(n,m0)al™ + (g, o) BT, (107)

A

where a (10, 10) = 1, Br (170, 10) = 0, and, for all i,

| (17, 70) |* + | Bi (1, m0) |* = 1. (108)

In particular, recall that we are focusing our attention on phase space splitting and Fock
representations of the fermionic degrees of freedom characterized by Equations (97) and (98)
in the asymptotic regime of large wy. These lead to interacting contributions to the fermionic
Hamiltonian such that the beta coefficients of this transformation have the asymptotic behavior
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Br = O[Max(6", w; %)], where the function Max|., .| picks out the argument of dominant asymptotic
order [38]. Taking into account the second condition in Equation (98), it is clear that these beta
coefficients form a square summable sequence, over all . It then follows that our quantum Heisenberg
dynamics is unitarily implementable on the fermionic Fock space.

The unitary operator that implements the considered Heisenberg evolution can be explicitly
constructed [37,38]. Furthermore, it can be checked that its action on the fermionic vacuum state
picked out by the hybrid quantization provides a solution to the Schrédinger Equation (102) if the
backreaction function is of the form

72/3
gy =" 7 [50) 4 dy ], (109)

</7L70>1" K(xy)

Here, c]({x’y ) are arbitrary real phases of the evolution operator and ' is certain function with

an asymptotic behavior which depends on that of the interaction contribution Glgr) (o1, equivalently,
on that of By). For our allowed families of Fock representations of the fermionic degrees of freedom,
one can see that this function is of dominant asymptotic order O[Max(wy|6¥|?, w; %)]. Therefore,
our backreaction term relating the FLRW background and the fermionic perturbations in the regime
of QFT in a quantum spacetime, attained by the hybrid quantization of the system, turns out to be
an absolutely convergent quantity. Thus, one needs not perform any regularization or subtraction of
infinities to render this backreaction term finite, something that could be done by using the arbitrary
phases c,(cx’y ) that one can freely add to the evolution operator, but that would imply an unjustified
adjustment of an infinite number of quantities.

We end this section with the following remark. The first work [37] that was carried out about
the introduction of fermionic perturbations in hLQC employed a choice of annihilation and creation
variables analogous to that introduced by D’Eath and Halliwell in Ref. [62]. As mentioned in the
previous section, this choice is within the family of unitarily equivalent quantizations that allow for
a unitarily implementable dynamics, in the context of QFT in curved spacetimes. The analysis in
Ref. [37] shows that with this choice of fermionic variables, the backreaction term C g ) in the hybrid
quantum theory fails to be an absolutely convergent quantity and needs to be regularized. This is
an example of how the requirement of a unitarily implementable evolution alone is not enough to
guarantee nice properties of the hybrid quantization of the full system. In fact, the conditions that
are needed for the absolute convergence of Cg) are very similar, but slightly weaker, than those for a
proper definition of the fermionic Hamiltonian on the vacuum. Indeed, it is enough that Equation (98)
is fulfilled and wy|6%|? is a summable sequence over all k [38]. In this respect, any choice of fermionic
variables that leads to a good definition of the Hamiltonian operator on the vacuum automatically
guarantees that the quantum fermionic backreaction is finite, without the need for regularization.

6. Fermionic Hamiltonian Diagonalization: Choice of Vacuum State

The restrictions on the definition (73) of fermionic annihilation and creation variables in hybrid
quantum cosmology to guarantee: (i) unitarity of the QFT evolution [Equation (97)], and (ii) a
well-defined Hamiltonian on the vacuum [Equation (98)], allow us to considerably reduce the possible
choices of such variables, at least in the asymptotic regime of large wy. However, and even though all
the resulting Fock representations are unitarily equivalent, there is still much freedom in identifying a
particular set of annihilation and creation variables (even in the asymptotic regime). In other words,
there remains ambiguity in the complete characterization of the phase space splitting between the
FLRW background and the fermionic sector, as well as of the fermionic vacuum state of the theory.
In this section we motivate and adhere to the physical criterion of Hamiltonian diagonalization to try
and fix this remaining choice, following a procedure that is specifically adapted to the spatially local
structure of the fermionic dynamics.
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6.1. Hamiltonian Diagonalization in hLQC

The previously imposed criteria on the allowed choices of fermionic annihilation and creation
variables [Equations (97) and (98)] are tailored to have the net effect of diminishing the dominant
asymptotic order, in the regime of large wy, of the interaction parts 1 of the fermionic Hamiltonian Hp
[given in Equation (93). Ultimately, this fact is responsible for the unitarity of the fermionic evolution,
as well as for a proper definition of the fermionic Hamiltonian on the vacuum. As we have already
commented, these interaction parts annihilate and create pairs of particles and antiparticles in the
quantum fermionic dynamics. From a physical perspective, one would think that a choice of phase
space splitting where the assignment of the dynamical contribution of the FLRW background to the
system is such that the fermionic states undergo no annihilation and creation of pairs, would be one
that is naturally adapted to the dynamics of the entire cosmological system. This choice should then
be such that h’I‘ = 0, so that the Fock quantization of the resulting fermionic Hamiltonian Hp would
have a diagonal action on the n-particle states associated with the selected set of annihilation and
creation operators.

According to this line of reasoning, we refer to any choice of fermionic annihilation and creation
variables that lead to vanishing interaction terms hk, for all E, as variables for the Hamiltonian
diagonalization. In general, restricting to cases with f§ # 0 (which include all those choices that respect
the standard convention for particles and antiparticles in the massless limit [55]), one can readily check
that the diagonalization condition 1% = 0 is fulfilled for all k if and only if

a {q)k, H|0} + 2iwg @ + iumgo% —iam =0, (110)

where ff = ffgj. This is a semi-linear partial differential equation which has locally unique solutions,
as long as the section of initial conditions is transversal to the flow of the Hamiltonian vector field
{.,Hjo} [74]. Naturally, there are several possible families of such solutions for all k, and each of them
completely characterizes (up to the two phases G and F¥) a different set of fermionic variables for the
Hamiltonian diagonalization, in virtue of Equation (89). Explicitly, it holds that

[ —— (111)

T+ |pel*

Let us point out that in fact, the structure of the differential Equation (110) allows for solutions
that moreover on the FLRW geometry, can depend also on the inflaton and its canonical momentum.
Remarkably, nonetheless, the definition of fermionic annihilation and creation variables resulting from
any such choice of coefficients for the Hamiltonian diagonalization can still be completed to become
canonical in the entire cosmological system, following an analogous procedure to that discussed in the
previous section. We adopt this extended framework for the definition of the fermionic variables in
this and the next subsection.

Finally, it is worth noticing that Relation (111) can be used to show that the mode coefficients 1%,
of the resulting diagonal Hamiltonian, for each choice of fermionic variables characterized by a set of
solutions to Equation (110) (for all E), acquire the form [75]

21k = 0wy + mRe (gx) — {Pé, H‘O} . (112)

6.2. Asymptotic Diagonalization

In the following, we try and fix a preferred solution to Equation (110), using our previous
knowledge of the restrictions that unitary evolution and a proper definition of the fermionic
Hamiltonian impose, and by looking into the details of this Hamiltonian in the asymptotic regime of
large wy. For fermionic variables that admit a unitarily implementable evolution, namely when
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Equation (97) holds, the interaction coefficients h’f of the fermionic Hamiltonian Hp behave
asymptotically as
2wy o 4 2mtm 1,

Wk = =K
™ a 33wy a

B+ OMax(8F, w2)], (113)
where the second summand results from the second Poisson bracket in Equation (96). As we pointed
out above, we explicitly see here that demanding condition (98) for a well-defined action of the Fock
quantization of the Hamiltonian on the fermionic vacuum is equivalent to diminishing the dominant
asymptotic order, in inverse powers of wy, of the interaction coefficients. Once this condition is
imposed, one arrives at an asymptotic behavior for 1§ with an analogous structure as in Equation (113).
More concretely, its dominant contribution is given by 2w;6*/a plus certain specific terms that are
proportional to wk_z. One can cancel this contribution again by conveniently fixing the dominant
asymptotic behavior of §*. The resulting interaction coefficient /¥ displays, once more, a similar
asymptotic structure, but with the role of 6% played by its subdominant contributions and the remaining
summands with a lower asymptotic order in powers of wy. Owing to the asymptotic structure of the
Hamiltonian, this pattern repeats itself at each asymptotic order in inverse powers of wy, if one admits
an asymptotic expansion of this form and imposes the cancelation of the previous dominant terms in
the interaction coefficient h’lC .

Motivated by these properties of the fermionic Hamiltonian, and taking into account
that asymptotically

=B 4+ 0(w?) (114)

if the unitary evolution condition (97) is fulfilled, we propose the following asymptotic series as an
ansatz for a Hamiltonian diagonalization in the regime of large wy:

1 X i\"
P~ 5— ), (—) Yn, Yo = ma. (115)

Zwk

Here, the symbol ~ indicates the equality of the asymptotic expansions, and 1y, are functions of the
homogeneous FLRW background canonical variables. These are completely fixed in an iterative way if
one introduces our ansatz in the interaction coefficients h’I‘ of the fermionic Hamiltonian, and imposes
that each contribution in inverse powers of wjy be equal to zero. Specifically, one then obtains [39,75]

n—1
Ynt1 =4 {H|o, vn} +ma Y YmYu—(mery,  Yn >0, (116)
m=0

where y_,, = 0 for all n > 0. This is a deterministic recurrence relation that can be used to fix all the
functions 1, starting from the initial datum .

It is worth mentioning that the proposed function ¢ for the asymptotic diagonalization of the
fermionic Hamiltonian, given by Equations (115) and (116), provides a very specific solution to the
general Equation (110), in the sector of unboundedly large wy. Such an asymptotic solution can be
thought of as a physically preferred solution, inasmuch as it has been obtained by exclusively adhering
to local features of the fermionic Hamiltonian. However, despite the strong asymptotic restriction that
our requirement sets on the admissible solutions to Equation (110), there may exist many such solutions
for all k that viewed as functions of wy, display the same, preferred asymptotic behavior. It seems
therefore most convenient to investigate whether the imposition of certain smoothness conditions on
the dependence of any such ¢ on wy (e.g., continuity or analyticity) can allow us to fix this solution
completely. Indeed, if we were able to ensure this uniqueness, by taking into account relations (89),
we would solve the last remaining ambiguity in the choice of fermionic variables for the hybrid
description of the system, up to the phases G* and F§. In other words, once these phases were chosen,
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we would succeed in specifying a Fock representation (with its associated vacuum state) of the fermionic
degrees of freedom, together with a particular splitting of the fermionic and FLRW sectors of the phase
space and of their contribution to the dynamics of the entire system. Actually, we have already restricted
the phase G* in a substantial way by demanding it to be a dynamically irrelevant constant in the classical
linearized system, after imposing {G*, H jo} = 0 to eliminate asymmetries in the evolution of particles
and antiparticles. As for the other phase, F}, it can be naturally selected by demanding that the original
dynamics that is extracted from the Dirac field by means of the background-dependent transformation
(73) be minimal, along the lines detailed in Ref. [40].

We end this subsection by noting that if one specifies a preferred choice of fermionic annihilation
and creation variables for the Hamiltonian diagonalization, then one is not only fixing the relevant
structures for the hybrid quantization of the cosmological system, but also a concrete Fock
representation of the Dirac field, within the framework of QFT in curved spacetimes. This regime is
attained when the homogeneous background obeys the Friedmann equations, whereas the fermionic
annihilation and creation variables evolve with the dynamics dictated by the fermionic contribution
to the Hamiltonian (92). If the interaction terms in this Hamiltonian are zero, then this fermionic
dynamics can be straightforwardly solved, namely the annihilation and creation variables just evolve
via multiplication of their initial data (at an arbitrary initial time) by a complex phase. With these
solutions at hand, if one takes the inverse of the defining transformation of these variables given by
Equation (73), and introduces it in the mode expansion of the Dirac field, one immediately obtains a
complete basis of solutions for the Dirac equation, in the sense of Equation (7). The constant coefficients
of the elements of this basis in the expansion of the field are the annihilation and creation initial data
that select a unique Fock representation (and its associated vacuum state) once they are promoted
to operators.

6.3. Uniqueness of the Vacuum: Minkowski and de Sitter Spacetimes

In this subsection we focus our discussion on the aforementioned regime of QFT in curved
spacetime, and explain how our ansatz for asymptotic diagonalization succeeds in the selection of
natural vacuum states in Minkowski and de Sitter spacetimes. In fact, the asymptotic expansion
given in Equations (115) and (116) allows us to determine a complete basis of solutions for the
Dirac equation (as in Relation (7)) that turns out to correspond to the choice of the Poincaré or the
Bunch-Davies vacuum, respectively, when the background cosmology is fixed as the Minkowski or the
de Sitter spacetime. Taking into account that when the homogeneous background obeys the Friedmann
equations, we have that a{., H)y} is simply the derivative with respect to the conformal time, in the
considered situations in QFT the recurrence Relation (116) becomes

n—1
Vnt1 =~y +ma ZO Y Yn—(me1y, V>0 (117)

=
Let us start by considering the case of a background given by the classical Minkowski spacetime.
This particularization is easily implemented by setting the scale factor as the unit constant, the inflaton
as an arbitrary constant, and its potential equal to zero. Then, we immediately have that vy = m,
while any other 7, determined by the recursion Relation (117), has a vanishing time derivative.
That iterative equation can be solved by introducing the generating function G(x) = Y.;°; v»x"

that leads to a quadratic equation with only one solution consistent with the initial datum g = m:

G(x) = ﬂixz [1 V11— 4m2x2} . (118)

Around x = 0, this is an analytic function with power series in x characterized by the coefficients
Yn, by construction. Then, comparing this series to our ansatz (115) and employing the uniqueness
of the asymptotic expansion, we can directly identify the function ¢, that leads to an asymptotic
diagonalization with the following analytic function:




Universe 2020, 6, 241 40 of 48
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Using the relations (89) and (111) that arise from the requirement that the fermionic annihilation
and creation variables be defined by means of a canonical transformation, one eventually obtains

A= S 1= e, (120)

where ¢ = /w2 + m?. Since the selected function ¢y that permits the Hamiltonian diagonalization
is completely independent of time in this case, according to our comments above, it is natural to
demand that the phase F} be simply an arbitrary constant, as well as G¥. From Equation (112), one can
straightforwardly check that the diagonal coefficients of the resulting fermionic Hamiltonian are then
hk| = &. A simple inspection of this result, together with Equation (120), immediately reveals that our
criterion of asymptotic diagonalization selects indeed the basis of solutions to the Dirac equation in
Minkowski spacetime that corresponds to the Poincaré Fock representation of the field. Namely it is
the quantization that with a standard convention for particles and antiparticles, separates between
positive and negative mass-shell frequencies .

Let us show, in addition, how our criterion of asymptotic diagonalization recovers the common
notion of Bunch-Davies vacuum for the Dirac field in de Sitter spacetime. In a flat slicing, this spacetime
can be understood as a cosmological solution of Friedmann equations obtained by setting the inflaton
potential equal to the constant 3H% / (87) and the inflaton momentum equal to zero. Here, H is the
constant Hubble parameter. In conformal time, the expanding scale factor then behaves as

>
Wi

1+mz—1]. (119)

1
a=—-——-, —o0 <7 <0. (121)
nHA
The analysis of the restrictions that the asymptotic diagonalization imposes on the choice of a
fermionic vacuum is easier if one first considers the general differential equation for ¢ in our de Sitter
background. It reads
m

. . . m
q0;/< + 2iwy @y — z—q)i +1

—— =0. 122
nHA nHa (122)

The general solution of this equation can be found by introducing a mode-dependent complex
time Ty = —2iwy# and the following change of variables [75]:

_ Ha d

The function vy turns out to satisfy a confluent hypergeometric equation in the complex variable
T} that has the general solution

o = AR (fimel;leimel;Tk)
P |
+ BT, (imH,;l;l +2imH—1;:rk), (124)

where A and B are integration constants, and 1 Fj (.; .; z) is the hypergeometric function of type (1,1)
that is absolutely convergent for all values of its complex argument z [76].

The asymptotic expansion determined by our criterion of Hamiltonian diagonalization, given in
Equations (115) and (117), actually picks out a specific solution of the mentioned hypergeometric
equation, up to an irrelevant multiplicative constant, namely a particular ratio between the integration
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constants A and B. Indeed, the iterative Relation (117), particularized to our de Sitter background,
can be seen to lead to coefficients vy, such that

1 1\"
(Pk,/\'\‘l?kz T Cn, (125)
n=0

where C;; are constants that are completely specified by a complicated nonlinear recurrence relation,
with the initial value Cy = mHK1 [75]. We need not solve this relation, since the Ty-dependence of
the above asymptotic series, together with the known value of Cy, is enough to restrict the associated
expansion of vy in Equation (123) so that

imH?! & " m\?
o ~T, 4 (—) Uy, with v = () 0. (126)
c o) o Hy

By introducing this ansatz for the asymptotic behavior of vy in the confluent hypergeometric
equation that it must satisfy, one can determine the coefficients v, of the asymptotic expansion
exclusively in terms of vy, yielding

-1

o ~ 0T oy (z'mH;l, —imHY; —; f:rk—l) ) (127)

where 7 Fy(.,.; —; z) is the hypergeometric function of type (2,0) that has a zero radius of convergence.
Even though it formally diverges, its series is known to provide the asymptotic expansion of a very
particular type of solution to the confluent hypergeometric equation, namely the Tricomi solution [76].
In fact, using the asymptotic properties of the hypergeometric functions in Equation (124), it is possible
to prove that the Tricomi solution is the unique one that has an asymptotic expansion of the form (127).
Therefore, after substituting this solution in Relation (123), we immediately see that our procedure of
asymptotic Hamiltonian diagonalization allows us to obtain again a unique solution to the general
Equation (110), for all wave vectors k.

