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Abstract

Loop quantum cosmology (LQC) has in recent years led to successful resolution of singu-
larities in cosmological models while agreeing with general relativity in low curvature limit.
Existence of a bounce and the possibility of an effective continuum description closely approx-
imating the quantum evolution have been notable features of this singularity resolution. The
effective spacetimes of loop quantized isotropic and Bianchi-I models have been shown to be
geodesically complete and free from strong singularities. In this dissertation, we extend these
results to effective loop quantized Bianchi-II, Bianchi-IX and Kantowski—Sachs models with
arbitrary minimally coupled matter, and also explore the possibility of symmetric bounces in
loop quantized black hole interiors. These are anisotropic spacetimes with spatial curvature.
For models with both anisotropy and spatial curvature, earlier techniques to loop quantize the
isotropic and Bianchi-I models do not work. Using holonomies along open edges, two quantiza-
tions of these models are available in literature - the Ashtekar connection based ‘A’ quantization
and the extrinsic curvature based ‘K’ quantization. Considering the effective dynamics of both
these quantizations in the Bianchi-II model, we show that the scale factors and the volume re-
mains non-zero and finite for all finite time evolution. Though the energy density, the expansion
and shear scalars are bounded, some curvature invariants may potentially diverge. However,
geodesic evolution remains regular at such potential divergences and no strong singularities are
present. In comparison to the ‘K’ quantization, the ‘A’ quantization in Bianchi-II requires to
either impose weak energy conditions (WEC) or include inverse triad corrections to obtain these
results. We then show singularity resolution in Bianchi-IX model in both these quantizations.
However, now inverse triad corrections must be included in the ‘A’ quantization as WEC are in-
sufficient for singularity resolution. We prove singularity resolution in effective Kantowski-Sachs
model with matter without needing inverse triad corrections, where ‘A’ and ‘K’ quantizations
are equivalent due to special symmetries. Finally, using an analysis based on Dirac observables
of the vacuum effective Kantowski—Sachs spacetime as a model for the Schwarzschild interior,
we obtain a symmetric bounce condition, and analyze implications of different dynamical pre-

scriptions giving symmetric bounces.
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Chapter 1
Introduction

Over the last hundred years since its publication in 1916, Einstein’s theory of general rel-
ativity (GR) has emerged as the rightful successor to Newton’s theory of gravity and led to
numerous advances in our understanding of gravity, cosmology and most importantly in our
conception of spacetime itself. GR has led to the radical realization that spacetime, instead of
being an inert stage on which everything else happens, actively participates in the dynamics of
the universe. The far reaching consequences of this radical revision in our conception of space-
time are being validated by precise experimental observations carried out in recent decades and
continuing today. Perhaps the most evident example of the dynamic nature of the spacetime is
the existence of gravitational waves predicted by GR, which are nothing but ripples in the fabric
of the spacetime caused by motion of massive objects interacting with the spacetime. The real-
ity of their existence was recently confirmed with the direct observation of gravitational waves
coming from the merger of two massive black holes by the Laser Interferometer Gravitational-
Wave Observatory (LIGO) [1], leading to the birth of gravitational wave astronomy. GR also
provides a precise description of the large scale universe and cosmology which nicely explains
the observational data such as the Hubble’s law of recession of galaxies, the accelerated ex-
pansion of the universe, the existence of cosmic microwave background (CMB) radiation from
early universe and the relative abundances of elements in the universe. We are currently in the
era of precision measurements in cosmology with experiments such as the Cosmic Background
Explorer (COBE) [2], followed by Wilkinson Microwave Anisotropy Probe (WMAP) [3, 4] and
Planck Mission [5, 6] to observe the CMB to an ever increasing precision, and DEEP2 Redshift
Survey [7], the 2dF Galaxy Redshift Survey [8, 9], the Sloan Digital Sky Survey (SDSS) [10]
for precision measurements of the large scale structure of the universe, and various others. The
remarkable thing is that GR provides a framework to build a cosmological model which fits most

of this precision data.



Despite its successes, the shortcomings of the theory have been known to us from the time of
its inception. Singularities were discovered in a spherically symmetric solution by Schwarzschild
[11] and later by Droste [12] barely a year after the theory was published, which was also
one of the first exact solutions discovered of the Einstein field equations. The Schwarzschild
metric, which is a unique solution of the Einstein’s field equations in vacuum under spherical
symmetry, described a static solution which was singular both at the center (in terms of the
radial coordinate: at r = 0) and at a spherical surface situated at the “Schwarzschild radius” (at
r = R,). It took several decades of work by various scholars (see e.g. Eddington [13], Lemaitre
[14], Einstein and Rosen [15], Synge [16] Finkelstein [17], Fronsdal [18], Kruskal [19], Szekeres
[20], Novikov [21], Penrose [22] ) in understanding the properties of the Schwarzschild spacetime
to establish that there is a real singularity at the center where the curvature of spacetime
diverges, while the r = R, surface is instead an event horizon, and the singular nature of
the Schwarzschild metric at this surface is merely a coordinate singularity which disappears
after a change of coordinates. This picture of a singularity with an event horizon as a surface
of no escape was later termed “black hole”. Further, the solutions of Einstein’s equations
corresponding to a charged black hole (called Reissner—Nordstrom black hole [23, 24, 25, 26]),
a rotating black hole (the Kerr metric [27]), and a charged rotating black hole (the Kerr—
Newmann metric [28]) were also discovered by the 1960s. Meanwhile, studies of compact,
relativistic gravitational objects also led us to the idea of singularity. Starting with the work
of Chandrasekhar on white dwarfs [29] and the works of Landau [30], and Oppenheimer and
Volkoff [31] and others on neutron stars, and of Oppenheimer and Snyder on the collapse of a
massive star [32] which showed that stars with only a few times the mass of the sun would be
unstable against a gravitational collapse in their final stages, it became clear that such objects
may actually exist in nature which become compact enough to become black hole candidates.
On the other hand, the applications of GR to cosmology were also mired by singularities. Our
universe is very closely described at the large scales by an expanding, spatially flat, isotropic
and homogeneous cosmological model, called the spatially flat Friedmann—Lemaitre-Robertson—

Walker (FLRW) model which is a solution of GR. Lemaitre was the first one to point out that



an expanding universe described by GR must have been in a highly dense and hot state in the
past [33, 34]. This is called the hot big-bang model of the universe, which was further elaborated
by Gamow [35], Alpher and Herman [36], and others, and was supported by the observations of
the expansion of the universe by Hubble [37] and of the CMB radiation starting with Penzias
and Wilson in the 1960s [38]. It turns out that the large scale universe is described by the
spatially flat, expanding FLRW model extremely well. However, GR predicts that the spatially
flat FLRW model must have a singularity in its past evolution.

At these singularities, both of the cosmological type and the black hole singularities, certain
physical quantities such as the energy density and the curvature diverge, and there is no unique
extension of the spacetime geometry past the singularity. The geodesic evolution of light rays
and particles also breaks down and the past evolution of the spacetime is incomplete. Thus
the singularity appears to be an edge of the spacetime where we lose the ability to probe
the universe further. However, it was hoped that these singularities were an artifact of the
special symmetries of all these idealized models considered, which may not hold exactly in any
realistic situation. This hope was crashed by the work of Raychaudhuri, Geroch, Hawking,
Penrose and others, summarized in the monograph [39], which established that singularities can
be shown to exist in general relativistic spacetimes without assuming any special symmetries
provided some reasonable energy conditions are satisfied by the matter content (such as the weak
energy conditions, which intuitively imply the positivity of the energy density). This established
singularities as a generic feature of general relativistic spacetimes, and a real limitation on our
ability to probe the universe further if we continue using GR as a description of gravity.

Thus, it has become clear that GR cannot be the final word on gravity and cosmology.
As described above, there are various regimes where GR fails to provide satisfactory answers,
such as the very early universe and the end states of massive stars. In both of these scenarios,
the spacetime curvature diverges and a singularity is encountered in GR in a finite time, and
the evolution is incomplete. Since the curvature is so high and the matter is compressed to
microscopically small scales, we expect both gravitational and quantum effects to be important

in these scenarios. In the case of cosmology, the whole universe itself is expected to be of



microscopic size in the very early phase warranting a quantum description. A reliable description
of the early universe is also needed to explain some of the puzzling features of our current
universe, such as the high degree of isotropy and homogeneity observed at large scales in our
universe. The theory of cosmic inflation does explain some of these features but fails to help
the issue of the big bang singularity at the beginning [40]. Past evolution is still incomplete
and leaves the questions of the origin of inflation and the conditions required for its emergence
unanswered. The resolution of the problem of singularities is one of the primary motivations for
the search for a theory of quantum gravity. We also expect it to provide a general framework to
formulate a reliable description of the early universe. And most importantly, quantum gravity
may lead to a revision in our conception of spacetime. Every time our conception of spacetime
has been revised, it has led to a renaissance in whole of physics. GR replaced the Newtonian
idea of gravity as a force with the idea of gravity as the dynamics of spacetime, which changed
our conception of spacetime from being a fixed and inert background on which everything else
evolves, to a dynamical one which takes part in the drama that unfolds in it. This brought a
paradigm shift in cosmology and led to the current big-bang model of cosmology which explains
numerous features of our observed universe (but fails to reliably describe the early universe and
has a singularity as discussed above). If history is any indication, perhaps the most revolutionary
outcome that quantum gravity might lead to is yet another radical revision in our conception
of spacetime.

The regimes in which quantum nature of gravity is expected to play a prominent role,
currently seem out of our reach to probe directly. Due to lack of substantial experimental cues
to rely upon, theoretical explorations beyond GR, based primarily on physical principles and
mathematical consistency, have led to a diversity of approaches to quantum gravity. Depending
on which principles are considered to be fundamental, and which ones are relaxed or diluted, we
have different approaches to quantum gravity. Some major ones are string theory [41, 42, 43],
loop quantum gravity (LQG) [44, 45, 46, 47, 48], causal dynamical triangulations [49, 50, 51],
causal sets theory [52, 53, 54, 55] and twistor theory [56, 57]. Some approaches preserve the

background independence of GR and aim to construct a background independent theory of



quantum gravity, for example, LQG. LQG is a non-perturbative canonical quantization of GR
based on a reformulation of GR in terms of Ashtekar variables. Some of the approaches assume
a discrete or quantum substratum beneath the continuum spacetime of GR at the Planck scales
as their starting point. Examples of this approach include causal dynamical triangulation and
causal set theory. These approaches are also background independent. String theory, on the
other hand, takes inspiration from particle physics theories and assumes in its initial formulation
a background spacetime similarly to the quantum field theories of particle physics. Apart from
quantizing gravity, string theory also aims to provide a unified theory of all four interactions of
nature. However, attempts to formulate string theory in a completely background independent
way have so far been inconclusive.

As of now, attempts are being made to make contact with experimental observations, how-
ever, obtaining direct measurements of quantum gravity effects has been hard. Due to lack of
guidance from direct observational evidence, classical singularities of GR provide us with an
important setting to test the various emerging approaches to quantum gravity as singularities
prove to be the essential roadblocks where our explorations in GR fail. A reliable resolution of
the problem of singularities is thus crucial. Apart from the end states of massive stars, singular-
ities in GR are also encountered in various cosmological models. This is pertinent, considering
that early universe cosmology seems to be the most promising avenue today for observing sig-
natures of quantum gravity. Thus solving the problem of singularities will also have important
ramifications for the physics of the early universe which could possibly be observed in precision
experiments. In this dissertation, our focus will be the application of ideas and techniques from
LQG to cosmological spacetimes of interest, and investigating the question of resolution of sin-
gularities. LQG, as mentioned, is a canonical quantization of GR. Even though it is presently a
matter of taste (due to lack of experimental evidence) as to which approach to quantum gravity
one chooses, we provide some of our motivations for our interest in canonical quantization of
gravity in the following. First of all, various singularities of interest are regions of strong grav-
itational field with highly non-linear behavior. So non-perturbative effects of quantum gravity

are likely to be very important in this regime. Secondly, GR admits solution-spacetimes with



various different topologies, and the solutions are not guaranteed to be asymptotically Euclidean
in general. This seems to suggest the appropriateness of a background independent approach to
quantum gravity. The following intuitive, but heuristic reasoning can be given as to why back-
ground independence is desirable: even though the gravitational field in GR couples to matter
through the Newton’s gravitational constant, the interaction of the gravitational field with itself
is completely described by the geometry itself and is not dictated by a coupling constant. Thus,
dividing the gravitational field into a non-interacting background spacetime and a dynamic ge-
ometric part which is interacting seems unnatural. The canonical approach addresses the above
mentioned concerns as it is background independent and non-perturbative. Moreover, unlike
some other non-perturbative and background independent approaches to quantum gravity which
assume a discrete structure as the basis of quantum spacetime as their starting point, the canon-
ical approach (specifically LQG) has the nice feature that the programme of quantization itself
leads us to a kinematical framework for the quantum theory which results into discrete spectra
for various geometrical quantities. In the end, all these are motivating factors at best and the
choice of theory is still largely a matter of taste at the moment as mentioned above. We begin

with a discussion of the canonical quantization program in the next section.

1.1 The canonical approach to quantum gravity

The canonical approach to quantizing gravity, as the name suggests, attempts the canon-
ical quantization of GR by taking its Hamiltonian formulation as the starting point. In the
Hamiltonian formulation of GR, which is also crucial in its initial value formulation, the four
dimensional spacetime is foliated into a stack of three dimensional spacelike hypersurfaces which
are sequenced by a time parameter. This allows the spacetime of GR to be viewed as the time
development of the metric of a three dimensional spacelike hypersurface [58]. Recasting GR in
this Hamiltonian form paves the way for its canonical quantization. However, we encounter one
of the conceptual tensions between GR and the quantum theory here. In the quantum theory,
the system is described by a wave function (or a state in the Hilbert space) whose time evolution
is dictated by the Schroedinger’s equation. Time is an external parameter in the quantum the-

ory. Whereas time is just a coordinate in GR and is treated on an equal footing to space. The



action of GR is invariant under four-dimensional diffeomorphisms of the spacetime manifold.
Thus there is no absolute time parameter in GR in contrast to ordinary quantum mechanics.
The consequence is that the flow generated by the total Hamiltonian of GR in the phase space
turns out to be a gauge transformation (this is related to the fact that the total Hamiltonian
in GR is a sum of constraints, which we discuss below in more detail). And since any physical
observable must be gauge invariant, its Poisson bracket with the Hamiltonian must vanish. Thus
it seems that the dynamics is ‘frozen’ in GR in this sense. This contradiction between GR and
the quantum theory poses a fundamental question about the nature of time and is known as the
problem of time in quantum gravity. Thus quantization of GR necessarily entails dealing with
this question which has several consequences for the theory. Due to split into space and time
in the Hamiltonian formalism, the four-dimensional covariance of GR is not explicitly manifest.
Although classically it can be shown that, though hidden, the four-dimensional covariance is
encoded in the canonical formulation. But in the quantum theory it leads to anomalies in the
constraint algebra in LQG which turns out to be a difficult problem to handle.

We mentioned in previous paragraph that the total Hamiltonian of GR is a sum of con-
straints. In order to understand the significance of this, we first note that a constraint means
a relation between the variables which is preserved by the dynamics of the system. In physics,
constraints appear whenever we describe a system or theory with more variables than the ac-
tual number of degrees of freedom. For example, describing a simple pendulum using Cartesian
coordinates has a constraint ensuring the length of the pendulum is constant during the motion.
In some cases, we begin constructing a theory using the natural variables available to us, and
only later discover that there are constraints, e.g. electromagnetism. Electric and magnetic
fields seem to be natural quantities in terms of which to formulate our theory, however, we then
discover that the electric field is constrained by the Gauss law (or the Gauss constraint). The
Yang—Mills theories which are a generalization of the electromagnetism also have an analogous
Gauss constraint. The constraints, like any other function on the phase space, generate a flow
in the phase space. But since the constraints are preserved by the dynamics, the flows generated

by the constraints are gauge transformations which do not affect the Hamiltonian. However,



GR falls into a special class of constrained systems called totally constrained systems. In such
systems, the total Hamiltonian is itself a constraint, such that there is no true dynamics in the
system. The flow generated by the Hamiltonian is also a gauge transformation. This is what we
noted in the above paragraph. GR is invariant under different choices of the time variable. The
whole universe is a spacetime manifold. Everything is contained in it and it doesn’t evolve with
respect to any external time parameter. Thus the spacetime manifold is frozen. It is only when
we split the spacetime into spatial slices that we can view the spacetime as the time evolution of
the spatial slices. Since the manifold is diffeomorphism invariant, there are many ways to split
it into spatial slices corresponding to different choices of time parameter. However the whole
spacetime has no dynamics and this is reflected in the fact that the total Hamiltonian is always
a sum of constraints.

The quantization of the fully constrained Hamiltonian of GR is handled following Dirac’s
approach to the quantization of constrained Hamiltonian systems, the groundwork for which
was laid by the pioneering contributions of Dirac [59, 60, 61, 62, 63], and later Bergmann and
Komar [64, 65, 66, 67]. The work by Arnowitt, Deser and Misner led to a precise Hamiltonian
formulation of GR in metric variables [68] called the ADM formulation. Wheeler and DeWitt
then developed a canonical quantization of GR in the ADM formulation based on the methods
developed by Dirac et al. for constrained systems [69, 70, 71, 72]. In the Wheeler-DeWitt
canonical quantization of gravity, the 3-metric ¢;; of the hypersurfaces is treated as the configu-
ration variable of the theory. The conjugate variable turns out to be the extrinsic curvature of
the spatial slices in this case. In the quantum theory, the kinematical states are considered to
be functionals of the metric ¢;; represented as ¥[g;;]. Following Dirac, the constraints are then
implemented in the quantum theory as conditions on the states defined in a suitable Hilbert
space. This space is called the kinematical Hilbert space which is analogous to the unrestricted
phase space in the classical picture on which the constraints are defined. Classically the impo-
sition of constraints leads us to the constraint-surface in the unrestricted phase space which is
called the reduced phase space. By requiring that their corresponding operators must annihilate

the physical states, we pick out the physical states from the kinematical Hilbert space. Just



like the plane wave solutions of basic quantum mechanics, the physical states may turn out to
be non-normalizable combinations of the kinematical states, in which case a suitable physical
inner product is defined on the physical states to define the physical Hilbert space. Follow-
ing this route in the Wheeler-DeWitt theory, the physical states are then the solutions of the
Wheeler-DeWitt equation H U[g;;] = 0, which is the requirement that the operator correspond-
ing to the Hamiltonian constraint must annihilate the physical states. The absence of a time
derivative in the Wheeler-DeWitt equation, unlike the time-dependent Schroedinger’s equation,
is representative of the problem of time discussed above in this approach.

However, the Wheeler-DeWitt equation is a functional differential equation which turns out
to be intractable. In particular, the constraints have a complicated non-polynomial dependence
on the metric variables and it is not clear how to rigorously define the corresponding operator.
Similar problems exist in defining the corresponding Hilbert space on which this operator acts,
and obtaining the solutions. Thus the quantization of general theory remains elusive even at the
kinematical level. This remains a major roadblock in the Wheeler—-DeWitt theory. Thus, except
for some symmetry reduced situations, a rigorous formulation of a general kinematical quantum
Hilbert space representation for general geometries is lacking. The approach in the Wheeler—
DeWitt theory has been to solve the the Wheeler-DeWitt equation in some symmetry reduced
situations (such as cosmology). However, the boundary conditions that need to be imposed on
the solution wave functions remain a topic of debate. The symmetries and the requirements of
mathematical consistency are not sufficient to select the boundary conditions as was initially
hoped, and various proposals for the boundary conditions exist [70, 73, 74, 75|, most importantly
the no-boundary proposal [73] and the tunneling boundary proposal [74]. Further, addressing
the issue of singularity resolution has remained a challenge in these symmetry reduced models.
In Wheeler-DeWitt cosmology, singularity resolution has been variously characterized by the
highly non-classical nature of the wave function near the singularity or by the vanishing of the
wave function at the classical singularity [76, 77]. Using these as the criteria, it can be shown
that the singularity is resolved for some cases [78], however counter examples also exist. For

example, it can be shown that the no-boundary proposal for the isotropic and homogeneous



spacetimes with closed topology with a massive scalar field and a cosmological constant may
be singular [79]. Even in cases where it works, these vague indications such as vanishing of
the wave function at classical singularity cannot be taken to signal singularity resolution unless
the behavior of the expectation values of the physical observables is analyzed using a physical
inner product on a physical Hilbert space, and it is shown that the observables which diverge in
the classical theory at the singularity remain finite in the quantum evolution. Moreover, there
exist models for which the physical sector along with the full set of physical observables for
the Wheeler-DeWitt quantization can be constructed and it can be shown in a precise sense
that the singularity is not resolved. Thus is the spatially flat isotropic spacetime with massless
scalar field [80]. By obtaining the backward numerical evolution of semi-classical states peaked
at the classical GR trajectory at late times, it has been demonstrated in this case that the
classical big-bang singularity is not avoided by the Wheeler-DeWitt quantization [80]. The
states remain peaked on the classical singularity right up to the singularity. The values of the
physical observables representing the spatial volume also vanishes as it does in the classical
evolution [81]. Moreover, using the generalized consistent histories approach in this case, it can
be shown that for arbitrary choice of states in the physical Hilbert space, the probability for
this Wheeler-DeWitt quantum universe to encounter a singularity is unity [82]. Thus, without
guidance from a complete theory, the results in the Wheeler-DeWitt theory on the question of
singularity resolution have been mixed. This is where the programme of LQG becomes relevant,
where it has been possible to obtain a unique and rigorously defined kinematical framework.
This has been possible due to a different choice of operator algebra inspired from the connection
formulation of GR which leads to a starkly different quantum theory than Wheeler-DeWitt
theory and the availability of a complete kinematical description has allowed progress where it

was stalled in Wheeler—-DeWitt theory.

1.2 Loop quantum gravity
The canonical quantization program was reinvigorated by Ashtekar’s observation that the
constraints of GR can be expressed in a simpler form if we reformulate GR in terms of the so

called connection and triad conjugate variables [83]. This was based on earlier work by Sen
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in this direction [84, 85]. This led to rapid progress in the field of canonical quantization of
GR and eventually morphed into what is today called LQG. It has been well known that GR
can be equivalently described in terms of triad fields instead of the spacetime metric approach
(this formulation also allows to couple fermions to the gravitational field). The triads are three
dimensional vector fields related to the spatial metric that carry all the information contained in
the metric, but have additional internal degrees of freedom. The Hamiltonian formulation can
be written in terms of the densitized! triads and the extrinsic curvature as canonically conjugate
variables, with three extra constraints for the extra internal degrees of freedom introduced with
the triads. A canonical transformation then yields a formulation of GR akin to Yang-Mills
theories in terms of the densitized triads and the Ashtekar connection as conjugate variables,
and the three extra constraints take the form of Gauss constraint of Yang—Mills theories [83,
46]. This raised the hope that techniques from Yang-Mills theories could be used to quantize
gravity. Initially, this formulation was obtained using the complex-valued Ashtekar connections
introduced by Ashtekar, which required extra reality conditions to be imposed. However, much
simplification has been obtained by the introduction of real-valued Ashtekar variables by Barbero
[86]. The Yang—Mills theories are naturally described in terms of the gauge invariant Wilson
loops [87, 88, 89, 90] (analogous to the situation in magnetism where the information of the field is
contained in the circulation of the vector potential around closed loops). Thus, the key departure
from the Wheeler-DeWitt quantization occurs in the choice of basic quantization variables. The
Gauss constraint, when elevated to an operator, requires the states to be gauge invariant. The
basic variables for quantization are the holonomies of the connection and the fluxes of the triads
instead of the connection and the triad themselves. Holonomy is the generalization of the idea
of circulation of vector potential in magnetism to connections in curved spacetimes. It is the
circulation of the connection around a closed path in the manifold using parallel transport.
The holonomies contain all the gauge invariant information of the connection (as per the Giles

theorem [90]) and the corresponding conjugate variables are the fluxes of the densitized triad

Densitized quantities are obtained from the corresponding tensor quantities upon dividing by the square root
of the determinant of the metric.
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across two dimensional surfaces dual to the holonomy paths [46]. The kinematical Hilbert space
consists of functions of the holonomies of the connection around closed loops, and spin networks
serve as convenient basis states of the kinematical Hilbert space. The algebra of basic observables
is obtained by treating holonomies of connection and the fluxes of the triads as the basic objects
[91]. It is this choice of holonomy-flux algebra which induces a unique diffeomorphism invariant
measure on the kinematical Hilbert space, called the Ashtekar—Lewandowski measure [92], which
leads to the novel features of LQG. In particular the holonomy operators no longer have a
continuous representation on the Hilbert space due to the Ashtekar-Lewandowski measure,
consequently the connection and triad are no longer well-defined operators on the Hilbert space.
Thus the quantization suggested by the holonomy-flux variables lead to a radically different
theory compared to the Wheeler-DeWitt theory.

One of the highlights of the results of LQG is that it may lead to a fundamental revision in
our conception of spacetime. It is possible to define various operators representing geometrical
quantities such as length, area and volume of curves, surfaces and regions of the spatial hyper-
surfaces on the kinematical Hilbert space which turn out to possess Planck scale discreteness in
their spectra [93, 92, 94]. Thus LQG seems to suggest a picture of geometry which is funda-
mentally discrete at the Planck scale. Unlike some other approaches to quantum gravity where
a discrete geometry is assumed as a postulate, a discrete geometry seems to naturally emerge
out of canonical quantization of GR in LQG. This fundamental discreteness ensures the theory
is free from UV divergences. Applications of LQG to black hole physics have led to precise
calculations of the black hole entropy [95, 96, 97, 98, 99, 100]. Most importantly, LQG has
been successful in developing a mathematically rigorous, manifestly background independent
and non-perturbative framework for quantum gravity following the canonical quantization pro-
gram which allows the formulation and investigation of various pertinent questions in quantum
gravity.

However, there are various open issues in LQG and the picture is far from complete. We
hinted in the previous section on the potential issues caused by the problem of time in the

canonical framework. Splitting the spacetime into space and time in the canonical framework
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leads to a different treatment of spatial diffeomorphisms and time diffeomorphisms. While this
seems to still be consistent with the spacetime covariance at the classical level, at the quantum
level it leads to anomalies in the constraint algebra of the quantum constraint operators. More-
over, the fact that the spacetime can be foliated in infinitely many equivalent ways leads to the
problem of the definition of a unique Hamiltonian constraint operator in the quantum theory.
Another issue is of the classical limit of the theory. Starting with the choice of gauge invariant
variables, the choice of inner product to obtain a background independent Hilbert space, we
take many complicated steps to reach the quantum theory including sophisticated methods to
regularize the operators at various stages. So it remains a non-trivial task to show that LQG
contains GR as its classical limit, and the programme of semiclassical analysis of the theory is
still in a nascent stage. Many proposals have been suggested in the literature to deal with these
and other problems, such as the master constraint program of Thiemann [101] to address the
problem of defining the Hamiltonian constraint, the partial observable approach developed by
Rovelli [102, 103], Page and Wootters [104], Kuchaf [105, 106], Pons, Salisbury and Sundermeyer
[107, 108], Dittrich [109, 110, 111], Thiemann, Giesel and others [112, 113, 114, 115, 116, 117],
Gambini et al. [118, 119, 120, 121, 122] to address the issue of finding physical observables as
well as addressing the problem of time in both GR and LQG. While progress is being made on
multiple fronts, yet we are far from a conclusive resolution of the outstanding issues.
Nevertheless, it has been possible to make progress in certain special circumstances and
approximations, most prominently in the area of quantum cosmology. Due to the symmetries of
cosmological spacetimes, various technical issues become simplified and allow us to make predic-
tions. More importantly, cosmology allows us to tackle one of the most important outstanding
problems of quantum gravity - the problem of singularities. The applications of LQG techniques
to symmetry reduced cosmological models is known as loop quantum cosmology (LQC) where
it has been shown that the classical big bang singularity is resolved in the quantum evolution
[123, 124, 80] in the FLRW spacetime, and also in various other cosmological spacetimes. We
discuss the symmetry reduced quantization of LQC in the next section and note some of the

important results obtained in this area.
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1.3 Loop quantum cosmology

As we noted in the beginning of this chapter, most of the cosmological models of interest
have singularities in classical GR. We also discussed how the question of cosmological singularity
is intimately tied with the several other questions regarding the state of the early universe and
the origin of various features of our current universe. One of the goals of quantum gravity is to
resolve the problem of singularities and provide a consistent framework to formulate the physics
of the early universe, possibly answering questions regarding the origin of cosmic inflation or
providing an alternative to it. Cosmology also offers the most promising avenue today to look for
the signatures of quantum gravity effects and discriminate between various candidate theories
of quantum gravity. This is so because of two reasons. First, on the observational side, we seem
to be getting closer to discovering unexpected and new features in the cosmological data due to
the advancements in observational cosmology over the past few decades. Second, on the theory
side, the presence of large scale symmetries in cosmological models lead to simplifications in
various technical issues faced in the full theory (such as the issues mentioned in LQG in the
previous section) which makes it possible to complete the quantization procedure and obtain
physically relevant predictions, possibly by calculating quantum gravity imprints in the CMB
and other observational data. Thus cosmology seems to be the sweet spot where experiment
and theory could meet for the first time in case of quantum gravity.

Moreover, cosmology provides a convenient setting to explore various other conceptual issues
discussed above, such as the problem of time, the construction of the physical Hilbert space and
corresponding physical observables etc. Most importantly, quantum cosmology can give us
insights into Planck scale behavior of gravity and spacetime as we explore the dynamics close
to classical singularities. We can explore whether quantum gravity puts an upper bound on
physical quantities such as the energy density and the curvature invariants. And how does the
resolution of singularity affect the physics of the early universe. It is often the case in physics that
application of new ideas on simple models leads to novel insights, some of which turn out to be

general features of the theory that transcend the simple model at hand. It is very likely that the
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application of quantum gravity to exactly solvable cosmological models might lead to lessons for
the quantum gravity in general. This expectation is also supported by the Belinski—Khalatnikov—
Lifshitz (BKL) conjecture [125] with regards to generic cosmological singularities in GR. The
BKL conjecture states that close to a generic singularity in GR, the dynamics is dominated by
the time derivatives in the Einstein’s equations and the spatial derivatives can be ignored. Thus,
the dynamics of different spatial points decouples from each other and the evolution resembles
that of spatially homogeneous spacetimes and is well approximated using certain homogeneous
and anisotropic cosmological models called Bianchi models. The spatially homogeneous solutions
of Einstein’s equations can be classified using their symmetry groups. This classification was
first obtained by Bianchi [126], who classified all but one of the homogeneous and anisotropic
models into classes called Bianchi models from I through IX, which we describe in the next
chapter. The simplest of these, the Bianchi-I model, is a generalization of the FLRW model,
in which different spatial directions expand as different powers of the time coordinate, and
the exponents are called Kasner exponents. In the BKL scenario, the dynamics towards the
singularity at each point can be described by a sequence of epochs described by Bianchi I model
(also called Kasner phases as the Bianchi-I model is described using the exponents of the metric
co-efficients called Kasner exponents) which are mediated by Bianchi-II transitions. Similar
chaotic oscillations from one Kasner phase to another are also seen in the Bianchi-IX spacetime
in the approach to singularity where this behavior has been termed as the Mixmaster dynamics
[127]. If the conjecture extends to quantum gravity as well, we can indeed gain insights into
the main features of quantum dynamics in the approach to a generic cosmological singularity
by studying the singularity resolution in the quantum dynamics of these homogeneous and
anisotropic models. All of the above mentioned reasons provide a strong motivation for studying
quantum cosmology.

LQC is the application of the quantization scheme of LQG to symmetry reduced cosmological
models. The approach is to first simplify the dynamical description using the symmetries of
the cosmological models and then apply the techniques of quantization of LQG to this simple

system. Due to the high symmetry of the cosmological models, symmetry reduction at the
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classical level reduces the system to a finite number of degrees of freedom which simplifies many
technicalities faced in the full theory. The hope is that this will allow us to surpass some of
the problems in dealing with the Hamiltonian constraint encountered in the full theory. Indeed,
this strategy worked as expected and loop quantization of various cosmological models has
been performed beginning with the isotropic and homogeneous FLRW model, which has led
to a series of promising results regarding singularity resolution and has provided an arena to
calculate the effects of quantum gravity in cosmological data. It must be kept in mind that LQC
is not obtained as the cosmological sector of the full theory LQG, rather it is a quantization
of the cosmological sector of GR on the lines of LQG. Thus there are concerns whether LQC
corresponds precisely to the cosmological sector of LQG. One way to establish such a connection
could be to first obtain the cosmological sector of LQG and find an embedding from the physical
states of LQC to this sector. However, different proposals exist on identifying the states of the
full theory that correspond to the cosmological sector. Attempts in this direction, some of which
are [128, 129, 130, 131, 132, 133], have so far been only partially successful and the connection of
LQC to LQG remains an open question. Nevertheless, there are important lessons to be learned
by adopting the methods of LQC in quantizing symmetry reduced models to obtain insights.
The first steps in this direction were taken by Bojowald in [134] which provided the ini-
tial indication of potential singularity resolution in the LQC of the isotropic and homogeneous
models. This was followed by a series of papers [135, 136, 137, 138, 139, 140, 141, 142] dis-
cussing various implications of LQC in homogeneous cosmological models. However it was soon
noticed that the loop quantization of these early works differed from the older Wheeler-DeWitt
cosmology due to an implicit assumption ensuring periodicity of the extrinsic curvature which
was unjustified on physical grounds. Eventually, the concepts of LQC were put on a concrete
mathematical foundation by Ashtekar, Bojowald and Lewandowski in [143] which showed that
the results obtained in LQC could be obtained without any assumption on the extrinsic curva-
ture if the quantization techniques of LQG are more closely followed. However, due to a lack
of a detailed description including a physical Hilbert space and a set of physical observables,

doubts remained on the precise sense in which the singularity is resolved in LQC [144]. A
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detailed study of the spatially flat isotropic model with a massless scalar field, including con-
struction of the physical Hilbert space, physical observables and semi-classical states was then
carried out in [123, 124] based on the Hamiltonian constraint suggested in [143] and it was
shown numerically by backward evolution of certain states which are semi-classical at late times
that the big bang singularity is replaced by a quantum bounce for these states. So a precise
description of singularity resolution was obtained, but it was noticed at this stage that this
quantization predicts large quantum gravity effects even at low curvatures where GR provides
a good description of the universe. A careful review of the quantization of the Hamiltonian
constraint led to the “improved” quantization of [80] which not only provided the full phys-
ical Hilbert space and set of physical observables for a detailed and precise characterization
of the quantum bounce in the high curvature regime yielding singularity resolution, but was
also free from various shortcomings of previous loop quantizations of the spatially flat isotropic
model such as departures from classical GR even at low curvatures. It was seen in numerical
simulations of certain semi-classical states, which closely approximated classical GR evolution
at large volumes and low curvatures, that the evolution was symmetric about the bounce and
the pre-bounce branch was also semi-classical at large volumes. A mild simplification of this
model based on well motivated approximations yielded an exactly solvable model for LQC of
spatially flat isotropic model (referred to as “sLQC”), which was studied in [81] to put this
detailed picture of singularity resolution obtained in the numerical simulations of some specific
semi-classical states on a more concrete basis. It was shown analytically that in sLQC that the
quantum bounce is generic and the matter density has an absolute upper bound. Further, it was
shown using the consistent histories approach, it was shown for generic states in sLQC that the
probability of occurrence of a singularity is zero, while that of a bounce is unity [145]. This is a
very encouraging result considering that we were hoping to resolve the problem of singularities
in GR using quantum gravity. However, it was still doubtful whether the other features of the
bounce obtained in numerical simulations of some specific states mentioned above, namely the
symmetricity of the bounce and the semi-classical nature of the pre-bounce branch, were stable

under quantum fluctuations. This was addressed in [146] where using the exactly solvable model
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it was shown that for all states that are semi-classical at late times, there are very stringent
bounds on the fluctuations on the other side of the bounce, implying semi-classicality for the
pre-bounce branch. Further results on bounds on fluctuations in more general situations were
obtained in [147, 148, 149]. Thus it became established that in LQC in the improved quanti-
zation of [80], a semi-classical spatially flat and isotropic, expanding universe emerges from an
identical, semi-classical and contracting universe in the past via a symmetric quantum bounce.
Further, it has been shown by analysis of various quantization ambiguities coming from different
proposals [150, 151], that physical requirements such as agreement with GR at low curvatures
and invariance of physical predictions under rescaling of fiducial structures (fiducial structures
are introduced in intermediate steps to suitably define Poisson brackets on non-compact spatial
slices) lead to a unique quantization prescription for the spatially flat isotropic model, namely
the improved quantization of [80]. Following this, various other conceptual and mathematical
issues such as the problem of time, the self-adjointness of the Hamiltonian constraint in this
quantization have been addressed [152, 153, 154, 155]. Further, extensive studies of numerical
evolution of various semi-classical states peaked at the classical trajectory at late times further
establish the robustness of the existence of the quantum bounce in these spacetimes [156, 157].
Recently, the robustness of the bounce has been checked using non-Gaussian states as well [158].

The results in the spatially flat FLRW model have since been generalized to the spatially
curved FLRW model [159]. The loop quantization of the isotropic models in a variety of con-
texts has been studied including the open and closed topologies with non-zero spatial curvature
[160, 161, 162, 163, 164] and with various matter models [165, 166, 167, 168, 169]. Further, loop
quantization of the various anisotropic spacetimes has also been obtained such as the Bianchi-I
[170, 171, 172, 173], Bianchi-II [174], Bianchi-IX [175, 176, 177] which are relevant to the analysis
of generic singularities due to the BKL conjecture discussed above. Further, loop quantization
of Kantowski—Sachs cosmological models has also been performed which are a good example of
models with both spatial curvature and anisotropies [178, 179, 180, 181, 182, 183], and are also
relevant in the analysis of the black hole singularity as we will discuss below. Further, inhomo-

geneous cosmological models have also been considered in LQC. The simplest of inhomogeneous
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models is the Gowdy model in which inhomogeneities can be viewed as propagating gravitational
waves on a homogeneous Bianchi-I background. The loop quantization of the inhomogeneous
Gowdy models was first obtained using a hybrid model where the homogeneous Bianchi-I back-
ground was loop quantized while the inhomogeneities were Fock quantized [184, 185, 186, 187].
Progress on full loop quantization of inhomogeneous model was made recently in case of local
rotationally symmetric Gowdy models [188]. On the other hand, symmetry reduced quanti-
zations of the gravitational collapse leading to black hole spacetimes have also been obtained
in order to study the black hole singularity [189, 190, 191, 192, 193, 194, 195, 196, 197, 198|.
The black hole singularity is also studied as a special case of the Kantowski—Sachs cosmological
spacetime as the interior of a Schwarzschild black hole is isomorphic to the vacuum Kantowski—
Sachs model. The loop quantization of the Kantowski—Sachs model from this perspective have
also been studied to analyze the resolution of black hole singularity [183]. It should be noted
from the references above that a couple of different quantizations may exist in the literature
for a given cosmological spacetime. Symmetry reduction allows various different routes to the
quantization of these models, thus making it important to ask, what effect these quantization
ambiguities have on the predictions of these models. We will, in part, be exploring the effects
of quantization ambiguities in the context of singularity resolution in this manuscript, using the
effective spacetime descriptions of these models which we discuss below.

An important aspect of these loop quantizations of symmetry reduced models, which we
have not touched upon yet, is the approximate effective continuum description of the dynam-
ics which was discovered early on in the isotropic FLRW models. The LQC quantization of
cosmological models described above replaces the classical Hamiltonian description based on
differential equations with a description based on quantum difference equations. Just like in the
full theory discussed in the previous section, the geometrical operators such as area and volume
have discrete spectra in LQC. This endows the loop quantized model with a discrete quantum
geometry, the dynamics of which is described by the difference equation of LQC. However, us-
ing the geometrical formulation of quantum mechanics [199], a way of mapping the trajectories

of expectation values of the quantum observables into a classical symplectic phase space like
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manifold has been found [199, 200]. Classically, the state of a system is described by a point
in the phase space which is a symplectic manifold. The observables are real-valued functions
on the phase space, and the time evolution is described by the flow associated with a specific
function called the Hamiltonian [201]. However in quantum mechanics, the symplectic manifold
of classical mechanics is replaced by the Hilbert space of states where the observables are given
by linear self-adjoint operators on the Hilbert space. Thus, the geometrical structure of the
two theories seem to be quite different. However, note that the physical states of a system in
quantum mechanics correspond to the equivalence classes of states, called rays, in the Hilbert
space. The correct space of physical states to consider is thus the space of rays in the Hilbert
space, the so called projective Hilbert space, which has the structure of a Kahlerian manifold
[202, 203, 204]. The inner-product on the Hilbert space corresponds to the symplectic structure
on this manifold. Moreover, if we take the expectation values of any quantum observable to
define a real-valued function on the projective Hilbert space manifold, the flow associated with
this function corresponds exactly to the unitary flow generated by the corresponding operator
[205, 206, 207, 208, 209, 199]. In particular, the Hamiltonian flow generated on the projective
Hilbert space manifold by the real-valued function based on expectation values of the Hamilto-
nian corresponds to the Schroedinger evolution. Thus, the geometry of classical and quantum
mechanics are not as dramatically different as they initially appear. We can then find a way to
suitably map the trajectories in the projective Hilbert space manifold onto the classical phase
space in order to compare the quantum dynamics with the classical dynamics of a system. This
can be done in two different ways. One way is called the truncation method, where the idea is
to capture the leading order quantum corrections to the classical evolution by truncating the
evolution equations of the Hamiltonian flow on the projective Hilbert space [210, 211]. On the
other hand, it is possible in some cases to find an embedding of the classical phase space into
projective Hilbert space which suitably captures the quantum dynamics [212, 200]. The effec-
tive continuum description in a classical phase space, thus obtained by any of the above two
methods, is called the effective dynamics of the loop quantized cosmological model and provides

a useful avenue for comparison with the classical dynamics and for various phenomenological
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issues. Due to its convenience, the effective dynamics is widely employed in phenomenological
investigations in the physics of pre-inflationary dynamics of the early universe.

