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In this manuscript we present a calculation from covariant Loop Quantum Gravity,
of a physical observable in a non-perturbative quantum gravitational physical pro-
cess. The process regards the transition of a trapped region to an anti—trapped region,
treated as a quantum geometry transition akin to gravitational tunneling. The phys-
ical observable is the characteristic timescale in which the process takes place.

Focus is given to the physically relevant four-dimensional Lorentzian case. We start
with a top—to-bottom formal derivation of the ansatz defining the amplitudes for co-
variant Loop Quantum Gravity, starting from the Hilbert-Einstein action. We then
take the bottom—to—top path, starting from the Engle-Perreira-Rovelli-Livine ansatz,
to the sum—over—geometries path integral emerging in the semi-classical limit, and
discuss its close relation to the naive path integral over the Regge action. We proceed
to the construction of wave-packets describing quantum spacelike three-geometries
that include a notion of embedding, starting from a continuous hypersurface embed-
ded in a Lorentzian spacetime.

We derive a simple estimation for physical transition amplitudes describing geome-
try transition and show that a probabilistic description for such phenomena emerges,
with the probability of the phenomena to take place being in general non-vanishing.
The Haggard-Rovelli (HR) spacetime, modelling the spacetime surrounding the ge-
ometry transition region for a black to white hole process, is presented and discussed.
We give the HR-metric in a form that emphasizes the role of the bounce time as a
spacetime parameter and we give an alternative path for its construction. We de-
fine the classical and quantum observables relevant to the process, propose an inter-
pretation for the transition amplitudes and formulate the problem such that a path-
integral over quantum geometries procedure can be naturally applied.

We proceed to derive an explicit, analytically well-defined and finite expression for a
transition amplitude describing this process. We then use the semi—classical approx-
imation to estimate the amplitudes describing the process for an arbitrary choice of
boundary conditions. We conclude that the process is predicted to be allowed by
LQG, with a crossing time that is linear in the mass. The probability for the pro-
cess to take place is suppressed but non-zero. We close by discussing the physical
interpretation of our results and further directions.
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“I have one good characteristic: I'm a pessimist, so I always imagine the worst — always.
To me, the future is a-black-hole white!”

Krzysztof Kieslowski
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1 Introduction

In this manuscript, we present an application of the formalism of covariant Loop Quan-
tum Gravity in a non-perturbative quantum gravitational process understood as geom-
etry transition.

We will show that gravitational tunnelling emerges naturally in covariant LQG. We
will use these results to study the transition of a black to a white hole geometry and de-
fine and estimate a physical observable: the characteristic physical time—scale in which
the process takes place.

Quantum Gravity refers to an open problem: the quest for a physical theory that
describes the phenomenon of gravity and incorporates the notions of time and space,
in a way compatible with the 20th century and contemporary understanding, that all
natural phenomena obey the principles of Quantum Mechanics.

We expect a theory of Quantum Gravity to be compatible with previously estab-
lished physical theories, and to be able to provide definite predictions for phenomena
that do not admit a description by its predecessors.

The theory and the mathematical objects defining it must be accompanied by an in-
terpretation, a correspondence to measurements, so that it may be used unambiguously.

Research in the past century has overwhelmingly focused on laying the foundations
for Quantum Gravity. This was partly due to the lack of experimental guidance and
partly due to the formidable nature of the technical and conceptual issues that had to
be overcome in order to achieve meaningful progress.

q, K

Fig. 1.1: Geometry transition viewed as a path-integral over geometries. The boundary surface
(dark green) separates the parts of the system treated as classical and quantum. The exterior
spacetime is classical with a metric g solving Einstein’s field equations. A path-integral W is per-
formed in the interior with the metric fixed to the intrinsic metric g and extrinsic curvature K of
the boundary surface. We emphasize that the interpretation of the amplitude as a path-integral
over geometries is emergent in covariant LQG, in the semiclassical limit of large quantum num-
bers. The theory is defined in the absence of any notion of classical metric, or indeed, spacetime.
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Loop Quantum Gravity refers to the body of results, and the corresponding commu-
nity of researchers, from the research program for the canonical quantization of General
Relativity, based on the parametrization of the phase space of General Relativity by the
Ashtekar [1] and subsequently the Ashtekar-Barbero [2] variables.

General Relativity formulated in terms of these variables resembles, at the kinemati-
callevel, an S U(2) Yang-Mils theory with an S U(2) gauge field as configuration variable,
and a densitzied triad field playing the role of the conjugate momentum, the “electric
field”.

The Hamiltonian constraint, encoding the dynamics, was much simplified in this
reformulation, circumventing technical difficulties of Wheeler’s geometrodynamics [3].
This led to the loop representation of quantum general relativity [4,5], introduced by C.
Rovelli and L. Smolin, and subsequently to Loop Quantum Gravity.

The research program of Loop Quantum Gravity attempts and has set as its ultimate
goal to complete Dirac’s program for the canonical quantization of General Relativity.
The recipe, or algorithm, to be defined and completed, was laid out in Dirac’s influential
lectures on constrained Hamiltonian systems [6].

Dirac believed it is of utmost importance to found an approach to Quantum Gravity
on the Hamiltonian or canonical formulation, which, if completed successfully, guaran-
tees that we have at least a first approximation of the correct theory. In his words, on
approaches that are not based on a canonical quantization program

I feel that there will always be something missing from them which we can only
get by working from a Hamiltonian, or maybe some generalization of the concept
of a Hamiltonian. So, I take the point of view that the Hamiltonian is really very
important for quantum theory.

In this manuscript, we will not be dealing directly with the Hamiltonian for General
Relativity [7-9]. We will present and use the covariant approach to Loop Quantum
Gravity.

The covariant approach to Loop Quantum Gravity, or, spinfoam quantization pro-
gram, is interlinked, inspired and based on the results of its parent theory, Loop Quan-
tum Gravity. The Hamiltonian will in this sense be implicit.

The program of covariant LQG can be placed historically as an attempt to realize the
Feynman Quantization of General Relativity within the context of LQG. This avenue
for a quantum treatment of gravity was beautifully outlined in Misner’s eponymous
article [10].

Misner emphasized the merits of working directly with an action principle that has
the relevant symmetries. A covariant formulation provides a way to circumvent, at least
temporarily, the difficulties inherent in a rigorous Hamiltonian treatment.

The spirit of Wheeler’s geometrodynamics [3] and Hawking’s subsequent attempts
[11] to define the path—integral for gravity as a Wheeler-Misner-Hawking (WMH) sum-—
over—geometries is sketched in Figure 1.1.

The wider LQG community shares a common set of convictions that translate into
basic principles on which the theory is built.
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At the heart of the approach, is the insistence on background independence. This
is also the central departure from a Yang-Mills field theory, since it implies that the
dynamics are coded in a Hamiltonian constraint, a vanishing Hamiltonian, with the
physical states being those in its kernel.

Backround independence can be stated as demanding the following: no physical
entity can be modelled in a theory of quantum gravity by a mathematical object that
is fixed a priori, does not interact with other physical entities and is in this sense non-
dynamical. The quantum theory must be background-free, as is the classical theory,
General Relativity.

This is the ontology of physical reality according to LQG; that is to say, of the tangible
physical entities that may leave a mark in experimental apparatuses. Rovelli’s way
of putting this world—view is to say: “covariant quantum fields on top of covariant
quantum fields” [12].

The “covariant” emphasizes another principle taken as fundamental in LQG: Lorentz
invariance is accepted as a fundamental symmetry of nature, not to be broken even at
the Planck scale. The description of the covariant quantum gravitational field is four—
dimensional.

LQG follows in the footsteps of Einstein’s conceptual revolution that geometry is
key for gravity, in the sense that can be summarized as

Gravity is Geometry; Quantum Gravity is Quantum Geometry.

In turn, as emphasized by Wheeler [3], we do not expect quantum geometry to re-
semble a smooth classical geometry. The latter should be an appropriate semi-classical
limit of the former. The right intuition for the deep quantum gravitational regime may
then be one of quantum fluctuations of the quantum field to which the notions of time
and space are ultimately attributed, a “foamy spacetime”.

Spinfoams are a fusion of ideas from topological quantum field theories and covari-
ant lattice quantization, the quantization of geometrical shapes [13-16] and the canoni-
cal quantization program of LQG.

The transition amplitudes of covariant LQG provide a definition for the regularized
path integral over histories of the quantum spatial geometries predicted by LQG to be
the states of the quantum gravitational field. The Lorentzian spinfoam model consists of
an ansatz for the definition of the regularized partition function, with the regularization
effectuated by a skeletonization on a 2-complex C, a sort of topological 2-dimensional
graph.

The 2-complex C serves as a combinatorial account-keeping device, arranging a
sense of adjacency for a finite subset, a truncation, of the degrees of freedom of the
quantum gravitational field. The amplitudes W¢ of covariant LQG, are defined by a
state-sum spin model. They are partition functions over spin configurations, colouring
the faces of a 2-complex and its boundary graph. These quantum numbers label irre-
ducible unitary representations of the Lorentz group, and recoupling invariants inter-
twining between them. They are interpreted as the degrees of freedom of the quantum
gravitational field.
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State-sum spin models have been studied in a variety of simplified settings, topolog-
ical, Euclidean, in three and four (or more dimensions), with compact and g-deformed
groups and in the context of tensor models. These toy—models served as a testing—
ground and a stepping stone until a state-sum spin model relevant for gravity became
available. This pre-history of the spinfoam program can be summarized as a progres-
sion through the Ponzano-Regge-Tuarev-Viro-Ooguri-Boulatov models [17-22].

Efforts over the past two decades within the context of LQG culminated in what
has become known as the EPRL model [23-28]. Several variations of this model have
been proposed and a version treating the physically relevant Lorentzian case is cur-
rently available. A naming attributing credit to the main developments leading to
its present form could have been the Barret-Crane-Freidel-Krasnov-Speziale-Livine—
Perreira-Engle-Rovelli-... model.

Although many fundamental issues remain open, the spinfoam quantization pro-
gram has seen significant advances over the past decade.

The EPRL model has had some important successes, possessing a well-studied semi—
classical limit closely related to General Relativity [24,29—41], and reproducing the two-
point function of quantum Regge calculus [42-47] at the level of the vertex—amplitude.

The Lorentzian EPRL model can be understood as a tentative attempt at a spinfoam
quantization of the Holst action for General relativity. The Holst action provides a way
to define the path-integral by means of a modification of the well-understood spinfoam
quantization for topological theories. The central observation is that the Holst action,
and related actions, is equivalent to a topological BF-action when imposing certain con-
straints, called the simplicity constraints.

The Holst action also provides the main bridge with the canonical theory and the
Hamiltonian. The real Ashtekar-Barbero variables arise naturally in its 3+1 split, the
canonical quantization of which results in the kinematical Hilbert space of LQG.

In turn, the path-integral is conditioned on the requirement that states live in the
kinematical Hilbert space of LQG.

Covariant LQG can be related to the body of results of Loop Quantum Gravity by
understanding the spinfoam amplitudes as projectors on the physical states of LQG,
annihilated by the Hamiltonian.

Towards contact with measurements

Loop Quantum Gravity, is maturing to the point where the extraction of experimen-
tal predictions of which the phenomenology can be understood and be testable in the
foreseeable future is no longer seen as a remote possibility [48-55]

Efforts to calculate observable quantities necessarily employ approximations and
simplified models inspired from the full edifice of LQG. A significant part of the com-
munity is currently participating in the development of such approaches.

These efforts are bringing LQG to a new phase of development. They teach us about
the theory itself and lead us to view persistent issues from different angles. The results,
detailed or qualitative, can turn out to be in contradiction with reality or yield incon-
sistencies, pointing to problems in theory and/or in interpretation. They can be used
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to compare different models and approaches within LQG and help to understand their
equivalence or lack thereof. Of course, the hope is that one of these calculations leads to
a prediction that turns out to be correct and measurable in practice.

The most developed and detailed results in this direction come from the canonical
formulation of the theory and the program of Loop Quantum Cosmology [56-58]. Hav-
ing produced strong results on the resolution of the cosmological singularity, LQC is
now starting to produce predictions for its pre-inflationary dynamics that could be put
to the test in the coming years.

We appear to still be far from a falsifiable prediction, but the prospect of any experi-
mentally relevant prediction from LQG, within a well-defined set of assumptions, must
have been hardly imaginable twenty years ago.

Covariant approaches to quantum gravity share a basic intuitive picture: that of a
quantum gravitational process that is spatiotemporally confined, enclosed in a lens-
shaped boundary composed of two spacelike surfaces, see Figure 1.1. The remaining
spacetime is taken to be adequately approximated by Einstein’s theory.

The covariant approach to LQG was partly developed with this intuitive picture
in mind. It is designed to provide the physical transition amplitudes between semi-
classical quantum states describing spatial geometries. The tools developed for the
study of the semi—classical limit of the EPRL model are tailor-made to describe non-
perturbative quantum gravitational phenomena as a quantum geometry transition.

What has been missing until recently was a concrete setting for a physical problem
in the spirit of Figure 1.1.

Cosmological singularities, are different than black hole singularities in one simple
aspect: the former concern all space and the latter are confined in space. Thus, the
picture for a geometry transition resolving the cosmological singularity will not be that
of Figure 1.1, but one of a quantum transition between two disjoint classical spacetimes.
This is the basic reason it is currently unclear how to define a relevant observable in the
nascent field of spinfoam cosmology [59-63]

During the past few years, an idea that has raised much interest is the possibility
of non-perturbative quantum-gravity effects that can cause the mass in the interior of
a black hole to bounce out of the (would-be) horizon, in a time scale shorter than the
Hawking evaporation time [53, 54, 64—68], resulting in what would look from far away
as a highly intense one-off explosion.

The introduction of the spacetime pictured in Figure 1.2 by H. Haggard and C. Rov-
elli proposes a mechanism for this to happen, and a prototype minimalistic setup in the
spirit of a WMH sum-over-geometries as in Figure 1.1.

Depicted, is a simple model of the following phenomenon: the formation of a black
hole (trapped region) by collapsed matter, that transitions to a white hole (anti— trapped
region) and results in an explosion. Similar ideas have been independently and con-
currently been put forward by L. Garay, C. Barcelo and R. Carballo [69-72], with the
important difference that an interpolating (Euclidean) family of metrics is used to carry
out the path-integral.
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Fig. 1.2: The Haggard-Rovelli spacetime as a simple, well-defined setup for geometry transition.
Depicted is a cross—section of the rotated Penrose diagram, for easier comparison with Figure
1.1. For the Penrose diagram see Figure 5.1. The red lines are collapsing and anti—collapsing null
shels. The shaded regions are trapped and anti-trapped regions. The definition and properties of
the spacetime are developed in Chapter 5.

The spacetime features a spacelike compact interior, chosen to a large degree arbi-
trarily, serving as a separation of the parts of the system treated as quantum and as
classical.

A theory for quantum gravity should be able to predict the characteristic time scale,
as measured from far away, at which the quantum fluctuations of the metric make a
geometry transition from a black to a white hole geometry likely.

We will argue in this manuscript that we are presented with an a priori well-defined
setup for studying geometry transition in a Feynman quantization of General Relativity,
in the spirit of a WMH sum-over-geometries [3,10,11].

We are looking to estimate the scaling of a characteristic time of the process as mea-
sured from infinity with the mass of the collapsed object. That is, we are looking to get
a rough estimate from the quantum theory of the correlation between two prominent
physical scales involved in this phenomenon.

Singularity resolution in black holes has been studied in the canonical framework
over the past decade, in the context of a canonical quantization of the interior of a
Schwartzschild black hole and the quantization of null shells [73-86]. With much re-
maining to be understood in the quantization procedure, current investigations sug-
gest singularity resolution through a bounce, although the physical picture for the phe-
nomenon from the exterior spacetime is unclear.

The two Paradigms, the canonical and covariant, serve as complementary: in covari-
ant LQG, an effective description of the interior process is strictly speaking irrelevant
for the extraction of the desired observable. In the canonical approach, a proper quan-
tization of the interior geometry is desired and hoped that it can lead to an effective
description. Understanding of the latter would provide crucial insights into the proper
treatment of the phenomenon in the covariant approach, and vice-versa.
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It has been suggested that this hypothesis can account for the GeV excess observed
from the galactic center by the Fermi satellite, and that the phenomenon will exhibit
a characteristic redshift-dependence, a signal, that would distinguish it from other as-
trophysical phenomena that could account for this anomaly [51]. It has also been been
argued to be a plausible source of fast radio bursts, short and highly energetic low fre-
quency signals of a yet to be understood astrophysical origin [53, 87-89].

In this work, we complete a first attempt at calculating the lifetime of the HR-space-
time in the context of the EPRL model of covariant Loop Quantum Gravity. We arrive
at an explicit estimate for a transition amplitude describing this process.

The physical interpretation of these recent results are currently the subject of intense
discussions. This manuscript reflects a snapshot of the evolution of our understanding
of this phenomenon at the time of writing.

Whether the simple setup of the Haggard-Rovelli spacetime is sufficient to capture
the desired physics, and whether covariant LQG at its current stage of development has
the necessary tools to give a robust prediction remains to be seen. An optimist would
hope that this simple model turns out to be the square potential barrier tunneling or the
harmonic oscillator for black hole geometry transition.

The set-up for the calculation presented here was first given in [90]. Unpublished
results in this thesis will appear in [91] and [92], in collaboration with Fabio d”Ambrosio.

Outline of thesis

The results and method presented in this manuscript are restricted to a certain set of
simplifications and assumptions. Some will be justified with varying degrees of rigour
as approximations.

However, we stress that the main motivation of the simplifications taken is that with
current results and techniques available, this was the “best we could do” to arrive at an
explicit estimation; at least, the best the author could do. The reasons are laid out as we
proceed. Many technical developments are currently under way and we may see much
activity in refinements, extensions and alternative strategies of attacking this problem
in the coming years.

In summary, the setting will be the following: we will present results relevant to
spinfoam amplitudes defined on a fixed 2-complex C without interior faces and dual to
a simplicial complex. The boundary of the 2-complex coincides with the fixed graph on
which the boundary state is defined, i.e. 9C =T.

We do not take into account the graph changing nature of the Hamiltonian con-
straint, and do not consider a sum or refinement over spinfoams.

We do not address the relevance of the continuum limit debate and the degree to
which the truncated set of degrees of freedom should be understood as fundamental or
collective, coarse grained degrees of freedom [93-95].

This thesis is organized in three main parts. The first part consists of Chapters 2
and 3.
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In Chapter 2 we present a top—down path from General Relativity to the ansatz
defining the amplitudes of covariant LQG.

We focus on the physically relevant four-dimensional Lorentzian case and present
intuition and motivations leading to the definition of the EPRL model, starting from the
Hilbert-Einstein action.

For lack of space we do not start by introducing the canonical quantization of Gen-
eral Relativity in terms of Ashtekar-Barbero variables. We also do not present Euclidean
3D and 4D spinfoam models. We close the chapter by outlining how the spinfoam pro-
gram is placed in Loop Quantum Gravity in Section 2.4.

In Chapter 3 we take the bottom—up path, starting from the definition of the EPRL
amplitudes and discuss the sense in which General Relativity and the WMH sum-over—
geometries emerges in the semi-classical limit.

We provide an independent derivation of the Krajewski-Han representation [31] in
Section 3.3, which brings the amplitudes in the form suitable for asymptotic analysis
without using the coherent state representation. We proceed to review the fixed—spins
asymptotics of the Lorentzian EPRL model.

The second part consists of Chapter 4 where a boundary is introduced. We explain
how to build a boundary state corresponding to a wavepacket of an embedded quantum
3-geometry. We proceed to combine these states with a spinfoam amplitude to define a
transition amplitude.

We show how the sum over spins (spin—sum) can be performed in Section 4.4 and
see that a gravitational tunnelling picture emerges naturally when considering physical
transition amplitudes describing geometry transition in the spirit of Figure 1.1.

The third part consists of Chapters 5 and 6. In Chapter 5 we introduce the exterior
spacetime. We formulate the Haggard-Rovelli spacetime starting from the Penrose di-
agram and give the exterior metric in a simpler form that emphasizes the role of the
bounce time as a spacetime parameter. We avoid the use of specific hypersurfaces to
implement the junction conditions. The relation to the original construction, based in
part on a one to many (one to two) mapping from the Kruskal manifold, is explained in
Section 5.5.

We introduce the relevant classical and quantum observables, the mass m and the
bounce time T, and the lifetime 7(m) respectively. We propose an interpretation for the
transition amplitudes and formulate the problem such that a path-integral over quan-
tum geometries procedure can be naturally applied.

In Chapter 6 we start by discussing how to construct a transition amplitude by dis-
cretizing a given choice of boundary. We proceed to make an explicit boundary and
2-complex choice and define explicitly a physical transition amplitude for this process.

We will then use the results of Chapter 4 to estimate the lifetime from this ampli-
tude. We also provide a calculation valid for an arbitrary choice of boundary and a class
of spinfoam amplitudes. We close the chapter by discussing the interpretation of our
results and open issues.
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2 From General Relativity to the amplitudes of covariant Loop Quantum Gravity

The amplitudes of the EPRL model of covariant LQG represent the state-of-the-art un-
derstanding and current best guess of this research program, for the definition of the
path integral of Quantum Gravity.

The main results that support the EPRL model as a bona fide candidate for a Feyn-
man Quantization of General Relativity, come from studying its semiclassical limit,
where a Wheeler-Misner-Hawking sum-over-geometries picture emerges. That is, the
definition of the model is physically justified a posteriori, starting from a mathemati-
cally well-defined and well-motivated ansatz. This will be the subject of Chapter 3.

In this chapter, we present a bottom—up path to the EPRL amplitudes of covariant
LQG starting from the Einstein-Hilbert action for General Relativity. Spinfoam models
in the context of the covariant approach to LQG are treated in the introductory and
review articles [96-101]. Two main references for this chapter are the recent text by C.
Rovelli and F. Vidotto [12] and the review by A. Perez [96]. For an introduction to LQG,
see also [102,103] and for a more complete treatment, the textbooks [104,105].

We do not follow the historical development leading to the EPRL and related mod-
els. We start directly from the physically relevant 4D Lorentzian case and follow the
steps leading to the ansatz defining the EPRL model. We focus on the covariant ac-
tions pertinent to covariant LQG. For lack of space, we mention relevant results from
the canonical analysis of these actions in passing.

The logic of how covariant LQG is placed into the Loop Quantum Gravity Program
is outlined in Section 2.4. We do not introduce a boundary until Chapter 4. To avoid
confusion, we note that the amplitudes W in this chapter and the next chapter are to
be understood as partition functions. Their meaning as physical transition amplitudes,
when combined with a semi—classical boundary state, is treated in Chapter 4.

2.1 A dictionary

The aim of this chapter is to sketch a path from the phrase

W~ f Dg] erSenls! (2.1)
where S gy is the Einstein-Hilbert action
1
Senlgl = 1o | dx' detg(WR(() (2.2)

and g(x) is the spacetime metric, to the ansatz defining the EPRL model, and which is
the starting point of the next chapter:

We = : . Ao, i .
c ;M(Jf) fs L(Z’C)u(g )]:[ 1(8ves Jif) 23)

Af(8ves J) = f u(hyp) 8(hy)Trs (2.4)
SUQ2)

1_[ Y;ge’vgveYyhvf

vef
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Prima facie, the defining expressions (2.3) and (2.4) for the amplitudes W of covari-
ant LQG bear no resemblance to General Relativity. That is, other than the use of the
letter g for both the metric and the SL(2,C) group elements gy,.

By the end of this chapter, we will have seen a path motivating equations (2.3) and
(2.4) from (2.1) and (2.2). To facilitate the discussion, we give a dictionary in Table 2.1 of
the correspondence we are aiming to establish.

W ~ W

Digl ~ Y u(jp
Jr

eéSEH[g] ~ f 'u(gve) l—[ Af(ngjf)
N
f

L(2,C)

Tab. 2.1: Comparison of a Misner-Hawking-Wheeler sum-over-geometries and the EPRL model
spin state-sum ansatz.

In Chapter 3, we will proceed from this point to see how in the semi-classical limit
of large spins j;, the SL(2,C) integrations can be performed using a stationary phase
approximation. This will result in the behaviour

L /J(gve) 1_[ Af(gveajf) ~ 1_[ eiijﬁf(jf) (25)
f

L2.C) 7

The spins j; will be interpreted as quanta of areas a , the functions ¢(js) will be the
deficit angles and the product over faces results in the Regge action, introduced in Sec-
tion 3.4,

et Xrardrlap) _ o Sklay) (2.6)

The Regge action S r(/) describes discrete General Relativity, with the degrees of freedom
being edge lengths [ of a triangulation, a piecewise-flat manifold. We caution thatin (2.6)
the Regge action has instead the areas a; as variables. This is closely related to the fact
that the spins j; will not be the only quantum numbers capturing degrees of freedom
of the quantum gravitational field. The asymptotic form 2.6, with some further details
and features, will be essential in estimating a physical observable in Chapter 6.
Throughout this manuscriptint, based on these results, we will present and use the
EPRL model, putting it to the test in a physical application, as a proposal for the regular-
ized path-integral for Quantum Gravity, in the spirit of a MHW sum-over-geometries.

2.2 A game of actions

In this section we start from the Einstein-Hilbert action and introduce the tetrad and
differential-forms formalism. We will derive the Palatini and BF form of the Einstein-
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Hilbert action and then pass to the tetradic Palatini action, the Holst action and the
formulation of General Relativity as a constrained topological BF-theory. We discuss
the simplicity constraints, reducing BF-theory to General Relativity.

We introduce the holonomy as a parallel transporter and discuss its meaning as a
discretization of the curvature of the connection. We proceed to explain the quantization
strategy leading to the EPRL model as a modification of the well-understood path-
integral quantization of BF-theory for compact groups, regularized by a skeletonization
on a topological lattice. We then discuss the strategy for the imposition of the simplicity
constraints at the quantum level.

We outline how covariant LQG is placed within the body of results of Loop Quantum
Gravity in Section 2.4. A hint for this is already present in equations (2.3) and (2.4),
where we see that both the Lorentz group and the rotation group appear through their
double covers, SL(2,C) and SU(2). The kinematical state-space is that resulting from
the canonical quantization of General Relativity when written in 3+1 form in terms of
the Ashtekar-Barbero variables, in which it resembles an S U(2) Yang-Mills theory.

2.2.1 The dissappearance of coordinates: the tetrad and Einstein-Hilbert action in
Cartan’s formalism

The first step in our journey is to rewrite the Einstein-Hilbert action S gy[g] for General
Relativity using Cartan’s formalism. Thus, for the moment, the connection determining
the covariant derivative is fixed to be the Levi-Civita connection.? We will “free” the
connection in Section 2.2.3.

The departure from the formulation of differential geometry that Einstein used to
define his theory in this context, is to introduce non-coordinate vector bases for the
tangent space. This is what we call the tetrad.

The tetrad is also known as the moving frame, the English translation of what Cartan
called it, répére mobile, and as vierbein, its German name. The idea is very simple, the
consequences are profound. Let us start from the pre-Cartan story.

At its most elementary level, General Relativity is the theory that describes the mo-
tion of test particles in a curved spacetime. Different possibilities of curved spacetimes,
metrics that solve the field equations, result in different behaviours for the test-particle
trajectories, accounting for the phenomenon we call gravity.

This elementary image carries through intact from Newtonian to Einsteinian Grav-
ity: the history of a particle is modelled as a curve in a four-dimensional spacetime. But
how do we model its instantaneous velocity? For that, we need a vector at each point on
the curve, pointing in the instantaneous direction of movement and with a magnitude
giving the speed.

A differentiable manifold M is a natural arena for realising such a model of nature,
as it comes equipped with a tangent space T M(p) at each point p € M.

2The Levi-Civita connection is unique. It is compatible with the metric, meaning that the covariant deriva-
tive V it defines, satisfies Vg = 0. An equivalent necessary and sufficient condition is that V be torsion—free:
the difference between the directional derivatives of two vector fields V and U, taken with the Levi-Civita
covariant derivative, is their Lie bracket, VyU — VyV = LyU = —LyV = [V,U]. This is the content of the
fundamental theorem of Riemannian geometry.
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This is the usual mathematical construction: a vector v(p) at a point p corresponds
to an equivalence class of functions from the reals to the manifold, that is, curves, that
traverse p at the same speed and in the same direction.

To make this explicit, and to have objects we can do calculations with, we introduce
coordinate systems covering the manifold. The basis of tangent vectors for TM(p) is
provided by considering four such equivalence classes, associated to the coordinates at
p-

We usually denote these four basis vector fields d,, which denote four vector fields
in the tangent space TM = UpeyTM(p). The notation 9, is meant to imply that this is
the vector field pointing in the direction where, locally, only the coordinate « changes
(increases), with o being any one of the four coordinates.

Vector fields decompose in this basis as V = V%3, or are written simply as their
components V¢, leaving the coordinate-based vector field basis implicit.

This is fine for describing velocities for instance. There is however a second reason
we use differentiable manifolds as a fiducial canvas for spacetime. Locally, a Lorentzian
manifold is Minkowski.

In Minkowski, a convenient choice of basis is to use Cartesian coordinates and take
the orthonormal vector field basis associated to these coordinates. That is, to take as
a basis the set of normalized vectors %, pointing in the positive x,-axis direction. We
know that there is a tangent space structure on a differentiable manifold. Why not do
the same in General Relativity?

There is no reason not to. The caveat is, that this orthonormal basis of vector fields
cannot correspond to any global coordinate system for a curved spacetime. If it did,
then the spacetime would be flat, since it would admit a global Cartesian or Minkowski
t — x — y — z coordinate system. We can always choose such coordinate systems locally.

However, there is nothing wrong with choosing arbitrarily four orthonormal vectors
at each point p of M.

In summary, in General Relativity, by tetrad we mean an arbitrary choice of a set
of four (smooth) vector fields, unrelated to any coordinate system, that are furthermore
taken to be orthonormal with respect to the Minkowski metric. This construction cap-
tures directly Einstein’s intuition that General Relativity reduces to Special Relativity
locally.

Any vector field can now be written in this basis as V = Vie,. Capital latin letters,
called Minkowski or internal indices, are used to index the tetrad basis. This is used
to indicate that no coordinate-based bases, usually indexed by lower-case case greek
letters, are involved.

When one sticks to the tetrad, coordinates entirely disappear from the game. The ar-
bitrariness in choosing a coordinate system is replaced by the arbitrariness in choosing
the tetrad field. Changing from one tetrad field to another, amounts to “rotating” one
orthonormal frame into another at each point, which is achieved by a Lorentz transfor-
mation, the symmetry group sending an orthonormal frame to another in Minkowski.

To be precise, the tangent space in which these vectors live is not TM. There is a
linear map between the tangent space 7'M, which is constructed for instance as above
using equivalence classes of functions, and the vector bundle which has Minkowski
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space as a fiber at each point p. For a given choice of tetrad e;, this map is the matrix®
e , which can be used to translate between a coordinate basis d,, of vector fields and the
orthonormal basis e;:

er = €0, (2.8)
Let us consider e,; = gaﬁe? , with which we may rewrite the metric as
g= gaﬁ(x)dx"dxﬁ = eja(x)e p(x) n™ dx¥d? (2.9)

Often, ef(x) is also called the tetrad field. While mixed—index objects such as ¢ (x)
are of their own importance and central objects in the canonical analysis, until we relate
the topological BF-theory to General Relativity, we do not need to consider coordinates.
It will be conceptually more illuminating to skip the intermediate step of introducing
explicitly a coordinate-based basis of vector fields and one-forms, and write directly the
metric g as

g(p) = ex(ples(p)n” (2.10)

No coordinates are involved in this expression, which is purely geometric.

A second important thing to notice: the tetrad field e; completely replaces the met-
ric g. This is surprising. The metric encodes all the geometry. How can an arbitrary
assignment of four orthonormal vectors ¢;(p) at each point p encode the geometry? The
answer is, it doesn’t. The geometry is now purely encoded through the metric in two
objects: the dual basis ¢/ of one-forms, introduced in the next section, and the paral-
lel transport. The dual basis e’ encodes (infinitesimal) geometrical magnitudes such as
lengths, areas and volumes, while the parallel transport, determined by the connection,
codes the curvature. In particular, parallel transporting the tetrad will be very conve-
nient. This will be the subject of Section 2.3.1.

Finally, the arbitrariness in choosing the tetrad field is manifested by the possibility
to rotate it at each point (so long as it remains smooth), by a Minkowski rotation. That is,
there is a local Lorentz gauge invariance, e;(p) — er(p) Af(p),

g(p) = AK(p) ex(p) N5 (p) er(pn™ = er(p)es(p)n™ (2.11)

by the definition of Lorentz transformations as preserving the Minkowski metric, AK Alng, =

ni-

Let us move to General Relativity.
The dynamics of General Relativity are encoded in the Einstein-Hilbert action,

Seulgl = | dx* /- detg(x)Rg(x)] (2.12)

3 The inverse matrix e{w relating the dual one-form bases ¢; and dx,, is defined by
Jo_
e(Il @ — 6[

el = 5 2.7)

see next Section.
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The Einstein—Hilbert action in terms of the tetrad, by direct substitution of (2.9), reads

S gulel = f dx' | dete(p)] Rle(p)] (2.13)

and variation with respect to the tetrad leads again to Einstein’s field equations.

There is something odd in (2.13). The coordinates reappear as an integration mea-
sure, but the integrand of the action depends only on the tetrad field, which knows
nothing of coordinates. We get rid of this tension in the following section.

As a final note, keep in mind that we had to take the absolute value of dete(x) to
make the two actions match. We will henceforth ignore the absolute value, which does
not affect the field equations and return to this point in Section 3.5.2 where we will see
that it appears as the “cosine feature” in the asymptotic analysis of the EPRL model.
In a work by Rovelli, Riello and the author, it was shown that when considering the
coupling with fermion fields, the actions with and without the absolute value have in
principle measurable observable differences [106].

2.2.2 The tetradic Einstein-Hilbert action

The measure dx* in (2.13), denotes an anti-symmetrized product between the coordinate-
based basis of one-forms dx®. That is,

dx* = dx® Adx! Ada? A dy (2.14)

In coordinate language, dx* times /- det g(x) is the integration measure that is invari-

ant under change of coordinates: +/—detg(x’) is /- detg(x) times the Jacobian between
xand x'.

More geometrically, it is the 4-volume form vol* of the manifold, and the Einstein—
Hilbert action 2.13 reads

Seulel = f vol*(e) R(e) (2.15)

The idea now is to write vol*(e) in terms of the co-tetrad and see what are the objects
that arise. Naturally, we define the dual basis ¢’ to the tetrad, providing an orthonormal
basis of 1-form fields and which we call the co-tetrad. It is defined via the metric by

gler,) =nye’ (2.16)
or in mixed-index notation

opdidx® = nyreldx” (2.17)
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The 4-volume form in terms of the co-tetrad reads*

vol* = e Ae! Ae? A€ = det(e)dx* (2.18)
and the Einstein-Hilbert action becomes

Seulel = fel A’ A e A e Re) (2.19)
We write the Riemann tensor with Minkowski indices as

RY (€)= R (e)dye] el el (2.20)

Using the identity 2(656% — 6%6%) = €,cpe“P*" and the antisymmetry of the Riemann
tensor in its first or second pair of indices, we write the Ricci scalar as

R(e) = R" () SKSLRY )

1
= (o0~ o) R

1
CDKL plJ
= gecpe R 1

.21)

where we introduced the Levi-Civita symbol e“PXL (antisymmetric in all its indices).
Next, we replace (2.21) in (2.19), and notice that we may write

ePELyol* = eCPRLO A Ae® Aed = eC AeP A ek A et (2.22)
Thus, we get
1
Senlel = f ekre’ Ael Aet AeP REE L(e) (2.23)

Now, we define the curvature or field strength,
Fl(e) = R”KL(e) AN (2.24)

which brings the Einstein-Hilbert action in its tetradic form

1
Skenlel = Z fEAB” eA A eB A F”(e) (225)

4To show this compute
e N...Ne" = (el)k1 (@i, A1 AL A di

= (el)k] (@, dx' AL A dxt

(dete) dx' A ... A dx"
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In the next section, we will see the close relation of this form of the Einstein-Hilbert
action with the Palatini action.

The curvature, F'/ is usually called the curvature two-form and refers to the fact that
it is a Lie-algebra valued two-form, with the algebra being that of the symmetry group,
the Lorentz group. In this sense, IJ are understood as component indices, a pair of anti-
symmetric Minkowski indices, that can be naturally contracted with a basis of the Lie
algebra of the Lorentz group. This is a necessary abstraction when working for instance
with topological theories, where no notion of geometry is present, and for the quantum
theory.

Until we introduce the topological BF-theory in Section 2.2.5, we adopt a different
point of view, and think of the curvature F'/ as a matrix of 2-forms. In the end of this
section, we will see that thought of this way, the geometrical meaning is transparent
and allows us to make a parallel to the Regge action. We take a moment to emphasize
this alternative way to understand the curvature two—form.

In the previous section, we introduced the tetrad ¢; as a set of four orthonormal vec-
tor fields. The I index in ¢; is not a component index, it means e;(p) = (é(p), €1(p), €2(p),
€3(p)), a set of four orthonormal vectors at each point p. Similarly for the set of one-
forms e/(p). Thus, when we write ¢/ Ae’, we may understand this as a set of orthonormal
two-form fields.

In particular, there are six of them because they are arranged in an antisymmetric
four by four matrix, which is the dimension of the space of two-forms. Geometrically,
they correspond to the number of planes defined by arranging four linearly indepen-
dent vectors in all possible pairs.

Thus, we think of the curvature F/(e) = R" ;, (e) ¢¥ A e" as a matrix, with entries for
fixed 1J the two form R ., (e) €X A e* constructed by adding the basis two forms eX A "
with coefficients the componentes R, (¢) of the Riemann tensor.

Let us return to the Hilbert-Einsten action. Since all indices are contracted in (2.25),
we may write more compactly

Seulel = éll fTr eNeAF(e) (2.26)

This is a notation that will be useful throughout this manuscript: whenever we write
the trace Tr, we mean that the objects inside are contracted in all their indices in an
appropriate way depending on the context. Here, Tr means contraction with the Levi-
Civita symbol. In general, Tr will be a multi-linear form that is invariant under the
pertinent symmetry group, here, the Lorentz group.

We introduce a second notation that will be useful. Using the Hodge dual® or x
operation, we write

1
(xF)ap = EfABIJF” (2.27)

5The definition of the Hodge dual in general is with the Levi-Civita tensor, which includes a square root of
the metric, not the Levi-Civita symbol. However, we are using tetrads and the indices are Minkowski. Thus
the absolute value of the determinant of the metric is unit. e4gcp here is understood as a tensor with respect
to the Minkowski metric, indices may be freely raised and lowered with 7;;.
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and the Einstein-Hilbert action is written as
1
Seule]l = 3 fe Ae A %xF(e) (2.28)

Now, let us give a name to the basis of two-forms e’ A ¢/ and call it B (e).
Ble)=eAe (2.29)

This is the BF-form of the Einstein-Hilbert action
1
Senlel = 3 fB(e) A *F(e) (2.30)

Let us now go back to the original form of the Hilbert Einstein action. The curvature
F(e) reads

F(e)"” = RY ., (e)B*" (2.31)
thus

Seulel = i fquBR”KLBKL A BY? (2.32)
we use the same trick as 2.22 and write

BXE A BAB = KEAByo (2.33)

The two € contract the Riemann tensor as in (2.20), and we are back to

Seule]l = f vol* R(e) (2.34)

We will find again equation (2.33) in Section 2.2.5, where we will see that when treating
B*? as an abstract Lie-algebra valued two-form, the simplicity constraint, reducing the
topological BF-action to GR, ensures that

EKLABBKL A BAB = GKLABEKLABV()I4 =4 V()l4 (235)

To close this section, we discuss the geometrical meaning of the tetradic and BF forms
of the Einstein-Hilbert action, in equations (2.28) and (2.30).

Locally and for fixed A and B, e* A e corresponds to a plane (in the Minkowski fiber
at p). By construction, e*(p) A €®(p) is a 2-form in the plane defined by the span of e4(p)
and ep(p) at p.

Consider dimensions in 7 (geometrical units, G = ¢ = 1). The term e* A e goes as
and when e4(p) and ep(p) are taken spacelike (we may gauge fix the tetrad for it to be
s0) it corresponds to an area.
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Let us fix for definitenes ¢ to be timelike and ej,e;,e3 to be spacelike and take this
plane to be given by e¢;(p) and e>(p). Then, e!(p) A e*(p) is the invariant area form on this
(local) spacelike plane, that is, the infinitesimal proper area.

Now, the remaining term, xF’/, must be related to the curvature since it includes
the Ricci scalar. What are its dimensions? It is dimensionless, the Riemann tensor has
inverse area dimensions, i”'. What are then the geometrical objects that are dimension-
less: angles. Compare this with the Regge action in Table 2.3, that is of the form “face
area times deficit angle around that face”, with the curvature encoded in the deficit
angle.

As a final remark, xF/ is the Ricci scalar times the Hodge dual of the plane corre-
sponding to e/ A ¢/. It thus determines its co-plane (in a Minkowski fiber). This is also
the construction in the discretization of General Relativity given by the Regge action,
explained in Section 3.4. The deficit angle encodes the curvature and is defined in the
plane normal to a (spacelike) triangular face.

2.2.3 The Palatini action

We saw above that when writing the Einstein-Hilbert action as®

Seule]l = fe Ae A %xF(e) (2.36)

the area element e A e and the curvature xF(e) are in a sense “decoupled”, with xF(e)
living in the co-plane of e A e. This can be taken as a hint that there is a second object,
in addition to the tetrad e, that may be treated as an independent variable and that is
directly related to the curvature. We will see in Section 2.3.1, that when working with
tetrads, the curvature is coded in the parallel transport. The parallel transport along a
curve connecting two points is a mapping between the tangent spaces, determined by
the connection. In particular, we will need to define a covariant derivative that works
for mixed-index objects. This is the spin-connection, defined below, which we call w.
Let us put the dependence on w explicitly in the curvature

Seule]l = fe Ae A *xF(wle]) (2.37)

where w[e] is the Levi-Civita connection.
The Palatini action is defined as

Sple,w] = fe Ae A xF(w) (2.38)

where w is an independent variable, that is, we have left the covariant derivative arbi-
trary.