In more detail, the Tricomi solution for vy selected by our criterion of asymptotic diagonalization
leads, after several manipulations, to the following function ¢ in Equation (123) [75]:

1 7(1)
HY (wiip) —iHy 7 (win) , 1
ox(n) = —f e p=id 4 (128)
H, (wpn) + iHyZ (wip) A

where H]El) denotes the Hankel function of the first kind [77]. In turn, using relations (89) and (111),
this result determines the coefficients f{‘, fé‘, g’l‘, and g’z‘ that define the fermionic annihilation and
creation variables, up to the phases Ff and G*. We recall that the latter is fixed as an arbitrary
constant. As for the former, namely F}, one can select it following the ideas put forward in the
previous subsection, so that it minimizes the amount of dynamics extracted by the time-dependent
canonical transformation (73). In any case, the details about the time dependence of this phase are
irrelevant for the basis of solutions to the Dirac equation that ¢ selects (in the context of QFT in a
fixed curved spacetime), as one can straightforwardly check using Equations (73) and (112). Then,
after taking into account the diagonal evolution of the annihilation and creation variables dictated by
Kk in Equation (112), the resulting complete set of solutions for the Dirac equation in which the field
decomposes is given by very specific linear combinations of Hankel functions of the first (in the case of
antiparticles) and second (in the case of particles) kinds, different for each chirality and helicity [75].
We recall that any such basis decomposition fixes a particular Fock representation of the field. In this
case, the basis of solutions turns out to be precisely the one that has been naturally associated in the
literature with the fermionic analog of the Bunch-Davies vacuum in de Sitter spacetime [75,78,79].
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Therefore, our criterion of asymptotic Hamiltonian diagonalization provides again the vacuum state
that is physically accepted as preferred, in this case in a de Sitter background.

We end this section with a final remark. Beyond the well-known background spacetimes analyzed
here, namely Minkowski and de Sitter, quantum fields in FLRW cosmologies suffer from the lack
of a natural choice of vacuum state, at least if one appeals only to the symmetries of the system to
select it. In the case of scalar fields, a common approach to mitigate this issue is the introduction
of adiabatic states (see e.g., Refs. [31,80-82]). Their construction is based on an iterative procedure
to solve the field equations such that the resulting quantization displays certain local Poincaré-like
features. In the case of Dirac fields, there have been at least two notable attempts to generalize the
notion of adiabatic states [83,84]. The proposal in Ref. [84] follows closely the construction procedures
previously established for scalar fields. In particular, this work introduces an algorithm to iteratively
solve the Dirac equation that at each consecutive step, can approach the actual mode solutions up to
contributions that are more and more subdominant in the asymptotic regime of large wy. An adiabatic
state of nth-order is defined by truncating this procedure at the nth-step of the iteration and setting
the value of the resulting approximate mode solutions, at an arbitrary time, as the initial data that
specify the basis of solutions for the Fock representation of the field. Ref. [85] analyzed the relation
between these adiabatic states and our family of unitarily equivalent quantizations of the Dirac
field, including those that satisfy the condition of asymptotic diagonalization. It was shown that the
representations associated with adiabatic states of all orders belong to the same equivalence class.
In particular, the zeroth-order state already corresponds to a representation that admits unitarily
implantable evolution, once the time dependence attributed to the FLRW background has been
conveniently extracted. In fact, this unitarity guarantees that any two states defined with adiabatic
initial data at different times are unitarily equivalent, so that the choice of initial time for the definition
of the adiabatic states is not a relevant ambiguity. Furthermore, the first-order adiabatic state directly
leads to a Fock quantization of the Dirac field in the family selected by imposing that the fermionic
Hamiltonian for the annihilation and creation variables be well defined on the vacuum. The question
of whether higher-order adiabatic states give rise to representations that behave, in the asymptotic
regime of large wy, increasingly closer to the one(s) selected by our criterion of asymptotic Hamiltonian
diagonalization is yet an open issue.

7. Conclusions

In this work, we have reviewed some recent investigations, carried out by us and our collaborators,
about the physical motivation and use of certain criteria capable to ensure the uniqueness of the Fock
quantization of fields in cosmological systems, specialized to the case of fermions described by Dirac
fields. The presented results have been applied to the study of the hybrid quantization of the primordial
Universe with perturbations that contain all the fermionic degrees of freedom described by a Dirac
field (and may also include other matter field perturbations and metric perturbations).

We have first considered the Fock quantization of the CARs for Dirac fields in conformally
ultrastatic three-dimensional spacetimes, as well as in cosmological FLRW spacetimes in four
dimensions, with spherical or toroidal spatial hypersurfaces. We have characterized the set of
vacua that are invariant under the physical symmetries of the Dirac equation in these spacetimes.
These symmetries include the continuous isometries of the spatial hypersurfaces, enlarged with the spin
rotations generated by the helicity in the case of FLRW cosmologies with sections of toroidal topology.

For all the Fock representations associated with the above set of invariant vacua, we have proven
that there exists a subset that admits unitary implementability of the dynamics on the Fock space.
This evolution comes from the Dirac equation, after extracting from the fermionic field some of its
time variation that can be attributed to the dependence on the variables that describe the spacetime
background. In the Heisenberg picture, the extracted part is regarded as explicitly time-dependent,
and therefore is not included in the proper quantum dynamics of the annihilation and creation
operators. In fact, this extraction is necessary to achieve the unitary implementability of the quantum



Universe 2020, 6, 241 43 of 48

evolution. It must be restricted, nonetheless, by the condition that the evolution remaining from the
original Dirac equation be not trivialized.

After determining all the Fock representations that are allowed by the criteria of invariance under
the symmetries of the equations of motion and of a nontrivial unitary implementability of the dynamics,
we have shown that all these representations are unitarily equivalent for each of the spacetime scenarios
that we have considered, provided that one fixes a convention to distinguish between particles and
antiparticles of the Dirac field. In other words, our well-motivated conditions of unitarity and
invariance guarantee the uniqueness of the Fock representation, up to unitary equivalence.

This uniqueness result has the immediate consequence of also specifying a unique concept of
quantum dynamics for the fermionic annihilation and creation operators, modulo unitary redefinitions.
Indeed, our analysis allows us to fully characterize the functions of the spacetime background that
need to be removed from the time dependence of the fields, at least in the ultraviolet limit of large
eigenvalues of the Dirac operator on the spatial hypersurfaces. This characterization can alternatively
be understood as the determination of which field excitations are the particles and antiparticles that
preserve their coherence over time.

We have provided an optimal description, with an eye to its quantization, of the phase space
of a homogeneous and isotropic cosmology coupled to a homogeneous scalar field (that acts as an
inflaton in General Relativity) and with fermionic perturbations, when the Einstein-Dirac action is
truncated at quadratic perturbative order. For the fermionic sector of the phase space, we have used
our previous result about the Fock representation of a Dirac field to select a quantization of the
fermionic degrees of freedom, up to unitary modifications. Hence, for the fermionic field, we have
chosen certain annihilation and creation variables that are related with the Dirac modes through
a canonical transformation that depends on the homogeneous and isotropic background, and that
supports a unitarily implementable Heisenberg dynamics when the background is viewed as a fixed
entity. This leads to a specific splitting of the phase space between the background degrees of freedom
and the fermionic content. A particular consequence is the modification of the contribution to the
global Hamiltonian constraint associated with the fermionic perturbations. We have taken advantage
of this modification and, going beyond the criterion of unitary dynamics for the selection of the
fermionic variables, we have employed the remaining freedom in the background dependence of this
choice to obtain other desirable properties in the quantization of our system. One property that we
have investigated is a proper definition of the fermionic Hamiltonian operator on the set of finite
particle/antiparticle states constructed from the vacuum. On the other hand, the discussed splitting
of the phase space also implies a change in the canonical variables that describe the homogeneous
background, to preserve the symplectic canonical structure of the system at the perturbative order of
our truncation. The corresponding change in the background variables amounts to the correction of
the original ones with terms that are quadratic in the perturbations.

Using the above description of the phase space, the only nontrivial constraint that needs to be
imposed quantum mechanically is the zero mode of the Hamiltonian constraint. This global constraint
interrelates the different physically relevant sectors of the phase space, namely the geometric FLRW
sector, for which a loop representation is adopted, the inflaton, with a Schrodinger-like representation,
and the fermionic perturbations, for which one takes a Fock representation in the selected family
(in addition, it is possible to include scalar and tensor perturbations, described by perturbative gauge
invariants, with Fock representations that can be picked out as well with our proposed criteria).
In order to single out this preferred family of Fock representations, in addition to the invariance under
the symmetries of the field equations and the unitary implementability of the Heisenberg dynamics,
we have chosen a convention for the distinction between particles and antiparticles which smoothly
connects with the standard convention of QFT when the mass of the field vanishes.

We have shown how to impose the operator that represents the zero mode of the Hamiltonian
constraint of our perturbed cosmological system on states for which the dependence on the different
sectors of the phase space, except the inflaton, becomes separable. In this way, we have been able to find



Universe 2020, 6, 241 44 of 48

mild conditions under which the imposition of the constraint turns out to be essentially equivalent to a
certain master constraint equation on the fermionic perturbations. Given our perturbative hierarchy,
these conditions amount to have negligible FLRW geometry transitions mediated by the zero mode of
the Hamiltonian for the partial wave function that describes such a homogeneous geometry in our
state. The resulting equation is special since the dependence on the FLRW geometry only persists
by the inclusion of expectation values over that geometry. With an additional approximation on
the variation of the partial wave function of the fermionic perturbations with respect to the inflaton,
that can be checked at least for self-consistency, one can deduce from this master constraint on
the perturbations a Schrodinger equation for the partial state that describes the fermionic content.
This Schrodinger equation involves the quantum backreaction that the fermionic perturbations produce
on the FLRW geometry.

Moreover, within our approximations, it is possible to solve the quantum dynamics dictated by the
commented master constraint equation on the perturbative fermionic modes. We have reviewed how
such dynamics can be implemented on our Fock space. The resulting evolution depends, in particular,
on the FLRW geometry, but this is so exclusively through expectation values that turn out to be
different for each fermionic mode and that are well defined thanks to the loop representation adopted
in the scheme of hLQC. These facts, together with ultraviolet properties, guarantee the unitary
implementability of the fermionic Heisenberg dynamics. One can construct the associated unitary
evolution operator that is generated by the fermionic Hamiltonian that appears in the Schrodinger
equation that has been derived. Actually, we have seen that the requirement that this Hamiltonian be
well defined on the vacuum is enough to guarantee a finite fermionic backreaction on the FLRW
background, without the need for any regularization. On the other hand, the unitarity of the
fermionic dynamics translates into a finite production of pairs of particles and antiparticles in the
evolved vacuum.

We have gone one step beyond and employed the still remaining freedom in the determination
of the Fock representation of the fermionic degrees of freedom, and their splitting from the FLRW
sector of the phase space, to demand an additional feature in the fermionic Hamiltonian, namely that
it become diagonal in terms of the fermionic annihilation and creation variables in the asymptotic
region of large wave numbers of the modes, in the sense that it do not contain interactions in that
region that produce pairs of particles and antiparticles. We have seen that this condition indeed fixes
asymptotically the choice of vacuum state. Furthermore, we have argued in favor of the uniqueness
of the vacuum selected by means of this asymptotic Hamiltonian diagonalization when extended
to all wave numbers by suitable smoothness conditions. In this respect, we have demonstrated the
uniqueness in the case of standard QFT in Minkowski and de Sitter spacetimes, treated as fixed
backgrounds, showing in addition that the vacua that are picked out by the diagonalization procedure
are the Poincaré and the Bunch-Davies vacua, respectively. For more general backgrounds, either of
classical or quantum nature, our proposal can potentially serve to attain a well-defined and unique
choice of vacuum state with especially good physical and mathematical properties.

Finally, we have commented on the relation between adiabatic states and the vacua selected by
our criteria. For iterative constructions of fermionic adiabatic states, all of them turn out to belong
to the unitary equivalence class of Fock states that incorporate symmetry invariance and allow for a
unitarily implementable dynamics. Moreover, states of first or higher adiabatic order belong to the
family of Fock states picked out by the additional requirement of a fermionic Hamiltonian with a
well-defined action on the dense set of finite particle/antiparticle states, and therefore it is ensured
that they lead also to a finite fermionic backreaction. As for the issue of Hamiltonian diagonalization,
it is an open question whether higher-order adiabatic states give rise to representations in which the
vacuum state increasingly approaches our choice in the asymptotic regime of large wave numbers.
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We study the compatibility of the quantum homogeneitiy and isotropy hypothesis (QHIH), proposed by
Ashtekar and Gupt to restrict the choice of vacuum state for the cosmological perturbations in loop
quantum cosmology (LQC), with the requirement that the selected vacuum should lead to a power
spectrum that does not oscillate. We inspect in close detail the procedure that these authors followed to
construct a set of states satisfying the QHIH, and how a preferred vacuum can be determined within this set.
We find a step that is not univocally specified in this procedure, in relation with the replacement of the set of
states that was originally allowed by the QHIH with an alternative set that is more manageable. In fact, the
first of these sets does not contain the state that has been used in most of the implementations of the QHIH
to the analysis of the power spectrum of the perturbations in LQC. We focus our attention on the original set
picked out by the QHIH and investigate whether some of its elements may display a nonoscillatory
behavior. We show that, to the extent to which the techniques used in this paper apply, this possibility is
feasible. Thus, the two aforementioned criteria for the physical restriction of the vacuum state in LQC are

compatible with each other and not exclusive.

DOI: 10.1103/PhysRevD.104.083541

I. INTRODUCTION

In order to extract useful predictions from a physical
theory, sometimes it does not suffice to determine the
dynamical equations that rule the evolution of the system
and analyze their properties. Choosing initial conditions
can be just as important as these dynamical laws, especially
for scenarios that cannot be reproduced in a controlled way
in a laboratory (such as, e.g., gravitational systems). In
these cases, any successful theory should incorporate a
procedure to determine suitable initial conditions, based on
reasonable justifications and leading to phenomenologi-
cally sensible results. A situation in which this issue is
particularly important is in the study of the evolution of
primordial cosmological perturbations. These perturbations
are believed to be the seeds of the temperature anisotropies
that can be observed in the cosmic microwave background
(CMB) [1-4]. Beyond the standard cosmological para-
digm, there is a growing hope that the power spectrum of
the CMB radiation may keep some traces of the quantum
geometry phenomena that would have taken place when
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the Universe was extremely young and in this manner
provide a way to falsify the predictions of quantum
cosmology formalisms that describe the behavior of those
early epochs [5-8].

Many attempts have been made to include quantum
gravity effects in the analysis of primordial perturbations in
cosmology (see, e.g., [9-28]). Most of these works adopt a
Fock representation for the linear fields corresponding to
the gauge-invariant perturbations. Then, the choice of
initial conditions is equivalent to selecting a preferred
Fock vacuum state. A natural starting point is to demand
that this vacuum state remains invariant under the spatial
isometries of the homogeneous background (either treated
as a classical or a quantum entity). Nonetheless, since the
cosmological background is not stationary, these sym-
metries are usually not enough to pick out a unique
vacuum, but only to restrict the choice within a family
of states, unitarily equivalent among them in an optimal
scenario, if the selection criteria have been wisely imposed
[29,30]. Within that family, one of the most common
proposals is to choose the Bunch-Davies vacuum at the
onset of inflation, especially if there is an inflationary phase
that admits a slow-roll description. The Bunch-Davies state
is arguably the most natural vacuum in de Sitter spacetime,
which is believed to provide a good approximation for the

© 2021 American Physical Society
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cosmological expansion in such an inflationary phase [2,31].
However, this state is not well adapted to the cosmological
evolution if there are relevant regimes previous to slow-roll
inflation with physical phenomena that can affect the
primordial perturbations. For instance, this may happen
for perturbation modes with wavelengths of the order of
the characteristic scales associated with the quantum gravity
processes that may have affected the Universe well before
inflation, out of the domains of applicability of classical
general relativity. To take those primeval epochs into
account, we must have some level of understanding of
the underlying quantum geometry. Several candidate for-
malisms have been suggested to describe quantum gravity
regimes in cosmology. Among them, we will focus our
attention on loop quantum cosmology (LQC) [32-34],
which is a nonperturbative quantization of cosmological
systems based on the background-independent canonical
theory of loop quantum gravity [35,36]. In LQC, for certain
quantum states with interesting classical properties at large
volumes, the big bang singularity becomes replaced with a
quantum bounce [37,38].