The effective dynamics for the loop quantized FLRW model has been obtained in [80, 200]
and has been shown to incorporate the essential features of the full quantum dynamics obtained
from difference equations. The effective dynamics incorporates the effects of quantum geome-
try via two types of modifications over the classical equations. These are called the holonomy
corrections and the inverse triad corrections. The holonomy corrections refer to the fact that
by considering holonomies of the connection as a basic variable in our quantization (instead
of the connection itself), we are led to a polymerized version of the classical expression in the
effective spacetime picture with the connection variables only appearing inside certain trigono-
metric functions. Various factors containing the connection variable get replaced by bounded
trigonometric functions of the connection, leading to bounded expressions for various physical
quantities. On the other hand, the inverse triad corrections result from the fact that the oper-
ators corresponding to the inverse of the triad or the volume have a bounded spectrum in the
kinematical Hilbert space. The numerical studies cited above on the robustness of the bounce
[156, 157, 158] verify the validity of the effective dynamics in closely approximating the full
evolution of the solutions for states which are sharply peaked on the classical trajectory at late
times and bounce at volumes much larger than Planck volume. Even though departures of the
effective dynamics from the quantum dynamics have been found in states probing deep Planck
regimes in these works, interestingly, the departures are such that the effective dynamics over-
estimates the curvature at the bounce. Thus the results on singularity resolution established
using effective dynamics are likely to be robust in these cases as well. Recently, numerical stud-
ies of the bounce using a wide variety of states has also been studied for anisotropic Bianchi-I
cosmological models [213] where similar results regarding the validity of effective dynamics have
been found.

Using the effective dynamics approach, a number of important results relevant to singularity
resolution in LQC have been obtained. The effective description of the loop quantized FLRW

model has been used to analytically show that the effective spacetime is geodesically complete
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and free from all singularities [214]. Moreover, it has been shown that the expansion and shear
scalars are universally bounded in various cases [151, 215, 216, 217, 164, 176, 218, 183], and
possible effects of spatial curvature, anisotropies and inhomogeneities on singularity resolution
is analyzed [215, 219, 220]. The result on the generic resolution of strong singularities have been
extended to Bianchi-I models as well [217] (it is to be noted that the results on generic resolution
of singularities in both isotropic [214] and Bianchi-I models [217] have been obtained by just in-
corporating the holonomy corrections in the effective Hamiltonian. The inverse triad corrections,
as we discussed above, could be ignored as they had a negligible effect on singularity resolution
these models). In the light of the BKL conjecture mentioned above, it is important to extend the
results on generic resolution of singularities in LQC to various other homogeneous cosmological
models in order to pave the way for generic singularity resolution in quantum cosmology. It
is our goal in this manuscript is to extend the results on generic resolution of singularities to
Bianchi-II, Bianchi-IX and Kantowski-Sachs cosmology. These results will strengthen the case
for generic singularity resolution in LQC. Moreover, as we discussed above, the dynamics of the
homogeneous models capture the main features of the dynamics in the approach to singularity
in a generic spacetime as per the BKL conjecture. Thus, analysis of singularity resolution in
these models will provide us detailed insights into the role of various quantum geometry correc-
tions (such as the holonomy corrections and the inverse triad corrections) and of quantization
ambiguities in singularity resolution.

Apart from cosmological singularities such as the big-bang at the beginning of a classical
FLRW model of our universe, the other prominent singularity in GR is the black hole singularity
formed by the collapse of massive stars. In GR the end state of such stars is a black hole
singularity, which in the simplest spherically-symmetric case is described by the Schwarzschild
spacetime. As we discussed above, while efforts towards a complete description of this singularity
by studying dynamical black holes formed by gravitational collapse are under way [190, 191,
196, 197], the first step can be to exploit the fact that the Schwarzschild black hole interior is
isomorphic to the vacuum Kantowski—Sachs model. Thus, by studying the singularity resolution

in the vacuum Kantowski-Sachs model, we can gain initial insights into the resolution of black
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hole singularity in LQC. Various loop quantizations of the Kantowski—Sachs model have been
performed and analyzed at the effective level [178, 179, 180, 181, 182, 221, 195, 218, 222, 183].
However, most of the early attempts suffered from fiducial structure dependence in predictions,
and large quantum effects at the horizon which might be at low curvatures for large mass black
holes. It was in [183] for the first time, that a quantization of the vacuum Kantowski-Sachs
model overcoming these drawbacks was obtained. It was demonstrated in reference [183] that the
black hole singularity is replaced by a quantum bounce and a semi-classical universe obeying
Einstein’s field equations is obtained on the other side, which is called a “white hole”. The
bounce is found to be asymmetric in the mass: the mass of the white hole on the other side is
proportional to the fourth power of the parent black hole. In this manuscript, we will explore

whether a symmetric bounce can be obtained in this case, and if so, under what conditions.

1.4 Motivation

As we have detailed above, LQC has led to substantial progress towards the resolution
of singularities by incorporating quantum effects of gravity into dynamics, but there is still a
long way to go. Although the preliminary analysis in many cosmological models indicates the
replacement of the singularity by a bounce, the existence and robustness of the bounce in the
quantum evolution is only sufficiently established in a handful of cases using a combination of
analytical and numerical investigations involving a variety of different types of initial states. In
some cases, the isotropic and Bianchi-I cosmologies, results on generic resolution of singularities
have been established using the effective dynamics as well. However, this is still far from the
generality of the singularity theorems of GR [39], which show the existence of singularities in
GR in quite general situations without assuming any specific symmetries usually associated with
cosmological spacetimes studied above in LQC. Thus, there is a long way to go before we can
establish the resolution of singularities in a generic context. However, we are helped in this
regard by the BKL conjecture as discussed above. The conjecture states that the dynamics
in the approach to a singularity in generic spacetimes is well approximated by homogeneous
cosmologies because the spatial derivatives in Einstein’s equations become negligible in this

limit. The Bianchi-I, Bianchi-II and Bianchi-IX models are specifically important in this context
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as we have discussed earlier. Thus, extending the results on generic singularity resolution to
homogeneous and anisotropic cosmologies can yield insights into the resolution of singularities
in generic spacetimes. Moreover, these models are also relevant as potential initial states for
our own universe since the universe may not have been isotropic and homogeneous in the very
early phase. While efforts are continuing to extensively probe the bounce in these models at the
level of quantum evolution, using numerical and analytical tools, we focus here on the effective
dynamics of these models. Specifically, our aim is to establish generic resolution of singularities,
such as the one obtained in the effective dynamics of isotropic and Bianchi-I models, to effective
dynamics of models of further complexity - namely, Bianchi-II, Bianchi-IX and Kantowski—Sachs
models.

In this context, we note that there are various viable quantizations of these models available
in the literature. Using the criteria of independence of predictions from fiducial structures and
appropriate low curvature limit, it is possible to rule out some of the quantizations, still there
may be more than one quantizations which satisfy these criteria in these models. For example,
there are two available quantizations of the Bianchi-II and Bianchi-IX models which survive -
they are called the ‘A’ and the ‘K’ quantizations (see e.g. [176] for details). We note here that,
these two quantizations emerge by considering different canonical variables for quantization.
We will discuss the details in their respective chapters on these models. Our aim is to explore
whether all the viable quantizations lead to singularity resolution in LQC, and what are the
differences in them with regards to singularity resolution.

In addition, we also investigate the case of the black hole singularity from the perspective
of vacuum Kantowski—Sachs spacetime. As we discussed in the previous section, a unique
quantization of this model in the context of black hole spacetimes has been obtained [183],
however, the bounce is found to be asymmetric in the mass of the daughter white hole versus
the mass of the parent black hole. We will reconsider this quantization to check if a symmetric
bounce can be obtained in this quantization, and what are the conditions that need to be

satisfied for the bounce to be symmetric.
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Thus we aim to ask and answer the following questions in this work:

e Using the effective spacetime description, generic singularity resolution has been shown
in the isotropic and Bianchi-I models. Can these results be extended to more complex
cosmological models? If so, what lessons can we draw for singularity resolution in generic

spacetimes which do not have any of the symmetries of the cosmological models considered?

e We know that energy conditions (such as the weak energy conditions) play an important
role in the singularity theorems of GR proving the generic occurrence of singularities in GR
[39]. What is the role of these energy conditions in the context of singularity resolution
in LQC? Are energy conditions important in establishing a generic non-occurrence of

singularities in LQC?

e The effects of quantum geometry enter the dynamics of LQC in two important ways -
through the holonomy corrections and the inverse triad corrections in the Hamiltonian
constraint. So far, in the analysis of singularities in isotropic models and in Bianchi-
I models, it was found that singularity resolution could be obtained just by including
holonomy corrections, and the inverse triad corrections could be ignored. Does this still
hold when we go to more complex cosmological models? What can we say about the

importance of inverse triad corrections in general singularity resolution in LQC?

e What, if any, is the effect of quantization ambiguities on singularity resolution? Do all the
different viable quantizations lead to singularity resolution in the considered models? Do
some of the quantizations lend themselves better to singularity resolution as compared to

others?

e Finally, in the case of the black hole interior spacetime studied using the loop quantized
vacuum Kantowski-Sachs model in [183], is it possible to obtain a symmetric bounce where
the white hole mass is equal to the parent black hole mass? If so, what are conditions

required for a symmetric bounce?
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We give an overview of the manuscript on the following section and detail how the above

questions are addressed in various chapters.

1.5 Overview of the dissertation

Our primary goal in this thesis is to extend the results on generic singularity resolu-
tion obtained in the effective spacetimes of loop quantized isotropic and Bianchi-I models to
more complicated models. In particular, we will be considering the Bianchi-II, Bianchi-IX and
Kantowski—Sachs models and will also explore the role of quantization ambiguities, inverse triad
modifications and energy conditions in singularity resolution. We will also consider the vacuum
Kantowski—Sachs cosmology in the context of the black hole singularity to obtain a symmetric
bounce from the black hole to a white hole of the same mass. The overview of the thesis is as
follows:

In chapter 2, we aim to provide a brief review of LQC by mainly focusing on the FLRW
cosmological model as our test case. We start with a discussion of the characterization of
singularities in GR, leading to the discussion of the so called weak and strong type singularities
in GR. We then study the classical dynamics of the FLRW model and show that it has an initial
singularity and that the singularity is of strong curvature type. We then briefly summarize the
LQG program to quantize GR and provide the basic results. We describe LQC as a application
of techniques and ideas of LQG to symmetry reduced models and study the standard LQC
quantization of FLRW model. We also describe here the holonomy corrections and the inverse
triad corrections as they appear in the difference equations of LQC. We then discuss and apply
the important technique of von-Neumann stability analysis to LQC difference equations to check
for the correct semi-classical behavior of the difference equations. We proceed to the effective
spacetime description obtained for FLRW model from standard LQC and show that all strong
singularities including the big bang are removed. We then discuss the need for considering more
general spacetimes such as anisotropic cosmological models that are relevant to general spacetime
singularities due to the BKL conjecture and could be relevant to the initial conditions of our

own universe. We finally end the chapter by a discussion of various quantization ambiguities in

LQC.
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In chapter 3, we aim to generalize the results on generic singularity resolution in isotropic
and Bianchi-I effective dynamics to the effective spacetime of Bianchi-II models with minimally
coupled arbitrary matter content in LQC. This has not been achieved so far. We consider the
effective dynamics of the Bianchi-IT model in two different quantization one by one - the ‘A’
and the ‘K’ quantizations as discussed above. Previously, it has been shown in the effective
dynamics of the ‘A’ quantization, that the energy density, the expansion and shear scalars can
be bounded if the weak energy conditions are applied on the energy density [215]. However,
a general resolution of singularities on the lines of isotropic and Bianchi-I models could not
be obtained. Moreover, the ‘K’ quantization, which has been proposed for the closed FLRW
models and Bianchi-IX models, has not been obtained and analyzed for the Bianchi-IT model.
In chapter 3, we will derive the effective dynamics for the ‘K quantization for our considerations
of singularity resolution. As a first step towards singularity resolution, we obtain the result
that the triad variables remain non-zero and finite in all finite time evolution in the effective
spacetime in both the quantizations. It turns out that in contrast to the isotropic and Bianchi-I
models, additional conditions are needed for obtaining the desired behavior of triad variables for
proving singularity resolution in the ‘A’ quantization in the Bianchi-II model if the inverse triad
corrections coming from quantum geometry are ignored. Inverse triad correction were thought
to be of negligible importance compared to holonomy corrections in effective dynamics based on
the analysis of isotropic and Bianchi-I models. However we find that inverse triad corrections
cannot always be ignored, specially when we want to show singularity resolution in more general
spacetimes. In Bianchi-IT model in ‘A’ quantization, we need to impose weak energy conditions
on the matter content if we want to ignore the inverse triad corrections and still want to prove
singularity resolution. In sharp contrast to this, we find that the extrinsic curvature based
‘K’ quantization readily yields these results without requiring inverse triad corrections or weak
energy conditions. We then go on to state the boundedness of energy density, the expansion
and shear scalars as a consequence of the bounded behavior of the triads in both quantizations.
However, we show that not all curvature invariants are bounded, specifically, the Ricci scalar

can diverge at certain events from pressure singularities coming from the second derivatives of
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the triads. We then go on to show that these divergences do not affect the geodesic evolution
and show that no strong singularities are possible in the loop quantized effective Bianchi-II
spacetime in both ‘A’ and ‘K’ quantizations. We note the relative ease in obtaining singularity
resolution in the ‘K’ quantization as compared to ‘A’ quantization where either inverse triad
corrections or weak energy conditions are needed for the same.

In chapter 4, we consider the effective loop quantized Bianchi-IX model with minimally
coupled arbitrary matter content in both ‘A’ and ‘K’ quantizations which also exist for the
Bianchi-IX case. It is an anisotropic, spatially homogeneous and spatially curved model. Unlike
the previous models considered so far, both spatial curvature and anisotropy are present in
this case. It has been established that the weak energy conditions are not sufficient to bound
the energy density in the case of ‘A’ quantization if inverse triad corrections are ignored [215].
Previous attempts using inverse triad corrections also were not able to obtain bounds on the
energy density in this case in the ‘A’ quantization [176]. However, bounds on the energy density,
the expansion and shear scalars had been obtained in the ‘K’ quantization [176]. In chapter 4,
we demonstrate that the bounds on the triad variables, and the energy density, the expansion
and shear scalars can be obtained in the effective dynamics of the ‘A’ quantization if the inverse
triad corrections are included, even though this is not possible by just imposing weak energy
conditions unlike the Bianchi-II case of chapter 3. These results can be obtained in the ‘K’
quantization without the need for the energy conditions or the inverse triad corrections [176].
We then show that some curvature invariants may still diverge due to pressure divergences in
both quantizations, however, the geodesics remain well-defined at such events indicating they
are harmless. Finally, we show that no strong singularities are possible in the effective Bianchi-
IX spacetime for both the quantizations. The contrast between the ‘A and ‘K’ quantizations
becomes sharper in this case. If one uses the ‘A’ quantization, inverse triad corrections are
absolutely necessary and energy conditions are not sufficient for singularity resolution. In the
light of the BKL conjecture, this means that in a generic spacetime in a quantization similar
to the ‘A’ quantization, the inverse triad corrections are absolutely indispensable, and contrary

to the scenario in GR, energy conditions are unlikely to play any role. On the other hand,
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singularity resolution is obtained in the ‘K’ quantization without involving either the energy
conditions or the inverse triad corrections.

In chapter 5, we further generalize the results on singularity resolution to Kantowski—Sachs
cosmology with minimally coupled arbitrary matter. While the vacuum Kantowski—Sachs model
is isomorphic to Schwarzschild interior spacetime, the Kantowski—Sachs cosmology with matter
provides an anisotropic cosmological spacetime with spatial curvature. This is interesting be-
cause we found in the spatially curved and anisotropic Bianchi-IX model considered in chapter
4 that inverse triad corrections play an important part in singularity resolution. Interestingly,
due to special symmetries of the Kantowski-Sachs model, the ‘A’ and ‘K’ quantization turn
out to be equivalent in this case [178]. The Kantowski-Sachs cosmology with arbitrary matter
content has been shown to have a unique quantization in which the predictions are free from
fiducial structures and leads to generic bounds on the expansion and shear scalars [182, 218].
This is called the Boehmer—Vandersloot quantization. In chapter 5, using the effective dynam-
ics of the Boehmer—Vandersloot quantization, we begin by establishing that the triad variables
remain non-zero and finite for any finite time evolution. We then show that the energy density
remains bounded for all finite time. The expansion and shear scalars were already shown to be
generically bounded in [218]. We then explore the possible divergences in the curvature invari-
ants due to pressure singularities as the above two cases. It is then shown that the geodesic
equations remain well-defined at these divergences and that no strong singularities can occur in
the effective spacetime. Surprisingly, we do not need either the energy condition or the inverse
triad corrections to prove singularity resolution in this case.

In chapter 6, we focus on the vacuum Kantowski-Sachs spacetime which is isomorphic to
the Schwarzschild interior spacetime. The Boehmer—Vandersloot quantization of the Kantowski-
Sachs model of previous chapter is not viable for this case as it leads to large scale quantum
corrections at the coordinate singularity at the black hole horizon (this happens because in
presence of matter it becomes a real singularity where the energy density and curvature diverge,
and the Boehmer—Vandersloot quantization is tuned to that case). Quantizations of the vacuum

Kantowski—Sachs model suited to the black hole case have been obtained in [183] and [223] where
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a bounce from black hole to white hole geometry has been obtained. However, the bounce turns
out to be asymmetric in general, specially in Corichi-Singh quantization [183] with a large
mass difference between the parent black hole and the child white hole. Moreover, the Corichi—
Singh quantization [183] can lead to bounces at low curvatures in large mass limit, while the
Ashtekar—Olmedo—Singh (AOS) quantization [223] provides universal bounds for curvature at
bounce and the bounce always occurs in Planck regime. In this chapter we explore the possibility
of a symmetric bounce by modifying the Corichi-Singh quantization of [183] and analyze some
of the phenomenological effects. Using the setting of Dirac observables and geometric clocks
we obtain a symmetric bounce condition which can be satisfied by a slight modification in
the construction of loops over which holonomies are considered in the quantization procedure.
These modifications can be viewed as quantization ambiguities, and can be constructed in three
different ways which all lead to a symmetric bounce. We find that two of our choices overcome
the drawback of low curvature bounces for large masses in Corichi—Singh quantization, however,
they do not lead to universal bounds on the curvature (unlike AOS quantization) which grows
with the mass of the black hole in large mass limit. Our results provide a method of obtaining
a symmetric bounce in the Schwarzschild interior which can be further explored to investigate
the viability of an exactly symmetric bounce for the black hoe singularity in LQC. Further,
these results are potentially helpful in motivating and constructing symmetric bounce scenarios

in other spacetimes.
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Chapter 2
A Review of Classical and Quantum Gravity

2.1 Strong and weak singularities in GR

One of the most troubling features of the general theory of relativity is the existence of
spacetime singularities in its solutions, which are events where we reach the boundaries of the
spacetime. These events are characterized by an unusual behavior in a number of physical
quantities of interest (such as divergences in energy density or curvature, or the vanishing of
spatial volume etc), which suggests that the theory has reached the limits of its validity. The
most generic indication of a singularity is considered to be geodesic incompleteness, which means
that some geodesics in the spacetime have a finite proper length, and the evolution of particles
(or photons in case of null geodesics) following those geodesics comes to an abrupt end as they
reach the singularity in a finite time. The geodesic incompleteness in GR solutions may or
may not be associated with curvature pathologies such as divergences in curvature or energy
density, etc. [224, 225]. On the other hand, there exist scenarios where divergences occur in
some curvature invariants but geodesic curves are complete [226]. It remains a topic of debate as
to which of these scenarios correspond to situations that are physically relevant to our universe.
However most would agree that there is a genuine singularity if both curvature pathology and
geodesic incompleteness are present.

Unlike the Newton’s theory of gravity, where singularities may exist in some solutions when
certain symmetries hold exactly (see e.g. [227] for singularities in Newtonian gravity, and [39],
page 262 for a discussion on role of symmetries), singularities in GR can be shown to occur
without assuming any symmetries if the matter content satisfies certain physically reasonable
energy conditions (such as the weak energy condition) [39]. The work of Raychaudhuri, Komar,
Penrose, Geroch and Hawking among others, summarized in the monograph [39], established
that singularities occur in quite generic situations in solutions of GR. This is the reason why
singularities are a fundamental issue in GR, because we cannot rule them out as outcomes

of idealistic assumptions of perfect symmetries. This means that, if GR predicts spacetime
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singularities in a physically relevant model, that cannot be avoided by relaxing some symmetry
conditions or taking small perturbations away from the exact solution, i.e. we are forced to either
accept singularities as part of physical reality or conclude that GR fails to describe physical
reality in the vicinity of such extreme events. The search for a quantum theory of gravity
is in part motivated from the problem of singularities. However, most of the singularities of
physical interest to our real world are of the type which are associated with curvature pathology
along with geodesic incompleteness, such as the big bang singularity in cosmology and the
black hole singularity in astrophysical settings. Henceforth we will refer to these singularities
broadly as curvature singularities to distinguish them from singularities in GR where geodesic
incompleteness is present without any pathological symptoms in curvature invariants, energy
density or Hubble rates etc (such singularities do exist in some solutions of GR, however there
physical relevance is not clear). The question of extendability of the spacetime beyond curvature
singularities has been explored in GR and has led to the notion of strong curvature singularities
beyond which the spacetime cannot be extended [228]. A strong curvature singularity is defined
to be one where any in-falling object is crushed to zero volume in a finite time regardless of
the properties of the object [224, 229, 230]. The studies in LQC of the black hole spacetimes
and various cosmological spacetimes have revealed that loop quantization resolves precisely these
strong curvature singularities. Hence, we proceed to discuss the precise formulation of the strong
curvature singularity in the following.

Consider an extended object falling into a singularity. It can be thought of as a system of
particles following adjacent radial geodesics. The object will get squeezed as the geodesics get
focused towards the singularity. The notion of a strong singularity then implies that the tidal
gravitational forces squeezing the congruence of geodesics are strong enough that the object
is crushed down to zero volume as it approaches the singularity, regardless of the material
properties of the object. This can be made precise using the so called Jacobi fields along

geodesics running into the singularity.
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A Jacobi field is a vector field used to describe the focusing properties of a congruence of

geodesics. It is a solution of the geodesic deviation equation (also known as Jacobi equation):

D2nc

2 = — Rapa“u’u’n?®, (2.1)

UV (u’Vyn©) =

where R4 represents the Riemann curvature tensor. u® is the tangent vector along a timelike
(or null) geodesic, n® represents a Jacobi field and 7 is the affine parameter along the geodesic.
The geodesic deviation equation describes the relative acceleration of nearby geodesics as they
approach or recede away from each other. The Jacobi fields at any point on the geodesics form
a vector field and lie in the tangent space at that point. Any three linearly independent Jacobi
fields which are normal to the tangent vector of a timelike geodesic define a spacelike volume
element along the geodesic through their exterior product (in case of null geodesics we have
to consider the spatial area defined by normal Jacobi fields). Given a congruence of initially
parallel geodesics, the above definition of strong curvature singularity then implies that the
volume defined by three normal Jacobi fields along the geodesic must vanish as 7 approaches
the singularity [229]. This requirement has been reformulated in terms of the Riemann curvature
tensor in references [229, 230], where necessary and sufficient conditions for the singularity to
be a strong curvature singularity are derived. It was found in these works that it is not just
the Riemann curvature tensor, but also certain integrals of the Riemann tensor which should
diverge at the singularity if it is a strong singularity. We will here focus on the necessary and
sufficient conditions provided in [230]. The necessary conditions are given as the following:

If a given singularity, located at 7, along a non-spacelike geodesic running into the singularity,
is a strong curvature singularity then for some component joo of the Riemann tensor evaluated

in a parallel-propagated frame, the following integral evaluated along the geodesic
Kjl = / dT/’Rigjo(T,)’ (22)
0

does not converge as 7 — 7,. If the singularity does not satisfy these necessary conditions, then

it is called a weak singularity. We will discuss the spatially flat FLRW model in classical GR
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in the next section where these conditions are satisfied. The spatially flat FLRW model of a
homogeneous and isotropic universe has an initial singularity called the big bang singularity. We
will also discuss the sufficient conditions in the next section to show that the big bang singularity

is a strong singularity.

2.1.1 Example: Classical FLRW spacetime

The simplest cosmological model is the spatially flat FLRW model in which an isotropic and
homogeneous space expands or contracts with time. The spacetime manifold has the product
topology R x 3 where Y represents a three-dimensional non-compact spatial section. The spatial

sections are isotropic and homogeneous. The metric can be locally described as follows,

ds® = =N(1)*dt* + a(t)*(dr® + r*(d6” + sin” 6d¢°)), (23)

where a(t) is the scale factor and N(t) is the lapse function. We will work with lapse N =1 in
this chapter. We consider a relativistic fluid as the matter content in this model. If u® is the
velocity vector field of the matter world lines of the fluid, then the energy-momentum tensor

can be written generally as,

T" = (p+ P)utu” + Pg"” + TI" + (¢"u” + ¢"u") (2.4)

where p is called the energy density of the fluid, P is the isotropic pressure, [I*” is the anisotropic
stress and ¢* is the momentum density or the heat flux vector. There are various special cases,
such as the perfect fluid where the anisotropic stress and the heat flux vector are zero, and the
dust where the pressure is zero as well. We shall restrict ourselves to the case of perfect fluid
in this section. Einstein’s equations then lead to the following evolution equations for the scale

factor a(t):

Kp
H? = = 2.5

37 ( )
- H2+H:—g(p+3p), (2.6)
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where k = 87G and H(t) = a/a is called the Hubble rate. p(t) is the energy density of the

matter content and P(t) is its pressure. The above two equations can be combined to yield,
p=—3H(p+P), (2.7)

which is equivalent to the conservation of the energy-momentum tensor, namely v, 7" = 0.
Since the energy density and pressure are related to each other through the matter equation of
state, only two of the above three equations are independent. For a perfect fluid equation of

state P = wp, the above equations can be integrated to give,

p o a0t (2.8)

@ oc (2.9)

If we evolve backwards from a finite initial value of the scale factor, we can see that the
scale factor vanishes in a finite amount of time when ¢ approaches zero, i.e the volume of the
universe vanishes. Simultaneously the energy density, and hence the Hubble rate from equation
(2.5) diverge at this event. This is the so called big bang singularity. From the expressions of
the Ricci scalar,

R= 6(H2 - g) = r(p — 3P), (2.10)

it is clear that the curvature also diverges at the big bang singularity. The matter particles
follow the geodesics of the spacetime, which also can be shown to break down at the singularity.

The geodesic equations for the FLRW spacetime in Cartesian coordinates are as follows:

o/ _293/7 y// _ _a_y/7 S = _2217 (2'11)
a a a
!/
=~ @y 42", (2.12)
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where prime denotes derivative with respect to the affine parameter. The above set of equations
give us the accelerations along the geodesics. These can be integrated to find the velocities along

the geodesics as follows:

g = C.)d®, o =C,/a* 2 =C./d% (2.13)
C:+Cp+C?
t? = e —>T—=. (2.14)
a

Cy, Cy and C, are integration constants. Here € is 1 for timelike geodesics and 0 for null geodesics.
We note from the above set of equations that the accelerations and velocities along the geodesics
will diverge at points where either the scale factor vanishes or the Hubble rate diverges. For
example at the big bang singularity. Further, we can see that the big bang singularity is a strong
singularity as defined above. In the previous section, we defined the strong curvature singularities
and gave the necessary conditions for a singularity to be a strong singularity. However, in order
to show that a singularity is a strong singularity, we need a sufficient condition for a strong
singularity. A sufficient condition for a singularity to be a strong curvature singularity is [230]:

For a non-spacelike geodesic, if the integral

= /OT|ROO(T')|dT' (2.15)

diverges, then the singularity is a strong singularity. Here 7 represents the affine parameter
along the geodesic. Now consider the above integral for the timelike geodesics followed by
homogeneous and isotropic matter in the FLRW spacetime, for which the affine parameter is
just the coordinate t for comoving observers. For FLRW spacetime, we have Ry = —3d/a.

Then using (2.6), the integral becomes,

I=3H(t)+3 /t dt' H?(t'). (2.16)

We noted above that the Hubble rate diverges as the big bang singularity is approached.

Hence the integral I diverges. This shows that the big bang singularity is a strong singularity
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as per the definitions given above. We will see that loop quantization leads to the resolution of
this singularity in the FLRW spacetime. Moreover, the effective loop quantized spacetime can
be shown to be free from all strong singularities. We start with a brief introduction of canonical
formulation of GR in the next section, and then discuss the basic ideas of LQC which we will
employ for loop quantizing the FLRW spacetime to obtain the quantum evolution equation
which is a difference equation. We will then move on to show the absence of strong singularities

using the effective description of the loop quantized spatially flat FLRW spacetime.

2.2 Hamiltonian formulation of GR

GR is a generally covariant theory in which the spacetime is represented as a four dimensional
Lorentzian manifold satisfying the Einstein’s equations. In the conventional approach, we solve
for the geometry of the manifold for a given matter content using the Einstein’s equations, which
in their usual four dimensional covariant form do not look like an initial value problem, i.e. there
is no time evolution in the covariant picture. Given a specific type of matter content, we get
the whole four dimensional manifold with a given geometry as the solution. Space and time
are treated on equal footing in the covariant approach. The canonical approach to quantum
gravity is based on the Hamiltonian formulation of GR, which requires the four dimensional
spacetime to be foliated into a sequence of three dimensional spacelike hypersurfaces, so that
the four dimensional spacetime can be thought of as the time development of a three dimensional
spacelike hypersurface. Hence a specific choice of the time parameter is needed and the manifest
covariance of the covariant approach is hidden. However, the coordinate invariance of GR implies
that the choice of time parameter is not unique, so a given spacetime can be split into three
dimensional hypersurfaces in many different ways.

Given a specific foliation of the spacetime manifold, let 32; denote the spacelike hypersurfaces
parameterized by a global time function ¢. Let n® represent the unit normal vector field to these
hypersurfaces. Then the spacetime metric g, induces a three dimensional metric on each of the
hypersurfaces given by,

Qab = Gab T NaMp. (217)
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Figure 2.1: 3 + 1 split of spacetime.

Given two nearby hypersurfaces ¥; and 3,4, we define the function N(¢,z"), called the
lapse function which determines the rate of flow of time along the normal n®. That is, the proper
time dr elapsed between ¥; and ;4 for observers moving along the normal n® is given by (see
the figure above),

dr = N(t,z")dt. (2.18)

Here 2% are the coordinates on the hypersurfaces. Then the timelike tangent vector field t* to

lines of constant spatial coordinates is given in general by,

% = Nn® 4+ N* (2.19)

where N(t,z") is called the shift vector and represents the fact that in general ¢* may not be
normal to the hypersurfaces. the shift vector is tangent to the hypersurfaces at any given point.
Lapse and shift are arbitrary functions that determine a given foliation. The diffeomorphism

invariance of GR is reflected in the fact that a given spacetime can be foliated in a number of
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different ways, which can be obtained by choosing specific values for the arbitrary functions,

N(t,z%) and N°(t,z"). Using these functions, the spacetime metric can be represented as follows:
ds* = (=N? + N°N,)dt* + 2N,dtdz" + gupdz®da®. (2.20)

The conventional Hamiltonian formulation of GR. is obtained by treating the three dimen-
sional spatial metric g, as the configuration variable. The action functional for GR is given
by

1 4 1 4
S=— [ dzsy/—gR=— [ d°xLg¢, (2.21)
2K 2K

where R is the Ricci scalar of the spacetime and ¢ is the determinant of the spacetime metric.
The constant kK = 87 represents the gravitational constant. The conjugate momentum to the

metric g is then given by
oL
7Tab g

K% — K¢, 2.22
D =Vl q*) (2.22)

where ¢ is the determinant of ¢® and K% = (1/2)L,.qa is the extrinsic curvature which is given
by the Lie derivative of the spatial metric along the normal vector field. And K = K, is the

trace of K. The non-vanishing Poisson bracket between the phase space variables is given by,

{7 (2), qea(y) } = 2662650 (x — y). (2.23)

ab

Then the action can be rewritten in terms of the conjugate pair (g, 7°) as follows:

_ —/dt/d3 {7? qab+2Nbv()(\/_)

7T Tab

nafe-2e. 2

3)

where m = 7%, and V.’ is the covariant derivative on the spatial slices compatible with the

metric ¢,. And R® is the Ricei scalar of the metric ¢gp.
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Variations of the above action (2.24) with respect to the shift lead to the three diffeomor-

phism or vector constraints:

V= _g® (W_\/;) (2.25)

They are called diffeomorphism constraints because they are the generators of spatial diffeomor-
phisms of the 3-metric on the spatial hypersurfaces. Variations of the above action with respect

to the lapse leads to the Hamultonian or scalar constraint:

,n_abﬂ.ab 7T2

q 2q]’

2 —\/a[R@ _ (2.26)

which is the generator of the time translations with respect to the time parameter chosen for

the foliation. The total Hamiltonian of GR, which is a sum of constraints, is then given by,
C= / dz®(NH + N, V). (2.27)

The Wheeler-DeWitt quantization is based on the above form of the total Hamiltonian
constraint in terms of the metric variables. The wave functions are considered to be functionals
of the configuration variable ¢,, and the operator forms of the scalar and the vector constraints
are required to annihilate the physical states. Due to the non-polynomial dependence of the
constraints on the metric variables, it becomes very difficult to implement in the quantum
theory and obtain solutions. As detailed in the previous chapter, these technical issues have
stalled progress in the Wheeler-DeWitt theory. It is possible to implement these constraints in
metric variables and obtain solutions in some symmetry reduced cosmological spacetimes in the
Wheeler-DeWitt theory, however the resulting solutions in some cases turn out to contain the
same singularities as the classical model. The search for a simple form of the constraints led to
the connection-triad variables discussed in the next subsection, which eventually led the way to

a quantization very different from the Wheeler-DeWitt quantization.
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2.2.1 Ashtekar’s reformulation of GR

Ashtekar’s observation that the constraints of GR can be expressed in a polynomial form if
a canonical transformation is made in the gravitational phase space provided new hope to the
programme of non-perturbative canonical quantization of GR. The transformation from metric
variables to the so called Ashtekar variables opened the doors to move beyond the difficulties
faced in the Wheeler-DeWitt theory. GR, when expressed as a theory of connections in terms of
these new variables, assumes a form similar to Yang—Mills theories. The original set of variables
introduced by Ashtekar were complex-valued, which required further reality conditions to be
imposed. Later, real-valued Ashtekar variables were introduced by Barbero [86] which led to
further simplifications.

In this section, we introduce the real Ashtekar variables and sketch the basics of LQG. We
start with the co-triads as they are directly related to the metric. Co-triads are a set of three
1-forms which provide an orthonormal frame at each point of the spatial hypersurface >. The

spatial metric g, can be expressed in terms of these co-triads as follows,

Qap = €}€10,. (2.28)

The co-triads contain the information about the local metric of the spatial hypersurface.
The set of co-triads are the inverses of the triads such that e?e/ = /. The densitized triads are

then expressed in terms of the triads,

B = \ge!, (2.20)
where ¢ is the determinant of the metric q,,. We further define the curvature one-form as follows,

K! = Ke”. (2.30)
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Then the symmetry property of the extrinsic curvature K, can be shown to lead to the con-
dition,

Gi = eI EL = 0. (2.31)
We demand that the metric compatible covariant derivative D, annihilates the triad, i.e.
Dyel = Opef —TCel + T, el = 0. (2.32)

Since Do0} = Dyejel = 0, this implies that Dyef = 0 and hence D,Ef = 0. Since E{ is a vector

density of weight one, we have

D E! = 8,B + T, E% = 9,E¢ + f TV B¢ = 0. (2.33)

ai—j ij- a

Using this we can recast the constraint (2.31) in the form of a Gauss constraint of an SU(2)

gauge theory as follows:
gl’ =0 + ’}/EiijgE]? = 8aEZ-a -+ eijk(F{L + ’ng)Eg = 8aEi“ -+ EijkAgEg = DaEan (234)

defining a new connection A7 = I'J + K7, and the corresponding derivative operator D,, where
v is a non-zero constant parameter called the Barbero—Immirzi parameter. The advantage of
introducing this new connection is that it is conjugate to the densitized triad E{'. They satisfy

the Poisson brackets,

(B (2), (W)} = m0;65. {B{(x), B} (y)} = {Au(), A (y)} = 0. (2.35)

These are our new canonical variables called Ashtekar variables, or simply connection variables.

As mentioned above, the advantage of expressing the action of classical gravity in terms of these
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variables simplifies the expressions of constraints which paves the way for their quantization. It

can be shown that the action in terms of these new variables becomes,
1 . ,
S = 2 / dt/ da? <2E21A}l —[A'Gi + NH, + N?—[]), (2.36)
K X

where the constraints are now given by:

g = DaEia> (237)

Hy, = E[F,, (2.38)
E°Eb . ,

H o= L fegnFy, — 2(1+°) KL K, (2.39)

Vi

where F;, is the curvature of the connection A,. This allows us to formulate GR as a the-
ory of real-valued SU(2) connections similar to Yang—Mills theories, except we now have four
more constraints apart from the Gauss constraint G;. Another peculiar property of GR is that
the total Hamiltonian is just a sum of constraints. So GR is a fully constrained theory. Due
to these differences, the dynamics of GR is likely to be very different from Yang-Mills theo-
ries, nevertheless the similarity allows us to borrow techniques from the well-developed field
of Yang-Mills theories. Just like Yang—Mills theories, the Gauss constraint is the generator of
gauge transformations in the classical description. The vector constraint H;, combined with the
Gauss constraint generates spatial diffeomorphisms. And the scalar constraint generates time
translations with respect to the time parameter of the chosen foliation of the manifold.

As we discussed in the previous chapter, the way these constraints are imposed in the
quantum theory is that the operators corresponding to the constraints are required to annihilate
the physical states. This translates into the requirement that the physical states be invariant
under the corresponding transformations. This leads us to holonomies of the connection as in
Yang—Mills theories which encode gauge-invariant information of the connection. It turns out
that working with linear combinations of the holonomies over all possible loops as our space

of basis states, we can automatically satisfy the Gauss and the vector constraints. And we are
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left with only the scalar constraint. This is why the scalar constraint is also sometimes referred
to as the Hamiltonian constraint itself. In order to calculate physically observable quantities,
a suitable scalar product is defined on the space of physical states, which can be done by
defining a measure on this space. Luckily, the diffeomorphism invariance leads to the choice of a
unique measure to be defined on the space of states, the Ashtekar—Lewandowski measure [143].
However, this scalar product has the consequence that the connection and the densitized triads
no longer correspond to well-defined operators. The holonomies of the connection and surface

integrals of the triads are the simplest well-defined operators.

2.3 Loop quantum cosmology

Loop quantum cosmology is the application of techniques of LQG to symmetry reduced
cosmological models. It happens quite often in physics that simplified models with high levels of
symmetry are considered to gain insights into the possible predictions of a theory when the full
theory seems too difficult to solve directly at first sight. Indeed, many valuable and novel insights
have been gained by applying LQG techniques to symmetry reduced models. We consider here
the simplest of them all, the spatially flat isotropic and homogeneous cosmological model to
illustrate the ideas and main insights.