Variation of S p[e, w] with respect to w, fixes w[e] to be the Levi-Civita connection,
thus S p reduces to S gz when evaluated on the equation of motion for w:

Sple, wle]]l = S gnlel (2.39)

%We are henceforth neglecting the 1 factor.
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We may then proceed and take the variation of S p[e, w[e]] with the tetrad, after7 hav-
ing replaced the solution of the variation with respect to w. This will yield Einstein’s
field equations since it is the same as varying S gu[e] with the tetrad.

Writing General Relativity this way is called a first order formalism, because the
variables w and e appear in the action up to their first derivative, see equations (2.40)
and (2.43).

We recall the form of the Riemann tensor written in terms of the Christoffel symbols

QY (D) = 8,05 = 8,05 + T, Ty =T T, (2.40)

where notice that we have written Q for the curvature tensor (of the connection) instead
of R for the Riemann tensor. When the connection is the Levi-Civita connection, the
Christoffel symbols are given with respect to first order derivatives of the metric (or
tetrad, by replacing g.s = eéeén, 7)

1
rz—v(g) = Eg{fp (8vgyp + a;tgpv - apg,uv) (241)
and the curvature tensor ° ,,, becomes the Riemann tensor

04 {rpv(r(g)) = Rpo’,uv(g) (242)

That is, the familiar definition for curvature in terms of the connection carries through
when leaving the covariant derivative V arbitrary, except that the metric compatibility
and the torsionless condition are not satisfied (Vg # 0). When they are, the connection
is Levi-civita.

To act on objects with also Minkowski indices, we need a covariant derivative that
can also act on them. This is provided by the spin-connection, which we called w, related
to I' via the tetrad by

a)llf = ef,l"fme‘” -e"del (2.43)

where w// should be understood as components here. We define the curvature 1-form
by

W = wge[( = cuLde" (2.44)

As with the field strength F/, we may understand '’ either as a matrix of one forms,
with entries for fixed 1J the forms defined by the sum w}/eX = w{/e" + w!’e' +---, or
as a Lie algebra valued one-form. The connection w is not a tensorial object, as with
Christoffel symbols.

There are two tensorial invariants of the connection. The curvature F(w), defined by

Cartan’s second structure equation,

FY(w) = do" + o' A w0’ (2.45)

"Note that this remarkable property of the relation between the Palatini and Einstein actions is not in
general a valid procedure when deriving equations of motion from an action.
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where d here is the exterior derivative, and the torsion
T'(w) = de’ + wh A e’ (2.46)

defined by Cartan’s first structure equation.

An alternative expression for the field strength F/(w), that allows for easier compar-
ison with the actions presented in this chapter, summarized in Table 2.3, is with respect
to the curvature tensor written with Minkowski indices

F(w) = QY ¢, (w)eX A e* (2.47)
where
Q' () =7, D) g e e e (2.48)

and I is related to w through (2.43).
As a last note, we could have started from the following form of the Palatini action

Splw,e] = | dx*v/dete(x)Q(w) (2.49)

resembling the usual form of the Einstein-Hilbert action as in equation 2.2, and with
identical manipulations as in the previous section, arrive to the BF—form of the Palatini
action

Sple,w] = fB(e) A *F(w) (2.50)

2.2.4 Holst action and the Immirzi parameter

From equation 2.50, we see that there is a natural term that we may consider to add

to the action: to contract BAZ = (e4 A eB) directly with F(w)ap. F(w)ap is the field
strength with both indices lowered with the Minkowski metric, instead of its Hodge
dual (% F(w))ag.

The action of the Hodge dual on objects with two lower indices, such as (xF)4p is
given by

*(xF)KL = %&B’“(*Q)AB (2.51)
The well known property that xx = 1 follows from

1
xx Q= SOy,

1
_ KLAB i
= € €17«

= Qf (2.52)
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We can rewrite things as

B(e)! A x % Fy,

1
= EEMNKLB(e)”mM N A *Fgp

*xB(e) A xF (2.53)

Be)!’ A Fyy

The Holst action then amounts to adding to the Palatini action, the action

S uile,w] = f*B(e) A *xQ(w) (2.54)

where HI stands for Holst-invariant. The (inverse) “coupling constant” for this term, v,
is called the Immirzi parameter

Sule,w] = Sple,w] + %Sm[e, w] (2.55)

The Immirzi parameter is a fundamental parameter of Loop Quantum Gravity [107],
proportional to to the quantum of area [108].8 We will see the Immirzi parameter ap-
pearing in the result of the calculation of the lifetime in Chapter 6.

The BF form of the Holst action reads

Sule, w] = f( B(e) + 71/ * B(e) ) A*F (2.56)

The equations of motion for the Holst action describe General Relativity. This hap-
pens as follows. When w[e] is the Levi-Civita (torsionless spin connection), the Bianchi
identity (d,F(w) = 0) is satisfied and corresponds to the vanishing of the Holst term

*xB(e) A xF(wle]) =0 (2.57)

Thus, the variation of the Holst action with respect to w is again solved for w[e]: we
added to the Palatini action a term that vanishes on-shell and therefore the equations of
motion are not altered.

The spinfoam approach is based on this action, which is a natural generalization of
the Einstein-Hilbert action. There are two main reasons for this: first, it allows us to
modify the quantization of a topological BF-theory so as to achieve a quantization of
general relativity. We see this in Section 2.3.2. The second is that the 3+1 split of this
action in the time gauge provides the bridge to the canonical theory, outlined in Section
2.4. For a review of the canonical analysis of the Holst action in the time gauge and an
investigation of the role of the Immirzi parameter see [110].

81t is understood to determine the coupling constant of a four-fermion interaction and lead to observable
effects [109].
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2.2.,5 Simplicity constraints: General relativity as constrained BF-theory

Classical BF-theory deals with a further abstraction, that follows naturally from the ac-
tions we studied above.

We will see that in our context it essentially amounts to figuring out a way to remove
the dependence on e from B(e), and treat B as an independent variable. This step kills
essentially all non-trivial features of General Relativity. This is the usefulness of BF-
theory: it is a much simpler theory, straightforwardly related to the physically pertinent
theory of General Relativity through the simplicity constraints.

As in the previous sections, we restrict study to the four dimensional Lorentzian
case.

Up to this point, B(e) was a short-cut notation for e A e. We saw that B(e)!” = e/ A ¢’
admits a straightforward interpretation as a matrix of orthonormal two-forms, provid-
ing the infinitesimal area elements for the six planes defined by the possible pairs of the
tetrad basis vectors.

This is a purely geometrical interpretation of B(e)!’. We also mentioned that an object
with n antisymmetric Minkowski indices, is naturally interpreted as an n form in the Lie
algebra of the Lorentz group. Equivalently, we may insist on an interpretation of B’
as a matrix of bi-vector fields, that is, treat B"/ as objects in the exterior algebra of the
Minkowski vector bundle over the manifold.

The idea is to treat B/ as an independent variable on its own right and not assume a
decomposition of the form B = e A e. The general form of a bi-vectoris B=aAb+cAd,
and cannot always be decomposed as B = a A b. Demanding that there exists an e such
that B" = ¢ A ¢/ implies that the bi-vector be simple, i.e. of the form B = a A b.

When deriving the BF form of the Einstein-Hilbert action, we noted in equation
(2.33) that when B(e) = ¢ A e we have

BXE(e) A BAB(e) = X480l (e) (2.58)

We will get rid of the assumption that BXX(e) depends on ¢, by bringing back coordinates
and mixed-index objects, in order to express the above relation only in terms of a B field.
We start from the right-hand side of equation (2.58). The four—volume reads

vol* = det(e) dx' A dx® A dx® A dx* (2.59)

and the determinant of the co-tetrad e{Z is
o 1
det(e) = eceﬁDe}'e‘jeaﬁy(geCD ”Z! (2.60)
which can be written in terms of the B-field,
o 1
det(e) = BC%(e)B}’j(e)eaﬁ,,gECD”Z (2.61)
The left hand side of (2.58) reads

B¥ (e) A B*P(e) = BRH(e)B*P(e)pedx A dx” A dx” A dx”

4

= BfVL(e)BAB(e)pUe““’p”de Adx! A dx? A dx® (2.62)
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Equating the two sides, we have
1 5
BEL () B (e)pr e = EB(gj)(e)B}yj(e)eaﬁygeCDueKLAB (2.63)
Now, contracting both sides with €, and ex;45, we get

1 .
EKLABB/IEVL(E)BAB(e)pO' = 4_!BgD(E)B}/;)(e)eaﬁyrSECD”Eyvpo‘ (2.64)

Here we have shown that equation (2.64) is always satisfied when B = ¢ A e. Now,
we may remove the dependence on e, and write the same equation for an arbitrary bi-
vector. We define the difference of the two sides of equation (2.64), to be equal to a set
of constraints Cs[B]

CS [B]INPO— = EKLABBL(VL A B?(Ij - %B?ZB},}SE(%%;ECDIJE#V/W (265)
This is called the simplicity constraint(s). We emphasize that ¢ does not appear in this
expression. It turns out [99,111], that Cs[B] = 0 is a necessary and sufficient condition
(almost %), ensuring that the bi-vector B comes from a tetrad and is of the form B" =
e! A e’. Similar considerations hold when considering the Holst action, by taking the B
bi-vector field to have the split

1
B=B+-*B (2.66)
y

in terms of a bi-vector B'°. Remarkably, if we introduce Lagrange multipliers A,
(scalar densities of weight one), imposing Cs[B] = 0, General Relativity may be writ-
ten in the form [114,115]

S[B,4,w] = fB A *F(w) + A C[B] (2.67)
The action for classical BF-theory reads

SgrlB,w] = fB A *F(w) (268)

Thus, General Relativity may be written as a constrained BF-theory. As we saw, the
simplicity constraint enforces the geometricity of the bi-vector B, essentially that it be,
for fixed 1J, an infinitesimal proper area element.

The beauty of the BF formalism is that the notion of the connection w, which geo-
metrically we may understand as the parallel transport of vectors in a Riemannian con-
text, is abstracted to a connection in the (principal) bundle of the Lorentz group over the

9There is another solution, B = xe A e, which we do not discuss here.
10We are neglecting the existence of different Plebanski sectors, see for instance [99,112,113]
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manifold and defines a notion of covariant derivative with respect to the natural deriva-
tives in the group, the right or left actions. Thus, we need not define the connection w
through the tetrad, as in (2.43).

The interest in doing all this is that classical BF theory turns out to have no local
degrees of freedom at all, it has only global or topological degrees of freedom. All
solutions B and w to the equations of motions are locally pure gauge: they are all related
by symmetries of the action, and the gauge invariant space of solutions, for a given
manifold, reduces to a single point, for instance B = 0 and w = 0. No local “physical”
information remains.

BF-theory then resembles more a quantum mechanical system than a quantum field
theory, and as such can be quantized with relative ease. Indeed, BF-theory admits an
exact spinfoam quantization [17] for the case of compact groups, such as SU(2) and
S O(4), pertinent for the 3D and 4D Euclidean gravity toy models. For the Lorentzian
case, since the group is non-compact, divergences appear as infinite volume factors.

2.3 Spin-state sum form of EPRL amplitudes

In this section we start by introducing the holonomy as the parallel transporter and as
the exponential of the connection. We then explain the strategy and main motivations
for the EPRL ansatz, as modifying the naive skeletonized path-integral for a discrete
topological theory with SL(2,C) as a gauge group. We arrive at the EPRL ansatz, defin-
ing the model.

2.3.1 The holonomy

The holonomy as the parallel transporter In the first half of this section, we introduce
holonomies as parallel transporters P = P(w[e]), when the connection is the Levi-Civita.
The geometrical meaning of the tetrad is straightforward. Holonomies, on the other
hand, can appear at first sight as arcane mathematical objects, often defined as solutions
to the differential equation solved by the path ordered exponential. This definition is
introduced in the second half of this section.

The holonomy Py corresponds to a simple geometric picture: the Lorentz transfor-
mation rotating two tetrad frames at two different points of the manifold to one another,
when parallel transporting one of them along a path T. The transformation property of
the holonomy under the Lorentz group will then follow.

We refer to Figure 2.1. Consider two arbitrary points on the manifold, connected by
a spacetime curve Y. Anticipating notation in following chapters, we call the two points
s and ¢, for source and target.

The holonomy defines a vector field along T, for any given vector V; at s, the vector
field generated by parallel transporting V, along Y. Given a vector V, at s, we can
parallel transport it along T to any other point ¢ on Y, using the covariant derivative.
This will define a vector on ¢, which we denote PyV, = Py(s—1)V,.

Py(s — 1) is the parallel transporter, or, the holonomy of the connection. It is a map
from the tangent space at s to the tangent space at ¢

Py(s—1) : TM(s) — TM(1) (2.69)
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Fig. 2.1: Holonomy as the parallel transporter. Note the special role of the holonomy Py when
acting on the tetrads. Py = Py(t — s) gives the parallel transport for any vector from a point s
to a point ¢ along a curve Y. Pictured, in red, are the parallel transports Pre(s) at the point ¢,
of the tetrad basis vectors at the point s, ¢;(s). In blue, the role of the holonomy as the Lorentz
transformation rotating (and boosting) Pre(s) to the tetrad vector basis ¢;(t).

Thus, in component notation, it will be a matrix. We hereafter suppress the dependence
of P on s and ¢, which can be taken to be any two arbitrary points connected by some
curve.

Writing both vectors in the corresponding tetrad basis of vectors at s, V, = Vﬁe,(s)
and V = Ve (), we have

vi= Py, v (2.70)

For definiteness, let us choose say eq(s) at s and ey(f) at 7. Tetrad bases ¢,(s) are them-
selves a set of four vectors, that are furthermore normalized. The parallel transport of
eo(s) at r will again be a normalized vector (when the connection is the Levi-Civita).
Then, Pye(s) and e((r) are two normalized vectors of the same Minkowski space. Thus,
by definition since it preserves the Minkowski norm, there exists a Lorentz transforma-
tion A which turns one into the other:

A1) eo(r) = Preo(s) (2.71)

The components ey(s) on the tetrad basis ¢;(s) at s may be written as 6(1). Similarly,
the components of ey(¢) in the basis ¢;(¢) at ¢ read 6(1). Thus,

AKX, 6 = P, 6} (2.72)

Now let us “free” the 0 index and allow it to run over the entire set of four basis vectors,

A6 = Py, 6} 2.73)
Thus, we have shown that, seen as elements of the Lorentz group,

A =Py (2.74)
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Thus, the holonomy of the Levi-Civita connection is a Lorentz transformation.

The parallel transports of all vectors from s to ¢, are given by Py. We have seen that,
furthermore, P+ is the Lorentz transformation A that relates the tetrad frames at two
points, when one frame is parallel transported onto the other via some curve

A1) e(t) = Pre(s) (2.75)

This is illustrated in Figure 2.1.

The transformation property of the holonomy, when rotating the tetrad at r and s,
follows from equation (2.70). Rotating arbitrarily the vector basis e(f) and e(s) by some
A(t) and A(s), gives

VIA®] = Py Ay VY (2.76)
Thus, in matrix notation

V, = AN (O)PeA@) V4 (2.77)
from which we conclude by comparison with (2.70) that

Py = AN ()P A(s) (2.78)
giving the transformation of the holonomy under a change of a tetrad gauge

Py — A@t) Py A7'(s) (2.79)

The holonomy as the exponential of the connection As we saw above, the holonomy
is the parallel transporter. That is, Py V; is the solution of the differential equation giving
the parallel transport

D

—PyVy=0 2.80

=Py (2.80)
where 2 is the directional covariant derivative along T and 1 an affine parameter along
T.

Let us write this explicitly. We call 2, the value of the affine parameter at the initial

point s and A at z. The curve Y is represented parametrically by x*(1). The parallel
transported vector field generated by Pv,

VH(Q) = Ph(A, A)VP(Ay) (2.81)
solves

d

o= —AL(D)VP(A) (2.82)

where we defined

AL Q) =T 5 (2.83)
P P
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We supress for clarity the dependence of P on the initial value of the affine parameter
A.
Inserting (2.81) to (2.82), and since P satisfies this equation for any V,, we see that

d
apﬁ(ﬂ) = AL Py (2.84)

Suppressing the indices and writing
d
aP(/l) =—-A(1) P(2) (2.85)

we almost have the differential equation which has the exponential of A as a solution,
but A now depends on A.

The formal solution to this differential equation, which we get by iteration, is called
the path-ordered exponential, familiar from quantum field theory. It is denoted as

P(1) = Pel a1 AD) (2.86)

In Minkowski indices, using equation (2.43) and after some algebra, we can write a
similar expression in terms of the spin-connection, with

AN = i, (2.87)

More abstractly, when we understand the spin connection as a Lie algebra valued form,
we may write

A=A = " AT = tewios€’t T (2.88)
with J; a basis of the Lie algebra, and
P=pelt (2.89)

2.3.2 Spinfoam quantization of BF-theory
The action for classical BF theory, equation 2.2.5, reads (equation (2.68))

Sgr[B,w] = f B A F(w) (2.90)

We discussed in the end of Section 2.2.5, that thanks to its simplicity and the lack of local
degrees of freedom, BF-theory admits an exact spinfoam quantization (when the group
is compact). For an introduction to this topic see Section 6 of the review by Perez [96]
and the lectures [101] by Baez.

The quantum theory is defined by regularizing (skeletonizing) the path integral for
BE-theory on a lattice. The partition function for the continuous theory is formally writ-
ten as

WBF

fz)[B]z)[w]eiB/\*F(w)

f Dlw] § (Flw]) (2.91)
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where we performed a formal integration (like §(x) = % f dp €'P*) over the B-field. No-
tice that this implies that the partition function is the volume of the space of flat connec-
tions of w.

To give a meaning to the formal expression 2.91, the manifold M is replaced by an
arbitrary cellular decomposition C*. We restrict to the case where C* is a (topological) tri-
angulation, a topological simplicial manifold. The notation C* anticipates that the spin-
foam amplitudes will be built on the two-complex C dual to C*. The relation between
a 2-complex C and its dual simplicial triangulation C* in three and four dimensions is
explained in Table 2.2.

Henceforth, starred quantities correspond to the duals to the elements of the 2-
complex and its boundary, which may be geometrical or topological depending on the
context. That is, v* is the dual 4-simplex to the vertex v, e* is the dual tetrahedron to the
edge e and f* is the triangle dual to the face f. On the boundary, n* is the tetrahedron
dual to the node n and £* is the triangle dual to the link £.

The variables B and w are discretized as follows. We discussed in Section 2.2 that the
B-field, thought of here as a Lie algebra valued two-form, “wants” to be integrated on a
two-dimensional submanifold.

We introduce the variable By, a Lie algebra element associated to each dual face f,
which formally corresponds to a smearing of B, a discretization, on the triangle f* of
the triangulation C*

By~ ff B (2.92)

The connection w is discretized by a group element, formally corresponding to the
holonomy g of the connection w, between the two topological four-simplices v* sharing
a tetrahedron e*. Thus, the holonomy is associated to the dual edge e

ge ~ Pele, (2.93)

see also Figure 2.2.
The skeletonized partition function for BF-theory, in analogy with the continuous
version (2.91), is defined as

weh = f p(ge) 6(Uy) (2.94)
where we defined the face holonomy Uy
Uy = ]_[ g (2.95)
eef

The integration measure u(g,) = [], dg. is a product of Haar measures dg, over SL(2,C),
see Appendix A.2 for details. This construction is sketched in Figure 2.2.

Let us pause to make a comment. Recalling the discussion at the end of Section 2.2.2,
in the tetradic and the BF-form of the Hilbert Einstein action, as well as in the tetradic
Palatini action, the curvature F[w] lives in the co-plane of the B(e)-field.
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Triangulation and 2-complex in three dimensions

Bulk C

Triangulation

tetrahedron &
triangle A
segment —

apex .

Dual
vertex oV
v’
edge e
face Oe’
v € v
no dual

Boundary ' = 0C

Triangulation

triangle A

segment _~*

apex .

Dual

n
node e

link o7

no dual

Triangulation and 2-complex in four dimensions

Bulk C

Triangulation

4-simplex @
tetrahedron &
triangle A
segment -

apex °

Dual
vertex o’
,U/
edge e
face OC/
e v
no dual
no dual

Boundary I' = 0C

Triangulation

tetrahedron @

triangle A

segment ,_—*

apex .

Dual

n
node e

link o7

no dual

no dual

Tab. 2.2: Triangulation and Dual 2-complex in three and four dimensions. The 2-complex C has
up to two dimensional objects, the faces f, regardless of the dimension of the triangulation. The

boundary of C is a graphT.
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Fig. 2.2: The face holonomy along a dual face f of equation (2.95). Notice the abuse of notation:
each edge should be labelled by a different ¢, that is, e,e’,¢”,..., and similarly for the vertices,
v v

We caution that here we are in a pre-geometric setting and there is no notion of co-
plane to a topological triangle f* yet. The idea is that when we impose the geometricity
of By through the simplicity constraints, the curvature of the connection will be encoded
in the face holonomies, that can then be interpreted as living in the co-plane associated
to f*. That is, as the holonomy along a closed loop around f*, in the co-plane of f*.

We will see in Section 3.5 that this is exactly what happens at the critical points of
the EPRL partition function that correspond to simplicial geometries. We pointed out
that this construction is very similar to the construction behind the Regge action, which
we introduce in Section 3.4. In turn, this geometrical interpretation of the semiclassical
regime of the EPRL model will allow us to perform a path-integral in the spirit of Figure
1.2 in Chapter 4.

Let us continue. In a simplicial triangulation in d dimensions, each dual edge is
connected to exactly d faces. In two dimensions, an edge is dual to a segment and faces
are dual to triangles. A segment is common to exactly two triangles, so the dual edge
will be common to the two faces dual to these two triangles. This is shown in Figure 2.3.

For four dimensions, we proceed analogously. The edge e is dual to a tetrahedron,
which is bounded by four triangles. Faces are dual to triangles and thus there are four
faces that share the edge e. Thus, for 4D BF-theory with the group being SL(2,C) , the
double cover of the Lorentz group, each SL(2,C) group element g, in (2.94) appears
four times, in four different delta functions, that is, face holonomies.

The integrations over the group elements g, can then be performed by expanding
the delta functions of the holonomies in unitary representations, using the Peter-Weyl
theorem.

The central idea here is that performing the integrations over the group elements,
is like performing the integration over the configuration variable. We will end up with
the “conjugate representation”, where the integration (summation) is now over spin
variables (discrete variables) playing the role of the conjugate momentum. For SL(2,C),
because it is a non-compact group, there will also be some labels that are continuous.

These quantum numbers will label irreducible representations of the Lorentz group
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Fig. 2.3: A triangulation in two dimensions. Each edge of the dual graph, shown in red, is
common to two faces. As an example, the segment in dotted black is dual to the edge in dotted
red, which is common to the two faces in pale red. This generalizes in d dimensions: an edge is
common to exactly d faces.

and intertwiners, equivariant maps under the action of the group, among representa-
tions. The principal series of unitary representations of S L(2,C) is introduced in Section
3.2.1.

However, doing all this would only give us a tentative quantization of BF-theory
with SL(2,C) as a gauge group. Our aim is to impose the simplicity constraints at the
quantum level. For this, we need to manipulate the BF-partition function (2.94) in a
form that brings in also the group S U(2), on which the canonical theory is based. This
is done in the following section.

For lack of space and to avoid technical details not necessary for what follows, we
do not present recoupling techniques relevant to SL(2,C) here. They are presented in
Appendix A.

To get a feeling of how the integration over the group elements gives rise to recou-
pling invariants see Appendix A.1, where we work out a simple example and introduce
the four valent intertwiners of S U(2), intertwining between the four representations of
the four faces living at an edge e. In turn, the invariant integration measure, the Haar
measure over SL(2,C), can be decomposed in two copies of an S U(2) Haar measure
and an integration over a real parameter that is understood as a boost. This allows us
to write explicitly the recoupling invariants in terms of analytic functions. In Appendix
A.2 we introduce the SL(2,C) Haar measure and its decomposition and in Appendix
A.3 we show the precise relation of the Clebsch-Gordan coefficents of SL(2,C) and the
recoupling invariants with which we can explicitly express EPRL, as was done in [90]
for the transition amplitude summarized in Section 6.2. In Appendix A.2, we also show
the explicit sense in which the simplicity constraints are imposed at the quantum level
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in this decomposition. For further details see the work [116] by Speziale where these
techniques were recently introduced.

2.3.3 The EPRL ansatz

In this section we introduce the spin state-sum form of the EPRL amplitudes, complet-
ing the correspondence sketched in Table 2.1. We will arrive at the form of the EPRL
amplitudes as in equations (2.3) and (2.4) that are the starting point of the next chapter.

We start from equation (2.94), defining the regularized path integral for BF-theory,
repeated here for convenience

W = [ uteawy) (2.96)

We remind that the integration measure u(g,) is a product of §L(2,C) Haar measures,
defined in Appendix A.2, and we are integrating over E copies of SL(2,C), where E is
the number of edges in C.

We would now like to arrive at a spin state-sum form of the amplitudes, with an
overall sum over spin configurations, as in (2.3).

The prototype inspiration for spin state—sum models is the three-dimensional Eu-
clidean Ponzano—-Regge model, whose partition function reads [20,21]

PR _ . o2 Js
We' = Z;‘ Hls) 1_[ {14 Js j6} 97)
y

s

where the symbol in curly brackets is the 6j-symbol, an invariant object in the tensor
product of six representations of S U(2). The summation measure u(jy), is a product
of d; = 2j + 1 factors and sign factors, see [20,21]. We will not need its explicit form
here. Since we are in three dimensions, the vertices v here are dual to tetrahedra and the
facesf are dual to segments.

The 6j-symbol is then understood as a quantum tetrahedron, in the sense that in an
appropriate semiclassical limit of large spins, we may understand them as the edge-
lengths of a classical tetrahedron.

A classical Euclidean tetrahedron is completely determined by its six edge lengths
(up to inversion). In the limit of large spins, the 6j—symbol becomes the exponential of
the Regge action S (v; [f+) for the four simplex v, and we have the behaviour [20,21]

we' ~ f i pullye) [ ]t = f dle ply)e 5 (2.98)

where we have turned the sums into integrations and identified the segment lengths /;
with the spins j; on the face f dual to the segment f*. The sum of the Regge action for
each vertex gives the Regge action for the 2-complex S$(I;+).

This is the sense in which we will recover the path integral over the Hilbert-Einstein
action in Chapter 3. We will be using similar manipulations in Chapter 4 to see how
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a gravitational tunneling picture emerges when considering a semiclassical boundary
state; which serves as a boundary condition for the analogous naive path integral in
four dimensions. We caution that the quantum numbers in the EPRL model are not
only the spins j, there are also the intertwiner degrees of freedom and the continuous
boost labels, see Appendix A.3.

We are aiming to arrive at a similar expression to equation 2.97, of the form!!

We =" uGp | A (2.99)
Ir v

The idea here is two—fold: the first, is to introduce variables that are local to a vertex
v, in this way we can write the amplitude as a product of terms local to the vertices,
the vertex amplitudes. The second, is to introduce fiducial boundaries, isolating each
vertex from the others, where the S U(2) group elements will live.

This is to allow contact with the boundary space of LQG, which is based on SU(2),
and to provide a way to impose the simplicity constraint.

Some steps in the manipulations that follow work only for the case of compact
groups. We point them out as we go. These manipulations lead to well-defined and
finite expressions when compact groups are involved. The EPRL ansatz can be under-
stood as carrying out formally these manipulations, ignoring infinite volume factors,
and is justified a posteriori by the fact that the amplitudes are finite [117-122].

The first step is to double the number of group variables, by splitting g, in two, called
gev and g,,,, where v and V' are the vertices joined by the edge e.

For a compact group, we may do this as follows. We write g, = g,8.v, Where g,, =
8. Using the invariance of the Haar measure, we change the integration from dg, to
say dgy.. Notice that this is only an integration over half the variables, we left out all the
gev- We now have

We = fu(gve)rlé

f

[I—[ gevgve’J (2.100)

vef

where the integration is over E copies of the group. Now, in a compact group G, we
may write

_ He fdgev'

1
Ve

(2.101)

where Vg is the volume of G, and absorb the volume factors in a normalization constant
Nc

[1_[ gevgve’] (2102)

vef

We = Ne fﬂ(gve» gev’) 1_[ 6

f

1The summation measure u(j;) is not of much importance in what follows. The precise choice can be
important for the finiteness of the amplitudes, see [117].
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where the integration is over 2E copies of G.

Let us focus again on the Lorentzian case and ignore the infinite volume factors. We
write simply pu(g.,) to imply an integration over all variables, that is, over 2E copies of
SL2,C)

pige) = | ] dger (2.103)

Some of these integrations, one per vertex, turn out to be superfluous, leading to infinite
volume factors, and have to be dropped. This can be seen by working out an example
for a single vertex. Henceforth, by u(g,.) we mean that one of the integrations over g,
per vertex has been dropped.

We have

We = N f (8ve) 0| ev8ve 2.104
c=Ne | K ]:[ []_[g g ) (2.104)

vef

The next step is to introduce a fiducial boundary around each vertex. This is done as
follows. We introduce another set of group variables, that are now S U(2), equal to the
number of pairs of vertices and faces V x F, which we denote A,;.

We impose that they be equal to the product of the two SL(2,C) elements that are
attached to the same vertex v in the face f, by inserting a delta 6(gevgvehvr). Thus, the
holonomy around the face will now read

he=] | hy (2.105)
vf

Putting things together, we have

We :f ﬂ(hvf) Hé(hf) l_lf,u(gev)d(gevgve'hvf) (2106)
SUQ) ; of

We have almost arrived at equation (2.4) and (2.3). The idea is now to expand the
delta function over SL(2,C) in unitary representations. However, remember that we
have not yet imposed the simplicity constraints at the quantum level.

The EPRL ansatz is based on the following conjecture: the imposition of the sim-
plicity constraints at the quantum level is equivalent to expanding the delta function in
only the so—called simple unitary representations of the principal series of SL(2,C) .

The motivations for this strategy come from the canonical analysis of the Holst action
in the time-gauge and are discussed in Sections 3.2.1 and 3.2.2. See also Appendix A.3.

We thus arrive at equations (2.4) and (2.3)

W= ; o T 1A, j 2.107
¢ = up) fs L(Z,C)u(g )l:[ 7(8ves J) (2.107)

lir}

Af(gren jp) = f ulhyy) SCh ) TE (2.108)
SUQ2)

1_[ Y;ge’vgveYyhvf

vef
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This definition of the EPRL model is the starting point of the following chapter. The
trace notation Tr// means that the expansion is only over simple irreducible representa-
tions of the principal series of SL(2,C), and will be given a precise meaning in Section
3.2.2.

To finish this section, we give the standard EPRL model definition [23-28,123,124]
in its product over vertex amplitudes form, which is a rearrangement of the equations
above:

We = f phu) [ o) | A, gves i) (2.109)
SUQ) f ;
Av(hvﬂ 8ves .]f) = Z f ﬂ(gve) l_[ djfTrjf 1—[ Y;gé’"’gVe Yyh"f
(i) SLQ2,0) f vef
(2.110)
from which we also read the summation measure
uGip) = ]_[ dj, (2.111)
¢

2.4 Relation to the canonical theory

In this Section we outline how covariant LQG is placed within the body of results of
Loop Quantum Gravity. The main insight behind the spinfoam quantization program,
is that the physical inner product, at least formally, may be written as an inner product
in the kinematical space, which puts the physical inner product at a similar footing as a
propagator.

The manipulations that follow are formal. For a more detailed discussion see Thie-
mann’s contribution in [125] and the influential work by Reisenberger and Rovelli [126—
130].

The Einstein-Hilbert action, in canonical form as a fully constrained system and in
terms of Ashtekar variables reads

S[E;A,N,N% A'] = f drdx® f EYA; - (NG + N*D, + NH) (2.112)
p

The conjugate variables here are the densitized triads E{ and the connection Al, see also
Section 4.1.1. _ ‘

Implied above is that A';’I(Ej,A;’Z), similarly for G;, D, and H and that Ef = E{(t,x),
Al(x, 1), similarly for A/, N* and N .

Compare with the Hamiltonian form of the action for a 1D system

Slp:ql = fdtpél—ﬂ(q,p) (2.113)
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where it is implied, as in (2.112), that § = ¢(g,p), p = p(t), ¢ = q(t). The semicolon in
these actions separates the momenta from the configuration variables.

The conjugate momenta for the variables A/, N* and N do not appear in the action
for General Relativity, they vanish identically. The Euler-Lagrange equations for the
configuration variables A/, N and N simply impose the condition that G;, D, and H
vanish. These are the constraints. The Hamiltonian is a sum of constraints multiplied
by Lagrange multipliers. This is the general form of a fully constrained system. That is,
on shell (when the constraints are satisfied) the Hamiltonian vanishes.

The picture is that of a phase space spanned by all configuration variables and their
conjugates. The conjugate of the Lagrange multipliers vanishes, which trivially reduces
the phase space. Then, the constraints further reduce the phase space dimension on
the constraint surface. In addition, we need to gauge-out the orbits generated by these
constraints. The orbits of the constraints are the physical states.

The inability to explicitly describe the physical space resulting from this last step is
what has become known as the problem of observables in general relativity [131-137],
an issue brought up as fundamental by Bergmann in 1961 [131].

This is the underlying reason that although a precise and well-defined proposal for
the Hamiltonian constraint of LQG exists through Thiemann’s master constraint pro-
gram [7], the existence of the full space of solutions is shown by invoking the axiom of
choice [9]. As we discussed in the Introduction, “sidestepping” these profound technical
difficulties of the complete Hamiltonian formulation, are one of the main motivations
for introducing the covariant approach to LQG.

Holst showed [138] that the action (2.112) is the 3+1 split of the action (2.55), which
then took his name.!?

This is the main link between the canonical and the covariant formulations of Loop
Quantum Gravity. We now identify the reason for the naming “covariant” approacht
to LQG: the Holst action is manifestly covariant. To be precise, all objects appearing in
the Holst action transform covariantly (or contra-variantly) and the action is invariant
under a simultaneous action of the Lorentz group on all indices. This is in contrast
with the canonical form (2.112), in which we have objects with only space indices and
manifest Lorentz invariance is lost.

The idea behind spinfoams can then be sketched as follows. The kinematical space
of General Relativity, written in terms of Ashtekar’s variables, is known explicitely and
is well understood. It is a separable Hilbert space with a well-defined inner product,
given by the Ashtekar-Lewandowski measure [139]. The states in this Hilbert space
solve the operator form of the Gauss and diffeomorphism constraints.

Let us call the space of states that also solve the Hamiltonian constraint, the physi-
cal Hilbert space H”™*. Then, we are interested in general to calculate inner products,
amplitudes, between states in H”"*. In principle, the modulus squared of these con-
tains the physically observable information of quantum gravity. In this manuscript, we
attempt to calculate such an amplitude.

Consider a state [yy,) in Hin. Then, in general, |uy,) is not in H,y,y,, which is a
subspace of Hy,. However, generically, |i;,) will also not be orthogonal to H,,,. Thus,

12Gecond class constraints must be satisfied, in order for (2.55) to reduce to (2.112).
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a component of [Yy,), is in H,pnys, that is, the projection of |y;,) under the Hamiltonian
constraint H is a state in Hy.
A kinematical state [4;,) can be mapped to a (generalized) physical state by

Wiin) = 6H Wikin) € Hiyys (2.114)

where H, is the rigged physical Hilbert space and this is achieved via the so-called
rigging map. Loosely speaking and to give an idea, the rigged Hilbert space construc-
tion is meant to generalise the standard notion of Hilbert space in order to allow for
non-square integrable states that are physically interesting and the distributions that
arise when fourier transforming them. For instance, the plane waves ¢”* of quantum
mechanics are eigenstates of the position and momentum operators but are not square
integrable. The fourier transform in position space of 7%, thought of as an eigenstate
|p) of the momentum operator, is 6(x) = f de'P*. See [12,105] for a detailed explanation.

The idea here is that if 6(HA) is projecting |Y,) to the physical Hilbert space, then the
kinematical inner product of another state ;. ) with [if}. ), is in effect the inner product
of the component of (V79 that is in H,, with the component of |y;,) that is in Hppy,.
That is, writing

Wiinl = Wil + Wil (2.115)
with (yf | € HP and (y£ | L HP™S, and similarly for [y, then
Whinld D Win) = W10 W) (2.116)

This is a central idea to the spinfoam program: if one gives a meaning to §(H), it is for-
mally possible to compute physical transition amplitudes, using the kinematical inner
product.

The next step is to write <l//;<,-n|5(ﬁ Win) as a path integral over the lapse N

6H = f DNV (2.117)

with the integration taken over two time slices and the boundary conditions being that
the lapse is constant on these slices. We have

Wi lwrb) = f DN Wyl 13 (2.118)

which now looks like a propagator formula between times #; and ¢y, with a multi-
fingered time evolution. That is, we integrate over all intermediate choices of time slic-
ings, choices of the lapse function. We may formally turn this into an integral over the
entire classical phase space and write

[ Dt s Ay 2119)
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where D[- - - ] is a path-integral measure over A, E, N, N, A.
But, we saw earlier in this section that S gy written in Ashtekar variables is the 3+1
split of the Holst action. Thus, we may write

f Dlw] Dle] W, 15" ) (2.120)

From this point, one can write the Holst action as a constrained BF-theory, as we did in
Section 2.2.5, and continue with the BE-theory spinfoam quantization of Section 2.3.2.

2.5 Summary

In this introductory chapter we presented main ideas and motivations behind the EPRL
ansatz. The steps we took can be understood as a formal derivation of the ansatz. In the
next chapter, we will take the partition function 2.107 as a starting point and study its
semiclassical limit.

The continuous and discrete covariant actions at the basis of the covariant approach
to LQG are summarized in Table 2.3, where we included the dimensions of each term
for easier comparison. We have included the Wilson-Lattice Yang-Mills action, to be
compared with the discretized BF-theory action. Note that the canonical form of General
Relativity, equation 2.112, resembles a Yang-Mills theory with gauge group S U(2).

We have emphasized the role of the plane e A e, which has dimensions of an area,
and the co-plane where the curvature term *F|[w] lives, which is dimensionless and
can be discretized by a deficit angle. In the next chapter, we will see this geometrical
construction emerging in the semiclassical limit of the EPRL model, giving rise to the
Regge action.
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mSenlgl = (7] f dx* [0 /- det 8(x)oy 5§ Ry{saﬁ(g(x)) (]
mSenle]l = pr1 [dxt poldete()l ey, RV g(e(x) i
mSple,w] = 1 f dx* 0y dete(x) e* Ieﬁ ; Qv @) 171
mS ple, w] = [7°] f meAe A * F(w) n°1
S gle,w] = (7] f me A e(l + %) A x F(w) (1]
1S gle, w] = (7] f Tr[ (m1e A e(l + %) AF(w) 1) ]
mSrll] = w0 Xp o A ¢p(D) (1)
mSprlB.wl = w1 [ T[ mB AF 10 ]
mSwelL, Ul = w1 X, Tr[ mLys Uy inr]

Tab. 2.3: Comparative table of actions and formalisms leading to the definition of EPRL ampli-
tudes. Dimensions in geometrical units (G = ¢ = 1) are indicated in powers of 7 next to each term

for easier comparison.
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3 Emergence of the sum over geometries

In the previous chapter we have seen how the spin state-sum form of the EPRL ampli-
tude is related to General Relativity. In this chapter we take the top—down path, starting
from the EPRL ansatz and see how the sum-over—geometries path—integral picture that
emerges in the semi-classical limit.

We will work in the Han-Krajewski representation [31]. This is a little-known and
more direct way of getting to the form of the EPRL amplitudes suitable for asymptotic
analysis, that does not involve coherent states. We provide an independent and more
concise derivation of this representation.

We discuss the geometrical interpretation of the critical point equations, summarize
the asymptotic analysis of the EPRL model and discuss the sense in which the Wheeler—
Misner-Hawking sum—over—geometries is recovered. Unpublished results in this and
the following chapter will appear in a work [91] by the author in collaboration with
Fabio d’Ambrosio.

3.1 The rough picture

In this section we give the rough picture of how the path—integral over the Regge action
emerges from the EPRL ansatz, to be used as a guide for the presentation of the material
in the following sections.

In Section 2.3, we saw that the amplitudes'® of covariant LQG can be defined by the
EPRL ansatz, written in the product-over-face-amplitudes form of equation (2.107),
repeated here for convenience

We =" uGiy) f uge) | [As(ves ip) (3.1)
Jr SL2.o f
with the face amplitude given by
i) = Js f
Af(gveu ]f) - f /J(hvf) 5(hf)Tr 1_[ nge’vgveYyhvf (32)
SUQ) vef

In the following section we use spinor technology to bring the face amplitude to the
form

Af(gves jf) = f H(zyp) Hejf Fillesbleh (3.3)
f

with the integration being over spinor variables z,;. The notation {g}, {zf} implies de-
pendence on the g,. and z,; with v € f. For conciseness, we will also write F((g,z2)
instead of F(({g}, {zf}).

13We have not yet introduced a boundary. This is done in the following chapter. W here is understood as
a partition function.
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The main point is that the EPRL amplitudes take the form

We = D uGDIG)) (3.4)
{ir}
with I(j;) given by
1(jy) = f p(Qu(z) e Irre) (3.5)

where the product over faces is written as a sum in the exponent. The function I(js) is
the so-called “partial amplitude” or fixed-spins amplitude. Keep in mind that despite
the name, I(j;) does not have a direct interpretation as an amplitude of any sort. Thus,
the results presented here regard the asymptotic analysis at fixed spins. To get a physi-
cally meaningfull amplitude, we must include a boundary and perform the spin-sum.
This is the subject of Chapter 4.