Within these bouncing regimes of LQC, the choices of
vacuum state for the perturbations that were first employed
to extract predictions from the theory correspond to the so-
called adiabatic states [19,39]. Adiabatic states [40,41] are
constructed iteratively from a zeroth-order state and, for
sufficiently high order, they have the physically appealing
property of permitting the renormalization of the stress-
energy tensor. The adiabatic iterative process, however,
is not mathematically robust and breaks down in certain
circumstances. In addition, the motivation for using adia-
batic conditions around a bounce of quantum origin is not
completely clear from a theoretical point of view [42—-44].
A more recent proposal for the choice of a vacuum, with a
more elaborated motivation, has been given by Ashtekar
and Gupt [45,46] in the context of the so-called dressed-
metric approach to the study of primordial perturbations
in LQC (see, e.g., Refs. [16,19,20,47]). According to this
proposal, one chooses the state with a maximal classical
behavior at the end of inflation among those that fulfill the
so-called quantum homogeneity and isotropy hypothesis
(QHIH). This is an extension into the quantum realm of
Penrose’s Weyl curvature hypotesis [48,49], which states
that the Weyl curvature should vanish at the big bang. The
vacuum state selected so far using this QHIH has been seen
to lead to a primordial power spectrum that is highly
oscillatory in the dressed-metric approach to LQC, with
respect to the wave number of the Fourier modes of the
perturbations [46]. When these oscillations are suitably
averaged, this power spectrum shows good agreement with
the current CMB observations, and it may even provide a
way to alleviating certain anomalies reported by the Planck
satellite [6,7]. Nonetheless, it has been argued that these
oscillations might come from an evolution of the proposed
vacuum in the preinflationary epoch that blurs the infor-
mation about the genuine effects of the LQC bounce on the

perturbations [50,51]. To deal with the problem of these
superimposed oscillations in the power spectrum, Martin de
Blas and Olmedo put forward an alternative proposal,
implemented numerically, which selects a vacuum state
with a nonoscillatory (NO) spectrum [50]. This NO-
vacuum was originally introduced in the context of the
so-called hybrid approach to LQC (see Ref. [52] for a
comprehensive review on the topic). Recent investigations
have identified some analytical conditions that must be
satisfied by a vacuum displaying NO properties, and that
restrict its asymptotic behavior for infinitely large wave
numbers [51,53].

The aim of this work is to investigate the relationship and
compatibility between the QHIH and the NO-proposal as
two criteria to restrict the choice of vacuum state in the
context of hybrid LQC. In order to do this, we start by
revisiting the mathematical conditions that define the
admissible states according to the QHIH in a bouncing
quantum cosmological scenario, indicating the steps where
there appear ambiguities when the original proposal of
Ashtekar and Gupt [45] is put into practice [46]. This
construction starts by defining a ball of states that satisfies
the QHIH in an interval around the quantum bounce, that is
regarded as the Planck regime. In more detail, this interval
is defined, for the sake of concreteness, as the period in
which the density of the Universe is higher than 10~ in
Planck units. Then, according to Ashtekar and Gupt, a
preferred state should be selected within this ball such that
it has maximal classical behavior at the end of inflation.
However, because of the numerical complications in the
imposition of these requirements, an alternative but much
more manageable definition of the ball of admissible states
was finally adopted in Ref. [46]. In the present work we
show that this alternative definition leads to a different set
of states to the original QHIH ball, raising the question of
whether the Ashtekar-Gupt state selected in this manner
actually lives in such original ball. We find that the answer
is in the negative, at least in the hybrid approach to LQC.
We recall that this state has highly oscillatory properties in
the case of the dressed-metric approach to LQC, and it can
be reasonably expected that it also displays this behavior
in hybrid LQC." Our result then opens the possibility that
the preferred vacuum state that would arise from the
original QHIH considerations may be compatible with
the demand of an NO-behavior. With this motivation in
mind and using the results of Ref. [51], we derive certain
necessary conditions for the simultaneous satisfaction of an
NO-behavior and the QHIH. Employing these conditions,
we then examine the possibility that the Ashtekar-Gupt
proposal may eventually lead to the choice of an NO-
vacuum. Our result is that, without additional inputs, the
two proposals are compatible.

"This is because both approaches share a classical preinfla-
tionary period that tends to produce oscillations in the evolution
of the vacuum state, if this vacuum is not carefully chosen [43].
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The structure of this paper is as follows. In Sec. II we
take a close look at the definition of the QHIH given in
Ref. [45] and the Ashtekar-Gupt vacuum selected in
Ref. [46]. In Sec. III we identify a loose step in the passage
from the theoretical construction of the ball of QHIH states,
where this vacuum should reside, to its practical imple-
mentation. Furthermore, we derive certain compatibility
conditions between the ball introduced in Ref. [45] and an
NO-behavior. Section IV considers the analog in the hybrid
approach to LQC of the Ashtekar-Gupt vacuum that was
finally selected in Ref. [46], proving that it does not belong
to the original QHIH ball of states of Ref. [45]. In view of
this result, in this section we also study the compatibility
conditions between the original QHIH and an NO-behavior
in hybrid LQC, showing that they are not exclusive.
Section V contains our conclusions and further comments.
Throughout this paper, we work in Planck units, setting
h=c=G=1.

II. CONSTRUCTION OF THE
ASHTEKAR-GUPT VACUUM

Given a real-valued function s(7), where 5 is a time
coordinate, let us consider all complex solutions of the
following family of differential equations:

i+ (K + s)u =0, ke R,

(2.1)
that satisfy the normalization condition,

Wl = i = . (22)
Here, the prime denotes the derivative with respect to
the time #n and the overhead bar indicates complex con-
jugation. On the other hand, let us consider a purely
inhomogeneous real scalar field on R* with Fourier

coefficients labeled by a real wave vector k € R3 — {6}

and satisfying Eq. (2.1) with k = |7€| It is well known that
any complete set {u }icg+ of normalized solutions univ-
ocally defines a quantum Fock representation of the
considered real scalar field [54]. Now, since Eq. (2.1) is
linear and real, we may write its general complex solution
as a linear combination of a particular solution and its
complex conjugate [which are functionally independent in
virtue of Eq. (2.2)]. It then follows that any two choices of
basis elements, ji; and y;, may be related to each other
through a linear Bogoliubov transformation,

() = (e, )i () + i )i (). (2.3)

The normalization condition (2.2) holds provided that the
constant Bogoliubov coefficients satisfy
VkeR".

| (Figes ) 1> = 1B (g, i) |> = 1, (2.4)

A choice of solutions {u;};cg+ is often called a basis of
positive-frequency solutions, and it completely specifies a
vacuum state from which the Fock space can be con-
structed. Henceforth, we refer to the vacuum state selected
by a specific basis {s};cp+ as |0,).

In cosmological perturbation theory, both classically as
well as for several approaches to quantum cosmology, an
equation of the form (2.1) typically dictates the propagation
of the mode coefficients of the real Mukhanov-Sasaki
field that describes the gauge-invariant scalar perturbations
[55-57]. Therefore, this equation is frequently called the
Mukhanov-Sasaki equation. Moreover, the dynamics of
the tensor perturbations are also ruled by an equation of this
type [2]. The function s(7) is commonly referred to as the
(effective) mass of the perturbations, and it can be given as
a function of the geometrical variables of the background
on classical solutions or alternatively on quantum back-
ground states [19,25]. In this context, any choice of basis
of positive-frequency solutions (or, equivalently, of their
initial conditions) amounts to the choice of a specific
vacuum state in the Fock quantization of the perturbations.

Let us define 4] as the solution to Eq. (2.1) determined
by the following initial conditions at any given time 7;:

/ .k
ﬂZ” (no) = \/12—]( ﬂZO (no) = —l\/; (2.5)

The basis constructed from such solutions y;° for all k gives

rise to the so-called adiabatic state of zeroth-order, |0, )
[41]. The family of adiabatic states of zeroth-order para-
metrized by 7, has some interesting physical properties, as
we have succinctly commented in the Introduction. One of
these properties is that |0, ) is the unique state that exactly
fulfills at time 5, the QHIH formulated in Refs. [45,46].
In the case of tensor perturbations, this condition can be
understood as an instantaneous quantum generalization of
Penrose’s Weyl curvature hypothesis that takes into account
and minimizes the quantum uncertainties of the operators
representing the Weyl tensor at 7. Owing to the similarities
between the dynamics of the tensor and scalar perturba-
tions, the QHIH has also been proposed in order to select a
preferred family of quantum states for the Mukhanov-
Sasaki field [46].

Actually, the space of states allowed in the analysis of
Ashtekar and Gupt is larger than the family of adiabatic
states of zeroth-order that we have introduced. This is to
cope with the fact that the dynamical evolution of the
quantum field states is nontrivial in cosmological scenarios,
something that leads to an instability of the instantaneous
QHIH condition as time evolves. Explicitly, the QHIH is
fulfilled at time #, by a normalized solution ji; of Eq. (2.1)
if and only if [45]

Ao ) = )P+ ¢ ()
(2.6)
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As commented above, this condition alone fixes fi; = u°

(up to a constant phase that does not affect the definition of
the corresponding vacuum). In fact, one may write A; in
terms of beta coefficients for Bogoliubov transformations
to adiabatic states,

Ai(sn) = 1+ 2|B(a, ) . (2.7)
This implies that A (u;°, ) > 1 in general, for any 7 # .
In view of this property of the cosmological system,
Ashtekar and Gupt generalized the instantaneous QHIH

condition to a dynamical one by requiring that physically
admissible vacuum states should belong to the set [45,46],

B={00,)

A(figsn) <z, YhERT,nel}, (2.8)
where [ is certain comgact interval of time, and we have

defined the supremum,

Ty = Ssup Ak(ﬂ}i‘%m)- (2.9)

-1 €1

We will refer to the family of states B as the toral Weyl
uncertainty ball. Obviously, its construction depends on the
choice of interval /. Since the QHIH is a generalization of
Penrose’s Weyl curvature hypothesis, which should only be
applied in the high-curvature regime of spacetime, it is
natural to demand that this interval coincides with the
period where important quantum cosmological phenomena
take place (the so-called Planck regime). Specifically, in
Ref. [45] this interval was defined as the epoch in which the
density of the Universe is higher than 10~* Planck units.
In order to extract robust physical predictions from the
theory, one needs to single out a preferred vacuum state
within B by demanding a suitable behavior. According to
Ref. [46], this preferred state must minimize the quantum
dispersions of the field operators at the end of inflation, so
that the state has optimal classical properties at times when
the quantum effects should be negligible. In practice, it is a
complicated task to find such a state starting from B (even
from a numerical perspective). This difficulty was circum-
vented in Ref. [46] by instead searching for the vacuum
among states that live in instantaneous Weyl uncertainty
balls B'?o’ defined as follows:
VkeR"Y,

By, = {10a)[Ax (g mo) < 2° (2.10)

where

2" = sup Ag (i, o). (2.11)
nel

*This definition is consistent as long as s(s7) has no singular-
ities in 7. This is the case for LQC, where s(n) is obtained from
well-defined expectation values of quantum geometry operators.

According to Ref. [46], the state |0, ) that minimizes the
quantum field dispersions at the end of inflation, within the
instantaneous Weyl uncertainty ball B, , has the form,

U = U+ G P ) + e ). (2.12)
where
1
(rzo)z = 5 (Z’/ZO - 1)’ 0']10 =r-2 arg Utzo(rlend)}?
(2.13)

where 7.,¢ marks the end of inflation, r{* >0, and arg
denotes the argument of the complex quantity. Considering
then all instantaneous Weyl uncertainty balls in the
Planck regime, we have a one-parameter family of states
that minimize the quantum dispersions at 7,,4. The state
corresponding to the global minimum is the unique
Ashtekar-Gupt vacuum.”

II1. QHIH: AMBIGUITIES IN ITS
IMPLEMENTATION AND COMBINATION
WITH THE NO-PROPOSAL

A. Difference between balls of states

As we have commented, the actual construction of the
Ashtekar-Gupt vacuum state put forward in Ref. [46] does
not start from the total Weyl uncertainty ball of states B, but
rather from the union of instantaneous balls, U, ¢;B, . An
important question that immediately arises is whether the
two sets of states are equal. If this were the case, then the
procedure followed in Ref. [46] to find the state with a
maximally classical behavior at the end of inflation would
be, without question, consistent with the QHIH originally
proposed in Ref. [45] (and actually used as a motivation in
Ref. [46]). In the following, we show that the answer is in
the negative.

We begin by using Eq. (2.6) to rewrite the definition of
B and B, in terms of beta coefficients,

BV[o = {|Oﬁ>||ﬂk(ﬁk’ﬂzo)|2 < Su}[)lﬂk(ﬂz,ﬂzo>|2 Vke R+}’
ne

(3.1)

’In principle, there is no guarantee that there exists such global
minimum simultaneously for all k. If this did not happen, one
may instead choose the state |0, ) that minimizes a (suitably
defined) average of the quantum dispersions over all of the
modes. Alternatively, one may construct a new state by picking
out each positive-frequency solution, among the two-parameter
family {~/"}, that minimizes the quantum dispersions for each k
separately. Unfortunately, by its construction, one cannot gen-
erally assure that the state that would result from this last
procedure belongs to any of the instantaneous balls B, . So,

we will not consider this possibility in this paper.
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B = {|0,)||Bx (i }) > < sup |Bi(uf i)
no.m €1

VkeRt, Vnpel}. (3.2)

Given a compact interval / and any positive k there exist
times #* and #% in I such that

k k2
Bl i) = sup Bl 1)
no.n1 €1

(3.3)

Considering a fixed (but otherwise generic) wave number &,
let us then define a state |0,s) such that

N

N v
ﬂk(’7> = ak(ﬂk s My )ﬂk (’7) +ﬁk(ﬂk s My )ﬂk (’7) (3-4)

This state belongs to the instantaneous ball Bn; , which is by
+

definition contained in the union (J, ,B,,. In order to
show this, we first notice that

k 2 k
Iﬁk(ui’//l*)\ = Iﬂ’k(ﬂZw'Z*)l, (3.5)

as one can check using the general property |B(fig, )| =
|8 (1, fir. )|, which follows from Egs. (2.3) and (2.4). Thus,
for any k and taking into account the definition of
supremum, it holds that

7

2 ko2
Belud )| < Slglﬁk(ﬂ';i,ﬂz*)\ : (3.6)
n

This inequality can at most be saturated, as it happens e.g.,
for k =k Hence we conclude that, according to the
definition of instantaneous ball given in Eq. (3.1), the state
|0,s) belongs to Bnﬁ as we wanted to show.

i
Now, we can write the basis element ,uz* in terms of the
. . . . k
Bogoliubov coefficients that relate it to u},

k

. ’75 r]@ 172_' ’771 r]l_' -17;_
() = g (gt i ) () + B g )iy (n). (3.7)

Composing the transformations (3.7) and (3.4), we see that
s ik =k ik
Brlwigs m ) = 20 (" i )Biy” o). (3.8)

Therefore, focusing our discussion on the mode k = k, we
have that

[ k o2 k k2
B O = Hag (. O] 1Bz 1)

>4 sup | (u p7 )P
7no.1m €1

(3.9)

where we have used that the squared norm of the alpha-
coefficient is never smaller than the unit because of the

normalization condition (2.4). This inequality straightfor-
wardly implies that |0,s) does not belong to B, and hence
we have that B # (J, ¢;By,- Of course, this does not mean
that the intersection of these two sets is empty. In fact, we
clearly have that any adiabatic state of zeroth-order |0,,),
with 5 € I, automatically belongs to both sets.

B. Nonoscillatory requirements for states
in the Weyl uncertainty ball

The primordial power spectrum of the perturbations in a
state |0;) can be obtained from the evaluation of |fi;|* at the
end of slow-roll inflation. The dynamical evolution of the
perturbations from their initial conditions in the Planck
regime to this stage when inflation ends can leave imprints
that are potentially observable in the CMB. In particular,
any oscillatory behavior of the amplitude of the positive-
frequency solutions during the preinflationary evolution
may affect the spectrum and, in this way, produce oscil-
lations in it. These oscillations may be superimposed to
the genuine imprints of the preinflationary dynamics of
the Universe on the spectrum, including quantum gravity
modifications, and blur them [51]. With this motivation in
mind, Martin de Blas and Olmedo proposed a criterion to
select a state with nonoscillatory behavior, called the NO-
vacuum, which minimizes the oscillations in the spectrum
over the interval between the time where the initial
conditions are imposed and the onset of inflation [50].
The implementation of this criterion was generally numeri-
cal, in the way in which it was originally introduced.

More recently, it has been possible to derive some
necessary conditions that an NO-vacuum has to satisfy.
In detail, given an NO-vacuum [0,v0) (the existence of
which is supported at least from a numerical perspec-
tive), we can write the squared amplitude of the basis of
positive-frequency solutions associated with any other state
|0z) as [51],

_ 1 ,
il =5 11O P[A+ B+ (A = B) cos(24) +2Csin(2¢)],

1
¢§<:§|ﬂ]/yo|_27 (3.10)
where A, B, and C are real constants, with C> = AB — 1.
As long as there exists a sufficiently long regime in the
evolution of the perturbations in which 2| °|'|uY?]| < 1,
it follows from this formula that any other NO-vacuum
state must have constants A and B lying in a close
neighborhood of the unit. The existence of such a regime
is expected in any preinflationary cosmological evolution
that resembles the Einsteinian one for a universe with a
massless scalar field at low energy densities, as it is the case
e.g., in interesting LQC scenarios [43,47]. This is because,
in low-curvature regimes of general relativity where the
energy density of the inflaton is dominated by its kinetic
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contribution, the mass s(17) is a very slowly varying
function of time [51,58].