The spatially flat FLRW model has the topology R x 3 where X represents a three-

dimensional non-compact manifold. The local spacetime metric can be written as,

ds® = —N(t)2dt* + a(t)*(dr? + r*(d6® + sin® 0de?)), (2.40)

The canonical quantization approach requires us to first obtain a Hamiltonian formulation
of GR. The four-dimensional spacetime in GR can be viewed as the time evolution of a three-
dimensional spacetime with respect to the coordinate time ¢ which is governed by a Hamiltonian

function. However in LQG, the Hamiltonian is first expressed in terms of Ashtekar variables
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via a canonical transformation. In case of spatially flat FLRW model, these variables take the
following simple form due to symmetry reduction,

AL =V eyl and  ES = pV, 23\ /oq Cel. (2.41)

a

Here {°c¢} are a set of orthonormal triads and {°w’} are the corresponding set of co-triads. V,,
represents the volume of an elementary fiducial cell. Since the spatial slices are homogeneous
and non-compact, the integrals in the Poisson brackets diverge. A well defined symplectic
structure can be placed on the spatial slices by introducing a finite fiducial cell by restricting
the integrations in the Poisson brackets to the cell. The reduced phase space variables in this

case satisfy the following Poisson bracket,

{C,p} = H_Q/? (2'42)

where kK = 87G and 7 is the Barbero-Immirzi parameter. We separate the expression for the
gravitational part of general Hamiltonian constraint given in (2.39) into two parts here which

we evaluate separately,

EajE'bk )
%gm:/d?’ — —2(1++*)K/
\%4

x €ijik
2m/det(q)[ g ab la

HE and T are called the Euclidean and the Lorentzian term respectively in the literature.

Kl =H" —2(1+%)T. (2.43)

After symmetry reduction, they turn out to be proportional to each other in case of spatially

flat FLRW spacetime,

HE / d? BB Fi =2 2V p| (2.44)
= r———€, 0, = —C : :
v 2ry/det(q) ek = P
EY EYk ; 3
T /d% Ki Kk — 22 /Tl 2.45
v 2k det(q) @7 2ky? I (245)
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In standard LQC treatment [123, 124, 80], the symmetry reduced expressions for the two
terms are combined at the classical level to give the symmetry reduced Hamiltonian constraint
as,

1
P = =362 Iy = — 5 (2.46)

As we noted above, since there is no operator in LQG corresponding to the connection variables,
all the expressions involving them are first expressed in terms of holonomies of the connection
around closed loops. The Euclidean term contains the curvature F’, and a factor involving
the densitized triads. We first consider the terms involving triads. It can be shown that the
following identity holds,

EYET 3eabC{Ag, V3. (2.47)

* Jdet(q)  #Y
We will need to find an expression for the Poisson bracket on RHS in terms of holonomies. Let
us consider the field strength before we come to that. The field strength F?, is the curvature of
the connection and can be represented using the holonomy h(g’g around a square loop 0O;; in the
t — j plane parallel to one of the faces of the elementary cell. The loop has edges of of length
1Va’® each with respect to the fiducial metric. F. ", is then given by [80]:
R —1 o
FF = -2 lim Tr(—m” 273 )Tk ‘w,wi (2.48)
Arg—0 MQ‘/O

where Arg is the area of the square loop. The holonomy h(g’g around the square is given by the

product of the holonomies along its four edges:

B0 = BB (RI0) 7 (BS0) (2.49)
where the holonomies hz(»“ ) are given by,
hz(u) = cos (%)H + 25sin <%C> i, (2.50)

46



along edges of length u parallel to the triads °e. Here 7, = —io;/2 are the SU(2) generators
where o; Pauli spin matrices and I is the 2-dimensional identity matrix. However, the limit
Arg,; — 0 in (2.48) for the field strength, does not exist in the quantum theory. The underlying
geometry in LQG is discrete and there is a minimum non-zero eigenvalue for the area operator
given by A = 4\/5#7[1231, where [p; is the Planck length. The area of the loop can be shrunk
to the value A, but not to zero. The corresponding quantity obtained in this way is taken to
be the quantum analog of the term F¥. This is related to the fact that in LQG, there are no
operators corresponding to the connection and its curvature.

In case of isotropic and homogeneous model, the connection A! takes a simple form and
the Poisson brackets above reduce to Poisson brackets of c¢r; with V', which can be expressed in
terms of the holonomies as follows,

{er V) = —%hw{(hgm)l, VY. (2.51)
Now it is possible to recast the Hamiltonian constraint of standard LQC given in equation
(2.46) in terms of the holonomies and the volume V = |p|*2. This is the first step towards

quantization. The expression can be written as follows:

2sgn(p) . 1 (-1 -1
O PRSI RO {0 v ). (2.52)

We also encounter one of the quantization ambiguities here itself. The quantization depends
on how the loops are chosen for evaluating the holonomies. Consider the p, scheme, in which
the area of the square loop 0;; is taken to be A with respect to the fiducial metric. The length
1 of the edges of the square are constant in this case. This constant value is denoted , in the

literature, hence the name p, scheme. In the p, scheme, it is convenient to consider p and
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exp(ip,c/2) as the fundamental operators as they have a simple action on the eigen states of

the triad operator [143]:

explipioc/2)In) = |n+ po), (2.53)
g = (S Yol (2.51)

These two operators allow us to evaluate the action of the Hamiltonian operator on these
states. Since the Hamiltonian constraint operator must annihilate the physical states, we can

get a difference equation for the basis states as follows,
Herav|n) + Hm|n) = 0, (2.55)

where H,, corresponds to quantized matter Hamiltonian. For simplicity, the matter field is
usually taken to be the scalar field and is Fock quantized in LQC. Since there is no external
time parameter in GR, we can use the scalar field as our reference variable and interpret the
above equation as giving the evolution of the states with respect to the scalar field. We will
return to the discussion of this difference equation, but let us first also familiarize with the z
scheme and how it is different.

It was soon realized in standard LQC [80] that the u, scheme leads to a dynamics where
the strength of quantum gravity effects depends on fiducial parameters such as edge lengths of
the cell around which the holonomies are evaluated. It was realized that the minimum area A
to which the square 0;; is shrunk should correspond to the physical area of the square, hence
it should refer to the area of the loop with respect to the physical metric q,. This implies that
the the edge lengths of the square are no longer constant, i.e. p is now a function fi(p) of the
triad given by,

=2

fi”|pl = A. (2.56)

The major difference from p, scheme is that the operator exp(ijic/2) no longer has a simple

action on the basis states |p) due to dependence of i on the triad itself. It was found [80] that
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it is more convenient to use basis states adapted to the volume operator in this case as it turns

—

out that exp(ific/2) acts as a simple difference operator on this basis:

—

exp(iic/2)|v) = |v+ 1), (2.57)
- a2\ 2 o
o = (732) o, 2.58)

where V is the volume operator and

4 [myl3,
L=_-\——. 2.59
3V 3A ( )

As in the u, scheme, we obtain a difference equation for the states {|v)}. As an example,
we show here the difference equation obtained in the ji scheme. In the ji scheme, the gravita-
tional Hamiltonian constraint of standard LQC given in equation (2.52) reduces to the operator

expression (we omit the hats on the operators here),

127 [ [
Hgay = —thfyg) sin(fic) nggw (sin (%) V cos <%C>

— cos (%) V sin (’“‘—;» sin(zic). (2.60)

where a certain choice of factor-ordering has been used. Note that 1/ acts as an operator,

which is proportional to the volume operator. This leads to the following action on the basis
states {|v)},
Heorav|v) = CL(v)|v +4) + Co(v)|v) + C_(v)|v — 4), (2.61)

where the coefficients are given by,

Ci(v) = Ri(v+2)(Jv+3|—|v+1)), (2.62)
C_(v) = Cy(v—4), (2.63)
Co(v) = —Ci(v)—C_(v), (2.64)
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and R; is a constant given by,
27 8 Llp]

Ri=-— .
P32k V6 43

(2.65)

In order impose the complete Hamiltonian constraint on the basis states, we need to evaluate
the matter part of the Hamiltonian as well. Consider a massless scalar field as the matter
content. The classical matter Hamiltonian is then given by H,, = pi /2V. The non-trivial part
is the volume in the denominator. In order to evaluate the action of the corresponding operator
Vol = 5732 on the basis states, we need to define the action of the inverse triad operators
p~" on the basis states. One might be tempted to take the eigenvalues of this to be inverse of
the eigenvalues of the triad operator p", however that fails to be a densely defined self-adjoint
operator because p has a normalized eigenstate |[v = 0) with zero eigenvalue [143]. This issue
is dealt on the lines of the full theory following Thiemann’s ideas [231, 232] by noting that
the classically the triad |p|~'/% can be rewritten as the Poisson bracket {c,V1/3}. This can be

expressed in terms of holonomies as follows [143, 80:
4 o
72 = se) T (B W) vy ) (2.66)

Using this the Hamiltonian constraint Hgyay|n) +Hm|n) = 0 leads to the following difference

equation:

3

%\v\ o+ 113 — v — 1|13 v) = Cr(v)|v 4 4) + Co(v)|v) + C_(v)|v — 4), (2.67)

where

n=(2) () 269

However, unlike usual quantum mechanics, the above difference equation does not seem
to describe the evolution of the quantum states with respect a time parameter. This is due
to the fact that the time coordinate in GR is not an external parameter, but merely a part
of the coordinatization of the spacetime manifold and holds no physical information by itself.

The diffeomorphism invariance of GR means that we are allowed to make arbitrary coordinate
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transformations and the physics remains independent of such changes. The only physically
meaningful statements correspond to the relational dynamics of the physical variables with
respect to each other as these correlations are coordinate independent. This is reflected in the
above difference equation by the absence of any external time parameter. One can, if required,
view the above difference equation as describing the evolution of the states with respect to the
scalar field which can be treated as a time parameter. In the next section, we discuss the effective

description obtained from the loop quantized spatially flat FLRW model of this section.

2.4 Effective dynamics of loop quantized spatially flat FLRW model

As we discussed in the introductory chapter, a remarkable and useful feature of LQC dynam-
ics is that the most important features of the quantum dynamics can be described by an effective
continuous description, called effective dynamics. This helps in interpreting the quantum dy-
namics and also provides an arena to explore various phenomenological questions with ease.
As detailed in the previous chapter, effective dynamics can be obtained by using the geomet-
rical formulation of quantum mechanics [199] to map the flow (on the projective Hilbert space
manifold) corresponding to the expectation value of the Hamiltonian operator of the quantum
theory to the classical phase space in a way that captures leading order quantum corrections
[212, 200, 210, 211]. For the case of loop quantized spatially flat FLRW model of the previous

section, the effective Hamiltonian turns out to be [80]:

+ Ho. (2.69)

Then the equations of motion for the triad can be calculated as follows:

4

WA

p = {p,He}= sin(2fc). (2.70)

This shows that the Hubble rate H = a/a = p/2p is given by,

_ sin(2fic)
H= % (2.71)
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which is generically bounded in contrast to classical dynamics. The vanishing of the effective

Hamiltonian constraint gives the energy density,

3 o
p= A sin“(fic), (2.72)

which is also generically bounded. Here p = H,,,/V. The dynamics of the effective spacetime can
be equivalently described using the modified Friedmann and Raychaudhuri equations, which can
be derived from the equations of motion in terms of the energy density and isotropic pressure

as follows,

H? = fp(1—ﬁ), (2.73)

K p K )
= ——=p 1—4—) ——P(l—Z—), 2.74
( Pc 2 Pe ( )

where p. = 3/k7?A =~ 0.41pp; is called the critical density at which the bounce occurs. From

Q|
(@)

the expression for the Hubble rate, we see that a vanishes at p = p., and the universe bounces.

Since the Hubble rate and the scale factor are bounded as the big bang singularity is ap-
proached (which is now replaced by a bounce), the geodesic equations remain well-defined. Note
that divergences may still occur in the Raychaudhuri equation if the isotropic pressure diverges
at finite values of the energy density, the Hubble rate and the scale factor. Moreover, the Ricci
scalar R = 6(H? + a/a) also diverges at such pressure divergences. However such divergences
do not amount to a strong singularity. The first hint is that the Hubble rate, the scale factor
and the energy density are all finite at such events; and the geodesics given in equations (2.11),

(2.12), (2.13) and (2.14) are well-defined. The components of the Riemann tensor are given by:

R(l)m = Rgzo = Rg?)o = —aa, (2-75)
R(I)IO = R(2)20 = Rgso = —ai/a= —H? — H, (2.76)
R%m = Rili?)l = R§32 = _R%m - _Ril)’Sl = —R§32 = —a’. (2~77)
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Although some components of the Riemann tensor may diverge at the pressure divergences
due to the @ term, we can see that the necessary condition (2.2) is not satisfied. For a timelike
geodesic for comoving observers, the integral in (2.2) remains bounded as after the integration,
all the terms containing @ are removed and we are left with an expression that depend on the
Hubble rate and the scale factor itself. Since the Hubble rate and the scale factor are bounded
in the effective dynamics, the integral (2.2) does not diverge for any curvature singularity which
is reached in finite time along a geodesic. So the effective spacetime is free from all strong

singularities.

2.5 Anisotropic models

One of the central questions in cosmology has been the origin of the isotropy and homo-
geneity of our universe at large scales. Assuming isotropy and homogeneity as part of the initial
conditions is hardly an explanation. Given that it is unlikely that the universe started out in
a very special fine-tuned initial state, there exist may proposals in the literature which provide
various mechanisms which would result into isotropization and homogenization at late times
starting from quite general conditions, the most popular being the theory of cosmic inflation.
Being able to generate isotropy and homogeneity from general initial conditions is naturally
considered superior to fine tuning the initial conditions to include isotropy and homogeneity to
begin with. In light of this, it is quite possible that our universe may not have started in a very
isotropic and homogeneous state. Hence it is important to explore if the result on the replace-
ment of the big bang with a bounce in LQC is general enough, by exploring the fate of the initial
singularity in LQC in more general spacetimes than the isotropic and homogeneous model only.
The class of homogeneous but anisotropic spacetimes provide an important test bed to general-
ize the results of isotropic LQC. Fortunately, it is possible to classify all the homogeneous and
anisotropic cosmological solutions of GR into a finite number of types. This classification, utiliz-
ing concepts from group theory, was first obtained by Bianchi [126], thus these models are called
Bianchi models. There is only one homogeneous and anisotropic model, called Kantowski—Sachs
model, which lies outside the Bianchi classification. We discuss this classification later in this

section. Classically, these models exhibit a wide variety of cosmological singularities.
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As we emphasized in the previous chapter, these anisotropic models are also important
in the analysis of general spacetime singularity as per BKL (Belinski-Khalatnikov—Lifshitz)
conjecture, which states that in the asymptotic vicinity of a generic singularity in GR, the
spatial derivatives in Einstein’s equations become negligible compared to the time derivatives,
and the dynamics at each point effectively becomes decoupled from other points in the spatial
manifold [125]. This situation is similar to the case of homogeneous cosmologies where due
to spatial homogeneity, only the time derivatives survive and Einstein’s equations reduce to a
system of ordinary differential equations with respect to time. Infact, if the BKL conjecture is
true, then close to the generic singularity, the evolution at each point goes through an infinite
series of chaotic oscillations (called Mixmaster behavior), which can be well approximated by the
homogeneous and anisotropic cosmologies [125]. In particular, as the singularity is approached,
the spacetime at each spatial point goes through an infinite sequence of Kasner epochs, where
each Kasner epoch is a particular Bianchi-I spacetime, and the transitions between these Kasner
epochs are well approximated by Bianchi-II spacetimes. This closely resembles the Mixmaster
dynamics observed in Bianchi-IX spacetimes [127]. The BKL conjecture has been a subject
of various numerical and analytical investigations which have substantiated its validity near a
generic spacetime singularity [233, 234, 235, 236, 237, 238, 239]. Thus, it becomes important
from this perspective to analyze the dynamics of these anisotropic and homogeneous models in
the context of LQC.

By definition, any homogeneous spacetime can be foliated into a one parameter family of
hypersurfaces ¥»; in such a way that the spatial slices are homogeneous, i.e. given any two
points on the spatial hypersurface, there exists a symmetry of the metric which carry them to
one another. In other words, homogeneous spacetimes possess a group of isometries whose orbits
are the spatial hypersurfaces that foliate the spacetime manifold. This implies that the group

of isometries acts transitively on the spatial hypersurfaces.
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An n-dimensional manifold can have at most n(n + 1)/2 Killing vector fields!, i.e. the
three dimensional hypersurfaces 3; can at most possess 6 Killing vector fields. The case with
6 Killing vector fields corresponds to the homogeneous and isotropic FLRW spacetime itself.
The rest of the homogeneous but anisotropic models can be neatly classified using techniques
from group theory. As we mentioned, the group of isometries acts transitively on the spatial
hypersurfaces of a homogeneous spacetime. If we restrict ourselves to the case where the group
acts simply transitively, we are led to a class of homogeneous cosmologies called the Bianchi
cosmologies. When the group action is simply transitive, the spatial slices can be put into one
to one correspondence with the group manifold itself, and the Killing vector fields correspond
to the right invariant vector fields of the group which form a Lie algebra. Different choices
of the three dimensional Lie group then lead to different homogeneous spacetimes and we can
thus obtain all the homogeneous cosmologies with simply transitive action [240, 58]. All the
distinct three-dimensional Lie groups have been obtained and classified by Bianchi in [126],
which leads to the Bianchi classification of homogeneous and anisotropic cosmologies [240]. It
turns out that there is only one case where the group does not act simply transitively, which is
the group SO(3) x R acting on the manifold S* x R, which leads to the spatially homogeneous
Kantowski-Sachs model [240]. Thus the Bianchi cosmologies and the Kantowski-Sachs model
exhaust all the homogeneous but anisotropic cosmologies. The Bianchi-I model is also important
in the analysis of inhomogeneous Gowdy model, where the inhomogeneities can be modeled as
propagating gravitational waves on a homogeneous Bianchi-I background. The Kantowski—Sachs
is also relevant in the case of astrophysical black hole singularity as the interior of a Schwarzschild
black hole is isomorphic to the vacuum Kantowski—Sachs spacetime.

A lot has been achieved in the case of anisotropic spacetimes in LQC over the past few
years. Rigorous quantizations of the Bianchi-I, Bianchi-II and Bianchi-IX and Kantowski-
Sachs spacetimes have been performed and the respective effective dynamics have been obtained

(173, 174, 175, 176, 185, 182]. The results on the absence of strong singularities in the effective

IKilling vector fields are the generators of symmetries of the metric, i.e, the metric is preserved along the
integral curves of these vector fields.
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spacetime were first extended to anisotropic spacetimes in [217] in case of Bianchi-I spacetimes.
Numerical studies of the difference equations in this case establish the robustness of the bounce
and the validity of the effective dynamics in this case [241]. Further, in the case of effective
Kantowski—Sachs spacetime, it has been shown that the energy density, the Hubble rates and
the expansion scalars are generically bounded and the properties of the bounce have been nu-
merically studied [218, 222]. We will extend the results on singularity avoidance in the effective
dynamics to Bianchi-II, Bianchi-IX and Kantowski—Sachs spacetimes in the present work, and
also consider the symmetric bounce in the vacuum Kantowski-Sachs model in the context of

the black hole singularity.
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Chapter 3
Singularity Avoidance in Effective Loop Quantized Bianchi-
II Spacetime

3.1 Introduction

In this chapter, we take an important step towards generalizing the results on generic res-
olution of strong singularities obtained in the effective dynamics of isotropic and homogeneous
FLRW model and Bianchi-I model to other homogeneous and anisotropic models. Specifically,
we consider here the singularity resolution in effective loop quantized Bianchi-II spacetimes. The
relevance of this exploration is highlighted in chapter 2, where we discussed the importance of
anisotropic spacetimes to our own universe as a possible initial state, and as an approximation to
the dynamics near a generic singularity as per the BKL conjecture. In the context of anisotropic
and homogeneous solutions, we note that the results on resolution of singularities have already
been extended to the Bianchi-I models [217]. Recall our discussion on the enumeration and
classification of all the possible homogeneous and anisotropic models in chapter 2, the simplest
of which is the Bianchi-I model. The Bianchi-I model generalizes the FLRW model by allowing
the three space directions to have different scale factors associated to each of them. This model
has been loop quantized in references [173, 243|, and extensive numerical investigations with
a wide variety of states have been carried out in [213] which establish the robustness of the
bounce and the validity of the effective dynamics. The question of singularities has been further
addressed in the effective theory for Bianchi-I in [217] where it has been found that all the strong
singularities are removed just like the isotropic case [214]. Various other phenomenological stud-
ies on the nature of singularities, the role of anisotropies and various other aspects have been
performed in the effective theory of Bianchi-1 [170, 244, 245, 219, 246, 247, 248]. Loop quan-
tized Bianchi-I spacetimes have also been utilized in the hybrid quantization of inhomogeneous

Gowdy models, and the singularity avoidance in the consequent effective model has also been

This chapter is adapted from the contents of S. Saini and P. Singh, Classical and Quantum Gravity, 34(23),
(2017), 235006 [242] with the permission of IOP Publishing Ltd. See Appendix A for the copyright permission
from the publishers.
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studied [186, 185, 249]. Hence we focus our attention in this chapter on the Bianchi-IT spacetime
in this chapter.

The Bianchi-II spacetime is of special importance due to the BKL conjecture. Recall from
chapter 2, the BKL conjecture states that the dynamics near a generic singularity is such that
the time derivatives in the Einstein’s equations dominate over spatial derivatives, which can thus
be ignored in the asymptotic vicinity of the singularity [125]. The evolution at each spatial point
in that approximation is described by chaotic oscillations between various phases described by
Bianchi-I type cosmology with Bianchi-II mimicking transitions between these phases. Thus
it is important to study the LQC of Bianchi-I and II cosmologies in the context of generic
spacetime singularities. We have mentioned above all the investigations carried out in the loop
quantization of Bianchi-I cosmologies, where it has been found that the initial singularity is
resolved. Naturally the next step is to study the Bianchi-IT cosmology. In particular, we will
consider the question of singularity avoidance in effective loop quantized Bianchi-II spacetime.
As mentioned above, the validity of the effective dynamics has recently been also tested for
anisotropic Bianchi-I spacetimes [213]. In this chapter, we will assume the validity of the effective
dynamics in Bianchi-II spacetimes.

However, the generalization of results of the loop quantization of Bianchi-I spacetime to
Bianchi-II spacetime is not straightforward and the presence of both spatial curvature and
anisotropy complicate matters. Unlike Bianchi-I model, the Killing vector fields of the spatial
slices no longer commute with each other, thus a closed loop cannot be formed by integral
curves along these vector fields. This creates an obstacle in obtaining the operator for the
Hamiltonian constraint, specifically for the terms containing the curvature of the connection.
As we mentioned in previous chapters, taking inspiration from LQG, the connection terms
in the classical expressions are first re-expressed in terms of holonomies of the connection,
which are then promoted to operators on the kinematical Hilbert space. The holonomies are
made of almost periodic functions of the connection which constitute the basic operators on the
kinematical Hilbert space [143]. The curvature term is then represented by taking the holonomy

of the connection around a closed loop, which classically is exactly equal to the curvature under
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the limit of vanishing area of the loop considered. As mentioned above, one cannot get a closed
loop by using integral curves of the Killing vector fields (which correspond to the right invariant
vector fields on the group manifold) of the Bianchi-II hypersurfaces. Using any general loop does
not work as the holonomies around them are not almost periodic functions of the connection
components. Thus the strategies used in quantizing Bianchi-I model do not work in Bianchi-II
model. A similar problem was encountered in going from spatially flat isotropic FLRW model
considered in [123, 124, 80] to spatially curved isotropic FLRW model, where the fiducial triads
do not commute in the presence of spatial curvature and do not form a closed loop. There,
the problem was resolved by forming loops by alternatively following left and right invariant
vector fields which do commute with each other [162, 159]. It was found that the holonomies
of the isotropic connection around such loops turned out to be almost periodic functions of the
connection and could be used to express the curvature term. It is possible to form closed loops in
a similar way in the Bianchi-II model. However, the anisotropy of Bianchi-II model implies that
the Ashtekar connection now has three independent components, due to which the holonomy
around such closed loops fails to be an almost periodic function of the connection components
for one of the curvature components [174] and thus fails to be a well-defined operator on the
kinematical Hilbert space. Thus the strategy to re-express the field strength (or curvature) in
the Hamiltonian constraint using holonomies over closed loops does not work. These problems
also occur in other homogeneous models such as loop quantized Bianchi-IX model.

One solution to the above issue is suggested in [231, 232, 174], where an operator for the
connection is obtained from holonomies over open edges which allows the constraint to be
expressed as an operator using almost periodic functions. The quantization involves using
homogeneity and careful geometrical considerations to establish correspondence between LQG
and LQC to obtain a fg-like quantization (of the isotropic model discussed in chapter 2) of
the Bianchi-II model where physical results are free from fiducial structures. This is carried
out in such a way that it is consistent with the usual loop quantization in other spacetimes
where the usual quantization can be carried out such as the Bianchi-I and isotropic spacetimes.

This is called the Ashtekar-Barbero connection based ‘A’ quantization. Though the resulting
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quantization leads to that of Bianchi-I spacetime in the limit when spatial curvature vanishes,
the physics of this loop quantized spacetime is quite unexpected. It has been pointed out in
reference [215] that showing boundedness of energy density, the expansion and shear scalars in
the corresponding effective dynamics turns out to be rather non-trivial compared to isotropic
and Bianchi-I models. It turns out that the holonomy corrections to the effective Hamiltonian
constraint are not sufficient, and one has to further impose weak energy conditions to achieve
this. It gets worse in the case of Bianchi-IX model where even imposing weak energy conditions
does not yield these results [215].

These difficulties with the ‘A’ quantization have led to a revisiting of the so called ‘K’
quantization in LQC [176] which was earlier used in the context of isotropic models with spatial
curvature when the above mentioned difficulties in obtaining suitable loops to evaluate the
holonomies of the Ashtekar connection to yield almost periodic functions of the connection were
first encountered [139, 250, 160, 251], and had also been suggested in spherically symmetric
models [252], Schwarzschild interior spacetimes [178] and inhomogeneous cosmological models
[253]. This is based on the fact that the symmetry reduction in LQC involves a complete gauge
fixing of the internal SU(2) degrees of freedom in our variables, which allows us to treat the
extrinsic curvature K! as a connection [178, 160]. This connection variable can then be used
to construct holonomies along open loops to obtain the expression of Hamiltonian constraint
operator in terms of almost periodic functions defined on the kinematical Hilbert space. In
contrast to the ‘A’ quantization, this quantization has been shown to yield generic bounds on
expansion and shear scalars and Hubble rates in Bianchi-IX model without any extra conditions
such as the weak energy conditions [176]. However, there are important caveats to using the
extrinsic curvature based ‘K’ quantization. Since the extrinsic curvature is not a connection in
the full theory, its holonomies are not defined. Thus, ‘K’ quantization deviates slightly from the
ideas of LQG and may not adequately capture the physics of the corresponding cosmological
sector of the fully quantum theory. In the case of spatially closed isotropic models, where
both ‘A’ and ‘K’ quantizations can be performed in addition to the standard LQC quantization

using holonomies around closed loops, their predictions are found to differ from each other and
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from the standard quantization [139, 159, 254]. Thus, any results obtained by considering the
extrinsic curvature as a connection in symmetry reduced settings must be interpreted with care.
We will consider both of these quantizations for the Bianchi-II model in this chapter. We
show that for the effective dynamics of the ‘A’ quantization, if one only takes into account
holonomy modifications arising from regularization of the Hamiltonian constraint, then the
strong singularities are not resolved. The effective spacetime is geodesically incomplete. This is
unlike the situation in loop quantization of isotropic and Bianchi-I and the cause of this lies in
potential singularities arising due to one of the triads vanishing in a finite time evolution, and
unboundedness of associated directional Hubble rate. Though the energy density has a global
maxima, it is unbounded from below and may diverge which is tied to the unbounded behavior
of one of the triads as mentioned above. To remedy this situation there are two avenues. First,
since the energy density is unbounded from below, we may try to remedy the situation by
restricting the energy density from below. In GR, this is achieved by imposing various types
of energy conditions on the energy-momentum tensor requiring positive-definiteness. Energy
conditions also play an important role in the singularity theorems of GR. As in GR, it has been
shown in [215] that imposing energy conditions results in a lower bound on the energy density in
the effective dynamics which translates to remedying the troubling behavior of one of the triads
and directional Hubble rates getting cured. We will use the weak energy conditions (WEC) in
this chapter as these are satisfied by most types of matter content. Building on these results,
we show in this chapter that if WEC is imposed on the energy density, then it can be shown
that the effective spacetime is geodesically complete and all strong singularities are avoided.
However, energy conditions have been not played any role in singularity resolution in LQC
up to this point. Thus one might search if there are other avenues to rescue the ‘A’ quantization
which do not involve any external input such as the energy conditions. A possible avenue
could be the inverse triad corrections in the effective Hamiltonian constraint. Recall that the
effective Hamiltonian incorporates the effects of quantum geometry in two important ways - the
holonomy corrections entering through the terms containing the field strength of the connection,

and the inverse triad modifications entering through the terms containing inverse powers of the
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triads. We discussed how the inverse triad operators are evaluated in chapter 2 while quantizing
the matter Hamiltonian in standard LQC. The significance of inverse triad modifications in
singularity resolution in LQC has been negligible so far compared to the holonomy corrections
in spatially flat isotropic and Bianchi-I models [80, 214, 217]. In these models, a bounce can be
obtained without including inverse triad corrections. In fact, it is shown that the effect of inverse
triad corrections turn out to vanish in the spatially non-compact models such as the spatially flat
FLRW model and the Bianchi-I model [80]. This is so because the inverse triad corrections as
defined currently in the literature depend on the fiducial cell volume introduced in non-compact
cases to regulate the integrals, and vanish as the regulator is removed by taking the limit of
the fiducial cell volume to infinity. Nevertheless, inverse triad corrections are likely to play an
important role in spatially compact spacetimes in singularity resolution [164, 177], as well as
spacetimes with spatial curvature [215]. Studies of the closed isotropic FLRW model [255] and
Lemaitre-Tolman—Bondi spacetimes [256] including only inverse triad modifications show the
they cause these models to bounce. However, when holonomy corrections are also present, they
only play an important role when the volume of the universe is Planckian, and have negligible
role if the bounce occurs at volume much larger than Planck volume [257]. In this chapter, we
will be analyzing singularity resolution in the spatially curved Bianchi-II model in a non-compact
topology. As mentioned above, the effect of the inverse triads vanish in non-compact models.
On the other hand, their potential role in singularity resolution in spatially curved models such
as the Bianchi-II model has been emphasized in [215]. In this regard, we note that in [258], it
has been suggested that the vanishing of the inverse triad corrections in spatially non-compact
models indicates that they have not been appropriately adapted from the full theory to LQC,
and an attempt at obtaining non-vanishing inverse triad operators is made. Since a satisfactory
formulation of a non-vanishing inverse triad operator is still lacking in non-compact cases, we
will include the inverse triad corrections in this chapter in a heuristic semi-classical way in the
effective Hamiltonian for the non-compact Bianchi-II model. We shall replace the inverse powers
of the triads in the effective Hamiltonian by the eigenvalues of the inverse triad operators and

assume that this heuristic picture adequately captures the effects of inverse triad corrections.
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We will show in this chapter that one can indeed obtain singularity resolution by including the
inverse triad corrections in this way in the effective Bianchi-II spacetime.

The main result from the ‘A’ quantization of the Bianchi-II spacetime is that all strong
singularities are resolved and the effective spacetime is geodesically complete if inverse triad
modifications are included. If these are excluded, then the weak energy condition is necessary
to be imposed in order to resolve singularities. Curvature invariants can still diverge if either
of these routes are taken, but such divergences turn out to be weak singularities. Thus the
‘A’ quantization hints that the holonomy corrections may not be sufficient to resolve a general
singularity, and inverse triad corrections might play an important role in generic singularity
resolution in LQC, or some additional physical conditions will be needed to be imposed if one
wants to ignore the inverse triad corrections.

In contrast to the ‘A’ quantization, the ‘K’ quantization readily yields generic resolution
of singularities without the need to impose any energy conditions or to include inverse triad
corrections. We show that the triads remain non-zero and finite in any finite time evolution.
The Hubble rates, the expansion and shear scalars are generically bounded. The energy density
remains bounded for all finite time evolution. There can be divergences in some curvature in-
variants and the time derivative of expansion scalar, but such divergences are weak singularities.
The geodesics are unaffected at such divergences and the effective spacetime is free from any
strong singularities. Unlike the ‘A’ quantization, we can obtain these results in the ‘K’ quan-
tization without including inverse triad corrections or imposing weak energy conditions. This
contrast in the two quantization becomes more striking in the case of Bianchi-IX model as we
will show in the next chapter. However, the main result of this chapter is that generic resolution
of strong singularities can be obtained in the loop quantized effective Bianchi-II spacetime.

We begin with a brief overview of the Hamiltonian formulation in terms of Ashtekar variables
of the classical Bianchi-II spacetime in the next section, where we will also obtain expressions
for the expansion and shear scalars, and curvature invariants. We will then consider the effective
dynamics of the ‘A’ quantization with and without inverse triad corrections in the next section,

which will be followed by a section on the effective dynamics of ‘K’ quantization. We will then

63



follow with sections on general considerations of the potential divergences in curvature invariants
in both the quantizations, the behavior of geodesics, and the strength of singularities. Let us

begin with the classical dynamics of Bianchi-II model.

3.2 Classical dynamics of diagonal Bianchi-II spacetime

In this section, we provide the classical Hamiltonian description of the Bianchi-II spacetime
and obtain expressions for important quantities needed for the analysis of this chapter. Bianchi-
IT is a spatially homogeneous and anisotropic spacetime. This implies that the four dimensional
spacetime can be split in such a way that the spatial slices are homogeneous. In this case,
the spatial slices each have a set of three independent Killing vector fields (i, (; and (3, say),
satisfying the algebra [(;, ;] = C’ijk with the only non-zero structure constants being Cj; =
—(C3, € RT. We work with the spatial topology R? of the spatial slices, which then requires
us to introduce a fiducial cell to define the symplectic structure due to the non-compactness of
the spatial slices. Let us denote V, as the fiducial volume of a cuboid fiducial cell with fiducial
lengths L; (i = 1..3) with fiducial metric g, on the hypersurfaces. The metric of the Bianchi-IT

spacetime can then be written as follows [174]:

azdy)? + asdy® + a3dz? (3.1)

where o = C3, is the only non-zero structure constant. And the symmetry reduced Ashtekar

variables are as follows [174]:
Ef = pn/é and AL = 30 (32)

where ! represent the fiducial co-triads and the symmetry reduced variables satisfy:

i~ 8mGy
{¢.n} = 7;/075]-- (3.3)
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We can absorb the dependence on fiducial volume by redefining the symmetry reduced variables,

Vopi
L;

pi = and ¢ = L;¢ . (3.4)

Consequently the Poisson brackets are free from fiducial structure:
{¢",p;} = 8rG~d;. (3.5)

Physically, the triad variables are related to the directional scale factors:

V |P1p2ps| ‘ (3.6)

a; =
' Lip;

while the connection variables correspond to the time derivatives of these scale factors. Now
we state the classical Hamiltonian in terms of our symmetry reduced variables, which has the

following form [174]:

1
Hy = — {p1p20102 + P2P3CaCy + P3P1C3C1 + QEPIP3Cy
881G/ |p1p2ps|

—(1++%) (%)21 + pv/Ip1paps| - (3.7)

In the above, the energy density p of a minimally coupled matter field can be written as p =
H../V where H,, denotes matter Hamiltonian and V' = V,|ajasas| denotes the physical volume
of the fiducial cell. The constant e = sgn(p;)sgn(pz)sgn(ps) is either +1 or —1 depending on
whether the triads are right-handed or left-handed respectively. Interestingly, changing the
orientation of any of the triads also changes the sign of the corresponding connection variable,
and hence leave the above Hamiltonian invariant such a transformation. Due to which, the
energy density obtained from the vanishing of the Hamiltonian constraint C; = 87GH, ~ 0

depends only the magnitude of the triad and connection variables. We give here the expression
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for energy density in the positive octant (i.e. when sgn(p;) = +1 for all three triads):

1 c3C1  C1Cy . Cocy + aicy

— (1+y)*== . (3.8)

p g
8rGY2 | p2 D3 D1 4p3

From the above expression, we can see that the energy density may diverge if one or more of the
connection components diverge, or the triad components vanish. The scale factors, the Hubble
rates and other invariants depend on the triad variables and their time derivatives. We can find

out the time evolution of the triad variables from Hamilton’s equations,

. oM.

p1 = —8nGry 5 L= o <p202 + p3cs + a6p2p3>’ (3.9)
‘@ Y |p1p2p3] P1

. OH,

p2 = —8wGy B L = b2 <p303 +p101)7 (3.10)
C2 YV [P1p2ps)

and

. OH,

p3 = —8wGy 5 - Ps <p101 —|—p202). (3.11)
€3 YV [P1p2ps)

Note that the above equations do not ensure that the triad variables or their time derivatives
remain non-zero and finite. They may diverge for example if the connection variables diverge
due to time evolution. Such events may lead to divergences in the Hubble rates, the energy

density and other curvature invariants. For example, the Hubble rates are given by,

Hi:a_:—(&-k&—]i) where @ #j#k; i,j,k € {1,2,3}, (3.12)
a;  2\p; Dk Di

which diverge whenever the quantities p;/p; diverge. Divergences in Hubble rates can lead to
divergences in other curvature invariants. Consider the expansion scalar, its time derivative and
shear scalar. They describe the effects of the spacetime on an extended object as it travels along
a geodesic, and are crucial in the analysis of singularities as they capture the Raychaudhuri

equation. For co-moving observers the expansion scalar (6), its time derivative and shear scalar
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(0?) are given by,

0 = Vmr = LSF (3.13)
vV 1 2 3 2i:1pi .
1 3 p p 2

é::_ZXi_QQ) (3.14)
21.:1 Di Di

2 : 2 1 2 2 2

o’ =Y (H -0 = 5\ (H = H)* + (Hy — Hy)* + (Hy — Hh)” ) . (3.15)
i=1

Note that the expansion and shear scalar only depend on the first time derivatives of the
triads, or more precisely on the ratios p;/p;. Whereas the time derivative of the expansion
scalar also involves the accelerations p;. This fact will play an important role in LQC in the
boundedness of # and 0% and potential divergences in 0.

Finally we consider the curvature invariants such as the Ricci and Kretschmann scalar. On
general grounds, we can say that these can at most depend on the second time derivatives of
the triads as these are obtained from the second derivatives of the metric with respect to the
coordinates. As a demonstration, we give the expressions for the Ricci and Kretschmann scalars.

The Ricci scalar in this case is,

A S (3.16)

R ,
PL P2 D3 2p}
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while the Kretschmann scalar comes out to be,

1 ) ) .. )
K = o {110442731?3 + 14pSp3ps — 20°p1p3ps <29p§pf — 26p1p3p1p3 + 519%293)
17213

—4p pap3ps <4P2 (psp1 + p1ps) + 51?1]93252) + 4p1psp; <p%25§25§

+p3{P5 [B7 + 3pibt] + 2p1p1Pepa + 3piH5} + p1pspa{ 203 [201D2 + pia) + 3p1pzp’3}>

+2p1p3ps ( — ba’p3py — 8pipep; + p3{4pipa [~ 291 + pidin] + 21 [35% — 2] 2}
+2p3p3ps{Ps (412 + 3p1ia] 4 2p1P2is} + Ap1p3{ps [P2(207 — 3p1pr) — 3p1priie)

—p1 [3p1P2 + p1pe] 1'53}) + 2pip, (26&2293251152 + Tpips + p3[TP) — 140°pypaps — 10p1pTi
+6p73) — 2p3psp; [4p1ps + Spips] + 2p1p5[201Ps(—2p7 + puiir)

(397 — 2p151)Ps] + 2pip3 [P3 (BT + 3pib1) + 2pipipsbs + 3piDs] )} : (3.17)

As mentioned above, they depend at most on the second time derivatives of the triads. The
same applies to all the Riemann tensor components, or any other tensor obtained from second
derivatives of the metric such as the Weyl tensor. We will see that we do not need to consider
higher order curvature invariants for our purposes in this chapter. Having obtained the classical
dynamics and the expressions for important quantities, we proceed in the next section to study

the loop quantized Bianchi-II model in the ‘A’ quantization.

3.3 Effective dynamics: ‘A’ quantization

We describe the connection operator based ‘A, quantization in this section which was first
obtained for the Bianchi-II model in [174]. It should be noted that in this quantization, unlike
the isotropic and Bianchi-I case where the curvature operator in the Hamiltonian constraint is
expressed using holonomies of the connection around closed loops, here define an operator cor-
responding to the connection itself using holonomies of the connection along straight edges and
construct the curvature operator using these connection operators. The reason and motivation
for such a strategy is explained in detail in [174]. The difficulty arises due to the presence of

both spatial curvature and anisotropy. Briefly, unlike the spatially flat isotropic and Bianchi-I
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cases, the Killing vector fields (which are the right invariant vector fields on the group manifold)
representing the symmetries of the spatial hypersurfaces do not commute here, so forming a
closed loop by following the integral curves of the Killing vector fields is not possible. A similar
difficulty in the case of k = 1 curved isotropic models was overcome by using the fact that the
right invariant vector fields commute with the left invariant vector fields. A closed loop could
then be obtained by alternatively following the integral curves of the right and left invariant
vector fields [162, 159]. Unfortunately, this strategy also fails in Bianchi-II model because the
holonomies obtained by this procedure fail to be almost periodic functions of the connection and
are not supported by the kinematical Hilbert space. A quantization based on the connection
operator in terms of holonomies along open edges is thus obtained in [174] in such a way that
it is consistent with the usual quantization based on closed loops in models where the usual
procedure can be carried out (such as Bianchi-I) to write the curvature operator in terms of
holonomies around closed loops. This quantization was also studied in [186, 185] with a different
factor ordering which results in decoupling of the singularity at the vanishing of the triads. It
was pointed out in [174] that the same strategy works in all class A Bianchi models including
Bianchi-IX which we will be considering in the next chapter.