The partial amplitude I(j;) is then the function of the spins that turns out to behave
as the exponential of the Regge action in the semi-classical limit. The exponent is linear
in the spins, with the function F(g, z) not depending on the spins.

What roughly happens after the asymptotic analysis is carried through, is that at
a critical point admitting a geometrical interpretation as a simplicial geometry, F; be-
comes the deficit angle ¢, which is now a function of the spins evaluated at the critical
point.

The spins are identified with physical areas ay by as/fi = j;

crit. point

Fr(g.2)  ~  ¢ay) (3.6)

Then, the argument of the exponential in (3.82) becomes

. 1

D8 ~ 2 ) ar ds(ay) (37)
f f

where we recognize the Regge action, with the important difference that the variables

here are the areas ay, not the segment lengths.

3.2 Embedding SU(2) in SL(2,C) and a taste of spinors

In this section we introduce the minimal amount of tools needed to bring the EPRL
amplitudes to a form suitable for asymptotic analysis and explain the strategy for the
imposition of the simplicity constraints at the quantum level.

We first introduce some basics for the principal series of unitary irreducible repre-
sentations of SL(2,C), in order to give meaning and explicitly define the expression

Tr/f 3.8)

l_[ Y;ge’vgve Yyhvf
vef
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appearing in the face amplitude of equation (2.107). For a complete treatment of the
representation theory of SL(2,C) see the textbook [140]. See also [141] for a summary
of basic properties and the relation to S U(2) and S U(1, 1).

We proceed to briefly discuss the postulate for the imposition of the simplicity con-
straints at the quantum level, see also Appendix A.3. We end this section by introduc-
ing the map H from normalized spinors to S U(2), a simple tool central to deriving the
Han-Krajewski path-integral representation for the EPRL amplitudes in the following
section.

3.2.1 Elements of SL(2,C) principal series representations

The group SL(2,C) is non-compact. Intuitively, this is evident from our understand-
ing of the Lorentz group O(3, 1), and the fact that SL(2, C) is its universal cover. Lorentz
transformations are composed of ordinary three-dimensional rotations and boosts, which
are rotations in a Minkowski plane. Hyperbolic angles are also called Lorentzian angles,
boost angles or rapidities. Similarly to the familiar Euclidean angles, they are defined
as inverse hyperbolic cosines of inner products between two normalised timelike vectors,
see section 3.4 where we define the Lorentzian Regge action.

Thus, boost angles take arbitrarily large values and it is to be expected that (the uni-
tary irreps of) S O7(3, 1) cannot be parametrized by parameters taking values in compact
intervals.

Compare this statement with the Euler angle parametrization of Wigner’s D-matrices
D/(a,B,7), discussed in Chapter 4. The three Euclidean angles «, 8 and y, represent or-
dinary S O(2) two-dimensional rotations by that amount, about an axis, and take values
in (0,7) and (0, 27). Attempting to do a similar geometric parametrization of a Lorentz
transformation, which is in general a combination of rotations and boosts, would cer-
tainly require the use of hyperbolic angles, that take values in (1, o).

In representation theory, this translates to the fact that the unitary representation
spaces of SL(2,C) are infinite dimensional. Unitary representations play a central role
in the harmonic analysis of functions over groups, see Appendix a discussion of the A
for SL(2,C) case.

One possible analogy is to think of unitary representations as playing the role of
“plane waves” ¢'?* in Fourier analysis, the latter being Harmonic analysis over the re-
als. When the group is compact, it can be parametrized by parameters taking values
in compact intervals, with a certain periodicity. This is the analogue of doing Fourier
analysis over periodic functions, which results in discrete summation over modes. In
the SU(2) case, the discrete summation is over the spins and magnetic indices. When
we have a non-compact group, it is analogous to having to also do Fourier analysis over
non-periodic functions, and thus we expect that there will be continuous integrations
involved.

The principal series of unitary irreducible representations of SL(2,C) is defined
through its action to the space V of functions f(g) where g € SL(2,C). These repre-
sentation spaces are labelled, as anticipated above, by a continuous parameter p € R*
and a discrete spin label k € N/2.
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The decomposition of V into unitary irreducible representations of the principal se-
ries is given by

V= fﬂ dp Z y b (3.9)
k

where the spaces V% are realised as spaces of homogeneous complex functions of
spinors, see [141]. Furthermore, and very conveniently, each representation space ywh
decomposes into irreducible representations of S U(2)

yb _ @ Hi (3.10)
Jj=k

with the equality to be understood in the sense of an isomorphism between vector
spaces. The spaces V" and V=9 are isomorphic and henceforth we consider only
positive values for &, see [40].

The space H/ is the usual spin-j representation space of S U(2), on which unitary
irreducible representations act. These are finite dimensional representations

dj=dimH’ =2j+1 (3.11)

An orthogonal basis of H/ is the usual |j, m) basis of angular momentum j and mag-
netic moment m. The S U(2) unitary irreducible representations can be explicitly realized
through Wigner’s D-matrices, defined as the matrix elements

D! (k) = (jomlhlj,m’) (3.12)

with 4 in S U(2). This explicit expression for Dim, (h) is well known, see equation (3.50)
for an explicit expression of the analytical continuation of Wigner’s D-matrices to & €
GL(2,0). ‘

The matrix elements D’

mm’

(h) provide a basis of square integrable functions on S U(2)
Fhy =3 fh Gomlhlj,m') (3.13)
Jjmm’

for coefficients fnﬂm
Similarly, VP® has an orthogonal basis, which we denote as

|p, k, j, m)

That is, a square integrable function f(g) of SL(2,C), seen as an element of the vector
space V, decomposes as

@ = fR dp DL D St Pk jomlglp k. ') (3.14)

k=—co jmj'm’
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where k, j,m, j/,n are spins, that is, half-integers.

Notice the analogy with the SU(2) case (3.13). The representation for SL(2,C) is
labelled by the pair (p, k) and a basis vector has a pair of “magnetic indices” (j, m), that
are summed over independently in (3.14).

The range of summations over the index pairs j,m and j/,m’ is given explicitly by

m=+j m'=+j

IEDIDIDIDY (3.15)

jmjmj<k m=—j j<k m'=j

Similarly to Wigner’s D-matrices, the matrix elements for the representation matri-
ces acting on V7 are defined by

Dh. (@) = (p.k, jmiglp, k, j/,m') (3.16)
Multiplication in V7* is given by

k k k
Do (8182) = ) DY (D (2) (3.17)
In

Dk

with the summation ranges as in (3.15). The matrix elements Dimj,m,

known, see Appendix A.
The delta function over SL(2,C) is given by

8() = fR dp Y (PP ) Y DL (9) (3.18)
k Jim

(g) are explicitly

Compare this with the Peter-Weyl expansion of the S U(2) delta function

§h) = > d;Dhu(h) (3.19)
J

The realisation of the spaces V7* as spaces of homogeneous functions of spinors will
allows us to explicitly express the inner products in V?* in terms of spinor variables in
Section 3.3. That is, in terms of the matrix elements Df,;]fjm, (g), see equation (3.16).

3.2.2 Imposition of simplicity constraints at the quantum level and the Y, map

We arrive at the technical core of the EPRL model: the conjecture that the imposition
of the simplicity constraints at the quantum level is equivalent to restricting the repre-
sentation space V to VP=7#*=)_ We call the representations acting on V), simple. To
simplify notation, we will henceforth write V?// = Vi),

That is, for emphasis, we assume that the state space for the quantum gravitational
field is built from the representations in

Vi (3.20)
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and not that of equation (3.9), which we repeat here

V= f dp y vh (3.21)

Let us remind the discussion in Section 2.3.2. The quantum variables associated to the
discretized spin-connection w are the group elements g.. When we perform harmonic
analysis and “Fourier expand” in the variable playing the role of the conjugate to the
quantum holonomy, the spins and intertwiners, we only consider the quantum numbers
labelling the simple representations.!4

The motivation for this restriction is intimately related to the fact that we are at-
tempting to define a regularized path integral for gravity starting from the Holst action.
We discuss the motivation at the end of this section.

Y, map We introduce a shorthand notation for the states [y, j, j,m) € V¥

|j’m>y E |yj?j’ j’m>
s ml Y, J» J»ml

The spaces V?*/ and H/ are isomorphic, see equation (3.10). The notation we use is to
reflect this natural one-to-one correspondance, of the basis |}, my, of V¥#i with the basis
|j, my of H/. We may then code this in a map between the representation spaces V?// to
H.

The map that sends one basis to another is called the Y, map

Y, jm)—|jm), (3.22)

That is, Y, is a map that embeds the spin-j representation space H’ of SU(2) into the
representation space V?// of SL(2,C)

Y, : HI - ViHicy (3.23)

In turn, V?*/ is an S U(2) representation subspace in the full representation space V of
SL(2,C) . We emphasize this point because it provides the intuition for the meaning of
the restriction to simple representations.

We have thus defined completely the EPRL model. The expression (3.8) appearing
in the face amplitude of equation (2.107) and (3.47) is defined as

T/ = > T 1 tirmeless guelip ey, g ielhugliy me) (3.24)

{m} vef

l_[ Y;ge’vgveyyhvf

vef

1A remark: the integration over the continuous parameter p does come into play, because the quantum
equivalents of the discrete holonomies g, from vertex to vertex, were split into two group elements g, = gyegev’-
The integration over p in (3.17) has to be performed. The splitting g. = g8 is Necessary to get the explicit
state-sum form of the amplitude over all representation and intertwiner labels, which is the subject of Section
6.2. The physical meaning of this integration, and the degree to which it is necessary, is not well understood
and is the subject of current investigations. A simplified model has been recently proposed restricting to
simple representations also over these interior summations [116].
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and can be written explicitly in terms of a decomposition of the matrix elements (3.17),
see Appendix A. Each SU(2) group element h,; appears two times, once in the face
amplitude and once in the holonomy 6. They can be integrated out using the orthog-
onality relation for Wigner’s D-matrices and the properties of the Haar measure, see
Appendices A and B. After eliminating &, the face amplitude reads

ArGpdgrh = DT | wirmeless guelipme), (3.25)
{m} vef

Weak imposition of the linear simplicity constraints

The quadratic simplicity constraints of equation (2.65), reduce in the spinfoam setting to
the linear simplicity constraints [23,27,111,142-146] understood as a discretized version
of the former, imposed on each face f of the two-complex C. This was first shown in [27]
by Freidel and Krasnov.

The linear simplicity constraints read

i 1 i

where L} are the rotation generators of an arbitrary rotation subgroup of SL(2,C) and K }
the corresponding boost generators. The approximate equality implies that this condi-
tion must be satisfied in an appropriate semiclassical limit.

The linear simplicity constraints arise naturally when we consider the 3+1 split of
the Holst action in the time gauge. The pull-back of the conjugate momentum of the
connection on a hypersurface X, can be decomposed in its electric K* and magnetic L’
parts, which behave as 3D vector fields in a constant time hypersurface, and are related
as

Ki=yL (3.27)

see [104] for a quick derivation.

We understand then the choice of a rotation subgroup as corresponding to an in-
ternal gauge group of the phase space parametrized in terms of the Ashtekar-Barbero
variables, in the time gauge. We will see this construction appearing more geometrically
in the semi-classical limit.

Different ways to impose the linear simplicity constraints at the quantum level have
been proposed. Slight modifications are possible that could be relevant in the deep
quantum regime, but are equivalent in the semiclassical limit with which we will be
concerned.

The most used criterion for imposing the simplicity constraints comes from studying
the spectrum of Thiemmann’s master constraint. The Casimirs of the Lorentz group,
which can be witten in a simple form in terms of K’ and L' are diagonal in the basis
|p, k, j,m). See Appendix A.3 for more details.
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All states in H"// satisfy the simplicity constraints in the semiclassical limit, that is,
in the sense of an expectation value and taking the limit of large quantum numbers'®

. 1 . :
(L - ~Kpy ™™g (3.28)
Y YeVvii

3.2.3 Spinors and the H map

In this section we give some spinor basics and the definition and properties of the map A
from normalized spinors to S U(2). We will only need the final equation of this section,
equation 3.44, to express the EPRL amplitudes in the Han-Krajewski representation,
done in the following section. Spinors are further dicussed and used in Section 4.1
where we introduce S U(2) coherent states and in Appendix C where we introduce the
coherent state representation. See also Appendix D for the relation of spinors and the
Riemann sphere.

Spinors Spinors are elements of C2. We denote one spinor as |z) and for explicit calcu-
lations we write

l2) = (Z’) (3.29)

with zp and z; complex numbers. The bra is defined as

@=(20 2) (330)
and the inner product follows as

(Wlz) = wozo + W1z1 (3.31)

Parity map We introduce the parity'® map in spinor space

T2y = Uz) = ("_Z‘) (3.32)
20
Direct computation shows that J2 |z) = —|z),
7=l (3.33)

In other words, it is useful to keep in mind that

J=—J (3.34)

15The limit is j — oo and /i — 0 with i kept constant.
16See Appendix D for the reason it is called parity.
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The identity matrix can be written as

Loxz = |2) €2l + |J2) (/2] (3.35)
The following identity is useful

Jg=(g I (3.36)

which follows from writing explicitly g as a matrix and acting on a spinor |z) with both
sides of the equation. We note the relations

(Iwlz) = (wlz) (3.37)
and thus
(JzlJz) = (zlz) (3.38)

SUQR)map H The matrix H(z) is defined as

H() = (Z’ _Z‘zl) (3.39)

and defines a map from normalized spinors to S U(2). This is easy to see by direct matrix
multiplication

" (2020 + Z1z1 2021 — 2021
HOH'@) = (Z1Zo -21% izt ZOZO)
(3.40)
Iz + 121 0
- 0 lzol® + |21
(3.41)
= (22) Ly (3.42)
Using the shorthand notation
HE = (1) 12 | (3.43)
the product H(z)' H(w) is given by
T _ (zl
HE@ Hw) = ( < le) (1) 17w))
(3.44)
@wy - 2wy
((lew) (le]w)) (345)

With these tools, we are ready to bring the EPRL amplitudes into a form suitable for
asymptotic analysis, in an arbitrarily large 2-complex, dual to a simplicial complex.
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3.3 The Han-Krajewski path-integral representation

We have seen that EPRL amplitudes can be written as a product over face amplitudes

We = > uGiy) f uige) [ [ArGP) (3.46)
{ir} f
with
A = DT | ipmeless guelipme), (3.47)
{m} vef

where the notation {g} means all g, e such that the half-edge ve is in the boundary of tha
face f.
Thus, the main object that needs to be computed is

Z 1_[ y(.]f Myer |g;gl’ gveljf mve>7

{m} vef

The space V// is explicitly realized as a space of homogeneous functions of a spinor

. d: . .
(eljm), = fin(2) = \/; (@)1 D, (H(2) (3.48)

with H(z) defined in (3.39). The matrix elements of the Wigner-D matrix DL #(A) can be
defined by analytical extension for any A € GL(2,C)

a b
A= (C d) (3.49)
We have [38]

j _ (.1+q)'(./ q)' ]+k ]_k n pj+q-n .j+k-n gn—q—k
o =G ol g ) e 20

with the sum over n being over values such that the binomial coefficients do not vanish.
All indices are half-integers. This (long) formula is key for the result we are aiming to
arrive at. In particular, for the EPRI amplitudes we will only need Dj.j(A), in which case,

(3.50) simplifies to 7

Djij(A) =a% (3.51)

]7Replace g = jand k = jin (3.50). The square root is unit. Inside the sum over n, we have the binomial

coefficient (2/’0— n) which equals 63 ,,. This is because, by definition, (8) is unit and (2) with n # 0 vanishes.
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The action of SL(2,C) on (z|jm), = ,,J;(z) is given by the transpose matrix action in
the fundamental representation of SL(2,C) (that is, as a transposed 2 x 2 matrix) on the
spinor argument

g> fa(d) = f1(8"2) (3.52)

where we have introduced the notation », which will be used whenever we want to
denote the action of a group on objects on which it does not act in a straightforward
manner, i.e. as a multiplication.

Treating g g,. as a single SL(2,C) element acting on the right by the transpose
action, the inner product

y<Jf nyer |g‘_rel’ gveljf mve>y (353)
reads [38]
K Jrmelgrd gelis me), = fc KICRACHEACHEDET (354)

where u(z) is the homogeneous S L(2, C) —invariant measure on C2. That is, the integra-
tion is effectively over CP'. The integration measure u(z) is given explicitly by

1) = 5oz = 21d20) A oz — Z1d50) (3.55)

The spinor variable z,; only appears in the term (3.54). Since the measure u(z) is S L(2, C)
invariant, we then notice that we may make the following handy change of variables

2ur = (8y0) 2y (3.56)
giving
vy melge gueliy me),, = f@ LCNACERR AT (3.57)

Thus, all variables g,, appear as g/, in the amplitude. We may then change variables
again using the fact that u(g,.) is a left and right invariant Haar measure

8le = &l (3:58)

This choice, to change to g instead of say to g, is so that we recover the expressions
in [31,33], the results of which we will be using.

Thus, the variables g,. and z,; only appear in the combinations g/, z,r and g/, z,7. We
introduce the notation

Zoe = Shetuf
Zve’f = g‘T,ngf (359)
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The face amplitude now reads

Af(]f’ {gf ) = f,u(gve)z 1—[ f dﬂ(Z) f (Zvef) fm (Zvef) (360)

{m} vef

Now, in the face amplitude (3.47), we may pull the summation over the magnetic

index m, for the two half-edges ev and e¢’v, and combine the two instances in which f,ff
appears.
Thus, we write the face amplitude as

Arjp) = f H(gwe) f du@) [ D) i Zuer) Fol(Zuver) (3.61)

ecf me

We need then only calculate one term
D I Zaer) il Zoer) (3.62)

We may now perform the summation over the magnetic index using equation (3.48).
Let us show the calculation in a lighter notation and give the complete expression after-
wards. We have, for two spinors Z and W

D) (HW)D,, {H(Z)

mj

D!, (HZ)"D;, (H(W))

D] (H@Z)"HW))
D] (H@Z)"HW))
@wy (3.63)

where in the first line we used that D’ (A = DJ (AT) for any A € GL(2,C), which can be
checked directly from (3.50), and in the last we used equations (3.44) and (3.51).
Thus, setting Z — Z,.; and W — Z,.; we have shown that

P ACAN AT

m,
d; . L .
;J <Zvef|Zvef>](ly_ - (Zv’ef|Zv’ef>j(_ly_ - (Zv’ef|Zvef>2] (364)

The next thing to notice is that appart from a factor (Z,.f1Z,er) ™" (Zyef|Zew ;)" which
can be absorbed in a redefinition of the measure u(z), see for instance [38]. All other
terms are raised to the power j. This is the important result that allows us to use the
stationary phase method. Thus, up to constants that can be absorbed in the overall nor-
malization of the amplitude and terms that can be absorbed in the integration measures
(d; goes into u(jr)), we have shown that

Z 1_[ g me |g;;, veljs me>y — plrFrgrhizr)) (3.65)

{m} vef
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where
<Zv’ef |Zve f >2 . <Zvef |Zvef>
Fi({grt{zsh =) 1o — +iylog ———— 3.66
f({gf} { ! }) ;f g <Zvef|Zvef> <Zv’ef|Zv’ef> 7708 <Zv’ef|Zv’ef> ( )
and thus the face amplitude (3.47) takes the form
ArGp) = f H(zyp) lrFitier ) (3.67)

where factors of d; have been absorbed in the integration measure u(j;) and constants
are absorbed in the overall normalization N.

This representation was derived in [31] by Han and Krajewski. It has the novel
feature that S U(2) coherent states have not been used to bring the spinfoam amplitudes
to this form.

The derivation we present here is more straightforward and allows for an easy pas-
sage to the coherent state representation.

To get to the coherent state representation, it suffices to insert the resolution of the
identity in equation (3.62), in the sense of equations (3.63), see Appendix C.

When coherent states are used, there are E x F extra spinor variables in the path—
integral representation, where E is the number of edges and F the number of faces of C.
The resulting critical points equations, are identical to those resulting from the coherent
state representation. Thus, the E x F spinor variables are superfluous.

The reconstruction of simplicial geometries at geometrical critical points is possible
without the use of the extra spinor variables. This in turn allows for a more straightfor-
ward interpretation of the critical point equations, discussed in Section 3.5.

Another advantage, and the reason we use this representation, is that the detaild
works [31] by Krajewski and Han, and the earlier analysis in the coherent state represen-
tation [33] by Han and Shang, are currently the only available studies for the semiclas-
sical limit of the Lorentzian partial amplitude for an arbitrary 2-complex. The detailed
analysis by the same authors for the Euclidean case is in [34].

In turn, the ability to go back and forth easily between the two representations, al-
lows to contract a spinfoam amplitude with a boundary with a semiclassical boundary
state, as we do in Chapter 4 and use the results from both works.

The detailed procedure will appear shortly in a work [91] by the author and Fabio
d’Ambrosio.

3.4 Lorentzian Regge action

In this section we review the definition of the Regge action and discuss the analogy
with the tetradic form of the actions for General Relativity, studied in Chapter 2. We are
following [147] for the definition of the Lorentzian Regge action.
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3.4.1 The co-plane in Regge calculus and relation to tetradic General Relativity

The Regge action is defined as

NUEW YOI (3.68)
.

where [ are the lengths of the segments of a simplicial triangulation C*. The tetrahedra
of C* are all taken to be spacelike (and thus also all triangles and segments).

No coordinates are involved in the definition of the Regge action. This was Regge’s
main motivation, reflected in the title of the work [148] where the Regge action was first
introduced

General relativity without coordinates.

Referring to the comparison Table 2.3 and the discussion in Section 2.2.1, we remind
that the same coordinate disappearance happens for the Einstein—Hilbert action when
written in its tetradic form. The two terms e A e and *F have the same dimensions as
the areas and the deficit angles here.

The similarity between the tetradic form of the Einstein—Hilbert and Palatini actions
with the Regge action goes further.

In Regge calculus —the definition and study of discrete General Relativity and Eu-
clidean toy models by the corresponding Regge action—, the construction of the deficit
angle in both Euclidean and Lorentzian case is delegated at the level of a plane, perpen-
dicular to the triangle f.

Since all four dimensional normals to the tetrahedra of the triangulation that share
the triangle f, are also normal to f, the plane perpendicular to f is spanned by the nor-
mal to any one tetrahedron sharing the face f (this normal is timelike in the Lorentzian
case) and the normal to the face, which can be taken to point in any of the tetrahedra
that share f.

This the analogue of what we called the co-plane xe! A e, where the curvature two-
form lives, for the Einstein—Hilbert, Palatini and Holst (in this case, on—shell) actions.

Effectively, as we do in the following sections, the definition of deficit angles in
Regge calculus comes down to reasoning locally in a Euclidean plane, for a Euclidean
gravity toy model, or in a Minkowski plane for discrete General Relativity.

Covariant LQG is an attempt to define a path integral for gravity starting from the
Holst action, with the regularization effected by discretizing on a simplicial manifold,
much like in Regge calculus. Given the analogy between the Holst action and the Regge
action, one would hope and expect to recover discrete classical General Relativity from
the Quantum Theory in the form of the Regge action, in an appropriate semiclassical
limit.

3.4.2 Euclidean deficit angles

We start by reviewing the definition of deficit angles ¢(¢) in the four dimensional Eu-
clidean case, and compare with the Lorentzian version in the next section.
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The deficit angle is defined as

o) =21 = 3" 0,/(0) (3.69)

vef

where 0, (¢) are the dihedral angles between two tetrahedra that belong to the 4-simplex
v and bound the face f.

Let us call these two tetrahedra e¢; and e, and the four dimensional normals (of unit
norm) to them N,, and N,,

The dihedral angle of a 4-simplex, between two of its tetrahedra e; and e,, at the face
f shared by them, is defined as

0,¢(€) = arccos (Nye, - Nye,) (3.70)
This implies that
0,/(£) € [0,7] (3.71)

because N,,, - Ny, € [-1, 1]; the angle between N,,, and N,,, can be at most .
In particular the Euclidean dihedral angles are non negative.

This is the role of the 27 in the definition (3.69) of the deficit angle. The sum of the
Euclidean dihedral angles is always positive.

When },.,0,,({) equals 27, the deficit angle vanishes and the local curvature van-
ishes (flat). When it is less than 27, the deficit angle is positive, and the curvature local
to the face is positive (stretched). When it is larger than 27, the deficit angle is negative
and the curvature local to the face is negative (pinched).

The Lorentzian deficit angle has the same interpretation, with the difference that the
value for the flat case is zero instead of 27.

3.4.3 Lorentzian Deficit angles: thin-wedges and thick-wedges

The deficit angle for the Lorentzian case is defined as

610 = > Oy (0) (3.72)
vef

Notice the missing 27 and the sign difference from this formula with respect to the
Euclidean deficit angle (3.69).

Also, notice the following: the main idea in Regge calculus, is that the discrete local
curvature is encoded in the deficit angles, with a vanishing ¢,(¢) corresponding, locally
to f, to flat spacetime. Inspection of equation (3.72) then reveals that some dihedral
angles around the hinge must be negative.

This point can often be a source of confusion and we take a moment to explain how
the dihedral angles ®,(({;) are defined in Lorentzian Regge calculus.

We need an analogous construction to the Euclidean case for the Lorentzian case.
The difficulty, is that there is no natural notion corresponding to the phrase “sum of
dihedral angles around a hinge” f for Minkowski space.
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-+

PT >

Tab. 3.1: The four connected components of the Lorentz group O(3, 1). The component connected
to the identity is S 07 (3, 1). We get the other three by applying the parity P and time reversal 7.

The requirement that all tetrahedra are spacelike implies that at least one of them
has to be time oriented in the opposite direction. The possibilities for each 4-simplex
are four, 4-1 and 3-2 in either time direction. That is, four tetrahedra past-oriented and
one future-oriented, and vice—versa, and similarly for the 3-2 case. Timelike normals
with opposite time orientation, are not related by hyperbolic rotations, i.e. pure boosts,
that carry a natural notion of hyperbolic angle, see discussion below.

One may try to remedy this by taking intermediate angles, between timelike and null
or timelike and spacelike vectors, trying to “go around” the face f. Such constructions
are possible, but require one to introduce complex angles and appropriately deal with
infinities that can arise.

Thus we are left without an obvious typical value for the “sum of dihedral angles
around a hinge” corresponding to the flat case, like 27 for Euclidean geometry.

The idea then is to take the characteristic value for the flat case to be an angle around
the hinge that sums up to zero. This implies that some dihedral angles must be negative.
There are indeed two kinds of dihedral angles that may arise: those between faces that
are shared between tetrahedra that have the same, or, the opposite time orientation.

To deal with this, we remind the structure of the Lorentz group O(3, 1) in terms of
the parity P and the time reversal T in Table 3.1.

When the normals have the same time orientation, they are in the identical light-
cone and are related by a proper orthochronous Lorentz transformation, an element of
S O;(3, 1). This case is called a thick-wedge.

In particular, the normals at at a thick-wedge are related by a pure boost. This is
because we are restricting to the co-plane, thus, the normals are related by an element
of 07 (1, 1), the group of hyberbolic rotations of the Minkowski plane.

When the normals are of opposite time orientation, they are not in the same light-
cone and are not related by a pure boost. This case is called a thin-wedge.

Evidently, the time reversal of one of them, will be related by a pure boost to the
other. This is the main idea for the definition of the angle at a thin wedge. As we see
below, we take both the time reversal and parity of one of the normals to define the angle
at a thin-wedge.
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Let us go back for a moment to the Euclidean case and rephrase things in a way
that can be carried through by analogy to the Lorentzian case. There always exists an
element of S O(4) that takes one normal to the other. Since we are restricted to a plane,
we may way write it as an § O(2) rotation

cos® —sin®
(sin ® cos® )
and we identify the parameter © as the dihedral angle.
The Lorentzian angle for a thick wedge is then defined analogously, as the rapidity ¢
of the boost that takes one normal to the other. That is, there exists a hyperbolic rotation
in SO(1,1)*7, in the co-plane, such that

_ (cosh ¢ sinh¢

sinh  cosh¢ ) > Ne, (3.73)

€l

where we are understanding N,, and N,, as two—dimensional vectors in the co-plane of

I
Then, the inner product N,, - N,, reads

N,, - N,, = —cosh{ (3.74)

The inner product between two timelike normals in the same light—cone is always neg-
ative. In particular,

Ne'1 : Ne'2 € (_1: _oo) (375)

with —1 being the case when they are parallel and negative infinity reached in the limit
where one of them becomes null. Thus, the rapidity { at a thick wedge is always positive

£ €(0,00) (3.76)
We then define the dihedral angle on a thick-wedge to be negative by
Opin = -{= —Ach (_Ne] . Nez) (377)

The choice to reverse the sign appears perverse, since the angles at thick-wedges are
the natural hyperbolic angles. This is done to absorb the sign difference between (3.69)
and (3.72), so that the negative and positive local curvatures are associated to negative
and positive deficit angles, as in the Euclidean case, see previous section.

We now take the case of a thin wedge. We consider the inner product between one
of the normal and the PT transform of the other. The same apply as above, for N,, and
PT N,, or PT N,, and N,,. Notice that

PTN=-N (3.78)
We then define the dihedral angle for a thin wedge to be positive, by

Ouin=¢ = Ach(-PT N,, -N,,)
Ach(-N,, - PT N,))
Ach (N, - N.,) (3.79)
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3.5 Emergence of General Relativity: overview of fixed—spins asymptotics of the
EPRL model

In this Section we review results from the asymptotic analysis of the EPRL model, that
will be used in Chapter 4 to show how a gravitational tunneling picture emerges when
combined with a boundary state corresponding to a wavepacket of an embedded quan-
tum 3-geometry. These tools are put to work in Section 6.3 to calculate the scaling of the
lifetime of the Haggard-Rovelli spacetime, which is the subject of the following chapter.
The asymptotic analysis of the Lorentzian EPRL model was first carried out in [38-
40] by Barett et al, at the level of a single vertex. The results we present here concern an
arbitrary 2-complex, dual to a simplicial complex, based on the analysis in [31,33,34].

3.5.1 The critical point equations

In this section we discuss the critical points equations resulting from a stationary phase
approximation for the partial amplitude, equation (3.82). We skip some details that are
not necessary for what follows, see [31,33,34] for a complete treatment in this formalism.
We are interested in the limit of large quantum numbers, the quantum numbers here
being the spins j;. We introduce a dimensionless large parameter A > 1 and define

jr =46, (3.80)

We will call §; the spin data. They are taken to be of order unit in A. That is, we take
all the spins to scale uniformly. We see in Chapter 4 that this regime is sufficient when
considering applications to macroscopic geometries, where a physical area scale char-
acterising the system will play the role of A.

We finished Section (3.3) with equation 3.67, which we repeat here

As(jy) = f p(zyp) €rFr(ierien) (3.81)

We employ the simplified notation of Section 3.1 and define the partial amplitude I(j;)
as the product of the face amplitudes, including also the integrations over §L(2,C)

G =148 = f p(Ru(z) ¢! 2 21D

- f () e=0re?) (3.82)
where we have defined

e, 501 = ) 6pF(3,2) (3.83)
f

and where the semicolon in X(g, z; ;) reminds us that we are taking the spin data 65 to
be fixed. That is, the spinfoam amplitude of equation (3.46) reads

We =D uGn [ JArGo = D uGn 1Gp (3.84)
{jr} f s}
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The (generalised, for complex “actions”) stationary phase theorem says that when 1
is large, we may take the following approximation'®

1,(4,6) ~ (Z e‘”g“"‘/>’Z<'<‘5f'”5-f>] (1+0(1/2) (3.85)

¢

where (g.(6¢),z:(6¢)) is the set of critical points for the given §;. We emphasize that the
point of view here is that both the spin data ¢; and the large parameter A are taken to
be fixed, we are not considering a limit A — co. The large parameter 1 will be iden-
tified later on with a finite macroscopic area scale. By critical point, we mean that
(8c(65), 2.(6¢)) solve the set of equations

ReX =0
6,2=0
6,2=0

that extremize the exponent.
The group and spinor variables g,. and z,f appear in the face amplitude of equation
(3.81) only in the combination

Zye = &ho2uf (3.86)
see equations (3.67) and (3.66). Let us define the normalized version of this spinor

. Ty
el |Zv€f|

(3.87)

with 2| = V(ZIZ).
The critical point equations in these variables read (for a derivation, see for instance

[31])

A . f A
|Zvef> = % |Zv’ef> (388)
5 |Zvef| A
8ere |Zvef> = IZve'f> (389)
|Zve’f|
Z ]f Eef <Zvef|5)—|2vef> = 0 (390)

fee

where we have denoted g.. = gov&ve-

These equations are not too complicated. They can appear obscure at first sight, but,
after a few comments, their meaning becomes transparent.

We introduced spinors in Section 3.3, because it is then possible to calculate the
SL(2,C) inner products explicitly. We now have the critical point equations in terms

18For the precise theorems and conditions that need to be satisfied by the integrand see Section 7.7 of the
reference textbook by Hormander [149]. We have not included the determinant of the Hessian, an overall
scaling in 4, and a sign factor, the power of which depends on the combinatorics of the spinfoam. For the full
expression see [33].
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of spinor variables, from which we can attempt to reconstruct a geometry. In particu-
lar, we want to see whether we can recover a simplicial geometry and we expect the
reappearance of the plane and co-plane.

Let us start from the third critical point equation, equation (3.90). On the right hand
side we have three-dimensional normalized vectors (elements of S?)

ﬁef = Ef <Zvef|5)—|2vef> (391)

This is a well known mapping from normalized spinors to S? (CP1), see Appendix D for
the explicit Riemann sphere construction. The factor €. is a sign (+1), that ensures that
this vector points in the correct direction (outwards from the tetrahedron e). The reason
we did not include a vertex subscript for #,r will become apparent when we examine
the first critical point equation.

The meaning of 3.90 is follows: it is the closure condition, with the spins having the
role of areas

0=>"Jjf ey (3.92)
fee

The normals to and areas of the triangles of a tetrahedron (any flat convex polyhe-
dron), always satisfy this condition. Conversely, any such set of areas and normals deter-
mines uniquely, up to inversion, a tetrahedron.' This is a point that cannot be stressed
enough: one of the critical point equations clearly states that all critical points for the
path—integral, are collections of tetrahedra, dual to the edges of the two-complex C. We
have then already recovered part of the geometry.

The crucial question will be whether, at least at some of these critical points, the
tetrahedra glue properly together to form simplicial geometries.

Let us examine the other two critical point equations. These are equations at the
level of a fixed face f. To explain the meaning of the remaining critical equations, we
need only consider two vertices v and v/, the edge that joins them, which we call ¢/, and
a half-edge e.

The first critical point equation, equation 3.88 has a phase factor ¢ This is im-
portant to consider when working in the coherent state representation, but we will not
need to consider it explicitly here. Thus, we may write

N N

Zvef = Zv’ef (393)

From the third critical point equation, we saw that the spinors Z,,; define three dimen-
sional normals, that live at the edge e, dual, at a critical point, to a geometrical tetrahe-
dron. Then, this equation is telling us that the two vectors constructed from Zvef and
Zye ¢ coincide. That is, there is a notion of a common frame, shared among the vertices v
and v'. This common frame is defined on a face f of a tetrahedron e common to v and v/

9By inversion, we mean the mirroring of the tetrahedron through any of its faces. We have in mind a
tetrahedron as a geometrical shape, thus translational and rotational ambiguities in defining the normals are
irrelevant here.
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Remember the role of the co-plane in Regge calculus and in the tetradic forms of GR.
We expect the reappearance of the plane and co-plane. The co-plane will be spanned by
the timelike normal to a tetrahedron and a spacelike normal to the face.

Let us then attempt to define two tetrad directions corresponding to the co-plane of
the face f. The co-plane is spanned by the timelike normal to the tetrahedron e, to
which the face f belongs, and by a spacelike normal to the face e;.;. This corresponds
to a gauge fixing, adapted to this tentative common frame of v and v'. We may write

eOef = (1a 05 0’ 0) (3.94)
ey = (0,7y) (3.95)

The co-plane, is then described by a bi-vector proportional to e’ oA el ¢ Indeed, we
may recast the critical point equations in terms of bi-vector variables, defined as

Xer = 2yjy egf A eg,f (3.96)
Notice that the plane dual to X will then be spacelike, that is
€Qef * *Xef =0 (397)

with the inner product taken with the Minkowski metric. This will be the plane of the
triangle dual to f (at a critical point).

So far, we have tetrahedra dual to edges ¢, and a notion of plane and co-plane for
the triangles dual to faces f. This settles the candidates for the emergence of the tetrad
and co-tetrad at the semi-classical limit.

So, how about the curvature? It should live in the co-plane, and we expect it to be
manifested through the action of the group elements, the quantum equivalent of the
discretized spin connection, on X,.

Let us then examine the remaining critical point equation, equation (3.89)

|Zvef| |

Zver 3.98
|Zve’f| f> ( )

8e'e |Zvef> =

If we ignore the norms of the spinor variables on the right-hand side, this equation looks
like a parallel transport, effectuated by g.., from the middle of the edge e to the middle
of the edge ¢’. In other words, it is a parallel transport from a common frame between
the vertices sharing e to the common frame between the vertices sharing ¢’. This is good,
because the parallel transport encodes the curvature.

Let us see how this works. We bring in Minkowski indices, and pretend that we have
indeed a simplicial geometry. Then, the parallel transport by the discrete connection g
is given by first parallel transporting to v from the middle of ¢, by g.,, and then to the
middle of ¢’, by g,.. Since g..r = gevgver, we would expect to have

8ee®> Xer = Xof

Bovk 8o 1Xor = XU (3.99)
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Since we are at a pre-geometric level, we give meaning to the above by understand-
ing the bi-vector variables X, as taking values in the Lie algebra, and the group action
to be given by the adjoint action. Using the property of equation (3.36) for the parity
map, it is not hard to see that the third critical point equation equation is precisely this
parallel transport condition.

The idea then is to bring all these variables to a vertex v, by parallel transporting X,
along the half edge ev

Xf(v) = gve>Xef (3100)

Notice that there is no e subscript in X¢(v). This is because g, > X.r = g¢v > Xers.
The critical point equations can be recast as [31]

Xr(v) = Xop(v) = Xo p(v)
MmN (v) % X' (v) = 0

Z (X, (1) = 0 (3.101)

fct.

where the normal N!(v) is the parallel transport of eg.r, No(v) = gye > €, and

Xp(v) = 27y (Jzup Izl ) A gveZues 2,81 (3.102)

ve

To show these relations, it suffices to use repeatedly the properties of the parity map J
of Section 3.2.3.

The critical point equations now have a clear meaning. The first is just the expression
of the co-plane, defined between two tetrahedra sharing a face f, by the normal to the
face f and a common timelike normal to the tetrahedra (because it is normal to both f
and the normal to f inside either e or ¢’). We stress again that this construction is iden-
tical to the Regge action (when the critical point admits an interpretation as a simplicial
geometry).

The second is saying that all faces f (all planes xX) are all normal to the timelike
normal of the tetrahedron e to which they belong. And the third is the closure condition,
expressed in terms of the co-planes.

Notice that to cast the critical point equations to this form, we set the tentative time-
like tetrad vector e, s to be normal to the face f. Thus, in Minkowski components, the
normal to the face f reads (1,0,0,0). That is, we rotated the tetrad to be in the time gauge,
adapted to the face f.

3.5.2 Emergence of simplicial geometries

In this section we review how simplicial geometries emerge from the critical point equa-
tions (3.101). The complete analysis for the Lorentzian case in an arbitrary simplicial
complex is in [33].

For a given set of the fixed spin data ¢, there exist two distinct possibilities. Either
there exists a set of critical points (g.(65),z.(65)), or not. In the latter case, the partial
amplitude is exponentially suppressed in A.
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When a set of critical points (g.(6 ), z.(6)) does exist, we distinguish again two cases.
The first case, is that we have a geometric critical point, determining a simplicial geome-
try.

In turn, three possibilities exist for geometric critical points: the spin data 6 either
determine uniquely a 4D Lorentzian Regge geometry, or a degenerate 3D Regge geom-
etry (zero four—volume 4D Regge geometry), or a 4D Euclidean Regge geometry. In this
manuscript we will be mainly concerned with these three geometric kinds of critical
points.

When the critical point is geometric, we may reconstruct a frame, a discrete version
of the tetrad, from the critical point equations expressed in terms of bivectors, i.e. using
equations (3.101).

The frame is related to the bi-vectors by

X;=€ % (e Ney,) (3.103)

where e, and e;, are simply the dual forms to segment vectors which are now interpreted
as two of the three segments of the triangle f*. The sign € is to be chosen such that the
bi—vector points out of the tetrahedron on which we are working. Think of the cross-
product in basic 2D geometry and X, as the oriented area.

The second, non-geometrical, case for a critical point, is that of a vector geometry.ZO
A vector geometry is roughly a collection of tetrahedra that need not glue together to
form a simplicial complex. The precise characterization and parametrization of vector
geometries is a currently undergoing project in the Centre de Physique Théorique in
Marseille, led by S.Speziale.

We will have more to say about these different cases later. Let us now focus on the
case where ¢ are chosen such that the set of critical points (g.(d¢),z.(6¢)) corresponds to
a 4D Lorentzian Regge geometry.

First, notice that we claimed that there is a set (g.(6¢),z:(dy)) of critical points that
uniquely determine a Lorentzian Regge geometry. How is this possible?

It turns out that there are exactly 2" critical points (g.(67), z:(6)), corresponding to
the 2V choices for the frame orientation, the discrete equivalent of the tetrad.

This was to be expected: remember that at the end of Section 2.2.1 we neglected
the difference between the Einstein—Hilbert action and the Palatini action; the absolute
value in the determinant. The sign of the determinant encodes whether the tetrad’s
orientation is left-handed or right-handed.

We never imposed that absolute value in the spinfoam quantization procedure out-
lined in this manuscript. It is then not surprising that the geometrical co-frame that
emerged in the semiclassical limit has not chosen an orientation for us.