Following these considerations, we can regard as a
necessary condition for any candidate to be an NO-vacuum
|0,v0) that it must satisfy 2|[up ®||up®|| < 1 at least for all
times # near the end of the Planck regime. Explicitly, if we
write the basis of positive-frequency solutions {¢?} in the
form [51],

:ukNO — ;ei‘[:l dﬁlm<hk) (’7)’ (311)

where 7; is a reference time, irrelevant for the choice of
vacuum state, and £, is a solution to the Riccati equation

W=k +s+h; (3.12)
with strictly negative imaginary part, then the aforemen-
tioned necessary condition on an NO-vacuum can be
equivalently expressed as

[Re(hy)(n)| = ex(m)Im(hy) ()| with 0 < e (n) <1,

(3.13)

k> + s(n)
Im(f)(n)

at least for all times 7 at the end of the Planck regime.
Actually, we expect the above expressions involving /;, to
be much smaller than the unity, in particular for the
resulting value of ¢;.

— [+ emm(h)(n)| < 1. (3.14)

1+ nim(he) ()] € [key = ky/2 = [1+ )] Kz + k22 = [1 + €2 ).

One can use the Bogoliubov transformation between the
NO-vacuum and a zeroth-order adiabatic state [0,:) to
obtain that

1
@ (n)| = N o (1O i}) + Pre(p @, i)

)

/ k
1y ()| = \/;|ak(ﬂ;<v07ﬂ2) — B C 1)) (3.15)

These identities, combined with Egs. (3.12) and (3.13),
imply that

k

B im(he) ()
() ()]

2Ak </’lkN0 ’ '7) k

+ {1+ &)

(3.16)

for times # at the end of the Planck regime.

Hence, given an interval / defining this Planck regime,
a state satisfying the first necessary NO-vacuum condi-
tion (3.13) can belong to the total Weyl uncertainty ball B
only if

k

iG] L)

< 2%,

[Im(hy) ()]
Tk (3.17)

for all n at the end of 7 [and with ¢ () being small]. This
inequality can be solved and leads to the following
restriction:

(3.18)

On the other hand, the second necessary condition (3.14) for an NO-vacuum is satisfied if and only if

1+ iG] € (51440 + sl + e200] =5 v/ 1+ 400 + stall1 + o] + 3).

(3.19)

Recalling that ¢, is expected to be much smaller than the unity for an NO-vacuum, at leading order we can ignore the
contribution of this parameter in the above expressions. With this approximation, it follows that the two necessary
conditions for an NO-vacuum can only be compatible with the QHIH (as formulated in terms of the total ball B) if

k= i/ = 1k i =1] ) (3T 400 st =3 51+ sl +3) 0 (320

for all instants of time 5 near the end of /. It is worth
remarking that this interval / should cover all of the Planck
regime, so that it smoothly connects with a kinetically
dominated universe where, according to general relativity,
the mass s(77) varies very slowly over time.

[

One can similarly obtain a consistency requirement for a
state that satisfies the necessary NO-vacuum conditions in
order that it also belongs to the instantaneous Weyl
uncertainty balls B, for times 7, close to the end of I:
it suffices to replace 5 with 7, and z; with z}° in Eq. (3.20).
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Nonetheless, we will mainly focus our attention on the
consistency of the nonoscillatory behavior with the QHIH
formulated in terms of the total ball B. This is so because
of two reasons. The first one is that this is the original
formulation of the QHIH, motivated in Ref. [45] on
fundamental issues. The second one is that, for the alter-
native formulation of the QHIH given in Ref. [46], our
current analytic knowledge of the NO-vacua only allows us
to study the consistency requirement on solid grounds for
instantaneous Weyl uncertainty balls B, defined at times 7,
that are near the end of the Planck regime.

IV. QHIH IN HYBRID LQC: COMPATIBILITY
WITH THE NO-PROPOSAL

Our previous discussion is valid for any choice of mass
s(n) for the perturbations, provided that it is nonsingular in
the time interval of interest, and that it varies slowly at the
end of this interval. In the following we will focus our
attention on the case that this mass is given by the
evaluation on effective LQC backgrounds of the result
of a hybrid quantization of the perturbed inflationary
cosmology. In this hybrid approach, the Friedmann-
Lemaitre-Robertson-Walker (FLRW) background is quan-
tized according to LQC, while the perturbations are treated
with typical techniques of quantum field theory in curved
spacetimes, more specifically by adopting a Fock descrip-
tion. If we consider certain quantum states for the back-
ground in LQC that are highly peaked in bouncing
trajectories, the evaluation of background operators on
these quantum states can be well approximated by consid-
ering the evaluation of their classical analogs on the peak
trajectories. Actually, these peak trajectories follow the
evolution dictated by an effective Hamiltonian constraint
on the FLRW background. In this background, inflation is
driven by a homogeneous scalar field subject to a potential,
that we will particularize to a quadratic one for simplicity.
In this setting, any background solution is completely fixed
by the value of the inflaton field at an arbitrary initial time,
e.g., at the bounce, and of its mass m. From a phenom-
enological point of view, in order to obtain power spectra
that are compatible with the observations but still are
capable of including traces of the LQC effects, the typical
effective solutions that turn out to be interesting present a
classical era shortly after the bounce in which the kinetic
energy of the inflaton greatly dominates over its potential,
era that extends almost until the onset of inflation [43,47].
This type of solutions is obtained for initial values of
the inflaton at the bounce and values of its mass close to
¢p =097 and m = 1.2 x 107, data that we will adopt
from now on for our analyses [43,58]. In the hybrid
approach, the gauge-invariant perturbations that propagate
on the above LQC backgrounds follow dynamical equa-
tions of the form (2.1).

We can numerically integrate the background evolution
with the aforementioned initial conditions to obtain the

value of the mass s(#), and then apply the procedure that
we have explained in Sec. II to determine the Ashtekar-
Gupt vacuum in hybrid LQC. For this numerical integra-
tion, we use Verner’s “most efficient” 9/8 Runge-Kutta
method (with a lazy nineth-order interpolant) [59,60]. To
implement this procedure, we first need to characterize
the Planck regime in a precise manner. According to the
definition given by Ashtekar and Gupt, which requires
values of the inflaton energy density above 107*, the
conformal times that define the considered regime are
Ip;, =[-4.2,42] (with n =0 corresponding to the
bounce). Employing the interval / = Ip;, we can obtain
values of the upper bounds z}°, for all 7y € Ip;, and z,
which respectively define the instantaneous and total Weyl
uncertainty balls B, and B. As in the case of the dressed-
metric approach to LQC [45,46], these bounds rapidly
approach the unit for Fourier scales & that are much larger
than the Planck scale, which is the characteristic order of
magnitude of the spacetime curvature around the bounce in
LQC. This behavior reflects the fact that the effects of the
cosmological evolution on a zeroth-order adiabatic state are
negligible in the ultraviolet regime, and hence the ultra-
violet scales approximately remain in this vacuum state,
thus satisfying the QHIH at all times. On the other hand, for
scales of the Planck order and smaller, the effects of the
cosmological evolution on the dynamics of a zeroth-order
adiabatic state become increasingly important, and as a
consequence the bounds z}° and z; grow above one in the
infrared regime.

With the obtained values of the bounds z}° that character-
ize the instantaneous uncertainty balls B, in hybrid LQC,
we can determine the initial conditions that correspond to
the one-parameter family of states |0,,,) with maximal
classical behavior at the end of inflation. Indeed, in view of
Egs. (2.12) and (2.13) determining such states, the only
additional data that we need are the phases of the adiabatic
solutions 4° at the end of inflation, which we compute
numerically. As we explained in Sec. II, the vacuum state
that Ashtekar and Gupt would propose as preferred,
according to Ref. [46], should lie in the resulting family
of states. Recalling that the QHIH was originally formu-
lated in terms of the total uncertainty ball B which, as we
have shown in Sec. III A, is different to the union of
instantaneous balls |J, o, B,,, the following question
naturally arises: does the family of states {|0n)}, .,
actually belong to B, within the hybrid LQC framework?
According to the definition given in Eq. (2.8) for this total
ball, the considered states belong to B if and only if, for
each 5y € Ip;, we have

(z¢) "' maxAg (e, ) < 1, (4.1)
n€lpr

for all k € R™. In Fig. 1 we plot this function of #, for
two representative values of k, showing that the above
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FIG. 1. The quantity Cy(n9) = (z;)~" max,e;, Ay (V. 17) com-
pared with 1 for k = 107 and k = 10~93. There exists no value
of 1y such that the two curves remain below or equal to 1, a fact
that implies that no state /° lives in B.

requirement cannot be met for any time 7, in the Planck
regime. Therefore, in the case of hybrid LQC, the vacuum
state proposed by Ashtekar and Gupt in Ref. [46] does not
belong to the total Weyl uncertainty ball that was originally
motivated by the QHIH. From this perspective, the oscil-
latory behavior that is expected for this vacuum (taking into
account its analog in dressed-metric LQC) does not imply
an incompatibility between the NO-criterion and the
original implementation of the QHIH when combined with
a maximal classical behavior at the end of inflation.

This result further supports our decision to focus the
attention on vacua belonging to the total uncertainty ball B,

10°

107

10—10 L

10 r

10° 1

FIG. 2. The bounds imposed by the Weyl uncertainty ball,
k(z; — /722 — 1) and k(z; + /72 — 1), in red dashed and solid

lines respectively, compared with the bounds imposed by the NO-
condition, § /1 + 4[k*> + s(n)] = and 1 \/1 + 4[k> + s(n)] + 1,
in blue dashed and solid lines respectively, for different modes k.
These are evaluated for the mass s(#) obtained in the hybrid
approach to LQC, where I = Ip; = [-4.2,4.2] and n = 4.2, time
near which the mass varies slowly. The intersection given by
these bounds is not empty for any k.

when studying the compatibility of the QHIH with the
necessary NO-vacuum conditions in hybrid LQC.
According to our discussion in Sec. III B, in order to do
this we just have to particularize the intervals appearing in
Eq. (3.20) to the case of hybrid LQC and check that their
intersection is nonempty. All the ingredients needed for this
test, namely the mass s(;7) and the upper bound z;, are
readily available from our previous computations. In Fig. 2
we plot the curves that limit these two intervals at the
representative time n = 4.2 that marks the end of the Planck
regime Ip;. We clearly see that their intersection is not
empty, indicating the compatibility between the QHIH and
the NO-criterion for the choice of a vacuum state of the
cosmological perturbations in hybrid LQC. Actually, in the
infrared regime (which is where oscillations can appear
for the considered type of states [43]) the z;-independent
interval related with the NO-condition is contained in the
interval that corresponds to the original version of the
QHIH. Therefore, it follows that any state that is an NO-
vacuum satisfies this version of the QHIH at least at the end
of the Planck regime.

V. CONCLUSIONS

With a combination of analytical and numerical means,
we have investigated the compatibility between the QHIH
proposed by Ashtekar and Gupt [45,46] and the NO-
proposal for the choice of initial conditions on primordial
perturbations in quantum cosmology [50,51]. In order to do
this, we have examined in detail the construction that
Ashtekar and Gupt employed to determine their vacuum
state, and we have discussed a step that is not univocal and
its consequences. In addition, we have derived some
analytical conditions that a vacuum state must satisfy to
comply with the original formulation of the QHIH intro-
duced in Ref. [45] and with the NO-condition. We have
followed the Asthekar-Gupt proposal, adapted to hybrid
LQC, in the phenomenologically interesting case with a
kinetically dominated preinflationary era. We have shown
that the vacuum selected by the Ashtekar-Gupt construction
in fact lies outside the ball of states that satisfy the QHIH
according to the prescription of Ref. [45], where it was
motivated as a quantum generalization of Penrose’s Weyl
curvature hypothesis. Because of this, we have focused our
attention on the properties of the states in this last ball,
showing that the original formulation of the QHIH is
perfectly compatible with an NO-behavior.

More specifically, our starting point has been a careful
revisitation of the entire Ashtekar-Gupt proposal, appli-
cable for any real-valued (and nonsingular) function that
plays the role of a time-dependent mass in the dynamical
equations of the Fourier modes of the perturbations, which
have the form of generalized harmonic oscillator equations.
By translating Penrose’s hypothesis to the quantum realm,
one then defines a Weyl uncertainty ball for the states of the
perturbations such that they all fulfill the QHIH in a specific
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interval of time [45]. Since this hypothesis is formulated for
high-curvature regimes, this interval is chosen as the Planck
regime in which quantum gravity effects are truly impor-
tant. To extract meaningful predictions, a unique preferred
state must be chosen from the ball obtained for the Planck
interval: this is the state with a maximal classical behavior
at times when quantum effects have become irrelevant,
e.g., the end of inflation for concreteness. Finding this state
directly with numerical methods is a very complicated task.
As an alternative route, in Ref. [46] Ashtekar and Gupt
opted to instead consider instantaneous Weyl uncertainty
balls, defined at each instant of time in the studied interval.
In this manner, one characterizes in an analytical way a
one-parameter family of states, namely, one with maximal
classical behavior for each instantaneous ball. Among
them, one should numerically find the state with best
classical properties and identify it with the Ashtekar-
Gupt vacuum.

The need to replace the ball of states originally deter-
mined by the QHIH by its instantaneous counterparts can
give rise to questions about the real habitat of the Ashtekar-
Gupt vacuum and to ambiguities in its construction, if these
balls are different. In fact, in this work we have shown that
the original Weyl uncertainty ball is actually different to the
union of all its instantaneous counterparts. It is worth
remarking that our proof is independent of the specific form
of the mass of the perturbations, the choice of compact
interval for the definition of the Planck regime, and the
wave number of the Fourier mode. In addition, we notice
that our proof does not exclude the fact that the two
considered sets of states, even if different, have a nonempty
intersection (e.g., adiabatic states of zeroth-order do belong
to both sets). For a fixed functional form of the time-
dependent mass of the perturbations, it is then legitimate to
ask whether any of the states with maximal classical
behavior in the instantaneous balls belongs to the original
Weyl uncertainty ball. To get an answer in the case of the
mass function derived in hybrid LQC, we have explicitly
evaluated all these possible vacuum candidates of
Ashtekar-Gupt type and shown that they do not belong
to the ball obtained with the original implementation of
the QHIH.

On the other hand, a physically relevant question one
may ask to any viable choice of vacuum state is whether or
not it leads to a highly oscillatory power spectrum. This
oscillatory behavior can be considered an undesirable
property inasmuch as it may blur away any modification
to the primordial power spectrum that is ultimately caused

by quantum geometry corrections [51]. Actually, it is clear
from the analysis carried out by Ashtekar and Gupt that
these oscillations indeed appear in the dressed-metric
approach for their choice of vacuum [46] (and a similar
behavior can be expected for hybrid LQC). Our result
shows, nonetheless, that in hybrid LQC this vacuum is
outside of the ball of states that was introduced to comply
with the fundamentals of the QHIH. This new perspective
has led us to wonder whether the basic requirements on this
set of admissible states are compatible with a nonoscillatory
behavior of (at least) a subset of them. In order to answer
this question, we have derived an analytical compatibility
condition between these two types of requirements and
then have proceeded to check it in hybrid LQC. The result
is satisfactory, from a theoretical perspective. Not only the
QHIH is compatible with an NO-behavior but, furthermore,
any NO-vacuum fulfills the QHIH at least at the end of the
Planck regime.

The conclusions of this work are an important advance
towards the theoretical motivation and determination of a
preferred vacuum for the perturbations and the extraction of
the corresponding physical predictions in (loop) quantum
cosmology. Given two well-motivated criteria for the
restriction of physically sound vacuum states (the QHIH
proposed by Ashtekar and Gupt and the NO-criterion
proposed by Martin de Blas and Olmedo), both of which
lead to predictions that are compatible with observations
[6,50,58], testing and ensuring their compatibility is a key
step to understand which physical conditions determine the
quantum state of the primordial perturbations that explains
the power spectrum that we observe nowadays in the CMB.
This knowledge is paramount to investigate and falsify on a
robust basis the phenomenological predictions that follow
from any theory of quantum cosmology, since an inappro-
priate choice of vacuum state can hide or misreflect the
imprints that the genuine quantum cosmological dynamics
may have left on the primordial fluctuations.
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We discuss the freedom available in hybrid loop quantum cosmology to define canonical variables for
the matter content and investigate whether this can be used to derive a quantum field theory with good
properties for the matter sector. We study a primordial, inflationary, cosmological spacetime with
inhomogeneous perturbations at lowest nontrivial order, and focus our attention on the contribution of
minimally coupled fermionic perturbations of Dirac type. Within the framework of the hybrid quantization,
we analyze the different possible separations of the homogeneous background and the inhomogeneous
perturbations, by means of canonical transformations that mix the two separated sectors. These possibilities
provide a family of sets of annihilation and creationlike fermionic variables, each of them with a different
associated contribution to the total Hamiltonian. In all cases, imposing the quantum constraints and
introducing a Born-Oppenheimer approximation, one can derive a Schrodinger equation for the fermionic
part of the wave functions. The resulting evolution turns out to be generated, for each of the allowed choices
of variables, by a version of the fermionic contribution to the Hamiltonian which is obtained by evaluating
all the dependence on the homogeneous geometry at quantum expectation values. This equation contains a
term that encodes the backreaction of the fermionic perturbations on the quantum dynamics of the
homogeneous sector. We analyze this backreaction by solving the associated Heisenberg evolution of the
fermionic annihilation and creation operators. Then, we identify the conditions that the choice of those
operators must satisfy in order to lead to a finite backreaction. Finally, we discuss further restrictions on
this choice so that the fermionic Hamiltonian that dictates the Schrodinger dynamics is densely defined in

Fock space.