Here we recall that modifications in the quantum Hamiltonian not only come from rewriting
operators using holonomies, but also comes from including inverse triad corrections to correctly
write operators corresponding to inverse powers of the triad. Inverse triad corrections, as dis-
cussed in chapter 2 in the context of the isotropic model, ensure that the eigenvalues of the
inverse triad operators remain finite even when the triad operators have zero eigenvalue. It has
been pointed out in [215] that the inverse triad corrections are likely to be important in singu-
larity resolution in curved anisotropic models. We show in this section that this intuition turns
out to be correct. In subsection 3.3.1, we consider the effective dynamics of the ‘A’ quantization
of the Bianchi-II model which ignores the inverse triad corrections. We find out that this leads
to possible singularities where one of the triads can vanish in a finite time evolution. We show
that imposing weak energy conditions on the energy density is necessary in this case to ensure

bounded behavior of the triads. However, we show in subsection 3.3.2 that the same results
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can be obtained without imposition of weak energy conditions if inverse triad corrections are
included.

For simplicity, we will restrict ourselves in the triad space to only the positive octant. This
can be justified in the quantization of [174] by choosing to work with reflection symmetric quan-
tum states. Or an also be justified by a different factor ordering in the Hamiltonian constraint, as
performed in [186] for Bianchi-I spacetime, which leads to decoupling of various octants and any
one can be studied separately. Both of these approaches lead to the same effective Hamiltonian
in the positive octant. The analysis in any other octant can be analogously performed without
changing much in the expressions in this section. We will again comment on this choice in
remarks 1 and 2 below. Further in remark 3 we address a subtle point regarding the decoupling

of zero volume states in the quantization [186] and the effective dynamics.

3.3.1 ‘A’ quantization without inverse triad corrections
Before we restrict to the positive octant, let us begin with the formulation of reference [174]

where the effective Hamiltonian obtained for lapse N = 1 for any orientations of the triads is

given by,
V/Ip1pep in(7¢y) sin(7 i
. —&rl;y—ml e ) sin(en ) sinacy) + cyelc]

|3/2

1 [ a\p2p3] . 2 042\]02]93
— o [sen(pr) —————sin(jnc1) — (1 +9°)———<5—| + PV |p1p2psl -
8mGy? (VAL |p1] Alp, [P

(3.18)

Here p represents minimally coupled matter field and zi; represent the lengths of the edges used
in expressing the connection operator in terms of holonomies. These are obtained by geometric

considerations of correspondence between LQG and LQC as detailed in references [173, 174].

]p2p3| |p1p3’ |p1p2|

They are given as
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where \? = Al;l = 44/37yl%, is the minimum non-zero eigenvalue of the area operator in LQG.

The effective equations of motion are as follows:

) TGy OH 1 L . _

i—i = - m ”ya_Cl = ﬁ(sgn(pz) sin(fiac2) + sgn(ps) sin(fizcs) + A§) cos(fircr), (3.20)

) TGy OH 1 . . _

i—z = — P, 78_02 = %(sgn(pg) sin(fizcg) + sgn(py ) sin(fiyc)) cos(fizca), (3.21)
and

) TGy OH 1 . . _

]]Z_i S o 78_03 = ’y—)\(sgn(pl) sin(fi1c1) + sgn(ps) sin(fiacs)) cos(fiscs). (3.22)

(3.23)

where

o |p2ps]
=y e (3.24)

To analyze the evolution of the triads, let us assume that the triads have some initial finite

values p?, pJ, p at some initial time ¢, in the present. Then from (3.21) we have

p2(t) dpy t . '
/ — = / — (sgn(ps) sin(fizcs) + sgn(p ) sin(fgcq))dt. (3.25)
gy P2 Sy A

2

Upon formal integration, we get

palt) =esp { - / (s sin(ac) + seapr) sinfgac) cos(as) ey . (320

Note that (3.26) ensures that the sign of po(f) remains the same as the sign of the initial
value p§ as long as the equation is well defined, i.e. does not break down at a singularity etc.
Similar arguments apply to the evolution of pi(¢) and p3(t) regarding the sign as long as the
evolution is non-singular.

Note that the effective Hamiltonian and the equations of motion have sgn(p;) factors in

various terms. We can clean up further calculations if we could restrict the p;’s to a particular
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octant in the triad space. This can be justified from two different approaches, both of which
lead to the same effective Hamiltonian. We can either follow the approach in [173] and [174]
where at the quantum level, the basis states for the kinematical Hilbert space are chosen to be
symmetric under reflections in the triad space. The effective Hamiltonian then can be obtained
by restriction to a positive octant [173, 174]. Following this, at the effective level we can choose
our initial conditions such that the triads start out in the positive octant in our analysis. From
the discussion in the previous paragraph, we then find that the triads remain in the same octant
where their initial conditions were specified during a non-singular time evolution. Different
octants are related to each other via parity operations and the qualitative behavior of the
Hamiltonian constraint does not change from one octant to another.

Alternatively, one can achieve this without even restricting to symmetric states if one adopts
a different factor ordering in the Hamiltonian constraint on the lines of Ref. [185] where this
is done for Bianchi-I model in order to decouple different octants. In this factor ordering, the
action of the Hamiltonian constraint leaves the different octants invariant so that the octants,
and specifically the zero volume states, decouple. This is done in [185] to resolve the singularity
at the kinematical level by decoupling the zero volume states. Thus a quantization of the
Bianchi-IT model on these lines will lead to decoupling of the different octants which are then
related by parity operations, and we can restrict our analysis to the positive octant without any
loss of generality.

Henceforth, we restrict ourselves to the positive octant assuming one of the above choices
has been made. So that we can drop all the sign factors and remove the modulus signs from
the triads. To be consistent, we must also assume that the initial values p¢ are positive definite.
Now returning to equation (3.26), we see that the integration on RHS remains finite for finite
time evolution since |(sin(figcs) + sin(fiicr)) cos(fiace)| < 2 is bounded. Thus for any finite past
or future evolution, we have:

0 < pa(t) < oc. (3.27)
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Similarly we can show that 0 < ps(t) < oo from (3.22). But the equation (3.20) for p; is

non-trivial as it contains another term which has ¢ in it. Upon formal integration, we get

pi(t) = pexp {% /t: ((Siﬂ(ﬂz@) + sin(fizcs)) COS(MCl)) dt} exp {% /t: \/%cos(ulcl)dt}
(

3.28)
The first exponential on RHS remains finite and non-zero for all finite times since |(sin(fiace) +
sin(fizcg)) cos(fizer)| < 2. However, we cannot conclude the same for the second exponential
term. We note that the second exponential ensures that p; cannot diverge in a finite time
evolution starting from a finite non-zero value. This can be seen by comparing the LHS with
the RHS of (3.28) as p; diverges. LHS is p; itself, and diverges if p; diverges. However, since
po and ps are finite for finite times, the integral in the second exponential of (3.28) stays finite
when p; becomes large as it is in the denominator. Thus equation (3.28) ensures that p; cannot
diverge in a finite time evolution. However the equation is consistent with p; vanishing in a
finite time evolution if the factor cos(fi;c1) in the second exponential happens to be negative in
the region when p; is approaching zero. This can lead to a potential cigar type singularity. To
see this, let us consider the behavior of the directional scale factors. From the relations of the
triads with the scale factors and the conclusions obtained from the equations of motion above,

we have the following situation:

P1 X |a2a3|7 p1 < 00,

po X |agai|, 0 < py < oo
and

ps X |aras|, 0 < p3 < oo.

Under these conditions, p; can vanish if a; diverges and as, a3 approach zero at the same

rate. This is called a cigar singularity where the spatial volume vanishes in such a way that one
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of the scale factor diverges while the other two are vanishing. The expansion and shear scalars
also diverge as they contain the quantity p;/p; which diverges when p; goes to zero.

Recall that the above effective dynamics can be obtained from either the quantizations of
Ref. [174], or from a quantization along the lines of Ref. [185]. As we mentioned above, the
zero volume states are decoupled from rest of the octants in the approach of Ref. [185], and
the singularity is avoided at the kinematical level itself. If the effective dynamics is assumed to
be obtained from a quantization similar to Ref. [185], then this result points to a limitation of
the effective dynamics in capturing the correct behavior of this quantization when the volume
becomes extremely small, as the above mentioned singularity is absent in the quantum dynamics
based on the approach of [185]. This is expected as the effective dynamics is obtained in LQC
under the assumption of large volume to keep only the leading order corrections to the classical
dynamics [200]. This is substantiated by numerical simulations which show that the effective
dynamics becomes less reliable for states which probe deep Planck volumes [213].

Nevertheless, we can remedy the above situation in effective dynamics by imposing energy
conditions on the energy density. The expression for energy density can be obtained by the

vanishing of the Hamiltonian constraint (3.18),

1
© 8mG2N2

5'2

>l 329

1
p (sin(fi1¢1) sin(fizce) + cyclic terms} F sin(fiper) — (1 —972)

* 8TGY2 | A

It is shown in [174] that the above expression for energy density has a global maxima at & =
ﬁ = ¢ and sin(gi¢1) = 1. However, there is no lower bound on the energy density and it
diverges in the negative when the above mentioned cigar singularities occur. We will discuss in
section 3.7 that these singularities turn out to be strong singularities. Since these singularities
are associated with lack of a lower bound on the energy density, a remedy suggests itself. Namely,
imposing an energy condition on the energy density to put a lower bound on it. As mentioned
in the introduction, energy conditions have been used in GR as physically reasonable conditions
on the energy-momentum tensor. They are also instrumental in the singularity theorems of GR.

Most of the singularity theorems in GR use weak energy condition (WEC), which is satisfied by
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most of the known types of matter. Thus we impose WEC on the energy density here. WEC
demands that the energy density remains non-negative. We can then use the expression for
energy density to restrict p; to non-zero values as we show in the following.

Dynamically, the energy density p is an inverse parabola as a function of £ as per equation
(3.29). Restricting p to positive values using WEC restricts the range of £ to a finite interval. &
contains p; in the denominator. Since ¢ cannot diverge and p, and p3 are finite, we see that p;
must remain non-zero. Thus, when WEC is imposed on the energy density, we can say that for
all the triads,

0<p <oo and O<%<oo. (3.30)
i

This ensures that the volume, the scale factors, the Hubble rates, the expansion and shear
scalars remain finite and non-zero for any finite time evolution. We will see in section 3.5 that the
Ricci scalar, the Kretschmann scalar and components of the Riemann tensor may still diverge,
but this does not pose serious problems as the geodesics remain well defined and all the strong
singularities are resolved which we will show in sections 3.6 and 3.7 respectively.

In conclusion, resolution of strong singularities is not necessarily ensured in the effective
dynamics of ‘A’ quantization if inverse triad corrections are ignored, unless we impose WEC
on the energy density. In the next subsection, we include the inverse triad corrections in the

effective dynamics of ‘A’ quantization and show that no energy conditions are required to obtain

the desired results on singularities.

3.3.2 ‘A’ quantization with inverse triad corrections

We note that the classical Hamiltonian (3.7) contains terms with inverse powers of the triad
p1- A proper loop quantization will thus include the effects of inverse triad corrections. However,
in isotropic and Bianchi-I models it was observed that singularity resolution could be obtained
just by including the holonomy corrections to the effective Hamiltonian. However, as we saw
above, this does not hold in Bianchi-II model in the ‘A’ quantization and extra conditions such
as WEC are needed to be imposed if inverse triad corrections are ignored. In this subsection,

we consider the ‘A’ quantization including the inverse triad corrections. We discussed how the
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inverse triad operators are obtained in LQG in chapter 2 using Thiemann’s trick. Here, we

consider the action of the operator |p;|~/* as obtained in reference [174] based on Thiemann’s

—

approach. The action of |p1|_1/ % is given by
— 1/4
- bap
ol ) oc PRS0 T] — Vo= Thlpipare 331)
where
1/4
b2p P1P2ps3
o) = (oI - V=T v= PP (332
QWV\/ZZ; 2myV Alp,

As we discussed above, the inverse triad corrections for non-compact models in LQC depend
on the fiducial structure introduced to regulate the integrals and vanish when the regulator is
removed. Attempts at defining non-vanishing inverse triad operators for non-compact models
have so far been inconclusive. Thus we include the inverse triad corrections in the effective
Hamiltonian in a heuristic manner by replacing the inverse powers of the triads in the Hamil-
tonian constraint with the eigen values of the inverse triad operators given above. We assume
that the resultant effective Hamiltonian captures the essential features of the dynamics of loop
quantized Bianchi-II model with inverse triad corrections. Note that the functions g(p;) are not
differentiable at v = +1. However, we will only need the evolution equations for the triad equa-
tions which do not involve the derivatives of these functions as shown below. Thus we use these
functions in the effective Hamiltonian to reflect the inverse triad corrections in the evolution of
triad variables. The effective Hamiltonian with inverse triad corrections for the lapse N =1

then becomes,

H - _ \/P1P2P3
8TGy2AL,

1 apaps3 4 o e o @2 (pap3)3/? 10]
- sin(t1c1) — (1 — PR VA +
8mGA2 [( /A lpl)g(pl) (Ul 1) ( Y ) 4 g(p1) P/ P1P2P3

[(sin(ﬁlcl) sin(figce) + sin(figce) sin(fscs) + sin(jizces) Sin(ﬂlcl))]

(3.33)
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In comparison to the effective Hamiltonian (3.18), the above Hamiltonian does not contain any

inverse powers of the triads. The Hamilton’s equations for triads then become:

bo_ _8mGYOM _ 1[4 ) 4 sin(a o)
n der A Vv 34
o PR P sin(figco) + sin(fizcs) + Aay/paps i cos(fiycy), (3.34)
' 8rGyOH 1 ,. o )
i_z --= 78_62 — ﬁ(s.ln(ugc?,) + sin(jiycy)) cos(fiaca), (3.35)
and
' 8rGyOH 1 ,. o )
% - D3 7(9_63 = ﬁ(sm(ulcl) + sin(facy)) cos(figes). (3.36)

Since the equations for p, and p3 are unchanged compared to previous subsection, the
conclusion that they remain non-zero and finite remains valid here as well. The problem was
with the triad p; that it could possibly vanish in a finite time evolution. As we see above, inverse
triad corrections modify precisely the equation of motion for p; and thus the evolution of p; will
now be different. If we start from non-zero and finite initial value p¢, then a formal integration

of equation (3.34) gives:

pi(t) = plexp {%\ /t: ((Sin(ﬂzcz) + sin(fizc3)) COS([LlCl)) dt} exp {% /t: \/MQE;);_F cos(ﬂlcl)dt}
(3.37)

The first exponential on RHS above remains finite and non-zero in a finite time evolution
as the integral inside the exponential is over a bounded integrand. The integrand in the second
exponential contains the term g(p;)?*/ v/P1 which could possibly cause trouble. However, the
function g(p;) obtained from inverse triad operator corresponding to p; has such a form that
the factor g(p1)*//p1 tends to zero in the limit of very small or very large p;. This, along with
the finiteness of py and p3 ensures that the second exponential term in the expression for p; also

remains finite and non-zero. Hence we conclude that py, like ps and ps, also remains positive
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definite and finite for all times. Consequently the following holds for all the triads over a finite
time evolution when the inverse triad corrections are included:
i

0<p;<oo and 0< = < 0. (3.38)
Di

Thus the volume, the scale factors, the Hubble rates, the expansion and shear scalars are
also well-behaved for all finite time evolution. Compared to the previous subsection, we do
not need to invoke WEC here to obtain these results. Instead the inclusion of inverse triad
corrections here automatically ensures that the energy density remains finite and non-zero. The

energy density can be obtained by the vanishing of the effective Hamiltonian constraint:

p = m {(sin(ﬁlcl) sin(figce) + sin(figcs) sin(fizcs) + sin(fizcs) Sin(ﬂ1c1))]
1 apapPs3 4 . 9 a2(P2p3)3/2 10]
+ sin(fiic;) — (1 — 7)) ———— . (339
87GY2\/P1P2Ds3 [(\/_Alpl)g(pl) e = (=7 4 ) (339

Due to the result (3.38), all the terms in the expression for energy density are well behaved for
all finite times. Hence the energy density remain finite for all finite times.

We conclude this section by summarizing that to obtain the desired behavior of the triad
variables for singularity resolution in the ‘A’ quantization, we either have to include the inverse
triad corrections, or must impose the weak energy condition on the energy density. Note that
we have included the inverse triad corrections here in a heuristic manner by directly replacing
the inverse powers of the triads in the effective Hamiltonian by the eigen values of the inverse
triad operators, to include their contribution to the evolution of the triad variables only. We
have assumed that the essential effects of inverse triad corrections on singularity resolution are
captured in this heuristic approach. We demonstrate in the next section that in the extrinsic
curvature based ‘K’ quantization, we can obtain the desired evolution without including inverse

triad corrections or imposing weak energy condition.
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3.4 Effective dynamics: ‘K’ quantization

We discussed in the previous section how ‘A’ quantization was proposed in the case of
Bianchi-IT model due to difficulties posed by the fact that the holonomies over closed loop do
not form almost periodic functions. These difficulties occur in various other spacetimes as well.
Another route to overcome those difficulties was proposed in [139, 250, 251] by considering
the holonomies of the extrinsic curvature over open edges where the extrinsic curvature was
considered as a connection by guage fixing the Gauss constraint. The resulting quantization
is known as ‘K’ quantization which has recently been obtained for the Bianchi-IX model [176]
and was shown to be promising. As we have noted in the beginning of this chapter, since it
is not possible to consider the extrinsic curvature as a connection in the full theory, the ‘K’
quantization may differ in predictions from the cosmological sector of the full theory. With
this caveat in mind, we obtain in this section the ‘K’ quantization for the Bianchi-II model and
analyze the evolution of triads obtained form its effective dynamics. We will restrict ourselves
to the positive octant in the triad space as per our discussion in the previous section. The first
step is to obtain the classical Hamiltonian constraint in terms of the triads and the extrinsic
curvature components. In Bianchi-II spacetime, the extrinsic curvature is given by:

K!=~1A" —T"), where K'= E(Ow;) (3.40)

where ' is the spin connection. We need to obtain the relation between k;’s and ¢;’s in order to
substitute for the ¢;’s. An easy way to obtain these relations is to use the Hamilton’s equations
(3.7) and make use of the fact that,

ki = Lid; . (3.41)

The expressions for the connection components in the classical theory turn out to be:

Q€ P2P3
¢, =vk1 + ———, 3.42
L=+ (3.42)
Q€ 3
Cco = Yhky — ——, 3.43
2 = YR2 2 ( )
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and

2291'

The k; and p; satisfy the following Poisson bracket:

The classical Hamiltonian (3.7) then becomes

1
Ha = _SWG’YQ\/PWQP:% [72p1p2k1k2 + v*papskaks + V2 paprkaks
a®y? (paps\
_77 (ﬁ) ] + P/ P1P2p3- (3.46)

y4!

A quantization of this Hamiltonian constraint, analogous to the quantization of the Bianchi-IX

model in [176] without inverse triad corrections, results in the following effective Hamiltonian:

T \/P1P2pPs3
8TGy2 N2
a?\*y? paps

R (347

1

[Sin(ﬂwkl) sin(fizyk2) + sin(figvks) sin(figyks) + sin(figyks) sin(f1vk:)

From which the Hamilton’s equations for the triads can be obtained as:

% =7\ < sin(fioyks) + sin(uwk’s)) cos(f1vk1), (3.48)
1
% =7A ( sin(fizvks) + Sin(ﬂl’ﬂﬁ)) cos(figvkz), (3.49)
2
and
? =7A ( sin(fvk1) + sin(ﬂﬂ/@)) cos(fizvks). (3.50)
3
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The beauty of the ‘K’ quantization is that the quantities p;/p; are now generically bounded
for all time. This immediately implies that the Hubble rates (3.12), the expansion scalar (3.13)
and the shear scalar (3.15) are bounded for all times. Compare it to the ‘A’ quantization of the
previous section where we had to do substantial work to obtain these results by either imposing
the WEC or including the inverse triad corrections. It is now straight forward to show that the
triads p; remain finite and non-zero for all finite time evolution. For example, given some finite

and non-zero initial value p{, the integration of the equation of motion for p; gives:

pi(t) = pY exp {7—1)\ /t: ((Sin(#ﬂ/@) + sin(figyks)) COS(MWkl)) dt} (3.51)

Since the integrand in the above equation is generically bounded, the integral over a finite time
is finite. Thus p; remains finite and non-zero for all finite time evolution, i.e. 0 < p; < o0.
Similar conclusions analogously follow for both py and ps. This in turn ensures that the energy
density remains well behaved. the energy density can be obtained from the vanishing of the

Hamiltonian constraint:

1 . . . . . .
p = TGN {sm(uwkl) sin(figyks) + sin(figyks) sin(fizyks) + sin(fizyks) sin(figvk:)
a’ N’ pzps]
N ' 3.52
4 pf (8.52)

Since triads remain finite and bounded for all finite times, the energy density never diverges in
a finite time evolution. We will note in the next section that some curvature invariants which
depend on p; and higher derivatives may still diverge, but we will see in the chapter that these
divergences are not harmful.

Thus, in contrast to the ‘A’ quantization, the results on the boundedness of the triads, the
energy density, the Hubble rates, the expansion and shear scalars and the finiteness of the volume
are easily obtained in ‘K’ quantization without including inverse triad corrections or imposing
WEC. In the next section we proceed to show the divergences that may still be present in some

of the curvature invariants.

81



3.5 Potential divergences in curvature invariants and 0

In this section, we demonstrate that some of the curvature invariants such as the Ricci
scalar, the Kretschmann scalar and the components of the Riemann tensor may still diverge
in the effective LQC dynamics of the two different quantizations studied above even if the
energy density, the Hubble rates, the expansion and shear scalars are all finite and the volume
is non-zero. We also consider the behavior of the time derivative of the expansion scalar, which
according to the Raychaudhuri equation describes the focusing behavior of geodesics, and plays
a key role in the formulation of singularity theorems in GR. We will find that this can also
diverge in the effective dynamics.

Let us first note, as already pointed out above, that the accelerations p; will be present
in the Ricci scalar, the Kretschmann scalar, the time derivative of the expansion scalar and
in general in the components of any tensor derived from the second derivatives of the metric
such as the Riemann tensor. We demonstrated in the previous sections that the triads will
remain finite and non-zero and the ratios p;/p; involving first derivatives will be bounded for all
finite time evolution in the effective dynamics of ‘A’ quantization if WEC is imposed or inverse
triad corrections are included, and in the effective dynamics of the ‘K’ quantization even without
requiring WEC or inverse triad corrections. However, if we take the time derivatives of equations
(3.20) or (3.34) (for ‘A’ quantization), and (3.48) (for ‘K’ quantization), we immediately see that
the second derivatives p; are going to contain first time derivatives ¢; of the connection variables.

These are obtained from Hamilton’s equations,

OH
Op;

¢ = 8mGry (3.53)

and contain the derivatives of the energy density with respect to the triad variables dp/0p;.
Thus, whenever for some specific choices of the matter content, the derivatives dp/dp; diverge
at finite values of volume, energy density, and expansion and shear scalar, then we are sure to

have divergences in p; and consequently in some of the curvature invariants.
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As an illustration, we consider the case of ‘A’ quantization without the inverse triad cor-
rections. We obtain the second time derivatives of the triads from equations (3.20), (3.21) and

(3.22) as follows:

. N
L. : _ . . _ _
o= (&) + {(ﬂz@ + faéa) cos(fiac2) + ([3¢3 + fals) COS(M3C3)} cos(ficr)
b1 b1 YA
L. - L £
3 sin(fiaca) + sin(fiscs) + A& | (Hqc1 + fiéy) sin(finer) + 5 cos(fircr)  (3.54)
, D\ 2
D2 D2 1 - _ . _ - _ . _ _
— = (—> +— [(ulq + facér) cos(facr) + (g3 + fizcs) COS(MSC:%)} cos(fizc2)
D2 D2 YA
Ly o . o
X {sm(ulcl) + Sln(ﬂgcg):| (1i9Co + finco) sin(fince) (3.55)
" S\ 2
D3 (D3 Ly,. . _ . . _ _
— = (—) + — {(/Llcl + f11¢1) cos(fcr) + (oo + fiacs) cos(,ugcg)} cos(fizcs)
b3 b3 YA
I o . o
T [sm(,ulcl) + Sln(,@@)} (figcs + fisés) sin(fiscs) (3.56)

Note that f; also contains & and & (€ is given by (3.24)). ¢ and ¢ are both bounded due to
bounds on the triads given in equation (3.30), which hold in case of ‘A’-quantization provided
either WEC is assumed or inverse triad corrections are included. Hence the divergence properties

of p;/p; depends only on quantities of type (ji;c; + fi;¢;). Let us consider (jijc; + jir¢i) as an

example:

: : 1 : : : : 5A%(1—~2
e+ e = x| (sin(fiyc1) sin(fiacs) + cyclic terms) + 2XE sin(fiyc1) — (ngz
+81GY°N?p + (fiacy — fixcr)(sin(fizes) + sin(fizcr)) cos(fiacs)

o o _ 0
+(fizcs — firer) (sin(fircr) + sin(fizce)) cos(fises) | + >\p1£ : (3.57)
1

In the above equation, except for dp/dp; and factors of type (fiaca — f11c1) and (fizcs — fiicy),
rest of the factors are again bounded. We can further analyze the behavior of the factors of type

(fiaca — irc1). Using (4.21) we have,

A
floCo — [i1C1 = V(C2p2 —apr) - (3.58)
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Since V' is bounded in the above expression, we consider (caps — ¢1p1). Its time derivative can

be written as follows,

d 0 0
%(CgpQ —op) =V (pga—p'z — pla_ppl) + other bounded terms . (3.59)

which again depends on the derivatives of the energy density dp/dp;. Thus we see that the
fate of the second derivatives p; of the triads ultimately depends on the behavior of dp/0dp; as
we had pointed out above. This can be shown to be true similarly for ‘A’ quantization with
inverse triad corrections and for ‘K’ quantization as well. We call these divergences emerging
from Op/0p; as “pressure divergences” as Jp/dp; are related to the pressure when we have the
simple case of matter with vanishing anisotropic stress.

Thus we find that not all quantities of interest are ensured to be bounded in the effective
dynamics of the quantizations considered above. However, these divergences occur at finite
values of the Hubble rates, the energy density, the expansion and shear scalars and finite and
non-zero volume. This is a strong indication that these divergences may not lead to a strong
singularity. Indeed we will show in the following sections that these divergences are harmless
as geodesics are unaffected at such events. And then we will show explicitly that there are no

strong singularities in the effective spacetime.

3.6 Geodesic completeness
We first find out the geodesic equations for the Bianchi-II spacetime by using the geodesic

equation for a general metric as follows,
()" = Tjp(a?) (=", (3.60)

where the prime denotes differentiation with respect to the affine parameter. The Christoffel

symbols for Bianchi-II can be calculated using the metric (3.1). Plugging them into the above
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equation and integrating, we get

1 1
¢ =C, (—2 + 04222—2) + Cyaz, (3.61)
ay a3
1
Yy =Craz—+Cy, (3.62)
a3
1
7 =-Cray—+C, (3.63)
az
and
C? 1)’ 1)?
)Y =c+-—2+aj (Cy + Cxozz—Q) + a3 (C’z - Cway—Q) . (3.64)
ay a3 as

Here C,,Cy and C, are constants of integration. The constant ¢ is unity for timelike geodesics
and is zero for null geodesics. This set of equations represents the velocity vector along the
geodesic. The equation for the geodesic can be obtained in parametric form by integrating the
above set of equations. First of all we note that for co-moving observers, the proper time is
equal to the coordinate time ¢ itself.

It is clear from the above set of equations that the velocity vector will diverge whenever
any of the scale factors vanishes. This is the case with the classical cosmological singularity in
Bianchi-II spacetime. However, we showed above that the triad variables (and hence the scale
factors) remain finite and non-zero for all finite time evolution in the coordinate time ¢ in both
‘K’ quantization, and ‘A’ quantization with WEC or with inverse triad modifications. Thus the
scale factors remain finite and non-zero for all finite time evolution. Even though there can be
potential divergences in curvature invariants in a finite time evolution in LQC as noted in the
previous section, since the scale factors do not vanish at such events, the geodesic equations do
not break down. Recall that the inverse triad corrections in the ‘A’ quantization are included
in a heuristic manner to include their effect on the evolution of the triad variables and hence on
the geodesics which only depend on the triad variables.

Further note that the geodesic equations for the coordinates y and z are coupled to each

other but are independent of the geodesic equation for coordinate x. These two equations (3.62)
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and (3.63) together form a linear system of first-order ordinary differential equations and hence
have a unique global solution if initial positions are specified at a given initial time [259]. Since
the RHS of these equations is well defined for all finite times ¢, the unique global solution is
maximally extendable. Given that y and z can be maximally extended as functions of proper
time, which really is ¢ for co-moving observers, then equation (3.61) also has a maximally
extendable solution because the RHS is of zeroth order in x and only contains functions that
are all finite for all finite time ¢. For the geodesic equation in time ¢, for comoving time the LHS
turns out to be unity and the equation becomes a constraint between quantities on the RHS of
(3.64), which are all finite in finite time ¢. This implies that the geodesics in case of Bianchi-II

are maximally extendable in effective dynamics.

3.7 Lack of strong singularities

The fact that geodesics do not break down at the points where potential divergences in
curvature invariants occur hints that such divergences may be harmless. We strengthen this
intuition by showing in this section that the effective Bianchi-II spacetime is free from strong
singularities, and the above mentioned potential divergences may only amount to a weak singu-
larity. Recall that a strong curvature singularity is characterized by the property that it crushes
any in-falling object to zero volume regardless of what they are made of [224, 229, 230]. We dis-
cussed them in chapter 2 and provided the necessary conditions for their occurrence, namely, for
a timelike or null geodesic running into the singularity, we require the integral (2.2) to diverge.

The integral is

K} = / d7| R'ojo(7)]- (3.65)
0

If these necessary conditions are not satisfied by a potential singularity, then it is a weak or soft
singularity and the geodesics can be extended past them. This has been shown in classical GR in
cases of weak singularities in both isotropic [260, 261, 262, 263| and anisotropic spacetimes [264,
265]. Since these weak singularity events are harmless, we do not expect these to be modified
by quantum gravity effects. Thus weak singularities may still exist in the effective spacetime.

In this section, we use the above necessary condition to show that no strong singularities exist
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in the effective loop quantized Bianchi-II spacetime in both the ‘A’ quantization (along with
WEC or inverse triad corrections) and the ‘K’ quantization.

First of all note that for co-moving observers, the coordinate time ¢ is the affine parameter
itself. Hence, to check whether these conditions are satisfied by the spacetime under consider-
ation, we must look at the evolution of the Riemann tensor components as a function of the
coordinate time t.

As mentioned in the section on curvature invariants, the Riemann curvature tensor is ob-
tained from the second derivative of the metric. The metric is a function of time through the
triad variables, and also depends on the coordinate z. Hence any term obtained via the second
derivative of the metric will necessarily be one of the following three types, i.e. the following

three possibilities exhaust the types of terms that can appear in the Riemann tensor components:

T-1. Terms of type f(p1,p2,p3,2).

p1 p2 p3

m n q
T-I1. Terms of type <ﬂ) (72> (@> f(p1, pa, 3, 2) where m, n, q are positive integers and

m+n-+q=2.

T-III. Terms of type (%)f(pl,pQ,pg, z), where ¢ can be 1,2 or 3.

The components of the curvature tensors are made of sums or differences of these three types

of terms. Using the fact that,

b b b b
/!f1+f2+...+fn|dt§/ |f1|dt—|—/ | foldt + ... +/ | fo|dt (3.66)

we only need to consider divergence properties of the three types of terms individually to con-
clude about the divergence of the integral in (5.39).

We have shown in section 3.3 that in the ‘A’ quantization, both p; and p;/p; will be finite for
all finite times if weak energy condition is imposed or inverse triad corrections are incorporated.
In the ‘K’ quantization this is the case without including either weak energy condition or the
inverse triad corrections. Hence the terms of type T-1 and T-II will remain finite for any finite

time ¢. Consequently their integral over a finite range of ¢ will also be finite. Hence, we conclude
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that the terms of type T-1 and T-II in the above integral do not diverge. The same can not
be said about the terms of the type T-III because they contain second derivatives of triads. As
noted in section 3.5 these can potentially diverge for events where pressure or its derivatives
become infinite at finite energy density. Thus, only terms of type T-III could possibly lead to
divergence of the above integral. In fact, these are the very scenarios which make the curvature
invariants and 0 diverge. However as we show below, these problematic second derivatives of the
triad variables are removed by integration. Let us consider such a term for the above integral.

Then it can be expressed as

to t
o ) d
—/ pi(afl(pl,pz,p3)>dt- (3.67)
0

o b Di
/ — f(p1, p2, p3)dt = = f(p1, p2, P3)
o Di Di 0

(2

We note that both the terms on the RHS are finite. Hence, the terms of type T-III do not
lead to divergence of the integral (3.65). Consequently the integral (3.65) does not diverge in
the effective dynamics of LQC in Bianchi-II spacetime. So we have proved that the necessary
conditions for existence of strong singularities are not satisfied by the effective dynamics of the
‘K’ quantization or ‘A’ quantization with weak energy condition or inverse triad corrections.
In summary, the effective spacetime in ‘A’ (with either weak energy condition or inverse triad
modifications included) and ‘K’ quantizations is free of strong singularities. Notably the events
where potential divergences in curvature invariants or 6 occur correspond to weak curvature
singularities.

Note that in the case of ‘A’ quantization when neither WEC nor inverse triad modifications
are included, p; can vanish in finite time and p; /p; is not bounded. In this case, all the terms: T-
I, T-IT and T-III result in divergences in eq.(3.65). The cigar singularity in this quantization thus
turns out to be a strong curvature singularity. It is straightforward to see from our arguments

in the previous section that the geodesics also break down in this case.

3.8 Conclusions
In this chapter, we have generalized the results on the generic resolution of strong singu-

larities in the effective isotropic [214, 266] and Bianchi-I [217] spacetimes to effective Bianchi-IT
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spacetime. This is important due to the BKL conjecture according to which the Bianchi-I,
Bianchi-IT and Bianchi-IX models play an important part in the analysis of generic spacetime
singularities in GR. However, there are important differences to be noted in the results obtained
in Bianchi-II model here as compared to the results in isotropic and Bianchi-I models. First, due
to presence of both spatial curvature and anisotropy, the techniques used in quantizing isotropic
and Bianchi-I models failed in Bianchi-IT case [174], and the search for alternatives has led to
two different quantizations for the Bianchi-II model - the Ashtekar connection based ‘A’ quan-
tization and the extrinsic curvature based ‘K’ quantization. Unlike the standard quantization
procedure of LQC, holonomies of the Ashtekar connection around closed loops does not lead to
almost periodic functions of the connection in Bianchi-II model. Thus an operator correspond-
ing to the Ashtekar connection itself is defined in the ‘A’ quantization by taking holonomies of
the connection along straight edges. Alternatively, the gauge fixing due to symmetry reduction
allows to treat the extrinsic curvature as a connection in the ‘K’ quantization, which is then
used to evaluate the holonomies. The results we have obtained in this chapter are using the
effective dynamics of these quantizations of Bianchi-II model. In this regard, we note here that
‘A’ and ‘K’ quantizations can also be obtained for isotropic and Bianchi-I models. For the spa-
tially flat FLRW model and the Bianchi-I model, they turn out to be equivalent to each other
and to the standard LQC quantizations of these models. However, for spatially curved FLRW
models, these quantizations differ from each other and from the standard LQC quantization as
well [176]. In case of anisotropic models with spatial curvature such as Bianchi-II model, only
‘A’ and ‘K’ quantizations are possible, and they lead to qualitatively different theories as we
have discussed in this chapter. Moreover the triad variables in the effective dynamics of the
isotropic and Bianchi-I model were generically bounded for all time, thus the energy density,
the Hubble rates, the expansion and shear scalars were also generically bounded and the volume
remained non-zero for all time. Comparatively, the results obtained in this chapter in the effec-
tive dynamics of Bianchi-II model make a slightly weaker statement of boundedness of all these

quantities for all finite time evolution. Nevertheless this suffices to prove singularity resolution.
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Even though certain pressure divergences may occur in some curvature invariants within a
finite time evolution, we show that the geodesics remain unaffected by these divergences and
the effective spacetime is free from all strong singularities. However, we observed a contrast in
the two quantizations in the obtaining these results. We found that in the ‘A’ quantization,
the holonomy corrections in the Hamiltonian constraint are not sufficient to obtain these results
by themselves. We had to impose WEC on the energy density to obtain these results. This is
the first time that energy conditions seem to play a role in singularity resolution in LQC, at
least in the ‘A’ quantization. However, energy conditions can still be bypassed if inverse triad
corrections are included in the effective dynamics. In absence of a non-vanishing inverse triad
operator for spatially non-compact models in the literature, we here introduced the inverse triad
corrections heuristically and found that strong singularities could be removed without including
WEC in the ‘A’ quantization. This is another point of departure from the results in isotropic
and Bianchi-I models which can also be quantized using ‘A’ quantization. This is the first time
that energy conditions or inverse triad corrections are needed in an essential way to resolve the
singularities in the effective dynamics. In contrast, in the effective dynamics of ‘K’ quantization,
these results are obtained with comparative ease without including inverse triad corrections or
imposing WEC. This sharp contrast between ‘A’ and ‘K’ quantizations is interesting specially
considering that the ‘K’ quantization is farther removed from the full theory LQG in terms of
techniques as compared to the ‘A’ quantization. As we have mentioned, unlike the symmetry
reduced cosmological models, the extrinsic curvature cannot be considered as a connection in
the full theory, thus it is not possible to quantize classical expressions using holonomies of the
extrinsic curvature. However, we noted in chapter 2 that it is possible to consider the extrinsic
curvature as the conjugate variable to the densitized triad. The results of this chapter seems to
suggest the advantage of using an extrinsic curvature based quantization in singularity resolution.
If this contrast in the ‘A’ and ‘K’ quantization continues in more complex cosmological models,
it might be worthwhile to explore a quantization of GR based on densitized triads and the

extrinsic curvature 1-form as phase space variables.
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Both these quantizations also exist in case of the Bianchi-IX spacetime which is the subject
of our next chapter, where the standard quantization techniques of LQC fail for the same reasons
as in Bianchi-II model. We will explore the singularity resolution of Bianchi-IX models and also
see how the contrast between the two quantizations plays out in that case. Our results in the
Bianchi-IT model indicate that the inverse triad corrections are likely to play an important role
in the ‘A’ quantization in the more complex Bianchi-IX model. Since energy conditions play
an important role in the singularity theorems of GR, it will be interesting to explore whether
energy conditions become an essential ingredient in singularity resolution in LQC as we go on

to more complex models.
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Chapter 4
Singularity Avoidance in Effective Loop Quantized Bianchi-
IX Spacetime

4.1 Introduction

As indicated in the previous chapter, quite like the Bianchi-II model, the standard holonomy
quantization of LQC fails to yield an algebra of almost periodic functions in the case of Bianchi-
IX models due to presence of both spatial curvature and anisotropy. And an approach similar
to the one adopted in the Bianchi-II case of the previous chapter leads to the ‘A’ and ‘K’
quantizations of the Bianchi-IX model [175, 176]. The results of the previous chapter brought
out a sharp contrast between the ‘A’ and the ‘K’ quantization in the ease of obtaining singularity
resolution. Namely, that in the effective description of the ‘A’ quantization of Bianchi-IT model,
just including holonomy corrections in the effective Hamiltonian constraint is not enough to
obtain singularity resolution, and one has to further impose WEC or instead include inverse
triad modifications. In contrast, it was possible to obtain singularity resolution in the ‘K’
quantization without the need of WEC or introducing inverse triad corrections. In this chapter,
we aim to extend the results on the generic singularity resolution to the effective description of
loop quantized Bianchi-IX model and further explore the contrast in the ‘A’ and ‘K’ quantization.
Our results of this chapter will show that the contrast between the ‘A’ and ‘K’ quantizations
further sharpens in the loop quantized Bianchi-IX model.