Specifically, what happens is the following: the set of 2 critical points (g.(5¢), z.(6¢))
constructs (uniquely, see below) a discrete Regge metric

8ss = elsels’nlj (3104)

20Barett includes the geometrical 3D degenerate case in the vector geometry case, this is a matter of defini-
tion.
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where ¢/, are Minkowski vectors corresponding to segments s of the geometric simplicial
triangulation dual to the 2-complex C at the geometric critical point.

To define the frame, we need only construct four of these vectors at each vertex v
of C, which we can choose for instance to emanate from the same apex of the geomet-
ric 4-simplex dual to v, and to point away from the apex. In three dimensions, this is
equivalent to giving the three segment vectors emanating from an apex of a tetrahedron.

The same set of vectors is assigned to every point in the interior of the 4-simplex
dual to the vertex v by means of the trivial parallel transport in flat space.

So far, this is convention and does not affect physics. But we have not yet arrived at
the point where we have a discrete analogue of the tetrad field. We need in addition to
chose an arbitrary labelling, say from one to four, for the four dual vectors el (or, of the
vectors e;;) at each vertex. Equivalently, choose a naming for the four segments s. This
defines the discrete (distributional) non-coordinate basis dual vector fields eil ), eﬁz(v),
el (v), el (v) on the simplicial complex dual to C.

The collection of the four co-vector fields eﬁi (v) is what is called here the co-frame and
is the precise discrete analogue of the co-tetrad field ¢ that we studied in Chapter 2,
for a piecewise flat simplicial manifold. However, here, the frame is not orthonormal,
because it carries also the information on the edge lengths and angles, that is, we may
reconstruct from it all the geometry.

The orientation appears in the asymptotic analysis via the signed 4-volume V*(v) for
every 4-simplex dual to a vertex v :

V) = eil (v)efz(v)ef3 (v)ei(v)e”“ (3.105)

Had we chosen a different basis of tangent vectors, by exchanging the labelling in any
two elements of the co-frame at a single vertex v/, say e. (') < el (v'), the 4-volume of
the 4-simplex dual to v would now have the opposite sign : V*(v') —» -V*(v'). We
recognise that this sign simply encodes the left-handedness or right-handedness of the
frame and co—frame at each vertex, which is what we call its orientation.

In summary, any of the critical points (g.(6¢), z.(6 r)) for given 6 determines the same
metric geometry of a simplicial manifold dual to the entire 2-complex C and each indi-
vidual critical point uniquely corresponds to the choice of one of the 2" orientation
configurations of the basis e, (v), e} (v), ¢} (v), el (v). The critical points are then distin-
guished by the sign of V*(v) at each vertex and we use the shorthand notation

s(v) = signV*(v) (3.106)

The function s(v) takes the values plus or minus one at each vertex and is the discrete
analogue of the sign of the determinant of the tetrad. Thatis, s : {v} = {-1, 1}V, where V
is the number of vertices in the 2-complex C and {v} the set of vertices in the 2-complex
C.

With these comments, we are ready to summarize the results from the fixed-spins
asymptotic analysis of the partial amplitude for the EPRL model.
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3.5.3 Summary of fixed—-spins asymptotics

The asymptotic analysis of the EPRL model for the case of geometrical critical points,
can be summarized as

Fr(8c(7),2c(6)) = iyz sSV)Of(v;6y) = iyds(v, s(v); 65) (3.107)
vef

where O(v; dy) is the dihedral angle at the triangle dual to the face f of the 4-simplex
dual to vertex v. See Section 3.4 for its definition in Euclidean and Lorentzian signature.

When the geometry is 3D (zero four—volume), we may think of it in either signature,
and the dihedral angles are either zero or x.2!

The subscript ¢ has been dropped in the right hand side of the above equation, and
will be similarly dropped from now on, since each critical point (g.(6¢), z.(65)) is in one
to one correspondence with an element s(v) in the image {-1, 1}" of s. That is, the critical
points corresponding to the same geometry are labelled by a + configuration on each
vertex, coding the left— or right— handedness of the frame.

We have introduced a function we will call the Palatini deficit angle

b, 50);67) = ) s(MO(v; 6y) (3.108)
vef

On the critical point (g.(65), z-(65)) which has s(v) = 1 at all vertices v, we recognise that
its Palatini deficit angle is the Regge deficit angle, ¢ (v, s(v);67) = Xey Of(v; 0y).

We have the following sequence of equations for the exponent in the partial ampli-
tude, equation (3.82),

AZ(ge(05),2(05); 67)

A" 8Fp(8e(67), 2(67)
7

i ) (v A6 )9 (v, s(v):67)
f

% > Abyv. 5():6p) (3.109)
f

where we have introduced the dimensionful area variable A; = y 7 (we use geometri-
cal units, i.e.c = G = 1), using the basic result of LQG that the area spectrum of the area
operator is given by [150]

A;=8nGhy+j(j+1) = 8rG hyj (3.110)

On the critical point (g (), z+(6¢)) we recognise the Regge action for the entire 2-
complex. That is, since on this critical point ¢ (v, s(v); d5) is the Regge deficit angle, we
have

i *
AZ(g (87), 2(Sf): 6p) = £S,§ (3.111)

2L A three dimensional analogy is to think of a tetrahedron squashed to the plane of one of its triangles. The
angles between the normals to the triangles are either zero or .
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It will also be useful to write the exponent in terms of the Regge action S(v; §) for
each 4-simplex dual to a vertex v, defined as

Sr(vi6f) = Y A®s(v6p) (3.112)

Tev

In summary, on a geometrical critical point, we have

AZ(2eB7), 2607 87) = A 8Fp(8e(67), 2(67)

7
= iyﬂz(sfzs(v)@)f(v;af)
7 vef

= iZ s(v) Z(y/wf)®f(v; 57)

Tov

= % Z s(v) Z Ar@s(v;dy)
v fav

= % D508 k(v 67, ) (3.113)

For emphasis, note that we again recognise that for the critical points for which s(v) = +1
everywhere, we have recovered the Regge action

i [ -
A2(ge (87). 2057 6) = £ Z Sr(vidy) = 55§ (3.114)

In all, to the zeroth order in A,

I4,67) ~ ) €3 v sSe® (3.115)
{sM}

3.6 Summary: the sum-over-geometries

Let us summarize.

We have seen that the fixed—spins asymptotics of the partial amplitude in the semi-
classical limit of uniformly large spins j, yield the exponential of the discretized Palatini-
Holst action.

This special limit is generally sufficient for applications to geometry transition be-
tween macroscopic geometries, when a physical area scale will be available and will
play the role of 1. See Chapters 4 and 6 for further discussion.

We appear to have a quantum theory corresponding in this semi-classical limit to a
classical theory that is described by the Palatini action.

Furthermore the co-frame orientation is summed-over in the path-integral. The sum in
equation (3.115) has 2" terms, one for each co-frame orientation configuration s(v). The
sign function s(v) is the discrete analogue of the sign of the determinant of the tetrad
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in the Palatini action. We have not at any point imposed an orientation for the tetrad,
and it would have been indeed surprising if at the limit of large quantum numbers we
somehow ended up with a preferred local frame orientation.

This intriguing feature is common to state—sum spin models, since the Ponzano-
Reggge model. It has been dubbed the “cosine problem” [151-155], although, as we
also see in Chapter 4 when we consider physical transition amplitudes, there does not
appear to be anything problematic about it. In an early work with the participation of
the author [154], it has been linked to infrared divergences [152], arising because the
spins are allowed to take arbitrarily large values. These divergences are expected to be
regularized from the inclusion of a cosmological constant [156,157].

We note that the F(g,z) function at a geometrical critical point, which becomes the
Palatini deficit angle, depends only on the spin data §, it does not depend the overall
scale A, see equation (3.107). This point is useful to keep in mind for the following
chapter and is to be expected: angles do not depend on the overall scale, changing
A — A is a dilatation of the geometry (a global conformal transformation).

To get a physical transition amplitude, describing geometry transition between macro-
scopic semi—classical geometries, we need to consider a boundary and an appropriate
semi—classical state, and perform the spin-sum. This is done in the following chapter.

When considering a semi—classical state, the critical points giving rise to vector ge-
ometries are excluded. There will still be the possibilities of having a geometrical critical
point, or no critical point at all.

Finally, the Regge action we have recovered has the areas as variables instead of the
edge lengths. The study of the dynamics from this form of the Regge action is known
as area Regge calculus [158,159]. The degree to which it is related to General Relativity
is unclear at the moment.?

With the above caveats, we have seen in which sense the Wheeler—-Misner-Hawking
sum-—over—geometries emerges from the amplitudes of covariant LQG. Specifically, re-
call equation (3.84)

We = )" uip) 1Gy) (3.116)
(s}

From equation (3.115), neglecting the cosine feature (setting s(v) = 1 on all vertices)
and the special semi—classical limit, we have, at the level of the partition function, the
correspondence of Table 2.1

22 As mentioned previously, when writing the spinfoam amplitude as a sum over only spin configurations,
we are neglecting the intertwiner degrees of freedom. There are then some semi—classical degrees of freedom
missing from the emergent sum—over-geometries path-integral. These intuitively correspond to 3D dihedral
angles of the tetrahedra, that are encoded in the 3D normals corresponding to the spinors z,; that were in-
tegrated out when taking the stationary phase approximation. It would be desirable to recover instead the
Regge action in area—angle variables, see [160,161].
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Wwmn ~ f@[g] erSnrls]

WEPRL fﬂ(a.f') iS5 ) (3.117)

where we have turned the summations over the spins to integrals over areas. We have
included for comparison the naive path integral over the Regge action (the abbreviation
NR is for Naive Regge). The Regge action is a discretization of the Einstein-Hilbert
action, yielding the latter in an appropriate limit of refinements. In turn, the amplitudes
We of covariant LQG are understood as a truncation of the degrees of freedom of the
quantum gravitational field.
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4 Gravitational Tunneling

In this chapter we enter the main part of this manuscript, and explain how gravitational
tunneling emerges from covariant Loop Quantum Gravity. We first introduce coherent
spin-network states. These are the semiclassical boundary states used in the second part
of this chapter and can be thought of as wavepackets for an embedded three-geometry.
We proceed to combine the boundary states with a spinfoam amplitude to define a tran-
sition amplitude. We will use the results from the asymptotic analysis of the EPRL
model presented in the previous chapter and explain how the spin-sum may be per-
formed for a class of spinfoam amplitudes.

4.1 Boundary state: a wavepacket of geometry

In this section we introduce coherent spin-network boundary states, describing wave-
packets of a spacelike 3-geometry embedded in a Lorentzian spacetime. We start with
an introductory section, discussing the relation of the spin network basis with the gauge-
variant semiclassical boundary states that will be used in the rest of this manuscript.

4.1.1 Superposing Spin—-Networks

In this preliminary section we briefly review the kinematical Hilbert space of LQG at
the level of a fixed graph. For lack of space, we do not give a full presentation of the
kinematics of LQG and refer the reader to introductory texts in the literature [97, 100,
104,162]. A good place to start and one that contains material relevant to spinfoams,
is the treatment of the three-dimensional case by A.Perez and K.Noui [163]. For the
definition of the full kinematical Hilbert space see the influential work by A.Ashtekar
and J.Lewandowski [139].

Loop Quantum Gravity, and spinfoam quantization, are based on the Ashtekar-
Barbero variables. We mentioned in Section 2.4 that they arise naturally in the canonical
analysis of the Holst action for General Relativity, written as a fully constrained system.

The Ashtekar-Barbero variables are the Ashtekar-Barbero connection A/ and the den-
sitized triads E{, defined as

A; = “’L + yKC", = a)jakfjki + Kepey,q“
i — a
E, = +detge;

where w is a 3D spin connection.
The AB—variables parametrize the phase space of general relativity and are canonical
field variables

(EL(x). AJ0)) =y 85 858(x,y)
{EL(0), E} () (AL, AL} = 0 4.1)

An important point to keep here, is that the “good” connection variable for General
Relativity, the AB-connection, turns out to be a simple combination of the two objects
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fully characterising the spacetime curvature in a neighbourhood of a hypersurface: the
3D spin connection, from which we may reconstruct the intrinsic curvature, and the
extrinsic curvature.

We will see how semiclassical boundary states in LQG are built only out of SU(2),
which is naturally associated to the symmetries of a three-dimensional Euclidean space.
The reason we may encode the spacetime curvature is the interpretation of the SU(2)
group variables as holonomies of the AB-connection. The Levi-Civita 3D spin connec-
tion would only know about the intrinsic curvature, because the AB—connection knows
of the extrinsic curvature, which codes the embedding of a time slice in spacetime, we
will be able to include a notion of “quantum embedding” (in a discrete setting) in the
boundary state.

The geometric interpretation of the Ashtekar-Barbero variables is along the lines of
the discussion in Chapter 2. The choice of connection corresponds to a choice of a notion
of parallel transport. The Ashtekar-Barbero connection A/, provides a notion of parallel
transport for S U(2) spinors along curves in a hypersurface X, belonging to a foliation of
a 3+1 spacetime split, with its holonomy an S U(2) element.

The triad has the same meaning as the tetrad. The tetrad is a four-dimensional
Minkowski orthonormal frame and the triad a three-dimensional Euclidean orthonor-
mal frame.

Doubly superposing spin networks The quantization of General Relativity in terms
of Ashtekar-Barbero variables is carried out by first discretizing. The spirit is similar to
the skeletonization of BF-theory of Section 2.3.2.

The discretized triads become a set of variables we call the fluxes, encoding the
area and the normal direction to a face, and the connection is discretized as a set of
holonomies. The resulting canonical algebra is the holonomy—flux algebra.

When promoted to operators, the holonomy—flux algebra is realised on the kinemat-
ical space at the level of a fixed graph, Hr, see below. The continuum kinematical space
of LQG is built by taking an appropriate refinement limit (a projective limit, see [139]).
In this manuscript, we will only be concerned with states at the level of a fixed graph T

Since we are working at the level of the boundary and the boundary graph I', we
employ the notation for the boundary of Table 2.2.

Links are labelled as ¢, nodes as n, and a half link attached to n as ¢n. The graph I"
is oriented and we also employ the notation ¢; and ¢, for the half link attached to the
target and source of ¢ respectively.

An orthonormal basis of Hr is given by the spin—network states. These states pro-
vide an orthonormal basis and diagonalize simultaneously the two basic operators of
the kinematics of LQG: the area and volume operator.

To build the spin-network states, we introduce an oriented (here, four valent) graph
I', and assign an SU(2) element %, at each link. We consider square integrable func-
tions ¢r(h,) of the group elements £, elements of L(SU (2)1), where L is the number of
links in I'. This is the group representation. The group elements /4, are interpreted as
(the quantized version of) the holonomies of the AB-connection and correspond to the
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configuration variables
he = PelAan 4.2)
To go to the conjugate representation, we expand in unitary irreducible representa-

tions of S U(2) using the Peter-Weyl theorem, see also Appendix A.
The wavefunctions become functions of the spins, and we write them as

X) D (o)
14
> R) Dy he)

ér(je)

m 7
= Z ® Cies meseo DY (he)l e My ) (4.3)
w7

These rewritings are to aid comparison with equation (4.67).
The transformation property of the holonomy under a gauge transformation is equa-
tion (2.79), where now the group is S U(2)

he — hy, he by (4.4)

To get to spin—networks, we gauge average at the nodes. That is, we insert S U(2) group
elements /g, on each half link and we integrate over S U(2).

The integrations over S U(2) will give rise to four—valent S U(2) intertwiners, invari-
ants recoupling between the four representations on the four half links /n meeting at a
node n, see also Appendix A.

Spin networks provide an orthonormal basis of Hr, realised as L(SUQ):/SUQ2)Y),
where the division by S U(2)" implies the gauge averaging at the nodes.

When the graph I' is understood as an abstract combinatorial object?®, Hr corre-
sponds to the kinematical space of LQG at the level of a fixed graph (the states are
in the kernel of the gauss and diffeomorphism constraints of Section 2.4).

The boundary states we will present and use correspond to a double superposition
of spin—network states.

Before explaining this point, we recall the discussion in Section 2.4: spinfoams are
understood as projectors on the physical Hilbert space, thus they impose the Gauss
constraint. We do not need to consider a state in the gauge—invariant space Hr, since the
gauge—invariance is automatically imposed by the S L(2, C) integrations in the spinfoam
amplitude.?*

Spin—network states defined on a four—valent graph behave like plane waves for the
intrinsic geometry of a spacelike tetrahedral triangulation, in the following sense: they

25We are taking the point of view of [104]. See also [105].
24This can be checked easily from the invariance of the Haar measure, from the contracted form of the
amplitude, equation (4.99)
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are sharply peaked in five of the six classical variables describing the geometry of each
tetrahedron and are completely spread in the remaining classical variable. This follows
from the fact that spin-networks form a complete orthonormal basis of the Hilbert space
at the level of a fixed graph, that is, they diagonalize a complete set of commuting
observables, the area and volume operators.

They are thus labelled by an area eigenvalue at each link (a spin j;), which labels a
unitary irreducible S U(2) represendation and corresponds to the classical areas of the
corresponding triangle, and one volume eigenvalue at each node (a spin v,), which
labels a basis element of the intertwiner space and corresponds to the volume of the
tetrahedron.

Thus, at each node, we have five eigenvalues, four areas corresponding to the four
areas of the triangles of a tetrahedron, and the volume eigenvalue corresponding to the
volume of the tetrahedron. Attempting to calculate any other observable corresponding
to an independent geometrical quantity, for instance a dihedral angle, we find that it is
completely spread (infinite uncertainty).

The first step will then be to superpose the states ¢r(j,) of equation (4.3), and define
states that are peaked, with some quantum uncertainty, on all six classical variables.
Imposing gauge-invariance at each node results in the Livine-Speziale states, an over-
complete basis of intrinsic geometry coherent states in Hr.

The second step will be to superpose these states, in order to create states that are
peaked also on the extrinsic curvature, encoded in the Ashtekar-Barbero connection.
The (gauge—-invariant version of the) resulting states will be the semi—classical limit of
another overcomplete basis of Hr, Thiemann'’s heat kernel states.

4.2 Intrinsic coherent states

In this section we introduce intrinsic coherent states. We start by giving some relevant
tools, fixing conventions and explain the interplay between SO@3), SU(2), S 3 and S?
when building coherent states.

4.2.1 Preparation: rotations, the three-sphere and the two—sphere

A useful parametrization for § U(2), is the Euler angle parametrization. This parametriza-
tion has a clear geometric interpretation and allows one to translate easily between
the rotation group S O(3) and its double cover SU(2). We will be defining semiclassi-
cal “wave—packets of quantum directions”, S U(2) coherent states, that are the building
blocks of the full boundary states describing wave-packets of embedded 3-geometries.
These semiclassical directions correspond to points in §2, and we will be understanding
SU(2) as the three-sphere S*, which is locally isomorphic to S? x S'. Let us start from
SO®3).

Rotations, S O(3) and Wigner’s matrices The Euler angle parametrization exploits the
fact that any rotation in three dimensions can be decomposed as an initial and final ro-
tation about an axis by some angles @ and y, with one intermediate rotation about any
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other axis, by some angle 8. This gives a simple geometrical meaning to the parametriza-
tion. Throughout the manuscript, we use the active interpretation, that is to say, the
coordinate system is taken fixed (imagine x — y — z Cartesian axes) and the rotations act
on vectors.

S O(3) unitary representations act on the spin representation spaces H’/. We saw in
Section 3.2 that the states of the gravitational field in covariant LQG are built from states
in the V?*/ representation space of SL(2,C), which is isomorphic to H. This is the fact
that will allow us to build a semi—classical state peaked on a simplicial geometry, that
is then naturally combined with a spinfoam amplitude defined on a 2-complex with a
boundary.

The eigenstates of the angular momentum operator in the z direction J, provide an
orthonormal basis for H;

H/ = span{|jmy,m=—j—j+1,...,]}
T\jm)y = m|jm) (4.5)
P ljmy = T3+ T3+ 2 1jmy = j(j+ 1)|jm) (4.6)
(mljny = Spn 4.7)

The dimension of H’ can be read off from the first equation above
dj=dimH' =2j+1 (4.8)

The standard Euler angle parametrization considers two rotations along the z axis
with an intermediate rotation along the y or x axis. %

A rotation around the z—axis, for instance, by an angle y, is given by adding up many
infinitesimal rotations, each given by the generator J;. Formally,

Jim (1 - iy INYN = e 4.9)
Thus, an arbitrary group element / € S O(3) may be written as
h=ha,B,y) = e e7Bly g (4.10)

The matrix elements of Wigner’s D-matrices (representation matrices for SO(3) and
SU(2)), in this parametrization, read

Dju(h(a@.B,y) = (jmlh(a,By)|jn)
<]m| e—l'(l‘\]g e—iﬁ]y e—iy]; |]n>

e—iam <jm| e—iﬁly |jl’l> e—i)’" (411)

2We use the z — y — z convention, where the small Wigner-d matrices d;im (B) are real. However, the manip-
ulations presented here apply also to the z — x — z convention, when dj,,(8) have complex entries. This is the
reason we do not write d/,,(8)" = d.,,(®)" .
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where we used that J, |jm) = m|jm). The matrix (jm| e~#% |jn) is Wigner’s small-d ma-
trix, and we use the standard notation

dn(B) = (jml e | jn) 4.12)

We will not need the explicit expression for d{,'m(ﬁ').26

Most of the properties needed in practice can be derived from the geometrical inter-
pretation of the Euler parametrization and the properties of the two groups.

For instance, (0,8, 0) acting on a 3D vector, implements a rotation by 3 in the plane
perpendicular to the y-axis. Thus,

l’l(O, Ba O)h(o’ _ﬁ’ 0) = ]]-S 0(3) (413)

from which it follows that
dlink(ﬂ)dlin(_ﬂ) =Opn = ]]-j (414)
=

where 1; is the identity on H/. Similarly, since h(0,,0) € S U(2), we have that

(0, 8,00h(0,,0)" = Lsye) (4.15)
and thus
dy, (-B) = d;,(B) (4.16)

Integrating over S O(3), amounts to integrating A(a, 8,y) over all values of the Euler
angles @8,y that are in the ranges

a €[0,2r) Be[0,n] vy e]0,2n) (4.17)

The (left and right invariant) Haar measure u(h) of S O(3) in the Euler parametrization
reads
1 .
/,150(3)(h) = 8—dadﬁsmﬁdy (418)

2

with the normalization SL so that the volume of SO(3) is unit (the Haar measure is

72
unique up to scaling).

S U(2) and the three-sphere S° The group S U(2) is the three-sphere S*. The two spaces
are diffeomorphic as smooth manifolds and their Lie algebras are isomorphic. One can
anticipate this by writing an § U(2) element 4 as

h= (Z ';f) (4.19)

26The explicit expression for Dl (h), analytically extended to GL(2,C), is equation (3.51)
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the condition that det(k) = 1 reads
1 = (Rea)® + (Ima)? + (Reb)? + (Imb)? (4.20)

which gives a map from S U(2) to a point on the unit three-sphere, realised as the hyper-
surface

oy ewi=1 (4.21)

in a 4D Euclidean space with a Cartesian coordinate system.

In what follows, we will construct “semiclassical 3D directions”, corresponding to
points on the two-sphere S?, by acting with S U(2) group elements on states in H/. The
procedure is explained below. Keep in mind that we have to somehow project SU(2) ~
S3to S2.

The group S U(2) is parametrized similarly with Euler angles as in the S O(3) case,
with the difference being that the range of y is doubled

v € [0, 4r) (4.22)
This is because S U(2) covers S O(3) twice. That is, as S O(3) elements,

h(a,B,y) = h(a, B,y + 2n) (4.23)

see (4.11). Thus, seen as S U(2) group elements, in which case they are distinct, they are
both mapped to the same S O(3) element. That is, SOQ3) ~ SU(Q2)/Z,.

Since there are twice as many group elements, the volume has doubled, and the
normalized Haar measure for S U(2) is half that of S O(3),

1
Hsu@)(h) = 5#50(3)(}1) (4.24)

The two-sphere S>  The two-sphere S? as a differentiable manifold is described by the
line element

ds? = dQ? = do? + sin” BdB? (4.25)

where the polar angles @ and 8 are understood as the azimuth and zenith. The in-
duced Haar measure on the S U(2) proper subgroup spanned by « and 8 in the Euler
parametrization, which is isomorphic to S2, coincides with the induced proper area of
this line element

1
ps2(h) = —dadpsing (4.26)

where we normalized by the sphere area 47. The angles « and g take values as in S O(3)
and SU(2).

In order to fix conventions and to aid the geometrical understanding of the construc-
tion of S U(2) coherent states, we take a moment to explicit our conventions, which are
summarized in Figure 4.1.
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Fig. 4.1: Convention for elements of S? and relation to Wigner’s matrices. 7i(a,p) is
defined by the action of an element of SO(3) on the z-axis. The first rotation by vy is
around the z-axis, thus, for given « and g, any y maps to the same 7i(e,). For this
reason, we may also understand h(«, 8, y) as an S U(2) element.

We embed S? as the unit sphere in a flat Euclidean 3D space with Cartesian x,y, z
coordinates. Given a point «, 8 on the sphere, we map it to a normalized 3D vector

ii(a, B) (4.27)

such that g is the angle of i(e, 8) with the positive z-axis and « is the angle of the projec-
tion of 7i(a, B) in the xy-plane with the positive x-axis. That is, we define the vector 7i(«, 8),
as the one resulting from an S O(3) rotation of the vector 2, pointing in the positive z-axis
direction.

Notice that in the Euler angle parametrization, the first rotation is around the z-axis.
Thus, #i(a, B) is defined by the action of an S O(3) rotation A(a, 8,7), as

h(e,B,y)» 2 = ii(e.B) (4.28)

for any y. Any fixed choice for y defines a projection from S* to S2. We make a choice
for v in the next section. We may then freely understand i(a,(,y) as an S U(2) element,
with the same geometrical meaning.

4.2.2 Semiclassical directions: S U(2) coherent states

With conventions as above, given a vector ii(, ) € S?, we define an embedding to S U(2)

$%3 ia,p) = n(a,B,—a) € SUQ) (4.29)
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Notice that in n(e, 8, —@) we have fixed the angle y to —e. This choice is the standard
convention introduced by Peremolov [164]. Understanding S U(2) as S ?, the Hopf fibra-
tion tells us that §3 can in turn be understood as S? with a circle S' as a fiber on each
point. We take each fiber to be parametrized by v, and the choice y = —¢ amounts to
choosing a single point from each circle (in other words, a choice of section of the Hopf
fibration). This projects SU(2) ~ S2 x S — §2.

S U(2) coherent states (Peremolov coherent states [164]) are defined as

lji(e.B)y = ita,p)>|jm)
= n(a,B,—a)ljm)
= D,{U.(a, B, —a)|j, m) (4.30)
The bra is defined by?
(@Bl = ) D (ap—a) (jml

m

Z D/ (a.B.~a) (jm] (4.31)

m

The states |j7i(a, B)) are normalized so that

>’ D) (@ -a)Dly (e .- (il

mm’

= h'(a,B,—a) h(a,B,—a) = 1 (4.32)

(e, P)ljiila, B))

where we used equation (4.7), (jm|jm’) = 6,ym, and the fact that i(a,8,y) isin SU(2). As
a display of the use of the notation in calculations, we may also show this as

L= Giljiy = Giln® nljjy = il jid (4.33)
Intuitively, |j, j) is a “semiclassical normalized quantum vector” pointing in the z-direction.

Let us see this explicitly. The uncertainty of an operator on some state y is defined

by
AO = (0%, - Oy, (4.34)

A standard result from operator theory reads that for any two Hermitian operators O,
and 0,, we have

1
AyO1 AyO; > 3 ([01,0:]) (4.35)

27n calculations this is often a source of confusion and is good to keep in mind : in (4.30), the D,J;Ij(a, B.y)

are coefficients in a sum over states , not a matrix, and conjugation simply gives their complex conjugate in
(4.31). That is, we get Dfnj(a,,B, v) and not szj(a,,B, 7).
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and which we understand in quantum mechanics as the uncertainty principle.
It is straightforward to check for instance that

<]Z2>|]m> - <"Z>fjm)

CimlJ2 jm) = (mlJ] jm)?
= Vm2-m?2=0 (4.36)
that is, all states |jm) have zero uncertainty in the z-direction.
This is the sense in which |jm) are peaked on a point in S%. In our conventions, |jm) is

peaked on #(0,0) = Z.
The uncertainty principle for J, and J, gives

Ajjmy -

1
AT Bjmy Iy 2 5 AL Iy 1
1 m
) Ty = o) (4.37)

By symmetry, since |jm) is an eigenvector of J;, the uncertainties Aj,,yJ, and Aj,J, can-
not depend on m and must be equal. Thus, since the left hand side does not depend on
m, equality in (4.37) may only be achieved when m takes its largest value, that is, when
m = j. From this we guess that

Ajmy e = Byjmy Iy = \/g (4.38)

the veracity of which can be easily checked using equation (4.6).

This is the sense in which |jj) is the “most classical” quantum state peaked on #(0, 0); the
uncertainty principle is saturated on |jj).

Then, we see that

Ajmdx — Nj2 1

Sm - idi]2 - d; 4
where we used (4.6). Thus, as we move to larger quantum numbers, the uncertainty
vanishes and the state becomes completely classical i.e. it behaves as the classical vector
n(0,0).

In conclusion, | jj) behaves as a geometrical wavepacket carrying the information of a “semi-
classical direction”, corresponding to n(0, 0).

These states are the building blocks from which we can construct wave—packets of
geometry. Specifically, we will construct semiclassical states describing a wavepacket of
geometry, peaked on a discrete 3D Euclidean spacelike geometry, which is embedded in
a Lorentzian spacetime.

The way the embedding will be achieved, although we have S U(2) and not SL(2,C)
states, is through the interpretation of the S U(2) group elements as the holonomies of
the Ashtekar-Barbero connection, which knows the extrinsic curvature K

hag ~ ehTHK (4.40)
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where I' is the spin connection, T a curve and y here is the Immirzi parameter, not to be
confused with the Euler angle. See Section 2.3.1 for the definition and intuition of the
holonomy.

The construction of a state peaked on an arbitrary element of S? follows easily. The
state, |j7i(a,B)) is peaked in the direction n(e,B). The angular momentum operator J;
in the 7 direction corresponds to a rotation of J, by n € SO(3). At the level of the Lie
algebra, this operation corresponds to the conjugate action on J; by n

Jiljity = ndon® |jity = ndon'nljjy = nJ\jjy = njljj) = jljt) (4.41)

thus, |jii) is an eigenstate of J;.

The semiclassical properties for |jj) carry through to |;it), which we understand as a
wavepacket corresponding to a classical direction 7 in 3D space.

When doing calculations, properties of these states can be derived from their ge-
ometrical meaning. For instance, since |jj) corresponds to the z-axis, which is the
vector n(0,0), it must be that n(0,7)|jj) corresponds to the negative z-axis and thus to
—1jj). In turn, we may deduce from this the property of the small-d Wigner matrix that
dr{l j(7r) = —0,; et cetera.

Lastly, the coherent states |j7i(a,8)), provide a resolution of the identity in H;. This
is easy to show by exploiting the relation of S? with S U(2) and S O(3).

We notice that we may replace —a with an arbitrary y in

D), (a.B,~)D}, (@.B,~@) = D) (@,~B,~a)D}, (@B, ~a)

D, (@, B, =)D}, (7.8, ~)

(4.42)

see (4.11). We may promote the integration over S? to an integration over SO(3) (or
S U(2)) and use the orthogonality relation for Wigner’s-D matrices

kn 5lm 6jj’

S s
| it} - 4.43)
50(3) dj
Then, it is straightforward to see that
1 21
[ wa = o [ ay [ usan i
Ss 27 Jo 2
- L (4.44)
© 2nd; ‘

Thus, the states |jii(e, B)) resolve the identity, for an integration measure 27 d; u(i).
That is, they provide an over—complete basis of semiclassical states for H;.



Gravitational Tunneling 85

S U(2) coherent states with the H map and relation to CP1 Here we prove a technical
result, providing the Euler angle parametrization for the S U(2) coherent states defined
through spinors, via the H-map of Section 3.2.3. This parametrization provides provides
a strict equality between the two definitions and allows to combine results in the litera-
ture. These technicalities are important to nail down when constructing wave—packets
of geometry starting from a triangulated hypersurface, for a concrete application of ge-
ometry transition.

We will see in Section 6.1.2 that in a physical application we are first given a trian-
gulated surface. Then, we construct the normals to the faces explicitly as vectors 7i(a, 8),
by fixing a gauge (triad) in a tetrahedron of the triangulation. From this information,
we will want to construct a wavepacket peaked on the distributional geometry of the
triangulation, using coherent states. Thus, we need to know how to go unambiguously
from a classical vector 7i(a, 8) to both definitions of the coherent states.

The reader may skip this section since the intuition developed previously suffices
for what follows.

The coherent states |j#) may be defined also with respect to the H-map, equation
(3.39)

v jjy=1jiy= ) D, (H@®)|jj) (4.45)
where now 7 in H(#1) is a normalized spinor.

The coherent states |ji7) defined this way, satisfy all the properties of the previous
section. The calculations are essentially identical, using the properties for the H—map of
Section 3.2.3 to perform matrix multiplication. The coherent state |j /i) is peaked on the
3D Euclidean vector

i = (7l (4.46)

where & are the Pauli matrices. This map from normalized spinors to the Riemann
sphere is explained in Appendix D, where conventions are also set. Notice that this
map is not invertible, there is a U(1) phase ambiguity in defining » for a given i

We would like to know how to unambiguously define a normalized spinor

n(a.p) (4.47)

starting from an element of § 2, il(a, B), so that the geometrical interpretation of the coher-
ent state |j7i(a,8)) of equation (4.45), agrees with the conventions for the azimuth and
zenith as in Figure 4.1. Second, we would like to have a strict equality between the two
definitions of the coherent states, which requires to fix the face ambiguity in equation
(4.46).

Let us start by assuming we are given a vector

i(a, B) (4.48)
We define a family of spinors n(a, 8,y) by

n(a, B, 7)) = €27 K(=1/2) |+ (4.49)
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where the S U(2) matrix K(¢) reads

__ 1 (r¢
K = \/TW (_Z 1) (4.50)
and
¢ = cotgei" (4.51)

The phase e in 4.49, parametrizes the U(1) ambiguity for some y € (0,4n) and |+) =
(10)".

We will see that defined this way y will be the equivalent of the corresponding Euler
angle. We show in Appendix D, that

cosasinf
sin @ sinﬁ] = i, B) (4.52)

cosf

(n(a, B, YIFIn(e, B,y)) =

That is, the geometrical interpretation is exactly as in Figure 4.1. The reason we need
the complex conjugate is because the y-axis is inverted in the mapping to the Riemann
sphere as defined by (4.46), see Appendix D.

We now want to fix the face ambiguity and show that the two definitions are equiv-
alent. We notice that

H@)[+) = 12) (4.53)

for any spinor z (the notation is confusing but common, both z and |z) denote a spinor).
Thus,

@By = Hlat@Bp)+)
_ H(e%"y n(T[j’,O))H) (4.54)
We notice that
D (Wa,By) = D) (a.B,y)
= D, (a.B,0)" (4.55)

Similarly, using the definition for the analytic continuation of Dj:m to GL(2,C), equation
(3.51), it is easy to check that '

D!, (Hn(a,B,0)e*) = D', (H(n(a. B, 0))) ¢/ (4.56)

Jjm

Since n(0,0,y) = Z, we have that H(n(e, 8,0)) » 2 = ii(e, ). The same applies for A(a, 5, 0).
From the definition (4.11) of the Euler parametrization and the fact that Djm (H (n(a, B, 0)))
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is defined through an analytic continuation, we conclude that as abstract elements of
SU2), we have

Hn(a,8,0)) = h(a, B,0) = '@V (4.57)
Thus,
D}, (@.6,7) = D, (H(n@B7) (4.58)

This provides an Euler angle parametrization for the space of normalized spinors. For
any choice of section (fixing y) we get a correspondance between S? and the Riemann
sphere CP1, such that their x — y — z components in the vector representation are strictly
equal and given by the usual spherical coordinates @ and .

Fixing y = —« gives us an equivalence with the coherent states as defined in the
previous section.

To summarize, as can be verified from the above, given a point 7i(a,8) in § 2 the
correspondance between the Euler angle parametrization of Wigner’s D-matrices and
the H map, is given by the normalized spinor

B _ginBeit\ |
n(a.B.y) =( 92, T )627 (4.59)
Sin Ee COS 3
and
ieljj)y =i = Y. D} (H(n@@B—a))ljj) = Y. D (@.B.0)jj) (4.60)

4.2.3 Semiclassical tetrahedra

In the previous section we have introduced coherent states describing a “semiclassical
direction”, i.e. the quantum equivalent of a normalized three—dimensional vector.

By itself, such a state has no geometrical meaning per se, because a single normalized
vector 7 only holds information that is purely gauge. To give any meaning to /i, we need
to fix a convention as in Figure 4.1, which is the equivalent of fixing the tetrad.

However, we may combine such states, and construct geometrical shapes, polyhe-
dra, see [16] for a generic treatment.

To construct the semiclassical equivalent of a tetrahedron n*, we associate a state
ljefte) to each of the four triangles ¢* of n*, such that the closure condition, equation
(3.92), is satisfied

0= Z je e (4.61)
len
That is, we associate to each tetrahedron n* the tensor product

X lie ke (4.62)

ten
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which is a state in the tensor product of the corresponding S U(2) spin representation
spaces, H'' ® H? ® H”* ® H.
To take into account the orientation of the graph I', we introduce the notation {—en
and {«en, signifying that the half-link £ has the node n as target and source respectively.
We define for each node the state

) Gies kanl () L ke (4.63)

{—en {—en

vn(jes ]?[n)

m

® Hi* @ H (4.64)

{—en {—en

va(jc: Ken)

Similarly to the definition of spin network states, we define functions ¥ (h, je; k), de-
pending on group elements living in L copies of SU(2) ,

Wihe, jei k) = () DI (he) > () vl kem) (4.65)
l

n

We can rearrange this expression as a product over links

&) D ey > Q| R ¢ ienl () e K

Yrhe, jes kea)

4 n {<en {—en
= ® D7 (he) > jes kewey) ® Cies kesco| (4.66)
;
Or more simply,
Yr(he, jeske) = ® Gies keso D7 (o)l jes kerey) (4.67)
7

These states are closely related to the Livine-Speziale states [165] or intrinsic coherent
states [104].

The states (4.67) provide an overcomplete basis®® of the gauge-variant Hilbert space
L(SU(2)") of square integrable functions on L copies of S U(2).

To get to the Livine-Speziale states we need to gauge average at each node by inte-
grating over S U(2). Since we will be considering them in contraction with a spinfoam
amplitude it is redundant to gauge-average, due to the use of the Haar measure over
SL(2,C) in the definition of the vertex amplitude. The gauge invariance over its sub-
group S U(2) is imposed automatically.

We may write an explicit expression for these states in terms of the definition of
equation (4.30) or (4.45) for the Peremolov coherent states

Wr(he, jeskem) = ) DI (Kt ) D (keuty) D, (o) (4.68)

msje myje
mgmy

281t suffices to use the resolution of the identity for the Peremolov states to show this.
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4.3 Wavepackets of an embedded 3-geometry

We now have at our disposal geometrical wave—packets peaked on 3D tetrahedral tri-
angulations.

We want to think of them as plane-waves describing a quantum geometry with a
sense of embedding in a Lorentzian spacetime. Since they are peaked on the intrinsic
geometry, we turn them into plane waves, completely spread on the extrinsic geometry,
by multiplying with

[ﬂ e"»“”]wh[, Jesken) (469
4

where ¢; is a boost angle, to be understood as the discrete equivalent of the extrinsic
curvature.

The defining expression we use for the boundary states is in the group representation
and we employ the following notation

Wi(he; nes $osken) = Rl ¥i(es $os ken)) (4.70)

with one S U(2) group element &, per link. We have

Wihes e, Ceken) = Z 1_[ djfe_(ji_w’(””))2t+i§fj[ Uhe, jes ken) (4.71)
{je} ¢

The Gaussian weight in the spins is peaked on

ne—t
2t

we(ne, ) = (4.72)
This quantity will be identified with the areas resulting from the discretization scheme.

These states were first introduced heuristically in [166] and have been used exten-
sively in the literature to study the graviton propagator [42-47,166]. They have since
been understood to be the semi—classical limit of Thiemann’s heat—kernel states.

4.3.1 Coherent spin—network states

The boundary states we consider in this manuscript are Thiemann’s heat kernel states
[167-171], in the twisted-geometry parametrization introduced in [172,173] by Freidel
and Speziale. These states, also known as extrinsic coherent states or coherent spin-
networks, were systematically introduced as “wavepackets of an embedded spacelike
3—-geometry” in [174].

They are labelled by points in gauge invariant classical phase space S U(2)X/SUQ2)",
corresponding to the Hilbert space Hr associated to the boundary graph I'. We briefly
review the main construction.

The states are defined by

W (g, Hy) = f

dhsm 1—1 K} (he, hesey He h},}g)), (4.73)
SUQ) P
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where K'(h, H) is the SU(2) heat kernel with a complexified S U(2) element as second
argument. Complexifying S U(2) yields SL(2,C).

S L(2,C)isisomorphic to S U(2)xsu(2) = T*S U(2) which corresponds to the (linkwise,
non gauge invariant) classical phase ? space associated to the Hilbert space on a graph.

Since SU(2)® ~ SL(2,C), H € SL(2,C). The Wigner D-matrices of the S U(2) heat
kernel are the analytical extension to GL(2, C) of equation (3.51).

The boundary states Wi.(h;; Hy) = [¥[.(H,)) depend on group elements /, living on
the links ¢ of the boundary graph, that serve as “handles” for a contraction with a spin-
foam amplitude defined on a two-complex with boundary W¢(hy) = (W¢|. Contracting a
spinfoam amplitude with a boundary states means integrating out the #,, resulting in a
transition amplitude (We|¥.(H,)), see next section.