DOI: 10.1103/PhysRevD.98.063535

I. INTRODUCTION

In conventional quantum theories of matter fields, one
employs, in one way or another, some type of renorm-
alization or regularization procedure to obtain physically
acceptable results. Such techniques are especially well
understood when it comes to (perturbatively) describing
the nongravitational interactions contained in the standard
model of particle physics. Nonetheless, the issue exceeds
this traditional framework in high energy physics.
Actually, divergences become even more severe when
one considers matter fields propagating in generally
curved spacetimes, as it is allowed by Einstein’s theory.
In those cases, one usually considers that the matter
fields are coupled gravitationally to the spacetime, which
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is viewed as a classical entity. Besides, one frequently
neglects the contribution of the fields to the dynamics
of the spacetime geometry itself. In such scenarios,
infinities generically arise in the quantum theories that
describe the matter fields. This problem has been studied
in depth over the last decades (see, e.g., Refs. [1-11]), and
it is commonly believed that the reasons behind it can be
traced to the treatment of the spacetime as a classical,
continuum background.1 In particular, this type of space-
time description triggers the appearance of ill-defined
products of field operators, which typically include
the building blocks of the free field Hamiltonian in the
considered background (and thus of the energy in sta-
tionary situations).

'We are deliberately avoiding any mention to the so-called
infrared divergences in quantum field theory. If necessary, they
can be prevented by, e.g., considering topologically compact
spatial hypersurfaces in the considered spacetimes.

© 2018 American Physical Society
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Despite the considerable effort devoted to develop
covariant renormalization techniques, even for free fields
in curved spacetimes, one could be tempted to believe that,
instead of recurring to those schemes for the “substraction
of infinities,” a formalism that satisfactorily accounts for
the presumable quantum nature of the spacetime would be
able to prevent the occurrence of divergencies in the first
place. In this sense, the role that a theory of quantum
gravity might play in surpassing the limits of predictability
of our current theoretical models could be twofold, actually,
because it might also cure the problem of formation of
spacetime singularities that is intrinsic to classical general
relativity [12].

A promising candidate for the quantization of Einstein’s
theory is the nonperturbative and canonical formalism
known as loop quantum gravity [13]. To make direct
contact with physically feasible models, the techniques
developed in this formalism have been used, suitably
combined with more conventional Fock quantization meth-
ods, in order to describe certain types of inhomogeneous
spacetimes quantum mechanically. This procedure has
been given the name of hybrid quantization, and it has
been primarily applied to cosmological scenarios [14—18].
Essentially, this hybrid approach is based on a convenient
splitting of the cosmological phase space into two sectors: a
purely homogeneous one, that is represented in a quantum
mechanical way by employing methods that are inspired in
loop quantum gravity, and an inhomogeneous sector, for
which a suitable Fock representation is adopted. In fact, the
application of loop quantum gravity techniques to the
quantization of homogeneous cosmologies, often known
as loop quantum cosmology [19-21], has been shown to
lead to a quite general resolution of the cosmological
singularities predicted by general relativity [22,23].
Remarkably, the big bang singularity is replaced with a
bounce in the trajectories followed by the peaks of a wide
class of quantum states in the homogeneous cosmologies
studied so far in the literature (see, e.g., Refs. [24-26]).

The hybrid quantization approach extends to inhomo-
geneous models the expectation that, with a loop quantum
cosmology representation of the homogeneous sector of the
geometry, one should be able to solve (at least) the most
severe singularities of a genuine cosmological nature. At
the same time, this hybrid strategy gives hope for the
possibility that a suitably chosen Fock representation for
the inhomogeneous sector of the phase space may complete
the quantum description of the system in a divergence-free
way. This possibility is motivated by the existing freedom
in performing canonical transformations within the entire
phase space, transformations that assign different dynami-
cal roles to the homogeneous sector of the system and to the
rest of matter and gravitational degrees of freedom (d.o.f.).
Indeed, these transformations change the part of the total
Hamiltonian (constraint) that, while retaining the coupling
with the homogeneous sector, generates the dynamics of

the inhomogeneous, fieldlike d.o.f.. Given that each sector
of the phase space is quantized in a different type of
representation, it is then possible that a suitable choice of
canonical transformation and Fock representation for the
inhomogeneities may yield a quantum description that is
free of the divergences that would otherwise appear in
standard quantum field theory in curved spacetimes. In
particular, this procedure would allow us to handle properly
(at least certain forms of) the matter-geometry backreaction
in a quantum mechanical way.

The aim of this work is to provide solid ground for our
expectations by showing, in a specific cosmological sys-
tem, that one can attain such a well-defined quantum hybrid
description without the need of any regularization. The case
that we discuss here is an inflationary homogeneous and
isotropic cosmology in the presence of Dirac fermions,
considered as perturbations. The hybrid quantization of this
system was introduced in Ref. [27], allowing also for the
presence of scalar and tensor perturbations of the metric
and of the inflaton field, and after truncating the action at
second order in all the perturbations. As far as the Dirac
perturbations are concerned, the splitting of the (truncated)
phase space adopted in that reference was inspired by the
pioneer work in Ref. [28] about fermions in quantum
cosmology, developed in the context of quantum geo-
metrodynamics. It was seen in Ref. [27] that, by adopting a
separation of variables between the homogeneous part of
the geometry, on the one hand, and the inhomogeneities, on
the other hand, in the dependence of the quantum states
(separation that can be viewed as a kind of Born-
Oppenheimer ansatz in which the inflaton field plays the
role of an internal time), it is possible to derive a quantum
evolution for the fermionic perturbations that is ruled by a
Schrodinger-like equation. Actually, the resulting dynamics
is generated by the fermionic contribution to the total
Hamiltonian (constraint), converting the coupling of the
fermionic perturbations with the homogeneous geometry
into expectation values of the corresponding geometric
operators. In addition, the expectation value of this total
Hamiltonian supplies information about the backreaction of
the fermions (and of the rest of perturbations) on the
homogeneous background. This information is given by
the difference between the average of two operators on the
homogeneous part of the state, difference that tells us
whether such a quantum state is an exact solution of the
unperturbed model or not. It was then proven in the cited
work that the discussed evolution of the fermionic pertur-
bations can be implemented unitarily in Fock space.
Furthermore, explicit solutions were found by constructing
an evolution operator and evolving the fermionic vacuum
with it. However, it was shown that the mentioned
Hamiltonian contribution of the fermionic d.o.f. intrinsi-
cally leads to divergences (of an ultraviolet nature), with an
infinite backreaction, unless one introduces a convenient
regularization procedure.
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In this article, we present an alternative and, at the same
time, rather generic description of the system that resolves
the problem of the divergences encountered in Ref. [27].
We do so by employing in our benefit the commented
freedom in adopting different dynamical splittings between
the homogeneous geometric background and the fermionic
perturbations, related by canonical transformations. It
suffices to restrict our discussion to choices of annihilation
and creationlike variables for the fermionic fields such
that, when the spacetime background is considered to be
classical and the fermions are treated in the context of
quantum field theory in curved spacetimes, the quantum
dynamics becomes unitarily implementable in Fock space
(while being nontrivial according to the evolution dictated
by the Dirac equation) [29]. It has been shown that all such
variables define unitarily equivalent Fock representations
of the Dirac field, once a convention for the notions of
particles and antiparticles has been set [29]. In fact, the
variables introduced in Ref. [28] and then used in Ref. [27]
satisfy this unitarity condition. We characterize here the set
of such annihilation and creationlike variables for which the
description of the system is free of the divergences of
standard quantum field theory. From a conceptual view-
point, this result may have important implications.
Moreover, it will shed light on the problem of the choice
of a unique vacuum for the Dirac field in quantum
cosmology (among all those available in our unitary class
of Fock representations) with good physical properties.

The structure of the paper is the following. In Sec. II we
summarize the description of the classical system presented
in Ref. [27], and then introduce a more general class of
annihilation and creationlike variables for the Dirac field
than those adopted in that reference. With those definitions
at hand, we compute the Hamiltonian that generates the
associated fermionic dynamics. We start Sec. III with a
brief review of the procedure to derive the corresponding
Schrodinger equation for the fermionic d.o.f., after adopt-
ing a kind of Born-Oppenheimer ansatz for the physical
states. In addition, we analyze the ultraviolet properties of
the fermionic dynamics and deduce the conditions that the
annihilation and creationlike variables must fulfil in order
that their backreaction be finite. Finally, we further impose
that the Hamiltonian that drives this evolution be a well-
defined operator on the fermionic vacuum and, as a
consequence, a densely defined operator in Fock space.
We conclude in Sec. IV with a summary of our results and a
brief outlook.

II. THE CLASSICAL SYSTEM

In this section we use the conventions and notation of
Ref. [27]. We refer the reader to that work for specific
derivations and formulas. The starting point for the
construction of the system is a Friedmann-Lemaitre-
Robertson-Walker (FLRW) spacetime with flat and com-
pact spatial hypersurfaces (isomorphic to a three-torus, 7°).

We employ spatial coordinates adapted to the homogeneity.
The matter content is given by a homogenous scalar field
subject to a potential (that, classically, would play the role
of the inflaton), and a Dirac field, both of them minimally
coupled. The Dirac field is treated entirely as a perturba-
tion. Besides, we can introduce perturbations of the metric
and of the scalar field, as discussed in Refs. [27,30,31].

More specifically, we truncate our perturbed system so
that its Einstein-Dirac action is at most quadratic in all the
perturbations [28,32]. Our canonical formulation is
obtained from the symplectic structure and from the
Hamiltonian associated with this truncated action. Within
this truncation scheme, and regardless of the consideration
or not of additional perturbations, the Dirac field couples
exclusively to the homogeneous tetrad that describes the
FLRW sector of the cosmology, because the Dirac action is
already quadratic in the fermionic field. This fact immedi-
ately implies that the fermionic d.o.f. are gauge invariant, at
the considered perturbative order. Namely, they commute
under Poisson brackets with the linear perturbative
(Hamiltonian and diffeomorphisms) constraints of the
relativistic system. On the other hand, together with an
Abelianization of these linear perturbative constraints and
suitable momenta of them, it is possible to construct a
completely gauge-invariant parametrization of the sector of
the phase space that contains the physical information
about the metric and scalar field perturbations, as explained
in Refs. [30,31]. In particular, this information can be
encoded in a set of variables that consists of the well-known
tensor and Mukhanov-Sasaki gauge invariants [33-37]. To
arrive at this description of the perturbations, one intro-
duces linear transformations on the original perturbative
variables, transformations which depend on the homo-
geneous sector of the phase space. It is then possible to
complete the change of variables to include this homo-
geneous sector as well and obtain a canonical set for the
entire system, again at the considered truncation order in
perturbations. As a result, the new canonical variables for
the homogeneous d.o.f. acquire a (spatially integrated)
correction which is quadratic in the metric and inflaton
perturbations. In the case of the Dirac field, given its
consideration as a perturbation and the fact that its con-
tribution to the action is quadratic, one finds within our
truncation scheme that the expression of the Dirac
Hamiltonian in terms of the new homogeneous tetrads
amounts just to a minimal coupling of the fermions directly
with such new variables.

To exploit the spatial symmetries associated with the
homogeneous foliation of the unperturbed sector of our
model, that is, the FLRW cosmology, it is most convenient
to expand the perturbations in spatial modes (of the
Laplace-Beltrami or Dirac operators) on 7°3. For the
fermionic content, in particular, each of the two chiral
components of the Dirac field may be expanded in a
complete set of eigenspinors of the Dirac operator on T,
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after imposing the time gauge on the homogeneous tetrads
(e.g., by considering a diagonal gauge) [28]. The spectrum
of that operator is discrete and characterized by eigenvalues
+w, = :|:2ﬂ|lz +7|/ly, where [, is the compactification

length of the tori, k € 73, and 27 can be any of the constant
vectors that form the standard orthonormal basis of the
lattice Z> and that characterize each of the eight possible

spin structures on 77 [38,39]. Since w;, grows like |E| when
this quantity tends to infinity, the density of states with
eigenvalues in an interval (g, w; + Aw;| grows asymp-
totically as @;Aw; multiplied by a constant. Then, let us
consider the Dirac field multiplied by the rescaling factor
e3/2 where a is, up to an additive constant, the logarithm
of the scale factor of the FLRW cosmology, once we have
corrected it with quadratic contributions of the perturba-
tions as we have commented above. In the expansion of the
left-handed component of such rescaled Dirac field, we call
my and 7, up to a multiplicative constant [4/(31y)]=3/4,
the time-dependent coefficients of the eigenspinors of the
Dirac operator on T2 with respective eigenvalues w; and
—wy. Similarly, 5; and #; respectively denote the coeffi-
cients, up to the mentioned constant factor, of the complex
conjugates of the eigenspinors with eigenvalues @, and
—ay in the expansion of the right-handed component of the
rescaled Dirac field. All of these eigenspinor coefficients
are taken as Grassmann variables [40], in order to capture
the anticommuting nature of the field. Besides, each of
them forms a canonical pair with its complex conjugate,
with a Dirac bracket (obtained after eliminating second-
class constraints that relate the Dirac field with its momen-
tum) equal to —i, and vanishing anticommutation relations
with the rest of coefficients. Introducing these mode
decompositions in the action, one obtains the fermionic
contribution to the total Hamiltonian. This contribution is
quadratic in the fermionic variables, and is given by a sum
over all modes, which decouple from each other. It comes
multiplied by the homogeneous lapse function N, so we
call it NgHp. As expected, this fermionic term adds to the
zero mode of the Hamiltonian constraint, which is therefore
the only constraint affected.

A. Instantaneous diagonalization
of the Dirac Hamiltonian

As commented in the introduction, and partially motivated
by the work of D’Eath and Halliwell [28], the following
annihilation and creationlike variables were chosen in
Ref. [27] for the description of the fermionic d.o.f.:

) Sk — Dk Sk + a’ky .
% 25/{ k ka —k=27°

2 (x,y) &+ wy & — oy _

b = == = o 2.1
CT\ g Ty TR B

where (x7, yr) is any of the ordered pairs (my, s;) or (7, r7),
and Zl;{»x’y ) and Z)({’w correspond to annihilationlike variables

for particles and creationlike variables for antiparticles,
respectively. Besides, an overbar denotes complex conjuga-
tion, and we have defined

& =\ w} + M*e*,

where M = 2M/x/(313) is the mass M of the Dirac field

up to a multiplicative constant [27]. Notice that then the
square roots appearing in Eq. (2.1) are always well defined
and real. The variables (2.1) are distinguished (apart from
irrelevant redefinitions among degenerate modes) by the fact

(2.2)

that they diagonalize H, (if one ignores the k=7 mode?).
This diagonalization means that no term containing creation
or annihilation of particle-antiparticle pairs appears in the
resulting expression of H . More specifically, if we call H,

with I_é;é 7, each of the terms in the sum that forms H,
we get

(x.y)
7y g (xy) _ oy ()3 (xy)
—H’/? b% _bz? bE )], (2.3)

where the sum over (x, y) is over the pairs (m, s) and (¢, r).
Although this diagonalization might seem appealing, it turns
out that the introduction of these annihilation and creation-
like variables gives rise to the appearance of an additional,
nondiagonal, quadratic contribution to the fermionic part of
the Hamiltonian of the system. This is due to the fact that the
definition (2.1) is a background-dependent linear trans-
formation of the fermionic mode coefficients, inasmuch as
it involves the homogeneous variable a. In fact, it is not hard
to see that the transformation is canonical when restricted to
the fermionic sector of the phase space. However if, adopting
the strategy of the hybrid approach, one wants a trans-
formation that respects the canonical symplectic structure of
the entire set of d.o.f. at the considered order of truncation,
then the momentum of a must be modified with the addition
of a factor that is quadratic in the fermionic perturbations,
according to our previous comments. If we call 7, this
new canonical momentum, the expression of the total
Hamiltonian in terms of the new canonical variables is
functionally the same as in terms of the old homogeneous

ones, but with an additional sum over k of the following
contributions [27]:

*This particular contribution to Hp is only present when a
trivial spin structure is chosen on 73, and it corresponds to
w; = 0. We safely ignore it throughout this work since, owing to
the compactness of the spatial sections, it can be isolated from the
rest of contributions and be handled without producing infrared
divergences.
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ka_ ¢ /o(xy) ¥ (x, S(xy) ¥ (xy)
~iNoy_ = o 2, (@B + &b (2.4)
(xy) T2k
The coefficient of each of these “interaction” terms, that

produce the creation and annihilation of pairs, decays
asymptotically as w; . As shown in Ref. [27], this asymp-
totic behavior is transrrutted to the quantum theory [at least in
regimes where the state for the homogeneous geometry
experiences (almost) no transition mediated by the total
Hamiltonian, so that the geometric information can be
encoded in expectation values on this state]. This asymptotic
behavior, together with the specific dependence on w;, a,
and M of the part of H 7 Which is asymptotically dominant, is
what at the end of the day guarantees that the fermionic
quantum dynamics can be implemented unitarily in Fock
space. Nonetheless, the fact that the discussed interaction
terms decay as wy ! in the ultraviolet regime, and not faster, is
precisely what leads to a possibly divergent backreaction on
the state of the homogenous geometry. Indeed, such back-

reaction was seen to be a sum over k of terms of dominant
order equal to >, which is not absolutely convergent, given
the quadratic growth of the density of states (see e.g.,
Refs. [41,42] for additional details concerning the conver-
gence of mode-dependent series in 77).