As has been said earlier, Bianchi-IX spacetimes are of special importance in the study of
generic approach to singularities due to the BKL conjecture [125] along with the Bianchi-I and
Bianchi-IT models. The chaotic and oscillatory approach to a generic singularity in the BKL
scenario resembles the Mixmaster dynamics observed in the approach to the singularity in the
Bianchi-IX model [127]. Thus the Bianchi-IX spacetime approximately models the dynamics of

a generic spacetime near a singularity. A good understanding of the Planck scale dynamics and

This chapter is adapted from the contents of S. Saini and P. Singh, Classical and Quantum Gravity, 35(6), (2018),
065014 [267] with the permission of IOP Publishing Ltd. See Appendix A for the copyright permission from the
publishers.
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singularity resolution in loop quantized Bianchi-IX model will give valuable insights into the
quantum dynamics in the vicinity of a singularity encountered in a general spacetime. Together
with the results on singularity resolution in loop quantized Bianchi-I model [217] and the loop
quantized Bianchi-II model of the previous chapter, the results of this chapter will provide
important lessons for the resolution of a generic singularity in LQC.

We give a brief summary of the classical Hamiltonian description of Bianchi-IX spacetime
in terms of Ashtekar variables in section 4.2. This section also provides the expressions for
some key quantities such as expansion and shear scalars, the directional Hubble rates and the
time derivative of the expansion scalar. Section 4.3 covers the effective dynamics of the ‘A’
quantization of Bianchi-IX spacetime. This is divided into two parts: section 4.3.1 deals with the
‘A’ quantization without inverse triad corrections, and section 4.3.2 includes the effects of inverse
triad corrections in the effective dynamics. We show in section 4.3.1, that vanishing of triads in
finite time evolution can not be avoided if inverse triad corrections are not included, and that
imposing weak energy condition, in addition, on the energy density is not sufficient to prevent
such a phenomena either. Section 4.3.2 shows that none of the triads vanish or diverge in a finite
time evolution in the ‘A’ quantization when inverse triad corrections are included. In section 4.4,
we describe the effective dynamics of the ‘K’ quantization for Bianchi-IX model, and we find that
the triads, the energy density, and the expansion and shear scalars are bounded without requiring
any energy condition or inverse triad modifications. However, we find in section 4.5, that the
curvature invariants, the components of Riemann tensor and the time derivative of the expansion
scalar can potentially still diverge both in ‘A’ and ‘K’ quantizations. This may indicate potential
singularities in the effective spacetime. However, the divergences in the curvature invariants at
certain events may not always indicate a breakdown of the spacetime fabric. As studies in
classical GR have shown that sometimes these divergences indicate the so called weak or soft
singularities which do not affect the geodesic evolution [260, 261, 262, 263, 264, 265]. Since
these weak singularities are harmless, they are unaffected by quantum gravity effects which
is why they may appear in the effective spacetime. Indeed, we show in section 4.6 that for

the ‘A’ quantization with inverse triad correction and the ‘K’ quantization even without the
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inverse triad modifications, the geodesics are well behaved when such divergences in curvature
invariants occur. In section 4.7, we show that in finite time evolution no strong singularities
exist in the effective dynamics of the ‘K’ quantization or the ‘A’ quantization with inverse triad
corrections. The events where curvature invariants may potentially diverge thus only amount
to weak singularities. We conclude in the final section with a summary of the results.

We remind the reader of the caveats to our approach in this chapter. In an approach similar
to the previous chapter, the inverse triad corrections are included in the effective dynamics of
the ‘A’ quantization in a heuristic manner by replacing the inverse powers of the triads in the
effective Hamiltonian by the eigen values of the inverse triad operators. We assume that this
heuristic approach will capture the essential effects of inverse triad corrections on the effective
dynamics. Further, we remind the reader that the extrinsic curvature based ‘K’ quantization
is unavailable in LQG as the extrinsic curvature cannot be treated as a connection in the full
theory. This may lead to results that depart from the expectations based on symmetry reduction
of LQG to cosmological models. Thus the results obtained using the ‘K’ quantization should be

interpreted with care. With these caveats in mind, we proceed to section .

4.2 Classical aspects of Bianchi-IX spacetime in connection-triad
variables

Since it is a homogeneous and anisotropic model, Bianchi-IX spacetime can be split in
such a way that the spatial hypersurfaces turn out to be homogeneous. In Bianchi-IX, the
spatial hypersurfaces are of topology S* with the symmetries corresponding to the three spatial

rotations on §*. The metric of the spacetime can be written as [175]:

ds® = —dt* + gupdada’ . (4.1)

where g4, is the physical metric of the spatial hypersurface. It can be given as q,, = wgwgéij,

where the physical co-triads are related to the fiducial ones by w! = a’(t)°w’, and the fiducial
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co-triads are [175],

°wl = sinBsinn(da), + cosn(df)a, (4.2)
°w? = —sinBcosn(da), +sinn(df),, (4.3)
°w3 = cosB(da), + (dn)a. (4.4)

Here «, 8 and 7 represent angular coordinates on a fiducial 3-sphere of radius r, = 2 and volume

Vi = 2m%r3. We define a fiducial length I, = V3. After symmetry reduction, the Ashtekar

o

variables are related to the fiducial triads é¢ and co-triads w! as [175]:

e =0 lile; and AL = T (4.5)

where ¢ is the determinant of the fiducial 3-metric. The symmetry reduced variables then satisfy
the following Poisson brackets,

{¢,p;} = 87TG")/(5;. (4.6)

Here, the directional scale factors are related to the triad variables as follows
p1 = sgn(ay)|azas|l,?, (4.7)

(and similarly for p, and p3). And the classical Hamilton’s equations show that the connection
variables are related to the time derivatives of the metric components. The classical Hamiltonian
for lapse N =1 is given as [175],

1
Ha = — [p1p20102 + papscacs + papicsct + loe(pipacs + papsci + papics)
81G2\/|p1p2ps|

l(1+7° pivy i3 vt —
+ ( ’ ) 2p% + 2p5 + 2p3 — ]1322 _ ;23 _ ;21 + o/ Tipapsl, (4.8)
3 1 2

where p represents the energy density of matter which is minimally coupled. Similar to Bianchi-

IT case, the constant ¢ = sgn(p;)sgn(p2)sgn(ps) is either +1 or —1 depending on whether the
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triads are right-handed or left-handed respectively. Note that the Hamiltonian is invariant under
change of the orientation of any given physical triad. In other words, the Hamiltonian (as well
as the energy density) depend only on the magnitude of the triad and connection variables. The
energy density can be dynamically obtained from the vanishing of the Hamiltonian constraint
Ca = 8mGHq =~ 0. Since it only depends on the magnitudes of the triads, we give here the

expression only in the positive octant:

1
p = W [p1p201€2 + papscacs + papicscr + lo(p1pacs + papscr + pspica)
1P2P3
L ++%) pivs _ p3p3 _ papt
—l—OT 2p7 +2p5 + 2p5 — 52 — 22— ) L (4.9)
pP3 P1 Y2

We can use the classical Hamiltonian (4.8) to obtain the equations of motion for the triads,
which in turn give the time evolution for various other quantities of interest that depend on the

triads:

po= o (p262 + p3cz + 106%)7 (4.10)
Y/ |P1p2ps] P1

pZ = p—2 (pSC3 + p1c1 + ZOG@)v (4-11)
Y/ |P1p2ps] P2

b P () o
Y ’P1P2p3\ p3

Similar to Bianchi-IT model, we can use relations (4.7) to obtain the directional Hubble
rates, the expansion scalar and its time derivative, and the shear scalars in terms of the triads

as follows:

H = %:—(&JJE—&) where 4,7,k € {1,2,3V i #j #k, (4.13)
a; 2 pb;j Pk Di
0 = H,+ H,+ Hs, (4.14)
. 1 ; i 2
0 = = ~— (=) ), and 4.15
2;(1% (pi)) (4.15)
02—1(}1—112 Hy — H3)* + (Hs — Hy)? 4.16
= 3 1 2)” + (Ho 3)" + (Hs )7 ). (4.16)
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We see that all these quantities except the time derivative of the expansion scalar depend
on the triads and their first time derivatives. The time derivative of the expansion scalar in
addition also depends on the accelerations p;. Similarly the Ricci scalar, Kretschmann scalar
and other curvature invariants obtained from the Riemann tensor can be obtained from the
second derivatives of the metric turn out to depend on the accelerations p;. We demonstrated
this fact in the case of Bianchi-II by giving explicit expressions for the Ricci and Kretschmann
scalars in the previous chapter. We omit their expressions here for the sake of brevity as we will
not use them in the analysis.

The classical time evolution leads some of the triads variables to vanish in a finite time
evolution while others may diverge, which implies divergences in the Hubble rates, the energy
density, the expansion and shear scalars, and the above mentioned curvature invariants leading
to a cosmological singularity. The dynamics leading to the cosmological singularity in this case
shows the Mixmaster dynamics akin to the chaotic oscillatory approach to a generic singularity
in the BKL conjecture, which makes it relevant for generic singularity resolution. We proceed in
the next two sections to quantize the Bianchi-IX model as a first step towards showing generic

singularity resolution in this model.

4.3 Effective loop quantum cosmological dynamics: ‘A’ quantization

This section discusses the effective dynamics of the ‘A’ quantization of the Bianchi-IX model.
We discussed in the Bianchi-II model in the previous chapter the difficulties in defining operators
which are based on holonomies over closed loops. Unlike the isotropic and Bianchi-I models,
Bianchi-IT model has both spatial curvature and anisotropy, due to which the holonomies of
the connection over closed loops cannot be represented as almost periodic functions of the
connection, leading to difficulties in representing them as operators on the kinematical Hilbert
space of LQC. Thus the standard holonomy quantization of earlier models in LQC does not
work in case of Bianchi-II model. We face the same issue in case of Bianchi-IX model as
both spatial curvature and anisotropy are present in this model as well. These difficulties were
overcome in the Bianchi-II case by defining the connection operator based ‘A’ quantization using

holonomies of the connection over open edges. Using that same approach, the ‘A’ quantization
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for the Bianchi-IX model can be obtained and was first studied in [175]. Our results of the
previous chapter emphasize the necessity of inverse triad corrections in singularity resolution in
the ‘A’ quantization in spatially curved models with anisotropy. However, in the loop quantized
Bianchi-IT model of the previous chapter, it was possible to still ignore inverse triad corrections
and obtain singularity resolution in the ‘A’ quantization if weak energy condition (WEC) is
imposed on the energy density. However, as we will show in subsection 4.3.1 that unlike the
Bianchi-II case, WEC is not sufficient to ensure the boundedness of the triads in the Bianchi-IX
model in the ‘A’ quantization if the inverse triad corrections are ignored [215]. We proceed in
subsection 4.3.2 to include the inverse triad corrections, and show that if inverse triad corrections
are included, then triads remain non-zero and finite in a finite time evolution, signaling resolution
of singularities. In short, the inverse triad corrections are essential for singularity resolution in
the loop quantized Bianchi-IX model in the ‘A’ quantization.

In order to simplify the analysis, we will restrict the triads to the positive octant. Anal-
ogously to the case of loop quantized Bianchi-II model in the previous chapter, this can be
obtained without any loss of generality by choosing to work with reflection symmetric quan-
tum states in a way similar to [174]. Alternatively, a different factor ordering in the quantum
Hamiltonian constraint on the lines of [185, 186] results in decoupling of the various octants
and we can choose to work in one of them. As we explained in the previous chapter, dynamics
in different octants is related by parity operators following either of the above two approaches.
The qualitative behavior of the effective Hamiltonian is unaffected by these parity operations
and thus there is no loss of generality in focusing on just one octant. The effective Hamiltonian
obtained from both these approaches is the same in the positive octant. We will point out these

subtleties at appropriate places as we go along.
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4.3.1 ‘A’ quantization without inverse triad corrections
The effective Hamiltonian obtained in the reference [175] for the ‘A’ quantization of Bianchi-

IX model for general triad orientations is given by (lapse N = 1):

H = _8—”2% [(sgn(pl)sgn(pg) sin(fiycy) sin(fizco) + cyclic) + [,A (Sgn(pg) ’plpz‘ sin(figcs)
TGy |ps|
. 2)2(] 4+ ~2 2.2 2.2 2.2
—l—cychc> + XL+ (pr + 2p5 + 2p5 — p1]2?2 — p2]293 — p?’];l)] + pv/ |p1peps|. (4.17)
4|p1paps| P3 P1 Dy
The equations of motion for triads are:

P = % (sgn(pQ) sin(figce) + sgn(ps) sin(fizcs) + oA V|p|f9|§]/9§’|) cos(fircy), (4.18)

Py = % (sgn(pg) sin(fizcg) + sgn(py) sin(fiier) + lo/\—m) cos(fiaCs), (4.19)

Py = % (sgn(pl) sin(fiycr) + sgn(pa) sin(fizca) + loA ]p’jgﬁ‘) cos([izcs). (4.20)

Here \> = A = 4\/§7r7l§1, as we have used in previous chapters, denotes minimum area eigen-

value from the underlying quantum geometry, and

_ p _ p _ p
fir = A |1|7 flz = A |2|; fiz = A |3| (4.21)
|P2p3| ’p1p3| |p1p2\

Let us consider the eq. (4.18), which we can formally integrate as:

pi(t) 4 tq /
/ @ / — (Sgl’l(pg) sin(fiac2) + sgn(ps) sin(gses) + loAM) cos(fiycy)dt . (4.22)
P t

o ;m » A |p1]3/2

1

It yields,

1 V |p2p3|) COS(,[_Jqu)dt} ]

t
t) =py — in ([ in(fz Lo
pi(t) = esp { | 25 (st sin(cs) + s sinra) + 1A Y2
(4.23)
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Similarly, we can obtain the expressions for ps and p3 as:

bt : . vV
pa(t) = pyexp {/ — (sgn(pg) sin(fizcg) + sgn(py) sin(fier) + ZOAM> cos(ﬂgcg)} :
t

o A [p2|*/?
(4.24)
bt , . V
ps(t) = pYexp {/ Y <Sgn(p1) sin(fic1) + sgn(ps) sin(figcy) + LA%) cos(,ugcg)} .
to 3
(4.25)

It can be seen that singularities are not necessarily avoided by these dynamical equations.
For example, the above equations seem to allow a situation when one of the triads, say py,
approaches zero while ps and p3 remain finite. Or, the scenario where all three of the triads
vanish simultaneously. Analytically it is not obvious that above scenarios for singularities can
be excluded dynamically by the equations of motion.

The expressions for the Hubble rates, the expansion and shear scalars, and the time deriva-
tive of the expansion scalar remain the same in the effective dynamics as in the classical case.
They are given by eqgs. (4.13), (4.14), (4.16) and (4.15) respectively. We note that all these
quantities can diverge in the ‘A’ quantization without inverse triad corrections as one or more
of the triad variables can vanish in a finite time evolution.

In the following analysis, it is convenient to restrict to the positive octant in a similar way
as we did in Bianchi-II case above. The first way to work with the positive octant is to take
the approach in Refs. [173] and [174] where one chooses the basis states of the kinematical
Hilbert space to be reflection-symmetric in the triad space. Since the states are symmetric at
the quantum level, we can thus restrict ourselves to the positive octant while obtaining the
effective Hamiltonian [173, 174]. Moreover, we can choose our initial conditions such that the
triads start out in the positive octant in our analysis at the effective level. The equations (4.23),
(4.24) and (4.25) indicate that the triads will remain in the same octant where they started
out initially until a singularity is reached and one of the triads vanishes, where the equations of

motion break down.
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Alternatively, the restriction to an octant can be justified merely on the basis of factor
ordering while quantizing the Hamiltonian constraint, without requiring the quantum states to
be symmetric. In this regard, one can take the path followed in Ref. [185, 186] where a different
factor ordering of the quantum Hamiltonian constraint is employed so that the different octants
are decoupled. This allows us to restrict the triads in the positive octant in our analysis and
gives the same effective Hamiltonian in the positive octant. However, in this approach, the
state corresponding to vanishing volume is also decoupled from all the octants. Note that we
found above from the behavior of triads at the effective level, that it is possible for one or more
triads to vanish in a finite-time evolution starting from the positive octant. This behavior of
effective dynamics indicates a limitation of the effective dynamics. The effective Hamiltonian
is indifferent to different factor orderings at the quantum level and hence does not know about
the effect of decoupling of zero volume state. This limitation is tied to the derivation of the
effective Hamiltonian which assumes that volumes are greater than the Planck volume [200].

In the rest of this chapter, we assume that one of the above two choices is applied so that
we can focus ourselves on the positive octant in the triad space. Further, let us consider that
the initial values of the triads p{ are positive definite. Then the expression of the energy density

from the vanishing of the effective Hamiltonian constraint is given by:

1
p = m {sin(ﬂlcl) sin(figce) + cyclic) + lo)\(1 /% sin(fizcg) + cyclic terms)

Z2A2 1+ 2 2,2 2.2 2,2
+o4( 7)(2p5+2p§+2p§_p1§2_p2p3_p3p1>}
P1P2P3

4.96
P} p? 3 (4.26)

It has been shown in Ref. [215] that the above energy density is not bounded above. Moreover,
unlike the Bianchi-II case, imposing the weak energy condition on the energy density does not
prevent any of the triads from vanishing in a finite time evolution. Thus, in contrast to the

Bianchi-II case, there is no way the above energy density can be bounded in a generic evolution.
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The expression for the Hubble rates can be evaluated using equations (4.13). The directional

Hubble rate H; is given by,

. _ . _ . _
H, = 2Py—)\(sm(,ulcl — fiaCo) + sin(fiyc; — fizcs) + sin(face + fizcs))
lo (\/P1P2 _ \VP3DP1 _ \/P2P3 _
+% (3—/2 cos(figcs) + 7 cos(fiaCe) — 7 cos(fircy) | - (4.27)
Ds 2 Dy

Similarly, the directional Hubble rates H, and Hj3 can be obtained by cyclic permutations of
the above equation. We note that the directional Hubble rates can diverge if any of the triad
variables diverges or vanishes. This, through equations (4.14) and (4.16), produces divergences
in expansion and shear scalars as well.

In a similar way, the expressions for the curvature scalars such as the Ricci scalar, the
Kretschmann scalar and the square of the Weyl tensor can be shown to diverge as one or
more triads vanish or diverge. Hence, we find that the ‘A’ quantization without inverse triad
corrections is inadequate for the resolution of singularities. Unlike the case of ‘A’ quantization
in Bianchi-II spacetime, even imposing WEC is not sufficient to prevent the singularities. This
implies that it is essential to at least include inverse triad corrections if one hopes to resolve the
classical singularities. Indeed, as we will see in the next subsection that including inverse triad
corrections helps us obtain the crucial result that none of the triads vanish or diverge in a finite

time evolution. This result is crucial to prove generic resolution of singularities.

4.3.2 ‘A’ quantization with inverse triad corrections

The effective Hamiltonian (4.17) in previous subsection includes the holonomy corrections
but ignores the inverse-triad corrections. The inverse triad corrections in the case of lapse N =V
have been obtained in [215]. We use the same procedure as in Ref. [215] to obtain the inverse
triad corrections for the case of lapse N = 1, which is similar to what we did in Bianchi-II case,

except that here we will need to include the inverse triad corrections for all three triads as all
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of them appear in the denominator in the Hamiltonian. Let us note that the eigenvalues of the

—_—
—1/4

inverse triad operator |p | are given as follows (see discussion in chapter 2):

—

1| [pipaps) = g1(p1) [prpaps), (4.28)

where
1/4
b2p v/ P1P2P3
91(]91):&(\/@"‘1’—\/@—1’)% VS SN (4.29)
21y Al

Similarly, we can obtain inverse triad corrections for the inverse powers of p, and p3 which will
involve the corresponding functions g and g3. Using these expressions, the effective Hamiltonian

with inverse triad corrections for the N = 1 case is obtained as follows:

H = _8—% {(sin(ﬂlcl) sin(fiacq) + cyclic) + lo)\(1 /p;];? g3 sin(fizes) + cychc)

EX(1+9%)(919293) < 2 2 )}
40 ) 8 + cyclic | | + py/Pipaps. 4.30
4 /DiDaDs pl P1P29s3 Yy P/ P1P2P3 ( )

The resulting equations of motion for triads are:

po= %(sm(ug@) + sin(fizcs) + Loy / g ) cos(fiicy), (4.31)

N 23 b3p

P2 = —)\(sm(usc?,) + sin(fiyc1) + lo/\,/ 9 ) cos(fiac2),  and, (4.32)
v

I p—i\(sm(,ulcl) + sin(fiaca) + loAy / ) cos(fizcs). - (4.33)
Y

We can formally integrate these equations to understand the form of the solution. For example,
let p; starts with some positive-definite value p{ at some initial time ¢,. Then from (4.31) we

can write,

pi(t) = plexp {7 / sin(figce) + sin(figes)) cos(ulcl)dt}
to

Xexp{ ( \/m 4) cos(ulcl)dt} (4.34)
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The corresponding equations for ps and p3 are obtained by cyclic permutations. The directional
scale factors are related kinematically to the triad variables through equations of the form (4.7).
We are interested to see whether the time evolution of the triads leads them to either vanish
or diverge in a finite time evolution. In Table 4.1 we list all the different possibilities for the
evolution of the triad variables for all finite values of time ¢ and label the different possibilities

from Al to A10.

Finite & | Vanishing | Diverging Remarks
NON-Zero
Al 3 0 0 All the triads remain finite and non-zero
A2 0 3 0 All the triads vanish
A3 0 0 3 All the triads diverge
A4 1 1 1 One triad vanishes while one of them diverges
Ab 2 1 0 Two triads are finite and non-zero
while the third vanishes
A6 2 0 1 Two triads are finite and non-zero
while the third diverges
AT 1 2 0 Two triads vanish while the third
remains finite and non-zero
A8 0 2 1 Two triads vanish while the third diverges
A9 1 0 2 Two triads diverge while the third
remains finite and non-zero
A10 0 1 2 Two triads diverge while the third vanishes

Table 4.1: Different possible fates for the triad variables upon evolution.

We will show now in the rest of this subsection that the properties of the functions g1, go
and g3 defined through (4.29) are such that the triads p; remain non-zero, positive and finite for
all finite time evolution. That is, except the possibility A1, no other case is possible. We will

break down the analysis into three different limits:

(i) The limit of vanishing volume: In this case, v tends to zero and the case Al, A3, A6 and

A9 are automatically ruled out. We now show that no other cases are possible either. In this

104



limit, it can be seen from (4.29) that the functions g; take the form:

g = Bpaps)'* (v - %3 + ) (4.35)

3

g = \/B(pgpl)l/‘*(v—v— > (4.36)

g5 = /B(pip2)"* (v - %3 + > (4.37)

oo

(4.38)

where we have defined for convenience, 8 = 1/(2myAlZ)). Since v is vanishing, the terms in the
parentheses in RHS of the above equations are all tending to zero. Then equations of motion

for triads become,

1 t
ﬁ/ (sin(mcz)+sin(u303))cos(ulcl)dt}
to

l56 t U2 4
2 / P12 (paps)™/? (1 ~3 + ) cos(fiycy)dt ¢, (4.39)

pi(t) = piexp

X exp
Y to
1 t
pa(t) = pgexp{fy—)\/(sin(ﬁgcg)+sin(ﬂlcl))cos(ﬁ202)dt}
to
LA [ 3/2 7/2 v? ! =
X exp " o (p3pr) 1—§+... cos(figco)dt » , and (4.40)
to
1 t
p3(t) = pgexp{v—)\/(sin(ﬁlcl)+sin(ﬂ202))cos(ﬂ3c3)dt}
to
lB°

t ’1}2 4
X exp { - / 532 (p1po) T/ (1 Y - ) cos(p,gcg)dt} ) (4.41)

to

Let us note that in eq. (4.39), the terms in the first line on RHS are bounded for all finite
time because the integrand in the exponential is a bounded function. In the limit of vanishing

v, all the terms in the integrand in the second exponential are bounded except for the factor

7/2

p1%/2(paps)™/?. We thus find that in order for p; to either vanish or diverge in a finite time, the

factor p;*2(paps)™/? in the exponential must diverge. Similarly for p, and ps to either vanish or
diverge, the corresponding factors in their expressions, given respectively by ps3/2(psp;)”/? and

7/2

p3>/2(p1p2)™/? must diverge. Using this we can easily see that none of the remaining possibilities
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from Table 4.1 are consistent with the equations of motion of triads in the case of vanishing
volume. For example, the case A2 corresponds to all vanishing triads. But from the argument

7/2 must diverge in finite time.

in the above paragraph, for p; to vanish in finite time, p;*2(paps)
Similarly, for py and ps to vanish, py®/?(psp1)7/? and ps*/?(p1py)7™/? must diverge respectively. We
thus reach an inconsistency, and the case A2 is not physically possible. Similarly, A4, A5, A7

and A8 choices in Table I are also ruled out. Thus, none of the cases in Table I allow a vanishing

volume consistent with the equations of motion.

(ii) The diverging volume limit: In this case, v tends to infinity and the cases A1, A2, A5

and A7 in Table I are automatically ruled out. In this limit, the expressions for g; become:

1 1
= 1——+... 4.42
= S d (4.43)
= — - —= an .
1 1
= —(1l—=—+..]. 4.44
% p§/4( s ) (4.44)

In the above equations, the terms in the parentheses on the RHS do not pose any problem as

they remain finite in this limit. The expressions for the equations of motion for triads become:

pi(t) = plexp {i /t(Sin([LQCQ) + sin(fizcs)) cos(/llcl)dt}

to

lo [p2p3 1 ! _
/= |1-=— dt 4.45
(7 pi ( R ) costmendt 445

/t:(Sln(ﬂgcg) + sin(fiycy)) COS(MQCQ)dt}

lo [p3p1 1 * _
-/ —=1-— dt d 4.46
(7 i ( 302 + . ) cos(fizC2) ;o an (4.46)

/t(sin(plcl) + sin(figcs)) Cos(ug,c?,)dt}

to

/t: (% ppé (“%* )4> C°S<ﬂscs)dt}. (4.47)

106



Note that in eq. (4.45), the factor psps/p? needs to diverge in order for p; to either vanish or
diverge. In case of p; and p3 we need the corresponding factors, given respectively by psp1/ps
and pyps/p3, to diverge for them to either vanish or diverge. In case of options A4, A6 and
A8, one of the triads is diverging (say p;) while the other two remain finite. Since the other
two are finite, then the factor pops/p? can not be diverging. Hence, p; cannot be diverging
according to eq. (4.45). Similar arguments hold for p; and ps. Thus, cases A4, A6 and A8 are
also inconsistent in this limit. In case A3, all three of the triads diverge. For that to happen
according to the above equations of motion we need the factors paps/p?, psp1/p3 and pips/p3 to
diverge simultaneously which is self contradictory. Similarly, we can show that A9 and A10 are
also inconsistent with the equations of motion in this limit. We are thus left with no viable case

in Table I which allows a diverging volume.

(i) Volume remains finite and non-zero: In this case, options A2, A3, A5, A6, A7 and A9

in Table I are inconsistent. In this case, directly from (4.29) we get:

g1(p1) = B (p2pa) " (Vv + 1] = V[ = 1), (4.48)

and similarly for g and g3, where the terms in parentheses in RHS remain finite since v is finite.

107



Then, the Hamilton’s equations for triads become:

pi(t) = plexp {i /t(Sm(,ugcz) + sin(jizcs)) cos(,ulcl)dt}

X exp /( (P2ps)” (Vv + 1] = /v — 1)) )cos(ulcl)dt} (4.49)

1
—/ (sin(fges) + sin(figcr) cos(m@)dt}

( (p3p1)? v+ 1] —/|v—1)) ) COS(/,LQCQ)dt} (4.50)

fiicr) + sin( 202))cos(u303)dt} and |

Sln
oﬂ (p1p2)? v+ 1 — /o —1)) ) cos(fi 303)dt} (4.51)

Let us consider the remaining options in Table I. In options A4 and A8, only one of the triads
diverges (say p;). For this to happen, we must have the product pyps diverging according to
eq. (4.49). But this is inconsistent with respect to eqgs.(4.50) and (4.51). Hence, A4 and A8 are
ruled out as well. In option A10, one of the triad is vanishing (say p;) while the other two are
diverging simultaneously. Since the volume is supposed to be finite and non-zero, that means
p1p2ps is finite and non-zero. Since py and p3 are diverging, this means that the products pipo
and ppp3 are vanishing. But for p, and p3 to diverge according to above equations, we need the
products pips and pips to diverge. Hence, A10 is also ruled out. Therefore, we are left with

only option A1, which means all the three triads remain finite and non-zero for all finite time.

In summary, we find that out of all possible choices the only physically consistent case is
when all the triads remain finite and non-zero for all finite time evolution. Note that this is tied
to the inclusion of the inverse triad corrections for the ‘A’ quantization, and this result does not

arise without the inverse triad corrections.
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Let us now consider the energy density in this case. Using the vanishing of the Hamiltonian

constraint, it turns out to be

1
p = SGIN {(sm(,ulcl)sm(,ugcz) + cyclic) + 1, )\(«/ 12 2 sin(fices —1—cychc)

A (1 +7%)(919293)° (
+-2 2p? — pp2gs + cychc)] 4.52
NS 1~ PiP293 (4.52)

Since the triads are non-zero and finite in a finite time evolution, consequently the energy density
also remains finite.

The Hubble rates can be evaluated using equations (4.13). The directional Hubble rate H;
is given by,

1
Hy, = (sm flcy — figcz) + sin(fiycy — fizcs) + sin(figcy + fizcs))

27 (1 /plng?) cos(fizcs) 1/ bsbr 92 cos(fizcy) — 4/ p391 cos(fi1cy ) . (4.53)

We can obtain Hs and Hjz by cyclic permutations of the above equation. We note that the
Hubble rates are also bounded and finite as the triads remain bounded and finite for all finite
time evolution. This implies that the expansion and shear scalars, given by equations (4.14)
and (4.16), will also be bounded and finite by virtue of directional Hubble rates being finite for
all finite time evolution.

We would also like to mention that the above exercise can be repeated for lapse N = V
including inverse triad corrections and the results on boundedness of the triad variables, the
energy density and the Hubble rates in any finite time evolution can be obtained. The effective

Hamiltonian including inverse triad corrections for N = V' case has been obtained in [215] and

is given by:
H = _—87]:152129;2 [(Sin(ﬂwﬁ sin(figca) 4 cyclic) + lo/\( : i;pz g3 sin(fizes) + cyclic)

PXN2(1+ .
% (Zp p?p%géf + CYChC)] + P\/P1D2P3- (4.54)
P1P2P3
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This effective Hamiltonian leads to the following evolution equations for the triad variables in

terms of proper time along matter world lines:

d V/
% =p, = % (sin(mcz) + sin(fges) + A izps g%) cos(fiycy)- (4.55)
1

The equations for p, and p3 can be obtained by cyclic permutations of the above equation.
The equations of motion are slightly different from the N = 1 case now. However, using this
set of equations and the properties of the functions g;(p1, p2, p3), we can again rule out all the
possibilities from the Table 4.1 except Al by following an analysis analogous to the N = 1 case
given above. This yields the results on boundedness of the triads, the energy density, the Hubble
rates, the expansion and shear scalars in all finite time evolution in this case as well even though
the equations of motion differ slightly from the N = 1 case. Thus changing the lapse changes
the details of the dynamics slightly, but the results on boundedness behavior of quantities are
unaffected.

In conclusion, we find that in contrast to results in previous subsection, when we include the
inverse triad corrections in the ‘A’ quantization, then the energy density, the Hubble rates, and
expansion and shear scalars all remain finite for all finite time evolution. However, we still need
to consider the curvature invariants and the time derivative of the expansion scalar to analyze
their divergence properties. We will consider them in section 4.5 and show that they can still

diverge. But let us first discuss the ‘K’ quantization in the next section.

4.4 Effective loop quantum cosmological dynamics: ‘K’ quantization
Inspired from our results on the relative ease of ‘K’ quantization over ‘A’ quantization in the
previous chapter in the case of Bianchi-II model, we consider here the effective dynamics of the

‘K’ quantization in case of Bianchi-IX model, the effective Hamiltonian for which has already
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been obtained in [176]. The effective Hamiltonian for lapse N =1 is given by:

5 — \/P1P2D3 [ 1

 8nGH? E(Sin(ﬂwkﬁsmmﬂlﬁ) + sin(fiovko) sin(figyks) + sin(fizyks) sin(jiivk:))

2 pivs  pipy  PAn
_<2p§+2pg+zp§_ Py B PRy s (4.56)

+
4dp1paps p3 p% p%

Using eq. (4.21), the resulting Hamilton’s equations for p; and k; are:

. OH . . _
»o= —877(?6—1{:1 = %(sm(uwkg) + sin(figyks)) cos(f1yky), (4.57)
: oH
ki = 81G—
' " Ip1
A1, . . . . .
- "o ﬁ(sm(uwkl) sin(fioyks) + sin(fioyks ) sin(figyks) + sin(fgyks) sin(yyky))
1
2 ( P2 PR pp? dp
2 6p2—2p2—2p2—312+523—331>—87TG2 +2p1—
dpipops \ 1 T T T Tt T Tletwg,)

+% <k1ﬂ1 cos(fykr)(sin(favks) + sin(fizvks))

i cos iz vks) (sin (i vk ) + sin (s yhs)) — kfis cos(fixvhs) (sin(iavks) + sinmwkn)] .

(4.58)

Equations for other phase variables can be found from above by cyclic permutations. Thus we
see that the quantities p;/p; are generically bounded which imply that the Hubble rates given
by (4.13), the expansion scalar (4.14) and the shear scalar (4.16) are also generically bounded
for all time. Following an analysis similar to the previous chapter, we can show that the triads
remain non-zero and finite for any finite time evolution. Consider the equation for p;. Let p?
be some initial non-zero and finite value. Then the integration of the corresponding equation of

motion gives,

nio) = e { = / (st +sinGrari)) eos(uak) Jath.— (4.59)
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Since |(sin(fgovks) + sin(figyks)) cos(fi1ykr)| < 2, the integral in the above equation is

bounded over a finite time evolution, implying:

0 <pi(t) < 0. (4.60)

Analogously, we can show bounds on both py and p3. Hence, we conclude that for any finite

time evolution:

0<pi(t) <oo and 0< < 00. (4.61)

1
pi(t)
This in turn ensures that the energy density, obtained from vanishing of the Hamiltonian

constraint (4.56):

1 1, . . o o o
P = SR [ﬁ(sm(ﬂl’ﬂﬁ) sin(fiavks) + sin(fizvks) sin(fizvks) + sin(fizvks) sin(fivk:))

2 pivs  paps D3Pl )} (4.62)

l
£ 2p% + 2p3 + 2p3 — — —
4p1paps3 ( ! 2 ’ p% p% p%

is also non-zero and finite for all finite time evolution due to equation (4.61). Thus, the ‘K’
quantization leads us on the path to singularity resolution without having to include inverse
triad corrections. This is in contrast to the ‘A’ quantization where inverse triad modifications
are needed. We proceed in the next section to show that some curvature invariants may still

diverge, those that depend on p; and higher time derivatives.

4.5 Possible divergences in curvature invariants

In previous sections we showed that the energy density, expansion and shear scalars and
Hubble rates remain finite and the volume remains non-zero and finite in the effective dynamics
of LQC in both the ‘A’ quantization with inverse triad corrections, and the ‘K’ quantization.
However, just like the isotropic and Bianchi-II cases, we will find in this section that the curvature
invariants can still diverge. We will show that the curvature invariants and  depend on partial
derivatives of the energy density with respect to the triad variables, which depend on the matter

content. Since we are keeping the matter content arbitrary, these derivatives may diverge for
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some choices of matter. And if they do, they can cause the curvature invariants to diverge. As
we discussed in section 4.3 and 4.4, it can be shown that the ratios p;/p; remain bounded and
that the triads p; remain positive definite and finite for all finite time evolution for both the ‘A’
quantization with inverse triad corrections, and for the ‘K’ quantization. But, we also need to
consider the divergence properties of the second derivatives, p;, as the curvature invariants and
6 depend on them as well. It is clear from the expressions for p; as given in previous sections
that the second derivatives p; will contain first time derivatives of the connection variables, ¢;

or k;. These can be obtained from Hamilton’s equations, e.g. :

OH
Op; '

¢ = 8mGry (4.63)

We see that ¢; will have terms of type dp/0p;. Hence, p; and eventually the curvature invariants
depend on the partial derivatives of the energy density with respect to the triad variables dp/0p;.
If 0p/0p; diverge at finite values of volume, energy density, and expansion and shear scalar for
some specific choice of matter, then the curvature invariants will diverge.

As an illustration, let us consider the ‘K’ quantization discussed in previous section. The

second derivative of p; is given by,

. . 2 _
cos k . ) . )
Z—i = (%) + # (COS(Mﬂk‘Q)(k‘QMz + kajig) + cos(fizyks)(ksjiz + k3,u3)
1
sin(i1ykl) , ., L L .
SR (i) + sin k) s + ). (1.64)

We find that the terms which may lead to divergence are of the form (k:1 fi1 + kiji1), as all other
terms and factors are well behaved for any finite time evolution from our conclusions in section

4.3.2 and section 4.4. Let us compute the term (l%l/ll + kyji1) to analyze it in detail. It turns
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out to be:

- . Al
kg + ki = —g [}\2 (sin(fiyvky) sin(feyks) + sin(feyks) sin(fsyks) + sin(fsyks) sin(igvk))
2 P2 2.9
p1p2 pap3 P3Py 2 9p
—(6p?—2p2 —2p2 -3 + 5723 3 )—871’(;7 +2p
I ( S P} P} (ot2mg,)

32 ((/ﬁul kafiz) cos(fiavks)(sin(firyk:) + sin(fisvks))

+(kijin — ksfiz) cos(fizyks)(sin(figyks) + sin(uﬂk‘l))] . (4.65)

We see from the above equation that the divergence can arise only from dp/dp; and quantities
of type (kifiy — kaofiz), since all the other quantities are either made of bounded sine and cosine
functions or made of the triad variables which will be finite for finite time evolution as shown

in section 4.4. We further note that,

A
kipiy — kajio = V(klpl — kapo) (4.66)
and that,
d 5 Pipi paps dp dp
k k = 2 (ps—pi+31L -2 GV ). (4.67
e R (p2 Pt T )t o P2, ) )

In the above equation, the first term is bounded. Hence, the quantity (kip; — kopo) (and
consequently kjji; — kofiz), which is the integration of the right hand side of (4.67), may only
diverge if the partial derivatives of the energy density with respect to triads diverges.
Therefore, we conclude from our discussion of equations (4.64),(4.65) and (4.67), that the
quantities of the form (k:zﬂl —k;ji;), and consequently the second derivatives p;/p;, and hence the
curvature invariants and 6 will only diverge when the partial derivatives of the energy density
with respect to triad variables diverge at a finite value of energy density. Such conditions require
highly exotic equations of state of matter. Also note that in case of matter with vanishing
anisotropic stress, the quantities dp/0dp; are proportional to the pressure. So we can call these

divergences in the curvature invariants and 6 as “pressure divergences”.
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Above we focused on the ‘K’ quantization. However, one reaches the same conclusion by
repeating this exercise for the second derivatives of triad variables in the ‘A’ quantization with
inverse triad corrections. To summarize, we note that the curvature invariants or the time
derivative of the expansion scalar may not be bounded in effective dynamics. Some quantities

"and ‘K’ quantizations. However, as we will see in the next

of interest may diverge both in ‘A
two sections, that geodesics do not break down at such events if such divergences occur at a
finite time, and that these divergences do not amount to strong singularities. Therefore, such

potential curvature divergences will turn out to be harmless events.

4.6 Geodesic completeness

Given a spacetime metric, the geodesic equations are given by:
(¢')" = Tjp(a?) (z")" (4.68)

where prime denotes derivative with respect to the affine parameter. These equations give us the
accelerations along the geodesic curves in terms of the Christoffel symbols and the velocity four
vector along the geodesic. We can integrate them to find out the expression for the velocities as

follows,
(z) = / dr (r;‘.k(xj)'<xk)'>. (4.69)

Let us note that for comoving observers ¢ itself is the affine parameter. The coefficients F;k are
obtained from first derivatives of the metric, hence cannot depend on the second time derivatives
of the triads. They only depend on the triads and their first time derivatives and the angular
variables in the Bianchi-IX metric. Using the relations between triads and scale factors, we can
express them in terms of the scale factors and their first time derivatives. Using our results in
previous sections, the triads and their first time derivatives (and hence the scale factors and their
first time derivatives) remain finite for all finite values of time ¢, which is the affine parameter.
Hence, the coefficients F;k as functions of the affine parameter will be finite for any finite value
of the affine parameter for both the ‘A’ quantization with inverse triad modifications, and ‘K’

quantization.
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In the classical dynamics of Bianchi-IX spacetime, the cosmological singularity is encoun-
tered due to vanishing of one or more scale factors while the rest are either diverging or remain
finite. There is an associated breakdown of geodesics as some of the terms in the expressions for
the accelerations and velocities along the geodesics contain powers of the scale factors or their
first derivatives as discussed above. To see this, we consider the Bianchi-IX metric in presence
of local rotational symmetry which simplifies the Christoffel symbols considerably. The metric

takes the following form:

ds* = —dt* + a?da® + ajdy® + (a3sin®y + a3 cos® y)dz? — 2a3(cos y)dzdz. (4.70)

For this metric, the geodesic equations can be simplified to the following form in this case:

" ai C / / al2 / !
" = —2— — —(coty)y’ — 2z cosy| —= +y coty | —y'2 siny, (4.71)
1 4 az
" a/2 / 12 : C ! .
y' = —2—=y + 2" cosysiny + — 2 siny, (4.72)
!/
C
o o= o2y 2y'2 coty — =y escy, (4.73)

where C' is a constant. We see that these geodesics have the scale factors and their first deriva-
tives as coefficients, and will break down at the classical cosmological singularity precisely be-
cause one or more of these coefficients diverge.