The boundary states [¥[.(H;)) also depend on data H;. As mentioned above, these
label points in the classical phase space, and are the analogue of position and momen-
tum data xo and py of coherent states for a free particle, peaked on a position xy and a
momentum py. The situation here is analogous, with the spins playing the role of the
momentum p.

Finally, [Y.(H,)) are labelled by a real number ¢, the semiclassicality parameter. We
have one family of coherent states for each value of t. The semiclassicality parameter
controls the peakedness properties of the coherent states. It is a small number, and in
physical applications, it is to be taken proportional to a positive power of 7, divided by
a characteristic physical scale of the problem, such that 7 is dimensionless.

Keep in mind that no dimensionful quantities appear in the boundary state (nor the
spinfoam amplitude).

Concretely, K'(h, H) is given in the spin-representation by

K'(h,H) = Z dje P TeDI(hH ). (4.74)

J

The states WL.(H,) provide a resolution of the identity on the kinematical Hilbert
space Hr. Suppressing the link subscript momentarily, we write the resolution of the
identity as

S(hi' My = f dH a(H)K'(h, K" (', H), (4.75)
SL22,C)

where 8(h, 1) is the delta distribution on S U(2)L/S U(2)", see for instance [174].
The states we consider are the gauge-variant version

Wi(he, He) = | | Kihe, HY), (4.76)
4

The measure function « for which the resolution of identity holds is explicitly known
[167-170,174].

29We recall that the configuration variables for Loop Quantum gravity are the holonomies of the Ashtekar-
Barbero connection, living in S U(2). The fluxes are the conjugate variables, co-triads smeared along a two-
surface, and which we can think of as smeared “area—elements” for S U(2) spinors, naturally living in the
co-tangent bundle.
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As was first done in [174], the S L(2, C) element H, can be written in the twisted geometry
parametrization (17, {r, k) of the classical phase space corresponding to Hr, introduced
in [172,173]. In this parametrization, H, takes the form

ivé, I3 93
Hy = keye) eeeT P k&é[), 4.77)

where 7, is a positive real number, & € [0,4r) and keye), ki) are two unrelated S U(2)
elements corresponding to two unit vectors.

The twisted geometry parametrization is tailor-made to correspond to the geometri-
cal meaning of the phase-space variables. The two unit vectors, correspond to normals
to the triangles of the tetrahedra sharing the face dual to the link £. The area information
is to be encoded in the variable 7,. The area and normals are interpreted as the smeared
densitized triads. The angle & corresponds to a discretization of the Ashtekar-Barbero
holonomy, and is split in two parts a and ¢. The former corresponds to the discrete
equivalent of the spin-connection and the latter to the extrinsic curvature. That is, we
have the correspondence

& a+y
Asp = w+yK (4.78)

The phase « is thus pure gauge and is absorbed in the boundary state definition, see [67]
for an example. Henceforth, we neglect the phase a.

Replacing H; by its twisted geometry parametrization in (4.76) allows us to construct
coherent states with a prescribed discretized 3D geometry. The boundary data (17¢, {¢, ken)
encode the discretized intrinsic and extrinsic 3D geometry.

The semiclassical limit of the states (4.77) (for large 7;), reads®

Wi s e, o) = | | diee™ I I Y i ens ), (4.79)
(VA

This was first shown in [174]. The Gaussian weight factor in the spins is peaked on the
value

ne—1t
2t

wAne, 1) = (4.80)
and it will later be identified with the areas resulting from the discretization of the
boundary surface.

The states yr(je, kem; he) are the intrinsic (non gauge-invariant) states of the previous
section.

Before closing this section we note that the resolution of identity does not hold any-
more for the states (4.79), since they were obtained from (4.76) by taking an approxima-
tion. The next section is devoted to finding an approximation of the measure function «
in the semiclassical limit.

3Use the heighest weight approximation Dy, (e773/2) = 564 ¢" + O(e™) in equation (4.74) to get this expres-

sion.
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4.3.2 The Measure Function ¢ and the Semi-Classicality Condition

We are looking to find an approximate expression for the measure, expressed in terms
of the classical data (77¢, {¢, kem). That is, an approximation of &(1¢, {¢, kem) in

O(hy h;j—) = fdﬂf dZ dken @(ne, Loy ken) YT, oy kens he) (e, S kens 1)) (4.81)

Making the ansatz @ = @(1,), to be justified a posteriori, we can readily integrate over

&e

f dg, V0 = A . (4.82)
; ,

Using (4.82) we are left with a single sum over the spins and the resolution of the
identity reads

5(ht’hg) = f dne a(ne) Z l_[ d?[e—ﬂjf—wz(m,z»zt %
0 G ¢
x| e i e i R ) ws)
N

The integration over the gauge data ks is performed using the resolution of the
identity for the Peremolov coherent states,

fzdkfn Yr(je, kens heWr (e, kens By) = n d_zTrj(h{fh( )- (4.84)
S ¢ e

Employing the Peter-Weyl theorem to expand the S U(2) delta function &(h, hg) we
get

Z ]_[ d;, Tr (hehl)) = Z ]_[ ( f d, @(m)e—2<ff-wm”>>2’) Tt/ (hehl)) (4.85)
Ua ¢ G WO

which translates to a condition for @
f drg; a(po)e 20O = . (4.86)
0
This equation is solved for large spins by

~ _ e
a(ne) = m (4.87)

This is an approximate expression for the measure providing the resolution of the
identity. An exact expression in the twisted geometry parametrization has recently be-
come available and will appear in a common work by the author and Fabio d’Ambrosio
[91].
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There is however an interesting lesson to be drawn from this approximate form.
Thinking of @(1,) in equation (4.87) as providing an “approximate” resolution of the
identity, we can read-off a semiclassicality condition for the semi-classicality parameter
t and the area data w.

To see this, we perform the integration (4.86) with the & as in (4.87). Dropping the ¢
subscript momentarily, we have

) ) d:
f dna(n)e 20’ = Ty erf \/zdj
A 2 2

In the limit where the product d; Vi is large (an assumption that is justified due to
the Gaussian weight factors) we can neglect the exponential term and the error function

2

) e (4.88)
+ —. .
2t

erf[ \/gd ;] ~ 1, yielding the desired result. Assuming d; V to be large, we get

jVE>1 (4.89)

Since the spins are peaked on the area data w, we have

(490

This is the semiclassicality condition. We will understand its meaning in the following
section, when it will reappear in the context of the asymptotic analysis of the transition
amplitudes. We will see that it imposes that the fluctuations of the spins are such that
when interpreted as areas, we always have a simplicial triangulation. That is, the quan-
tum fluctuations are restricted such that the spins along with the normals ks, satisfy the
closure condition, which guarantees the existence of a geometrical tetrahedron with the
spins as areas and the face normals to be k.

This is consistent with the intuitive picture of a wavepacket of an embedded 3-geom-
etry, constructed from a superposition of plane-waves describing the intrinsic spacelike
3-geometry: imposing the semiclassicality condition is equivalent to demanding that
each intrinsic coherent state yr in the superposition is peaked on a classical triangula-
tion, a three-dimensional simplicial manifold.

4.4 Gravitational Tunneling from covariant Loop Quantum Gravity

We emphasize that the spinfoam amplitude, defined by the EPRL ansatz of equation
(2.107), takes in as “data” only combinatorics of the 2-complex C. In other words, only
the topological information. In the limit of large-spins, we recover a notion of simpli-
cial geometry, which we understand as the result of having imposed at the quantum
level the simplicity constraint, reducing a quantization of a topological BF-theory to a
quantization of discrete General Relativity.

However, spins are dimensionless. Their interpretation as areas, comes from the fun-
damental result of Loop Quantum Gravity, shown by Rovelli and Smolin in [150], that
the area opearator has the discrete spectrum

A; = 8aG hy \j(j + 1) (4.91)
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This is a result regarding the kinematics, that is, the boundary states. The results from
the asymptotic analysis of the EPRL model presented in the previous chapter are at the
level of fixed spins and regard the so-called partial amplitude, which has no physical
interpretation.

To attribute an interpretation as areas to the spins, one has to perform the spin-sum.
Integrating out the spins, we will be left with the value on which they were peaked,
the w data. It is these that will then be identified with physical areas, through equation
(4.91).

This is the procedure followed in the graviton propagator calculations. There is
an important difference in our case: we are not interested in a perturbative calculation.
Thus, we expect the physical transition amplitudes to vanish in the limit 7. In particular,
we expect them to decay exponentially with the large parameter A, the uniform large
scaling of the spins.

We will show in this section that a class of physical transitions amplitudes (with no
interior faces) decay exponentially in the semi-classical limit # — 0, in the mismatch
between the extrinsic geometry of the boundary and that of the geometrical simplicial
complex preferred by the dynamics.

4.4.1 Contraction of boundary state with spinfoam amplitude

We consider a 2-complex C (dual to a topological simplicial manifold) with a boundary
0C. The boundary 0C of the 2-complex is a four-valent graph I'. To get a transition
amplitude we contract a spinfoam amplitude with a coherent spin network boundary state
of equation (4.79), built on the graph I" = C

W (we, £, Kens 1) = (Wel¥WH(wp, os Rens 1)) 4.92)

The contraction is performed as follows. We mentioned at the end of Section 2.3.2
that the S U(2) elements living on the fiducial boundary around each vertex will be used
to contract with a boundary state when a boundary is introduced.

The definition of the EPRL amplitudes when a boundary is present, comes down to
a supplementary definition of the face holonomy in terms of S U(2) elements, equation
(2.105), for a face that includes a link ¢ in its boundary. That is, for faces that are not
interior, bounded only by edges e. Recall equation (2.105)

hy= ]_[ hys (4.93)
vf

When the face f has a boundary link ¢ (there can only be at most one boundary link in
faces of 2-complexes dual to simplicial triangulations), we define

hf = hg 1—[ hvf (494)
vf
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where no S U(2) element is assigned at the nodes attached to ¢.

No integration is performed over the boundary S U(2) elements h,. With the above
definition, the EPRL ansatz of equation (2.107) remains almost the same, with the dif-
ference that the amplitude now depends on /4,

Welhe) = ) u(jy) f H(8ve) nAf(gve,jf, he) (4.95)
) SL2O) f

where a face amplitude A introduces explicit dependence on an 4, if the face f is not
interior.

Similarly, the boundary state Wp.(h¢: 1¢, {¢, k) in equation (4.79) also has SU(2) ele-
ments A, living on each boundary link. The contraction consists of integrating out /,

(Wel¥r (@, &e Ken, 1)
f ([ [ane) Wethe) ®ithes wr, 26, Km0 (4.96)

W (we, &z, Kens 1)

The S U(2) integrations are straightforward to carry out using the orthogonality re-
lation for the matrix elements of Wigner’s D-matrices
kn 6lm é Ji

) , B
fs dh Dy (h")Dy,(h) =

(4.97)
U d;

and the properties of the Haar measure.
In terms of the spinor representation, after the contraction, equation (3.66) for the
F(g, 2) function when the face f is not interior becomes

ke ueo ) Lelle)” iy log LresVes)
(Zveflzvef> <Zve'f|Zve’f> <Zvef|Zvef>

ZoerlZyer 1) Zyer {\Z0er
+Zlog < Lefl vef> +l‘)’10g< vefl »ef)
<Zvef|Zvef> <Zve’f|Zve’f> <Zve_f|Zvef>

Fr(lgsh Az ke, Ke,) = log

vef

(4.98)

The second line is the same definition as in equation (3.66), where we changed the suma-
tion from edges e in the boundary of f, to a summation over vertices v in the boundary
of f. The first line takes into account that there is a boundary present. In particular, in
each boundary face there is a vertex v, attached to an edge ey, that is in turn attached to
the node n, which is the source of the link £. We remind that ¢, is the half-link attached
to n,. The notation is similar for the target node n, of £. The correspondance beetween

the normalized vector k and the normalized spinor k is as in equation (4.59).

In what follows, we will only consider 2-complexes with no interior faces. In this
case, each face f has exactly one link ¢. The combinatorics of the 2-complex are coded
in the boundary graph, and we may label faces instead with their corresponding link ¢.
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Putting the above together, the transition amplitude reads

W(we, Lo kens 1) = Z,u(jz) [1_[ e"(j(“f)zJ [1_[ eijm“z] %
¢

{je} 4

X fﬂ(g) u(z) l_lejz Fe(g.2:kem) (4.99)

t

4.4.2 Heuristic derivation

The idea behind the derivation is simple. Subtleties have to be taken into account and
are discussed in the next section where we give the detailed derivation. These results
will appear in [91].

In this section, we give a heuristic derivation in a simplified setting. We leave the
product over links and link subscripts implicit and use the simplified notation of Section
3.1.

The transition amplitude is of the form

W s k=) e f p(g) pu(z) & FED (4.100)
{J}

where w, £,k are the classical data from the coherent state, 7 the semiclassicality param-
eter, and g and z the SL(2,C) and CP1 spinfoam variables.

We saw in Section 3.5.3, that at a critical point corresponding to a simplicial geome-
try, Fe(g. z, km) becomes the Palatini deficit angle. Ignoring the cosine feature, considered
in the following section, we bring in the Regge deficit angle by

> jodj a1 L
F(g,2,k) —— iy¢(j: k) (4.101)

see Section 3.5.3. The amplitude now reads

W(w, ¢, ]}” £) ~ Z o 1wy eijy({—qﬁ(j;l?)) (4.102)
Ut

This step is not justified. We have performed asymptotic analysis on g and z, at
fixed spins, and ignored the fact that there is now also the summation over the spins.
Furthermore, we have assumed that for any spin configuration in the spin sum there
corresponds a critical point that has an interpretation as a simplicial geometry, and that
a deficit angle ¢(j; k) can be defined. We will see in the following section that it is not
difficult to handle this properly and indeed it works out.

Remember that we emphasized in Section 2.2.3 a similar thing happening for the
Palatini action. The field equations of General Relativity can be derived from the Pala-
tini action, by first taking the variation over the spin connection w (the equivalent here
being the group variables g) and recover the Hilbert-Einstein action by replacing the so-
lution of this equation of motion, the Levi-Civita connection w(e), in the Palatini action.
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The variation over the tetrad e, which is here the equivalent of the spins j, can be
carried out after plugging—in the solution of “half” the equations of motion, which is in
general the wrong procedure, yielding the correct result.

The expression (4.102) is simple. We may be cavalier and neglect the precise depen-
dence of ¢(j; k) on the spins, simply replacing them by their value w at the peak of the
(highly peaked) gaussian weight. We also treat the spin—sums as integrals:

W(w, ¢, k1) ~ f p(j) e o) (4.103)

This is a just gaussian integral. Performing it yields (up to normalization)

W(w’ é” ]E: l) ~ e—(7§—7¢(w2k) )2/4reiwy({—¢(w;k)) (4104)

Now, remember that the semiclassicality parameter ¢ is proportional to a positive
power of Ai. Thus, we have an exponentially decaying amplitude in the limit i — 0.

This is the gist of the result we will be arriving at in the next section. We caution
that there are several details to be added. Before proceeding to the calculation, let us
understand the meaning of this expression. We are neglecting the Immirzi parameter y
for the rest of this section.

What we have done here is simply to replace the partial amplitude /(j;) with the
Regge action, with the spins replaced by the area data w. We are considering spinfoams
with no interior faces, defined on 2-complexes dual to a simplicial triangulation. Then,
each link ¢ corresponds to a face f, dual to a geometrical triangle at a geometrical critical
point (we are assuming this to be the case here).

That is, bringing back the product over links, the part e~ @@ | becomes

1_[ e Wby B _ exp —i Z wrdr(wr; ]_é) (4.105)
¢ !

Identifying w with a dimension-full area by
w~A/h (4.106)

gives the exponential of the Regge action
i
exp—- Zf: Asdp(wy) (4.107)

which are the fixed—spin asymptotics of the partial amplitude, the summand for the
spins in the partition function.

The meaning of (4.104) is then transparent. Had we matched the extrinsic data { with
¢, the amplitude at the semiclassical limit would be of order unit in 7. This would be the
case in the setting of the gravition propagator, where one would then put insertions of
operators in the path integral, prior to performing the spin-sum, to calculate expectation
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values of components of the quantum gravitational field. For the Lorentzian graviton
propagator of the EPRL model see [42].

However, in a non-perturbative process, there is no reason why ¢ would match ¢.
If it did, then there would be a notion of an interpolating discrete geometry, naively
solving the equations of discrete General Relativity in the form of the Regge action.

Let us look at the decaying factor

oGO /41 (4.108)

The semiclassicality parameter ¢ is to be equal to a characteristic scale of the problem
and be proportional to a positive power of 7.

This scale would in general be the common large scale 1 with which we take the
spins to scale. We recall from the previous chapter that asymptotic analysis at fixed-
spins is done by splitting w; = 16, with 2 > 1. Let us write w = A6; = 467, where we
have introduced a dimension—full area scale A.

In the Regge action, written in terms of areas, the only characteristic scale would
then be the scale of the areas. In a tunneling phenomenon, we expect the probability to
decay with a quantity that has units of action. The only possibility, is to set

no1
t=-2== (4.109)
and we have a probability amplitude decaying as
¢ HU—90") (4.110)

We see below that the value r = 2 is in very good agreement with the semiclassicality
condition. The angle ¢ can only depend on §, because changing A corresponds to a
dilatation of the simplicial geometry (it is a global conformal transformation).

Such amplitudes describe gravitational tunneling: 4 is a large but finite number. Quantum
theory ascribes a non—vanishing probability for a classically forbidden geometry evolution to take
place.

See Figure 4.2.

4.4.3 Performing the spin—sum

In this Section we show how the results from the fixed spins asymptotics can be used
to estimate decaying amplitudes. Our starting point, is the transition amplitude (4.99),
repeated here for convenience

W(we, &eskens 1) = Z u(j) (l_[ e’f(ijUZ] (H eijfm) %

{e}eQtje}.1.K) ¢ ¢

X f u(g) u(z) 1_[ el Fe(gz:kem) (4_111)
Q ¢

(8:2)
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Fig. 4.2: The amplitudes of covariant LQG as probabilities for gravitational tunnelling.
Solving an initial value problem for Einstein’s equations with Cauchy data the intrinsic
and extrinsic geometry of the hypersurface formed by the blue hypersurfaces and the
upper boundary surface, and evolving towards the direction in which the foliation time
increases, gives the upper—half of the spacetime. This is connected to the lower-half,
which is the evolution in the past with Cauchy data the intrinsic and extrinsic geometry
of the hypersurface formed by the blue hypersurfaces and the lower boundary surface.

where we have denoted Q the ranges of integration and summation.

Notice that we have replaced ¢ with y{. This is because ¢ here is the discrete equiva-
lent of the holonomy of the Ashtekar-Barbero connection which we wrote as ¢ in equa-
tion (4.78). It is written as ¢ = @ + y{, with the phase « corresponding to the discrete
version of the levi-civita spin connection. The phase & which we neglected is gauge and
must be appropriately dealt with, by fixing a phase in the boundary states, also to en-
sure the proper gluing of the tetrahedra and avoid having twisted geometries [172,173].
See [67] for an explicit example. We are using the simplified notation of Section 3.1.

We remind that we are considering spinfoam amplitudes defined on a fixed 2-com-
plex C without interior faces and dual to a simplicial complex, with its boundary coin-
ciding with the graph on which the boundary state is defined, i.e.dC =T.

The summation range for each spin is restricted to be at most K times the standard
deviation away from the peak of the gaussian. We leave K unspecified for the moment,
which is taken to be of order unity. The gaussian weights play the role of a regulator
and K can be understood as playing the role of a cut-off. The summation range is then
the direct product space of the truncated ranges of individual spins

k k
Qljel, t, k) = Ar— —,A —_— 4112
({jeh 1, k) @{f oL (4.112)

This step is a good approximation: the spinfoam amplitudes are oscillating in the spins
and are finite and extensive numerical tests show that the gaussian weights strongly
dominate. Further justification is provided by the procedure performed in [175]. The
calculation is along similar lines, in the context of studying the possibility of phase tran-
sitions in large spinfoams, where the authors argue that an exponential in the spins
~ e/ is sufficient as a regulator. Here, because we are using coherent spin-network

states, they naturally provide a stronger regulator ~ e/
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The integration range over g and z is simply the direct product space of N,, — N,
copies of S L(2, C) (the number N,, of half edges, where the g,, variables live, minus the
redundant integrations that equal the number N, of vertices) and N, copies of CP1 (the
number N, of pairs of vertices and faces, where the z, variables live)

Q.= (X) SL2.0) (X)CPI (4.113)
Nye—N, Ny

The summand in equation (4.111) will be forced to be zero for some set of spin con-
figurations {j,}, by the integration over g and z. Specifically, the summand will be zero
if the S U(2) intertwiner space from the spins of the four faces attached to each edge is
of zero dimension, see Appendix A.1. The four faces correspond to four links on the
boundary graph T

We define the set Qr of spin configurations for which this is not the case by

Qr = {{j} : Ve, {max(|j; — jil), min(j; + jo)} # 0,(, j) € e} (4.114)
and introduce the characteristic function of Qr

1 {je} €Qr
xor =xWJje}) = (4.115)
0 {je}¢Qr

We introduce the characteristic function x({j¢}) explicitly in the amplitude

W((@e, oo kens ) = f@1,80) ) u(jf)[]_[e"<ff‘“'f>2]([_[ e"ffm]x

(je}eQ(je.t.K) 4 4

X fg p(g) () | [ e ey ieh) (4.116)
14

(8,2)
where we defined
flwe, &) = 72w (4.117)

With x({j¢}) explicit we can safely treat the sums as free and since they are finite sums
they can be exchanged with integrals.

Before doing that, we change variables, from the spin variables j, to the the spin
fluctuations s, about the peak wy

Je=we+ s¢ (4.118)

K K
s¢ €{——, —} (4.119
‘ V2t V2t )

We define the summation range for the fluctuation variables s;, which follows from
equation (4.112)

K K
Q(seh 1, ) = (X

= s 4120
Q) -t 5 (4.120)
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By exchanging summation and integration the amplitude takes the form

Wondet = fond [ uu@] et
14

(8:2)

x Z (I—[ o SHiseYCetseF (g, k) x(we + s¢)

{se}eQ{scht.K) \ €
(4.121)

To bring this integral to a form suitable for stationary phase asymptotic analysis, and
use the fixed—spins asymptotics, we split w, as

Wy = /155 (4122)

A>> 1 (4.123)

where 6, is of order unity in both the large and the small dimensionless parameter of
the problem; the large spin scale 1 and the semi—classicality parameter . The condi-
tion 4 >> 1 implies that the quantum numbers are large with respect to the minimal
non-zero value of the spins, one-half. This translates to the condition that the areas be
macroscopic, much larger than 7. Notice that 1 is taken here to be a fixed, large, dimen-
sionless number, related to the area data and is not a scaling of the spins i.e. we are not
taking j — 4.
The amplitude takes the form

W(A, 8¢, Lz, te) flwe, o) fg 1(g) p(z) eM=Ez00kn)

(8:2)
X Z u(ses 06, A) Ulse, 8,251, &)
{se}eQ{sc}t,K)
X x({A6¢ + s¢})
(4.124)
where we have defined
(8,2 60, Kem) = ) ¢ Fe(g, 7 k) (4.125)
7
and
U(se, 8. 2:1.40) = ]_[ g=SiHisrletsiFu(g k) (4.126)

¢

The semicolon separates the variables that are summed or integrated from the bound-
ary data. Keep also in mind that we have not made the dependence on the Immirzi
parameter y explicit.

We have almost arrived to the point where we can apply the stationary phase theo-
rem and use the fixed—spins asymptotics of the EPRL model. The point here is that the
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first line of equation (4.124), is exactly the starting point for the fixed—spins asymptotics,
see Section 3.5.1.

To apply the stationary phase theorem, we need to remove the dependence on A from
the second and third lines of equation (4.124). It appears in two places, the characteristic
function y({16, + s¢}) and the measure u(sg; d¢, A).

Let us start from y ({45, + s¢}). We want to derive a necessary and sufficient condition
such that the fluctuations s, never take values such that the configuration {j,} = {1, +
S[} ¢ Qr.

This is the case if the summation range Q({s,}, 7, k) of the fluctuations is a subset of
Qr. The set Qr in terms of the fluctuations s, reads

Qr = {{se}: Ve, {max(|49(6; — 1) + (s; — s,
min(Ap(6; + 6;) + (s; + sp))} # 0, (1, j) € e} (4.127)
Let us fix a tetrahedron e. We call the maximum of the difference |6; — 6], 5, and the
minimum of §; + &, 6.
From equation (4.120), we see that the condition

Q(fse}, 1, K) € Qr (4.128)

is equivalent to

. 2K ~ 2K
B+—=<6-— (4.129)
V2t V21
which reads
AVi> K 2‘5 (4.130)

This is the semiclassicality condition of equation (4.90). The difference 6 -4 is of order unit
and can be negative or positive. The cut-off K is of order unit as well. We conclude that
when

wVr>1 (4.131)
the condition of equation (4.132) is satisfied, and
x(Qseh 1, K)) =1 (4.132)

We now know the meaning of the semiclassicality condition: it imposes that all the in-
trinsic states yr(jg, ) superposed in the boundary have spins that are well within the
triangle inequalities. We may understand this as a geometricity condition, imposing
that the wavepacket is composed of superpositions of yr(jr, k) that describe triangu-
lations of a spacelike hypersurface. This is a reasonable condition given that we are
working in the semiclassical limit.
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Let us now turn to the measure. The measure u(s¢; §¢, A) is in general a product of
d; factors, possibly chosen to be to some power [117]. In the standard definition of the
model, we have
1_[ dj[
¢

H(se; 0, A)
[ [@ic+ =2 i
l t

2L l_[(/us[ + 5¢)
4

2%( I 5[) (1 + O(s,/2) (4.133)

¢
Thus, to justify dropping the O(s,/1), it must be the case that |s/| < 4, or equivalently,
K V2 < 414, which is again the semiclassicality condition.

The summation measure for s, is trivial and we omit the overall factor ZLAL( I, 65)

in what follows. Imposing the semiclassicality condition, the amplitude takes the form

W(A, 8¢, &r, 1) = flwe, &) f 1(g) pu(z) e 28500k @e, 21, 7,) (4.134)
Q(g,2)

where we have defined

U, z:1,4) = Z U(se, 8,2t 4r) (4.135)
{seheQlse 1K)

Brought in this form, the function TU(g, z;1, ) is a continuous function in g and z only
and the stationary phase theorem may be applied [149,175]. The critical point equations

0 = ReX(g,2;0¢) = 6,2(8,2:6¢) = 6:2(g,2: 6¢) (4.136)

are exactly those of the fixed—spins asymptotics of Section 3.5.1.

Because we have contracted the amplitude with a semiclassical bounary state, we
may neglect the possibility of a critical point that yields a vector geometry. The choices
we have made for the S U(2) coherent states in the previous section guarantee that there
are only two possibilities for a given set of boundary data: either they will be Regge-
like [34,38-40], in which case we will have a geometrical critical point corresponding to
one of the three types of possible simplicial geometries, or there will be no critical point.

We henceforth assume that the data ¢, and 1?,;,1 are chosen so that they correspond
to a set of 2V geometrical critical points for the fixed-spin asymptotics, related by the
orientation of the tetrad, see Section 3.5.2

(gC’ ZC) = (g(?(éf’ k[n),ZC(éf, ké’n)) ) c= 15 oo ’2N (4137)
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We then have the following estimation for the amplitude
W b0 Gint) = f@rne) DAY Folr,Ram) € 50500Kn)

X UG ze: 1, L0)(1 +O(1/2)) (4.138)

where the power M, depends on the combinatorics of the 2-complex C and F.(¢, )
includes the determinant of the Hessian. We do not need here the exact expressions,
see [33,91] for the detalils.

The important point to keep for physical applications is that in the first order ap-
proximation, the scale A appears only as an overall scaling factor A*c and as a linear
term in the exponential. In particular, 7.(d,, E[n) does not depend on A.

We proceed to evaluate U at the critical point. Heuristically, it is evident that we
need only perform a gaussian integral to get a simple expression for U. We have yet
however to remove the regulator K and we take a moment to explain the approximation

carefully. .
The function U of g and z, reads
([[(g, ot ) = Z l_[ e_s%l"'isl')’g[+S(F((g’z,]:[n) (4.139)

{sc}eQ{se).r.K) €

A a critical point ¢, we have

Fo(8es Zes ken) = —i ¢ (50(v); 8¢, Ken) (4.140)

where ¢/(s.(v); 6¢, Kr) is the Palatini deficit angle of equation (3.108). Thus, U evaluated
at ¢, reads

U(ge, 2031, 8¢) = Z l_[ o1t ise(e=0e(s )00 ki) (4.141)
(s0)eQlsel.K) €

Let us return to the semiclassicality condition and the semiclassicality parameter 7,. In
a physical problem for geometry transition, treated through the techniques presented
here, the only available physical scale will be the area scale that will be identified with
A. Let us call the dimensionfull area scale A,

A=ha (4.142)
Thus, the semiclassicality parameter will be set to

n 1

I:E:ﬁ

(4.143)

to some positive power n. The semiclassicality condition then imposes that

A2 s (4.144)
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which implies
n<?2 (4.145)

A further requirement on n comes from demanding that the spin flucuations are larger
than Planckian, so that we have a large number of intrinsic states yr in the superposition
P,

That is, that s, are allowed to take values in a discrete set much larger than {—%, 0, %}.

We may encode this condition by demanding that the standard deviation \/LZ is larger
than order unit in 4, that is,

n>0 (4.146)
Thus, we henceforth set

= L ,n€(0,2) (4.147)

ln

but leave ¢ explicit in our expressions. From dimensional considerations (see previous
section) , the natural value for t is for n = 1, right in the middle of the allowed range
above, that achieves good semiclassicality properties.

The above justify the following approximation for the sum over the spins:

K
ﬁ 00
> zl_[f dsgzl_[f dse (4.148)
{se}eQ{sc}.1.K) YV ¢ YT

We have thus removed the regulator K. Returning to equation (4.141) and performing
the gaussian integrals, we have

~ 1 >
U(gesze3t, &) = l_[ exp — 7 (¥2e = e(se(v): o0, ken))z (4.149)
14

At the critical point ¢, as we saw in the previous chapter,

2(ger 23 Oe ken) = —i Z St e(5c(v); 8¢, kew) (4.150)
7

444 Summary

Given the data ¢, wy, ke, and defining 1, we have the following estimate for the ampli-
tude

1 >
W~ 1T V@ | | exp (‘47 (v¢e = Boe(s(v): 5e. k) + 1) + iy e w)}

s(v) 4
(1+0(1/2)

(4.151)
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We take a moment to go through the various quantities appearing in this formula. We
have introduced a few important subtleties regarding the different kinds of geometrical
critical points that we neglected in the derivation above. The II; contribution accounts
for an extra phase in the Lorentzian intertwiners, see [38,42].

The power N is in general a half integer that depends on the rank of the hessian at
the critical point and the combinatorics of the 2-complex C. The function u(d,) includes
the summation measure over the spins and the Hessian evaluated at the critical point.
Neither the summation measure nor the Hessian scale with A.

The estimation is valid for all three types of possible geometrical critical points. If w,
and km specify a Lorentzian geometry, then

B=v (4.152)

and

0 thick wed
[:{ ick wedge (4.153)

n thin wedge

If we and ke specify a degenerate geometry, then the dihedral angles ¢/(w¢, ki) either
vanish or are equal to 7, according to whether we are in a thick or thick wedge. By
abuse of notation, we express this simply by setting 8 = 0 in this case and keeping II,
defined as above.

If we and kg specify a Euclidean geometry, then we have

B=1 (4.154)
and
I, =0 (4.155)

The function ¢.(s.(v); ¢, Izm) denotes the Palatini deficit angle.

We discuss the interplay between the different geometrical points and the sum over
the multiple semiclassical limits in Chapter 6 where we apply the above to a concrete
geometry transition problem.
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5 Exterior spacetime and definition of a complete observable

In this chapter we introduce the exterior spacetime, which we call the Haggard-Rovelli
(HR) spacetime, modelling the spacetime surrounding the geometry transition region.
We provide a hypersurface-independent formulation of the HR spacetime, introduced
originally in [64]. Similar ideas have been independently and concurrently been put
forward by Garay, Barcelo et al [69-72].

We introduce the relevant classical and quantum observables, the mass m and the
bounce time T, and the lifetime 7(m) respectively. We propose an interpretation for the
transition amplitudes and formulate the problem such that a path-integral over quan-
tum geometries procedure can be naturally applied.

5.1 Black holes age

Black holes are not eternal, mathematical objects. They are astrophysical objects and as
such they are expected to go through phases, evolve and age.

The most widely accepted feature of black hole evolution is Hawking evaporation,
with complete evaporation predicted by Hawking theory (assuming the semiclassical
approximation holds for late times) to be of order ~ m?. Indications that “something
weird” happens in shorter time scales include the Page time [176-179], and the debate
on the “firewall” paradox [180].

For lack of space we do not go through the list of proposals for how black holes may
end their life, and refer to the literature. Such proposals typically attempt to provide a
resolution for the information paradox [181], see [182] for a (non—-exhaustive) review.

Another clear indication that black holes age comes from studying the properties of
their interior volume. The maximal volume inside the horizon is given at the dominant
order in the mass m by

V(v) ~ m?y (5.1)

where v is the (advanced) time as measured by a far away observer from the moment
of the formation. This result was shown in a paper by Carlo Rovelli and the author for
the static spherically symmetric case, including the Reissner-Nordstrom charged black
hole [183].

In a follow—up work by the author and Tommasso de Lorenzo, we extended this
result to the Hawking evaporating black hole [184], surprisingly yielding an identical
formula where now the mass is the initial mass my at the moment of formation

V() ~ mgv (5.2)

Subsequent studies by other authors generalised this result in Anti-de Sitter, Kerr and
other more exotic kind of black holes [185-188] suggesting that this volume monotonic-
ity appears to be a general feature of black hole solutions.

The volume of black holes is a good geometrical measure of their age. Black holes
then build up immense volumes in their lifetime. For instance Saggitarius A* currently
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has interior spacelike hypersurfaces large enough to fit the solar system millions of
times.

What happens to all this volume it the black hole completely evaporates? If a solar
mass black hole almost completely evaporated, say to a few grams, it would contain
volumes equivalent to 10° times our observable universe, behind a minuscule horizon
of the order of 107° squared meters.

The process described by Haggard and Rovelli appears natural in this geometrical
aspect: the inverse measure of age applies for a white hole, and the volume will deflate.

In related work, we show that under minimal assumptions, the Von Neumann en-
tropy for volumes from the Hilbert space spanned by 4-valent spin networks is well
behaved and finite [189], based on results from the spectrum of the volume in [190,191].

These ideas can be relevant for future studies of the phenomenon we discuss in the
rest of this chapter.

In the renowned 1974 letter titled “Black hole explosions?” [192], Hawking argues
that quantum physics can be relevant in space-time regions where curvature is low.
The author begins with the observation that when the large time scale involved in near
horizon physics is taken into account, the lifetime of the universe, significant depar-
tures from classical physics may take place. It may take even longer: Hawking’s theory
implies that a solar mass black hole is expected to radiate a Planck mass worth of Hawk-
ing photons in approximately 10! times the Hubble time. This time is of order ~ m? in
Planck units, where m is the mass of the hole.

Hawking closes with the comment that quantum fluctuations of the metric are ne-
glected in calculations of near-horizon physics and taking them into account “might
alter the picture”. Haggard and Rovelli, combining these two ideas, argued in [64] for
the possibility that when enough time, as measured far from the hole, is allowed to
lapse, and quantum fluctuations of the metric near the horizon become significant, a
geometry transition of the trapped region to an anti-trapped region takes place, from
which the matter trapped inside the hole is released.

In [64], the authors give a simple model of the global spacetime picture away from
the region where the transition takes place. The existence of the exterior metric, which
we call in what follows the Haggard—Rovelli metric (HR-metric), lends plausibility to
the process, since general Relativity need only be violated in a compact spacetime re-
gion. The stability of the exterior spacetime after the quantum transition has taken place
has been studied in [66], where the known instabilities of white hole spacetimes were
shown to limit the possible duration of the anti-trapped phase, but do not otherwise
forbid this process taking place.

5.2 Haggard-Rovelli Spacetimes

In this section we construct the Haggard-Rovelli (HR) spacetime [64, 66]. The original
construction is based on a partly one to many (one to two) mapping from the Kruskal
manifold. The relation between the two constructions is explained in Section 5.5. The
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construction presented here avoids using specific hypersurfaces and helps reveal the
insights of the original paper.

5.2.1 Physical picture and the Penrose diagram

The physical phenomenon modelled by an HR-spacetime is the transition, via quantum
gravitational effects that are non-negligible only in a compact region of spacetime, of a trapped
region formed by collapsing matter to an anti-trapped region, from which matter is released.

A compact region is excised from spacetime, by introducing a spacelike compact inte-
rior boundary of the spacetime. Outside of this non-classical region the usual spacetime
picture applies and the metric solves Einstein’s field equations exactly everywhere, in-
cluding on the interior boundary.

The HR-spacetime is constructed by taking the following simplifying assumptions:

* Collapse and expansion of matter are modelled by thin shells of null dust of mass
m.

® Spacetime is spherically symmetric.

These assumptions determine the local form of the metric by virtue of Birkhoff’s
theorem, which can be stated as follows [193] : Any solution to Einstein’s equations in
a region that is spherically symmetric and empty of matter is locally isomorphic to the
Kruskal metric in that region.

It therefore follows that the metric inside the null shells is flat (i.e. Schwartzschild
with m = 0), the metric outside the shells is locally Kruskal with m being the mass of
the shells and the spacetime is asymptotically flat. Moreover, it follows that the trapped
and anti-trapped regions in the spacetime can only be portions of the black and white
hole regions of the Kruskal manifold, respectively. In particular, the marginally trapped
and anti-trapped surfaces bounding these regions can only be portions of the r = 2m
hypersurfaces.

The above are summarized in the Penrose diagram of an HR-spacetime given in Fig-
ure 5.1. Compare this diagram with figure 1.1. The metric, energy-momentum tensor
and expansions of null geodesics are given explicitly in Eddington-Finkelstein coordi-
nates in the next section. The surfaces and regions in Figure 5.1 have the following
properties :

¢ S and S are null hypersurfaces. The junction condition on the intrinsic met-
ric holds. Their interpretation as thin shells of null dust of mass m follows : the
allowed discontinuity in their extrinsic curvature results in a distributional contri-
bution in T,,, on S~ and S*, see next Section. This is standard procedure in Vaidya
null shell collapse models [194], see for instance [195]. T, vanishes everywhere
else.

* The surfaces ¥+, ¥, C*, C~ depicted in Figure 5.1 are spacelike. Their union
F~UC UC*UF* constitutes the interior boundary. The intrinsic metric is matched
on the spheres A and &*. The extrinsic curvature is discontinuous on &*, see previ-
ous point, and is also discontinuous on A because of the requirement that C* are
spacelike.
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* 7 is a spacelike surface. The junction conditions for both the intrinsic metric and
extrinsic curvature, hold, including on the sphere A. As we see below, 7~ plays
only an auxiliary role and need not be further specified.

* M~ and M are marginally trapped (anti-trapped) surfaces and the shaded re-
gions are trapped (anti-trapped). That is, the expansion of outgoing (ingoing) null
geodesics vanishes on M~ (M), is negative inside the shaded regions and positive
everywhere else.

Before explicitly giving the metric, let us comment on the necessity of extending the
interior boundary outside the (anti-)trapped regions. The excised region removes from
the spacetime the region where strong quantum gravitational effects are expected to be
non-negligible. It excludes the region where the singularity surface would form and,
crucially, it extends outside the marginally trapped surfaces. The need to do the latter
can also be understood from Birkhoff’s theorem, we refer the reader again to Figure 5.1.
The marginally trapped and anti-trapped surfaces M~ and M* can only be realized as
being portions of the r = 2m surfaces of the Kruskal manifold. If we restrict the interior
boundary to be inside the marginally trapped surfaces, M~ and M* will intersect. Then,
the metric around their intersection point (sphere) must be locally isomorphic to the
Einstein-Rosen bridge and the Penrose diagram would be radically altered: M~ and
M* will extend to null infinity and become past and future event horizons.

5.2.2 The HR-metric

In this section we explicitly construct the HR-metric in Eddington-Finkelstein (EF) coor-
dinates, in which it takes a particularly simple form. We need to introduce two charts.
Referring to Figure 5.1, we define four regions. Regions I and IV are the past and fu-
ture flat regions inside the shells respectively. Regions II and III are the Kruskal regions
outside the shells separated by the fiducial surface 7. Region II includes the trapped
region and region III the anti-trapped region.

The first chart provides ingoing EF coordinates (v, r) for the union of regions I and IL
The second chart provides outgoing EF coordinates (i, r) for the union of regions IIl and
IV. There is only the junction condition on 7 to be considered, which we give below.
The radial coordinate r will be trivially identified in the two coordinate systems. For
regions I and II the metric reads

2
ds? = - (1 - Tm@)(v - vo)) dv? + 2dvdr + 2dQ> (5.3)
and for regions Il and IV

2
ds? = — (1 " owu- uo)) du® — 2dudr + r*dQ? (5-4)

,
where 0 is the Heaviside step function.
The ingoing and outgoing EF times vy and uy denote the position of the shells S~ and
S*, in these coordinates.
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3t

Fig. 5.1: The Haggard-Rovelli spacetime.

The two junction conditions on 7 are satisfied by the identification of the radial
coordinate along 7~ and the condition

v—uZl 2r*(r) (5.5)

where r*(r) = r + 2mlog|r/2m — 1|. We emphasize that we need not and will not in what
follows choose the hypersurface 7~ explicitly. The HR-metric is independent of any
such explicit choice. The reason it is necessary to consider it as an auxilliary structure
is explained in [64] : the spacetime doubly covers a portion of one of the asymptotic
regions of the Kruskal manifold and thus we need to use at least two separate charts
describing a Kruskal line element. Where we take the separation of these charts to be,
that is, the explicit choice of 7, is irrelevant.