B. Alternative choices of fermionic variables

In order to explore whether other choices of fermionic
variables may elude the appearance of divergences in the
quantum field theory treatment, in this section we consider
a rather generic family of alternative definitions of anni-
hilation and creationlike variables for the Dirac field. For
this purpose, we exploit the freedom to perform linear
canonical transformations of the fermionic variables that
depend on the homogeneous background geometry. In
doing it, we are contemplating the possibility of consid-
ering different dynamical splittings between the back-
ground geometry and the genuine fermionic d.o.f. This
possibility comes naturally on stage when one aims at
constructing a quantum mechanical description of the
system as a whole, following a hybrid scheme in which
the homogeneous sector of the phase space is represented in
a fundamentally different manner.

Obviously, when one adopts this perspective, the choice
of fermionic variables is affected by a vast ambiguity. This
ambiguity can be viewed as twofold. On the one hand, there
are certainly many ways of redefining the dynamical
behavior of the fermionic excitations (and, correspond-
ingly, of the cosmological variables) by plugging different
dependencies on a and its momentum 7z, in the linear
canonical transformations that define the fermionic varia-
bles. On the other hand, even after a dynamical splitting has
been set, choices of fermionic annihilation and creationlike
variables related by constant transformations can give
rise to different, and in many cases inequivalent, Fock

representations, each with its associated vacuum. Actually,
both types of ambiguities can be analyzed simultaneously,
restricting to choices that respect the dynamical decoupling
between modes, by introducing generic annihilation and
creationlike variables of the form

: k,(x, /_c', X,y _
D = (1 oz )xg + 15 (05
) glf’(x'y) (a.

where, to satisfy the standard canonical anticommutation
relations, one must have [27]

S

Pv-l/g »lq

7a)x: + 65 (a, (2.5)

S

)Y oz

k,(x, ”) (x zx ”) (x
91( = fz ?) ) 92( V= fl V) , (2-6)
500 = 1 R (2.7)

with J]%x‘y) and F ];’(X’y ) being some (possibly background-
dependent) phases. Clearly, the choice (2.1) is one of these
many different sets of annihilation and creationlike variables.

Despite all the freedom allowed in the definitions (2.5),
one can restrict the selection of annihilation and creation-
like variables to a single privileged family of unitarily
equivalent choices by imposing some physically desirable
properties. In this sense, a satisfactory criterion is the
imposition that the dynamics of the annihilation and
creationlike variables can be implemented as unitary trans-
formations in Fock space (for dynamics that are not
rendered trivial with respect to the evolution dictated by
the Dirac equation and when the Dirac field is treated as a
test field propagating on the FLRW cosmology). This
condition, together with the invariance of the vacuum
under the continuous isometries of the toroidal sections
of the homogeneous cosmology, and a standard convention
for the notions of particles and antiparticles, indeed leads to
a family of unitarily equivalent Fock representations [29].
Actually, the set of annihilation and creationlike variables
defined in Eq. (2.1) belongs to this privileged family (this
was precisely the motivation to adopt that set in Ref. [27]).
Going beyond this particular choice, which we recall
diagonalizes Hp, it turns out that the family of fermionic
variables (2.5)—(2.7) that satisfies the explained selection
criterion is totally specified by the following asymtpotic
behavior in the limit of large wy:

fk—a)k M€ [ tF x.y)
28 2ay

S < co.
i

More specifically, the sequence {0;;

K, (x,
fl (x.y) —

— 1]+ 68 with

(2.8)

,)')};623 must contain

an infinite subsequence that is o(w;!), where the symbol
o(.) means asymptotically negligible with respect to its
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argument. In fact, given the asymptotic behavior of the
Dirac eigenvalues and of their density of states, and hence

the generic nonsummability of the sequence a),j3 over all
(x.y)

/2 € 73, it is not hard to convince oneself that 6,:
have the following asymptotic behavior. For a nonempty

and infinite subset Z° c 73, the functions Gg’y ) with

must

k € 73 must be o(a)k_3/ ?). In addition to this, there might
exist a complementary subset Z% of infinite cardinal such

that the sequence {Hl(zx'y )}12623’ while being square sum-
T

mable, is of asymptotic order w,:3/ % or higher.

On the other hand, let us recall that both F' ];’(x’y ) and ngx’y )
may be functions of the homogeneous FLRW variables
(a,z,). For the sake of concreteness in our analysis and
adopting in the following the notation {h;} = {f,, g;}, with
[=1, 2, for any of the functions that determine the
fermionic variables, we restrict ourselves to functional
dependencies such that

ouny ) = Oy ), o Y = O(Y), (2.9)
for integers n at least up to 3 (and where the derivatives act
order by order in the asymptotic expansion for large w,, at
least for the relevant orders in our discussion). Here, a
contribution is O(.) when it is of the asymptotic order of the
corresponding argument (or smaller). Our restriction
excludes, in particular, the possibility of absorbing in the

phases of 7™ and n5™) any of the dominant oscil-
lations in conformal time that the Dirac field displays in the
limit of large @w; when it is treated as a test field obeying the
Dirac equation in a classical FLRW cosmology.

Similar to the situation found in the previous subsection,
the family of annihilation and creationlike variables defined
by Egs. (2.5)—(2.7), together with condition (2.8), is
obtained by means of an («, 7, )-dependent transformation
that is canonical within the fermionic sector of the phase
space. In order to be canonical in the entire truncated
system, as desired e.g., in the hybrid quantization strategy,
the geometric variables (a, z,) of the homogeneous sector
must be replaced with a new, corrected, canonical pair
(@, %, ). Concretely, the corrections Aé = & — o and A%z, =
7, — 7, that determine these new variables are quadratic in
the fermionic perturbations, and are given by [27]

i
Ad =5 > (0, x0)% + (95, %0)x7 + (95,9777

k. (x,y)
+ (9., 57)¥7)- (2.10)
~ i I Y y
Aty = =5 Y [Ouxp)% + 0uTp)5 + 0arp)F
k (xy)
+ (0.37)v7l- (2.11)

Taking into account the quadratic order of our perturbative
truncation, one then concludes that the expression of the
total Hamiltonian of the cosmological system in terms of
these new variables can be obtained by directly substituting
the new pair (&, %, ) in its functional dependence on (a, 7,),
and replacing the Dirac Hamiltonian NoHp with
NoHp = No[Hp + e %,A%, — 87’V (p)Ad].  (2.12)
Here, V(¢) is (up to a multiplicative constant [27]) the
potential of the homogeneous inflaton field ¢, and all the
dependence of Hp, A, and A7, on the homogeneous pair
(@, m,) must again be evaluated at (&, 7,,). In order to arrive
at this corrected fermionic Hamiltonian, a well-controlled
redefinition of the homogeneous lapse function must be
performed, adding to it a sum over modes of certain terms
that are quadratic in the fermionic perturbations [27].

Let us notice that, in terms of the family of annihilation
and creationlike variables (2.5)—(2.8) that we are consid-
ering, the Dirac contribution H, to the Hamiltonian does
no longer, in general, display a diagonal form as it did
before [see Eq. (2.3)]. In fact, one may obtain the new
expression of Hj, by inserting in Eq. (2.3) the Bogoliubov
transformation

gy — Loy) gy 4 ol y),;(j,v)’
k k k k
g (x.y) 8 () B ry) _ 7))
by =e kb2 Azaz (2.13)

that relates the old variables {Zzg’}’),l:)]%x’y)} employed in
Refs. [27,28] with the more general family considered here.
It is not hard to check that relations (2.6) and (2.7)
guarantee that this is indeed a Bogoliubov transformation
in the fermionic phase space, so that in particular we have
|1cl(;c'y P+ |/1/(;’y )2 = 1. A straightforward computation then
shows that

6_& = X,y _(x, X,y x,y) = (x,y
H; = 7(2:)[5"(1 _2‘/1]% ,))|2)(al(: y)a;{ ¥) _a/(? ))a( ¥)
X,y

where &, stands for the result of replacing a directly with &
in the definition (2.2) of &,. Besides, we recall that Hp, is

the sum over all modes E# 7 of the corresponding
Hamiltonian term Hj.

Apart from the mentioned contributions to Hp, inter-
action terms that cause the creation and annihilation of pairs
in all modes arise again from the corrections that are
proportional to A and A7z, in the expression (2.12) of
the fermionic Hamiltonian NyH . All those terms can be
computed using Eqs. (2.10) and (2.11) after imposing the
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asymptotic relations (2.8). Then, one can regard the

resulting fermionic Hamiltonian as a sum over all ke
73 of some functions NoH 7 that possess a quite specific
asymptotic behavior. One obtains

~ e—& ot % _(x, X, x,y) = (x,y
A= Y[ (58 + 5 )@ ol -l
(x.y)

P(ey) ) (0y) _ ()7 ()
+ BB — pLI Bl

4 h% (B(EXfV) b(]zx,y) _ b({"") I;éx,w)
N ei(l(;"")—Fﬁ'('m)e_a(zwké(l_;w n E?)af_g"” bixy)
_ e—i(]%x-y)_Fi(u))e_& (2wkeg,y) n hlﬁ)a(%x.y)g(%x,y)],
(2.15)
where we have defined
0y = 4V (9)0;, 0 (@, 7,)
- % 7,05 (@ 7). (2.16)

To avoid complicating the notation in excess, we denote the
partial derivatives with respect to the homogeneous geom-
etry evaluated at (&, 7,) directly by 9; and 0; . Besides, A,
is a real function that, in the asymptotic regime of large wy,
is given by

1S, = 4ze'tV ()0, FE)(@, 7,)
1 5 -
+3 e™23,0,F> ") (&, 7,)

+ O(Max[w?, (65)7). (2.17)

In this asymptotic regime, we also have for ke 73,

i = OMax[e!, 00, (05))7),

: ; (2.18)

while, for k € 73,

+ 87ietV ()05 05 (@, 7,)

Ta” k

— 00, FyY (@, 7,)] + Oap?).  (2.19)
The function Max|., .] picks out the argument of dominant
asymptotic order. To arrive at these expressions, we have
made a convenient use of condition (2.9). Given the
standard convention for the assignation of particles and

antiparticles, this is the only relevant restriction that we
impose on the family of annihilation and creationlike
variables, apart from the physically appealing requirement
of a quantum dynamics that is compatible with the
symmetries of the homogeneous cosmology and is unitarily
implementable, in the context of quantum field theory in
curved spacetimes.

III. BACKREACTION TERM IN THE
HAMILTONIAN

The asymptotic characterization that we have carried out
of the fermionic part H; in the zero mode of the
Hamiltonian constraint allows for a rather general passage
to the quantum theory, without the need to specify a
particular choice of fermionic annihilation and creationlike
variables [among those allowed by Egs. (2.8) and (2.9)].
With that freedom in mind, we now briefly summarize the
hybrid quantization of the system and display the equations
that result for the fermionic perturbations when one adopts a
kind of Born-Oppenheimer ansatz for the quantum states.
We recall that the phase space of the system has been split
into the following sectors. First of all, there is the homo-
geneous background, with canonical variables that, after
being perturbatively corrected, describe the homogeneous
FLRW geometry and the homogeneous inflaton. Secondly,
we have the information about the scalar and tensor
perturbations, encoded in the tensor and Mukhanov-
Sasaki gauge invariants, as well as in the linear perturbative
constraints of the system, together with their canonical
momenta. Finally, the fermionic d.o.f. are characterized
by variables of the form (2.5)—(2.7) subject to the conditions
(2.8) [and (2.9)]. All of these sectors are jointly subject to the
zero mode of the Hamiltonian constraint, formed from the
constraint of the unperturbed inflationary model (but evalu-
ated now in the new, corrected, background variables) by
adding to it terms that are quadratic in the gauge-invariant
perturbations. In particular, H, provides the fermionic
contribution to this global constraint. In the hybrid approach,
one then adopts some suitably chosen quantum representa-
tions for each of the different sectors, each of them with its
corresponding Hilbert or Fock space, and introduces some
well-defined operator(s) on the resulting tensor product
space to represent the constraint(s), imposed quantum
mechanically. This is highly nontrivial, given the fact that
the zero mode of the Hamiltonian constraint mixes the
homogeneous sector, which is provided with a quantum
gravity-inspired representation, with all the rest.

In this work, we do not worry about the specific details
of the representation chosen for the tensor and Mukhanov-
Sasaki perturbations, or about their associated part of the
zero mode of the Hamiltonian constraint. It suffices to say
that they are described with a suitable Fock representation
(for additional details, see e.g., Refs. [27,30,43]). As for the
Abelianized, linear perturbative constraints, their imposi-
tion can be made straightforward, since they are part of the
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constructed set of canonical variables. They just restrict the
quantum states not to depend on their canonical momenta,
which are purely gauge d.o.f. The remaining sectors that are
relevant for our study are then the homogeneous background
and the fermionic perturbations. For the former, we select a
loop quantum cosmology-inspired representation [22,25]. In
short, this means that, instead of working with the canonical
pair (&, %,), one performs a canonical transformation to
obtain a new pair that describes (up to corrections that are
quadratic in perturbations) the physical volume of the
universe V and its canonical momentum. This latter variable
contains, in turn, the information about the Ashtekar-
Barbero connection for the homogeneous sector. The volume
variable and the complex exponentiation of its momentum
are then the functions of the homogeneous geometry that are
represented quantum mechanically, adopting what is known
as a polymeric representation. It is common to construct it on
a Hilbert space formed from eigenstates of the volume, with
the discrete inner product [21]. We denote this polymeric
Hilbert space as Hy;, . On the other hand, for the inflaton
field ¢ and its momentum we choose a standard Schrodinger
representation, with Hilbert space given by the space of
square integrable functions of the inflaton, L?(R, d¢). And
for the fermionic perturbations we consider the Fock
representation associated with any choice of annihilation
and creationlike variables within the family defined by
Eqgs. (2.5)—(2.9). We call F, the corresponding Fock space.

Besides &](:x’y ) and IAJE;”’)T respectively denote the annihilation

operators of particle excitations and the creation operators of
antiparticle excitations, with their adjoints acting reversely.
Let us recall that all the possible Fock representations chosen
in this way are unitarily equivalent. However, as we have
seen in the previous section, the fermionic Hamiltonian, and
in particular its asymptotic tail in the mode decomposition
with respect to the eigenspinors of the Dirac operator in 77,
can experience significant changes when choosing different
annihilation and creationlike variables in the considered
family. It is this freedom what we now exploit in order to see
whether we can avoid the appearance of ultraviolet diver-
gences in the quantum theory.

With the representation space fixed as the tensor product
of all the mentioned spaces, the construction of an operator
for the zero mode of the Hamiltonian constraint involves
some additional choices. For the representation of the
nonpolynomic functions of the homogeneous variables that
appear in the different contributions to the constraint, we
refer the reader to the prescriptions listed in Refs. [27,43]. It
suffices to say here that it is possible to define them in such a
way that the action of the constraint divides the space H;,"
into separable sectors (called superselection sectors) which
provide a strictly positive lower bound for the homogeneous
volume V [22]. On the other hand, we impose normal
ordering for the annihilation and creation operators that
represent the Fock quantized perturbations.

A. Schrodinger and Heisenberg equations

In order to find solutions to the zero mode of the
Hamiltonian constraint, namely states that are annihilated
by its (adjoint) action, we follow the strategy of
Refs. [27,30,43] and adopt a convenient ansatz as follows.
We consider states with a wave function in which the
dependence on the homogeneous geometry and on each of
the perturbative sectors can be factorized in a different term.
On the other hand, all of these factors, that can be regarded
as wave functions for each of the corresponding sectors, are
allowed to depend on the homogeneous inflaton, ¢, which
then plays the role of an internal time for the total system.
We generically call T'(V, ¢) the part of the wave function
that contains the information about the homogeneous
geometry, while y, (N p, ¢) denotes the part with depend-
ence on the fermionic d.o.f. The abstract notation \V j, refers
to the occupation numbers of all the fermionic particles and
antiparticles. Moreover, as an ingredient of our ansatz, we
restrict our considerations to normalized states I in Hj. "
with a unitary evolution in ¢, which furthermore is

generated by a positive operator H,,

—i0,D(V. ) = HoT(V. ). (3.1)

Besides, the above generator is chosen so that the action of

(Ho)? + 95 on I differs from the corresponding action of
the constraint of the unperturbed FLRW cosmology at most
in a quadratic contribution of the perturbations.