The geodesic evolution in effective dynamics of ‘A’ quantization with inverse triad effects,
and 'K’ quantization differs significantly from the classical theory in the evolution of the scale
factors. In the effective dynamics in above cases, as we discussed in the previous paragraph, these
scale factors and their first derivatives remain finite for any finite value of the affine parameter.
The effective dynamics modifies the spacetime in such a way that as we approach the classical
cosmological singularity, the scale factors, instead of vanishing or diverging, reach some finite
limiting value and then bounce back. The singularity is replaced by a bounce such that the
scale factors are well behaved. As a result, the classical cosmological singularity is absent in the

effective spacetime.
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We found in the previous section that some of the curvature invariants may diverge if
the derivatives of the energy density with respect to triad variables diverge. However if such
divergence in curvature invariants happens in a finite time evolution, then from the results of
this section we know that the geodesics will not break down at such events as the Christoffel
symbols remain finite for any finite time evolution, hence the velocities and accelerations along
the geodesics will be well defined. This means that such divergences in curvature invariants, if
they happen in a finite time, do not amount to the breakdown of geodesics.

In summary, for the case of ‘A’ quantization with inverse triad effects included, and the
‘K’ quantization, geodesics will be well-behaved in effective spacetime at all those events where
they could break down classically due to divergences in scale factors and their first derivatives
in finite time evolution. In this sense we can say that the Bianchi-IX spacetime is geodesically
complete in the effective dynamics of LQC for the ‘A’ quantization with inverse triad effects
and the ‘K’ quantization. In the case of ‘A’ quantization without the inclusion of inverse triad
effects, scale factors can vanish and diverge in finite time and geodesic evolution will not be

complete.

4.7 Lack of strong singularities

In the previous section we have shown that geodesics will go past the events where diver-
gences occur in curvature invariants in finite time evolution for the ‘A’ quantization with inverse
triad modifications and for the ‘K’ quantization. We now show that these divergences do not
amount to a strong curvature singularity. The analysis in this section is similar to the analysis
of strength of singularities in the Bianchi-II case carried out in previous chapter. The neces-
sary condition for a strong singularity is that for a timelike or null geodesic running into the

singularity, the integral given in equation (2.2), which is
Kjl :/ dT/’Rigjo(T,)’ (474)
0

must diverge as the singularity is approached. Otherwise the singularity is termed as a weak

singularity.
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We follow a strategy similar to the previous chapter. First we note that the affine parame-
ter for geodesics of comoving observers is the coordinate time ¢ itself. Next, the integral (4.74)
involves one of the Riemann curvature tensor components. Let us investigate the behavior of
Riemann curvature tensor to gain insight into this. The Riemann curvature tensor is obtained
from second derivatives of the metric. The metric is a function of time through the triad vari-
ables, and is a function of other three angular variables in terms of their sines or cosines in the
numerator. When we compute all possible second derivatives of the metric, all the derivatives
with respect to the angle variables again result into sines and cosines of those variables in the

numerator. Hence, the curvature tensors will be made of only the following three types of terms:

T1) Terms of type f(p1,p2,p3), obtained when both the derivatives were with respect to
the angle variables. These terms may also contain sines and cosines of the angle variables in
their numerators. These will be excluded from discussion as they are bounded in any finite time

evolution.

m n q
T2) Terms of type (ﬂ> <&) <ﬁ> f(p1, p2, p3) where m, n, q are positive integers. These

p1 p2 p3

terms are obtained when either one or both of the derivatives is with respect to time.

DPi

T3) Terms of type (ji?)f(pl,pQ,pg), where 7 can be 1,2 or 3, obtained when both the

derivatives are with respect to time.

The components of the curvature tensors are made of sums or differences of these three
types of terms. Let us look at the behavior of each type of term under the integral (4.74).

Since we have shown that all the triad variables are bounded for any finite evolution, and we
see from (4.57) that p;/p; is a bounded function, terms of type (T1) and (T2) are finite for finite
time evolution. Since they themselves are bounded, they give a finite quantity when integrated
over a finite interval. On the other hand, terms of type T3 contain the quantities p;/p; which

may lead to divergences. However, upon integration in (4.74), these second derivatives of the
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triads are removed as follows:

K3 7

to t
o . d
—/ pi<&f1(p17p27]?3)>dt- (4.75)
0

to Pi Di
/ — [(p1,p2,p3)dt = = f(p1,p2,p3)
0 0

We see that both the terms on the RHS are finite, hence the terms of type (T3) also do not lead
to divergence upon integration over a finite interval.

Since these terms (T1), (T2) and (T3) individually do not lead to divergence upon integra-
tion over a finite interval, we can conclude that the integral (4.74) will also remain finite because
the integral of the absolute value of a sum of terms is less than equal to the sum of integrals of

individual terms:

b b b
/|T1+T2+...+Tn|dt§/ mde/ Dt + o+ [ T (4.76)

a

We have hence shown that the necessary conditions for existence of strong singularities are
not satisfied in the Bianchi-IX model in effective dynamics of LQC for the ‘A’ quantization
with inverse triad corrections and for the ‘K’ quantization. This means that any singularities,
if present, are of weak curvature type. We have already shown in the previous section that

geodesics can be extended beyond such events. Hence, these singularities turn out to be harmless.

4.8 Conclusion

In this chapter, we have generalized the work on generic singularity resolution in the effective
dynamics of the FLRW model [214, 266], the Bianchi-I model [217] and Bianchi-II model of the
previous chapter to the Bianchi-IX spacetime in the effective dynamics of LQC. This is a very
encouraging result for generic singularity resolution in LQC as the Bianchi-IX spacetime is one
of the most general homogeneous and anisotropic spacetime which is an important candidate for
the description of the very early universe and also models the dynamics of a general spacetime
in the approach to a singularity as per the BKL conjecture. In particular, the chaotic oscillatory
dynamics described by the BKL conjecture in the approach to a generic singularity in GR is

analogous to the Mixmaster dynamics of the approach to a singularity in the Bianchi-IX model.
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Thus the result on singularity resolution in the effective Bianchi-IX model in this chapter is a
strong indication for generic singularity resolution in LQC.

Specifically, we showed in this chapter that in the effective dynamics of the ‘A’ quantization
with inverse triad corrections, and of the ‘K’ quantization even without needing inverse triad
corrections, all the triads remain finite and non-zero for all finite time evolution which leads to
expansion and shear scalars and Hubble rates being finite for any finite time evolution. The
energy density also remains finite consequently for all finite time evolution. Analogous to the
Bianchi-II case, both, the ‘A’ quantization with inverse triad corrections and the ‘K’ quantiza-
tion, do not prevent the curvature invariants in Bianchi-IX case from diverging. However, just
like Bianchi-II case, we further showed that geodesics are well behaved when such divergences
occur and that such curvature divergent events turn out to be weak curvature singularities
beyond which geodesics can be extended.

The contrast in the ‘A’ and ‘K’ quantization in the ease of singularity resolution observed in
the loop quantized Bianchi-IT model in the previous chapter is heightened in the loop quantized
Bianchi-IX model. While in the loop quantized Bianchi-II model it was still possible to ignore
inverse triad corrections in the ‘A’ quantization and obtain singularity resolution with the help
of externally imposed energy conditions (namely WEC), this strategy is not sufficient in the
‘A’ quantization of the Bianchi-IX model. In contrast, the ‘K’ quantization leads to singularity
resolution without needing inverse triad corrections or WEC in both cases. As we discussed
at the end of the previous chapter, this shows the ‘K’ quantization to be more powerful and
apt for singularity resolution and provides a motivation for considering the extrinsic curvature
as the basis of quantization even in the full theory. Further, the results of this chapter show
that, unlike GR, energy conditions are likely to be irrelevant in obtaining generic singularity
resolution in LQC.

The classical Mixmaster dynamics of the Bianchi-IX spacetime in the approach to the sin-
gularity is characterized by a series of epochs resembling the Bianchi-I model (called Kasner
phases in this context) mediated by Kasner transitions which can be modeled as a bounce from

a potential [125]. However, our result in this chapter shows that any such singularity which is ap-
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proached in the Mixmaster dynamics is resolved in the effective spacetime. Further exploration
is needed how the Mixmaster dynamics is affected by the LQC bounce in Bianchi-IX model. It
may be that the bounce occurs at such high curvatures and densities well into Planck regime
that it is far from the classical Mixmaster epoch and leaves it unaffected. However, in this case,
it will be interesting to investigate whether the bounce is followed by another Mixmaster epoch
as the size of the universe grows and curvature decreases. On the other hand, if the bounce
occurs at relatively large volumes that it is close enough to the Mixmaster epoch, quantum
effects may modify the Mixmaster dynamics, or even lead to a cessation of the chaotic oscil-
lations caused by multiple Kasner transitions in the classical dynamics. These are interesting
questions to be explored in further investigations and are essential for a detailed understanding

of quantum dynamics near generic singularities.
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Chapter 5
Singularity Avoidance in Effective Loop Quantized Kantowski—
Sachs Cosmology

5.1 Introduction

We have considered the resolution of cosmological singularities of effective loop quantized
Bianchi-IT and Bianchi-IX spacetimes in the past two chapters in the context of the BKL conjec-
ture, and have succeeded in showing singularity resolution in the effective models for these space-
times. Together with the results on singularity resolution in effective loop quantized isotropic
[214, 266] and Bianchi-I models [217], this body of results tackles the problem of the initial
cosmological singularity in solutions of GR and is of relevance to the initial state of our own
universe. However, another type of singularity that is prominent in GR is the black hole sin-
gularity supposed to be found in astrophysical settings due to collapse of massive stars at the
end of their life cycle. As we have noted before, the interior of the static black hole solution
of GR, called the Schwarzschild spacetime, is isomorphic to the anisotropic and homogeneous
Kantowski-Sachs spacetime in vacuum. Thus Kantowski-Sachs spacetime can be studied to
gain some insights into the resolution of the black hole singularity. To this end, we will study
the loop quantized Kantowski—Sachs spacetime in this and the next chapter. We focus in this
chapter on the singularity resolution in the effective loop quantized Kantowski—Sachs spacetime
without restricting it to the vacuum case, and will specialize to the vacuum case in the next
chapter to draw conclusions about the resolution of the black hole singularity.

In the presence of arbitrary matter, the Kantowski—Sachs model is a cosmological model with
both anisotropy and spatial curvature which has an initial and a final singularity, and hence
allows us to further explore the contrast between the ‘A’ and ‘K’ quantizations as well as the ne-
cessity of inverse triad corrections in singularity resolution. Due to presence of both anisotropy

and spatial curvature in the Kantowski-Sachs model, similar problems as in Bianchi-II and

This chapter is adapted from the contents of S. Saini and P. Singh, Classical and Quantum Gravity, 33(24),
(2016), 245019 [268] with the permission of IOP Publishing Ltd. See Appendix A for the copyright permission
from the publishers.
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Bianchi-IX case are faced in obtaining an algebra of almost periodic functions by evaluating the
holonomies of the connection around closed loops [178], hence open edges have to be considered
for holonomies. Recall that in the spatially curved and anisotropic Bianchi-II and Bianchi-IX
models of the previous chapters, inverse triad corrections were seen to emerge as essential in
singularity resolution in the ‘A’ quantization. On the other hand, singularity resolution could be
obtained in both Bianchi-II and Bianchi-IX models without needing inverse triad corrections in
the extrinsic curvature based ‘K’ quantization. For the Kantowski—Sachs model, the analogues
of both the ‘A’ quantization [180] and the ‘K’ quantization [178] have been obtained. In this
regard, it is important to mention here that the symmetries of the Kantowski-Sachs spacetimes
are such that the holonomies of the Ashtekar connection and those of the extrinsic curvature
(when treated as a connection here in symmetry reduced model) along the straight edges are
identical and thus lead to qualitatively similar quantizations [178]. Thus the sharp contrast
between the ‘A’ and ‘K’ quantizations seen in Bianchi-II and Bianchi-IX models is not seen in
case of Kantowski-Sachs model. Subsequent work on the Schwarzschild singularity using the
Kantowski—Sachs model has mainly focused on improving the extrinsic curvature based quan-
tization of [178] by exploiting quantization ambiguities based on how the area of the holonomy
loops is calculated (similar to the ambiguity in the standard LQC quantization of the FLRW
model leading to the choices of p, and fi schemes as discussed in chapter 2). Note that the
quantum Hamiltonian constraint of [178] does not include inverse triad corrections, and as we
will show in this chapter working with a variant of this quantization, that singularity resolution
can be obtained in the effective theory without needing inverse triad corrections.

The original work of [178] was similar to the y, scheme of isotropic and homogeneous models
where the edge lengths of the loop were considered to be constant. The effective description
of this model was studied in [181, 269], and leads to dependence on fiducial parameters in the
physical predictions. To overcome these problems, other quantizations where the edge lengths
are functions of phase space variables have been studied [182, 221, 270, 271, 218, 222, 272].
However, imposing the physical requirements that the physical predictions must be independent

of fiducial structures can be used to rule out various of the proposed quantizations. We find that
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the Boehmer—Vandersloot quantization of [182], and the Corichi-Singh quantization of [183],
both do not have fiducial cell dependence in their final results. However, as we mentioned above,
the Kantowski—Sachs cosmology has both an initial and a final singularity. This is where one
has to be careful with the correspondence with the Schwarzschild black hole interior. The final
singularity in the Kantowski-Sachs cosmological model in the vacuum case will correspond to
the surface of event horizon if the correspondence with the Schwarzschild interior is established.
The Boehmer—Vandersloot quantization leads to the resolution of both the initial and the final
singularity. Thus, it cannot be used as a viable quantization for the black hole interior case, as
the resolution of the final singularity means the existence of unwanted quantum gravity effects
at the event horizon which can even be at very low curvatures in higher mass black holes. This
problem is addressed in the Corichi-Singh quantization [183] which is specifically tailored to
the vacuum Kantowski—Sachs model when it is seen as the interior of a Schwarzschild black
hole. However, the Corichi-Singh quantization cannot be considered for the Kantowski—Sachs
cosmology when matter may also be present as it does not resolve the final singularity. Thus,
we will work with the Boehmer-Vandersloot quantization, which in the case of Kantowski-
Sachs cosmology in presence of matter is a unique quantization that gives fiducial structure
independent predictions [218]. In this chapter, our reference to loop quantized Kantowski-
Sachs model will imply Boehmer—Vandersloot prescription. Interestingly, a loop quantization
of this spacetime, in absence of matter and also in presence of cosmological constant, results
in a singularity resolution with a pre-bounce spacetime which is a product of two constant
curvature spaces with an almost Planckian curvature [222]. An important result pertinent to
our investigations is that the expansion and shear scalars in this quantization turn out to be
universally bounded in the effective dynamics [268].

Our analysis assumes the validity of the effective dynamics in LQC at all scales. We will
see in this chapter that the effective Kantowski—Sachs spacetime in Boehmer—Vandersloot quan-
tization can be shown to be free from strong singularities without including the inverse triad
corrections. Both the initial and final singularities are removed by the quantum gravity effects

which prevent the triads and the physical volume from vanishing. There can still be some
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pressure divergences in some curvature invariants such as the Ricci scalar, the Kretschmann
scalar and the time derivative of the expansion scalar, however such divergences are harmless
as the geodesics remain well behaved at such events and they do not lead to strong curvature
singularities.

This chapter is organized in the following way. We review the classical dynamics of the
Kantowski—Sachs model in terms of symmetry reduced Ashtekar variables in section 5.2. In the
next section, we describe the dynamics of the effective Kantowski—Sachs spacetime in Boehmer—
Vandersloot quantization. Using the effective equations of motion we restate the results on
boundedness of the Hubble rates, the expansion scalar and the shear scalar obtained in [218].
We go further than previous investigations in this section to show that the triad variables remain
non-zero and finite for finite time evolution, hence the spatial volume and the energy density
also remain well behaved. We further show that some curvature invariants can still diverge in
the effective dynamics. In section 5.4 we compute the geodesics and analyze their behavior in
effective dynamics. We find that the geodesics remain well defined in the effective spacetime.
Further, in section 5.5, we show that the effective spacetime is free from any strong curvature
singularities, hence the above mentioned divergences in some curvature invariants turn out to

be harmless. We conclude this chapter in the final section.

5.2 Classical dynamics of Kantowski—Sachs spacetime

This section outlines the classical dynamics of the Kantowski—Sachs spacetime in terms of
Ashtekar variables. The Kantowski—Sachs spacetime can be foliated by homogeneous spatial
slices of topology R x S%. The homogeneity of the spatial slices can be used to obtain a simple

form for the Ashtekar variables as follows [178]:

Alrida® = éryda + bradf — bry sin 0de + 75 cos 0dg | (5.1)

E;lnaa = P738in00, + Py sin 00 — py110, . (5.2)
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The spacetime line element can be expressed in terms of the symmetry reduced triads p, and p,

as follows:
ds* = =N?dt* + gueda® + gag (d6° + sin® 6d¢?) . (5.3)
where
b’
Jax = pTa and gaon = |]5c| (54)

The modulus sign arises due to two orientations of the triad. Since the matter considered in
this analysis is non-fermionic, we can work with only symmetric wave functions which are eigen
functions of the parity operator without any loss of generality. Thus, we can fix one orientation
for the triads as changing the orientation leaves the wave functions invariant. In the following,
the orientation of the triads is chosen to be positive without any loss of generality. Since the
spatial slices are non-compact in z-direction, we restrict integrations along z-direction to a

fiducial length L, in order to define the symplectic structure. The Poisson brackets are:

{650} = Gv/Lo, {65} = 267/Ls. (5.5)

We rescale the triad and the connection to make the symplectic structure independent of the
fiducial parameter L,:

b= LoPp, Pe=Po, b=10, ¢ = Ly¢. . (5.6)

The non-vanishing Poisson brackets between these new variables are given by,

{bapb} = 077 {Capc} = 2G7 (57)

Using these phase space variables, the classical Hamiltonian constraint can be written as

(choosing lapse N = 1):

Do

V/Pe

1
Ha = —=—— |2bcy/pe + (0> +77)

4 Py - 5.8
2G? + 47py\/Dep (5.8)
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Here p = H,,/V is the energy density, and V' = 47p,\/p, is the physical volume of the fiducial

cell. The energy density on the constraint surface is given by the vanishing of the Hamiltonian

1 2% 0 1
p= (—C+ + ) (5.9)

RA\V06  V*pe  De

constraint as follows,

We can see that the energy density diverges if the triad variables vanish or the connection
variables diverge. This can happen at the cosmological singularity in the classical dynamics
when the volume of the hypersurfaces vanishes. The time evolution of phase space variables is

given by the equations of motion:

by = —nya;)d = % (c\/p_c—i— \b/’;ic) , (5.10)
Pe = —2Gva;id = %Qb\/ﬁc, (5.11)
b = Gya(;;;l = 27—\/1270 (0* +9%) + 47 Gy+/pe (p +pbg—;), (5.12)
¢ = 2G7%7;:1 = 7?/170 (bc — (b* +77) ;—;) + 47TG7\Z/);_C(,0 + 2pcg—]i) . (5.13)

Let us consider the expressions of some curvature invariants. The expansion scalar 6 is given

by
HZZ:@+ Pe
V Do 2pc

(5.14)

2

and the shear scalar ¢ expressed in terms of the directional Hubble rates H; = ,/gii //Gii 18

given by

Pe Do

1y LN? 1 (B B
2 _ — H, — =0 — (£ _ 2 . 5.15
773 ; < 3 3 (5.15)
The Hubble rates, the expansion and the shear scalars depend only on the triads and their first

time derivatives. The time derivative of the expansion scalar is given by,

. . . 2 . 2

© Db DPe Db 1/ pe

==+ —(—) ——(—), 5.16
Py 2D Db 2\ pe (5.16)

which also depends on the accelerations p;. Similarly, the components of the Riemann tensor,
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the Ricci scalar, the Kretschmann scalar and any other curvature invariant obtained from the
second derivatives of the metric will also depend on the accelerations p;. As an example, the

Kretschmann scalar is given as follows:

. 2 P . 2 . . 2 .
K = 6 (@&) _gPepels (@) et <p_> _ yPobe
Po Pe Db Pc Db Po Py \Pc Db Pc
By (0N, pobeie | T (D)L (B L
gt <_C) 4qtblele | © (_C) +92 (_C> -
Py \Pe PoPePe 2 \De pe) De
b\ 4, (B
—5 (—) —+ 5 +3 (—) : (5.17)
Pe Pe Pe Pe
It is evident that these curvature invariants diverge at the classical cosmological singularity
where the triads vanish and the ratios p,/p, and p./p. diverge. Other type of divergences could
occur even if the triads and their first derivatives are finite if the matter content is such that
the terms dp/dp, or Op/Op. diverge, as these can cause divergences in the connection variables
and the second time derivatives of the triads. We will see in section 5.5 that the second type of
divergences turn out to be weak singularities. However the cosmological singularity is a strong

singularity, which will be resolved in the effective dynamics. We study the effective dynamics of

the Kantowski—Sachs model in the next section.

5.3 Effective dynamics of the Kantowski—Sachs spacetime

As we discussed in the introduction, various quantizations have been proposed for the
Kantowski—Sachs spacetime in the literature, some of them specifically suited to the vacuum
Kantowski—Sachs spacetime when it is seen as the black hole interior. However, we are consid-
ering the Kantowski—Sachs cosmology with arbitrary minimally coupled matter in this chapter
and will be considering the Boehmer—Vandersloot quantization which is free from fiducial cell

dependence. The effective Hamiltonian constraint in this case is given by [182]:

c : : : AN
= _QZZ\W/Z 2 sin(bdy) sin(cd,) + sin?(bdy) + vpc + 4mpy\/Dep (5.18)
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where

/A VA
Sy =12, 5, = Y2Le (5.19)
Pe Do

Let us first look at the effective equations of motion obtained for the triad and the connection

variables. Using the above Hamiltonian, we obtain the following equations:

by = eSO o eh.) + sin(bdy) (5.20)

. 2p.
DPe =
VA

T . \/E . . ) 72A
b = 24 2in(bdy) sin(cd,.) + sin®(bdy,) + o

sin(bdy,) cos(cd,), (5.21)

CPc

_|_
Y \/Zpb

0
sin(bdy) cos(cd.) + %Jpj(p + pba_lfb) (5.22)

and

A
{2 sin(bdy) sin(cd,) + sin®(bdy) + 1 }

I

29A\/Pe De
c . bpy
sin(bdy) cos(cd.) +

’)/\/Z ( b) ( ) ’7\/Z .
YPo | KY Do 3/))

+ 4+ — + 2p.— |. 5.23
VPe 2 \/De (’0 P Ipe (5.23)

cos(bdy) (sin(cd,.) + sin(bdy))

Note that the ratios of the first derivatives p./p. and py/p, are now bounded which means
the Hubble rates are bounded. It had been noted in [218] that unlike the classical dynamics,
this means the expansion and shear scalars turn out to be bounded in this case. The expansion

scalar is given by

1
0 = (sin (b6y) cos (¢6..) + cos (bdy) sin (¢d..) + sin (bdy) cos (b)) , (5.24)
VA
and the shear scalar is,
o’ ! (2sin (bdy) cos (¢de) — cos (bdy) (sin (cde) + sin (bdy)))* (5.25)

T 37A
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both of which are universally bounded in the effective dynamics due to quantum geometry effects
incorporated in the effective dynamics.

We follow the strategy pursued in chapters 3 and 4, and show that the triads remain finite
and non-zero in all finite time evolution. Suppose p, and p. have some non-zero finite initial

values p) and p? at some initial time ¢,. Then from (5.20), we get

y(t) = p) exp {%/Z /to t cos(bdy) (sin(cac) + sin(bab)) dt} : (5.26)

Since | cos(bdy)(sin(cd.) + sin(bdy))| is bounded, the argument of the exponential remains finite

for a finite time integration. Hence, we have:

0 < py(t) < o0 (5.27)
for any finite time evolution. Similarly, using (5.21), we can show that

0 < pe(t) < oo (5.28)

for any given finite time evolution. Hence the triads py, p. and the volume V = 4mpy\/pec
remain finite and non-zero for any finite time evolution. We can use this to further show that
the energy density does not diverge in any finite time evolution. The energy density on the

constraint surface is given by the vanishing of the Hamiltonian constraint:

2
2 sin(bdy) sin(cd,) + sin?(bdy) + ra

_ 2
T A Pe (529)

Hence the energy density remains finite by virtue of (5.28) and (5.27) for any finite proper time.

Note that these results are obtained in the effective dynamics of Kantowski—Sachs spacetime
without the need for inverse triad corrections or WEC. This is in contrast with what happened
in the effective dynamics of the Bianchi-II and Bianchi-IX model in the ‘A’ quantization as

noted in previous chapters. As mentioned above, the holonomies of the Ashtekar connection
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and the extrinsic curvature along straight edges are identical in Kantowski—Sachs model due to
symmetries of the spacetime [178]. Thus the ‘A’ quantization of the Kantowski-Sachs model
is analogous to the ‘K’ quantization considered in this chapter. And the ‘K’ quantization,
as borne out by our analysis of the previous two chapters, can produce singularity resolution
without requiring inverse triad modifications. Thus the intuition about the necessity of inverse
triad corrections in the ‘A’ quantization in the presence of anisotropy and spatial curvature
seems to be contradicted by the Kantowski—Sachs model. However, this is only due to special
symmetries of the Kantowski—Sachs model and we would expect, based on the trend of the
last two chapters, that inverse triad corrections will be needed in generic spacetime in the ‘A’
quantization when both anisotropy and spatial curvature are present and special symmetries of
Kantowski—Sachs model are not available.

Analogous to the Bianchi-II and Bianchi-IX cases considered above, some curvature in-
variants can still diverge in the effective dynamics of the Kantowski-Sachs spacetime. These
divergences come from the second time derivatives of the triads, on which the components of

the Riemann tensor depend. A straightforward calculation yields:

cos(bdy) cos(cd,)  cos?(bdy)
T
Pe 72A
At (epe —

_72\/Z -

+2 <2pc@ cos(bdy) cos(cd.) — pb@ sin(bdy) sin(cd..) + pb@ cos(2b(5b))
8pb apb

(sin(bdy) + sin(cd,))?

Py = pb[

bps) cos(cd,) (sin(céc) + Sing(b5b)>

2 Ipe
(5.30)
and
in(bdy) sin(cd, 4sin2(bs 2(¢8,
5 = pcl_zsm( p) sin(c )+ sin®( b2) cos?(cd..)
De Y A
+724;Z (cpe ‘; bps) sin(2b6,) (1 + sin(bdy) sin(céc))
+kK @ cos(bdy) cos(cd.) — 2 @ sin(bd,) sin(cé,) (5.31)
Po Er b c Pe ap. b . . .
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The divergences in expressions above could arise from the factors (cp.—bpy) if the connection
variables diverge, and/or from terms with dp/0dp, and Op/Op.. Let us first consider the term

(cpe — bpy). The time derivative of (cp. — bpy) is given by

d VP dp dp
= (epe — bpy) = el — 2t )
dt(CP Db) B + G7V< D o, pbf)pb

In eq. (5.32), first term on the R.H.S is finite due to (5.27) and (5.28). The second term
depends on the matter content and vanishes for matter with vanishing anisotropic stress. Inte-
grating the right hand side, we see that the quantity (cp. — bp,) may diverge if the derivatives of
the energy density with respect to triads diverge. Otherwise (cp.—bp,) will be finite at any finite
past or future time. Hence, we conclude that the some curvature invariants may still diverge in
the effective dynamics. The divergences come from the terms dp/dp, and 0p/0p,.. Since energy
density is always finite for any finite time, this will only happen if we have matter with an
equation of state which has divergent triad derivatives of energy density while energy density is
finite. We refer to these divergences as pressure divergences because in the case of matter with

vanishing anisotropic stress, the energy density is a function of the volume only and we have

dp dp
Py =205 =—p— P, 5.32
apb apc ( )
where P = —% is the pressure. As we will explore in the proceeding sections, these di-

vergences in curvature invariants can only lead to weak curvature singularities and all strong

curvature singularities are absent in the effective dynamics.

5.4 Geodesics

We noted in the previous section that the curvature invariants are generically bounded
in effective dynamics except for very specific type of pressure singularities. This means that
there may be potential singularities in the effective spacetime description of Kantowski—Sachs
spacetime. In this section we analyze the behavior of geodesics at such potential singularities

in the effective dynamics.
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For the metric of the Kantowski-Sachs spacetime (5.3), the geodesic equations yields the

following second order equations:

(gzo’) =0, (ga sin®(0)¢') = 0, (5.33)
(gaat) = gaqsinb cos ¢, (5.34)
and
Iy /2 / 12 c 2 /2
—2t't" = g, 2" + goa (0" 4 sin” 0¢") . (5.35)

Here prime denotes derivative with respect to the affine parameter. Recall that the functions
gz and goq are related to the triads p, and p. via eq.(5.4).

To find the solutions, we notice that one can rotate angular coordinates in such a way that
initially when affine parameter 7 = 0, 6(0) = 7/2 and ¢'(0) = 0. Then 6(7) = 7/2 for all 7 is a
solution of the above 8 geodesic equation with these initial conditions. Due to the uniqueness of
solutions of second order differential equations with given initial conditions, this is the unique
solution. Therefore, we will assume that § = 7/2 hereafter. Using this result, the solutions to

the remaining geodesic equations in x, ¢ and ¢ are:

C, C
I‘, g —7 gzsl _— —¢ > (536)
Gax gan
and
cz  C2
2=t —= 4 -2 (5.37)
Grx [¢/9]¢)

Here C, and Cj are constants of integration, and e = 1 for timelike geodesics and € = 0 for null
geodesics. If we are considering the timelike geodesics of comoving observers, then t itself is the
affine parameter, and is called the proper time in this case.

In classical GR, the geodesic equations break down if either g,, or gog, which depend on
the triads through expressions (5.4), vanishes at a finite value of the affine parameter. This is

certainly the case for the classical cosmological singularity in the Kantowski—Sachs spacetime
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which results in geodesic incompleteness. However in effective dynamics, both g,, and gaq
remain finite and non-zero for all finite time evolution due to the bounds on the values of
pp and p. given in (5.27) and (5.28). Hence the equations (5.36) represent a system of first
order linear ODEs with bounded coefficients, which means that their solutions are maximally
extendable. This implies that the geodesic evolution never breaks down in effective dynamics
in loop quantized Kantowski—Sachs model. For any finite time evolution, effective spacetime is
geodesically complete. This is a strong indication that the above mentioned pressure divergences
in curvature invariants are harmless. We solidify this intuition in the next section where we show

that there are no strong singularities in the effective Kantowski—Sachs spacetime.

5.5 Lack of strong singularities

For the analysis of strength of singularities, we use the criterion described in chapter 2.
Recall that a strong singularity is defined as one which crushes all infalling objects to zero
volume irrespective of their properties. The precise formulation of this is given in chapter 2
based on the works of Ellis and Schmidt [224], Tipler [229], Clarke and Krolak [230]. The
necessary conditions provided by Krolak for a singularity to be a strong curvature singularity

require that the integral,

-

K= [ drin(), (539
of the Riemann tensor components does not converge as the singularity is approached along a
non-spacelike geodesic. That is, if there is a strong curvature singularity in the region, then for a
non-spacelike geodesic running into the singularity the following necessary condition is satisfied:

lim K! — oo (5.39)

T—To J

where 7, is the value of the affine parameter at which the singularity is located.
We have argued above that the Riemann tensor is obtained from the second derivative of

the metric, hence contains the second time derivatives of the triads at most. For example, the
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Riemann tensor components for the metric (5.3) for comoving observers are given by:

1 _ 2
Ry = GeaRiy

(@G -G ) ) e

Ry, = sin®0Rgy = pesin® R}y = pesin® 01y,
. 1/p\> 1(p
= pesin®f| (=) — (= Al
Pe Sin A vl (5.41)
2 s9ap2 . Pep3 0 Pe opa
Ry = sin"0R30 = ———Ro3 = ——— Ry
o[l pb> (p) 1(@)1
2
= —pesint O S( = J{ =) —2(=] |, 5.42
|:2(pb Pe 4 Pe ( )
pe (D)’
Ri; = _Sin29R§43:_Sin29[1+Zc(_C) } . (5.43)
De

Note that the factors of sin?# can be ignored in this analysis, as we can always choose 6 = 7/2
along our geodesics as discussed in the previous section. Considering the timelike geodesics
of the comoving observers, note that the affine parameter for the comoving observers is the
coordinate time t. Now we use the familiar reasoning used in previous two chapters here. The

Riemann tensor components are made up of sum of terms of the following types:

T1) Terms of type (g—z) (%)f(pb,pc) where 7,5 € {b, c}.

pi

T2) Terms of type (’ﬁ>f(pb,pc), where i € {b, c}.

First note that the integral in (5.38) involves an integral of the absolute value of Riemann
tensor components, and in turn each Riemann tensor component is a sum of several terms. Since
the integral of the absolute value of a sum is always less than or equal to the integral of the
sum of the absolute value of each term, for our purposes it would suffice to look individually at
the integrals of the absolute value of each term separately. So we consider the different types of

terms present in the Riemann tensor components mentioned above one by one.
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We note that all the factors in terms of type (T1) are bounded for finite time evolution in
the effective dynamics. Hence the integral (5.38) for terms of type (T1) does not diverge if the
said singularity is reached in a finite proper time.

Now consider the terms of type (T2). These contain the second derivatives of the triads p;/p;
which were shown to diverge in the effective dynamics due to pressure divergences. These are the
potentially problematic events. However, upon integration in (5.38), these second derivatives of

the triads are removed as follows:

(Gt ) (549

The derivative % f1(pw, pe) gives a factor of type (T1). So we see that the above integral does

to .
/ & (pb,pc)dt=&f(pb7pc)
0

2 K3

not diverge in integration over a finite interval as both the terms on the RHS are finite. Since
both types of terms (T1) and (T2) individually do not lead to divergence upon integration over
a finite interval, we can conclude that the integral (5.38) will also remain finite. Hence the
necessary conditions for the existence of strong singularities are not satisfied in the effective
Kantowski—Sachs spacetime. There can still be pressure divergences in the curvature invariants
in finite time evolution, but we showed above that these divergences are harmless as geodesics
remain well defined at these events and they do not lead to strong curvature singularities. All
strong curvature singularities including the cosmological singularity are resolved in the loop

quantized effective continuum spacetime (in the Boehmer—Vandersloot quantization).

5.6 Conclusions

Our goal in this chapter was to probe the issue of singularity resolution in effective Kantowski—
Sachs spacetime with minimally coupled matter in LQC using the Boehmer—Vandersloot pre-
scription. The choice of Boehmer—Vandersloot quantization is explained above, as this is a
unique quantization of the Kantowski-Sachs model in the presence of matter which gives pre-
dictions independent of fiducial structures and also resolve both the initial and future singularity
which are present when matter is included. This is in contrast to the Corichi-Singh quantization

which is also fiducial structure independent, but is specifically tuned to the Schwarzschild interior
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case, and does not resolve the future singularity. We further note that the Boehmer—Vandersloot
quantization is an improved dynamics (i.e. & scheme) inspired version of the extrinsic curvature
based quantization of the work [178]. Further, due to the symmetries of the Kantowski-Sachs
spacetime, the ‘A’ quantization in this case is qualitatively similar to the ‘K’ quantization [178],
thus the qualitative conclusions obtained in the ‘K’ quantization are valid for the ‘A’ quantiza-
tion (obtained in [180]) of Kantowski—Sachs model as well.

Previous investigations in this direction had shown that the expansion and shear scalars are
generically bounded in the effective dynamics [218] and the cosmological singularity is shown
to be replaced by a bounce using numerical methods [222]. It was shown using numerical tech-
niques in these investigations that dynamical bounds exist on energy density in loop quantized
Kantowski—Sachs model. In this chapter, we have provided analytical proof that the energy
density remains dynamically bounded for any finite time evolution due to bounds on the triad
variables themselves in the effective dynamics. This approach was needed to prove generic res-
olution of strong singularities. We showed that the volume of the spatial slices never vanishes
or diverges in finite time evolution.

Even though some curvature invariants were found to contain certain pressure divergences,
it was shown that the effective spacetime is geodesically complete and the geodesics remain well
behaved at the said pressure divergences if they occur in any finite time evolution. Further, the
necessary conditions for the existence of strong singularities (such as the classical cosmological
singularity) are not satisfied in the effective dynamics obtained from loop quantization. Thus we
conclude that the effective Kantowski—Sachs cosmology with arbitrary matter is free from strong
singularities in the Boehmer—Vandersloot quantization. This extends the results on singularity
resolution in the effective spacetimes of the isotropic, Bianchi-I, Bianchi-IT and Bianchi-IX mod-
els. We emphasize that these results are obtained in the extrinsic curvature based quantization
of Kantowski—Sachs cosmology without considering the inverse triad corrections or imposing the
WEC. Due to the equivalence of the holonomies of the Ashtekar connection and the extrinsic
curvature in Kantowski—Sachs model, these conclusions also hold for the ‘A’ quantization of the

Kantowski—Sachs model. Thus, special symmetries of the Kantowski-Sachs model allow us to
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ignore the inverse triad corrections even in ‘A’ quantization contrary to the intuition from the
last two chapters. However, since such a scenario may only occur in the presence of special sym-
metries, we expect that inverse triad corrections will be indispensable for singularity resolution
in the ‘A’ quantization in generic spacetimes as indicated by the analysis of the previous two
chapters.

In the next chapter, we will focus on the vacuum Kantowski—Sachs model as the Schwarzschild
interior. As we have already mentioned, the future singularity in the Kantowski—Sachs model
in this case corresponds to the surface of the event horizon of the corresponding black hole.
Since the event horizon of a large black hole can be at very low curvatures, quantum gravity
modifications are not expected in general at the horizon. Thus the Boehmer—Vandersloot quan-
tization of the present chapter is not viable in that case. We will work with the Corichi-Singh
quantization [183] that is tuned to the black hole interior case and does not yield modifications

at the event horizon, and also yields results independent of the fiducial structures.
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Chapter 6
Symmetric Bounce in Effective Loop Quantized Black Hole
Spacetimes

6.1 Introduction

In this chapter, we study the static black hole solution and assume that for the physics of
singularity resolution, it is sufficient to consider the Schwarzschild interior region containing the
singularity trapped by the event horizon. As discussed previously, the Schwarzschild interior is
isomorphic to the vacuum Kantowski—Sachs spacetime. As we have mentioned in the previous
chapter, the quantizations of the Kantowski-Sachs model are based on the primary work [178§]
and differ mainly in the choice of the edge lengths (denoted J, and . in the previous chapter)
along which the holonomies of the connection (or the extrinsic curvature) are constructed. In
works [178, 180], the edge lengths have been taken to be constants on the phase space, similar
to the approach in the p, quantization of the FLRW model [123], and the corresponding effec-
tive dynamics was studied in [181, 269]. Even though the singularity is replaced by a bounce
in this scenario, recent studies [183, 223] showed that the physical predictions in this case are
dependent on the fiducial structure and large quantum corrections are also predicted in low
curvature regime near the black hole horizon. A slightly different approach than [178, 180] is
employed in [190] which also uses a p, type approach and hence suffers from the same shortcom-
ings. Considering these shortcomings and taking inspiration from the i type improved dynamics
scheme of the FLRW model [80], quantizations of the Kantowski-Sachs model involving the edge
lengths as functions of phase space variables were considered [182, 221, 270, 271, 218, 222, 268|
in which, instead of being constants, the edge lengths evolved along the phase space trajecto-
ries. Some of these introduced matter and were focused on studying singularity resolution in
the Kantowski—Sachs cosmology. Although these quantizations resolved the problem of fiducial

structure dependence in physical predictions, when applied to the Schwarzschild interior, they

This chapter is adapted from the contents of J. Olmedo, S. Saini and P. Singh, Classical and Quantum Gravity,
34(22), (2017), 225011 [273] with the permission of IOP Publishing Ltd. See Appendix A for the copyright
permission from the publishers.
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still suffered from the drawback of large quantum corrections at the horizon. The central singu-
larity is also resolved in this approach. As we explained in the previous chapter, when seen from
the point of view of Kantowski—Sachs cosmology in the presence of matter, the position of the
horizon corresponds to a future cosmological singularity where energy density, expansion and
shear scalars and curvature invariants diverge in the classical description, and the resolution of
this singularity is desirable from the point of view of Kantowski-Sachs cosmology. However, in
the vacuum Kantowski—Sachs model seen as the Schwarzschild interior, the horizon only corre-
sponds to a coordinate singularity where the curvature invariants are regular except expansion
and shear scalars which are ill-defined at the horizon. The quantization of the previous chapter
is tuned to the case where matter is present, and is not able to distinguish the coordinate singu-
larity in the vacuum case from a real singularity and leads to large quantum gravity effects at
the horizon in order to cure the singular behavior of the expansion and shear scalars. For large
mass black holes, the horizon could be at a very low curvature, thus the above mentioned large
quantum effects at the horizon are undesirable when a correspondence with the Schwarzschild
interior is established. Due to this reason, the ji type quantizations of the Kantowski-Sachs
model such as the one used in previous chapter are not suited to be applied to the Schwarzschild
interior problem.