To explicitly define the metric we need to give the range of coordinates. Let us as-
sume a choice of boundary surfaces has been given. Having covered every region of
spacetime by a coordinate chart, we can describe embedded surfaces. Since all surfaces
X appearing in Figure 5.1 are spherically symmetric, it suffices to represent the surfaces
as curves in the r — v and r — u planes. Using a slight abuse of notation we write v = Z(r)
or, in parametric form, (2(r),r). The range of coordinates is in the intersection of the
conditions:
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IUIl: ve(-o0,+0) re(0,+0) v<F (r) v=C () v<T([
MUlV: wue(-c0,+0) re(0,+0) u=2Fr@r) uz=C'(@r) uz=7(@)

What remains is to ensure that we kept trapped and anti-trapped regions where we
want them, as depicted in Figure 5.1. This is equivalent to the geometrical requirement
that the spheres €* have proper area less than 47(2m)* while the sphere A has proper
area larger than 47(2m)?. We may write this in terms of the radial coordinate as

Fer < 2m
ra > 2m (5.6)

Since €* and A are specified once the boundary is explicitly chosen, this is a condition
on the allowed boundary surfaces that can be used as an interior boundary of an HR-
spacetime : C* can be any spacelike surfaces that have their endpoints at a radius less
and greater than 2m, crossing in the latter endpoint. Since C* are spacelike, it follows
that we necessarily have a portion of the r = 2m surfaces in the spacetime along with
trapped and anti-trapped regions in their interior.

This completes the construction of the HR-metric. To complete the definition of the
family HR-spacetimes, identify its coordinate-independent parameters and restrict to
their physical range. The HR-metric is a two-parameter family of metrics. The geome-
try of the spacetime, up to the choice of interior boundary is fully determined once two
dimension-full coordinate independent quantities are specified. Obviously, one param-
eter is the mass m which we take to be positive. The second parameter is the bounce
time T, the meaning of which is discussed in the following section. We can express 7 in
terms of uy and vy simply by

T = upg — Vo (57)

Similarly to m, we take also T to be positive. Let us repeat for emphasis that the
Haggard-Rovelli geometry has two characteristic physical scales : a length scale and
a time scale. The subject of this article is to define and compute a probabilistic correla-
tion between these two scales from quantum theory. The boundary conditions for the
path-integral will be the geometry of the interior boundary.

The role of the bounce time T as the second spacetime parameter is obscured in the
line elements (5.3) and (5.4). In equation (5.7), we expressed the bounce time in terms
of the null coordinates at the collapsing and anti-collapsing shells. The bounce time 7,
is then encoded implicitly in the line element through the ranges v > vy and u < u, via
the Heaviside functions that specify the part of the spacetime that is curved.

We may make T appear explicitly as a dimension-full parameter in the metric com-

Vo iy

ponents. This is achieved by time shifting both coordinates u and v by =5 = T/2

Vo + U
Vo v ——
2
Vo + Uy
ws o Y (5.8)

2
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The above isometry ((9,)* and (9,)* are the timelike Killing fields in each patch) simply
amounts to shifting simultaneously the origin of the two coordinates systems. The line
elements (5.4) and (5.7) now read

dszz—(l_w
r

]dvz +2dvdr + PdQ? (5.9)

and

dszz_(l_w

- )du2 - 2dvdr + 2dQ? (5.10)

The role of T as a spacetime parameter is manifest in this form of the metric. It is in-
structive to compare with the Vaidya metric for a null shell collapse-model, describing
the formation of an eternal black hole by a null shell collapsing from past null infinity.
Setting the null shell to be at v = vy, the line element would be identical to (5.3), with the
difference that the range of the v coordinate is in (-0, ). The choice v = vy for the posi-
tion of the null shell is immaterial and we can always remove vy from the line element
by shifting the origin with v — v — vy. In the HR-metric, the two coordinate charts are
related by the junction condition (5.5). It is impossible to make both vy and u disappear
from the line element by shifting the origins of the coordinate charts, the best we can do
is remove one of the two or, as we did above, a combination of them. This observation
emphasizes that the bounce time T is a free parameter of the spacetime. Notice that the
junction condition (5.5) is unaffected by a simultaneous shifting of the form (5.8).

The field equations are solved for the energy momentum tensor [195]

o(v+T/2 )
IUIl: T, =+% 026

4rr?

. — _0w=T/2) ¢usu
MUlV: T, =-=3-326,6,

The expansion 6~ of outgoing null geodesics in the patch I U II and the expansion 6*
of ingoing null geodesics reads in the patch III U IV, read

TUTL: ¢ =V =T (1 - 200 +T/2))
MUIV: 6" =Vk*=T"(1-20@u-T/2)

where k™ and k** are affinely parametrized tangent vectors of the null geodesics and I'-
and I'* are positive scalar functions, see [195]. It follows directly from these expressions
that the spacetime possesses a trapped and an anti-trapped surface, where the expan-
sions 6* vanish, and which we identify with M* and M~ in Figure 5.1. Thus, in EF
coordinates, M* are defined by
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M r=2m ve(-T/2, C (2m))
MYy r=2m ue(C*Q2m), T/2)

As explained above, it will always be the case that these surfaces are present in the
spacetime, along with a trapped and anti-trapped regions where 6* are negative, if r.- <
2m and rpn > 2m. We may describe explicitly the trapped region as the intersection
of r < 2m, v € (-T/2,C"(2m)) and v < C(r) and for the anti-trapped region r < 2m,
u € (C*(2m),T/2) and u > C*(r). 6* are positive in the remaining spacetime.

5.3 The Bounce Time T

In this section we discuss the meaning of the bounce time 7' as a time scale that char-
acterises the geometry of the HR-spacetime. Intuitively, T’ controls the time separation
between the two shells. We will then see that the bounce time can be understood as an
equivalent concept to the Hawking evaporation time for the HR-spacetime.

In equation (5.7), we expressed the bounce time in terms of the null coordinates at the
collapsing and anti-collapsing shells. As explained in [64], the bounce time has a clear
operational meaning in terms of the proper time 7 along the wordline of a stationary
observer, that is, an observer at a constant radius R, between the events at which he in-
tersects with the collapsing and anti-collapsing shells S *. A straightforward calculation
gives 7 as

TR = V(R (o —vo + 2r (R)) (5.11)

where f(R) = 1 — 2m/R. To get this expression, we have to add the contributions from
the two line elements (5.9) and (5.10) and use the junction condition (5.5). Inverting this
equation and using (5.7), we have for the bounce time

TR
VIR

Thus, the bounce time may be directly measured by an observer equipped with a clock,
provided he has measured the mass m of the black hole and his distance from the black
hole.

Let us rephrase the above equation to emphasize the role of T as a spacetime param-
eter, a coordinate and observer independent quantity, and its relation with the symme-
tries of the spacetime.

The exterior spacetime described by the HR-metric has the three Killing fields of a
static spherically symmetric spacetime, a timelike Killing field generating time transla-
tion and two spacelike Killing fields that together generate spheres. The orbits y of the
timelike Killing field are labelled by an area A, : the area of a sphere generated by the
two spacelike Killing fields on any point on y. This is of course the geometrical meaning
of the coordinate r.

We can thus avoid mention of any coordinates or observers and define 7' through
the following geometrical construction. Consider any orbit y that does not intersect

~2r"(R) (5.12)
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with the interior boundary. The proper time 7, is an invariant integral evaluated on the
portion of y that lies between its intersections with the null hypersurfaces S*. For any
such y, we have

Ty

V&)

T is independent of the chosen orbit y and is expressed only in terms of geometrical
quantities, an area and a proper time. This expression can be taken to be the definition
of T.

r(A,) (5.13)

5.3.1 The Bounce time as the evaporation time

The HR-spacetime neglects Hawking radiation. This assumption should be justified a
posteriori, by comparing the lifetime, defined in the next section as the expected value
of T from quantum theory for a given mass, with the evaporation time scale ~ m*. The
degree to which it is justified to compare the bounce time with the Hawking evaporation
time has been a subject of discussion. In these paragraphs, we clear up this question and
show that the bounce time T is an equivalent concept to the Hawking evaporation time
for the HR-spacetime. Thus, it can be directly compared to the evaporation time scale
~m’.

Often, an evaporation time is defined as the interval of the affine parameter u at fu-
ture null infinity J* between the “first” and “last” Hawking photon, with an ambiguity
typically of order m in these times. The analogous to the “last” Hawking photon in
our setting is the anti-collapsing null shell S*. The first Hawking photon will be emit-
ted when the collapsing shell S~ reaches some radius which we call ry;, (first Hawking
photon). Let us call uyy;, the retarded time at J* corresponding to the sphere with in-
going coordinates (rfnp, vo). When we take rs,, = 2m(1 + W(1/e)) ~ 2.56m, where W is
the Lambert function, then the evaporation time of the HR-spacetime equals the bounce
time

T = uo — Ugnp (514)

Vfpp = 2.56m (515)

The value rg,, = 2.56m is a very reasonable value for the emission of the first Hawk-
ing photon; as mentioned above, typically an ambiguity of order m is involved in such
calculations. Comparing with literature, in [200] the authors studied the production of
entanglement entropy from the emission of Hawking radiation and defined uy;, to be
when the entanglement entropy starts to significantly depart from zero. They estimated
the radius at which it is most likely for the first Hawking photon to be emitted to be
roughly when the collapsing shell reaches a radius ~ 3m.

We advertise that we will be seeing again the value r;, = 2m(1 + W(1/e)m in Section
5.5, which has a special meaning, when we discuss the “crossed fingers” representation
of the HR-spacetime on the Kruskal manifold.
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5.4 Lifetime 7(m)

In this manuscript we consider the quantum transition of a trapped region to an anti-
trapped region as described in the framework of covariant LQG. In this section we pro-
pose a probabilistic interpretation to the transition amplitudes ascribed by the EPRL
model to this process and define an observable, the value of which a quantum theory of
gravity should be in a position to predict.

Credit to the ideas presented in this section goes mainly to Robert Oeckl, who ex-
plained in an email conversation how the positive formalism [196-198] may be imple-
mented in a quantum bounce of a black hole to a white hole. We do not go here into
the details of this framework, the precise application of which to this phenomenon is
currently a work in progress, see also [199] for a recent discussion.

The observable defined below first appeared in [67]. We will revisit its physical
interpretation in Section 6.4.1

5.4.1 Transition Amplitudes as Conditional Probability Distributions

The precise definition of the boundary states we will use is given in Chapter 4. In this
section, we neglect unnecessary details in order to keep the notation light.

Consider a family of coherent states ¥(w, {), providing an over-complete basis of the
Hilbert space of interest, with the resolution of the identity given by a measure a(w, {).
The transition amplitude W(w, {) = (W|¥(w, 0)) is then a function of these data. We make
a distinction between the physical transition amplitude and the spinfoam amplitude (W],
that will only know of the combinatorial structure of the 2-complex on which it is de-
fined.

The labels (w,{) have the geometrical meaning of areas and 4D hyperobolic an-
gles respectively and will become functions w(m, T'), {(m, T) of the spacetime parameters
when identified with the discrete distributional geometry that approximates the geom-
etry of the interior boundary, see [67] and Chapter 6. We may then exchange the labels
w and ¢ with m and T and write W(m, T) for the state and W(m, T) = (W|¥(m, T)) for the
transition amplitude.

We define a probability distribution by

P(T|m) = ‘1‘(:1(”;)) (5.16)
where

Ar(m) = de a(m, T)|W(m,T)* (5.17)
and

A(m,T) = a(m,T)|W(m, T)] (5.18)

The function @ used in the definition of the probability density (5.18), must be de-
rived from the measure providing the resolution of the identity of the class for boundary
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states considered here and satisfies
f dmdT a(m, T)|¥(m, T)) (¥(m, T)| = 1. (5.19)

There are subtleties in defining @, because in general the states P(w, {) are labelled by
more than two parameters w, {. We then have to find the induced measure on a (proper)
two-dimensional subspace of the larger Hilbert space. We ignore this difficulty here
and assume that such a measure can be found. Equivalently, the discussion here may
be understood as being at the level of a state defined on a single link, when a(m, T) is
simply a(w, ¢) times the Jacobian of the parameter change w,¢{ — m,T.

The conditional probability P(T'|m) is automatically normalized by these definitions.
We attach to it the following interpretation : it is the conditional probability distribution for
measuring T for a given fixed mass m.

Note the similarity of equations (5.16), (5.17) and (5.18) with the usual definition of
conditional probability distributions, in which case A(m, T) and Az (m) are respectively
the joint (in 7 and m) and marginal (in m) distributions. The difference here is that
we do not require A(m, p) and A,,(p) to be normalized and so they are not themselves
distributions.

P(T|m) is a prediction of the quantum theory.

This definition of P(T|m) overcomes an important technical difficulty in [67], were
we directly interpreted the amplitude [W(m, T)* as proportional to the physical joint
probability distribution in m and T. This would imply that the spinfoam amplitude
must be normalized?®' , i.e. that (W|W) = 1.

Spinfoam amplitudes are defined up to an arbitrary normalization. The probability
distribution P(T|m) as defined in (5.16) does not depend on the normalization of the
spinfoam amplitude. Furthermore, a conditional probability seems to be in a relativistic
or relational setting the natural object to work with. We comment further on this point
at the end of the next section.

5.4.2 Lifetime 7(/m) of the HR-Spacetime

The probability distribution (5.16) is a physical prediction of the theory. We define the
lifetime of the HR-spacetime to be the expectation value of T on P(T|m)

7(m) = (T )perymy = de T P(T|m). (5.20)

The point of view taken in [67], is that the mass m and the bounce time T serve the
role of partial observables in the sense of [136]. Quoting from this work,

A partial observable is a physical quantity to which we can associate a (measuring)
procedure leading to a number.

3170 see this, formally write |[W(m, T)? = (W|¥(m, T)) (¥(m, T)|W) and keep in mind that [W) knows nothing
about m and T, only about the combinatorial structure of the 2-complex on which it is defined.
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The conditional probability distribution P(T|m), or, more precisely, the value of T for
a given m, is then a complete observable of the HR-spacetimes. Quoting again from
[136],

A complete observable is a quantity whose value can be predicted by the theory (in
classical theory); or whose probability distribution can be predicted by the theory
(quantum theory).

In summary, the HR-spacetime provides a prototypical setup for geometry transition in the
covariant framework. The geometry of the spacetime depends on two classical physical scales,
which become encoded in the geometry of the interior boundary — the boundary condition for the
path-integral — and in turn quantum theory correlates the two scales in a probabilistic manner.

Before closing this section, we discuss how in this scheme and for this physical ap-
plication, the set of issues known as the “problem of observables” and the “problem of
time”, are sidestepped.

The problem of observables in gravity, quantum or classical, is a set of central con-
ceptual and technical issues, stemming from general relativity. They have been much
discussed the past century and are still a subject of active debate [131,133,134,136,201,
202] . The essential issue is that by observables, in the classical sense and strictly speak-
ing, we mean functionals of the metric that are constant on the equivalence classes that
define the same solution of the field equations. That is, on the metrics that are related
by diffeomorhisms. In the phase space sense, this problem comes down to the fact that
it is not known how to explicitly describe the physical phase space, that is, the space
of gauge orbits, which are now assumed to be projected to points. The mechanism for
carrying out the projection for a general solution has not been explicated.

In the case where the spacetime is asymptotically flat, we do have at our disposal a
few of these “true” observables, the ADM charges. In the simple spherically symmetric
case, the only such charge is the mass m. In coordinate language, the components of g,,,
or the coordinates themselves, will depend on this same parameter / in any coordinate
system, which serves as a label of the equivalence class.

This provides one natural candidate for a good “partial” observable. The quotes are
because a partial observable need not be a diffeomorphism invariant quantity such as
m. The mass m has this extra good property.

The second partial observable, is provided by construction, the bounce time 7" which
arises naturally in the HR-spacetime. T is also a diffeomorphism invariant quantity.

Both T and m serve as both “partial” and as “true” observables in our case. This
need not be the case since the fact that they are diffeomorphism invariant quantities
is not required. It is however the reason that the complete observable is a manifestly
cordinate/observer independent quantity.
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Fig.5.2: One Kruskal patch of the Haggard-Rovelli spacetime. Sis the outgoing (+) or ingoing ()
null shell S*. Respectively, C is the boundary surface C* in the curved part of the HR-spacetime,
and 7 is the future and past asymptotic null infinity J*. 7 is the common spacelike hypersurface
on which the two patches are identified, yielding the two junction conditions : the identification
of the radial coordinate r and the junction condition (5.5). See also Figure 5.3.

A generalization of the interpretation given here, applicable to more general space-
times, could perhaps be achieved by working with partial observables that have an op-
erational meaning, but refer to specific observers. This is a project for the future, when,
for instance, attempting to take into account realistic matter dissipation.

Finally, the set of issues known as “problem of time” arise from the fact that in a
Hamiltonian formulation of General Relativity, the Hamiltonian vanishes and one has
to carefully define the meaning of “dynamical evolution”. Taking a relational point of
view, that true dynamical evolution is evolution of partial observables with respect to
one another, provides a way to at least sidestep these issues, in concrete applications.

5.5 Crossed fingers: mapping the HR-metric on the Kruskal manifold

In this section we briefly explain how the HR-metric can be represented on the Kruskal
manifold and the relation of the original “crossed-fingers” construction.

In Section 5.2, we gave the HR-metric using two different patches from the Kruskal
manifold. This is necessary, there is no one-to-one mapping from the HR-spacetime to
(a region of) the Kruskal manifold. The easiest way to see this is through a figure.

One Kruskal patch of the HR-spacetime is depicted in Figure 5.2. In Figure 5.1, a
patch corresponds to the part of the HR-spacetime above or below the fiducial surface
7, described by the line element in equation (5.9) or (5.10).

Some possible ways to map the two patches of the HR-spacetime in the Kruskal
manifold are depicted in Figure 5.3. It takes a moment of reflection to be convinced that
any such mapping will either have overlapping regions, or be disjoint. Thus, at least
two patches of the Kruskal manifold are necessary to describe the HR-spacetime.

The original construction in [64] corresponds to the top left “crossed fingers” map-
ping. Let us now take the point of view that this mapping is a representation of the
HR-spacetime on the Kruskal manifold.

The Kruskal manifold is a one—parameter family of spacetimes, the parameter being
the mass m. The HR-spacetime is a two-parameter family of spacetimes, in the sense in
which we defined it here, that is, with an unspecified interior boundary satisfying the
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Fig. 5.3: Some of the possible mappings of the two Kruskal patches of the HR-spacetime to the
Kruskal manifold. See Figure 5.2 for a breakdown of a single patch. It is impossible to map the
HR-spacetime to the Kruskal manifold using a single patch : the patches either overlap or are
disjoint. Thus, we need to use two distinct patches. The upper-left case is the “crossed-fingers”
construction that was used in the original presentation (cite Fireworks).

constraints of Section 5.2.

Where is the bounce time T encoded in the “crossed—fingers” representation? It is
encoded in the radius where the two null shells meet. We call this radius rs and the
point (sphere) of their intersection §.

The easiest way to see this is to use the definition of the bounce time when the HR-
metric is written as in the line elements in equations (5.3) and (5.4).

The null shells are at up and vy. The bounce time is given by equation (5.7), repeated
here for convenience

T = up — Vo (521)

The point where the two shells intersect in the crossed-fingers representation has some
Schwarzschild coordinates (s, 5). In ingoing Eddington-Finkelstein coordinates (in the
lower patch, line element in equation (5.3)) its coordinates are (¢5, vo). In the upper patch,
in outgoing EF—coordinates, its coordinates are (¢5, up). The EF—coordinates are related
to the Schwartzschild coordinates by

Vo = 5 + 17 (rs)
ug =ty — r*(rs) (5.22)
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Thus,
T = =2r*(rs) (5.23)

We conclude that in the crossed-fingers representation, it is equivalent to consider the
radius r; as the second spacetime parameter for the HR-metric.

By abuse of notation, as we did with the parameter A and the sphere A, we introduce
the parameter § > 0 for the sphere ¢ at radius r; by

rs = 2m(1 + 9) (5.24)
The bounce time T and ¢ are related by
e = gebt! (5.25)

where we used r*(r) = r + 2mlog |27'” — 1]. In terms of the Lambert function, the relation
is inverted to

5= w("’:’"] (5.26)

The bounce time 7, as discussed in Section 5.2, is constrained to be positive, as is the
mass m. This translates to the condition

1
5> W(z) ~0.28 (5.27)

The radius r; at this value, corresponding to T = 0, is the same value we got in Section
5.3.1 for the first hawking photon radius along the null shell, by interpreting 7 as an
evaporation time.

Lastly, an infinite bounce time corresponds to a vanishing 6. Thus, in the crossed-
fingers representation of the HR-spacetime, we may use as parameters the mass m, con-
strained to be positive, and the parameter §, constrained to be in the interval

§€ (0, W( 1 )) (5.28)

e
5.6 A few more properties

In this chapter we have presented the HR-spacetime as a well-defined setup for study-
ing geometry transition. Before closing this chapter, we discuss a few further properties
that are of interest for the following chapter.

We discussed the definition of Lorentzian (boost) angles in Section 3.4. They are
defined as inverse hyberbolic cosines of inner products between normalized timelike
vectors at a point. A straightforward calculation that involves a bit of algebra shows
that all boost angles in the HR-spacetime scale monotonically with the bounce time T
and the combination T'/m.
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They increase in the exterior of the trapped and anti-trapped regions and they decrease
in their interior, as we increase T or T/m. This intriguing property can be useful for
future attempts at encoding the presence of the trapped surface in the boundary state.

Another relevant feature is that for a large class of interior boundary choices, the
bounce time is only encoded in the area of the sphere A. Such boundary choices arise when-
ever the two hypersurfaces are drawn from foliations in the “crossed finger” represen-
tation that are generated by time translation. For instance, in Eddington Finkelstein
coordinates, whenever we use as interior boundary two surfaces from the families

v—C (r)=c"
u-C*(ry=c" (5.29)

with C* having no dependence on the spacetime parameters.

It is not hard to see that when attempting to do such a choice, ¢* cannot be constants,
they have to depend on T because their intersection defines §.

In turn, because the radius of the spheres €* is taken fixed, the bounce time is only
encoded in the intrinsic and extrinsic metric via 7/m through the parameter A (which is
dimensionless). This effect was noted accidentally in [67] where such a boundary choice
was made.

Finally, we note that at no point did we mention the symmetry or asymmetry of the
space-time. The notions of time-symmetry and time-asymmetry in [64, 203], refer to
properties of the boundary. That is, the hypersurface C~ may be chosen such that the
light-tracing of its endpoints €~ and A to J~ corresponds to an affine interval év and
similarly for C* for an interval du. In the terminology of [203], choosing a boundary
such that du # 6v corresponds to an asymmetric spacetime. This gives a notion of the
duration of the white and black hole phase at asymptotic infinity.
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6 Calculation of an observable

In this chapter, we estimate the scaling of the lifetime 7(m) with the mass m.

We start by commenting on the discretization procedure. We prove a simple relation
between the extrinsic curvature of a surface and the boost relating the normal to its
parallel transport along a curve in that surface.

We proceed to make an explicit boundary hypersurface choice, carry out a discretiza-
tion and derive an explicit expression for a transition amplitude describing this process.
The resulting formula is cumbersome and its numerical analysis a daunting task. Cur-
rently, much effort is put in the Centre de Physique Théorique in Marseille, by a group
led by S.Speziale for the development of numerical methods suitable for such ampli-
tudes.

We then proceed to use the semiclassical approximation developed in Chapter 4,
and estimate the scaling of the lifetime with the mass of the collapsed object forming
the trapped region. We do this first for the explicit setup of the previous section and
then for a class of amplitudes and for an arbitrary choice of boundary conditions.

We close by discussing the physical interpretation of our results and the difficulties
that arise.

6.1 Discretization

In this section we discuss the discretization of a continuous surface to a piecewise flat
simplicial manifold. We see how the resulting distributional geometry is interpreted in
terms of holonomy-flux data. We start by proving a simple relation between the extrin-
sic curvature and the boost relating the normal of a hypersurface to its parallel transport
along a curve. This result serves as a justification for the discretization procedure and
could be interesting in its own right.

6.1.1 What is the relation between boosts, the extrinsic curvature and parallel
transport?

We will prove the following statement, true for both Euclidean and Lorentzian metrics.
Consider a curve T in a spacelike hypersuface X and the normal field n to X:

Given two points s and t on °(, the angle between the normal vector n, at t and its parallel trans-
port Pny to t, is the invariant line integral of the extrinsic curvature K along .

By angle for the Lorentzian case, we mean the rapidity of the boost taking Pn, to
n;, see below and Section 3.4. The proof works for any dimension and in Lorentzian
signature.

For definiteness, we restrict to the case relevant to us, four dimensions and a space-
like three dimensional hypersurface. We keep both signatures for easier comparison
of Euclidean and Lorentzian angles. This comes down to keeping the normalizeation
€ = n%n, of the normal, which is € = —1 for the Lorentzian case and € = 1 for the Eu-
clidean case.
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Consider a manifold M, with a coordinate choice x* and a hypersurface X with coor-
dinates y* (lower-case latin letters a take three values).
A basis of tangent vectors on X is provided by*?

V= f;f' (6.1)
The curve Y is given parametrically by a map 4 — x*(1), with x*(1) € Z.
From the line element
ds® = gaﬁdxadxg = g(,ﬁ)(j)/;dyadyb (6.2)
we read the induced metric
hab = XoX,8ap (6.3)
with the completeness relation for the inverse metric
g% = enn? + i x2 N (6.4)

easily checked and memorised by the equality of dimensions and co-dimensions:
8%g0p =4, hhay, = 3, 0%, = € = 1.
The extrinsic curvature of X is given by

Kab = XZ){iVanﬂ (65)

We may choose the coordinate system y* on X to be such that, in a neighbourhood of

T, A along T is one of the coordinates. The basis vector x4 then has an intrinsic meaning
dxﬂ/

on T, it is its tangent vector V¢ = 9 = dﬂ(ﬂ). We define the extrinsic curvature K() along
T by
VEOVAY g
KQAl) = —— (6.6)
VeV,

This is a spacetime scalar. For convenience, we henceforth take A to be an affine parame-
ter. Consider two points s and # on Y. We saw in Section 2.3.1 that the parallel transport
equation along Y for any vector at s is solved by the image of the holonomy P. Thus,
the parallel transport (Pny)*(2) of the normal at s up to the point labelled by 4, satisfies

VPV 4(Png)®* =0 6.7)

We are interested in the change of the inner product between the parallel transported
(Pny) and the normal n at some point 1, with respect to 1. We have

d
a(Pns)”na = VP(Pn,)*Vgn, (6.8)

32The basis of tangent vectors y¢ on X is often denoted e? because it can be also understood as a choice of
triad. This is a bad notation which we avoid and stress that x¥ is a coordinate based choice of basis of TX.
Furthermore, note that x§ are rectangular, non-invertible matrices.
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where we used that (Pn,)®n, is a scalar and the parallel transport equation (6.7).
Now, the vector (Pny)® written as a linear combination of n* and V* reads

(Pn Vv,

Pny)* = e(PnyY ¢+
(Pny) e(Pns)’n, n an

Ve (6.9)
This can be checked by contracting with n, and V,. Replacing (Pn,)* in equation (6.8),
the first term vanishes because n® is normalized, i.e. n*Vgn, = %Vﬁnana = 0. In the second
term, we recognise K(1) from equation (6.6). Thus, we have

%(Pns)anw = (Pns)ﬂvu K (6.10)

We are almost done. The inner product with the metric is invariant under parallel trans-
port with the Levi-Civita connection, and thus (Pn,)*(Pn,), = €. Contracting equation
(6.9) with (Pny), we have

L\ PRV,
€= e((Pns) na) + (—) (6.11)
VeV,
To ease notation, let us call
el(d) = (Pny)'n, (6.12)

The minus sign for the Lorentzian case is because (Pn,)* and n® are in the same light-
cone, thus their contraction with the metric is negative and then /(1) is positive in both
cases.>* We want to then solve the differential equation

1/2
%61(4) - (e - eI(/l)z)) JVaVA K(Q) 6.13)

The angles are defined as in Section 3.4. The Lorentzian angle £(1) is the rapidity of the
S 0;(1, 1) boost (proper hyperbolic rotation) taking (Pn,)* to n®, in the plane defined by
(Png)* to n®. The Euclidean angle ¢(1) is similarly the angle of the S O(2) rotation taking
(Png)® to n®. Remembering that (Pn,)* and (Pn,)* are normalized, these are given by

1)
1)

cosh{(l) , e=-1
cosgp(d) , e=1 (6.14)

Let us do the Lorentzian case, the Euclidean will then be evident. Replacing in (6.13),
we have

1/2
—d% cosh = (cosh 2 1) JVaV@ KQ) 6.15)

33The parallel transport cannot take (Pn,)® outside the light cone. This follows from the preservation of the
inner product under parallel transport: by continuity, (Pny)®, would have to turn null and then spacelike, but,
(Png)*(Pngs)o = —1.
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Note that cosh? £ is always larger than unit. Thus,

—%gu) = \V.V? KQ) (6.16)

where we have used that cosh? £ — sinh? ¢ = 1 and ﬁ%zhz = sinh /. We can now integrate
for £(1). The parallel transport of the normal at the starting point s is by definition itself,
we have (1) = cosh{ = 1, thus, £(4,) = 0. Then, the Lorenzian angle £(1) at a point 4 on
T, between n, and its parallel transport Pny(1) reads

A
A = — daAa X K(A 6.17
) L gt KQ 6.17)

where we reintroduced the notation V* = 1%, to recognise the invariant line integral.
The minus sign is a matter of convention, and we may redefine K, — —K,, to write,
more compactly

‘= fT K (6.18)

6.1.2 Discretization scheme, discretization ambiguities and boundary data

Coarse triangulations can only capture a few qualitative degrees of freedom In a
physical problem treated as a geometry transition, the path integral is conditioned to
a quantum boundary geometry. The path to the quantum boundary geometry is to
start from a continuous surface, discretize it on a triangulation, and encode the discrete
distributional geometry in a coherent spin-network state of Section 4.3.

In the following section, we exploit the spherical symmetry of the spacetime and
the specific choice of hypersurfaces, that will be intrinsically flat, to carry out the dis-
cretization in a simple manner. This will result in the path-integral being peaked on
a degenarate configuration (4D simplicial geometry of zero four-volume). This will
allow us to investigate the interplay between the possible geometrical configurations:
by slightly modifying the boundary data, the path-integral will be dominated by a 4D
Lorentzian or Euclidean simplicial geometry instead.

In turn, we will proceed to discuss a general expression independent of the choice
of hypersurface.

In this section we briefly comment on the arbitrariness of carrying out such dis-
cretizations. We have in mind “rough” discretizations, suitable for spinfoam amplitudes
built on coarse 2-complexes, where only a few degrees of freedom of the gravitational
field may be captured. The discussion here concerns the passage from a continuous
surface to a triangulation and is strictly classical.

In precise discrete evolution schemes, such as the Sorkin evolution scheme for Regge
calculus [204], we have to discretize in a consistent way, such that there is a sense in
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which the discrete Einstein’s equations are approximately solved to a better approxima-
tion as the triangulation is refined.

There is little utility in using such schemes for spinfoam amplitudes defined on
coarse 2-complexes. Unless a refinement procedure is to be performed subsequently,
the precise way in which the discretization is carried out will be largely amibiguous in
any scheme.

However, spinfoam amplitudes defined on coarse 2-complexes are expected to be
physically relevant, in particular for treating problems where few-degrees of freedom
are sufficient to capture some of the relevant physics.

This is assumed to be the case in our setting, where we are only looking to get a
scaling, relating two characteristic physical scales, and there is a high degree of (spheri-
cal)symmetry. This is also typically assumed to be the case for treating the cosmological
singularity, in spinfoams, and in general.

We note that the above observations hold regardless of whether the amplitudes de-
fined on the 2-complex are to be understood as describing fundamental degrees of free-
dom or coarse-grained degrees of freedom.

At the level of coarse triangulations of a continuous surface, any discretization scheme
would fail to capture details of the geometry. Thus, the result of the calculation should not
depend on the details of the discretization scheme. We present evidence for this in the in-
terplay between the different kinds of geometric critical points when we estimate the
lifetime in Section 6.3.

To summarize, for say an area data 4, it is not the precise numerical value, to be four
or eight meters squared, that is relevant. It will be the dependence of the data as functions
of the relevant physical scales that is of importance, in our case, on the mass m and the
bounce time 7. Numerical coefficients reflecting the arbitrariness of the discretization
scheme should not play a role, if the calculation is to be consistent.

A simple discretization scheme

We are initially given a continuous spacelike boundary B, possibly disconnected, com-
posed of a number of spacelike hypersurfaces. The exterior spacetime metric g,, induces
an intrinsic metric h,, and an extrinsic curvature tensor K,;, on B.

The geometry of the boundary B will be approximated by a discretization. The dis-
cretized geometry will be distributional and defined on a piece-wise flat 3D simplicial
manifold I'*. That is, I'" will be a spacelike tetrahedral triangulation of B.

Information on the extrinsic and intrinsic curvature will be concentrated on the in-
terfaces between the flat pieces, the triangles £* shared by two tetrahedra n* and n"*,
the source and target of the link. To avoid confusion, we stress that the 3D simplicial
complex I'* will not in turn be embedded in a simplicial triangulation of spacetime. The
definition of the embedding only requires a local extension, see below.

The dual graph T" (which will be four-valent) has links £ and nodes n dual to triangles
and tetrahedra in I'". The boundary state is built on this graph. The discrete geometry
of I'" will be fully specified by giving a set of data A, = fiw, ¢, and I?ng, corresponding
(up to the gauge phase which we ignore here) to the twisted-geometry parametrization
of the coherent spin-network states, see Section 4.3.
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Below we sketch the steps for carrying out explicitly such a discretization. The first
step is to choose a topological triangulation I'*. At this point, I'* is a topological 3D
simplicial-complex and we have yet to ascribe any geometry to it.

We then embed I'* inside B. We now have triangular 2-surfaces ¢* and tetrahedral
3-regions n* in the boundary B. Notice that we may not understand the state as be-
ing invariant under spatial diffeomorphisms once this step is taken. Diffeomorphism
invariance, as well as gauge invariance, is understood to be imposed by the spinfoam.

The precise embedding is a matter of choice. In practice a reasonable choice will
be dictated by the symmetries of the problem. In a space-time without symmetries, one
should try different embeddings and see whether the functional dependence of the data
on the physical scales of the problem changes.

The area data are identified with the proper areas of the triangular 2-surfaces ¢* of
I'*, embedded in B and dual to the link ¢, and are interpreted as the norms of the fluxes.
The spins of the boundary state will be peaked on these areas.

The area data, along with the boost angles {; encoding the extrinsic geometry, are the
two quantities with which we will be primarily concerned. They are manifestly gauge—
invariant (and covariant) data. They are geometrical quantities, proper areas and boost
angles, that do not depend on a choice of a triad frame in I'*.

The boost angle {; can be calculated in various manners. The reason we present
below different ways of calculating the boost data is to emphasize that the result should
not depend on the choice of discretization scheme, thus, use of any of the following
procedures should yield the same result for the physical observable.

One way is to use the result of the previous section. We choose “representative”
points in the two tetrahedra n* and »n’* that share the triangle f* and a curve T that
joins them. We then define

Q~erT (6.19)

with Ky the extrinsic curvature along Y as defined in the previous section and the sub-
script T on the integral means that integration is performed with the invariant line el-
ement (infinitesimal proper length) along . This boost angle will only see one com-
ponent of the extrinsic curvature, the one in the plane defined by the normal to the
hypersurface and the tangent to T.

Alternatively, we may instead define the boost angle by smearing along T the mean
extrinsic curvature,

K = Kq™ = V,n* (6.20)

which smears the extrinsic curvature in all infinitesimal directions along .

A third way to do things is the following: choose a region R+ of B that includes the
triangular surface £*. We want to capture the average extrinsic curvature in R, and
distribute it only on ¢*. This implies the definition

Kg,. 1 f
= dvolz K 6.21
A An Sy, A0 (6.21)
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which again defines a covariant dimensionless quantity that is readily interpreted as an
“averaged” boost angle.

In practice, one should try different curves, regions and the definitions above, to
verify that the functional dependence of {; on the physical scales does not depend on
these choices. Note that both K and Ky are straighforwardly interpreted as measuring
the infinitesimal change in the normal, and their units are inverse length. The integra-
tion with the infinitesimal proper length yields a dimensionless quantity. We showed
in the previous section that Ky precisely corresponds to the boost relating the parallel
transport between the two regions.

We now impose that I'* be piecewise-flat. We are missing two reals for each tetrahe-
dron v*: we have specified four variables per tetrahedron and need to fix two more to
get classical geometry. The remaining missing information, in order to fully specify the
geometry of I'*, is purely directional [205]: the relative local orientation of the face dual
to £ with respect to the adjacent faces. This information will be in the normal data ky.

Given the areas, the closure condition in each flat tetrahedron must be satisfied

0= Z Ape Koo g (6.22)

{*ev*

A simple counting argument can convince the reader that this completes the intrin-
sic geometrical information for I'*: for each tetrahedron, there are four ky, thus eight
real numbers. Understood as normalized 3D vectors, they must satisfy closure (minus
three). Arbitrary rotations of the triad (gauge) remove another three degrees of freedom.
Thus we are left with two reals which correspond to having specified two 3D dihedral
angles of the tetrahedron, plus the four areas; in all six numbers for each tetrahedron,
that fully specify the intrinsic geometry of I'*. The fact that they do so uniquely up to
inversion is known as Minkowski’s theorem.

The distributional extrinsic geometry is encoded on the interfaces between tetrahe-
dra, the triangles ¢*. This is equivalent to demanding that the tetrahedra be flatly em-
bedded locally, so that the normal is parallel transported to itself. We stress again that
this does not imply a triangulation of spacetime, we need only assume a local extension
of .3

Thus, we need only a single number, the boost angle, and the directions that specify
which is the component of the extrinsic curvature that is non-zero.

There remains to specify the normal data k. They are understood as points in §2
or in the Riemann sphere CP1 and are represented as components in an orthonormal
frame (triad) in a tetrahedron v* , which corresponds to fixing the SU(2) local gauge,
see Figure 6.1. We will use the Euler angle parametrization and the boundary states of
Section 4.3.

Ideally, what one would wish for is a sense in which the smearing of the intrinsic
curvature is captured by the 3D deficit angles of the hypersurface. Then, calculate the
4D deficit angles and then compare with the gauss-codazzi equations that relate the
three curvatures.

34This is also the sense in which isolated continuous hypersurfaces can have an extrinsic curvature, that can
serve for instance as Cauchy data in an initial value problem.
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For the explicit choice of hypersurfaces in the following section, we do not perform
such a step. We exploit a convenient choice of hypersurface and the spherical symmetry
of the spacetime, to deduce a sense in which the intrinsic geometry is captured by the 3D
deficit angles. This will result in the dominant contribution to the path integral coming
from a degenerate 3D geometry.

6.2 A well-defined, explicit expression for the amplitude

In this section we outline the choice of hypersurface and discretization and give the
explicit form of the transition amplitude defining the lifetime for an explicit choice of
surface. The derivation is given in Appendix B.

6.2.1 Choice of hypersurface and triangulation

In this section we briefly review the setting of [67]. We refer the reader to this article for
more details. We discuss here the main assumptions and some important features.

We choose the boundary B to be composed by two Lemaitre ¢, = const. surfaces [206].
These are the C* surfaces of Figure 5.1. The pieces in the flat part of spacetime are
ignored and we take C* to extend from A up to r = 0.

This approximation can be understood as the assumption that the timescale of the
physical process is dominated by the tunneling probability of the degrees of freedom
that are in the low curvature region. That is, by the intuitive understanding that it is
“easier” for the geometry to tunnel in the strong curvature regime.

Another justification comes from the fact that we can choose boundary surfaces, such
that the spacetime parameters m and T are encoded only at the tip A of the quantum re-
gion, see the final section of the previous chapter. By the assumption that the amplitude
does not depend on the hypersurface choice, further justified in the following section by
a calculation for an arbitrary surface, refining the triangulation in the strong curvature
region would not have added any information to the amplitude. In conjunction with
the coarse triangulation we will use, the strong curvature inside the hole is essentially
ignored in this setup.

The constant Lemaitre time surfaces are intrinsically flat. As spacelike hypersurfaces
in a three-dimensional spherically symmetric spacetime, with the radial coordinate tak-
ing values from r = ry to r = 0, they are topologically 3-balls. That is, they are foliated
by 2-spheres with proper area 4zr? for each value of r € (0,71). Geometrically, since
they are intrinsically flat, they are the equivalent of a cone, in three dimensions: they
are intrinsically flat but there is a curvature singularity at » = 0 (a point in C*).

This property and the spherical symmetry suggests a straightforward discretization.
We first triangulate the boundary of C*, where the two hypersurfaces are identified.
This is the 2-sphere A. We triangulate the sphere at r, with a reqular tetrahedron. That
is, the areas of the four triangles are all equal. Let us call this area a. These four triangles
are referred to as angular, since they triangulate a sphere which is at constant radius.

We triangulate the interior of C* with four tetrahedra. Their base triangle, is one of
the triangles triangulating A and is of area a. By spherical symmetry we take each of
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these tetrahedra to be iscosceles and call the area of each of the remaining three trian-
gles b. We refer to these triangles as radial because they extend from r = ry to r = 0.
We stress however the discussion in the previous section, one should not imagine this
triangulation as embedded back in the spacetime of Figure 5.1. This is the 3D simplicial
complex I'*.

To visualize the analogous discretization in 3D, imagine a cone, discretized to a hol-
low triangular pyramid: the circle that is the boundary of the cone becomes a regular
triangle. This is the equivalent of triangulating the sphere A with a tetrahedron. The
surface of the cone is triangulated by three iscosceles triangles, which is the equivalent
of the four tetrahedra triangulating the interior of C*.