With this ansatz for the states, we impose the
Hamiltonian constraint (conveniently densitized in the
homogeneous volume). Then, if in the state I" we can
ignore any transition in the homogeneous geometry medi-
ated by the action of our quantum Hamiltonian constraint,
and the contribution of the perturbations to the momentum
of the inflaton is negligible with respect to that of I

(estimated as the expectation value of H,), we arrive at a
collection of Schrodinger-like equations, with respect to ¢,
one for each of the partial wave functions of the system on
the different perturbative sectors. For details about the
calculations and involved approximations, we refer
the reader to Refs. [27,30]. Here we are interested in the
equation that rules the evolution of the fermionic wave
function yp with respect to ¢. This equation was deduced
in Ref. [27] for the particular choice (2.1) of annihilation
and creationlike variables. Adapting the derivation to the
family of fermionic variables considered here, we get

(V2P F ) — D ()
(Ho)r
=H (PN p. h).

Here, the hat over classical observables indicates their
corresponding representation as operators, according to the

i8¢wD(ND, ¢) = WD(NDv ¢)

(3.2)
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prescriptions of the works that we have already mentioned.
Besides, the brackets (.) stand for the expectation value in
I, taken with respect to the inner product in .. . Since the
momentum of ¢ does not appear in H p,, the right-hand side
of (3.2) represents a ¢»-dependent operator (or a family of
operators labeled by ¢, as one prefers) acting on the
fermionic sector. Hence, one may interpret this operator
as the (effective) Hamiltonian that generates the evolution
of the fermionic d.o.f. in the time ¢. This Hamiltonian,

H(Dr> (¢), captures the most relevant features of the quantum
background spacetime by means of the expectation values
on I' and the specific quantum representation of the
geometry that is employed.

On the other hand, the function Cg) (¢), added to similar
contributions that arise from the scalar and tensor pertur-
bations, provides the mean value in I" of the difference

between () + 6; and the Hamiltonian constraint of the
unperturbed model” [27]. Thus, it can be understood as
the fermionic contribution to the quantum backreaction on
the homogeneous background, inasmuch as the mentioned
difference actually measures how much I" departs from an
exact solution of the unperturbed system.

Since the term A, is a sum over all possible fermionic
modes, the Schrodinger equation (3.2) may be decomposed
in a collection of individual equations, one for each of the
modes. The fermionic contribution to the backreaction,

Cg) (¢), then depends on the behavior of the mode
solutions. In fact, one does not always get a well-defined
fermionic backreaction without applying regularization
techniques. This issue critically depends on the asymptotic

tail of the fermionic Hamiltonian Hg) (¢), when expressed
as a sum over modes. And therefore it depends on the set of
annihilation and creationlike variables chosen to describe
the fermionic d.o.f. Thus, in order to analyze the possible
|

)

G =

(x) -
- zl'a)k<el(Fz _J; )V2/39(xv)’)>r 4 i<el<F2

divergence of Cg)(zf)), we study the solutions to Eq. (3.2).

In doing this, it is most convenient to view the Hamiltonian

Hg) (¢) as the generator of some Heisenberg-like dynam-
ics for the fermionic annihilation and creation operators. In
fact, from Eq. (3.2) one can easily get the associated
Heisenberg equations, taking into account the decomposi-
tion of A, as a sum over modes of the functions H; that
have an asymptotic behavior determined by Eq. (2.15). In
more detail, if we introduce the following state-dependent
change to a conformal time,

lo(V*?
an =00 g
(Ho)r

(3.3)

which is well-defined thanks to the positivity of 7, and the
lower positive bound on the volume in each superselection
sector of loop quantum cosmology, we obtain the following
Heisenberg equations, evaluated at - = #:

k

The factors hg, hé, and h? are given in Egs. (2.16)—(2.19).
Provided that our prescriptions for the representation of the
homogeneous geometry promote real functions to (at least)

E;F) and J g)
addition, we assume that the state I" is such that all the
considered functions admit asymptotic expansions in the
limit of infinitely large @,. The coefficients of these expan-

sions are expectation values in I" of mode-independent

symmetric operators, we have that F are real. In

*We notice here a typo in Ref. [27], where Cg) (¢) and the rest
of the backreaction contributions in Egs. (6.5)—(6.7) of that paper

should appear divided by (F{y)r-

(V2P)r

dal™ (g,m9) = =iF a1, ) + GUBE (. mp),
dy b (g, m0) = i(FE) 4+ TEBE (1, m)
~(T) 5 (x,y
=GP (n. o), (3.4)
where, in the asymptotic regime of large @y,
) (26%V23KE
70 _ %71%, (3.5)
¢ (V2P
F&r) — <V2/3§k>l“ —1: 2<eaV2/3th>F , (36)
: ZEn
k.(x.y) _J;:.y)) V2/3h1]z>r
(3.7)

operators. Actually, for our discussion, it suffices that the
expansions exist up to terms of the order of a certain inverse
power of wy.

The Heisenberg equations determine a family of anni-
hilation and creation operators parametrized by different

values 7 of 5, once one fixes as initial data at nr = 7, the
annihilation and creation operators &I(?x‘y) and Efg‘y )% that
appear in the fermionic Hamiltonian (together with their
adjoints). It is straightforward to see that each such family

(x.y

of operators, a; )(n.10) and B}%X’y)'r (1,19), can be obtained

by means of a Bogoliubov transformation from the initial

A y) and l;(x.y)T

ones, a: PR In order to analyze the properties of
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that transformation, we follow a strategy that is close to the
one developed in Ref. [27] for the particular choice of
variables (2.1). In the present and more general case,
nonetheless, the analysis has some peculiarities that affect
the asymptotic regime of large wy. So, let us study in detail
this asymptotic behavior.

We first introduce the following fermionic operators,
motivated in part by the previous definitions (2.5)—(2.7) of
the annihilation and creationlike variables and by the
dominant asymptotic term in F ;{D,

Zz(n.mo) = f

o () AN
= I AR ), (3.8)
|
M) _ gl
N . F/}’ - Fk
dy xi(1n.m0) = i 1 +T
k
F
d’?rj\)iz_zg(n’ 7/0) =i |:wk (1 + : F<F)
k
with the definitions
()2 2
F @ [ 7()
Fk
ng) o —G(pel ”'; dnry%m
k k
M) _ (@)
F.' —F
—1i (F,(c))z—a)%(l—i— kF(F) )
k
#=(T)
C()k(F-‘
+ — k + lQl(;r>v (3]2)
2B (FP = of
) F]((F) + [O) N (1) ifq dnrjgr)
Q’-(» = W‘S(Gz e v k ) (313)
k

Here, the prime denotes the derivative with respect to #p
and 3(.) is the imaginary part. Employing now the compact
notation {2z} = {%;,9_;_,-} and introducing the rescaled
")
k

the same second order equation,

operators Z; = (iH; ')7'/?2;, these all turn out to satisfy

where

Notice that fgrk) and fgr,z are both real functions for
sufficiently large @y, given the asymptotic behavior of
&, and they satisfy | fg,rk)|2+ | fgrlz|2 = 1. These newly

introduced operators inherit the following dynamics
from Eq. (3.4):

) P )]wz_z;(”’ﬂo) — 2 3;(n.1m0). (3.10)
2= a2+ [HY P - iat), (3.14)
where
) _ 7@
F'—F
Dr = k k r ! ()
wi_wk<1+ 70 )+PE +E(lnH~ )
k

(3.15)

It can be checked that two independent solutions of the
linear differential equation (3.14) are Z% = exp[—i (—1)’@%}
with

(1) =0, (0}) = ap + AL, 1=1,2, (3.16)
where A% are the solutions of the Ricatti equation
(A]é.)’ = i(—l)l[(/\]f(.)2 + 2&)];1\%] - u% (3.17)
uk = i(=1) [P+ [(=1)! + 1)@, (3.18)

with initial conditions A%(’?o) = 0. The corresponding
independent solutions for Z;, after undoing the scaling,
are then given by Z% = exp[—i(—l)l(-)ﬁz], where
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! i ! HI(?
0. = wk(” ’70) E [(_1) + 1] In Hg")o
k
() _ ()
F. ' —F
+wk/nd’71“ — r : +/ndﬂr(A£+P(*r))-
F< ) k k
Mo k Mo

(3.19)

From now on, we use a superindex or a subindex 0 (on
occasions preceded by a coma) to denote evaluation at
nr = ny. With the above independent solutions of the

second order equation at hand, the relation between )Ac,;

and f_m . (or their adjoints) implied by the first order
|

equations (3.10), and the relation of these operators with
the annihilation and creation operators in the Heisenberg
picture, we can readily derive the dynamical Bogoliubov
transformation of the latter as

a (n,mo) = ag(n.n0)al™ + pr(n,no)b",
~(x, i 7 Alx,y
B () = —e' e Br(n,no)a”

+eiL0dnrJ;( o

az(n. ﬂo)IA?,(;x'y)T7 (3.20)

where the alpha and beta coefficients take the expressions

KO0
i) R, "k
H : 327 i, ;1 not | dn }
e = A~ s R e, B g ] ol
E
(r)_p(m)
(1) . { FLO-F :|
H- i [ 2 iy (- '70+f dﬂri
r I).0% ).0 dnr A i " dprAZ 70
* |:fglz(f5k) 412+f§.k ﬁ’ i k+flkf2k CkH(l; fm Ve e,
I‘(’ -
(3.21)
()_4()
(F F _Fk
(), )0 ).0 i["dnAl (1) (D).07 H; dne Az ”"k[” ’70+f dnr—+ RG] }
= |G+ AL W g e T g
k
AT)_ (D)
= @) ; n f/? "
) —i [ dneA r om0, Hi' =i 1k "“’k[”‘%*f = }
+ R0 - A R = A e S 22
k
Here, we have defined
0).0
{= & : (3.23)
C a1+ (FO0 - FDOEDY 4+ inHD) + 2P0
|
AL = AL+ pD) (3.24)  Fock vacuum defined by the initial operators {&f_f’y ), 13](:”)},
A AL '

B. Unitarity and backreaction

The Bogoliubov transformation of the annihilation and
creation operators that implements the Heisenberg dynam-
ics dictated by Eq. (3.4) may be used to obtain solutions of
the associated Schrodinger equation (3.2) [27]. In order to
do so, nonetheless, it is necessary that the transformation
admits a unitary implementation in the fermionic Fock
space JF p, for all values of initial and final times, 7, and 7.
If this is the case, one can construct the unitary operator that
integrates the Heisenberg equation. Evolving with it the

one indeed arrives at a solution of the Schrodinger
equation. Other solutions can be similarly found starting
with the initial n-particle states.

Actually, the considered Bogoliubov transformation is
unitarily implementable in Fock space if and only if the
sequence {fz(17,10) }7<z 1S square summable [44,45]. This
summability exclusively depends on the asymptotic behav-
ior of the beta coefficients, in the regime of large wy,
provided that they are regular in their dependence on 5 and
1o for all k € Z3. This should be the case with the adopted
loop representation of the homogeneous geometry (and

suitable operator prescriptions), assuming that ngx‘y) is
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taken as a smooth function of the geometric d.o.f.
Therefore, we are interested in the asymptotic behavior
of all functions and quantities appearing in Eq. (3.22). On
the one hand, as it was shown in Ref. [27], we have

2 (/4/3
() M r) 3 ry <V >F
F'=w, +—— + O(w;?), Wy =— ,
k k ZZ%a)k ( k ) 1 <V2/3>F
(3.25)

where we recall that M is the bare mass of the Dirac field.
Then,

T _ ['w —3
f Lk ™ ZZoa)k + O

M?
81207

N3

f=1-

D4 o). (3.26)

R

On the other hand, from the asymptotic behavior of k=

O(1) and h’,z, that follows from Eqgs. (2.17)—(2.19) together
with condition (2.9), we get

—

—F 2 avz/shli
k — k _ <e M D>F: (’)(a);l),
Fy (VB3N

7ot

(3.27)
and therefore
O —G@e—iﬂ) e
x
M 2(eFV23 1k
0 (V2B3EN
1
g w7y |+ O, ),
(3.28)
so that
_ M o _ L &[0
Ck o 2[0(1)k Wl 26() Gl_g
+ OMax[;", G w?)), (3.29)

where m = 2 for k € Z%, whereas m = 3 for k € 73. The

remaining functions that we have to analyze in order to
derive the asymptotic behavior of §; (1, 779) are the solutions

A% of the Ricatti equation (3.17). Their behavior depends

drastically on the function u%, given in Eq. (3.18). It is not

difficult to see that, provided condition (2.9) holds for
second order derivatives, all the contributions to those
functions are of asymptotic order O(1), except possibly for

|H \2 For this specific quantity, a look at Eq. (3.28)
reveals that one gets a contribution that may grow as
@}(00)2. In particular, it is O(1) if 0" = O(ay").
Recalling the characterization of the possible asymptotic

(x,y)

behavior allowed for 9 described in the previous

section, we have the followmg scenanos
(a) ForkeZgorkEZ%ICZ{wnh& = O(w;!) in
T |» the source term ua of the Ricatti equation (3.17)

is asymptotically O(1 ) and the solutions Aﬁc satisfy

n i
AL = —(=1)! L
/’70 dnr i ( )2wk/ d’?r” + O(07 )

= O(w!), (3.30)
similarly as it happened in Ref. [27]. This can be
checked by solving Eq. (3.17), with vanishing initial
condition and after ignoring the nonlinear term,
by means of a repeated integration by parts [taking
into account condition (2.9)]. With the result, one
can estimate the order of the ignored term, obta-
ining Eq. (3.30).

(b) For tuples k in the complement (up to a finite subset)
73, of Z3 | in Z3, that is such that o' = 0(9](:”)),

we use that uj = O(w% [9]% Y12). Let us notice, how-

ever, that it is only the imaginary part of u% that gives a

growing contribution in the asymptotic regime of large
@y, as can be seen from definition (3.18). It follows
that one may again compute the solutions of the linear
part of the Ricatti equation (3.17), that we call /1%, with

vanishing initial conditions. In this way, one finds

1 Lol 1 5
[ ) = 5o [ anel 7 + o),

Mo 1o

/" dnr3 (L) = o(1), (3.31)

o

where N (.) is the real part. Taking into account this
behavior, and iteratively repeating the same analysis
for the subdominant contributions to A% in the solution
AIZ_{. of the entire Ricatti equation, one can show that,
asymptotically,

n
/ dnr(AL) =y + o(1),

Mo

/ndnri‘v(l\%) —o(1), (3.32)

Mo
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where y; does not depend on /. Therefore, in particu-
lar, in the asymptotic regime of large @y,

—i(=1)!

—i(=D)" [ dyrAL i dnrh
e()fm 7rk:e m)’?r(

11+ o(1)].
(3.33)

Employing all this asymptotic information, we can easily
show that the alpha and beta coefficients (3.21) and (3.22)
have the following behavior for infinitely large w;:

aglnm) = O IIE L o), (3,34
~ 7;' (1),0 —iwy(n—no)— fdm
Br(n.no) —Zwk{Gk e
—G;:) iy (n—no -Hf dr]rJﬁ +- }_}_5*, (335)
_ r
5= OMax[w*, G %)
when k€ 7°,5;=0(G\'w;') whenk€Z}, (3.36)
where we have defined, with [ = 1, 2,
R -R -
:l:wkT forkEZ UZTI’
k
= oy 70 + m(A;) for k€ z3,. (3.37)
k
Then, in all cases, we have that
Br(n.10) = OMax[w®, G 1), (3.38)

Since the sequences that define any of the two quantities in
the Max function are square summable over Z3 [see the

definition of G](;r), together with the asymptotic expression
for hf and condition (2.8)], we can conclude that the
transformations implied by the Heisenberg equations (3.4)

are unitarily implementable in Fock space.
A comment is in order at this point In our previous

analysis, we have assumed that H # 0. If this were not

the case, it is not hard to convmce oneself that the beta
coefficients of the dynamical Bogoliubov transformation
would be of the same asymptotlc order as w; ', given the

behavior of f 1.4 and fz,k- However, from Eq. (3.28) one can

check that, for H g) to vanish, 95;
order O(w;!'). Since Gf;’y)

¥) must be precisely of
forms a square summable

sequence by assumption, that might only happen for k
in some subset of Z% where any sequence that is O(w; ')

turned out to be square summable. Therefore, the
Heisenberg dynamics would also be unitarily implement-
able in this particular case. Taking this into account, our
following analysis about the backreaction can be applied to
all possible scenarios.