As hinted in the previous chapter, a third approach to the quantization of the vacuum
Kantowski—Sachs model specifically suited to the Schwarzschild interior has been devised, which
can be thought of as an intermediate between p, and i1 type quantizations, and was first consid-
ered in the CS (Corichi-Singh) quantization [183], then in the OSS (Olmedo—Saini-Singh) quan-
tization prescription [273] (on which this chapter is based) and recently in the AOS (Ashtekar—
Olmedo—Singh) quantization prescription [223]. In this approach, the edge lengths §, and .
are functions of phase space variables which remain constant along any phase space trajectory,
but may vary from one trajectory to another. In other words, they are the so called Dirac
observables, i.e. functions of the phase space variables which commute with the Hamiltonian
constraint. So they are not necessarily constant on the whole phase space, but remain invariant

along a given phase space trajectory (Note that ¢, and J. are also Dirac observables in the y,
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inspired quantizations but they are trivial Dirac observables which remain constant on the whole
phase space). Both the shortcomings of the fiducial structure dependence and large quantum
effects at horizon are resolved in these quantizations, while the central singularity is resolved
and replaced by a bounce. The von-Neumann analysis of the CS quantization also establishes
the agreement with classical GR in the low curvature limit [274]. We will focus on the OSS
quantization prescription in this chapter, which is a modification of the CS quantization, and
compare it with the AOS quantization prescription wherever possible.

The analysis of the effective dynamics of the CS quantization shows that the central sin-
gularity is replaced by a quantum bounce connecting the Schwarzschild interior trapped by the
black hole event horizon to an anti-trapped region on the other side called a Schwarzschild white
hole [183]. However, the bounce in the CS quantization is highly asymmetric and the mass of
the white hole in general turns out to have a quartic dependence on the black hole mass. This
is hardly surprising as the asymmetric nature of the bounce in anisotropic models is borne out
by the results in other anisotropic models such as Bianchi-I model where the bounce leads to
a Kasner transition in general [247], or the Kantowski-Sachs cosmology with matter in the
Boehmer—Vandersloot quantization where the bounce leads to a product of constant curvature
spaces mimicking the charged Nariai spacetime [222]. However, various phenomenological stud-
ies of black hole singularity resolution assume a symmetric bounce in the Schwarzschild interior.
For instance, a symmetric bounce is assumed in the quantum gravitational regime in various
phenomenological models of gravitational collapse (see e.g. [275, 276, 277]) and on black hole to
white hole transition (see e.g. [278, 279, 280, 281, 282]). Thus a pertinent question is whether a
symmetric bounce is possible in the loop quantized Schwarzschild interior. The main objective
of our analysis in this chapter is to investigate whether a symmetric bounce is possible in the
CS quantization, or with a slight modification of this quantization. This chapter is based on the
OSS quantization prescription [273], where a symmetric bounce condition was obtained for the
black hole interior and various quantization prescriptions satisfying this condition were obtained
by modifying the CS scheme. We note that problems with both CS and OSS quantization pre-

scription were discovered later- namely in the behavior of the curvature at bounce [223]. In the
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CS case, the curvature at bounce decreases as we consider larger mass black holes, leading to
a bounce at low curvatures in large mass black holes. This problem is overcome in the OSS
scheme, but the OSS scheme does not lead to universal bounds on the curvature at the bounce.
The AOS quantization prescription, which borrowed ideas from both the CS scheme and OSS
scheme, resolves these problems by fixing the edge lengths using loops at the transition surface
between the black hole and white hole regions. Universal bounds are obtained on the curvature
at the bounce. Although the bounce is not exactly symmetric in the AOS quantization pre-
scription, it becomes almost symmetric for black hole masses larger than few hundred Planck
masses, and is indistinguishable from an exactly symmetric bounce for astrophysical mass black
holes.

In this chapter we focus on the OSS scheme, which forms an important stepping stone for
the AOS quantization prescription. To begin with, we note that the present model, described
within either GR or the effective dynamics of LQC considered here, is characterized by a dy-
namics admitting solutions in closed form. In other words, this model is integrable (or explicitly
solvable). But let us here recall that in general totally constrained theories, unfortunately, we
lack an external absolute time such that a global and well-defined evolution can be constructed.
Instead, the evolution is not absolute but relational. This means that one must choose a phase
space function as time variable (and/or spatial coordinates in presence of spatial diffeomorphism
constraints). In previous chapters, we have chosen the proper time as the time coordinate and
have not specified which function of phase space variables it is. In principle, it could be a compli-
cated function of the phase space variables. However, in the present chapter, since we can easily
identify Dirac observables of the system, it allows us to make our choice of time as a function of
phase space variables much more transparent. This idea of physical clocks has been discussed
in the sense of evolving constants of the motion by Rovelli [283, 284]. There, one defines the
evolution by means of parametrized observables: uniparametric families of Dirac observables
providing the notion of time evolution. These ideas are of special interest in the context of the
quantization of totally constrained theories, given the role played by Dirac observables in order

to construct the physical Hilbert space [285, 286], like GR. In this context, further develop-
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ments have been carried out in order to identify classical (partial) Dirac observables [109, 110]
and various applications have been studied [287, 115, 288, 289].

With this in mind, the strategy that we will adopt in our analysis, as starting point, is
to identify (weak) Dirac observables (constants of the motion on shell) and their conjugate
momenta. This serves two purposes. On the one hand, to identify a condition for symmetric
bounce in terms of geometrical clocks, and, on the other hand, to lead us to a reduced phase space
description of the model. Reduced phase space description gives the evolution on the constraint
surface by a reduced Hamiltonian free from constraints. Quantizing this constraint free version
of the model is relatively easier and can be used to provide an alternative quantization of the
model. A primary step in our analysis is to carry out a canonical transformation from the old
Ashtekar—Barbero variables to the Dirac observables. We then proceed with the study of the
dynamics. For the latter one can either choose a lapse function and then solve the equations
of motion or, equivalently, one can implement a suitable gauge-fixing condition in this gauge
system and solve the dynamics of the reduced Hamiltonian. In general, the conjugate variables
to the weak Dirac observables provide a natural internal geometrical clock (or physical time),
since they are usually well behaved monotonic functions on the phase space. We can then obtain
the dynamical equations for the triad and connection variables as a function of our choice of
time.

The symmetric bounce condition turns out to be an equation that needs to be satisfied by
the edge lengths 0, and ¢, and we show that this condition is not satisfied by the choice of edge
lengths of the CS quantization. However, it is possible to generalize the CS choice using two
parameters o and [ in order to accommodate the symmetric bounce condition. It is important
to note here that the CS quantization, the Hamiltonian constraint is quantized by fixing a value
of the black hole mass and the corresponding difference equation and its effective dynamics is
obtained. In contrast, our analysis in this chapter is at the effective level and relies on assuming
the validity of the effective dynamics. We consider three different choice of the parameters o
and  in this chapter that satisfy the symmetric bounce condition and study their dynamics

using numerical simulations. Even though symmetric bounce is obtained for all three choices,
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the study of the dynamics reveal important differences between the choices and a comparison
with the CS and the AOS schemes is drawn. We discover from studying the properties of the
Kretschmann scalar at the bounce that in the choice 1, curvature at the bounce can be very low
for large mass black holes leading to large quantum effects at low curvatures. This is also one of
the shortcomings of the CS quantization as pointed out in [223]. In choices 2 and 3, we do not
have the problem of large quantum effects at low curvatures as the curvature remains Planckian
at the bounce. However, unlike the AOS quantization prescription and various other LQC
models where universal bounds on curvature invariants are obtained in the quantum dynamics,
the curvature at the bounce in choices 2 and 3 depends on the mass in the large mass limit and
can grow unboundedly as the mass increases. Nevertheless, our analysis in this chapter provides
a method for obtaining an exactly symmetric bounce which can be applied to other LQC models
where an asymmetric bounce is obtained.

Further we note that our approach to the black hole singularity is based on considering
the correspondence of the Schwarzschild interior spacetime with the vacuum Kantowski—Sachs
spacetime which leads to homogeneous spatial slices where the already developed techniques of
LQC can be used. However, the black hole singularity has also been studied using spherically
symmetric midi-superspace approach [128, 252, 191, 290, 291, 196, 197, 292, 293|. Unlike homo-
geneous models, the algebra of constraints is not a true Lie algebra which poses problems similar
to the full theory in implementing the quantization program. In the above mentioned works,
this issue has been overcome for the Schwarzschild spacetime by suitably modifying the Hamil-
tonian constraint and singularity resolution is obtained in the resulting quantization. Further,
unlike the static black hole scenario considered in our approach, quantizations of collapsing dust
shells have also been studied in the midi-superspace approach as a first step towards studying a
dynamical collapse in quantum gravity [294, 295]. Recently, there has been progress in obtain-
ing the effective Hamiltonian for the Schwarzschild spacetime directly from the full theory by
symmetry reduction at the quantum level using semi-classical states [296]. Thus our approach is

a conservative one studying only the static black hole scenario by exploiting its correspondence
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with the vacuum Kantowski—Sachs model to gain insights into potential phenomenological as-
pects of the resolution of the central singularity.

This chapter is organized as follows. In Sec. 6.2 we begin with an outline of the classical
Hamiltonian constraint in terms of symmetry-reduced connection and triad variables and after
identifying two (weak) Dirac observables we rewrite the Hamiltonian constraint in terms of
the latter. Then we perform a gauge fixing which identifies an internal clock. In Sec. 6.3
this exercise is repeated for the effective Hamiltonian constraint of the loop quantization of
the Schwarzschild interior based on the analysis of Ref. [183]. The Dirac observables and the
internal clock identified in the effective spacetime description yield the ones in the classical
theory when the quantum discreteness vanishes. In Sec. 6.4 we identify the condition to obtain
the symmetric bounce in the black hole to white hole transition. We show that this condition can
not be satisfied for any real mass for CS quantization, but can be satisfied if modifications are
made to the assignment of the minimum area of the loop over which holonomies are considered.
Three such choices of modifications are considered, along with choice 0 corresponding to CS
construction. These choices are parameterized through two parameters o and § whose values
can be fixed given the initial black hole mass. We then discuss numerical results from various
choices which provide insights on the properties of the symmetric bounce obtain from each choice
and compare it to the CS quantization and the AOS quantization prescription. We summarize

our findings in Sec. 6.5.

6.2 Classical setting

In order to describe the interior of a black hole in real Ashtekar—Barbero variables we adopt
the symmetry reduction of [178], such that the spatial slices are compatible with the Kantowski—
Sachs symmetry group G = R x SO(3).! However, there is a subtle difference from the treatment
of Kantowski—Sachs cosmology considered in the previous chapter. As pointed out in the CS

quantization [183], while the fiducial metric on the 2-spheres is considered to be a unit sphere

IThere, the invariant connection and triad lead to a vanishing diffeomorphism constraint, while the Gauss
constraint remains nontrivial. However, we impose this constraint by first identifying suitable phase space
functions that commute with it, and either carrying out a canonical transformation that splits the phase space
between gauge invariant and pure gauge variables or by introducing a gauge fixing [178].
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in the treatments of Kantowski-Sachs cosmology, in order to establish the correspondence with
the Schwarzschild interior, the fiducial metric must contain a length scale provided by the area
of the horizon of the black hole being considered. Thus the area of the fiducial sphere turns out

to be equal to the area of the horizon. The fiducial metric is taken to be:

ds? := da? + r2(d6? + sin® 6d¢?), (6.1)

where 4772 is given by the area of the horizon. The connection and the densitized triad take

the form [183]:

AzTidxa = &rydr + bro7pdd — b7, 7y sinf de + 73 cos 0 dg, (6.2)
and

EaTii—_TQT sj119——|—_7’7'SiIlQ——_TT3 <63)

i 6I’a—pco3 or PvTo T2 90 pbola¢7 '

where z € [0, L,], 6 and ¢ are the typical angular coordinates of the two-sphere of unit radius.
Finally, 7, = 2GM (Schwarzschild radius), and (b, p,) and (¢, p.) are the coordinates of the
reduced phase space of this system.
The spacetime metric in terms of the triads is given by
ds? = —N2dt* + ]5_2 dz? + |pe| r? (d6? + sin? 6 d¢?). (6.4)

|Pe|

We then choose the triad components p, and p. to be dimensionless, and such that p,. is equal

to unity at the horizon. The canonical Poisson brackets, respectively, are

_ 2Gy z Gy
{Cvpc} = L0Tg7 {b7pb} = LOT?)7 (65)

Now, we introduce the new set of phase space variables

c= Lo C, Pe= Tgﬁca b= To 1_77 Py =T Loﬁba (66)
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such that the new Poisson brackets

{Cupc} = 2G77 {b,pb} = G77 (67)

are independent of r, or L,. However, the phase space variables now depend on the fiducial

structure. The quantities invariant under fiducial rescaling are b, -, & and p..
o o

One can show that the total Hamiltonian of the system is

1
HC ass — N class» .
s = Toag ) Ol (68)
where C,s 1S the Hamiltonian constraint
8 c
Oclass — _%(p) (b2 + 72) Do + 2bC|pc|1/2 ' (69)
v V[Pl

Note that the diffeomorphism constraint identically vanishes due to the symmetry reduction.

6.2.1 Canonical transformation: Dirac observables

In this particular model, it is possible to identify a couple of phase space variables that
weakly commute with the Hamiltonian constraint (weakly commuting here means that the
Poisson bracket may not be zero on the whole phase space, but is zero on the constraint surface).

They correspond to

(V2 + %)y

2  Aelpe|
v2  bL,

d = .
and 0, 2L,

(6.10)

01 =

Note that o; and oy are independent of fiducial rescaling. Let us mention that, on shell, they
are not independent from each other. Therefore, on shell, only one of them will correspond to a
weak Dirac observable. In addition, we can introduce two conjugate momenta to these variables,

namely

02C

L,

vL, b? vL,
p1:—4G log<1+¥), and p2:—8G log

, (6.11)
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respectively. We have chosen to divide by L, in the logarithm in p, so that p, will have a
simple linear dependence on the fiducial length since the ratio ¢/L, is invariant under fiducial
rescaling. In order to keep the argument of the logarithm dimensionless, we multiply by o,
which doesn’t affect the Poisson brackets. One can see that o, € (—00,00) and p; € (—00,0) if
b € (—o0,00) and p, € (—00,00). Besides, 0y € (—00,00) and py € (—o0, 00) for ¢ € (—o0, 0)
and p. € (—o0, 00).

These new variables satisfy the Poisson algebra

{Oiapj} = 51'3', {01',03‘} =0, {pi>pj} =0, (6-12)

fori,7 =1,2.
We can invert the previous relations and obtain the original phase space variables as func-

tions of the new configuration and momenta as

2.2
c— &efSsz/(’yLo)’ Do — 6Coﬂ eSGpg/('yLo)’ (6.13)
02 4
bh— Ewefchl/(vLo) 1 — eiGri/(vLo) | p, = Gb%ezcwl/(%o)\/l — 4Gp1/(vLo) (6.14)

Here, €. and ¢, are equal to +1. In terms of these observables, the Hamiltonian constraint takes

the following form

1
Cletass = —8Tecep3gn(09) Loe 20W11202)/ (ko) \ /1 _ edGp1/(1Lo) — (0 + 0,) . (6.15)
02

6.2.2 Classical dynamics

The classical dynamics can be solved by means of the Hamilton equations of the system.
They can be obtained after computing Poisson brackets of the basic phase space variables with
the Hamiltonian. However, since the total Hamiltonian is a constraint (obtained after varying
the action with respect to the lapse function), not only the initial data must be specified within

the constraint surface but also there is no preferred choice of time in the system. In order to
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integrate the equations of motion, one should specify (as a prescribed function) the lapse, which
plays the role of a Lagrange multiplier.

However, we will adopt an equivalent treatment. Concretely, we will provide below an
example where, instead of solving the equations of motion after specifying the lapse function,
we will introduce a suitable gauge fixing condition for one of the conjugate momenta of the
weak Dirac observables defined above. This gauge fixing selects one of the phase space variables
as a physical (internal) clock. With respect to this clock, we can compute a reduced (or true)
Hamiltonian ruling the dynamics of the reduced system, which can actually be easily solved.?
Finally, using Eqs. (6.13) and (6.14), we can explicitly write the original phase space variables
as functions of Dirac observables and time.

Let us start with the following gauge fixing condition ® = (2G/~vL,)ps — 7 ~ 0, where T
plays the role of time parameter. We will assume, a priori, that it can take any value in the real
line. Preservation of this condition upon evolution, after evaluation on shell (i.e. Cpass = 0 and

® ~ 0), determines the lapse function, namely

0~ ® = {ps, Hass } — 1. (6.16)

In terms of the new variables the lapse takes the following form (on shell)

2Gp1/(7Lo)
N~ 7 ‘ e’ oy, (6.17)

€c6pSgn(—01) /1 — e4Gr1/(VLo)

after employing the constraint defined in Eq. (6.15) and the gauge condition, namely oy =~ —o0;
and (2G/vL,)p2 ~ 7. Note that the lapse obtained here is essentially the same as the choice
of lapse in CS quantization, the major difference being that in equation (6.17) it is represented
in terms of our new phase space variables 01, 02, p1 and p., instead of b, ¢, p, and p. used in the

CS quantization. Equation (6.17) gives the lapse in our variables whereas the Eventually, the

2This procedure is in agreement with the evolving constants introduced by Rovelli [283, 284]. See Refs.
[109, 110] for an extended discussion.
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replacement of these conditions in the full action allows us to obtain the reduced action as

Seed = / 47 (9161 — hrea) (6.18)

with heq = —01(7L,/2G) as the reduced Hamiltonian. The dynamics can be easily solved.
Here, 0 is a constant of the motion and (2G/vL,)p1 = T + 79, with 75 another constant of the
motion. Now, let us notice that the definition of p; given in Eq. (6.11) involves p; < 0, namely,
the parameter 7 must fulfill 7 < —7y.

Finally, let us understand the physical meaning of the observables (01,7y). In order to do
S0, it is convenient to recall that in the interior of the black hole we have a clear interpretation
regarding the values that the triads and connections take at the horizon. Concretely, if the mass

of the black hole is M, we choose the standard conditions (see for instance Ref. [183]) at the

horizon py(Thor) = 0 = b(Thor), Pe(Thor) = (2GM)? and ¢(Thor) = 47GL]\'2. Using these conditions we
find that 79 = —m,or = 0. Now, if we express the original variables in terms of the new ones by
means of Egs. (6.13) and (6.14), we set 0o &~ —o1, (2G/vL,)p2 = 7 and (2G/vyL,)p1 = T + o,

we obtain

L, _. .
l7) = qerie™, polr) = (2GM)e", (6.19)

b(r) = —ve V1 —e€?", py(1) =2GML,e"V1 — e?. (6.20)

One can easily see that

01 = —4GM/~. (6.21)

Therefore, the Dirac observables are functions completely determined by the mass of the black
hole. Let us also comment that, here, we have restricted the solutions to the sector py(7) > 0
and p.(7) > 0 for all 7, which involve ¢. = 1 and ¢, = —1. Besides, the physical time fulfills
T € (—00,0]. Then, the singularity is reached at 7 — —oc.

Note that we could also choose to gauge fix the momentum p; as the time variable. The

analysis is completely analogous to the above and does not affect physical results.
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6.3 Effective loop quantum cosmology

In LQC, the situation changes drastically from a physical point of view, with respect to the
previous classical model. As we have mentioned above, the classical singularity is removed in
various loop quantized models of the Schwarzschild interior, however the details of the bounce
differ depending on the choices of expressions for the edge lengths §, and . for evaluating
holonomies. As we described above, choices of these edge lengths inspired from both u, and z
type approaches lead to undesirable features such as fiducial structure dependence of physical
predictions or large quantum corrections at the horizon. Thus a third approach has been devised
by choosing the edge lengths to be non-trivial Dirac observables which remain invariant on any
phase space trajectory but can change from one trajectory to another. This approach was first
applied in the CS quantization [183]. However the bounce obtained was highly asymmetric in
the CS quantization. Specifically, the mass of the white hole on the other side of the bounce
turns out to be a quartic power of the parent black hole mass. Based on the OSS scheme [273],
we apply this approach here to obtain a symmetric bounce.

As mentioned above, drawbacks relating to the curvature at bounce were discovered later
in both CS and OSS schemes. The AOS scheme [223] overcomes these shortcomings, which also
chooses the edge lengths to be non-trivial Dirac variables and builds on the intuition in CS and
OSS case. As discussed above, the bounce in the AOS scheme is approximately symmetric.

Our focus in this chapter is the OSS scheme [273], where we will explore several available
dynamical schemes within a family of choices closely related to the CS choice [183] with the
purpose of reconciling the loop quantum effective dynamics of this model with exactly sym-
metric bounces. The effective Hamiltonian constraint has been obtained in [183] using the
standard procedure of re-expressing the classical expressions using the holonomies of the con-
nection around closed loops. As we discussed in previous chapter, we may not be able to form
closed loops giving holonomies in terms of almost periodic functions in the Kantowski—Sachs
spatial slices due to presence of both anisotropy and spatial curvature. These issues had led to

the construction of ‘A’ and ‘K’ quantizations in the Bianchi-II, Bianchi-IX models by consid-
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ering the holonomies of the Ashtekar connection and the extrinsic curvature respectively along
open edges. As pointed out in the previous chapter, the ‘A’ and ‘K’ quantization are equivalent
in the Kantowski—Sachs model due to special symmetries of the spacetime which renders the
holonomies of the Ashtekar connection and the extrinsic curvature along these straight edges
equal to each other. The problem of lack of closed loops leading to almost periodic functions is
overcome in the CS quantization slightly differently. Here, arguments using the homogeneity of
the spacetime are used to assign the area to the loop which cannot be closed. Concretely, loops
of holonomies are considered in the x — 0, x — ¢ and # — ¢ planes. Edges of the holonomies along
x have length §.L, while edges along longitudes and equator on the two-sphere have length d,7,.
The loop in € — ¢ plane is not a closed loop but given the homogeneity of space it can still be

assigned an ‘effective’ area [183]. The effective Hamiltonian constraint then turns out to be

1
HLQC = WNCLQC? (622)

where Crqc is the effective Hamiltonian constraint in LQC and takes the form

8msgn(p.)
2

CrLqc = —

- : .
(Sln 5(261,13) 2) \/]7;—4 + ZSm((Sfbb) Sln((SfCC) Ipe| V2] . (6.23)

As mentioned above, we will focus in a set of dynamical schemes where d, and ¢, are Dirac
observables which commute with the effective Hamiltonian but may depend on the phase space
variables in general. Since they commute with the effective Hamiltonian, we do not need to
specify 0, and 0. now in order to solve the dynamics. It turns out that the dynamical equations
can be used to find a condition for a symmetric bounce, which we will use in section 6.4 to give

precise expressions for 9, and 9.
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6.3.1 Canonical transformation: Dirac observables
As in the classical theory, it is possible to identify two phase space variables that (weakly)
commute with the effective Hamiltonian constraint under Poisson brackets, namely

sin(d.c)

) |-
1 72L050 |p|

2 <Sin(5bb)+ 720

= d =4
’72LO (Sb sm(&,b)) Pb, an 02

(6.24)

Note that O; and O, are independent of fiducial rescaling and reduce to the classical observables
01 and 0y in the low curvature limit. If the effective constraint (6.23) is imposed, these two phase
space variables are not linearly independent. Hence, only one of them (or a combination of both)
codifies the physical degree of freedom, i.e. only one Dirac observable. Two conjugate momenta

to these variables are

cos(0pb) boc
_ L oy 1+ L, tan (%¢)
Py = 1Gb, log < R COSShb) , and Py =— G log |O ARk (6.25)

respectively, where b, = /1 +~202. P, and P, are chosen in such a way that they reduce
to the classical expressions in the low curvature limit. One can see that O; € (—o0,00) and

Py e (=P, P™) if b € (—00,00) and p, € (—00,00), with

1
~L, 252 1+
PRt = —— 1] _— 6.26
! 4Gboog<4 1—2L )7 (6.26)

while, Oy € (—00,00) and P, € (—o0,00) for ¢ € (—00,00) and p. € (—o0, 00).

Let us notice that the relations between O; and (¢, b) involve trigonometric functions. There-
fore, there is some degeneracy that we fix by restricting the connections (¢,b) to the interval
[—7/0¢, m/d.) and [—7 /8y, 7)), respectively.

The Poisson algebra of these new variables is

{0i, Pi} = 645, {0;,0;} =0, {P, P} =0. (6.27)
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The canonical transformation can be inverted to obtain symmetry reduced connection and

triad components in terms of (O, Py) and (Oa, P):

2 2Lo0.

c=5 arctan (6_8G(P2+A2)/(7L")) . Pe= 607 1 O cosh (8G (P, + As)/(vL,)), (6.28)
1

b= €5 AICCOS [bo tanh (2Gb, (P + A1)/ (7vL,))],
b
2Lo0

Py = eﬂQ—b;’Ol cosh? (2Gb,( Py + A1) /(vL,)) \/ 1 — b2tanh® [2Gb, (P, + A1)/ (vL,)], (6.29)
where

vL, 7255 vL, L6,
A =— 1 — Ay = — 1 .

and €, and ¢, are equal to 1 as before.
Furthermore, the effective Hamiltonian constraint in terms of these new variables takes the

form

$rL, /1 — B2 tanh® [2Gb,(Py + A1)/ (7Lo)
Y0y \/L056|02| cosh (8G(Pz + As)/(vL,)

CLQC = —ecebsgn(Og) (01 + 02) . (631)

6.3.2 Effective dynamics

As in the classical theory, in order to solve the effective dynamics in LQC, we will adopt
the gauge fixing ¥, = (2G/vL,)P, — T ~ 0, where T is the time parameter for this gauge fixing
and it can take any value in the real line. Preservation of this condition upon evolution, after

evaluation on shell,

0~ ¥ = (2G/vL,){Py, H.qc} — 1, (6.32)

fixes the lapse

25 \/Lo0c|O1| cosh [AT + 8G Ay /(vL,)]
b :

N = —ec5gn(—01)y
V1~ B2 tanh® [2Gb,(Py + A1)/ (7Lo)

(6.33)
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This lapse reduces to the classical expression (6.17) in the low curvature limit. Besides, the
new configuration variables, on shell, satisfy O, = —0O;. Eventually, one can easily see that the

reduced action takes the form

Shed = / T <P101 . Hred> , (6.34)

with Hyea = —(7Lo/2G)O; the reduced Hamiltonian. As a consequence, one easily realizes
that O; is actually a constant of the motion while (2G/vL,)P, = T + Ty, with Ty another
constant of the motion. Besides, 7" must be constrained such that |Py| < P ie. |T + Tp| <
(vLo/2G) ™.

Eventually, in order to connect the dynamics in classical GR with the effective dynamics of

LQC, we first identify the value of the Dirac observable in both descriptions. This amounts to
0O, = —4GM/~. (6.35)

As found in CS case [183], we have b(Tho) = 0 and ¢(Thor) = (2/9.) arctan(yL,0./(8GM)).

These conditions yield the time T}, and the Dirac observable Ty as follows,

1 1
Thor =0, Ty = o arctanh [b_} — (2G/vL,)Aq. (6.36)

o o

Then, we can write the triads and connections as functions of 7" and the constants of the

motion O; and Ty using Egs. (6.28). We obtain

2 X 2100, .
o(T) = 7 arctan (e’4(T+A2)> . pe(T) = —607 O; cosh (4(T + A2)> , (6.37a)
1 -
b(T) = €5 AICCOS [bo tanh (bo(T + Ty + Al)ﬂ , (6.37b)
b
2L,6 - R
(T = eﬂQ—b;Ol cosh? (bO(T YT+ Al)) \/1 b2 tanh? [bo(T YT+ Al)] ., (6.37¢)
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where

~ 2G 1 262 ~ 2G 1 SGM
A, = A, = — 1 b Ay = Ay =—1 . .
! ~vL, ! 2b, 8 ( 4 ) ’ 2 vL, 27y 8 ('yLo(Sc) (6.38)

As noted above, we could also choose to gauge fix the momentum P; as the time variable

instead of P,. A completely analogous analysis to above can be followed for this choice. The

physical results of this chapter are not affected by this change.

6.4 Dynamical prescriptions for symmetric bounces

Now that the effective dynamics has been solved (for constant , and ¢.), we can come
to the main objective of this manuscript. We will prove here that this effective model admits
symmetric bounces, regardless of the initial conditions (and the mass of the black hole). This
condition is fulfilled if and only if complete dynamical trajectories in the phase space plane p,-p.
enclose a zero area. By complete trajectory we mean that they start and end at the horizons.
In other words, if we start the evolution in a collapsing branch, once the trajectory reaches the
bounce it must retrace the same phase space points during the expanding branch (by continuity
the area enclosed will be zero) reaching the same phase space point it started at. As an analogy,
we can consider the example of the phenomena of hysteresis in magnetism. In some magnetic
materials, once they are magnetized using an external magnetizing field, the magnetization does
not retrace its path when the magnetizing field is reduced again. This happens because the
magnetized material retains the magnetization induced even if the magnetizing field is removed.
This situation leads to the phenomena of hysteresis, which is marked by the presence of loops
enclosing a finite area in the graphs of the magnetization versus magnetizing field as the sample
is taken through various cycles of magnetization and demagnetization. Hysteresis is absent when
the area enclosed by the loop is zero. Similarly, if the triad p, does not retrace its path as the
triad p. bounces, the phase space trajectory of the system will enclose a finite area, which will

not be the case if the bounce is symmetric. As is clear from the above equations, this condition
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is fulfilled if and only if Ty + Al = Ag, ie.

arctanh {

=-1o
V14207 4

If this conditions are satisfied, then the effective evolution equations for the phase space variables

ﬁ} L og (SGM) | (6.39)

- v L6

are symmetric about T, = —A,, which is where the bounce occurs. Since the black hole horizon
is at Thor = 0, the white hole horizon is at T' = _2A2.

The edge lengths 9, and . must satisfy the above condition for the bounce to be symmetric.
This means that . and ¢, will not be independent. Thus, a symmetric bounce is a physical
requirement that eliminates some the freedom in the choices of d. and 9,. Thus, apart from
being Dirac observables, 9, and ¢, are those functions of the phase space which also satisfy the
symmetric bounce condition while are also not trivially constant on the phase space.

In the CS quantization, dimensional considerations and the requirement of fiducial structure

independence led to the following choice for §, and §. as Dirac observables [183]
6pr = A, SyrodcL, = A. (6.40)

In the CS quantization, the goal was to carefully consider the length scales involved and the
rescaling properties of various quantities to obtain the simplest choice suited to the Schwarzschild
interior which does not have large quantum effects at the horizon and gives fiducial structure
independent predictions. However, as mentioned above, the bounce is highly non-symmetric in
the CS quantization for all values of the black hole mass. We generalize the above choice by
introducing two constant parameters o and  which will allow us to accommodate the symmetric

bounce condition

6ir2 = oA, &yrob.Ly = aBA. (6.41)

It is clear that the CS quantization involves the choice a = 1 = 3. We expect that this choice
does not satisfy the symmetric bounce condition as the bounce was found to be highly non-

symmetric in the CS quantization. We will confirm this below. Notice that together with the
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symmetric bounce condition (6.39), the above choice implies that the parameters « and 5 will
be independent of L,, but they will depend on r,, namely, they will depend on the mass of the
black hole. Note that this kind of dependence on the mass has been already suggested in the
CS quantization [183]. The difference here is that such dependence will now be more involved.
In some situations it will not be possible to provide the relation in a closed form.

Below, we will analyze some possible choices for these parameters. Note that among the
simplest choices, there is a natural parametrization corresponding to f = 1. It is due to the
freedom in the choice of the open loop in the 8 — ¢ plane. Nevertheless, we will consider
other simple choices, for the sake of completeness, such as « = 1 and o = 1/8. But before
that, we first consider the choice @« = 1 = 8 which corresponds to the CS quantization where
asymmetric bounces occur. In all the numerical computations that will be shown below, we set

A =437yGh, v =0.2375, L, =1, G =1 and h = 1.

6.4.1 Choice 1: asymmetric bounce

In this case, we reproduce the results already shown in Ref. [183]. Namely, the polymer
parameters J, and J. are fixed by Eq. (6.40). We then plug them in Eq. (6.37) and, for this
choice, we summarize our study of the dynamics in Fig. 6.1, 6.2 and 6.3. In Fig. 6.1 we
show the spatial volume V' = 4mpy,,/p. as a function of time T, for several values of the mass
of the black hole, from semiclassical to very quantum black holes, namely, from large to small
masses w.r.t the Planck mass, respectively. We see that the volume goes to zero at the horizons,
since p, does. Besides, for large enough values of the mass, the volume at each side of the
bounce (minimum value reached by the volume away from the horizons) is different. This is
an indication that the bounce is not symmetric. However, if the masses are small enough, we
see an opposite behavior: the volume at the ‘bounce’ is maximum and the ‘bounce’ turns out
to be almost symmetric. Hence for very small masses, the bounce turns out to be a recollapse.
This appears to be a universal feature of all the choices studied in this manuscript. Using the
symmetric bounce condition it is straightforward to see that for the current choice of prescribing
areas to the loops, there is no real allowed value of mass M. Thus, a symmetric bounce can be

approached but never obtained in CS quantization [183].
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Figure 6.1: Choice 1: the evolution of the spatial volume as a function of the normalized time
T/|Ty|. The curves ranging from thickest to the thinnest correspond to M = 0.1,0.3, 1,10, 1000
(in Planck units), respectively.
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Figure 6.2: Choice 1: the volume at the bounce as a function of the mass.
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In Fig. 6.2 we show the value of the volume at the bounce as a function of the mass. As
we see, for a fixed value of the mass, the volume is finite. However, there is a threshold mass
where it tends to zero. This is so because for masses equal to or smaller than this threshold
mass, there is actually no black hole. Therefore, if one trusts the effective description provided
here for very small values of the mass, one finds the existence of a minimum nonzero mass in
this scenario. It should be emphasized that the existence of a minimum non-zero mass of the
black hole and a recollapse replacing the bounce for tiny black holes are novel results noticed
here for the first time in loop quantization of Schwarzschild interior.

However, as we noticed above, the bounce volume seems to increase linearly with the mass
of the black hole. We further plot the Kretschmann scalar at bounce. Equation (5.17) gives
the expression for the Kretschmann scalar as a function of proper time. However, the effective
equations for the phase space evolution obtained in this chapter are in terms of the time T,
which is not the proper time. Thus we replace the proper time derivatives /97 in (5.17) by
[N(T)]7'0/0T and use the effective equations of motion (6.37) to evaluate the Kretschmann
scalar as a function of time 7. Here N(T') is the lapse given in equation (6.33). As shown
in the plot of the Kretschmann scalar at bounce in Fig. 6.3, the curvature decreases as the
mass of the black hole increases. This means that for vary large black holes, the curvature at
the bounce could be too small to have quantum effects leading to a bounce, thus implying the
existence of large quantum effects in low curvature regimes in this choice. Indeed this has been
verified to be the case for the CS quantization as pointed out in [223] by studying the value of
the Kretschmann scalar at the bounce for large mass black holes. It was found in [223], that
the value of the Kretschmann scalar 1/M with the mass of the black hole. This means that
the bounce can occur at very low curvatures in the CS quantization. Indeed, this is another
drawback of the CS quantization which was earlier unknown, until it was pointed out in [223].
We will analyze below which one of the choices considered for symmetric bounce also remove
this drawback.

As shown in fig. 6.1, the volume versus time curve starts becoming convex and approximately

symmetric as we go to small enough masses. This corresponds to the kink in the plot for the
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Figure 6.3: Choice 1: the value of the Kretschmann scalar at the bounce as a function of mass.

Kretschmann scalar around 0.1 Planck mass, and the change in the nature of curve around 0.1
Planck mass in the bounce volume versus mass plot. Similar effects around 0.1 Planck mass are
observed in all the other choices considered below as we approach small masses. This indicates
that the effective dynamics predicts a bounce with qualitatively different features for small
enough masses, namely, that the bounce becomes convex such that the volume is largest at the
bounce and decreases on either side of the bounce. Such small mass black hole are extremely
small in dimensions and are expected to behave in a completely quantum way with no classical
analog. Thus the effective theory may not be a good approximation for the dynamics of such

low mass black holes.

6.4.2 Choice 2: =1
From now on, we will study the symmetric bounce scenarios, starting with the choice § =1

in Eq. (6.41). We obtain

R S o
TO o
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Figure 6.4: Choice 2: we plot the LHS and RHS of Eq. (6.43) as a function of « for different
values of the mass M. The horizontal lines correspond to the RHS of (6.43). The curves
ranging from the thickest to the thinnest correspond to M = 0.1,0.3, 1,10, 1000 in Planck units,
respectively.

If we substitute these polymer parameters in the symmetric bounce condition given by Eq.

(6.39), namely

1 1 M
8¢ } , (6.43)

1
arctanh =1 log [—

2A ZA
( 1+ aZ—(QZ:My) 1+ a25has WA

we can fix the parameter « in order to fulfill this condition. In order to find the allowed values
of o, in Fig. 6.4 we plot the left and right hand sides of Eq. (6.43) separately, to find out the
solutions given by their intersection points for different values of the mass. The right hand side,
since it is independent of «, is represented by the horizontal lines. As we see in Fig. 6.5, a has
a minimum around M = 0.1 (in Planck units), increasing on either side of this point. Let us
also notice that for higher masses, « increases as a function of the mass following a power law.

We have also plotted the dynamical evolution of the triads in Fig. 6.6 and the spatial volume
in Fig. 6.7. As we see in Fig. 6.6, the value of p, goes to zero at the horizon. Regarding p.., its
value at the horizon is slightly higher than its classical value (2GM)?. This is due to the small
quantum corrections of the polymeric description. Besides, these curves enclose a vanishing area

when ranging from horizon to horizon. This indicates that the bounce is symmetric. In Fig.
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Figure 6.5: Choice 2: « as a function of M.

6.7 we see that the spatial volume takes its absolute minimum value at the horizons (it vanishes
there), as in the classical theory. For masses higher than 0.1 it has a local minimum at the
bounce, however those local minima become local maxima at the bounce for smaller masses.
The bounce turns out to be a quantum recollapse for such small black hole masses.

Besides, we plot the bounce volume versus the mass in Fig. 6.8. We see that it monotonically
increases with the mass. We must notice that there is a change in the behavior around M = 0.1.
This corresponds to the turn around in the value of o as we go to lower masses, and for these
masses the volume reaches local maxima at the bounce (instead of minima). The turn around
in « as a function of M does not lead to a turn around in the behavior of the volume at the
bounce, but there is a change in the way the volume depends on the mass for these extremely
low masses. We should note that for such a range of parameters we are essentially reaching the
regime where effective spacetime description may not be well trusted, as the black holes for such
low masses are of microscopic sizes and their behavior and dynamics may be of an essentially
quantum nature without any correspondence with the classical world. We find that this peculiar
behavior for masses below 0.1 is shared with all the other cases considered here.

Moreover, even though the bounce is now symmetric compared to the CS quantization, the

drawback of the CS quantization is not removed by this choice. As pointed out above, the
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Figure 6.6: Choice 2: the logarithmic of p, as a function of the logarithm of p. for different
values of the mass M. The curves ranging from the thickest to the thinnest correspond to
M =0.05,0.1,0.3,1,10, 1000 in Planck units respectively.
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Figure 6.7: Choice 2: the evolution of the spatial volume as a function of the normal-
ized time T'/|T,|. The curves ranging from the thickest to the thinnest correspond to M =
0.05,0.1,0.3,1,10, 1000 in Planck units respectively.
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Figure 6.8: Choice 2: volume at the bounce as a function of mass.
bounce volume increases with the mass, and can be very large for large enough black hole mass.
This may lead to very low curvatures at the bounce for large black holes. To investigate this,
we look at the behavior of the Kretschmann scalar at the bounce. As plotted in Fig. 6.9, we
find that the Kretschmann scalar at the bounce indeed decreases as the mass decreases, leading
to low curvatures at the bounce for large mass black holes. Thus the choice 2 also suffers from

the same drawback as the CS quantization, even though it achieves a symmetric bounce.

6.4.3 Choice 3: a=1
We now proceed with another possible choice for the polymer parameters which allows
symmetric bounce. We fix the length of the open loop as a = 1. Then, the polymer parameters

take the form

(6.44)

The loop with length determined by 3, will be actually fixed by the symmetric bounce
condition (6.39)

arctanh | ———=| = —log (6.45)

1 1 1 [ 8GM }
2A 2A 4 '
(V1 + et L+ mary prvA
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Figure 6.9: Choice 2: the value of the Kretschmann scalar at the bounce as a function of mass.