Up to the extrinsic data, we have almost completely specified the discretization. We
embed I'* inside C*. We need not calculate the precise values for the areas here, see [67]
for a calculation.

It is obvious that any reasonable embedding will result in both a and b being pro-
portional to ~ m*. A further dependence on T/m may be present, which will be weak.
The explicit form resulting from the calculation is given in the following subsection.

Say we have calculated a, which will be approximately equal to ~ 7m?, one fourth of
the area of the sphere at A.

How can we impose that the intrinsic curvature be zero? By demanding that the
triangulation of I'* is a triangulation in a flat 3D Euclidean space. This is equivalent
to demanding that the volumes of the four isosceles tetrahedra be equal to the volume
of a regular tetrahedron with triangle areas a and is a condition on a and b. Since a is
specified, we have fixed b, which will equal a up to a numerical factor of order one.

As a consequence of this choice of discretization (and hypersurface), the volume of
the geometrical 4-simplices dual to the 2-complex on which the spinfoam amplitude is
peaked vanishes and corresponds to a 3D geometry (4D of zero four-volume).* We will
see in Section 6.3.1 that this is not a bad feature of the discretization.

Having calculated all the area data A, for a given choice of frame in each tetrahe-
dron, and having imposed that all of them are iscosceles, we have also fixed all the
normals k. The gauge choice used in [67] to express ks, in components on a triad basis
is depicted in Figure 6.1.

There remains to calculate the extrinsic data. There are two kinds: one is the boost
angle at the tip A, ascribed to the links dual to the four angular triangles of the regular
tetrahedron. These data will be living on a thin-wedge of the simplicial geometry. The
calculation of a boost angle at a thin wedge is explained in Section 3.4.

The second kind are the boost angles associated to the radial triangles of the iscosce-
les tetrahdra. For this we may use any of the procedures of the previous section.

In summary, and recalling the closing comments of the last chapter, the bounce time
is only encoded in the combination 7/m, through the area of the sphere A. To avoid
confusion, we recall the abuse of notation in Chapter 5: A is denotes both the sphere at
the tip of the quantum region and the dimensionless quantity related to its radius by
ra =2m(l + A).

%5This is checked by calculating a Cayley-Menger determinant.
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Fig. 6.1: The choice of orthonormal frame in each of the four iscosceles tetrahedra composing the
triangulation I'*. Four such tetrahedra triangulate each surface C* of Figure 5.1. The angles a and
B correspond to the Euler angle parametrization of the S U(2) coherent states of Section 4.2. The
x — —y — —z axis correspond to the choice of orthonormal frame. They imply that the components
of the normal vectors may be read as in Cartesian coordinates but we caution that they are to be
understood as the triad vectors e, = (e, >, €3).

The areas are given as

a < 2m(1 + A(T /m))
b oc 2m(1 + A(T /m)) (6.23)

The radial boost angles by
Jocl (6.24)

and the angular boost angle by

1
A(T [m)

£ oc Ach 4|1 + (6.25)

6.2.2 Summary of the amplitude

This is a summary in self-contained form of all the formulas defining the transition am-
plitude W(m, T) for the choice of hypersurface and discretization discussed in the pre-
vious section and the 2-complex of Figure 6.2. All labels refer to the oriented boundary
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Oriented boundary graph I Spinfoam Skeleton

Spinfoam 2-complex

Fig. 6.2: The 2-complex with its oriented boundary and skeleton, on which the transition ampli-
tude W¢(m, T) is defined. Notice that " = dC. The spinfoam is composed of sixteen faces. The four
“middle” include both vertices and are bounded by three edges and one boundary link. These
have one interior edge, the SL(2,C) group elements g, living on this edge are fixed to Ls. ),
exploiting the fact that one integration per vertex is redundant. The twelve other faces (six on
the top vertex and six on the bottom vertex) are of the wedge form (that is, their boundary is
composed by two edges and one link) and are bounded by two edges and one boundary link.

that determines the pattern of contraction. We refer to [67] for the details and nota-
tion. See Appendix B for the derivation and Appendix A for a presentation of the basic
recoupling techniques used here.

For lack of space, we do not explain the details of the objects appearing in this ex-
pression. The amplitude as defined below is finite and expressed in terms of explicitly
known analytic functions.

Much effort has gone into the numerical investigation of the amplitude. Asymptotics
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of the various bits and pieces are available, but there is no guarantee that putting these
together yields a meaningful approximation. Interpolations between the asymptotic
expressions and other approximations and techniques to deal with such amplitudes are
currently under development at the Center for Theoretical Physics in Marseille.

The numerical study of such objects is resource intensive and unstable. The biggest
difficulty is to perform the spin—sum. Currently, performing the spin—sum even at the
level of spins as low as less than ten is infeasible.

We derived in Section 4.4.3 a simple estimate for such amplitudes. In the following
section we will estimate the lifetime using these results.

The amplitude is given by

W(m, T) = Z W(ZOs Zisjayjaib) X (626)
Gardy)
A Ji e
% [@N{ju("fe“*)ﬁj;}u;] ] X (6.27)
2 KE LIS ax
X {@ "K:’”ﬂ] : (6.28)
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where the weight function is
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The arrowed product indicates that the magnetic indices of the representation matrices
on the half links outgoing from the node come with a minus sign. The boost part is

KE,J% To ) sinh? r¥ 7= Ko (%)
ara s jleta + a . + Kol )
Ky = dog 1 f dry — ®dﬂzm(ra) oy A (6.32)
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The arrow in the tensor product of the dj;,(r) indicates that those living on links ingoing
to the node appear as d;j,(—r). The ranges on the / and p indices are / < j and p is
summed over the range |p| < j. The functions d;,(r) are given by the integral

1 -r _ _ r
i) = \Jdi\d; fo dtd§p(u) (6.33)

te" + (1 —t)e”
x djp(zt — 1) (te™ + (1 = pe")" !,

where d,’;,,l(cos ) are Wigner’s S U(2) matrices. The 24— symbol is given by

®'Ki"l§} = _ zeh,l—[-K:,m
{ l ] P N (6.34)
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The four-valent intertwiners are defined as

AN N/ (6.35)
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with g = —m; —my = m3 + my and ( m oy ms ) is the Wigner 3—j symbol. Finally
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6.3 Estimation of lifetime
6.3.1 Estimation for the explicit setup

To estimate the lifetime from the setup of the previous section, we investigated numeri-
cally the estimation of Section 4.4.4, by plugging in the boundary data. A representative
result is plotted in Figure 6.3

After extensive tests, we conclude that quantity we have called the lifetime scales as

m
) ~ — 6.38

The physical interpretation of our results is evolving at the time of writing. In the next
section we explain that in the author’s opinion, this result implies that the physical
meaning of 7(m) is different than the one implied in Chapter 5, which reflects the ideas
in the work [67].
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IW|2form =10, 11,..., 15 and
k =2, y = 1. Peak height normalized to unit.
W 2

1.0
0.8
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50 100 1 gb T

Fig. 6.3: The vertical axis is the squared modulus of the transition amplitude and the horizontal
axis is the bounce time 7. The different plots correspond to different values for the mass. The
amplitude is periodic in the extrinsic data {. The period for each value of the mass is marked with
a black dot.

For lack of space, and because we will understand this result analytically in a more
general setting in the following section, we do not present more details on the numerical
investigations here and refer to [92]. We give a qualitative understanding of why this
turns out to be the case.

The result 6.38 is easily understood as follows. To invert the relation A(T/m) we used
the approximation A(T/m) < 1, that is, we took the sphere A to be close to the horizon,
see [67] for a discussion.?®

The area data in this approximation depend weakly on the bounce time, as a «
m?(1 + ¢~T/?™)2 while the radial boost angles do not depend on T. The only dependence
on T at play is then from the angular boost angles, that sit on a thin wedge, at the sphere
A, and read ¢ < T /m.

The simplicial geometry dominating the spinfoam amplitude according to the esti-
mation of Section 4.4.4, is the degenarate geometry determined by the area data. Thus,
all the dihedral angles vanish on a thick wedge, and the angles at a thin wedge all equal
7. We coded this in Section 4.4.4 by setting 8 = 0 and II,; = x for the degenarate configu-
rations.

36This approximation has been subsequently lifted and numerical analysis yields identical results.
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The amplitude is then dominated by a product of four exponentials of the form

P(T|m) o< |W] ~ e~ 0um’l1 (6.39)

The expectation value of T in the distribution P(7'|m) is then highly peaked on mm/y.

The role of Euclidean, degenerate and Lorentzian simplicial configurations

We discuss this result further in what follows. Before continuing, we want to emphasize
the interplay between the different geometrical critical points and give evidence for the
independence of the result on the discretization procedure.

In this specific example, our choices resulted to in a degenerate configuration, where
both 4-simplices dual to the 2-complex of Figure 6.2 have zero four-volume.

We may parametrize the ambiguity in the area data by allowing them to vary such
that the geometry is no longer degenerate. When we allow for small variations, of the
order of unit, we scan a range of Lorentzian and Euclidean simplicial geometries. 37
That is, ¢(w) will not vanish and will be interpreted as either a Lorentzian or Euclidean
dihedral angle.

To see this, imagine a tetrahedron with three of its triangles squashed on its fourth
triangle. The tetrahedron is thus of zero three-volume. Lifting the apex at which the
three triangles meet, the segment lengths increase and we have a Euclidean tetrahedron.
In the Euclidean case, for small variations, the dihedral angle itself is approximately
equal to 7. This is because in Euclidean geometry, two normals pointing in the opposite
direction form an angle 7 amongst them.

Similarly, lifting the apex in a Minkowski time direction (thus the segment lengths
decrease) results in a Lorentzian tetrahedron. The dihedral boost angle for the Lorentzian
case will be small, see section 3.4. However, because of the presence of II; = 7 in the
Lorentzian case, the estimate of equation (6.39) given above is not altered.

6.3.2 Estimate for arbitrary choice of hypersurface and 2-complex

In this section, we analyse the lifetime for an arbitrary choice of boundary surface.

We will give an estimate for the lifetime based on general grounds and within the
assumption that the area and normal boundary data w and k are Regge-like.

We will not make an explicit choice of graph I'" or 2-complex C on which the bound-
ary state and the spin-foam amplitude is defined. The analysis presented below applies
to the transition amplitudes studied in Chapter 4. In summary, we are considering spin-
foam amplitudes, defined on a fixed 2-complex C without interior faces and dual to a
simplicial complex, with its boundary coinciding with the graph on which the boundary
state is defined, i.e.dC =T.

The lifetime, defined in equation (5.20), is given in terms of the measure a(m, T) and
the transition amplitude W(m, T) through equations (5.16), (5.18) and (5.17).

%71t is possible to fall on a non-geometric configuration but we do not consider this case here.
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At the time of writing this thesis, we do not have an explicit expression for the mea-
sure a(m, T). We will show that in the above setting, the lifetime will scale linearly with
the mass, unless the measure brings in a non-trivial dependence on the areas.

The amplitude W(m, T) will be approximated by a stationary phase evaluation, using
the results of Chapter 4. We consider that an explicit choice of interior boundary B has
been made. The continuous intrinsic and extrinsic geometry of B is then approximated
by a piece-wise flat distributional geometry, as explained in Section 6.1. The spacelike
surface B is triangulated (in tetrahedra) and the metric information is encoded on the
faces of the triangulation. To each face corresponds an area A, a boost angle ¢ and two
normalized 3D normals k. Once the discretization has been carried out, all of these
boundary data will in general depend on m and T. Only A and ¢ appear explicitly in the
approximation for W(m, T).

Areas of the discretization will in general scale as m>. A dimensionless function of
the two spacetime parameters can only be a function of T/m.®

The areas will then in general have the following functional form in terms of the two
spacetime parameters

Am,T) = m*A(T m) (6.40)
and the boost angles will be of the form
LT Im) (6.41)

where tilded quantities are dimensionless.

The identification with the labels of the coherent states is immediate for the boost
angles and we simply set {(T/m) = Z(T/m). The areas are identified with w on which
the Gaussian weights of the boundary state are peaked. The area boundary data w are

—n_1

given by w = £ — 1. The semiclassicality condition Viw > 1 implies that n/t > 1/ i

and since the semiclassicality parameter 4/t is small, then 5/t > 1. Thus, it is a good
n

approximation to take w ~ 5..

For the labels 17, we then have the identification

m2

_n_mz
w= Tl A(T /m) (6.42)

The factor ”’Tf serves as the large parameter 1 with respect to which we take the sta-
tionary phase approximation. The functions A(T/m) along with the 3D normal data k
determine the dominant contribution to the spinfoam amplitude.

We recall that we are working in geometrical units (G = ¢ = 1), where lengths, times
and mass all have the dimensions VA. The spins j are dimensionless and so are w, n and

t.

We now turn our attention to the amplitude. Given only the data w and , there are
two distinct possibilities: they are either Regge-like or not. We only consider here the

3Dimensionless quantities including % (for example T/#) are excluded because the dependence of the
boundary data on T and m is calculated from a classical discretization procedure and there is no isolated
7 that could come into play from classical general relativity.
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case where w and k are Regge-like, which means that they specify either a 4D Lorentzian,
4D Euclidean or 3D degenerate (Euclidean) geometry for the simplicial complex dual to
the 2-complex C. The possibility for a vector geometry, that does not admit an inter-
pretation as a simplicial complex, is excluded by the choice of semi—classical boundary
state. The picture is then the following. The spinfoam amplitude is dominated by the
configuration which corresponds to the geometrical simplicial complex that is deter-
mined only by w and k.

On this configuration, once the spin-sum is performed, the data w and k determine
the dihedral angles ®(w, k) between tetrahedra that share a face. In turn, these deter-
mine the (Palatini) deficit angles ¢(w, k). These are all boost angles among tetrahedra
on the boundary because the spinfoams we consider do not have interior faces (on the
boundary, the deficit angles are exterior dihedral angles, i.e. boost angles among tetra-
hedra). The ¢(w, k) are the exact analog of ¢, and thus determine an embedding ¢(w, k)
preferred by the dynamics.

The angles ¢(w, k) would have to match the data £ in order for the amplitude to not
be suppressed in the semiclassical limit. Choosing the boost data { to match ¢(w, k)
is equivalent to the procedure followed in a perturbative setting, i.e. in the graviton
propagator calculations, see for instance Section V.B of [42].

In general, when an interpolating solution to Einstein’s field equations is not to be
expected, this will not be the case and the amplitude will be suppressed exponentially
in the mismatch between ¢ and ¢.

Given the data ¢, w, k, and defining A = m?/#, we have the following estimation for
the amplitude, repeated here from Section 4.4.4 for convenience,

W~ | Y @ x
s(v)

1
X l_[ exp (—E()’Q — Boe(w/ A, k) + 1) + iy wz)]
¢
(I+001/2)

(6.43)

where again that 8 = ,0, 1 when a Lorentzian, degenerate or Euclidean simplicial ge-
ometry dominates the path—integral respectively. The function s(v) encodes the co-frame
orientation and takes values +1 or —1 on each vertex. The presence of multiple semiclas-
sical critical points, that is, the sum over s(v) configurations can be neglected, since for a
given choice of ¢, one configuration s(v) will be dominant. Calling Pgu(7|m) the proba-
bility distribution resulting from (6.43) and P(T|m) the probability distribution resulting
from keeping in (6.43) only the contribution from the dominant critical point, their ratio
is of the form

Pran(Tlm) _ 1 4 o hTm= (6.44)
P(T|m)
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where h(T /m) is a positive function. Thus, we may neglect the sum over the 2V critical
points related by the different co-frame orientations. However, notice that any one of the
2N critical points may be the dominant one, and not necessarily the one corresponding to the two
Regge configurations (s(v) = +1 everywhere). This implies that the recently proposed EPRL
model and the proper vertex model [30,43,207,208], which modifies the EPRL model so
as to remove the multiple semiclassical limits, will differ in their predictions regarding
this effect in the subdominant contribution to the lifetime.

The exponential [], 7%, is then a pure phase and the estimation of the amplitude
is of the form

\W(m, T /m, t)|2 - mN,u(T/m) l—[ e—(y_(f(T/M)—ﬁqﬁf(T/mHH)z/4f (6.45)
4
Defining
T
x= = (6.46)

we are then left with the following expression for the lifetime

[ dx x F(x) [T, e 0%-Bo11er 14
=m
[ dx F(x) [T, e-06-Bocar+toy ja

7(m) (6.47)

where we defined F(x) = a(x)u(x) and the power m" cancels out between nominator
and denominator. From this expression, it is manifest that (i) is m times a function
that only depends on y and ¢, which we denote as f(y, 7).

Thus, we conclude that

T(m) = m f(y,1) (6.48)

Let us discuss this result. The first thing is that other than the explicit linear depen-
dence of 7(m) on m, the mass may enter the scaling only through the semiclassicality
parameter 7.

It is not clear whether a dependence of 7(m) on ¢ is reasonable. As we saw above,
taking r = 71/m", the allowed range for n, for the approximations taken here to be valid,
is 0 < n < 4. This would imply that the scaling of 7(m) on m in general depends on the
chosen n.

However, formula (6.47) suggests that, t will not be present in the leading order in m
in a generic situation. To see this, let us omit the product over links and consider that
there is only one gaussian in (6.47). The behaviour of the integrand will plausibly be
dominated by the gaussian weight over the function F(x), unless something exceptional
happens with the Hessian. We assume here that F(x) can be neglected. The standard
deviation of the gaussian is proportional to the square root of ¢, which is a very small
number for a macroscopic black hole: taking for instance k = 2, Vi = vV /m (for example,
for a small, lunar mass black hole, this number is ~ 107%). The integrand, since it is also
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normalized in the denominator, will behave like a Dirac delta, evaluating the integrand
on the solution of the equation

¥{(x) —yp(x) + 11 =0 (6.49)

which we call xy(y). There are two possibilities. The peak is in the range of integration,
that is xo(y) < 0, or not. In the former case, we expect

e—()’{z(x)—7¢[(x)+nz)2/4t
T(m) ~ m f dx x f

dx e~ G0 =yhe(x)*+110) /4t

~ mfdx x6(x — xp(y)) (6.50)
~ m xp(y) (6.51)

More precisely, we have
7(m) ccm ( xo(y) + O(1) (6.52)
In the case when xy(y) < 0, we will have®
7(m) ~ m O(e= W’/ (6.53)

In this case, the scaling of 7(m) on m depends on the choice of t and further suppresses
the scaling with m. When we consider the product over links, 7(m) will be generically a
sum over such terms. Thus, we conclude that

7(m) =~ mf(y) (6.54)

with the leading order coefficient f(y) only depending on the Immirzi parameter.

The estimate given here neglects the truncation issue, which is discussed in Section
6.4.2. At the time of writing, an exact estimate of the transition amplitudes that takes
this issue into account has become available and results will be reported in [91].

6.4 Discussion of result and intepretation of lifetime

In the previous section we saw that employing the estimation of Section 4.4.4 for the
transition amplitudes, we arrive at a simple expression, equation (6.45), which provides
an estimate for modulus squared of the transition amplitude.

From this expression, we deduced that the lifetime, as defined in Section 5.4, scales
linearly with the mass as in equation (6.54). The estimate for the transition amplitudes of
Section 4.4.4 concerns 2-complexes without interior faces and assumes that the bound-
ary data are Regge-like. Both restrictions are taken because currently we do not have
an estimation for the transition amplitudes when either of these two conditions is not
satisfied. Whether the estimate changes when they are lifted is a subject for future in-
vestigations.

3There is a third possibility that is also suppressed: if it happens to be the case that there is a global
extremum and thus no solution xy(y).
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Within these limitations, we have an estimate for an otherwise arbitrary 2-complex,
an arbitrary choice of boundary surface and of discretization scheme.

Choosing a one-vertex spinfoam instead of a two-vertex spinfoam like in Figure 6.2
would not yield a different estimation for 7(m). We note that we may create 2-complexes
with an arbitrary number of vertices while not having interior faces.

The precise choice of surface does not play a role in the estimate of 7(m). Further-
more, the discussion at the end of Section 6.3.1 applies to the estimate presented here:
the linear scaling in the mass m does not depend on whether the boundary data are
such that the path—integral is dominated by a Lorentzian, Euclidean or 3D degenerate
simplicial configuration.

Physical interpretation We estimated above that the lifetime scales linearly with the
mass. This result contradicts appears too short to be physically correct.

The lifetime as defined in Section 5.4, is the characteristic duration of the phenomenon
as deduced by a far-away observer. This was understood physically in the sense: “how
long do we have to wait until a black hole transitions to a white hole”.

In this sense, the expectation would be a lifetime that is far larger than m and hope-
fully shorter than r ~ m?. The latter would be a consistency check for the exterior
spacetime, in order for the approximation of neglecting Hawking evaporation to be
valid. Furthermore, an intermediate scaling of the order m* would imply that the phe-
nomenon is possibly astrophysically relevant, on the assumption that small (lunar mass)
promordial black hole were formed in the early universe, see [88,89,209].

Reasonably, it should take a long time for such a geometry transition process to take
place. An estimate implying too long a time for the phenomenon to be of astrophysical
relevance would be a dissapointing, but reasonable result.

Instead, we have an estimation that is too short. For a solar mass black hole, a time
of order m is in the microseconds.

The lifetime estimate also suffers from the fact that there is no 7 appearing. The time-
scale we have estimated appears to be a classical quantity, with corrections including %
that vanish as 7 — 0.

We would expect the process to be switched off when 71 — 0 (the transition probabil-
ity to go to zero) and the lifetime to go to infinity. What has gone wrong?

6.4.1 The lifetime is the crossing-time

We propose below that the issue here is that the time-scale we defined as 7(m) and called
the lifetime, corresponds to a different time—scale relevant to the phenomenon, which is
expected to be of order m, and is best called the crossing—time.

The linear scaling with the mass estimated above corroborates two other studies,
outside the context of LQG, which are relevant and we briefly mention here before
proposing an alternative interpretation of our results.

The first concerns the study initiated by Kiefer and Hajicek in [210] (2001), where the
authors argued that collapse is succeeded by anti—collapse in the context of null-shell
quantization. In a subsequent study [211] (2005) by Hajicek and Ambrus, the authors
calculated a characteristic time scale of the phenomenon, which they called scattering
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time, and concluded that the scaling is linear in the mass. The authors found this result
troubling. It was too short for it to be meaningful, on similar grounds as those discussed
above.

The second set of results concerns the recent and concurrent studies by Garay, Barceld,
Carballo et al [69-72] , where the authors independently used an exterior spacetime
closely resembling the HR-spacetime presented in Chapter 5. The path—integral is per-
formed using a wick-rotation (thus the integrand is non-oscillating) and performing a
functional integration over interpolating Euclidean geometries. This is a feature that
is not present in our setting (we saw in Chapter 3 that at the level of fixed—spins, the
asymptotic behaviour of the EPRL amplitudes is oscillatory for both Euclidean and
Lorentzian critical points).

The above calculation results in a scaling linear in the mass m, for the quantity we
have called here the lifetime 7(m).

In other words, the three calculations that we are aware of, that attempted to cal-
culate a characteristic time—scale for this phenomenon, reach the same conclusion, al-
though the techniques used and physical pictures in mind are different.

It is of interest to briefly mention the physical picture that Garay, Barcel6, Carballo
et al have in mind, because it is radically different than the physical picture presented
here, but, at the technical level, the quantity of which a calculation is attempted in both
approaches is the same: the value of the bounce time at which the modulus squared of
the transition amplitude is peaked.*’ General relativity is deduced from this result to be
strongly violated in short time—scales, essentially resulting in the non—existence of any-
thing resembling (geometrically) an apparent horizon or trapped—surface at the grav-
itational radius. Instead, as soon as the collapse has taken place, an oscillatory phase
begins alternating between collapse and anti—collapse, with energy gradually dissipated
until a notion of equilibrium is reached. The end result are conjectured to be long-lived
extremely compact objects called “black stars”, with their surface protruding a Planck-
ian distance outside the Schwartzschild radius of the remaining mass.

The point of view taken here, is that the event horizon present in exact solutions of
Einstein’s field equations will be approximately manifested in nature by a long-lived
apparent horizon. In other words, we do not expect General Relativity to be violated
near the Schwartzschild radius of the collapsed object, unless a large time scale with
respect to a time-scale of the phenomenon (the lifetime of the universe with respect to
m ) allows for the fluctuations of the metric near the Schwartzschild radius to become
significant.

In our opinion, although the physical picture in mind may be different, the results
from these three studies are not contradictory nor do they imply a violation of General
Relativity in short time-scales. While the definition in Section 5.4 does define in princi-
ple an observable, we propose here that its physical interpretation is different than the
one initially envisioned.

40The author had the opportunity to exchange views recently on these matters with Garay and Carballo, in
insightful discussions during a visit in Complutense University of Madrid.
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The lifetime calculated here should be understood as the crossing—time: the charac-
teristic time scale of the duration of the transition when it does take place.

The naming “lifetime” alludes to an atomic decay process and is the characteristic
time in which a decay becomes likely. This implies that the probability of decay per time
interval has been estimated (a small number) and of which roughly the inverse gives
the lifetime (a large number).

There is however a second characteristic time-scale for such phenomena: the time
it takes for the decayed particle to cross the nucleus. This time is proportional to the
radius of the nucleus times a characteristic classical speed deduced from the energy
gap. It is given in the dominant order by a “classical” contribution, in the sense that if
the barrier was not present it is roughly the time it would take for the classical particle
to travel from the center of the nucleus to the apparatus where it was detected.

To emphasize this point, we consider a rectangular potential tunneling experiment.
Imagine an electron gun shooting electrons from the left hand side of a potential barrier
at regular time intervals, at some energy. The transition probability gives an estimate
for the time we have to wait on the other side of the barrier until one of the electrons
tunnels.

When it does and is detected, we may also measure its crossing time, the time it took
from its emission from the gun until its detection on the other side of the barrier. This
will be roughly equal to the classical distance between the two apparatuses times the
speed; with some quantum corrections.

In the propagator between two coherent states built with gaussians, peaked on the
position of emission x;, left of the barrier and the position of detection xz right of the
barrier (and on the same momentum pj), we expect to see a gaussian peaked on the
crossing—time

(x1, pole™ M x, po) ~ e~U=CxuxLIpo/my /1 (6.55)

In the Penrose diagram of Figure 5.1 we essentially assume the process to take place.
To deduce the probability of the process to take place, we need to compare with the
probability of “anything else” taking place. A first step in this direction is to assume
that either the black to white process takes place, or, that the black hole remains a black
hole. Current investigations are focused on providing an estimation for the lifetime (not
the crossing-time) along these lines.

In summary, we appear to have calculated the crossing—time. We conclude that a
prediction of the EPRL model is that when the transition takes place, the crossing—time is
of order m, with sub—dominant corrections involving %. Indeed, a crossing—time of order
m is to be expected as it is the time—scale in which timelike geodesics crossing the event
horizon in a Schwartzschild geometry reach the singularity.

The lifetime should be deduced from the probability for the process to take place,
which should not be confused with he value of the bounce time on which the ampli-
tude is peaked and which gives the crossing—time. The lifetime, is of course the desired
quantity in order to conclude whether this phenomenon is predicted to be of astrophys-
ical relevance or not.
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6.4.2 Current developments and open issues

The truncation issue To get the estimate 6.54, we normalised the probability distribu-
tion neglecting the fact that the truncation allows for meaningful boost angles values up
to 47m/y. This difficulty arises from the intepretation of the holonomies as discretiza-
tions of the Ashtekar—Barbero connection, which is an S U(2) connection. Neglecting the
phase « in the discretization of the 3D spin connection (it is pure gauge) [172,173], the
discrete extrinsic curvature is coded in the twisted geometry parametrization as

hap(l) ~ €757 (6.56)

Thus, hap(¢) is periodic in y{ with a period 4z. This is the maximal boost angle that
can be meaningfully ascribed at each link. There is thus a maximum boost that can be
described between two adjacent space-time quanta by kinematical states at the level of
a fixed graph.

The amplitude is a function of these boundary data and thus it is also periodic. This
effect and a possible relation between the maximum boost and a bound in the spectrum
of the extrinsic curvature is presented in Appendix E, were we reproduce an unpub-
lished note by C.Rovelli, S.Speziale and the author.

The periodicity of the holonomy and the degree to which we can describe a discrete
geometry at the level of a fixed graph is discussed in detail by E.Livine in [212], where
the Immirzi parameter is claimed to act as an effective cut-off scale for the excitations
of the extrinsic curvature [212], for the reasons also explained above and in Appendix E
(taking y — 0 allows for arbitrary large boosts ¢).

The semiclassical limit The role of the Immirzi parameter in physical predictions
from the EPRL model is not well understood. The results of this manuscript have been
extensively based on previous results obtained from the semiclassical limit of the EPRL
amplitudes at fixed—-spins. The limit y — 0 has been claimed to be necessary in order
to recover the emergent behaviour of a path—integral over geometries, on which our
analysis is based [32,37,213].

Furthermore, the two-point correlation function for the Lorentzian EPRL spinfoam
model for a single vertex, another central success of the model, is known to match with
the one in Regge calculus in the double limit j — oo, y — 0 [42,214] while keeping the
product jy fixed.

Another indication comes from LQC, where the critical density p,,.» at which the
bounce occurs is given by pmax = Pmax(187/ lf))ppl where pp; is the Planck density and
Iy = 4V3ny is the area gap, the smallest non-zero eigenvalue for the area operator.
The semiclassical limit in LQC is recovered when the area gap is taken to zero, which
is mathematically the same as taking gamma to zero because it depends linearly on
gamma.

Conceptually, gamma is treated as a mathematical parameter of the theory, that may
be of order unit, but to get the semiclassical limit, we need to take the relevant physical
scale, the area gap which happens to be proportional to vy, to zero [215].
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This is not unlike saying that 7 has the value it has and which is fixed by experiment,
but to get classical physics back we need to take a physical scale, such as the quantum
of the oscillator which is proportional to 7, to zero.

Taking the limit ¥ — 0 in our context allows for arbitrary boosts and overcomes the
truncation issue. This avenue is currently under investigation.

The probability for small 7 Qualitative information on the lifetime can be extracted
by interpreting the amplitude for small values of the bounce time T with respect to the
mass m (y{ ~ T/m << 4r) as a transition probability per unit of time (in Planck units)
when the spacetime is still well-approximated by the classical metric.

The transition probability then goes as

p~el (6.57)

with the semi—classicality parameter taking values in

h2
<< po (6.58)

This implies a lifetime of the order 1/P, that is

l<r<e™ (6.59)

These bounds include and are compatible with observed physics, albeit largely incon-
clusive. Also, on dimensional grounds and within the semiclassical approximation for
gravitational phenomena, we would expect the probability for such a transition to decay
with

P~ (6.60)

so as to have a dimension—full quantity that has units of inverse action. The behaviour of
the transition probability estimate appears reasonable on these grounds. An important
possibility not excluded in this work is whether a more detailed analysis will signifi-
cantly increase the transition probability.

The measure We showed in Section 6.3.2 that the parameter 1 may only enter the
lifetime through the measure a(m, T).

At the time of writing, we do not have an explicit expression for the measure a(m, T).
We have thus not excluded in this manuscript the possibility that f(y, t, 1) depends on 4
or t in a way that changes the scaling of the lifetime.

The measure at a level of a state built on a single link can be easily calculated and
does not bring a dependence on A in 7. Preliminary results indicate that the dependence
on A in 7 from the complete measure will be subdominant and will not alter the re-
sults here. An explicit expression for the measure is expected to be available soon. The
current expectation is that the results will not be altered at the dominant order in m.
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The Hessian We have not calculated the Hessian on the critical points. The Hessian
for the critical points of the EPRL amplitude is unfortunately given by long formulas
that are difficult to manipulate. Work is currently underway in Marseille by S.Speziale
and collaborators as well as by B.Bahr and collaborators [216,217], to simplify the ex-
pressions for the Hessian. We do not expect the Hessian to play an important role. It
does not depend on A nor on 7.

The classical setup The Rovelli-Haggard spacetime is a minimalistic model of the
phenomenon we wish to describe. Important simplifications are

¢ Collapsing and anti-collapsing matter modelled by null-shells.
¢ Hawking radiation neglected
* Spherical symmetry, no rotation and no charge

To the degree that the lifetime turns out to be an intermediate scale between ~ m and
~ m?, the first two simplifications are reasonable and appear sufficient to capture the
necessary features of the spacetime.

Spherical symmetry and no rotation is not a reasonable assumption for an astrophys-
ical black hole. I find unlikely that our estimations will be changed if slow rotation is
taken into account, although a dependence on the angular momentum is to be expected
that could significantly alter the picture close to extremality.

Research in this direction is also paramount for the plausibility of the process. That
is, if an HR type spacetime can be shown to be impossible to construct, at least for
a slowly rotating black hole, then the process may be excluded from taking place in
principle. Significant progress in this direction has been made recently by H. Haggard
and collaborators and an HR-spacetime for a Kerr black hole will possibly be available
SOOT.



148 Geometry Transition in Covariant Loop Quantum Gravity

7 Conclusions

In this manuscript, tools and ideas developed over the past decade were combined and
supplemented in order to complete a first attempt at using covariant LQG to treat non-
perturbatve singularity resolving phenomena as quantum transitions between geome-
tries.

We have argued that transition amplitudes of covariant LQG describing geometry
transition for non-perturbative phenomena are expected to behave as a product of terms

|W|2 ~ o~ VW)t (7.1)

where ¢ are the boost data and w the area data of the boundary state. The dihedral
angles ¢(w) code the extrinsic geometry of the geometrical configuration dominating
the path integral.

The dimensionless semiclassicality parameter ¢ is proportional to a positive power
of i and divided by the corresponding dimension-full area scale, so as to keep r dimen-
sionless.

Thus, the transition amplitudes decay exponentially in the limit # — 0, unless the
exponents vanish. This will be the case in a perturbative setting. For a non-perturbative
phenomenon, the transition amplitude will decay exponentially in the semiclassical
limit.

In a realistic application, ¢ is a small, finite number.

We then have a picture of gravitational tunneling. The amplitudes do not vanish
identically but give a small propability for the process to happen. Thus, solutions of

general relativity generated by evolving in the future and in the past a cauchy surface
that includes the upper and lower spacelike surface forming the boundary respectively,

Fig. 7.1: The amplitudes of covariant LQG as probabilities for gravitational tunnelling. Solving
an initial value problem for Einstein’s equations with Cauchy data the intrinsic and extrinsic
geometry of the hypersurface formed by the blue hypersurfaces and the upper boundary surface,
and evolving towards the direction in which the foliation time increases, gives the upper-half of
the spacetime. This is connected to the lower-half, which is the evolution in the past with Cauchy
data the intrinsic and extrinsic geometry of the hypersurface formed by the blue hypersurfaces
and the lower boundary surface.
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are connected by quantum theory. This is summarized in Figure 7.1, repeated here for
convenience from Chapter 4.

The motivations leading to the current definition for the amplitudes of covariant
LQG and a formal derivation of the EPRL ansatz where presented and discussed in
Chapter 2.

We proceeded to a review of results from the fixed—spins asymptotic analysis of the
EPRL model and gave an independent derivation of the Han—Krajewski representation
in Chapter 3.

We entered the main part of this thesis in Chapter 4. We reviewed and extended
techniques that allow to construct a wave-packet of an embedded 3-geometry, peaked
on both the intrinsic and extrinsic geometry of a given discrete geometry.

The above were put together in the second half of Chapter 4, where we showed how
the fixed-spin asymptotics of spinfoam amplitudes can be used to perform the spin-
sum, and estimate amplitudes decaying exponentially in the limit of large quantum
numbers.

We saw that gravitational tunnelling emerges naturally from covariant LQG.

In Chapter 5 we constructed the Haggard-Rovelli spacetime. We gave an alternative
formulation with a simplified form of the metric that reveals the role of the bounce time
T as a spacetime parameter. We discussed the relation with the original construction
and pointed out some interesting properties of the spacetime.

We adopted and developed the point of view that the HR-spacetime presents an a
priori well-defined setup for the calculation of a good observable from non-perturbative
Quantum Gravity, the lifetime of the HR-spacetime. The lifetime is the characteristic
time scale in which the spacetime metric fluctuates sufficiently for the transition of a
trapped to an anti-trapped region to become likely. The question is well-posed and
quantum theory should be in a position to provide an answer.

In Chapter 6 we completed a first attempt at calculating the lifetime. We started by
discussing the discretization procedure and the construction of a transition amplitude
for a given choice of boundary hypersurfaces.

Subsequently, we made an explicit choice of boundary hypersurfaces and 2-complex,
to set-up a transition amplitude. The amplitude is finite, expressed and defined explic-
itly in terms of analytic functions. This effort has been part of a longer-term project
to analyse numerically such amplitudes, led by S. Speziale in the Centre de Physique
Théorique in Marseille.

The results of Chapter 4 were then used to estimate the lifetime. We gave an explicit
estimate, demonstrating that such a calculation can be successfully completed with the
currently available technology.

We arrived at the conclusion that the lifetime scales linearly with the mass. We pro-
posed that the quantity we have called the lifetime corresponds instead to a different
physical timescale, the crossing—time, which is expected to scale linearly with the mass.

A set of technical difficulties in interpretation were identified, due to an interplay be-
tween the truncation, the normalization, the semiclassical limit of LQG and the physical
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role of the Immirzi parameter. We discussed that our result may have to be understood
in the limit where the Immirzi parameter is taken to be small. This is a subject currently
under investigation.

The physical interpretation of our results is thus inconclusive and is discussed at the
end of Chapter 6. The truncation issue, the existence of a maximum boost at the level
of a link in the kinematical state space of LQG on a fixed graph, is further discussed in
Appendix E.

We demonstrated how a calculation can be carried out while keeping the choice of
boundary surface arbitrary, under the assumption that the boundary data are such that
they determine a geometrical critical point at the level of the partial amplitude. While
much remains to be understood, this provides evidence that the choice of boundary
does not alter the physical conclusions drawn from a transition amplitude.

The choice of surface and discretization may result in the path—integral being dom-
inated by configurations that admit an interpretation as either the 4D Euclidean, 4D
Lorentzian or 3D degenerate geometries. We saw that this surprising feature of the
EPRL amplitudes results in a consistent estimate as one traverses all three kinds of ge-
ometries.

Finally, we gave partial evidence for our results being independent of the choice of
2-complex, within the class of spinfoams that do not have interior faces.

Future directions Many refinements and extensions of the calculation presented here
are possible. Also, many questions have been left open and they deserve to be better
understood.

In closing, we present below a selected list of the directions that could be achievable
in the short-term, in order to have a convincing prediction from covariant LQG for the
scaling of the characteristic time in which quantum fluctuations of the metric make a
transition of a black to a white hole geometry likely.

* Provide a rigorous interpretation of the transition amplitude as a conditional prob-
ability with a measure a(m, T) providing the resolution of the identity on the sub-
space of physical states under consideration.

* Investigate the role of the Immirzi parameter in macroscopic physics and in con-
juction with the double scaling limity — 0, j — oo.

¢ Extend the techniques presented here to spinfoams with interior faces. Doing so
will require better control of the so-called flatness issue. Interior faces will also
allow the investigation of whether the existence of multiple semiclassical critical
points, the cosine feature, alters the picture. The latter is expected to significantly
affect the dynamics [218]. All but one semiclassical critical points are suppressed
by the boundary state at the level of amplitudes without interior faces, but this is
not expected to be the case for larger spinfoams.

* Use a simplified symmetry reduced model. The use of cuboidal triangulations can
be convenient. Currenlty, the group led by B. Bahr has studied extensively such
configurations in the context of homegeneity and isotropy [63,219]. The asymp-
totics are essentially identical and the same qualitative behaviour is expected. Sym-
metry reduced models would simplify numerics and perhaps make them feasible,
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Fig.7.2: The singularity surface can be allowed to be present in the HR-spacetime. Geodesics can
be unambiguously connected across the singularity. The non-perturbative phenomenon appears
to concern a region close to the horizon.

considerably simplify the Hessian and allow the study of the behaviour under 2-
complex refinements [220].

* The bounce time is encoded only at the radius of the sphere at the tip of the quan-
tum region for a family of natural boundary choices. In conjuction with the as-
sumption and expectation that physical predictions from transition amplitudes do
not depend on the choice of boundary hypersurface, this is an indication that for a
more precise treatment, focus should be given in a region close to the horizon.

A singularity hypersurface can be allowed to be explicitly present in the HR-space-
time without presenting interpretational difficulties. Synge pointed out as early as
the 1950’s that the Kruskal manifold is not the maximal extension for the spheri-
cally symmetric solution in the sense of geodesic completeness [221]. Geodesics
can be unambiguously continued across the singularity.

This understanding was clarified in [222] where the authors explain that it suffices
to allow for a slight generalization of the notion of a manifold, that can accomodate
geometries exhibiting singularities of the type present at the tip of a geometrical
cone. The Schwartzschild singularity is of this type. The idea for this setup is
sketched in Figure 7.2.

* Encode the presence of a trapped and anti-trapped surface in the boundary state.
The alternate monotonic behaviour of the boost angles with respect to the bounce
time T inside and outside the trapped and anti-trapped regions may provide a
convenient way to do so. This step can be taken independently or in conjuction
with the previous point.



152 Geometry Transition in Covariant Loop Quantum Gravity

Acknowledgement:

I gratefully acknowledge the hospitality and support through my PhD, from the Uni-
versity of Aix-Marseille, the Ecole Doctorale de la Physique et de Sciences de la Matiére,
the Centre National de la Recherche Scientifique, the Centre de Physique Theorique, the
Leventis A.G. Foundation.

I especially thank Samy Maroun and the Samy Maroun center for Space, Time and
the Quantum for invaluable support.

I would like to thank the professors that welcomed me to their research groups and
institutes in visits undertaken during my PhD, from which I have gained many insight-
ful comments and received constructive criticism: Abhay Ashtekar and Eugenio Bianchi
at the Pennsylvania State University, Jorge Pullin, Ivan Agullo and Parampreet Singh
at the Louisiana State University, Jonathan Engle, Muxin Han and Chris Miller at the
Florida Atlantic University, Daniele Oriti at the Albert Einstein Institute.