Once we have confirmed the unitarity of the Heisenberg
dynamics determined by our quantum expectation values
over the homogeneous geometry, which do not even need
to correspond to a background described by effective loop
quantum cosmology, we can proceed to construct solutions
of the associated Schrodinger equation (3.2) by evolving
the initial Fock vacuum with the corresponding unitary
operator. In order to do so, we follow the strategy of
Ref. [27], conveniently generalized to the present situation
but avoiding the repetition of redundant computations. First
of all, given the asymptotic formula (3.34), it is most
convenient to split the operator that implements the
Heisenberg dynamics into the composition of two unitaries.
The first one incorporates the dominant --dependent phase
of the alpha coefficients; namely, it is the unitary operator
associated with the Bogoliubov transformation

fl(j’y) N e—lwk(VI 10)= j; dnrE}
k
. [ ~(r
E£ V)T em’k(’?—ﬂo)+l fv; d’lr[fz 5 (339)
k k
The second unitary operator then completes the dynamical

transformation (3.20) by implementing the linear mapping

g (.10)a™ + Br(n. o)D",

B,g T —Be(nn0)al™ + G (n, mo) b, (3.40)
with
~ 1w ( +i |["d
(n.10) = ™" Jy e ak(n o),
~ —la) dj +:I‘
Bulnong) = e =g (1.70)- (3.41)
This latter operator can be written in the form e‘T, with [27]
7 [Aa&(m)m(mﬁ _ AJA?(X’”&(X’”
. Kk p Kk Tk
k#7,(x.y)
At ary) | 7 ) Tr () (x.y)
ipplaz™az™ + by b i), (3.42)

(x.y)

where ; € R is an undetermined phase, and we have

chosen the following parametrization of the (modified)
Bogoliubov coefficients:
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sin  /|A¢]? +p%

~ 2 2 .

a/: = COS \/ |A%| +,0]z + lp;ﬁ,
|A1§‘ +P,—{'

} sin | /|Az[2 —i—p%

br=-i—F——

(3.43)
Az + 07

An analogous calculation to that presented in Ref. [27],
taking now due care of the additional phase contribution
jg), shows that the evolution of the fermionic Fock

vacuum by the combined action of the two introduced
unitary operators indeed gives rise to solutions of the
Schrodinger equation (3.2), provided that

CB (@) = (V) D NGV Ay = d ] (3.44)
k(x.y)
ne@aiy L mp gD AD),
3(GUAyY) —zwk{|G~ R ileet

where the subdominant terms S,; are of the asymptotic order

of 5;GX"”, with the behavior of & being given in Eq. (3.36).
Hence, to ensure that the backreaction is finite, without the
need of introducing a divergent phase in the fermionic part

of the states, we only have to impose that the sum over

k € 73 of the contributions in Eq. (3.45) be absolutely
convergent. In particular, this condition eliminates any
ambiguity that might affect the nonabsolute sum, given
the possibility of attaining conditional convergences.
Besides, we naturally require that this contribution to the
backreaction is well defined independently of the choice of
homogeneous state I, and for all times #. Taking into
account the different asymptotic behaviors allowed for

Qﬁzx‘y ), we contemplate the following cases:

(i) For tuples ke Z%, we have from Egs. (2.15) and

(2.18) that G;{D is of the same order as wkejg'y ). The
subdominant term 5,; in Eq. (3.45) is then asymp-

totically negligible compared to [G(]_{.F) Pw;!, since

3/

. —3/2 . . . .
is of order w, ™' or higher in this case. Besides,

o)
K
with our assumptions [including condition (2.9)], the
time-dependent oscillations in Eq. (3.45) cannot be
compensated, at dominant order, with the first term.

Hence, we conclude that the contribution to the

This is the fermionic contribution to the backreaction. In
the rest of this section, we analyze the convergence of this
fermionic backreaction by using our asymptotic analyses

above. In fact, one might always set the quantity Cg) equal

(xs
k

conveniently tuning the phase of the solutions yp to the
Schrédinger equation, even if the total sum of these phases
could then diverge. Ignoring this fine-tuning of the phases,
and hence avoiding the possible resummation of two
individually divergent quantities, we focus our attention
on the terms that depend on A;. From our previous
definitions and considerations, it is not difficult to check
that @; = 1 + o(1) in the asymptotic regime of large wy.
Therefore, the parametrization (3.43) implies that the
asymptotically dominant term in A; is the same as for

ﬁ,—g. Using Eq. (3.35) and the asymptotic behavior of Si(A%)
shown in Eq. (3.32), we then obtain

to 0 by means of an appropriate choice of ¢ >, ie., by

(3.45)

backreaction is absolutely summable over the con-
sidered modes, independently of T, if and only if the

sequence {wk|6]%x’y)|2}]}‘ez3 is summable (regardless
t

of the values of the canonical variables for the

homogeneous geometry on which Gléx'y ) may de-

pend). The sufficiency of this condition for the
oscillating terms in Eq. (3.45) follows, in particular,
from the use of the Cauchy-Schwarz inequality.

(ii) On the other hand, for k € Z3, we recall that wkag"y )
must be negligible compared to w,fl/ 2, Employing
the asymptotic expressions (2.15) and (2.19), we

conclude that Gg) is either of the same order as

) or of order o', whichever is dominant,

k
unless these two types of contributions are of the
same order and cancel each other. If this cancellation
did not happen, at least for a nonempty infinite
subset Z3 C 73, it is not difficult to realize that the
terms (3.45) would not be absolutely summable over
73, given the asymptotic growth of the density of
states with the Dirac eigenvalue ;. Therefore, it is
&x.y)
k -
possible contribution of order w; ! in A%, up to terms
that are o(w;'). Imposing this requirement, and

w,ﬂ

necessary that the term 2w, 6~ in H 7 cancels any
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recalling condition (2.9), we must have that, for

ke 23,
(xy) _ ,Me‘“ ; K.(xy) (x.y)
«9]_{. Y= 40)% T e L + 19]: Y s (3.46)
where 19,(;” = o(w;?). This is a necessary condition

for the absolute convergence of the terms (3.45) in

73 . Inserting this behavior into the interacting part of

()
. . I_g

show that this latter quantity has the same asymp-

H s and considering its relation with G- ’, one can

totic order, for ke 73, as the dominant contribution
()
k
term automatically provides, when introduced in
Eq. (3.45), a convergent series in Z3. Thus, follow-
ing analogous arguments to those explained in our
previous case, we reach the conclusion that the
sufficient condition in Z* for the absolute conver-
gence of the considered fermionic backreaction is
that

among the terms @, 9. and w;2. The latter type of

S o IEVP < oo (3.47)

I?EZ?

and that the sequence {Max|[w;>, a)k|t9](?x’y ) I*]}7c5: be

summable if the complement Z3 of Z3 in Z° is

infinite.
All of these conditions, that ensure that the backreaction
contribution Cg> is well defined without introducing any
regularization scheme, impose much more severe ultra-
violet restrictions to the choice of fermionic annihilation
and creationlike variables than the unitarity requirement
(2.8). Besides, it is worth emphasizing that the asymptotic
behavior characterized by conditions (3.46) and (3.47)

must hold for X in a nonempty infinite subset Z3 of the
lattice Z3, while each of the subsets for which one must
demand the rest of conditions stated in the cases i and ii
above might be empty. At the end of the day, the asymptotic
behavior of the characteristic density of states of the Dirac
eigenvalues in 7> determines the specific form of these
conditions. Because of this, if we further restricted the
choice of annihilation and creationlike variables (e.g., by
symmetry considerations) so that they could not depend on

the tuple k except through the corresponding eigenvalue
@y, we would conclude that the studied fermionic back-
reaction would be absolutely convergent if and only if
conditions (3.46) and (3.47) are asymptotically satisfied for
all k € 73 (except, possibly, a finite subset).

Finally, let us comment that one may want to restrict
even further the choice of fermionic variables in order to
guarantee that the Hamiltonian operator that appears in the

Schrédinger equation (3.2) has a well-defined action on the
Fock vacuum. As a consequence, the Hamiltonian would
then be properly defined in the dense subset of the Fock
space Fp spanned by the n-particle/antiparticle states that
have a finite number of fermionic excitations. In that case,
the constraint equation (and thus the Schrodinger equations
derived from it) would indeed be a rigorously defined
equation, at least in what concerns the fermionic d.o.f.
Given the normal ordering adopted in the fermionic
Hamiltonian, it is clear that only the interacting terms, that
annihilate and create infinite pairs of particles and anti-
particles, may prevent the image of the vacuum providing a
normalizable state in F . In fact, this nomalizability holds

if and only if the terms that multiply a](;’y)bl(;"y ) (and their
complex conjugates) in the decomposition of H, as a sum
over modes form a square summable sequence. Arguments
like those that we have explained show that this happens if
and only if one imposes conditions that are similar to the
ones displayed in i-ii above, but demanding the stronger
requirement of the summability of the sequences

{03167 P ez

{Max(w;2, o} 05

{0}195 P}z, and

Yeen- (3.48)

IV. CONCLUSIONS

In this work, we have investigated a possible procedure
to avoid some of the typical divergences of quantum field
theory in the context of hybrid loop quantum cosmology.
Specifically, we have studied in detail the case of a Dirac
field minimally coupled to an inflationary cosmology. The
Dirac field has been treated as a perturbation, including its
zero mode if one exists, and in general additional scalar and
tensor perturbations have been permitted. In our perturba-
tive scheme, the action of the system is truncated at second
order in all the perturbations. After decomposing the
inhomogeneities in suitable modes, defined on the spatial
hypersurfaces of the homogeneous model, the resulting
relativistic system is subject to the zero mode of the
Hamiltonian constraint, that in particular contains all the
relevant fermionic contribution to the Hamiltonian, as well
as to (an infinite mode collection of) perturbative con-
straints that are linear in the metric and scalar perturbations.
At the considered quadratic perturbative order of our
truncation, the time-dependent mode coefficients that
describe the fermionic field are automatically gauge invari-
ant with respect to these perturbative constraints. Besides,
the rest of the perturbations in the system can be described
by means of a set of canonical variables that are formed by
the well-known Mukhanov-Sasaki and tensor gauge invar-
iants, and by an Abelianized version of the linear pertur-
bative constraints, together with all their momenta. The
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hybrid approach for the quantization of this cosmological
system is based in a convenient Fock representation for
each of the perturbative sectors of the phase space,
combined with a less standard quantum gravity-inspired
representation of the purely homogeneous d.o.f. (that can
be thought to describe an inflationary FLRW cosmology on
their own), namely the representation employed in loop
quantum cosmology.

We have focused our analysis on divergences that may
arise in the quantum theory from the standard Fock treat-
ment of the fermionic d.o.f. Actually, we have explored the
possibility of avoiding that these infinities appear by taking
into consideration the fact that it is the whole phase space of
the cosmological system what has to be treated quantum
mechanically in a hybrid way, rather than only the
fermionic d.o.f., while the FLRW cosmology is maintained
as a classical entity. As commented above, this means that
each sector of the total phase space is given a qualitatively
different quantum representation. This applies in particular
to what one may call the homogeneous background sector
and the Dirac perturbations. Within this context, it does not
seem unnatural to question whether one may separate them
in different ways, and thus assign different dynamical roles
to each of these sectors. These different alternatives for the
splitting can be realized in practice, without affecting the
rest of scalar and tensor perturbations, by considering
canonical transformations of the fermionic variables that
depend on the homogeneous background. When these
transformations are completed to be canonical for the
entire system (at the considered perturbative order of our
truncation), the Hamiltonian that generates the dynamics of
the new fermionic variables changes with respect to the
original one. We are then tempted to expect that, with an
adequate splitting of the joint dynamics of the geometric
FLRW d.o.f. and the Dirac field, we may attain a sat-
isfactory control of the divergences that arise from the
quantum field theory representation of the fermionic
variables in their corresponding Hamiltonian.

In more detail, here we have incorporated the freedom
that exists in identifying the Heisenberg dynamics of the
fermionic d.o.f., exploiting the different dynamical roles of
the homogeneous background and of the fermionic per-
turbations, by introducing families of annihilation and
creationlike variables that are obtained through back-
ground-dependent canonical transformations. The specific
form of these transformations is a priori only restricted by
the following physical consideration [and a mild condition
on their dependence on the homogeneous d.o.f.: see
Eq. (2.9)]. They must define variables that, in the context
of quantum field theory in classical curved spacetimes,
possess a nontrivial dynamics that is unitarily implement-
able in Fock space. Besides, the associated Fock vacuum
must be invariant under the classical symmetries of the
Dirac-FLRW system, and define a standard convention for
particles and antiparticles. These families of annihilation

and creationlike variables turn out to determine unitarily
equivalent Fock representations of the Dirac field. With
such a generic collection of different descriptions for the
fermionic d.o.f., we have computed the form of the
resulting Hamiltonian that generates their dynamics. In
particular, we have characterized its asymptotic tail, when it
is expressed as an infinite sum in terms of the annihilation
and creation coefficients of the spatial eigenmodes of the
Dirac operator. This fermionic Hamiltonian has a nontrivial
dependence on the resulting homogeneous sector of the
cosmological model. In fact, after implementing the hybrid
quantization procedure and adopting a kind of Born-
Oppenheimer ansatz for the physical quantum states that
are annihilated by the zero mode of the entire constraint,
one arrives at a fermionic Hamiltonian that is defined by
means of expectation values over the homogeneous geom-
etry, and that can be understood to generate a Schrodinger
dynamics for the part of the states that encodes the
information about the fermionic d.o.f. This Hamiltonian
operator, which varies with the specific choice of annihi-
lation and creationlike variables, generalizes the operator
that would be obtained in quantum field theory on curved
spacetimes, inasmuch as its dependence on the homo-
geneous background is no longer evaluated on a classical
geometry, but replaced with the corresponding expectation
values. We have carried out an asymptotic analysis, in the
regime of large eigenvalues w;, of the spatial Dirac operator,
of the Heisenberg dynamics associated with this fermionic
Hamiltonian, and we have shown that it amounts to a
Bogoliubov transformation of the annihilation and creation
operators which is unitarily implementable in Fock space.
The vacuum state, when evolved with the corresponding
unitary operator, can then be seen to provide solutions of
the Schrodinger equation with a very specific backreaction
term that depends on the geometric expectation values that
define the considered dynamics. This backreaction term
can serve to measure (in mean value) how much the
homogeneous part of the quantum states departs from an
exact solution of the unperturbed inflationary model. With
the obtained asymptotic information about the Heisenberg
dynamics, we have been able to characterize the choices of
annihilation and creationlike variables, in the family under
consideration, that allow for a finite fermionic backreac-
tion, without the need of introducing any regularization
technique or resummations of infinities based on a condi-
tional convergence. Once we have guaranteed that the
analyzed backreaction is well defined, we have seen that,
with some slightly more stringent conditions on our choice
of fermionic variables, we can also ensure that the fer-
mionic Hamiltonian is actually a rigorously defined oper-
ator in the dense subset of the Fock space spanned by
n-particle/antiparticle states.

The relevance of our characterization of the families of
fermionic annihilation and creationlike variables that
prevent divergences within the hybrid framework of loop
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quantum cosmology can be seen twofold. On the one hand,
we have shown that, for an infinite number of modes, the
canonical transformation that defines the fermionic variables
must display a very specific asymptotic dependence on the
homogeneous geometry, as well as on the mass of the Dirac
field [see Egs. (2.8) and (3.46)]. This dependence in the
ultraviolet regime of large w; actually implies a severe
restriction, in the quantum theory, about which part of the
dynamical d.o.f. of the system must be treated as geometric,
and which part contains the information about the genuine
fermionic excitations. On the other hand, it is clear that a
specific characterization of the physically admissible anni-
hilation and creationlike variables leads to a restriction on the
choice of fermionic vacuum, among the infinitely many that
are available (even when restricting all considerations to
choices selected by the unitarity of the classical dynamics).
In fact, the already mentioned, specific dependence on the
homogeneous background of the transformations that define
the fermionic variables has the effect of reducing the
asymptotic order of the interaction terms in the correspond-
ing fermionic Hamiltonian. One could think that a further
restriction of the choice of fermionic variables, and therefore
of their vacuum, is possible if one investigates even deeper
the asymptotic tail of the Hamiltonian and tries to eliminate
completely its interacting contribution. If this procedure
were viable, the variables determined in this way for the
description of the fermionic d.o.f. would then diagonalize the
resulting Hamiltonian, at least in the ultraviolet sector, and
therefore might be thought to be optimally adapted to the
quantum dynamics of the entire cosmological system.
Furthermore, the specification of suitable variables for
the quantum description of the fermionic d.o.f. can, at least
in certain regimes of physical interest, shed light on the
influence that the dynamics of this type of matter might
have on the quantum evolution of the homogeneous
background geometry. In this work, such effects can be
found, first, in the redefinition of the scale factor and its
momentum that is required in order that they remain
canonical with respect to the introduced fermionic varia-
bles. Besides, at least at the level of expectation values, a

genuinely quantum backreaction of the fermionic d.o.f. on
the behavior of the partial wave function that describes this
homogeneous geometry is contained in the function Cg),
inasmuch as it measures, in mean value, how much the
homogeneous background differs from a quantum solution
of the nonperturbed cosmology. These effects can be given
precise formulas [see Egs. (2.10), (2.11) and (3.44)] which,
if shown to be well-defined quantities as Cg) has been seen
to be here, can serve as a starting point for the quantitative
determination of modifications that the presence of fer-
mionic matter may introduce in the dynamics of the
background geometry, with respect to the purely homo-
geneous scenario found in standard linearized cosmology
(even when this is described within the context of loop
quantum cosmology). These modifications would likely, in
turn, leave some imprint in the evolution of the primordial
perturbations of scalar and tensor type. Following tech-
niques like those explored recently in Ref. [46], one may
investigate the consequences and physical relevance that
these modifications may have on the power spectrum of the
cosmological perturbations, as well as on possible non-
Gaussianities. Actually, it should be possible to perform an
analysis similar to the one conducted in this work in order
to specify a privileged family of variables for the descrip-
tion of scalar and tensor perturbations in quantum cosmol-
ogy, such that their quantum Hamiltonian and backreaction
effects display well-behaved properties. If that were the
case, it might even be possible to investigate the interplay
between their associated backreaction functions [analogous

to C(Dr)] [27], the fermionic contribution, and the quantum
evolution of the background geometry.
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