Unlike the choice 2 for polymer parameters, this time this expression can be solved analytically

for 3, yielding
_ 8GM (b, — 1)/t

= 7 6.46
ﬂ ’Y\/Z (bo+ 1)2/b0 ( )
recalling that in this case
7A

b =414+ ——=. 6.47
T amy (6.47)

It is useful to consider the asymptotic behavior of 3:

3 A3/2
, A 5 ) _8GM 3

A}gnooﬁ = S0 + O(M ™ log[M]), Al}goﬁ = —VVZ + O(M?). (6.48)

In both cases (small and large black hole masses), the parameter § goes to zero. In Fig. 6.10
we plot 3 as a function of the mass M. We see that it goes to zero for sufficiently small and
large values of the mass, and its maximum is around M = 0.2 (in Planck units).

We plot the dynamical evolution of the triads in Fig. 6.11 and the spatial volume in Fig.
6.12. As we see in Fig. 6.11 p, goes to zero at the horizon and p, is again slightly higher than its

classical value (2GM)?; as it is expected from the contribution of the small quantum corrections.
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Figure 6.10: Choice 3 : the parameter [ is plotted as a function of the mass M.
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Figure 6.11: Choice 3: the logarithmic of p, as a function of the logarithm of p. for different
values of the mass M. The curves ranging from the thickest to the thinnest correspond to
M = 0.05,0.1,0.3,1, 10, 1000, in Planck units, respectively.
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Figure 6.13: Choice 3: bounce volume as a function of mass.
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Figure 6.14: Choice 3: the value of the Kretschmann scalar at the bounce as a function of mass.

The triads p. and p, evaluated at the bounce take the form

pc(T - _A2> - VﬂGMﬁ(M% pb(T - _AZ) = %

- (6.49)
1 + 4G22 M?

Then, we see that, from Eq. (6.48), at large values of the mass M, the triad p. at the
bounce decreases quadratically (at leading order) as a function of the mass while p, converges
to the constant value L,yv/A. On the other hand, for very small mass M, both p. and p, at
the bounce behave, at leading order, as quadratic functions of the mass. In Fig. 6.12 we show
the behavior of the spatial volume. It takes its minimum absolute value at the horizons, since it
vanishes there. Just like the previous cases, the volume reaches a local minimum at the bounce
if the mass is higher than 0.1, but for smaller values of the mass the volume reaches a local
maxima. However, unlike the previous case, the turn around in the value of 8 causes a turn
around in the bounce volume as well. This is shown in Fig. 6.13 where we show the volume at
the bounce versus the mass M. We see that it is no longer a monotonic function of the mass and
remains low for all values of mass. This is analytically demonstrated above by the asymptotic
behavior of (M) in both low and high mass regimes. Thus we expect that the drawback of

the CS quantization and the choice 2 above, which produce a bounce at low curvatures for large
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mass black holes, to be absent in this case. This is indeed the case as shown by the plot 6.14 of

the Kretschmann scalar at the bounce with respect to the mass shows.

6.4.4 Choice 4: f =1/«

Now we will proceed with the most interesting choice among the ones considered here. The

reason is that this choice allows us to work with a closed loop since, from Eq. (6.41) we get

SyrodeLy = A, (6.50)

in partial agreement with Ref. [183]. The choice f = 1/a amounts to

(5b:a\/z, 0. = \/Z (6.51)
T, L,a

Together with the symmetric bounce condition (6.39)

1 1 1 {8GMO¢} 7 (6.52)

arctanh = —log | ——
oa 1% VA

1—{—01272—A 1+&2W

(2GM)?2

we can fix « as in the previous sections. Unlike the case of choice 3, we do not have a closed
form expression for a. To find the allowed values of «, in Fig. 6.15 we plot the left and right
hand sides of Eq. (6.52) separately for different values of the mass M. The intersection points
show that o grows monotonically with the mass of the black hole M, just like for the case § = 1.

We note the striking similarity between the graphs obtained for the variation in o with M
in the present case with the case § = 1. First note that the left hand side of the symmetric
bounce condition is identical in both cases and hence generate identical curves in Fig. 6.15.
In the present case, even though the plots for the right hand side look quite different from the
case f = 1 (choice 2), the behavior of o as a function of M has similarities with respect to
the case § = 1, as shown in Fig. 6.16. We also find that the behavior of the triads and the
spatial volume in the present case are similar to the case § = 1, as shown in Fig. 6.17 and

6.18 respectively. There, we have plotted the dynamical evolution of the triads and the spatial
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Figure 6.15: Choice 4: we plot the left and right hand side of Eq. (6.52) as a function of « for
several values of the mass M. The curves ranging from thickest to the thinnest correspond to
M =0.05,0.1,0.3,1,10,1000 (in Planck units), respectively. The curves converging on the left
of the graph are of the left hand side of Eq. (6.52), and vice-versa.
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Figure 6.16: Choice 4: « as a function of M.

171



-5

|

I

I

Ll I
5+ I
H i
I

L I
-10+ I
[ I

I

-15+
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different values of the mass M. The curves ranging from the thickest to the thinnest correspond

to M = 0.05,0.1,
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Figure 6.19: Choice 4: bounce volume as a function of mass.
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Figure 6.20: Choice 4: the value of the Kretschmann scalar at the bounce as a function of mass.
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volume. As we see in Fig. 6.17, the value of p;, goes to zero at the horizon. Regarding p., due to
quantum geometry corrections, its value at the horizon is slightly higher than its classical value
(2GM)?, as in the previous cases. The behavior of the spatial volume as a function of time and
mass is very similar to the situation in choice 2. It shows the same peculiar behavior where the
spatial volume for masses lower than a certain value is a convex function of time and reaches a
global maximum (instead of a local minimum) at the bounce. This transition from normal to
abnormal behavior is clearly indicated by the kink in the graph of bounce volume versus mass
shown in Fig. 6.19, where we show the value of the spatial volume at the bounce as a function
of the mass M. Furthermore, just like the asymmetric case and choice 2, the bounce volume
turns out to be a monotonically growing function of the mass M. However, as shown in plot
6.20, the Kretschmann scalar at the bounce has a minimum and increases for both very low and
very high mass black holes. Thus, even though the choice 4 seems quite similar to the choice
2, it surprisingly does not have the drawback of the CS quantization and choice 2 of producing
bounce at low curvatures for large mass black holes.

Thus, we note that the choice 2 with § = 1 leads to a symmetric bounce, but has the same
drawback as the CS quantization of leading to low curvatures at the bounce for large mass black
holes. Choice 2 and 3 on the other hand do not have this drawback while also lead to a symmetric
bounce. However, for choices 3 and 4, the Kretschmann scalar increases unboundedly as the
mass of the black hole increases. This is in contrast to results on universal bounds obtained
in various LQC models of isotropic and homogeneous cosmologies on various quantities such
as energy density, the expansion and shear scalars etc. From a conceptual point of view, it is
desirable that a universal behavior is recovered in the deep Planck regime, which is indicated
by the universal bounds on physical quantities obtained in other LQC models. Choices 2 and
3 suffer from this drawback where we do not have any universal bounds on the curvature at
bounce for large masses.

It is interesting to compare these results with the AOS quantization prescription [223]. In
the AOS quantization prescription, although the drawback of the CS quantization is removed,

the bounce is only symmetric in large mass limit. In contrast, our choices 2, 3 and 4 lead an
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exactly symmetric bounce for all values of the mass while also taking care of the drawback of the
CS quantization. Furthermore, in choices 3 and 4, the Kretschmann scalar grows unboundedly
for large masses. In contrast, the AOS quantization prescription leads to a mass independent
value of the Kretschmann scalar at the bounce. In this regard, it is important to note that the
values of d, and 6. in the choices 3 and 4 here (and also the CS quantization) are the result of
phenomenological considerations, while the AOS quantization prescription choices result from

fundamental considerations by specifying the loops at the bounce surface.

Figure 6.21: Penrose diagram for the interior of Schwarzschild spacetime undergoing symmetric
bounce to white hole solution is shown.

Finally, for completeness, in Fig. 6.21 we include a Penrose diagram for the interior space-
time for these symmetric models. In the Penrose diagram, the black and white hole hori-
zons are denoted by Hpy and Hy g, respectively. Horizontal curves represent Cauchy sur-
faces (T = const.) while vertical curves denote z = const. observers. As usual, i* represent
T — 4T, while i denotes # = 0 and z = Ly (notice the symmetry of the diagram). A
test observer which falls from the black hole horizon passes through the quantum gravitational
regime, represented by red (shaded) dashed curves, and reaches the white hole horizon without
encountering the classical singularity. Due to quantum geometric effects, the latter is removed

from the effective spacetime. Due to the symmetric bounces in prescriptions I, II and III, the
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T = 0 curve which represents the bounce time lies in the middle of the shaded regime. For the

prescription in CS model, this region is not expected to be symmetric.

6.5 Conclusions

In this chapter, we have considered the black hole singularity of the Schwarzschild spacetime
by considering the isomorphism between the Schwarzschild interior and the vacuum Kantowski—
Sachs model. Various quantizations of the Schwarzschild model have been performed using this
correspondence [178, 180, 190, 181, 269, 182, 221, 270, 271, 218, 222, 268|, which showed that the
singularity is resolved. However these earlier quantizations suffered from various drawbacks such
as dependence of physical predictions such on fiducial structures and large quantum corrections
at the horizon. To overcome these problems, quantizations of the vacuum Kantowski—Sachs
spacetime by choosing the edge lengths ¢, and . to be Dirac observables were obtained, namely
the CS quantization [183], the OSS quantization prescription [273] studied here, and the most
recent AOS quantization prescription [223]. The CS quantization led to a highly non-symmetric
bounce where the white hole mass is a quartic power of the black hole mass, regardless of the mass
of the black hole we start with. Moreover, the bounce can happen for the CS quantization at very
low curvatures for large enough black holes as pointed out in [223]. Thus in this chapter (based
on the OSS quantization prescription), we investigated whether the CS quantization can be
modified to yield a symmetric bounce and also cure the drawback of the bounce at low curvature
for large black holes. As we summarize below, we obtained exactly symmetric bounces in this
chapter, but all our choices still suffered from undesirable behavior of the curvature at bounce in
one way or another. These problems with the curvature at bounce were ameliorated eventually
in the AOS quantization prescription [223], where the bounce is approximately symmetric.

We worked using the setting of Dirac observables to derive the equations of motion for the
phase space variables of Kantowski—Sachs model when the edge lengths are assumed to be Dirac
observables themselves. This way of approaching led to an easy identification of a symmetric
bounce condition which needs to be satisfied by the edge lengths 9, and 6.. We considered
a general ansatz for the choice of 9§, and §. which includes the CS quantization as a special

case (however, our analysis is at the effective level and assumes the validity of the effective
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dynamics, whereas the dynamics in the CS quantization is obtained from difference equations
derived from the quantization of the Hamiltonian constraint). The assignment of the minimum
area of the loops in our case, over which holonomies are considered, has some freedom which
we parameterized using a and . Then given the mass of the black hole, & and 3 can be fixed
such that the symmetric bounce condition is satisfied and the child white hole mass turns out
to be identical to the mother black hole mass. By considering three different choices of the
edge lengths as well as the CS choice, we demonstrate that a symmetric bounce can indeed
be obtained. We also show that the CS quantization does not satisfy the symmetric bounce
condition and thus gives an asymmetric bounce.

It is notable that the features of the effective dynamics for very small masses (less than
Planck mass) are essentially similar for all the choices considered in this chapter. In all of the
choices the bounce volume is a non-linear function of the black hole mass, and a non-monotonic
function in choice 3. There exists a smallest mass, approximately M ~ 0.1, below which effective
dynamics does not permit a black hole solution. This is actually in good agreement with recent
quantizations of the full spherically symmetric spacetime [196, 197]. On the other hand, for
small masses such that the Schwarzschild radius is of the order or smaller than the discreteness
scale, the bounce in the interior is replaced by a recollapse. The dynamics of such microscopic
black holes could be purely quantum with no classical analog, thus we cannot trust the validity
of the effective dynamics in this regime. The behavior of the volume at the bounce also shows a
non-trivial behavior as function of the mass of the black hole. While it monotonically increases
for choices 2 and 4, the bounce volume for choice 3 decreases in the limit of both small and large
black hole masses. And further, plots of the Kretschmann scalar show that for two of the choices
considered by us, namely choices 3 and 4, the curvature at the bounce does not decrease to low
values for large enough black hole masses in contrast to the CS quantization, thus overcoming
that limitation as well in addition to giving a symmetric bounce.

To compare our results with the AOS quantization prescription [223], first we note that in
the AOS quantization prescription, the bounce is not exactly symmetric. Although it becomes

almost symmetric for black hole masses larger than few hundred Planck masses for the AOS
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quantization prescription. Whereas our choices give an exactly symmetric bounce for all masses.
Two of our choices overcome the limitation of the CS quantization and also lead to a symmetric
bounce. However, in these choices, the curvature at bounce can be made arbitrarily large
by considering large enough black hole mass. On the other hand, in the AOS quantization
prescription, the curvature has a well defined, mass independent value at the bounce surface.
In this context, it should be noted that while the CS effective dynamics is obtained from a
full quantization of the Schwarzschild interior spacetime, the OSS quantization prescription is
phenomenologically inspired from considerations of a symmetric bounce. The AOS quantization,
while also phenomenological, results form fundamental considerations of the bounce surface.
Another major limitation of the quantization considered here is that it only covers the interior
of the Schwarzschild spacetime. The effective spacetime of the AOS quantization prescription on
the other hand has been successfully extended to the exterior Schwarzschild spacetime (however,
there is a caveat to this extension, namely the exterior spacetime is quantized using SU(1,1)
connections in contrast to the SU(2) connections usually used in LQG and LQC). Nevertheless,
our approach provides a method for studying the phenomenological aspects of the symmetry or
asymmetry of quantum bounces in LQC and can be applied to other spacetimes with asymmetric
bounces such as loop quantized Bianchi-I models to understand the possibility of symmetric
bounces there.

We conclude by pointing out that the CS quantization, the OSS scheme explored in this
chapter, and the AOS scheme (and other studies based on Kantowski-Sachs model) study sin-
gularity resolution in the static black hole solution by exploiting the isomorphism with vacuum
Kantowski-Sachs model. This involves a particular homogeneous foliation of the Schwarzschild
spacetime which avoids certain problems with the constraint algebra faced in the full theory.
However, as we have mentioned above, there are other approaches based on midi-superspace
models obtained by reduction of the full LQG variables to the spherically symmetric case. In
this case, one faces an obstruction in completing the quantization program which is inherited
from the same problem in the full theory. Namely, the algebra of constraints involves struc-

ture functions instead of structure constants and hence does not form a true Lie algebra. This
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prevents the full implementation of the quantization program. In contrast, in the studies using
the Kantowski-Sachs spacetime as the Schwarzschild interior such as ours, a gauge-fixing allows
identification with the spatially homogeneous foliation of the Kantowski—Sachs model where this
problem of the full theory is absent. Nevertheless, by suitably re-expressing the Hamiltonian
constraint in these spherically symmetric midi-superspace models, it has been possible to solve
the constraint algebra and construct the physical Hilbert space to study the dynamics using
Dirac variables, and it has been observed that the central singularity is replaced by a bounce
[128, 252, 191, 290, 291, 196, 197, 292, 293]. Moreover, the whole Schwarzschild spacetime in-
cluding the exterior and interior regions is covered by these quantizations. Phenomenological
effects such as the Casimir effect [297] and Hawking radiation [298, 299] have been studied on
these loop quantized spherically symmetric spacetimes. These studies have also been extended to
charged black hole case [300]. Further work towards generalizing these models to a formulation
closer to the full theory is also under way [301, 302].

Noting that astrophysical black holes are formed in nature by the collapse of massive stars,
the spherically symmetric midi-superspace approach has also been used to study loop quan-
tized models of collapsing dust shells [294, 295]. The study of statistical properties of black
hole horizons has also been explored from the point of view of isolated horizons, and a quan-
tum description of isolated horizons has been obtained [303, 304]. Further, the calculations of
the black hole entropy in LQG using various different methods have been shown to yield the
Bekenstein-Hawking formula in the large mass limit, which has been utilized to fix the value
of the Barbero-Immirzi parameter [305, 306, 307, 308, 309, 310, 311, 312]. Recently, attempts
have been made to obtain the effective Hamiltonian for black hole dynamics directly from the
full theory by performing symmetry reduction at the quantum level using semiclassical states
[296]. Thus the question of the black hole singularity is being pursued from various different
points of view as the canonical quantization paradigm of LQG seems to be maturing to the stage
where we can begin to address the question of the black hole singularity using a fundamentally

quantum description and obtain phenomenological consequences.
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Chapter 7

Conclusions

The primary motivation to study quantum cosmology comes from the realization that quan-
tum cosmology is essential to answer some of the fundamental questions regarding the origins
of our universe, and is also intimately tied with the problem of singularities as most of the cos-
mological models of interest in GR have an initial cosmological singularity. Thus, in cosmology,
we face both of these challenges at once, which are linked to each other. And it is quite possible
that solving the problem of singularities in cosmological models might shed some light on the
origins (and the ultimate fate) of the universe as well. We have also entered the era of precise
cosmological observations which may throw up new and interesting features of the early universe
and can also help verify the predictions of our theoretical meditations. Thus, investigations in
quantum cosmology, specially the problem of singularities, seems timely and is expected to be
fruitful. Keeping this in mind, in this dissertation, we have applied the techniques of LQC to
the problem of singularities in the cosmological and black hole models. In this endeavor, the
problem of quantization ambiguities also appears to be of importance as it seems to have a non-
trivial effect on both the question of resolution of singularities, the phenomenological details of
the resulting model and hence the detailed predictions.

The field of LQC is the application of ideas and techniques of LQG to symmetry reduced
cosmological models. LQG is a non-perturbative canonical quantization of GR using Ashtekar’s
triad and connection variables [45, 46, 48]. The holonomies of the connection provide a natural
gauge invariant choice for the configuration variables for quantization and the fluxes of the
triad variables across two dimensional surfaces turn out to be the conjugate variables. And the
requirement of diffeomorphism invariance selects a unique representation of the quantum algebra
based on these variables [313, 314]. Thus quantization proceeds by first reformulating GR in
terms of these variables. While the work of completing the quantization for the full LQG is

still in progress, application of these ideas to classically symmetry reduced cosmological models
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has led to a great number of insights into the possible phenomenological effects and the fate of
singularities in quantum gravity.

LQC of homogeneous and isotropic cosmologies has shown that the big bang cosmological
singularity is replaced by a quantum bounce connecting the present expanding universe to a past
contracting universe, and that there is an effective continuum description which approximates
the effects of underlying discrete quantum geometry very well [257]. Similar results on singularity
resolution and bounce have since been obtained in various homogeneous cosmological models
and black hole spacetimes [315, 312]. Due to lack of a clear link with the full theory at the
moment, symmetry reduction at the classical level and different choices during quantization
lead to various quantization ambiguities in LQC models. Furthermore, these ambiguities have
been found to lead to actual qualitative differences in the physical predictions. For example, in
the homogeneous and isotropic FLRW models, the earlier u, type quantization led to the fiducial
structure dependent predictions and did not yield the correct infrared limit [316], which was later
replaced by the i type improved quantization to overcome these shortcomings. Further, the
symmetric bounce in both these quantizations was replaced by a non-symmetric bounce when
a more careful quantization of the FLRW models closer to the full theory was recently carried
out [317, 318]. Thus, it is now well understood that the question of quantization ambiguities
is intimately tied to the physics predicted by the quantization. Moreover, using the effective
description, geodesic completeness and generic resolution of strong singularities has been shown
in the isotropic [214, 266] and Bianchi-I models [217].

In this dissertation, we have focused on obtaining the generic resolution of singularities in
the effective dynamics of important anisotropic and homogeneous cosmological models beyond
the Bianchi-I model, such as the Bianchi-II, Bianchi-IX and Kantowski—Sachs models. Using the
Kantowski—Sachs model, we also explore the possibility of a symmetric bounce in the resolution
of black hole singularity as obtained in LQC. Recognizing the importance of understanding
the effects of quantization ambiguities, we also explore the implications of various quantization
ambiguities on the resolution of singularities in all these models. The importance of these

anisotropic and homogeneous models is well accepted in understanding the generic features of
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singularity resolution due to the BKL conjecture in GR [125], which states that in the vicinity of a
generic singularity, the spatial derivatives in the Einstein’s equations become negligible compared
to the time derivatives such that the spacetime dynamics at each point can be well approximated
by homogeneous cosmological models. Specifically, the approach to singularity is marked by
phases resembling Bianchi-I model which are connected through Bianchi-II transitions. This
kind of chaotic oscillatory approach to the singularity in the BKL scenario is also seen in the
Mixmaster dynamics in the Bianchi-IX models [58]. These models are also potentially important
in the description of the very early universe, thus an analysis of singularities in these models has
important implications for the question of initial conditions for our universe. These models also
allow us to study the important features of the loop quantization when both spatial curvature
and anisotropy are present. In addition, the isomorphism between the Schwarzschild interior
spacetime and th vacuum Kantowski—Sachs model can be exploited to study the resolution of
the black hole singularity using the Kantowski-Sachs model.

We explored generic singularity resolution in the effective dynamics of the Bianchi-IT model
with minimally coupled matter in chapter 3. Unlike the isotropic and homogeneous FLRW
model and the Bianchi-I model, the spatial slices in Bianchi-II model have both anisotropy and
spatial curvature, which presents difficulties in performing the steps of quantization as followed
in isotropic and Bianchi-I models. Specifically, the holonomies of the connection around closed
loops does not yield an algebra of almost periodic functions which do not have a simple repre-
sentation as operators on the kinematical Hilbert space of LQC. To overcome this, an operator
corresponding to the connection itself is defined using holonomies of the Ashtekar connection
along straight edges, and the homogeneity of the model is used to establish correspondence with
the quantizations of the earlier models in suitable limits [231, 232, 174]. This leads to the so
called ‘A’ quantization. Another approach to the quantization problem was inspired from a
strategy employed in the quantization of isotropic models where problems were faced in going
from spatially flat to spatially curved models. Unlike the full theory, due to symmetry reduc-
tion in LQC models, the extrinsic curvature can be treated as a connection, and we can use its

holonomies (instead of the Ashtekar connection) to obtain the operator corresponding to the
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Hamiltonian constraint [139, 250, 160, 251]. This quantization is called the ‘K’ quantization.
In Bianchi-II model, both the ‘A’ and ‘K’ quantizations are viable, and we have considered the
effective dynamics of both in chapter 3. While the effective Hamiltonian for the ‘A’ quantiza-
tion of the Bianchi-II model was already available in the literature [174], we obtain the effective
dynamics of the ‘K’ quantization for Bianchi-II model for our purposes. Using the effective
dynamics, we were able to show geodesic completeness and generic resolution of singularities
in both these quantizations. Building up on previous results showing boundedness of Hubble
rates, expansion and shear scalars and energy density [215], we show that the triad variables
(and hence the directional scale factors) remain finite for all finite time evolution. The volume
remains non-zero and finite for all finite time evolution. Though some curvature invariants
such as the Ricci scalar and the Kretschmann scalar may potentially diverge, we show that the
geodesics will remain well-defined at such events. We also show that the geodesics remain reg-
ular at events where they break down classically due to the cosmological singularity, and show
that the geodesics are maximally extendable. And using the necessary conditions for occurrence
of strong curvature singularities provided by Clarke and Krolak [230], we show that the effective
spacetime is free from all strong curvature singularities. (Recall that singularities which are not
strong are harmless events beyond which geodesics can be shown to be extended). We are able
to show all these results for the effective Bianchi-II model in both ‘A’ and ‘K’ quantizations,
however, there were striking differences in the two cases. In the ‘A’ quantization, using holon-
omy corrections in the effective dynamics was not sufficient to obtain the results, and we needed
to either include inverse triad corrections, or impose weak energy conditions (WEC) to achieve
singularity resolution. In this context, it is important to remember that quantum gravity effects
enter the effective description through two types of corrections- the holonomy corrections from
expressing all the functions of the connection using holonomies, and the inverse triad corrections
emerging from the discrete and non-singular spectrum of the inverse triad operators in LQG.
In isotropic and Bianchi-I models, singularity resolution in the effective description could be
obtained primarily due to the holonomy corrections and inverse triad corrections played a negli-

gible role. Our results in the Bianchi-IT model in the ‘A’ quantization are quite contrasting and
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indicate that inverse triad corrections may play an indispensable role in singularity resolution in
general spacetimes. We also find that energy conditions on the matter content, which have also
been used in the singularity theorems of GR, may also play a role in a generic singularity reso-
lution result in LQC. In contrast, the results on geodesic completeness and generic singularity
resolution could be obtained in the ‘K’ quantization without needing the help of inverse triad
corrections or weak energy conditions. Thus, the ‘K’ quantization seemed to be more adept at
yielding singularity resolution. This extends the results on generic singularity resolution in the
effective spacetimes of isotropic and Bianchi-I models to the Bianchi-IT model.

The contrast in the ‘A’ and ‘K’ quantization gets further enhanced in the case of Bianchi-IX
model for which both of these quantization are viable. Due to the presence of anisotropy and
spatial curvature, the same problem as Bianchi-II model is faced in quantizing Bianchi-IX model
on the lines of the procedure followed in isotropic and Bianchi-I models. Thus quantizations
following the strategies of ‘A’ and ‘K’ quantizations have been performed for the Bianchi-IX
model in the literature [175, 176]. However, similar to the effective Bianchi-II case, holonomy
corrections alone are not able to ensure the boundedness of energy density, Hubble rates, expan-
sion and shear scalars in the effective Bianchi-IX model in the ‘A’ quantization. Moreover, even
imposing energy conditions on the matter content is not sufficient to obtain generic boundedness
properties of these key physical quantities in this case. Thus, it had not been possible to make
progress towards generic singularity resolution in the effective Bianchi-IX model in the ‘A’ quan-
tization. In contrast, it had been shown using the effective dynamics of the ‘K’ quantization that
the expansion and shear scalars, and the Hubble rates are generically bounded, while generic
bounds on energy density could not be established [176]. In chapter 4, we include the effects
of inverse triad modifications in the effective Hamiltonian of ‘A’ quantization to show that the
triad variables, the energy density, the Hubble rates, the expansion and shear scalars remain
finite, and the volume remains non-zero and finite, for all finite time evolution. Moreover, in the
case of ‘K’ quantization, we obtain these results without having to include inverse triad correc-
tions. We indicate that some curvature invariants such as the Ricci scalar and the Kretschmann

scalar may still diverge, but show that the geodesics remain well-defined at such events. We

184



further show that the effective spacetime in both ‘A’ quantization with inverse triad corrections
and the ‘K’ quantization is free from strong singularities. We conclude the chapter by noting
that inverse triad corrections are likely to play an important role in singularity resolution in
more general spacetimes if ‘A’ quantization is considered. In contrast, it remains unclear what
role, if any, will energy conditions play in singularity resolution in more general spacetimes.
The ‘K’ quantization again yields singularity resolution with relative ease without the input of
inverse triad corrections, thus indicating that there might be some merit to considering extrinsic
curvature based quantization of classical gravity.

In chapter 5, we move on to another homogeneous cosmological model which has both
anisotropy and spatial curvature- the Kantowski-Sachs model. The Kantowski—Sachs model is
also significant as, in vacuum, it is isomorphic to the Schwarzschild interior spacetime. Due
to special symmetries of the Kantowski—Sachs model, the ‘A’ and ‘K’ quantizations turn out
to be equivalent [178]. In chapter 5, we investigate the effective dynamics of the Kantowski—
Sachs model in the presence of matter, in which case, there is both an initial cosmological
singularity and a future cosmological singularity. This becomes the point of departure from the
analysis of the vacuum Kantowski—Sachs spacetime as a model of the Schwarzschild interior,
as in the absence of matter, the future singularity described above is no longer a singularity,
instead corresponds to the black hole horizon where energy density and curvature remain regular.
In chapter 5, we consider a quantization that suits the Kantowski—Sachs model with matter,
and also gives fiducial structure independent physical predictions. It is called the Boehmer—
Vandersloot quantization [182] and is based on the founding work [178] with a specific choice
of the edge lengths ¢, and d. as functions of phase space variables. In this respect, it is similar
to the i type improved quantization of the isotropic cosmological models. Building on previous
work [218], where the boundedness of the Hubble rates, the expansion and shear scalars was
already established for the effective dynamics of the Boehmer—Vandersloot quantization, we
show in chapter 5 that the triad variables and the energy density remain finite for all finite
time evolution, and the spatial volume remains finite and non-zero for all finite time evolution.

Further, it is shown that some curvature invariants may still diverge, but we point out that such
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divergences are harmless and only amount to weak singularities. Specifically, we show that the
effective Kantowski—Sachs model is geodesically complete and geodesics remain well-defined at
such potential divergences. Moreover, we show that the effective Kantowski—Sachs spacetime in
the Boehmer—Vandersloot quantization is free from strong singularities.

In chapter 6, our goal is to consider the Schwarzschild interior spacetime by using its corre-
spondence with the vacuum Kantowski—Sachs model. As pointed out above, the i type quanti-
zation, which is suited in the presence of matter, does not distinguish the coordinate singularity
at the horizon in the Schwarzschild spacetime from a real singularity, and thus leads to large
quantum gravity effects at the horizon. The horizon could be at very low curvatures for large
enough black holes, implying that we would have large quantum effects at low curvatures. This
is undesirable as classical GR is expected to describe the universe very well at low curvatures.
Keeping this in mind, quantizations of the Kantowski—Sachs model based on considering the
edge lengths as non-trivial Dirac observables, and carefully establishing correspondence with
the length scales of the Schwarzschild spacetime have succeeded in overcoming the shortcoming
of large quantum effects at the horizon while maintaining fiducial structure independence in
physical predictions. These are the CS [183], the OSS [273] and AOS quantizations [223]. The
black hole singularity is replaced in these quantizations by a quantum bounce connecting to a
white hole on the other side. However, the bounce in the CS quantization was discovered to be
highly asymmetric where the mass of the child white hole is a quartic power of the mass of the
parent black hole. Moreover, the curvature at the bounce can be very low in the CS quantization.
In chapter 6 based on the OSS quantization, we investigate whether it is possible to modify the
CS quantization to accommodate a symmetric bounce and whether this modification alleviates
the shortcomings of the CS quantization of leading to bounce at low curvatures for large mass
black holes. We start with identifying the Dirac observables and their corresponding momenta,
and use them as our new phase space variables. By gauge-fixing one of the momenta as the time
variable, we find the corresponding lapse function and the equations of motion for the triad and
connection variables as a function of this time. Getting the equations of motion in this form

allows us to identify a symmetric bounce condition that needs to be satisfied by the edge lengths
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dp and d.. After showing that the symmetric bounce condition is not satisfied by the CS quan-
tization, we add two parameters o and 3 to the CS choice of edge lengths, which we determine
using the symmetric bounce condition. We proceed to consider three different choices, (i) § = 1,
(ii) @ = 1 and (iii) @ = 1/f. Solving the symmetric bounce condition to obtain the remaining
parameter, we obtain exactly symmetric bounces in all three choices. However, choice (i) has
the same drawback of leading to bounces at low curvatures for large mass black holes. In choices
(ii) and (iii), the curvature at the bounce is always Planckian, however, it grows unboundedly
as the mass of the black hole grows in the large mass limit. In comparison, the recent AOS
quantization leads to universal bounds in the curvature at bounce in the large mass limit, which
is in line with earlier results on universal bounds in LQC of isotropic and homogeneous models.
The AOS quantization also leads to an almost symmetric bounce for black hole masses larger
than a few hundred Planck masses. Thus, none of the choices overcome all the shortcomings.
Nevertheless, our analysis provides a way of obtaining symmetric bounces which can be applied
to other spacetimes as well where the possibility of symmetric bounces can be explored. Also
the reduced phase space description obtained using the Dirac observables can be used to obtain
yet another quantization of the Kantowski—Sachs model.

Our work in this dissertation generalizes the results on generic singularity resolution in the
effective LQC dynamics of the isotropic [214, 266] and Bianchi-I models [217] to Bianchi-II,
Bianchi-IX and Kantowski-Sachs models with minimally coupled matter. We discussed the
quantization ambiguities and the possible viable quantizations of these models and compared
the results against those quantization ambiguities to obtain insights into the suitability of various
different quantizations for singularity resolution. Further, for the black hole singularity in the
Schwarzschild interior spacetime, building on the previous work [183], we were able to prescribe
a symmetric bounce condition and obtain quantization prescriptions which yield an exactly
symmetric bounce with fiducial structure independent predictions and no large scale quantum
effects at the horizon, although the curvature at the bounce is not universally bounded in the
choices considered by us. The work presented in this dissertation can be naturally extended in

various directions. We describe some of them below.
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A natural step will be to move forward towards more general spacetimes than considered in
this thesis, in particular inhomogeneous spacetimes, and prove generic resolution of singularities.
This will shed more light on the role of inhomogeneities near a generic quantum bounce. A simple
class of inhomogeneous models called Gowdy models, which contain the Bianchi-I model as their
homogeneous limit, have already been quantized using a hybrid quantization [186, 185] where the
homogeneous sector represented by Bianchi-I models is loop quantized and the inhomogeneities
which can be seen as propagating on this homogeneous background are Fock quantized. It is
shown that such a quantization is self-consistent and preliminary investigations show that the
effective spacetime obtained in this case is free from cosmological singularities. Further, the
full loop quantization of the local rotationally symmetric Gowdy models has also been carried
out recently [188]. Further work on analyzing various quantization ambiguities and proving
generic singularity resolution in these models is needed, which will allow us to move towards
more complex models and eventually to a general model independent non-singularity result in
LQC.

The loop quantized Bianchi-IX model can be used to numerically probe generic singularity
resolution and investigate the BKL phenomena in the loop quantized models. The numerical
investigations on the Bianchi-I model show that the bounce in the loop quantized Bianchi-I model
can be considered as a Kasner transition similar to Kasner transitions in the BKL scenario
[247]. Using these results, recent analytical investigations [319, 320] in the loop quantized
Bianchi-IX model based on heuristic arguments extend the Mixmaster dynamics observed in
the classical Bianchi-IX model [127] beyond the Kasner transition like LQC bounce. Numerical
investigations can be used to verify these results and provide more details of the dynamics.
Moreover, if rigorous quantizations of the inhomogeneous cosmological models are obtained,
then numerical investigations can be used to verify the BKL conjecture in LQC using the
Hamiltonian formulation of the BKL conjecture provided in [321].

In chapter 6 on the Schwarzschild spacetime, we explored a few intuitive and simple choices
for the edge lengths as Dirac observables which satisfied the symmetric bounce condition. How-

ever, the behavior of the curvature at bounce seems to be a limitation of these choices. While
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it decreases to low curvatures for large black holes for one of the choices, it remains Planckian
for the other two choices and increases unboundedly in the large mass limit. However, we have
only considered a few choices. The space of solutions of the symmetric bounce condition can be
further explored to investigate whether a symmetric bounce can be obtained while also giving
universal bounds on the curvature. It will be fruitful even if a negative result could be proved
to rule out the viability of an exactly symmetric bounce for the black hole singularity in LQC.
Further, various phenomenological properties such as Hawking radiation and entropy bounds
of these quantizations as well as CS and AOS quantizations of the black hole spacetime can be
investigated.

Another interesting but challenging direction is to investigate the question of quantization
ambiguities coming from the perspective of LQG. Our work in this dissertation substantiates the
insight from earlier studies in LQC that quantization ambiguities lead to important qualitative
differences in the predictions. We noted the contrast in the ‘A’ and ‘K’ quantization in the
Bianchi-II and Bianchi-IX models. In the case of the Schwarzschild interior, we found that
different choices of edge lengths led to phenomenological differences in predictions. One way to
address the question of quantization ambiguities can be to obtain the effective Hamiltonian for
a given cosmological model from the full theory by symmetry reduction at the quantum level.
Studies using semi-classical states to obtain effective Hamiltonian for the spatially flat FLRW
model from the Hamiltonian of LQG [318] have recently shown that some of the quantizations of
the flat FLRW model are closer [317] to the full theory than others. Thus using such methods,

the question of quantization ambiguities can be addressed more decisively.
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revoked and is null and void, as if it had never been issued, if complete payment for the
license is not received on a timely basis either from User directly or through a payment
agent, such as a credit card company.

3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is
“one-time” (including the editions and product family specified in the license), (ii) is non-
exclusive and non-transferable and (iii) is subject to any and all limitations and restrictions
(such as, but not limited to, limitations on duration of use or circulation) included in the
Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the
licensed use, User shall either secure a new permission for further use of the Work(s) or
immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work
(except for copies printed on paper in accordance with this license and still in User's stock at
the end of such period).

3.4 In the event that the material for which a republication license is sought includes third
party materials (such as photographs, illustrations, graphs, inserts and similar materials)
which are identified in such material as having been used by permission, User is responsible
for identifying, and seeking separate licenses (under this Service or otherwise) for, any of
such third party materials; without a separate license, such third party materials may not be
used.

3.5 Use of proper copyright notice for a Work is required as a condition of any license
granted under the Service. Unless otherwise provided in the Order Confirmation, a proper
copyright notice will read substantially as follows: “Republished with permission of
[Rightsholder’s name], from [Work's title, author, volume, edition number and year of
copyright]; permission conveyed through Copyright Clearance Center, Inc. ” Such notice
must be provided in a reasonably legible font size and must be placed either immediately
adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the
new work containing the republished Work are located. Failure to include the required notice
results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated
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damages for each such failure equal to twice the use fee specified in the Order Confirmation,
in addition to the use fee itself and any other fees and charges specified.

3.6 User may only make alterations to the Work if and as expressly set forth in the Order
Confirmation. No Work may be used in any way that is defamatory, violates the rights of
third parties (including such third parties' rights of copyright, privacy, publicity, or other
tangible or intangible property), or is otherwise illegal, sexually explicit or obscene. In
addition, User may not conjoin a Work with any other material that may result in damage to
the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware of any
infringement of any rights in a Work and to cooperate with any reasonable request of CCC
or the Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and
their respective employees and directors, against all claims, liability, damages, costs and
expenses, including legal fees and expenses, arising out of any use of a Work beyond the
scope of the rights granted herein, or any use of a Work which has been altered in any
unauthorized way by User, including claims of defamation or infringement of rights of
copyright, publicity, privacy or other tangible or intangible property.

5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE
RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL OR
INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR
LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS
INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK,
EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their
respective employees and directors) shall not exceed the total amount actually paid by User
for this license. User assumes full liability for the actions and omissions of its principals,
employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC
HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER
CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER
EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR
PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS,
GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER PORTIONS OF THE
WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED
BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE
RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of
a Work beyond the scope of the license set forth in the Order Confirmation and/or these
terms and conditions, shall be a material breach of the license created by the Order
Confirmation and these terms and conditions. Any breach not cured within 30 days of
written notice thereof shall result in immediate termination of such license without further
notice. Any unauthorized (but licensable) use of a Work that is terminated immediately upon
notice thereof may be liquidated by payment of the Rightsholder's ordinary license price
therefor; any unauthorized (and unlicensable) use that is not terminated immediately for any
reason (including, for example, because materials containing the Work cannot reasonably be
recalled) will be subject to all remedies available at law or in equity, but in no event to a
payment of less than three times the Rightsholder's ordinary license price for the most
closely analogous licensable use plus Rightsholder's and/or CCC's costs and expenses
incurred in collecting such payment.

8. Miscellaneous.

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the
Service or to these terms and conditions, and CCC reserves the right to send notice to the
User by electronic mail or otherwise for the purposes of notifying User of such changes or
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additions; provided that any such changes or additions shall not apply to permissions already
secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC’s
privacy policy, available online here:
http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.

8.3 The licensing transaction described in the Order Confirmation is personal to User.
Therefore, User may not assign or transfer to any other person (whether a natural person or
an organization of any kind) the license created by the Order Confirmation and these terms
and conditions or any rights granted hereunder; provided, however, that User may assign
such license in its entirety on written notice to CCC in the event of a transfer of all or
substantially all of User’s rights in the new material which includes the Work(s) licensed
under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed
by the parties. The Rightsholder and CCC hereby object to any terms contained in any
writing prepared by the User or its principals, employees, agents or affiliates and purporting
to govern or otherwise relate to the licensing transaction described in the Order
Confirmation, which terms are in any way inconsistent with any terms set forth in the Order
Confirmation and/or in these terms and conditions or CCC's standard operating procedures,
whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a
separate instrument.

8.5 The licensing transaction described in the Order Confirmation document shall be
governed by and construed under the law of the State of New York, USA, without regard to
the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding
arising out of, in connection with, or related to such licensing transaction shall be brought, at
CCC's sole discretion, in any federal or state court located in the County of New York, State
of New York, USA, or in any federal or state court whose geographical jurisdiction covers
the location of the Rightsholder set forth in the Order Confirmation. The parties expressly
submit to the personal jurisdiction and venue of each such federal or state court.If you have
any comments or questions about the Service or Copyright Clearance Center, please contact
us at 978-750-8400 or send an e-mail to info@copyright.com.

v 1.1

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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