I acknowledge contribution in this work and thank for the many stimulating dis-
cussions during these years, from: Simone Speziale, Alejandro Perez, Hal Haggard,
Eugenio Bianchi, Jonathan Engle, Abhay Ashtekar, Francesca Vidotto, Aurelien Barrau,
Daniele Sudarsky, Robert Oeckl, Muxin Han, Thomas Krajewski and Marco Vojinovi¢.

I thank Louis Garay and Raul Carballo for their hospitality and discussions during a
recent visit in Universidad Complutense Madrid. Their open-mindedness and insights
helped clarify the physical interpretation of the results in this manuscript.

I want to thank Beatrice Bonga and acknowledge insightful discussions during my
visit in LSU, when the ideas leading to the reformulation of the Haggard-Rovelli space-
time as presented in this manuscript were first formed.

I thank my colleagues Tommaso de Lorenzo, Boris Bolliet, Thibaut Josset and Ilya
Vilensky, for all the fun and the discussions we had in our parallel journey through our
theses, and for being supportive friends.

I'especially thank Fabio d’Ambrosio for bringing invaluable momentum to this project.
Crucial results presented in this manuscript reflect our close and continued collabora-
tion.

Lina, thank you, for everything.

I want to thank my family, my brothers, Vasilis and Dimitris, and my parents, Koula
and Takis, for all the support they have given me through these years and without which
I'would have been unable to complete this project.

To my supervisor, Carlo Rovelli, I express my gratitude for making this journey
possible, and for being my teacher, collaborator and friend.



Elements of recoupling theory 153

A Elements of recoupling theory

A.1l Integrating products of deltas and a flavour of recoupling theory

In this sub—appendix we demonstrate with a simple example how to integrate prod-
ucts of deltas over a compact group, using recoupling invariants. The procedure for
S L(2,C) and the EPRL model are explained in the following two sub-appendices. These
tools are used in Appendix B to derive the explicit form of the transition amplitude in
Section 6.2.

In an expression of the form

| [H dge] 1:[6[1:[ ge] (A1)

we will have integrations of the form

f dg. 6(g.A)6(g. B)6(g.C)6(g. D) (A.2)

where e is now fixed and A, B, C, D will be products of the remaining group variables g,
that bound each of the four faces. An analogy on the real line would be

fdxd(x—A)é’(x—B)6(x—C)6(x—D) (A.3)

Such expressions are generally ill-defined over the reals.

To demonstrate the general idea, and to see how (A.2) is well-defined and the differ-
ence between the two cases, we take g, to be an S U(2) element and consider the product
of only two deltas.

We introduce a test function f(x), to attempt to give meaning to the “bad expression”

fdx 0(x—A)o(x—B) f(x) (A4)

Naively, we can guess the result by setting as a test function ¢ (x — B) f(x), giving
f(A)S(A - B) (A.5)

which is clearly an ill-defined expression *1. To see what goes wrong, use the fourier
transform. We go through the steps since we will do the analogous procedure in the
group variables below. For simplicity, we are neglecting constant factors in the defini-
tion of the fourier transform. We have

#In our analogy, there would be other integrations over A and B and one might attempt to remedy this
problem by taking into account those integrations as well. However, there would also be other delta functions
with A and B as arguments and we will run into the same problem.
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fdxé(x—A)é(x—B)f(x)

f fdp elﬂ](x A)J.dp2 eipz(x—B)f(x)
fdmdpze ip2B —lplAfdxei(Pl'*'Pz)xf(x)

dpre ”’zdeple PAL(p1 + p2)

dpze ip2(B—. A)fdpl e*iﬁlAf(p])

f(A) f dp, 7P = f(A)5(A - B)

where in the third equality we introduced the Fourier transform £, in the fourth equality
we shifted p; — p; + p», and in the fifth we took the inverse Fourier transform.

The step that cannot be done when working with the group element as a configura-
tion variable is the second to third equality, when we eliminated x. We do not get back
the inverse fourier transform: we get intertwiners, recoupling the different representa-
tions.

Let us do the analogous manipulation for the case where we are integrating over
SU(2), starting from

fdg 6(g—A)6(g—B) f(g) (A.6)

As before, we employ harmonic analysis, which in this case is to use the Peter-Weyl
theorem, which for our purposes can be stated as follows : square integrable functions
of the group decompose as a direct sum of all unitary irreducible representations, the
latter serving as an orthogonal basis for this space of functions. Then, f can be expanded
in Wigner’s D-matrices (that provide the unitary irreducible representations for S U(2))
as

fl) = Z Z FimDin(@) (A7)

The Peter-Weyl expansion of the delta functions over S U(2) is given by the coefficients
", set to the dimension d; = 2j + 1 of the representation space H :

fl®) = Z > d;iDy() (A8)

mn

These expansions are the analogue of Fourier expanding in the momentum representa-
tion, where the momentum variables are the spins j, which are now discrete.

We may now expand the two delta functions and the function f(k) and rewrite (A.6)
as
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[ dgé(g-A)s(g—B) f(g) =

f dg > > d; Di (@ Do (A, Dy (@)Dl (B) fo, D)
{7

mn}

Zdj,thfrﬁzm( f 48D} (D@D &) | Dl (DL, (B)
{j}

{mn}

(A.9)

We have introduced the notation };, which means summation over all configurations
of the indices k; appearing in the expression, thatis 3, = X4, Xk, 2k -+ T

This is how we end up with a spin state-sum model. The sum over configurations j
is the analogue of the sum sum; over length configurations in the naive Regge calculus
path integral.

This is a simple instance of the appearance of a recoupling theory invariant. Be-
cause we are using an invariant measure, the Haar measure, the term in parenthesis is
invariant under the action of S U(2), meaning

f dg D’'(gg') D"(g¢’) D" (gg') = f dg D/'(g) D'(g) D" (g) (A.10)

where we skipped the magnetic indices for conciseness.
This follows from the properties of the Haar measure (it is the unique measure that
has these properties and is determined by them for compact groups)

[aeror= [assieen= [aeriwor= [aeren (A11)

where g’ is any other group element. The Haar measure is repeatedly used in the cal-
culations of Section 6.2 and is central to recoupling theory and the study of invariants.
These properties can be expressed by slight abuse of notation as

dg = d(gg’) = d(g'g) = dg™" (A.12)

from where the name invariant measure is perhaps more apparent : the integration
measure is invariant under the actions of the group; inversion, and left and right multi-
plication.

The last equality, although useful to keep in mind in practice, is an instance of ei-
ther of the first two, by setting ¢’ = g"1g71. Compare these properties with the usual
Lebesgue integration measure over the reals, which is also a Haar measure when addi-
tion is taken as the group composition

dx=dxxy)=d(y£x) (A.13)

The integral

f dgD} (&)DL, () D3k (©) (A.14)
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should be an object with nine indices, {;},{m} and {n}, that is invariant by the multipli-
cation with three Wigner-D matrices D%;n, (¢") and contraction in either set of magnetic
indices. That is to say, by group multiplication by g’ on either side. The unique object
with this property is called the 3-j symbol

j j2 js v B\_ (i 2 3
> DL, (@DL, @D, (8 (ml b mB) = ( A ks) (A.15)
{m}
and we may take this expression to be its definition.

The integral in equation (A.14), since it has two sets of magnetic indices that can be

simultaneously acted upon, is then just a product of two 3-j symbols

J1 J2 J3 _ J1 J2 J3\[J1 2 3
fngm]nl(g)Dt7zzn2(g)Din3n3(g) - (ml m, m3) (I’l1 ny }’l3) (A16)

Anticipating the notation used in Appendix B, we also denote the 3 — j symbol as

P (jl ]2 j3) (A.17)
mp  my mj

The fact that the 3 — j symbol is unique implies that the dimension of the space of
invariants intertwining between three representations is one-dimensional. This is no
longer the case when tensoring four representations.

Recall Figure 2.3 and the discussion in Section secref: in four dimensions there are al-
ways exactly four faces attached to an edge of a 2-complex that is dual to a (topological)
simplicial comlex. Thus, each S L(2,C) elements g, will appear exactly four times in the
amplitude, becaus it is peaked up by four different delta functions that correspond to
the four holonomies around the four faces. Similarly for g,.. As we see in the following
two appendices, g,. is split into two S U(2) elements and a boost.

The integrations over the two pairs of four S U(2) elements corresponding to a face,
will give rise to two four-valent intertwiners. That is, objects in the space

Vi =Inv (el H),i=1234 (A.18)

The basis for ‘V‘;{, an intertwiner basis, is labelled by another spin variable X, taking
values in

max[|j; — jal,1j3 — jall £ K <min[j; + j, j3 + jal (A.19)

that is, the intertwiner space vanishes if the triangle inequalities between ji, j», K and
J3» ja, K are not satisfied.

Notice that for this we had to arrange the four spins in two pairs: this is a choice
of recoupling scheme, in the case of particles it would be equivalent to saying that two
particles with spin j; and j, interact to give two particles that transform under the js
and j, representations. Such choice is arbitrary but must be fixed in order to write the
amplitudes explicitly in terms of intertwiners.
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A basis for V7 is given by

iy (A.20)

ny,ma,ma,my

=(_])j1—jz+;z(jl J2 J)( J3 Ja J )

my mp; [ m3 my —p

v )are the Wigner 3j symbols.
mp nmp msz

Finally, the dimension of V;, is the range of values for X, that is

with u = —my —my = mz + my and(

dim V] =< min[jy + j2, ja + jal = max[|j1 = jal, j3 = jall + 1 (A.21)

A.2 Haar measure on SL(2,C)

The integration measure u(g,.) is (left and right invariant) Haar measure over SL(2,C).
Because SL(2,C) is not compact, this measure is unique up to scaling (multiplication
by a real number). In compact groups, we may include in the definition of the Haar
measure the condition that the volume of the group is unit, or choose some other nor-
malization. This would fix the scaling. In non-compact groups, this is impossible since
the volume of the group is infinite. This ambiguity in the measure is absorbed in the
arbitrary normalization N¢ of the EPRL amplitudes.
The Haar measure u(g) for g € S L(2, C) can be written explicitely as (cite mux kraj)

1

H(g) = |6|2d/3/\d,1'3/\dy/\d7/\d6/\d5 (A.22)
where g = (3 g) The wedge product here should be understood in the usual sense of

integrating over the parameter space in a specific parametrization of SL(2,C). That s,
we have eight real parameters for the four complex entries in g, and two conditions from
detg = 1, thus we are down to six parameters ( S L(2,C) is six dimensional, an arbitrary
Lorentz transformation is made of three rotations and three boosts). More explicitly, if
@ = ag + ia; with ag and q; its real and imaginary parts, then

da A da = d(ag + ia;) A d(ag — ia;) = —2idag da; (A.23)

In this parametrization, the invariance of u(g) under g — g' is manifest.

Another form of the Haar measure, which is the one we use to get the explicit form
of the amplitude in Section 6.2, uses the Cartan decomposition for SL(2,C) : for every
g € SL(2,C), there exist h and /&’ in S U(2), such that

g = hAl (A.24)

where A is a diagonal matrix with positive entries. Let us take a moment to show this
and point out a subtlety.
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Take any g € SL(2,C). Then gg' is hermitian, and thus is unitarily equivalent to a
diagonal matrix A with real eigenvalues *2. That is, there exists a h € SU(2) such that
gg’ = hAK'. Since g and h are of unit determinant, so is A. Thus, A is of the form
A = diag(a, 1/a) with a > 0. We thus may set A(r) = diag(e’,e™") with r € R. It is then
straightforward to show that the group element /' = (hA(r/2))"' g is in S U(2), using that
A(MA(r') = A(r + ') and A(r)™' = A(-r). Thus, we have shown that any g € aS L(2,C) can
be written as

g = hA(r/2)N (A.25)

with b, € SU(2).
Then, the Haar measure u(g) is two copies of the Haar measure u(k) over S U(2) and
an integration measure over r. That is,

u(g) = p(hyuh’)drf(r) (A.26)
where f(r) is some real function of r. It turns out that f(r) is given by
f(r) = sinh? r (A.27)

For the proof, see for instance 4. Since this is an even function, we may integrate only
over positive values of r at the cost of a factor of two which we need not make explicit
since u(g) is only defined up to scaling. Thus, we may perform integrations over func-
tions of SL(2,C) as

f u(g)F(g) = f () f (i) f dr F(hAr/2) 1) (A28)
SL22,C) SUQ2) SUQ2) R+

where A(r/2) = diag(e'?, e™"/?) = €% .

Notice that there is something wrong with the dimensions in this formula. SU(2) is
three dimensional. We have integrations over two copies of S U(2) and one integration
over the reals, thus the parameter space is seven-dimensional. This is easily traced to
the fact that that that the decomposition (A.25) is not uniquely defined. Simultaneously
sending h — he® and I’ — he™@% , defines the same g.

This implies that one of the integrations is redundant. We should integrate only over
hand i’ that uniquely determine g.

We may see this explicitly by expanding F(g) in unitary representations of the prin-
cipal series. Then, F(g) will be a sum over representation matrices D;’;’;’)n(g). The Cartan

decomposition of D(jpmf)m (g) can be written explicitly in terms of Wigner-D matrices for
SUQ2) as
(k) — J (p.k) 7
Dy (8) = Z Dy(h)d 3, (ND,,, (h) (A.29)

“2This is the spectral theorem for hermitian operators, think observables in quantum theory.
43 http:/ /www-users.math.umn.edu/ Garrett/m/v/SL2C.pdf
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and where the functions di.’;jg are defined in Section 6.2, see (cite simone) for further
details.
Thus, the S U(2) integrations may be isolated and we will have terms of the form

f u(h) | u(h') Dl (WD (K (A.30)
SUQ2) SUQ2)

Writing explicitly the Haar measure in the Euler angle parametrization, each D}, (k) can
be written as e dJ,,(8)e”", with no summation implied and where d are Wigner’s
small-d matrices. See Section 4.2 for a detailed explanation of this parametrization.
Thus, the redundant integration can be remedied by inserting a delta function §(y—y’+%)
in the above equation when written in the Euler parametrization.

A3 SL(Q2,C) Clebsch-Gordan Coefficients for the EPRL model

In the EPRL model, SL(2,C) group elements appear only inside inner products of the
form

b4 <jm|gve’gve|jm,>y (A31)

see Section 3.3.

In this appendix we see how the integrations over SL(2,C) can be explicitly per-
formed and explain the relation of the objects appearing in Secion 6.2 with the Clebsch-
Gordan coefficients of SL(2,C) .

Unitary irreducible representations Hy, of SL(2,C) are labeled by a positive real
number p and a half-integer &, see also Section secref. The unitary representations of
SL(2,C) and S U(2) are related through the decomposition:

Hp) = @ Hj
=k

The two Casimirs are C; = L?> — K? and C, = L - K where L' and K’ are rotation and
boost generators respectively. We denote a basis of Hy,) as |kpjm). On this basis, the
Casimirs act as

Ci lkpjm) = (k* — p* = 1) lkp jm)
C, lkp jm)y = 2kp lkp jm)

The simplicity constraints are applied, after the discretization, by the linear condi-
tion

D) = Ky =L
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on each face of the simplicial 2-complex. The S U(2) subgroup, analogue of a gauge
in classical theory, is chosen arbitrarily at each edge of the 2-complex. These are called
the linear simplicity constraints.

To impose these constraints we will (following Thiemann) use the master constraint

M;=D;-Dy=K*-2yK-L+yL=(1+y)L*-2yC, - C;

We look for the minimum eigenvalue of the master constraint operator My, specifi-
cally:

My lkpjmy = ((1+57)j( + 1) = 2vkp + 0 + 1= k%) ko jm)

The minimum eigenvalue for fixed j is attained when p = yjand k = j. Therefore, in
what follows we will restrict the §L(2,C) representations to ones satisfying

p=vj k=j

for j half-integer.

Now, consider the product space H = H, p,) ® H, p,)- In this product space there are
two sets of orthogonal basis vectors. The first one is made up of the outer product of the
basis vectors of the original spaces:

|kip1jimy, kopa jama) = ki1 jimi) koo joma)

The second is made up of the basis vectors |kpjm) that span H ) contained in the
tensor product space H.
The two bases are related by

kpjm) = > D7 > kiprjima,kopa jamalkp jm) Vs jimi) Yeaps joms)

J1=ki jo=ky my,my

The coefficients appearing in this formula are called the Clebsch-Gordan coefficients
(CG coefficients). They can be defined in terms of an integral as follows:

(kip1 jimy, kopa oo lkp jm) <kypy jymy, kopo jomilkpj'm’)" =

ke kipn ko2
f dgD 1, @D L @D (@) (A32)

To simplify the group integral, we use the decomposition g = ue:?*v where u, v are
SU(2) elements and r > 0. This decomposition written in terms of the Wigner matrices
reads:
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DY e = . Dhpd (D) (v)
p

Substituting and performing the S U(2) integration we have

(ki1 jimy, kopa oo lkp jm) <kypy jym, kopo jomilkpj'm’)" =
1 R I AY [ - B
Qi+ +D\mi my m/\my my m

Z Vi J JioJ2 J
pPr P2 —pr—p2J\P1r P2 —pP1—D2

ny,ny

f dr sk r S e (1)

4 ii'p Juip Jajsp2
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B Derivation of explicit form of amplitudes

In this Appendix we show how to derive the final expression for the amplitude as in
Section 3.1. The formula we arrive at applies to the following class of spinfoam

® The 2-complex is dual to a topological simplicial complex.

* There are no integrations over S L(2, C) elements living on internal edges (internal edges
are those that do not end on a node of the boundary but have two vertices of the
bulk as endpoints). In the EPRL model we perform four integrations over S L(2, C)
at each five-valent vertex, with one of the group integrations being redundant and
the group element set to 1. We may choose not to perform the integration on an
internal edge of the spinfoam. This is the case for the spinfoam in FIGREF.

 The boundary graph is four valent and can be oriented such that each node is the source of
two links and the target of the two other links. We assume such an orientation in what
follows, see FIGREF for an example. This is not a crucial restriction for what fol-
lows and the notation is deliberately such that one can easily modify the formulas
for boundary graphs that do not admit this orientation or have nodes of arbitrary
valency on the boundary. All edges are oriented towards the boundary i.e. the
vertex is their source, this is always possible for such spinfoams. These choices fix
the orientation of the spinfoam.

These spinfoams are such that all the combinatorics are delegated at the level of the
boundary graph. This is because each S L(2, C) element g, living on an edge e naturally
corresponds a node n, the target of the edge, and each face f to the boundary link ¢ €
f. We thus label the faces with their corresponding link ¢ (for a 2-complex dual to
simplicial manifold there can be only one link per face).

Highest weight approximation

We take as starting point the amplitude after the S U(2) integrations have been per-
formed and the arbitrary S U(2) elements living on the boundary have been replaced
with the coherent state data H,:

W(H) = f[l—[ dgn] l_[ Z w(je, o) Tr" (gt_(}) H, gs({’)) (B.1)

tJe

where w(j¢, 0¢) = dj,e/UrtD/27¢ The amplitude is a function of the boundary data of the
coherent states Hy = Ny €7%/* N}, with z; = n¢ + i&;. Note that as advertised all labels
are boundary labels: the g’s and N’s are labelled by nodes and everything else by links.
Our goal is to rewrite the product over the group elements as a product over nodes.
All the group elements we have are already labelled by nodes except the boost part

%7312 We use the highest weight approximation (macroscopic areas)
D't

aebye ¢

(ezm'z/Z) ~ 6{;[ 65{6“ Je 12 (BZ)
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Then, ¢%73/? simply contributes a multiplicative factor that can be pulled out (it is easy
to generalize these formulas for non-macroscopic areas by skipping this step) :

j -1 j -1 J 2 je -1
Tr" (gr«’) H, gs(@) Disa, (gm Nf(@) Dy, (em/ ) Dy, (N s(0) gW)) (B.3)
_ i -1 j -1
= Dhil, e (gz(() Nt(t’)) D j:l,h[ (N s(0) gs([)) (B.4)

where the triple-index notation for the representation matrices is explained below. By
pulling all the summations over the j, we rewrite the amplitude as:

W(H) =) []—[ Ww(je, et ]

{jed N €

f [n dgn) l—[ D{[[hfjf (g;(}) N f<f>) D?izm (N @) 8 s<f’>) (B.5)
n £

We now have in the integrand a product of objects labelled by nodes. Since the nodes are
four-valent and the links oriented as explained above, there are two Dl]hj (g’l N ) and two

D;Ih (N - g) terms corresponding to each node. Thus we have succeeded in rewriting the
part of the amplitude involving group elements as a product of (functionally) identical
integrals:

J—
WH) = Y wljeoezd) | f dga [ | D“(gn No) (B-6)
{je} n len
where
w(lje, oo, 2¢}) = l_[ w(jg, orp)es It = 1_[ dj it D2 (B.7)
¢ ¢
and the “oriented product” notation is a shortcut for
— 2 ,
() _ Jns -1 Jnt —~1
l_[ D (gn Nn) = nDln.,-:hn.%jn.\-k (gn N“) Dty (Nn gn) (B.8)
len k=1

where we are labelling each link with its source and target nodes, £ = s(£)1(£) = 1#(£)s(£)
and the node n is attached to four nodes sy, 57, #1, £, via links that have these nodes either
as sources or as targets.

Here is a good place to pause and explain how the multiplication of SL(2,C) ele-
ments is performed. In each trace, we have initially two S L(2, C) elements. When we
split them we have

D}, (8¢)) = D (9) D (8') = D, () Dy, (&) (B.9)
with / and & summed (the ranges for the indices are [ > j, h < I, m,n < j with integer

steps). The triple-index notation for the multiplication of S U(2) and S L(2, C) elements
means for instance

D!, (N g) = D3,y (N) Dt (9) = D3y (N) D), (2) (B.10)

with summation over m.
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Decomposition of the S L(2, C) integration

The point of (B.6) is that we can now focus on one of these integrals **

—
fdgn 1_[ D(f)(gn Nyn) (Bll)

fen

What we will do next is to split the S L(2, C integration into two integrations over S U(2)
and one integration over a real parameter r. The S U(2) integrations yield S U(2) inter-
twiners, defined in terms of 3j-symbols, and we will be left with the integration over
r.

Each SL(2,C) element can be written as g, = une’™"*/>v;! with uy, v, € SU(Q2) and
a € (0, 00) and the integration measure is given by dgn = duy dv, dm Si‘jf;:’ with duy,, dv,
being Haar measures over S U(2). We have in general:

eoph Lo (B.12)

k
DR = D, (wd,y"

Inl'w —

where in the EPRL, (p, k) = (yJ, j) (see Section secref and cite simone, crsv for the defini-
tion of d(p k)) We have for the ingoing links ( labelled as ns;, thus n is the target):

Dy, (s'N) = D, (") D),
= D}, ) dijp(=r)D}y (™) D5, (N)
= (-1)""D!, » W dijp(= ")D—mp(“)Di”-(N) (B.13)

with p summed and similarly for the outgoing links ( labelled as n#, thus n is the source)
D}, (Ng) D) (ND!, (9

D (N™") D, wydj, (D, (v')

(1" (=1)"PD!_(N) Dy, ) djp(r)D",_, () (B.14)

We first do the integrations over u and v:

Jnsy iy _
f dun 1_[ D_mnu pnsk( )Dmr‘/kp’”k (u) -
SU2)

Jn, jn.y] > jn.\'zv jntl > jnrz Jn, jn.rl > .in.\'zs .inrl ’ jntz
- : ‘(2‘]“ + 1) (l ~Mnsy» —Mnsys Mnry s Mnry l ~Pnsys ~Pnsys Pnrys Pnry

= Zd ‘,ﬂn]/ln Jn ]n (B.15)

#“However, do not forget that each representation matrix in (B.6) has open indices that are contracted with
those of another matrix that is in the integral over the corresponding node. For example, number the nodes
byn = 1,2,---. If we are on the node n = 1 there is an index ¢ = ns;. Say s; = 2, then £ = 12 = 21. Then
there is another matrix in the integral over the node n’ = s; = 2 with the same index where we would have
for example /{ =nand £’ =n'f; =21 = 12 =s;n=¢.
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where we have introduced the following notation: Lower case indices labelled by a node
as above are multi-indices of multiplicity equal to the node valency. Note that lower
case (single) indices are labelled by a link (by two nodes) while upper case indices
are labelled by a single node. The arrow indicates that there is a sign rule pertain-
ing to whether the node is the source or target to the link. A right arrow means that
indices on links ingoing to n (of the form ns;) get a sign while a left arrow means
that indices on links outgoing from n (of the form n#) get a minus sign. Explicitly,
Jn = {jml > sy ity > Ja 1 ?n = {_pml > ~Pnsys Pnty pntz} and 7_”>n = {_mnsl > ~Mng,y Mny, s mntz}-

For the v integration we have:

2
[nfk ll'lYk —
l N dvy !:1[ Dy, WD ()= (B.16)
- Z d, ifn:ln ol (B.17)
e hn  Pn

. —
with <lTn = {pnsl s Pnsys —Pnrys _pntz} and hy = {hnsl ) hnsz, _hntl s _hmz}-

Grouping the d(r) functions we have®

sinh? ry 1
fdrn 4 . 1—[ djnrk lmk Pnzk(rn) dln.\'k jn.vk Pn.rk(_rn) (B18)
k=1

Rearrangement

Sign factors:
In (B.13) and (B.14) there is a (—1)"m*Mn=Pra =Py factor and a  (—1)"m *Mn =Pry +Poy
Because m and p are magnetic indices of an SU(2) Wigner matrix, m — p is an inte-
ger and thus (-1)"7 = (-1)""*’. We can thus write them as (-)Y(-1)"" with M =
—Mys, — Mng, + Mng — Mpy, and P = —png, — Pns, + Py + P, The intertwiners impose
that P = 0 and M = 0, so these factors are unit: we have that iK";;l" = iK“;Fl" 6(—P) and
P = e s,

m Ny

n

Each node gives four intertwiners (they do not correspond to the four links) two
from the u integration and two from the v integration. One from each has the p indices
that are contracted with the d(r) functions. The other one from v is contracted with the
normals and the one left from u has the % indices that are contracted with intertwiners

#5We may exchange g, jnsy pus (—10) With dj, 1, o, () at the cost of some I functions appearing cite ruhl.
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from other nodes. This gives a 3(E — 1)j symbol. We group all the objects, via some
definitions, so that all the lower case (link) indices are hidden (except the j’s):

2

j Jnsy ns, Jn n
N = ﬂ D (Nng) D iy M) % (B.19)
k=1
) 2
_ A sinh” 1y,
flnj,, = djnl —én [fdrn 47T ndinrklnzkpnxk(rn) dlmk.imkpn.;,‘(_rn)

k=1

Knp’n d, (B.20)

We can now rewrite (B.6) as

WH) = Y witje.oezdd) [ [D/INRR fhl ik (B21)
Le} n "

with summations implied over all indices at the level of the node, J = jn, + ju, and
H = hy, + hy,. Thus we finally have with all summations explicit

W(H) = > wlje, o 2)(=DZ " []_[N’"’“ fhe ]><
}

e (e} {Jn){Kn n
X (3(E = 1))kt (B.22)
where we defined
— 1) Habiled = —1)Zche i In B2
B(E - 1))) %( ) ]_[ i (B.23)

The amplitude as in equation (B.22) consists of summations and real integrations
over functions which have known closed analytic forms. There is one infinite summa-
tion involved, the one over the [ indices.

The integrations over the S U(2) elements are performed as

f dU®,Dl . (U) = (B.24)
SUQ2)
= Zm + DR D,

where the basis of four-valent intertwiners is defined as

s J1525J35]4 — (B.25)

Uy iy ms ma
- Z(_l)h—jzﬂl oo J BooJs J
m mp my H m3 my  —p

and ( Jr ﬁ ) are the Wigner 3j symbols.
3

mp  nyp
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C Coherent state representation

The coherent-state path-integral representation for the EPRL amplitudes is the usual
form in which asymptotic analysis is undertaken.

In the spinor representation, (3.67), the amplitude is composed of a product of terms
of the form

(elglimb, = fa(g"2) (C1)
which we may write simply as

(Zljm), = fa(Z) (C2)
where Z = g’z. Making the Y, map explicit, we have

(ZIY,)|jm) (C.3)

We need only calculate
(2 jk), (C.4)

where k € CP'. We use the definition of coherent states & » i) = |I€ J» of Section secref.

@A, = @ (k=17p)

= (Y D), H®) Lim))

= ) Di (H(K)(Zljm),
d; . : .

= g 2|2y V1" D] (H(k)D], (H(Z)
d; . : .

= g 2|2y D" Dl (H (R)D, (H(Z))

_ @ (ZiZy" D" D} (H' () H(2))
@ Zzy D (kizy* .

From this, it is straightforward to see that inserting the resolution of the identity for
IKj) in equation (3.63) we get the amplitude in the coherent state representation with

heVves Y Zrerslke)” | iy log Lresies)
<Zvef |Zvef> <Zve’f |Zve'f> <Zvef|Zvef>

Fy(igsh (s), thy)) = > log (C.6)
vef

and the face amplitude will now include E x F integrations over S? (over the k.;), on top
of the V x E integrations over SL(2,C) and the V x F integrations over CP1.
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D Spinors and the Riemann sphere

A spinor z is an element of C2, which we think of as a column vector. We denote them
in four different ways:

z=1|g) = (j)) = (D.1)

where 70, 7' € C.

The space of spinors carries the fundamental representation of S U(2). There are two
(and only two) independent quadratic forms that are invariant under the action of S U(2)
on both arguments. The sesquilinear scalar product

(Zw) = 2w° + Z'w! = A wBs . (D.2)
and an antisymmetric bilinear form
[Zw) = 2w! = Z'w® = AwPeyp. (D.3)

The antisymmetric product [zjw) can be written by introducing the parity map J

0 =l

J(;) = ( zﬁ ) =Jlo) =z =l (D.4)
Then,

(&dlz) = - 2ozl (D.5)

which earns J its name, parity. As we see below, this relation implies that the spinors |z)
and |Jz) are mapped to a Euclidean 3D vector and its parity inverse respectively.

Evidently, (zlw] = — (wlz]. Further note that (zjw] = —[z|lw), which implies the relations
[2lw) (2wl = (2w] [zw) = = [zlw) [ = —| 2wl

Also, [wlz] = (wl).
A spinor z can be traded for a 3D vector in Euclidean space by the definition

2 OR-[!2

o | Re("z")
X(@) = 5 (@ol) = 52 ot = {—Im(ZOZ')] (D.6)
The four independent real parameters in z have been recast in the three components of
X (z) and there is a phase ambiguity in defining |z) from X Zz). The relation is not invertible
unless we make a choice of section in the Hopf fibration, see Section secref.
We will see how to to understand the last expression as the components of a vector

X (Z) in a Cartesian coordinate system.
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Define the variable ¢ = i—? and the S U(2) matrix

= ; 1_ é’) D 7
o= s (9 D7)
In terms of the canonical basis of C?, [+) = ((1)) , |-y = ((1)), we have
&) = V) € ) |- D38
) = () ¥ n(-1/0) |+) (D.9)
and
] = V(elz) e n(-1/0) |-) (D.10)
l2l = —+(z) e n(d) |+) (D.11)

From these relations, it follows that (z|¢|z) and its parity tranform [z]¢"[z] are related

by { — -1/ as:

<ilsz|>Z> = (=I"(Q) & n@)I-) = (+n"(=1/D) & n(~1/)1+)
(D.12)
> & - =
_alz) _ 2ol (=Int(=1/2) & n(=1/D)|-) = (+In' () & n(O)|+)
(zlz) @lz)
(D.13)

To make contact with the usual Euclidean space in Cartesian coordinates, we define

a normalized vector N (). To do the calculation, note the relation |7!|*> = %

2Rel
[—2Im§ ] (D.14)
217~ 1

(@2

(zl2)

N@) = = (-In"(Q) & n@)l-) =

L +1gP?

We see that we are in effect describing the Riemann sphere, with an annoying subtlety:
the y-axis is inverted.

Here is the usual Riemann sphere construction: Take a 3D Euclidean space in x, y, z
coordinates and identify z = 0 with the complex plane. A complex number ¢’ lives on
z = 0 with its real and imaginary part being on the positive x- and y-axis respectively.
We place a unit sphere on the origin with its north pole NP on the positive z-axis.

Then, one geometrically defines the projection from the sphere to the complex plane
via the straight line that passes from NP and the point ¥ = (x y z)” on the unit sphere
(¥- ¥ = 1). The intersection of this line with the plane defines ¢’. The point on the sphere
denoted as (8, @) in spherical coordinates. S is the zenith, the angle with the positive



170 Geometry Transition in Covariant Loop Quantum Gravity

z-axis, and « the azimith, the angle with the projection of the vector to the x — y plane
with the x-axis. See Figure 4.1 for this convention.
Explicitly, the projection = : $* — {NP} — C is given by

x+iy  sinfe” B

7(¥) = n(B,a) = =2 T-cosp = cotieia =/ (D.15)
1 2Rel” cosasinf
) = — | 2Im{” | =|sinasing (D.16)
L+iep 1’ -1 cosf

The first formula is immediate to see geometrically by using similar triangles. It is then
easily inverted by noticing that 1 + |¢]* = l%z

By comparison with (D.14), we now know how to make the correspondance with
Euclidean vectors (directions): given the «, 8 as above, the same vector, with its compo-

nents understood as (x, y,z) components, is given by N({) with

(=0= cotge‘f“ (D.17)
In other words, with ¢ as above we have that
cos a sinf n*(a,B)
1\7({) =|sinasing|=|-r(a,B) (D.18)
cos B n*(a, B)

Notice the minus in the y component of 7 («, ).

Conventions

The 4/ rule:
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E Maximum boost in LQG and a hint for maximum extrinsic curvature

In this appendix we reproduce an unpublished note by C. Rovelli, S. Speziale and the
author.

Loop quantum gravity predicts the existence of a maximum relative velocity be-

tween two adjacent space quanta. This can be taken as a hint that loop quantum gravity
predicts the existence of a maximum value for the extrinsic curvature.
The Planck scale provides a lower bound for the scale of physical geometry. This is
clearly realised in loop quantum gravity, where, for instance, physical areas smaller than
the Planck scale are forbidden, in the same sense in which angular momenta smaller
than 7/2 are forbidden by conventional quantum theory. It is plausible that quantum
gravity could equally provide an upper bound for physical curvature. In loop quantum
gravity, the cosmological bounce [223] and the possibility of a black-hole bounce appear
to support the hypothesis of an upper bound to curvature in Nature.

Here we analyse the extrinsic curvature in the standard kinematics of loop quantum
gravity, and find evidence that it is predicted to be bound. The mechanism yielding
the bound is the characteristic interplay between the compactness of S U(2) and the non
compactness of § L(2, C) on which the loop theory relies.

More surprisingly, we also found an upper limit to the relative velocity (the boost)
between two adjacent space quanta. This comes as a surprise because (in ¢ = 1 units)
relative velocity is dimensionless and therefore independent of the Planck length, so
that one might worry that this upper limit persists in the classical limit. This is not the
case, however, because in the classical limit there can be an arbitrary number of space
quanta between any two given points, and the upper limit on the boost between any
two of them becomes irrelevant.

We give evidence for these effects studying a simple configuration with extrinsic
curvature. (In the Appendix we generalise the construction to a generic situation.) Con-
sider a region V of an intrinsically flat 3d physical space, in the shape of a square par-
allelepiped with area A and height L. Because of flatness, we can use Euclidean co-
ordinates; adapt these so that the base is in the (x',x?) plane and the hight in the x°
direction. Again for simplicity, say the extrinsic curvature in this region has only the
k5 component, which we denote k, and this is constant. That is: the V embedding of
V in 4d spacetime is uniformly curved. Let us search for a state that approximates this
geometry, in the conventional kinematics of loop quantum gravity.

To this aim, choose a cellular decomposition of V. For simplicity, choose a cubic
cellular decomposition, as in the left panel of Figure E.1. (A triangulation gives the
same results, in a more cumbersome manner.) Decompose V into M? x N small cubes,
labelled by an index n, and split the extrinsic curvature k uniformly on the faces X, of
the cubes lying in the (x!, x*) planes. That is, set

Kaiserete(X) = Z 0 fz d*o 8 (x, x(0)). (E.1)
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P

x2 M

x! M ‘

Fig. E.1: Left: The cellular decomposition of V. Center: A single cell, with the links of the dual
cellular decomposition; the extrinsic curvature is on the grey face and is read-out by the holonomy
along the link. Right: The region V immersed in 4d space (one dimension suppressed) and the
angle 6 between normals across a face .

where x(0) is a parametric description of the face X. The value of 6 is fixed by requiring

fd3x k(x) = fd3x Kaiscrere(X), (E2)
v v
which gives immediately kLA = NM?*(A/M?)0, namely
kL
0=~ (E.3)

Which simply means that the angle 6 is the line integral of the extrinsic curvature in
the vertical direction, divided by the number of discrete steps. Recall that the extrinsic
curvature is in fact nothing else than the derivative of the normal to the surface; the
angle 6 is precisely the boost angle between two adjacent discrete flat cubes. See the
right panel of Figure E.1.

Let us now build a quantum state that approximates the geometry described above.
Consider a state defined on the graph dual to the cellular decomposition*®. In loop
gravity, states can be written in the holonomy representation, as functions of one S U(2)
group element A, for each link ¢ of the graph. In our discretization, links are dual to
the square faces of the small cubes. In particular, for each link in the x* direction (each
square in a (x', x*) plane) we have a group element h. See the central panel of Figure E.1.
The physical interpretation of the group element is the holonomy

he = Pel?, (E.4)

of the Ashtekar-Barbero connection A = I' + YK, which in turn is the sum of two compo-
nents: the 3d spin connection I' and the extrinsic curvature K, scaled by v, the Barbero-
Immirzi parameter. In the simple case considered here, the triad can be gauge-fixed to

46More precisely, the graph is (topologically) isomorphic to the 2-skeleton of the 2-complex dual to the
cellular decomposition, as is usual in LQG.
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coincide with the coordinate directions, i.e. the triad is a Kronecker-delta, I' vanishes
and K = k%¢’, is the same matrix as k%. Then,

he = P I, (E.5)
Inserting the value (E.1) for the discretized curvature gives, for all the vertical links,
]’l[ =h= eiyé'[%3 fldl J;” o 83 (x,x(0)) — eiya%3 (E6)

where the 3d delta function is properly cancelled by the three integrations. Using (E.3),
we have

ykL 03
h=¢€7%

|3

(E7)

Now comes the key observation. A coherent state is going to be centered on some
value h. Let us choose the value of & that is as far as possible from four dimensional
flatness, namely from # = 1. The key point is that since S U(2) is compact, this value
exists. It is

hypax = =1 = ei27r0-73' (ES)
Setting (using (E.7))
P = €57 (E.9)

we have then immediately from (E.8)

2N

= (E.10)

kmax =

But L/N is the actual size of the triangulation cubes. Because of the discreteness of the
geometry, this is bound from below by the minimal non-vanishing value of the area
which in loop quantum gravity is a, = V3/2yhG, which gives (L/N )2 > V3/2yhG. With
the last equation, we have

2 8n?
max \/§73 h G .

This is the main result. There is a maximal value for the extrinsic curvature.

Let us now come to the maximum boost. For this, consider an explicit geometrical
interpretation to the discretised spacetime (recall that any such interpretation has a large
degree of arbitrariness [205]). The angle 6 is the boost parameter between the Lorentz
frames defined by two neighbouring flat discrete cells. See the right panel of Figure E.1.
This follows from the fact that the extrinsic curvature can be written in the form k., =
Dnpy and in locally flat 4d coordinates this can be identified with the derivative of
the 4d normal #. Its integral gives the angle between the normals, namely the boost
parameter. Integrating (E.1) accross the boundary between one couple of cells gives 6,

(E.11)
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so accross each link only a finite boost, with boost parameter 6,,,, = 27 is possible. Since
the relation between the boost parameter and the velocity is

cosh[f] = 1 (E.12)

V2

a2
the relative velocity between two adjacent cells cannot exceed the maximal velocity de-
fined by 6,4y, namely

/ 1
Viax = 4|1 = o 0.999993 . (E.13)
T

This is the maximal relative velocity between two space-time quanta.

This does not imply that arbitrary boosts between two arbitrary cells are impossible,
but only that larger boosts imply more quanta, or finer triangulations.

The maximal boost derived here should not be confused with maximal acceleration.
Maximal acceleration has been discussed by many authors, including in the context of
loop quantum gravity (see [224] and references therein). Boost is dimensionless, while
acceleration is dimension-full. The second follows from numerous hand waiving quan-
tum gravity arguments, while the first appear to be characteristic of loop quantum grav-

ity.

Schwarzschild geometry

The result can be used in the context of Schwarzschild geometry a follows. Chose equal-
time surfaces in Lemaitre coordinates [206]. These are 3d flat and both the metric and
the extrinsic curvature are diagonal. In flat polar coordinates the extrinsic curvature is

2m
kapdx‘dx” = | =5-dr* — V8mrdQ?. (E.14)
.

Fix a cellular decomposition formed by Planck size cells bounded by equal coordinate
surfaces. Consider a radius Lp < r < 2m, where Lp ~ VAG is the Planck scale. At this
scale the curvature is constant at the scale of the single cells and therefore we can repeat
the derivation of the paper, obtaining a bound on the radial component of the extrinsic
curvature:

2m 1
fmax -~ E.15
i / AL (E.15)

which indicates that we should expect quantum effects modifying the classical geome-
try at the radius

Fin ~ /2m L2, (E.16)
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This is of course the same radius at which the 4d Riemanninan curvature becomes
Planckian. (Because of the Gauss-Codazzi equations, the 4d Riemannian curvature is
determined by the 3d curvature and the extrinsic curvature). Notice that quantum ef-
fects are expected at a radius much larger than r ~ Lp.
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